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Your Ft nmr system can provide

It's easy using the Nicolet 1080 Data System. The 1080 
incorporates unique concepts designed specifically for the 
scientific laboratory. It has two processing units— a wired one 
for acquiring data and a programmable one for processing 
data. Thus each unit performs the functions it does best. 
Signals are digitized and added to memory by the wired pro
cessor while it is displaying the entire averaged signal in a 
continuous, flicker-free display. This unique signal averager 
approach to data acquisition allows the display tc continue 
regardless of the data acquisition rate (up to 100 kHz) so that 
the user can examine the input signal or the averaged signal, 
at any vertical or horizontal expansion, without interrupting the 
data acquisition process. This allows instantaneous nspection 
of the signal to noise as well as examination of the data for 
pulse feedthrough, decoupling power, and frequency offset.

The unique 20-bit word 1080 data processor not only allows 
more single-precision dynamic range than any other, but it 
also has a much more powerful instruction set. Th s permits 
faster and more efficient data reduction and programming 
simplicity.

The above spectra of dodecyl alcohol were obtained using 
the Nicolet automatic T, program, which utilizes the [180°- 
r  - 90° - (sample) - T ]n inversion recovery1 or PRFT2 pulse se
quence. In this experiment, the value of the inter-pulse interval 
t  is varied from a time much less than the shortest T, to a time 
about 5 times longer than the longest T, in the sample. Data 
are signal averaged at each value of r  and stored on the 
Nicolet 600,000 word cartridge disk memory.

For t « T , ,  nuclear magnetization will still be inverted when

the 90° pulse is applied, leading to inverted peaks in the trans
formed spectrum. For T ^ ^ l n  2, a null w ill be observed, 
since at this time the magnetization is just passing through 
zero when the 90° pulse is applied. Finally, when t >-T,, the 
nuclei w ill have returned to their us ia l precession about the 
+  z axis before the 90° pulse is app ied, and the experiment 
reduces to the usual single pulse Ft nmr experiment.

After all spectra are obtained, they are processed all at once 
and displayed or plotted as shown. T ie  spin-lattice relaxation 
times of each line can be estimated from the plots or cal
culated using a least squares treatment from the equation 
A =  A0 [ 1 - 2  exp ( - r /T , ) ] .  This calculation is performed di
rectly by the program upon command.

This quality of data and ease of operation can be yours with 
the Nicolet 1080 Data System, including the 600,000, 20-bit 
word NIC-294 cartridge disk system and the NIC-293 Pulse 
Controller. This latter unit allows the production of up to eight 
computer-selectable times corresponding to rf pulses and pulse 
intervals. This unit is already in use measuring TTs, T2’s, per
forming gated decoupling and homoncclear pulsed decoupling 
and providing the versatility for use in almost any definable 
experiment.

The Nicolet 1080 Data System has been successfully used 
with all major spectrometers and is also available with a com
plete Fourier pulse accessory package for the Varian XL-100 
through Nicolet’s affiliate, Transform Technology, Incorporated.

Why not investigate the features of the 1080 Data System 
and find out how it can make your nmr spectrometer perform 
more efficiently.

NICOLET INSTRUMENT CORPORATION

1. R. L. Void, J. S. Waugh, M. P. Klein, and D. E. Phelps, J. Chem. Pfcjs. 
48,3831 (1968).

2. A. Allerhand, D. Doddrell, V. Glushko, D. W. Cochraû, E. Wenkert, P. J. 
Lawson and F. Gurd, J. Am. Chem. Soc. 93, 544 (1971).

5225 Verona Road, Madison, Wisconsin 53711 
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The Chemical Society

Specialist Periodical Reports
A series of reviews by leading specialists in their fields which give systematic and compre
hensive coverage of the progress in major areas of research. Titles of interest to those working 
in the borderlands of chemistry and biology include:

Amino-acids, Peptides 
and Proteins
Senior Reporter: Dr. G.T. YOUNG

University o f Oxford
“ The reviewers have done a superlative job 
of assimilating the data from these many 
papers and accentuating the important 
aspects of them. An indispensable key to 
the literature."— John Morrow Stewart, 
Journal o f M edicinal Chemistry. Vol. 1 
(1968) £4.50; Vol. 2 (1969) £6.00; Vol. 3 
(1970) £6.00; Vol. 4 (1971) £9.00.

Terpenoids 
and Steroids
Senior Reporter: Dr. K. H. OVERTON

University o f Glasgow
“ The authors are to be congratulated on the 
breadth and depth of tneir reading. Even the 
most active follower of the literature could 
not hope to have kept abreast of so many 
topics. This admirable volume."— G. D. 
Meakihs, Nature. Vol. 1 (1969-70) £11.00; 
Vol. 2 (1970-71) £9.00; Vol. 3 (1971-72) 
to be published in July.

The Alkaloids
Senior Reporter: Dr. J. E. SAXTON 

University o f Leeds
"This volume w ill make an excellent 
addition to earlier comprehensive reviews on 
alkaloids and belongs in every scientific 
library as well as in those of serious alka- 
loidal investigators"— Gordon H. Svoboda, 
Journal o f Pharmaceutical Sciences. Vol. 1 
(1 969-70) £11.00; Vol. 2 (1 970-71) £7.50; 
Vol. 3 (1971-72) to be published in April.

Foreign Compound 
Metabolism  
in Mammals
Senior Reporter: Dr. D. E. HATHWAY 

University o f Essex
"This work w ill be extremely useful to all 
clinical pharmacologists, toxicologists, and 
biochemists, as well as to interested 
chemists, as an up-to-date reference work. 
It also provides interesting readirg, and goes 
into principles and the development of the 
problems.— Angewandte Chemie Vol. 1 
(1960-69) £11.00; Vol. 2 (1970-71) £11.00

Carbohydrate
Chemistry
Senior Reporter: Prof. J. S. BRIMACOMBE 

University o f St. Andrews 
"The coverage of the literature is excellent, 
and the content of the papers listed is 
summarized in an effective manner. Schemes, 
formulas and diagrammatic representations 
are w idely used to facilitate comprehension". 
— Journal o f the American Chemica/Society. 
Vol. 1 (1967) £3.50; Vol. 2 (1968) £3.50; 
Vol. 3 (1969) £7.00; Vol. 4 (1970) £7.00; 
Vol. 5 (1971) £8.00

Biosynthesis
Senior Reporter: Prof. T. A. GEISSMAN 
University o f California at Los Angeles 
This is a new series of reports dealing with 
the synthesis of organic compounds in living 
organisms from the biochemical and chemi
cal viewpoints. Vol. 1 (1970-71) £6.50

Full details on any of these publications can be obtained from: The M arketing  O fficer, The Chem i
cal Society, Burlington House, London W 1V  0BN, England. Orders (enclosing remittance) 
should be sent to: The Publications Sales O fficer, The Chemical Society, Blackhorse Road, 
Letchw orth , Herts S G 61H N , England.
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1439 The Synthesis of Dicyclopenta [ef,k l ]heptalene (Azupyrene).
I. Routes to l,6,7,8,9,9a-Hexahydro-2H-benzo [c,d  ]azulen-6-one
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II. Routes from l,6,7,8,9,9a-Hexahydro-2H-benzo[c,d]azulen-6-one 
and 5-Phenylpentanoic Acid
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1455 Base-Induced Cyclizations of Alkyl-Substituted 
Propargyloxyethanols

1463 The Base-Induced Ring Enlargement of
Halomethylenecyclobutanes. A  Carbon Analog of 
the Beckmann Rearrangement

1470 The Reactions of
l,l,2,2-Tetrachloro-3,4-bis (dichloromethylene) cyclobutane 
with Amines

1474 Effect of Geometry and Substituents on the Electrochemical 
Reduction of Dibenzoylethylenes and Dibenzoylcyclopropanes

1478 Chemistry of Difluoroeyclopropenes. Application 
to the Synthesis of Steroidal Allenes

1483 Transition Metal Catalyzed Reactions of Allene

1491 a , a  '-Dimetalations of Dimethylarenes with Organosodium
Reagents. The Catalytic Effect of Certain Tertiary Amines

1497 Oxidation of Organic Compounds with Cerium (IV).
X V I. Relative Rates of Formation of Allyl, Benzyl, and 
ieri-Butyl Radicals by Oxidative Cleavage of Alcohols

1499 The Reaction of Oxo-Osmium (VI)-Pyridine 
Complexes with Thymine Glycols

1504 A  Comparison of Lithium Aluminum Hydride and
Diborane in the Reduction of Certain 3-Indolylglyoxamides
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Reactivities of Alkyllithiums
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RING-FORMING POLYMERIZATIONS
Volume 13-B, 1 & 2
by ROBERT J. COTTER and MARKUS MATZNER 
Two Volumes in the ORGANIC CHEMISTRY Series 
Ring-forming polymerizations comprise a field 
of polymer chem istry tha t is undergoing tre 
mendous growth. This original two-part work 
is an invaluable key to the literature covering 
the rapidly increasing num ber of polymeriza
tions tha t result in the form ation of polymers 
having a new ring structure. Although not a 
comprehensive book on ring-containing poly
mers, it is an accurate, exhaustive survey of 
those polymers whose ring or rings are form ed

during polymerization. This book discusses 
polymers possessing widely d iffe rent and com 
plex structures and contains data on polymer 
classes of commercial interest, as well as many 
others of theoretical interest. Parts B, 1 and 2 
examine those reactions tha t yield polymers 
contain ing heterocyclic rings.

Volume 13-B, 1 /1 972 , 444 pp., $34.50  
Volume 13-B, 2 /1 9 7 2 , 586 pp., $39.50

OXIDATION IN ORGANIC CHEMISTRY, Part B
edited by WALTER S. TRAHANOVSKY
A Volume in the ORGANIC CHEMISTRY Series

Contents: W. G. NIGH: Oxidation by Cupric 
Ion. PATRICK D. MCDONALD and GORDON A. 
HAMILTON: Mechanisms of Phenolic Oxida
tive Coupling Reactions. ROBERT J. OUEL
LETTE: Oxidation by Thallium  III. DONALD

G. LEE and MATTHIJS VAN DEN ENGH: The 
Oxidation of Organic Compounds by Rutherium 
Tetroxide.

1973, 262 pp., $ ’ 5.00

ORGANIC REACTIVE INTERMEDIATES
edited by SAMUEL P. McMANUS
A Volume in the ORGANIC CHEMISTRY Series

This book provides a selective, bu t comprehen
sive treatm ent of all the im portant reactive 
species tha t occur in the chemical reactions of 
organic compounds. For every class of in ter
mediate, it offers a systematic treatm ent of 
historical background, nomenclature, chemical 
scope and occurrence, structure and reactiv

ity, observation by spectral methods, synthetic 
importance, and mechanistic consequences. 
In each case, t ie  book cites soecific examples 
to illustrate principles rather than giving a re
view-type coverage of every area.

1973, about 550 pp., in preparation

CHALLENGING PROBLEMS IN ORGANIC REACTION
MECHANISMS
by DARSHAN RANGANATHAN and SUBRAMANIA 
This book presents a collection of organic 
reactions from the m ost recent literature for 
which only the reagents and conditions are 
given. It presents examples which not only 
reflect some of the m ost subtle and delightfu l 
facets of organic chemistry, bu t also many novel 
aspects of syntheses, reactions, reagents and 
reaction mechanisms, as well as the whimsical 
proclivities of chemists in naming compounds. 
The u tility  o f th is work is enhanced by a com-

RANGANATHAN
pound index, which allows rapid identification 
of rearrangements associatec w ith a specific 
substrate; a reaction-type index, which unifies 
reactions associated with a particular transition 
state and brings to light the usefulness of the 
Woodward-Hoffman notations n understanding 
bond formation and cleavage; and fina lly  a 
problem classification index, which grades each 
problem as a function of its d ifficu lty .
1972, 172 pp., $7.50

PHYSICAL METHODS IN HETEROCYCLIC CHEMISTRY
edited by ALAN R. KATRITZKY
Volume 5/Handbook of Molecular Dimensions:
by P. J. WHEATLEY
FROM REVIEWS OF PREVIOUS VOLUMES: 
" ...in v a lu a b le  to scientists working with 
heterocyclic com pounds.”

—INDUSTRIAL BOOKSHELF 
“ .. .provides discussions, tables and references 
of value to those working with heterocyclic 
com pounds.”

— INDUSTRIAL BOOKSHELF

Third Edition
THE ENZYMES
edited by PAUL D. BOYER 
Volume 7:
Elimination and Addition
Aldol Cleavage
and Condensation
Other C-C Cleavage
Phosphorolysis
Hydrolysis (Fats, Glycosides)
1972, 980 pp., $42.50  
Subscription price: $36.10

prices subject to change without notice

X-Ray Bond Angles and Lengths

" ...o rg a n ic  chemists w ill need to have th is 
volume within reach.”

—CHEMISTRY IN BRITAIN
1972, 612 pp., $39.00
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The Synthesis of Dicyclopenta[e/,fei]heptalene (Azupyrene). I. 
Routes to l,6,7,8,9,9a-Hexahydro-2i/-benzo[c,ci]azulen-6-one1'2
A rth ur  G . A nd erso n , Jr . ,* 3 G a r y  M . M a sa d a ,3'4 5 and  A n d r e w  F. M o n t a n a3'6

Department of Chemistry, University of Washington, Seattle, Washington 98195, 
and the Department of Chemistry, Seattle Pacific College, Seattle, Washington 98119

Received August 4, 1972

As the first phase in the synthesis of dicyclopenta[e/,fc/]heptalene, four routes to l,6,7,8,9,9a-hexahydro-2i/- 
benzo[c,d]azulen-6-one (19) via the intermediate 4-(l-indanyl)butanoic acid (3) have been investigated: (i) via a 
Reformatsky reaction of 1-indanone with methyl 4-bromo-2-butenoate; (ii) via a Reformatsky reaction of 1- 
indanone with ethyl bromoacetate and subsequent chain lengthening by a malonic ester alkylation sequence; 
(iii) via reaction of 1-indanone with 3-methoxy-l-propylmagnesium chloride and subsequent chain lengthening 
by carbonation of a Grignard reagent; (iv) by reaction of sodio indene with l-chloro-3-bromopropane and a sub
sequent Grignard carbonation sequence. Route iv proved to be the shortest, most adaptable to relatively large 
runs, and gave the best overall yields. The melting point of 3 in the literature was found to be incorrect. The 
acid-catalyzed cyclization of 3 or its acid chloride to 19 was accompanied by the formation of 1,2,3,4-tetrahydro- 
o/f-fluoren-4-one (20).

The dicyclopenta[e/,fcZ]heptalene structure (1), for 
which we have proposed the common name azupyrene,1 
represents a cyclocondensed, conjugate-unsaturated, 
convex, nonalternant hydrocarbon having no benze- 
noid components. Two of the valence-bond resonance 
formulas (la, lb) possess a 14-ir-electron system peri
pheral to a central 2-7r-electron moiety, whereas the 
other two noncharge-separated formulas (lc, Id) do

not. Azupyrene therefore provides a new, nonben- 
zenoid system for the further tests of structural the

(1) A p re lim in ary  ann o u ncem en t of th e  syn thesis  has app eared : A. G.
A nderson, J r ., A. A. M acD o n ald , and  A. F . M o n tan a , J. Amer. Chem. Soc., 
90, 2993 (1968).

(2) T ak en  in  p a r t  from  th e  P h .D . T heses of G. M . M . and  A. F . M ., U ni
versity  of W ashing ton .

(3) U niv ersity  of W ashing ton .
(4) N IH  P red o cto ra l Fellow, 1968-1970.
(5) S ea ttle  Pacific College.

ories of aromaticity, especially that of Platt6 7a wherein 
a stable (i.e., An +  2) ir-electron “ shell”  will be sepa
rated from inner it electrons by circular nodes such 
that the two loci of unsaturation will consist of more 
or less discrete molecular orbitals. This concept, a 
modification of an earlier one based on the free-elec- 
tron model.7,8 has afforded an explanation of the aro
matic character of benzenoid cyclocondensed hydro
carbons (e.g., pyrene, coronene, and ovalene, for which 
extension of the Hiickel rule has not been satisfactory), 
and of acepleiadylene (as contrasted with pleiadiene 
and acepleiadiene).9

The azupyrene structure is also symmetric10 such 
that Craig’s rules11 may be formally applied to any of 
the Kekule structures with either of the two axes of 
symmetry. The result in each case is that /  +  g is 
an even number and the valence-bond ground state 
is therefore predicted to be totally symmetric and, 
consequently, to have normal aromatic stability. A 
calculated value of 0.38 (3 has been determined for the 
specific delocalization energy per electron for azupy-

(6 ) J . R . P la t t ,  J. Chem. Phys., 22, 1448 (1954).
(7) (a) J . R . P la t t ,  ibid., 17, 484 (1949); (b) W . T . S im pson, ibid., 17, 

1218 (1949).
(8 ) N . S. B ayliss, ibid., 16, 287 (1948); H . K uh n , ibid., 16, 840 (1948); 

F . D . R ice  and  E . Teller, " T h e  S tru c tu re  of M a tte r ,"  W iley, N ew  Y ork, 
N . Y „  1949, p  HO.

(9) V- B oekelheide, W . E . L angeland, an d  C .-T . Liu, J. Amer. Chem. 
Soc., 73, 2432 (1951); V. B oekelheide an d  G . K . Vick, ibid., 73, 653 (1951).

(10) One o th e r com pound of th is  ty p e  is know n: th e  isom eric pen ta len o - 
[l,6 ,5 -de/]hep ta lene , w hich is less sym m etrica l. K . H afner, R . F leischer, 
an d  K . F ritz , Angew. Chem., Int. Ed. Engl., 4, 69 (1965).

(11) D . P . C raig, J . Chem. Soc., 3175 (1951); D . P . C raig  and  A. M acoll, 
ibid., 964 (1949). A zupyrene m ay  have an  abn o rm al sy m m etry  in  th is  
regard , how ever . 12
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rene12 as compared to 0.41 0 for pyrene, 0.38 0 for an
thracene, and 0.37 0 for naphthalene.

The general route selected for the synthesis resolved 
into three quite distinct parts in the laboratory: (i)
the preparation of 1,6,7,8,9,9a-hexahydro-2#-benzo- 
[c/1 ]azulen-6-one (19), (ii) the preparation of 1,5,6,- 
6a,7,8,9,9a-octahydro-2JT-indeho [5,4,3-cdejazulene, and 
(iii) the conversion of the octahydroindenoazulene to 
azupyrene. The present paper presents the results 
of the first part of the study.

Route 1. Via a Reformatsky Reaction of 1 -Indanone 
and Methyl 4-Bromo-2-butenoate. —The first synthesis 
carried out was that shown in Scheme I. A Re-

formatsky reaction involving 1-indanone and methyl
4-bromo-2-butenoate formed the hydroxy ester plus 
some dehydrated ester (2) and 2-(l-indanylidene)-l- 
indanone (the ketol condensation product from 1- 
indanone). Treatment of this mixture with hydrogen 
and W-6 Raney nickel gave incomplete reduction, and 
subsequent dehydration with potassium bisulfate, hy
drogenation (platinum catalyst), and saponification 
gave 3 in only ca. 14% overall yield. It was then 
found that distillation of the crude Reformatsky prod
uct mixture in the presence of p-toluenesulfonic acid 
effected complete dehydration and the product thus 
formed could be converted to 3 in good (80%) yield 
(36-42% overall) by reduction (platinum catalyst) 
and hydrolysis. Thus, in practice, this route as de
veloped involved just three operational steps with 
the isolation of but one intermediate (2). There were, 
however, two major disadvantages: it was difficult 
to carry out the Reformatsky reaction on larger than a
0.5 M scale, and extensive polymerization occurred 
if the acid-catalyzed dehydration was performed on 
more than 25 g.

Route 2. Via a. Reformatsky Reaction of 1 -Indanone 
and Ethyl Bromoacetate. Scheme II.—The product
(3) obtained from route 1 melted at 72-73°, whereas 
von Braun, et al.,u had reported a value of 92°. Though 
our product and its amide derivative gave correct 
analyses, it was considered advisable to repeat the von 
Braun synthesis13,14 to be certain that the products 
were indeed the same and to compare the two routes, 
since little yield data had been reported in the earlier 
work.

A Reformatsky reaction of 1-indanone with ethyl 
bromoacetate gave the hydroxy ester 4 (7 i% ). Distil
lation of 4 in the presence of p-toluenesulfonic acid or 
treatment with thionyl chloride and pyridine gave in
complete dehydration, but heating with anhydrous 
formic acid gave >  90% yields of the unsaturated ester 
5, the ultraviolet spectrum of which indicated the

(12) A. R osow sky, H . F leischer, S. T . Y oung, R . P a r tc h , W . H . Sanders, 
J r . ,  an d  V. Boekelheide, Tetrahedron, 11, 121 (1960); B . A. H ess, J r ., a n d  L. 
J . Schaal, J . Org. Chem., 36, 3418 (1971), g ive 0.353 for azupyrene.

(13) J . von B rau n  and  E . R a th , Chem. Ber., 60B, 1182 (1927).
(14) J . von  B raun , E . D anziger, and  Z. K oehler, ibid., 50, 56 (1917).

S c h e m e  I I

11

presence of a considerable fraction having the exocyclic 
double bond. Catalytic (platinum) reduction of 5 
afforded 6 (93%). Reduction of 6 to 9 with lithium 
aluminum hydride (in place of sodium-alcohol) in
creased the yield in this step from 40% to 94%.

The alternative path of hydrolysis of the unsaturated 
ester 5 to the corresponding acid 7 and reduction of the 
latter to 9 was also examined. Unexpectedly,15 
reaction of 7 with lithium aluminum hydride gave in
complete reduction, but catalytic (platinum) hydro
genation gave 8 (72%) and subsequent hydride reduc
tion formed 9 (79%). This path thus proved to be 
one step longer and to give lower yields.

Reaction of 9 with excess hydrogen bromide formed 
10 (82%), which, upon treatment with sodiomalonic 
ester gave 11 (76%), and hydrolysis and then decar
boxylation of 11 formed 3 (75%, 28% overall). The 
shorter and better path for this route involved seven 
operational steps with six isolated intermediates. It 
was judged to be inferior to Scheme I, as it also con
tained a Reformatsky reaction, for which large runs 
gave lower yields, and gave a lower overall yield. The 
product (3) obtained was identical with that from 
Scheme I; so the melting point reported13 14 was incorrect.

Route 3. Via the Reaction of 1-Indanone with
3-Methoxy-l-propylmagnesium Chloride. Scheme
III.—Smith and Sprung16 had studied the use of 3- 
alkoxypropyl halides for the introduction of a three- 
carbon chain bearing a terminal functional group and 
found that methoxy was cleaved more readily than 
ethoxy. Accordingly, a Grignard reaction of 1-inda- 
none and 3-methoxy-l-propylmagnesium chloride 
yielded l-hydroxy-l-(3-methoxypropyl)indan (12) 
(41%), which after dehydration afforded 3-(3-methoxy- 
propyl)indene (13) (63%). The assignment of the 
double bond position in 13 was based on comparison 
of the ultraviolet spectrum with those of 3-methyl-

(15) R . F . N y stro m  an d  W . B. B row n, J . Amer. Chem. Soc., 69, 2548 
(1947), rep o rted  th a t  L 1AIH 4 effected th e  conversion of c innam ic  acid  to  3- 
p  h eny l-1 -p r  op ano l.

(16) L. I. Sm ith  and  J . A. Sprung, ibid., 65, 1276 (1943).
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indene and 3-indenylacetic acid (7). Catalytic (plat
inum) hydrogenation of 13 gave the saturated ether
14 (87%). Smith and Sprung16 had found that sealed- 
tube reactions with hydrobromic acid gave much better 
yields than open-vessel reactions for the cleavage of 
similar ethers. However, the method of Stone and 
Schechter17 using potassium iodide and phosphoric 
acid did not require sealed vessels and was found to 
be superior for the conversion of 14 to the iodide IS 
(62%). Carbonation of the Grignard reagent from
15 gave 3 (52%, 8%  overall). The low overall yield 
and the necessity of synthesizing the 3-methoxypropyl 
chloride (three steps from trimethylene glycol) made 
this route the least satisfactory.

Route 4. Via l-(3-Halopropyl)indene. Scheme
IV.—This route utilized relatively inexpensive, com-

S c h e m e IV

X
18,X =  Cl(Br)

Grignard reagent from 18 produced 3 (70-81%, 43- 
52% overall). This route involved three operation 
steps and the isolation of two intermediates (17 and 
18). It was considered to be the best with respect to 
practical convenience, especially for relatively large 
rims, as well as for the overall yield despite the un
certainties with regard to the behavior of the indene.

von Braun and Rath13 had reported a low (15%) 
yield for the inverse Friedel-Crafts cyclization of the 
acid chloride of 3 to 19 and noted that, in contrast,

0 20 
19

this method gave good yields of 1-indanone and 1- 
tetralone. We have found that a high-dilution tech
nique using carbon disulfide gives 45-52% yields. 
The convenience of the one-step ring closure with poly- 
phosphoric acid was attractive, but with the commercial 
reagent yields of 30% or less were usually obtained, 
plus appreciable amounts of a by-product (20) which 
was also isolated from cyclization of the acid chloride 
in tetrachloroethane. The latter product was both 
unexpected and undesirable and its source was in
vestigated. The ketone 19 was shown to be stable 
to polyphosphoric acid; so an impurity in 3 was sus
pected. A sample of 3 was converted to the methyl 
ester and the derivative was purified by preparative 
gas-liquid chromatography. Reaction of the pure 
acid 3 obtained from this ester with polyphosphoric 
acid, and of the acid chloride with aluminum chlo
ride, gave 20 along with 19. Thus 20 is formed from 
3 and a likely intermediate is 4- (3-indenyl) butanoic 
acid,19 formed via acid abstraction of hydride from the 
tertiary benzylic carbon.

The inconsistent results in the cyclizations with 
different batches of commercial polyphosphoric acid 
led to a study of the yield of 19 as a function of the com
position of the reagent. It was found that the reac
tion was very sensitive to the percentage of P2O5 and 
that ca. 45% yields of 19 could be obtained with 80% 
P2O5 regent,20 and this became the method of choice.

mercially available reagents and it was hoped that the 
reactions involved would be adaptable to relatively 
large runs. In practice, the source and purity of the 
indene proved to be important18 and, independent of 
this factor, the yields of 17 (obtained as a mixture of 
the chloride and bromide from the reaction of 16 with
l-chloro-3-bromopropane) varied considerably for rea
sons which could not be determined. Efforts to re
solve these difficulties led to three procedures for the 
preparation of 16 and its conversion to 17. One pro
cedure required very pure indene, yet formed consider
able by-product. The most satisfactory method 
(68% , 75% net) did not require such pure indene and 
gave little of the by-product. High yields (>90% ) 
of 18 were obtained from 17 and carbonation of the

(17) H . S tone  an d  H . Schecter, J . Org. Chem., 15, 491 (1950).
(18) O ther w orkers h av e  h ad  s im ilar experiences w ith  indene: P rofessor 

H. R ap o po rt, U niv ersity  of C alifornia, B erkeley , personal com m unication , 
1958.

Experimental Section
Melting points were taken in capillary tubes using an alumi

num block and are corrected. Boiling points are uncorrected. 
Infrared spectra were recorded on a Perkin-Elmer Model 21 re
cording spectrophotometer using NaCl prisms and cells. Ultra
violet spectra were taken on a Cary Model 115 spectrophotom-

(19) T he ac tio n  of an  acid c a ta ly s t on 4 -(3 -indenyI)bu tano ic  acid w ould  
lead  to  20; cf. F . H . H ow ell and  D . A. H . T ay lo r, J. Chem. Soc., 3011 (1957).

O th er exam ples of acid -ca talyzed  fo rm ation  of u n sa tu ra ted  ketones from  
alkenes and  carboxylic acids are  know n: L. H . R an d  and  R . J . D olinski, 
J . Org. Chem., 31, 3063, 4061 (1966); S. B . K u k a ri and  S. D ev, Tetrahedron, 
24, 545 (1968).

(20) R . C . G ilm ore and  W . J . H orton , J. Amer. Chem. Soc., 73, 1411 
(1951), found  79.8%  PiOs co n ten t o p tim um  for th e  analogous cyclization  of 
4 -( l,2 ,3 ,4 - te trah y d ro -l-n a p h th y l)b u ta n o ic  acid . T he  high yields (92—94% ) 
in th is case m ay  be due to  th e  difference in  rea c tiv ity  of th e  position  ortho  
to  a six-m em bered ra th e r  th a n  a  five-m em bered ring.



eter. Elementary analyses were performed by B. Nist and C. H. 
Ludwig.

1-Indanone.— A modification of the method of Cope21 was 
used. A mixture of 450 g (3.0 mol) of 3-phenylpropanoic acid 
and 450 g (3.8 mol) of thionyl chloride was refluxed for 2 hr. 
Distillation gave 471 g (94%) of 3-phenylpropanoyl chloride, bp 
112-115° (15 mm) [lit.22 bp 121-122° (22.5 mm)]. The acid 
chloride (168 g, 1 mol) was added rapidly (10 min) to a well- 
stirred suspension of 175 g (1.3 mol) of aluminum chloride in 400 
ml of petroleum ether (bp 60-90°). The mixture was stirred for 
15 min after HC1 evolution had ceased and then a solution of 30 
ml of concentrated hydrochloric acid in 11. of H20  was cautiously 
added. Distillation of the residue from the washed (5%  sodium 
bicarbonate), dried (magnesium sulfate), combined ethereal lay
ers from the extraction of the mixture with four 200-ml portions 
of ether gave 106 g (80%) of 1-indanone, bp 88-90° (ca. 1 mm) 
[lit.23 bp 125-126° (17 m m )].

4-(l-Indanyl)butanoic Acid (3) Via a Reformatsky Reaction of
1- Indanone and Methyl 4-Bromo-2-butenoate.—A mixture of 
100 g of granular (20 mesh), purified24 25 Zn, 225 ml of anhydrous 
benzene, and 5 g of HgCl2 was stirred vigorously for 15 min under 
a N2 atmosphere in a flask equipped with an efficient condenser 
with a drying tube and a stirrer which extended to the bottom of 
the flask. A solution of 66 g (0.5 mol) of 1-indanone, 90 g of 
methyl 4-bromo-2-butenoate, 75 ml of dry benzene, and 225 ml 
of dry ether and then an iodine crystal were added. The ap
plication of external heat started a vigorous exothermic reaction 
which was controlled by cooling (ice bath). After the reaction 
had been moderated (30 min), the mixture was heated and stirred 
under gentle reflux. Three additions of 30 g of methyl 4-bromo-
2- butenoate, 50 g of Zn, and an iodine crystal were made at 90- 
min intervals. After an additional 3 hr, the mixture was cooled 
to room temperature and poured into a solution of 70 ml of 
glacial acetic acid and 500 ml of H20 . The separated aqueous 
layer was extracted several times with ether, and the combined 
organic layer and ethereal extracts were washed with 10% am
monium hydroxide until the alkaline extracts were only slightly 
colored (6-8 times) and then with saturated NaCl solution. Re
moval of the solvents and unreacted starting materials by dis
tillation at ca. 10 mm left a yellow oil which appeared to consist 
of methyl 4-[l-(l-hydroxy)indanylj-2-butenoate (ir 3390 cm-1), 
methyl 4-(l-indanylidene)-2-butenoate (2) [uv (ethanol) 243, 
350, and 338 nm], and a small amount of 2-(l-indanylidene)-l- 
indanone.26

Rapid distillation of one-half of the yellow oil (ca. 25 g)27 in the 
presence of 50 mg of p-toluenesulfonic acid from a pear-shaped 
flask and through an air-cooled tube gave 23.4 g (44% from 1- 
indanone) of 2 as a yellow oil: bp 125-145° (ca. 1 mm); uv 
(ethanol) 243 nm (log e 3.95), 250 (3.92), and 338 (4.04); ir 
(neat) 1724 and 1628 cm -1. The yields for four runs using 0.5-1 
mol of indanone ranged from 41 to 58% ; larger runs gave lower 
yields of the Reformatsky products.

A mixture of 12 g (0.056 mol) of 2, 100 ml of absolute ethanol, 
and 0.1 g of prereduced P t02 in a Parr flask was treated with H2 
(3 atm). The uptake of H2 ceased at the theoretical amount 
(0.11 mol) and the catalyst was removed by filtration. The 
filtrate was divided into two equal fractions and each half was 
diluted to 150 ml with ethanol and treated separately as follows. 
A solution of 6 g (0.107 mol) of KOH in 150 ml of H20  was added 
to the alcoholic solution and the mixture was heated (reflux) for
3.5 hr under N2. The alcohol was removed by distillation and 
the cooled alkaline solution was extracted with ether, treated 
with Norit, filtered, and acidified with 6 N  hydrochloric acid. 
The tan crystals of crude 3 (4.6 g, 80% from 2, 36-42% overall), 
mp 70-73°, after recrystallization from n-hexane gave colorless 
needles: mp 72—73°j28 uv (ethanol) 260 nm (log e 2.88), 266
(3.08), and 273 (3.14).

(21) A. C . C ope, J . Amer. Chem. Soc., 7 2 ,  3056 (1950).
(22) R . A. P ac a u d  a n d  C . F . H . A llan, "O rgan ic  S yn theses,’’ C ollect. Vol. 

I I ,  W iley, N ew  Y ork, N . Y ., 1943, p  336.
(23) H . F . G reef, P h .D . Thesis, U niv ersity  of W ashing ton , 1951.
(24) J . von  B rau n  an d  W . E berlein , Chem. Ber., 45, 384 (1912).
(25) W hen  th e  w ashed and  dried  organic layer a n d  ex trac ts  from  one ru n  

were allow ed to  s ta n d  for 2 m onths, ligh t g reen 'c rys ta ls  (ca. 4 g) sep a ra ted . 
R ecrysta lliza tio n  four tim es from  benzene w ith  th e  a dd ition  of N o rit th e  
first tw o  tim es followed by  sublim atio n  and  d ry ing  over P2O5 gave yellow  
needles, m p 144-144.4° ( lit.26 m p 142°).

(26) F . S. K ipp ing , J . Chem. Soc., 65, 480, 495 (1894).
(27) L arger batches gave  lower yields.
(28) T h e  m elting  p o in t of 92° rep o rted  b y  J . von  B ra u n  a n d  E . R a th 18

is inco rrec t.
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Anal. Calcd for C13Hl90 2: C, 76.44; H, 7.90. Found: 
C, 76.25; H ,7.79.

4-(l-Indanyl)butanamide.— One gram of 3 was refluxed with 5 
ml of thionyl chloride for 30 min. The cooled mixture was 
poured into 15 ml of cold, concentrated ammonium hydroxide. 
Filtration separated the colorless precipitate, which after re- 
crystallization from water melted at 95-96°.

Anal. Calcd for Ci3Hi7NO: C, 76.81; H, 8.43. Found: 
0 ,76 .92 ; H, 8.39.

4-(l-Indanyl)butanoic Acid (3) Via a Reformatsky Reaction of 
1-Indanone and Ethyl Brcmoacetate.29— A  mixture of 200 g of 
purified,24 granular (20 mesh) Zn, 10 g of HgCl2, and 600 ml of 
dry benzene was stirred in the apparatus and as described for the 
above Reformatsky reaction. A solution of 132 g (1.0 mol) of
1-indanone, 280 ml of ethyl bromoacetate, and 500 ml of dry 
ether and then an iodine crystal were added with stirring and the 
reaction was initiated, controlled, and maintained as before. 
Two further additions of 100 g of Zn, 50 ml of ethyl bromoace- 
rate, and an iodine crystal were made at 2-hr intervals. Reflux 
was continued for 2 hr after the last addition and then the cooled 
mixture was poured into 1 1. of 6 A  sulfuric acid and worked up 
as described above to give 157 g (71%) of ethyl 2 -[1-(1-hydroxy)- 
indanyl]acetate (4) as a light yellow oil, bp 120-125° (0.5 mm) 
[lit.14 bp 180° (18 m m )].

The hydroxy ester 4 (20 g, 91 mmol) was heated (steam bath) 
with 115 ml of anhydrous formic acid for 15 min.30 The cooled 
reaction mixture was taken up in 200 ml of H20  and 100 ml of 
benzene and the separated aqueous layer was extracted with two
50-ml portions of ether. Removal of the solvents (distillation) 
from the combined, washed (5% NaHCOj, H20 ) , dried (CaSO,) 
organic layers and distillation of the residue gave 16.7 g (90%) of 
the unsaturated ester 5: bp 130-140° (2.5 mm) [lit.14 bp 166- 
168° (10 mm)]; uv (ethanol) 226 nm (log e 3.89), 232 (3.81), 
263 (3.85), 271 (3.92), 278 (3.95), 290 (3.98), 308 (3.94), and 
319 (sh, 3.89). Runs using 60 g of the hydroxy ester gave up to 
96% yields.

A mixture of 22 g (0.11 mol) of the unsaturated ester 5, 30 g 
(0.52 mol) of KOH, 500 ml of ethanol, and 600 ml of H20  was 
heated under reflux for 3 hr and the alcohol was removed by dis
tillation. The cooled red alkaline solution was extracted with 
ether, treated with Norit, and then acidified with concentrated 
hydrochloric acid. Recrystallization of the collected precipitate 
from w-hexane gave 15 g (79%) of the indenylacetic acid 7, mp
87-94° (lit.14 mp 85-86°) and 87-95° after a second recrystal
lization, as a mixture of needles and prisms, uv (ethanol) 254 nm 
(log 12.97) and 280 (2.3).

A Parr flask was charged with 19.5 g (0.11 mol) of the unsat
urated acid 7, 100 ml of absolute ethanol, 0.2 g of P t02, and H2 
(3 atm). After the H2 uptake had ceased at the theoretical 
amount, the mixture was filtered and the solvent was removed 
under reduced pressure to give, after two recrystallizations from 
petroleum ether (bp 30-60°), 15.1 g (72% ) of «-(l-indanyl)acetic 
acid (8), mp 58-61° (lit.14 mp 60-61°).

A solution of 356 g (1.76 mol) of the unsaturated ester 5, 350 
ml of absolute ethanol, and 1 g of prereduced P t02 in a large 
Parr flask was treated with H2 at 3 atm. After the H2 uptake 
ceased, an additional 0.3 g of P t02 was added, whereupon H2 up
take resumed. When the H2 uptake again ceased a second por
tion of 0.3 g of P t02 was added. After the H2 pressure became 
constant, the solution was decanted from the catalyst, the sol
vent was removed, and the residue was distilled to give 334 g 
(93%) of ethyl a-(l-indanyl [acetate (6), bp 93-95° (ca. 0.5 mm) 
or 124-125° (3 mm) [lit.14 bp 149-150° (12 mm)]. The uv and 
ir spectra showed no absorption for nonbenzenoid C = C . Yields 
of 94-96%  were obtained in smaller (ca. C.2 mol) runs.

To a stirred solution of 4.75 g (0.125 mol) of LiAlH, in 180 ml 
of dry ether in a 1-1. three-necked flask equipped with a condenser 
with a drying tube, a mechanical stirrer, and a dropping funnel 
was added a solution of 15.1 g (86 mmol) of the saturated acid 8 
in 150 ml of dry ether at a rate which caused gentle refluxing (45 
min). The mixture was stirred for an additional 15 min and 
then cooled. H20  (cautiously to decompose excess hydride) and 
then 150 ml of 10% sulfuric acid were added. The separated 
ethereal layer was washec with 5%  NaHC03 and then saturated 
NaCl solutions and dried (CaS04). Removal of the solvent and

Anderson, Masada, and M ontana

(29) T he  procedures are  in  p a r t  m odifications of those  g iven  b y  J . v o n  
B raun, et al.,13,14 who rep o rted  l ittle  y ield  d a ta .

(30) W . E . B ach m an n  and  R . O. E dg erto n , J. Amer. Chem. Soc., 62, 2970 
(1940).
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distillation of the residue gave 11 g (79%) of 0-(l-indanyl )ethyl 
alcohol (9), bp 118-124° (6 mm) [lit.14 bp 150-152° (11 mm)].

In the manner described for the above reduction of 8 except 
that the reaction mixture was stirred for 2 hr after completion of 
the addition, 370 g (1.81 mol) of ethyl a-( 1 -indanyl)acetate (6) 
was treated with 45 g (1.27 mol) of LiAlH4 in 1.41. of dry ether. 
Hydrolysis was effected with 200 ml of H20  and 1200 ml of 10% 
sulfuric acid. There was obtained 294 g (94%) of 9, bp 97-100° 
(0.5 mm).

In a 500-ml, three-necked flask equipped with a mechanical 
stirrer, a gas inlet tube reaching the bottom of the flask, a ther
mometer, and an exit tube connected through a trap into a f ared 
flask containing H20  was placed 267 g (1.78 mol) of the saturated 
alcohol 9. The flask was heated to 120° (oil bath), and dry HBr 
was added through the inlet tube. The exothermic reaction 
caused the temperature to rise to 130°. When excess HBr in
creased the weight of the tared flask (5 hr), the addition was 
stopped and the mixture was cooled to and then held at room 
temperature for 24 hr. The mixture was washed with 600 ml of 
6 M  sulfuric acid and the acid washings were extracted with two 
300-ml portions of ether. Removal of the solvent from the com
bined, washed (two 300-ml portions of H20 , 300 ml of 50%  
methyl alcohol, and 300 ml of saturated NaCl solution), dried 
(MgS04) organic layers and then distillation gave 398 g (82%) of 
/3-(l-indanyl)ethyl bromide (10), bp 99-100 (1 mm) [lit.13 bp 
145-147° (16 mm)].

To a stirred, gently refluxing solution of sodiomalonic ester 
prepared from 44.5 g (1.95 g-atom) of Na, 1300 ml of dry eth
anol, and 312 g (1.95 mol) of redistilled ethyl malonate in a 3-1. 
flask equipped with a condenser with a drying tube, a dropping 
funnel, and a mechanical stirrer was added 327 g (1.45 mol) of 
the above bromide 10 over a period of 3 hr, during which period 
NaBr precipitated. The mixture was refluxed for 10 hr and then 
allowed to stand at room temperature for 24 hr. Alcohol (ca.
1.2 1.) was removed by distillation, the mixture was cooled, and 
the NaBr was dissolved by adding 1 1. of H20 . The layers were 
separated and the aqueous layer was extracted with four 300-ml 
portions of ether. Removal of the solvent from the combined, 
washed (saturated NaCl solution), and dried (MgS04) organic 
layers and then distillation gave 336 g (76%) of diethyl £-(l- 
indanyl)ethylmalonate (11), bp 143-145° (0.2 mm) [lit.13 bp 
212° (12mm)].

To a solution of 240 g of KOH dissolved in 250 ml of H20  in a 
flask fitted with a condenser was added 336 g (1.1 mol) of the 
above diester 11 and 400 ml of ethanol, and, after the initial 
vigorous reaction had subsided, the mixture was refluxed for 8 
hr. The solvent was removed by distillation, and the cooled 
solution was acidified with concentrated hydrochloric acid. The 
collected, dried precipitate was heated in a flask at 160° (oil bath) 
until the evolution of C02 ceased (5 hr) and then cooled. Re
crystallization of the crude acid from hexane gave 168 g (75% 
from 11 and c a .  28% from 1-indanone) of 4-(l-indanyl)butanoic 
acid (3) as colorless crystals, mp 72-73° [no depression on admix
ture with samples prepared v i a  other routes ( v i d e  s u p r a  and 
i n f r a ) ] .

4-(1-Indanyl)butanoic Acid (3) v i a  the Reaction of 1-Indanone 
with 3-Methoxy-l-propylmagnesium Chloride.— To a flame-dried 
flask equipped with a mechanical stirrer, a condenser with a 
drying tube, and a pressure-equalizing dropping funnel, and con
taining 8 g (0.33 g-atom) of Mg turnings and an iodine crystal, 
were added with stirring and under a N2 atmosphere 75 ml 
of dry ether and a solution of 36.2 g (0.33 mol) of 3-methoxy-l- 
chloropropane31 in 55 ml of dry ether, the latter at a rate to main
tain gentle refluxing. The mixture was refluxed for 30 min after 
the addition was complete, then cooled to below 10°. A solution 
of 43 g (0.33 mol) of 1-indanone in 200 ml of dry ether was added 
slowly and the mixture was then refluxed for 1 hr. The cooled 
mixture was poured into a solution of 8 ml of concentrated sul
furic acid in 150 ml of ice water. The separated aqueous layer 
was extracted with ether. The solvent was removed from the 
combined, washed (5% NaHC03 and saturated NaCl solutions), 
dried (CaS04) organic layers and distillation of the residue gave
27.8 g (41%) of l-hydroxy-l-(3-methoxypropyl)indan (12), bp
133-135° (1.5 mm), 1.5320.

A n a l .  Calcd for Ci3H180 2: C, 75.69; H, 8.79. Found: C, 
75.80; H, 8.61.

(31) Prepared in 5 1 %  y ie ld  b y  th e  m eth od  o f  R . L. Letsinger and A . W . 
Schnizer, J .  O r g . C h e m .,  16, 704 (1951), from  3 -m eth ox y -l-p rop a n o l w hich 
was prepared in 6 5 %  y ie ld  b y  the m eth od  o f L . I. Sm ith and J. A . Sprun g.16

A mixture of 20 g (98 mmol) or the above alcohol 12 and 60 g 
of potassium pyrosulfate was heated at 155-160° (oil bath) for 1 
hr. The cooled mixture was extracted with ether several times 
and the combined ethereal layers were dried (MgS04). Removal 
of the solvent and distillation of the residue gave 11.5 g (63%) of
3-(3-methoxypropyl)indene (13): bp 85-77° (0.3 mm); re26-5D 
1.5423; uv (ethanol) 252 nm (log e 4.02), 280 (2.94), and 290 
(1.70).

A n a l .  Calcd for Ci3Hi60 : C, 82.93; H, 8.57. Found: C, 
82.98; H, 8.74.

A suspension of 11 g (59 mmol) of the above unsaturated ether 
13, and 0.1 g of prereduced Pt02 in 100 ml of absolute ethanol 
was treated with H2 at 30 psi in a Parr apparatus. After H2 up-' 
take ceased (2 hr), the mixture was filtered. Distillation of the 
filtrate gave 9.74 g (87%) of l-(3-methoxypropyl)indan (14), 
bp 91-92° (0.3 mm), 1.5215.

A n a l .  Calcd for Ci3Hi80 : C, 82.06; H, 9.53. Found: C,' 
81.96; H ,9.55.

A mixture of 8 g (42 mmol) of the above saturated ether 14,
18.74 g (0.113 mol) of KI, and 95% phosphoric acid (from 4.3 g of 
P20 5 and 33.1 ml of 85% phosphoric acid) was heated with vig
orous stirring at 150° (oil bath) for 5 hr.17 The cooled mixture 
was extracted with ether several times and the combined extracts 
were washed with 10% NaHC03 10% NaHS03, and saturated 
NaCl solutions and then dried (CaS04). Removal of the solvent 
and distillation of the residue gave 12 g (62%) of l-(3-iodopropyl)- 
indan (15), bp 100-105° (0.05 mm), n26-^  1.5889.

A n a l .  Calcd for Ci2Hi5I: C, 50.37; H, 5.28. Found: C, 
50.31; H, 5.40.

In an oven-dried flask equipped with a condenser with a drying 
tube, a mechanical stirrer, and a dropping funnel were placed 
0.25 g (10.3 mg-atom) of Mg turnings and 5 ml of dry ether. A 
solution of 2.86 g (10 mmol) of the above iodide 15 in 10 ml of 
dry ether was added with stirring at a rate to maintain gentle re
fluxing (30 min) and the mixture then was refluxed for an addi
tional 30 min. The mixture was cooled to 10-15° and poured 
over 5 g of powdered C 02. After the excess C 02 had evaporated, 
a solution of 2 ml of concentrated hydrochloric acid in 15 ml of 
H20  was added. The separated aqueous layer was extracted 
with ether and the combined organic layers were extracted with 
two 10-ml portions of saturated NaHC03 solution. Acidifica
tion of the combined alkaline extracts with dilute hydrochloric 
acid, filtration, and drying of the collected precipitate gave 1.05 
g (51.5%) of 4-(l-indanyl)butanoie acid (3), mp 71.5-72.5° [no 
depression on admixture with samples prepared v i a  other routes 
( v i d e  s u p r a ) ] .

4-(l-Indanyl)butanoic Acid (3) V i a  l-(3-Halopropyl)indene
(17). Method A.— To a stirred, refluxing suspension of 40 g 
(0.87 mol) of NaH (52%)-mineral oil in a solution of 350 g (2.22 
mol) of l-chloro-3-bromopropane and 2 1. of K-dried tetrahydro- 
furan under a N2 atmosphere was added 80 g (0.69 mol) of 
indene32 and the mixture was stirred under reflux for c a .  20 hr 
(including the time for indene addition). The cooled mixture 
was filtered and the filtrate was washed with 10% hydrochloric 
acid, 5% NaHC03, and saturated NaCl solutions. Distillation 
of the dried (MgS04) solution removed the solvent and unchanged 
indene and then afforded 83 g (62%) of 17, bp 120-130° (2 mm), 
which was indicated by analysis to be principally the chloro com
pound.33 This material was converted to 18 as described below.

Method B.— A solution of 260 g (2.24 mol) of indene34 35 in 200 ml 
of tetrahydrofuran was added over a 30-min period to a stirred, 
refluxing suspension of 90 g (2 mol) of NaH (53.2%)-mineral oil 
in 11. of K-dried tetrahydrofuran under a N2 atmosphere. Dur
ing the addition the mixture changed from green to red-violet. 
It was refluxed for 12 hr, diluted with 11. of tetrahydrofuran, and 
then added over a 15-hr period to a stirred, refluxing solution of 
784 g (5 mol) of l-chloro-3-bromopropene in 11. of tetrahydro
furan under a N2 atmosphere. Work-up as described in A gave 
209 g (54%) of 17, bp 120-130° (2 mm), as obtained in A .36

(32) N eville  C hem ical C o . or R u tgensw erke-A ktingesellscha ft. These 
p rodu cts w ere c a .  100 %  pure as show n b y  v p c  analysis. In den e from  A l
drich  C h em ical C o . or  from  M ath eson  was im pure an d  unsatisfactory . T h e  
y ie ld  o f  p rod u ct  was independent o f  the rate o f  a dd ition  o f  the indene.

(33) Th is m eth od  gave inconsistent results (30—6 2 %  yields) from  a large 
num ber o f  runs for reasons w hich  were n ot apparent. A p preciab le  qu an ti
ties (up to  20 g) o f  red oil w ere ob ta in ed  as the d istilla tion  residue. T h e  use 
o f  N a, N aN H », or L iH  in  p lace o f N a H  was less satisfactory .

(34) M ath eson  Scientific, Inc.
(35) Several runs gave yields o f  37—5 4 % . T h e reasons for the variation

were n ot apparent.
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Method C.— To a stirred, refluxing solution of 450 g (2.87 
mol) of l-chloro-3-bromopropane and 80 g of indene36 in 2 1. of 
tetrahydrofuran (distilled from LiAlEL) under a N2 atmosphere 
was added 40 g (0.87 mol) of a NaH (52%)-mineral oil suspension 
in co. 1 g portions over a period of 3-4 hr and reflux was then 
maintained for 10-12 hr. Work-up as described in A gave 91 g 
(68%) of 17, bp 120-130° (2 mm), as obtained in A. The yield 
based on recovered indene was 75%. The product was con
verted to 18 as described below.

In a large Parr bomb 354 g (1.83 mol) of the unsaturated 
halide 17, 500 ml of absolute ethanol, and 1 g of prereduced Pt02 
were treated with H2 at 3-atm pressure until H2 uptake ceased. 
An additional 0.2 g of Pt02 was added. The theoretical amount 
(1.83 mol) of H2 was taken up. Decantation of the solution 
from the catalyst and distillation gave 325 g (91%) of the cor
responding l-(3-halopropyl)indan (18), bp 97-100° (0.9 mm).37 
One-fourth of a solution of this product (327 g, 1.69 mol) in 100 
ml of dry ether was added to 43 g (1.77 g-atoms) of Mg turnings38 
and 850 ml of dry ether under a N2 atmosphere in a flask equipped 
with a stirrer, a condenser with a drying tube, and a dropping 
funnel. After the reaction had begun, the remaining solution 
was added at a rate to maintain gentle refluxing (co. 90 min) and 
the mixture was refluxed for an additional 3 hr. The cooled 
mixture was poured, a little at a time and with stirring, onto ex
cess freshly crushed Dry Ice in five 500-ml filter flasks. After 
the excess Dry Ice had evaporated, hydrolysis was effected with 
1 1. of 5%  hydrochloric acid. Ether (750 ml) was then added, 
the separated aqueous layer was extracted with 300 ml of ether, 
and the combined ethereal solutions were washed with water and 
then extracted with 10% aqueous KOH. Acidification of the 
alkaline extracts with concentrated hydrochloric acid formed an 
oil which solidified on standing. The crude product was dried 
i n  v a c u o  over P20 3 and then recrystallized from hexane to give
232-279 g (70-81%) of 4-(l-indanyl)butanoic acid (3), mp 71- 
73° (no depression on admixture with samples prepared v i a  the 
other routes described above).

Cyclization of 4(l-Indanyl)butanoic Acid (3). Method A.— A
mixture of 30 g (0.147 mol) of 3 and 30 g (0.25 mol) of thionyl 
chloride was refluxed for 1 hr and then distilled. The acid chlo
ride of 3 (29 g, 89%) was collected at 116-118° (0.5 mm) [lit.13 
bp 172° (12 mm)].

A solution of 12.2 g (0.05 mol) of the acid chloride in 1 1. of 
anhydrous carbon disulfide was added over a 5-hr period to a 
stirred suspension of 9.5 g (0.07 mol) of powdered A1C13 in 1 1. of 
dry carbon disulfide and the mixture was then refluxed with 
stirring for 3 hr. Ice water (800 ml) was added cautiously to the 
deep red mixture, the carbon disulfide was removed by distilla
tion (water bath), and the residual material was extracted with 
ether. Removal of the solvent from the combined, washed (6 N  

hydrochloric acid, 7%  NaHC03, and then saturated NaCl), 
dried (MgS04) extracts and then distillation gave 4.97 g (52%)

(36) E ither pure indene81 or 9 0 %  indene (A ldrich  C hem ical C o .) was 
satisfactory . This m ethod  also gave low er yields (4 3 -6 0 % ) in som e runs 
for reasons w hich  cou ld  n o t  be  determ ined.

(37) In  a large num ber o f runs yields varied from  90 to  9 5 % .
(38) G rou n d  in a d ry  m ortar and pestle ju st prior to  using. T h e add ition

o f eth y l- or m éthylm agnésium  iod ide was som etim es necessary to  initiate
the reaction.

of l,6,7,8,9,9a-hexahydro-2if-benzo[c,d]azulen-6-one (19), bp
110-112° (0.5 mm) [lit.13 bp 172° (12 mm)].39

A n a l .  Calcd for Ci3Hi40 : C, 83.84; H, 7.58 Found: C, 
83.55; H, 7.58.

Method B.— To polyphosphoric acid (79.8% in P205), pre
pared by the cautious, slow addition with swirling of 920 ml of 
85% phosphoric acid to 1430 g of P20 3, maintained at 80-90° 
(water bath), was added 57.4 g (0.282 mol) of finely powdered 3 
with swirling. This temperature and vigorous, frequent swirling 
were continued for 15 min, during which time the color of the 
mixture changed from orange to dark red-brown. The mixture 
was poured immediately onto 4 1. of crushed ice and stirred until 
the dark, viscous mass had completely hydrolyzed. The hy
drolysate was divided into two equal portions, the volume of each 
was brought to 3 1. with H20 , and the yellow suspensions which 
resulted were extracted with ether until the extracts were color
less. Removal of the solvent from the combined, washed (H20 , 
saturated NaHC03, saturated NaCl), dried (MgS04) extracts 
left 48.4 g of amber oil which was chromatographed on acidic 
alumina (1.5 lb in a 5.5-cm diameter column). An oily forerun 
(4.73 g) was eluted with hexane, 10:1 hexane-ethyl acetate then 
removed 19 as a pale yellow oil, and finally 1,2,3,4-tetrahydro- 
5//-fluoren-4-one (20) was sluted with 1:1 hexane-ethyl acetate. 
Crystallization of 19 from methanol at —25° gave 24.2 g (46%) 
of colorless prisms: mp 40.0-41.5°; uv (cyclohexane) 243 nm 
(log e 4.03), 291 (3.77), and 322 (sh, 1.95); ir (CC14) 1709 cm-1.

Recrystallization of the yellow solid 20 from hexane gave 11.3 
g (22%) as colorless plates: mp 106-136.5° (lit.40 mp 104- 
106°); uv (cyclohexane) 225 nm (log e 3.88), 232 (4.07), 238
(4.07), 290 (sh, 4.29), 296 (4.30), and 307 (sh, 4.16).

A n a l .  Calcd for Ci3Hi20 : C, 84.75; _d, 6.57. Found: C, 
84.77; H, 6.38.

Registry No. —2, 38425-60-4; 3,33425-61-5; 4,1620-
02-6; 5, 38386-68-4; 6, 22339-45-3; 7, 1620-00-4; 
8, 38425-65-9; 9, 38425-66-0; 10, 38434-35-4; 11, 
38434-36-5; 12, 38434-37-6; 13, 38434-38-7; 14,
38434-39-8; 15,38434-40-1; 17 (X  = Cl), 38521-62-9; 
18 (X  = Cl), 38434-41-2; 19, 14528-87-1; 20, 7235-
16-7; 1-indanone, 83-33-0; 3-phenylpropanoic acid, 
501-52-0; 3-phenylpropanoyl chloride, 645-45-4; methyl
4-bromo-2-butenoate, 1117-71-1; 4-(l-indanyl)butan- 
amide, 38434-44-5; ethyl bromc acetate, 105-36-2; 
sodiomalonic ester, e*hyl, 28290-06-4; 3-methoxy-l- 
chloropropane, 36215-07-3; l-chloro-3-bromopropane, 
109-70-6; indene, 95-13-6; 4-(l-indanyl)butanoic acid, 
chloride, 38434-46-7.
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(39) A  procedu re  using tetrach loroethane as the so lven t at room  tem pera
ture gave  2 6 -3 4 %  o f  19 and c a . 9 %  o f 20, bp 120 -12 5° (0 .5  m m ).

(40) A . G . A nderson , Jr., and S. Y . W ang, J .  O r g . C h em ., 19, 277 (1954).
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The Synthesis of Dicyclopenta[e/,fcZ]heptalene (Azupyrene). II. Routes from 
l,6,7,8,9,9a-Hexahydro-2H-benzo[c,d]azulen-6-one and 5-Phenylpentanoic Acid12

A rth ur  G . A n d erso n , Jr . ,* 3 A n d r e w  F. M o n t an a , 3'4 
A l an  A . M acD on ald ,3 and  G a r y  M . M a sa d a3’6

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  W a s h i n g t o n ,  S e a t t l e ,  W a s h i n g t o n  9 8 1 9 5 ,  

a n d  t h e  D e p a r t m e n t  o f  C h e m i s t r y ,  S e a t t l e  P a c i f i c  C o l l e g e ,  S e a t t l e ,  W a s h i n g t o n  9 8 1 1 9

R e c e i v e d  A u g u s t  4 ,  1 9 7 2

In the second phase of the synthesis of azupyrene, two routes v i a  the intermediate l,5,6,6a,7,8,9a-heptahydro- 
2if-indeno[5,4,3-cde]azulene (7) have been investigated: (i) from l,6,7,8,9,9a-hexahydro-2ff-benzo[c,d]azulen-
6-one (1) as depicted in Schemes I, II, and III, and (ii) from 5-phenylpentanoic acid (23) as depicted in Scheme 
IV. The best route afforded 7 as the cis isomer (19) in c a .  43% overall yield from 1 and involved just three 
operational steps. This provided a seven-step synthesis of 19 from indene in 8-9%  overall yield. Reaction of 
19 with ethyl diazoacetate, saponification, and then concomitant decarboxylation and dehydrogenation formed 
azupyrene (3.8%).

The previous paper1 described the first phase in 
the synthesis of azupyrene: routes to 1,6,7,8,9,9a- 
hexahydro-2ii-benzo[c,d]azulen-6-one (1). The pres
ent paper describes the synthesis of 1,5,6,6a,7,8,9,9a- 
octahydro-2//-indeno [5,4,3-cde ]azulene (7) and its con
version to azupyrene (25). Two routes to 7 were in
vestigated: (i) from 1 and (ii) from benzocyclohep-
tene (22).

Route 1. From l,6,7,8,9,9a-Hexahydro-2H-benzo- 
[c,d]azulen-6-one (1).—The general plan of this route 
is shown in Scheme I. The initial objectives were the

S c h e m e  I

6

conversion of 1 to 2 (77%) by a Reformatsky reaction 
and then dehydration, hydrogenation, and hydrolysis 
to form 5. Treatment of 2 with 6 N sulfuric acid 
effected hydrolysis but not dehydration, and distilla
tion in the presence of p-toluenesulfonic acid gave 
incomplete loss of water. The stability of 2 is char
acteristic of Reformatsky esters derived from benzo- 
cyclohepten-l-ones.6 Initially the Reformatsky reac
tion was carried out on impure 1 containing 31 and the 
product consisted of a mixture of 2 and 4 which did 
not separate on distillation. The absorption spectrum 
of 4 led to the erroneous conclusion that the dehydra

(1) P aper I :  A . G . A nderson , Jr., G . M . M asada, and A. F . M on tan a ,
J .  O r g . C h e m .,  38, 1439 (1973).

(2) T aken  in part from  the P h .D . Theses o f  A . F. M ., A . A . M ., and G. 
M . M ., U niversity  o f  W ashington .

(3) U niversity  o f  W ashington .
(4) Seattle P a cific  College.
(5) N IH  P red octora l F ellow , 1968-1970.
(6) R . C . G ilm ore and W . J. H orton , J .  A m e r .  C h e m . S o c . ,  73, 1411 (1951); 

H. F. G reef, P h .D . Thesis, U niversity  o f  W ashington , 1951.

tion of 2 had occurred. Subsequently this difficulty 
was overcome by the chromatographic separation of 
1 and 3. Three methods were found to effect the

3 4
dehydration of 2 : (i) treatment with thionyl chloride
and pyridine (84%); (ii) refluxing with p-toluene- 
sulfonic acid in toluene (93%); and (iii) heating with 
anhydrous formic acid (97.5%). The infrared (two 
carbonyl peaks) and the nuclear magnetic resonance 
(vinylic singlet superimposed on a triplet) spectra of 
the dehydration product showed the presence of two 
species (8 and 9, Scheme II).7 Hydrogenation of the

S c h e m e  II

11

mixture over platinum gave impure saturated ester
12,8 which after saponification afforded ca. 40% of

(7) M olecu lar m odels o f 8-11 indicate th at structures h aving the doub le  
bon d  in  the en do position  w ou ld  be  sterically  less strained. T h e  stabilization  
b y  con ju gation  in  the exo-unsaturated structures is thus o f  com parable m ag
nitude.

(8) T h e  p rod u ct also contained 9, w hich  reacted  v ery  slow ly . R epeated  
h ydrogen ation  o f  the m ixture did  n ot com plete ly  reduce this isom er.
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13. A mixture of 13 and 14 (42%) was usually ob
tained when 8 and 9 were first converted to the un
saturated acids 10 and 11 and the latter mixture re
duced. The proportion of isomers varied and some 
runs afforded very predominantly (ca. 90%) 11 
(Xmax 269 nm). Hydrogenation of isolated 11 gave 
pure 13 (98%) and treatment of the latter with poly- 
phosphoric acid (93%) or thionyl chloride and then 
aluminum chloride (55%) formed the trans tetracyclic 
ketone 15. The assignments of the structures for the 
isomers will be discussed later.

The reactions of Scheme II were not considered to 
be satisfactory. It was evident that hydrogenolysis 
of the benzylic hydroxyl group in 2 would avoid the 
problem of reduction of a mixture of 8 and 9 or 10 and 
11 and also shorten the route by one step. Treat
ment of 2 with hydrogen and palladium or platinum 
catalysts, however, gave no reaction and attempted 
reduction by reaction with phosphorus and iodine in 
acetic acid9 or with concentrated hydriodic acid in 
acetic acid10 failed to give the desired transformation. 
The direct cyclization of 2, with the possibility of con
comitant removal of the hydroxyl, was considered 
next. Gilmore had found that the yield of ketone 
was the same from the cyclization of 5-phenylpentan- 
oic acid or its methyl ester with polyphosphoric acid.11 
Reaction of 2 with this reagent at 80-90° for but 5 
min12 effected cyclization and dehydration to give a 
single product (16), a rather unstable substance, in

16 17

84% yield. The position of the carbon-carbon double 
bond in 16 was shown by the absorption spectra: a 
maximum at 247 nm, and pmr signals for a weakly 
split singlet at 2.92 (methylene adjacent to the car
bonyl) and a triplet at 5.75 ppm (vinylic hydrogen). 
This intermediate, however, was inert to hydrogen in 
the presence of palladium on charcoal or platinum in 
ethanol, and platinum in acetic acid gave only 33% 
of 6 as the cis isomer (17). An attempted reduction 
with diborane using a method previously employed 
successfully on azulenic ketones13 produced only yellow 
oils. Thus, although this new path eliminated the 
dehydration and ester hydrolysis steps, an alternative 
to the catalytic reduction was needed.

The existence of the Brown catalyst, supported 
platinum generated by the in situ reduction of plat
inum salts by borohydride,14 led to the development 
of a new reaction sequence (Scheme III) wherein 16 
was treated with excess sodium borohydride to reduce 
the carbonyl group. Decolorizing carbon and chloro-

(9 ) C . S. M arvel, F . D . H ager, and E . C . Caudle, “ O rganic Syntheses,”  
C ollect. V ol. I, W iley , N ew  Y ork , N . Y .,  1941, p  224.

(10) M . O rchin and L. R eggel, J .  A m e r .  C h e m . S o c . ,  73, 436 (1951).
(11) R . C . G ilm ore, i b id . ,  73, 5879 (1951).
(12) N o  reaction  occurred a t low er tem peratures, and longer tim es re

sulted in appreciable decom position .
(13) A . G. A nderson , Jr. and R . D . B reazeale, J .  O r g . C h e m .,  34, 2375

(1969).
(14) H . C . BroAvn and C . A . B row n, J .  A m e r .  C h e m . S o c . ,  84, 2827 (1962);

T e t r a h e d r o n ,  S u p p l .  8 ,  22 (1 ), 149 (1966).

S c h e m e  III

20

platinic acid were then added, any excess borohydride 
was destroyed, and the solution was brought to the 
required acidity with hydrochloric acid, and hydro- 
genative reduction of the carbon-carbon double bond 
and cleavage of the benzylic hydroxyl were all effected 
in one continuous operation to give 7 as the cis isomer
(19) in 66% yield. The intermediate alcohol 18 could 
be isolated and was characterized. Pure 18 could be 
converted to 19 by hydrogenation with platinum in 
acetic acid, but in lower yield (56.5%). Wolff-Kishner 
reduction of 17 also gave, as expected, 19, whereas 
the trans isomer (20) was obtained from 15.

The best route from 1 to 7 now involved just three 
operational steps and gave an overall yield of the cis 
isomer (19) of ca. 43%. This made the overall yield 
from indene 8-9%  for nine reactions and seven oper
ational steps.

Route 2. From 5-Phenylpentanoic Acid (21) 
(Scheme IV) .—An additional route to 7 patterned after

© n
S c h e m e  IV

x ' " ho2c /
21

A ------J

22 'Br
23

I

17

the synthesis of tetrahydropyracene from tetralin15 
was investigated concurrently with the above studies. 
The initial intermediate needed for this approach was
5-phenylpentanoic acid (21), and three methods of 
preparation were compared. The first, Doebner con
densation of cinnamaldéhyde with malonic acid to 
give 5-phenylpenta-2.4-dienoic acid and then reduc
tion with Raney nickel alloy and base, gave 90-95% 
overall yields16 but the product was sometimes ob-

(15) A . G . Anderson, Jr., and R . G . A nderson, J .  A m e r .  C h e m . S o c . ,  79, 
1197 (1957).

(16) A . G . Anderson, Jr., and S. Y . W ang, J .  O r g . C h e m .,  19, 277 (1954).
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tained as an oil which was difficult to purify. The 
second, a Knoevenagel reaction of cinnamaldehyde 
with malonic ester followed by saponification, Raney 
nickel alloy-base reduction, and decarboxylation, 
gave ca. 50% overall yields and an oil product difficult 
to purify. The third, Friedel-Crafts reaction of ben
zene with glutaric anhydride and then Clemmensen 
reduction of the keto acid, gave ca. 80% of crystalline
21 and was considered to be the best.

Conversion of 21 to benzocycloheptene (22) was 
effected by Friedel-Crafts cyclization of the acid chlo
ride from 21 and Clemmensen reduction of the resultant 
cyclic ketone in 60-70% overall yield. The bromina- 
tion of tetralin with A-bromosuccinimide is vigor
ously exothermic.15 In contrast, the reaction with
22 was very slow and heat, light, and azobisisobutyro- 
nitrile were needed to achieve a moderate rate. Molec
ular models showed that just two of the four benzylic 
hydrogens would be reactive and that these would be 
sterically less favorably oriented than the correspond
ing tetralin hydrogens.17 Analysis of the product in
dicated it to be a mixture of 23 and the monobromo 
compound. Reaction of this material with sodio- 
malonic ester and then saponification gave a mixture 
of acids which was partially separated before thermal 
decarboxylation. The sequence afforded only 5%  
of the desired benzocycloheptene-l,5-diacetic acid (24). 
This route was therefore of no value for the synthesis 
of 7 but it provided pure samples of tricyclic acid 14 
and tetracyclic ketone 17 which were isomers of those 
(13 and 15) obtained from the previous synthesis 
(Scheme II). Cyclization of 24 with polyphosphoric 
acid and then Clemmensen reduction18 gave 14 (48%), 
and cyclization of the latter afforded 17 (60%).

The assignment of the stereochemistry to the trans 
(13 and 15) and cis (14, 17, 24) isomers was based on 
indirect evidence. Molecular models indicated that 
the two sterically less hindered benzylic positions 
on 22 and 23 were cis. The appreciably greater hin
drance for a trans substituent made it seem likely that 
the malonic ester and, consequently, the acetic acid 
substituents would occupy the cis positions also. 
Models of the tetracyclic ketones (15 and 17) showed 
that the carbonyl of the cis isomer was slightly more 
nearly in the plane of the benzene ring than in the 
trans isomer. In agreement with this, the absorption 
maximum for 17 (264 nm) was at a longer wavelength 
than that (261 nm) for 15. A similar difference (1705 
and 1720 cm-1) in the same direction was observed in 
the infrared spectra. Also, the more planar stuctures 
(14, 17, and 24) would be expected to have higher 
melting points than their isomers, and this was found 
to be so.

Conversion of 19 to Azupyrene (25).—The final 
phase of the synthesis was the conversion of 19 to 
azupyrene (25). Diazomethane was considered first 
for the ring-enlargement step, as dehydrogenation of 
the product would give azupyrene. Trial reactions 
were conducted on prehnitene (1,2,3,4-tetramethyl- 
benzene) as a model system. Reactions of prehnitene 
with diazomethane, neat or in solution, catalyzed

(17) T h e con figu ration  o f  the radical interm ediate from  b en zocyc loh ep 
tene w ou ld  p rov ide  less resonance stabilization .

(18) W olff—K ishner redu ction  o f  the in term ediate k eto  acid  gave  p oor
yields.

by cuprous ion,19 bis(acetylacetonato)copper(II) ,20 or 
cupric ion21 gave low yields of cycloheptatriene prod
uct and a satisfactory separation of the mixture by 
liquid-phase column chromatography was not 
achieved. The use of diiodomethane or ethyl diiodo- 
acetate with a zinc-copper couple, and of ethyl diiodo- 
acetate with diethylzinc, were also unsatisfactory. 
Heating of prehnitene with ethyl diazoacetate22 in 
the presence of bis(acetylacetonato)copper(II) or 
cupric ion gave mostly diethyl fumarate and diethyl 
maleate, but the reaction in the absence of a catalyst 
gave a separable ester fraction which exhibited pmr 
absorption for vinylic hydrogens. Treatment of 19 
with the diazo ester gave two ester fractions which 
could be separated from unchanged hydrocarbon. 
That these were isomeric was indicated by the virtual 
identity of their nuclear magnetic resonance spectra 
and the fact that one became identical in all respects 
with the other upon standing.

25

Hydrolysis of the ester product afforded the cor
responding acid. The low volatility of this substance 
made the use of a liquid-phase dehydrogenation method 
possible with methyl oleate as the solvent and hydrogen 
acceptor and a specially prepared palladium on 
carbon23 as the catalyst. It was hoped that decar
boxylation would occur concomitantly and a trail 
reaction with l,2,3,6-tetrahydro-6-azuloic acid24 was 
found to give azulene in 12% yield. Application of the 
procedure to the tetracyclic acid gave azupyrene (25; 
3.8% from 19) as thermally stable, bronze crystals.

The structure and aromatic character of 25 were 
confirmed by its spectra. The infrared spectrum 
showed absorption characteristic for aromatic CH and 
C = C , and a band at 1377 cm -1 very similar to that 
exhibited by azulene. The nuclear magnetic reso
nance spectrum showed a four-proton singlet, a four- 
proton doublet, and a two-proton triplet with a 1000- 
cycle sweep width, and with a 50-cycle sweep width 
eight lines of a characteristic AB2 pattern were re
vealed. The value for the dimagnetic susceptibility 
of A/Abz =  3.9 ±  0.3 measured with a Faraday bal
ance25 was comparable with that (4.2 ±  0.1) obtained 
for pyrene.26 The electron spin resonance spectrum 
of the 17-electron anion radical27 showed the hyper-

(19) E . M uller, H . Fricke, and H . K essler, T etra h ed ron  L ett., 1501 (1963); 
1525 (1964). E . M uller, B . Zech , R . H eischkeil, H . Fricke, and H . Suhr, 
J u s tu s  L ie b ig s  A n n .  C h em ., 662, 38  (1963).

(20) H . N ozake, S. M oriu ti, M . Y a m a be, and R . N oy or i, T etra h ed ron  
L ett., 59 (1966 ); S. K ida , B u ll. C h em . S o c . J a p ., 29, 805 (1956).

(21) D . O. C ow an, M . H. C ou ch , K . R . K op eck y , and G . S. H am m on d, 
J .  O rg. C h em ., 29, 1922 (1964).

(22) A n  excess o f  the d iazo com p ou n d  was used, in  contrast to  th e  usual 
excess o f  hydrocarbon , in all reactions w ith prehnitene and 19, since it  was 
n o t  feasible to  use an excess o f  the latter. T h is was n ot a lim iting factor, 
as unchanged h yd rocarbon  was alw ays recovered.

(23) A . G . Anderson, Jr., W . F . H arrison, and R . G . A nderson , J . A m er .  
C h em . S o c ., 85, 3448 (1963).

(24) E . J. C ow les, P h .D . Thesis, U niversity  o f  W ash ington , 1953.
(25) W e thank D rs. J. D . W ilson  and C . E . S cott for this m easurem ent.
(26) H . J. D auben , Jr., J. D . W ilson , and J. L. L a ity , J . A m e r . C h em . S o c .,  

90, 811 (1968).
(27) These experim ents w ere perform ed b y  G . S cott O w en and D r. 

G ershon V incow . T h e M cC on n ell relationship was used for  the calcu lated 
liyperfine splitting values.
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fine splittings ah> =  0.64 ±  0.01 G, öh» =  —4.23 ±  
0.01 G, and aH« = 0.94 ±  0.01 G as compared with 
respective calculated values of 0.10, —4.71, and 1.25
G. The g value was 2.00258. These data are con
sistent with the structure of 25.

The diamagnetic susceptibility for a planar, cyclic 
14 7r electron structure, irans-15,16-dimethyl-15,16- 
dihydropyrene,28 has been measured as A/Abz = 5.5 
±  l .29 Thus the value for 25 is somewhat less than 
might be anticipated on the basis of a completely 
node-separated peripheral t  system,30 and suggests 
some participation of the central unsaturation.

The melting point (250-258°) of 25 is appreciably 
higher than those of pyrene (150-151°), acepleiadylene 
(156-162°), cyclohepta [be] acenaphthylene (142.5- 
143.5°), or naphtha[2,l,8-cde]azulene (i97-200°), with 
which it is isomeric. In the hope of finding an explana
tion for this in the crystal structure or in the molec
ular dimensions, an X-ray structural determination 
was attempted.31 The crystal, however, exhibited a 
degree of disorder prohibiting meaningful analysis.

Experimental Section
Melting points were taken on an Eimer and Amend block and 

are corrected unless otherwise noted. Boiling points are uncor
rected. Infrared spectra were recorded on a Perkin-Elmer 
Model 21 recording spectrophotometer using NaCl prisms and 
cells. Ultraviolet spectra were taken on a Cary Model 14 spec
trophotometer. Pmr spectra were recorded on a Varian Model 
A-60, T-60, or DA 60-11 spectrophotometer in CC14 with tetra- 
methylsilane as internal reference standard unless noted other
wise. Volume ratios are given for mixed solvents for chroma
tography. Elemental analyses were performed by Dr. A. 
Bernhardt, Max-Plank-Institut für Kohlenforschung, Mülheim 
(Ruhr), West Germany, and Chemalytics, Inc., Tempe, Ariz.

Ethyl 6-Hydroxy-1,6,7,8,9,9a-hexahy dro-277-benzo [cd] azu- 
lenyl-6-acetate (2).— A mixture of 30 g of purified,32 amalga
mated, granular Zn and 250 ml of dry benzene was stirred under 
reflux (N2 atmosphere) for 15 min. A portion (50 ml) of the 
benzene was withdrawn and added to a solution of 29.9 g (0.161 
mol) of l,6,7,8,9,9a-hexahydro-2i/-benzo[cd]azulen-6-one (1) 
and 44 ml of ethyl bromoacetate and the whole was added to the 
original mixture. After the exothermic reaction had subsided, 
gentle refluxing was resumed, three portions of 6 g of zinc and 7 
ml of ethyl bromoacetate were added at hourly intervals, and 
refluxing was continued for 30 min after the last addition. The 
cooled solution was then stirred with 150 ml of 6 A1 sulfuric acid 
for 15 min, the separated aqueous layer was washed with ether 
until clear, and the combined organic layers were washed with 
6 N sulfuric acid, then with 10% aqueous ammonia until no ap
preciable color was extracted, and finally with saturated NaCl. 
Chromatography of the red-brown oil, obtained after removal of 
the solvent from the dried (M gS04) solution, on acidic alumina 
with 7 :1 hexane-ethyl acetate gave 2 as a yellow oil which crys
tallized from hexane as colorless prisms (34.1 g, 77% ): mp 72- 
72.5°; uv (cyclohexane) 263 nm (sh, log e 2.77), 268 (2.95), and 
276 (3.00); ir (CC14) 1723 cm“ 1.

Anal. Calcd for CnH220 3: C, 74.42; H, 8.08. Found: 
C, 74.37; H .8.20.

Ethyl l,2,3,4-Tetrahydro-5.ff-fluorenylidene-4-acetate (4).—
In the manner described for the preparation of 2, from the reac
tion of 3.02 g (16.4 mmol) of l,2,3,4-tetrahydro-5H-fluoren-4- 
one (3), 6.5 ml (4.4 ml plus three 0.7-ml portions) of ethyl bromo
acetate, and 6.8 g (5 g plus three 0.6-g portions) of Zn with 25 ml 
of benzene as solvent but with 7:1 petroleum ether (bp 30 -60°)- 
ethyl acetate as the eluent was obtained 2.18 g (56% net) of 4 as 
colorless needles: mp 74.5-76°; uv (cyclohexane) 229 nm 
(log e 3.94), 236 (3.96), 243 (4.05), 252 (3.96), and 330 (4.49).

(28) V . B oekelheide and J. B . Phillips, J . A m e r . C h em . S o c ., 89, 1695 
(1967).

(29) J. L. La ity , P h .D . Thesis, U niversity  o f W ashington , 1968.
(30) See the discussion in ref 1.
(31) This experim ent was perform ed b y  D r. H . L. A m m on.
(32) J. von  B raun and O. K ruber, B er ., 45, 384 (1912).

1448 J. Org. Chem., Vol. 38, No. 8, 1973

Anal. Calcd for Ci,H180 2: C, 80.28; H, 7.13. Found: 
0 ,80.38; H. 7.02.

Dehydration of Ethyl 6-Hydroxy-1,6,7,8,9,9a-hexahydro-2/f- 
benzo[cd] azulenyl-6-acetate (2). Method A.— Following the 
method of Chuang, et al.,33 from 10 g (37 mmol) of 2, 5.04 g (40 
mmol) of thionyl chloride, and 7 g (90 mmol) of pyridine was ob
tained 9.4 g (84%) of a mixture of ethyl l,8,9,9a-tetrahydro-2if- 
benzo[cd]azulenyl-6-aeetate (8) and ethyl l,6,7,8,9,9a-hexa- 
hydro-2flr-benzo[cd]azulenylidene-6-acetate (9): bp 154-156° 
(0.5 mm); n 25-5D 1.5641; uv (ethanol) 256 nm (log c 3.97); ir 
(neat) 1717 and 1735 cm- -.

Anal. Calcd for CnHjoO,: C, 79.68; H, 7.86. Found: 
C, 79.43; H, 8.13.

Method B.— A solution of 4.28 g (15.6 mmol) of 2, 100 mg of 
p-toluenesulfonic acid, and 50 ml of toluene was refluxed until no 
more H20  was observed to collect in a Dean-Stark trap (2.5 hr). 
The cooled solution was washed with H20  until the wash was no 
longer acidic to litmus and the solvent was then removed. Re
moval of the solvent from a dried (M gS04) ethereal solution of 
the residual oil left 3.72 g (93%) of product identical (ir and nmr) 
with that obtained in A.

Method C.— Following the method of Gilmore and Horton,34 
from 10 g (37 mmol) of 2 and 70 ml of 98-100% formic acid was 
obtained 9.2 g (97.5%) of product identical (ir and nmr) with 
that in A.

l,6,7,8,9,9a-Hexahydro-2//-benzo[cti] azulenylidene-6-acetic 
Acid (11).36— A solution of 6.5 g (25.3 mmol) of a mixture of 8 
and (mostly) 9, 130 ml of ethanol, 6.5 g (0.116 mol) of KOH, and 
150 ml of H20  was refluxed for 3 hr under a N 2 atmosphere and 
the solvent was then removed by distillation. The solution was 
extracted with ether, treated with Norit, and acidified with 6 
N hydrochloric acid to give an impure solid. Recrystallization 
from «.-hexane gave 5.25 g (91%) of 11 as colorless needles: mp
104-107.5°; uv (ethanol) 269 nm (log e 4.04).

Anal. Calcd for Ci5H160 2: C, 78.92; H, 7.07. Found: 
C, 78.86; H .6.79.

ira«s-l,6,7,8,9,9a-Hexahydro-2.ff-benzo[cd] azulenyl-5-acetic 
Acid (13). Method A.— A solution of 6 g (27.3 mmol) of the 
unsaturated acid 11 in 150 ml of absolute ethanol took up the 
theoretical amount of H2 at 2 atm in the presence of 0-1 g of pre
reduced platinum oxide in 2 hr. Filtration, removal of the sol
vent, and recrystallization of the crude product from n-hexane 
or acetonitrile gave 6 g (98%) of 13 as colorless plates, mp 139.5- 
140.5°.

Anal. Calcd for C16H180 2: C, 78.23; H, 7.88. Found: 
C, 78.07; H, 7.67.

Method B.— A solution of 3.72 g (14.5 mmol) of the unsatu
rated esters 8 and 9 in absolute ethanol was treated with H2 at 
co. 4 atm over ca. 0.1 g of prereduced platinum oxide for 14 hr. 
Removal of the solvent and catalyst left 3.68 g (98%) of satu
rated ester 12 containing a small amount of 9 (nmr spectrum). 
A solution of 3.03 g (11.8 mmol) of this product, 3 g of KOH, 65 
ml of ethanol, and 75 ml of H20  was refluxed for 3 hr. The 
ethanol was removed by distillation and the aqueous solution was 
washed with ether and then acidified with 6 N  hydrochloric acid. 
The oil which separated was extracted with ether. Distillation 
of the solvent from the ethereal layer and crystallization of the 
residual oil from acetonitrile gave 0.95 g of 13, mp 137-140° 
(uncorrected), and a second crop of 0.121 g (40% total yield), 
mp 132-138° (uncorrected).

iran.s-1,5,6,6a, 7,8,9,9a-Octahydro-2//-:ndeno [5,4,3-crie] azulen- 
5-one (15). Method A.— A mixture of 5 g (21.8 mmol) of the 
trans saturated acid 13 and 6 g (50 mmol) of thionyl chloride was 
allowed to stand at room temperature for 1 hr and then refluxed 
for 15 min. Distillation gave 4 g (16 mmol) (75%) of the acid 
chloride, bp 139-143° (0.4 mm). A solution of this product in 
20 ml of dry benzene was added dropwise (90 min) to a stirred 
suspension of 2.66 g (20 mmol) of AlCfi in 35 ml of dry benzene at
5-10°. The mixture was allowed to come to room temperature 
slowly (12 hr). Ether (10 ml) was added followed by 50 ml of 6 
N  hydrochloric acid. The separated aqueous layer was extracted 
with ether. Removal of the solvent from the combined, washed

A nderson, M ontana, M acD onald, and M asada

(33) C .-K . Chuang, Y .-L . T ien , and Y .-T -H u a n g , C h e m . B e r . ,  68, 867 
(1935).

(34) R . C . G ilm ore and W . J. H orton , J .  A m e r .  C h e m . S o c . ,  73, 1411 
(1951).

(35) T h e  sapon ification  o f  the m ixture o f  8 and  9 o ften  ob ta in ed  afforded  
a m ixture o f  10 and 11 having a broad  m elting range (e . g ., 8 3 -1 4 0 ° ) ,  and  
ca ta ly tic  (P t) redu ction  o f this m aterial gave  a corresponding m ixture o f  13 
and 14, m p 113 -142° (4 2 % ).
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(10% hydrochloric acid, 5%  sodium bicarbonate, saturated 
NaCl), and dried (M gS04) extracts and recrystallization of the 
crude residual ketone from aqueous ethanol gave 2.5 g (55%) of 
15 as colorless needles: mp 112-114° (uncorrected); uv (eth
anol) 261 nm; ir (CC14) 1720 cm -1.

Anal. Calcd for Ci5HI60 :  C, 84.83; H, 7.60. Found: C, 
84.74; H, 7.57.

Method B.— A mixture of 1.71 g (7.44 mmol) of 13 and 38 g of 
commercial (84.3% P20 5) polyphosphoric acid in a flask loosely 
stoppered with glass wool was stirred and heated at 90° for 35 
min, during which time the color became red-brown. Ice water 
(100 ml) was added, the light yellow solid which separated was 
extracted into ether, and the ethereal layer was washed with 
saturated sodium bicarbonate (acidification of the basic layer 
and recrystallization of the precipitate from acetonitrile gave 
0.345 g of unchanged 13) and saturated NaCl. Removal of the 
solvent and chromatography of the residue on acidic alumina 
with 10:1 hexane-ethyl acetate gave a small amount of yellow 
oil and then 0.797 g (63%) of 15, mp 109.5-112° after recrystal
lization from ?i-hexane. Smaller runs (ca. 200 mg of 13) heated 
for 25 min gave higher (up to 93% ) yields.

l,5,6,8,9,9a-Hexahydro-2//-indeno[5,4,3-cde] azulen-5-one
(16).— Finely powdered hydroxy ester 2 (12 g, 43.8 mmol) was 
mixed thoroughly with 250 g of commercial (84.3% P20 5) poly
phosphoric acid. The mixture was heated with vigorous stirring 
in a water bath maintained at 92-95° for exactly 5 min (color 
change from orange to red-brown), then immediately poured 
onto 1 1. of crushed ice and stirred until the hydrolysis was com
plete. The collected (Büchner funnel with coarse filter paper) 
yellow-green precipitate was washed with water until the wash
ings were neutral to litmus. A solution of the dried (air and 
then vacuum desiccator), grey-green solid in the minimal amount 
of benzene was chromatographed on acidic alumina. n-Hexane- 
ethyl acetate (10:1) removed an amber oil and 7:1 ?t-hexane- 
ethyl acetate eluted 7.72 g (84%) of 16, obtained as a yellow 
solid, mp 132-145°, sufficiently pure for conversion to 17. This 
material decomposed on standing but could be stored at —25° 
under N2. Chromatography on silica gel using 10:1 n-hexane- 
ethyl acetate gave colorless plates: mp 140.5-142°; uv (cyclo
hexane) 242 nm (sh, log e 4.37), 247 (4.51), 257 (sh, 4.36), 268 
(4.29), 278 (4.15), 305 (3.11), 318 (3.32), 343 (sh, 2.39), and 
336 (1.79); ir (CC14) 1710 cm -1; nmr 6 2.92 (s, 1, <*-CH2) and
5.75 ppm (5 ,1 , vinylic H).

Anal. Calcd for Ci5Hi40 :  C, 85.68; H, 6.71. Found: C, 
85.42; H, 6.61.

A 2,4-dinitrophenylhydrazone precipitated from ethanol and 
recrystallized from ethyl acetate as deep red microcrystals, mp 
264-265° dec (uncorrected).

as-l,5,6,6a,7,8,9,9a-Octahydro-2H-indeno[5,4,3-cde]azulen- 
5-one (17). Method A.— A 32.4-mg (0.14 mmol) sample of tri
cyclic acid 14 was treated with polyphosphoric acid as described 
in method B for the preparation of the trans ketone 15. Chro
matography of the crude, yellow product on neutral alumina with 
dichloromethane gave 20 mg (60%) of 17 as colorless needles, mp
117-118° (uncorrected), ir (Nujol) 1705 cm -1.

Anal. Calcd for C15H160 :  C, 84.83; H, 7.60. Found: C, 
84.68; H, 7.52.

Method B.— A mixture of 0.45 g (2.1 mmol) of 16, 30 ml of 
acetic acid, and 57 mg of prereduced platinum oxide was treated 
with H2 at 3 atm for 4 hr. A fresh portion of platinum oxide was 
added and the hydrogenation was continued overnight. The oil 
remaining after removal of the catalyst and solvent was chro
matographed on neutral, activity II alumina. Elution with n- 
hexane and then 7 :1 ?i-hexane-ethyl acetate removed a small 
oily fraction followed by two solids. Recrystallization of the 
second solid from «-hexane gave 0.15 g (33%) of 17, mp 119.5- 
121.5°, identical (ir and nmr) with the product from A.

cfs-l,5,6,6a,7,8,9,9a-Octahydro-2/7-indeno[5,4,3-cde] azulene
(19). Method A.— To a cooled (ice bath), stirred mixture of
7.52 g (35.8 mmol) of crude ketone 16 and 100 ml of absolute 
ethanol was added 1.01 g (26.4 mmol) of sodium borohydride. 
The ice bath was then removed and the mixture was allowed to 
come to room temperature. After the ketone and borohydride 
had completely dissolved to give a clear amber solution, a thick 
suspension of white crystals of ci's-5-hydroxy-l,5,6,8,9,9a-hexa- 
hydro-2H-indeno[5,4,3-cde]azulene (18) formed. [In one run 
the crystals were collected and washed with cold, absolute eth
anol, mp 174-176° (uncorrected). Anal. Calcd for CuHigO: 
C, 84.87; H, 7.60. Found: C, 84.32; H, 7.34.] After 3 hr, 
40 ml of ethanol (to dissolve the precipitate) and 2 g of Darco

carbon were added followed by 2 ml of co. 0.2 M  chloroplatinic 
acid hexahydrate. Excess borohydride was destroyed and the 
solution was made acidic by the addition of 8 ml of concentrated 
hydrochloric acid and the mixture was treated with H2 at 3 atm 
until the uptake of H2 ceased (4.5 hr). After filtration and re
moval of the solvent from the filtrate, a solution of the residual 
amber oil (which slowly crystallized on standing) in the minimal 
amount of petroleum ether was chromatographed on a column 
(3.6-cm diameter) containing a bottom layer (9 cm) of neutral, 
activity I alumina separated from a top layer (8 cm) of basic 
alumina. Elution with petroleum ether afforded 4.7 g (66% ) of 
19 as colorless crystals: mp 75-76°; uv (cyclohexane) 262 nm 
(sh, log e 2.66), 265 (2.75), 269 (2.96), 274 (2.85), and 278 (3.09); 
ir (CC14) 1870 and 1724 cm -1 (1,2,3,4-tetraalkylbenzene); nmr 
(CC14) 6.78 (s, 2, aromatic), 3.3-2.5 (m, 6, benzylic), and 2.5- 
0.8 ppm (m, 10, methylene).

Anal. Calcd for Ci6H18: C, 90.85; H, 9.15. Found: C, 
91.03; H, 8.83.

Method B.— A solution of 0.148 g (0.698 mmol) of ketone 17, 
1 ml of 99-100% hydrazine hydrate, and 2 ml of ethanol was re
fluxed for 1.5 hr. The condenser was removed, 2.5 ml of di
ethylene glycol was added, and the mixture was heated to 180° 
over a 20-min period. One pellet (ca. 0.13 g) of KOH was added 
to the cooled solution and heating was then resumed until N 2 
evolution ceased. The cooled solution was diluted with 40 ml 
of H20  and extracted with ether. Removal of the solvent from 
the combined, washed (saturated NaCl), dried (M gS04) solution 
and chromatography of the residue on neutral, activity I alumina 
with n-hexane gave 13.5 mg (10%) of 19, mp 71-74° alone and 
when mixed with the product from A.

/r«ns-1,5,6,6a, 7,8,9,9a-Octahydro-2ff-indeno [5,4,3-cde] azulene
(20).— In the manner described in B for the conversion of 17 to 
19, from 0.5 g (23.6 mmol) of trans ketone 15 was obtained 0.38 
g (80%) of 20 as colorless needles: mp 61-62.5°; uv (ethanol) 
269 nm (log e 3.21) and 278 (3.18).

Anal. Calcd for C i5H i8: C, 90.85; H, 9.15. Found: C, 
90.81; H, 8.84.

5-Phenylpentanoic Acid (21).— A solution of 278 g (2.44 mol) 
of glutaric anhydride in 700 ml of anhydrous benzene was added 
over a period of 90 min to a cooled (5°), stirred suspension of 
650 g (4.88 mol) of A1C13 in 550 ml of benzene. The mixture was 
allowed to come slowly (1 hr) to room temperature and was then 
refluxed for 1 hr before removing the solvent by distillation. 
Ice water (11.) was added cautiously to the residue and remaining 
traces of solvent were removed by steam distillation. After 
cooling and filtration, the residue was taken up in 10%  sodium 
carbonate. Acidification of the alkaline solution with concen
trated hydrochloric acid gave 405 g (86% ) of 5-phenyl-5-oxo- 
pentanoic acid of sufficient purity for conversion to 21. Recrys
tallization of a sample from n-hexane resulted in colorless plates, 
mp 130-132° (uncorrected) (lit.30 mp 132°).

A mixture of 146 g (0.75 mol) of the oxopentanoic acid, 275 ml 
of H20 , 625 ml of concentrated hydrochloric acid, 360 g of freshly 
prepared amalgamated zinc, and 300 ml of toluene was heated 
under reflux, four additional portions of 180 ml of concentrated 
hydrochloric acid were added at 6-hr intervals, and refluxing was 
continued for 12 hr after the last addition. Ether extracts of the 
separated aqueous layer were combined with the original organic 
layer and the whole was extracted with 10% KOH. After treat
ment with Norit, acidification of the alkaline solution with con
centrated hydrochloric acid gave 124 g (93%) of 21, mp 56-58° 
(uncorrected) (lit.37 mp 57°).

Benzocycloheptene (22).— A mixture of 91 g (0.46 mol) of acid 
21 and 91 g (0.77 mol) of thionyl chloride was refluxed for 2 hr 
and then distilled to give 72 g (73% ) of 5-phenylpentanoyl chlo
ride, bp 104° (0.6 mm) [lit.36 bp 155° (22 m m )]. A solution of 
70 g (0.45 mol) of the acid chloride in 550 ml of CS2 was added 
dropwise (4 hr) to a refluxing mixture of 57.5 g (0.43 mol) of 
A1C13 in 175 ml of CS2 and reflux was maintained for an additional 
4 hr. After distillative removal of the CS2, 400 g of ice water was 
added and the mixture was steam distilled. The distillate was 
saturated with NaCl and extracted with ether. Removal of the 
solvent from the dried (CaS04) extracts and distillation gave
49.6 g (92%) of 6,7,8,9-tetrahydro-5if-cycloheptabenzen-5-one,

(36) A . Ali, R . D . D esai, R . F. H unter, and S. M . M . M uham m ad, J .  

C h e m . S o c . ,  1013 (1937).
(37) W . B orsche and W . Eberlein, C h e m . B e r . ,  47, 1465 (1962).
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bp 82-84° (0.3 mm), iikd 1.5636 [lit.38'39 bp 138-139° (12 mm),
d  1.5636].
In the manner described above for the reduction of 5-phenyl-

5-oxopentanoic acid to 21 except that the mixture was refluxed 
for 48 hr after the final addition of hydrochloric acid, from 49 g 
(0.33 mol) of the above ketone was obtained 44.3 g (91%) of 22, 
bp 118-122° (33 mm), n25n 1.5487 [lit.39 bp 98-100° (13 mm), 
to 20 d  1.5520].

Benzocycloheptene-l,5-diacetic Acid (24).— A mixture of 10 g 
(68 mmol) of benzocyeloheptene (22), 26.2 g (0.154 mol) of re
crystallized JV-bromosuceinimide, 0.05 g of benzoyl peroxide, 
0.02 g of azobisisobutyronitrile, and 75 ml of CC14 in a Pyrex 
flask was irradiated with uv light and refluxed for 1 hr and then 
cooled. The separated succinimide (14.5 g, 0.147 mol) was 
washed with 25 ml of cold CCI4. Removal of the solvent from 
the combined organic solutions left a red oil (20.4 g). Chroma
tography over acidic alumina with 2:1 benzene-hexane gave a 
light yellow oil which darkened on standing. It was washed 
thoroughly with cold (10°) n-hexane to completely remove CCI4. 
Analysis indicated the product to be 23 contaminated with ca. 
20%  of the corresponding monobromo compound.

A solution of 11.55 g of the yellow oil in 25 ml of anhydrous 
xylene was added dropwise (90 min) to a stirred suspension of 
sodiomalonic ester (from 1.75 g of Na and 39.5 g of ethyl mal- 
onate) in 50 ml of dry xylene and the mixture was then refluxed 
for 2 hr. Water (75 ml) was added to the cooled mixture, the 
separated aqueous layer was extracted with two 50-ml portions 
of ether, and the combined organic solutions were washed with 
H20  and saturated NaCl. Drying (MgSO.) and distillative re
moval of the solvent (25 mm) and excess ethyl malonate [bp 80- 
84° (10 mm)] left 13.7 g of crude ester product. This material 
was refluxed with 11 g of KOH, 40 ml of ethanol, and 20 ml of 
H20  for 6 hr under N2. The alcohol was removed (distillation), 
and the aqueous residue was diluted to 100 ml with H20  before 
extraction with four 25-ml portions of ether. Acidification with 
6 N  hydrochloric acid gave a red, gummy precipitate which was 
separated and extracted with two 75-ml portions of H20 . The 
combined aqueous solutions were continuously extracted with 
ether for 48 hr. Removal of the solvent from the dried (M gS04) 
ethereal solution left a red oil which was heated at 140° for 30 
min and then at 180° for 10 min (C 02 evolution). The cooled 
product was taken up in 10% KOH and the solution was ex
tracted with ether. Treatment of the aqueous solution with 
Norite followed by acidification with 10%  hydrochloric acid gave
2.75 g of brown oil. Crystallization from acetonitrile afforded 
0.5 g (5% ) of 24 as colorless plates, mp 254.5-255.5°.

Anal. Calcd for CisHisO.,: C, 68.68; H, 6.92. Found: C, 
68.50; H, 6.91.

cis-1,6,7,8,9,9a-Hexahydro-2i/-benzo [cd\azulenyl-6-acetic 
Acid (14).— tiiacid 24 (0.3 g) was treated with 4 g of polyphos- 
phoric acid as described for the preparation of 15 from 13 except 
that the ethereal extracts of the diluted reaction mixture were 
washed with H20  before extraction with 10% sodium bicarbonate, 
and acidification of the alkaline extracts gave 280 mg of light tan 
plates, mp 176-181 °, presumed to be the crude tricyclic keto acid. 
This material was treated as described for the conversion of 17 
to 19 except that 85% hydrazine hydrate was used, the mixture 
was heated to 165° after the addition of ethylene glycol, and the 
reflux period after the addition of KOH was 5 hr. Acidification 
of the ether-extracted alkaline solution gave 200 mg of impure 
acid, mp 112-135°. This product was treated with 1 g of amal
gamated zinc, 3 ml of concentrated hydrochloric acid, 1 ml of 
H20 , and 3 ml of toluene as described for the reduction of 5- 
phenyl-5-oxopentanoic acid to 21 except that five additions of 
concentrated hydrochloric acid (1 ml) were made at 12-hr inter
vals. The final mixture was extracted with ether and the ex
tracts were extracted with 10% sodium bicarbonate. Acidifica

(38) G . O. Aspinall and W . Baker, J .  C h e m . S e e . ,  743 (1950).
(39) PI. A . P lattner, H e lv . C h i m . A c t a .  27, 804 (1944).

tion and recrystallization gave 120 mg (48%) of 14 as colorless 
plates, mp 117-119°.

A n a l .  Calcd for C i5Hi80 2: C, 78.23; H, 7.88. Found: C,
78.11; H, 7.67.

Dicyclopenta[e/,H]heptalene (Azupyrene) (25).— In a 50-ml, 
three-necked, pear-shaped flask equipped with a Hershberg drop
ping funnel, reflux condenser, and magnetic stirring bar was 
placed 2 g of 19 and the flask was heated (oil bath) to 140-150°.40 
To the stirred liquid was added 7 ml of ethyl diazoacetate over a 
period of 3 hr (N2 evolution) and stirring and heating were con
tinued at 150-160° for an additional 1.5 hr. The cooled, red- 
brown, viscous mixture was transferred onto a 5.5 X 15 cm 
column of acidic alumina with the aid of the minimal amount of 
dichloromethane. Unchanged 19 (1 g) was eluted with petroleum 
ether, and then dichloromethane-petroleum ether (1 :3) removed 
pink and green product fractions. The pink solution (maroon 
when concentrated) became green on standing. Removal of the 
solvent from the combined product fractions gave 1.2 g of crude 
ester.

The combined ester products from four of the above reactions 
were treated with 4 g of KOH in 25 ml of methanol under reflux 
for 1.5 hr. The brown solution was added to 250 ml of H20  and 
acidified with 2 N  hydrochloric acid. The gelatinous precipitate 
was extracted into ether and removal of the solvent from the 
dried (MgSO.) extracts gave 4.2 g of crude acid as a viscous 
brown oil.

A solution of the crude acid in 15 ml of methyl oleate was re
fluxed ( c a .  350°) under an 0 2-free N2 atmosphere in the pres
ence of 220 mg of 10% P d/C  catalyst23 for 10 min, during which 
time the solution became dark green. The cooled mixture, 
diluted with a small quantity of petroleum ether, was chro
matographed on a 5.5 X 20.5 cm column of neutral, activity II 
alumina. Petroleum ether eluted a blue band which was set 
aside and then a wide yellow-green band. The dark yellow- 
green oil residue from the latter fraction was chromatographed 
twice on Florisil (3.5 X 13 cm) with petroleum ether as the eluate 
to give 109 mg (2.5%) of 25 as a bronze solid, mp 249-254°. 
Subjecting the blue fraction to a second treatment with P d/C  
afforded an additional 58 mg11 for a total of 167 mg (3.8% ). 
Recrystallization from methanol formed square, bronze platelets: 
mp 250-258° (sealed tube under N2, uncorrected); uv and vis
ible (cyclohexane) 252 nm (log e 4.73), 267 (5.03), 285 (4.49), 299 
(4.32), 308 (4.27), 334 (4.07), 343 (4.13), 356 (3.62), 409 (2.92), 
442 (3.17), 452 (3.28), 459 (3.17), 470 (3.49), and 483 (4.11) 
plus poorly defined maxima at c a .  550 (1.64), 600 (1.64), 645 
(1.60), 663 (1.60), 720 (1.31), 738 (1.26), and 770 (0.96); ir 
(HCCls) 1377, 1538, 1588, and 3000 cm -1; nmr (DCC13) 7.34 
(t, 2), 8.40 (s, 4), and 8.68 ppm (d, 4); mol wt (mass spec
trometry) 202.076 (calcd, 202.078); A/AbE = 3.9 ±  0.3.

A n a l .  Calcd for C i6H10: C, 95.02; H, 4.98. Found: C, 
94.75; H, 4.99.

Registry N o.—1, 14528-87-1; 2,38434-48-9; 3,7235-
16-7; 4, 38434-50-3; 8, 38434-51-4; 9, 38434-52-5; 
11, 38434-53-6; 13, 38434-54-7; 14, 38434-55-8; 15, 
38434-56-9; 16, 38434-57-0; 16 DNP, 38434-58-1; 
17, 38434-59-2; 18, 38434-60-5; 19, 38434-61-6; 20, 
38434-62-7; 21, 2270-20-4; 21 acid chloride, 20371-
41-9; 22, 1075-16-7; 23, 38434-66-1; 24, 38434-67-2; 
25, 193-85-1; ethyl bromoacetate, 105-36-2; 6,7,8,9- 
tetrahydro-5/7-cycloheptabcnzeri-5-oiie, 826-73-3; so
diomalonic ester, ethyl, 28290-06-4.
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(40) Temperatures of less than 140° or greater than 160° gave much 
poorer results.

(41) In  practice  th e  blue fractions from  several runs w ere com bin ed  and 
the 58 m g represents the average y ie ld  per fraction .



Cyclobutenone D erivatives from Ethoxyacetylene J. Org. Chem., Vol. 88, No. 8, 1978 1451

Cyclobutenone Derivatives from Ethoxyacetylene1

H a r r y  H. W asserm an ,* J. U. P ip e r , and  E. V. D eh m low

D e p a r t m e n t  o f  C h e m i s t r y ,  Y a l e  U n i v e r s i t y ,  N e w  H a v e n ,  C o n n e c t i c u t  0 6 5 2 0  

R e c e i v e d  N o v e m b e r  2 0 ,  1 9 7 2

Cycloaddition reactions of ketenes to ethoxyacetylene have been investigated as routes to cyclobutenone 
derivatives. Ketenes are either used directly or formed i n  s i t u  from the corresponding acid chlorides. 1,3- 
Cyclobutanedione prepared in this manner has been converted to a series of 3-substituted derivatives by reaction 
with a variety of nucleophiles, either directly or through the monoenol ether.

In earlier communications we have described the 
preparation of cyclobutenone ethers from ethoxy
acetylene and ketenes, a reaction first observed by 
Arens and coworkers.2 Our studies3’4 have involved 
the preparation of ketenes in situ by the dehydro- 
halogenation of acid chlorides and have also included 
the preparation of the parent compounds in this series, 
3-ethoxy-2-cyclobutenone (la) and 1,3-cyclobutane- 
dione (Ila).

Ia, R = H 
b, R = CH;

R .0

Ila, R = H 
b, R = CH3

We now report applications of this cycloaddition re
action to the preparation of derivatives in this series, 
as well as further transformations of I and II which may 
serve as useful methods for the formation of 3-sub
stituted 2-cyclobutenones. Related work on dialkyl- 
ketenes,5'6 on the addition of ketenes to ynamines,7-9 
and on the preparation of the parent compound, 2- 
cyclobutenone,10 has been reported in recent years.

When ketene is passed through a cold solution of 
ethoxyacetylene in methylene chloride, formation of Ia 
takes place slowly. The product, mp 26-27° (30%), 
exhibits strong absorption in the infrared at 1760 and 
1580 cm-1; its nmr spectrum includes singlets at r 5.12 
and 6.89 due to the vinyl and methylene ring protons, 
respectively, of the cyclobutenone system. Generation 
of dimethylketene in situ from isobutyryl chloride in 
the presence of ethoxyacetylene yields lb  (66%). The 
cyclobutenone structure is shown by absorptions at 
1750 and 1575 cm-1 in the infrared, an ultraviolet spec
trum almost identical with that of Ia, and a nmr spec
trum exhibiting singlets at t 5.27 and 8.81, areas 1:6, 
as well as absorption due to the ethyl protons.

The cycloaddition of ketenes to ethoxyacetylene also 
provides a novel entry into the spiro [3.4] octane and 
spiro[3.5]nonane systems. Thus, tetramethyleneketene 
generated from cyclopentanecarboxylic acid chloride

(1) Th is investiga tion  was su pported  in part b y  U . S. P u b lic  H ealth 
Service R esearch  G rant G M -078 74  from  the N ation a l In stitu tes o f  H ealth.

(2) J. F . A rens, “ A d van ces  in  O rganic C h em istry , M eth ods and R esu lts ,"  
V ol. 2, Interscience, N ew  Y ork , N . Y .,  1960, p  117.

(3) H . H . W asserm an and E . D eh m low , T e tr a h e d r o n  L e t t . ,  1031 (1962).
(4) H . H . W asserm an and E . V . D eh m low , J .  A m e r .  C h e m . S o c . ,  84, 3786 

(1962).
(5) R . H . H asek, P . G . G ott , and J. C . M artin , J .  O r g . C h e m .,  29, 2510 

(1964).
(6) R . B . Johns and A . B . K riegler, A u s t .  J . C h e m .,  17, 765 (1964).
(7) M . E . K uehne and P . J. Sheeran, J .  O r g . C h e m .,  33, 4406 (1968).
(8) W . E . T ru ce , R . H . B arry , and P . S. B ailey , Jr., T e t r a h e d r o n  L e t t . ,  

5651 (1968).
(9) M . D elaunois and L. G hosez, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  8 ,  72 

(1969).
(10) J. B . Sieja, J .  A m e r .  C h e m . S o c . ,  93, 2481 (1971).

with trimethylamine gives III (27%), while in a similar 
fashion IV may be obtained from cyclohexanecarboxylic

acid chloride (65%). Both compounds are thermally 
unstable, and both give ultraviolet and infrared spectra 
typical of the cyclobutenone system.

A solution of lb in carbon tetrachloride instantly de
colorizes bromine and then slowly evolves hydrogen

lib

bromide to give 2-bromo-3-ethoxy-4,4-dimethyl-2-cyclo- 
butenone. The position of the bromine is confirmed by 
the nmr spectrum, which shows a quartet at r 5.31, a 
triplet at 8.50, and a singlet at 8.77 with relative areas 
of 2:3 :6. This assignment is also in keeping with the 
fact that 3-hydroxy-2,4-dimethylcyclobutenone under
goes a similar bromination.11’12

While compound Ia undergoes ring-opening reactions 
with water, ethanol, and aniline, lb  appears to be more 
resistant to ring cleavage. When stirred overnight with 
moist ether, Ia gives a poor yield of (3-ethoxycrotonic 
acid as the only isolable product. Similarly, with hot 
ethanol, the ethyl ester of (S-ethoxycrotonic acid is 
formed, and with aniline at room temperature a 
crystalline product is produced, the infrared and nmr 
spectra of which are consistent with those expected for 
the anilide of (3-ethoxycrotonic acid.

J O

HX

EtO
Ia

H3C ^ - . C X  

E t c r ^ H  
X = OH 

OEt 
NHPh

On the other hand, when lb  is treated with warm, 
dilute acid, hydrolysis to lib  occurs. More vigorous 
heating with aqueous acid3 or base results in degrada-

(11) D . G . Farnum , M . A . T . H eyb ey , and B . W ebster, i b i d . ,  86, 673 
(1964).

(12) R . B . W oodw ard  and G . Small, Jr., i b i d . ,  72, 1297 (1950).
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tion to methyl isopropyl ketone. In contrast to the 
reaction of la with aniline, Hasek, Gott, and Martin 
report6 that the dimethyl derivative lb  reacts with 
ammonium hydroxide to give 3-amino-4,4-dimethyl-2- 
cyclobutenone and with piperidine to give the corre
sponding 3-piperidino derivative.5 Thus it appears 
that lb  is less subject to ring-opening reactions than 
is la.

Considering the above results, it was surprising to 
observe that phenylmagnesium bromide and n-butyl- 
magnesium bromide readily add to la in a conjugate 
manner with elimination of ethoxide ion to give 3- 
phenyl-2-cyclobutenone (V )13 and 3-(l-butyl)-2-cyclo- 
butenone (V I). The above results now make it possible

V, R -  C6H5
VI, R = re-C,H9

in theory to vary alkyl substituents at each position of 
the cyclobutenone ring. Thus, substitution at the 2 
position can be controlled by varying the acetylene 
used,14 substituents at the 4 position may be changed 
by varying the ketene,3-5 and substitution at the 3 
position may be accomplished via the Grignard reaction. 
Using sodium methoxide in methanol, substitution at 
the 3 position proceeds further to give 3,3-dimethoxy- 
cyclobutanone.

The hydrolysis of la may be controlled to give the 
dione Ha (64%), by using cold ether previously shaken 
with concentrated hydrochloric acid. Under these 
conditions hydrolysis takes place almost immediately. 
Formation of Ila also takes place slowly when la is 
allowed to stand in a moist atmosphere at —10°. As 
reported for related compounds,3'11 both Ila and lib  are 
highly acidic with pKa’s of 3.0 and 2.65, respectively. 
The ultraviolet spectra of Ila and lib  are similar to each 
other and to those of la and lb, indicating that in 
dilute ethanol solutions Ila and lib  exist nearly com
pletely in the enolic form. It was noted5 that l ib  exists 
mainly in the enol form in polar solvents, while in 
chloroform solutions the diketone form predominates. 
The same is true of Ila. The nmr spectrum of Ila in 
chloroform or acetonitrile solutions shows a singlet at r 
6.14, while in dimethyl sulfoxide three singlets at 
— 0.25, 5.28, and 6.90 are observed. The infrared 
spectrum of Ila in chloroform shows only very weak 
bands attributable to the enolic form. Previous work 
suggests that the presence of a 2-methyl group stabilizes 
the enolic form, since both 2-methyl-6 and 2,4-dimethyl- 
cyclobutane-l,3-dioneu appear to exist in the enolic 
form in chloroform solutions (as shown by their in
frared spectra). The mass spectrum of Ila is similar 
to those reported for other ketene dimers,15 showing a 
parent peak (m/e 84) and peaks at M/2, M — 28, and 
hi — 56 which are 6, 100, 1, and 7% of the base peak, 
respectively.

(13) S. L. M an att, M . V ogel, D . K nutson , and J. D . R ob erts , J .  A m e r .  
C h e m  S o c . ,  86, 2465 (1964).

(14) B . R oseb eek  and J. F . Arens, R e c .  T r a v .  C h im . P a y s - B a s ,  81, 549 
(1962).

(15) N . J. T u rro , D . C . N eckers, P . A . Leerm akers, D . Seldner, and P.
D ’ A n gelo, J .  A m e r .  C h e m . S o c . ,  87, 4097 (1965).

The formation of 3-amino-2-cyclobutenones (VII) 
takes place when equimolar amounts of amine and Ila 
are combined in methylene chloride solution at room 
temperature.

Villa, R = CH3 
b , R = C6H5

As noted for 3-piperidino-4,4-dimethyl-2-cyclobute- 
none,6 compounds VIIa-c are amide-like, showing 
carbonyl frequencies in the infrared at 1730-1740 cm-1. 
The nmr absorption peaks of the a protons on the 
pyrrolidine ring of V ile  are at t 6.5 as compared to 
those in pyrrolidine itself at 7.26.

Reactions which reflect the enolic character of Ila 
include acylation and the addition of Ila to ethoxy- 
acetylene. When ketene is bubbled through a solution 
of Ila in methylene chloride, the enol acetate V illa  is 
formed. Assignment of structure is based on the nmr 
spectrum, which shows three singlets at r 4.54, 6.68, 
and 7.65, areas 1:2:3. Upon exposure to moisture the 
product readily reverts to Ila. In the infrared there 
are anhydride-like carbonyl absorptions at 1795 and 
1770 cm-1. The analogous enol acetate of acetylacetone 
exhibits absorption at 1762 cm-1 for the vinyl ester 
carbonyl.16 In the olefinic region of the infrared there 
is the expected absorption at 1565 cm-1 and a second 
(medium intensity) absorption at 1590 cm-1.

The enol benzoate, VUIb, can be prepared (39%) 
using equimolar quantities of 1-ethoxyvinyl benzoate17 
and Ila. It shows carbonyl absorption at 1760 cm-1 
with a shoulder at 1770 cm-1.

When cyclobutanedione (Ila) is treated with ethoxy- 
acetylene in the presence of mercuric acetate in methy
lene chloride solution, IX  is formed, although it is too

CH2
DC

unstable to permit isolation in pure form. The infrared 
spectrum exhibits carbonyl absorption at 1765 cm-1 
and olefinic absorption at 1670 and 1580 cm-1 in 
methylene chloride solution. The nmr spectrum in 
chloroform shows singlets at r 5.03 and 6.60 due to the 
vinyl and methylene ring protons, respectively, a 
triplet at 8.67 due to the methyl group, and a complex 
absorption (four protons) around 6.1 which is a combi
nation of the methylene quartet centered at 6.06 
(</ = 7 Hz) and the doublet absorptions of the terminal

(16) R . Filler and S. M . N a q v i, T e tr a h e d r o n ,  19, 879 (1963).
(17) H . H . W asserm an and P . S. W h arton , J .  A m e r .  C h e m . S o c . ,  82, 661 

(1960).



methylene protons at 6.12 and 6.32 (J = 4 Hz). 
Phenylmagnesium bromide undergoes reaction with IX  
to give V, but the reaction is not as clean as the prepara
tion from la. Amines also react with IX  to give VII. 
Here, the reaction of IX  with pyrrolidine yields V ile  in 
much higher yield (89%) than in the comparable re
action with Ila (52%), although, in general, the combi
nation of amines with Ila gives better results. Acids 
also react with IX  to give VIII but, again, yields are 
poorer and products are less pure than in the methods 
described above.

In an attempt to prepare V illa  by another method, 
Ila was dissolved in acetyl chloride and the solution 
was concentrated in vacuo. The liquid residue con
tained chlorine, and upon standing in the cold de
composed slowly to V illa . The process could be 
reversed by bubbling hydrogen chloride through a 
solution of V illa  in benzene.

Cyclobutenone D erivatives from Ethoxyacetylene

Cl
X

Structure X  is proposed for the unstable product. 
Although the chlorine in X  is reactive, i.e., the com
pound reacts with sodium iodide in acetone and elimi
nates hydrogen chloride slowly upon standing, it is not 
as reactive as would be expected of a halogen (3 to a 
ketone carbonyl and a to an oxygen. For instance, X  
can be refluxed in ether or distilled in vacuo without 
significant decomposition. The infrared spectrum of X  
exhibits carbonyl absorption at 1805 and 1785 cm-1. 
(Note high absorption at 1773 cm-1 for «-bromoethyl 
acetate.1S) There is no absorption in the olefinic region. 
The nmr spectrum of X  shows only two sharp singlets 
at r 6.24 and 7.86, areas 4:3. The equivalence of the 
four ring protons is somewhat surprising and indicates a 
similar shielding effect by the chloro and acetate groups.

Experimental Section19
3-Ethoxy-2-cyclobutenone (la).— Ketene was bubbled through 

a stirred solution containing 40 g of ethoxyacetylene in 75 ml of 
methylene chloride cooled in an ice bath. The progress of the 
reaction could be followed by watching the disappearance of the 
carbon-carbon triple bond absorption at 2155 cm -1 in the in
frared and the appearance of the carbon-oxygen and carbon- 
carbon double bond absorptions of the product. After 8-10 hr, 
some ethoxyacetylene still remained, but additional reaction time 
did not increase the yield and resulted in the formation of dark- 
colored side products. The volatile materials were removed 
under reduced pressure, leaving a dark liquid residue which 
solidified at —20°. This material was dissolved in 40 ml of 
50:50 ether-petroleum ether (bp 30-60°), and the product was 
allowed to crystallize at —50° for 24 hr. Filtration in the cold 
gave 20 g (31% ) of la, mp 22-25°. An analytical sample from 
ether-pentane melted at 26-27.5°: Xma* (anhydrous ethanol) 
233 mg ( e  12,450); v  (CC14) 1760, 1580 cm "1; nmr (CC14) r 5.12 
(s), 5.74 (q), 6.89 (s), and 8.55 (t), areas 1 :2 :2 :3 .

Aral. Calcd for C6H80 2: C, 64.27; H, 7.19; OC2H5, 40.19. 
Found: C, 64.03; H, 7.21; OC2H5, 38.11.

A solution of 250 mg of la  in 10 ml of moist ether was stirred 
for 24 hr at room temperature. Concentration of the solution 
under reduced pressure left moist crystals which were recrys
tallized from acetonitrile to give 60 mg (21% ) of /3-ethoxyerotonic

(18) E . B u ck ley  and E . W h ittle , C a n .  J .  C h e m .,  40, 1611 (1962).
(19) In frared spectra  w ere recorded  using a P erk in -E lm er 421 spectro

photom eter, and nm r spectra  using a V arian A ssociates A -60  nm r spec
trom eter w ith T M S  as an internal standard.

acid, mp 141.5-142° (lit.20 mp 140°). A mixture melting point 
with an authentic sample was undepressed. In absolute alcohol 
la  did not deteriorate appreciably in 24 hr at room temperature. 
After 4.5 hr of heating at 60°, however, ethyl /3-ethoxycrotonate 
was formed almost quantitatively. The infrared spectrum was 
superimposable on that of an authentic sample.

/3-Ethoxycrotonic Acid Anilide.— A solution of 224 mg (0.002 
mol) of la  and 186 mg (0.002 mol) of aniline in 10 ml of benzene 
was allowed to stand at room temperature in a nitrogen atmo
sphere for 4 days. Concentration of the solution under reduced 
pressure left a liquid residue, which solidified when stored in the 
refrigerator under nitrogen. Recrystallization from carbon 
tetrachloride gave 380 mg (93%) of white crystals: mp 108- 
110°; v (CHClj) 3440, 3330 (broad), 1670, 1610, 1595 cm "1; 
nmr (CDC15) r 2.7 (m), 4.93 (s), 6.20 (q), 7.64 (s), 8.65 (t), areas 
5 :1 :2 :3 :3 .

Anal. Calcd for Ci2H15N 0 2: C, 70.22; H, 7.37; N, 6.83. 
Found: C, 70.06; H, 7.25; N, 7.00.

3-Ethoxy-4,4-dimethyl-2-cyclobutenone (lb).— A solution of
6.7 g of triethylamine in 20 ml of anhydrous ether was added over 
a period of 45 min to a stirred solution of 6.7 g of isobutyryl 
chloride, 6.6 g of ethoxyacetylene, and a trace of mercuric ace
tate21 in 150 ml of anhydrous ether cooled below 0°. Precipita
tion of the amine salt started immediately. After 1 week at 
room temperature, filtration gave 90-98%  of the theoretical 
amount of triethylamine hydrochloride. The filtrate was con
centrated under reduced pressure and the residual oil was dis
tilled in vacuo, giving 5.1 g (66% ) of lb , bp 78-82° (9 mm). A 
center fraction was redistilled for analysis: bp 90-92° (26 mm);
A max (95% ethanol) 233 mg (e 12,700); v  (CC14) 1750, 1575 c m '1; 
nmr (CC14) r 5.27 (s), 5.78 (q), 8.53 (t), and 8.81 (s), areas 
1 :2 :3 :6 .

Anal. Calcd for C8Hi20 2: C, 68.54; H, 8.63. Found: C, 
68.35; H, 8.69.

2-Bromo-3-ethoxy-4,4-dimethyl-2-cyclobutenone.— A solution 
of 0.275 ml of bromine in 5 ml of carbon tetrachloride was added 
slowly to a cooled solution of 0.75 g of lb  in 15 ml of carbon tetra
chloride. The bromine was decolorized instantaneously, and 
after 15 min a slow evolution of hydrogen bromide began. After 
warming on a water bath for 1 hr, the solvent was distilled, and 
most of the residual oil was soluble in a hexane-benzene mixture. 
This solution was chromatographed on activity II alumina using 
hexane as the eluent and the resulting material was distilled in 
vacuo. Direct distillation of the residual oil did not remove all 
of the impurities. The analytical material boiled at 96-98° 
(25 mm): Amax (95% ethanol) 249 mg ( e  9950); v  (CC14) 1780, 
1600 cm-1; nmr (CC14) r 5.31 (q), 8.50 (t), 8.77 (s), areas 2 :3 :6 .

Anal'. Calcd for C8HuBr02: C, 43.86; H, 5.06; Br, 36.48. 
Found: C, 43.54; H, 4.94; Br, 36.41.

l-Keto-3-ethoxyspiro[3.4]oct-2-ene (III).— A solution of 6.3 g 
of cyclopentanecarboxylic acid chloride, 11 g of ethoxyacetylene, 
and 7.5 ml of triethylamine in absolute ether was stirred at 5° 
for 14 days, after which 5.85 g (89.7%) of triethylamine hydro
chloride had precipitated. The filtered solution was concen
trated in vacuo, and the residual brown oil was taken up in hex
ane. This solution was stirred for 20 min with alumina con
taining 8%  of water to destroy any excess acid chloride. The 
solution was then shaken with dilute potassium hydroxide solu
tion, stirred with fresh alumina (8%  water), and concentrated 
in vacuo, leaving 2.17 g (27.5%) of almost pure Ic. An analytical 
sample was obtained by chromatography followed by molecular 
distillation. The material was chromatographed on activity II 
alumina. Elution with hexane and 2-5%  ether gave a trace of 
impurities. Hexane containing 20% ether gave Ic, which was 
distilled in a molecular still: Amax 234.5 mg ( e  11,250); v  1755,
1570 cm-1. The compound is thermolabile and decomposes upon 
distillation at aspirator vacuum.

Anal. Calcd for C i0HI4O2: C, 72.26; H, 8.49. Found: 
C, 72.25; H .8.64.

l-Keto-3-ethoxyspiro[3.5]non-2-ene (IV).— A solution of 15.6 
g of cyclohexanecarboxylic acid chloride, 21 g of ethoxyacety
lene, and 15 ml of triethylamine was stored at 5° for 3 weeks, 
after which 13.7 g (94%) of triethylamine hydrochloride pre
cipitated. The filtered solution was concentrated in vacuo, 
leaving 12.5 g of almost pure IV as an oil: r̂aax 236 rriju (e 8850);

J. Org. Chem., Vol. 38, No. 8, 1973 1453

(20) M . A . D olliver, T . L. G resham , G . B . K istiakow sk y , E . A . Sm ith, 
and W . E . Vaughan, J . A m e r .  C h e m . S o c . ,  60, 440 (1938).

(21) T h e  presence or absence o f  m ercuric ions does n ot seem  to  influence 
the reaction.



v  1755, 1575 cm” '. The compound decomposes upon distilla
tion at aspirator vacuum. A center cut from molecular distilla
tion under high vacuum was analyzed.

A n a l .  Calcd for CnHI60 2: C, 73.30; H, 8.95. Found: 
0 ,73 .36 ; H .9.28.

Cyclobutane-1,3-dione (Ha).— 3-Ethoxy-2-cyclobutenone (la) 
(4.6 g, 0.041 mol) was dissolved in 125 ml of cold ether which had 
previously been shaken with cold, concentrated hydrochloric 
acid. Concentration of the solution under reduced pressure left 
a semisolid residue, which was recrystallized from acetonitrile 
and washed with cold ether to give 1.0 g of crystals. The mother 
liquor yielded another 0.6 g. An additional 0.6 g was obtained 
by adding a drop of concentrated hydrochloric acid to the mother 
liquor and concentrating i n  v a c u o .  The total yield was 2.2 g 
(64%) of nearly white crystals. An additional crystallization 
from acetonitrile gave pure white crystals of Ha: mp 119-120° 
with exothermic decomposition; (absolute ethanol) 237
m/i («11,800); v  (CHC13)22 1755, 1570 cm “ 1 (weak); nmr (CDCU) 
r 6.14 (s); nmr (DMSO) r —0.25 (s), 5.28 (s), 6.90 (s). The 
material decomposes upon standing at room temperature and 
more slowly when stored at —15°.

A n a l .  Calcd for C4H40 2: C, 57.14; H, 4.80. Found: C, 
57.01; H, 5.10.

2,2-Dimethylcyclobutane-l,3-dione (lib).— A solution of 1.6 
g of lb  in 6 ml of water, 4 ml of ethanol, and 2 ml of concentrated 
hydrochloric acid was heated at 80° for 1 hr. The cooled solu
tion was extracted with methylene chloride, the extracts were 
dried over anhydrous sodium sulfate, and the solvent was re
moved i n  v a c u o .  The resulting semisolid mass on treatment 
with pentane gave 0.65 g (51%) of long crystal rods. The re
maining oil consisted largely of unreacted starting material. 
After recrystallization from ether-petroleum ether, the material 
had mp 129-130°; Xroax (95% ethanol) 241 m^ (c  14,100); v 

(CHCI3) 1750, 1575 cm -1 (weak).
A n a l .  Calcd for C6Hs0 2: C, 64.27; H, 7.19. Found: C, 

64.04; H, 7.24.
A vigorous reaction took place between l ib  and diazomethane 

in ether. Removal of the volatile materials and molecular dis
tillation of the residue gave 3-methoxy-4,4-dimethyl-2-cyclo- 
butenone, v  1745, 1575 cm -1.

A n a l .  Calcd for C7Hi„02: C, 66.64; H, 7.99. Found: C, 
66.25; H, 8.13.

A solution of 80 mg of l ib  in 10% aqueous alcoholic sodium 
hydroxide was heated for 2 hr on a steam bath and acidified with 
hydrochloric acid. After warming for an additional 1 hr, 2,4- 
dinitrophenylhydrazine reagent was added and the 2,4-dinitro- 
phenylhydrazone of methyl isopropyl ketone precipitated from 
the solution. After two recrystallizations from ethanol the 
melting point was 118-118.5° and the mixture melting point 
with an authentic sample was undepressed.

3-Phenyl-2-cyclobutenone (V).— To a cooled solution of 0.80 
g (0.0072 mol) of la  in 15 ml of ether was added 5.5 ml of an 
ether solution of phenylmagnesium bromide (0.0013 mol/ml). 
The resulting mixture was allowed to come to room temperature 
for 15 min and was then poured into 7% hydrochloric acid. The 
ether layer was removed and the aqueous layer was extracted 
twice with ether. The combined ether extracts were dried over 
anhydrous sodium sulfate and concentrated i n  v a c u o  leaving a 
semisolid residue with a cinnamon-like odor. This was recrys
tallized twice from ether at —78° and the resulting material was 
sublimed at 40-44° (1 mm), giving 0.55 g (53%) of white crystals, 
mp 51-52°. Infrared and nmr spectral properties were identical 
with those reported by Roberts,13 except that the small cross-ring 
coupling reported in the nmr was not observed on our instrument.

A n a l .  Calcd for CioHsO: C, 83.31; H, 5.59. Found: C, 
83.48; H, 5.82.

3-(l-Butyl)-2-cyclobutenone (VI).— To a cooled solution of
2.24 g (0.02 mol) of la  in 25 ml of ether was added 14 ml of a solu
tion of M-butylmagnesium bromide (0.0014 mol/m l). The re
sulting mixture was allowed to come to room temperature for 15 
min and was then poured into 7%  hydrochloric acid. The ether 
layer was removed and the aqueous layer was extracted twice 
with ether. The combined ether extracts were dried over an
hydrous sodium sulfate and concentrated i n  v a c u o ,  leaving an oil 
which was distilled i n  v a c u o ,  giving 1.6 g (65%) of product: bp 
35-60° (1 mm); v (CC14) 1765, 1580 cm” ';  nmr (CC14) r 4.13
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(22) F or  assignm ents o f  bands in  the infrared and R a m a n  spectra  see F . A . 
M iller, K . E . K iv ia t, and I . M atsubara , S p e c t r o c h i m .  A c t a ,  P a r t  A ,  24, 1523 
(1968).

(m), 6.92 (m), 7.42 (t, broad), 8.85, (m), 9.07 (m), areas 1:2: 
2 :4 :3 .

A n a l .  Calcd for C8Hi20 :  C, 77.38; H, 9.74. Found: C, 
76.91; H, 9.83.

3,3-Dimethoxycyclobutanone.— A solution of 5.2 g (0.046 
mol) of la  in 10 ml of methanol was added to a solution of 1.0 g 
(0.044 g-atom) of sodium in 50 ml of methanol cooled in an ice 
bath. The resulting solution was allowed to come to room tem
perature over 15 min, and saturated salt solution was added fo l
lowed by enough water to redissolve the precipitated salt. The 
solution was extracted with eight 30-ml portions of ether. The 
combined ether extracts were concentrated i n  v a c u o  to about 50 
ml, dried over anhydrous sodium sulfate, and further concen
trated to give 3.0 g (49%) of crude 3,3-dimethoxycyclobutanone 
as an oil. Chromatography of 1.5 g of this material on 25 g of 
methanol-deactivated silica gel eluted with ether-hexane (1:6) 
gave 1.0 g of pure material in the early fractions: v  (CC14) 1790 
cm-1; nmr (CC14) t 6.78 (s), 6.97 (s), areas 3:2. Later fractions 
appeared to be contaminated with 3-methoxycyclobutenone.

A n a l .  Calcd for C6Hio03: C, 55.37; H, 7.74. Found: C, 
55.10; H, 7.56.

3-Anilino-2-cyclobutenone (Vila).— A solution of 168 mg 
(0.002 mol) of Ha and 186 mg (0.002 mol) of aniline in 10 ml of 
methylene chloride was allowed to stand at room temperature for 
8 days. Concentration of the solution under reduced pressure 
left a solid residue which was recrystallized from benzene to give 
330 mg (98%) of V ila : mp 136-137° dec; r (CHC13) 1730, 
1600, 1560 cm“ 1; nmr (CDC13) r 2.7 (m), 4.77 (s), 6.62 (s), 
areas 5 :1 :2 .

A n a l .  Calcd for C i„H9NO: C, 75.45; H, 5.70; N , 8.80. 
Found: C, 75.24; H, 5.51; N, 8.68.

3-(Ar-Methylanilino)-2-cyclobutenone iVIIb).— A solution of 
168 mg (0.002 mol) of Ha and 214 mg (0.002 mol) of iV-methyl- 
aniline in 10 ml of methylene chloride was allowed to stand at 
room temperature for 8 days. Concentration of the solution 
under reduced pressure left an oil which was taken up in ether. 
Upon cooling, 280 mg (78%) of crystalline V llb  was deposited: 
mp 87-88°; nmr (CDC13) r 2.70 (s), 4.67 (s), 6.57 (s), 6.90 (s), 
areas 5 :1 :3 :2 ; v  (CHC13) 1735, 1555 cm -1.

A n a l .  Calcd for CnHnNO: C, 76.27; H, 6.40; N , 8.09. 
Found: C, 76.47; H, 6.62; N, 7.98.

3-Pyrrolidino-2-cyclobutenone (Vile). A. From Cyclobutane -
1,3-dione (Ha).— A solution of 168 mg (0.002 mol) of I la  and 
142 mg (0.002 mol) of pyrrolidine in 15 ml of methylene chloride 
was allowed to stand at room temperature for 48 hr. Concen
tration of the solution under reduced pressure left a liquid residue 
which was triturated with two 10-ml portions of ether. Removal 
of the ether left 140 g (52%) of light yellow crystals, mp 40-41°. 
An analytical sample from ether-hexane melted at 41.5-42°: v  

(CHC13) 1740, 1590 cm ” 1; nmr (CDC13) r 5.47 (s), 6.50 (m),
6.67 (s), 7.90 (m), areas 1 :4 :2 :4 .

A n a l .  Calcd for C8HnNO: C, 70.04; H, 8.08; N , 10.21. 
Found: C, 69.89; H, 8.25; N , 9.97.

B. From the 1-Ethoxyvinyl Enol Ether of Cyclobutane-1,3- 
dione (IX).— A solution of 168 mg (0.002 mol) of Ila , 160 mg 
(0.0023 mol) of ethoxyacetylene, and 5 mg of mercuric acetate 
in 10 ml of methylene chloride was allowed to stand at room 
temperature for 4 hr. A solution of 142 mg (0.002 mol) of pyr
rolidine in 3 ml of methylene chloride was added to the resulting 
light yellow solution. The reaction was mildly exothermic. 
After standing at room temperature for 2 hr, the solvent was 
removed under reduced pressure, and the resulting oil was trit
urated with ether. Removal of the ether left 240 mg (89% ) of 
light yellow crystals, mp 40-42°.

The Enol Acetate of Ila, Villa.— Ketene was bubbled for 2 hr 
through a solution of 0.60 g of Ila  in 50 ml of methylene chloride 
cooled in an ice-salt bath. Concentration of the solution under 
reduced pressure left 0.85 g (95%) of almost pure V illa  as a 
liquid which solidified in rhe refrigerator. Two recrystallizations 
from anhydrous ether at —78° gave 0.60 g (67% ) of V illa : mp
29-31°; v (CC14) 1795, 1770, 1590, 1555 cm “ 1; nmr (CC14) r
4.54 (s), 6.68 (s), 7.65 (s), areas 1 :2 :3 . The compound is ex
tremely sensitive to moisture, as is V lllb , characterized below.

A n a l .  Calcd for C6H60 3: C, 57.14; H, 4.80. Found: C, 
57.28; H, 4.80.

The Enol Benzoate of Ila, V lllb .—To a solution of 380 mg 
(0.002 mol) of 1-ethoxyvinyl benzoate13 in 10 ml of methylene 
chloride was added 168 mg (0.002 mol) of Ila . The solution was 
allowed to stand in the refrigerator for 5 days and concentrated

Wasserman, P iper, and D ehmlow



under reduced pressure. The resulting semicrystalline residue 
was partially soluble in dry hexane. Cooling of the hexane gave 
150 mg (39%) of white crystals: mp 65-68°; v (CC14) 1770 
(shoulder), 1760, 1590, 1565 cm -1; nmr (CC14) r 1.97 (m), 2.37 
(m), 4.53 (s), 6.70 (s), areas 2 :3 :1 :2 .

Anal. Calcd for CnH80 3: C, 70.21; H, 4.29. Found: C, 
70.13; H, 4.34.

The 1-Ethoxyvinyl Enol Ether of Ha, IX.— A solution of 84 
mg (0.001 mol) of Ha, 105 mg (0.0013 mol) of ethoxyacetylene, 
and 5 mg of mercuric acetate in 10 ml of methylene chloride was 
allowed to stand at room temperature for 5 hr. An infrared 
spectrum of the solution exhibited absorption at 1760, 1672, and 
1578 cm -1. In the nmr spectrum of the solution there is a vinyl 
ring proton peak at r 5.03 (s) and ring methylene protons at 6.60 
(s); the two terminal vinyl protons are superimposed on the 
methylene resonance of the ethoxy group at about r 6.1. When 
the solvent was removed from the solution, the residue reacted 
violently with water to give Ha and ethyl acetate.

3-Acetoxy-3-chlorocyclobutanone (X).— A solution of 1.0 g of 
Ha in 25 ml of acetyl chloride was allowed to stand at room tem
perature for 2 hr. The excess acetyl chloride was removed under 
reduced pressure and the residue was distilled in vacuo, giving
1.36 g (73%) of X : bp 51-52° (17 mm); r (CC14) 1805, 1785 
cm -1; nmr (CC14) r 6.24 (s), 7.86 (s), areas 4:3.

A sample stored at —15° in a sealed tube decomposed to a 
50:50 mixture of X  and V illa  after 2 weeks. A sample distilled

Alkyl-Substituted Propargyloxyethanols

at aspirator vacuum gave a distillate which was 87% V illa . 
Treatment of 2 drops of X  with alcoholic silver nitrate gave an 
immediate precipitate of silver chloride. When X  was treated 
with sodium iodide in acetone, sodium chloride precipitated 
upon warming.

When hydrogen chloride was bubbled through a solution of 
V illa  in dry benzene, large quantities of X  could be detected in 
the product by infrared and nmr spectroscopy.

Registry No.—Ia, 4683-54-9; lb, 4313-48-8; Ha, 
15506-53-3; lib , 3183-44-6; III, 38425-45-5; IV, 
10576-21-3; V, 38425-47-7; VI, 38425-48-8; V ila, 
38425-49-9; V llb , 38425-50-2; V ile, 38425-51-3; 
V illa , 38425-52-4; VUIb, 38425-53-5; X , 38425-54-6; 
ketene, 463-51-4; ethoxyacetylene, 927-80-0; aniline, 
62-53-3; /3-ethoxycrotonic acid anilide, 38425-55-7; 
isobutyryl chloride, 79-30-1; 2-bromoethoxy-4,4-di- 
methyl-2-cyclobutenone, 38425-56-8; cyclopentanecar- 
boxylic acid chloride, 4524-93-0; diazomethane, 334-
88-3; 3-methoxy-4,4-dimethyl-2-cyclobutenone, 15517-
68-7; phenyl bromide, 108-86-1; butyl bromide, 109-
65-9; 3,3-dimethoxycyclobutanone, 38425-58-0; pyr
rolidine, 123-75-1; 1-ethoxyvinyl benzoate, 38425-59-1.
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Base-Induced Cyclizations of Alkyl-Substituted Propargyloxyethanols1

Albert T. Bottini* and John G. M aroski

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  D a v i s ,  C a l i f o r n i a  9 5 6 1 6  

R e c e i v e d ,  D e c e m b e r  1 2 ,  1 9 7 2

Cyclization reactions of alkyl-substituted propargyloxyethanols la -lf  induced by potassium hydroxide in 
water, dimethyl sulfoxide (DMSO), and teri-butyl alcohol were studied. Products obtained included the corre
sponding 2-methylene-l,4-dioxanes, 3,6-dioxacycloheptenes, 2-vinyl-l,3-dioxolanes, and 2-methyl-l,4-dioxenes. 
The mechanism proposed to account for base-induced cyclizations of propargyloxyethanol (ref 2) required modi
fication to include two alternative pathways to the 2-methyl-l,4-dioxenes: cyclization of the allenyloxyethanol 
formed by prototropic rearrangement of the propargyloxyethanol, and, in DMSO only, base-induced rearrange
ment of the corresponding 2-methylene-l,4-dioxane.

The course of hydroxide-induced cyclization of 
propargyloxyethanol (la) is strikingly dependent on 
reaction conditions.2 In water, the main products 
are 2-methylene-1,4-dioxane (4a) and 3,6-dioxacyclo- 
heptene (5a); in the aprotic solvents decalin, dimethyl 
sulfoxide (DMSO), and triglyme, the main products are
2-vinyl-1,3-dioxolane (6a) and 2-methyl-l,4-dioxene 
(7a). A mechanism (Scheme I) that accounted for the 
dependence of product composition on solvent was 
proposed for the formation of 4a-7a.2 Formation of 4a 
and 5a was explained as occurring by intramolecular 
nucleophilic addition of alkoxide to the internal and 
terminal acetylenic carbons of la, and the main 
pathways to 6a and 7a, respectively, were pictured as 
cyclizations of allenyloxyethanol (2a) and 1-propynyl- 
oxyethanol (3a), the products of successive prototropic 
rearrangements of la.

Faure and Descotes,3 who cyclized la and six alkyl- 
and aryl-substituted propargyloxyethanols by treat
ment with potassium hydroxide in the diol correspond
ing to the substituted propargyloxyethanol, proposed 
other mechanisms for dioxene and dioxolane formation. 
They found that l-(3-butyn-2-yloxy)-2-propanol (Id), 
the only propargyloxyethanol they examined that could

(1) Taken from  the P h .D . Thesis o f  J. G . M aroski, U n iversity  o f  C a li
fornia, D avis, 1971.

(2) A . T . B ottin i, F. P . C orson , and E . F . B ottner, J .  O r g .  C h e m .,  30, 
2988 (1965).

(3) R . Faure and G . D escotes, B u l l .  S o c .  C h im . F r . ,  1569 (1966).

S c h e m e  I

Ri R2 R3I I I
RC= C CHOCH— CHOH — ♦

1

\
R2 R3

RHC = C = C R 1OCH— CHOH — » T  X ^ ~ R
2 Rj

R2 ^3I I
RCH2C = C O C H — CHOH — >- 

3

7
a, R = Ri =  R2 =  R3 =  H
b, R = CH3; R, =  R2 =  R3 = H
c, Ri =  CH3; R = R2 =  R3 = H
d, R4 =  R3 =  CH3; R =  R2 =  H
e, R = R4 =  H; R2R3 =  (CH2)3
f, R = Ri =  H; R2R3 =  (CH2)4

not give a dioxene by the route shown in Scheme I, gave
2,3,5-trimethyl-l,4-dioxene (7d) as the major product; 
the only other product detected was 2-methylene-3,6- 
dimethyl-1,4-dioxane (4d). As 4d and their other
2-methylene-1,4-dioxanes slowly isomerized to the
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corresponding 1,4-dioxenes under their reaction condi
tions, Faure and Descotes concluded that 1,4-dioxene 
formation took place by this route rather than cycliza- 
tion of a 1-propynyloxyethanol (3). Significantly, it 
has been shown that thermal or hydroxide-induced 
isomerization of 2-methylene-l,4-dioxane (4a) could 
account for no more than a small fraction of the
2-methyl-1,4-dioxenc (7a) obtained by treatment of 
propargyloxyethanol (la) with sodium hydroxide in 
DMSO at 120°.2 Negative evidence (they did not 
detect a 2-vinyl-1,3-dioxolane as a product from Id 
of If) led the French workers to propose that 1,3- 
dioxolane formation occurred by cyclization of a
1-propynyloxyethanol to the corresponding ketene 
acetal (e.g., 8), followed by rearrangement of the double

8

bond away from oxygen. It should also be noted here 
that Faure and Descotes did not detect a 3,6-dioxa- 
cycloheptene as a product from any of their reactions.

In order to determine the effect of alkyl substitution 
on the course of cyclization of propargyloxyethanols 
and, hopefully, clarify the mechanisms of 1,4-dioxene 
and 1,3-dioxolane formation, we examined base-induced 
cyclizations of the propargyloxyethanols la-lf. Com
pounds Id and If were also studied by Faure and Des
cotes. We treated lb—If with KOH in water, DMSO, 
and ¿erf-butyl alcohol (¿-BuOH). In addition, lc was 
treated with KOH in triglyme, and lc, Id, and If were 
treated with potassium ¿erf-butoxide (KO-f-Bu) in 
¿-BuOH. Under this range of conditions, lc, Id, and If 
gave the four cyclic products corresponding to those 
obtained from la. Compound lb also gave four cyclic 
ethers, which proved to be 2-allyl-1,3-dioxolane (9) and

r

9

2-methyl-2-vinyl-l,3-dioxolane (6c) as well as the 
expected 1,3-dioxolane 6b and 3,6-dioxacycloheptene 
5b. ¿rans-2-Propargyloxycyclopentanol (le) gave only 
the corresponding 3,6-dioxacycloheptane 5e and 1,4- 
dioxene 7e. The 3,6-dioxacycloheptenes, 1,3-diox- 
olanes, and 1,4-dioxenes were stable under the reaction 
and work-up conditions, but the 2-methylene-1,4- 
dioxanes were rearranged slowly to the corresponding 
dioxenes by base in DMSO, and 4f rearranged rapidly 
to 7f when heated above 120°.

Because of their possible involvement as interme
diates in cyclizations of lb or lc, we also studied several 
reactions of the butadienyloxyethanols 2c, 10, and 11.

CH2

C H i= C = C H C H 2OCH2CH2OH CH2=C H C O C H 2CH2OH 
10 11

The propargyloxy alcohols lb—If were prepared by 
treatment of the appropriate propargyl alcohol with 
either base and ethylene bromohydrin or substituted 
epoxide or acid and substituted epoxide. Analysis by 
vpc of the acetate of l-(3-butyn-2-yloxy)-2-propanol 
(Id) indicated that it was a 1:1 mixture of diastereo-

mers. 2-(2,3-Butadien-l-yloxy)ethanol (10) was pre
pared from allenylcarbinyl chloride and ethylene glycol, 
and the isomeric butadienyloxyethanols 2c and 11 were 
obtained as by-products from reactions in ¿-BuOH of
2-(3-butyn-2-yloxy)ethanol (lc) with KOH and KO- 
¿-Bu, respectively.

The cyclic products were characterized by means of 
their ir and nmr spectra, and the new compounds, with 
the exception of 5f, gave satisfactory elemental anal
yses. In addition, the 2-methylene-l,4-dioxanes (4) 
were isomerized to the corresponding 2-methyl-l,4- 
dioxenes (7) with KOH in DMSO, 7c and 7f were ox
idized with mercuric acetate according to the method 
described by Summerbell, et al,,4 for oxidation of 1,4- 
dioxene and 7a, and the 2-vinyl- and 2-(l-propenyl)-
1.3- dioxolanes were synthesized by literature proce
dures5 for this class of compounds.

Cyclization of l-(3-butyn-2-yloxy)-2-propanol (Id) 
in water gave a 2.1:1 mixture of the diastereomeric 2- 
methylene-3,5-dimethyl-1,4-dioxanes (4d and 4d') and 
a 1.6:1 mixture of the diastereomeric 4,7-dimethyl-
3,6-dioxacycloheptenes (5d and 5d'). As it seems rea
sonable that the trans isomers would be more stable 
and would form via lower energy transition states, the 
predominant diastereomers (4d and 5d) are assigned 
the trans configuration. Significantly, 4d and 5d had 
the lower refractive indexes,6 and the minor 2-methy- 
lene-3,5-dimethyl-l,4-dioxane (4 d ) rearranged more 
rapidly than 4d to 2,3,5-trimethyl-l,4-dioxene (7d) on 
treatment with KOH in DMSO. The diastereomeric
2.4- dimethyl-2-vinyl-l,3-dioxolanes (6d and 6d') were 
formed in a ratio of 1:1.5 from Id and 1.5:1 from acid- 
catalyzed condensation of ethylene glycol and methyl 
vinyl ketone. As the latter reaction conditions should 
give the equilibrium mixture (the major product had 
the lower refractive index6), and as the work of Rom- 
melaere and Anteunis7 indicates that the more stable 
diastereomer should have the RR,SS configuration 
(cis methyl groups), this configuration is assigned to 
the minor dioxolane from Id, i.e., 6d.

Reactions in Water.—The yields and compositions of 
cyclic products obtained from treatment of propargyl
oxyethanol (la) and its alkyl-substituted homologs 
lc—If with aqueous KOH are summarized in Table I. 
Note that the results obtained with la are very similar 
to those obtained earlier2 using NaOH.

Comparison of the results obtained with la and lc 
shows that substitution of a methyl group at propargyl 
carbon results in a significant increase in the methy- 
lenedioxane (4): dioxacycloheptene (5) ratio and reduces 
the yield of dioxolane (6) to barely a trace. Further 
comparison with the results obtained with Id shows 
that substitution of a methyl at carbinol carbon leads 
to a further increase in the 4:5 product ratio.

The decrease in the amount of seven-membered ring 
product on substitution of a methyl group at propargyl 
carbon can be attributed to electronic and steric fac
tors. The transition state 4c * leading to 2-methylene-

(4) R . K . Sum m erbell, G . K alb , E . G raham , and A . Allred, J .  O r g . C h e m . ,  
27, 4461 (1962).

(5) (a) H . H ibbert and M . S. W helen , J .  A m e r .  C h e m . S o c . ,  51, 3115  
(1929); (b ) R .  F . F ischer and C . W . Sm ith, J .  O r g . C h e m . 25, 319 (1 960 ); 
(c) D . L. H ey w ood  and B . Phillips, i b i d . ,  25, 1699 (1960).

(6) H . Van B ekkum , A . V an  Veen, R . V erkade, and B . W epster, R e e l .  
T r a v .  C h im . P a y s - B a s ,  80, 1310 (1961).

(7) Y . R om m elaere and M . Anteunis, B v l l .  S o c .  C h i m .  B e l g . ,  79 , 11 
(1970).



T a b l e  I
Y i e l d s  a n d  P r o d u c t  C o m p o s i t i o n s  f r o m  R e a c t i o n s  o f  

P r o p a r g y l o x y e t h a n o l s  w i t h  A q u e o u s  
P o t a s s i u m  H y d r o x i d e “

A lkyl-Substituted Propargyloxyethanols

Compd Y ie ld , % 4
—-Composition, %----

6 6 7
la6 54 36 44 20 2
la 72 39 36 24 <1
lc 68 62 37 <1 <1
Id 72 87« 12d <1 <1
le 52 <1 95 <1 5
If 98 93 3 4 <1

Reaction mixtures were 2 M in 1 and 2 M in base, and reac-
tions were carried out for 12 hr at reflux. 6 The base was NaOH. 
* As a 2.1:1 mixture of diastereomers. d As a 1.8:1 mixture of 
diastereomers.

3-methyl-1,4-dioxane is similar electronically to the 
transition state leading to 4a. However, the transi
tion state Sc* leading to 7-methyl-3,6-dioxacyclohep-

<5- i —

/ O ^ C H  5 - 8 ° " \
(  X C  /

° A c h .
ch3

4c* 5c*

tene is destabilized relative to the transition state 
leading to 5a because of the closer proximity of the 
methyl group at propargyl carbon to the developing 
negative charge on unsaturated carbon.

Because of the greater internal angle strain in seven- 
membered rings of first-row elements, substitution of a 
methyl group leads to a greater increase in energy due 
to nonbonded interactions than is the case when a 
methyl group is substituted for hydrogen at the less 
hindered position on a six-membered ring, i.e., equa
torial rather than axial. It is likely that part of this 
difference in nonbonded interactions is also responsible 
for the lower energy of 4c* compared to Sc*. The 
view that steric factors are partly responsible for the 
decrease in importance of the seven-membered ring 
product that results on methyl substitution is consistent 
with the results obtained with the dimethyl-substituted 
propargyloxyethanol Id, which gives an even greater 
4:5 product ratio.

The importance of steric factors in cyclizations of 
propargyloxyethanols was demonstrated dramatically 
by the markedly different courses of cyclization of 
frans-2-propargyloxycyclopentanol (le) and trans-2- 
propargyloxycyclohexanol (If). Nearly all of the 
product from the cyclopentane was the corresponding 
dioxacycloheptene Se, whereas the cyclohexane gave 
over a 90% yield of the corresponding 2-methylene-
1,4-dioxane 4f. It seems reasonable that the energy 
associated with the trans fusion of six- and five-mem- 
bered rings, which would be reflected in the transition 
state leading to 4e, is responsible for preferred cycliza
tion of le to 5e. In contrast, the relatively strain-free 
trans-fused 4f is formed in preference to 5f.

No cyclic products were formed when either 2-(2- 
butyn-l-yloxy)ethanol (lb) or 2-(2,3-butadien-2-yl- 
oxy)ethanol (2c) were treated with refluxing aqueous 
KOH for 12 hr. More than 70% of the lb and 2c was 
recovered unchanged. This shows that methyl sub
stitution significantly slows nucleophilic addition at 
acetylenic or allenic carbon, and that 2c is not rear

ranged to lc under these reaction conditions. Note 
that both lb and 2c undergo cyclization when treated 
with base in nonaqueous solvents, and these reactions 
are discussed below.

Reactions in DMSO and in Triglyme.—In Table II 
are given the yields and compositions of cyclic products

T a b l e  II
Y i e l d s  a n d  P r o d u c t  C o m p o s i t i o n s  f r o m  R e a c t i o n s  

o f  P r o p a r g y l o x y e t h a n o l s  a n d  R e l a t e d  C o m p o u n d s  
w i t h  P o t a s s i u m  H y d r o x i d e  i n  DMSO o r  T r i g l y m e “
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Reaction Y ield , -Composition, %--------
Compd/Solvent time, hr % 4 5 6 7

la /D M SO 6 0.7 33 4 7 18 71
la /T G ‘ 0.5 58 <1 2 12 86
lb /D M SO 0.5 48* 12 70
10/DMSO 0.5 35* 19 67
lc/D M SO 0.5 65 14 14 11 61
lc /T G ‘ 0.7 72 10 6 7 76
2c/DM SO 4.1 80 3 2 45 50
2c/T G 9.2 84 32 68
11/DM SO 12 5 100
ld/D M SO 0 . 1 80 32/ 7" 23* 38
le/D M SO 12 78 35 65
If/DM SO 0.5 80 6 94

“ Reaction mixtures were 2 M  in compound and 2 M  in KOH 
and reaction temperature was 100° unless noted otherwise. 
6 Reference 2; base was NaOH. ‘ Temperature 180-190°. 
d Includes 1 7 %  9. « Includes 14% 9. f As a 2.4:1 mixture of 
diastereomers. “ As a 1.3:1 mixture of diastereomers. ‘ As a 
1.5:1 mixture of diastereomers.

from treatment of the propargyloxyethanols la -lf and 
related compounds with KOH in DMSO. Also 
included in Table II are similar data for reactions of la, 
lb, and 2-(2,3-butadien-2-yloxy)ethanol (2c) with KOH 
in triglyme.

Before discussing the results in Table II, it should 
again be noted that the 2-methylene-1,4-dioxanes (4) 
undergo some rearrangement to the corresponding 2- 
methyl-l,4-dioxenes (7) in the presence of KOH in 
DMSO. For example, about half of the 4a rearranges 
to 7a in 0.7 hr when treated under the reaction condi
tions at 120°. In contrast and in confirmation of 
earlier results,2 there is no significant rearrangement 
of 4a to 7a in 0.7 hr when the base is NaOH.8

The reactions of 2-(2-butyn-l-yloxy)ethanol (lb) 
and 2-(2,3-butadien-l-yloxy)ethanol (10) with KOH 
in DMSO gave similar mixtures of 2-methyl-3,6-dioxa- 
cycloheptene (5b), 2-(l-propenyl)-l,3-dioxolane (6b), 
and 2-allyl-l,3-dioxolane (9), and this indicates that 
these cyclizations occur by common pathways. As the 
per cent of the seven-membered ring product 5b was 
significantly greater from the allene than from the 
acetylene, it seems likely that cyclization of the allene 
is the major pathway to 5b from both lb and 10, i.e., 
lb —► 10 —*- 5b. This is consistent with results noted 
earlier which showed that methyl substitution on a 
carbon-carbon multiple bond slows nucleophilic addi
tion. The isolation of nearly identical ratios of the 
dioxolanes 6b and 9 from the acetylene lb and the allene 
10 indicates that these products were formed from a

(8) Th is cation  effect on  base efficiency in D M S O  has been observed  by  
others. F or  exam ple, D . J. Cram , C . A . K ingsbury, and  B . R ick b orn  
f J .  A m e r .  C h e m . S o c . ,  83, 3688 (1961)] reported  th at rates o f  racem ization 
and isotop e exchange decreased b y  abou t tw o  pow ers o f  ten  w hen N aO -f- 
B u was used in place o f  K O -f-B u  in D M S O .
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common intermediate, and the most likely inter
mediate is 2-(l,3~butadien-l-yloxy)ethanol (12) formed

by pro to tropic rearrangement of 10. In addition to 
the rearrangement of lc to 2-(l,3-butadien-2-yloxy)- 
ethanol (11) via, presumably, the allene isomer 2c ob
served in this research, other examples of base-induced 
rearrangements of acetylenes or allenes to conjugated 
dienes are recorded in the literature.9 10 Further, base- 
induced cyclizations analogous to that suggested for 12 
have been observed for l,3-cyclohexa-10a and 1,3-cyclo- 
heptadienyloxyethanol.10b

Interestingly, examination by vpc of the ether ex
tracts of the reaction mixtures from lb and 10, but not 
the distilled cyclic products, showed the presence of 2- 
methyl-2-vinyl-l,3-dioxolane (6c) in amounts which 
represented yields of 3-4%  based on lb or 10. The 
6c could not have arisen from 2-(2,3-butadien-2-yloxy)- 
ethanol (2c) because this compound yields 6c and 2,3- 
dimethyl-l,4-dioxene (7c) in a 2.1:1 ratio in triglyme 
and a 1.1:1 ratio in DMSO under the reaction condi
tions, and no 7c was obtained. It was found that 2- 
(l,3-butadien-2-yloxy)ethanol (11) cyclizes to only 
6c during vapor phase chromatography, and 11 is the 
likely source of the 6c observed from the acetylene lb 
and allene 10. A reasonable route to 11 is an Sn2' dis
placement of alkoxide by alkoxide on 10.

CH2— c h ==c = ch2
c v  X*0 cr

\ /
c h 2ch2

c h 2= c h c = c h 2

\  /  
ch2ch2

Comparison of the results obtained with la and lc 
in both DMSO and triglyme reveals that the most ob
vious result of substitution of a methyl group at pro- 
pargyl carbon is a significant increase in the yields of 
the 2-methylene-l,4-dioxane and 3,6-dioxacyclohep- 
tene. This indicates that the inductive effect of the 
methyl group slows the rate of prototropic rearrange
ment of lc to 2-(2,3-butadien-2-yloxy)ethanol (2c) by 
destabilizing the intermediate carbanion. Thus, the 
importance of ring closure to 4c and 5c is enhanced.

Isolation of a significant amount of 2-methyl-2- 
vinyl-l,3-dioxolane (6c) from reactions of 2-(3-butyn-
2-yloxy) ethanol (lc) in DMSO and in triglyme provides 
a decisive argument against the mechanism proposed 
by Faure and Descotes3 for 2-vinyl-l,3-dioxolane for
mation because the required 2-(l-propynyloxy)ethanol
(3) cannot be formed from lc.

Of even more significance was the large yield of 2,3- 
dimethyl-l,4-dioxene (7c) obtained from reactions of 
lc in DMSO and triglyme. Some of the 7c formed in

(9) F or exam ples, see E . D . B ergm ann, “ T h e  C h em istry  o f  A cety len e  and 
R ela ted  C om p ou n d s,”  Interscience, N ew  Y ork , N . Y .,  1948, p  23 ; W . 
Sm adja , A n n .  C h im . ( P a r i s ) ,  10, 105 (1965), and references cited  therein ; 
H . A . Selling, J. A . R om pes, J. H . V an  B oom , S. H off, L. Bradsm a, and J. F. 
Arens, R e e l .  T r a v .  C h im . P a y s - B a s ,  88, 119 (1969 ); J. A . R om pes, S. H off, 
P . P . M on tijn , L. Bradsm a, and J. F. Arens, i b i d . ,  88, 1145 (1969).

(10) (a) A . T . B ottin i, F . P . C orson , K . A . Frost, I I ,  and W . Schear, 
T e tr a h e d r o n ,  28, 4701 (1972); (b ) K . A . Frost, I I , unpublished w ork .

DMSO certainly arose by base-induced rearrangement 
of 2-methylene-3-methyl-l,4-dioxane (4c). However, 
only half of the 4c rearranged to 7c when a mixture of 
the four cyclic products from lc was treated with KOH 
under the reaction conditions for an extended period,
i.e., for 12 hr, rather than the 0.5-hr reaction time used 
for lc. Further, 4c is stable in triglyme under the re
action conditions. Therefore, at least one interme
diate other than the dioxane 4c must be involved in the 
formation of 7c from lc.

Insight into the mechanism of 2-methyl-l,4-dioxene
(7) formation was gained by studying the behavior of
2-(2,3-butadien-2-yloxy)ethanol (2c) when treated with 
KOH in DMSO and triglyme. Reactions at 100° 
monitored by nmr spectroscopy revealed that 2-methyl-
2-vinyl-l,3-dioxolane (6c) and 2,3-dimethyl-l,4-diox- 
ene (7c) were formed as 2c was destroyed. In addition 
to 6c and 7c, reaction of 2c with KOH in DMSO gave 
small amounts of 2-methylene-3-methyl-l,4-dioxane 
(4c) and 7-methyl-3,6-dioxacycloheptene (5c) (3 and 
2%, respectively), which indicates that slow isomeriza
tion of the allene 2c to the acetylene lc occurs in this 
solvent. This shows as well that 4c is not an important 
source of the dioxene 7c from this reaction of 2c because 
only a small amount of the stable seven-membered ring 
product 5c was observed, and 4c and 5c are formed in a 
ratio of about 1 : 1 on cyclization of lc. The possibility 
that 2c cyclizes directly to 4c and/or 5c seems unlikely 
because no evidence was obtained that indicated the 
presence of these cyclic products in the reaction mix
ture of 2c in triglyme. It may be concluded therefore 
that 2c cyclizes directly to 6c and 7c in triglyme, and 
that rearrangement of 2c to lc does not occur to a sig
nificant extent in that solvent.

The results with 2c clearly implicate this compound 
as the important intermediate in the formation of 2,3- 
dimethyl-l,4-dioxene (7c) from 2-(3-butyn-2-yloxy)- 
ethanol (lc) in triglyme. The different 7c :6c ratios 
obtained from lc and 2c, 11:1 and 2.1:1, can be ex
plained on the basis of the more than 80° temperature 
difference at which the reactions were carried out. 
The small quantity of 2c available required that the 
reaction be followed by means of nmr spectroscopy, and 
it was not practicable for us to attempt the reaction at 
180-190°, the temperature range used for preparative 
scale runs with the propargyloxyethanols la and lc. 
Comparison of the 7c: 6c product ratios obtained from 
lc and 2c in DMSO, 5 .5 :1 and 1.1: 1, indicates that the 
allene 2c and, to a lesser extent, the methylenedioxane 
4c are both important as intermediates for 7c from lc 
in that solvent.

It should be noted here that treatment of 2-(l,3- 
butadien-2-yloxy) ethanol (11) with KOH in DMSO at 
100° did not give a detectable amount of either of the 
six-membered or seven-membered ring products. Pres
ence of a small amount of 2-methyl-2-vinyl-l,3-di- 
oxolane (6c) was indicated by vpc. However, it was 
shown subsequently that about 10% of the 11 cyclized 
to 6c under the vapor phase chromatographic condi
tions. As the observed amount of 6c was about 10% 
of the recovered 11, it seems that the dioxolane 6c was 
not formed in a significant amount by treatment with 
KOH in DMSO. Although 11 is not an intermediate 
in the base-induced cyclizations, its formation is im
portant because it removes the allene intermediate 2c



from the reaction coordinate leading to 6c and 7c, 
thereby decreasing the yield of these products.

The importance of 2c as an intermediate in forma
tion of 2,3-dimethyl-l,4-dioxene (7c) indicates that 
allenyloxyethanol (2a) may be an important interme
diate in formation of 2-methyl- 1,4-dioxene (7a) as well 
as 2-vinyl-l,3-dioxolane (6a) from la in nonaqueous 
solvents. Substitution of a methyl group for hydro
gen at Ci of allenyloxyethanol should favor formation 
of the dioxene by reducing its rate of formation less 
than the rate of formation of the dioxolane. This is 
consistent with the larger 7 :6 product ratio seen for lc. 
On the other hand, if 2a is the single important inter
mediate for formation of 7a, the relative free energies 
of the transition states leading to 6a and 7a from 2a are 
particularly sensitive to changes in solvent because the 
6a: 7a product ratio changes from 20:1 in water to 1:4 
in DMSO to 1:7 in triglyme.2 This corresponds to a 
relative change in free energies of over 3.6 kcal. Al
though such a change is not out of reason, it seems 
difficult to rationalize. Therefore, in the absence of 
additional evidence, 2-(1-propynyloxy) ethanol (3a) 
should continue to be considered as a probable inter
mediate for formation of 7a from propargyloxyethanol 
(la). Significantly, the thioether analog of 3a, 2-(l- 
propynylthio)ethanol, undergoes base-induced cycliza- 
tion to 2,3-dihydro-5-methyl-l,4-oxathiin, and the 
thioether analog of allenyloxyethanol is not a significant 
intermediate in the reaction.11

Comparison of the behavior of the 1:1 mixture of 
diastereomeric l-(3-butyn-2-yloxy)-2-propanols (Id) 
with that of lc on treatment with KOH in DMSO shows 
that substitution of carbinol carbon by a methyl group 
increases the yields of the dioxanes and dioxolanes and 
decreases the yields of the corresponding 3,6-dioxacy- 
cloheptenes and 1,4-dioxene. Increase in yield of the
1,4-dioxanes can be attributed to the greater nucleo- 
philicity of the secondary alkoxide generated from Id, 
and the decrease in yield of the dioxacycloheptenes can 
be rationalized on the basis of increased steric hin
drance in the seven-membered ring owing to the presence 
of the second methyl group. The increased yield of
1,3-dioxolanes and decreased yield of 1,4-dioxene can 
also be attributed to the increased nucleophilicity of the 
alkoxide. There should be less new carbon-oxygen 
bond formation in the transition states leading to 6d 
and 7d (6d * and 7d+) than in those leading to 6c and 
7c (6c *  and 7c *), and consequently there is likely to 
be less stabilizing allylic resonance developed in 7d:): 
than in 7c It should also be noted that part of the 
lower yield of the dioxene may be accounted for by 
the lesser tendency of the 2-methylene-l,4-dioxanes to 
rearrange.

On treatment with KOH in DMSO, the cyclopentane 
derivative le gave a 35 :65 mixture of the corresponding
3,6-dioxacycloheptene 5e and dioxene 7e, and the cy
clohexane derivative If gave a 6:94 mixture of the cor
responding 2-vinyl-1,3-dioxolane 6f and dioxene 7f. 
Although the 3,6-dioxacycloheptene 5e and the 1,3- 
dioxolane 6f were undoubtedly formed by cyclization, 
respectively, of the starting propargyloxycyclopentanol 
le and the allenyloxycyclohexanol 2f, the origin of the 
two dioxenes is unclear. They could have been formed 
by cyclization of either or both of the corresponding

(11) A . T . B ottin i and E . F. B ottner, J .  O r g . C h e m .,  S I, 385 (1966).

Alkyl-Substituted Propargyloxyethanols

allenyloxy alcohols (2e and 2f) or 1-propynyloxy alco
hols (3e and 3f). In addition, part of the 7f could 
have arisen by rearrangement of the dioxane 4f, which 
is converted rapidly to 7f under the reaction conditions. 
As the cyclopentane le gave virtually none of the 1,4- 
dioxane 4e on treatment with aqueous KOH, it is un
likely that 4e is a significant intermediate in the for
mation of 7e.

Reactions in i-BuOH.—Study of the effect of solvent 
on the course of base-induced cyclizations of the 
propargyloxyethanols was extended to include ¿-BuOH. 
Also, KCM-Bu was used in addition to or in place of 
KOH with several of the proparglyoxyethanols. Based 
on the results of Price and Synder12 and Cram and co- 
workers,13 it was anticipated that the rates of proto
tropic rearrangement and the nucleophilicity of oxygen 
would be greater in ¿-BuOH than in water but less than 
in DMSO. Substitution of KO-i-Bu for KOH was ex
pected to result in faster rates of prototropic rearrange
ment and, because of the greater effective alkoxide con
centration, faster rates of nucleophilic addition. The 
results are summarized in Table III. Note that all of

T a b l e  III
Y i e l d s  a n d  P r o d u c t  C o m p o s i t i o n s  f r o m  R e a c t i o n s  

o f  P r o p a r g y l o x y e t h a n o l s  w i t h  B a s e  i n  i-BuOH°
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-C om position , % --------- *
C om pd Base Y ield , % 4 6 6 7

l a KOH 61 5 8 65 22
l b KOH 156 57 37
l c KOH 38 42 39 6 12
l c KO-(-Bu 36 37 28 10 26
I d KO-i-Bu 58 35“ 7d 25' 33
l e KOH 61 48 52
I f KOH 80 31 4 13 52
I f KO-i-Bu 82 12 2 21 65

“ Reaction mixtures were 2 iff in compound and 2 M  in base, 
and reactions were carried out at reflux temperature for 12 hr. 
b Includes 5%  9. ‘ As a 1 . 8 : 1  mixture of diastereomers. d As 
a 1 . 9 : 1  mixture of diastereomers. '  As a 1 . 4 : 1  mixture of 
diastereomers.

the cyclic products were stable under the reaction con
ditions.

The compositions of the cyclic ethers obtained from 
la and lc—If with KOH in ¿-BuOH are clearly interme
diate between those obtained in water and in DMSO. 
Substitution of KO-i-Bu for KOH gave compositions 
of cyclic ethers that were somewhat more similar to those 
formed in DMSO.

Interestingly, propargyloxyethanol (la) gave 2- 
vinyl-l,3-dioxolane (6a) as the major product. This 
could be due to a slowing of the prototropic rearrange
ment of allenyloxyethanol (2a) to 1-propynyloxyeth- 
anol (3a) relative to its ring closure to 6a. Alterna
tively, both 6a and 2-methyl-1,4-dioxene (7a) could 
arise by cyclization of 2a. The latter would require 
that the 6a: 7a product ratio from 3a is a highly sensi
tive function of solvent, with the dioxolane 6a being 
favored in hydroxylic solvents. The results seen with 
lc and Id, specifically the solvent dependence of the 
corresponding dioxolane: dioxene (6:7) ratio, require 
this latter explanation.

(12) C . C . P rice  and W . H . Snyder, i b id . ,  27, 4639 (1962).
(13) D . J. Cram , B . R ick born , and G . R . K n ox , J .  A m e r .  C h e m . S o c . ,  82, 

6412 (1960).
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Significantly different ratios of dioxolane 6f and 
dioxene 7f were obtained from (rans-2-propargyloxy- 
eyclohexanol (If) with KOH and KO-i-Bu. This as 
well as the slightly different 4 c : 5c ratios obtained from
2- (3-butyn-2-yloxy) ethanol (lc) on treatment with the 
two bases can be attributed to the fact that the reac
tion mixtures containing KOH also contain a small 
amount of water.

The results with 2-(2-butyn-l-yloxy)ethanol (lb) 
require only brief comment. 2-Methyl-3,6-dioxacyclo- 
heptene (5b) accounts for a much higher per cent of the 
products in ¿-BuOH than in DMSO, and the 2-(l- 
propenyl)-2-allyl-l,3-dioxolane (6b: 9) product ratio is 
raised from 4.1:1 to ca 7:1.

During the course of the work with 2-(3-butyn-2- 
yloxy)ethanol (lc), it was observed that the per cent 
of 2-methy 1-2-vinyl-1,3-dioxolane (6c) present in the 
distilled product fraction was substantially less than 
that indicated by vpc analysis of the ether extract of 
the reaction mixture. Careful fractionation of the 
reaction mixture led to isolation of 2-(2,3-butadien-2- 
yloxy)ethanol (2c) and fractions enriched in 2-(1,3- 
butadien-2-yloxy)ethanol (11). When subjected to 
the conditions used for chromatographic analysis, both 
2c and 11 gave 6c. Similar observations were noted 
with the diastereomeric l-(3-butyn-2-yloxy)-2-pro- 
panols (Id). Subsequent examination of the reaction 
mixtures indicated the presence of l-(l,3-butadien-2- 
yloxy)-2-propanol, which cyclized on gas chromatog
raphy to a 1:1 mixture of the diastereomeric 2,4-di- 
methyl-2-vinyl-l,3-dioxolanes (6d and 6d').

Experimental Section
Temperatures are uncorrected. Ir spectra were obtained 

with a Beckman IR-8 spectrophotometer; spectra of samples 
available in only microliter quantities were obtained using micro- 
NaCl plates and a beam condenser. Unless stated otherwise, 
nmr spectra were obtained of CCh solutions with a Varian Asso
ciates A-60A spectrometer; resonance frequencies in nmr spectra 
were determined relative to 1-2%  internal tetramethylsilane. 
Vpc chromatograms were obtained with an Aerograph Model 
A-700 or A-90. Mass spectra were determined with a Consoli
dated Electrodynamics Corp. Type 21-104 mass spectrometer; 
an ionizing voltage of 70 eV was used. Microanalyses were per
formed at the Microanalytical Laboratory, University of Califor
nia, Berkeley, and Galbraith Laboratories, Inc., Knoxville, Tenn. 
Potassium ieri-butoxide (KO-LBu) was obtained from MSA 
Research Corp. The KOH used was Mallinckrodt 85% mini
mum assay.

2-(2-Butyn-l-yloxy)ethanol ( lb ) .— To a rapidly stirred sus
pension prepared from 47 g (<0.71 mol) of coarsely powdered 
KOH and 100 g (1.43 mol) of 2-butyn-l-ol maintained at 10° 
under a Dry Ice reflux condenser was added dropwise 79 g (0.71 
mol) of ethylene bromohydrin. During the addition KBr pre
cipitated. When the addition was complete the cooling bath 
was removed, and the temperature of the mixture rose to 40° in 
45 min. When the reaction was no longer exothermic, the mix
ture was heated at 70-80° for 1 hr. The KBr was removed by 
filtration and washed with ether (100 ml). The filtrate con
taining the ether wash consisted of two layers. The heavy layer, 
which was miscible with water, and the ether solution were dis
tilled to give a forerun of 2-butyn-l-ol and 48.6 g (60%) of 2-(2- 
butyn-l-yloxy)ethanol (lb ): bp 75° (4 mm); k 24d  1.4586; nmr 
6 4.08 (q, J  =  2.3 Hz, 2, CH2C = C ), 3.57 (m, 4, 0C H 2CH20 ) ,
3.32 (s, 1, OH), and 1.83 ppm (t, J  = 2.3 Hz, 3, C = C C H 3).

Anal. Calcd for C6H i0O2: C, 63.14; H, 8.83. Found: C, 
63.05; H, 8.71.

2-(3-Butyn-2-yloxy)ethanol (lc ) was prepared as described for 
lb  from 104 g  (>1.58 mol) of KOH, 217 g  (3.10 mol) of 3-butyn-
2-ol, and 191 g  (1.53 mol) of ethylene bromohydrin. The yield 
was 111 g  (63% ) of lc : bp 72-73° (12 mm); ?i 22d  1.4418; nmr 
5 4.17 (q, d, J =  7 and 2 Hz, 1, CHO), 3.17-3.95 (m, 4, CH2-

CH2), 3.13 (s, 1, OH), 2.42 (d, J = 2 Hz, 1, H C feC ), 1.41 ppm 
(d, /  = 7 Hz, 3, CHS).

Anal. Calcd for C6Hio02: C, 63.14; H, 8.83. Found: C, 
62.88; H, 8.85.

1- (3-Butyn-2-yloxy)-2-propanol (Id) was prepared in 33% 
yield as described by Faure and Descotes:3 bp 72-74° (14 mm); 
n23D 1.4362 (lit.3 bp 168°; ri®D 1.4365); nmr 5 2.88-4.27 (m, 4, 
CHOCH2CH), 2.48 (s, 1. OH), 2.33 (d, J  = 2 Hz, 1, H C = ) ,
1.38 (d, /  =  6 Hz, 3, CH3), 1.08 ppm (d, J  = 6 Hz, 3, CH3).

The acetate was prepared in 93% yield from 10 g of Id using 
the procedure of Marmor:14 15 bp 55-58° (3 mm); rc22-6d 1.4269; 
nmr 5 4.58-5.13 (m, 1, OCHCH20 ) , 3.85-4.27 (m, 1, O C H C = ),
3.14-3.73 (m, 2, OCH2), 2.32 (d, J =  2.5 Hz, 1, C = C H ), 1.93 
(s, 3, CH3CO), 1.36 (d, J =  6.6 Hz, 3, CH3), 1.18 ppm (d, J  =
6.6 Hz, 3, CH3).

Anal. Calcd for C9H h0 3: C, 63.50; H, 8.31. Found: C, 
63.35; H, 8.22.

Analysis by vpc using a 24-ft TCEP column at 82° indicated 
the presence of the two diastereomeric acetates in a ratio of 
49:51, assuming equal detector sensitivity for the two stereo
isomers.

frons-2-Propargyloxycyclopentanol ( le ) .— Using a procedure 
patterned after that described3 for preparation of If, 150 g of 
cyclopentene oxide was converted in 54% yield to le : bp 78- 
79° (1.5 mm); n22D 1.4803; nmr « 4.07 (d , / ,  = 2  Hz, 2, CH2C =  
C), 3.62-4.15 (m, 2, OCHCHO), 3.37 (s, 1, OH), 2.36 (t, J =  
2 Hz, 1, H C = C ), 1.27-2.12 ppm [m, 6, (CH2)3] .

Anal. Calcd for CsHi202: C, 68.59; H, 8.57. Found: C, 
68.47; H, 8.68.

ircms-2-Propargyloxycyclohexanol (If) was prepared in 79% 
yield from 115 g of cyclohexene oxide by the method of Faure 
and Descotes:3 bp 86-87° (3 mm); n22D 1.4821 [lit.3 bp 120° 
(20 mm); n22D 1.4790]; nmr S 4.23 (d, /  =  2.5 Hz, 2, CH2C = C ),
3.32 (m, 2, OCHCHO), 3.08 (s, 1, OH), 2.40 (t, J  =  2.5 Hz,
1, H C = C ) 0.83-2.33 ppm [m, 8, (CH2)4] .

2- (2,3-Butadien-l-yloxy)ethanol (10).— To a rapidly stirred 
mixture of 35.5 g (0.40 mol) of allenylcarbinyl chloride16 and 22 
g of dry ethylene glycol under nitrogen at 30-40° was added 
dropwise a solution prepared from 9.2 g (0.40 mol) of sodium 
and 248 g of dry ethylene glycol. When the addition was com
plete the stirred mixture was heated at 75° for 6 hr, cooled, and 
stirred at room temperature for 9 hr. The mixture was added 
to 250 ml of water and extracted with ether (4 X 100 ml). The 
organic phases were combined, dried (K 2C 03), and distilled to 
give 6.4 g (95% pure, 13%) of 10, bp 92-106° (25 mm). An 
analytical sample was obtained by preparative vpc on XF-1150: 
w24d 1.4688; nmr 5 4.98-5.43 (m, 1, CH2C H = ), 4.62-4.82 (m,
2, = C = C H 2), 4.00 (d, t, /  =  2.5 and 6.6 Hz, 2, OCH2C H = C ), 
and 3.37-3.74 ppm (m, 5, CH2CH2OH).

Anal. Calcd for C6Hi0O2: C, 63.18; H, 8.77. Found: C, 
62.95; H, 8.96.

Reactions of the Proparagyloxyethanols ( la - l f )  and 10 with 
Base.'—¿eri-Butyl alcohol (¿-BuOH) was distilled immediately 
before use, bp 82-83°. Freshly distilled dimethyl sulfoxide 
(DMSO), bp 84° (20 mm), was passed over Woelm neutral 
alumina, activity grade I, into a dry reaction vessel immediately 
before use; 15 g of alumina was used for each 40 ml of DMSO.

For all reactions carried out in water, ¿-BuOH, or DMSO, the 
reaction mixture was 2 M  in 1 or 10 and 2 M  in base. Reactions 
in water or ¿-BuOH were carried out at reflux temperature, those 
in DMSO at 100 ±  5°. The cooled ¿-BuOH and DMSO reac
tion mixtures were added to 1-3 volumes of water, and all aqueous 
solutions were extracted continuously with ether for 8-12 hr. 
The reaction of lc  with KOH in triglyme was carried out as de
scribed for propargyloxyethanol ( la ) .2 Ether solutions were 
dried (NaOH), analyzed by vpc, and distilled. The distilled 
product mixtures were again analyzed by vpc, and these analyses 
were checked by nmr and, in some cases, ir spectroscopy.

2-(2,3-Butadien-2-yloxy)ethanol (2c).— A mixture of 10.0 g 
(0.152 mol) of KOH, 75.0 ml of ¿-BuOH, and 17.5 g (0.153 mol) 
of lc  was heated under reflux for 9.5 hr. In addition to the 
cyclic products, work-up gave a 0.3-g fraction with bp 73-78° 
(13 mm): ir 1945 cm -1 (s, C = C = C ) ;  nmr 6 5.24 (q, J =  3 H z, 
C = C = C H 2), 3.60 (s, broad, CH2CH2), 2.92 (s, OH), and 1.87

(14) S. M arm or, “ L a boratory  G uide for O rganic C h em istry ,”  D . C . H eath , 
B oston , M ass., 1964, p  272.

(15) P repared b y  D r. J. E . Christensen accord in g to  the proced u re  o f
W . H . C arothers, G . J. B ercket, and A . M . Collins, J .  A m e r .  C h e m . S o c . ,  
54, 4066 (1932).
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ppm (t, J  =  3 Hz, CH3). Bands due to 2-(l,3-butadien-2- 
yloxy)ethanol (11) were also present in the ir and nmr spectra. 
Analysis by nmr, which was in accord with vpc analysis on X F- 
1150, indicated that the fraction was a 2:1 mixture of 2c and 11.

2-( 1,3-Butadien-2-yloxy)ethanol (11).— A mixture of 17.1 g 
(0.155 mol) of KO-f-Bu, 75.0 ml of Z-BuOIi, and 17.2 g (0.151 
mol) of lc was heated under reflux for 8 hr. In addition to the 
cyclic products, work-up gave 1.4 g (8% ) of 11 : bp 66° (6 mm); 
mass spectrum m/e (rel intensity) 99 (20), 87 (38), 71 (74), 55
(60), 53 (45), 45 (29), 43 (100), 42 (28), 39 (24), 29 (24), 15 (30); 
uv Xm„  2320 Â (e 10,000); nmr (20% in PhH) 5 5.54-6.42 (m, 
2, C H = C H 2), 4.96-5.13 (m, 1, = C H C = ) ,  4.08 (s, 2, C = C H 2),
3.62 (broad s, 4, CH2CH2), and 3.17 ppm (s, 1, OH).

Anal. Calcd for C6H m0 2: C, 63.14; H, 8.83. Found: C, 
62.69; H, 8.88.

Reactions of 2-(2,3-Butadien-2-yloxy)ethanol (2c). A. 
With KOH in DMSO.— A heavy-walled nmr tube was charged 
under nitrogen with 92 /A of DMSO, 11.7 mg (0.177 mmol) of 
KOH, 7.7 mg of PhH (internal standard), and 19.9 mg of a 2:1 
mixture of 2c and 11. The tube was sealed and, after the nmr 
spectrum of the mixture was taken, placed in an ethylene glycol 
bath maintained at 100° by the vapors of boiling water. From 
time to time the tube was removed from the bath and cooled, and 
the extent of the reaction was determined by nmr. The de
crease in area of the triplet due to the methyl of 2c and the in
crease in the areas of thé singlets due to the methyls of 2-methyl-
2-vinyl-l ,3-dioxolane (6c) and 2,3-dihydro-5,6-dimethyl-l,4- 
dioxene (7c) were monitored for 6 hr, at which time all of the 2c 
had reacted to give an 80% yield of a mixture that consisted of 
3%  4c, 2%  Sc, 45%  6c, and 50% 7c.

B. With KOH in Triglyme.— Following the procedure for the 
reaction in DMSO, a mixture of 96 iA of triglyme, 21.1 mg of a 
2:1 mixture of 2c and 11, and 12.1 mg (0.184 mmol) of KOH was 
heated at 100°, and the extent of the reaction was determined 
from time to time by nmr. After 16.7 hr, the reaction mixture 
was analyzed by vpc using 1,4-dioxane as internal standard; 
83% of the 2c had reacted, and the combined yield of 6c and 7c 
in a 1:1.1 ratio was 84% .

Reactions of 2-(l,3-Butadien-2-yloxy)ethanol (11). A. With 
KOH in DMSO.— A stirred mixture of 504 mg (4.4 mmol) of 11, 
284 mg (4.30 mmol) of KOH, and 2.2 ml of DMSO was heated 
at 100° for 12 hr. The reaction mixture was cooled and added 
to 25 ml of water, and the aqueous mixture was extracted with 
PhH ( 5 X 8  ml). Vpc analysis and use of a calibration curve 
prepared from solutions of 9c in PhH indicated that up to 26 mg 
(5% ) of 6c could have been present in the PhH extract. In order 
to estimate the amount of unreacted 11, a calibration curve was 
prepared using solutions of 2-(3-butyn-2-yloxy)ethanol (lc) in 
PhH. It was estimated that 243 mg (48%, uncorrected for sen
sitivity differences) of 11 was unchanged. That the material 
was 11 was confirmed by determination of its mass spectrum. 
Also present in the phH extract was a significant amount of high- 
boiling material, which was not identified.

B. With KO-Z-Bu in Z-BuOH.— A mixture of 496 mg (4.4 
mmol) of 12, 506 mg (4.5 mmol) of KO-f-Bu, and 2.2 ml of f- 
BuOH was heated under reflux for 12 hr. Analysis of the PhH 
extract of the reaction mixture by vpc using the previously con
structed calibration curves indicated that up to 30 mg (6% ) of 
6c could have been present in the extract in addition to 292 mg 
(59%, uncorrected for sensitivity differences) of 11. The iden
tity of 11 was confirmed by determination of its mass spectrum.

Characterization of Cyclization Products.— Summarized below 
are pertinent data for individual compounds. The stationary 
phase of the vpc column used for purifying the compound is given 
in parentheses. Unless a compound was isolated in a relatively 
pure state ( > 97% ) by distillation, its boiling point is not given.

2-Methylene-3-methyl-l,4-dioxane (4c) (XF-1150) had m22d 
1.4476; ir 1650 cm -1 (m); nmr 6 4.35 (m, 1, C = C H ), 4.16 (m, 
1, C = C H ), 3.50-4.14 (m, 5, OCH2CH2OCH), and 1.28 ppm 
(d, J = 6.5 Hz, 3, CH3).

Anal. Calcd for C6H i0O2: C, 63.14; H, 8.83. Found: C, 
63.12; H, 9.02.

Zrans-3-M ethylene-2,5-dimethyl-l ,4-dioxane (4d) (XF-1150
and TCEP) had to23d 1.4415; ir 1645 cm "1 (s); nmr (TM S) 5
4.36 (narrow m, 1, C = C H ), 4.14 (narrow m, 1, C = C H ), 3.10-
4.04 (m, 4, OCHCH2OCH), 1.25 (d, J =  6 Hz, 3, OCHCH3C = ) ,  
and 1.07 ppm (d, /  =  6 Hz, 3, 0CH CH 3CH20 ).

Anal. Calcd for C7H120 2: C, 65.65’; H, 9.37. Found: C, 
65.71; H, 9.62.

cfs-3-MethyIene-2,5-dimethyl-l,4-dioxane (4d') (XF-1150) had 
n23D 1.4426; ir 1645 cm “ 1 (s); nmr (TM S) S 4.28 (s, 1, C = C H ),
4.06 (s, 1, C = C H ), 3.12-4.22 (m, 4, OCHCH2OCH), 1.26 (d, 
J  =  6.5 Hz, 3, OCHCH3C = ) ,  and 1.16 ppm (d, J =  6.5 Hz, 3, 
0CH CH 3CH20 ).

A n a l .  Calcd for C7H120 2: C, 65.65; H, 9.37. Found: C, 
65.48; H, 9.52.

2.5- Dioxa-3-methylene-irans-bicyclo[4.4.0]decane (4f) had bp 
68° (2 mm); ir 1645 cm “ 1 (s); nmr S 4.33 (s, 1, C = C H ), 4.10 
(s, 3, OCH2 and C = C H ), 2.67-3.77 (m, 2, OCHCHO), and
0. 5-2.34 ppm [m, 8, (CH2)4] .

A n a l .  Calcd for C9H i,02: C, 70.07; H, 9.16. Found: C, 
70.10; H, 9.15.

The methylene-1,4-dioxanes 4c, 4d, 4d', and 4f were also con
verted to the corresponding methyl-1,4-dioxenes by treatment 
with KOH in DMSO (see Stability Studies below).

2-Methyl-3,6-dioxacycloheptene (5b) (XF-1150) had n ^ D  

1.4636; ir 1677 cm “ 1 (vs); nmr S 4.62 (t, q, /  =  5 and 1 Hz, 1, 
CH2C H =C C H 3), 3.59-4.02 (m, 6, OCH2CH2OCH2), 1.72 ppm 
(d, /  =  1 H z ,3 ,C H 3).

A n a l .  Calcd for C6Hio02: C, 63.14; H, 8.83. Found: C, 
62.94; H, 8.87.

7-Methyl-3,6-dioxacycloheptene (5c) (XF-1150) had n n D  

1.4489; ir 1650 cm “ 1 (vs); nmr 5 6.12 (d, d, J =  8 and 2 Hz, 1, 
O C H = C ), 4.45 (d, d, J  =  8 and 2 Hz, 1, O C H =C H ), 3.25-
4.33 (m, 5, CH 0CH 2CH20 ) , and 1.22 ppm (d, /  =  8 Hz, 3, 
CH3).

A n a l .  Calcd for C6Hio02: C, 63.14; H, 8.83. Found: C, 
63.24; H, 8.94.

Zra?ii-4,7-Dimethyl-3,6-dioxacycIoheptene (5d) (XF-1150) had 
n22.5D i .44g9; jr 1040 cm ” 1 (s); nmr (TM S) 5 5.93 (d, m, J  =  6 
Hz, 1, O C H = C ), 4.08-4.58 fm, 3, CH2CHCH30 , C H = C H - 
CHCH3), 3.64-3.72 (m, 2, OCH2CH), and 1.15 ppm (d, J  =
6.0 Hz, 6, OCHCH3C = , OCHCH3CH2).

A n a l .  Calcd for C7Hi20 2: C, 65.65; H, 9.37. Found: C, 
65.49; H, 9.61.

ei,s-4,7-Dimethyl-3,6-dioxacycloheptene (5d') (XF-1150) had 
ir 1645 cm ” 1 (s); nmr (TM S) 5 6.15 (d, d, J — 7.5 and 2.4 Hz,
1, O C H = C ), 3.05-4.37 (m, 4, OCHCH2OCH), 1.20 (d, /  =
6.5 Hz, 3, OCHCH3C = ) ,  and 1.13 ppm (d, J =  6.5 Hz, 3, 
0CH CH 3CH20 ).

A n a l .  Calcd for C7H120 2: C, 65.65; H, 9.37. Found: C, 
65.74; H, 9.39.

2.6- Dioxa-frans-bicyclo[5.3.0]dec-3-ene (5e) (XF-1150) had 
k2Sd 1.4842; ir 1655 cm ” 1 (s); nmr 5 6.15 (d, m, J =  7.5 Hz, 1, 
O C H = C ), 4.33-4.57 (m, 1, O C H =C H C H 2), 3.35-4.09 (m, 4, 
OCH2, OCHCHO), and 1.36-2.27 ppm [m, 6, (CH2)3].

A n a l .  Calcd for CsHi20 2: C, 68.59; H, 8.57. Found: C, 
68.37; H, 8.64.

2.6- Dioxa-frarw-bicyclo[5.4.0]undec-3-ene (5f) (Carbowax, iso
lated as a 1:1 mixture with 7f) had nmr 5 6.32 (d, t, J =  7 and 
~ 0 .5  Hz, 1, O C H = C ), 4.84 (d, t, J =  7 and —0.5 Hz, 1, O C H =  
CH ), 3.92-4.30 (m, 2, OCH2C = ) ,  2.83-3.84 (m, OCHCHO, 
both isomers), 0.87-2.50 [m, (CH2)4, both isomers].

2-(l-Propenyl)-l,3-dioxolane (6b) was identical with the prod
uct obtained by the method cf Heywood and Phillips:5“ bp 
141°; ?i24d 1.4407 (lit.16 bp 147°; lit.50 a30d 1.4380); nmr 5 4.98-
5.93 (m, 3, CH C H =C H CH 3), 3.56-4.04 (m, 4, 0C H 2CH20 ), 
and 1.73 ppm (d, d, J =  5.8 and 0.6 Hz, 3, CH3).

2-Methyl-2-vinyl-l,3-dioxolane (6c) was identical with the 
product obtained in 36% yield from methyl vinyl ketone and 
ethylene glycol using the method of Fischer and Smith :5b bp 
110-112° [lit.16 17bp 111-112° (70m m )]; w23d 1.4201; nm rS4.90-
5.96 (m, 3, C H = C H 2), 3.68-3.92 (m, 4, 0C H 2CH20 ) , and 1.35 
ppm (s, 3, CH3).

A n a l .  Calcd for C6HI0O2: C, 63.14; H, 8.83. Found: C, 
63.14; H, 8.75.

The diastereomeric 2,4-dimethyl-2-vinyl-l,3-dioxolanes (6d 
and 6d') (XF-1150) were identical with the products with bp
77-78° (128 mm) obtained in a combined yield of 32%  from 
methyl vinyl ketone and propylene glycol by the method of 
Fischer and Smith.5b The BR,SS isomer (more stable form, 
6d) had ?i23d 1.4133; nmr 5 4.92-6.08 (m, 3, C H = C H 2), 3.77- 
4.35 (m, 2, OCH2CHO), 3.18-3.54 (m, 1, OCH2CHO), 1.36 (s, 
3, CCH3C H = ), and 1.20 ppm (d, J =  6 Hz, CH2CHCH3).

(16) J . P . Fourneau and S. C hantalou , B u l l .  S o c .  C h i m .  F r . ,  12, 845 
(1.945).

(17) J. M artinez M adrid  and J. L . M ateo , M a r k r o m o l .  C h em .., 136, 113 
(1970).
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T a b l e  IV
R e s u l t s  o p  S t a b i l i t y  S t u d i e s  o p  C y c l i c  P r o d u c t s  S u b j e c t e d  t o  B a s e - I n d u c e d  C y c l i z a t i o n  C o n d i t i o n s “

✓-------------In itia l com position  % ------------- - ✓------- ------F inal com position  %■

Substituents Solvent R ecov ery , % 4 s 6 7 4 6 6 7
a b - d DMSO 38 36 22 4 21 34 20 25
Q b ,d ,e DMSO 38 36 22 4 3 33 23 41
a b - d j DMSO 38 36 22 4 40 36 20 4
a M ./ . f f DMSO 38 36 22 4 29 36 20 16
C c ' h TG* 80 61 36 <1 3 63 32 <1 4
Cc ’ h DMSO 71 61 36 <1 3 31 31 <1 38
d H 20 70 65 9 26 <1 65 10 24 <1
d» f-BuOH 68 24 11 44 20 27 12 37 24
d DMSO 76 65 9 26 <1 2 4 25 69
e H20 75 0 38 0 62 0 41 0 59
e f-BuOH 94 0 38 0 62 0 38 0 62
e DMSO 96 0 38 0 62 0 38 0 62
e> DMSO 89 0 38 0 62 0 28 0 71
f i-BuOH 78 >99 0 0 0 >99 0 0 0
f DMSO 74 >99 0 0 0 <2 0 0 98

“ Unless noted otherwise base was KOH, temperature was 100° in DMSO, 190° in triglyme, and reflux temperature in water and t- 
BuOH, reaction time was 12 hr, and a 1:1 mole ratio of base:cyclic product mixture was used. 6 Temperature 120°. c Reaction 
time 0.7 hr. d A 1:2 mole ratio of base: 4a was used. * Reaction time 4.8 hr. ! Base was NaOH. « Reaction time 4.4 hr. h Tem 
perature 190°; sealed tube. * 90 mol %  triglyme-10 mol %  i-BuOH. ' Base was KO-i-Bu.

Anal. Calcd for C7Hi20 2: C, 65.64; H, 9.37. Found: C, 
65.58; H, 9.94.

The RS,SR  isomer (less stable form, 6d') had nud 1.4154; 
nmr 5 4.91-6.11 (m, 3, C H = C H 2), 3.86-4.42 (m, 2, OCH2CHO),
3.14-3.46 (m, 1, OCH2CHO), 1.32 (s, 3, CCH8C H = ), and 1.18 
ppm (d, J =  6 Hz, 3, CH2CHCH3).

Anal. Calcd for CjH i20 2: C, 65.64; H, 9.37. Found: C, 
65.83; H, 9.62.

7,9-Dioxa-8-vinyl-irans-bicyclo[4.3.0]nonane (6f ).— Treatment 
of 2.0 g (0.105 mol) of 7,9-dioxa-8-(2-chloroethyl)-irons-bicyclo-
[4.3.0]nonane, which was prepared in 52% yield from trans-1,2- 
cyclohexanediol, acrolein, and gaseous hydrogen chloride ac
cording to the method of Hibbert and Whelan,6“ with 11.9 g of 
KO-f-Bu in 100 ml of DMSO at 77° for 3 hr gave a 14% yield of 
6f, which was identical with the product obtained from If: bp
70-72° (6 mm); n23d 1.4671; nmr 5 4.80-6.20 (m, 4, C H C H =  
CH2), 2.57-3.50 (m, 2, OCHCHO), and 0.42-2.50 [m, 8, (CH2)4] .

Anal. Calcd for C9H h0 2: C, 70.09; H. 9.15. Found: C,
69.88; H, 9.19.

2-Allyl-l,3-dioxolane (9)18 (XF-1150) had n26D 1.4366; nmr 
5 5.45-6.12 (m, 1, C H = C H 2), 4.85-5.23 (m, 2, C H = C H 2),
4.77 (t, J =  4.8 Hz, CHCH2), 3.69-3.94 (m, 4, OCH,CH20 ), 
and 2.22-2.46 ppm (m, 2, CH2C H = ).

Anal. Calcd for C 6Hio0 2: C, 63.14; H, 8.83. Found: C,
63.03; H, 8.85.

2,3-Dimethyl-l,4-dioxene (7c) (XF-1150) had to22d 1.4474; 
ir 1700 cm -1 (s); nmr S 3.92 (s, 4, 0C H 2CH20 )  and 1.67 ppm 
(s, 6, CH3C = C C H 3).

Anal. Calcd for CcH i0O2: C, 63.14; H, 8.83. Found: C,
63.37; H, 9.12.

' Treatment of 2.31 g (0.0203 mol) of 7c with 6.30 g (0.0197 mol) 
of mercuric acetate according to the method of Summerbell, 
et al.A gave 3.42 g (87%) of mercury and 1.61 g (95% ) of butane-
2,3-dione. Ethylene glycol was also detected (vpc on Poropak 
Q) as a product, but its yield was not determined.

2.3.5- Trlmethyl-l,4-dioxene (7d) (XF-1150) had ?i 23d  1.4416 
(lit.3 bp 140°; ?i 25d  1.4335); ir and nmr in excellent agreement 
with data reported by Faure and Descotes.3

2.5- Dioxa-3-methyl-frons-bicyclo[4.3.0]non-3-ene (7e) (XF- 
1150) had ?i 22d  1.4710; ir 1673 cm -1 (s); nmr S 5.62 (q, J  =  1.3 
Hz, 1, C==CH), 3.32-3.85 (m, 2, OCHCHO), 1.20-2.20 ppm 
[m with superimposed d at 1.63 ppm, J =  1.3 Hz, 9, (CH2)3 and 
CH3], 18

(18) Synthesis o f  9 has been cla im ed b y  U . Faass and H . H ilgert, C h e m .  
B e r . ,  87, 1343 (1954).

Anal. Calcd for C8Hi20 2: C, 68.59; H, 8.57. Found: C, 
68.81; H, 8.63.

2,5-Dioxa-3-methyl-frans-bicyclo[4.4.0]dec-3-ene (7f) had bp
50-51° (2.5 mm); n 23D 1.4750 [lit.3 bp 92° (18 mm); n ^ D  1.4772]; 
ir and nmr in excellent agreement with data reported by Faure 
and Descotes.3 Treatment of 3.23 g (0.021 mol) of 7f with 6.32 
g (0.0198 mol) of mercuric acetate according to the method of 
Summerbell, et al.A gave 3.75 g (94% ) of mercury and 2.23 g 
(97%) of imns-l,2-cyclohexanediol, which was free of its cis 
isomer as determined by vpc on 4%  Scrbitol-16% silicone 703.

Stability Studies.— Examination of the stability of the cyclic 
products was conducted under conditions that closely approxi
mated the reaction conditions used for their preparation; gen
erally, a mixture of the cyclic products was heated with base in 
water at reflux, in i-BuOH at reflux, in triglyme at 190°, or in 
DMSO at 100 or 120°. The work-up procedure was identical 
with that described for the cyclization reactions. Results are 
summarized in Table IV.

Registry No.—lb, 38644-91-6; lc, 18668-75-2; Id, 
3973-21-5; Id acetate, 38653-27-9; le, 38653-28-0; If,
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38653-35-9; 5c, 38653-36-0; 5d, 38653-37-1; 5d',
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4528-26-1; 6c, 26924-35-6; 6d, 38653-43-9; 6d',
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clopentene oxide, 285-67-6; allenylcarbinyl chloride, 
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The Base-Induced Ring Enlargement of Halomethylenecyclobutanes.
A Carbon Analog of the Beckmann Rearrangement

K. L. E rickson

J e p p s o n  L a b o r a t o r y ,  C l a r k  U n i v e r s i t y ,  W o r c e s t e r ,  M a s s a c h u s e t t s  0 1 6 1 0  

R e c e i v e d  N o v e m b e r  3 0 ,  1 9 7 2

1-Chloromethyl-l-methylcyclobutane (9) and ethylthiomethylenecyclobutane (15) do not undergo ring en
largement with potassium ierf-butoxide, although the latter compound does form the vinyl anion. Bromo- 
methylenecyclobutane (37) rearranges in DMF in the presence of potassium ¿erf-butoxide and potassium iodide 
to give (erf-butoxymethylcyclobutene (39), 1-bromocyclopentene (38), and 1-iodocyclopentene (40). The forma
tion of 40 is taken as evidence for the intermediacy of a carbene-bromide complex and a cyclopentyne-bromide 
complex in analogy to the Beckmann rearrangement of imine derivatives.

The base-induced rearrangement of 1-halomethylene- 
cyclobutanes (1) to 1-halocyclopentenes (2) has been

X

<^>=CH X +  KO-i-Bu —

1 2

under investigation in our laboratory for the past few 
years.1 The stereospecificity of the rearrangement of 
the two unsymmetrical isomers 3 and 4 to 5 and 6, re-

3 5

<^Br
4 6

spectively, led us to postulate a cleavage-recombination 
mechanism for the ring enlargement process (eq l ) . lc

8 2

In attempts to provide further evidence in support of 
this mechanism, we have instead cast doubt upon its 
validity and have accumulated data more in agreement 
with an alternate mechanism. In addition, we have 
examined the sulfur analog of 1 and a nonvinyl analog 
to further delineate the generality of this reaction.

Results and Discussion

The only systems to date which have been found to 
undergo the ring-enlargement reaction are those with a 
vinyl halide substituent.lb To determine if the vinyl 
system is necessary, 1-chloromethyl-l-methylcyclo- 
butane (9) was synthesized from 1-methylcyclobutane- 
carboxylic acid (10)2 as shown below and subjected to

(1) (a) K . L. E rickson , B . E . V anderw aart, and J . W olin sk y , C h e m .  
C o m m u n .,  1031 (1968); (b ) K . L. E rickson , J. M arkstein , and K . K im , J .  
O rg . C h e m ., 36, 1024 (1971); (c) K . L. E rickson , i b i d . ,  36, 1031 (1971).

(2) D . G . P ratt and E . R oth stein , J .  C h e m . S o c .  C , 2548 (1968).

Me Me Me
/ \ |  LiAlH4 a  I HMPT A  |
Q I - cooh ------ V  \ y — ch2oh < ^ > - ch2ci

10 11 4 9

the rearrangement reaction conditions (potassium tert- 
butoxide at 100°). Compound 9 showed no tendency 
to react with potassium terf-butoxide even at 200°. 
After 6 days in refluxing ¿erf-butyl alcohol-O-d in the 
presence of potassium ¿erf-butoxide, no deuterium ex
change had occurred. Chloride 9 thus fails to form a 
carbanion, without which no rearrangement is possible. 
The vinyl system is apparently necessary to sufficiently 
acidify the exocyclic hydrogens, but it alone is not 
adequate, as shown by the lack of rearrangement of 
compounds 12, 13, and 14.lb In the case of 1-ethoxy-

<(^>=CHY

12, Y =  0Et

13, Y =  N ^>

14, Y =  C6H5
15, Y =  SEt

methylenecyclobutane (12), this unreactivity has also 
been shown to be due to an inability to form the anion. 
Thus, after 6 days in refluxing ¿erf-butyl alcohol-O-d and 
potassium ¿erf-butoxide, no deuterium incorporation 
into 12 could be detected (nmr, mass spectrum).

While chloride, bromide, and iodide substituents 
would be expected to stablize vinyl anion 7 (see eq 2),

<^>=C H X — ► <(^>=CX «-*■ < ^ > = C = X  (2)

1 7

first-row elements (such as oxygen and nitrogen) cannot 
expand their octets and consequently cannot contribute 
any resonance stablization to the system. Presumably 
any methylenecyclobutane derivative with a vinyl 
substituent -capable of stablizing the anion is a viable 
candidate for ring enlargement (providing other re
actions do not compete). Since sulfur is known to be 
a good stabilizer of an adjacent negative charge, we 
undertook the synthesis of ethylthiomethylenecyclo
butane (15) to determine if it would undergo the re
arrangement.

A variety of routes to 15 were simultaneously in
vestigated (Schemes I and II). The most direct 
method, a Wittig reaction with cyclobutanone and 
ethylthiomethylenetriphenylphosphorane (16),3 did not

(3) T. Mukaiyama, S. Fukuyama, and T. Kumamoto, Tetrahedron Lett.,
3787 (1968).
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give any vinyl sulfide. Addition of ethanesulfenyl 
chloride to methylenecyclobutane proceeded in the 
wrong direction for our purposes, giving 1-chloromethyl- 
1-ethylthiocyclobutane (17), which readily afforded 1- 
ethoxymethyl-l-ethylthiocyclobutane (18) on treat
ment with alcoholic potassium hydroxide. Attempted 
phosphorus oxychloride dehydration of l-(ethylthio- 
methyl) cyclobutanol (20), not unexpectedly, resulted 
in sulfur participation, affording 17 as the major 
product. Powdered potassium hydroxide4 was likewise 
ineffective in eliminating water from 20.

Other possible routes to 15 necessitated a more 
efficient synthesis of cyclobutanecarboxaldehyde (21) 
than we had previously used.Ib Johnson and Rickborn5 
report such a synthesis, but we found their route lengthy 
compared to the two shown in Scheme II. Of these, the 
method of choice on a yield basis is the chromium 
trioxide-pyridine oxidation o: cyclobutylmethanol.

An attempt to prepare a-chloro thioether 23 from 21 
gave instead thioacetal 24. This materiai was prepared 
in better yield using p-toluenesulfonic acid in catalytic 
amounts. Direct elimination of ethanethiol from 24 by 
heating with catalytic phosphoric acid6 resulted in ex
tensive decomposition. Conversion to the monosulfox

ide 25 followed by pyrolysis7 was effective, however, in 
generating ethylthiomethylenecyclobutane (15). Sur
prisingly, this compound showed no tendency to react 
with potassium ferf-butoxide either at 100° or at 200°. 
1-Ethylthiocyclopentene (26), independently synthe
sized, was not produced, and the starting vinyl sulfide 
was recovered in good yields.

When 15 was treated with potassium ferf-butoxide in 
refluxing ierf-butyl alcohol-O-d (3 days), exchange of 
the vinyl (and allyl) hydrogen occurred, indicating that 
the vinyl anion can form in this system. Its failure to 
rearrange demonstrates that anion formation is not the 
only requirement which must be met before ring en
largement will occur. Thus, the halomethylenecyclo- 
butanes remain unique in their ability to undergo this 
reaction.

Turning now to the mechanism of the ring enlarge
ment, the major objections to the postulated cleavage- 
recombination mechanism are cyclobutyl ring opening 
to an unstabilized ion (8) and the lack of any acyclic 
product formation. This latter fact requires that ring 
closure of 8 be faster than any external attack on it 
(such as protonation).

Evidence for the intermediacy of acyclic ion 8 could 
be provided by generating it independently and demon
strating its facile ring closure to a cyclopentene system. 
The most direct method of achieving this is via the 
organometallic derivative, 27, which was synthesized in 
three steps from 4-pentyn-l-ol (28) (Scheme III).

H C=CC H 2CH2CH2OH 
28

S c h e m e  III
KOCl

^ 6^ 5 0 )3^®r2

29
Mg, Et?0

ClC==CCH2CH2CH2B r ----------- ► C lC =C C H 2CH2CH2MgBr (Li)
30

or n-BuLi

ci

V
31

A2V-/AA2V-'AA2J-'

y v
32

Ring closures of acyclic acetylenic Grignard and 
lithium derivatives have been reported to give five- 
membered rings quite readily in certain systems.8 
However, in our case, the cyclized product, 1-chloro- 
cyclopentene (31), did not form. Both the Grignard 
and the lithium derivative gave large amounts of higher 
boiling material. The major volatile product was 1- 
chloro-l-pentyne (32), indicating that the proper 
organometallic derivative had indeed formed. If 27 is 
considered a reasonably good model for acyclic ion 8, 
then its failure to close implies that the cleavage- 
recombination mechanism is incorrect.

There are at least two alternative mechanisms that 
can be considered which fit the available data and which 
avoid an acyclic intermediate. The first (Scheme IVa) 
involves a rehybridization of the vinyl system followed

(4) C . C . Price and R . G . G illis, J .  A m e r .  C h e m . S o c . ,  7S, 4750 (1953).
(5) M . R . Johnson and B . R ick born , O r g . S y n . ,  51, 11 (1971).
(6) H . J. B oonstra , L. B randsm a, A . M . W iegm an, and J. F. Arens, R é e l .  

T r a v .  C h im . P a y s - B a s ,  78, 252 (1959).

(7) A . D e ljac , Z. Stefanac, and K . B a len ov ic, T e tr a h e d r o n ,  S u p p l . ,  8, 
33 (1966).

(8) S. A . K an d il and R  E . D essy, J .  A m e r .  C h e m . S o c . ,  88, 3027 (1966 ); 
H . G . R ich ey  and A . M . R oth m an , T e tr a h e d r o n  L e t t . ,  1457 (1968).
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Scheme IV»

by rotation about the exocyclic bond in the direction 
indicated in order to avoid eclipsing of the two free- 
electron pairs and resulting in their maximum separa
tion. At this point, the ring bond a is parallel to the 
empty lobe on the exocyclic carbon, and bond migration 
can occur. This migration involves transfer of an 
electron pair from an electron-rich site (carbanion) to an 
electron-poor site (carbene) and is analagous to a 
simple Wagner-Meerwein shift. Rehybridization and 
protonation give the final product. Using the same 
rationale, one obtains the proper product from the 
other isomer as well (Scheme IVb).

Scheme lV b

A second possible mechanism is one analagous to the 
Beckmann rearrangement9 (Scheme V ). The Beckmann 
rearrangement proceeds with simultaneous trans migra
tion of two groups (eq 3). Apparent cis migrations are

Scheme V

= c O

Br“
33

5

35

N 6

36

analogy holds for the vinyl bromide case, a carbene- 
bromide complex (33, 34) would form in good solvents, 
leading directly to a cyclopentyne-bromide complex 
(35, 36). In poor solvents or no solvent (as the reaction 
is normally run) the migration of the two groups may 
be synchronous with no apparent intermediates other 
than the initial and final carbanions. In this mechanism 
the ring carbon migrating for a given isomer is different 
from the one migrating in the rehybridization mecha
nism (Scheme IV), but the bromide also migrates here, 
and the end result is the same.

When bromomethylenecyclobutane (37) is allowed to 
react with potassium ferf-butoxide in DMF (80°), the 
course of the reaction changes from that observed in the 
absence of solvent. With DM F the volatile products 
consist of a mixture of 20-25% 1-bromocyclopentene 
(38) and 75-80% 1-ferf-butoxymethylcyclobutene (39). 
If the DMF reaction is run in the presence of added 
bromide ion (as KBr), the ratio of 38 to 39 rises to 
35:65, and, when iodide ion is present (as KI), roughly 
equal quantities of 38 and 39 are produced, and the 
major product (35-55% of the volatile product mixture) 
is 1-iodocyclopentene (40).

R \/ C = N 
R' X

R 
» \

R '— C = N O
» »
X

R' /R
C = N  (3) 

X ^

A  R' R R' R
R'— C==N<CD —  .C = N ' +  .C = N  (4)

x .  x "  ^

attributed to prior isomerization of starting materials.10 
In good solvents ion pairs are formed which may be 
trapped by extraneous counterions (eq 4).11 If the

(9) L. G . D on aru m a and W . F . H eld t, O r g . R e a c t . ,  11, 1 (1960); P . A . 
Smith in “ M olecu lar R earran gem ents,”  V ol. 1, P . de M a y o , E d ., Interscience, 
N ew  Y ork , N . Y . ,  1963, p  483.

(10) P . T . Lansbury and N . R . M an cu so , T e t r a h e d r o n  L e t t . ,  2445 (1965).
(11) C . A . G rob , H . P . Fischer, W . R au den bu sch , and J. Zergenyi, H e lv .  

C h im . A c t a ,  47, 1003 (1964).

<^>=C H B r

37

Br

1-ferf-Butoxymethyleyclobutene (39) most likely 
arises from isomerization of the vinylic ion to the allylic 
ion followed by displacement of the bromide (Scheme 
VI). The presence of a good solvent permits isomeriza
tion to take place. In the absence of solvent, or in poor 
solvents, no isomerization occurs and 38 is the sole 
volatile product.
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S c h e m e  VI

<^>=CHBr <\ y >— CHBr — *  < ^ ^ C H 2Br

The critical question is whether 1-iodocyclopentene 
(40) arises simply from allyl bromide 41 giving allyl 
iodide 42 followed by isomerization back to the vinyl 
system 43 and then rearrangement, or whether 40 arises 
from trapping of an intermediate carbene-bromide com
plex (44) as postulated for the Beckmann mechanism 
(see Scheme V I).

Allylic halides 41 and 42 are not found in the product 
mixture; their conversion to 39 would be expected to be 
rapid. Once formed, 39 persists; it is stable to the re
action conditions. Other possible sources of 1-iodo
cyclopentene similiarly can be ruled out. Thus, 1- 
bromocyclopentene with potassium iodide and potas
sium ierf-butoxide under the reaction conditions is 
recovered unchanged, and bromomethylenecyclobutane 
does not react with potassium iodide in DMF in the 
absence of potassium terf-butoxide. It remains, then, 
to determine whether allylic bromide 41 can revert to 
the vinyl system, and, with added iodide, whether 41 
can give rise to 43 and thence 40.

The synthesis of 1-bromomethylcyclobutene (41) was 
carried out as shown in Scheme VII. 1-Cyclobutene-

SCHEME VII

TgH^O^PBr,

pyridine

IKO-i-Bu 
DMF, KI

39

ch2x

48, X = Br
49, X = O-f-Bu
50, X = OH

Upon reaction with potassium ferf-butoxide in DMF, 
with or without added iodide, 41 (25% 47) gave good 
yields of 1-ferf-butoxymethylcyclobutene (39). No 
bromomethylenecyclobutane (37) or 1-bromocyclo- 
pentene (38) were observed in the product mixture, nor 
were any organic iodides isolated when iodide ion was 
present. These results show that the allylic system 
does not revert to the vinylic system. Hence the forma
tion of iodocyclopen*ene (40) from bromomethylene
cyclobutane (37) and potassium iodide under the re
arrangement reaction conditions is evidence for an inter
mediate whose halide can become detached. A carbene- 
bromide complex such as 44 postulated for the Beckmann 
mechanism is such an intermediate.

In the absence of solvent, bromomethylenecyclo
butane (37) reacts with a mixture of potassium ierf- 
butoxide and potassium iodide to give only the ring- 
enlarged bromide 38 in addition to recovered starting 
material. The presence of the additional solid (KI) 
hinders contact between 37 and the base with con
sequent slowing of the reaction. That no 1-iodocyclo
pentene is formed may be attributed to the hetero
geneity of the reaction mixture ana/or lack of formation 
of a carbene-ion complex. In the absence of a good 
stabilizing solvent, the rearrangement probably pro
ceeds with simultaneous migration of both the ring 
carbon and the bromide as in the Beckmann rearrange
ment.

With molten potassium hydroxide serving as both 
the solvent and the base, bromomethylenecyclobutane 
(37) rearranges to 38 with about 50% conversion. 
With added iodide, product mixtures consist of 65% 
recovered 37, 30% rearranged bromide (38), and 5%
1-iodocyclopentene (40). The allylic alcohol 46 was not 
found.

In summary, the uniqueness of halomethylenecyclo- 
butanes to rearrange to 1-halocyclopentenes has been 
further demonstrated. This ring-enlargement reaction 
appears to proceed via the mechanism established for 
the Beckmann rearrangement rather than the cleavage- 
recombination mechanism originally postulated. Label
ling experiments would provide definitive evidence for 
the double-migration mechanism

methanol (46) was prepared by the multistep method of 
Heyns and coworkers.39 12 Various attempts were made 
to convert this alcohol to 41, all of which resulted in 
mixtures of 41 and 47. The method shown gave the best 
ratios of 41 to 47 (75:25).

These isomers did not resolve on the vpc (Carbowax), 
but nmr readily showed the presence of both. No 
serious attempt was made to achieve vpc separation, 
however, as it was expected that 41 would open to diene 
48 on the instrument. This assumption is based upon 
the fact that cyclobutenes 39 and 46 both undergo 
partial ring opening to 49 and 50, respectively, when 
collected from the vpc.

(12) K . H eyns, K . M olge , and W . W alter, B e r . ,  94, 1015 (1961).

Experimental Section
Melting and boiling points are uncorrected. Infrared spectra 

were recorded on Perkin-Elmer Models 137 and 337 spectro
photometers. The nmr spectra were recorded with a Jeoleo 
Model C-60H spectrometer, using tetramethylsilane as an in
ternal standard. Mass spectra were determined on a Hitachi 
Perkin-Elmer RMU-6D mass spectrometer. Vapor phase 
chromatographic analyses were performed on a Varian Aerograph 
Model 90-P3 chromatograph with the following columns: Car
bowax 20M, QF-1, SE-30, SF-96, and FFAP (all columns were 
20% stationary phase on a 60/80 Chromosorb W A /W  DMCS 
support) and on a Varian Aerograph Model 600-D with the fol
lowing columns: 5% QF-1 on 60/80 Chromosorb W and 3%
SE-30 on 100/120 Chromosorb W. Elemental analyses were 
performed by Galbraith Microanalytical Laboratories, Knox
ville, Tenn., and Atlantic Microlab, Inc., Atlanta, Ga.



l-Methylcyclobutanemethanol (11).— In a 500-ml flask 
equipped with a dropping funnel, overhead stirrer, condenser, 
and drying tube were placed 200 ml of anhydrous ether and 6.46 
g (0.170 mol) of lithium aluminum hydride. The resultant 
suspension was stirred while 15.60 g (0.136 mol) of 1-methyl- 
cyclobutanecarboxylic acid2 in 60 ml of anhydrous ether was 
added at a rate to maintain gentle reflux. After all of the acid 
was added, the mixture was refluxed for 3 hr. While the reac
tion mixture was cooled in ice, a saturated solution of sodium 
sulfate was added dropwise until the magnesium salts coagulated. 
The mixture was then filtered, the solid was washed well with 
ether, and the filtrate was dried over M gS04. The ether was 
removed, and the residue was distilled to give 11.5 g (85% ) of 
product: bp 70-71° (32 mm); ir (neat) 2.91, 3.35, 6.86, 7.27, 
9.55, 9.77 nmr (CDC18) S 1.13 (s, 3 H ), 1.80 (m, 6 H), 1.98 
(s, 1H ), 3.47 (s, 2 H).

Anal. Calcd for C6Hi20 :  C, 71.95; H, 12.08. Found; 
0 ,72.13; H, 12.07.

1-Chloromethyl-l-methylcyclobutane (9).— The procedure of 
Downie and coworkers13 14 was adapted for the preparation of this 
compound. A mixture of 8.0 g (0.08 mol) of 1-methylcyclo- 
butanemethanol, 17 g (0.12 mol) of reagent grade carbon tetra
chloride, and 20 ml of anhydrous ether was cooled in an ice bath 
with stirring while 13.0 g (0.08 mol) of hexamethylphosphorus 
triamide in 20 ml of anhydrous ether was added dropwise. An 
immediate reaction occurred with the formation of an orange- 
brown color. Toward the end of the addition, a brown oil sep
arated. The mixture was warmed to room temperature and the 
ether was distilled, leaving a one-phase residue which was flash 
distilled. The distillate was then fractionated at atmospheric 
pressure to give a forerun of chloroform and carbon tetrachloride 
and 8.0 g (85%) of product: bp 122-123°; ir (neat) 3.36, 6.90,
7.01, 7.30, 7.82, 7.90, 13.0-14.4 nmr (CCU) S 1.21 (s, 3 H),
1.85 (m, 6 H), 3.52 (s, 2 H).

Anal. Calcd for CeHnCl: C, 60.76; H, 9.35. Found: C, 
60.73; H, 9.34.

On passage through the vpc, the chloride was partially con
verted to a hydrocarbon identified as 1-methylcyclopentene by 
comparison with authentic material.

Reaction of 1-Chloromethyl-l-methylcyclobutane (9) with 
Potassium fcrf-Butoxide.— In a flask equipped with a condenser, 
drying tube, and rubber serum cap was placed 0.62 g (0.0055 
mol) of potassium terf-butoxide. This was heated to a bath 
temperature of 100-105°, and 0.59 g (0.0050 mol) of the chloride 
was injected by syringe through the serum cap. There was no 
obvious reaction. The mixture was kept at 100-105° for 30 
min and then cooled, and water was added. Extraction with 
pentane gave an organic phase which was washed five times with 
water, and then dried, and the pentane was distilled. The resi
due consisted solely of starting alkyl chloride.

The reaction was repeated at a bath temperature of 200-205° 
for 30 min with the same results.

Deuterium Exchange Studies with 1-Chloromethyl-l-methyl- 
cyclobutane (9).— A mixture of 1.18 g (0.010 mol) of the chloride,
1.68 g (0.015 mol) of potassium ferf-butoxide, and 5 ml of tert- 
butyl alcohol-O-d was refluxed for 3 days. Work-up as above 
gave recovered alkyl chloride with no detectable deuterium in
corporation and 10% of a new compound which was not identi
fied, but the ir (CC14) strongly suggests that it is 1-ferf-butoxy- 
methyl-l-methylcyclobutane (3.36, 6.84, 7.20, 7.33, 8.32, 9.19 
m)-

Attempted Wittig Reaction of Ethylthiomethylenetriphenyl- 
phosphorane3 with Cyclobutanone.— A TH F suspension of 8.57 
g (0.024 mol) of methyltriphenylphosphonium bromide was 
treated with 11.4 ml (0.024 mol) of 2.1 M  phenyllithium solution. 
The mixture was stirred at 25° for 3 hr and then 0.012 mol of 
ethanesulfenyl chloride was added, and stirring was continued 
for 3 hr. To this mixture was added 0.84 g (0.012 mol) of cyclo
butanone dropwise. The mixture was refluxed for 15 hr, poured 
onto ice, and extracted with ether. The ether was dried and re
moved to give a residue which was flash distilled. The distillate 
consisted of diethyl disulfide, cyclobutanone, and aromatic com
pounds. No ethylthiomethylenecyclobutane was detected.

Addition of Ethanesulfenyl Chloride to Methylenecyclobu- 
tane.—Ethanesulfenyl chloride was prepared by the method 
reported for the methyl isomer.“  To 3.05 g (0.025 mol) of di
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(13) I. M . D ow nie, J. B . Lee, and M . F . S. M atou gh , C h e m . C o m m u n .,  

1350 (1968).
(14) K . P fannstiel, H . K oddebu sch , and K . K ling, B e r . ,  83, 84 (1950).

ethyl disulfide at —15 to —20° was added dropwise 3.38 g (0.025 
mol) of sulfuryl chloride. The solution turned orange. It was 
warmed to 25° and distilled at 65 mm; the material boiling at 
35-40° was collected [lit.15 bp 39° (58 mm)].

Ethanesulfenyl chloride was added dropwise to 0.8 g (0.0117 
mol) of methylenecyclobutane dissolved in methylene chloride 
cooled to —40° until a slight orange color persisted. The sol
vent was removed and the residue was distilled to give material 
boiling over a 10° range (49-59° at 10 mm). Vpc showed it to 
be one major product (~ 9 0 % ) contaminated with two other 
materials. The major compound 17 partially rearranged on the 
vpc (forming 1-ethylthio-l-cyclopentene), and spectral data were 
gathered directly on the distillates: ir (neat) 3.38, 6.89, 6.97,
7.23, 7.79, 7.89, 12.74, 13.60, 14.20 u;  nmr (CC14) 5 1.23 (t, 3 
H ), 1.6-2.8 (m, 8 H), 3.58 (s, 2 H ). Because of the difficulty of 
purifying this material, an analysis was not obtained.

1-Ethoxymethyl-l-ethylthiocyclobutane (18).— Chlorosulfide
17 (0.82 g, 0.005 mol) was added to a solution of 0.4 g of KOH 
in 95% ethanol. The mixture was stirred at 25° for 2 hr and 
was then poured into ice and extracted with pentane. The 
pentane layer was washed with water and dried, and the pentane 
was removed. Distillation of the residue afforded 0.5 g (66%) 
of 18: bp 52-54° (1.3 mm); ir (neat) 3.38, 3.50, 6.95, 7.29,
7.41, 7.92, 8.55, 9.02 r , nmr (CC14) 5 1.22 (t, 6 H), 1.6-2.8 (m, 
8 H ), 3.35 (s, 2 H), 3.51 (q, 2 H).

Anal. Calcd for C9HiSOS: 6 , 62.02; H, 10.41. Found: 
C, 62.21; H, 10.46.

l-(Ethylthiomethyl)cylcobutanol (20).— To 33 ml (0.0082 mol) 
of 10% NaOH was added 0.51 g (0.0082 mol) of ethanethiol. 
To this was then added dropwise 1.35 (0.0082 mol) of l-(bromo- 
methyl)cyclobutanol (19).lb The opaque mixture was stirred 
at 25° for 30 min, at the end of which time the oil had migrated 
from the bottom of the water layer to the top. The mixture 
was extracted with ether, the ether layer was dried, and the ether 
was removed. Distillation afforded 0.90 g (73%) of 20: bp
51-53° (0.5 mm); ir (neat) 2.89, 3.36, 6.8-7.5, 7.7-8.2, 8.5-8.9, 
9.20, 10.34, 10.88, 13.44 M; nmr (CDC13) S 1.22 (t, 3 H), 1.7- 

.2.3, and 2.5-3.0 (m, 9 H).
Anal. Calcd for C7HI4OS: C, 57.49; H, 9.65. Found: C, 

57.51; H, 9.68.
Attempted Dehydration of l-(Ethylthiomethyl)cyclobutanol

(20).— To a mixture of 0.760 g (0.0050 mol) of phosphorus oxy
chloride in 8 ml of anhydrous pyridine at ice temperature was 
added 0.68 g (0.0046 mol) of the alcohol. A precipitate formed 
readily. The mixture was stirred at 25° overnight and was then 
poured onto ice and extracted with pentane. The pentane was 
washed with water, dried, and removed. The residue was dis
tilled to give 0.5 g (65%) of 1-chloromethyl-l-ethylthiocyclo- 
butane (17). A small amount (^ 1 5 % ) of another compound 
was present in the distillate, possibly the isomer, l-(ethylthio- 
methyl)cyclobutyl chloride. No olefin was detected.

A second attempt at dehydration of 20 was made with pow
dered potassium hydroxide at 250° .4 No vinyl sulfide was pro
duced.

Cyclobutanecarboxaldehyde (21). Method A .1617— To 11.85 
g (0.100 mol) of cyclobutanecarbonyl chloride was added drop- 
wise 16.60 g (0.100 mol) of triethyl phosphite at a rate to keep 
the internal temperature below 35°. The reaction was run in a 
nitrogen atmosphere. After the phosphite was completely 
added, the mixture was stirred at 25° for 30 min. Distillation 
at 1.7 mm afforded 18.2 g (83%) of 22 boiling at 103-104°: ir 
(neat) 5.88, 7.95, 8.55, 9.0-10.8, 12.55, 13.25, 13.86 m; nmr 
(CDCh) 5 1.37 (t, 6 H), 1.7-2.7 (m, 6 H ), 3.4-4.0 (m, 1 H ), 4.25 
(pentet, 4H ).

Anal. Calcd for C9H „0 4P: C, 49.90; H, 7.78. Found: 
C, 49.21; H, 7.86.

A suspension of 6.60 g (0.03 mol) of phosphonate 22 in 30 ml of 
water was cooled to 0°, and a solution of 0.76 g (0.02 mol) of 
sodium borohydride in 60 ml of water was added alternately with
6.26 g (0.046 mol) of potassium dihydrogen phosphate. The 
pH of the mixture was thus maintained between 6 and 7. The 
mixture was stirred for 20 min at 25°, and it was then made 
strongly basic with 10% NaOH and steam distilled. The alde
hyde was extracted from the distillate with ether. Distillation 
at atmospheric pressure gave 1.2 g (46%) of aldehyde, bp 113-
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(15) H . Brintzinger and M . L angheck, ibid., 86, 557 (1953).
(16) K . D . B erlin and H . A . T aylor, J .  A m e r .  C h e m . S o c . ,  86, 3862 (1964).
(17) L . H orner and H . R od er, B e r . ,  103, 2984 (1970).
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115° (lit.6 bp 56-59° (120 mm). The aldehyde was not stored 
but was used immediately.

The steam distillation residue, upon acidification and ether 
extraction, gave 0.77 g (26%) of cyclobutanecarboxylic acid.

Method B .18— Cyclobutylmethanol was prepared by lithium 
aluminum hydride reduction of cyclobutanecarboxylic acid.

To an ice-cooled, stirred solution of 56.94 g (0.727 mol) of 
pyridine (dried over 4A molecular sieves) in 900 ml of methylene 
chloride (washed with concentrated H2SO4 and water, dried, and 
distilled onto 4A molecular sieves) was added portionwise 36.0 
g (0.36 mol) of chromium trioxide (dried over P2O5). The red- 
brown suspension was warmed to 25° and stirred at this temper
ature for 15 min. Cyclobutylmethanol (5.16 g, 0.06 mol) was 
added all at once, and the mixture was stirred at 25° for 30 min.

The solution was decanted into a separatory funnel, and the 
gummy precipitate was washed several times with ether; the 
washings were added to the methylene chloride solution. This 
was washed with 5%  NaOH (2 X 100 ml), 5%  HC1 (3 X  100
m l) , 5%  NaH C03 (2 X 100 ml), and brine. It was dried (Mg- 
SO4), and the methylene chloride was distilled off through a 200- 
cm Vigreux column. The residue was distilled at atmospheric 
pressure to give a total of 4.0 g (80%) of cyclobutanecarboxalde- 
hyde. Earlier boiling fractions were freed of methylene chloride 
by vpc collection (Carbowax, 125°).

Reaction of Cyclobutanecarboxaldehyde with Ethanethiol and 
Hydrogen Chloride.— The method of Boonstra and coworkers6 
was used. To 0.34 g (0.005 mol) of aldehyde cooled to —40° 
was added dropwise 0.31 g of ethanethiol while a rapid stream of 
hydrogen chloride was bubbled through the mixture. A solid 
formed. The mixture was taken up in ether and dried, and the 
ether was removed. The residue was not the chloro sulfide but 
instead the diethyl thioacetal of cyclobutanecarboxaldehyde (24).

Attempted Elimination of Ethanethiol from Thioacetal 24.—  
The procedure of Boonstra and co workers6 was followed. The 
thioacetal was placed in a minidistillation apparatus with a drop 
of 85% phosphoric acid. The system was evacuated to 110 mm 
and heated to an oil-bath temperature of 145°, at which point 
violent decomposition occurred. Very little distillate was ob
tained and much residue remained. The only component in the 
distillate identified was starting material.

Diethyl Thioacetal of Cyclobutanecarboxaldehyde (24).— To a 
mixture of 3.30 g (0.039 mol) of the aldehyde and 60 mg of p -  

toluenesulfonic acid cooled in an ice bath was added dropwise
5.27 g (0.085 mol) of thioethanol. An immediate reaction gen
erally occurred with separation of water. The mixture was 
heated at an oil-bath temperature of 70° for 10 hr; it was then 
poured into 10% NaOH and extracted with ether. The ether 
extract was dried, and the ether was removed. Distillation of 
the residue gave 6.3 g (85%) of thioacetal: bp 69-70° (0.6
m m ) ; ir (neat) 3.35, 6.90, 7.25, 7.88, 7.97, 10.23, 12.46, 12.73,
13.48 p; nmr (CC1,) 6 1.25 (t, 6 H), 1.6-2.3 (m, 7 H), 2.64 (q, 
4 H ), 3.72 (d, 1H ).

Anal. Calcd for C9Hi8S2: C, 56.78; H, 9.53. Found: C, 
56.91; H, 9.62.

Ethylthiomethylenecyclobutane (15).-—The general method of 
Deljac and coworkers7 was used. To an ether solution of 4.9 g 
(0.0257 mol) of 21 cooled in ice was added dropwise an ether so
lution of 5.10 g (0.0257 mol) of 85%. ra-chloroperbenzoic acid. 
The ether was then stripped off, and methylene chloride was 
added to precipitate most of the m-cblorobenzoic acid, which was 
then filtered. The filtrate was washed with NaHC03 solution 
and dried, and the methylene chloride was removed to give 4.9 
g (93%) of crude sulfoxide 25: ir (neat) 3.36, 6.91, 7.39, 7.95, 
9.52, 9.83, 10.31, 12.80, 13.60, 14.22 p. It was not purified but 
was pyrolyzed directly.

The sulfoxide (1 g) was placed in a 5-ml round-bottom flask 
stuffed with glass wool and attached to a minidistillation setup. 
The pressure was reduced to 15 mm, and the flask was heated to 
a bath temperature of 150-160°. The distillate (0.45 g, 71%) 
generally contained ~ 1 0 %  impurities. The vinyl sulfide was 
purified by vpc (Carbowax, 125°): ir (neat) 3.38, 6.02, 6.88,
7.01, 7.25, 7.90, 12.18, 13.04, 13.76 p; nmr (CCh) 6 1.24 (t, 3 
H), 1.8-2.4 (m, 2 H ), 2.4-3.0 (m, 6 H ), 5.57 (m, 1 H ).

Anal. Calcd for C7H i2S: C, 65.56; H, 9.44. Found: C, 
65.54; H, 9.49.

Reaction of Ethylthiomethylenecyclobutane (15) with Potas
sium ferf-Butoxide.— The reaction was run as described for 9.

(18) R . R a tcliffe  and R . R od eh orst, J .  O r g . C h e m .,  35, 4000 (1970).

In no case was there any 1 -ethylthiocyclopentene (26) produced. 
The starting material was recovered unchanged.

1-Ethylthio-l-cyclopentene (26).— This material was prepared 
by the method of Brandsma.19 The vinyl sulfide was purified 
by vpc (Carbowax, 125°): ir (neat) 3.26 3 .38,6.22,6 .89,7.24,
11.7-13.5 p ; nmr (CC1,) S 1.26 (t, 3 H ), 1.8-2.2 (m, 2 H ), 2.2-
2.8 (m, 4 H ), 2.75 (q, 2 H, overlapping allylic H ’s), 5.28 (m,
1 H ) .

Deuterium Exchange Studies with Ethoxymethylenecyclo- 
butane ( 12).— The vinyl etherlb (150 mg] and 200 mg of potas
sium ierf-butoxide were dissolved in 2 ml of fert-butyl alcohol-O-d, 
and the mixture was refluxed for 3 hr to 6 days. In no case was 
there any detectable vinyl (or allylic) hydrogen exchange (nmr, 
mass spectrum).

Deuterium Exchange Studies with Ethylthiomethylenecyclo
butane (15).— The vinyl sulfide (150 mg) and 300 mg of potas
sium (erf-butoxide were dissolved in 3 ml of ferf-butyl alcohol-O-d 
and the mixture was refluxed for 3 days. Both nmr and mass 
spectrum indicated vinylic and allylic H exchange. The pre
dominant isomers were d, and da, but seme ck and d6 were also 
formed.

5-Chloro-4-pentyn-l-ol (29).— A solution of potassium hypo
chlorite was prepared from 39.0 g of HTH20 and was cooled in an 
ice bath. To this was added all at once 11.04 g (0.093 mol) of
4- pentyn-l-ol21 and 60 ml of pyridine. The two-phase reaction 
mixture was stirred vigorously at 10- 20° for 8 hr, and then it was 
extracted with ether. The ether extract was washed with water, 
6 N  HC1, water, and NaH C03 solution and was dried over 
MgSCh, and the ether was removed in vacuo. On distillation, 
the residue afforded a forerun of starting material (1.1 g) and 7.6 
g (50%) of 5-chloro-4-pentyn-l-ol (29): bp 86-87° (10 mm); 
ir (neat) 3.00, 3.38, 4.46, 9.46 p ; nmr (CDC13) S 1.75 (pentet, 
2 H ), 2.23 (s, 1 H), 2.40 (m, 2 H), 3.77 (t, 2 H).

Anal. Calcd for C5H7CIO: C, 50.35; H, 5.95. Found: 
C, 50:51; H, 5.97.

l-Chloro-5-bromo-l-pentyne (30).— Triphenyl phosphite di
bromide22 was prepared as follows. To 22.32 g (0.072 mol) of 
triphenyl phosphite cooled in an ice bath was added dropwise
11.52 g (0.072 mol) of bromine. An instantaneous reaction oc
curred with the formation of a yellow-orange solid. After com
plete addition of the bromine, the mixture was stirred at ice tem
perature until the bromine color disappeared.

A mixture of 7.80 g (0.066 mol) of 5-chloro-4-pentyn-l-ol (29) 
and 5.70 g (0.073 mol) of pyridine was added dropwise to the ice- 
cooled triphenyl phosphite dibromide. The mixture was allowed 
to warm slowly (1 hr) to room temperature while the orange solid 
became a white paste. The mixture was poured into ice and 
extracted with ether. The ether extracts were washed with cold 
6 N  HC1 and water, then dried over MgSOi. After removal of 
the ether, the residue was distilled to give 5.9 g (50%) of 1-chloro-
5- bromo-l-pentyne (30): bp 79-80° (12 mm); ir (neat) 3.40, 
4.45, 6.97, 7.84, 8.01, 11.73, 12.5-13.3 p ; nmr (CC14) S 1.8-2.6 
(m, 4 H ), 3.50 (t, 2 H).

Anal. Calcd for C5H0BrCl: C, 33.10; H, 3.33. Found: 
C, 33.34; H, 3.41.

1-Chloro-l-pentyne (32).— A solution of potassium hypo
chlorite was prepared from 9.7 g of H TH .20 To this was added 
at ice temperature 2.21 g (0.032 mol) of 1-pentyne and 15 ml of 
pyridine. The mixture was then stirred vigorously at 25° for 
4 days. It was worked up in the same manner as 5-chloro-4- 
pentyn-l-ol (29). Atmospheric distillation afforded a forerun 
of starting material and 0.9 g (28%) of 1-chloro-l-pentyne (32): 
bp 92° (lit.23 bp 92°); ir (CCh) 3.34, 4.42, 6.83, 6.98, 7.23, 9.15,
9.24, 11.33, 14.28 p .

Reaction of l-Chloro-5-bromo-l-pentyne (30) with Magnesium 
and Lithium Reagents.—To 0.24 g (0.01 g-atom) of magnesium 
in anhydrous ether in a nitrogen atmosphere was added 1.8 g 
(0.01 mol) of l-chloro-5-bromo-l-pentyne dropwise. Some diffi
culty was experienced in initiating the reaction and in keeping it 
going once it had started. When vpc indicated that most of the 
starting material had reacted, the mixture was poured into ice 
water and was extracted with ether. The ether extracts were 
dried, and the ether was removed by distillation. The volatile

(19) L. B randsm a, R e d .  T r a v . C h im . P a y s - B a s ,  89, 593 (1970).
(20) M . S. N ew m an and H . L. H olm es, O r g . S y n . ,  17, 65 (1937), n ote  1.
(21) E . R . H . Jones, G . E glinton , and M . C  W h itin g , i b i d . ,  33, 68 (1953).
(22) D . G . C oe, S. R . Landauer, and H . N . R y d o n , J .  C h e m . S o c . ,  2281 

(1954).
(23) J. N orm an t, B u l l .  S o c .  C h im . F r . ,  1876 (1963).



products were isolated by flash distillation and examined by vpc 
(Carbowax, 70°). The major product was identified as 1- 
chloro-l-pentyne, and no 1-chlorocyclopentene24 could be de
tected. A substantial amount of higher molecular weight ma
terial was produced which was not investigated further. This 
reaction was repeated several times with the same results.

This halide showed no tendency to react with elemental lith
ium. It did, however, react with n-butyllithium, giving much 
the same results as the magnesium reaction.

1-Bromomethylcyclobutene (41 ).12-25— 1-Cyclobutenemethanol
(46) was prepared by the multistep method of Heyns and co
workers.12 On vpc it underwent some ring opening to 2-hydroxy- 
methyl-1,3-butadiene (50).26

Triphenyl phosphite dibromide22 was prepared from 2.08 g 
(0.013 mol) of bromine and 4.03 g (0.013 mol) of triphenyl phos
phite. To this was added dropwise with ice cooling a mixture of
1.0 g (0.012 mol) of 1-cyclobutenemethanol and 1.03 g (0.013 
mol) of anhydrous pyridine. After the mixture had been stirred 
for 1 hr at 25°, it was flash distilled to give 0.6 g of distillate. 
Nmr (CCh) showed it to be a mixture of 75% 1-bromomethyl- 
cyclobutene (41) and 25% 2-methylenecyclobutyl bromide25
(47) : 5 2.5 (m), 3.8 (broad singlet), 4.8-5.3 (m, = C H 2), 6.0 
(m, = C H ). The ratio of vinyl H ’s was used to determine the 
composition of the mixture.

The ratio of endo to exo isomer varied from run to run and the 
composition of the mixture appeared to change on standing. 
Some runs afforded the inverse ratio of 75%  41 to 25% 47.

Reactions of Vinylic and Allylic Bromides with Potassium 
ZerZ-Butoxide in DMF. General Procedure.— A slight excess of 
potassium Zerf-butoxide was dissolved in dry D M F and heated to 
a bath temperature of 80-90°. The bromide was injected be
neath the surface of the hot solution and stirring was continued 
for 5-30 min.

The solution was cooled and water was added. The aqueous 
reaction mixture was extracted with pentane, and the pentane 
extracts were washed several times with water and finally with 
brine. The extracts were dried over MgSO,, and the pentane 
was removed by distillation. The residue was generally flash 
distilled and the distillate was examined by vpc.

In reactions utilizing extraneous bromide or iodide ion, the 
DM F solution was saturated (80-90°) with powdered KBr or 
KI before injection of the vinyl or allyl bromide.

A. With Bromomethylenecyclobutane (37).— The vinyl bro
mide (40 Ml) was injected into a solution of 60 mg of potassium 
iert-butoxide in 2 ml of dry DM F at a bath temperature of 80- 
90°. Work-up afforded a volatile product mixture consisting 
of 20-25% l-bromocyclopentenelb and 75-80% 1-ZerZ-butoxy- 
methylcyclobutene (39). The latter compound displayed ir 
(neat) 3.28, 3.38, 6.05, 6.82, 7.20, 7.32, 8.33, 9.34, m; nmr 
(CCh) 5 1.21 (s, 9 H ), 1.40 (m, 4 H), 3.73 (m, 2 H), 5.73 (m, 1 
H). On the vpc this compound underwent partial ring opening 
to 2-tert-butoxymethyl-l,3-butadiene (49): ir (neat) 3.22, 3.35,
5.51 (w), 6.28, 7.31, 7.37, 8.39, 9.06, 11.07 m ; nmr (CCh) S 1.22 
(s, 9 H), 3.98 (m, 2 H), 4.8-5.4 (m, 4 H ), 6.31 (q, further split, 
1 H ) .

Anal. Calcd for C9Hi60 : C, 77.09; H, 11.50. Found 
(mixture of 39 and 49): C, 76.99; H, 11.55.

R ing Enlargement of Ha lomethylenecyclob titanes

(24) L .  K . M on tgom ery , F .  Scardiglia, and J. D . R ob erts , J .  A m e r .  C h e m .  
S o c . ,  87, 1917 (1965).

(25) E . R . B u ch m an and D . R . H ow ton . J .  A m e r .  C h e m . S o c . ,  70, 2517 
(1948).

(26) W . J. B ailey , W . G . C arpenter, and M . E . H erm es, J .  O r g . C h e m ., 27, 
1975 (1962); W . J. B a iley  and M . E . H erm es, i b id . ,  27, 2732 (1962).

When the reaction was carried out in the presence of added 
KBr, the ratio of 39 to 38 was 65:35. With added K I, the ratio 
of 39 to 38 was ^ 50 :5 0 , and the total volatile product consisted 
of 35-55% l-iodocyclopentene.lb

B. With 1-Bromomethylcyclobutene (41).— The allyl bro
mide (0.37 g), contaminated with 2-methylenecyclobutyl bro
mide, was injected into a solution of 0.42 g of potassium tert- 
butoxide and 2 ml of DM F at a bath temperature of 85°. Work
up afforded a volatile product mixture consisting of >90%  1- 
ZerZ-butoxymethylcyclobutene (39). No 1-bromocyclopentene 
(38) or bromomethylenecyclobutane (37) were detected.

This reaction was carried out several times in the presence of 
K I. In no case was any 1-iodocyclopentene (40) observed as a 
product.

C. With 1-Bromocyclopentene (38).— The vinyl bromide 
(40 m1) was injected into a solution of 60 mg of potassium iert- 
butoxide and 1.2 g of K I in 3 ml of dry DMF at 85-90°. Work
up afforded only recovered starting material.

Reaction of Bromomethylenecyclobutane (37) with Potassium 
Iodide in DMF.— The vinyl bromide (20 m1) was injected into a 
D M F solution of 600 mg of K I at a bath temperature of 85-90°. 
The mixture was kept at this temperature for 10 min. Work-up 
as in the general procedure above afforded only recovered vinyl 
bromide.

Reaction of Bromomethylenecyclobutane (37) with Potassium 
ZerZ-Butoxide and Potassium Iodide in the Absence of Solvent.—
A mixture of 30 mg of potassium ZerZ-butoxide and 300 mg of KI 
was ground together and heated to a bath temperature of 85°. 
The vinyl bromide (20 m1) was injected. Work-up afforded a 
mixture of 1-bromocyclopentene (38) and recovered starting 
material (37) in a ratio of 1:3. There was no 1-iodocyclopentene 
(40) detected.

Reaction of Bromomethylenecyclobutane (31) with Molten 
Potassium Hydroxide. A. In the Absence of Potassium 
Iodide.— The vinyl bromide (0.4 g) was injected into 1 g of molten 
KOH at a bath temperature of 180° and held at that temperature 
for 30 min. Work-up afforded about a 50:50 mixture of 1- 
bromocyclopentene (38) and recovered bromomethylenecyclo
butane (37). No other volatile products were present.

B. In the Presence of Potassium Iodide.— This reaction was 
run several times in the same manner as for part A, but with 
added powdered KI (~ 500  mg). Work-up afforded product 
mixtures generally consisting of 30% 1-bromocyclopentene (38), 
65% recovered bromomethylenecyclobutane (37), and 5%  1- 
iodocyclopentene (40).
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The Reactions of
l,l,2,2-Tetrachloro-3,4-bis(dichloromethylene)cyclobutane with Amines

D a v id  K r is t o l *

D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  a n d  C h e m i s t r y ,  N e w a r k  C o l l e g e  o f  E n g i n e e r i n g ,  N e w a r k ,  N e w  J e r s e y  0 7 1 0 2

R o b e r t  Sh a p ir o

D e p a r t m e n t  o f  C h e m i s t r y ,  N e w  Y o r k  U n i v e r s i t y ,  N e w  Y o r k ,  N e w  Y o r k  1 0 0 0 3  

R e c e i v e d  N ( m e m b e r  2 0 ,  1 9 7 2

The title compound (1) reacts readily with ammonia to give 2-amino-3,3-dichloro-4-dichloromethylene-l- 
cyanocyclobutene. With primary or secondary aliphatic or aromatic amines, 1 affords N-substituted 2-alkyl 
(or aryl) amino-3,3-dichloro-4-dichloromethylenecyclobutenylcarboxamidinium chlorides. The reaction of 1 
with phenylhydrazine proceeds with cyclization to give a cyclobutenopyrazole. The spectroscopic properties 
of these products, and of further transformation products derived from them, are described. A mechanism is 
proposed for the reaction.

The reactions of small-ring chlorocarbons constitute 
a relatively unexplored area of organic chemistry. 
Nitriles,1 ureas,2 ketals,3 oxazolidines,3 ortho esters,4 5 
mercaptals,8 and phenylhydrazones6 7 have been pre
pared by the treatment of chlorocarbons with nucleo
philes.

Compound 1 / l,l,2,2-tetrachloro-3,4-bis(dichloro- 
methylene)cyclobutane, which has been reported to 
yield 2 with sulfuric acid,8 3 with fuming nitric acid,8

It was felt that the reactive sites of 1 might be 
susceptible to nucleophilic attack, which would lead 
to dramatic functional changes. Indeed, reaction 
of 1 with various amines led to the formation of 8-23.

PhNHNH,

22, X  = Cl
23, X = PhNHNH

NHRR'

12, R = H; R' = ieri-butyl; X  = Cl
13, R = H; R' = ieri-butyl; X  = N 0 3
14, R = H; R' = ieri-butyl; X  = HS(
15, R = H; R' = isopropyl; X  = Cl
16, R = CH3; R' = CH3;'X  = Cl
17, R = H; R' = Ph; X  = Cl
18, R = H; R' = p-CH3Ph; X = Cl
19, R = H; R' = p-CH3OPh; X  = Cl

NHR CN 
\ = /

10, X = H
11, X = Br

20, X  = Cl
21, X  = OCH3

Results and Discussion

4 with a mixture of aluminum and aluminum chlo
ride,8 5 with diazomethane,9 6 with aluminum chloride, 10 
and 7 upon heating at 230°,10 was selected as a possible 
source of novel reactions.

(1) (a) H . K halaf, T e tr a h e d r o n  L e t t . ,  4223 (1971 ); (b ) S. W . T o b e y  and R . 
W est, i b i d . ,  1179 (1963),

(2) T . G . B on n er and R . A . H an cock , C h e m . I n d .  { L o n d o n ) ,  267 (1965).
(3) R . J. K n op f, J .  C h e m . E n g .  D a ta ,  16, 486 (1971).
(4) H . K halaf, T e tr a h e d r o n  L e t t . ,  4239 (1971).
(5) E . P . Ordas, U . S. P aten t 2,697,103 to  A rv ey  C orp . (D ec  14, 1954).
(6) A . R oed ig , G . B onse, R . H elm , and R . K olh a u pt, C h e m . B e r . ,  104, 

3378 (1971).
(7) F or th e  synthesis o f 1 see W . M . W agner and H . K loosterziel, R e e l.  

T r a v .  C h im . P a y s - B a s ,  81, 925 (1962).
(8) (a) A . R oed ig , B . H einrich, F . B ischoff, and G . M arkl, J u s t u s  L i e b i g s  

A n n .  C h e m .,  670, 8 (1963); (b ) J. B randm uller and E . Ziegler, Z .  A n a l .  
C h e m .,  200 , 299 (1964).

(9) A . R oed ig  and B. H einrich, C h e m . B e r . ,  100, 3716 (1967).
(10) G . M aahs, A n g e w .  C h e m .,  75, 451 (1963).

Reaction of 1 with ammonia :n aqueous methanol 
at 4° yielded the aminonitrile 8, whose structure was 
established by means of spectral data and subsequent 
reactions. The uv spectrum indicated conjugated 
unsaturation; the ir spectrum displayed peaks at
tributable to NH2 and conjugated nitrile (4.50 m) 11 and 
two peaks assigned to C-C double bonds; the mass 
spectrum showed a molecular ion peak at ra/e 242 with 
an isotopic cluster expected for four chlorine atoms.12 
The existence of an NH2 was further etablished by the 
presence of broad, exchangeable protons in the nmr 
spectrum (which was notably lacking in CH absorp-

(11) R . T . C on ley , “ In frared S pectroscopy,* ' A llyn  and B a con , B oston , 
M ass., 1966, p  116. C on ju ga ted  nitriles absorb  in  the 4 .48-4 .50-/*  region , 
as com pared  to  4 .4 2 -4 .4 6  u  for the uncon ju gated  nitriles.

(12) F . W . M cL a fferty , “ In terpreta tion  o f  M ass Spectra ,”  W . A . B e n ja 
m in, N ew  Y ork , N . Y . ,  1967, p  22.
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tion, thus excluding hydrolytic ring opening) and the 
formation of the acetyl derivative, 9. The uv spec
trum of 9 differed from that of 8, suggesting that the 
amino group was attached to the chromophore.

Reaction of 8 with HC1 in aqueous methanol and 
with bromine in methanol gave the addition products 
10 and 11, respectively. The nmr spectra of both 10 
and 11 displayed peaks assigned to methoxy and amine 
protons. In addition, 10 showed a singlet at t 3.91, 
consistent with a hydrogen attached to a carbon bear
ing two chlorines.13 The most prominent peak in the 
mass spectra of both 10 and 11 at m/e 203, corresponded 
to the loss of CC12H and CCl2Br, respectively, which 
suggested that 10 and 11 are structurally similar. The 
uv spectral maxima at 267 and 268 mg, of 10 and 11, 
support this conclusion. It was next decided to in
vestigate the reactions of 1 with amines.

When 1 was treated with ierf-butyl-, isopropyl-, 
and dimethylamine, aniline, p-toluidine, arid p-anisi- 
dine, a series of compounds with similar properties, 
was produced and was assigned the amidinium struc
tures 12 and 15-19. Elemental analysis indicated 
that each product contained 3 mol of amine. Each 
amidinium salt possessed a band in its ir spectrum in 
the 6.15-6.25-/1 region which was assigned to the ami
dinium group.14 The ionic nature of these salts was 
established by measuring the electrophoretic mobility 
of 12 and 16, conversion of 12 to the nitrate salt 13 
and to the bisulfate salt 14, and reconversion of 14 
to 12 by ion exchange. The amidine 20 was prepared 
from and reconverted to 12 .

The nmr spectra of the amidinium salts were quite 
revealing. Compound 16 displayed four distinct 
peaks in D20  in a 1 :2 :2 :1  ratio. This spectrum can 
be rationalized in the following manner. The planar 
amidinium group is prevented by the olefinic chlorine 
from becoming coplanar with the ring and, therefore,

establishes a position orthogonal to the ring. Re
stricted rotation about the nitrogens of the amidinium 
group causes the attached methyls to be nonequivalent.15 
Thus the two internal a-methyls and the two external 
/3-methyls form two sets of six identical protons. In 
addition, restricted rotation about the enamine nitro
gen due to electron delocalization can cause the en
amine methyls to be nonequivalent.16 One would

(13) T h e  p roton s o f  1 ,1 ,2 ,2 -tetrach loroethane absorb a t r  4 .06 : F . A .
B ov ey , “ N u clear M agn etic  R eson an ce  S p ectroscop y ,”  A cad em ic Press, N ew  
Y ork , N . Y .,  1969, p  252.

(14) T h e absorption  o f  th e  C - N + b on d  o f  am idin ium  salts has been  re
p orted  at 5 .9 -6 .3  fi depen din g u pon  th e  specific m olecu le: (a) J. C . G rivas
and A . Taurins, C a n .  J .  C h e m .,  37, 1260 (1959); (b ) P . B assignana, C . 
C ogrossi, G . P o lla -M a ttio t , and S. F ran co , A n n .  C h im . ( P a r i s ) ,  53, 1212 
(1963); (c) C . Jutz and H . A m schler, C h e m . B e r . ,  96, 2100 (1963).

(15) (a) R . C . N eum an, G . S. H am m on d, and T . J. D ou gh erty , J .  A m e r .  
C h e m . S o c . ,  84, 1506 (1962 ); (b ) R . C . N ew m an an d  L . B . Y ou n g , J .  P h y s .  
C h e m .,  69, 2570 (1965 ); (c) G . Scheibe, C . Jutz, W . Seiffert, and D . G rosse, 
A n g e w . C h e m .,  I n t .  E d .  E n g l . ,  3, 306 (1964).

(16) Several d im eth yla m in ocyclobu ten es disp lay separate N C H 3 peaks: 
R . Breslow , D . K ive lev ich , W . Fabian , and K . W endel, J . A m e r .  C h e m . S o c . ,  

87, 5132 (1965).

therefore expect the nmr spectrum of 16 to show four 
resonances in a 1 :2 :2 :1  ratio.

The nmr spectrum of 12 in either CDC13 or C6D6-  
DMSO-d6 displayed only two singlets, in a 1:2 ratio, 
for the ierf-butyl groups. These spectra may be ex
plained by assuming that the ierf-butyl groups occupy 
the less crowded external amidinium positions, causing 
them to be magnetically equivalent. If the enamine 
ierf-butyl preferentially occupies one position, or under
goes free rotation about the enamine nitrogen, a 1:2  
ratio would be observed.

The isopropylamine product, 15, displayed three 
doublets in its nmr spectrum, presumably because the 
isopropyl groups also occupy the external amidinium 
positions. Since the plane of symmetry of the molecule 
does not pass through the isopropyl methine carbons, 
the methyls of a given isopropyl group are magnetically 
nonequivalent.17 However, the a- and /3-methyls are 
equivalent. Since the enamine isopropyl methine car
bon can lie in the plane of symmetry, the 7 -methyls 
are equivalent. Each of these methyl absorptions 
would be split by the methine protons, thus generating 
the three observed doublets.

In an attempt to produce a cyclobutadiene deriva
tive by a nucleophilic attack at the second dichloro- 
methylene group, 12 was treated with KOH in meth
anol. However, instead of producing the desired 
product, the reaction yielded 2 1 . The equivalence 
of the methoxyls in it its nmr spectrum established that 
the product was formed by displacement of the ring 
chlorines rather than by displacement of the vinyl chlo
rines.

Because the reaction of 1 with amines had shown 
the presence of two reactive sites, it was anticipated 
that a bifunctional amine could produce a heterocyclic 
product. Phenylhydrazine was selected because at
tack by both nitrogens would lead to a stable five- 
membered ring. When 1 was treated with phenyl
hydrazine in a 1:4 molar ratio (3 mol was used to ab
sorb the HCIwhich was produced), there was obtained
22. When the reaction was run with a 1 :6 molar ratio, 
23 was produced. It was presumably formed by at
tack of phenylhydrazine on 22. Strong peaks in the 
ir spectra of 22 and 23 at 6.58 and 6.64 g, respectively, 
were attributed to the pyrazole rings.18 The location 
of the phenyl ring in 22 and 23 has been inferred from 
mechanistic considerations (see the discussion below). 
However, the alternative structures 24 and 25 cannot 
be ruled out by the available physical and chemical 
evidence.

(17) F . A . B ov ey , "N u clea r  M agn etic  R eson ance  S p ectroscop y ,”  A ca 
dem ic Press, N ew  Y ork , N . Y .,  1969, C h apter 6.

(18) (a) G . Zerb i and C. A lberti, S p e d r o c h i m .  A c t a ,  18, 407 (1962); (b) 
i b i d . ,  19, 1261 (1963).
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Ph Ph

Mechanism of the Reactions.—The following steps 
are proposed to account for the formation of the prod
ucts obtained from 1 (Scheme I ) .

S c h e m e  I

N H RR'
-HC1

NRR'

NRR' |\+

Cl-
C1

NRR'
Cl

Cl

Initial attack by the amines via allylic rearrange
ment (S n 2 ') ,  rather than by direct displacement (S n 2), 
is suggested because a halogens accelerate S n 2 ' reac
tions19 and retard S n 2 reactions.20 The formation 
of 2 from 1 by treatment with KOH presumably oc
curred via the Sn 2 ' mechanism.

Nucleophilic displacement of the second ring chlo
rine to give either enamines or pyrazoles is reasonable 
in view of the presence of electron-withdrawing groups 
in the various intermediates.21 Further atack by KOH

(19) (a) P . D e  la M are and C . Vernon, J .  C h e m . S o c .  3555 (1953 ); (b) 
J. D . Park , J. D . Lâcher, and J. D ick , J .  O r g . C h e m .,  31, 1116 (1966).

(20) J. H ine, S. J. E hrenson, and W . H . Brader, J .  A m e r .  C h e m . S o c . ,  78, 
2282 (1956); 77, 3386 (1955).

(21) S. P ata i and Z . R ap p ap ort, “ T h e  C h em istry  o f  the A lkenes,”  In ter
science, N ew  Y ork , N . Y .,  1964, C h apter 8.

on 2 did not occur, presumably because of the presence 
of the carboxylate ion.

Displacement of the second vinylic chlorine from the 
a-chloroimine to give amidinium salts has ample pre
cedent.22

Conclusion.—The reactions of 1 with ammonia 
amines and phenylhydrazine produce nitriles, amidin
ium salts and pyrazoles, respectively.

Experimental Section
Melting points were determined on a Thomas-Hoover appara

tus and are uncorreeted. Ultraviolet spectra were determined 
with a Perkin-Elmer Model 202 spectrophotometer, infrared 
spectra with a Perkin-Elmer Model 137, and nmr with a Yarian 
A-60 using tetramethylsilane as internal reference. Analyses 
were performed by Mr. George Robertson, Florham Park, N . J., 
and Spang Micro-Elemental Laboratory, Ann Arbor, Mich., or by 
an F & M  Elemental Analyzer, Model 185. Mass spectra were 
determined with a Varian M-66 employing a direct inlet system. 
Thin layer chromatography was performed on plates prepared 
with silica gel G or Adsorbosil-1 (Applied Science Laboratories, 
State College, Pa.) to which approximately 5%  Radelin phosphor 
GS-115 had been added. Column chromatography was per
formed by using either Fisher reagent grade silica gel, 28-200 
mesh, or Mallinckrodt CC7, 28-200 mesa. Ion-exchange chro
matography was performed by use of Amberlite IRA-400 (Mal
linckrodt Chemical Works).

2-Amino-3,3-dichloro-4-dichloromethylene-l-cyanocyclobutene
(8).— Aqueous ammonia (15 ml, 240 mmol), cooled to 4°, was 
added to a solution of 1 (2.03 g, 5.7 mmol) in 200 ml of absolute 
ethanol at 4°. After 3 days at 4°, the solvent was removed 
under vacuum at ambient temperature. The solid residue thus 
obtained was treated with, carbon tetrachloride. The mixture 
was filtered to remove ammonium chloride. The filtrate was 
evaporated and chromatographed on silica gel using methanol- 
chloroform (4:96) as solvent. The major band, Rt 0.38, was 
collected and yielded 847 mg (61%, colorless crystals, mp 139°) 
of 8: Xmax 262 mu (e 8600), 314 (2900); ir (KBr) 2.90, 3.12 
(NH2), 4.50 (C = N ); mass spectrum (70 eV) m /e 242 with an 
isotopic cluster of peaks expected for four chlorines.

Anal. Calcd for C6H2N2C14: C, 29.54; H, 0.83; N , 11.49. 
Found: C, 29.45; H, 0.86; N, 11.11.

2-Acetamido-3,3-dickloro-4-dichloromethylene-1 -cyanocvclo- 
butene (9).— Aminonitrile 8 (2.00 g, 8.20 mmol), dissolved in 1 
ml of acetic anhydride, was heated at 100° for 48 hr. Upon 
cooling, a solid slowly precipitated. The mixture was centri
fuged. The centrifugate was decanted and treated with an equal 
volume of water, which caused more solid to deposit. The com
bined solids were washed with water and crystallized from car
bon tetrachloride to afford 1.23 g (52%, colorless crystals, mp 
232°) of 9: Xma* 265, 341 mu; ir (KBr) 3.16 (NH), 4.50 m 
(C = N );  mass spectrum (70 eV) m/e 284, with an isotropic cluster 
of peaks which indicated four chlorines.

Anal. Calcd for C6H4N 20C14: C, 33 60; H, 1.41; N , 9.80. 
Found: C, 33.71; H, 1.37; N, 10.09.

2-Amino-3,3-dichloro-4-dichloromethyl- l-cyano-4-methoxy cy
clobutene (10).— One milliliter of 5 N  aqueous hydrochloric 
acid was added to aminonitrile 8 (100 mg, 0.41 mmol) in 1 ml of 
methanol. The solution was allowed to stand for 4 days at room 
temperature. The volume was reduced to approximately 1 ml 
by a stream of nitrogen. The solid which deposited was col
lected by filtration and crystallized from chloroform to yield 92 
mg (36%, colorless crystals, mp 145-146°) of 10: Xmax 267 mu
(e 11,600); ir (KBr) 2.90, 3.10 (NH ); 4 .52m (C = N );  nmr (CD- 
Cl3) t 3.91 (s, 1 H), 4.20 (broad, 2 H ), 6 27 (s, 3 H ); mass spec
trum (70 eV) m/e 274 with an isotopic cluster of peaks which 
indicated four chlorines.

Anal. Calcd for C,H6N 2OCh: C, 30.46; H, 2.19; N, 10.15. 
Found: C, 30.90; H, 2.13; N, 10.45.

(22) (a) F or the synthesis o f am idin ium  salts from  a-ehloroim ines, see H . 
Paul, A . W eise, and R . D ettm er, C h e m . B e r . ,  98, 1450 (1965 ); (b ) K . F u ji- 
m otom , T . W atanabe, J. A be, and K . O kaw a, C h e m . I n d .  ( L o n d o n ) ,  175 
(1971); (c) for the m echanism , see Z. R a p p a p crt  and R . Ta-Sh m a, T e t r a -  
d r o n  L e t t . ,  3813 (1971); (d) for a review  o f  .he chem istry  o f  or-chloro- 
imines, see H . U lrich, " T h e  C h em istry  of th e  Im id o y l H alides,”  P lenum  
Press, N ew  Y ork , N . Y .,  1968.



2-Amino-4-bromodichloromethyl-3,3-dichloro-l-cyano-4-me- 
thoxycyclobutene (11).— A solution of one part liquid bromine in 
two parts methanol was added to aminonitrile 8 (500 mg, 2.05 
mmol) in 2 ml of methanol. The mixture was allowed to stand 
overnight at room temperature and then evaporated to dryness 
under a stream of nitrogen. The crude solid thus obtained was 
crystallized from chloroform to yield 220 mg (24%, colorless 
crystals, mp 151-153°) of 11: Xmax 268 mp (e 7500); ir (KBr)
3.05, 3.25 (NH2), 4.60 p (C==N); nmr (CDC1„) r 3.83 (broad, 
2 H ), 5.77 (s, 3 H ); mass spectrum (70 eV) m/e 352, with an iso
topic cluster of peaks which indicated one bromine and four chlo
rine atoms.

Anal. CalcdforCvHsNiOBrCh: C, 23.69; H, 1.42; N, 7.89. 
Found: C, 23.73; H, 1.41; N, 7.90.

Ar,iV'-Di-/,i:r/-butyl-2-ierZ-butylamino-3,3-dichloro-4-dichloro- 
methylenecyclobutenylcarboxamidinium Chloride (12).— tert- 
Butylamine (183 g, 2.50 mol) was introduced dropwise, over a 
period of 1 hr, into a vigorously stirred solution of 1 (35.6 g, 0.10 
mol) dissolved in 350 ml of diethyl ether. The solid (ieri-butyl- 
ammonium chloride) which deposited was separated by filtration. 
The filtrate yielded, upon evaporation, a solid residue which was 
crystallized from chloroform-hexane to give 30.3 g (65%, color
less crystals, mp 245°) of 12: Xma* 273 mp (e 13,600); ir (KBr)
3.38 (NH, CH), 5.86 (exocyclic C = C ), 6.20 p (ring C = C  and 
amidinium); nmr (CDC13) r 0.12 (2 H, broad), 2.49 (1 H, broad),
8.55 (9 H, singlet), 8.65 (18 H, singlet); nmr (C6D 6-DM SO-d6) 
r -0 .4 8  (broad, 2 H ), 1.85 (broad, 1 H) 9.03 (s, 9 H), 9.07 (s, 18 
H ); mass spectrum (70 eV) m/e 427.

Anal. Calcd for Cis,HsoN 3Cl5: C, 46.42; H, 6.49; N, 9.02. 
Found: 0 ,45 .95 ; H, 6.56; N, 9.12.

Reaction of 12 with Silver Nitrate.— A 5%  aqueous silver 
nitrate solution was added dropwise to a mechanically stirred 
solution of 12 (150 mg, 0.32 mmol) in 3 ml of methanol, until no 
further precipitation occurred. The solid was separated by fil
tration and then treated with chloroform. The mixture was 
filtered and the filtrate was evaporated to dryness. The solid 
thus obtained was crystallized from chloroform-hexane to yield 
the nitrate salt 13 (colorless crystals, mp 230°): XmM 273 mp (« 
18,500); ir (KBr) 3.08, 3.30 (NH), 3.38 (CH), 5.87 (exocyclic 
C = C ), 6.20 (ring C = C , amidinium), and 7.25 (N 03~); nmr iden
tical with that of 12.

Anal. Calcd for CigHjoNiOsCh-H20 :  C, 42.37; H, 6.32;
N, 10.98. Found: C, 42.42; H, 6.01; N, 10.80.

Reaction of 12 with Sulfuric Acid.— A solution of 12 (300 mg,
O. 64 mmol) in 4 ml of 95% ethanol was warmed to 65°. Upon 
addition of four drops of 18 M  sulfuric acid, an immediate forma
tion of crystals was observed. The mixture was cooled to room 
temperature and then filtered. The crystals were recrystallized 
from chloroform to yield the bisulfate salt 14 (colorless crystals, 
mp 230° dec): X™* 272 mp (« 20,700); ir 3.35 (CH, NH), 5.85 
(exocyclic C = C ), 6.20 (ring C = C , amidinium), 8.0-8.4 p 
(HSO4-); nmr (DMSO-d6) r 2.17 (broad, 1 H ), 7.80 (s, 18 H),
7.90 (s, 9 H ); mass spectrum (70 eV) m/e 298.

Anal. Calcd for C i8H31N3C14S04: C, 40.99; H, 5.93; N, 
7.97; Cl, 26.40. Found: C, 40.45; H, 5.48; N, 7.78; Cl,
26.61.

Conversion of the Bisulfate Salt 14 to the Chloride Salt 12.—
A solution of 14 (145 mg, 0.28 mmol) in 15 ml of 15% water-85% 
methanol was placed on a column containing 4.5 g of IR-400 
anion exchange resin, equivalent to 15 mequiv of exchangeable 
chloride, in 15% water-85% methanol. The column was washed 
with 15% water-85% methanol; 30 ml of eluate was collected 
and then evaporated to dryness. The residue obtained was 
crystallized from chloroform-hexane to yield colorless crystals of 
12, mp 246-247°. The product was shown to be identical with 
authentic 12 by comparison of their ir spectra and a mixture melt
ing point.

Reaction of 12 with Potassium Carbonate.— Solid potassium 
carbonate (470 mg, 3.4 mmol) was added to a vigorously stirred 
solution of 12 (1.6 g, 3.4 mmol) in a mixture of 240 ml of 95% 
ethanol and 240 ml of water. At the completion of addition the 
solution become opaque. Stirring was continued for several 
hours, during which time a solid deposited. The mixture was 
evaporated to half volume and filtered. The solid was washed 
with water, dried in a vacuum desiccator, and crystallized from 
chloroform-hexane to yield 177 mg (27%, colorless crystals, mp 
238°) of !V,lV'-di-ierf-butyl-2-tert-butylamino-3,3-dichloro-4-di- 
chloromethylenecyclobutenylcarboxamidine (20): Xmax 272 mp
(e 15,800); ir (KBr) 2.93 (NH), 3.36 (CH, NH), 5.84 (C = C ),
6.08 (C = C ), and 6.22 p (amidine); nmr (CDC13) r 0.08 (broad,
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1 H), 8.42 (s, 9 H), 8.53 (s, 18 H); mass spectrum (70 eV) m / e  

427.
A n a l .  Calcd for Ci8H29N3Cl4-2H20 : C, 46.46; H, 7.12; N,

9.03. Found: C, 46.44; H, 6.65; N, 9.02.
Conversion of Amidine 20 to Amidinium Salt 12.—A solution 

of 1 drop of 12 M  HC1 in 1 ml of methanol was added to 20 (43 
mg, 0.1 mmol) in 1 ml of methanol. Upon removal of the solvent 
by a stream of nitrogen, a solid residue was obtained. The ir 
spectrum of the dry residue (abderhalden pistle, 80°) was iden
tical with that of 12. A mixture melting point determination of 
12 and the product obtained from 20 showed no depression.

Reaction of 12 with Methanolic Potassium Hydroxide.— A 
20-ml portion of a freshly prepared and filtered 1.5 M  solution of 
potassium hydroxide in methanol was added to 12 (1.6 g, 3.4 
mmol) in 24 ml of methanol. The reaction mixture was stirred 
at room temperature for 5 days, during which time a solid pre
cipitated. The colorless solid was removed by filtration and 
washed with water to remove potassium chloride, then dried and 
crystallized from chloroform to yield 503 mg (37%, colorless 
colorless crystals, mp 222°) of A,A'-di-ieri-butylamino-3,3-di- 
methoxy - 4 - dichloromethylenecyclobutenylcarboxamidine (21): 
X»ax 278 mp ( e  14,700); ir (KBr) 3.02 (NH), 3.36 (NH, CH), 5.90 
(C =C ), 6.30 (amidine), 8.87 p (ether); nmr (CDC13) t  —0.20 
(broad, 1 H), 6.40 (s, 6 H), 8.53 (s, 18 H), 8.62 (s, 9 H); nmr 
(DMSO-d6) r 0.15 (broad, 1 H), 6.79 (s, 6 H), 8.74 (s, 18 H),
8.81 (s, 9 H); mass spectrum (70 eV) m / e  419.

A n a l .  Calcd for C20H35N3O2Cl2-2H2O: C, 52.63; H, 8.61; 
N, 9.20. Found: C, 52.52; H, 8.00; N, 9.35.

Reaction of Amidine 21 with Dilute Hydrochloric Acid.— To 
a solution of 150 mg (0.36 mmol) of 21 in 5 ml of tetrahydrofuran 
was added 4 ml of 0.2 A  aqueous hydrochloric acid. After 
several minutes at room temperature, the solution was evaporated 
to dryness. A solid residue was obtained which was crystallized 
from chloroform-hexane to yield colorless crystals, mp 232°, of 
N , N '  -  di- t e r t  - butyl - 2 - ieri-butylamino-3,3-dimethoxy-4-dichloro- 
methyleneeyclobutenylcarboxamidinium chloride (21) (HC1): 
Xmax 277 mp (e 17,300); ir (KBr) 3.40 (NH, CH), 5.92 (C=C),
6.25 p (C =C , amidinium).

A n a l .  Calcd for C20H36N3O2Cl3: C, 52.56; H, 7.94; N, 9.20. 
Found: C, 52.76; H, 8.10; N, 9.07.

Reaction of 1 wdth Isopropylamine.— A solution of 6.6 g (0.11 
mol) of isopropylamine in 50 ml of tetrahydrofuran was added, 
dropwise, over a period of 3 hrs, to a well-stirred solution of 2.0 g 
(5.6 mmol) of 1 in 50 ml of tetrahydrofuran. During the addi
tion a solid deposited. The solvent was evaporated to afford an 
oily mass of crystals, which was treated with chloroform. The 
undissolved isopropylamine hydrochloride was removed by filtra
tion. Upon evaporation of the chloroform, a solid residue was 
obtained which was crystallized from chloroform-hexane to yield 
colorless crystals, mp 218-220° of Ai,A, '-diisopropyl-2-isopropyl- 
amino -3 ,3- dichloro - 4 -dichloromethylenecy clobutenylcarboxam- 
idinium chloride (15): Xma* 268 mp (e 19,100); ir (KBr) 3.40 
(CH, NH), 5.82 (C==C), 6.15 p (C =C , amidinium); nmr (CD- 
Cl3) r 0.49, 0.65 (broad, 3 H), 5.83 (broad) 6.30 (quartet) [The 
last two peaks integrated together as 3 H. Additional peaks 
were located at t  8.55 (d, J  =  6.5 cps), 8.64 (d, J  = 6.5 cps), 
and 8.73 (d, J  =  6.0 cps). The last three peaks integrated as 
18 H .]; mass spectrum (70 eV) m / e  447.

A n a l .  Calcd for CisH^NsCh: C, 42.52; H, 5.71; N, 9.92. 
Found: C, 42.56; H, 5.60; N, 9.72.

Reaction of 1 with Aniline.—To a solution of 1.00 g (2.80 
mmol) of 1 in 20 ml of tetrahydrofuran was added 2.00 g (21.5 
mmol) of aniline. After several days at room temperature, 
the mixture was filtered to remove aniline hydrochloride. Evap
oration of the filtrate and treatment with ethyl ether yielded a 
yellow solid which, upon crystallization from chloroform-carbon 
tetrachloride, afforded yellow crystals, mp 260°, of N , N ' - d i -  

phenyl - 2 - anilino -3,3-dichloro-4-dichloromethylenecy clobutenyl- 
carboxamidinium chloride (17): Xmax 290 mp (e 29,100); ir
(KBr) 2.95 (NH), 3.50 (CH, NH), 5.87 (C =C ), 6.17 (C =C , 
amidinium), 6.32 p (aromatic).

A n a l .  Calcd for C24HI4N3C15-H 20 :  C, 53.00; H, 3.71; N, 
7.73; Cl, 32.63. Found: C, 52.74; H, 3.39; N, 7.69; Cl,
32.42.

Reaction of 1 with p-anisidine and p-toluidine was carried out 
in an analogous manner.

A n a l .  Calcd for p-anisidine product (19): C, 52.67; H, 
3.93; N, 6.82; Cl, 28.79. Found: C, 52.12; H, 4.12; N, 
6.90; Cl, 30.78.
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Anal. Calcd for p-toluidine product (18): C, 57.12; H, 
4.26; N, 7.40; Cl, 31.22. Found: C, 56.53; H, 4.08; N, 7.33; 
Cl, 32.05.

Reaction of 1 with Dimethylamine.— A 250-ml portion cf a 
saturated (10 M ) solution of dimethylamine in isopropyl alcohol 
was slowly added to a well-stirred solution of 28.8 g (0.08 mol) of 1 
in 250 ml of tetrahydrofuran. The reaction mixture was evap
orated to dryness and treated with methylene chloride. The 
mixture was filtered and the filtrate was evaporated to afford a 
solid which was crystallized from chloroform-hexane to yield pale 
yellow crystals, mp 166-167°, of N,lV,.N',iV'-tetramethyl-2-di- 
methylamino-3,3 - dichloro - 4 - dichloromethylenecyclobutenylcar- 
boxamidinium chloride (16) • Xmax 273 mM (<■ 25,300), 372 
(6100); ir (KBr) 3.42 (CH), 5.86 (C = C ), 6.15 n (C = C , amidin- 
ium); nmr (CDC13) r 6.51 (s, 6 H), 6.61 (s, 3 H), 6.71 (s, 6 H),
6.74 (s, 3 H ); nmr (D 20 )  r 6.60 (s, 3 H ), 6.74 (s, 6 H), 6.84 (s, 6 
H ), 6.96 (s, 3 H ); mass spectrum (70 eV) m/e 329.

Anal. Calcd for CkHisNsCIs-H20 :  C, 36.07; H, 5.05; N, 
10.52. Found: C, 35.93; H, 4.96; N, 10.58.

Reaction of 1 with Phenylhydrazine.— A solution of 6.05 g 
(56.0 mmol) of phenylhydrazine in 200 ml of tetrahydrofuran was 
added dropwise, under a stream of nitrogen, over a period of 2 
hr, to a well-stirred solution of 5.0 g (14 mmol) of 1 in 200 ml of 
tetrahydrofuran. The precipitate which deposited (phenyl- 
hydrazine hydrochloride) was removed by filtration. The 
filtrate was concentrated and chromatographed on Silicar CC-7. 
Elution was performed with increasing concentrations of chloro
form in carbon tetrachloride. Isolated from the column were 
orange crystals, mp 130°, of 2-phenyl-3,4-(3,3-dichloro-4-di- 
chloromethylene)cyclobuteno-5-chloropyrazole (22): Am,* 240

mp (e 6200), 420 (5200); ir (KBr), 5.92 (C = C ), 6.20 (C = C ),
6.58 p (pyrazole); mass spectrum (70 eV) m/e 352.

Anal. Calcd for C,2H6N 2C15: C, 40.56; H, 1.42; N , 7.90; 
Cl, 50.01. Found: C, 40.76; H, 1.26; N, 8.04; Cl, 50.02.

Reaction of 1 with Excess Phenylhydrazine.— A solution of
13.0 g (120 mmol) of phenylhydrazine in 200 ml of ethyl ether was 
added dropwise, under a stream of nitrogen, over a period of 2 
hr, to a well-stirred solution of 7.12 g (20 mmol) of 1 in 200 ml 
of ethyl ether. The precipitate was filtered, washed with water 
to remove phenylhydrazine hydrochloride and crystallized from 
carbon tetrachloride-hexane to yield orange crystals, mp 158° 
of 23, ir (K Br)2.90, 3.00,6.24,6.64,8.02, 8.48,13.35, and 14.58 p.

Anal. Calcd for C,8H,2N4C14: C, 50.73; H, 2.84; N, 13.15; 
Cl, 33.28. Found: C, 5C.57; H, 3.07; N, 13.02; Cl, 32.93.

Registry No.—1, 1680-65-5 8, 38400-90-7; 9,
38400-91-8; 10, 38400-92-9; 1 1 . 38400-93-0; 12 ,
38400-94-1; 13, 38400-95-2; 14, 38400-96-3; i s ,
38400-97-4; 16, 38400-98-5; 17, 38400-99-6; 20,
38583-52-7; 2 1 , 38401-00-2; 21 (HC1), 38401-03-5;
22, 38401-01-3; 23, 33401-02-4; ammonia, 7664-41-7; 
isopropylamine, 75-31-0; aniline, 62-53-3; dimethyl
amine, 124-40-3; phenylhydrazine, 100-63-0.
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The electrochemical reduction of the geometric isomers of dibenzoylethylene, dibenzoylstyrene, dibenzoyl- 
stilbene, dibenzoylcyclopropane, dibenzoylphenylcyclopropane, and dibenzoyldiphenylcyclopropane has been in
vestigated by polarographic and cyclic voltammetric techniques. The polarographic waves were complicated 
by maxima; hence discussion and conclusions are based on the cyclic voltammetric results. The cts- and trans- 
dibenzoylethylenes show a remarkable 267-mV difference in ease of reduction. The dibenzoylethylenes become 
more difficult to reduce upon successive addition of phenyl groups. The difference between reduction of the 
geometric isomers of the dibenzoylethylenes reverses from the trans reducing at the more positive potential for 
dibenzoylethylene to the cis reducing at the more positive potential for dibenzoylstilbene. No discernible 
trends are observed for the dibenzoylcyclopropanes. The effects of structural changes on reduction potential 
are discussed.

Chemical reduction of dibenzoylethylenes has been 
extensively studied by Lutz and coworkers;2'3 however, 
the analogous dibenzoylcyclopropanes have received 
considerably less attention.4 The reduction of cis- 
and frans-dibenzoylethylene by a variety of reducing 
agents has not shown a demonstrable difference in 
ease of reduction of these isomers;3 however, the 
marked liability of the cis isomer under the reaction 
conditions suggests that the relative ease of reduction 
of the cis isomer has not been assessed.215 3 On the 
other hand, preferential and facile reduction of cis- 
over froms-dibenzoylstilbene has been observed with

(1) This w ork represents a partial fulfillm ent o f  the requirem ents for the 
B.S. degree b y  W . F . W .

(2) (a ) W . M . H ankins, R . E . Lutz, E . L . A nderson, M . G . H ankins, 
and D . W . B oy k in , Jr., J .  O r g . C h e m ., 35, 2934 (1970); (b ) R . E . L u tz and 
W . J. W elstead , Jr., J .  A m e r .  C h e m . S o c . ,  85, 755 (1963); (c ) C . K . D ien  and 
R . E . Lutz, J .  O r g . C h e m .,  21, 1492 (1956 ); (d ) R . E . Lutz and M . G . Reese, 
J .  A m e r .  C h e m . S o c . ,  81, 127 (1959).

(3) (a) R . E . Lutz and C . R . Bauer, i b i d . ,  7 3 ,  3456 (1951 ); (b ) R . E . 
L u tz and J. S. G illespie, Jr., i b i d . ,  72, 344 (1950).

(4) (a) J. B . C on an t and R . E . Lutz, i b id . .  49, 1083 (1927); (b ) E . P . 
K oh ler and W . N . Jones, i b id . ,  41, 1249 (1919).

NaBH4, LiAlRj, PCh, and aluminum isopropoxide.2b'6 
These results have been explained in terms of a “ cis- 
group effect” which presumably arises in part as a 
result of dipole-dipole interactions of the proximate 
carbonyl groups and in part from reductions in ir- 
orbital overlap in the cis isomer due to steric crowding. 
In contradistinction to the above reagents, Zn-HOAc, 
SnCk-HOAc-HCl, and sodium hydrosulfite reduce 
both isomers with apparently comparable ease.2b,3a 
Such differences do not appear to have been reported 
in the cyclopropane systems. Quantitative assess
ment of the relative ease of reduction by electrochem
ical methods should add to the understanding of the 
reduction of these unsaturated ketones.

There have been only a limited number of investiga
tions comparing the effect of geometry on ease of elec
trochemical reduction for stereoisomers, cis- and trans-

(5 ) R . E . Lutz, C . R . Bauer, R . G . Lutz, and J. S. G illespie, J .  O r g . C h e m . ,  
20, 218 (1955).
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T a b l e  I

E i / ,  ( — V )  V a l u e s  a t  t h e  D r o p p i n g  M e r c u r y  E l e c t r o d e  ( D M E )

2 3
R, R' trans0 cis° A b trans“ cis“ A6

H, H 0.87 (959-28-4) 1.11 (959-27-3) 0.24 1.43 (38400-84-9) 1.49 (3238-03-7) 0.06
H, Ph 1.20 (34880-76-7) 1.18 (13249-75-7) -0 .0 2 1.45 (30698-22-7) 1.48 (30698-21-6) 0.03
Ph, Ph 1.18 (10496-80-7) 1.19 (6313-26-4) 0.01 1.51 (38400-88-3) 1.44 (38400-89-4) - 0 .0 8

“ Registry numbers are given in parentheses. 6 A =  Ei/,(cis) — I?i/2( trans).

stilbene have been reduced electrochemically in DMF6 
and CH3CN;7 the E,/t values were —2.07 V cis and 
—2.08 V trans in DMF and —1.87 Y cis and —1.73 
V trans in C H 3C N . It appears that in this system 
there is little difference in the ease of reduction of the 
isomers. A study of fumaric and maleic acid and their 
esters in pyridine showed that the trans isomers were 
reduced at slightly more positive potentials.8 On 
the other hand, fumaronitrile is reduced at a more nega
tive value than maleonitrile, and frons-crotononitrile 
is reduced at a more negative value than czs-crotono- 
nitrile in aqueous media.9 10 The easier reduction of these 
cis isomers was attributed to adsorption on the elec
trode.9 The reduction of cis- and i«ms-dibenzoyl- 
ethylenes in aqueous media shows that the trans isomer 
is more readily reduced than the cis isomer, E i/r  
(trans) —0.46 V and f?i/2(cis) — 0.75V.10a’b

As part of a continuing investigation11 of the non- 
aqueous electrochemistry of a,/3-unsaturated ketones, 
we have measured the polarographic half-wave po
tentials and the Epn values from cyclic voltammetry 
for three sets of isomeric dibenzoylethylenes and di- 
benzoylcyclopropanes in an attempt to quantitatively 
assess the differences in ease of reduction in these sys
tems. The geometric sets we have examined were 
also selected in order to assess the effect on reduction 
of systematic addition of phenyl groups to the double 
bond and the cyclopropane ring in these 1,4-diketone 
systems.

Results

Polarography.—The reduction of (rans-dibenzoyl- 
ethylene at the dropping mercury electrode in DMF 
exhibited two well-defined waves and exhibited no 
maxima. A plot of the log [i/(id — i) ] vs. E for the 
first wave yielded a straight line with a slope equaling 
0.059, indicating that the reduction is a one-electron 
process. The presence of a stable free radical was 
confirmed by esr.12 The polarograms for most of the

(6) S. W aw zonek , E . W . Blaha, R . B erkey, and M . E . R unner, J .  E l e c t r o -  
c h e m . S o c . ,  102, 235 (1955).

(7) P . G . G rod zk a  and P . J. E lv in g , i b i d . ,  225, 231 (1963).
(8) R . T akahashi and P . E lv in g , E l e c t r o c h i m . A c t a ,  12, 213 (1967).
(9) S. K . Sm irov, I .  G . Sevast’ya n ov , A . P . T om ilov , L . A . F ed orova , and

O. G . Strukov, Z h .  O rg . K h i m . ,  5, 1392 (1969); C h e m . A b s t r . ,  71, 108455d 
(1969).

(10) (a) H . K eller, R . Pasternak, and  H . V . H alban, H e lv .  C h im . A c t a ,

29, 512 (1946). (b ) R . Pasternak, i b i d . ,  31, 753 (1948). (c) C f .  reduction  o f
frcm s-dibenzoylethylene in D M F : R . H . Phillip, Jr., R . L. F lurry, and R . A . 
D a y , Jr., J .  E l e c t r o c h e m . S o c . ,  I l l ,  328 (1964).

(11) M . L. Ash, F . L . O ’ Brien, and D . W . B oyk in , Jr., J .  O r g . C h e m .,  37, 
106 (1972).

(12) F . L . O ’ Brien, unpublished results.

Figure 1.— Polarogram of cis-dibenzoylcyclopropane.

other compounds studied were complicated by maxima. 
A typical example of the maxima problems encountered 
is shown in Figure 1. In an attempt to eliminate the 
polarographic maxima phenomena, limited studies 
altering various electrochemical parameters were under
taken. Changing the solvent to DMSO, altering the 
supporting electrolyte from TEAP to tetrabutylam- 
monium iodide, and limited investigations employing 
the surfactants Triton-X and gelatin did not appre
ciably alter the appearance of the polarographic waves. 
Because of these problems the E y2 data presented in 
Table I are, doubtlessly, only rough estimates of the 
relative reduction half-wave potentials of these com
pounds; nevertheless, they may be used in a qualita
tive manner. Since it was the original objective of 
this investigation to accurately measure the E i/2 
values for the geometric isomers, an alternate method 
for assessing their reduction potentials was sought.

Cyclic Voltammetry. In spite of the fact that fre
quently the data obtained by linear sweep voltammetry 
at the hanging drop electrode (HDE) are less accurate 
than those obtained at the DME, the measurement is 
far less time consuming. The half-peak potential 
(Ep/z) while not directly relatable to the formal reduc
tion potential, unless the exact electrode mechanism 
is known, is nevertheless experimentally a most useful 
measurement of the relative ease of oxidation or reduc
tion. Also, additional information about reactive 
intermediates and chemical follow-up reactions is 
often obtained by reversing the voltage scan (cyclic 
voltammetry) and observing the oxidation of the reduc
tion product (s) which has accumulated at the station-
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Figure 2.— Cyclic voltammograms of cis- and irons-dibenzoyl- 
ethylene.

ary electrode. The magnitude of the anodic response 
for reversible electron transfer, followed by an ir
reversible chemical reaction, is directly relatable to 
the half-life of the product of electron transfer (e.g., 
the anion radical).13a,b It is expected by analogy with 
other a,/3-unsaturated ketones13“ that this type of 
process is important here.

Frequently, when polarographic maxima occur, 
adsorption peaks are observed at the HDE, which 
may be accompanied by a significant shift in the po
tential for the normal reduction wave. Only one 
compound, frans-dibenzoylstyrene, of the 12 studied 
exhibited a current-voltage curve with adsorption 
peaks. The values for Ep/2 for the six sets of geometric 
pairs are listed in Table II.

T a b l e  II
E p n  ( —V) V a l u e s  a t  t h e  HDE

R. R' trans
------- 2-----

cis A° trans
----- 3------

cis A“

H, H 0.89 1.15 0.27 1.43 1.50 0.07
H, Ph 1.19 1.19 0.00 1.46 1.48 0.02
Ph, Ph 1.22 1.19 -0 .0 3 1.45 1.50 0.05

“ A =  Ep/2(cis) — I?p/2( trans).

Discussion

There is a good qualitative parallel between the 
reduction potential values obtained by the two differ
ent electrochemical methods employed. The only 
serious discrepencies between the techniques are for 
the diphenyldibenzoylethylene and -cyclopropane pairs. 
In spite of this general agreement, this discussion will 
assume, owing to uncertainty in the DME values 
caused by maxima problems, that the data obtained 
by the HDE techniques are more reliable.

Dibenzoylethylenes.—Examination of the Ep/2 values 
for the dibenzoylethylene series reveals interesting 
trends. First, it is observed that for both cis and 
trans isomers, albeit not so pronounced in the cis series, 
the successive addition of a phenyl group to the 
ethylene carbon results in a successive shift in Ep/2 to a

(13) (a) R .  S. N icholson  and I .  Shain. A n a l .  C h e m .,  36, 706 (1964); (b ) 
E . R . B row n and R . F. Large in “ Techn iques o f  C hem istry, P h ysica l M eth 
ods o f  C h em istry ,”  V ol. I , P art I IA , A . W eissberger and B . W . R ossiter, 
E d ., W iley-Interscience, N ew  Y ork , N . Y . ,  1971, C h apter 6; (c) J . P . Z im 
m er, J. A . R ichards, J. C . Turner, and D . H . E vans, A n a l .  C h e m .,  43, 1000 
(1971).

Figure 3.— Cyclic voltammograms of cis- and trans-dibenzoyl- 
styrene.

more negative value. However, 7he addition of the 
second phenyl group does not produce as large an effect 
as the first, and, therefore, a simple incremental effect 
of addition of a phenyl group is not observed. It is 
evident in this series that the inductive effect of the 
added phenyl group is not playing a predominate role 
in determining the Ep/2 values. The negative shift 
suggests that the important influence on the ease of 
reduction by the addition of a phenyl group to this 
system is to decrease stability of the presumed inter
mediate anion radical, which should be brought about 
by a decrease in coplanarity as a result of increased 
steric crowding.

The second interesting trend is seen by considering 
the effect on the A values [A = Ep/2(cis) — Ep/2- 
(trans)] for the isomer with successive addition of a 
phenyl group to the parent system. The trans isomer 
of dibenzoylethylene is reduced in DMF at 267 mV 
less negatively than the cis isomer, which is of the 
same order of magnitude of the difference in aqueous 
media, 10a’b an isomeric difference in ease of reduction 
which is without precedent! The addition of a single 
phenyl group to the parent system, forming the di- 
benzoylstyrene system, results in a leveling out of 
the differences between the isomers as shown by a A 
value of —5 mV. And finally, the addition of two 
phenyl groups to the system, to form the dibenzoyl- 
stilbene system, produced a reversal of the ease of the 
reduction. The cis isomer is reduced at a potential 
32 mV less negative than the trans. In a series of 
geometric nitriles in which the cis isomers were reduced 
at more positive potentials than the trans isomers, the 
reversal was attributed to absorption phenomenon 
and intermoleculcar interactions.9 No complicating 
maxima are seen in the current-voltage curves for cis- 
and frans-dibenzoylstilbene (see Figure 4). One plau
sible explanation for this reversal could be that in the 
dibenzoylstilbene case a special influence may be oper
ative which stablizes the anion radical for cfs-diben- 
zoylstilbene and therefore could account for the easier 
reduction of the cis than the trans isomer (vide infra).

Anodic sweep of the cyclic voltammograms of each 
isomer of the geometric sets provides additional in
formation concerning the stability of the anion radicals 
produced on reduction. In Figure 2, for the diben
zoylethylene pair, it can be seen for the trans isomer
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Figure 4.— Cyclic voltammograms of cis- and iraras-dibenzoyl- 
stilbene.

that reduction produces a relatively stable radical, 
whose esr signal has been observed12 and which can be 
reoxidized at the expected potential. On the other 
hand, the absence of the reverse anodic wave suggests 
that the radical anion produced by reduction of the cis 
isomer is unstable and does not survive to be reox
idized. However, an oxidation wave is observed at 
the potential coinciding with that of the presumed 
trans anion radical, strongly suggesting that the cis- 
dibenzoylethylene anion radical is rapidly converted 
to the trans anion radical.

The cyclic voltammograms foi- the isomers of di- 
benzoylstyrene (Figure 3) are not as distinctive as 
the preceding ones. However, owing to the absence 
of significant anodic waves for both isomers, it can be 
deduced that the half-lives of the anion radicals are 
short with respect to frans-dibenzoylethylene. The 
large symmetrical peak at ca. 0.2 V anodic of the main 
reduction wave of the trans is due to adsorption.

The existence of a distinct anodic wave in the case 
of the cis isomer in the cyclic voltammograms of the 
dibenzoylstilbenes (Figure 4) indicates that the anion 
radical of the cis isomer is considerably longer lived 
than its trans isomer. Ep/2 values as well as increased 
lifetime of the intermediate (anion radical) produced 
on reduction of cfs-dibenzoylstilbene exemplify the 
differences between the dibenzoylethylene and diben- 
zoylstilbene systems. These observations could be 
explained in, terms of the appearance of a significant 
inductive effect arising from the phenyl or benzoyl 
groups due to diminution of coplanarity of the groups 
for the cis isomer relative to trans due to steric crowd
ing. However, it was noted above that the shift of A 
upon addition of phenyl groups was in the wrong 
direction for the inductive effect to make a signifi
cant contribution. On the other hand, an attractive 
alternative interpretation is that, because of the prox
imity of the carbonyl groups in the cis isomer, a cyclic 
delocalized anion (such as 1) is the stable intermediate. 
Similar intermediates have been proposed previously

1

Figure 5.— Cyclic voltammograms of cis- and irarcs-phenyl- 
dibenzoyleyclopropane.

by Lutz to account for “ cis-group effects” on chemical 
reduction in these systems.2 Obviously, 1 could not 
result from the trans isomer without rotation around 
the 2,3 carbon bond, although the energy barriers to 
such rotation in analogous systems are known to be 
low;14 15 the distinct differences between the cyclic 
voltammograms for the isomers suggest this is not 
occurring to an appreciable extent. The intervention 
of an intermediate of the type 1 is particularily attrac
tive since it has been shown that in the mild chemical 
reduction of 2,3-disubstituted cis-dibenzoylethylenes 
dihydrofuran intermediates can be isolated.2a

Dibenzoylcyclopropanes. —The results from the elec
trochemical reduction of the cyclopropane diketones 
were of particular interest in view of the continuing 
comparisons of the chemistry of cyclopropanes and 
ethylenes.16 In this study, however, the double bond 
properties of cyclopropane were not as apparent as 
have been noted in other systems.

The Ep/i data show that the trans isomers of the 
three cyclopropane pairs are reduced at lower potentials 
than their corresponding cis isomers. Such an ob
servation is in accord with increased stabilization of 
intermediate radical ariions [and/or the transition 
state(s) leading to same] due to greater delocalization 
in the trans isomer compared to the cis. Such delocal
ization no doubt involves the cyclopropane ring to 
some extent. It is clear from the cyclic voltammetry 
that compared to the ethylenes the cyclopropane anion 
radicals are relatively unstable. In contrast to the 
ethylene series, no oxidation wave was observed for 
any cyclopropane studied. Cyclic voltammograms 
typical of the cyclopropane series are shown in Figure 5. 
In further contrast to the ethylene series, no discern
ible trends in Ep/2 values (Table II) were observed 
upon successive addition of phenyl groups to the di- 
benzylcyclopropane system.

Experimental Section
Chemicals.— The preparation of the dibenzoylethylenes and 

the dibenzoylcyclopropanes has been reported.2-6'16 Each com

(14) H . H . Freedm an, V . R . Sandel, and B . P . Th ill, J .  A m e r .  C h e m . S o c ., 
89, 1762 (1967).

(15) (a) M . C h arton  in “ T h e C h em istry  o f  the A lkenes,”  Y o l. 2, J. Za- 
b ick y , E d ., Interseience, N ew  Y ork , N . Y . ,  1970, p 511 ff; (b ) A . B . Turner, 
R . E . Lutz, N . S. M cF arlane, and D . W. B oy k in , Jr., J .  O r g . C h e m .,  36, 1107 
(1971).

(16) C . R .  T aylor, P h .D . D issertation , U niversity  o f  V irginia, 1970.
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pound was recrystallized from ethanol to a constant melting 
point and dried in vacuo. The purification of dimethylform- 
amide and tetraethylammonium perchlorate has been previously 
described.11

Instrumentation and Procedures.— The three-electrode po- 
tentiostat of conventional design, the polarographic cell, the 
capillary constant, and the general electrochemical procedures 
have been reported previously.11 The signal generator used for 
polarography and cyclic voltammetry consisted of an Analog 
Devices Model 119 operational amplifier connected in the typical 
voltage integrator circuit. The desired rates of voltage change 
were obtained by selection of appropriate values for the input 
resistor and feedback capacitor. Sweep reversal was affected 
manually by reversal of the integrator input voltage. The 
polarographic scan rate was 0.06 V/min, and for cyclic voltam
metry the scan rate for potential measurement was 2.5 V/min.

The hanging drop electrode was constructed in the usual manner 
by sealing a piece of platinum wire into soft glass tubing, polishing 
the end, and etching the exposed platinum with aqua regia. The 
recessed platinum contact was then plated with mercury at the 
beginning of each day. For each measurement two new drops 
of mercury from the DM E were transfered to the HDE via a 
small glass spoon that was added to the polarographic cell.

The reported EPn values are the average of at least three mea
surements per day on at least 2 different days. Most values 
agreed to within 5 mV or less with 13 mV the largest single devia
tion observed. Polarographic Ei/, values were approximated 
graphically.

Acknowledgment.—We thank Professor R. E. Lutz 
and his coworkers for generous samples of the com
pounds used in this investigation.
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The synthesis of a number of trisubstituted allenyl steroids is reported. Reaction of Ar-(2-chloro-l,l,2-tri- 
fluoroethyl)diethylamine on difluorocyclopropenylcarbinols is shown to be a convenient route to trifluoromethyl- 
allenes. Chlorotrifluorotriethylamine reacts stereoselectively with cyclopropenonylcarbinols to provide allenic 
acid fluorides in high yield. Allenic acid fluorides are easily converted into /3-keto esters. The structure and 
stereochemistry of the novel steroidal allenes are based on their chemical and spectroscopic properties.

Some time ago, we developed an interest in incorpo
rating aliéné functionality into the steroid molecule. 
When this work was undertaken there had been no re
ports of allene-substituted steroids. However, several 
related publications have appeared in the more recent 
literature.2'3 This report summarizes our findings re
lated to the synthesis of novel 3- and 17-substituted 
allenyl steroids.4 5

Addition of difluorocarbene, generated by pyrolysis 
of the sodium salt of chlorodifluoroacetic acid6 to the 
triple bond of the diacetate lb, readily obtained from 
la,4a afforded the difluorocyclopropene derivative 2a. 
Conversion of 2a to its 17-monoacetate 2c was achieved 
by sodium methoxide hydrolysis to 2b, followed by 
partial acetylation. Reaction of the 3|3-hydroxy com
pound 2c with V-(2-chloro-l,l,2-trifluoroethyl)diethyl-

(1) L aboratoire  de C h im ie O rganique, C . E . R . M . O ., U niversité 
Scientifique et M éd ica le , B o ite  P osta le  53, G ren ob le  38.041, C edex, 
France.

(2) (a ) N . K . C haudhuri and M . G u t, J .  A m e r .  C h e m . S o c . ,  87, 3737
(1 9 6 5 ) ; (b ) R . G ardi, R .  V itali, and P . P . C astelli, T e tr a h e d r o n  L e t t . ,  3203
(1 9 6 6 ) ; (c ) R . V itali and R . G ardi, G a z z . C h im . l i a i . ,  96, 1125, 3203 (1966);
(d) W . R . B enn, J .  O r g . C h e m ., 33, 3113 (1968); (e) L . A . V a n  D ijck , K . H . 
Schônem ann, and F . J. Zeeïen, R e d .  T r a v .  C h im . P a y s - B a s ,  88, 254 (1969); 
(f) L . A . V a n  D ijck , B . J. Lankw erden, J. G . Verm eer, and A . J. W eber, 
i b i d . ,  90, 801 (1971); (g) P . P . Castelli, R . Vitali, and R . G ardi, G a z z . C h i m . 
l i a i . ,  101, 833 (1971); (h) R . V itali and R . G ardi, T e tr a h e d r o n  L e t t . ,  1651 
(1972); (i) see also T . F . R u tled je , “ A cetylenes and A liénés,”  R ein h old ,
N ew  Y ork , N . Y .,  1969.

(3) (a) P . R o n a  and P . C rabbé, J .  A m e r .  C h e m . S o c . ,  91, 3289 (1969);
(b) M . B iollaz, W . H aefliger, E . Velarde, P . C rabbé, and J. H . Fried, C h e m .  
C o m m u n .,  1322 (1971); (c) M . B iollaz, R . M . Landeros, L . Cuéllar, P.
C rabbé, W . R ook s , J .  A . E dw ards, and J .  H . F ried, J .  M e d .  C h e m .,  14, 1190 
(1971).

(4) Prelim inary announcem ents o f  parts o f  this w ork  have appeared: 
(a) P . C rabbé, R . G rezem kovsk y , and L . H . K n ox , B u l l .  S o c .  C h im . F r . ,  
789 (1968); (b ) P . C rabbé, H . C arp io, and E . Velarde, C h e m . C o m m u n .,  
1028 (1971); (c) P . C rabbé and E . Velarde, i b id . ,  241 (1972).

(5) (a) W . M . W agner, P r o c .  C h e m . S o c . ,  229 (1959 ); (b ) J. M . Birchall,
G . W . C ross, and R . N . H aszeldine, i b i d . , 81 (1960).

amine (fluoramine) in dry methylene chloride6 provided 
a mixture of three substances, which were separated by 
preparative thin layer chromatography (tic). The 
major compound was the 3/3-fluoro steroid 2d (25%), 
the formation of which could be expected from previous 
experience with this reagent.6d A second substance 
obtained in 15% yield did not have any fluorine in the 
molecule, but showed ultraviolet (uv) absorption at 
244 nm, a strong carbonyl band in the ir at 1820 cm-1, 
and two olefinic protons in the nuclear magnetic reso
nance (nmr) spectrum, one of them substantially de- 
shielded (see Experimental Section). These properties 
are consistent with structure 3a, which presumably 
results from dehydration6 of the 3d alcohol 2c, followed 
by hydrolysis of the difluorocyclopropene to give the 
conjugated cyclopropenone 3a, because of traces of 
water. The vinylic proton resonating at 8.11 ppm 
corresponds to the cyclopropenone proton,7 while the 
doublet centered at 6.66 ppm is due to the vinylic hy
drogen at C-2. The facile hydrolysis of a conjugated 
difluorocyclopropene to a conjugated cyclopropenone 
has been observed previously.8 Additionally, a com
pound isomeric with 2d was isolated in 3% yield. As 
in the case of 2d, its mass spectrum exhibited a molec
ular ion at rrt/e 410, suggesting the presence of three 
fluorines in the molecule. The strong ir band at 1970

(6) (a) N . N . Y a rov en k o  and M . A . R aksha, Z h .  O b s h c h . K h i m , ,  29 , 2159 
(1959 ); C h e m . A b s t r . ,  64, 9724h  (1960); (b ) D . E . A yer, T e tr a h e d r o n  L e t t . ,  
1065 (1962); (e) L . H . K n ox , E . Velarde, and A . D . Cross, J .  A m e r .  C h e m .  
S o c . ,  85, 2533 (1963); (d) L . H . K n ox , E . V elarde, S. Berger, D . C uadriello, 
and A . D . Cross, J .  O r g . C h e m ., 29, 2187 (1964); (e) L. H . K n ox , E . V elarde, 
S. Berger, I . D elfin , R . G rezem kovsk y , and A . D . C ross, i b i d . ,  30 , 4160 
(1965), and references cited  therein.

(7) See P . A nderson , P . C rabb6, A . D . Cross, J . H . F ried, L . H . K n ox , 
J. M u rph y , and E . Velarde, J .  A m e r .  C h e m . S o c . ,  90, 3888 (1968).

(8) (a) R . B reslow  and G . R y a n , J .  A m e r .  C h e m . S o c . ,  89, 3073 (1 967 );
(b ) R .  B reslow  and L . A ltm an , i b i d . ,  88, 504 (1966); (c) P . C rabb6 , P .
A nderson , and E . Velarde, i b i d . ,  90, 2998 (1968).
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la, R, = R 2 = H 
b, Rj = R 2 = Ac

OAc

F F
2a, R, =  OAc; R 2 = Ac

b, R, =  OH; R 2 = H
c, R, = OH; R 2 = Ac
d, R, = F; R2 = Ac
e, R, = OCH2SCH3; R2 = Ac

H

0
II
C
A

3a, R =  C = C H  
b, R = C H = C H C 0 2H

Rs
4a, R, = CF3; R2 =

b, R, = C 0 2H; R2 = H; R3 = Ac
c, R, =  COF; R 2 = H; R 3 = Ac
d, R, = C 0 2M e; R2 = H; R, = H
e, R, = C 0 2H; R2 = R , = H

\ /
c

0

OAc

5a, R, — R 2 — Ac 6
b, R, = R2 = H
c, R, = H; R2 = CHO
d, R, = H; R j = Ac

R2 R3
\  /

C
II
c

7a, R, = Ac; R2 = OAc
b, R, = H; R 2 = OH
c, R, = Ac; R 2 = OH
d, R, = Ac; R j = F

8a, R, — Ac; R2 =  CF3; R3 = H
b, Rj = Ac; R2 = H; R3 = CF3
c, Rj = Ac; R2 = H; R3 = COF
d, R, = R2 = H; R3 = C 0 2Me
e, Rj = R2 = H; R3 = C 0 2H

cm-1 is consistent with the allenic structure 4a assigned 
to this substance.

Attempts to dehydrate the 3/3 alcohol 2c with acetic 
anhydride in anhydrous dimethyl sulfoxide9 afforded 
the thiomethoxymethyl ether 2e.

(9) See H . P . A lbrech t and J. G . M o ffa tt, T e tr a h e d r o n  L e t t . ,  1063 (1970).

Formic acid hydrolysis of the difluoromethylene 
grouping of 2a under mild conditions gave the cyclo- 
propenone 5a. When submitted to stronger acidic 
conditions, 5a, afforded the dienic acid 3b, through the 
allenic acid intermediate 4b, typified by its allene ir 
band at 1955 cm-1. Formation of 4b can be formulated 
as resulting from attack of water on the cyclopropenone 
carbonyl, with fragmentation and expulsion of the 
protonated acetate group. The allenic carboxylic acid 
4b is then readily isomerized to the diene 3b.4a

The monohydroxy steroid 5d was prepared from the 
diacetate 5a by conventional technique. Treatment 
of 5d with the fluoramine reagent in dry methylene 
chloride6 gave the allenic acid fluoride 4c in 72% yield. 
The structure of this compound was deduced from its 
physical properties (see Experimental Section). More
over, when 4c was exposed to methanol in the presence 
of hydrogen chloride, it was converted to the methyl 
ester 4d. The stereochemistry of the allenes 4a-d was 
deduced by correlation with that of the 17-allenyl 
steroids discussed in sequence.

Similarly, difluorocarbene addition to 610 was fol
lowed by alkaline hydrolysis of the acetate groups of 
the difluoromethylene steroid 7a to give the diol 7b. 
Partial acetylation of the 3/3 hydroxyl 7b gave the 3 
monoacetate 7c.

Reaction of the difluoromethylenecarbinol 7c with 
the fluoramine reagent afforded a mixture of three 
isomeric substances, as evidenced by their molecular 
ion at m/e 410 (M +). The first compound (6%) was 
the 17/3-fluoro steroid 7d. The nmr properties, in par
ticular the 18-methyl proton resonance, of the fluoro 
derivative 7d, reminiscent of those of its precursor 7c 
(see Experimental Section), tend to support the fi con
figuration for the newly introduced fluorine at C-17.6d 
The second fluoro steroid was the trifluoromethyl- 
allene 8a (25%). The third substance was the isomeric 
allene 8b (1%). Both isomers 8a and 8b showed a 
strong ir allene band at 1980 cm-1. Additionally, 
compound 8b was shown to be identical with the prod
uct obtained by treatment of 17a-trifluoropropynyl- 
5a-androstane-3/3,17/3-diol diacetate with zinc dust in 
diglyme.11

The configuration of the trifluoromethyl group at 
position 21 in the isomeric allenes 8a and 8b was deduced 
from their nmr properties. In compound 8a the 18- 
methyl protons appeared as a sharp singlet at 0.861 
ppm and the C-21 olefinic proton at 5.33 ppm. In 
contrast, in the 21/3-trifluoromethyl derivative 8b, the 
angular methyl was deshielded and now appeared at 
0.925 ppm, whereas the multiplet corresponding to the 
21-vinylic H was centered at 5.44 ppm.

Hydrolysis of the difluoromethylene grouping of 7c 
with formic-acid gave the cyclopropenonecarbinol 9, 
with its characteristic ir absorption at 1820 cm“ 1 and 
cyclopropenonyl proton at 8.43 ppm in the nmr. 
Treatment of 9 with the fluoramine reagent provided 
the allenic acid fluoride 8c in 81% yield. The structure 
of 8c is based on its typical uv absorption at 226 nm 
and ir bands at 1960 (allene), 1810 (acid fluoride), and 
1730 cm“ 1 (acetate). In particular, the 18-methyl 
protons appeared at 0.93 ppm, thus supporting the /3

(10) (a) E . Velarde, P . C ra b b «, A . Christensen, L . Tokds, J. W . M u rph y , 
and J. H . Fried, C h e m . C o m m u n . ,  725 (1970 ); (b ) P . C rabbd, E . Velarde, 
L . Tokds, and M . L. M addox , J .  O r g . C h e m .,  3 7 ,  4003 (1972).

(11) P . C rabb£ and E . Velarde, paper in preparation.
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stereochemistry of the acid fluoride moiety, and the 21 
proton was a triplet (J =  4 Hz) at 5.51 ppm, owing to 
long-range coupling with fluorine.4b

9 10

c h 2r  ch2co2h

Ila, R = C02Me
b, R = C02H
c, R = H

12a, R = Ac 
b, R = H

It is of interest to note that the fluoramine reaction 
on 2c and 7c furnished the 3|8-fluoro derivative 2d and 
17/3-fluoro steroid 7d, respectively, along with a modest 
yield of a mixture of isomeric trifluoromethylallenes. 
In the case of the 17-substituted steroid, the 21« isomer 
8a predominates. However, treatment of 5d and 9 with 
the same reagent afforded in high yield only one acid 
fluoride, namely 4c and 8c, respectively. In the latter, 
the configuration of the substituent at C-21 is opposite 
to that in 8a, as evidenced by the chemical shift of the
18-methyl protons (see above). These results seem to 
indicate that different reaction mechanisms are opera
tive.

A tentative explanation of these results may imply 
that the allenes 4a and 8b are formed by a pathway in
volving an intermediate of type A. This compound

EtJM F
I / C d  

0  —  c  wV2, %
/  V a ▼

C — CF,
x \x V'\ V

F F
\ /
C

/ \
\ /

c
Ci==CH / ■

— C =C H

H
A B C

may then rearrange with introduction of the 3/3 fluorine 
through a four-centered system such as B. This would 
account for the very low' yield of the /3-oriented trifluoro
methylallenes 4a and 8b. Should the intermediate A 
lead to the planar cationic intermediate C, loss of a 
C-2 proton followed by hydrolysis w'ould give com
pound 3a.

A rather different situation must prevail at position 
17, probably because of the geometry of the five-mem- 
bered ring. As above, the 21 /3-trifluoro methyl deriva
tive 8b w'ould be formed from an intermediate A. This 
in turn may rearrange to the 17/3-fluoro steroid 7d, ac

counting for the low yield of the aliéné 8b. The iso
meric allenyl derivative 8a may be formed from the 
carbonium ion species C, which has less of a tendency 
to eliminate a proton tc form a cyclopentene, but rather 
reacts with fluoride ion to give the ahene 8a.

The greater electrophilicity of the cyclopropenone 
system and relative stability of the resultant allenic 
acid fluorides 4c and 8c must account for their forma
tion in high yield.12

When the acid fluoride 8c was allowed to react with 
sodium methoxide in methanol solution, it was con
verted into the corresponding methyl ester 8d, with the 
signal of the 18-angular methyl appearing as a sharp 
singlet at 0.90 ppm. The free allenic acid 8e was ob
tained by hydrolysis of 8d with sodium hydroxide in 
acetone solution. Similarly, 4e was formed by base 
treatment of 4c.

Further treatment of 8d with sodium methoxide 
afforded the enol ether 10, devoid of uv absorption 
above 220 nm, resulting from Michael-type addition13 * 
of methoxide ion to the allenic ester group. Acid hy
drolysis of the 17,20-enol ether 10 provided the /3-keto 
ester 11a, thus making this sequence a novel and effi
cient synthetic approach to /3-keto esters. Whereas 
potassium carbonate hydrolysis of 11a gave the free 
acid lib , treatment with 2% me'hanolic potassium 
hydroxide at reflux temperature cleaved the /3-keto 
ester grouping, thus yielding quantitatively the known 
3/3-hydroxy-5a-pregnan-20-one 1 lc.

Similarly, cyanide added as in the Michael reaction 
to the central carbon atom of the allenyl moiety of 8c. 
Thus, treatment of 8c with potassium cyanide in aque
ous ethanol under reflux caused simultaneous alkyla
tion at C-20 and hydrolysis of the acid fluoride, yielding 
the steroidal A17’(20)-20-cyano 22 acid as a mixture of the 
3(3 acetate 12a (55%) and the corresponding 3/3 alcohol 
12b (30%).

Experimental Section
Microanalyses were done by Dr. A. Bernhardt, Miilheim, 

West Germany. Melting points were determined with a Melt- 
Temp apparatus; they are corrected. Rotations were taken 
between 16 and 2 2 °  with a 1-dm tube at the sodium d  line. 
Infrared spectra were taken with a Perkin-Elmer Model 21, NaCl 
prism. Ultraviolet absorption spectra were obtained with a 
Beckman spectrophotometer, Model DU. Unless otherwise 
stated, the nmr spectra were recorded at 60 MHz using 5-8%  
w /v  solutions of substance in deutericchloroform containing 
tetramethylsilane (TM S) as an internal reference. Resonance 
frequencies, v ,  are quoted as parts per million downfield from the 
TMS reference (0.0 ppm), Coupling constants J  are expressed 
in hertz (Hz) and are accurate to ± 1  PIz; d =  doublet, t = 
triplet, q =  quartet, m =  multiplet. The mass spectra were 
obtained with an Atlas CH-4 spectrometer. The ORD curves 
were obtained with a JASCO-UV-5-instrument. We are indebted 
to Dr. L. Throop, D. L. Tokes, and their associates, Syntex 
Research, Palo Alto, Cali:., for several nmr and mass spectra.

3(3,17/3-Diacetoxy-3a-ethynyl-5a-androstane (lb ).— 3a-Ethynyl- 
3,17/3-dihydroxy-5a-androstane (la )4 (27 g) in acetic acid (1350 
ml) was treated with acetic anhydride (135 ml) and p-toluene- 
sulfonic acid monohydrate (27 g) at room temperature for 2 hr. 
After usual work-up, 26.2 g of lb was obtained. Recrystallization 
from methanol afforded the analytical sample: mp 166-167°; 
M d  + 2 ° ;  Vnax 3210, 1740, and 1250 cr.i-1; nmr 0.78 (18-H), 
0.83 (19-H), 2.01 (3- and 17-OAc), 2.60 (acetylenic H), ~ 4.62 
ppm (17<*-H).

(12) T h e authors wish to  thank a referee for useful suggestions related to  
these reaction  m echanism s.

(13) (a) W . E. T ruce  and L. C . M arkley , J .  O r g . C h e m .,  35, 3275 (1970 );
(b) M . B ertrand and J. Legras, C .  R .  A c a d .  S c i . ,  260, 6926 (1965).
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Anal. Calcd for C»H,,0«: C, 74.96; H, 9.06. Found: C, 
75.00; H, 9.16.

3/3,17/3-Diacetoxy-3a-(3,3'-difluoro-l'-cyclopropen-l'-yl)-5a:- 
androstane (2a).— A solution of 16 g of lb  in 50 ml of diglyme 
was refluxed in a nitrogen atmosphere, with gradual addition of 
200 g of anhydrous sodium chlorodifluoroacetate in 375 ml of 
diglyme held at 60°. The mixture was cooled to room tempera
ture, filtered over Celite, and evaporated to dryness under high 
vacuum. After treatment with activated carbon, the residue, 
dissolved in methylene chloride, was passed through a column of 
250 g of Florisil, affording 11.2 g of crystalline 2a. The pure 
sample of 2a showed mp 118-120°; [ « ] d  + 1 7 ° ; r m„  1740 and 
1240 cm "1; nmr 0.78 (18-H), 0.88 (19-H), 2.03 (3- and 17-OAc), 
•~4.60 ppm (17a-H).

Anal. Calcd for C26H360 4F2: C, 69.31; H, 8.05; F, 8.43. 
Found: C, 69.45; H, 8.19; F, 8.20.

3/3,17/3-Dihydroxy-3a-(3,3 '-difluoro-1'-cyclopropen-l'-yl)-5a- 
androstane (2b).— To 2.54 g of 2a dissolved in 25 ml of anhydrous 
methylene chloride, a solution of 730 mg of sodium methoxide in 
anhydrous methanol was added. The mixture was left at room 
temperature for 3.5 hr, poured into water, extracted with methy
lene chloride, and crystallized from acetone-hexane, affording
1.5 g of 2b. The analytical sample exhibited mp 101-103°; 
[a ]D  + 23 °; r „ a*  3370 cm "1; nmr 0.73 (18-H), 0.87 (19-H), 3.63 
(17a-H), 7.32 ppm (difluorocyclopropene H).

Anal. Calcd for C22H320 2F2: C, 72.09; H, 8.80; F, 10.37. 
Found: C, 72.31; H, 8.89; F, 9.75.

17/3-Acetoxy-3(3-hydroxy-3a-(3,3'-difluoro-1'-cyclopropen-1'- 
yl)-5a-androstane (2c).— To 2.15 g of 2b, 8 ml of pyridine was 
added, and the mixture was cooled in an ice bath. Subsequently,
1.8 ml of acetic anhydride was added, and the reaction mixture 
was left at 5° for 20 hr. After the usual isolation procedure, the 
residue was crystallized from acetone-hexane, affording 1.75 g of 
2c. A pure sample of 2c showed mp 149-150°; [ « ] d  + 6 ° ;
3420, 1720, and 1270 cm "1.

Anal. Calcd for C24H34O3F2: C, 70.55; H, 8.39; F, 9.30. 
Found: C, 70.59; H, 8.46; F, 9.16.

Reaction of 17/3-Acetoxy-3/3-hydroxy-3a- (3,3 '-difluoro- 1 '-cyclo
propen-1'-yl)-5«-androstane (2c) with 2-Chloro-l,l,2-trifluoro- 
triethylamine.— To a solution of 2 g of 2c in 100 ml of anhydrous 
methylene chloride, 2 g of Ar-(2-ehloro-l,l,2-trifluoroethyl)di- 
ethylamine was added. The reaction mixture was left at room 
temperature for 20 min, filtered through a column of 50 g of 
Florisil in methylene chloride, and evaporated to dryness. 
Elution with ethyl acetate afforded a material which crystallized 
from ethyl acetate, to give 270 mg of 3a. The analytical sample 
was prepared by recrystallization from acetone, yielding 17/3- 
acetoxy-3-(3'-oxo-l'-cyclopropen-1'-yl)-5a-androst-2-ene (3a):
mp 192-193°; [« ]d + 5 3 ° ; Xma* 244 nm (log e 4.24); rmax 1820, 
1730, 1630, 1565, and 1240 cm “ 1; nmr 0.76 (18-H, 19-H), 1.99 
(17/3-0Ac), 4.35-4.82 (17«-H), 6.66 (d, J  S  14 Hz, 2-H), 8.11 
ppm (cyclopropenyl H ).

Anal. Calcd for C24H320 3: C, 78.22; H, 8.75; 0, 13.03. 
Found: C, 78.51; H, 8.67; 0 , 12.97.

The material eluted with methylene chloride was rechromato
graphed over 500 g of Florisil and eluted with a mixture of ether- 
hexane (3:97) to afford 115 mg of a crude product, which by 
successive recrystallizations from hexane yielded a pure sample 
of 17/3-acetoxy-3-(2'/3-trifluoromethylvinylidene)-5a:-androstane 
(4a): mp 162-163°; [a]D + 23  > Pmax 1970, 1735, and 1250 cm "1; 
nmr (100 M Hz) 0.78 (18-H), 0.87 (19-H), 2.01 (17/S-OAc), 4.52,
4.60, 4.68 (t, 17q:-H), 5.23 ppm (allenic H ); 19F nmr 60.19 ppm 
(d, Jbf =  5.8 Hz, -C F 3); mass spectrum m/e 410 (M +), 335 
(M + -  75), 309 (M+ -  101).

Anal. Calcd for C24H330 2F3: C, 70.22; H, 8.10; F, 13.89. 
Found: C, 69.67; H, 7.88; F, 14.62.

Elution of the column with a mixture of ether-hexane (5:95) 
gave 500 mg of 2d which, after three successive recrystallizations 
from methanol, afforded the analytical sample of 17/3-acetoxy-3/3- 
fluoro-3a-(3,3'-difluoro-l'-cyclopropen-1 '-yl)-5a-androstane (2d): 
mp 175-177°; > w  3080, 1735, and 1260 cm -1; nmr 0.79 (18-H), 
0.85 (19-H), 2.01 (17/3-0Ac), 4.58 (17a-H), 7.37 ppm (difluoro
cyclopropene H ); mass spectrum m/e 410 (M +).

Anal. Calcd for C24H330 2F3: C, 70.22; H, 8.10; F, 13.88. 
Found: C, 70.43; H, 7.92; F, 14.07.

17/3-Formyloxy-3a-(3'-oxo-1'-cyclopropen-1'-yl)-3/3-hydroxy-5a-
androstane (5c).— A mixture of 150 mg of 2b and 1.5 ml of 90% 
formic acid was stirred for 15 min at room temperature and then 
poured into water. The crystals were collected by filtration and 
washed with water. Three successive recrystallizations from

methylene chloride-hexane afforded the pure sample of 5c: mp
178-179°; [«]d + 6 ° ;  Xm!ix 264-268 nm (log e 1.57) (MeOH); 
rmax 3170, 1825, 1720, 1590, and 1170 cm“ 1; nmr (100 MHz) 
0.76 (18-H), 0.82 (19-H), 4.62 (m, 17a-H), 8.22 (formyloxy H),
9.97 ppm (cyclopropenyl H).

Anal. Calcd for C^H^O^ C, 74.16; H, 8.66; O, 17.18. 
Found: C, 73.76; H, 8.51; 0 , 16.78.

3 '-(17/3-Acetoxy-5a-androst-2-en-3-yl )-trans-propenoic Acid 
(3b).— A mixture of 2 g of 3/3,17/3-diacetoxy-3a-(3'-oxo-l'-cyclo- 
propen-1 '-yl)-5a-androstane (5a) and 10 ml of 90% formic acid 
was refluxed for 15 min. It was then poured into water, and the 
crystals were collected by filtration and washed with water to 
neutrality. The dried crystalline material showed rma* 1955 
(allene), 1740 (17/3-OAc), 1693 cm -1 (C 02H), in agreement with 
structure 4b. Recrystallization from methylene chloride- 
acetone afforded 860 mg of acid 3b:4 mp 275-276°; [a]D + 6 3 °; 
Xma* 262 nm (log e 4.36); rma* 2900, 1735, 1640, 1610, and 1240 
cm -1; nmr (100 M Hz) 0.75, 0.81 (18-H, 19-H), 2.02 (17/3-OAc),
4.59 (t, /  =  ~ 7 Hz, 17«-H), 5.75 (d, /  =  15 Hz, = C H C O -),
7.33 ppm (d, J  =  ~ 1 5  Hz, = C H -) .

Anal. Calcd for C24H3404H20 : C, 71.25; H, 8.89. Found: 
C, 70.99; H, 8.47.

17/3-Acetoxy-3a-(3,3'-difluoro-l'-cyclopropen-l'-yl)-3/3-0-(thio- 
methoxymethyl)-5c(-androstane (2e).— A solution of 0.8 ml 
of anhydrous dimethyl sulfoxide, 0.3 ml of acetic anhydride, and 
100 mg of 2c was left at room temperature for 36 hr. The reaction 
mixture was separated by tic. The isolated product was crystal
lized from hexane to afford 70 mg of crystals. Recrystallization 
from ethanol provided the pure sample of 2e: mp 111-112°; 
[a]D + 7 7 ° ; >w* 3070, 1735, and 1245 cm“ 1; nmr 0.78 (18-H), 
0.86 (19-H), 2.02 (17/3-OAc), 2.19 (SCHj), 4.53 (m, 17a-H),
4.57 (SCH20 ) , 7.51 ppm (t, J  =  2 Hz, cyclopropene H).

Anal. Calcd for C26H380 3F2S: C, 66.64; H, 8.17; F, 8.11;
S, 6.84. Found: C, 66.69; H, 7.93; F, 8.64; S, 7.18.

17/3-Acetoxy-3a-(3 '-0x0-1 '-cyclopropen-1 '-yl )-3/3-hydroxy-5a- 
androstane (5d),— A mixture of 1.75 g of 2c and 11 ml of formic 
acid was treated under the conditions described for the prepara
tion of 5c, affording 1.5 g of 5d. Two successive recrystallizations 
from methylene chloride-wet acetone afforded the analytical 
sample of 5d: mp 162-163°; [<*]d  + 1 4 °; rmax 3180, 3020, 1835, 
and 1815 (shoulder), 1740, 1720 (shoulder), 1550, and 1245 
cm“ 1; nmr (100 M Hz) 0.78 (18-H), 0.89 (19-H), 2.02 (17/3-OAc),
4.58 (m, 17a-H), 8.43 ppm (s, cyclopropenyl H).

Anal. Calcd for C24H340 4-3/ 4H20 :  C, 72.08; H, 8.95; O,
18.97. Found: C, 72.00; H, 9.08; O, 18.95.

3- (2 '/3-Carboxyfluorovinylidene )-5a-androstan-17/3-ol Acetate 
(4c).— To a solution of 500 mg of 5d in 35 ml of anhydrous methy
lene chloride was added 650 mg of jV-(2-chloro-l,l/2-trifluoro- 
ethyl)diethylamine. The reaction mixture was left at room 
temperature for 1.25 hr. Then 0.4 ml of anhydrous methanol 
was added and the mixture was evaporated to dryness in vacuo. 
The residue was dissolved in hexane and treated with activated 
carbon. Crystallization from hexane afforded 360 mg of 4c. 
Two successive recrystallizations from methylene chloride- 
hexane provided an analytical sample: mp 166-167° dec;
[a ]D  + 2 7 °; X„,a* 218 nm (log « 4.26); vm„  1950,1825 (shoulder), 
1800, 1740, and 1250 cm“ 1; nmr 0.78 (18-H), 0.87 (19-H), 2.01 
(17/3-OAc), 4.59 (t, J  £ ! 16 Hz, 17a-H), 5.42 ppm (d, J  ^  13 
Hz, allenic H ); mass spectrum m/e 388 (M +), 287 (M + — 101).

Anal. Calcd for C24H330 3F: C, 74.19; H, 8.56; F, 4.87. 
Found: C, 74.00; H, 8.36; F, 5.25.

3-(2 '/3-Carbomethoxyvinylidene )-5«-androstan-17/3-ol (4d).— A 
solution containing 150 mg of 4c, 6 ml of methanol, 3 ml of 
methylene chloride, and 0.6 ml of concentrated hydrochloric acid 
was allowed to stand at room temperature for 20 hr. It was then 
poured into water and extracted with methylene chloride, washed 
with water to neutrality, and dried over anhydrous sodium 
sulfate. After evaporation the residue was crystallized from 
methanol-water, affording 110 mg of 4d. An analytical sample 
was recrystallized from methanol to give mp 151-153°; [<*]d  
+ 5 ° ;  Xma* 215-216 nm (log e 4.16); r™* 3240, 1960, 1725, 1710 
(sh), and 1150 cm "1; nmr 0.73 (18-H), 0.88 (19-H), 1.86 (17/3- 
OH), 3.72 (methyl ester), 5.45 ppm (allenic H ).

Anal. Calcd for C23H340 3: C, 77.05; H, 9.56; O, 13.39. 
Found: C, 76.91; H, 9.54; 0 ,1 3 .56 .

3-(2'/3-Carboxyvinylidene)-5«-androstan-17/3-ol (4e).— A mix
ture of 25 mg of 4c, 5 ml of acetone, and 5 ml of sodium hydroxide 
(2% ) in water was gently refluxed for 2 hr. After usual work-up 
there was isolated 19 mg of 4e. Recrystallization from acetone 
afforded the analytical sample of 4e: mp 210-215°; Xmax 219
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nm (log e 3.96); v m, x  3400, 1960, and 1690 cm-1; nmr 0.73 
(18-H), 0.91 (19-H), 5.34 ppm (22-ailenic H ); mass spectrum 
m/e 344 (M+), 329 (M+ -  CH,), 326 (M + -  H ,0 ), 311 (M + -  
H20  -  CH,), 301, 285.

3/3,17/3-Diacetoxy-3a-(3'-oxocyclopropen-l '-yl)-5a-androstane
(5a).— Acid hydrolysis of 2.5 g of 2a under the conditions de
scribed for the preparation of 5c gave 2.25 g of 5a.4 Three succes
sive recrystallizations from acetone-hexane afforded the ana
lytical sample: mp 132-134°; [<*]d + 8 ° ;  Pma* 1840, 1750, and 
1730 cm "1; nmr 0.78 (18-H), 0.91 (19-H), 2.28 (17-OAc), 2.10 
(3-OAc), 8.32 ppm (cyclopropenyl H).

Anal. Calcd for C26H360 5: C, 72.86; H, 8.47. Found: C, 
72.52; H, 8.48.

3a-(3'-Oxo-l'-cyclopropen-l'-yl)-5a-androstane-3/3,17/3-diol 
(5b).— A solution of 200 mg of 2b, 2 ml of tetrahydrofuran, and
2.5 g of concentrated hydrochloric acid was stirred at room tem
perature for 1 hr. The usual extraction procedure gave 120 mg 
of crystals, which by recrystallizations from acetone afforded the 
analytical sample of 5b: mp 215-216°; [a ]D  + 1 6 °; Xma* 260-265 
nmr (log e 1.64) (MeOH); vms.x 3400, 1830, and 1580 cm -1; 
nmr (100 M Hz) (DMSO-d6) 0.63 (18-H), 0.82 (19-H), 4.42 (d, 
J =  4 Hz, 17/3-OH), 5.79 (3/3-OII), 5.97 ppm (cyclopropenyl H).

Anal. Calcd for C^H^Ch: C, 76.70; H, 9.36; O, 13.93. 
Found: C, 76.87; H, 9.32; 0 , 13.46.

17a-(3',3'-Difluoro-l '-cyclopropen-1 '-yl)-3/3,17/3-dihydroxyan- 
drostane Diacetate (7a).— Difluorocarbene addition to 6 g of 6, 
under the conditions mentioned above for the preparation of 2a, 
gave 3.5 g of 17a-difluorocyclopropene 7a, which recrystallized 
from methanol to afford the analytical sample: mp 138-139°; 
[<*]d - 5 7 ° ;  Pmax 3070, 1760, and 1740 cm "1; nmr 0.82 (19-H), 
0.95 (18-H), 2.00 (3/3-0Ac), 2.06 (17/3-OAc), 4.60 (3a-H, un
resolved m), 7.28 ppm (t, /  = 2 Hz, difluorocyclopropenyl H).

Anal. Calcd for C26H360 4F2: C, 69.31; H, 8.05; F, 8.43. 
Found: C, 69.75; H, 7.98; F, 8.17.

17«-(3 ', 3'-Difluoro-1'-cyclopropen-r'-yl)-3/3,l 7/3~dihydroxy-5a-
androstane (7b).— Alkaline hydrolysis of 1 g of 7a, as for the 
isolation of 2b, afforded 700 mg of 7b. Crystallization from 
acetone gave an analytical sample: mp 200°; [a]D —15°;
fmix 3390, 3180, and 1720 cm -1; nmr (100 MHz) (acetone-di) 
0.84 (18-H), 0.93 (19-H), 2.95 (2X-OH), 3.50 (3a-H, unresolved 
m), 7.65 ppm (t, J = 2  Hz, difluorocyclopropenyl H).

Anal. Calcd for C22If3202F2: C, 72.09; H, 8.80; F, 10.37. 
Found: C, 72.33; H, 8.82; F, 10.53.

17«-(3',3 '-Difluoro-1'-cyclopropen-l'-yl)-3/3,17/3-dihy droxy-5a- 
androstane 3-Acetate (7c).— Selective acetylation of 2.8 g of 7b 
was achieved as above in the case of 2c, yielding after crystalliza
tion from acetone-hexane 1.28 g of the pure monoacetate 7c: 
mp 165-166° > i'max 3350, 3050, 1715, and 1240 cm “ 1; nmr 0.80 
(18-H), 0.88 (19-H), 1.97 (3/3-0Ac), 2.83 (17/3-OH, unresolved 
m), 4.60 (3a-H, unresolved m), 7.31 ppm ( t , ./ =  2 Hz, difluoro
cyclopropenyl H).

Anal. Calcd for C24H340 3F2: C, 70.56; H, 8.39; F, 9.30. 
Found: C9 70.52; H, 8.46; F, 9.82.

17-(2 '-a-T rifluoromethylvinylidene )-3/3-hydroxy-5«-androstane 
Acetate (8a) and Its 21 Isomer 8b.— A mixture of 500 mg of 7c,
6.25 ml of methylene chloride (distilled over phosphorus pentox- 
ide), and 346 mg of fluoramine reagent was stirred at room tem
perature for 1 hr. The reaction mixture was chromatographed 
over 25 g of Florisil. Elution with hexane-ether (98:2) afforded 
70 mg of allene 8a. Crystallization from methanol gave an 
analytical sample: mp 128-129°; [« ]d + 7 ° ;  vm*x 1980, 1740, 
and 1240 cm “ 1; nmr 0.861 (18-H), 0.85 (19-H), 1.98 (3/3-OAc),
4.66 (3a-H, unresolved m), 5.33 ppm (21-H, unresolved m); 
mass spectrum m/e 410 (M +).

Anal. Calcd for CjHEsChFu: C, 70.21; H, 8.10; F, 13.89. 
Found: C, 70.54; H, 8.42; F, 13.54.

Further elution with hexane-ether (98:2) gave 22 mg of 17/3- 
fluoro-17a-(3 ',3 '-difluoro-1 '-cyclopropen -1 ' - yl - (3/3 -hydroxy - 5a- 
androstane acetate (7d). Recrystallization from methanol gave 
an analytical sample: mp 172-174°; [a ]D  + 1 4 °; v m ix  3090, 
1730, and 1240 c m '1; nmr 0.83 (18-H, 19-H), 2.01 (3/3-OAc),
4.66 (3a, unresolved m), 7.33 ppm (t, J =  2 Hz, difluorocyclo
propenyl H ); mass spectrum m/e 410 (M +).

Anal. Calcd for C24H330 2F3: C, 70.22; H, 8.10; F, 13.89. 
Found: C, 69.97; H, 8.29; F, 14.20.

Compound 8b was isolated in 1% yield from the mother liquors 
of 8a after tic on silica gel in hexane-ethyl acetate (95:5). After 
crystallization from methanol, the analytical sample of 8b was 
obtained: mp 125-126°; [o]d + 5 1 ° ; rmax 1980 and 1740 cm 
nmr 0.925 (18-H), 5.44 ppm (m, 21-H); mass spectrum m/e 410

Crabbb, Carpio, Velarde, and Fried

(M+), 395 (M+ -  CH,), 350 (M+ -  HOAcl, 335 (M + -  HO Ac -  
CH,), 296.

Anal. Calcd for C24H330 2F3: C, 70.21; H, 8.10; F, 13.89. 
Found: C, 70.34; H, 7.95; F, 14.00.

3/S-Acetoxy-17a-(3'-oxo-l'-cyclopropen-l'-yl)-17/3-hydroxy-5a- 
androstane (9).— A mixture of 1 g of 7c in 20 ml of formic acid 
was stirred at room temperature for 1 hr. The mixture was then 
poured into water, extracted with ethyl acetate, and washed with 
sodium bicarbonate solution and then with water to neutrality. 
The organic layer was dried over anhydrous sodium sulfate. 
After evaporation of the solvent there was obtained 750 mg of 9. 
Recrystallization from acetone afforded the analytical sample: 
mp 187-189°; [a ]D  - 4 2 ° ;  « w  3400, 1820, 1730, and 1570 
cm -1; nmr 0.81 (18-H), 0.92 (19-H), 1.97 (3/3-OAc), 8.43 ppm 
(s, cyclopropenyl H ).

Anal. Calcd for C24H3,0 4: C, 74.57; H, 8.87. Found: C, 
74.42; H, 8.83.

3/3-Acetoxy-17-(2 '-carboxyfluorovinylidene )-5a-androstane (8c). 
— To a solution of 9 (2.8 g) in 75 ml of anhydrous methylene 
chloride there was added 3.7 g of fluoramine. The reaction mix
ture was left at room temperature for 2 hr. Then 1.2 ml of 
anhydrous methanol was added and the mixture was evaporated 
to dryness in vacuo. The residue was crystallized from hexane 
to afford 2.29 g (81%) of 8c. Two successive recrystallizations 
from hexane provided the analytical sample: mp 175°; [a]D 
- 3 6 ° ;  Xmax 226 nm (log e 4.23); vm*x 1960, 1810, and 1730 
cm-1; nmr 0.83 (19-H), 0.93 (18-H), 2.00 (3/3-OAc), 5.51 ppm 
(t, J =  4 Hz, 21-H).

Anal. Calcd for C24H330 3F: C, 74.18; H, 8.56; F, 4.88. 
Found: C, 74.12; H, 8.29; F, 4.43.

17-(2'-Carbomethoxyvinylidene)-5a-androstan-3/3-ol (8d).— To 
100 mg of 8e in 2 ml of anhydrous methylene chloride and 4 ml 
of anhydrous methanol, a solution of 5 ml of sodium methoxide, 
2%  in methanol, was added. The mixture was left at room 
temperature for 3.5 hr. After treatment with acetic acid to 
neutrality, the reaction mixture was poured into water, extracted 
with ethyl acetate, and washed wih water to neutrality. The 
dried material was purified by chromatography on silica gel using 
benzene-methylene chloride-ether (45:45:10) as eluent, yielding 
75 mg (79% ) of 8d. The analytical sample was prepared by 
recrystallization from methanol: mp 89-90°; [a ]D  —81°;
Xm»x 222 nm (log e 4.21); 3400, 1960, and 1730 cm -1; nmr
0.80 (19-H), 0.90 (18-H), 3.71 (methyl ester), 5.6 ppm (t, 
J =  6  Hz, allenic H ); mass spectrum m / e  358 (M +), 343 (M + — 
CH,), 340 (M+ -  H20 ).

Anal. Calcd for CMH340 ,:  C, 77.05; H, 9.56; 0 , 13.39. 
Found: C, 76.98; H, 9.61; 0 ,13 .22 .

20-Methoxy-2 l-carbomethoxy-5a-pregn-17(20 )-en-3/3-ol (10).—  
To a solution of 8d (250 mg) in 4 ml of anhydrous methylene 
chloride and 8 ml of anhydrous methanol, 10 ml of sodium 
methoxide, 2%  in anhydrous methanol, was added. The reaction 
mixture was left at room temperature for 16 hr. After work-up 
as above 250 mg (95%) of 10 were obtained. Recrystallization 
from methanol afforded the analytical sample: mp 117-118°; 
[a]d + 2 4 °; j/max 3400, 1750, and 1665 cm -1; nmr 0.83 (19-H), 
0.86 (18-H), 3.30 (21-H), 3.50 (20-OCH3), 3.70 ppm (21-methyl 
ester)

Anal. Calcd for C24H30O4: C, 75.36; H, 7.91. Found: C, 
75.30; H, 7.86.

2 l-Carbomethoxy-3/3-hydroxy-5a-pregnan-20-one (11a).— A
solution containing 100 mg of 10, 10 ml of methanol, and 2 ml of 
hydrochloric acid (18%) was left at room temperature for 5 hr. 
It was poured into water and extracted with ethyl acetate, washed 
with water to neutrality, and dried over anhydrous sodium sul
fate. After evaporation of the solvent, 98 mg (97%) of 11a was 
obtained. The analytical sample was obtained after recrystalliza
tion from methanol to show mp 143-145°; [a]D + 10 4°; vmB.x 
3500, 1755, and 1720 cm "1; nmr 0.63 (18-H), 0.80 (19-H), 3.43 
(21-CH2), 3.73 ppm (C 02M e); mass spectrum m / e  376 (M +), 361 
(M+ -  CH3), 358 (M+ -  H20 ) , 233, 215.

Anal. Calcd for C23H360 4: C, 73.36; H, 9.64. Found: C, 
72.95; H, 9.45.

3/3-Hydroxy-21-carboxy-5a-pregnan-20-one ( l ib ) .— To a solu
tion of 50 mg of 11a in 10 ml of methanol, 25 mg of potassium 
carbonate in 2 ml of water was added. The mixture was refluxed 
for 15 min. Then it was poured into water and extracted with 
ether to remove the neutral components. The aqueous phase 
was then acidified with dilute hydrochloric acid to pH 2. The 
solution was extracted with chloroform, washed with water to 
neutrality, and dried over sodium sulfate. After evaporation of
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the solvent in vacuo there was obtained 37 mg (60%) of l ib : 
mp 105° dec; 3400, 1730, and 1710 cm -1; nmr 0.54 (19-H), 
0.73 (18-H), 3.35 ppm (21-CH2); mass spectrum m/e 318 (M + — 
CO,), 44 (CO,).

3/3-Hydroxy-5«-pregnan-20-one (11c).— A solution containing 
25 mg of l ib  and 5 ml of 2% potassium hydroxide in 98% metha
nol was gently heated at reflux temperature for 3 hr. It was then 
poured into water, extracted with ethyl acetate, washed with 
water to neutrality, and dried over anhydrous sodium sulfate. 
After evaporation there was isolated 21 mg (95%) of 30-hydroxy- 
5a-pregnan-20-one (11c). Recrystallization from methanol gave 
the pure sample of 11c: mp 188-190°; [« ]d +115 °; I'm»« 3380 
and 1705 cm -1. This compound was shown to be identical with 
an authentic sample of 11c by mixture melting point, ir, nmr, and 
tic analysis.

20-Cyano-3+acetoxy-5a-pregn-l7(20 )-ene-21-carboxylic Acid 
(12a) and 20-Cyano-3(i-acetoxy-5«-pregn-l 7(20 )-ene-21-carboxylic 
Acid (12b).— A mixture of 300 mg of 8c, 6 ml of ethanol (96%), 
3 ml of water, and 300 mg of potassium cyanide was refluxed for 
1 hr. Then it was poured into water, acidified with dilute hydro
chloric acid to pH 2, and extracted with ethyl acetate. The or
ganic layer was washed to neutrality, dried over anhy
drous sodium sulfate, and evaporated to dryness. The 
product was purified by preparative tic, using chloroform- 
methanol (9:1). The less polar fraction (151 mg) corresponded 
to 12a. Recrystallization from ethyl acetate afforded the pure 
sample: mp 196-197°; [q:]d  ± 0 ° ;  Xmai! 223 nm (log t  4.10); 
»'max 3100, 2225, 1740, and 1250 cm -1; nmr 0.70 (19-H), 0.89 
(18-H), 2.20 (30-0Ac), 3.61 ppm (21-CH2); mass spectrum m/e 
413 (M+), 353 (M+ -  HOAc), 338 (M+ -  HOAc -  CHa).

The second fraction corresponded to compound 12b (90 mg). 
Recrystallization from ethyl acetate gave the pure sample: mp 
228-229°; [<*]d  ± 0 ° ;  Xma!t 223-224 nm (log c 4.13); vm„  3350,

2210, and 1725 cm~>; nmr 0.77 (18-H), 0.86 (19-H), 3.63 ppm 
(21-CH2); mass spectrum m/e 371 (M +), 356 (M + — CH3), 353 
(M+ -  H20 ).

17-(2'/3-Carboxyvmylidene)-5a-androstan-30-ol (8e).— A solu
tion of 60 mg of 8c in 10 ml of acetone and 1 ml of sodium hy
droxide (2% ) in water was refluxed for 2 hr and poured into water. 
Extraction with ethyl acetate removed the neutral components. 
The aqueous phase was then acidified with dilute hydrochloric 
acid, extracted with ethyl acetate, washed with water to neu
trality, and dried over sodium sulfate. After evaporation of the 
solvent 50 mg of 8e was obtained. Recrystallization from ace
tone-methylene chloride afforded the analytical sample: mp
144-145°; [a]D —29° (dioxane); Xmax 226 nm (log t 3.98); 
i w  3250, 1960, and 1690 cm “ *; nmr 0.83 (19-H), 0.93 (18-H),
5.45 ppm (t, /  = 4 Hz, 22-H); mass spectrum m/e 344 (M +), 
326 (M + -  HjO), 311 (M+ -  H20  -  CH3).

Registry No.—la, 10148-98-8; lb, 17006-64-3 ; 2a, 
19646-55-0; 2b, 38616-25-0; 2c, 38616-26-1; 2d,
38616-27-2; 2e, 38616-28-3; 3a, 38616-29-4; 3b,
19516-58-6; 4a, 38616-31-8; 4b, 38616-32-9; 4c,
38616-33-0; 4d, 38616-34-1; 4e, 38616-35-2; 5a,
19516-98-4; 5b, 38616-37-4; 5c, 38616-38-5; 5d,
38616-39-6; 6, 27741-55-5; 7a, 21947-63-7; 7b, 38616-
51-5; 7c, 34091-97-9; 7d, 34091-98-0; 8a, 34091-99-1; 
8b, 34092-00-7; 8c, 34092-02-9; 8d, 34092-03-0; 8e, 
34092-05-2; 9, 34092-01-8; 10, 34092-04-1; 11a,
34092-06-3; lib, 38616-18-1; 11c, 516-55-2; 12a,
38400-05-4; 12b, 38400-06-5; /V-(2-chloro-l,l,2-tri-
fluoroethyl)diethylamine, 357-83-5.

Transition Metal Catalyzed Reactions of Allene1

D. R o bert  C oulson

Contribution No. 1967 from the Central Research Department, Experimental Station,
E . l .  du Pont de Nemours and Company, Wilmington, Delaware 19898

Received January 12, 1973

Allene reacts with various amines or carbon acids in the presence of catalytic amounts of certain group VIII 
metal complexes to give high yields of derivatives of 2,3-dialkyl-l,3-butadienes (Ib -e). Under the same condi
tions triethylsilane adds to allene, forming triethylaOylsilane. Diels-Alder adducts of the dienes with maleic 
anhydride are also described. Possible mechanisms for the catalytic reactions are discussed.

Numerous reports of transition metal catalyzed 
reactions of 1,3-dienes with weak acids2 or amines3 
have appeared in the literature. By contrast, only one 
report4 has dealt with similar reactions of 1,2-dienes.
In this report, Shier described the reactions of allene 
with acetic acid in the presence of palladium acetate.
Of the several products isolated, the predominant one 
was 3-methyl-2-methylene-3-butenyl acetate (la), for
mally resulting from a condensation of two molecules 
of allene with one of acetic acid.

Our work in this area resulted from a general interest 
in the transition metal catalyzed reactions of allene 
with amines. In the course of our investigations, a 
series of related reactions were discovered involving 
highly specific, catalytic condensations of allene with

(1) P a rt o f this w ork  was disclosed at the 163rd N ation a l M eetin g  o f 
A m erican  C hem ical Society , D iv ision  o f  P etroleum  C hem istry, Sym posium  
on  “ N ew  R ou tes  to  O lefins,”  B oston , M ass., A p ril 1972.

(2 ) (a) G . H ata, K . Takahashi, e t  a l . ,  J .  O r g . C h e m .,  36, 2116 (1971);
(b ) E . S. B row n, and E . A . R ick , C h e m . C o m m u n .,  112 (1969); (c) E . J.
Sm utny, J .  A m e r .  C h e m . S o c . ,  89, 6793 (1967); (d) W . E . W alker, R . M .
M anyik , e t  a l . ,  T e tr a h e d r o n  L e t t . ,  N o . 43, 3817 (1970).

(3) (a) S. Takahashi, T . Shibano, and N . H agihara, B u l l .  C h e m . S o c .

J a p . ,  41, 454 (1968); (b ) T . M itseyusu , M . H ara, e t a l . ,  C h e m . C o m m u n .,  345 
(1971).

(4) G . D . Shier, J .  O r g a n o m e ta l .  C h e m .,  10, 15 (1967).

amines as well as with certain carbon acids. The re
sulting products (lb-e) have been shown to be of the

b, X = NR2i n =  1
c,  X =  CR3'; n =  1
d, X = NR; n =  2
e, X = CR2; n =  2

same structural type as Shier’s product, la. As a re
sult of the apparent generality of these reactions, our 
investigation was primarily directed toward devel
oping the synthetic aspects of this area.

Results

Catalytic Reactions of Allene with Amines.—In the
presence of various compounds of palladium or rhodium, 
e.g., PdCl2, RhCl3-3H20, [P(Ph)3]4Pd, or [P(Ph),]r 
Pd-olefin, allene and various amines reacted to give
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Y ie ld 0 Y ield0
of of

m ono- bis-
dienyl- (d ien yi)-

R eg istry am ine, amine, M o le  ratios  of
no. A m ine % B p , °C  (m m ) % B p, °C  (m m ) allene : am ine : ca ta lyst

7664-41-7 Ammonia 23 77.5-78(100) 25 60(0 .4) 200:1200:1
Ammonia6 2 77.5-78(100) 50 60(0 .4) 200:1200:1

74-89-5 Methylamine 42 85.5-86.5(100) 20 56 -57 .5 (0 .3 } 500:600:1
Methylamine 58 46-57 .5 (0 .3 } 1200:300:1

75-04-7 Ethylamine 29 47 (7) 500:200:1
Ethylamine 60 49 .5 (0 .08 ) 800:200:1

75-31-0 Isopropylamine 44 30-33 (0.7) 500:200:1
107-10-8 Propylamine 30 54 (8) 580:230:1
75-64-9 fert-Butylamine 32 64-66(11) 800:200:1

108-91-8 Cyclohexylamine 75 45 (0 .4 ) 500:400:1
62-53-3 Aniline 12 76 (0 .2 ) 500:200:1

768-94-5 Adamantane amine 75 108-113(0.4) 500:200:1
124-40-3 Dimethylamine 70 136.5(750) 250:600:1
110-68-9 re-Butylmethylamine 79 81-84 (7) 300:100:1
123-75-1 Pyrrolidine 78 71-74(7) 500:200:1
110-89-4 Piperidine 79 71(5 .2 ) 500:200:1
110-91-8 Morpholine 41 60 -61 .5 (0 .4 ) 500:200:1
100-60-7 V-Methylcyclohexylamine 67 80-81 (0.5) 500:200:1
109-89-7 Diethylamine 77 59-60.5(7) 500:200:1

5459-93-8 Al-Ethylcyelohexylamine 84 80-81(0 .4) 500:200:1
100-61-8 V-Methylphenylamine 62 90 -90 .5 (0 .1 ) 500:200:1
141-43-5 /3-Aminoethanol 37 62 .5-63(0.22) 500:200:1

“ All the reactions were carried out under the conditions described for the preparation of 2 (R ' =  H; R = CHS) in the Experimental 
Section. 6 Temperature 140°. 0 Yields are based on the limiting component.

derivatives of 3-methyl-2-methylene-3-butenylamine 
(Scheme I ) .

R = H, alkyl 
R ' = H, alkyl, aryl

By employing ammonia or primary amines, both 
mono(dienyl)amines, 2, and bis(dienyl)amines, 3, were 
formed. Either product could usually be made the 
predominant product by varying the reaction tempera
ture or mole ratio of the reactants. In most cases, the 
only side reaction observed was a competing, and usu
ally negligible, homopolymerization of aliene. Table 
I gives examples of the products obtained from these 
reactions.

The reactions could be easily performed by passing 
aliene into a solution of the amine and catalyst in 
hexamethylphosphoramide at ca. 1-atm pressure. This 
solvent was chosen over several others because of a rela
tively greater ease of product separation. Tempera
tures of at least 70-90° were usually required for rea
sonable reaction times (<18 hr). When shorter reac

tion times were desired the reactions were conducted in 
sealed stainless steel vessels using lower boiling solvents,
e.g., tetrahydrofuran or benzene, and higher tempera
tures (ca. 100-140°).

Palladium complexes were generally superior to those 
of rhodium and most of the work described here in
volves the use of palladium catalysts. Of the several 
Pd(0) complexes tested, bis(triphenylphosphine)- 
(maleic anhydride) palladium5 was used most fre
quently because of its high solubility and stability in 
air. With these catalysts, product-catalyst mole 
ratios of 75-100 were routinely achieved but values of 
500-1000 could be easily reached, although at the ex
pense of a decreased reaction rate.

It was observed that both Pd(0) and Pd (II) com
plexes were effective catalysts except when ammonia 
was employed in place of an amine. In this case, only 
Pd(0) complexes were found to be active.

In an attempt to gain some insight into the effects of 
reaction variables on these reactions, a brief study was 
made of the effect of changing the solvent and catalyst 
in the reaction of n-butylmethylamine with allene. 
Table II summarizes the results of this study.

The structural assignments of the products were 
based mainly on the results of studies of their physical 
properties. The properties found for 2 (R = CH3; 
R ' =  H) may be regarded as typical. The infrared 
spectrum6 of this compound revealed a single strong ab
sorption at 1607 cm-1. The ultraviolet spectrum 
showed an absorption (\max 225 mju, e 17,200 in EtOH)

(5) S. Takahashi and N . H agihara, J .  C h e m . S o n . J a p . ,  P u r e  C h e m . S e c t . ,  
88, 1306 (1967).

(6) T h e infrared7 and u ltravio let8 (E tO H ) spectra  o f  2 ,3 -d im eth y lbu tad i- 
ene conta in  absorptions at 1600 c m -1 and Amax 227 zn p , respectively .

(7) C . N . R .  R a o , “ C hem ical A pplications o f  In frared  S p ectroscop y ,”  
A cad em ic Press, N ew  Y ork , N . Y . ,  1963, p  149.

(8) W . J. B a iley  and J. C . G oosens, J .  A m e r .  C h e m . S o c . ,  78, 2804 (1956 ).
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T a b l e  II
E f f e c t  o f  S o l v e n t  a n d  C a t a l y s t  o n  

R e a c t i o n  o f  A l l e n e  w i t h  to- B u t y l m e t h y l a m  i n e a

R eg istry
no. C a ta lyst Solvent

Y ie ld '
of

2,b %
7647-10-1 PdCl2 Benzene 83

PdCl2 Hexamethylphosphoramide 81
PdCl2 Acetonitrile 68
PdCl2 T  etrahydrofuran 41

16520-27-7 PdCl2 +  P(Ph)3 T  etrahydrofuran 71
16520-27-7 [P (Ph )3] 2Pd • M A d T etrahydrofuran 98

“ The reactions were run at 110° for 3 hr in an 80-cc stainless 
steel autoclave using 300 mmol of allene, 100 mmol of amine, 
1 mmol of catalyst, and 25 ml of solvent. b R  =  CH3; R ' =  
CH3(CH2)3. c Yields are based on the amine and were deter
mined by glpc analysis. d Maleic anhydride.

expected for a 2,3-dialkyl-l,3-diene.6 A relatively 
simple nmr spectrum gave singlets corresponding to the 
NH (5 0.60 ppm, exchangeable with D20 ), NCH3 
(2.21 ppm), olefinic CH3 (1.82 ppm), and allylic meth
ylene (3.27 ppm) groups. The olefinic hydrogens were 
assigned to a complex multiplet covering a range of 
5 4.9-5.15 ppm. The corresponding bis(dienyl)amine 
3 (R = CH3) possessed similar spectral properties with 
the exceptions of an enhanced ultraviolet absorption at 
Amax 222 m/i (« 26,600 in EtOH) and the absence of an 
NH nmr absorption. All of the compounds described 
in Table I possessed similar spectral properties with 
generally predictable variations. Table III gives a 
compilation of the nmr spectral characteristics for all 
of these compounds.

Further verification of these structural assignments 
came from the reactions of the tertiary amines with 
maleic anhydride. Thus, 2 (R ' =  R  =  CH3) reacted 
with 1 equiv of maleic anhydride to give the expected 
Diels-Alder adduct, 4. A similar reaction occurred

with 3 (R = CH3), giving 5 as a mixture of syn and anti 
ring-junction isomers.

Although tertiary amines were found to be unreac- 
tive toward allene, enamines presented an exception. 
Thus, when l-(l-cyclohexenyl)pyrrolidine was treated 
with allene under the usual conditions, the condensa
tion product 6 was obtained in 34% yield.

The structure of 6 was supported by its nmr spec
trum, which revealed resonances attributable to an 
enamine hydrogen (5 4.7-5.2 ppm, 4 H). The in
frared spectrum indicated the presence of both the 
characteristic 1,3-diene unit (1592 cm-1) and an en
amine (1666 cm-1). Furthermore, acidic hydrolysis of 
6 gave a ketone to which structure 7 was assigned. 
This ketone had retained the 1,3-diene unit according 
to nmr analysis (5 4.9-5.2 ppm, 4 H). Further infor
mation resulted from the observation of an unusual 
nmr resonance, assigned to Hx . This particular hy
drogen appeared as a four-line pattern attributed to an 
ABX type spectrum (5 3.33 ppm, |JAx +  < /b x | =  17 
Hz). The unusual character of this resonance is prob
ably due to the effect of an adjacent asymmetric center 
enhanced by the local field effect of the carbonyl group. 
Conformational preferences could also affect this 
resonance.

Attempts to prepare 8 directly from allene and 
ammonia were unsuccessful. However, by replacing 
the ammonia with 3 (R = H) and a trace of a radical 
trapping agent, phenothiazine, a material was obtained 
which appeared to be a sample of slightly impure 8,

8

bp 94-96° (0.36 mm). All further attempts to purify 
this material induced its polymerization. The nmr 
spectrum of this material revealed the familiar pattern 
of absorptions at 5 5.43-5.13 (m, 3 H), 4.98 (m, 1 H),
3.20 (s, 2 H), and 1.84 (s, 3 H). None of the protons 
appeared to exchange with D 20.

The formation of appreciable amounts of 1:1 allene- 
amine adducts was not observed in any of the reac
tions studied. For example, careful examination of 
the reaction products arising from the reaction of di- 
methylamine with allene revealed the formatioh of a 
ca. 1% yield of A,N-dimethylallylamine accompanied 
by a 70% yield of 2 (R =  R ' =  CH3).

As part of a study of the reaction mechanism, N- 
deuteriopiperidine (>99%  di) was treated with allene 
to give 9.

CH2D

o
9

Nmr and mass spectral analysis revealed a total in
corporation of 0.80 ±  0.05 deuterium atoms per mole
cule with 95 ±  3% of this amount located in the 
methyl group.

Catalytic Reactions of Allene with Carbon Acids.—
In most respects, the reactions of allene with carbon 
acids were found to exactly parallel those found with 
amines (Scheme II). A singular exception to this 
generalization was the complete ineffectiveness of 
Pd(II) or Rh(III) complexes as catalysts. As in the 
case of the amines, Pd(0) complexes were found to be6 7
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T a b l e  III
N m r  S p e c t r a l  D a t a  f o r  M o n o -  a n d  B i s  (d i e n  y l ) a m i n e s  (2 a n d  3) ( i n  B e n z e n e )

R eg istry
no. R

-Substitu ents---------------
R ' n H a

38644-47-2 H H l 5 .1 9 -4 .95m
38644-48-3 H 2 5 .3 -5 .07m
38644-49-4 3 5 .4 3 -5 .13m
38644-50-7 c h 3 H 1 5.15m
38644-51-8 c h 3 2 5 .4 0 -5 .00m

38644-52-9 c 2h 5 H 1 5.35—0.13 m

38644-53-0 c 2h 5 2 5 .4 1 -5 .15m

38644-54-1 (CH3)2CH H 1 5 .3 7 -5 .12m

38644-55-2 C3H7‘ H 1 5 .3 0 -5 .09 m
38644-56-3 ¿-c 4h 9 H 1 5 .3 1 -5 .07 m

38644-57-4 (CH2)6CH H 1 5 .3 5 -5 .lm
38644-58-5 CeHs6 H 1 5 .3 1 -5 .01m

38644-59-6 1-Adamantyl H 1 5.56-5 .15 m

38644-60-9 c h 3 c h 3 1 5 .3 3 -5 .07 m
38644-61-0 c h 3 n-C4H 9 1 5 .4 6 -5 .11m

38644-62-1 (CH2)2 (CH2)2 1 5 .5 2 -5 .12m

38644-63-2 (CH2)3 (CH2)2 1 5 .6 0 -5 .14m

38644-64-3 <CH2)20 (CH2)2 1 5.48-5 .06 m

38644-65-4 c h 3 (CH2)5CH 1 5 .4 4 -5 ,13 m

38644-66-5 c 2h 5 c 2h 5 1 5 .1 7 -5 .49m

38644-67-6 c h 3° c 6h 5 1 5 .2 1 -4 .89m
38644-68-7 c 2h 5 (CH2)5CH 1 5 .5 4 -5 .17 m

38644-69-8 H O iC H ^ H 1 5 .3 6 -5 .0 3 m

“ CD3CN solution. b CC14 solution. c CDC13 solution.

H b H ° H d R R '

4.86m 3.33m 1.81m 0.80s Same as R
4.90 m 3.35s 1.82m 0.95s
4.98 m 3.20s 1.84s
4.90 m 3.27m 1.82m 2.21s 0.60s
4.89m 3.05s 1.95m 2.20s 

0 .9 9 1 
/  =  7 Hz

4.98m 3.38 m 1.87m 2.53 q 
J =  7 Hz 
0 .9 8 1 
J =  7 Hz

0.62s

4.98m 3.20s 1.87 m 2.44 q 
J =  7 Hz 
2.71 p  
/  =  6 .5 Hz

4.98m 3.41s 1.87 m 0.99d  
J  =  6 .5H z 
2 .6 2 t 
/  =  7 Hz

0 .72s

5.05 m 3.48s 1.95m 1 .8 0 -0 .75m Obscured by R
4.91 m 3.31m 1.85 m 0.99s 

2 .0 -0 .75m
0.55s

4.98m 3.45s 1.88m 2.65-2 . lm Obscured by R
5.01 m 3.83 m 1.94 m 7 .3 2 -6 .32m Variable

5.01m 3.45s 1.91 m I¡2 .1 5 -1 .8 0  
(1 .7 5 -1 .45m 0.55s

5.01m 3.05 m 1.90 m 2.13s Same as R
4.98m 3.05s 1.85m 2.07s 1 .5 5 -0 .65m 

2 .45-2 .05 m

5.01 m 3.23s 1.88m  1i1.64-1.47 m 
(2 .62 -2 .20m Same as R

5.01m 3.06s 1.87 m 1¡1 .7 6 -1 .15 m 
(2 .5 0 -2 .15m Same as R

5.02 m 3.01s 1.88 m -I)2 .3 9 -2 .1 2 m 
(3 .7 2 -3 .48m Same as R

4.98m 3.21s 1.89m 2.15s 1 .9 -0 .75m 
2 .5 3 -2 .05m

4.95 m 3.18m 1.89m 0 .9 3 1 
J  =  7 Hz 
2 .45q  
J  =  7 Hz

Same as R

4.89m 4.04 m 1.91m 2.85s 7 .7 -6 .4m
4.97m 3.27m 1.90m l.O t  

J =  7 Hz
2 .0 -0 .85m

2.48 q 
J  =  7 Hz

2 .7 5 -2 .2m

4.96 m 3.72-3.19 1.90m 2 .6 2 1 3.72-3 .19
Obscured J  =  6Hz Obscured by
by R ' 3 .7 2 -3 .19m H‘

the catalysts of choice. Consequently, in all of the 
work described here, bis (triphenylphosphine) (maleic 
anhydride) palladium was the only catalyst used. 
Table IV gives some results of the reactions that were 
performed with several carbon acids.

The structures assigned to 10 and 11 were based pri
marily on the evidence obtained from comparisons of

their spectral properties with those of the previously 
discussed dienylamines. All of the carbon acid ad
ducts possessed the spectral characteristics attributed 
to the presence of a 2,3-dialky 1-1,3-butadiene unit. In 
this respect, the spectral properties described for 10 
(R = R ' =  C 02Et) in the Experimental Section may be 
regarded as typical for these compounds. The corre-
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T a b l e  I V

C a t a l y t i c  C o n d e n s a t i o n  R e a c t i o n s  o f  C a r b o n  A c id s  a n d  A l l e n e “

R eg istry Y ie ld  of Y ie ld  of M o le  ratios of
no. C arbon  acid 1 0 , % B p , °C  (m m ) 11, % B p , °C  (m m ) acid  : allene : catalyst

123-54-6 Acetylacetone 60* 90-92(1 .4) <5 600:500:1
<5 47 109.5(0 .5 ) 200:1000:1

141-97-9 Ethyl acetoacetate 58 89 -89 .5 (0 .4 ) <5 600:500:1
<10 38 92 (0.05) 200:1000:1

105-53-3 Diethyl malonate 86c 80 -80 .5 (0 .2 ) 0 100:100:1
105-56-6 Ethyl cyanoacetate 28 95 .5 (0 .35 ) 0 800:400:1
109-77-3 Malononitrile 47 d 73(0 .5 ) <5 600:500:1

<5 73 100-101 (0.15) 200:500:1
“ Unless otherwise noted, all of the reactions were carried out under the conditions described for the preparation of 10 (R 1 = R 2 = 

CChEt) in the Experimental Section at a temperature of 120°. Yields are based on the limiting reagent. 1 Reaction temperature 50°. 
c Reaction temperature 100°. d Reaction temperature 60°.

T a b l e  V

N m r  S p e c t r a l  D a t a  f o r  M o n o -  a n d  B i s (d i e n y l ) c a r b o n  A c id s  (10 a n d  11) ( i n  C C 1 4)

R eg istry  ,•-----------Substituents-
no. R> R2 R 3 n H a H b H c H d R 1 R2 R3

38644-70-1 C H 3CO C H 3C O ° H 1 5 .2 2 - 4 .7 6  m 5 . 2 2 - 4 .7 6 m 2 .7 5  d J  =  7 .5  H z 1 .9 6  s 2 .0 6  s 2 .0 6  s 3 .8 3  t J  =  7 .5  H z
38644-71-2 CHaCO C H 3CO 2 5 .0 9 s  

4 .8 3  m  
4 .7 0  m

4 .9 7 m 2 .9 2 m 1 .7 4  m 2 .0 0 s 2 .0 0  s

38644-72-3 C H 3C 0 0 C 0 2E t H 1 5 .0 7 - 4 .9 2  m 4 .9 0  m 2 .7 5 - 2 .6  m 1 .8 7  m 2 .1 0 s 1 .2 2 t  J  =  7 H z 
4 .1 0 q  J  =  7 H z

3 .6 7 - 3 .3 9  m

38644-73-4 CH aCO COaEt 2 5 .2 5 - 4 .8 2  m 5 .0 5  m 2 .9 2 s 1 .8 6  s 2 .0 5 s 1 .2 8 1 7  =  7 H z 
4 .1 1  q J  =  7 H z

38644-74-5 C 02E t CC>2Et H 1 5 .1 3  m 5 .0 2  m 2 .8 6 d  J  =  7 .5  H z 1 .91  s 1 .2 7  t J  =  7 H z 
4 .1 9 q  J  =  7 H z

Sam e as R ' 3 .4 8  t J  =  7 .5  H z

38644-75-6 C 02E t C N H 1 5 . 2 5 - 4 .9 0 m 5 .0 2  m 3 . 1 8 - 2 .2 5 m 1 .9 0  m 1 .2 8  t J  =  7 H z 
4 .1 8 q  J  =  7 H z

3 .7 7 - 3 .4 2  m

38644-76-7 C N C N H 1 5 . 5 5 - 5 . 12 m 5 .1 5 m 2 .9 7  d J  =  8 H z 1 .9 7 s 3 .9 1  t J  =  8 H z
5 . 5 5 - 5 .0 1 m 5 .1 2 m

38644-77-8 C N C N 2 5 .5 5 - 5 .3  m 5 .1 2 m 2 .8 6  s 1 .9 7 s
5 .1 2  m

“ Contains enol form; data given is for keto form.

Because of the occurrence of side reactions, it was 
necessary to perform the allene condensations with 
acetylacetone and malononitrile at temperatures below 
100°. When the reaction with malononitrile was per
formed above this temperature, the only product ob
tained was an intractable yellow solid. Although this 
material could not be adequately characterized, it seems 
reasonable to suggest that it arose from an intermo- 
lecular condensation of 10 (R = R ' =  CN). In this re
gard, it should be noted that the dimerization of malo
nonitrile to give l , l ,3-tricyano-2-amino-l-propene has 
been reported9 to be catalyzed by tetrakis (triphenyl- 
phosphine) palladium. The side reaction is apparently 
suppressed when excess allene is employed. In this 
case a good yield of 11 (R = R ' =  CN) may be ob
tained at 120° (see the last entry in Table IV). This 
finding supports the view that the side reaction is sim
ilar to the catalytic dimerization of malononitrile, since 
one would not expect 10 (R = R ' = CN) to undergo 
such a condensation.

In the reaction of acetylacetone with allene, it was 
found that a material isomeric to 10 (R =  R ' = 
CH3CO) was obtained as the major product when the

(9) K . Schorpp, P . K reutzer, and W . B eck , J . O r g a n o m e ta l .  C h e m ., 37, 
397 (1972).

S c h e m e  I I  

R
CH2= C = C H , +  C H ^  — -

R '

R, R ' = CN, C 02Et, COCH3

sponding bisdienes, 1 1 , differed primarily in that the 
ultraviolet absorptions were enhanced by the presence 
of an extra chromophore and the nmr spectrum lacked 
evidence for a methine hydrogen. Finally, a slight 
complication was introduced into the spectral interpre
tations of 10 (R = R ' =  COCH3 and R = COCH3, 
R ' =  C 02Et), since these compounds contained sub
stantial amounts of their respective enol forms, de
pending upon the solvent employed. Table V gives a 
compilation of the nmr spectral characteristics of these 
compounds, excluding the enol forms.
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reaction was carried out above ca. 100°. This material 
was apparently formed from 10 (R = R ' =  CH3CO), 
since performing the reaction at lower temperatures 
(ca. 60°) gave good yields of 10 (R = R ' =  CH3CO). 
Upon isolation, this isomeric material proved to be an 
inseparable mixture of at least two compounds; there
fore, the structures of these compounds remain un
assigned.

Our apparent inability to prepare the compounds 11 
(R = R ' =  C 02Et and R = C 02Et; R ' =  CN) may be 
the result of the instability of these compounds under 
the isolation conditions. The crude reaction mixtures 
gave evidence for product formation; however, re
arrangements to complex mixtures appeared to occur 
on attempted distillation.

As with the amino dienes, maleic anhydride reacted 
smoothly with 10 and 11 to give the expected Diels- 
Alder adducts. Thus, 10 (R = R ' =  COCH3) and 11 
(R = R ' =  CN) gave the expected adducts 12 and 13, 
respectively.

O

The reaction of allene with diethyl 2,2-dideuterio- 
malonate (>94%  D2) gave a labeled sample of 10 
(R = R ' =  C 02Et). Mass spectral and nmr analysis 
revealed the following deuterium distribution.

C H 3 (0 .7 5  ±  0 .10  D )

Catalytic Reaction of Allene with Triethylsilane.—
Numerous attempts were made to effect catalytic re
actions between allene and other active hydrogen com
pounds. During this work, it was found that triethyl
silane cleanly reacted with allene in the presence 
of bis(triphenylphosphine) (maleic anhydride)palladium 
to form triethylallylsilane (14).10 The structure was

assigned mainly on the basis of its nmr spectrum. A 
doublet at 8 1.55 (J]2 =  8 Hz) was assigned to the 
allylic hydrogens. The olefinic protons, 8 4.6-6.2, dis
played a pattern characteristic of a vinyl group.

(10) A. D. Petrov and V. F. Mironov, Dokl. Akad. Nauk SSSR, 75, 707
(1950).

Discussion

Insufficient information is in hand to reasonably de
fine any single mechanism for these catalytic reactions 
of allene. However, certain experimental facts shall 
be discussed which must be accommodated by any pro
posed mechanism.

It appears from the results of several experiments 
that the presence of either a Pd(0) or a Rh(I) species is 
necessary for catalysis to occur. The apparent ac
tivity of Pd(II) or Rh(II) complexes in the reactions of 
amines with allene is readily explained as resulting 
from the in situ reduction of these complexes by the 
amines. In support of this hypothesis, it was noted 
that palladium dichloride reacted with representative 
alkyl amines at temperatures of 80-100° to slowly de
posit metallic palladium. If, as seems likely, the oxi
dation of the amines involves carbon-hydrogen bonds,11 
a similar oxidation pathway would not be available for 
ammonia, thus accounting for the observed inactivity 
of Pd (II) complexes in the ammonia-allene reactions.

The results of the deuterium-labeling experiments 
require a mechanism which places the active hydrogen 
of the amine or carbon acid predominantly in the ole
finic methyl group of the product. In the case of the 
reaction of pipcridine-cfi with allene, all of the deu
terium was found in the methyl group of the product. 
This finding is of little help in distinguishing between 
mechanisms, since all of the apparently reasonable 
mechanisms considered require this particular place
ment of hydrogen. However, the situation with the 
carbon acids is not so clear-cut. Thus, in the case of 
the reaction of allene with 2,2-dideuteriodiethvl 
malonate, some deuterium is fcund on the allylic 
methylene group. This does not appear to be the re
sult of a slow exchange following product formation, al
though the uncertainty of the analytical method em
ployed does leave some doubt. It may also be noted 
that this observed lack of significant exchange of 10 
(R = R ' = C 02Et) with 2,2'-dideuteriodiethyl malo
nate under typical reaction conditions rules out the 
possibility of the rapid, reversible formation of 10 
(R =  R ' =  CO*Et).

Apparently the presence of so-called “ active hy
drogen” compounds may not be necessary for the for
mation of products containing the characteristic 2,3- 
dialkyl-1,3-diene unit described here. In related 
work12 reported recently, it was shown that butadiene 
reacts with allene in the presence of bis (triphenyl
phosphine) (maleic anhydride) palladium to give a 
78% yield of 15.

15

A possible mechanism for these reactions could in
volve the initial formation of a metal hydride, possibly 
by an oxidative addition of an amine or carbon acid to 
the metal. However, if such intermediates were 
formed, one would expect them to be reactive toward 
monoolefins. All attempts to observe such reactions 
have thus far failed.

(11) C om pare w ith the oxidation  o f  a lcohols w ith p a lla d iu m (II) sa lts: 
W . G . L loyd , J .  O rg . C h e m ., 32, 2816 (1967).

(12) D . R . C ou lson, J .  O r g . C h e m .,  3 1 ,  1253 (1972).
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Alternative mechanisms not requiring a hydride 
intermediate could conceivably involve intermediates 
such as 16, since metal-carbon bond cleavage of such

16

species with an amine or carbon acid would lead to the 
observed products. However, the evidence for such 
intermediates is purely circumstantial at this point.

The reaction of triethylsilane with allene obviously 
differs from the other reactions discussed here, since 
only a 1:1 addition product could be isolated. In this 
case an oxidative addition of the silane to the metal is 
likely to be a necessary step. This suggestion is cor
roborated by recent mechanistic studies13 concerned 
with the catalytic additions of silanes to monoolefins.

Experimental Section
Melting points and boiling points are uncorrected. Nuclear 

magnetic resonance spectra were recorded at 60 MHz using a 
Varian Associates A-60A instrument. Chemical shifts are re
ported with tetramethylsilane (5 0.00) as an internal standard. 
The proton integrations for all new compounds were found to be 
within ± 5 %  of their theoretical values. The infrared spectra 
were recorded on pure liquids or KBr pellets of solids. All new 
compounds discussed previously but not described in this section 
gave satisfactory elemental analyses for carbon, hydrogen, and 
nitrogen, where applicable (within ± 0 .5  units of the calculated 
percentages).

Ar,3-Dimethyl-2-methylene-3-butenylamine, 2 (R' =  H, R =  
CH3).— A solution of allene (10 g, 250 mmol), methylamine (11 
g, 300 mmol), and bis(triphenylphosphine)(maleic anhydride)- 
palladium (0.364 g, 0.5 mmol) in 25 ml of tetrahydrofuran was 
heated to 120° for 6 hr in an 80-cc stainless steel lined autoclave. 
The resulting solution was directly distilled, giving 5.8 g (42% 
yield) of Ar,3-dimethyl-2-methylene-3-butenylamine, 2 (R ' =
H, R  =  CH3): bp 85.5-86.5° (100 mm); ir 1607 cm -1 (C = C ); 
uv (EtOH) Amax 225 mil (e 17,200); nmr, see Table III.

Anal. Calcd for C,H13N : C, 75.6; H, 11.8; N, 12.6. 
Found: C, 75.45; H, 11.59; N, 12.60.

Reaction of Ar,;V,3-Trimethyl-2-methylene-3-butenylamine, 2 
(R = R' = CH3), with Maleic Anhydride.— A solution of 2 (6.9 
g, 55 mmol) in 10 ml of benzene was added over 30 min to maleic 
anhydride (4.9 g, 50 mmol) in 30 ml of benzene. After standing 
for 18 hr the solution was directly distilled, giving 6.50 g of an oil, 
bp 151-152° (1.1 mm). This oil was purified by recrystalliza
tion from hot hexane, giving 3.30 g of white needles of 4: mp
79-80°; ir 1775 and 1838 cm -1 (anhydride bands); nmr (ben
zene) 5 1.5 (s, 3 H, olefinie methyl), 1.8-2.2 (m, 8 H, N-methyl 
and methylene), 2.35-2.85 (m, 6 H, methylene and methine).

Anal. Calcd for Ci2H nN 03: C, 64.65; H, 7.68; N, 6.28. 
Found: C, 64.48; H, 7.80; N, 6.49.

Ar-(3-Methyl-2-methylene-3-butenyl)piperidine, 2 [R =  (CH2)2; 
R' =  (CH2)3],— A solution of piperidine (10.0 ml, 100 mmol) 
and palladium chloride (0.177 g, 1 mmol) in 20 ml of hexa- 
methylphosphoramide was warmed to 70°. Allene at ca. 1-atm 
pressure was allowed to be absorbed by the solution. After 
an initial slow rate of uptake the rate of absorption accelerated 
to ca. 20 ml/min. After 17 hr the absorption had essentially 
ceased and the dark solution was poured into 130 ml of water. 
The mixture was extracted with three 50-ml portions of pentane. 
The pentane extracts were combined, dried over magnesium 
sulfate, and distilled. A fraction was collected boiling at 71- 
75° (5 mm) and weighing 10.76 g. This material was identified 
as 2 [R =  (CH2)2; R ' =  (CH2)3] and corresponded to a 65% 
yield based on piperidine charged: ir 1608 cm-1 (1,3-diene); 
nmr, see Table III.

Anal. Calcd for CuHuN: C, 79.95; H, 11.59; N, 8.47. 
Found: C, 79.89; H, 11.51; N , 8.75.

(13) (a) A . J. C h alk  and J. F . H arrod , J .  A m e r .  C h e m . S o c . ,  87, 16 (1965);
(b) L . H . Som m er, J. E . L yon s, and H . F u jim oto , ibid., 91, 7051 (1969);
(c) J. W . R y a n  and J. L . Speier, ibid., 86 , 895 (1964).

AT-[6-(2-Methyl-3-methylene-l,3-buta diene )-l-cyclohexenyl]- 
pyrrolidine (6).— A mixture of Ar-(l-cyclohexenyl)pyrrolidine 
(15.1 g, 100 mmol), bis(triphenylphosphine)(maleic anhydride)- 
palladium (2.2 g, 3 mmol), and allene (10 g, 250 mmol) in 25 ml 
of tetrahydrofuran was heated to 120° for 6 hr in an 80-cc stain
less steel pressure vessel. The resulting solution was distilled, 
giving 7.75 g (34% yield) of N -[6-(2-methyl-3-methylene-l,3- 
butadiene )-l-cyclohexenyl]pyrrolidine (6): bp 92-96° (0.2 mm); 
ir 1592 (C = C , 1,3-diene), 1633 cm -1 (C = C , enamine); nmr 
(benzene) 1.95-2.4 (m, 3 H, methylene +  methine), 2.4-3.35 
(m, 6 H, allylic methylene), 4.45 (t, 1 H, J  =  4 Hz, enamine 
hydrogen), 4.78-5.25 (m, 4 H, olefinie).

Anal. Calcd for Cl6H25N: C, 83.05; H, 10.9; N, 6.05. 
Found: C, 82.65; H, 10.79; N, 5.64.

2-(3-Methyl-2-methylene-3-butenyl)cyclohexanone (7).— A
solution of A-[6-(2-methyl-3-methylene-l,3-butadiene)-l-cyclo- 
hexenyl]pyrrolidine (1.15 g, 5 mmol) and concentrated hydro
chloric acid (0.395 ml, 4.5 mmol) in 10 ml of methanol was 
stirred for 3 hr. The solution was then evaporated of solvent 
and the residue was extracted with pentane. The pentane layer 
was dried over magnesium sulfate and evaporated of solvent. 
The residual oil weighed 0.75 g. Glpc collection (retention time 
14 min, 155°, 20% silicone gum nitrile; 8 ft X  0.25 in. column) 
afforded a pure sample of 7: ir 1592 (C = C , 1,3-diene unit), 
1709 cm-1 (C = 0 ) ;  nmr (CC14) S 1.0-2.7 (m, 13 H, methylene 
and methyl), 3.03 (m, 1 H, methine), 4.9-5.2 (m, 4 H, C = C ); 
derivative 2,4-dinitrophenylhydrazone, mp 117.8-118° from 
ethanol.

Anal. Calcd for CiSH22N40 4: C, 60.35; H, 6.19; N, 15.62. 
Found: C, 60.0; H, 6.13; N, 15.56.

Diethyl (3-Methyl-2-methylene-3-butenyl)malonate (10) (R =  
R' =  C02Et).— A solution of diethyl malonate (30.6 ml, 200 
mmol), allene (8 g, 200 mmol), and bis(triphenylphosphine)- 
(maleic anhydride)palladium (1.46 g, 2 mmol) in 25 ml of tetra
hydrofuran was heated to 100° for 6 hr in an 80-cc stainless steel 
lined autoclave. The resulting solution was directly distilled 
giving 20.62 g (86% yield), bp 80-80.5° (0.2 mm), of 10 (R = 
R ' = C 0 2Et): uv (EtOH) Xmax 232 mM (e 18,480); ir 1605 (1,3- 
diene), 1740 cm-1 (C = 0 ) ;  nmr, see Table V.

Anal. Calcd for Ci3H20O4: C, 65.0; H, 8.38. Found: C, 
64.64; H, 8.62.

Reaction of JV-Deuteriopiperidine and Allene.— A solution of 
IV-deuteriopiperdine14 (>98%  di) (5.0 ml, 50 mmol) and bis(tri- 
phenylphosphine)(maleic anhydride palladium (0.364 g, 0.5 
mmol) in 10 ml of hexamethylphosphoramide (redistilled) was 
placed under an atmosphere of allene at 75° with rapid stirring. 
Absorption of allene was allowed to proceed for 25 hr. The solu
tion was then poured into 70 ml of water and extracted with 3 X 
25 ml of pentane. The pentane layer was dried over M gS04 
and filtered. The clear solution was distilled, giving 2.9 g (35% 
yield) of monodeuterated 2-methyl-3-(piperidinomethyl)-l,3- 
butadiene (9). Nmr analysis revealed a total of 0.78 ±  0.05 
atoms of deuterium per molecule, all of which appeared to be on 
the methyl carbon. Mass spectral analysis gave do 17% and di 
83%, in close agreement with the nmr analysis.

Reaction of Bis(2,3-dimethylenebutyl)dicyanomethane (12) 
with Maleic Anhydride.— A solution of maleic anhydride (2.16 
g, 22 mmol) in 15 ml of benzene was added to a solution of 11 
(R  =  R ' = CN) (2.27 g, 10 mmol) in 5 ml of benzene over 45 
min with stirring. The solution was allowed to stand overnight, 
giving a white, crystalline mass which was filtered directly, 
giving 3.9 g of a white powder after washing with 3 X  15 ml of 
benzene. This powder could not be properly recrystallized but 
could be precipitated from methylene chloride by addition of 
ether. A white powder, 1.95 g, mp 217-218°, resulted. The 
formation of two stereoisomers is possible here and could ac
count for the amorphous character of the product. The product 
was assigned the structure 13 on the following basis: ir 1775, 
1840 cm -1 (anhydride); nmr (DMSO-ds) <> 1-78 (s, 6 H, methyl),
2.2-2.6 (m, 8, methylene), 2.65-3.65 (m, 8 H, methylene and 
methine).

Anal. Calcd for C23H22N 20 6: C, 65.4; H, 5.25; N, 6.63. 
Found: C, 65.92; H, 5.09; N, 6.47.

Attempted Preparation of Tris(3-methyl-2-methylene-3-bu- 
tenyl)amine (8).— A solution of 3 (R =  H) (8.85 g, 50 mmol), 
bis(triphenylphosphine)(maleic anhydride palladium (0.364 g,

(14) The iV-deuteriopiperidine was prepared by heating iV-deuterio-
piperidinium deuteriochloride, obtained by exchange with D 2O, with freshly
calcined calcium oxide.
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0.50 mmol), and a trace of phenothiazine in 25 ml of tetrahydro- 
furan was charged to an 80-cc stainless steel presure vessel. 
Allene (6.0 g, 150 mmol) was added and the resulting mixture was 
heated to 120° for 6 hr. The solution was distilled directly, 
giving a middle fraction weighing 3.14 g, bp 94-96° (0.36 mm). 
Two other fractions (bp 93-97°) accounted for 3.52 g and the 
residue remaining in the distillation pot weighed 6.92 g. The 
middle fraction was analyzed by nmr; see Table III. Thus, the 
sample appeared to be ca. 90-95%  pure 8. All attempts to fur
ther purify this material resulted in polymer formation.

Separation of Products from Reaction of Acetylacetone with 
Allene.— A preparation of 10 (R =  R ' =  COCH3) carried out at 
120° according to the procedure described for the preparation of 
10 (R =  R ' = C 02Et) gave a product containing ca. 70% of an 
unknown material. This product (10.0 g, >30 mmol) and 
maleic anhydride (5.44 g, 55.5 mmol) were allowed to stand for 4 
days in 50 ml of benzene solution. The solution was then evap
orated of solvent by rotary evaporation and the resulting green- 
yellow oil was treated with 55 ml of ether. Cooling to 0° gave 
crystal formation. Filtration gave 3.43 g of 12. The filtrate 
was directly distilled, giving maleic anhydride (ca. 3.2 g) and a 
fraction of bp 61-65 (0.35 mm) (3.7 g) containing < 5 %  maleic 
anhydride (0.32 mm) by nmr analysis.

A sample of this fraction was purified by preparative glpc 
(20% silicone gum nitrile column): ir 1674, 1650-1510 cm-1 
(d-diketone, chelate); mass spectrum, parent peak at m/e 180 
corresponding to CuHisCk (mol wt, 180.24); uv (EtOH) X„,ax 
271 mju (e 11,750) [note: 10 (R = R ' = COCH3) possesses Xmax
275 nyi (e 8350), enol form, and X„,ax 223 m/j (e 8000)]; nmr 
(CCh) 5 4.95 (m, 1.65 H), 4.87 (m, 0.30 H ), 3.09 (m, 1.47 H),
2.90-2.70 (m, 0.60 H ), 2.22-2.0 (m, 0.60 H), 1.79 (m, 0.85 H),
1.4Q (m, 5.05 H).

Diels-Alder Reaction of (2,3-Dimethylenebutyl)diacetylmeth- 
ane 10 (R =  R' = CH3CO) with Maleic Anhydride.— A solu
tion of maleic anhydride (4.9 g, 50 mmol) in 30 ml of benzene 
was added to 10 (R =  R ' = COCH3) (9.75 g, 55 mmol) in 25 ml 
of benzene. The solution was allowed to stand for 22.5 hr and 
was then evaporated of volatiles on a rotary evaporator (35°, 
20 mm). The residue was a yellow oil. This oil, on mixing with 
50 ml of ether, gave a white, crystalline solid. Filtration and 
washing of the solid gave 2.5 g of a white, crystalline solid, mp 
122-123°. This compound is assigned the structure 12 on the 
following basis: ir 1775, 1838 cm-1 (anhydride); nmr (CD3CN) 
5 1.78 (s, 3 H, CH3), 2.02 (s, 6 H. CH3CO), 2.1-2.5 (m, 4 H, 
methylene), 3.08 (s, 2 H, methylene), 3.4-3.6 (m, 2 H, CHCO), 
13.76 (s, 1H , OH).

Anal. Calcd for Ci5Hi602: C, 64.75; H, 6.51. Found: C,
65.35; H, 6.59.

Reaction of 2-Methyl-3-dimethylammomethyl-l,3-butadiene 
(2, R = R' = CH3) with Maleic Anhydride.— A solution of 6.9 g 
(55 mmol) of 2-methyl-3-dimethylaminomethyl-l,3-butadiene in 
10 ml of benzene under nitrogen was added with stirring over 30 
min to 4.9 g (50 mmol) of maleic anhydride in 30 ml of benzene. 
The solution was allowed to stand for 18 hr and was then evap
orated of volatiles on a rotary evaporator. The residue was 
directly distilled, giving 6.50 g of an oil, bp 151-152° (1.1 mm). 
This substance was further purified by recrystallization from hot 
hexane, giving 3.30 g of white needles, mp 79-80°. This com
pound was assigned the structure 4 on the basis of the following 
physical evidence: ir 1775, 1838 cm -1 (anhydride); nmr (ben
zene) 8 1.50 ppm (s, 3 H, methyl), 1.75-2.25 (m, 8 H, methyl 
and methylene), 2.25-2.9 (m, 6 H, methylene and methine).

Anal. Calcd for C12H17N 0 3: C, 64.65; H, 7.68; N, 6.28. 
Found: C, 64.48; H, 7.71; N, 6.50.

Diels-Alder Reaction of Bis(2,3-dimethylenebutyl)methyl- 
amine (3, R' =  CH3) with Maleic Anhydride.— A solution of
1.91 g (10 mmol) of 3 (R ' =  CH3) in 5 ml of benzene was added 
to 2.16 g (22 mmol) of maleic anhydride in 15 ml of benzene. 
The solution, after standing overnight, was evaporated of vola

tiles on a rotary evaporator (35°, 20 mm), giving a syrupy 
material. On mixing with 30 ml of ether the material solidified 
and the mixture was filtered, giving 3.62 g of a tan solid. This 
solid was recrystallized from benzene-hexane, giving 2.05 g of a 
microcrystalline material, mp 140-147°. This melting range is 
probably explainable by the fact that two stereoisomers are likely 
to be formed in this reaction. The structure assigned to this 
material, 5, was found to be consistent with the following physical 
evidence: ir 1775, 1840 cm-1 (anhydride); nmr (benzene) 5
1.75 (s, 6 H, CH3), 1.92 (s, 3 H, CH3), 2.2-2.65 (m, 8 H, allylic 
methylene), 2.84 (s, 4 H, allylic methylene), 3.25-3.5 (m, 4 H, 
CHCO).

Anal. Calcd for C21H25N 0 6: C, 65.15; H, 6.51; N, 3.62. 
Found: C, 65.42; H, 6.60; N ,3.52.

Catalytic Reaction of 2,2'-Dideuteriodiethyl Malonate with 
Allene.— A solution of 15.5 ml (100 mmol) of 2,2'-dideuteriodi- 
ethyl malonate,16 >94%  d2, 0.182 g (0.25 mmol) of bis(triphenyl- 
phosphine)(maleic anhydride)palladium. and 4.0 g (100 mmol) 
of allene in 15 ml of dry tetrahydrofuran was placed in a 50-cc 
Carius tube and sealed. The tube was heated to 120° for 6 hr. 
The resulting mixture was directly distilled, affording a pure 
sample of deuterium-labeled diethyl (3-methyl-2-methylene-3- 
butenyl) malonate, bp 80° (0.2 mm). Nmr analysis of the 
sample in carbon tetrachloride provided the following distribu
tion of deuterium, on the reasonable assumption that the ethyl 
substituents did not undergo hydrogen-deuterium exchange 
during the reaction: methyl group, 0.75 ±  0.10 D ; methylene 
group, 0.12 ±  0.05 D ; methine group, 0.90 ±  0.02 D. Within 
the limits of the measurement (± 5 %  of the respective integra
tion areas) there appeared to be no deuterium residing on the 
olefinic carbons.

A similar reaction was carried out in which the allene was re
placed by a pure sample of diethyl (3-methyl-2-methylene-3- 
butenyl) malonate. Reisolation of the ester followed by nmr 
analysis showed that less than 0.05 D was present in either the 
methyl or the methylene group. Thus, within the limits of this 
method, essentially no exchange was found.

Triethylallylsilane (14).— A solution of allene (10 g, 250 mmol), 
triethylsilane (14.5 g, 125 mmol), and bis(triphenylphosphine)- 
(maleic anhydride )palladium in 25 ml of tetrahydrofuran was 
heated to 120° for 6 hr in an 80-cc stainless steel lined pressure 
vessel. The resulting solution was directly distilled, giving 9.4 g 
(48% yield) of 14: bp 37° (3 mm); ir 1660 cm -1 (C = C ); nmr 
(CC14) 5 0.25-1.30 (m, 15 H, ethyl), 1.55 (d, Jn =  8 Hz, 2 H, 
allylic hydrogens), 4.6-5.05 (m, 2 H, olefinic methylene), 5 .4-
6.2 (m, 1 H, J 23 =  16 Hz, Ju =  8 Hz, olefinic methine).

Anal. Calcd for C9H20Si: C, 69.15; H, 12.89. Found: C, 
69.71; H, 13.23.

Registry No.—4, 38644-78-9; cis,cis-5, 38644-79-0; 
cis,trans-5, 38644-80-3 ; 6, 38644-31-4 ; 7, 38644-82-5; 
7 DNP, 38644-83-6; 8, 38644-49-4 ; 9, 38644-85-8;
12, 38644-86-9; cis,cis-13, 38644-87-0; cis,trans-13,
38677-70-2; 14, 17898-21-4; allene, 463-49-0; maleic 
anhydride, 108-31-6; Af-(l-cyclohexenyl) pyrrolidine, 
1125-99-1; Ar-deuteriopiperidine, 694-586; 2,2'-di-
deuteriodiethyl malonate, 4303-49-5; diethyl (3- 
methyl-2-methylene-3-buteny 1) malonate, 38644-74-5;
triethylsilane, 617-86-7.
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(15) T h e  d ieth y l 2,2 -dideuteriom alonate was prepared  from  com m ercia lly  
available perdeuteriom alonic acid  and ethanol-O -di.
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It has been found that A,V,A',A'-tetramethylethyIenediamine (TM EDA) exerts a marked catalytic influence 
on a,a '-dimetalations of certain dimethylarenes. Reaction of 1,2-, 1,3-, 1,6-, and 1,8-dimethylnaphthalene and
o- and m-xylene with 2.1-4.0 molar equiv of n-amylsodium in the presence of TM EDA produced the correspond
ing a,a' dianions in quantitative yield. 1,3- and 1,8-dimethylnaphthalene and m-xylene dianions were subjected 
to alkylation and/or carbonation and aldol condensation, to produce the expected a, a'-dicondensation products 
in high yield. 1,4-Dimethylnaphthalene and p-xylene could not be converted to their a,a dianions. The 
reactivity of the above dimethylarenes toward a,a:'-dimetalation was established and arguments are presented to 
account for the observed results. The catalytic effect of certain substances other than TM ED A on metalations 
with n-amylsodium has been examined and the results are discussed.

Among the various transformations in organic chem
istry, those leading to carbon-carbon bond formation 
have always been considered to be of the utmost funda
mental interest and immense practical importance.2 
A large proportion of the carbon-carbon bond forming 
reactions proceed through carbanion intermediates:2'3 
aldol and Claisen condensations, Grignard reactions, 
alkylations of enolates and other anions, and metal 
acetylide reactions are just a few examples of such re
actions.

Since most carbon acids are only weakly acidic,4 
the demand for strong bases capable of transforming 
such substrates to the corresponding carbanions under 
mild conditions and reasonably short reaction times 
is great. Among the strongest and most suitable bases 
presently available is the family of lithium alkyls,5 
which either alone or in conjunction with certain ter
tiary amine catalysts6 have revolutionized the area of 
carbanion chemistry.

Although sodium and potassium alkyls7 have been 
known for a long time to be much stronger bases than 
organolithium reagents, their use in the formation of 
carbanions has so far been relatively limited. The 
main reason for this is the high insolubility of organo
sodium and organopotassium reagents in hydrocarbon 
solvents, resulting in heterogeneous reaction mixtures 
and unacceptably low yield metalations even at high 
temperatures and prolonged reaction times.8

We have observed1 that metalations with n-amyl- 
sodium, the most commonly used organosodium re
agent, can be improved tremendously by performing 
these reactions in the presence of N,N,N',N'-tetra- 
methylethylenediamine (TMEDA). Just as in the 
case of metalations with organolithium reagents,6 this 
tertiary amine appears to have a profound catalytic 
effect on metalations with organosodium reagents.

(1 ) F o r  a prelim inary accou n t o f part o f this w ork , see G . B . Trim itsis, 
A . T u n cay , and R . D . B eyer, J .  A m e r .  C h e m . S o c . ,  94, 2152 (1972).

(2) W . Carruthers, “ Som e M od ern  M eth od s  o f O rganic Synthesis,”  C am 
bridge U niversity  Press, L on don , E ngland, 1971, pp  1-70 .

(3) H . O . H ouse, “ M od ern  Syn th etic R ea ction s ,”  2nd ed, W . A. B en jam in, 
M en lo  Park , C alif., 1972, p p  492 -81 6 .

(4) D . J. Cram , “ Fundam entals o f C arban ion  C h em istry ,”  A cad em ic 
Press, N ew  Y ork , N . Y .,  1965, p p  1-45 .

(5) J. M . M alian  and R . L . B ebb , C h e m . R e v . ,  69, 693 (1969).
(6 ) (a ) G . G . E b erh ardt and W . A . B u tte, J .  O r g . C h e m .,  29, 2928 (1964 ); 

(b ) A . W . Langer, Jr., T r a n s .  N .  Y .  A c a d .  S c i . ,  27, 741 (1 9 6 5 ); (c )  C . G. 
Screttas and J. F . E astham , J .  A m e r .  C h e m . S o c . ,  87, 3276 (1965).

(7 ) R . A . Benkeser, D . J. Foster, and D . M . Sauve, C h e m . R e v . ,  57, 867 
(1957).

(8) A , A . M orton , E . L . L ittle, Jr., and W . O. Strong, Jr., J .  A m e r .  C h e m .

S o c . , 65, 1339 (1943).

The present report describes the use of this new base- 
catalyst system in the quantitative a,c/-dimetalation 
of certain dimethylnaphthalenes and xylenes, and the 
subsequent reaction of these dianions with representa
tive electrophilic reagents to give a variety of a,a-  
dicondensation products in high yield. In addition, 
the reactivity of the three isomeric xylenes as well as 
certain isomeric dimethylnaphthalenes toward a,a 
dianion formation has been studied and arguments are 
presented in order to explain the observed trends. Fi
nally, the catalytic effect of certain substances other 
than TMEDA on metalations with n-amylsodium has 
been examined and the results are discussed.

Results
Formation of the n-Amylsodium-TMEDA Complex.

—Addition of an approximately equimolar amount of 
TMEDA (see Experimental Section) to a suspension 
of n-amylsodium in hexane at —15° resulted in an 
apparent solubilization of the solid to give a bright 
blue solution. Centrifugation of a portion of this solu
tion, however, gave a clear, supernatant liquid and a 
dark blue precipitate, indicating that the amine had a 
dispersing rather than a solubilizing effect on n-amyl
sodium in hexane.

The n-amylsodium-TMEDA mixture was found to 
be an exceedingly powerful metalating agent capable 
of quantitatively converting certain dimethylarenes to 
their a,a' dianions at room temperature within 2 hr. 
The dimetalations of certain dimethylnaphthalenes and 
those of the three isomeric xylenes are described below.

Metalation of Certain Dimethylnaphthalenes.—The 
reactions of 1,2-, 1,3-, 1,4-, 1,6-, and 1,8-dimethyl
naphthalene with n-amylsodium were studied under a 
variety of experimental conditions and their reactivities 
toward a, a'-dimetalation were compared. Of the five 
isomers examined, 1,3-dimethylnaphthalene was found 
to be the most reactive toward a, a'-dimetalation. 
Thus, treatment of this hydrocarbon at room tempera
ture with 2.1-2.4 equiv of n-amylsodium9 in the presence 
of 2 equiv of TMEDA for 2 hr produced the insoluble 
brick-red 1,3-dimethylnaphthalene dianion 1 (Scheme 
I) in practically quantitative yield, as evidenced by 
quenching the reaction mixture with deuterium oxide 
followed by nmr analysis of the deuterated product 2a.

(9 ) T h e  reaction  o f  n -am yl ch loride w ith sodium  m etal to  g ive n -am yl
sod ium  proceeds t o  the extent of 7 0 -8 0 %  yield , and the am ount o f base used 
in this experim ent was that produced  from  3 equ iv  o f n -am yl chloride and 
excess sodium . F or m ore details see Experim ental Section.
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S c h e m e  I

b, r =  ch3
c ,  R = COH(C6H5)2
d, R=COOH

1,3-Dimethylnaphthalene dianion 1 was found to re
act quite readily at room temperature with electrophilic 
reagents to give a, a'-dicondensation products in high 
yield. For example, reaction with excess methyl iodide 
converted dianion 1 almost exclusively to 1,3-diethyl- 
naphthalene (2b), as shown by vapor phase chromato
graphic (vpc) analysis of the crude reaction mixture. 
Only trace amounts of a second component, most 
likely the monoalkylation product, could be detected, 
and no starting material was recovered. Similarly, re
action of dianion 1 with 2.5 equiv of benzophenone gave 
the new carbonyl addition product 2c, in 50% yield, 
while carbonation with excess solid carbon dioxide 
produced the new dicarboxylic acid 2d, in 74% yield. 
Structural assignments for products 2c and 2d were 
based on C, H analyses and on spectral data (see 
Experimental Section).

Reaction of 1,2-, 1,6-, and 1,8-dimethylnaphthalene 
with n-amylsodium- T MED A under conditions iden
tical with those employed for the quantitative dimetala- 
tion of 1,3-dimethylnaphthalene, followed by deutéra
tion with deuterium oxide and nmr analysis of the 
resulting products, showed the incorporation of 1.8 
atoms of deuterium per molecule of 1,2- and 1,6- 
dimethylnaphthalene, and 1.5 atoms of deuterium per 
molecule of 1,8-dimethylnaphthalene, thereby indicat
ing that only partial dimetalation of these substances 
had occurred under these conditions. Most interest
ingly, however, when the amount of n-amylsodium was 
increased to 3.5-4.0 equiv,10 and the amount of TMEDA 
to 3.4 equiv, complete dimetalation was achieved in all 
three cases, to give a,a'-dimethylnaphthalene dianions 
3, 4, and 5. respectively, in quantitative yield, as shown 
by deuteration.

3 4

In addition to deuteration, 1,8-dimethylnaphthalene 
dianion 5 was found to undergo facile dicondensation 
reactions with a variety of typical electrophilic re
agents. For example, treatment of 5 with 2.5 equiv of 
benzophenone afforded the new diol 6a, in 52% yield,

(10) T h e  am ount of base used in these experim ents was th at produced  
from  the reaction  o f 5.0 equ iv  o f n -am yl chloride and excess sodium . F or 
m ore details see foo tn o te  9 and Experim ental Section.

while reaction with excess carbon dioxide produced the 
new dicarboxylic acid 6b, in 40% yield. The identity 
of products 6a and 6b was established by C, H analysis

Na+CH2 CH2Na+AA rch2 ch2r

6a, R = COH(CsH5)2 
b, R=COOH

and by their nmr and ir spectra (see Experimental 
Section).

Unlike the isomeric naphthalenes discussed above, 
reaction of 1,4-dimethylnaphthalene with up to 4.0 
equiv of n-amylsodium-TMEDA followed by deutera
tion resulted in the incorporation of only one deuterium 
atom per molecule of hydrocarbon, clearly indicating 
that 1,4-dimethylnaphthalene had been converted only 
to its monoanion.

Metalation of o-, m-, and p-Xylene.—The three 
isomeric xylenes had been previously dimetalated in low 
yield8 by heating with n-amylsodium in octane for 3 hr. 
Their reactivity toward a,a'-dianion formation,8 as in
dicated by subsequent carbonation of the reaction mix
tures, was reported to be m-xylene =  p-xylene >
o-xylene.

Reaction of o-, m-, and p-xylene with n-amylsodium 
in the presence of TMEDA under the conditions em
ployed in the previous section established a completely 
different reactivity sequence for the above hydrocarbons 
and clearly showed that m-xylene was much more re
active toward a,a'-dimetalation than either of the 
other two isomers. Thus, reaction of m-xylene with
2.1-2.4 equiv of n-amylsodium9 in the presence of 2.0 
equiv of TM EDA in hexane at room temperature for 2 
hr produced the insoluble a,a'-disodio-m-xylene 7 in

practically quantitative yield, as determined by sub
sequent quenching with deuterium oxide and quantita
tive nmr analysis. In addition treatment of dianion 7 
with an excess of methyl iodide afforded almost ex
clusively 1,3-diethylbenzene, with only a minor amount 
of the monocondensation product l-ethyl-3-methyl- 
benzene being produced, as shown by vpc analysis of 
the crude reaction mixture.

Reaction of o-xylene with n-amylsodium-TMEDA 
under the above conditions followed by deuteration 
with deuterium oxide resulted in the incorporation of 
only 1.64 deuterium atoms per molecule of hydrocarbon. 
As in the case of 1,2-dimethylnaphthalene, however, 
when the amount of base was increased to 3.5-4.0 
equiv10 complete a , a'-dimetalation occurred to give 
dianion 8 in quantitative yield.

Finally it was found that unlike m- and o-xylene 
p-xylene failed to afford an a,a' dianion even when 
treated with 4.0 equiv of n-amylsodium in the presence 
of TMEDA. Instead, only a-monometalation oc
curred, as indicated by quenching the reaction mixture
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with deuterium oxide, followed by nmr analysis of the 
resulting product.

Next, an effort was made to investigate whether 
substances other than TM EDA might serve as catalysts 
in the a,a'-dimetalation of dimethylarenes by means of 
n-amylsodium in hydrocarbon solvents. For this 
purpose, the effect of l,4-diazabicyclo[2.2.2]octane 
(DABCO), a tertiary amine which has been used ex
tensively as a catalyst in metalations with organo- 
lithium reagents,6a’n and sodium terf-butoxide, which 
has been occasionally used to promote metalations with 
n-amylsodium,11 12 were tested.

Reaction of m-xylene with 2.1-2.4 equiv of n- 
amylsodium9 in the presence of 2.2 equiv of DABCO, 
under conditions identical with those described earlier, 
followed by treatment of the reaction mixture with an 
excess of methyl iodide afforded a mixture of products, 
consisting of starting material, l-ethyl-3-methylben- 
zene, and 1,3-diethylbenzene in the ratio of 2.8:1.0:1.1.

Similar results were obtained when dimethylation of 
m-xylene was attempted in the presence of sodium tert- 
butoxide as a catalyst. Thus, treatment of this hydro
carbon with 2.1-2.4 equiv of n-amylsodium9 and 2.8 
equiv of sodium ferf-butoxide at room temperature for 
2 hr, followed by methylation of the reaction mixture 
with excess methyl iodide, again afforded starting 
material, l-ethyl-3-methylbenzene and 1,3-diethyl- 
benzene, this time in a ratio of 1.0:1.1:4.6.

Finally, it was found that reaction of m-xylene or 1,3- 
dimethylnaphthalene with n-amylsodium under the 
above conditions, but in the absence of a catalyst, 
produced only low yield a-monometalation, and no 
dimetalation at all.

Discussion

Catalytic Effect of TMEDA on Metalations with n- 
Amylsodium.—The results described in the previous 
section clearly indicate that unlike DABCO and sodium 
feri-butoxide, TM EDA is an exceedingly effective 
catalyst in metalations of w eak carbon acids by means 
of n-amylsodium.

Conceivably TM EDA can catalyze metalations with 
organosodium reagents in at least two different ways. 
First, it can coordinate with the sodium ion (structure 
9) and in so doing it can cause the large n-amylsodium

H:A y.CH3

X
'Na+C5HUV

V
H:iC CH3 

9

aggregates to disintegrate into smaller particles, thereby 
providing a much larger surface area for the reaction to 
occur. That a peptizing action does indeed occur when 
TM EDA is added to the organosodium reagent is quite 
evident, since an n-amylsodium slurry in hexane ap
pears as a true solution upon addition of TMEDA. As

(11) E . J. C orey  and D . Seebach , J .  O rg . C h e m ., 31, 4097 (1966).
(12) (a) R . A . Benkeser, T . F . Crim m ins, and W en -h on g  T on g , J .  A m e r .  

C h e m . S o c . ,  90, 4366 (1 968 ); (b ) A . A . M orton , C . E . C laff, Jr., and F . W . 
Collins, J .  O rg . C h e m .,  20, 428 (1955 ); (c ) A . A . M orton  and  A . E . B rach-
man, J .  A m e r .  C h e m . S o c . ,  73, 4363 (1951 ); (d ) A . A . M orton , I n d .  E n g .

C h e m ., 42, 1488 (1950).

pointed out earlier, high-speed centrifugation of the 
reaction mixture afforded a dark blue precipitate and a 
clear supernatant layer, thereby confirming that the 
effect of TMEDA was to peptize rather than to solu
bilize the n-amylsodium aggregates in the hydrocarbon 
solvent.

In addition to its peptizing action, TMEDA may 
also catalyze metalations with n-amylsodium in another 
way. Complex formation between the sodium ions 
and TM EDA will undoubtedly help diffuse the polariz
ing power of the metal ion, thus weakening the carbon- 
sodium bond. As a result the carbanion will become 
more basic and therefore more reactive. Similar 
theories have been proposed in order to explain the 
catalytic effect of TMEDA and other tertiary amines 
on metalation reactions with organolithium reagents.6

The inability of DABCO to catalyze metalations with 
n-amylsodium is quite interesting, especially since this 
diamine has been found to be almost as effective611 in 
catalyzing metalations with alkyllithium reagents as 
TMEDA. The ineffectiveness of DABCO as a catalyst 
in metalations with n-amylsodium is most likely due to 
the fact that unlike TMEDA this diamine cannot act 
as a bidentate ligand.13 Its coordinating power is 
therefore much lower than that of TMEDA, and its 
ability to disintegrate the tightly packed organosodium 
aggregates is considerably weaker. Although organo
lithium reagents also exist in a polymeric form14 in 
hydrocarbon solvents, these compounds are much less 
ionic than organosodium compounds and the monomer 
units are held much less tightly in the aggregates. 
Consequently, even monodentate ligands such as 
DABCO and triethylamine have been shown to be 
capable of disrupting the polymeric alkyllithium 
species,6“ thereby catalyzing metalations by means of 
these reagents.

Morton12b in 1955, and more recently Benkeser12“ 
and his cow'orkers, have demonstrated that sodium 
ieri-butoxide can serve as an effective catalyst in certain 
metalations with organosodium reagents. For example, 
it was found that, while treatment of ieri-butyl benzene 
with n-amylsodium in nonane for 20 hr afforded only a 
17% yield of ring metalation,12“ an identical reaction in 
the presence of sodium ferf-butoxide increased the yield 
of metalation to 70%. Under the reaction conditions 
employed during the present study the catalytic proper
ties of sodium feri-butoxide in organosodium metala
tions were found to be slightly better than those of 
DABCO but definitely poorer than those of TMEDA.

Relative Reactivity of Isomeric Dimethylarenes 
toward a,a'-Dimetalation.—The fact that not all of 
the isomeric xylenes and dimethylnaphthalenes could be 
converted to their a,a' dianions with equal facility is of 
particular interest and merits further discussion. 
Deuteration experiments during the present study 
clearly established that the ease of a,a'-dimetalation in 
the case of the xylenes is m-xylene >  o-xylene »  p- 
xylene. This reactivity sequence is quite different from 
that reported by Morton8 and his coworkers, who found 
p-xylene to be just as reactive as m-xylene toward 
a,a'-dimetalation, and o-xylene to be the least reactive 
of the three.

The reactivity sequence established during the
(13) R . W . Parry  in “ T h e  C h em istry  o f the C oord in ation  C om p ou n d s,”  

J. C . Bailar, Jr., E d ., R einhold , N ew  Y ork , N . Y .,  1956, pp  220-252.
(14) T . L . B row n, A d v a n .  O r g a n o m e ta l .  C h e m .,  3 , 365 (1965).
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present study for the a,a'-dimetalation of the three 
isomeric xylenes can be best explained by means of a 
two-step mechanism as shown in Scheme II.

S c h e m e  II

According to this mechanism the hydrocarbon is 
envisioned to react first with 1 equiv of base to produce 
the benzylic monoanion 10, which in turn reacts with a 
second molecule of base to form the dianion 11. Un
doubtedly, the negative charge in monoanion 10 will 
make ionization of the second methyl group much more 
difficult than that of the first (fca >  fc2) , and therefore 
fc2 will be the rate-determining step. Furthermore, the 
ease of ionization of the second methyl group is not 
expected to be the same for all three isomeric xylene 
monoanions, but instead should depend on the electron 
density accumulation on the carbon bearing each of the 
methyl groups. Since delocalization in benzylic anions 
such as 10 is known to result in the largest charge ac
cumulation at the para position of the benzene ring, 
with the ortho and meta positions receiving progres
sively less charge,15 it would reasonably follow that the 
tendency of the three isomeric xylene monoanion 
toward dianion formation would be in the order meta >  
ortho >  para, a conclusion which is in excellent agree
ment with our experimental results.

Similar arguments can be proposed to account for the 
results obtained in the case of the five isomeric di- 
methylnaphthalenes. Their reactivity toward latteral 
dimetalation as determined in the present study was 
shown to be 1,3-dimethylnaphthalene >  1,2-dimethyl- 
naphthalene ~  1,6-dimethylnaphthalene >  1,8-di- 
methylnaphthalene »  1,4-dimethylnaphthalene. As
suming that dianion formation proceeds through a 
monoanion such as that represented by structure 12, 
the above results are, for the most part, in good qualita
tive agreement with Adamov’s16 self-consistent field 
(scf) calculations concerning the electron-density dis
tribution in 1-methylnaphthalene monoanion 13. These

calculations predict that charge accumulation in mono
anion 13 decreases in the order a-carbon >  C4 >  C2 > 
C7 >  C5 >  C6 >  C3 >  C8. On the basis of these electron- 
density distributions, the high reactivity of 1,3-dimethyl
naphthalene and the low reactivity of 1,4-dimethyl
naphthalene toward a.a'-dianion formation can be 
easily rationalized. The lower than expected reactivity 
of 1,8-dimethylnaphthalene toward a,a'-dianion forma
tion is most likely due to the inability of the incipient

(15 ) V . R . Sandel and H . H . Freedm an, J .  A m e r .  C h e m . S o c . ,  85, 2328 
(1963).

(16 ) M . N . A d am ov, A . A . K ane, and I . F . T u p itsyn , T e o r .  E k s p .  K h i m . ,
3 (4 ), 437 (1967).

1,8-dimethylnaphthalene dianion to acquire a com
pletely flat configuration because of steric interactions 
between the peri hydrogens, thereby rendering the 
transition state leading to the 1,8-dimethylnaphthalene 
dianion 5 somewhat less stable than that leading to 
the other dimethylnaphthalene dianions. Alternatively, 
the close proximity of the two negative charges may 
cause 1,8-dimethylnaphthalene dianion 5 and the transi
tion state leading to it to be less stable than the other 
dimethylnaphthalene dianions.

Finally, the equal reactivity of 1,2- and 1,6-dimethyl
naphthalene toward a,a'-dianion formation suggests 
that C6 of monoanion 13 must bear much more negative 
charge than Adamov’s16 calculations would seem to 
indicate.

Conclusions

The introduction cf TMEDA as a catalyst in metala- 
tions of weak carbon acids by means of n-amylsodium 
in hydrocarbon solvents is seen to exert a profound 
influence on the yield of these reactions. For the first 
time metalations with organosodium reagents are made 
to proceed in high yields, mild conditions, and short 
reaction times. Unlike TMEDA, sodium ferf-butoxide 
was found to be only weakly effective as a catalyst in 
metalation reactions, while DABCO was found to be 
totally ineffective.

The reactivity of a number of isomeric dimethyl- 
arenes toward o',«'-dianion formation has been estab
lished and the observed results were explained on the 
basis of a two-step mechanism involving the conversion 
of the hydrocarbon into a monoanion, first, which 
subsequently reacts with a second equivalent of base to 
produce the dianion. The dominant influence of the 
negative charge of the monoanion toward dianion 
formation appears to have been either totally over
looked or greatly deemphasized in the past.8

Of all the dianion intermediates formed during the 
present study the most interesting from a synthetic and 
theoretical point of view is that derived from 1,8- 
dimethylnaphthalene. It should be noted that previous 
attempts to obtain this intermediate were unsuccess
ful.17 We are presently investigating the reactions of 
this dianion with a number of difunctional electrophilic 
reagents, which are expected to produce a series of un
usual cyclic products.

Experimental Section
General.— Melting points were taken on a Thomas-Hoover 

capillary melting point apparatus and are uncorrected. Ele
mental analyses were performed by Galbraith Laboratories, 
Knoxville, Tenn. Vapor phase chromatographic (vpc) analyses 
were carried out on a Varian Aerograph, series 2700 gas chro
matograph equipped with a thermal ccnductivity detector, and 
using helium as a carrier gas. A 5 ft X 0.25 in. column packed 
with 3%  SE-30 on Varaport 30 was used. Infrared spectra (ir) 
were taken on a Beckman IR-8 infrared spectrophotometer. 
Nuclear magnetic resonance (nmr) spectra were obtained on a 
Varian Associates A-60 spectrometer. Chemical shifts, relative 
to internal tetramethylsilane, were measured to the center of a 
singlet or multiplet and are reported in parts per million. An 
IEC International, Size 2, Model K  centrifuge was used. All 
organosodium reactions were carried out under a nitrogen at
mosphere, in a Morton flask equipped with a high-speed stirrer 
(Stir-O-Vac), purchased from Lab-Line Instruments, Melrose 
Park, 111.

(17 ) L . D . K ershner, J. M . G aidis, and H . H . Freedm an, J .  A m e r .  C h e m .  
S o c . ,  94 , 985 (1972).
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Materials.— 1,2- and 1,4-dimethylnaphthalene were purchased 
from Chemicals Procurement Laboratories, Inc., College Point, 
N .Y .

1,3-Dimethylnaphthalene was prepared essentially by the 
method of Canonne, et al.ia 1,8-Dimethylnaphthalene was ob
tained by a modification of the method of Denisova, et a l.,n 
as described below, o- and »¡-xylene were purchased from 
Matheson Coleman and Bell, Norwood, Ohio, while p-xylene was 
purchased from J. T . Baker Chemical Co., Phillipsburg, N . J. 
All three xylenes were distilled from sodium metal immediately 
before use. Sodium iert-butoxide was obtained from MSA Re
search Corporation, Evans City, Pa., and was used without fur
ther purification. Sodium bis(2-methoxyethoxy)aluminum hy
dride (Red-Al) was purchased from Aldrich Chemical Co., Inc., 
Milwaukee, Wis., as a 70% solution in benzene.

1.8- Bishydroxymethylnaphthalene.— Sodium bis (2-methoxy- 
ethoxy)aluminum hydride (0.638 mol) dissolved in 2200 ml of 
benzene was charged into a three-necked round-bottomed flask 
equipped with a heating mantle, a magnetic stirrer, an addition 
funnel, and a reflux condenser connected to a high-purity nitrogen 
tank by means of a T  tube. Stirring was initiated and a solu
tion of 62.4 g (0.255 mol) of 1,8-dimethyl naphthalate18 19 20“  in 650 
ml of benzene was added dropwise at room temperature over a 
period of 40 min. The reaction mixture was then refluxed for
1.5 hr. After cooling to room temperature, 150 ml of water were 
cautiously added followed by 500 ml of 9 N  HC1. The resulting 
precipitate was collected by filtration, washed with water, and 
dried to afford 33.2 g (69.4%) of 1,8-bishydroxymethylnaphtha- 
lene, mp 154-156° (lit.19'21 mp 150.5-157°).

1.8- Dimethylnaphthalene.— A solution of 14.92 g (0.0793 mol) 
of 1,8-bishydroxymethylnaphthalene, prepared as described 
above, in 250 ml of methanol containing a few drops of concen
trated hydrochloric acid and 0.91 g of palladium black was 
shaken with hydrogen at room temperature in a Parr low-pressure 
hydrogenator at 3.5 atm. After the theoretical amount of 
hydrogen was absorbed (12 min), the catalyst was removed by 
filtration and the solvent was evaporated. There was obtained
10.2 g (82%) of crude 1,8-dimethylnaphthalene: mp 57.5-59° 
and 61.5-62.5° after one recrystallization from methanol (lit.19 210 
mp 63.5-64.5°); ir (CC1,) 3040 (C = C ) and 2980 cm "1 (C -C ); 
nmr (CCL) 5 7.35 (m, 6 H, aromatic), and 2.88 (s, 6 H, CH3).

Preparation of ¡¡-Amylsodium.— This reagent22 was prepared 
by the slow addition of »-amyl chloride to a stirred (10,000-
12.000 rpm) sodium dispersion in hexane at —15°. After all of 
the «-amyl chloride had been added, the mixture was stirred for 
an additional 0.5 hr to ensure complete reaction. A 70-80%  
yield of »-amylsodium formation was assumed.23

Effect of TMEDA on the Solubility of »-Amylsodium in Hex
ane.— ?t-Amylsodium was prepared as described above from 3.21 
g (0.03 mol) of n-amyl chloride and 1.38 g (0.06 mol) of a sodium 
dispersion in 80 ml of dry hexane. Approximately one-half of 
the reaction mixture was transferred into a centrifuge tube and 
centrifuged for 5 min at 1500 rpm. A clear supernatant layer 
and a blue precipitate resulted. The remaining one-half of the 
reaction mixture was treated with 0.01 mol of TM ED A before it 
was centrifuged. Upon centrifugation this portion of the re
action mixture also afforded a clear supernatant liquid and a dark 
blue precipitate.

Formation of 1,3-Dimethylnaphthalene Dianion 1 by Means of 
»-Amylsodium in the Presence of TMEDA.— To a stirred (9,000-
10.000 rpm) suspension of ¡¡-amylsodium prepared from 3.21 
g (0.03 mol) of »-amyl chloride and 1.38 g (0.06 mol) of sodium in 
80 ml of anhydrous hexane was added at —15°, over a period of 
8 min, a solution of 1.56 g (0.01 mol) of 1,3-dimethylnaphthalene

(18) P . C anonne, P. H olm , and L . C . L eitch , C a n .  J .  C h e m .,  46 , 2151 
(1967).

(19) L. I. D en isova , N . A . M orozov a , V . A . P lakh ov, and A . I . T och ilk in , 
Z h .  O b s h c h . K h i m . ,  34  (2 ), 519 (1964).

(20 ) T . A . G eissm an and L . M orris, J . A m e r .  C h e m . S o c . ,  66, 716 (1944).
(21 ) (a) W . J. M itch ell, R . D . T op som , and J. V aughan, J .  C h e m . S o c . ,  

2526 (1962 ); (b ) W . 13. W h alley  and J. A . C orran, i b i d . ,  4719 (1958 ); (c) 
R . E . B ey ier and X,. H . Sarett, J .  A m e r .  C h e m . S o c . ,  74, 1406 (1952).

(22 ) (a) A . A . M orton , F . D . M arsh , R . D , C oom bs, A . L . L yon s, S. E . 
Penner, H . E . R am sden, V . 13. Baker, E . L . L ittle, and R . L . Letsinger, J ■ 
A m e r .  C h e m . S o c . ,  72 , 3785 (1 950 ); (b ) A . A . M o rto n  and M . E . T .  H olden , 
i b id . ,  69, 1675 (1 9 4 7 ); (c )  A . A . M orton , J. 13. D avid son , and II. A . N ew ey , 
ib id . ,  64, 2240 (1 942 ); (d )  A . A . M orton , I n d . E n g .  C h e m .,  A n a l .  E d . ,  11, 
170 (1939 ); (e ) A . A . M orton  and D . M . K n ott, i b i d . ,  13, 650 (1939).

(23) M . S ch losserin  “ N ew er M eth od s  Of P reparative O rganic C h em istry ,"
Vol. 5, W . Foerst, E d ., Verlag C hem ie, IV einheim /B ergstr., G erm an y, and 
A cadem ic Press, N ew  Y ork , N . Y ., 1968, p  299.

and 2.32 g (0.02 mol) of TM ED A in 15 ml of dry hexane. The 
cold bath was then removed and the reaction mixture was allowed 
to warm slowly to room temperature. Dimetalation was com
pleted by stirring for an additional 2 hr at room temperature and 
the resulting brick-red, insoluble 1,3-dimethylnaphthalene di
anion 1 was employed as described below.

Deuteration of Dianion 1.— A suspension of dianion 1 (0.01 
mol) in hexane was prepared as described above and subsequently 
quenched with 10 ml of deuterium oxide. Water (50 ml) was 
then added to the reaction mixture, and the layers were separated. 
The organic layer was washed three times with 20-ml portions of 
6 N  hydrochloric acid, three times with 20-ml portions of aqueous 
saturated sodium bicarbonate, and once with 50 ml of water; it 
was then dried over anhydrous magnesium sulfate and the sol
vent was evaporated under reduced pressure to give 1,3-dimethyl- 
naphthalene-d2 (2a), as shown by quantitative nmr analysis, nmr 
(CC14) 5 7.40 (m, 6 H, aromatic), 2.50 (m, 2 H, CH2D ), and 2.32 
(m, 2 H, CHjD). Vpc analysis of the crude reaction mixture 
showed no impurities.

Alkylation of Dianion 1 with Methyl Iodide.— To a stirred 
suspension of 0.01 mol of dianion 1 in 80 ml of hexane at 1-5° 
was added 5.67 g (0.04 mol) of methyl iodide over a period of 8-10 
min. The cold bath was then removed and the reaction mixture 
was allowed to stir (8000 rpm) for 45 min at room temperature. 
Water (50 ml) was then added, the layers were separated, and 
the organic layer was washed three times with 20-ml portions of 6 
N  hydrochloric acid, three times with 20-ml portions of aqueous 
saturated sodium bicarbonate, and once with 50 ml of water; it 
was then dried over anhydrous magnesium sulfate and the solvent 
was evaporated under reduced pressure. Vpc analysis of the 
residue revealed the presence of two components in a ratio of 19:1. 
The predominant component was shown to be 1,3-diethylnaph- 
thalene (2b), picrate mp 99-100° (lit.24 mp 100.5°). No attempt 
was made to identify the minor component.

Condensation of Dianion 1 with Benzophenone.— To a stirred 
suspension of 0.01 mol of dianion 1 in 80 ml of hexane at room 
temperature was added dropwise a solution of 4.55 g (0.025 mol) 
of benzophenone in 50 ml of dry hexane. After 1 hr of stirring 
(8000 rpm) at room temperature 50 ml of water was added. The 
resulting yellow solid was collected by filtration, washed with 
water, and dried to afford 2.60 g (50%) of crude diol 2c: mp 176-
181° (several recrystallizations of the crude product 2c from 
ethanol-water raised the melting point to 192-193°); ir (KBr) 
3540 cm -1 (OH); nmr (DMSO-d6) 5 7.33 (m, 26 H, aromatic),
5.48 (s, 1 H, CH2COH), 5.39 (s, 1 H, CH2COH), 3.83 (s, 2 II, 
CH2C 0H ), and 3.49 (s, 2 H, CH2COH).

Anal. Calcd for C3SH320 2: C, 87.69; H, 6.16. Found: C, 
87.61; H, 6.26.

Carbonation of Dianion 1 with Excess Solid Carbon Dioxide.—•
A suspension of 0.02 mol of dianion 1 in hexane was prepared 
in the usual manner and then syringed onto a large excess of 
moisture-free, solid carbon dioxide. The resulting slurry was 
allowed to stand overnight at room temperature; 300 ml of water 
was then introduced with stirring, the layers were separated, and 
the aqueous layer was washed twice with 50-ml portions of hex
ane and twice with 50-ml portions of ethyl acetate and acidified 
with 12 N  HC1. Upon cooling (ice bath) the acidic solution af
forded a yellow-white precipitate, which was collected by filtra
tion and dried to give 3.62 g (74% ) of crude 1,3-naphthalene- 
diacetic acid (2d): mp 215-217°, and 224-225° after several re
crystallizations from ethyl acetate-petroleum ether (bp 30-60°); 
ir (KBr) 3000 (OH) and 1700 cm "1 (C = 0 ) ;  nmr (DMSO-d6) « 
7.65 (m, 6 H, aromatic), 4.05 (s, 2 H, CH2COOH), and 3.76 (s, 2
H ,  CH2COOH).

Anal. Calcd for C i4H120 ,:  C, 68.85; H, 4.91. Found: C, 
69.03; H, 4.78.

Metalation and Subsequent Deuteration of 1,3-Dimethyl- 
naphthalene with »-Amylsodium in the Absence of a Catalyst.—
To a stirred (9,000-10,000 rpm) suspension of «-amylsodium pre
pared from 1.38 g (0.06 mol) of sodium and 3.21 g (0.03 mol) of n- 
amyl chloride in 80 ml of anhydrous pentane was added, at —15°,
I . 56 g (0.01 mol) of 1,3-dimethylnaphthalene over a period of 5 
min, and stirring was continued for 2 hr at room temperature. 
The reaction mixture was then quenched with 5 ml of deuterium 
oxide and processed as described above to give 1,3-dimethyl- 
naphthalene-di as shown by quantitative nmr analysis, nmr 
(CC14) 6 7.40 (m, 6 H, aromatic), 2.55 (s, 2.6 H, CH2D and CH3), 
and 2.36 (s, 2.4 H, CH2D and CH3).

(24) H. S. Desai and B. D. Tilak, J. Sci. Ind. Res., Sect. B, 20, 22 (1961).
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Formation of 1,2-, 1,6-, and 1,8-Dimethylnaphthalene Dianions 
3, 4, and 5 and Subsequent Deutération with Deuterium Oxide.—
Treatment of 1.56 g (0.01 mol) of 1,2-, 1,6-, and 1,8-dimethyl- 
naphthalene with n-amylsodium prepared from 2.30 g (0.10 mol) 
of sodium and 5.33 g (0.05 mol) of ra-amyl chloride in the pres
ence of 3.94 g (0.034 mol) of TM ED A under the same conditions 
used in the case of 1,3-dimethylnaphthalene produced dianions 3 
(dark brown), 4 (dark red), and 5 (orange-brown), respectively, 
in quantitative yield, as shown by subsequent treatment of each 
reaction mixture with deuterium oxide followed by nmr analysis: 
nmr (CCh) for l,2-dimethylnaphthalene-d2, 8 7.53 (m, 6 H, 
aromatic), 2.45 (m, 2 H, CH2D ), and 2.37 (m, 2 H, CH2D ); 
nmr (CCh) for l,6-dimethylnaphthalene-d2, 8 7.48 (m, 6 H, 
aromatic), 2.60 (m, 2 H, CH2D), and 2.45 (m, 2 H, CH2D ); nmr 
(CCh) for l,8-dimethylnaphthalene-d2, 8 7.36 (m, 6 H, aromatic) 
and 2.87 (m, 4 H, CH2D).

When 1.56 g (0.01 mol) of 1,2-, 1,6-, and 1,8-dimethylnaph- 
thalene was treated with ra-amylsodium prepared from 1.38 g 
(0.06 mol) of sodium and 3.21 g (0.03 mol) of n-amyl chloride in 
the presence of 2.32 g (0.02 mol) of TM ED A followed by deu
tération with deuterium oxide, 1.80 deuterium atoms were in
corporated in each molecule of 1,2- and 1,6-dimethylnaphthalene, 
and 1.5 deuterium atoms were incorporated in each molecule of 
1,8-dimethylnaphthalene, as established by nmr analysis.

Condensation of Dianion 5 with Benzophenone.— 1,8-Dimethyl- 
naphthalene dianion 5 (0.01 mol) was prepared as described above 
and subsequently treated with 4.55 g (0.025 mol) of benzo
phenone under conditions similar to those used in the case of 1,3- 
dimethylnaphthalene. There was obtained 2.75 g (52%) of 
crude diol 6a: mp 177-181° and 198-199° after several recrystal
lizations of the crude product 6a from ethanol; ir (KBr) 3540 
cm“ ' (OH); nmr (CDC13) 8 7.19 (m, 26 H, aromatic), 4.40 (s, 4 
H, CH2COH), and 2.30 (s, 2 H, CTI2COH).

Anal. Calcd for C3gH320 2: C, 87.69; H, 6.16. Found: C, 
87.92; H, 6.30.

Carbonation of Dianion 5 with Excess Solid Carbon Dioxide.—
Dianion 5 (0.01 mol) was carbonated with excess moisture-free 
solid carbon dioxide as described in the case of 1,3-dimethyl- 
naphthalene dianion 1 to give 1.0 g (40% ) of crude 1,8-naph- 
thalenediacetic acid (6b), mp 229° dec. Compound 6b was 
purified by recrystallization from ethyl acetate-petroleum ether 
(bp 30-60°): ir (KBr) 3000 (OH) and 1690 cm“ ' (C = 0 ) ;  nmr 
(DMSO-ch) 8 7.79 (m, 6 H, aromatic) and 4.18 (s, 4 H, CH2- 
COOH).

Anal. Calcd for ChH iüOu C, 68.85; H, 4.91. Found: C, 
68.57; H, 4.96.

Attempted Dimetalation of 1,4-Dimethylnaphthalene.— 1,4-
Dimèthylnaphthalene (1.56 g, 0.01 mol) was treated with a mix
ture of ra-amylsodium, prepared from 2.30 g (0.10 mol) of sodium 
and 5.33 g (0.05 mol) of n-amyl chloride, and 3.94 g (0.034 mol) 
of TM EDA. After 2 hr of stirring the reaction mixture was 
quenched with deuterium oxide and processed as described above. 
Nmr analysis of the crude reaction mixture showed that only one 
deuterium atom per molecule of 1,4-dimethylnaphthalene had 
been incorporated: nmr (CCh) 8 7.55 (m, 6 H, aromatic) and
2.58 (s, 5 H, CH2D and CH3).

Formation and Subsequent Deuteration of m-Xylene Dianion 7.
-—The green m-xylene dianion 7 was prepared by treating 5.30 g 
(0.05 mol) of m-xylene with ?i-amylsodium, prepared from 16.05 
g (0.15 mol) of ?i-amvl chloride and 6.90 g (0.30 mol) of sodium, 
and 12.76 g (0.11 mol) of TM ED A under the conditions used 
for the formation of 1,3-dimethylnaphthalene dianion 1. Subse
quent quenching of the reaction mixture with 15 ml of deuterium 
oxide afforded m-xylene-d2, as established by nmr analysis: nmr
(hexane) 8 6.92 (m, 4 H, aromatic) and 2.20 (m, 4 H, CH2D). 
Vpc analysis of the crude reaction mixture showed no impurities.

Alkylation of m-Xylene Dianion 7 with Excess Methyl Iodide. 
■—Dianion 7 (0.05 mol) was prepared as outlined above and sub
sequently treated with 21.3 g (0.15 mol) of methyl iodide under 
the conditions used for the alkylation of 1,3-dimethylnaphthalene 
dianion 1. Vpc analysis of the crude reaction mixture showed 
the presence of two peaks in the ratio of 15:1. The major com
ponent was shown by vpc and nmr analysis to be 1,3-diethyl
benzene, while the minor component was identified as l-ethyl-3- 
methylbenzene.

Metalation and Subsequent Alkylation of m-Xylene by Means of 
ii-Amylsodium in the Presence of DABCO.— To a slurry of ra- 
amylsodium prepared from 6.90 g (0.30 mol) of sodium and 16.05 
g (0.15 mol) of n-amyl chloride was added 12.32 g (0.11 mol) of 
DABCO followed by 5.30 g (0.05 mol) of m-xylene. The reac

tion mixture was stirred for 2 hr at room temperature; it was 
then cooled to 5°; and 21.3 g (0.15 mol) of methyl iodide was 
added dropwise. The cold bath was removed and the reaction 
mixture was stirred for an additional 2 hr at room temperature 
and then processed in the usual manner. Vpc analysis of the 
crude reaction mixture showed the presence of m-xylene, 1-ethyl-
3-methylbenzene, and 1,3-diethylbenzene in a ratio of 2.8 :1.0:
l . i .

Metalation and Subsequent Alkylation of m-Xylene by Means 
of n-Amylsodium in the Presence of Sodium (eri-Butoxide.— m-
Xylene (5.30 g, 0.05 mol) was treated with ra-amylsodium pre
pared from 6.90 g (0.30 mol) of sodium and 16.05 g (0.15 mol) 
of n-amyl chloride, in the presence of 13.64 g (9.142 mol) of 
sodium ieri-butoxide under the usual conditions. Methyl 
iodide (21.3 g, 0.15 mol) was then added as described above, and 
the reaction mixture was stirred for 2 hr at room temperature 
and then processed in the usual manner. Vpc analysis of the 
crude reaction mixture showed the presence of m-xylene, 1- 
ethyl-3-methylbenzene, and 1,3-diethylbenzene in a ratio of 
1.0:1.1:4.6.

Metalation and Subsequent Alkylation of m-Xylene by Means 
of n-Amylsodium in the Absence of a Catalyst.— T o a slurry of ra- 
amylsodium prepared from 6.90 g (0.30 mol) of sodium and 16.05 
g (0.15 mol) of re-amyl chloride in hexane was added 5.3 g (0.05 
mol) of m-xylene and the reaction was allowed to stir at room 
temperature for 2 hr. Addition of 21.3 g (0.15 mol) of methyl 
iodide followed by the usual work-up and vpc analysis of the 
crude reaction mixture showed the presence of m-xylene with 
only trace amounts of l-ethyl-3-methylbenzene. No 1,3-diethyl
benzene could be detected.

Formation and Subsequent Deuteration of o-Xylene Dianion 8.
— Treatment of 5.3 g (0.05 mol) of o-xylene with ra-amylsodium 
prepared from 11.50 g (0.50 mol) of sodium and 26.75 g (0.25 
mol) of ra-amyl chloride in the presence of 20.30 g (0.175 mol) of 
TM ED A under the conditions described earlier afforded the 
green-brown o-xylene dianion 8. Neutralization of the reaction 
mixture with 20 ml of deuterium oxide afforded o-xylene-d2, as 
shown by vpc and nmr analysis: nmr (hexane) 8 6.95 (s, 4 H,
aromatic) and 2.12 (m, 4 H, CH2D ).

When 5.3 g (0.05 mol) of o-xylene was treated with ra-amyl
sodium prepared from 6.9 g (0.30 mol) of sodium and 16.05 g 
(0.15 mol) of ra-amyl chloride in the presence of 12.76 g (0.11 
mol) of TM ED A followed by deuteration with deuterium oxide, 
only 1.64 deuterium atoms were incorporated in each molecule 
of o-xylene, as shown by quantitative nmr analysis.

Attempted Dimetalation of p-Xylene.— p-Xylene (5.3 g, 0.05 
mol) was treated with ra-amylsodium prepared from 11.50 g 
(0.50 mol) of sodium and 26.75 g (0.25 mol) of re-amyl chloride 
in the presence of 20.30 g (9.175 mol) of TM ED A. The reac
tion mixture was stirred for 2 hr and was then neutralized with 
20 ml of deuterium oxide. Nmr analysis of the crude product 
showed the incorporation of only one deuterium atom per mole
cule of p-xylene: nmr (hexane) 8 7.91 (s, 4 H, aromatic) and 2.21 
(s, 5 H, CH3 and CH2D).
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Three tertiary alcohols, allylbenzylphenylmethanol, allyl-teri-butylphenylmethanol, and benzyl-fert-butyl- 
phenylmethanol, were synthesized from the appropriate ketone and Grignard reagent and oxidized in 75% 
aqueous acetonitrile at 80° by ceric ammonium nitrate. All three alcohols underwent oxidation cleavage to 
produce ketones and, from the yields of these ketones, it is calculated that the relative rates of formation of the 
allyl:benzyl: ferf-butyl radicals by oxidative cleavage are 1:4.4:19.9-62.9.

As part of our study of the effect of structure on rela
tive rates of oxidative cleavage of alcohols by cerium- 
(IV), a reaction shown to be a one-electron process,2 
we wished to determine the relative rates of formation 
of allyl, benzyl, and ierf-butyl radicals. These are 
very stable radicals, and previous results have shown 
that benzyl2 and ¿erf-butyl3 radicals are cleaved very 
rapidly from the appropriate alcohols. We chose to 
measure these rates by oxidizing the appropriate 
tertiary alcohols and measuring the relative yields of 
the two possible ketones for several reasons. The rela
tive rates of formation of radicals which are cleaved

0

OHI
Xe( IV)

cr K *1 (VIV)
RCR' ■

1 H

1
RCR'

1
Ph Ph

R- +  PhCR' +  CeGII)

0
II

RCPh +  R' +  Ce(ni)

very rapidly cannot be measured accurately by deter
mining the ratios of benzaldehyde to ketone from the 
oxidation of the appropriate secondary alcohols (alkyl- 
phenylmethanols), since the yields of ketones are very 
low.3 Also, for radicals of varying sizes the extent of 
complex formation for the various alkylphenylmeth- 
anols would differ considerably4 and this variation 
would have to be taken into account in order to deter
mine relative rates of formation of these radicals. With 
the tertiary alcohols, only one complex is formed, which 
then undergoes oxidative cleavage in one of two ways. 
The phenyl group was chosen as one of the three groups 
of the tertiary alcohols, since phenyl ketones are re
sistant to oxidation.

Results

Three tertiary alcohols, allylbenzylphenylmethanol
(1), allyl-ferf-butylphenylmethanol (2), and benzyl- 
ferf-butylphenylmethanol (3), were synthesized from 
the appropriate ketone and Grignard reagent and ox
idized in 75% aqueous acetonitrile at 80° by ceric

(1 ) (a ) P a rt X V :  W . S. T rah an ovsky , J. R . G ilm ore , and P. C . H eaton ,
J .  O r g . C k e m .,  38, 760 (1973). (b ) T h is w ork  was partially supported
b y  G ra n t N o . G P-18031 from  the N ationa l Science F ou ndation . W e  are 
grateful for this support, (c ) B ased on  Avork b y  D . B . M . in partial ful
fillm ent o f  the requirem ents for the M .S . degree at lo tv a  State U niversity , 
(d) A lfred  P . Sloan R esearch  Fellow , 1970-1972.

(2) (a ) P . M . N ave  and W . S. T rah an ovsk y , J .  A m e r .  C h e m . S o c ., 90, 
4765 (1968 ); (b ) ib id . ,  93, 4536 (1971 ); (c )  W . S. T rah an ovsk y  in “ M eth od s  
in F ree-R adical C h em istry ,”  V ol. 4 , E . S. H uyser, E d ., 1973, and references 
cited therein.

(3) W . S. T rah an ovsk y  and J. Cram er, J . O r g . C h e m .,  36, 1890 (1971).
(4) L. B . Y o u n g  and W . S. T rah an ovsky , J .  A m e r .  C h e m . S o c . ,  91, 5060 

(1969).

ammonium nitrate (CAN). The ketones produced 
were identified by glpc peak enhancement with authen
tic samples and by the nmr spectra of the product 
mixtures.

All of the ketones were well behaved except allyl 
phenyl ketone (4), which gave an ill-defined glpc peak. 
The material responsible for this peak was collected 
and had nmr and ir spectra consistent with a mixture 
of cis- and frans-l-propenyl phenyl ketones [nmr 
(CCh) 5 8.0-7.7 (m, 2), 7.5-V.2 (m, 3), 7.0-6.4 (m, 2), 
and 1.97 (d, J = 5 Hz, 3); ir strong bands at 1GG7 and 
1622 cm-1]. Apparently isomerization of 4 to these 
conjugated ketones occurred during the glpc analysis. 
An authentic sample of 4 was obtained by the CAN 
oxidation of diallylphenylmethanol. This reaction

OH O
I C A N  II

PhC(CH2C H =CH 2)2 — >  PhCCH2C H =C H 2
4

is an excellent example of the synthetic utility of the 
oxidative cleavage reaction, since the only reported 
synthesis of this base-sensitive ketone is the hydra
tion of l-phcnylbut-3-en-l-yne5 and synthesis of it 
by other methods would be difficult .

From 1 and 2 >95%  of the starting alcohol was 
accounted for but only 85-90% of the starting material 
was accounted for from 3. The oxidations of 1 and 2 
were very rapid but that of 3 was much slower. It is 
quite likely that oxidation of some of the benzyl 
phenyl ketone (5) to benzil, a known reaction,2b ac
counts for the missing material. Oxidation of a mix
ture of 5 and ferf-butyl phenyl ketone (6) with CAN 
under the reaction conditions showed that 5 is con
sumed more rapidly than 6, an expected result since 6 
has no a-hydrogen atoms.

In Table I are presented relative yields of the various 
ketones obtained from oxidation of 1, 2, and 3.6 From 
the yields of ketones from 1 and 2, it is seen that for
mation of the benzyl radical occurs 4.4 times faster 
and formation of the ferf-butyl radical occurs 19.9 
times faster than formation of the allyl radical. From 
these values, the calculated ratio of formation of ferf- 
butyl to benzyl radicals is 4.5; however, the directly 
measured ratio (from 3) is 8.7. Moreover, if it is

(5 ) I . A . F avorskaya, E . M . A u vin en , Y . P . A rtsybasheva, and S. M . 
K ashcheeva, Z h .  O r g . K h i m . ,  4, 368 (1968); C h e m . A b s t r . ,  68, 104633d (1968).

(6) In  addition to the products listed  in  Tab le  I ,  from 1 sm all amounts of 
benzyl alcohol and benzaldehyde were detected by their nm r signals and glpc 
peak enhancement Avith authentic samples, and there Avas i r  and nm r evi
dence for benzyl n itrate . F ro m  3, sm all am ounts of benzaldehyde and 
benzyl n itra te  AA*ere detected by glpc analysis.
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T a b l e  I
R e l a t i v e  Y i e l d s  o f  P r o d u c t s  f r o m  t h e  C e r i c  A m m o n i u m  N i t r a t e  O x i d a t i o n  o f  V a r i o u s  T e r t i a r y  M e t h a n o l s "

r '
------------------------P h C O H ------------------------

R

A lcoh ol R R ' PhCOCHoPh PhCOCH;CH=CK. PhCOC(CH3);
1 Allyl Benzyl (1) 4 .4  ±  O ^ 6
2 Allyl ierf-Butyl 19.9 ±  2 .56 (1)
3 Benzyl ierf-Butyl 8.7 ±  0.8" (1)

» In 75% aqueous acetonitrile at 80°, 7 2[CAN] = [starting alcohol] =  0.0625 M. b Based on four runs; analyzed by nmr. c Based 
on three runs; analyzed by glpc.

assumed that all of the 15% material balance loss 
from 3 is due to the oxidation of 4, then the ¿erf-butyl 
to benzyl radical formation becomes 14.3. Thus, the 
relative rates of formation of the allyl: benzyl :tert- 
butyl radicals are 1:4.4:19.9-62.9.

Discussion

Bond-dissociation energies indicate that the ierf- 
butyl radical is ca. 6 keal/mol less stable than either 
the allyl or benzyl radicals7 and thus predict that the 
ierf-butyl radical should be less rapidly cleaved from 
appropriate alcohols than the allyl or benzyl radicals. 
Although the observed order of formation is not that 
expected from bond-dissociation energies, other radical 
reactions have shown the same behavior,8'11 which 
has been explained by polar,9’ 12 steric,9’12’ 13 14 15 and con
formational effects.9

Previous studies have shown that a fair amount of 
positive1 charge1 develops on the- radical which is being 
forme'd in the transition state eif a ce'rium(IV) oxida
tion cle'avage1 of an alcohol.2 Tlie-re1 is evidence1 that the 
feri-butyl cation is significantly more1 stable1 than the; 
allyl and benzyl cations14 and thus a peilar effect could 
account for the1 more1 rapid rate1 eif formation of the 
ierf-butyl group. The relief of ste'ric strain could 
also account for the more1 rapid rate of formation of 
the ierf-butyl radical,12’13 but recent results15 have 
sheiwn that relied' eif ste'ric strain in a radical reaction 
need not be1 impeirtant. It is also peissible that the 
formation of the allyl and benzyl radicals is abnormally 
sleiw owing tei confeirmational e'ffects which restrict 
the1 vinyl and phe-nyl groups from stabilizing the; in
cipient radical to the greatest possible1 extent. Cur

(7) (a ) S. AV. Benson, J .  C h e m . E d u c . ,  42, 502 (1965 ); (b ) J . A . Kerr, 
C h e m . R e v . ,  66, 465 (1966); (c) IX M . G olden  and S. W . B enson, i b i d . ,  69, 
125 (1969); (d ) S. W . Benson, IX  J\I. G olden , and N . A . G ae, J .  A m e r .  
C h e m . S o c . ,  91, 2136 (1969); (e) J. E . T aylor, D . A . H utch ings, and K . J. 
Freeh, i b i d . ,  91, 2215 (1969); (f) M . P . H alstead, R . S. K onar, D . A . Leath- 
ard, R . M . M arshall, and J. II. Purnell, P r o c .  I i o y .  S o c . ,  S e r .  A ,  310, 525
(1 9 6 9 ) ; (g) W . Tsang, I n t .  J .  C h e m . K i n e t . ,  1, 245 (1969); (h) i b i d . ,  2, 311
(1 9 7 0 ) ; (i) A . B . Trem vith , T r a n s .  F a r a d a y  S o c . ,  66 , 2805 (1970).

(8) In itia lly  it was reported that ¿eri-butyl radicals are form ed m uch 
m ore rap id ly  in the /3-scission o f  ferf-alkoxy radicals than are ben zy l radi
cals,9 but later w ork10 has show n th at these results m ust be reexam ined since 
com p etin g  ch lorine atom  chain reactions have been show n to  com plicate 
the results from  the decom position  of ¿erf-alkyl hypoch lorites, especially 
w hen benzyl radicals are involved .

(9) C . W alling and A . Padw a, J .  A m e r .  C h e m . S o c . ,  85, 1593 (1963).
(10) C . W alling and J. A . M cG uinness, i b i d . ,  91, 2053 (1969).
(11) W . A. P ryor, D . L . Fuller, and J. P. Stanley, i b id . ,  94, 1632 (1972), 

and references cited  therein.
(12) C . R ilchardt, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  9, 830 (1970).
(13) R . F. B ridger and G . A . Russell, J .  A m e r .  C h e m . S o c . ,  85, 3754 (1963).
(14) (a) J. L . Franklin, J. G . D illard , H. M . R osen stock , J. T . H erron, 

Iv. D raxl, and F. 11. F ield, “ Ion ization  P otentials, A ppearance P otentials, 
and H eats o f  F orm ation  o f  G aseous P ositive  Ion s ,”  N ationa l Bureau of 
»Standards R eference D ata  »Series, N o. 26, 1969, and references cited  therein; 
(b ) F . P . Lossing and G . P. Sem eluk, C a n .  J .  C h e m .,  48, 955 (1970).

(15) G . J. A b ru sca to  and T . T . T idw ell, J .  A m e r .  C h e m . S o c . ,  94, 673
(1972).

rently, we are studying systems which we hope will 
enable us to determine the relative importance of 
these various effects.

The relative rate of formation of the feri-butyl rad
ical indicated by the products of 3 is greater than that 
obtained from the study of 1 and 2. The slower rate 
of oxidation of 3 is no doubt a result of severe steric 
crowding of the hydroxy group. This increased crowd
ing could further enhance the cleavage of the feri- 
butyl group from 3 for steric reasons or retard the rate 
of cleavage of the benzyl group from 3 by restricting 
its conformations.

Experimental Section
Methods and Materials.— Most equipment, and materials have 

been previously described.1" A 6 ft X 0.25 in. SE-52 on Fluor- 
pak 80 column was used for glpc analysis. Elemental analyses 
were performed by Chemalytics, Inc., Tempe, Ariz.

Allylbenzylphenylmethanol (1).— To 2.48 g (102 mmol) of 
magnesium turnings in 170 ml of ether which was being stirred 
was added 5.8 g (76 mmol) of distilled allyl chloride (Matheson 
Coleman and Bell). Some heating was necessary to initiate the 
formation of the Grignard reagent. To this reagent was slowly 
added ca. 50% of 10.0 g (51 mmol) of benzyl phenyl ketone 
(Aldrich) in 40 ml of ether. Addition was discontinued when 
the yellow color which formed at the print of addition no longer 
faded. The mixture was allowed to stir overnight and was hy
drolyzed with 250 ml of 20% ammonium chloride (NH,C1) solu
tion. The ether solution was washed with saturated sodium 
chloride solution, dried (MgS04), and concentrated to give 6.4 g 
of a yellow oil which was converted tc a colorless oil by chro
matographing twice on silica gel columns using a 50:50 pentane- 
petroleum ether (bp 60-70°l mixture and benzene as eluents: 
nmr (CC1„) 5 7.4-0.8 (m, 10), 6.0-4.8 (m, 3), 3.05 (s, 2), 2.9-1.8 
(m, 2), and 1.9 (s, 1). Anal. Calcd for C i7H i80 :  C, 85.67; 
H, 7.61. Found: C, 85.36; H, 7.51.

Allyl -ierf-butylphenylmethanol (2).— To the Grignard reagent 
prepared from 1.85 g (76 mmol) of magnesium turnings and 5.27 
g (69 mmol) of distilled allyl chloride in 200 ml of ether was 
added 7.50 g (46.3 mmol) of pivalophenone16 (which had been 
purified by column chromatography) in 50 ml of ether. The 
mixture was stirred for 6 hr and then hydrolyzed with 125 ml of 
20% NH4C1 solution. After work-up and chromatography on a 
silica gel column using a 50:50 benzene-petroleum ether mixture 
as the eluent, a colorless oil (23% yield) was obtained: nmr 
(CDC13) S 7.5-7.1 (m, 5), 5.4-4.8 (m, 3), 3.3-2.3 (m, 2), 1.95 (s, 
1), and 0.92 (s, 9). Anal. Calcd for CuHmO: C, 82.30; H,
9.87. Found: C, 82.53; II, 9.84.

Benzyl-iert-butylphenylmethanol (3).—To the Grignard re
agent prepared from 3.5 g (144 mmol) of magnesium turnings 
and 11.3 g (90 mmol) of distilled benzyl chloride (Baker) was 
added 7.5 g (46.3 mmcl) of pivalophenone in 20 ml of ether. 
The mixture was stirred for 3 hr and then hydrolyzed with 300 
ml of 20% NH4C1 solution. After work-up and chromatography 
on a silica gel column using benzene as the eluent a white, crys
talline solid (64% yield) was obtained: mp 50.0-51.5° (lit.17 
mp 50-51°); nmr (CC14) 5 7.5-6.8 (m, 10), 3.25 (AB quartet, J 
=  13 Hz, 2), 1.40 (s, I), and 1.00 (s, 9).

Allyl Phenyl Ketone (4).— Diallylphenylmethanol was pre
pared by the addition of 125 mmol of methyl benzoate to the

(16) J . H . F ord, C . D . T h om p son , and C . S. M arvel, i b i d . ,  57, 2621 (1935).
(17) R am art-L ucas, A n n .  C h im . P h y s . ,  [8] 30 363 (1913).
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Grignard reagent obtained from 250 mmol of allyl chloride. 
The crude product was purified by chromatography on a silica 
gel column using benzene as the eluent: nmr (CDC13) 5 7.4-
7.0 (m, 5), 5.9-4.7 (m, 6), 2.50 (m, 4), and 2.14 (s, 1). To 2.96 
g (15.8 mmol) of this alcohol in 25 ml of acetonitrile was added 
18.95 g (34.6 mmol) of CAN in 20 ml of acetonitrile and 5 ml of 
water at 80°. After 10 min the initially formed deep red color 
faded to a light yellow. The mixture was cooled and 50 ml of 
water and 50 ml of ether were added. The ether layer was sep
arated, washed with saturated NaCl solution, dried (M gS04), 
and concentrated. Distillation gave 3.7 mmol (23% yield) of a 
yellowish oil: bp 59-63° (0.04 mm) [lit.5 bp 100-102° (0.5 
mm)]; nmr (CDC13) S 8.1-7.8 (m, 2), 7.6-7.2 (m, 5), 6.4-6.9 
(m, 3), and 3.60 (m, 2).

Oxidation Procedure.— Typically, 0.625 mmol of the alcohol, 
7.50 mmol of acetonitrile, and 1.25 ml of water were added to a 
flask equipped with a condenser and magnetic stirring bar. A 
quantity of 1.25 ml of 1.00 M  CAN was added, the flask was 
immersed in an oil bath at 80°, and the solution was stirred. 
In the case of 1 and 2 an initial dark red color formed which 
faded to a light yellow after 4 min. In the case of 3 the initial 
color was bright yellow and it faded to a light yellow after 30 
min. After the reaction was complete, the flask was cooled in a 
water bath and 8 ml of water and 8 ml of ether were added to it. 
The ethereal solution was washed three times with 8-ml portions 
of water, dried (M gS04), and concentrated. The products from 
1 were determined by nmr analysis by integration of the signals 
for the methylene protons of 4 (5 3.55, m), the benzylic protons

of 5 (5 4.15, s), and the benzylic protons of 1 (S 3.05, s). In 
several runs, the total recovery was determined by the use of 
octadecane or p-di-ieri-butylbenzene as standards. The prod
ucts from 2 were determined by nmr analysis by integration of 
the signals for the methyl protons of 2 (5 0.90, s), the methyl 
protons of 6 (5 1.22, s), and the methylene protons of 4 (5 3.55, 
m). In several cases, the total recovery was determined by the 
use of mesitylene as a standard. The products from 3 were 
determined by glpc analysis using benzophenone as a standard 
and correcting for thermal conductivity and extraction differ
ences as previously described.2b

Stability of Benzyl Phenyl Ketone (5) and Pivalophenone (6) 
to the Oxidation Conditions.— To 0.193 g (1.00 mmol) of 5 and 
0.163 g (1.00 mmol) of 6 in 24 ml of acetonitrile and 7.4 ml of 
water at 80° was added 0.60 ml of a 1.00 M  CAN solution. 
After 30 min at 80°, the mixture was cooled and 0.1822 g of stan
dard (benzophenone) was added. Ether and water (20 ml of 
each) were added and after extraction the ether layer was sep
arated, washed three times with water, dried (MgSO<), and con
centrated. Analysis by glpc (correcting for extraction and 
thermal conductivity differences) showed 97% recovery of 4 and 
quantitative recovery of 5.

Registry No.—1, 38400-73-6; 2, 38400-74-7; 3, 
38400-75-8; 4, 6249-80-5; 5, 451-40-1; 6 , 938-16-9; 
allyl chloride, 107-05-1; benzyl chloride, 100-44-7; 
diallylphenylmethanol, 38400-77-0; cerium, 7440-45-1.
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We have synthesized Zrans-thymine glycol, Zrares-thymidine glycol, and Irons- 1,3-dimethyl thymine glycol by 
isomerization of the corresponding cis glycols. Both the cis and trans glycols react in aqueous buffer solutions, 
pH 7-10, with the Os(VI) species, OsiOcpy, (formulated by Criegee as OsOspyO to give the corresponding bis- 
(pyridine) cfs-osmate (VI) esters. The 3-ehloropyridine and 3-picoline osmate(VI) esters were also made. 
Kinetic studies show that the reactions are first order in Os(VI) and in substrate, and inverse first order in 
pyridine. The rate of reaction increases with increasing pH, but the apparent order in hydroxyl ions is less 
then one. Labeling experiments with 180  show that ester formation takes place without cleavage of the C -0  
bond. We also report some observations on the equilibria of the Os(VI) species which suggest a pH-dependent 
monomer-dimer interconversion and concurrent ligand dissociation.

The radiolysis of nucleic acids, particularly their 
pyrimidine components, has received a good deal of 
attention. The recent elegant work of Teoule and 
Cadet1 has provided a clearer picture of the course 
of events for thymine. Twenty-three products of the 
radiolysis of thymine have been identified. Under 
typical conditions 25% of the final products are the 
cis- and frans-thyminc glycols (5,6-dihydroxy-5,6- 
dihydrothyminc). Criegee and his coworkers have 
shown that the compound then thought to be Os03- 
(pyridine)2, among other Os(VI) species, reacts with 
glycols to form bis(pyridinc) osmate(VI) esters.2 We 
have shown that those bis(pyridine) esters, in contrast 
to the uncomplexed esters, are of sufficient hydrolytic 
stability to allow their easy manipulation in aqueous 
systems.3-4 In continuation of our goals of developing 
selective reactions for the characterization of nucleic 
acids, we have undertaken this study, which may aid

(X) J. C a det and R . Teou le, B i o c h i m .  B i o p h y s .  A c t a ,  238 , 8 (1971); 
R . T 6ou le and J. C adet, C h e m . C o m m u n . ,  1269 (1971).

(2) R . Criegee, B . M arch an d , and H . E . W annow ius, J u s t u s  L i e b i g s  A n n .  
C h e m ., 550, 99 (1942).

(3) L. R . Subbaram an, J . Subbaram an, and E . J. B ehrm an, B i o i n o r g .  

C h e m ., 1, 35 (1971).
(4) L. R . Subbaram an, J. Subbaram an, and E . J. Behrm an, I n o r g .  C h e m .,  

11, 2621 (1972).

the recognition by electron-microscopic techniques5'6'71 
of those thymine residues in a DNA molecule dam
aged by radiolysis. Oxo-osmium species have also been 
used recently in X-ray diffraction analyses of transfer 
RNA.7b

Results and Discussion

Structure and Equilibria.—Criegee and coworkers2 
formulated the product of the reaction of osmium 
tetroxide and pyridine in the presence of ethanol as 
0 s 0 3py2. Griffith and Rossetti81 have recently pre
sented good spectroscopic evidence which suggests 
that this compound in the solid state is actually the 
dimer, 0 s20 6py4, with trans 0 = 0 s = 0  osmyl groups

(5) M . B eer and E . N . M oudrianakis, P r o c .  N a t l .  A c a d .  S d .  U .  S . ,  48, 
409 (1962).

(6) A . V . Crew e, J. W all, and J. Langm ore, S c i e n c e ,  168, 1338 (1970).
(7) (a) R . M . H enkelm an and F. P . O ttensm eyer, P r o c .  N a t l .  A c a d .  S e t ,

U . S . ,  68, 3000 (1971); R . F . W h itin g  and F . P . O ttensm eyer, J .  M o l .  B i o l . .  
67, 173 (1972). (b ) R . W . Schevitz, M . A. N avia , D . A . B antz, G . C orn ick ,
J. J. R osa , M . D . H. R osa , and P . B . Sigler, S c i e n c e ,  177, 429 (1972 ); S. H . 
K im , G . Q uigley, F . L . Suddath, A .  M cP herson , D . Sneden, J. J . K im , 
J. W einzierl, P . B lattm ann, and A . R ich , P r o c .  N a t l .  A c a d .  S d .  U . S . ,  69, 
3746 (1972); S c i e n c e ,  179, 285 (1973).

(8) (a) W . P . G riffith and R . R ossetti, J .  C h e m . S o c . ,  D a l t o n  T r a n s . ,  1449
(1972). (b ) G riffith reports privately  th at the 64 0 -cm "'1 band was indeed
observed  in the ir and th at its om ission in ref 8a  is an error.



1500 J. Org. Chem., Vol. 38, No. 8, 1973 SUBBARAM AN, S ü BBARa MAN, AND B e HRM AN

Figure I.1—Variation of kj. with pyridine concentration, 15°: 
[Os(VI)] 4-5 X  10-4 M, calculated as O sO iL 2, X 304 nm, [cis- 
thymine glycol] 3.2 X 10~2M.

and two oxygen bridges, analogous to the structure 
demonstrated by X-ray crystallography for O s /V  
(N 02)4.9 We confirm the results of Griffith and
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Rossetti. The ir spectrum (KBr) of the complex 
formed with pyridine is in agreement with their data 
except that we observe an additional strong band at 
645 cm-1 which they report only in the Raman spec
trum.815 The complexes formed with 3-picoline or
3-chloropyridine in place of pyridine are similar in 
exhibiting strong bands near 830 and near 640 cm“ 1. 
We have found, however, evidence for a monomer- 
dimer equilibrium. The molecular weight of a 0.39 
wt %  solution in water was 810 ±  40 at 37.5° by vapor 
phase osmometry (Galbraith Laboratories) and 803 
±  20 and 782 ±  25 at 21.3° by equilibrium ultracen
trifugation using a partial specific volume of 0.696. 
The formula weight for 0s20 6py4 is 793. Since our 
kinetic studies were carried out in buffer solutions over 
the pH range 7-10, equilibrium ultracentrifugation 
was also carried out in 0.08 M sodium carbonate buffer, 
pH 9.4. Under these conditions, a 0.39 wt %  solution 
of the Os (VI) species gave a number average molec
ular weight of 746 ± 2 5 ;  a 0.0975 wt %  solution in 
the same buffer gave a number average molecular 
weight of 523 ±  13. Although these data do not yield 
a consistent equilibrium constant for the dimerization 
process on the basis of any of the simple assumptions 
that we have; used, they do suggest complete dissociation 
to the monomeric species at sufficiently low concentra
tions. Our kinetic work, for example, has been carried 
out at a concentration of about 0.02 wt %.

We have also measured the dissociation of pyridine 
and 3-picoline from the corresponding Os(VI) species

(9) L. O. Atovmyan and O. A. L’yachenko, J. Struct. Chem., 8, 143
(1967).

as a function of pH. These data are summarized in 
Table I. We note that approximately constant values

T a b l e  I
E q u i l i b r i a  o f  0 s0 3-L 2 Systems, 15°a

lOqOsOr
L.1,
M b L pH

îoqLo],
M

10* [La], 
M X e

5.154 Pyridine 7.45 1.44 1 .1 0 40.46
4.764 Pyridine 8.05 2.77 2.13 43.35
4.764 Pyridine 9.45 10.81 8.32 39.62
4.506 Pyridine 10.15 17.46 13.44 41.50
4.492 3-Picoline 7.9 3.78 1.15 35.46
4.492 3-Picoline 9.15 13.76 4.16 39.20
4.438 3-Picoline 9.95 23.92 7.25 38.40
a t* « 0.15 M, carbonate and phosphate buffer. b These

concentrations are calculated on the basis of the monomeric
species OsCh-U ' K  =  ([LJ {[/,„] +  [L„] ) ) / ( { [Os03-L,] -  
([L„] +  [L0] )) [OH- ] ). [L0] and [L„] are the free ligand con
centrations in the organic and aqueous phases, respectively. 
These were determined by partitioning the ligand between ether 
and the aqueous phase (see Experimental Section).

for K  are obtained on the assumption of an equilibrium 
of the type given by

0 s 0 3L2 +  H O - (O sO rL -O H )- +  L

This may be regarded as confirmatory evidence for the 
model which assumes substantially complete dissocia
tion of the dimer to the monomeric species. We have 
written the monomer here and elsewhere as Os03H, 
but it may well exist as the hydrate 0 s0 2(0H )2L2. 
We have not considered the dissociation of the second 
ligand to give, for example, a species such as (Os03- 
H20  • OH) -  since these solutions undergo no observ
able decomposition after several days in air at room 
temperature and since it has been shown410’11 that 
pyridine-free Os (VI) oxide species are not stable under 
these conditions.

Kinetics.—OsO,rL2, where L represents pyridine,
3-picoline, or 3-chloropyridine, reacts with as-thymine 
glycol and its derivatives to give the corresponding bis- 
(ligand) osmate(VI) esters in good yield (see Ex
perimental Section). These compounds have already 
been synthesized by another route.1

0
1  P L  o

cAN̂ V°'jpLR H 0

With limiting concentrations of Os03 ■ R  and in 
the presence of added ligand, plots of log {A „ — 
A0/Am — A t) vs. time were linear for about 80% of 
the reaction. The slopes of these lines, which give 
k+, the pseudo-first-order rate constant, were unaffected 
when the initial concentration of 0 s0 3-L2 was varied 
in the range 2.5-5 X 10-4 M . If free ligand was not 
added, the reaction was complete within the time of 
mixing. The pseudo-first-order rate constant varied 
linearly with the first power of the substrate concentra
tion. At constant substrate concentration, in
creased with increasing pH and showed an inverse 
first-order dependence on ligand concentration (Figure 
1). R  was unaffected by halving carbonate buffer

(10) J. P 6richon, S. Palous, and R . B u vet, B u l l .  S o c .  C h im . F r 982 
(1963).

(11) J. F . Cairns and H . L. R ob erts , J .  C h e m . S o c .  C , 640 (1968).

OSO;,’ L2 +

A n- V

■CR, 
OH 
OH 

H
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T a b l e  II
R e a c t i o n  o f  T h y m i n e  a n d  T h y m i d i n e  G l y c o l s  w i t h  P y r i d i n e  a n d  

S u b s t i t u t e d  P y r i d i n e  C o m p l e x e s  o f  Os(VI) a t  15° «
------- 1 0 2fcOb«i m in -1 b— ------------------------—,

3-C hIoro-
R eg istry S-Picoline** P yridine pyridine

no. Substrate p H c system system system
1431-06-7 m-Thymine glycol 10.25 69.2 208

cis-Thymine glycol 9.25 2 0 . 0 60.20
eis-Thymine glycol 8.05 2 . 0 10.70 836.6 (pH 7.9)
cis-Thymine glycol 6.85 3.30 91.75 (pH 6.5)

1124-84-1 imns-Thymine glycol 1Q.25 13.20
irans-Thymine glycol 9.25 3.62
¿rans-Thymine glycol 8.05 0.69

38645-22-6 c¿5-Thymidine glycol 9.25 18.23
38645-23-7 cis-l,3-Dimethylthymine 1 0 . 2 0 45.67

glycol
cis-1,3-Dimethyl thymine 9.25 5.62 14.36

glycol
cis-l,3-Dimethylthymine 8 . 0 2 . 6 6

glycol
° [Os(VI) complex] = 4-5 X  10“ * M  calculated as the monomer, 0 s 0 3L2; [L] = 0.08-0.6 M ; [substrate] = 8-32 X JO“3 M ; X 

304 nm, n 0.14-0.15 M. b kobsd =  slope of kf vs. 1/[L] plots divided by [S], or the slope of k  ̂ vs. [S] plots multiplied by [L ]; see 
text. c The fluctuation in pH in all runs was within ±0.05 pH units. d The fa values (M ~l min-1) evaluated from intercepts of plots 
of fa. vs. 1 / [3-pic], with cfs-thymine glycol as substrate were 0.28 (pH 8.05), 0.47 (pH 9.25), and 1.25 (pH 10.25); for a's-1,3-dimethyl- 
thymine glycol, 0.12 (pH 9.25).

concentration at constant pH and ionic strength. 
Table II shows that the reactivity for the Os(VI) 
complexes decreased in the order Os03(3-chloropyr- 
idine)2. Os03 (pyridine) 2, Os03(3-picoline)2 and also 
gives the numerical results as a function of pH 
and substrate. m-l,3-Dimethylthymine glycol, which 
does not ionize appreciably in the pH range inves
tigated, shows the same pH dependence as m-thymine 
glycol.

Cis-Trans Isomerization of the Glycols. —Criegee, 
et al.,2 reported that 0 s0 3(pyridine)2 as well as 
(K 0)2(CH30 )40 s and KO(AcO)3O s= 0  react in general 
only with acyclic 1,2-diols and with cyclic cis 1,2-diols. 
Other diols, including most trans 1,2-diols, did not re
act with the exception of trans-l,2-cyclohexanediol and 
irons-1,2-cycloheptanediol. Model-building with trans- 
thymine glycol shows that one cannot expect to form 
a cyclic osmate ester from this rigid compound. Never- 
theless, we observed that irons-thymine glycol (Table 
I), irons-thymidine glycol, and trans-i,3-dimethyl- 
thymine glycol all react slowly with 0 s 0 3(pyridine)2. 
The product is in each case the cis ester as shown by 
the identity of the ir spectra. Since we have ob
served that the trans glycols isomerize to the cis glycols 
in the absence of Os(VI) species (see also Shugar12), 
we interpret the conversion of the irarcs-thymine glycol 
to the cis-osmate ester as the sum of the following 
reactions.

trans glycol < > cis glycol

cis glycol +  0 s 0 3-py2 ■ —>  bis(pyridine) cis-osmate ester

The isomerization of the cis- to the (rons-thymine 
glycols has been previously reported,12,13 but the cor
responding reactions of the thymidine and 1,3-di- 
methylthymine glycols (see Experimental Section) 
are new.

We have no clues to the mechanism of these inter
esting transformations aside from our qualitative ob-

(12) D , B arszcz, Z . Tram er, and D . Shugar, A c t a  B i o c h i m .  P o l . ,  10, 9 
(1963).

(13) S. I id a  and H . H ayatsu , B i o c h i m .  B i o p h y s .  A c t a ,  213, 1 (1970).

servation that the reactions are base catalyzed and 
that 1,3-dimethylthymine glycol is not prevented from 
undergoing the isomerization. Hahn and Wang have 
recently suggested a possible pathway for the thymine 
glycols14 which is, however, not consistent with our 
finding of apparently similar isomerizations for thy
midine and 1,3-dimethylthymine.

Mechanism.—We outline below a mechanism which 
fits the data as we have them. We realize, however, 
that the study of the Os(VI)-pyridine-hydroxyl ion 
system is incomplete.

Os2OsL4  ̂ h  20s03L2 (1)
K

OsOr L2 +  H O-  ^ ± 1  (O sC V L O H - ) +  L (2)
k2

0 s0 3-L2 +  S — >■ product (3)
k i  fast

(O sO rL H O - ) +  S — >- (O sO rL -O H -S -) — >■L
product +  H O-  (4)

Here S is the substrate and the product is the bis- 
(ligand) osmate(VI) ester.

If we assume essentially complete dissociation of 
the dimer to monomeric species under the kinetic 
conditions, the rate law for this process is

V = k ,[Os03• L • HO - ] [S] +  fc2[0s03'L 2] [S] (5)

The total Os(VI) species is given by
[ O s ( V I )] total = [ O s O a - L - O H - ] +  [ 0 a 0 3 L 2] (6 )

We omit any ligand-free Os(VI) species for the reasons 
already discussed and also because the data show a 
clean inverse dependence on the first power of the 
ligand. Substituting for [OsQa-L-OH- ] from the 
equilibrium expression (eq 2), we get

[ O s ( V I ) ]  total = g[0s° 3f f  [ O H - ] +  [O s 0 3 • L 2] (7 )

[Os03 * L2]
[OS(VI)] total [L]
X [O H - ] +  [L]

(8)

(14) B. S. Hahn and S. Y . Wang, J. Amer. Chem. Soc., 94, 4764 (1972).
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This expression may be simplified for the reaction con
ditions we have used because our data show that the 
K [OH- ] term (see Table II) is negligible in comparison 
with the ligand term in the denominator of eq 8. 
Thus

[0S0 3’L2] =* [Os(VI)] total (9)

With limiting concentrations of the Os (VI) species, 
Y , the pseudo-first-order rate constant, is given by

V =  fc*[Os(VI)] total (10)

Thus
+ WS] (11)

Equation 11 predicts that a plot of k+ vs. 1/[L] will 
be linear with a slope given by kxK [S][OH- ] and an 
intercept equal to fc2 [S ].

The data show that the kx term is large compart'd with 
the Ai2 term. Indeed, /c2 was measurable only for the
3-picoline system (footnote cl, Table II). This is 
also consistent with the reactivity order for the ligand 
complexes, 3-chloropyridine >  pyridine >  3-picoline, 
and implies rate-limiting nucleophilic attack by the 
glycol on the osmium species. Two pathways can be 
written for a mechanism of this type which differ in 
the nature of the fast ring closure.

0 ) ll̂ py
0 s = 0
K" 0 } py

2 steps 

A

OH
V

OH

0
II /P y
0 s = 0tT"

fO H
-°\ l / py

0 s = 0
'Oyl \ py 

(OH py

\
' O j / P y

'0
Os 

\ py

o-ojl/py
0 s = 0

HO OH py

Experiments with 180-labelcd glycerol were carried 
out to distinguish between these pathways. Glycerol 
labeled (2.2 ± 0 . 1  atom % ) at positions 1 and 2 with 
180  was allowed to react with 0 s 0 3(pyridine)2. Tin; 
bis(pyridine) osmate ester was reductively hydrolyzed. 
The glycerol was reisolated and found to contain 2.4 
± 0 . 1  atom %  lsO. Pathway A predicts 2.2 ± 0 . 1  
atom %  180, whereas pathway B predicts no more 
than 1.4 ±  0.1 atom %  I80. Our finding is thus con
sistent with pathway A and eliminates pathway B 
from consideration.

pH Dependence.—Equation 11 predicts first-order 
dependence on [OH- ]. Table I shows, however, that, 
although the rate of reaction increases with pH, the 
order in [OH- ] is only about one half. We can account 
for this in a qualitative way by our observation that the 
isomerization of the cis- to the trans-thymine glycol 
is base catalyzed. Since the trans glycol is converted 
to the product ester more slowly than the cis glycol 
(Table I), these reactions will reduce the apparent 
[OH- ] dependence of eq 10 to some value less than one. 
We have insufficient data for a quantitative treatment.

Studies at higher pH values are further complicated 
by ionization of the substrates which have approx
imate* pAY values of 10.813 (m-thymine glycol) and 
10.715 (cis-thymidine glycol), the base-catalyzed ring 
cleavage of the; glycols,13’15 and, at very high concentra
tions of base, cleavage of the esters to the osmate ion.4

Experimental Section
Reagents.— Reagent grade pyridine, 3-picoline, and 3-chioro- 

pyridine were purified by distillation over KOH. Sources for 
other chemicals follow: thymine and thymidine, Sigma Chemical
Co.; osmium tetroxide, Varlacoid Chemical Co.; dimethyl 
sulfoxide-dc, Norell Chemical Co.; tetramethylsilane, Aldrich 
Chemical C o .; other chemicals were of reagent grade and were ob
tained from the usual commercial sources. Phosphate buffers 
were used in the pH range 0-8 and carbonate buffers in the pH 
range 9-10. Stock solutions of the various pyridines were made 
up in buffer. Stock solutions of thymine glycol derivatives and 
of Os(VI) complexes were prepared in double distilled deionized 
water and stored at 5°

Analyses.— Ultraviolet spectra were measured using a Perkin- 
Elmer Model 202 instrument, ir spectra on a Perkin-Elmer Model 
237B or 457 grating instrument, and nmr spectra on a Varian 
Associates Model T-60 instrument (60 M Hz) at 35° using di
methyl sulfoxide-i/r, as solvent and tetramethylsilane as internal 
standard. Mass spectra were obtained on a Finnigan Model 
1015 S /L  instrument. Equilibrium ultracentrifugation was 
carried out using a Spinco Model E analytical ultracentrifuge 
equipped with electronic speed control and RTIC temperature 
control. Runs were carried out at 40,000 rpm using interference 
optics, a double-sector cell, 12-mm path length with sapphire 
windows. Partial specific volumes were determined pycno- 
metrically. The pyridine, 3-picoline, and 3-chloropyridine 
content of the Os(VI) compounds was determined by the method 
of Ang.16 Paper chromatography of the osmate esters was 
carried out on Whatman #1 paper using ethyl acetate ̂ -p ro 
panol: water, 75:16:9 (v /v ) (solvent A) and 1-butanol:water, 
86:14 (v /v ) (solvent B). Standard csmate(VI) esters were 
prepared by the reaction of OsO, with thymine or thymidine in the 
presence of various ligands as previously described.3 Elementary 
analyses were performed by Galbraith Laboratories, Knoxville, 
Tenn.

Kinetics.— Kinetic runs were conducted by spectrophotometry 
in 1-cm capped silica cells. Reactions were started by the 
addition of substrate and were followed by the increase in absor
bance at 304 nm where we observed the maximum difference 
between 0 s 0 3 L2 and the osmate(VI) esters. Reactions were 
run under pseudo-first-order conditions with the substrate in at 
least tenfold excess over the Os(VI) species. The ionic strength 
was between 0.14 and 0.15 M .

Os(VI) Complexes with Pyridine and Substituted Pyridines.—
Complexes of the general formula OsTh-L), where L represents a 
monodentate ligand such as pyridine, were prepared by a slight 
modification of Criegee’s method.2 Osmium tetroxide (0.5 g) 
was dissolved in 8 ml of CCfi. Pyridine (2 ml), 3-picoline (2.2 
ml), or 3-chloropyridine (2.5 ml) was added followed by 1.9 ml of 
absolute ethanol as reducing agent. The mixture was allowed to 
stand at room temperature for 18 hr. Trie precipitated material 
was filtered, washed several times with CCb, and dried under 
vacuum. Ir: (KBr) OsAMp.yridineh, 830, 645 cm -1; Qs2Os(3- 
picolineh, 835,635 cm -1; Os2Oe(3-chloropyridine)4, 837, 640 cm -1. 
Compare ref 8.

Os>0 6(pyridine)4 is identical with the material prepared by 
Badger’s method17 and reported to be OsOffpyridinefi.

Anal. Calcd for Os.O/pyridine),: pyridine, 39.92. Found:
39.56. Calcd for Os20 6(3-picoline)i: 3-picoline, 43.88. Found:
43.79. Calcd for ()s20c(3-chloropyridine)i: 3-chloropyridine,
48.79. Found: 48.32. These complexes consumed 2 equiv of 
iodide per atom of osmium corresponding to reduction of Os(VI) 
to Os(lV) when titrated according to the method described for 
osmate(VI) esters.4

Osmate(VI) Esters.—Os20 6(pyridine)4 (2.5 X 10-4 mol) and 
««-thymine glycol (5 X 10~4 mol) were mixed in 10 ml of a 1 M

(15) S. Iid a  and H . H ayatsu , B i o c h i m .  B i o p h y s .  A c t a ,  228, 1 (1971).
(16) K . P . A ng. A n a l .  C h e tu ., 38, 1411 (1966).
(17) G . M . Badger, J .  C h e m . S o c . ,  456 (1949).
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aqueous solution of pyridine. The dark brown solution was 
allowed to stand overnight and then evaporated to dryness. The 
brown powder was washed several times with diethyl ether and 
dried under vacuum. The same product was obtained when 
OsjOftpyridineh and c/s-thymine glycol were allowed to react in 
water. The 3-picoline and 3-chloropyridine esters were pre
pared in the same way. In all cases the yield was about 98%. 
These esters were identical with the esters prepared from osmium 
tetroxide, the ligand, and thymine.3

c?s-Thymine Glycol.— This material was synthesized by the 
procedure of Baudisch and Davidson.18 It was recrystallized 
from 95% ethanol to yield white crystals: mp 214-215° 
(lit.13'18'1 20» 210, 220, 215°); ir (KBr) 3350, 3425 (OH), 3238 (N il), 
1738, 1700, 1008 (C = 0 ) ,  1230, 1172, 1088, 1052, 987, 933 cm “ 1; 
nmr (DMSO-d6) 5 1.27 (s, 3, 5 -C H 3), 4.32 (t, 1 ,J  =  5 H z ,6 -H ), 
5.23 (s, 1, 5 -O H ), 5.97 (d, 1, J  =  5 Hz, 6 -O H ), 8.07 (d, broad, 
1, J  =  5 Hz, 1 -N il ) ,  and 9.93 (s, broad, 1, 3 -N H ). The nmr 
data are in good accord with those reported by Chabre, et al.,20 
except that the quartet for H-6 is not sufficiently resolved in our 
work and appears as a triplet. The uv spectrum in carbonate 
buffer, pH 9.85, showed a broad peak between 220 and 230 nm 
(e 2350). The cis glycol was also prepared by performic acid 
oxidation of thymine. There are precedents21 for the formation 
of the cis glycol by peracid oxidation, although the usual product 
is the trans glycol. A mixture of 5 g of powdered thymine, 45 ml 
of 90% formic acid, and 9 ml of 30% 1120 2 w.os kept at 40° until 
all of the peroxide had been consumed (about GO hr). The solu
tion was evaporated to dryness under reduced pressure; 100 ml 
of water was added to the solid residue; and the mixture was 
again taken to dryness. This residue was then heated with 100 
ml of water at 98° for 1 hr. The solution was cooled in an ice 
bath, whereupon 1.5 g of unreacted thymine separated. The 
filtrate, containing the thymine glycol, was evaporated to dry
ness under reduced pressure and the residue was recrystallized from 
ethanol to yield 3.5 g (55% ) of cts-thymine glycol identical with 
the material prepared by the Baudisch and Davidson procedure.18 
m-Thymine glycol was also prepared for comparison in small 
amounts by hydrolysis of the bis(pyridine) osmate ester of 
thymine.

frans-Thymine Glycol.— The trans glycol wras prepared by 
isomerization of the cis glycol. One gram of the cis glycol was 
refluxed in SO ml of water for 8 hr. Chromatography in solvent A 
showed only two spots corresponding to the two glycols. Heat
ing beyond 9 hr resulted in the appearance of two additional spots, 
which are ring-cleavage products as shown by their reaction with 
Ehrlich’s reagent (p-dimethylaminobenzaldehyde) in the absence 
of alkali. These appear on paper chromatograms at Rt values 
corresponding to the additional spots reported by Shugar.12 The 
trans glycol was separated by preparative chromatography in 
solvent A on Schleicher and Schull Orange Ribbon paper (thick, 
high capacity). The Ri ratio of the trans to cis isomer was 1.5 ±  
0.05. The glycols were located on chromatograms by their uv 
absorption and by their characteristic color changes following the 
NaOH-Ehrlich’s reagent spray (yellow to pink to blue).22 The 
isomers were distinguished from one another by the fact that the 
cis but not the trans reacted with the periodate-benzidine re
agent23 and by the fact that the cis isomer had zero mobility in 
solvent A if the paper was impregnated with borate.24 25 It was 
eluted with water, crystallized from 95% ethanol, and rechro
matographed to remove traces of the cis isomer to give a white 
solid in about 14% yield: mp softens 106-168°, 218-219° dec; 
ir (KBr) 3351, 3412 (OH), 3202 (NH), 1744, 1714, 1695 (C = 0 ) ,  
1280,1163,1097,970cm “ 1; nmr (DMSO-de) 5 1.25 (s, 3 ,5 -C H ,),
4.39 (t, 1, J =  5 Hz, 6 -H ), 5.84 (s, 1, 5 -O H ), 6.15 (d, 1, J =  5 
Hz, 6 -O H ), 8.05 (d, broad, 1, J  =  5 Hz, 1 -N H ), and 9.95 (s, 
broad, 1, 3 -N H ). These data are virtually identical with 
those reported by Cadet and Teoule1 (nmr) and by Tcoule226 (ir). 
The nmr data, published by Hahn and Wang14 are in error; all

(18) O. B audisch  and D . D av id son , J .  B i o l .  C h e m .,  64, 233 (1925).
(19) M . H . B enn, B . C hatam ra, and A . S. Jones, J .  C h e m . S o c . ,  1014 

(1960).
(20) M . C habre, D . G agnaire, and C . N ofre , B u l l .  S o c .  C h im . F r . ,  108 

(1966).
(21) L . F . Fieser and M . Fieser, “ R eagents for O rganic Synthesis,”  V ol. 

I, W iley , N ew  Y ork , N . Y . ,  1967, p 458.
(22) B . E kert, N a t u r e  { L o n d o n ) ,  194, 278 (1962).
(23) J. A . C ifonelli and F . Sm ith, A n a l .  C h e m .,  26, 1132 (1954).
(24) C . A . W achtm eister, A t t a  C h e m . S c a n d . ,  5 ,  976 (1951).
(25) R . Téou le, “ R a d io lyse  de la T h ym in e en Solution  A queuse,”  Thesis,

U niversity o f  L yon , 1970.

S values should be reduced by 0.32. Compare also the ir as
signments of Nofre, et al.,26 and the nmr assignments of Rouil- 
lier, et al.21 The uv spectrum in carbonate buffer, pH 9.85, 
showed a peak at 221 nm (e 1635 at 230 nm).

Anal. Calcd for C;,H8N20 4: C, 37.52; H, 5.04; N, 17.50. 
Found:, C, 37.55; H, 5.23; N, 17.41.

as-Thymidine Glycol.— This compound was synthesized by 
the permanganate oxidation of thymidine.15 The glycol was 
separated from the other components of the oxidation mixture 
by preparative chromatography on Schleicher and Shull Orange 
Ribbon paper using Solvent B. The Rt ratio of thymidine to its 
cis glycol was 2.75. The glycol was eluted from the paper with 
water and crystallized from methanol-ether mixtures to give a 
white solid: mpsoftens 134-138°, 190-191° dec (lit.15 28 mp 191— 
193°, 189-190°); ir (KBr) 1742, 1694 cm - 1 (C = 0 ) ;  nmr(DMSO- 
de) 3 1.23 (s, 3, 5 -C H 3), 4.75 (s, 1, 6 -H ), 5.46 (s broad, 1, 5 
-O H ), 6.05 (multiplet, 1, 6 -O H ), and 10.00 (broad, 1, 3 -N H ). 
(Compare ref 15, 28.)

ira»,s-Thymidine Glycol.— eis-Thymidine glycol (200 mg) was 
dissolved in 16 ml of water and refluxed for 8 hr. The trans and 
cis isomers were separated by preparative paper chromatography 
in solvent B. The compounds were located by their uv absorp
tion and by the NaOH-Ehrlich’s reagent spray. The yield of 
trans glycol was about 5% . Both isomers reacted with the 
periodate-benzidine reagent! The Ri ratio of the trans to the cis 
isomer was 1.8 ; mp 195-197° dec; ir (KBr) 1700 cm -1 (C = 0 ) ;  
nmr (DMSO-d6) 6 1.31 (s, 3, 5 -C II3), 4.70 (s, 1, 6 -H ), 5.76 (s 
broad, 1, 5 -O H ), 5.93 (multiplet, 1, 6 -O H ), and 10.25 (broad, 1,
3 -N H ).

The mass spectrum (75 eV) gave peaks at m/e 259 (M  — OH)+, 
160 (MH — deoxyribosyi)+, 117 (deoxyribosyl)+.

1,3-Dimethylthymine.— This compound was prepared in 96% 
yield following the procedure described by Davidson and Bau
disch28 for the synthesis of 1,3-dimethyluracil. Crystallization 
from 95% ethanol gave white needles: mp 152° (lit.30 mp 153°); 
ir (KBr) 1705, 1670, 1645 cm -1 (C = 0 ) ;  nmr (DMSO-d6) & 1.82 
(s, 3, 5 -C H 3), 3.2-3.3 (two s, 6 , 1- and 3 -C H 3), and 7.6 (s, 1,
6 -H ).

c;s-l,3-Dimethylthymine Glycol.— The glycol was synthesized 
from 1,3-dimethylthymine following the procedure of Baudisch 
and Davidson18 for thymine glycol. The material was obtained 
in 84% yield as an uncrystallizable gum after drying over P20 3. 
The material did not react with periodate: ir (neat) 3375 (OH), 
1725, 1662 (C = 0 ) ,  1185,1137,1050 cm “ 1 (CO); nmr (DMSO-ds) 
S 1.33 (s, 3, 5 -C H 3), 3.0 (two s, 6 ,1 -  and 3 -C H 3), 4.5 (d, 1, J  = 5  
Hz, 6 -H ), 5.15 (broad, 2, 5 - and 6 -O H ).

Anal. Calcd for C,H,2N 20 ,:  C, 44.67; H, 6.43; N , 14.89. 
Found: C, 44.44; II, 6.53; N, 14.97.

trans-1,3-Dimethylthymine Glycol.— cis-l ,3-Dimethylthymine 
glycol (420 mg) was dissolved in 34 ml of water and refluxed for
5.5 hr. The trans and cis isomers were separated by preparative 
paper chromatography in solvent B. The compounds were lo
cated by their uv absorption. The Ri ratio of the cis to the 
trans isomer was 1.2. The yield of trans glycol was about 54% 
and it was obtained as a gum after drying over P20 3: ir (neat)
3400 (OH), 1650 (C = 0 ) ,  1185, 1056 cm " 1 (CO); nmr (DMSO-d6)
5 1.28 (s, 3, 5 -C H 3), 3.0 (two s, 6, 1- and 3 -C H 3), 4.55 (s, 1,
6 -H ), 3.76 (broad, > 2 , 5 - and 6 -O H , H20 ) .

Anal. Calcd for C,Hi2N 20 4.1/ 2H20 :  C, 42.64; H, 6.99; N, 
14.21. Found: C, 42.52; H, 6.70; N , 14.32.

Oxygen-18 Measurements.— Osmium tetroxide (1.18 X  10-4 
mol) was mixed with 8.83 X  10“ 4 mol of allyl alcohol in 2.5 ml 
of 3.3 ± 0 .1  atom %  H2180  in a closed container under air. Under 
these conditions, the osmate ester initially formed hydrolyzes 
with 100% Os-O bond cleavage to give glycerol and an Os(VI) 
species which is reoxidized to osmium tetroxide by oxygen.4 
The osmium thus cycles until all of the allyl alcohol is consumed. 
After 11 days at room temperature, the black precipitate was 
coagulated by warming and then filtered. The precipitate was 
discarded. The filtrate containing glycerol was evaporated 
under a stream of air to about 0.1 ml. Water was added and the 
evaporation was repeated twice in order to remove any remaining

(26) C . N ofre , M . M urat, and A . C ier, B u l l .  S o c .  C h im . F r . ,  1749 (1965).
(27) P . R ou illier, J. D elm au , and C . N ofre , i b i d . ,  3515 (1966).
(28) P . H ow gate, A . S. Jones, and J. R . T ittensor, J . C h e m . S o c .  C ,  275 

(1968).
(29) D . D av id son  and O. B audisch , J .  A m e r .  C h e m . S o c . ,  48, 2382 (1926).
(30) T . B . Johnson and S. H . C lapp , J .  B i o l .  C h e m .,  S, 49 (1908).
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traces of allvl alcohol. A sample was analyzed by mass spec
trometry as previously reported.4 The remainder was diluted to 
2 ml with ordinary water and then treated with excess 0s20 6- 
(pyridineh and a trace of free pyridine. After standing over
night, the solution was filtered. The filtrate was dried under a 
stream of air to give the brown bis(pyridine) osmate ester of 
glycerol. This ester was reductively hydrolyzed to glycerol in 
water in the presence of a 2-3-fold excess of NaHS03 at room tem
perature for 30 min. The mixture was analyzed by measurement 
of the mass spectrum at m/e 61, 62, and 63 using the calculations 
described by Biemann.31 Suitable blanks were run with NaH- 
S 03 alone.

Dissociation Constants for 0 s 0 3-L2.— The distribution coef
ficient of pyridine and 3-picoline between buffer and diethyl ether 
was determined at 15°. The pyridine concentration in the or
ganic phase was measured at 256 nm after transfer to 0.1 N  
H2SO4 using e 5200. 3-Picoline was measured at 263 nm (e 
5560). The distribution coefficient, D =  [L0] /[L a], where the 
subscripts refer to the organic and aqueous phases, was found to 
be 1.3 ±  0.02 (pyridine) and 3.3 ±  0.05 (3-picoline). When 
OsLLpyridine), was equilibrated between equal volumes of 
buffer and ether, it was found that no detectable quantities of 
Os(VI) species were extracted into the organic phase, as shown by 
the lack of absorption in the 300-350-nm region. The degree 
of dissociation of the ligand from the Os(VI) species could thus be 
measured from the quantity of ligand in the ether phase and the

(31) K . Biemann, “ Mass Spectrometry,”  McGraw-Hill, New York,
N . Y ., 1962, pp 223 ff.

distribution coefficient. The dissociation constants were calcu
lated from the relationship

K -  [OsOs-L-OH-] [L.1 
[0 s0 3-L2][H 0 -]

using Ky, =  5 X 10-15.32 If we can assume no dissociation of 
the second ligand (see text), then

[OsOa-L'OH-] =  [La] +  [Lo]

[0 s0 3-L2] = [0 s0 3'L 2] initial — ([La] +  [Lo] ) 

in the absence of added ligand.

Registry N o.—Os-3-picoline dimer, 38641-67-7; O s-
3-picoline monomer, 38669-79-3; Os-pyridine dimer, 
38641-68-8; Os-pyridine monomer, 38669-80-6; O s-3- 
chloropyridine dimer, 38677-68-8; Os-3-chloropyridine 
monomer, 38669-81-7; ¿raws-thymidine glycol, 38645-
24-8; 1,3-dimethylthymine, 4401-71-2; 2rans-l,3-di- 
methylthymine glycol, 38645-26-0.
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(32) H . S. JEtarned and B, B . Owen, “ The Physical Chemistry of Elec
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The utility of lithium aluminum hydride (LiAlIL) and diborane for the preparation of tryptamines from 3- 
indolylglyoxamides, including certain 4-trifluoromethyl derivatives, has been studied. Three distinctions in 
the behavior of these reducing agents toward the glyoxamides have been- observed. (1) Diborane allows 
elaboration of the tryptamine side chain without concomitant reduction of.trifluoromethyl substituents, whereas 
these groups are converted into methyl substituents by LiAlH, when reducing conditions are sufficiently vigorous 
to give the tryptamine. (2) Reduction of the glyoxamides with diborane may be accompanied by reduction 
of the indolic enamine triad to give indolines, an event not seen with LiAlIL. (3) l-Alkyl-3-indolylglyox- 
amides are converted into the corresponding tryptamines by diborane, whereas LiAlIL reduction gives l-alkyl-3- 
indolylglycolamines. The formation of a 3,4,5,6-tetrahydro-lR-azepino[5,4,3-cd]indble (4) was observed in 
the LiAlIL reduction of 5-methoxy-jV,Af,2-trimethyl-4-(trifluoromethyl)-3-indolylglyoxamide (3c). Diborane 
reduction of 3-indolecarboxylic acid (16b) and its ethyl ester 16a gave skatole (17) as thè major product.

Application of the Nenitzescu reaction1 to 2-trifluoro- 
methyl-l,4-benzoquinone and alkyl 3-aminocrotonates 
constitutes a convenient preparation of certain 4-tri- 
fluoromethylindoles.2 The availability of these last 
substances prompted us to prepare the 4-trifluoro
methyl congeners of biologically significant trypt
amines, and the procedure of Speeter and Anthony3 4 
seemed to be the most direct way to achieve this ob
jective. In this method an indole which is unsub
stituted at the 3 position is converted into a 3-glyox- 
amide, reduction of which gives the tryptamine. Lith
ium aluminum hydride (LiAlIL) is the usual reagent 
for this reduction, but the use of borane has been re
ported on one occasion.4 In this paper we compare the 
effect of these two reducing agents on certain 3-indolyl-

(1) C. D . Nenitzescu, Bull. Soc. Chim. Romania, 11, 37 (1929); Chem.
A b str.,H , 110 (1930).

(2) R . Littell and G. R. Allen, Jr., J. Org. Chem., 33, 2064 (1968).
(3) M . E . Speeter and W . C. Anthony, J. Amer. Chem. Soc., 76, 6208 

(1954).
(4) K . M . Biswas and A. H . Jackson, Tetrahedron, 24, 1145 (1968).

glyoxamides, including the 4-trifluoromethyl deriva
tives.
. The required amides of Table I were prepared readily 
from, 5-methoxy-2-methyl-4-trifluoromethylindole ( l ) 2 
by the usual technique (see Scheme I ) .3 Reduction 
of the Wb,Wb-dimethylglyoxamide 3c with LiAlIL in 
boiling tetrahydrofuran (THF) fcr 48 hr gave the 4- 
methyltryptamine 2 and the 3,4,5,6-tetrahydro-I//- 
azopino [5,4,3-cdjindole 4. The former product is 
identical with that obtained by LiAlIL reduction 
of 5-methoxy-2,4,Ab,A b-tetramethyl - 3 - indolylglyox- 
amide,5 and its formation constitutes another example 
of the conversion of a trifluoromethyl substituent into 
a methyl group by LiAlIL. Such conversions were 
observed earlier for, a 6-trifluoromethylindole,6 another 
4-trifluoromethylindole,2 and a benzotrifluoride.7 A

(5) G. R . Allen, Jr., V . G . DeVries, E . N . Greenblatt, R . Littell, F. J. 
M cEvoy, and D . B . Moran, J. Med, Chem,, in press.

(6) A . Kalir, Z . Pelah, and D . Balderman, Israel J. Chem., 5, 101 (1967).
(7) H . J. Brabender and W . B. Wright, Jr., J. Org. Chem., 32, 4053 (1967).
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T a b l e  I

5 - M e t h o x y - 2 - m e t h y i ^ 4 - t r i f l u o r o m e t h y l -  3 - i n d o l y l g l y o x a m i d e s

Registry
No. R

Yield, Recrystn M p, /— Carbon----->
-------------- Analyses, % ----------------

Hydrogen-^ ^-Fluorine—- /— Nitrogen—-
no. % solvent °c Formula® Caled Found Caled Found Caled Found Caled Found

7664-41-7 3a n h 2 90 M eOH 274-276 dec C 13H 11F 3N 2O3 52 .00 51 .85 3 .6 9 3 .6 4 18 .98 19.06 9 .33 9.21
74-89-5 3b N H C H i 75 M eOH 290-291 dec6 Ci.Hi3F,N,Oa 5 3 .50 53.71 4 .1 7 4 .2 2 18.14 18.59 8 .91 8 .76

109-89-7 3c N(CHa), 80 Acetone- 212-213 C 15H 15F 3N 2O3 54.88 54.99 4 .6 0 4 .4 0 17.36 16.86 8 .5 4 8 .5 7
hexane

2878-14-0 3d N H C H ¡C (C H ,)= C H ¡ 75 Acetone 222-224 C 17H 17F3N 2O3 5 7 .6 2 57 .45 4 .8 4 4 .9 8 16.09 16.48 7 .91 8 .01

123-75-1 3e ■a 72 Aqueous
M eOH

227-2296 C 17H 17F3N 2O3 5 7 .6 2 5 7 .5 7 4 .8 4 4 .6 8 16.09 16.17 7 .91 7 .7 6

283-24-9 3f <D 64 Aqueous
M eOH

262-2646 C 21H 23F 3N 203C 61 .75 61 .33 5 .6 8 5 .8 3 13.96 14.13 6 .8 6 6 .5 5

“ Except as noted the 4-trifluoromethylindolyl-3-glyoxamides had uv max 219-221, 280, 299-300 m/i U 25,000-30,100, 10,100-14,000. 
12,600-14,100) and ir max 6.10-6.20, 6.30-6.32 p. 6 Final purification accomplished by sublimation. c Uv max 219, 270, 288 m u  (c 
27,300, 14,600, 16,300).

S c h e m e  I

6

recent report emphasizes that these reductions are 
facilitated by the presence of o- or p-amino and hydroxy 
functions.8 The methoxy group in 3 presumably ex
erts a similar influence.

lH-Azepino[5,4,3-cd]indole (4) apparently results 
from the intramolecular quaternization of the benzyl 
fluoride 7, which arises by stepwise reduction of the 
trifluoromethyl group in 3c.7 The reductive déméthyl
ation of the postulated intermediate quaternary salt 8

(8) N. W . Gilman and L. H. Sternbach, Chem. Commun., 465 (1971).

to give 4 (Scheme II) is amply supported in the litera
ture. Three such examples are the conversion of

S c h e m e  I I

3 4

strychnine methosulfate into strychnidine9 and de- 
methylation of two quaternary derivatives in the 
gelseminc class of alkaloids.10

Amino alcohol 5 resulted when 3c was submitted to 
LiAlH4 reduction under less vigorous conditions (4-16  
hr, 23°). However, microanalyses on the product 
indicate that even these conditions arc1 sufficient to 
cause partial reduction of the trifluoromethyl group. 
In the instance of the unsubstituted (3a) and Nb- 
methallyl (3d) glyoxamides, reduction with LiAlHi in 
boiling TH F for 5-180 min gave the corresponding 
glycolamidc 6. Surprisingly, the pyrrolidine-derived 
glyoxamidc 3e suffered side-chain cleavage to regen
erate 1 when exposed to LiAlHi in TH F for 10 min- 24 
hr.

The inability to convert the 4-trifluoromethyl-3- 
indolylglyoxamides into the corresponding tryptamines 
by reduction with LiAlH. under a variety of conditions 
prompted us to investigate the utility of diborane for 
this reduction. At the outset of our study, limited

(9) G. W . Kenner and M . A . Murray, J. Chem. Soc., 406 (1950).
(10) (a) N . G. Gaylord, “ Reduction with Complex Metal Hydrides,”

Interscience, New York, N . Y ., 1956, p 788. (b) A  referee suggested the
possibility that 8 m ay also function as the immediate precursor for 2 (reduc
tive debenzylation), as well as 4 (reductive demethylation).
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evidence indicated that this reagent would behave in 
the manner predicted by theoretical considerations. 
Thus, the utility of diborane for the selective reduction 
of a 2-acylindole-3-carboxaldehyde into a 2-acyl-3- 
indolylmethanol had been demonstrated by Remers 
and coworkers.11 Subsequently, while our work was 
in progress, Biswas and Jackson reported the conver
sion of fVb-methyl-3-indolylglyoxamide into the corre
sponding tryptamine using diborane as the reducing 
agent.4

Wo find that this reagent reacts with the Nb,Nh- 
dimethylglyoxamide 3c to give 34%  of the correspond
ing tryptamine 9c, which was isolated as an adduct 
with borane (see Scheme III). Treatment of the ad-

S c h k m k  III

H
11

c, R  =  N(CH3),
e, R  =  pyrrolidinyl
f, R  =  3-azabicyclo [3.2.2] nonane

duct with 1-octone in xylene liberated the tryptamine. 
The hydrogonolysis of the trifluoromethyl group seen 
in the LiAlHi reductions of 3c is not evident with di- 
boranc. A  second important distinction exists in the 
behavior of LiAlH4 and B2H 6 toward glyoxamide 3c. 
The latter reagent also gave two indoline products, 
which differ only in the stereochemical relationship of 
the groups at the 2 and 3 positions. The major (37%) 
isomer is that in which the substituents are cis oriented, 
e.g., 10c, whereas the trans isomer 11c constituted 10%  
of the reaction product. These structural assignments 
are based on spectral evidence, the indoline nucleus 
being required by the ultraviolet spectra (see Experi
mental Section). The geometrical relation of the 2 
and 3 substituents was determined from the nmr spec
tra of 10a and 11a and appropriate decoupling experi
ments. The chemical shift (5 1.35) of the 2-methyl 
doublet in the spectrum of the major isomer is at lower 
field than that (5 1.01) in the spectrum of the minor 
isomer. This paramagnetic shift is characteristic of 
cis-orionted alkyl substituents. Decoupling experi

(11) W . A . Remers, R . H. Roth, and M . J. Weiss, J. Amer. Chem. Soc., 86,
4612 (1964).

ments provided conclusive evidence. Irradiation at 
the 2-methyl resonance of 10c reduced the two-proton 
quintet to a doublet having J2.3 =  7.5 Hz, indicating a 
dihedral angle near 0° and a cis juxtaposition of the 2 
and 3 hydrogens. A  similar decoupling experiment 
with 11c collapsed the two-proton quartet to a single 
line, suggesting a dihedral angle near 90°, which neces
sitates a trans relation of the 2 and 3 hydrogens.

Reduction of the 3-azabicyclo[3.2.2]nonane-derived 
glyoxamide 3f with diborane also gave a ternary mix
ture, nmr spectral analysis of which indicated it to con
tain the indole 9f and indolines lOf and I l f  in a ratio 
of 4 :3 :3 . Separation of this mixture by partition 
chromatography was only partially successful; how
ever, samples of the cis (lOf) and trans indoline ( Il f )  
were isolated. The spectral properties of lOf and I l f  
were consonant with the assigned structures (see Ex
perimental Section).

Reduction of the pyrrolidine derivative 3e gave a 
mixture from which the tryptamine 9e was isolated as 
the borane adduct; treatment of this adduct with 1- 
octene in boiling xylene then gave 9e. The nmr spec
trum of the remaining crude product indicated it to 
consist mostly of the cis indoline 10e.

Extension of the borane reduction procedure to other
3-indolylglyoxamides indicates that this method for 
the preparation of indoline analogs of tryptamines is 
not general. Although reduction of A,A-dim ethyl-3- 
indolylglyoxamide (12a) with borane gave primarily 
the indoline derivative 13a, a similar reduction of the

O O
Il II

,C — CN(CH3)2

r j
ist

I
H

12a, R =  H 13a, R =  H; C2-C , =  CH2CH2
b, R =  OCH3 b, R =  OCH3; (V C , =  CH =CH

5-methoxy congener 12b gave 73%  of the tryptamine 
13b, which was isolated as the borane adduct.

The above examples illustrate two distinctions in 
the reduction of 3-indolylglyoxamides by LiAlH4 and 
diborane: (1) diborane permits reduction of the
glyoxamide grouping without concomitant reduction 
of the trifluoromethyl substituent; (2) reduction of 
the glyoxamide moiety with the electrophilic diborane 
may be accompanied by reduction of the enamine 
triad,12 a side reaction not observed with the nucleo
philic LiAlH4. A  third distinction in the behavior of 
these reducing agents toward 3-indolylglyoxamides 
has also been observed.

Thus, it has long been recognized that LiAlH4 reduc
tion of l-alkyl-3-indolylglyoxamides, e.g., 14, affords
3-indolylhydroxylamines analogous to 5.3 However, 
diborane reduction of one such glyoxamide, 14, effi
ciently reduced the side chain to the ethylamine, giving 
tryptamine 15a (24% ) and its 2,3-dihydro derivative 
15b (21%) as borane adducts. The isolation of 15b 
constitutes the first example wherein a 1-alkylindoline 
has been detected among the products derived from

(12) (a) J. A . Marshall and W . S. Johnson, J. Org. Chem., 28, 421 (1963); 
(b) I . J. Borowitz and G. J. Williams, ibid., 32, 4157 (1967); (c) J. W . Lewis 
and A. A . Pearce, J. Chem. Soc. B, 863 (1969).
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15a, C2,3 =  CH =CH
b, C2,3=CH2CH2

diborano reduction of a 1-alkylindole, even though 
earlier reports indicate that such products are not ob
served with 1,3-disubstituted4 or 1,2,3-trisubstituted 
indoles.13

The susceptibility of the 3-indolylglyoxamides to 
reduction by diborane prompted us to study the be
havior of other unstudied electrophilic indoles toward 
this reagent. Ethyl 3-indolylcarboxylate (16a) gave 
skatole (17) as the only product following treatment 
with diborane for 48 hr. However, a similar reduction 
of 3-indolecarboxylic acid (16b) gave 17 (49%) and .the 
3,3' dimer 18 (S%). The last substance is identical

H H
16a, R =  C2H5 17

b, R =  H

CH)

H H
18

with one dimer which Biswas and Jackson found among 
the reduction products of 3-indolocarboxaldehyde,4 
and its isolation in the present instance is accommo
dated by their rationalization of its formation from the 
aldehyde.

Experimental Section
Melting points were determined in open capillary tubes on a 

Mel-Temp apparatus and are itncorrected. Ultraviolet spec
tra were determined in methanol solution with a Cary recording 
spectrophotometer, and infrared spectra were determined in 
potassium bromide disks with a Perkin-Elmer Model 21 spec
trophotometer. Proton magnetic resonance spectra were deter
mined with a Varian A-60D spectrometer in the indicated sol
vent using tetramethylsilane as an internal standard. Evapora
tions were carried out under reduced pressure.

5-Methoxy-.Y,,Y,2-trimethyl-4-(trifluoromethyl)-3-indoleglyox- 
amide (3c).— The following experiment illustrates the general 
procedure used to prepare the glyoxamides of Table I (c/. foot
note 3).

To a solution of 0.0 g (20.2 mmol) of 5-methoxy-2-methyl-4- 
(trifluoromethyl)indole in 150 ml of ether at 0° was added drop- 
wise over 20 min 0.0 ml of oxalyl chloride. After stirring at 0° 
for 1 hr the bright orange solution of glyoxyl chloride was filtered. 
The filtrate was stirred in GOO ml of ether and saturated with 
gaseous dimethylamine. The resulting white solid was collected, 
washed with water, and dried to give 0.70 g (80%) of pale yellow 
powder, mp 208-210°. Characterization of this substance and 
the other 3-indolyglyoxamides is given in Table I.

3-(2-Dimethylaminoethyl)-5-methoxy-2,4-dimethylindole (2) 
Succinate and 3,4,5,6-Tetrahydro-7-methoxy-2,5-dimethyl-l//- 
azepino[5,4,3-cd]indole (4).— A solution of 0.5 g (20 mmol) of 5-

(13) S. A . M on ti and R . R . Schm idt, T e tr a h e d r o n , 27, 3331 (1971).

methoxy -N ,N , 2- trimethyl - 4 - (trifluoromethyl) - 3 - indolylglyox- 
amide in 500 ml of TK F containing 5.0 g (130 mmol) of LiAlH, 
was heated at reflux for 4 days. After the reaction mixture was 
cooled, it was treated with 32 ml of potassium sodium tartrate 
solution (050 m g/m l); filtration removed the inorganic salts. 
The solvent was evaporated, and the residue was dissolved in 
ethyl acetate, washed with saturated NaH C03 and with water, 
dried over M gS04, and evaporated to give an oil which crystal
lized in acetone to furnish 800 mg (17%) of white powder, mp 
205-207°. Several crystallizations from acetone gave the pure 
azepinoindole 4: mp 213-215°; uv max 230, 288, 300 mu (« 
27,600, 8510, 8050); nmr (DMSO-d6) S 2.20 (s, 3, CCH3), 2.40 
(s, 3, NCH3), 2.83 (m, 4, -C H 2CH2- ) ,  3.68 (s, 3, OCH3), 3.94 
(s, 2, NCH2 aryl), 6.64 (d, 1, J  = 9.0 Hz, 8-H), 6.99 (d, 1, J  =
9.0 Hz, 9-H), 10.48 (s, 1, NH).

Anal. Calcd for ChH18N20 :  C, 73.01; H, 7.88; N, 12.17; 
0 ,6 .9 5 ; mol wt, 230.30. Found: C, 73.30; H, 8.19; N, 11.91; 
O, 7.48; mol wt, 230.

The filtrate frcm collection of the original crystalline material 
was evaporated to give 3.00 g of an oil. This oil was treated 
with a solution of 1.44 g (12 mmol) of succinic acid in 10 ml of 
methanol. The solution was stirred for several minutes, diluted 
with ether, and filtered to give 2.90 g (38%) of crystals, mp 
120-124° dec. Crystallization of this material from acetone 
furnished pure 2 succinate as white crystals: mp 133-135°; uv 
max 224, 278, 297 mu (c 34,200, 9500, 7200); nmr (DMSCM6) 
S 2.30 (s, 4-CH3), 2.39 (s, H 0 2CCH2CH2C 02H), 2.46 (s, 2-CH3), 
2.50 [s, N(CH3)2‘ , 2.84 (m, -C H ^ H ,- ) ,  3.72 (s, 3, OCH3),
6.74 (1, d, J  =  9.0 Hz, 6-H), 7.00 (1, d, J  =  9.0 Hz, 7-H), 9.56 
(s, 2, C 02H), 10.55 (s, 1, NH).

Anal. Calcd for C15H22N 20  C4H60 4: C, 62.62; H, 7.74;
N , 7.69; F, 0.00. Found: C, 62.96; H, 7.94; N, 7.53; F,
O. 00 .

3-(2-Dimethylamino-l-hydroxyethyl)-5-methoxy-2-methyl-4- 
(trifluoromethyl)indole (5).— A solution of 750 mg (2.3 mmol) of
5-methoxy-iV,iV,2- trimethyl - 4 - (trifluoromethyl) - 3 - indoleglyox- 
amide (3c) in 20 ml of THF was treated with 165 mg (4.35 mmol) 
of LiAlH4. The mixture was stirred at room temperature for
4 hr, and the excess hydride was decomposed by addition of 
water. The mixture was filtered, and the filt rate was evaporated. 
The residue was dissolved in methylene chloride; this solution 
was dried over magnesium sulfate and evaporated. Tritura
tion of the residue with ether gave 400 mg (55%) of white crys
tals: mp 125-127°; uv max 228, 305 mu (e 26,900, 10,800); ir
3.00 (sh), 3.15, 6.16, 6.36 u; nmr (CDClj, DMKO-A) S 2.35 
[s, 6, N(CH3)2], 2.56 (s, 3, 2-CH3), 2.35-2.75 (underlying m, 
CHj), 3.66 (s, 1, OH), 5.28 (dd, 1, JUt = 10.0 Hz, JWI =  3.0 Hz, 
CHOH), 6.80 (d, 1, J = 9.0 Hz, 6-H), 7.38 (d, 1 , J =  9.0 Hz,
7-H), 10.35 (s, 1 ,N H ).

A salt with fumaric acid was prepared by dissolution of 410 mg 
(1.32 mmol) of material in 2 ml of methanol and addition of 156 
mg (1.35 mmol) of fumaric acid. The solid that was precipi
tated by addition :jf ether was recrystallized from methanol- 
ether to give crystals, mp 146-147° dec.

Anal. Calcd for Ci.yHisNjOo-V2C4H4()4: C, 54.54; II,
5.65; F, 15.22; N, 7.48. Found: C, 54.97; 11,5.74; F, 13.72;
N, 7.43.

5-Methoxy-2-methyl-4-(trifluoromethyl)-3-indoleglycolamide 
(6a).— A solution of 1.4 g (4.65 mmol) of 5-methoxy-2-methyl-4- 
(trifluoromethyl)-3-indoleglyoxamide and 600 mg (16 mmol) of 
LiAlH4 in 140 ml of THF was heated at reflux for 5 min. Water 
was added, inorganic material was removed by filtration, and the 
filtrate was evaporated. Crystallization of the residue from 
acetone-hexane gave 370 mg (26%) of crystals, mp 160-162°. 
Two recrystallizatior.s from the same solvents gave the analytical 
sample as white crystals: mp 166-167°; uv max 21.), 30.) mu
(e 28,500, 11,000); ir max 3.10, 5.96, 6.16, 6.35 u', nmr (CDC13)
5 2.36 (s, 3, 2-CH3), 3.86 (s, 3, OCH3), 4.12 (broad, OH), 5.45 
(s, 1, CHOH), 6.85 (m, 3, N il,, 6-H), 7.38 (d, 1, J =  8 Hz, 7-H),
10.5 (s, I, NH).

Anal. Calcd for C13HI3F3N 2()3: C, 51.82; II, 4.67; F, 
18.85; N, 9.27. Found: C, 52.02; H, 4.41; F, 18.22; N,
9.29.

5-Methoxy-2-methyl-Ar-(2-methallyl)-4-(trifluoromethyl)-3- 
indoleglycolamide (6d).— A solution of 920 mg (2.6 mmol) 
of 5-methoxy-2-methyl-A'-(2 - met hallyl) -4 - (t rifluoromethyl) -3- 
indoleglyoxamide and 190 mg (5 mmol) of LiAlH4 in 30 ml of 
THF was stirred at room temperature for 3 hr. Water was 
added, the inorganic material was removed by' filtration, and 
the filtrate was evaporated. Addition of ether and filtration
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gave 365 mg of product, mp 164-167°. Crystallization from 
acetone-hexane gave the analytical sample: mp 182-183°; uv 
max 225, 305 ium (e 28,000, 11,200); ir max 3.07, 6.10, 6.35,
9.30 M; nmr (DMSO-d.) 5 1.70 (s, 3, C = C C H 3) 2.30 (s, 3, 2- 
CH3), 3.71 (m, 2, -C H 2- ) ,  4.81 (s, 2, = C H 2), 5.35 (d, 1, 7  =
5.0 Hz, CHOH), 5.55 (d, 1, 7  =  5.0 Hz, CHOH), 6.95 (d, 1, 
J =  9.0 Hz, 6-H), 7.45 (d, 1 , 7 =  9.0 Hz, 7-H), 7.80 (t, 1 ,7  =
6.5 Hz, NHCH2), 11.30 (s, 1, NH).

Anal. Calcd for CnH49F3N20 3: C, 57.30; H, 5.37; F, 
15.99; N, 7.86. Found; C, 57.19; H, 5.65; F, 15.70; N,
7.93.

5-Methoxy-2-methyl-4-(trifluoromethyl)indole (1).— A solu
tion of 710 mg (2.0 mmol) of l-[5-me:hoxy-2-methyl-4-(trifluoro- 
methyl)-3-indoleglyoxyloyl]pyrrolidine (3e) and 300 mg (8 
mmol) of LiAlIl4 in 70 ml of THF was stirred at room tempera
ture overnight. Water was added, the inorganic precipitate was 
removed by filtration, and the filtrate was evaporated. Crystal
lization of the residue from acetone-hexane gave 110 mg (24%) 
of white crystals, mp 121-123°. This material was identical 
with known 5-methoxy-2-methyl-4-(trifluoromethyl)indole ( l ) 2 
by the usual criteria. A similar reaction conducted for 10 min at 
room temperature gave 27% of 1.

Reduction of 5-Methoxy-xY,iY,2-trimethyl-4-(trifluoromethyl)- 
3-indoleglyoxamide (3c) with Diborane.— A solution of 2.3 g 
(7.0 mmol) of 3c in 160 ml of THF and 30 ml (30 mmol) of 1.0 M 
borane in THF was heated at reflux for 2 hr and cooled, and the 
excess borane was cautiously decomposed with water. After 
evaporation of solvent the residue was dissolved in ether, washed 
twice with saturated saline, dried, and evaporated. Ether was 
added and 750 mg (34%) of 3-(2-dimethylaminoethyl)-5-me- 
thoxy-2-methyl-4-(trifluoromethyl)indole borane, mp 164-166° 
dec, was collected by filtration. A sample from a similar experi
ment with mp 166-168° dec was recrystallized from dichloro- 
methane-hexane to give the analytical specimen: mp ISO-
1810; dec; uv max 230, 308 mn (e 26,000, 11,000); ir max 3.00, 
4.25-4.40, 6.17, 6.37 M; nmr (CDC13 +  DMSO-r/n) 5 2.42 (s, 3, 
2-CHa), 2.64 [s, (i, N(CH3)2], 2.64-3.33 (m, -C H 2CH2- ) ,  3.86 
(s, 3, OCH3), 6.88 (d, 1 , 7 =  8.0 Hz, 6-H), 7.42 (d, 1, 7  =  8.0 
Hz, 7-H), 10.4 (s, 1, NH).

Anal. Calcd for C,.,IIiaF3N ,0-B H 3: C, 57.34; H, 7.06; N, 
8.92. Found: C, 57.42; H, 7.34; N, 9.01.

The filtrate from the above ether trituration was evaporated 
t,o give 1.80 g of yellow oil, which was heated at reflux tempera
ture with 10 ml of 20% hydrochloric acid solution for 1 hr. The 
cooled reaction mixture was washed with ether, rendered strongly 
alkaline with sodium hydroxide, and extracted again with ether. 
The ethereal solution was washed with saline, dried, and evap
orated to give 1.00 g of yellow oil. Vpc using 5% SE-30 on 
Chromosorb W showed this material to be a binary mixture, 22% 
having a retention time of 2.5 min and 78% being eluted at 3.2 
min.

Chromatography on diatomaceous silica using the system hep
tane-ethyl acetate-methanol-water (90:10:17:4) separated the 
two components.14 The product eluted at peak-hold-back 
volume 3.5 (F m/F „ = 2.27) was evaporated to give 122 mg (6% ) 
of /ra/is-3-(2-dimel hylaminoethyl)-5-methoxy-2-methyl-4-(lri- 
fluoromethyl)indoline (11a) as a colorless oil: uv max 248, 325
mju (e 7600, 3500); ir 3.10, 6.20 ¿x; nmr (CDC13) 5 1.01 (d, 3, 
7 = 7  Hz, 2-CHj), 1.73 (m, 2, -C H 2C Ii2N < ), 2.20 [s, 6, N- 
(CII3),], 2.39 (m, -C1I2C H ,N <), 3.12 (m, 1, 3-H), 3.46 (s, 1, 
NH), 3.60 (9, 1, 7  =  7 Hz, 2-11), 3.82 (s, 3, OCH3), 6.74 (s, 2, 
aryl 11).

Anal. Calcd for Cj.-,II2iF3N2(): C, 59.59; If, 7.00; F, 18.85; 
N, 9.27. Found: C, 50.35; 11,6.68; F, 18.85; N, 8.99.

The fraction eluted at peak-hold-back volume 4.6 was evap
orated to give 350 mg (17%,) of c/s-3-(2-dimethylaminoethyl)-5- 
methoxy-2-methyl-4-(trifluoromethyl)indoline (10a) as yellow 
crystals: mp 92-94°; uv max 248, 325 mg (t 7800, 3900); ir
3.20, 6.25 m; nmr (C1)C13) 8 1.33 (d, 3, 7  =  7 Hz, 2-CI1,), 1.92 
(m, 2, -CH ,CH 2N < ), 2.17 [s, 6, N(CH3)2], 2.34 (m, -C H 2- 
C H ,N <), 3.28 (m, 1,3-11), 3.65 (b, 1, NII), 3.83 (s, 3, OCH3), 
3.90 ((1, 1 ,2-II), 6.68 (s, 2, aryl II).

Anal. Calcd for C,.,H21F3N20 : C, 59.59; 11,7.00; F, 18.85; 
N, 9.27. Found: C, 59.36; II, 6.64; F, 19.13; N, 9.20.

(14) T h e  support is that m aterial m arketed under the tradem ark C elite
liy  the Joh n s-M an ville  C o . A com plete  descrip tion  o f  this techn ique as 
deve lop ed  b y  M r. C . P idacks is »riven by  M . J. W eiss, R . E . Schaub, G . R . 
Allen, Jr., J. F . P oletto , C . P idacks, R . 11. C on row , and C . J. C oscia , T e tr a 
h e d r o n .  20, 357 (1961).

3-(2-Dimethylammoethyl)-5-methoxy-2-methyl-4-(trifluoro- 
methyl)indole (9c).— A solution of 200 mg of 3-(2-dimethyl- 
aminoethyl)-5-methoxy-2-methyl-4-(trifluoromethyl)indole bo
rane in 2 ml of xylene and 2 ml of octene-1 was heated at reflux 
temperature for 4 hr, cooled, and diluted with hexane to give 80 
mg of white powder. Crystallization of material from a similar 
experiment from acetone-hexane gave white crystals, mp 145- 
147°. Sublimation at 0.5 mm and 110° furnished crystals: 
mp 146-148°; uv max 229, 306 m/t (e 22,500,9300); ir 2.95, 6.13,
6.32 nmr (DMSO-d6) 5 2.2 [s, N(CH 3)2], 2.36 (s, 2-CH3), 
2.08-3.00 (underlying m, CH2CH2), 3.82 (s, 3, OCH3), 6.90 (d, 
1 , 7 =  9.0 Hz, 6-H), 7.45 (d, 1 , 7 =  9.0 Hz, 7-H), 11.1.5 (s, 1, 
NH).

Anal. Calcd for C15H 19F3N 20 :  C, 60.00; H, 6.38; F, 19.00; 
N, 9.33. Found: C, 60.27; H, 6.25; F, 19.27; N, 9.33.

cis- (lOf) and trans-3-j 2-[5-Methoxy-2-methyl-4-(trifluoro- 
methyl )-3-indolinyl] ethyl J -3-azabicyclo [3.2.2] nonane (Ilf). — A 
solution of 2.50 g (61.4 mmol) of 3 -[5-methoxy-2-methyl-4- 
(trifluoromethyl )-3 - indolylglyoxyloyl] - 3 - azabicy clo [3.2.2] - non
ane (3f) and 20 ml of 1 M  borane in THF was diluted with 
150 ml of THF and heated at reflux temperature for 3 hr. The 
solution was evaporated, and the residue was distributed between 
ether and water. The ether layer was washed with saline, dried, 
and evaporated to give 2.00 g (~ 8 5 % ) of a yellow oil: nmr 
(DMSO-ds) inter alia 5 1.01 (d, 7  =  7.0 Hz, 2-CH3 in trans 
indoline), 1.25 (d, 7  =  7.0 Hz, 2-CH3 in cis indoline), 2.36 (s, 2- 
CH3, indole 9f), 3.72 (s, OCH3 of indolines), 3.82 (s, OCH3 of 
indole 9f), 5.52 (b, NH of indolines), 6.70, 6.79 (d, 7  =  9.0 Hz,
6-, 7-H of indolines), 6.93, 7.45 (d, 7  = 9 .0  Hz, 6-, 7-H of indole), 
10.95 (s, NH of indole); integration of the nmr trace indicated 
the ratio of 9f: lOf: Ilf to approximate 4 :3 :3 .

Partial separation of material from a similar reduction was 
achieved by partition chromatography on diatomaceous silica 
using heptane-2-methoxyethanol (1:1) as the solvent system. 
The indoline products were eluted at peak hold-back-volumes
2.2 and 2.5 ( Vm/V, =  1.65). Isolation of pure material was 
achieved only after repeated rechromatography of each peak. 
The less polar fraction contained the trans isomer 1 If, which was 
sublimed to give yellow crystals: mp 113-116°; uv max 240, 
320 m/x (e 7600, 4000); ir max 2.95, 3.09, 6.20 m; nmr (CDC13) 
8 1.16 (d, 7  =  6.5 Hz, 2-CH3), 3.80 (s, OCH3), 6.70 (s, 2, aryl H), 
and a series of multiplets at 5 1.25-3.76.

Anal. Calcd for C2iH29F3N20 :  C, 65.93; H, 7.66; F, 14.90; 
N, 7.32. Found: C, 66.22; H, 7.60; F, 14.90; N, 7.32.

The more polar material was recrystallized from acetone- 
hexane to give the cis isomer lOf as yellow crystals: mp 108-
110°; uv max 246, 322 m/x (« 8200, 3800); ir max 2.95, 3.10,
6.25 m; nmr (C1)C13) 8 1.40 (d, 7  =  0.5 Hz, 2-CH3), 3.80 (s, 
OCH3), 3.88 (q, 7  =  7.0 Hz, 2-H), 6.70 (s, 2, aryl H ), and a 
series of multiplets at 8 1.25-3.77.

Anal. Found: C, 66.02; H, 7.70; F, 15.09; N , 7.28.
S-Methoxy-2-methyl-3-[ 2 -(1-pyrrolidinyl) ethyl] -4-(trifluoro- 

methyl)indole (9e) Borane.— A solution of 1.80 g (5.1 mmol) of 
1 - [5-methoxy-2-methyl-4 - (trifluoromethyl) - 3 -indoleglyoxyolyl]- 
pyrrolidine (3e) in 140 ml of THF and 15 ml of 1.0 M  borane in 
THF was heated at reflux for 4 hr and cooled, and the excess 
borane was decomposed with water. After evaporation of sol
vents, the residue was dissolved in benzene and this solution was 
washed with water, dried, and evaporated.

Crystallization of the crude residue from ether-hexane gave 
330 mg of pale yellow powder, mp 162-164°. The mother liquor 
was chromatographed on 100 g of silica gel.15 Elution with di- 
chloromethane-hexane (9:1) gave an additional 300 mg (36% 
total product, mp 160-170°).

The analytical specimen was obtained from a similar experi
ment by crystallization from ether-hexane to give white plates: 
mp 174-176°; uv max 232, 308 mjx (e 27,000, 10,000); ir max 
2.99, 4.25-4.30, 6.13, 0.35 /x; nmr (CDC13 +  DMSO-xA) 8 2.00 
(m, -C H 2CH2-  of pyrrolidine), 2.45 (s, 2-CH3), 2.45-3.42 (m, 
-C H 2CH2N, -C H 2NCH2- ) ,  3.85 (s, 3, OCH3), 0.84 (d, 1, 7  =
9.0 Hz, 6-H), 7.40 (d, 1 ,7  =  9.0 Hz, 7-H), 10.75 (s, 1, NH), and 
3 H in the 1.0-3.0 region (BH3).

Anal. Calcd for Ci,H24F3N20 -B H 3: C, 60.00; H, 7.11; N,
8.24. Found: C, 59.91; H, 6.83; N, 8.28.

Further elution of the column with dichloromethane-ether 
(8:2) gave 750 mg (43%) of a mixture of the borane adducts of 
indolines lOe and l ie  as a yellow oil, uv max 250, 330 mu, ir

(15) A product of the Davison Chemical Co., Baltimore, Md., with mesh
size 100-200.



max 4.20, 6.30 y. Chromatography of this material on di- 
atomaceous silica using a heptane-ethyl acetate-methanol-water 
(90:10:17:4) system gave 600 mg o: oil at peak hold-back-volume
4.0 (F m/F s = 2.47); tic of this material in heptane-ethyl ace
tate (1:1) and acetone-acetic acid-methanol-benzene (6:5:20: 
100) showed two spots. Partial separation was effected by pre
parative chromatography on silica gel using heptane-ethyl ace
tate (1:1). A fraction containing 240 mg was isolated as a yellow 
oil: uv max 246, 325 mM (e 8200, 3600); ir max 3.02, 4.25, 6.25 
m; nmr (CDC13) 5 1.40 (d, 3, J =  7.0 Hz, 2-CH3), 3.80 (s, 3, 
OCH3), 6.72 (s, 2, aryl H), and 1.16-4.00 (series of multiplets). 
This spectral data suggests the material to be the borane adduct 
of cis isomer lOe.

5-Methoxy-2-methyl-3- [2-( 1-pyrrolidinyl )-ethyl] -4-(trifluoro- 
methvl)indole (9e).— A solution of 800 mg of 5-methoxy-2- 
methvl-3-[2-(l-pyrrolidinyl )ethyl]-4-(trifluoromethyl)indole bo
rane in 10 ml of xylene and 4 ml cf n-octene-1 was heated at 
reflux for 3 hr, cooled, diluted with heptane, and filtered to give 
510 mg of pink crystals, mp 145-150°. The product was puri
fied by crystallization from acetone-water and sublimation at 
130° to give white crystals: mp 152-154°; uv max 228, 305 
mM (« 25,200, 10,000); ir max 2.95, 6.13, 6.32 y ;  nmr (DMSO- 
d6) & 1-68 (m, 4, ~CH2CH2-  of pyrrolidine), 2.36 (5,3,2-CH3),
2.36-4.67 (underlying m, -C H 2CH2N < , -C H 2NCH2- ) ,  3.81 (s, 3, 
OCH3), 6.92 (d, 1, J  =  9.5 Hz, 6-K), 7.47 (d, 1, J =  9.5 Hz,
7-H), 11.20 (s, 1, NH).

Anal. Calcd for C17H2iF3N20 :  C, 62.56; H, 6.49; F, 17.47; 
N, 8.48. Found: C, 62.87; H, 6.65; F, 17.41; N, 8.71.

3-(2-Dimethylaminoethyl)indoline (13a).— A solution of 2.16 
g (10 mmol) of iV,Ar-dimethyl-3-indoleglyoxamide16 in 150 ml of 
THF and 40 ml of 1.0 M  borane in THF was heated at reflux for
2.5 hr and cooled. The excess borane was cautiously decomposed 
with water. After evaporation of the solvents, the residue was 
dissolved in ether, and this solution was washed with water, dried, 
and evaporated to give 2.10 g of colorless oil.

The crude oil was heated at reflux temperature with 12 ml of 
20% HC1 for 1.5 hr. The cooled solution was washed once with 
ether, rendered strongly alkaline with NaOH, and extracted 
with ether. The ether solution was washed twice with water, 
dried, and evaporated to give 1.10 g of colorless oil; vpc at 142° 
on a 6 ft 3.8%  SE-30 on Diatoport S column showed this material 
to be 95% 13a (retention time 4.4 min) and 5%  3-(2-dimethyl- 
aminoethyl)indole (retention time 6.5 min; identical with that of 
a known sample).

Purification was effected by chromatography on diatomaceous 
silica using a heptane-ethyl acetate-methanol-water (90:10: 
17:4) solvent system. The fraction with peak hold-back-vol
ume 3.25 (F „ ,/F s =  2.44) was evaporated to give 800 mg of 
amber oil, uv max 242, 293 m/i (e 5900, 2300), ir max 3.05, 6.20 
y .  This material formed a picrate, mp 158-160°.

Anal. Calcd for C i2H iSN 2-C6H3N30 7: C, 51.55; H, 5.05; 
N, 16.70. Found: C, 51.28; H, 5.16; N, 16.93.

3-(2-Dimethylaminoethyl)-5-methoxyindole (13b) Borane.— A 
solution of 2.46 g (10 mmol) of 5-nethoxy-JV,iV-dimethyl-3- 
indoleglyoxamide17 in 50 ml of THF and 35 ml of 1.0 M  borane 
in THF was heated at reflux temperature for 3 hr and cooled, 
and the excess borane was decomposed with water. After evapo
ration theresidue was dissolved in ether, washed with water, dried, 
and evaporated to give 2.90 g of white plates. This material 
was recrystallized twice from dichloromethane-hexane to give
1.20 g of crystals: mp 124-125°; uv max 222, 278, 298, 308 
mM (« 23,000, 5800, 4650, 3350); ir max 2.90, 4.22, 4.40, 6.15, 
6.30m-

Anal. Calcd for C13H18N20 -B H 3: C, 67.26; H, 9.12; N,
12.07. Found: C, 67.04; H, 9.43; N, 11.97.

An additional 500 mg (73% total) of product was obtained by 
chromatographing the first mother liquor on 50 g of silica gel and 
eluting with ether-dichloromethane (1:4).

The same compound, mp 123-125°, was prepared by similar 
treatment of 3-(2-dimethylaminoethyl)-5-methoxyindole17 with 
borane.

Reduction of l,Ar,A'-Trimethyl-3-ind3leglyoxamide (14).— A 
solution of 2.20 g (9.6 mmol) of crude l,A,iV-trimethyl-3-in- 
doleglyoxamide (14) (prepared in the usual way3 from 1-methyl-

Reduction o f  Certain 3-Indolylglyoxamides

(16) H . K on d o , H . K ataoka , Y .  H ayashi, and T . D od o , I t s u u  K e b k y s h o  
N e m p o ,  10, 1 (1959); C h e m . A b s t r ., 54, 492t (I9 60 ).

(17) M . Julia and P . M an ou ry , B u l l .  S o c .  C h im . F t ., 1411 (1965).

indole, oxalyl chloride, and dimethylamine, and obtained as a 
homogeneous oil) and 30 ml of 1 M  borane in THF was heated at 
reflux temperature for 3 hr. The usual isolation procedure gave 
1.90 g of colorless oil, which was chromatographed on 100 g of 
silica gel. Elution with dichloromethane gave 500 mg (24%) of 
white crystals, mp 84-86°. Two crystallizations from ether gave 
pure 3-(2-dimethylaminoethyl)-l-methylindole (15a) borane: 
mp 90-92°; uv max 223, 288 him (e 35,500, 5500); ir max 4.25,
4.32, 4.41, 6.15 m; nmr (CDC13) 5 1.0-3.0 (broad, BH3), 2.58 
[s, 6, N(CH3)2], 3.06 (broadened s, 4, -C H 2CH2N < ), 3.62 (s, 3, 
NCH3), 6.80 (s, 1, 2-H), 7.22 (m, 2, 5-, 6-, and 7-H), 7.55 (m, 1,
4-H).

Anal. Calcd for Ci3H i8N 2-BH3: C, 72.23; H, 9.79; N, 
12.96. Found: C, 72.48; H, 9.64; N, 13.13.

Continued elution of the column with ether-dichloromethane 
(1:4) gave 450 mg (21%) of 3-(2-dimethylaminoethyl)-l-methyl- 
indoline (15b) torane as a white solid, mp 92-94°. Two re
crystallizations of this solid from ether-hexane gave white crys
tals: mp 98-99°; uv max 250, 295 m^ (e 12,500, 6100); ir max
4.35, 6.25 m; nmr (CDC13) S 1.67-2.37 (m, -C H 2CH2N < ), 2.65 
(s, NCH3), 2.71 [s, -N (C H 3)2-BH 3], 2.71 (underlying m, 3-H), 
2.89 (m, 2-CH2), 3.20 (m, -C H 2CH2N < ), 6.35-7.20 (m, 4, aryl 
H).

Anal. Calcd for C i3H20N2' BH3: C, 71.57; H, 10.62; N,
12.84. Found: C, 71.73; H, 10.41; N, 12.78.

3-Methylindole (17).— A solution of 2.82 g (15 mmol) of ethyl
3-indolecarboxylate (16a) in 50 ml of THF and 50 ml of 1.0 M 
borane in THF was heated at reflux for 48 hr. Examination 
of the reaction mixture by tic and vpc showed the presence of a 
single product having R, values and retention times correspond
ing to those of skatole.

3-Methylindole (17) and 3-(3-Indolylmethyl)-3-methylindoline
(18).— A solution of 2.42 g (15 mmol) of 3-indolecarboxylic acid 
(16b) in 100 ml of THF and 50 ml of 1 M  borane in THF was 
heated at reflux for 4 hr and cooled, and the excess reagent was 
decomposed with water. After evaporation of the solvents, the 
residue, 1.6 g of malodorous oil, was dissolved in ether and ex
tracted three times with 25-ml portions of 6 N HC1 and the ether 
was dried and evaporated to give 965 mg (49%) of skatole (17) 
as white crystals, mp 75-79°. The structure was confirmed by 
comparison of its nmr spectrum with that of an authentic 
sample.

The combined acid washes were extracted with CHC13 and the 
CHC13 extracts were combined, washed with saturated N aH C03, 
dried, and evaporated to 250 mg of tan oil. This material was 
chromatographed on diatomaceous silica using a heptane-meth
anol (1:1) system. The fraction eluted at peak hold-back- 
volume 4.0 (F m/ F a = 2.38) was evaporated to give 150 mg (8% ) 
of 3-(3-indolylmethyl)-3-methylindoline (18) as odorless, pink 
crystals, mp 121-123°. Recrystallization from acetone-hexane, 
followed by sublimation at 115°, gave the pure sample: mp 132-
134° (lit.4 mp 132-134°); uv max 225, 284, 292 m y  (t 29,800, 
9600, 9200); ir max 2.90, 3.02, 6.08, 6.22 y; nmr (CDC13) 5
1.33 (s, 3, CH3), 3.00 (s, 2, -C H 2), 3.09 (d, 1, J =  9.0 Hz, 2-H 
of indoline), 3.22 (s, 1, NH of indoline), 3.50 (d, 1, J  =  9.0 Hz, 
2-H of indoline), 6.42-7.67 (m, 8, aryl), 7.80 (broad s, NH of 
indole).

Anal. Calcd for C1SH18N2: C, 82.40; H, 6.92; N, 10.68; 
mol wt, 262. Found: C, 82.33; H, 6.70, N, 10.52; mol wt, 
262.

RegistryNo.— 1 ,16052-63-4; 2 succinate, 38179-35-0; 
3a, 23340-79-6; 3b, 23340-80-9; 3c, 23340-81-0; 3d, 
38662-06-5; 3e, 23340-83-2; 3f, 23340-84-3; 4, 38662-
09-8; 5, 38662-10-1; 5 fumarate, 38662-46-3; 6a,
38662-11-2; 6d, 38662-12-3; 9c, 23340-82-1; 9c borane, 
38662-14-5; 9e, 23340-85-4; 9e borane, 38662-16-7; 
10a, 38662-47-4; lOe borane, 38662-48-5; lOf, 38677- 
72-4; 11a, 38662-49-6; Ilf, 38661-77-7; 13a, 38662-
17-8; 13a picrate, 38662-18-9; 13b borane, 38662-23-6; 
14, 38662-19-0; 15a borane, 38662-20-3; 15b borane, 
38662-21-4; 16a, 776-41-0; 16b, 771-50-6; 17,83-34-1; 
18, 38662-24-7; oxalyl chloride, 79-37-8; N,N-di-
methyl-3-indoleglyoxamide, 4545-06-6 ; 5-methoxy- 
A7,A^-dimethyl-3-indoleglyoxamide, 2426-20-2; LiAlH4, 
16853-85-3; diborane, 19287-45-7.
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Studies of the competitive metalation of indene by ieri-butyllithium and isopropyllithium in pentane have 
shown that the reactions are first order in alkyllithium and that the relative reactivities of the two alkyllithiums 
depend upon the compositions of the aggregates in the mixture, purè iort-butyllithium tetramer being an order 
of magnitude less reactive than teri-butyllithium in mixed aggregates with isopropyllithium.

An important clue to the mechanism of any reaction 
of an organolithium compound could be the relationship 
of the rate of that reaction to the stabilities or inher
ent basicities of the organolithiums. The latter may 
be assumed to bear some relationship to the aqueous 
acidities (p/va) of the corresponding hydrocarbons, and, 
in part by such an assumption, Cram1 has combined 
various kinds of kinetic and equilibrium data into an 
internally consistent scale (“ MSAD scale” ) of hydro
carbon acidities. We have sought correlations of 
MSAD acidities with the rates of the simplest possible 
organolithium reactions, and here report the results of 
some such studies on the metalation of the acidic 
hydrocarbon indene by two alkyllithium compounds.

In this study, a limiting amount of indene was added 
to a mixture of two alkyllithiums in pentane at room 
temperature1. After a reaction period of 1-2 hr, the 
reaction was quenched with D 20  and the extent of 
deuterium incorporation in each of the resulting al
kanes was determined by quantitative infrared analy
sis. If undeuterated alkane arose exclusively from the 
reaction of RLi with indene, then the relative rates of 
reaction of the two alkyllithiums with indene were 
thus determined. The determination of the relative 
rate constants ( k / k ' )  from the data using eq 1 requires

d(ItLi) fc(RLi)m
d(R 'L i) -  fc'(R'Li)» U)

assumption or prior determination of values for the 
exponents m  and n .  The literature reveals fractional 
orders for the very similar metalation of fluorene in 
benzene2 and for metalation of triphenylmethane in 
THF.3 Other reactions of alkyllithiums sometimes 
exhibit fractional order4 or first order5 or are reactions 
with induction periods.511'6

(1) D . J. Cram, “ Fundamentals of Carbanion Chemistry,”  Academic 
Press, New York, N. Y ., 1965, Chapters 1 and 2.

(2) (a) A. G. Evans, C. R . Gore, and N. H. Rees, J. Chem. Soc., 5 1 0 0
(1965) ; (b) A. G. Evans and N. H. Rees, ibid., 6039 (1963); (c) R . A. H. 
Casling, A. G. Evans, and N. H. Rees, J. Chem. Soc. B, 519 (1966).

(3) (a) R. W aack and P. West, J. Organometal. Chem., 5, 188 (1966); 
(b) R . Waack, P. West, and M. A. Doran, Chem. Ind. {London), 1035
(1966) ; (c) P. West, R . Waack, and J. I. Purmont, J. Amer. Chem. Soc., 
92, 840 (1970).

(4) (a) S. G. Smith, Tetrahedron Lett., N o. 48, 6075 (1966); (b) T. Holm,
Acta Chem. Scand., 23, 1829 (1969); (c) S. llywater, Advan. Polym. Sci., 
4, 66 (1965); (d) R . C. P. Cubbon and D . Margerison, Progr. React. Kinet., 
3, 404 (1965); (e) D . J. W orsfold and S. Bywater, Can. J. Chem., 38, 1891 
(1960); (f) K . F. O’ Driscoll, E . N. R i2chezza, and J. E. Clark, J. Polym. 
Sci., Part A , 3, 3241 (1965); (g) R. W aack and M . A. Doran, J. Amer.
Chem. Soc., 91, 2456 (1969); (h) A. G. Evans and D . B. George, J. Chem. 
Soc., 4653 (1961).

The determination of the reaction orders m and n 
in a competitive study such as this one is complicated 
by the fact that if a fractional order arises from the 
commonly accepted mechanism (eq 2), and if the two

(RLi). nRLi

slow
RLi +  substrate -— >■ product

k

(2)

lithium reagents in the competitive mixture have 
formed a statistical array of mixed aggregates, then 
analysis of the data using eq 1 will give constant values 
for k/k' only for in =  n =  1, regardless of the fact that 
the rate law for reaction of an isolated RLi would be 
of fractional order.7 The values of “ k/k'”  thus ob
tained will not be the ratios of rate constants for the 
proton-abstraction steps, but will be related to the 
dissociation constants of the aggregates (eq 3), where

(3)

K  and K ’ are the equilibrium constants for the two 
alkyllithiums in the first step of mechanism 2. Com
petitive rate studies thus cannot be interpreted in 
purely kinetic terms if mechanism 2 is operative and 
if the alkyllithiums have formed a statistical mixture 
of aggregates.

In the present work it has been found that alkyl
lithiums in pentane react with indene in a process 
which is first order in alkyllithium, not fractional order, 
so that mechanism 2 is not operative here. Rather, 
indene apparently reacts directly with the undissociated 
RLi aggregate. The means by which the true first- 
order dependence was established was to investigate

(5) (a) S. Bywater and D. J. Worsfold, J. Organometal. Chem., 10, 1 
(1967); (b) H. L. Hsieh, J. Polym. Sci., Part A , 3, 163 (1965); (c) P. D. 
B artlett, C. V. Goebel, and W. P. Weber, J. Amer. Chem. Soc., 91, 7425 
(1969).

(6) (a) M. B. York, Ph.D. Thesis, University of Illinois, 1967; (b) D. J.
Worsfold and S. Bywater, Can. J . Chem., 42, 2884 (1964); (c) A. F. Johnson 
and D. J. Worsfold, / .  Polym. Sci., Part A , 3, 449 (1965); (d) J . E. L.
Roovers and S. Bywater, Trans. Faraday Soc., 62, 1876 (1966); (e) J. E. L. 
Roovers and S. Bywater, Macromolecules, 1, 329 (1968); (f) A. Guyot and 
J. Vialle, J. Polym. Sci., Part B, 6, 403 (1968).

(7) A simple proof was presented by D. E. Applequist and D. F . O’Brien, 
J. Amer. Chem. Soc., 85, 743 (1963), tha t the ratio of two monomeric alkyl
lithium species in such a statistical array is directly proportional to  the 
ratio of the total stoichiometric concentrations of the two alkyllithium 
compounds.
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competitive reactions of a mixture of feri-butyllithium 
and isopropyllithium which were freshly mixed and 
therefore had not had time to form mixed aggregates.8 
Only the assumption of first-order reactions (m = n =  
1) in alkyllithium gave constant values of ki.-Pru/kt.Buu 
from integrated forms of eq 1, as shown in Table I.

T a b l e  I

C a l c u l a t e d  V a l u e s  o f  k i-p ru /k t -B u u  f o r  V a r i o u s  V a l u e s  o f  
m (O r d e r  i n  i-PrLi) a n d  n (O r d e r  i n  i-BuLi) w i t h  V a r i o u s  

I n i t i a l  M i x t u r e s  o f  H o m o g e n e o u s  A g g r e g a t e s  
o f  t-PrLi a n d  ¿-BuLi6’“

m =  1 m =  Vs m =  V* m =  2 m =  l,
n =  1 n = n =  */< n =  2 n =  1

0.843 11.3 3.8 2.2 112 54
0.572 15.1 9.1 7.3 107
0.215 13.6 21 26 6.5 114
0.151 11.5 23 32 146

° Stoichiometric mole fraction of t-BuLi in the alkyllithium 
mixture. b The estimated maximum errors in the calculated 
ratios (from experimental errors) are 25-50%. c All alkyl
lithium mixtures were allowed to stand together for 18 min 
before addition of indene.

Since both i-BuLi and z'-PrLi in their homogeneous 
aggregates (tetramers in the case of ¿-BuLi and a mix
ture of tetramers and perhaps hexamers in the case 
of 1-PrLi)9 react with indene by processes first order 
in alkyllithium, it seems safe to infer that mixed ag
gregates of these two alkyllithiums also react by such 
first-order processes. It was next of interest to deter
mine the effect upon &i-PrLi/fci-BuLi of allowing the 
mixture of alkyllithiums to stand long enough8 to 
form a statistical mixture of aggregates before the in
dene was added. The results of a set of such experi
ments are shown in Table II.

T a b l e  I I

R a t i o  o f  P s e u d o - F ir s t -O r d e r  R a t e  C o n s t a n t s  a s  a  F u n c t i o n  
o f  t h e  T i m e  t h e  A l k y l l i t h i u m s  W e r e  A l l o w e d  t o  S t a n d  

P r i o r  t o  A d d i t i o n  o f  I n d e n e “

Time,
hr *\-PiLi/£|-BuL
0.3 15 ±  4

11 3.2 ±  0.4
24.8 1.9 ±  0.4
42.8 1.6 ±  0.2
93 1.3 ±  0.2

“ The mole fraction of f-BuLi was 0.572 in these runs.

The conclusion from the data of Table II is that the 
relative reactivities of the two alkyllithiums in the 
reaction with indene are markedly dependent upon 
the composition of the aggregate which reacts with the 
indene. It is clear that ferf-butyllithium in its homo
geneous tetramer is particularly unreactive, whereas 
fer(-butyllithium and isopropyllithium show nearly 
equal reactivities toward proton abstraction when 
they are in mixed aggregates (presumably tetramers).

It must be concluded that simple correlations of 
alkyllithium reactivities with the M SAD or other 
scale of inherent basicities cannot be expected when the 
alkyllithiums react in aggregated form. Indeed the 
data comprising the M SAD  scale could themselves

(8) (a) G . E . Hartwell and T. L. Brown, J . Amer. Chem. Soc., 88, 4625 
(1966); (b) M . Y . Darensbourg, B. Y . Kimura, G . E . Hartwell, and T. L. 
Brown, ibid., 92, 1236 (1970).

(9) T . L. Brown, Accounts Chem. Res., 1, 23 (1968).

be biased by steric effects within the aggregates, as 
we have earlier pointed out.10

In spite of the difficult}'' of quantitative interpreta
tion of data that has been demonstrated above, mea
surements have been made of relative reactivities of a 
number of alkyllithiums (equilibrated mixtures) with 
indene and fluorene in pentane, benzene, or ether- 
pentane, and crude linear correlations with M S A D 1 or 
A / 0 basicity scales have been obtained. The data are 
recorded elsewhere.11

Experimental Section
Materials.— Commercial indene was repeatedly crystallized 

from pentane at Dry Ice temperature until it was better than 99% 
pure by glpc analysis on an FFAP column. It was then vacuum 
distilled through a 127-cm tantalum-wire column and stored in a 
freezer until used.

Bulk pentane was washed several times with concentrated 
sulfuric acid and then with water, dried (MgSO,), distilled from 
calcium hydride, and stored over Dri-Na (sodium-lead alloy).

fert-Butyllithium in pentane was obtained from Alfa Inorganics, 
Inc. Isopropyllithium was prepared by the general method of 
Gilman12 from 2-chloropropane (>99%  pure by glpc) and high- 
sodium lithium metal from Lithium Corp. of America. The 
alkyllithium solutions were analyzed by the Gilman double- 
titration method with allyl bromide or 1,2-dibromoethane,13 and 
in general contained less than 2%  of base other than alkyllithium. 
All volumetric measurements of alkyllithium compounds were 
made with pipets inside an argon atmosphere glove box from 
which traces of oxygen and water were removed by continuous 
circulation of the atmosphere through columns packed with 
molecular sieves and MnO. All solutions were flushed with argon 
before transfer to the glove box or before addition to alkyllithium 
compounds.

Competitive Reactions with Indene.— Quant itives of i-PrLi and 
¿-BuLi in pentane were pipetted into a reaction flask to give 
solutions ca. 0.3 M  in total alkyllithium and were allowed to 
stand for a measured time. The solvent was removed under 
vacuum and replaced with ca. 50 ml of pentane.

The flask, which was equipped with a stopcock and also with a 
septum, was removed from the glove box. Two dewar traps, 
one above the other, were flushed with argon, attached above the 
stopcock of the flask, and cooled with Dry Ice. The stopcock 
on the reaction flask was opened, and a positive pressure of 
argon was maintained in the system throughout the reaction. 
Enough indene (generally 11-20 mmol) in ca. 50 ml of pentane 
was added through the septum to leave convenient amounts of
i-PrLi and f-BuLi unreacted after ca. 60-90%  of the indene re
acted. The reaction mixture was stirred magnetically at room 
temperature for 2 hr for freshly mixed solutions and for 1 hr for 
equilibrated solutions, during which time a white precipitate 
presumed to be indenyllithium formed. In order to analyze for 
unreacted alkyllithium, the reaction flask was cooled with an 
ice bath, and 6 ml of D 20  was carefully added through the sep
tum to the rapidly stirred mixture. The precipitate dissolved 
within a few minutes of the D 20  addition, indicating that the 
precipitate was indenyllithium rather than an indene polymer. 
The lower dewar trap was warmed to 0° and a collecting flask 
at the top of the lower dewar trap was cooled with Dry Ice. The 
reaction solution was distilled and the fraction with a boiling 
point less than 0° was collected. The isobutane and propane in 
this concentrated sample were purified to greater than 99% purity 
by preparative glpc using a 20-ft 20%  diisodecyl phthalate on 
Chromosorb P column at room temperature. Only traces of 
products with retention times identical with those of propene and 
isobutene were observed in addition to the expected peaks of 
propane, isobutane, and solvent on both diisodecylphthalate and 
Porapak Q columns. The purified hydrocarbons were trans
ferred to a vacuum line and transferred through a Dry Ice cooled 
trap to remove any nonvolatile impurities. Fixed amounts of

(10) See reference in footnote 7.
(11) (a) W . J. Peascoe, P h .D . Thesis, University of Illinois, 1970; (b)

\V. C. Ripka, Ph.D . Thesis, University of Illinois, 1966.
(12) H. Gilman, F. W . Moore, and O. Baine, J. Amer. Chem. Soc., 63, 

2479 (1941).
(13) H . Gilman and A. H. Haubein, ibid., 66 , 1515 (1944).
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hydrocarbon as determined by pressure were transferred to a 
10-cm gas ir cell, and the ir spectrum was determined under 
standard conditions. The ir spectrum of propane showed bands 
at 2860-3000, 1480, 1470, 1450, 1390, and 1380 cm“ 1; the ir 
spectrum of 2-deuteriopropane showed bands at 2860-3000, 2170, 
1480, 1470, 1390, 1380, and 1142 cm-1; the ir spectrum of iso
butane showed bands at 2850-3000, 1482, 1380, 1330, and 1175 
cm-1; and the ir spectrum of 2-deuterioisobutane showed bands 
at 2860-3000, 2155, 1482, 1380, 1242, and 1232 cm “ 1. The 
ratio of absorbance at 2170 to that at 1480 and at 2170 to that at 
1380 cm -1 for partially deuterated propane and the ratio of 
absorbance at 2155 to that at 1380 and at 1242 to that at 1482 
cm -1 for partially deuterated isobutane were determined. Com
parisons of the ratios of absorbances to the ratios of absorbances 
of mixtures with known mole fraction of monodeuterated hydro
carbon were made graphically, and the mole fraction of deu
terated hydrocarbon was determined. The results from the two 
determinations for each sample were within 0.02 mole fraction 
units and an estimated error of ±0 .0 2  mole fraction units from 
the mean was assigned as a reasonable limit of accuracy for the 
method. The error limits assigned in Tables I and II are based 
on an assumed error of ±0 .0 2  mole fraction units in the final 
concentrations of the alkyllithium compounds. No fractiona
tion of partially deuterated compound occurred during work-up, 
since a glpc-purified sample of propane with a known deuterium 
content was repurified and found to have the same deuterium 
content.

An alternative analytical method gave results within experi
mental error of those described above for equilibrated alkyl
lithium mixtures, and in addition was used to show that added 
lithium chloride, ¿erf-butyl chloride, or ¿erf-butyl alcohol did not

change the ratio fc,-ptLi/fci-BuLi, whatever effects they may have 
had on the absolute rates. When the reaction was complete, 
the solvent and volatile hydrocarbon products of the reaction 
were removed under vacuum with external heat. The reaction 
mixture was not allowed to warm above 30°. Benzene con
taining adamantane as an internal nmr standard was pipetted 
into each of the flasks. The precipitated aryllithium compound 
was broken up and dispersed in the liquid. The solution of un
reacted alkyllithium compounds and adamantane was filtered 
from the precipitate using disposable pipets fitted with glass- 
wool plugs. The nmr resonances of the alkyllithium compounds 
(¿-BuLi 5 1.00 (s); ¿-PrLi 1.36 (d)] and the resonance of ada
mantane (S 1.75-1.85) were integrated five times. The ratio of 
the areas of the alkyllithium resonances to the area of the ada
mantane resonance was used to determine the concentration 
of the alkyllithium compounds.

Registry No.— f-PrLi, 1888-75-1; ¿-BuLi, 594-19-4; 
indene, 95-13-6; propane, 74-98-6; 2-deuteriopropane, 
20717-74-2; isobutane, 78-28-5; 2-deuterioisobutane, 
13183-68-1.

Acknowledgments.— This work was supported in 
part by National Science Foundation grants G-7403, 
GP-166, and GP-4681, and in part by the Petroleum 
Research Fund, administered by the American Chemical 
Society. Grateful acknowledgment is made to the 
National Science Foundation and to the donors of the 
Petroleum Research Fund.

The Knoevenagel Reaction. A Kinetic Study of the Reaction of 
(+)-3-Methylcyclohexanone with Malononitrile
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The condensation of malononitrile with ( + )-3-methylcyclohexanone produced an 80-85% yield of ( —)-3- 
methylcyclohexylidenemalononitrile. The reaction, followed polarimetrically in alcohol-water, is kinetically 
second order and efficiently catalyzed by weak bases (w-amino acids, cyclic amino acids, NH4OAc), furnishing 
solutions having an apparent pH of 7.5-8.0. With ^-alanine as catalyst, the Ea was 7.6 kcal/mol compared 
to 11 kcal/mol uncatalyzed. Stronger bases (barbital, NaOAc, KOAc, KF, piperidine) effected more rapid 
condensation but poorer kinetics because of telemerization of malononitrile at the higher pHs.

Our earlier studies on the Knoevenagel condensa
tion2-3 have examined catalyst effectiveness in a hetero
geneous system. Under these conditions efficiency of 
the largely insoluble dipolar ions was a function of an 
undetermined combination of pH and concentration.

A more desirable homogeneous system involved the 
reaction of (+)-3-methylcyclohexanone with malo
nonitrile (eq 1). This reaction occurred slowly (when 
not catalyzed) and nearly quantitatively in an alco
holic solution at room temperature. The product can 
be isolated in 80 -8 5 %  yield and is probably formed to 
an extent greater than 95% . The reverse reaction is 
very slow and can be neglected. With catalysts fur
nishing an apparent pH no higher than 8, no important 
side reactions seem to appear. Because the change in 
rotation during the course of this reaction is large and

(1) This investigation was supported by the National Science Foundation 
Grants for the Undergraduate Research Participation Program of the Science 
Education Section, Division of Scientific Personnel and Education in (a) 
1962, (b) 1963, (c) 1964, (d) 1965, and (e) 1967.

(2) F. S. Prout, J. Org. Chem., 18, 928 (1953); F. S. Prout, A. A . Abdel- 
latif, and M . R. Kamal, J. Chem. Eng. Data, 8 , 597 (1963).

(3) For an extensive review see G. Jones, Org. React., IS, 204-599 (1967).

c h 3

+  CH2(CN)2

[ « ] 25d + 9 . 3 7 °

8 5 %  e t h a n o l

ch3

(XCN)2

[ « ] 25d - 8 0 . 4 °

+  H20  (1)

linear with change in concentration, the progress of the 
reaction can be followed polarimetrically.

An extensive series of kinetic runs were made using 
/3-alanine as catalyst (Table I). Most runs were made 
with a 0.400 M  concentration of reactants and the rate 
calculations were based on the assumption of second- 
order kinetics.4-5 It is clear in runs 11, 15, 49, 50, 52, 
and 53 that increasing the concentration of catalyst 
from 6 X  10-4 M to 2.5 X  10~2 M  increased the rate of

(4) S. Patai and Y . Israeli, J. Chem. Soc., 2025 (1960).
(5) L. Rand, D . Haidukewych, and R . J. Dolinsky, J. Org. Chem., 31 , 

1272 (1966).
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T a b l e  I
Reaction o f  (+ )-3 -M ethylcyclohexanone with 

Malononitrile Using /3-Alanine Catalysis“
h.b

[/3-Alanine], Temp, 1. mol 1 k,/ Apparent
Run mol/1. °C m in-1 [alanine] pHc

65 None 25 . 0.0007 6.55
66 None 45 0.0022
49, 50 6 X 10~3 25 0.107 18 7.19
52, 53 1.2 X 10~2 25 0.141 12 7.35
15 2.5 X  1 0 -2 25 0.152 6.1 7.42
51 6 X  10“ 3 15 0.0643 11
13 6 X 10“ 3 35 0.151 25
47, 48 6 X 10“ 3 45 0.179 30 7.0.'+
10 6 X 10-4 25 0.019e 32
11 6 X  10 -4 25 0.036e 47
16 6 X 10“ 3 25 0.0973/ 16 7.27*
17, 54 6 X IO“ 3 25 0.0527° 9 7 . ID
“ The reaction of 2.24 g (0.0200 mol) of ketone with 1.32 g 

(0.0200 mol) of malononitrile in a volume of 50 ml was observed 
in a polarimeter and rotatory values were converted to concen
trations. 6 fa determined graphically plotting time against 
1 /(a — x). c Apparent pH determined at 25 ±  5° with catalyst 
in 5 ml of water and 1.32 g of malononitrile, diluted up to 50 ml 
with 95% ethanol. d pH determined as in c, except at 48 ±  5°. 
e Run 10 performed in absolute alcohol, run 11 performed in the 
usual aqueous alcoholic system. * Reaction of 1.0 M  ketone 
with 0.20 M  malononitrile, fa determined graphically plotting 
log a(b — x)/b(a — x) against time. ° Reaction of 0.20 M  
ketone with 1.0 M  malononitrile. fa determined as in /.  h pH 
determined as in note c, except that in run 16 malononitrile 
was 0.200 M  and in runs 17 and 54 malononitrile was 1.00 M.

reaction; however, the efficiency of the catalyst (fc2/C )  
increased as the concentration of catalyst decreased. 
The increase of efficiency must reflect a higher per
centage of dissociation into the acidic (RNH3+) and 
basic (RCOO- ) ions at lower concentration. Second- 
order kinetics were apparently confirmed in runs using
1.00 M  ketone-0.200 M  malononitrile (run 16) and in 
runs using 0.200 M  ketone-1.00 M  malononitrile (runs 
17, 54). However, the rate constant is lower with 
high malononitrile concentration (runs 17, 54) because 
the apparent pH of the reaction mixture is lower.

The plot of log k, against 1/T (runs 51, 49, 50, and 
13) is linear between 15 and 35°. However, runs at 
45° (47 and 48) give a point far off the line. The ac
tivation energy (E&), calculated between 15 and 35° 
from the Arrhenius equation, was 7.6 kcal/mol. When 
no catalyst was used the E& was 11 kcal/mol.5

In another series of runs (Table II) the rates were 
determined with several catalysts. Usually the cat
alyst concentrations were 6 X  10_3 M. The second- 
order rates increased as the catalyst became more basic. 
A plot of log fc2/C  against apparent pH of the catalysts 
in alcohol-water (Figure 1) gave a cluster of points, 
suggesting that the rate is more dependent on the pH 
than on structural considerations.6

Structural features do cause aberrations; for ex
ample, the p-iV,iV-dimethylaminocyclohexanecarbox- 
ylic acids give rates which are much faster than the ap
parent pH would suggest. The rate calculations for 
the reactions when the apparent pH exceeded 8.5 were 
somewhat less reliable, but gave reasonable results 
because reaction plots were nearly linear up to 75%  of 
reaction. (For example, with barbital, the fastest

(6) Similar plots result when log k i/C  is plotted against pi (Table II), 
p2G, or p K 2. The pi values are from E . J. Cohn and J. T . Edsall, “ Pro
teins, Amino Acids and Peptides,”  Reinhold, New York, N . Y .,  1943, pp 
84, 99, 128.

rate, the reaction was about 25%  completed when the 
first reliable rotatory reading at 2 min was observed.)

Data for five constants are assembled in Table III  
and plotted in Figure 2. The runs catalyzed with 0- 
alanine at 25° (11, 49, and 53) give straight-line plots 
for the 70-min time. Run 48, which was catalyzed 
with (¡-alanine at 45°, slowed markedly after 30 min. 
This is probably caused by the conversion of malo
nonitrile to dimer and trimer.7 The potassium fluoride 
run shows a positive inflection after 18-20 min. This 
is typical of the more basic catalysts and we do not 
understand this effect.

Other possible side reactions, such as hydrolysis of 
malononitrile to cyanoacetamide or dimerization of 
product,8 are quite sluggish and do not appear to have 
a serious effect on the results.

The evidence we have assembled seems to indicate 
that the controlling rate of reaction is mainly a function 
of pH. The controlling reaction, following Zabicky’s 
mechanism, would probably be eq 2 .9 The efficiency

CH(CN)2

of tertiary amine and nonamine catalysts seems to 
eliminate the imine intermediate for the reaction under 
these reaction conditions.10

Experimental Section
All melting points and boiling points were uncorrected. Frac

tional distillations were carried out in a 60-cm, heated Vigreux 
column with no head. Gas chromatographic analyses were 
performed on a column with silicone gum rubber (SE-30) as 
liquid, phase in an F & M Model 720 or a Wilkins Aerograph 
600C. Optical rotations were observed on a Rudolph high- 
precision polarimeter, Model 80. Constant temperatures were 
maintained to a precision of ± 0 .1 °  with a Haake Model E water 
circulator. The accuracy of the thermometer was ± 0 .2 °  against 
an NBS-calibrated thermometer. Dissociation constants were 
determined with a Beckman Model 76 pH meter. Infrared 
spectra were determined on a Perkin-Elmer Model 22 spectro
photometer.

Pulegone was obtained from Givaudan-Delawanna, Inc., 
a MD +23.33 ±  0.02°. dZ-3-Methylcyclohexanone was obtained 
from Distillation Products Industries. The amino acids came 
from Distillation Products Industries (glycine, /3-alanine, y- 
aminobutyric acid, and N ,N -dimethylglycine hydrochloride) and 
Nutritional Biochemicals Corp. (e-aminocaproic acid). The 
aminophenols were crystallized commercial products previously 
reported.2 Malononitrile, obtained from Kay-Fries, Inc., was 
distilled prior to use, bp 95-99° (2 mm), fp 32°, homogeneous 
when gas chromatographed at 165°. The ethyl cis- and trans-p- 
dimethylaminocyclohexanecarboxylates were kindly given to us 
by Dr. Frank J. Vilani of the Sobering Corp., Bloomfield, N. J.

(7) A  mixture of 0.66 g of malononitrile and 27 mg of (3-alanine in a 50-ml 
ethanol-HaO solution was allowed to stand overnight at room temperature. 
Crude malononitrile remaining when the solvent was removed showed 
development of infrared absorption at 3370, 3270, 2230, 2215, and 1660 
cm -1 , suggesting the formation of malononitrile dimers and/or trimers. A  
sample of dimer, prepared inefficiently by boiling a mixture of malononitrile 
and /3-alanine in ethanol-water, had ir absorptions at 3360, 3210, 2270, 
2230, 2210, and 1660 cm -1 , just as reported by R . A . Carboni, D . D . Coff
man, and E. G . Howard, J. Amer. Chem. Soc., 80, 2838 (1958).

(8) M . R . S. Weir and J. B. Hyne, Can. J . Chem., 41, 2905 (1963); 42, 
1440 (1964).

(9) J. Zabicky, J, Chem. Soc., 687 (1961).
(10) The Knoevenagel reaction in benzene with piperidine catalysis might 

well involve an enamine intermediate; cf. G . H . Alt and G . A . Gallegos, 
J. Org. Chem., 36, 1000 (1971)', F. S. Prout, ibid., 38, 399 (1973).
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Figure 1.— Plot of log fc2/(catalyst) against apparent pH, datafrom Table II: 1, Glycine; 2, /S-alanine; 3, y-aminobutyric acid; 4, t-
aminocaproic acid; 5, Ar,iY-dimethylglycine; 6, cis-HHAA; 7, irans-HHAA; 8, cis-p-ACHGA; 9, Irans-p-ACHCA; 10, cfs-p-DMACHCA; 
11, fraras-p-DMACHCA; 12, barbital buffer; 13, NaOAc; 14, KOAc; 15, N il A) Ac; 16, KF; 17, piperidine.

T a b l e  I I

Condensation of (+ )-3-M ethylcyclohexanone with Malononiteile 
U s i n g  Several Catalysts at 25°i‘

Catalyst k,,b
(C), 6 X  10“ * M M ~*  m in-1 k,/C Lo£ fcj/C p le pH*4

Glycine 0.024« 4 .0 0.602 5.97 6.91
0- Alanine 0.107” 18 1.252 6.90 7.52
y-Aminobutyric acid 0.12 21 1.32 7.33 7.90
e-Aminocaproic acid 0.20 33 1.52 7.59 8.43
iV,iV-Dimethylglycine 0.015 2.5 0.399 5.87 7.07
cis-HHAA' 0.071” 12 1.08 7.02 7.86
irares-HHAA' 0.077” 13 1.11 6.72 7.69
as-p-ACHCA»’* 0.150 50 1.70 7.49 8.36
irares-p-ACHCA»''1 0.250 81 1.91 7.37 8.17
cw-p-DMACHCA*,- 0.195” 65 1.81 7.46 7.86
¿mres-p-DMACHCA4'4 0.190” 63 1.80 7.28 7.70
Glycylglycine' 0.017 7.1 0.85 5.60 6.49
Barbital buffer* 0.61 153 2.18 8.00* 9.80
Sodium acetate 0.29 48 1.68 8.99
Potassium acetate 0.25 42 1.62 8.80
Ammonium acetate' 0.33 55 1.74 7.87
Potassium fluoride 0.32 53 1.73 8.50
Piperidine* 0.53 176 2.25 11.10
o-Aminophenol 0.027 4.5 0.65
m-Aminophenol 0.0067 1.1 0.048 7.70
p-Aminophenol 0.056 9.3 0.97

“ Mixture containing 1.32 g (0.0200 mol) of malononitrile, 2.24 g (0.0200 mol) of ( + )-3-methylcyclohexanone, and catalyst in 5 ml 
of water diluted to 50 ml with 95% ethanol. b Ki determined graphically, l / (a  — i )  vs. time. ” p i determined in water, from Cohn 
and Edsall (ref 6), pp 84, 99, and 128, or Table IV. d Apparent pH of catalyst in a solution of 5 ml of water diluted to 50 ml with
95% ethanol. '  Average of two runs. 1 HHAA is hexahydroanthranilic acid. 0 p-ACHCA is p-aminoevclohexanecarboxylic acid.
'‘ Catalyst concentration was 3 X 10~3 M. ’ p-DMACHCA is p-dimethylaminocyclohexanecarboxylic acid. > Catalyst concentra
tion was 2.4 X  10-J M. k Buffer contains 2 X 10-4 mol each of barbital and sodium barbital in 5 ml of water. Thus C is 4 X  10-3
M. Reported pH 8.00: R, Nasanen and T. Heikkila, Suom. Kemistilchti B, 32, 163 (1959); Chem. Abstr., 54, 5215i (1960).

Ammonium acetate prepared by the action of 0.0178 mg of acetic acid with 0.0170 mg of ammonium carbonate (30%



(+ )-3 -M ethylcyclohexanone with M alononitrile J. Org. Chem., Vol. 38, No. 8, 1973 1515

Figure 2.'—Reaction of malononitrile with (+)-3-methylcycIohexanone. Plot of data in Table III: •, run 11, 0.0006 M  /3-alanine; 
O, run 49, 0.006 M  /3-alanine; □, run 53, 0.012 M  /3-alanine; ■, 0.006 M  KF all at 25°; + ,  run 48, 0.006 M  /3-alanine at 45°.

Amino Acids. cfs-Hexahydroanthranilic Acid.— Hexahydro- 
phthalimide11 (42.7 g, nip 129-134°) was dissolved in a solution 
of 16 g of sodium in 350 ml of methanol. Dry chlorine generated 
from the action of 15.8 g of potassium permanganate and 200 ml 
of concentrated hydrochloric acid12 was passed into the solution 
at 40-50°. The mixture was boiled for 15 min. After cooling 
the salt was removed, and the mixture was diluted with 500 ml of 
water and continuously extracted with ether.13

The crude ester-urethane (51 g) was mixed with 125 ml of con
centrated hydrochloric acid and was heated under reflux for 6 hr. 
The brownish reaction mixture was filtered with Norit and 
Celite and was concentrated at reduced pressure to furnish a solid 
residue. This amino acid hydrochloride was dissolved in water 
and was placed on a 100-g column of Amberlite IR-120 (sulfonic 
acid resin). After the mineral acid was washed out the amino 
acid was eluted with 0.9 M  ammonia. Eluates with pH 7-10 
contained the amino acid and were concentrated in vacuo. The 
crude product (mp 213-218°) was crystallized from alcohol- 
acetone to furnish 16.5 g (41.3%) of product, mp 222-224°. 
The purified acid was obtained from a mixture of ethanol- 
methanol diluted with acetone, mp 224.5-226.5°. This acid 
showed no loss in weight upon heating at 80° in vacuo. This 
acid has been reported to have melting points of 230-231,14
235,16 and 236°.16

The benzenesulfonamide as a 1:1 benzene complex was re
crystallized from benzene. Drying in vacuo at 80° gave the 
pure product, mp 160-161.5°.

Anal. Calcd for C13H u04NS: C, 55.10; H, 6.05. Found:17 
C, 55.08; H, 6.56.

ira/is-Hexahydroanthranilic Acid.— Forty grams of anthranilic 
acid was reduced by the action of 60 g of sodium in isoamyl 
alcohol.18

(11) W . Huckel and II. Muller, Ber., 64, 1981 (1931).
(12) C. Graebe and S. Rostovzeff, Ber., 36, 2747 (1902).
(13) J. Cason and H. Rapoport, “ Laboratory Text in Organic Chemis

try,”  2nd ed, Prentice-Hall, Englewood Cliffs, N . J., 1962, pp 261-265 .
(14) H. Plieninger and K . Schneider, Chem. Ber., 92, 1594 (1959).
(15) S. Hunig and H. Kahanek, Chem. Ber., 8 6 , 518 (1953).
(16) E . J. Moriconi and P. H. Mazzocchi, J. Org. Cliem., 31, 1372 (1966).
(17) Analysis by Micro-Tech Laboratories, Skokie, 111.
(18) A. Einhorn and A. Meyerberg, Ber., 27, 2470 (1894).

The combined aqueous washes containing the sodium salts 
from this reduction were allowed to stand with 440 g (ca. 1.85 
equiv) of Amberlite IP-120 to remove much of the sodium ion. 
The aqueous washes were passed through columns of Amberlite 
IR-120. The amino acid was eventually collected on the resin 
after the sodium ion had been adsorbed. The amino acid was 
eluted with 0.9 M  ammonia. The amino acid rich eluates (ca. 
1000 ml) were concentrated to a volume of 25-35 ml and diluted 
with 150 ml of acetone to give the crude amino acid, 14.4 g 
(34.6%), mp 248-250°. Recrystallization of the amino acid 
from 50 ml of water and 75 ml of acetone furnished 6.40 g, mp 
264-265°. The purest sample had mp 267-270°. This acid has 
melting points reported at 274,18 273,15 269-272,14 and 269-271°.18

The benzenesulfonamide was crystallized four times from ace
tone-benzene, mp 188-191°. The sample showed no loss upon 
drying at 80° in vacuo.

Anal. Calcd for CuHnChNS: C, 55.10; H, 6.05. Found:17 
C, 55.18; H, 6.40.

cis- and irans-4-aminocyclohexanecarboxylic acids were pre
pared by reduction of p-aminobenzoic acid over platinum.19 
The cis acid had mp 301-303°. The trans acid melts with gasing 
and resolidification when immersed in a block at 380-390°. 
However, there is no apparent transition when the acid was 
heated normally. Eventually charring occurred at 480-500°. 
The cis acid is reported to melt at 302,19 304-305,20 303-304,21
286,22 and 324-325°.23 The trans acid has been reported to melt 
above 340,19 486-488,20 above 495,22 and above 400°.23

cfs-4-Dimethylaminocyclohexanecarboxylic Acid.— Ethyl cis-4- 
dimethylaminocyclohexanecarboxylate24 (5.26 g) was heated 
under reflux with 25 ml of concentrated hydrochloric acid for 6 
hr. The mixture, after concentration to 13 ml, was placed on a 
column of Amberlite IR-120 (sulfonic acid resin). Elution with

(19) Acids prepared by Brian Lawrence according to the procedure of 
W . Schneider and R . Diliman, Chem. Ber., 96, 2377 (1963).

(20) G . Wendt, Ber., 76, 427 (1942).
(21) A . Einhorn and A. Meyerberg, Ber., 27, 2833 (1894).
(22) M . Freifelder and G. R . Stone, J. Org. Chem., 27, 3568 (1962).
(23) F. J. Vilani and C. A . Ellis, J. Org. Chem., 29, 2585 (1964).
(24) F. J. Vilani, U . S. Patent 2,764,519 (1957); Chem. Abstr., 61, 44436 

(1957).
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Table III
Data for Calculation of Rate Constants or Plotting 
Graphs in the Reaction of 3-Methylcyclohexanone 

and M alononitrile 
1 /(a — x), m ol- 1 1.“

-/3-Alanine-
Time, 0.0006 M 0.006 M 0.012 M 0.006 ill KF

min Run 11 Run 49 Run 53 Run 485 0.006 M

(0) (2.50) (2.50) (2.50) (2.50) (2.50)
3 2.58 2.89 2.87 2.95 3.74
4 3.03 3.00 3.15 4.03
6 2.65 3.26 3.26 3.53 4.30
8 3.50 3.54 3.92 4.93
9 2.82 3.60 3.69 4.12

10 3.70 3.88 4.32 5.56
12 2.94 3.92 4.11 4.66 6.10
14 4.04 4.38 4.99
15 3.01 4.22 4.52 5.22 7.08
17 4.42 4.81 5.55 7.73
18 3.11 4.44 4.94 5.75
19 4.61 5.08 5.90 8.50
21 3.23 4.77 6.20 9.24
24 3.31 5.10 5.82 6.60 10.24
27 3.38 7.05 11.62
28 5.53 6.34
30 3.49 5.72 6.65 7.55 12.92
34 14.89
35 6.13 7.45 8.15
36 3.63
40 6.73 8.13 17.3
41 8.90
42 3.79
45 7.25 9.13 9.55 20.5
48 3.97
50 7.78 9.79 9.85 23.9
54 4.13
55 8.19 10.60 10.3
60 4.24 8.93 11.42 10.4 29.8
70 4.51 9.90 37.9
90 5.03 12.5 54.2
“ Calculation based on rotation of synthetic mixtures; thus 

at 25° l / (o  — x) =  26.5/(«d +9.75). 6 Reaction at 45°,
l/(a  — x) =  26.1/(aD +9.66) is the equation.

0.6 M  ammonia liberated the amino acid. Fractions containing 
the amino acid were concentrated to give 4.26 g of crude product, 
mp 161-200°. Crystallization from equal portions of alcohol and 
ether gave 0.63 g of acid which was largely the trans form, mp 
160-215°. Dilution of the mother liquor with large amounts of 
ether furnished the cis acid. After many crystallizations (finally 
from alcohol-acetone-ether), 1.25 g of pure amino acid was 
obtained, mp 179-181°. The purest sample had mp 181.5-184° 
after drying in vacuo at 80°.

Anal. Calcd for C9H n02N : C, 63.12; H, 10.01. Found;17 
C, 62.82; H, 9.97.

iraii.s-4-Dimethylaminocyclohexanecarboxylic Acid.— A solu
tion of 5.15 g of ethyl irans-4-dimethylaminocyclohexanecarbox- 
ylate21 and 2.8 g of potassium hydroxide in 35 ml of 95% ethanol 
was heated under reflux for 1.5 hr. The mixture was diluted with 
water and placed on a 70-g column of IR-120. Elution with 3 N  
ammonia furnished fractions containing the amino acid. The 
richest 100-ml fraction was concentrated to furnish 2.63 g, mp 
205-214°. Two crystallizations from alcohol-ether gave 2.66 g 
of amino acid apparently as the alcoholate. After drying at 80° 
in vacuo, 2.02 g of amino acid remained, mp 223-224°.

Anal. Calcd for C9H n02N: C, 63.12; H, 10.01; N, 8.18. 
Found:17 C, 63.10; H, 9.96; N, 8.15.

N , W-Dimethylglycine.— A+V-Dimethylglycine hydrochloride 
(9.85 g, mp 188-190°) was placed on a column of Amberlite 
IR-120. Elution with 0.5 M  ammonia furnished fractions (pH
5-11) which provided 7.0 g of amino acid. Recrystallization from 
isopropyl alcohol25 gave the purified N ,A’-dimethylglycine (Table

(25) F. H. Westheimer, J. Org. Ckem., 2, 431 (1938).

IV), mp 177.5-179°. The reported melting point is 177- 
182°.26

Condensation. ( +  )-3-Methylcyclohexanone27 was prepared 
by retrograde aldol reaction of pulegone in dilute hydrochloric 
acid. Fractionation furnished a 65.2% yield of ketone: bp
119-120° (119 mm); n26d 1.4438; M 26d +11.90 ±  0.05° 
(homogeneous); [a] 26d +8.96 ±  0.1° (2.299 g of ketone dissolved 
up to 50 ml in 95% ethanol, q:26d +0.823 ±  0.01° in a 2-dm 
tube). Gas chromatography at 100° indicated a purity of about 
98%.

Eisenbraun and McElvain27 have reported bp 166-168° (735 
mm), [a]26D +12.01°.

3-Methylcyclohexylidenemalononitrile. A. d l  Form.— A mix
ture of 28.0 g of cM-3-methylcyclohexanone, 16.5 g of malono
nitrile, 50 ml of 95% ethanol, 5 ml of acetic acid, and 0.20 g of 
/3-alanine was heated under reflux for 1.5 hr. Distillation gave 
two fractions: (1) 3.36 g, bp 120-146° (34-14 mm), ?i2Sd 1.4988;
(2) 32.6 g (81.5%), bp 146-154° (14 mm), r26d 1.5028, mp ca. 
15°, ir (neat) 2200 (conjugated nitrile), 1590 cm "1 (double bond), 
nmr (CDC1,) 5 1.06 (d, 3 H, /  = 6 Hz, = C H C H 3).

Anal. Calcd for CI0H i2N 2: C, 74.96; H, 7.55; N, 17.49. 
Found:28 C .74.90; H, 7.57; N, 17.51.

Preparation using benzene as solvent while removing water 
azeotropically gave a 78.8% yield.

B. ( —) Form.— A mixture of 22.4 g, [a]27D +11.76°, of 
(+)-3-methylcyclohexanone, 13.2 g of malononitrile, and 0.89 g 
of d-alanine was swirled with 50 ml of 95% ethanol. The mixture 
then stood at room temperature for 20 hr. The green solution 
was decanted from the undissolved /3-alanine and fractionated:
(1) 3.19 g, bp 97-121° (4 mm), [« ]25d -5 1 .2  ±  0.1° (95% etha
nol); (2) 9.18 g, bp 121-122° (4 mm), mp 42.2°, [a]27D —76.7 ±
0.2° (95% ethanol); (3) 17.96 g, bp 122-122° (4 mm), mp 45.8°, 
[a] 27d —77.8 ±  0.2° (95% ethanol), one component by gas 
chromatography. Fractions 2 and 3 represent an 84.6% yield.

The infrared absorption of fraction 3 (supercooled liquid) was 
identical with that of the dl form. However, fractions 1 and 2 
and the last drop of fraction 3 showed some absorption at 1690 
cm -1, suggestive of amide.

The recrystallization of fraction 3 from 25 ml of 95% ethanol 
furnished 12.12 g of pure nitrile: mp 45.8-46.6° (softens at 
42°); [<*]25d  —77.9 ±  0.2° (1.661 g of nitrile dissolved up to 
25 ml in 95%  ethanol, a 25D —10.35 ±  0.02° in a 2-dm tube).

In an earlier run in benzene the product had been obtained 
in an 82.8% yield as aliquid: bp 148-151° (13 mm); n*D 1.5030;
d25 0.989; [a]27D —81.02 ±  0.08° (homogeneous, 0.5-dm tube), 
[«I^d —78.2 ±  0.2° (95% ethanol). Gas chromatography at 
170° revealed only one component in this product.

Kinetic Studies. Synthetic Mixtures.— Eleven mixtures of 
( +  )-3-methylcyclohexanone, malononitrile, and ( — )-3-methyl- 
cyclohexylidenemalononitrile were made up in ca. 80% ethanol. 
These mixtures (total volume 50.0 ml) represented the potential 
product and reactant mixtures resulting when 0.020 mol of ke
tone and 0.020 mol of malononitrile were mixed along with 5 ml 
of water and diluted to 50.0 ml with 95% ethanol. The results 
of a 1962 study, cited in Table V, show a linear relationship 
between optical activity and concentration of reactants. The 
equation A  = (aD +9.75)/26.5 can be developed from these 
data for the calculation of the reacting substrates (ketone or 
nitrile) in moles per liter in kinetic runs. (With purer product 
later developed, the maximum values were [aJ^D +9 .37° and 
[a] 25d —80.4°. In the equation for A , change 9.75 to 10.31 and
26.5 to 27.5.)

For other mixtures and temperatures, the synthetic mixtures 
calculated for the start and for the end at 100% conversion were 
prepared. From the rotatory values observed the appropriate 
equations were developed (60% perchloric acid (0.5 ml) was 
added to prevent the uncatalyzed reaction).

Kinetic Runs.—For rate studies aliquot portions of malo
nonitrile (1.32 g, 0.200 mol) and ( + )-3-methylcyclohexanone 
(2.24 g, 0.0200 mol) in 95% ethanol were mixed in a 50-ml volu
metric flask. After short equilibration in the constant-tem
perature bath, the catalyst in 5 ml of water was added, the mix
ture was diluted to precise volume with 95% ethanol, and the 
mixture was transferred to a 2-dm, thermostated polarimeter 
tube. Timing was begun when the catalyst was added to the

(26) L. Kahovec and K . W . F. Kohlrausch, Monatsh. Ckem., 6 8 , 371 
(1936).

(27) E . J. Eisenbraun and S. M . M cElvain, J. Amer. Ckem. Soc., 77, 
3383 (1955).

(28) Analysis by Weiler and Strauss, Oxford, England.
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Registry
no. Amino acid pKi pit2 pi

1118-68-9 iV,iV-Dimethylglyeine 1.74* 10.00 5.87
5691-20-3 m-Hexahydroanthranilic acid 3.31 10.73 7.02

(36805-33-3)«
5691-19-0 frons-Hexahydroanthranilic acid 3.25« 10.18« 6.72

(38605-35-5)«
3685-23-2 cis-p-Aminocyclohexanecarboxylic acid 4.24* 10.73* 7.49
3685-25-4 frans-p-Aminocyclohexaneearboxylic acid 4.13 10.59 7.37

38605-38-8 cis-p-N,V-Dimethylaminocyclohexanecarboxylic acid 4.34 10.58 7.46
3860.5-39-9 irans-p-jV,iV-DimethylaminocycIohexanecarboxylic acid 4.18 10.37 7.28

“ pA, and pK 2 determined at room temperature (22-30°) by titration with standard acid and base to determine the pH at the half
equivalence point with a Beckman Model 76 pH meter. Precision was ±0.02 units. b pX i reported to be 1.85 (ref 25). « pKi of
3.4 and pK 2 of 10.1 reported by J. P. Greenstein and J. Wyman, Jr., J. Amer. Chem. Soc., 60, 2341 (1938). d pK\ of 4.3 and pK 2 of
10.4 reported by Greenstein and Wyman. « Benzenesulfonamide.

T a b l e  V

Synthetic M ixtures o f  (+ )-3-M ethylcyclohexanonf, (A), 
M alononitrile (B), and ( —)-3-Methylcyclohexylidene-

MALONONITRILE (C) 

✓---------Moles of reactants0----------

Observed
rotation8

a MD,
A and B C deg

0.020 0.000 +  0.85«
0.018 0.002 -0 .2 4
0.016 0.004 -1 .2 8
0.014 0.006 -2 .3 6
0.012 0.008 -3 .3 5
0.010 0.010 -4 .4 6
0.008 0.012 — 5.60
0.006 0.014 -6 .6 3
0.004 0.016 - 7 .6 6
0.002 0.018 - 8 .7 6
0.000 0.020 —9.75d

“ Moles of A, B, and C mixed with 5 ml of water, diluted up 
to 50 ml with 95% ethanol. b Readings ±0 .01°, average of 
two. “ The specific rotation of ( + )-3-methyleyclohexanone in 
the presence of malononitrile, [<*]28d  + 9 .4  ±  0.1°. d The 
specific rotation is [a ]%  —76.0 ±  0.5°.

mixture. Rotatory values were determined as quickly as pos
sible and as often as seemed indicated by the rate of reaction.

Rotatory values were converted to concentration, A , from the 
equation developed above. The reciprocal of the concentration, 
1 /A, was calculated and a plot of 1/A against time was used to 
calculate the second-order rate constant. Straight lines were 
usually observed up to at least 75% conversion. Results of 
five runs are collected in Table III and plotted in Figure 2.

Study of the rate of uncatalyzed reaction indicated a reaction 
rate k2 =  0.0007 m ol-1 min-1 at 25° and K 2 =  0.0022 m ol-1 
min-1 at 45°. The rate of reversal could be neglected in these 
reactions (1.6% reaction after 4 hr uncatalyzed at 45° and 6.7% 
reaction after 2 hr at 30° with 2.4 X 10-2 mol/1. of e-amino- 
caproic acid.)

The effects of several parameters were tested when /3-alanine 
was used as a catalyst. These results are recorded in Table I.

The influence of various amino acids, aminophenols, lithium 
fluoride, and buffer at pH 8 are assembled in Table II.

Apparent pH values in Table II are pH ’s observed in solutions 
containing the solvent system but omitting the reactants (Tables 
I and I I ). In Table I the malononitrile was added too .

Registry No.— Hexahydrophthalimide, 1444-94-6; 
anthranilic acid, 118-92-3; ethyl cis-4-dimethylamino- 
cyclohexanecarboxylate, 38615-90-6; ethyl trans-4- 
dimethylaminocyclohexanecarboxylate, 38615-91-7; 
(+)-3-methylcyclohexanone, 13368-65-5; malononi
trile, 109-77-3; (±)-3-methylcyclohexylidenemalononi- 
trile, 38614-92-8; ( — )-3-methylcyclohexylidenemalono- 
nitrile, 38615-93-9.
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x-Complexed /3-Arylalkyl Derivatives. IV. The Preparation and Solvolysis of
2-[x-(Phenyl)chromium tricarbonyl]ethyl and 2-[x-(Phenyl)chromium 

tricarbonyl]-l-propyl Methanesulfonates and Their Noncomplexed Analogs1®
R obert  S. B l y ,* R ichard  A. M a t e e r , lb K uen-K w ong  T se , and  R ichard  L. V eazey

Department of Chemistry, University of South Carolina, Columbia, South Carolina 29208
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The 7r-(arene)chromium tricarbonyl complexed methanesulfonates 2-phenylethyl (2-OMs), 2-phenylethyl- 
1,1-di (4-OMs), and 2-phenyl-l-propyl (rfl-6-0.Ms) have been prepared and their acetolysis and formolysis rates 
and/or products compared with those of the noncomplexed derivatives, 1 -0Ms, 3-OMs, and d?-5-OMs, respec
tively. At ~ 9 0 °  in buffered acetic acid, 2- is ten times as reactive as 1-OMs, dl-6- about six times as reactive 
as dl-5-0M s; in buffered formic acid 2- is 8.5 times more reactive than 1-OMs, dl-6- 2.4 times more reactive than 
rlf-5-OMs. The formolysis of dl-6-OMs yields 17% [x-(phenyl)chromium tricarbonyl]-migrated product; the 
formolysis of 4- and the acetolysis of 4- and dl-6-OMs yield unrearranged products exclusively. By comparing 
Fk&s of the complexes with those of the corresponding noncomplexed p-nitro derivatives, estimates of anchi- 
meric assistance to product formation by /3-[7r-(phenyl)chromium tricarbonyl] have been deduced: 2-OMs,
104 (HOAc), 103 6 (HCOOH); d/-6-OMs, 103-2 (HOAc), 1031 (HCOOH). Steric buttressing effects are con
sidered to be relatively unimportant and electron donation by the 7r-complexed phenyl moiety is suggested as 
the probable cause of these effects.

In previous papers of this series2 we reported the 
acetolytic rates and products of a series of chromium 
tricarbonyl complexed 3-pheny 1-2-butyl, 2-phenyl-3- 
pentyl, and neophyl-type methanesulfonates. After 
making a correction for the apparent inductive effect 
of the tricarbonylchromium group, we concluded that 
the acetolytic reactivity of the complexes was enhanced 
by factors of from 6.8 to 1600 times at 75°. We were 
able to infer that a substantial portion of the enhance
ment is due to an electronic effect of the metal moiety, 
but were unable to evaluate the magnitude of the steric 
effect on these reactions.2b

One of the techniques that has been effectively used 
to detect and establish the importance of neighboring 
group participation in solvolytic reactions is that of 
varying the nuclcophilicity and ionizing power of the 
solvent.3-12 Thus it is generally accepted that both

(1) (a) Portions of this work were presented at the 21st Southeastern 
Regional Meeting of the American Chemical Society, Richmond, Va., 
N ov 1969, Abstract No. 277; (b) NSF Summer Faculty Research Par
ticipant, 1969.

(2) (a) R . S. Bly and R. L. Veazey, J. Amer. Chem. Soc., 91, 4221 (1969); 
(b) R. S. Bly, R . C. Strickland, R . T . Swindell, and R. L. Veazey, ibid., 
92, 3722 (1970).

(3) (a) S. Winstein and H. Marshall, J. Amer. Chem. Soc., 74, 1120
(1952); (b) S. Winstein, C. R . Lindgren. H. Marshall, and L. L. Ingraham, 
ibid., 75, 147 (1953); (c) L. Eberson, J. P. Petrovich, R . Baird, D . Dyckes, 
and S. Winstein, ibid., 87, 3506 (1965); (d) E . F. Jenny and S. Winstein, 
Helv. Chim. Acta, 41, 807 (1968); (e) A. Diaz, I. Lazdins, and S. Winstein, 
J. Amer. Chem. Soc., 90, 6546 (1968); (f) A . F. Diaz and S. Winstein,
ibid., 91, 4300 (1969); (g) I. Lazdins, A . Diaz, and S. Winstein, ibid., 91, 
5635 (1969); (h) A . Diaz, I. Lazdins, and S. Winstein, ibid., 5637 (1969).

(4) (a) D . J. Cram, J. Amer. Chem. Soc., 74, 2129 (1952); (b) J. A.
Thompson and D . J. Cram, ibid., 91, 1778 (1969).

(5) (a) C. C. Lee, G. P. Slater, and J. W . T. Spinks, Can. J. Chem., 35, 
1417 (1957); (b) C. C. Lee, R . Tkachuk, and G. P. Slater, Tetrahedron, 7, 
206 (1959).

(6) (a) H. C. Brown, K . J. Morgan, and F. J. Chloupek, J. Amer. Chem. 
Soc., 87, 2137 (1965); (b) C . J. Kim and H . C. Brown, ibid., 91, 4289 (1969).

(7) (a) J. E . Nordländer and W . J. Deadman, J. Amer. Chem. Soc., 90, 
1590 (1968); (b) J. E . Nordländer and W . J. Kelly, ibid., 91, 996 (1969).

(8) W . G . Dauben and J. L. Chitwood, J. Amer. Chem. Soc., 90, 6876
(1968) .

(9) (a) C. J. Lancelot and P. v. R . Schleyer, J. Amer. Chem. Soc., 91, 
4291 (1969); (b) ibid., 91, 4296 (1969); (c) C. J. Lancelot, J. J. Harper, 
and P. v. R . Schleyer, ibid., 91, 4294 (1969); (d) P. v. R. Schleyer and 
C . J. Lancelot, ibid., 91, 4297 (1969); (e) J. M . Harris, F. L. Schadt, P. v. 
R . Schleyer, and C. J. Lancelot, ibid., 91, 7508 (1969).

(10) (a) P. C. Myhre and K . S. Brown, J. Amer. Chem. Soc., 91, 5639
(1969) ; (b) P. C. Myhre and E. Evans, ibid., 91, 5641 (1969).

(11) R. J. Jablonski and E. I. Snyder, J. Amer. Chem. Soc., 91, 4445  
(1969).

(12) (a) J. L. Coke, F. E . McFarlane, M . C. Mourning, and M . G. Jones,
J. Amer. Chem. Soc., 91, 1154 (1969); (b) M . G. Jones and J. L. Coke,
ibid., 91, 4284 (1969).

the importance of kinetic neighboring group participa
tion and the extent of rearrangement increase as the 
solvent becomes less nucleophilic and/or more ionizing,
i.e., in the order ethanol <  acetic acid <  formic acid <  
trifluoroacetic acid <  sulfuric acid <  fluorosulfonic 
acid. The good linear free energy correlations that 
have been obtained for both the assisted and the un
assisted processes215 strongly imply that the driving 
force for participation is predominantly electronic 
rather than steric in nature.

In an effort to confirm its importance and assess the 
nature of tricarbonylchromium participation during 
the solvolysis of 0- [x-(aryl)chromium tricarbonyl]alkyl 
derivatives, we have examined the acetolysis and 
formolysis rates and/or products of 2-phenylcthyl 
(1-OMs), 2 -[x-(phenyl)chromium tricarbonyl]othyl (2- 
OMs), 2-phenyl-f,./-dr-ethyl (3-OMs), 2 -[x-(phenyl) - 
chromium tricarbonyl]-!, 1 -d2-ethyl (4-OMs), 2-phenyl-
l-propyl (df-5-OMs), 2 -[x-(phenyl)chromium tricar
bonyl]-1-propyl (df-6-OMs), 2-(p-nitrophenyl)ethyl (7- 
OMs), and 2-(p-nitrophenyl)-l-propyl (dZ-8-OMs) 
methanesulfonates.

Methods and Results

The known noncomplexed alcohols, 1-, 3-, dl-5-, 7-, 
and dl-8-OH, obtained as described in the Experimental 
Section, were converted to methanesulfonates in the 
usual manner.2“ The chromium tricarbonyl com
plexes, 2-, 4-, and df-6-OMs were prepared as described 
previously2“ (cf. Chart I).

Acetolysis products, determined by combination of 
the direct analysis, décomplexation, and reduction 
techniques described previously,2“ are summarized in 
Chart II.

Formolysis products, determined in a similar manner 
(c/. Experimental Section), are summarized in Chart
III. As noted previously,2 chromium tricarbonyl com
plexation prior to solvolysis inhibits phenyl migration; 
only during the formolysis of df-6-OMs is a significant 
amount of rearranged product formed.

Titrimetric acetolysis and formolysis constants for 
the complexed and noncomplexed methanesulfonates 
were determined as detailed previously2 and in the 
Experimental Section at concentrations similar to those
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C h a r t  I C h a r t  III
Cr(CO)6

(n -B u ),0
CHoCHoOR

1-OH, R = H 
1-OMs, R = Ms 
1-OAc, R = Ac 
l-OCOH,R = COH

O — CH,CD,OR
X ^ /  (n-Bu)20

3-OH, R = H 
3-OMs, R = Ms 
3-0Ac,R  = Ac 
3-0C0H, R = COH

CKCO)g

CH,

CHCHjOR

(ZZ-5-0H, R = H 
cZZ-5-OMs, R = Ms 
dl-5-OAc, R = Ac 
cZZ-5-0C0H, R = COH

Cr(CO)6

(n -B u),0

CH.,CH,OR

7-OH.R = H 
7-0M s,R = Ms

>CH2CH,OR +  3 CO

Cr(CO)3 
2-OH 
2-OMs 
2 OAc 
2-0C 0H

CH,CD,OR +  3 CO

Cr(CO)3

4-OH 
4-OMs 
4 -OAc 
4-OCOH

CH,

©
CHCH2OR +  3C0

Cr(C0)3 

dZ-6-0H 
dZ-6-OMs 
dl-6-OAc 
dZ-6-OCOH

NO

CH,
I

CHCH,OR

cZZ-8-0H,R = H 
dZ-8-0Ms,R = Ms

C h a r t  II
A cO H -A cO -

l-O M s--------------- >■ 1-OAc (> 99% ) +  olefin (trace)
115°, i o i y 2

A cO H -AcO
2 -0 M s--------------->■ 2 -0Ac (57%)

115, 13i*/s - f  Ce,+
filtrate -------- >■ l-OAc (only)

acetone

A c O H -A cO - Ce4+ LiAlH«
--------------- > --------- s - -------- 1 -0H (99%)

115°, 10tl/z acetone EtjO

A c O H -A cO " Ce4+
4-O M s--------------- *■-------- >

115°, 10tl/ i  acetone
3-OAc (100 ±  3% ) +  PhCD2CH20A c (0 ±  3% ) 

9-0 Ac
AcOH—AcO LiAlH«

eZZ-5-OMs--------------->■--------->-

Ph
115°, 2 4 iy 2

(8.7%) +

E t .0

Ph.
(6.0%) + (14.5%)

10 11 12
+  dZ-5-OH (trace) +  PhCH2CH(CH3)OH (70.8%) 

dl- 13-OH
A cO H -A cO - Ce'+ LiAlH .

dZ-6-OMs------------ *■------->  ------->
115°, — 15(‘ / !  acetone E t -0

dZ-S-OH (94.9%) +  dZ-13-OH (5.1%)

used in the product studies. Those data are summarized 
and compared with those of some related noncomplexed 
derivatives311'9e'13,14 in Table I. With the exception of

(13) (a) S. Winstein and R. Heck, J. Amer. Chem. Soc., 78, 4801 (1956);
(b) J. AV. Clayton and C. C. Lee, Can. J. Chem., 39, 1510 (1961); (c) ibid.,
39, 1512 (1961).

h c o 2h , h c o 2-
2-O M s------------------->- 2-OCOH (70%)

70°, 30 min 
H C O 2H , H C 0 2-
-----------------^  2-OCOH (71%)

115°, 60 min - f  Ce'1- LiAlH,
filtrate — > -------- >•

E t20
l-OH  (only)

H C O .H , H C O .- 
4-O M s------------------->■

120°, 60 min

4-OCOH (69 dh 5% ) +  9-OCOH (0 ±  5% ) 
H CO -H , H CO 2-  Ce*+ LiAlH,

dZ-6-OMs------------------ > ---------> --------- >
115°, 30 min acetone E t20

dZ-5-OH (83%) +  dZ-13-OH (17% )

the acotolysis of dZ-5-OMs, cf. runs 41 and 42, each of 
the solvolyses exhibited clean first-order kinetics 
through at least 75%  reaction.

The effects of added salts on the acetolysis rates of 
1-, 2-, 7-, and dZ-8-OMs arc recorded in Table I I .15

Discussion

The fact that in both the /3-ary]ethyl and the 2-aryl- 
propyl series the ratios of the relative titrimetric rate 
constants for solvolysis of the complexed and noncom
plexed methanesulfonates at 86.6° do not change 
markedly as the solvent is changed from acetic to 
formic acid, viz., A~t(2-OAIs)/ itt(l-OMs), 17.4/1.68 =  
10.4 (HOAc), 1117/131.7 =  8.5 (HCOOH); fct(6- 
OMs)/fct(5-OMs), 47.6/7.81 «  6.1 (HOAc), 2990/ 
1270 «  2.4 (HCOOH), implies at first glance that the 
enhanced reactivity of the former might more properly 
be attributed to steric than to electronic factors. How
ever, this view is certainly oversimplified and probably 
incorrect, for it fails to consider the substantial elec
tron-withdrawing inductive effect of the 7r-tricarbonyl- 
chromium and the extent to which the solvolyses are 
accompanied by nucleophilic solvent participation.

The solvolyses of noncomplexed /3-arylalkyl deriva
tives in the absence of added base have been success
fully interpreted in terms of the discrete, competing 
solvent- and aryl-assisted pathways represented in 
Chart i v ,3c~e'9e,12"a'13,16 where F is the fraction of bridged 
ion pairs which is converted to product, Chart IV, 
so that kt = FkA +  ks. Thus, when comparing the 
relative abilities of differing aryl groups to enhance 
the rate of product formation through neighboring-

C h a r t I V

(14) S. Winstein and K . C. Schreiber, J. Amer. Chem. Soc., 74, 2171 
(1952).

(15) A . H. Fainberg and S. Winstein, J. Amer. Chem. Soc., 78, 2763 
(1956).

(16) (a) C. C. Lee and K. J. Noszkô, Can. J . Chem., 44, 2481 (1966): 
(b) ibid., 44, 2491 (1966).
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T a b l e  I

A p p a r e n t  F ir st> O r d e r  S o l v o l y s i s  C o n s t a n t s  a n d  A c t i v a t i o n  P a r a m e t e r s  o f  2 - A r y l - 1 - e t h y l  a n d  - 1 - p r o p y l  D e r i v a t i v e s '"

Run Compd Solvent Temp, ° C b 106A:t, sec-1 AH*, kcal/mol AS*, eu

1, 2 l-OM s AcO H /A cO “  « 85.0 1.405 ±  0.045 24.9" -1 6 .2 *
3, 4 97.3 4.605 ±  0.015
5, 6 115.1 23.0 ±  0.00
7 115.2 11.9«
8 115.3 19.0/
9 27.4»

86.7 1.68*
90.0 2.31*

l-O Ts““ 1.28 24.9 - 1 7 .3
10, 11 l-OM s h c o 2h / h c o 2-  * 86.7 131.65 ±  0.05

1-OTs’ 86.6 111
12, 13 2-OMs A cO H /A cO - « 85.0 14.5 ±  0.4 24.5* -1 2 .5 *
14, 15 97.4 49.7 ± 0 .5
16 113.0 42.1«
17 4 2 .6«'1
18, 19 115.0 227.5 ±  5.5
20 115.2 64.9«
21 115.3 227”"

86.7 17.4*
90.0 24.0*

115.3 236*
22-24 HCOiH/HCOs-  * 86.7 1117 ±  19
25 4-OMs 86.7 902»
26 86.8 889
27, 28 7-OMs AcOH/AcO -  ' 86.95 2.00 ± 0 .0 0 22.4» -2 2 .9 »
29, 30 113.1 18.0 ±  0.15
31 113.15 26.3”
32 32.1»
33 113.2 12.9«
34 113.4 6.2«

86.7 1.97*
90.0 2.64*

7-OTs“ 0.715 23.7 - 2 2
35, 36 7-OMs h c o 2h / h c o 2-  *■ 69.25 1.275 ±  0.025 21.3’ -2 3 .6 «
37, 38 86.2 6.015 ± 0 .0 4 5
39, 40 99.4 17.4 ± 0 .1

86.7 6.16*
41, 42 d l- 5-OMs AcOH/AcO -  c 86.65 ~ 7 .8 1  ±  0 .17‘

di-5-OBs»« 86.7^ 35.0 25.5 - 8 . 5
90.0* 48.8

43, 44 di-5-OMs h c o 2h / h c o 2-  * 86.4 1270 ±  20
45, 46 di-6-OMs AcO H /A cO " ' 69.3 7.165 ±  0.165 26.3“ - 5 . 5 “
47, 48 86.8 48.85 ±  0.85
49, 50 112.45 609 ± 9

86.5 47.6*
90.0 68.5*

51, 52 H C 02H /H C 0 2- i 86.45 2990 ±  80
53, 54 d/-8-OMs AcOH/AcO -  5 99.8 0.6115 ±0 .0 1 1 5 25.6» -1 8 .8 »
55-57 115.1 2.26 ±  0.18
58 3.74“
59 3.321
60 1.99“
61 1.15«
62, 63 130.0 8.875 ±  0.065

86.7 0.167*
90.0 0.233*

64, 65 H C 02H /H C 0 2~ • 69.25 0.226 ±  0.000 26.6« -1 1 .6 »
66, 67 86.2 1.51 ±  0.005
68, 69 99.4 5.81 ±  0.06

86.7 1.58*
“ Contains 0.0185-0.0250 M  ROMs unless otherwise specified. * Controlled to ±0.03°. « Contains 0.0461-0.0508 M  sodium

acetate unless otherwise specified. d Computed from runs 1-6. * Contains no sodium acetate. > Contains 0.0286 M  sodium acetate. 
0 Contains 0.0327 M  lithium perchlorate. * Calculated from data at other temperatures. * Contains 0.0250-0.0350 M  sodium formate 
unless otherwise specified. 1 Extrapolated from the data in ref 3b and 13c. * Calculated from runs 12-15, 18, and 19. 1 Contains
0.0203 M  sodium methanesulfonate. ”* Contains 0.0286 M  sodium acetate. ” Contains 0.0141 M  ROMs. “ Calculated from runs
27-30. p Contains 0.0772 M  sodium acetate. 5 Contains 0.0989 M  sodium acetate. r Contains 0.0302 M  sodium acetate. * Calcu
lated from runs 35-40. ‘ Since this reaction is accompanied by extensive internal return to the more reactive dZ-13-OMs, this constant
was approximated from the first 20% reaction (cf. ref 14). “ Calculated from runs 4.5-50. ” Calculated from runs 53-57, 62, and
63. “  Contains 0.0950 M  sodium acetate. x Contains 0.0752 M  sodium acetate. » Contains 0.0326 M  sodium acetate. * Calcu
lated from runs 64-69. ““ Reference 3b. bh Reference 9e. “  Reference 14.
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T a b l e  II
D e p e n d e n c e  o f  A p p a r e n t  F i r s t - O r d e r  A c e t o l y s i s  
C o n s t a n t s  o f  2 - A r y l - 1 - e t h y l  a n d  2 - A r y l - 1 - p r o p y l  

T y p e  S u l f o n a t e s  u p o n  A d d e d  S a l t s

Compd
Temp,

°C
106&to,°
sec“1

Value of “b” 
for added 

NaOAc6
1-OMs 115.2 12.5 is '.*
l-OTs' 115 13.0 19
2-OMs 115.2 217 1 .9 '.'
7-OMs 113.2 4.35 64»
8-OMs 115.1 0.93 30*

“ Extrapolated value at zero acetate concentration. 6 Calcu
lated from the relation fct =  fct° ( l  +  6i[NaOAc] +  fc2[salt 2] ).16 
'  Calculated from runs 5, 6, and 8; (fct° (extrapolated =  1-05 
(fct°)measured. <'i(L iC 1 04) «  11 (c/. runs 5, 6, and 9). 'C alcu 
lated from run 21 and an interpolated value at this temperature 
for 0.0401 M  SOdium acetate; (fct° Extrapolated =  3.35 (fct°)measured- 
'  &(NaOMs) ~  0 (cf. runs 16 and 17). “ Calculated from runs 
29-3o, (fct (extrapolated = 0.70 (fct ) measured' h Calculated from 
runs o5-60, (fct (extrapolated ~  0.81 (fct (measured- 1 Reference 3b.

group participation during solvolysis, it is apparent 
that FkA’s rather than kt s should be employed.12’17

In previous papers in this series we have taken the 
titri metric rate constant of the p-nitro derivative as a 
model for that of the 7r-complexed derivative in the 
absence of participation.2 This treatment appeared to 
yield reasonable estimates of w-complexed aryl par
ticipation, since in the systems considered, viz., 3-aryl-
2-butyl2a'18 and neophyl,2b’15 direct displacement by 
solvent is relatively unimportant. However, in _the 
solvolyses of /3-arylethyl and 2-arylpropyl derivatives 
direct solvent participation is frequently the dominant 
reaction.3t’6n’12a’13a'14 Hence, estimates, not of titri- 
metric rate constants, kt, but of the rate constants 
FkA, for product formation via the bridged ion pair are 
desired.12“ These may be estimated from experimental 
data reported here and elsewhere as follows.

Acetolysis of /S-[ir-(Phenyl)chromium tricarbonyl]- 
ethyl Methanesulfonate (2 -O M s).-Jon es and Coke 
have demonstrated the existence of a good linear cor
relation between log kt for the acetolysis of para-sub- 
stituted neophyl tosylates at 75° and log kA for the 
acetolysis of like-substituted (J-arylethyl tosylates at 
the same temperature,12b viz., log A: A (/3-arylethyl) =  1.02 
log/ct(neophyl) — 1.85.19a Since, as Jones and Coke12b

(17) W e emphasize that the overall effect of neighboring-group par
ticipation on the rate of product formation is given by FkA  and is a com
posite of the effect of the neighboring group on F, the fraction of bridged 
ion pair going on to product, and on kA, the rate of ionization; cf. ref 9d, 
footnote 14.

(18) (a) D. J. Cram, J. Amer. Chem. Soc., 86, 3767 (1964), and references 
cited therein; (b) S. Winstein and R . Baker, ibid., 86, 2071 (1964).

(19) (a) This empirical equation is a special case of the more general
relation log (FkA) (neophyl) =  log (FkA) (/3-arylethyl) +  C, and is valid 
apparently because nucleophilic solvent participation is relatively un
important for all but the least reactive neophyl derivatives,3f,9c’20 so that 
for this series kt =  FkA, because the anchimeric assistance to ionization 
provided by the /3-aryl group is proportional in the two series of compounds, 
i.e., &A(neophyl) «  kA (/3-arylethyl) (the proportionality constant is incor
porated into the intercept, C) and because the fraction, F, of ion pairs 
going on to product in the neophyl case is constant— though not necessarily 
unity— over the range of substituents tested, (b) Cf. ref 9e, footnote 17. 
(c) The only significance that can properly be attributed to the unitary 
slope of an empirical log-log correlation such as this is that the pro
portionality relationships19“ are maintained throughout the range of sub
stituents tested, (d) All rate constants are corrected to zero acetate ion 
concentration, (e) Corrected for the extent of direct displacement so that 
the value of kt used here and quoted in Table III is actually FkA ; cf. ref 3f, 
footnote 13. (f) Note that the validity of this extrapolation is dependent
not upon F  for /3-(p-nitrophenyl)ethyl remaining unchanged, but rather 
upon the ratio F 1/3-(p-nitroplienyl) ethyl]//'7 (p-nitroneophyl) remaining ap
proximately constant.

(20) H. Tanida, T. Tsuji, H . Ishitobi, and T . Irie, J. Org. Chem., 34, 
1086 (1969).

Figure 1.—Acetolysis of substituted /3-arylethyl and neophyl 
tosylates at 90°, 0.00 M  acetate ion.

have determined from rate and product data and 
Schleyer, et al., have derived from rate data alone, 
“F is nearly constant for all participating substrates,” 96 
a plot of log /ct(neophyl) vs. log fcA (/3-arylethyl) should 
also be linear19b and have a slope of approximately 
unity.190 The plot shown in Figure 1, which is based 
on the acetolysis rates at 90° (Table III), confirms this 
expectation.

T a b l e  III
A c e t o l y s i s  R a t e s  o f  S u b s t i t u t e d  /S -A r y l e t h y i . 

a n d  N e o p h y l  T o s y l a t e s  a t  90°°
/3-Arylethyl 
FkA, sec-1

4.65 X  10-5 6 
3.19 X lO“ 66
3.75 X lO“ 78
2.15 X lO"7"
6.99 X 1 0 '8 b

Substituent

p-c h 3o
p-CHj 
H
3,5-di-CHaO 
p-Cl 
p-NOj

° At 0.00 M  sodium acetate

Neophyl
kt, sec-1

8.93 X  10~3 ' 
7.25 X 10~4 6 
9.57 X 10-3 ' 
2.36 X 1 0 '6‘ 
1.87 X 10 -6 '
9.93 X 10"» '

b Reference 12b. c Extrap
olated value from data in ref 12b. d Reference 16b. 6 Esti
mated as fct(ROBs)/3.49, where fct(ROBs) is calculated from the 
Yukawa-Tsuno relation, log fct =  —3.711 [<r +  0.4828(o-+ — 
<r)] — 3.478, for the acetolysis of neophyl-type brosylates at 
90° (p-CH,0, p-CH3, to-CH3, H, m-CH30 , p-Cl, p-Br, p-COaCH3, 
p-CN, p-NO-i) assuming that v(3,5-di-CH30 )  =  2o-(m-CH30 )  = 
0.230 and <r+(3,5-di-CH30 )  =  2<r+(m-CH30 )  =  0.094. > Esti
mated from fct of the brosylate corrected for the extent of p-nitro- 
phenyl migration assuming that the fraction of aryl-migrated 
products (0.75) is similar for the brosylate at 137° and the 
brosylate at 90° 80 and that fct(ROTs) =  fct(ROBs)/3.49.

Extrapolation of the resulting double least squares 
regression line,19d log (FkA°) =  0.998 log (fct“) — 2.327 
(which is linear over approximately three powers of 
ten), through the estimated fct196 for p-nitroneophyl 
(another two powers of ten, Table I I I )19f yields an 
FkA of 4.85 X  10~10 sec-1 for the acetolysis of 
nitrophenyl)ethyl p-toluenesulfonate (7-OTs) at 90°
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Figure 2.-—Formolysis of substituted /3-arylethyl tosylates at 
86.6° vs. acetolysis of like-substituted neophyl tosylates at 90°, 
0.00 M  base.

in the absence of added sodium acetate. Since ks° = 
kt° -  FkA° = 7.15 X  10-7 -  4.85 X  10-10 =  7.15 X  
10 ~7 sec-1 , it is apparent that p-nitrophenyl participa
tion is relatively unimportant under these conditions.96 
Correction of our data (Tabic II) for the acetolysis of 
the corresponding mesylate! (7-OMs) at 90° in the pres
ence of added sodium acetate yields estimates of 8.9 X
10-7, 8.9 X  10-7, and 5.6 X  10-10 sec-1 , respectively, 
for kt°, ks°, and FkA° at zero acetate ion concentration.21 
A similar correction applied to the titrimctric acetolysis 
rate of (phenyl)chromium tricarbonyl]ethyl meth-
anesulfonate (2-OMs) (Table II) yields an estimated 
k °  at 90°, zero acetate ion concentration, of 6.5 X  
10-6 sec-1 .

The inductive effects of p-nitrophenyl and 7r-phenyl- 
chromium tricarbonyl arc similar,22 while the steric 
bulk of the latter is not less than that of the former; 
thus it follows that the solvent-assisted rate constant 
in the absence of base, ks°, of 7-OMs constitutes an 
upper limit for ks° (2-OMs) under comparable condi
tions, i . e . ,  k,°(7-OMs) ~  fct° (7-OMs) ~  8.9 X  10-7 
sec-1 ^  Ay°(2-OMs). Therefore FkA° for the acetoly
sis of 2-OMs at 90° in the absence of added acetate 
must be equal to or greater than k °  (2-OMs) — k °  
(7-OMs) ^ 6.5 X  10-6 -  8.9 X  10-7 ^  5.6 X  10-6 
sec-1 . Comparison of FIcA°(2-OMs) and FkA° (7- 
OMs) provides an estimate of the relative ability of w- 
(phenyl) chromium tricarbonyl and p-nitrophenyl to 
enhance the rate; of product formation during acetolysis 
at 90°; i.e., the complexecl aryl is 5.6 X  10~r,/5.6 X  
10~ 10 or ~ 10,000 times more effective.

The rate constant for product formation via the in
ternally assisted acetolysis (FkA°) of /J-phcnylcthyl

(21) In agreement with Schleyer, el al.,9e we note that the value of FkA  
for acetolysis of 7-O M s, though small, is not zero; cf. Table II, ref 9b.

(22) B. Nicholls and M . C. Whiting, J. Chem. Soc., 551 (1959).

methanesulfonate (1-OMs) at 90° and zero acetate ion 
concentration, estimated in a similar manner from that 
of the tosylate (l-O T s),3b is 4.4 X  10-7 sec-1 . Thus, 
the 7r-complexcd phenyl, in spite of its large rate-re
tarding inductive effect, is 5.6 X  10-6/4 .4  X  10-7 
or 13 times more effective than phenyl itself in promot
ing product formation under these conditions.

Formolysis of 0- [tt-(Phenyl)chromium tricarbonyl ]- 
ethyl Methanesulfonate (2-OMs).— We are prevented 
by the lack of sufficient data in this solvent from utiliz
ing an analogous method to estimate the rate enhance
ment which accompanies the formolysis of 2-OMs. 
Diaz and Winstein31 have, however, demonstrated the 
existence of a good linear correlation between log 
kA° of form olysis for para-substituted l-phenyl-2-propyl 
tosylates at 75° and log kt of acetolysis for like-sub
stituted neophyl tosylates under similar conditions. 
Thus it is reasonable to expect that a similar correlation 
would exist between log F k A° of formolysis for para- 
substituted j3-phenylethyl tosylates at S6.6° and log 
kt of acetolysis for like-substituted neophyl derivatives 
at 9 0 °.23 Such a plot, based on the data of Table IV ,

T a b l e  IV
S o l v o l y s i s  R a t e s  o p  P -A r y l a l k y l - T y p k  T o s y l a t e s

Substituent
p-c h 3o
H
3,5-di-CH30
p-N 02

/3-Arylethyl 
formolysis, 86.6°, 

FkA, sec-1
4.96 X lO "3“ 
9.93 X 10"5c 
1.86 X 10 " 5 d

Neophyl 
acetolysis, 90°, 

kt, sec-1

8.93 X  IO- 36 
9.57 X 10 -6!>
2.36 X lO“ 5'
9.93 X 10-8 <

“ Extrapolated from data at other temperatures, 0.000-0.055 M  
sodium formate; cf. ref 3b and 3c. h Extrapolated from the 
data in ref 12b. e Calculated from kt at other temperatures, 
0.000-0.0291 M  sodium formate, assuming FkA =  fct/0.91, 
cf. ref 3b, 13a, and 16b, and kA/(kA +  k,) =  0.90, cf. ref 3c. 
d Estimated from data on the brosylate interpolated from other 
temperatures, cf. ref 13a and 16b, assuming fct(OBs) =  2.50 
kt(OTs), cf. ref 13a, and that the fraction of products formed via 
the bridged ion in the case of the brosylate at 75°, i.e., 52%, 
equals that from the tosylate at 86.6°, cf. ref 16b. * Table III,
footnote c. ! Table III, footnote/.

is shown in Figure 2. Extrapolation of the correlation 
line fitted to the data by a double' least square's regres
sion analysis, log (.FkA ) =  0.944 log kt — 0.323, 
through kt for p-nitro (Table IV) yields an estimated 
F k A° of 1.2 X  10-7 sec-1 for the formolysis of 7-OTs 
at 86.6° in the absence of added base. The; predicted 
F k A°  for the corresponding mesylate' (7-OMs) under 
these conditions would be 1.16 X  1.2 X  10-7 or 1.4 X  
10-7 sec-1 . Thee titrimctric feirmedysis constant, kt, 
of 7-OMs at 86.6° in the pre'semcc of 0.035 M sodium 
formate is 6.07 X  10-6 sec-1 (Table I). Although b 
value-s have ne>t bern de'te'rmine'd in this serfve-nt system, 
that of the anchimeuically assisted process, F k A, can be 
e'xpected to be! relatively small so that k„ ~  kt — 
FlcA° «  6.07 X  10-r’ -  1.4 X  10-7 «  5.9 X  10-0 se>c-1 
at 86.6° in the presence! of 0.035 M feirmate' iem. Thus 
under these conditions about 2 %  erf the preiducts are- 
apparently feirmed via a p-nitrophenyl-bridge'd iein pair. 
The titrimetric formolysis constant, kx, erf 2-OMs under 
similar conditions is 1117 X  10-6 sec-1 , so that F k A for 
the comple'x e-quals 1117 X  10-c — Ay(2-OMs) ^  
1117 X  10-6 -  Ay (7-OMs) ~  1117 X  10-15 -  5.9 X

(23) Note that because the solvents and temperatures are different, the 
slope of such a correlation line is no longer unity; cf. ref 3f, Figure 2.
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10-6 1111 X  10-6 sec-1 . Hence 7r-tricarbonylchro-
mium enhances the rate of product formation during 
formolysis by a factor of 1111 X  10-6/1 .4  X  10-7 =  
7900 times compared to p-nitro. Similarly (cf. Table
IV ), the complcxed mesylate is enhanced by a factor of 
(1111 X  10-6)/(1 .16  X  9.93 X  1 0 -5) =  9.6 times with 
respect to the /3-phenylethyl derivative (1-O.hs).

Acetolysis of 2 - [7r-(Phenyl)chromium tricarbonyl ] - l -  
propyl Methanesulfonate (¿¿-6 -O M s).— Attempts to 
estimate the rate enhancement due to it complexation 
in this system are complicated by two factors: the 
occurrence of extensive internal return to the more 
reactive l-phcnyl-2-propyl isomer in the case of ell-5- 
OR3b f14 and the lack of suitable kinetic data for sub
stituted phenyl derivatives. The following approach 
seems best under the circumstances. Assuming that 
the acctolyses of both 7- and ¿¿-8-OTs at 90° occur pre
dominantly via the solvent-assisted pathway, U ,96,24 
the ratio of their titrimetrie rate- constants, k t, at this 
temperature (Table I) represents the- steric effect of the 
/3-methyl group upon the solvent-assisted reaction. 
Hence fcs(cM-5-OTs) «  [kt ( d l - 8 - O M s ) / k t ( 7 - O M s ) ] - k „

(1-OTs)24 25 26 =  [(2.33 X  10-7)/(2 .6 4  X  10-G)](8.92 X  
10-7) =  7.87 X 10-8 sec-1 . Winstein, et al., havci 
carried out a detailed kinetic analysis of the acetolysis 
of ¿¿-5-OBs within the kinetic framework shown in 
Chart V .14

C h a r t  V

CH:,

Q.H-.CHCH/JBs

CH,CHCH.,C,,H,

OBs

p r o d u c t s

Since

[2-aeryl-l-pi'opy 1] =  ^  +  [2_aryU _propyl]

while

^ [neophyl] _  ¿t[ne0pi1yi] = (P£A +  fa) [neophyl]

it seems appropriate to equate (kT +  ktp) for 2-aryl-1- 
propyl derivatives with lct for systems whose solvolysis 
is not accompanied by extensive internal return to a 
more reactive isomer, i.e., kT +  lctp — kt =  FkA +  ks. 
Thus, at 90° i7cA (¿¿-5-OTs) =  kt(dl-5-OTs) =  (kT +  
ktp) (¿¿-5-OTs) -  /cs (¿¿-5-OTs) =  1.67 X  10-5 26 -  
7.87 X  10-8 «  1.67 X  10-6 sec-1 .

For the aryl-assisted acetolysis of ¿¿-8-OTs, FkA at 
90° can be approximated as follows. Both /3-arylcthyl 
and 2-aryl-2-methyl-l-propyl (neophyl) tosylates give 
correlation lines of unit slope (cf. Figure 1) when values 
of log FkA for acetolysis at 90° are plotted against values 
of log kt for like-substituted 2-aryl-2-mcthyl-l-propyl 
tosylates under similar conditions.190 It follows that 
the structurally intermediate 2-aryl-l-propyl tosylates 
should also be related to like-substituted 2-aryl-2- 
methyl-l-propyl tosylates in a similar manner, i.e.,

(24) Cf. acetate “ b” values for the corresponding mesylates, Table II.
(25) Calculated from the data in ref 121).
(26) Calculated by extrapolating the data in ref 14 (cf. Table I) and 

assuming that the measured acetolysis rate ratio, (kr +  ktp) (dZ-5-OBs)/
( i ,  +  ktp) (di-5-OTs) =  2.92 at 7 5 ° ,“  is maintained at 90°.

that log FlcA (2-aryl- 1-propyl tosylate, HO Ac, 90°) =
1.0 log fct(2-aryl-2-mcthyl-l-propyl tosylate, HO Ac, 
90°) +  C. This being true, the constant C can be 
computed from the value of FkA(¿¿-5-OTs) estimated 
previously and the measured Ict of neophyl tosylate 
(Table III), viz., for acetolysis at 90° log (1.67 X  
10-5) =  1.0 log (9.57 X  10-5) +  C, or C =  -0 .7 5 8 2 , 
so that the equation for the expected correlation be
comes log FkA(2-aryl- 1-propyl tosylate, HOAc, 90°) =  
log kt(2-ary 1-2-methyl- 1-propyl tosylate, HOAc, 90°) — 
0.7582.

Using this equation and the estimated acetolysis con
stant, kt, for p-nitroneophyl tosylate at 90° (Table III), 
a value for FkA(dl-8-OTs) under these conditions can 
be predicted, viz., log FkA(dl-8-OTs) =  log (9.93 X  
10-8) -  0.7582 or FkA (¿¿-8-OTs, HOAc, 90°) =  1.7 X  
10-8 sec-1 .

Schley or96 has demonstrated that the solvent-assisted 
rate constant, ks, for the acetolysis of a /3-arylethyl 
tosylate at 90° can be computed from the Hammett 
relation log k3 = —0.115<r -f- log ¿csH. It follows from 
this and our previous arguments that under similar 
conditions, e.g., for acetolysis at 90°, ks (¿¿-5-OTs) >  
/cs(¿¿-8-OTs) ^  ¿^(¿¿-6-OTs), so that FkA(dl-6-OTs) ^  
^(¿¿-6-OTs) -  h  (¿¿-5-OTs) or FkA (¿¿-6-OTs) ^
(6.85 X  10-6/ 1.26)27 -  7.87 X  10-8 ^  5.4 X  1 0 - ’ 
sec-1 . Thus, x-phenylchromium tricarbonyl is 5.4 X  
10- 5/1 .7  X  10-8 or 3200 times more effective than p- 
nitrophenyl in promoting product formation during the 
acetolysis of 2-aryl-l-propyl derivatives at 90°. It is
5.4 X  10-5/l -6 7  X  10-5 or 3.2 times more effective 
than phenyl itself.

Formolysis of 2 -  [77- (Phenyl)chromium tricarbonyl]-l- 
propyl Methanesulfonate (¿¿-6 -O M s).— Since there 
are essentially no kinetic data available for the formoly
sis of either 2-aryl-2-methyl-l-propyl or 2-aryl-l-propyl 
derivatives other than those reported here in the latter 
case, and since the assumption that the p-nitro deriva
tives solvolyze preponderantly via the solvent-assisted 
path may not be valid in formic acid, it seems best to 
estimate the effect of 7r complexation by direct com
parison of the titrimetrie rate constants at 86.6 ° (Table 
I). Thus, FkA (¿¿-6-O M s)/FkA (¿¿-8-0 A Is) «  kt(dl- 6- 
OM s)/ kt(¿¿-8-OMs) =  3000 X  10- y i .6  X  10 -Gor 1900 
times; ^^(¿¿-6-O M s)/FA ;A(di-5-O^Is) «  kt(dl- 6-
O M s)/^(¿¿-5-O M s) =  3000 X  10-6/1270 X  10-6 
or 2.4 times.

The rate enhancements of solvolytic product forma
tion induced by the prior chromium tricarbonyl com
plexation of primary /3-arylethyl derivative's, estimated 
as the ratios of F1ca ( tt complex)/FlcA(p-nitro), are sum
marized in Table V.

In considering the possible implications of these data 
several questions come to mind. First and foremost: 
could these enhancements be due predominantly to 
steric effects? We think not. Chromium tricarbonyl 
complexation increase's the absolute acetolytic reactivity 
at 85-90° by 10 times in the /3-phenylethyl case, 6.1 
time's in the 2-phenyl-l-propyl derivative, and 1.6 
time's in the neophyl methane-sulfonate'. Thus the 
absolute rate enhancement is greatest in the1 least 
sterically congeste'd /3-phe'nylalkyl derivative and Fast 
in the me>st congested system. This is in spite' of the 
fact that it complexation must certainly inhibit the

(27) Assuming that kt(dl-6-OM s) =  1.26 kt(dl-6-O T s); cf. Table I.
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T a b l e  Y
E s t i m a t e d  S o l v o l y t i c  R a t e  E n h a n c e m e n t  D ü e  

t o  C h r o m i u m  T r i c a r b o n y l  C o m p l e x a t i o n

R

< c -CCH2OMs (or Ts)

A -
1

f '
1

R'
Cr

/ I \
o c CO v v

Temp, Enhance-
z R R' Solvent °c menta

H H H HO Ac 90 10,000"
HCOOH 86.6 7,900"

H c h 3 H HOAc 90 3,200"
HCOOH 86.6 1,900"

H c h 3 c h 3 HOAc 75 1,600c
xi-CH 3 OO O O
p-CH3 400 e
P-CII30 80»
° After correction for the rate-retarding inductive effect of the 

tricarbonylchromium; vide supra. " This work. '  Reference 
2b.

solvent-assisted process, fcs, to a greater extent in the 
less crowded /3-phenylethyl me'hanesulfonate. Since 
the change in reactivity upon complexation is exactly 
opposite from that which would have been anticipated 
had steric butressing effects been dominant, we con
clude that the rate factors which we have estimated in 
Table V  are consonant with the idea of a relatively un
important steric effect due to x complexation28 coupled 
with some sort of electron-donating effect by the /}- 
[x-(aryl) chromium tricarbonyl] group. W e cannot on 
the basis of our data distinguish between the alternate 
possibilities of a- x  type homoconjugation or the direct 
chromium bridging suggested previously2 as the manner 
in which this electronic effect is transmitted. We sec; 
no paradox in the fact that the estimated anchimeric 
effects of the x-(phenyl) chromium tricarbonyl during 
solvolysis arc manifest in the absence of rearrangement, 
for in this sense the two primary x-complexed deriva
tives reported here resemble the secondary l-aryl-2- 
propyl arenesulfonates studied by Winstoin3f and by 
Schleyer.9a~d In each case the rate-limiting step of the 
reaction appears to be the formation of a nonsymmetric 
bridged cation-anion pair which reacts with the solvent 
to yield unrearranged products predominantly or ex
clusively.

A  second question which these data raise concerns 
the relative extent of apparent participation by x- 
(phonyl)chromium tricarbonyl in acetic and in formic 
acid: it is slightly greater in the former than in the 
latter (Table V). Why? Our estimates of the mag
nitude of neighboring-group participation have involved 
numerous assumptions, some of which may at best be 
unwarranted and at worst be incorrect. Paramount 
among these is the idea that the inductive effect of 
x-(phenyl) chromium tricarbonyl may be approximated 
by that of p-nitrophonyl. This suggestion is not origi

(28) This conclusion is corroborated by the finding, reported elsewhere
[R. S. Bly and R. C. Strickland, J. Amer. Chem. Soc., 92, 7459 (1970)],
that under kinetically controlled conditions the acetolysis of both exo-2-
[v-exo- and -endo-(benzonorbornenyl)chromium tricarbonyl] methanesul-
fonates yields the less stable, more hindered ea:o-[ir-endo-(benzonorbornenyl)- 
chromium tricarbonyl] acetate preferentially.

nal with us but stems from the observation that [x- 
(phenyl) chromium tricarbonyl Jacetic and p-nitro- 
phenylacetic acids have experimentally identical ioniza
tion constants in 50%  ethanol at 2 5 °.22 However, the 
geometries of these two aryl groups are obviously quite 
different and the individual bond moments in each 
must clearly be oriented in different directions with 
respect to the remainder of the molecule. Hence, it is 
the time-averaged net moment of all possible conforma
tions which must be similar in 50%  ethanol. The 
relative population of the various conformers of a polar 
molecule is known to be solvent dependent,29 so that 
the p-nitrophcnyl may not be a good model for the 
conformationally averaged net inductive effect of the 
x-complexed phenyl in other solvents, especially when 
their dipole moments differ as much as those of acetic 
(D =  6) and formic acids (D =  58). While we recog
nize the possible pitfalls of the assumption, in the ab
sence of something better we see no recourse but to con
tinue to use it.

Another possibility may be that the ability of the 
tricarbonylchromium to act as a source of electrons is 
diminished by protonation in the more acidic formic 
acid (pAa =  3.75). Both Wilkinson, et al.,30 and 
Sahatjian31 have demonstrated by nmr that x-arene- 
chromium tricarbonyl complexes arc extensively pro- 
tonated on chromium in trifluoroacetic acid. Clearly 
to the extent that such protonation occurs during 
solvolysis, the effective concentration of the more reac
tive unprotonated starting material will be reduced. 
Although we have been unable to detect any high-field 
resonance in the 60-MHz nmr spectrum of a solution of
2 -0 Ac in unbuffered formic acid, we cannot completely 
discount metal protonation as a possible source of the 
reduced participation observed in this solvent.

While it is possible that the slightly reduced apparent 
participation by x-phcnylchromium tricarbonyl in 
formolysis relative to acetolysis may be an artifact of 
our interpretation, other /3-arylalkyl groups clo exhibit 
the same phenomena in systems such as (3-arylethyl 
and neophyl, where the leaving group is attached to a 
primary carbon. As the data in Table V I illustrate, the 
increase in solvolysis rate which accompanies a solvent 
change from acetic to formic acid is always greater under 
comparable conditions for the unsubstituted phenyl 
derivative than for the comparable p-mothoxy com
pound. In other words, in highly solvated primary 
systems32 the effectiveness of p-anisyl as a neighboring 
group is decreased relative to phenyl when the solvent 
itself can provide more electrophilic stabilization. As 
a similar reactivity pattern prevails for x-phenylchro- 
mium tricarbonyl relative to phenyl, it is perhaps not 
surprising that in the primary sulfonate esters examined 
here the apparent additional anchimeric effect re-

(29) Cf. E . L. Eliel, N . L. Allinger, S. J. Angyal, and G. A . Morrison, 
“ Conformational Analysis,” W iley, New York, N . Y ., 1965, pp 159-160, 
and references cited therein.

(30) A . Davison, W . McFarlane, L. Pratt, and G . Wilkinson, J. Chem. 
Soc. 3653 (1962).

(31) R . A . Sahatjian, Ph.D . dissertation, University of Massachusetts, 
1969.

(32) Primary cations are far too unstable to exist in solution;9d cf. S. 
Winstein, E . Grunwald, and H. W . Jones, J. Amer. Chem. Soc., 73, 2700  
(1951); M . Saunders and E. L. Hagen, ibid., 90, 6881 (1968). In  fact it 
has been suggested that in such primary systems the rate-limiting step m ay 
actually be the dissociation of a tight ion pair;“a cf. R . A . Sneen and J. W . 
Larson, ibid., 91, 6031 (1969); V . J. Shiner, Jr., and W . Dowd, ibid., 91, 
6528 (1'969);, J. M . Scott, Can. J . Chem., 48, 3807 (1970).
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T a b l e  VI
E f f e c t  o f  S o l v e n t  o n  t h e  E x t e n t  o f  A r y l  P a r t i c i p a t i o n  i n  P r i m a r y  0 - A r y l a l k y l  S u l f o n a t e  E s t e r s

Compd
Temp, /-------------------------P kA, see-1-------- ------------------> H C O O H /

°c H COOH HOAc HOAc
(3-Phenylethyl tosylate (1-OTs) 74 2.64 X 10“ 6 » 6.88 X IO- 3 b 384
/3-p-Anisylethyl tosylate 74 1.61 X 10-3 c 8.78 X IO-6 6 183
d-Phenylethyl methanesulfonate (1-OMs) 90 9.93 X 10“ 5 “ 4 .4  X IO“7 d ~225
rr-d-Phenylethyl methanesulfonate (2-OMs) 90 1 .11  x  i o - s<i 5.6 X  10-« d ~198
2-Phenyl-1-propyl methanesulfonate (df-5-OMs) 90 1.27 X IO“ 3* 1.67 X 10“ s d 76
x-2-Phenyl-1-propyl methanesulfonate (cK-6-OMs) 90 3.00 X IO“ 3* 5 .4  X 10-5 d 56
2-Phenyl-2-methyl-1-propyl tosylate 25 1.16 X  IO-5' 3.11 X IO-8 < 374
2-p-Anisyl-2-methyl-1 -propyl tosylate 25 8.31 X IO“ 4® 6.00 X  IO“ 6 / 139
Reference 13c. 6 Calculated from the data in ref 12b. ‘  Interpolated from the data of ref 3b and W. H. Saunders, Jr., and

Glaser, J . Amer. Chem. Soc., 82, 3586 (1960), assuming Fk\ ~  kt in this solvent. d This work. ‘  Data of A. H. Fainberg quoted by 
R. Heck, J. Corse, E. Grunwald, and S. Winstein, J. Amer. Chem. Soc., 79, 3278 (1957), assuming Fk& »  kt. 1 Extrapolated from 
the data in ref 12b assuming FkA ~  kt. « S. Winstein and R. Heck, J. Amer. Chem. Soc., 78, 4801 (1956).

suiting from it complexation prior to solvolysis is less in 
formic than in acetic acid.33 34

Experimental Section34
Preparation of the Methanesulfonates (1-, 3-, dl-5-, 7-, and

df-8-OMs).— The methanesulfonates were prepared by the re
action of methanesulfonyl chloride in pyridine with the corre
sponding alcohols 1-OH,35 3-OH,36 dZ-5-OH,14'37 7-OH,38 and 
(W-8-OH39 as described previously.2“ Melting points and yields 
are listed in Table VII.

T a b l e  VII
M e l t i n g  P o i n t s  a n d  Y i e l d s  o f  t h e  2 - A r y l e t h y l  a n d  

2 - A r y l p r o p y l  M e t h a n e s u l f o n a t e s

Compd M p, °C
Yield,

%
1-OMs Liquid at room temperature 61
3-OMs Liquid at room temperature 56
dl-5-OMs Liquid at room temperature 60
7-OMs 80-81 41
Æ-8-OMs 85-86 27

2-Phenylethyl Methanesulfonate ( 1-OMs).— Ir analysis showed 
(CHC13) 3070, 3060, 3020 (CH phenyl); 2960, 2930 (CH ali
phatic); 1610, 1590 (aromatic nucleus); 1350, 1165 (OS02); and 
699 cm -1 (monosubstituted phenyl); nmr (CDC13) S 7.25, 
singlet (C6H5); 4.36, triplet, J  =  7.0 Hz (-C H 2CH20 ) ;  3.01, 
triplet, J  =  7.0 Hz (C6H5CH2CH2- ) ;  and 2.78, singlet (-O S 02- 
CH3).

Anal. Calcd for C9Hi20 3S: C, 53.97; H, 6.04; O, 23.97; 
S, 16.01. Found: C, 54.08; H, 6.20; 0 ,2 3 .9 1 ; S, 15.86.

2-Phenylethyl-l,1-dk Methanesulfonate (3-OMs).— Ir analysis 
showed (CHC13) 3030 (CH phenyl); 2940 (CH aliphatic); 2250, 
2170 (CD aliphatic); 1610, 1590 (aromatic nucleus); 1370, 
1178 (OS02); 700 cm-1 (monosubstituted phenyl); nmr (CDCl3)

(33) It is interesting to note that in the l-aryl-2-propyl tosylate series, 
where the incipient cations are secondary and thus intrinsically more stable 
and less highly solvated in the transition state, these effects are reversed, 
viz., the better neighboring group p-anisyl provides relatively more additional 
internal nucleophilic assistance than phenyl when the solvent is changed 
from acetic to formic acid.90

(34) Melting points are uncorrected. Microanalyses were performed by 
Bernhardt Mikroanalitisches Laboratorium, 5251 Elbach über Engelskir
chen, West Germany. Spectra were (determined on a Perkin-Elmer grating 
infrared spectrometer, Model 337, a Model 202 ultraviolet spectrometer, 
and a Varian A -60A  nmr spectrometer. Gas chromatographic analyses 
were performed on a F & M  Model 5Ö0 chromatograph equipped with a 
16 ft X  0.5 in. column packed with 2 0 %  Carbowax 20M  on 6 0 -80  mesh 
Gas-Chrom CL. Helium was used as carrier gas at flow rates of 80-100  
m l/m in. The potentiometric titrations ■were performed on a Radiometer 
Auto-Burette using glass and standard calomel electrodes.

(35) Eastman Organic Chemicals, List No. 45, compound 313.
(36) (a) W . H . Saunders, Jr., S. Asperger, and D . H . Edison, J. Amer.

Chem. Soc., 80, 2421 (1958); (b) G . S. Hammond and K . R . Kopecky,
J. Polym. Sei., 60, 54-59  (1962).

(37) K  and K  Laboratories Inc., Catalog No. 7, compound 7594.
(38) R. Fuchs and C. A. Vanderverf, J. Amer. Chem. Soc., 7 6 ,  1631 

(1954).
(39) F. Nerdel and H. Winter, J. Prakt. Chem., 12, 110 (1960).

5 7.19, singlet (CiHs); 2.95, singlet (C6H6CH2- ) ;  2.75, singlet 
(0 S 0 2CH3).

2-Phenyl-1-propyl Methanesulfonate (rii-5-OMs).— Ir analysis 
showed (CC14) 3080, 3060, 3025 (CH phenyl); 2960, 2935, 2895, 
2875 (CH aliphatic); 1610, 1590 (aromatic nucleus); 1355, 1175 
(OS02); 700 cm-1 (monosubstituted phenyl); nmr (CC14) 5 7.12, 
singlet (C6H5- ) ;  4.10, doublet, J  = 7.0 Hz (>CH CH 20 - ) ;  
3.08, multiplet [C6H5CH(CH3)CH r-]; 2.65, singlet (0S 02CH3);
1.29, doublet, J  =  7.0 Hz (>CH CH 3).

Anal. Calcd for CmH h0 3S: C, 56.05; H, 6.59; O, 22.40; 
S, 14.96. Found: C, 55.91; H, 6.75; S, 15.14.

2-(p-Nitrophenyl)ethyl Methanesulfonate (7-OMs).— Ir analy
sis showed (CHC13) 3040 (CH aromatic); 2980, 2920, 2880, 2820 
(CH aliphatic); 1530, 1370, 1350 (C N 02, OS02), 1170 (OS02); 
850 cm-1 (disubstituted phenyl); nmr (CDC13) 5 8.28, 8.13, 
7.54, 7.39, AB quartet, J =  8 Hz (-CcH2AH2B- ) ;  4.54, triplet, 
J  =  6.5 Hz (-C H 2CH20 - ) ;  3.25 ,triplet, J =  6.5 Hz (-C 6H4- 
CH jCH i-); 3.04, singlet ( -0 S 0 2CH3).

Anal. Calcd for C9H nN06S: C, 44.07; H, 4.52; N , 5.71; 
O, 32.62; S, 13.07. Found: C, 44.06; H, 4.62; N , 5.59; S,
13.13.

2-(p-Nitrophenyl)-l-propyl Methanesulfonate (dZ-8-OMs).— Ir 
analysis showed (CHC13) 3060, 3020 (CH phenyl); 2970, 2930 
(CH aliphatic); 1350, 1170 (OS02); 855 cm -1 (phenyl); nmr 
(acetone-de) 5 8.16, 8.01, 7.57, 7.42, AB quartet, 7  =  8 Hz 
(-C 6H2AH2B- ) ;  4.34, doublet, J  =  6.5 Hz (>C H C H 20 - ) ;  3.35, 
multiplet (-CHCHsCHi-); 2.98, singlet ( -0 S 0 2CH3); 1.35, 
doublet, J  =  6.5 Hz (>C H C H 3).

Anal. Calcd for CioHi3NOsS: C, 46.32; H, 5.05; N, 5.40; 
O, 30.86; S, 12.37. Found: C, 46.32; H, 5.15; N , 5.27; O, 
30.91; S, 12.36.

Preparation of the 7r-Complexed Methanesulfonates (2-, 4-, 
and cK-6-OMs).— The methanesulfonates 2-, 4-, and dZ-6-OMs 
were prepared by the reaction of chromium hexacarbonyl with 
the corresponding noncomplexed methanesulfonates, 1-OMs,
3-OMs, and dZ-5-OMs, respectively, as described previously.2“ 
The yields and melting points are summarized in Table VIII.

T a b l e  VIII
M e l t i n g  P o i n t s  a n d  Y ie l d s  o f  t h e  it- C o m p l e x e d  

2 - P h e n y l k t h y l  a n d  2 -P h e n y l - 1 - p r o p y l  M e t h a n e s u l f o n a t e s

Mp, Yield,
Compd 'C %

2-OMs 70-71 97
4 - O M s 70-71 54“
di-6-OMs 4 9 .5 -5 0 .5 68

“ The low yield is probably due to the reduced scale of this 
preparation.

2-[7r-(Phenyl)chromium tricarbonyl] ethyl Methanesulfonate 
(2-OMs).— Ir analysis showed (CHCl3) 3030 (CH phenyl); 2970, 
2940 (CH aliphatic); 1980, 1910 (C = 0 ) ;  1380, 1170 (OS02); 
660, 633, 530 cm "1 (CrC);40 nmr (CDC13) 6 5.35, doublet (?r- 
C6H5- ) ;  4.43, triplet, J  = 6.5 Hz (-C H 2CH20 - ) ;  3.03, singlet

(40) (a) R. D . Fischer, Chem. Ber., 93, 165 (1960); (b) R. E . Humpherey, 
Spedrochim. Acta, 17, 93 (1961); (c) G. Klopman and K . Noaek, Inorg.
Chem., 7, 579 (1968).
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(-OSO3CH3); 2.85, triplet, J  =  6.5 Hz (CJI5CH2CHr-); uv 
(C2HiOH) 218 mM (e 22,000), 254 (6000), 317 (7900).41

Anal. Calcd for CuHi-iOsSCr. C, 42.86; II, 3.60; O, 28.55; 
S, 9.54; Cr, 15.46. Found: C, 42.81; II, 3.67; O, 28.12; S,
9.32.

2-[ir-(Phenyl)chromium tricarbonyl]ethyl-1,1 -d >  Methanesulfo- 
nate (4-OMs).— Ir analysis showed (CIIC13) 3080, 3020 (CII 
phenyl); 2930 (CH aliphatic); 2250, 2170 (C l) aliphatic); 1970, 
1880 (C = 0 ) ;  1340, 1170 (OS02); 655. 629 cm "1 (CrC).

Anal. Calcd for C,.H10l )2O6SCr: C, 42.61; 11,2.98; I), 1.18; 
O, 28.38; 8, 9.48; Cr, 15.37. Found: C, 42.75; O, 28.30; S,
9.37.

2-[x-(Phenyl)chromium tricarbonyl]-1-propyl Methanesulfonate
(di-6-OMs).— Ir analysis showed (CCi4) 3030, w (CII phenyl); 
2980, w (CH aliphatic); 1980, 1920 (C = 0 ) ;  1390, 1178 (OSOj); 
660, 630 cm “ 1 (CrC); nmr (CDC13) 5 5.08, singlet (jr-C6H5- ) ;
3.99, doublet, /  =  6 Hz (>CH CH 20 - ) ;  2.74, singlet ( -0 S 0 2CH3) 
superimposed on a multiplet at ~ 2 .7  (C6H5CHCH3CH2-'); 1.10, 
doublet, J = 7.5 Hz (>CH CH 3).

Anal. Calcd for C,3Hi40 6SCr: C, 44.57; 11,4.03; 0 ,2 7 .4 0 ; 
S, 9.15; Cr, 14.84. Found; C, 44.68; H, 4.11; O, 27.24; S,
9.36.

Acetolysis rates w'ere measured titrimetrically in sodium 
acetate buffered, deoxygenated anhydrous acetic acid42 as 
described previously.2“ The rate constants and activation param
eters are recorded in Table I.

Formolysis Rates.—'Anhydrous formic acid was obtained by 
purification of the commercial solvent (Baker and Adams CP, 
9 8 -I00t( ) according to the procedure of Winstein.3" Sodium 
formate was dried at 120° overnight and added to the purified 
solvent to obtain a ~ 0 .03  M  solution. The buffered solution was 
deoxygenated as described previously for the acetic acid solvent.2“

The rates were measured using the ampoule technique. 
Enough of the methanesulfonate was dissolved in 25 ml of the 
buffered formic acid to obtain an ~0.02 ,17 solution. Eight 3-tnl 
samples were placed into ampoules, cooled in Dry Ice-acetone, 
flushed with dry nitrogen, sealed, and placed in a thermostated 
bath. At appropriate intervals ampoules were removed from the 
bath, cooled, and opened, and 2-ml aliquots were withdrawn. 
The measured volume was diluted with 20 ml of anhydrous acetic 
acid and titrated potentiometrically34 with a standard solution of 
~~0.0.33 M perchloric acid in acetic acid.

Acetolysis Products of 2-Phenylethyl Methanesulfonate 
(1-OMs). Run A.— A 10-ml sample of a 0.02 M  solution of
1-OMs in anhydrous acetic acid42 buffered with 0.046 M  sodium 
acetate was allowed to react at 115° for 84 hr (10 half-lives). 
The solution was cooled, poured over cracked ice, and extracted 
with three 25-ml portions of pentane. The combined extract was 
washed with saturated sodium bicarbonate, then washed with 
water and dried over anhydrous sodium sulfate. The solution 
was filtered and concentrated to ~2  ml by slow distillation of the 
pentane through a 12-in. wire spiral packed vacuum-jacketed 
column. Analysis by glpc at 140° showed the presence of two 
components whose relative retention times and (peak areas) were
4.1 (< 0 .1% ) and 29.4 (>99 .9% ). No attempt was made to 
identify the first component. The second component was iden
tical with the known and commercially available 2-phenylethyl 
acetate (1-OAc).43

Acetolysis Products of 2-[7r-(Phenyl)chromium tricarbonyl] - 
ethyl Methanesulfonate (2-OMs). Rim B.— A solution of 33 mg 
(0.099 mmol) of the methanesulfonate in 5 ml of deoxygenated 
acetic acid2“ buffered with 0.046 M  sodium acetate was heated at 
115° for 8.4 hr (10 half-lives). The solution was cooled, poured 
over cracked ice, and extracted with three 50-ml portions of a 
1:1  pentane-ether mixture. The extract was washed successively 
with cold saturated sodium bicarbonate and cold water. To the 
washed extract was added dropwise with rapid stirring a solution 
of ceric ammonium nitrate in acetone.44 * The resulting colorless 
solution was washed with cold water, dried (Na2S04), and treated 
with an excess of lithium aluminum hydride.2“ Analysis of the 
reduced product solution by glpc on the 16-ft Carbowax column 
revealed the presence of three components with relative retention 
times (peak areas) of 10.4 (< 0 .1% ), 19.0 (< 0 .1% ), and 22.5

(41) E. O. Fischer and H. P. Fritz, Ange w. Chem.. 73, 353 (1961).
(42) Prepared by distilling reagent grade acetic acid from acetic an

hydride and adding — 1 %  anhydride to the distillate.
(43) K  and K  Laboratories, Inc., Catalog No. 7, compound 17379.
(44) G. F. Emerson, L. Watts, and R. Pettit, J. Amer. Chem. Soc., 87,

131 (1965).

(> 99% ). The first two components were not isolated and 
characterized. The third component was identical in all respects 
with authentic 2-phenylethanol (l-O H ).35 A duplicate run C 
gave identical results.

Acetolysis of 2-[7r-(Phenyl)chromium tricarbonyl]ethyl-1,l-d2 
Methanesulfonate (4-OMs). Run D.— This reaction was carried 
out in the same manner as run B except that the lithium alu
minum hydride reduction step was omitted. The acetate 
product(s), isolated by glpc, showed ir (CC14) peaks at 3090, 
3070, 3040 (CII phenyl); 2950 (CH aliphatic), 2260, 2180 (CD 
aliphatic); 1760 (C==0 ester); 1610, 1590 (phenyl nucleus); 
1028 (CO ester); 721, 700 cm -1 (monosubstituted phenyl); 
nmr (CC14) S 7.18, singlet (CeHj-); 2.87, singlet (CeHsCH^);
1.95, singlet. (-COCH3). No signals were observed at 5 ~ 4 .3  
(-C H 20 - ) .  We estimate that ~ 3 %  of a-hydrogen-containing 
material could have been detected had it been present. The 
acetate isolated in a duplicate run E also contained < 3 %  of 
hydrogen at the a position.

jr-Complexed Products from the Acetolysis of 2-[7r-(Phenyl)- 
chromium tricarbonyl]ethyl Methanesulfonate (2-OMs). Run F. 
— To 50 ml of 0.0487 M  sodium acetate in deoxygenated acetic 
acid2" was added 0.650 g (1.92 mmol) of 2-OMs. The sample was 
sealed under nitrogen and heated at 115° in the dark for 11 hr 
(13 half-lives). The solution was poured over ~ 2 0 0  ml of cracked 
ice and then extracted as described for run B. The extract was 
dried (Mg>S04) and filtered. Addition of pentane to the filtrate 
caused the precipitation of 0.332 g (57.4%) of yellow crystals, 
mp 51-52°. Ir analysis showed (CHC13) 3020 (CH phenyl), 2960 
(CH aliphatic); 1970, 1880 (C = 0 ) ;  1735 ( C = 0  ester); 660, 
630, 530 cm -1 (CrC); nmr (CDC13) 5 5.33, singlet (ir-CeHs-);
4.32, triplet, /  =  6 Hz (-C H 2CH20 - ) ;  2.77, triplet, /  =  6 Hz 
(C6H;,CH,CH2- ) ;  2.16, singlet (CH3C 0 2- ) .

Anal. Calcd for Ci3Hi20 3Cr: C, 52.00; H, 4.03; O, 26.65; 
Cr, 17.32. Found: C, 52.11; H, 4.10; O, 26.52.

The pale yellow mother liquor was treated with ceric ammo
nium nitrate (see run B) and analyzed by glpc on the 16-ft 
Carbowax column. A single component was observed. The 
product, isolated by glpc, was found to be identical with authentic
1-OAc.

Acetolysis Products of 2-Phenyl-l-propyl Methanesulfonate
(di-5-OMs). Run G.— To 50 ml of 0.0486 M  sodium acetate in 
acetic acid was added 0.43 g (2.02 mmol) of the methanesulfonate. 
The solution was heated at 115° for 22 hr (~ 2 4  half-lives) and 
the product(s) were extracted and reduced with lithium alu
minum hydride as described for run B. Analysis by glpc at 155° 
revealed the presence of five components whose relative retention 
times (peak areas) were 4.0 (8.7% ), 5.3 (6 .0% ), 7.1 (14.5%),
34.8 (70.8%), and 42.0 (trace). The first, second, third, and 
fourth components were found to be identical with the known and 
commercially available46 compounds allylbenzene ( 10), cis-fi- 
methylstyrene (11), ira/is-/3-methylstyrene (12), and l-phenyl-2- 
propanol (cM-13-OH), respectively. The fifth component was not 
present in sufficient amounts for isolation and identification.

Acetolysis Products of 2-[?r-(Phenyl)chromium tricarbonyl]-1- 
propyl Methanesulfonate (di-6-OMs). Rim H.— The reaction 
was carried out at 115° for 4 hr (■—-15 half lives) as described for 
run B. A glpc analysis of the decomplexed and reduced product 
mixture showed two components in a relative abundance of 5.1 
and 94.9% which were identified by spectral comparison as 
alcohols (//-13-OH and dl-S-OH, respectively.

Formolysis Products of 2-[ir-(Phenyl)chromium tricarbonyl]- 
ethyl Methanesulfonate (2-OMs). Run I.— To 50 ml of a 
solution of 0.0491 M  sodium formate in deoxygenated formic acid 
(>97% , Matheson Coleman and Bell) was added 0.686 g (2.04 
mmol) of 2-OMs. The solution was heated in a sealed ampoule 
in the dark at 115° for 1 hr, cooled, poured over cracked ice, and 
extracted with three 100-ml portions of a 1:1  ether-pentane 
mixture. The extract was washed with sodium carbonate, then 
with water, and concentrated to ~ 4 0  ml. Addition of ~ 100  ml 
of pentane to the concentrate gave 0.413 g (71%) of a yellow, 
crystalline product (2-OCOH): mp 71-72°; ir (CHC13) 3080, 
3020 (CH phenyl); 2950, 2930, 2890 (CH aliphatic); 1950, 1870 
(C = 0 ) ;  1735 (C = 0  ester); 658, 630, and 530 cm -1 (CCr); 
nmr (CDC13) S 8.06, singlet (-OCOH); 5.60, broad singlet (ir- 
C6H3- ) ;  4.41, triplet, J =  6 Hz (-C H 2CH20 - ) ;  2.79, triplet, 
/  = 6 Hz (C6H3CH2C H ,-).

(45) K  and K Laboratories, Inc., Catalog No. 7, compounds 4570, 25530, 
25541, and 8353, respectively.



Anal. Calcd for Ci2H,0O;Cr: C, 50.35; H, 3.52; O, 27.95; 
Cr, 18.18. Found: C, 50.51; H, 3.50; 0 ,2 7 .75 .

The filtrate was further concentrated to ~ 2 0  ml and treated 
with ceric ammonium nitrate followed by lithium aluminum 
hydride as described for run B. Olpc analysis showed a single 
product, identical with authentic 1-011.

Run J.— Another sample (0.684 g, 2.03 mmol) of the methane- 
sulfonate 2-OMs was treated in a similar manner with anhydrous 
buffered formic acid at 70° for 30 min. The product was isolated 
as described for run I, giving 0.405 g (70%) of 2-OCOII.

Formolysis Products of 2-[7r-(Phenyl)chromium tricarbonyl]- 
ethyl-l,l-d2 Methanesulfonate (4-OMs). Rim K.— A solution 
of 0.355 g (1.05 mmol) of 4-OMs in 25 ml of deoxygenated formic 
acid1 2“ buffered with 0.0491 M sodium formate was heated at 120° 
for 1 hr. The complexed formate 4-OCOH (0.209 g, 69% ) was 
isolated as described in run I: mp 71-72°; ir (CHC13) 3090, 
3035 (CH phenyl); 2980, 2945, 2920 (CH aliphatic); 2170 (CD 
aliphatic); 1980, 1890 ( f e O ) ,  1730 (C = 0  ester), 1190 (CO); 
660, 630 cm “ 1 (CrC); nmr (CDCh) 6 8.02, singlet (-OCOH);
5.30, broad singlet (7r-C6H5- ) ;  2.75, singlet (CSH5CH2- ) .  No 
signals were observed at b ~ 4 .4  (-C H -0 -). We estimate that 
~ 5 %  of «-hydrogen-containing material could have been de
tected had it been present.

Anal. Calcd for C^HsDiOsCr: C, 50.01; 11,2.80; D, 1.39; 
0 , 27.76; Cr, 18.04. Found: C, 50.28; O, 27.70.

A cid -C a t a l y z e d  C l o s u r e  of  H y d a n t o ic  A cids

Formolysis Products of 2-[?r-(Phenyl)chromium tricarbonyl]-1- 
propyl Methanesulfonate {(/¡-6-OMs). Run L.— A solution of
61.8 mg (0.176 mmol) of dl-6-OMs in 5 ml of deoxygenated formic 
acid2“ was heated at 115° for 30 min. The reaction mixture was 
extracted, decomplexed with ceric ammonium nitrate, reduced 
with lithium aluminum hydride, and analyzed by glpc as de
scribed for run B. Two components were found to be present 
(relative abundance 17% and 83%) which were identified by 
their infrared spectra as alcohols f//-13-OH and dl-5-OH, re
spectively.

Registry No.— 1-OMs, 20020-27-3; 2-OCOH, 38599-
99-4; 2-OAc, 3NG00-00-9; 2-OMs, 38000-01-0 ; 3-OMs, 
38005-70-8; 4-OMs, 38000-02-1; 4-OCOH, 38600-03-2; 
(± )-5 -O M s, 38605-48-0; (± )-6 -O M s, 38600-04-3 ; 7- 
OMs, 20020-28-4; (± )-8 -O M s, 38637-45-5.
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Kinetics of the Acid-Catalyzed Closure of Hydantoic Acids. 
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V .  S t e l l a  a n d  T. H i g u c h i *

Department of Analytical Pharmaceutical Chemistry and Pharmaceutics,
University of Kansas, Lawrence, Kansas 06044

Received October 24, 1972

Ring closure of hydantoic acids to hydantoins studied under aqueous acid conditions in the pH range 0-2 at 
50° shows a specific acid-catalyzed component at low pH as well as a spontaneous component at higher pH. 
The accelerating effect of substitution on the 2 carbon of hydantoic acids by alkyl or aryl groups is not always 
as large as can be expected on the basis of their bulk. The observed rates appear to be rationalizable, how’- 
ever, in terms of a competing acceleration-inhibition mechanism resulting from the substituents being able to 
interfere with the reaction center as well as assisting in the process.

Hydantoic acids arc known to cvclize to their respec
tive hydantoin under acid conditions and the effects of 
2 substituents has been qualitatively observed.2 The 
only data available for the attack of a ureido group at a 
carboxyl group are the kinetics of the acid-catalyzed 
closure of a para-substituted phenylthiocarbamoyl- 
leucine, but the closure resulted in a thiohydantoin.3 4 5 
More recently, Projarlieff, el al,,4,5 have reported 
studies on the acid-catalyzed reversible cyclization of 
ureidopropionic acid to yield dihydrouracil which, 
although not a hydantoin, possesses chemical char
acteristics similar to hydantoins. Bruice, et al., studied 
quantitatively the conversion of O-ureidobenzoic acid 
and its esters to 2,4-(l//,3//)-quinazohnedione, a 
hydantoin-like molecule, under basic conditions.6’7 
The effects of alkyl and aryl substituents in intra
molecular closures has been well documented, with the 
results suggesting that, as the bulkiness of substituents 
in cyclization reactions was increased, the rates of

(1) Abstracted from a portion of the doctoral dissertation by V. Stella 
to the Graduate School, University of Kansas.

(2) E . Ware, Chem. Rev., 46, 403 (1950).
(3) D . Bethell, G. E . Metcalfe, and R . C. Sheppard, Chem. Commun., 

189 (1965).
(4) I. G. Projarlieff, Tetrahedron, 23, 4307 (1967).
(5) I. G. Projarlieff, R . Z. Mitova-Chernaeva, I. Blagoeva, and B. J. 

Kourtev, C. R. Acad. Bulg. Sci., 21, 131 (1968).
(6) A. F. Hegarty and T . C. Bruice, J. Amer. Chem. Soc., 91, 4924 (1969).
(7) A. F. Hegarty and T. C. Bruice, J. Amer. Chem. Soc., 92, 6575 (1970).

cyclization increased.8-20 However, exceptions to this 
rule do exist.16,19

Despite the large amount of work done on hydantoins, 
the kinetics of the acid-catalyzed cyclization of hy
dantoic acids and the effects of 2 substituents have not 
been quantitated. In the present study the kinetics of 
the cyclization and the effect of 2 substituents on the

(8) R . F. Brown and N . M . van Gulick, J. Org. Chem., 21, 1046 (1956).
(9) J. F. Bunnett and D . F. Hauser, J . Amer. Chem. Soc., 87, 2214 (1965).
(10) S. Milstein and L. A . Cohen, Proc. Nat. Acad. Sci. U. S. A ., 67, 1143 

(1970).
(11) J. Turk, W . M . Haney, G. lleid, R . E . Barlow, and L. B. Clapp, 

J. Heterocycl. Chem., 8, 149 (1971).
(12) T . C. Bruice and W . C. Bradbury, J. Amer. Chem. Soc., 87, 4846 

(1965).
(13) T . C. Bruice and U. K. Pandit, J. Amer. Chem. Soc., 82, 5858 (1960).
(14) T. Higuchi, L. Eberson, and J. D . M cRae, J. Amer. Chem. Soc.,

89, 3001 (1967); 88, 3805 (1966).
(15) T. Higuchi, T. Miki, A. C. Shah, and A. K . Herd, J. Amer. Chem. 

Soc., 85, 3655 (1963).
(16) D . P. Weeks and X . Creary, J. Amer. Chem. Soc., 92, 3418 (1970).
(17) K. PI. Gensch, I. H. Pitman, and T. Higuchi, J. Amer. Chem. Soc.,

90, 2096 (1968).
(18) L. Eberson and H . Welinder, J. Amer. Chem. Soc., 93, 5821 (1971).
(19) D . R . Storm and D . E. Koshland, Jr., J. Amer. Chem. Soc., 94, 

5815 (1972).
(20) Recent papers have given a number of excellent examples of steric

catalysis in intramolecular reactions and the possible mechanism of catal
ysis: (a) A . J. Kirby and P. W . Lancaster, J. Chem. Soc., Perkin Trans. 2, 
1206 (1972); (b) S. Milstien and L. A . Cohen, J. Amer. Chem. Soc., 94,
9158 (1972); (c) R. T . Borchardt and L. A. Cohen, ibid., 94, 9166 (1972); 
(d) R. T . Borchardt and L. A. Cohen, ibid., 94, 9175 (1972); (e) J. M .
Karle and I. L. Karle, ibid., 94, 9182 (1972).
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T a b l e  I
Compounds Studied with R‘ (i =  1-3) R eferring to the G roups in Scheme I

Registry Abbreviated
R2 R>no. Full chemical name name Ri

462-60-2 Hydantoic acid HA H H H
18409-49-9“ 2-Metbylhydantoic acid MHA c h 3 H H
38605-63-9 2,2-Dimethylhydantoic acid DM HA c h 3 c h 3 H

5616-20-6 2-Phenylhydantoic acid PHA CeH5 H H
949-45-1“ 2-Benzylhydantoic acid BHA C,H, H H

38605-65-1 2,3-Trimethylenehydantoic
acid

TM HA -C 3H6- H H

26081-02-7“ 2-Isopropylhydantoic acid ISPHA 1-CaH, H H
6802-95-5 2,2-Diphenylhydantoie acid DPHA C6H6 C6H6 H

38605-67-3 2-Ethyl-5-methyl-2-phenyl- 
hydantoic acid

EMPHA CsHb c 2h 5 CH3

38605-68-4 5-Methyl-2-phenylhydantoic
acid

MPHA c 6h 6 H CH3

Figure 1.— Plot of kobsd vs. oH+ for the closure of HA, MHA, 
ISPHA, and DM HA to their respective hydantoin at 50° (¿i 1.0, 
NaCl) from which klt a spontaneous rate constant, and k2, a 
specific acid-catalyzed rate constant, can be determined. The 
intercept differences are significant and can be obtained by the 
use of expanded plots.

closure rate of a number of hydantoic acids were 
investigated in aqueous solution (n 1.0) at 50° in the pH 
range 0-2. The reaction is represented as in Scheme I.

Scheme 1

f  9 R1
1 II

- C —  C—  OH H+

1
R2— C-------C = 0

1
NH— C— NH 

Il 1
H20 HNV ,N— R3

Il 1 
0  R3 O

R '-R 3 =  alkyl, aryl, or hydrogen substituent

Table I shows the ten acids that were studied. 
Included are 2,2-diphenylhydantoic acid (DPHA) and
2-ethyl-5-methyl-2-phenylhydantoic acid (EM PHA), 
which are the hydantoic acids of phenytoin and me- 
phenytoin, respectively. Phenytoin and mephenytoin 
are two widely used anticonvulsive drugs.

Results

All the hydantoic acid closures followed first-order 
kinetics at constant pH and temperature. The reaction 
for all practical purposes appeared to be irreversible, as 
evidenced by spectral comparisons and by the absence 
of any observable reaction when the respective hy
dantoin was placed in the buffer.

The kinetic results obtained for the closures could be 
described in terms of eq 1 and 2

fcobsd =  kia  +  &2û:£iH+ ( 1 )

—

KJ +  an+ ( 2)

where aH+ =  activity of hydrogen ions (obtained from 
pH measurements); a =  fraction of the hydantoic acid 
present as the un-ionized acid; KJ  =  the dissociation 
constant of the acid experimentally determined at 25° 
(n 1.0) and corrected to 50°; fci =  spontaneous rate 
constant; k2 = specific acid catalyzed rate constant. 
Equation 1 predicts that a plot of fc0b s d /a vs. uh+ should 
give a straight line of slope k2 and intercept k,. Typical 
plots of fcobsd/a vs. aH+ are shown in Figure 1. Actu
ally, linear plots of k0bad v-s. aH+ adequately described 
most of the systems, since KJ  «  aH+ and therefore 
a ~  1, throughout the pH range studied. However, 
in some of the cases, a plot of fc0bsd vs. oh+ showed a 
slight curvature as aH+ approached KJ  but, more im
portantly, the k\ value obtained from a linear approxi
mate appeared too low when used to regenerate a curve 
to match the experimental points. The value of ki 
obtained from a plot of fc0b s d /a vs. au+ was satisfactory.

Because of the low water solubility of D P H A and 
EM PHA, the kinetics of their closure was measured 
in a methanol-water mixture (1:1 v /v  before mixing) 
with a hydrochloric acid concentration of 0.1 M . This 
was repeated for all the hydantoic acids. Table II 
gives the log fc2,Iei, log fcpHi.o,rei, log kpm.0,rei, and log 
IccHjOH/mo.rei, where k2irei is the relative specific acid- 
catalyzed rate constant in water (all rates relative to 
R 1 =  R 2 =  R 3 =  H), fcpHi.o.rei is the relative rate con
stant at pH 1.0 in water, fcpH2 .o,rei is the relative rate 
constant at pH 2.0 in water, and Z c c m o H /m o .r e i  is the 
relative rate constant in the methanol-water mixture. 
These data sets were sufficiently correlated to allow an 
estimation of k2 and kpHi.o for D PH A and E M P H A and



A cid-C a t a l y z e d  C l o s u r e  op  H y d a n t o ic  A cids J. Org. Chem., Voi. 38, No. 8, 1973 1529

T a b l e  I I

D a t a  U s e d  t o  E s t i m a t e  ki, kPm.o, a n d  kphj.o 
f o r  DPHA a n d  EMPHA

Acid
log irei“

(.ki)
log fcreI° 
(kpHl.o)

log W *  
(fcpHS.o)

log fcrel“ 
(4ch,oh/h,o)

HA 0.00 0.00 0.00 0.00
ISPHA 0.53 0.53 0.61 0.71
PHA 0.62 0.59 0.50 0.71
BHA 0.68 0.67 1.03 0.82
TM HA 1.04 1.03 1.05 1.22
MHA 1.05 1.02 0.97 1.21
DM HA 1.80 1.77 1.73 2.10
DPHA
EMPHA
Rate data relative to where R 1 =  R 2 =  R 3 =

1.61
3.23

H.

an approximate estimate of their rates of closure at 
pH 2.0. The results are shown in Table III. All the

A C E T I C  ACI D C O N C E N T R A T I O N  ( M)

Figure 2.— Plot of fc0bsd (pH 1.0) vs. acetic acid concentration 
(M ) used to determine the effect of acetic acid on the closure 
rate of MHA to its hydantoin.

T a b l e  I I I

E s t i m a t e d  R a t e  C o n s t a n t s  f o r  D P H A  a n d  
E M P H A  f r o m  M e t h a n o l - W a t e r  D a t a

&2,

Acid M ~ l hr-1
&pHl.O.
hr-1

fcpH2.0,
hr-1

DPHA
EMPHA

1.30 1.41 X IO“ 1 2.34 X  10“ 2
32.5 3.39 4.79 X  10“ 1

experimentally determined values of fa, fa, and pKJ 
are shown in Table IV.

T a b l e  I V

T h e  V a l u e s  o f  ki, ki, a n d  pKJ f o r  t h e  A c id s  S t u d i e d

ki. ki,
Acid hr“ 1 M~l hr"1

HA 3.5 X 10~4 5.39 X  IO"2 3.52 ±  0.03
ISPHA 1.9 X  IO“ 3 1.81 X  IO“ 1 3.56 ±  0.03
PHA 1.1 X 10-3 2.26 X  10"1 3.04 ±  0.02
BHA 2.4 X 10~3 2.58 X 10“ 1 3.44 ±  0.02
TM HA 3.9 X IO“ 3 5.99 X IO“ 1 3.48 ±  0.04
MHA 2.4 X 10~3 6.06 X IO“ 1 3.55 ±  0.03
DM HA 6.5 X 10~3 3.39 4.07 ±  0.03
MPHA 6.09 X  IO“ 1
DPHA 1.30 3.01 ±  0.02
EMPHA 32.5 3.03 ±  0.03

Since the buffering species used was hydrochloric 
acid, the buffer concentration could not be varied with
out changing the pH. The effect of added acetic acid 
on the rate of cyclization at pH 1.0 was studied and the 
results are shown in Figure 2. The plot of k0bSa vs. 
acetic acid concentration shows that the acetic acid 
inhibits the rate of closure at high concentration, con
sistent with the findings of others on the effect of acetic 
acid on the rate of solvolysis of acetylsalicylic anhydride 
in hydrochloric acid buffer.21-22 The inhibition was 
probably a solvent effect because it was not seen until 
the concentration of acetic acid was greater than 2 %  
v /v .

Discussion

The results presented in the previous section can be 
rationalized in terms of a general mechanistic scheme 
for the reaction (Scheme II ) .

(21) E . R . Garrett, J. Amer. Chem. Soc., 82, 711 (1960).
(22) J. Koskikalio, Acta Chem. Scand., 17, 1417 (1963).

S c h e m e  II

T ï
R2— C— C—-O" 

NH— C— NH

+ H *.

K,'

O R3
(A- )

T ï
R2— C— C— OH 

NH— C— NH

O R3
(HA)

+H+ , 

K

R1 OHr
R2— C— C— OH

NH— C— NH
Il I
O R3

(H2A+)

product *  k- 

R1
I

R2— C-------C = 0

N H ^ N -R 3

II
O

(H)

The rate of product formation on the basis of Scheme 
II is

^  = k, [HA] +  AY[H2A+] (3)

The development of this equation leads directly to 
eq 1 and 2, where fa =  fa' /K. Figure 3 shows some 
representative plots of log A'obsd vs. pH, where, as
suming Scheme II, the solid line is the path generated 
by the experimentally determined rate and equilibrium 
constants fa, fa, and pKJ. As can be seen, Scheme II 
does appear to describe the system. fa corresponds to 
the spontaneous closure of the free hydantoic acid. 
However, the acid-catalyzed closure of the hydantoate 
anion, which is kinetically equivalent, cannot be totally 
discounted. It would appear, however, on a mech
anistic basis that the latter route is highly unlikely.

Inhibition of the closure owing to protonation of the 
ureido group was not observed, probably because studies
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T a b l e  V

C o m p a r is o n  o f  L o g a r it h m s  o f  t h e  E x p e r i m e n t a l  R e l a t i v e  R a t e  D a t a  o f  V a r i o u s  S u b s t i t u e n t s  U s e d  i n  t h e  P r e s e n t  S t u d y  
w i t h  P e r t i n e n t  L i t e r a t u r e  V a l u e s  o f  O t h e r  I n t r a m o l e c u l a r  C l o s u r e s  W h e r e  S t e r ic  E f f e c t s  W e r e  A l s o  S t u d i e d

2-Substituted 3-Substituted 2-Substituted 3-Substituted
hydantoic acid mono-p-bromo- 4-bromobutyl 3-Substituted dinitroanthranilic

R \ R= (present study) phenyiglutaratea6 amines» phthalidesd acid8

H, H 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

CHs, H 1.05 0 . 6 8 1 . 1 0 »
C2H5, h 0.73» 1.13 1.39» 0.57
C6H3, H 0.63 1 .2 1 » 1 . 8 6 »
c h 3, c h 3 1.80(0.42) 1.36 2 . 2 0 (0.47) 1.38
i-C3H„ H 0.53 1.52 1.98»
c 2h 5, c 6h 5 1.35» 2.33 3.25»
c 6h 5, c 6h 5 1.38 (0.0) 2.43 3.72 (0 .0 )

» Data obtained assuming additivity, e.g., for 2-ethylhydantoic acid, log krei (R 1 =  C2H6, R 2 = R 3 =  H) = log fcrei (R 1 =  C2H5, 
R 2 =  C6H6, R 3 =  CH3) — log krai (R 1 =  H, R 2 =  C6H5, R 3 =  CHS). 6 Reference 12. • References. d Reference 16. • Reference 11.

bromophenylglutarate closures, while Brown, et al., 
looked at 2-substituted 4-bromobutylamines. Their 
results were consistent with the hypothesis that sub
stituent effects are directly related to their relative size,
i.e., isopropyl >  phenyl >  ethyl >  methyl >  hydrogen. 
A look at the possible transition states for their reac
tions shows that the R l, R 2 groups are well separated 
from the reaction center and arc unable to interfere 
with the reaction center in the transition state.

O Br(5- )■s

R1
\ t

:l
------ C— OC6H,Bry 'O CH,

A_ /
-------c 1

R2 II
R]----C------------

0 1
R2

NH,(<5+)
I '

■CH,

Figure 3.— pH -log A"„b»d profile for the cyclization of HA, 
MHA, ISPHA, and DM HA to their respective hydantoin at 
50° (m 1.0, NaCl).

were not carried out in highly acidic systems. The 
protonation would have resulted in the loss of nucleo- 
philicity by the ureido group.4'6

Steric Effects.—The study of steric effects of 2 
substituents on the rate of intramolecular closure of 
hydantoic acids led to some unexpected results. The 
effect of steric substituents in other intramolecular 
closures8-20 had generally shown that, as the bulkiness 
of the substituents in cyclization reactions was in
creased, the rate of reaction increased. It was predicted 
therefore that compounds like D PH A and E M P H A  
should close at very rapid rates. The experimental 
results of the present study, however, revealed that 
such was not the case. Substitution on the 2 carbon 
of hydantoic acid did increase the rate of the specific 
acid catalyzed and spontaneous closures, but only in 
partial agreement with data reported in the literature. 
Table V  gives some pertinent literature comparisons.

Inspection of Table V  shows that the effect of sub
stitution appeared to be related to the size of the group. 
Bruice, et al., investigated 3-substituted mono-p-

The rationale for the increased rates of cyclization 
with increased bulkiness of substituent presently has a 
number of schools of thought. First, the increase in 
bulk of R 1 and R 2 should decrease the volume in which 
the reactive ends of the molecule can exist. An in
crease in the size of R therefore should increase the rate 
of nucleophilic attack. That is the bulkiness cuts 
down the number of unprofitable rotamers.12 An
other approach attempts a quantitative analysis of the 
problem and discusses the rati1 increase in terms of 
gauche interactions, which are lessened in going from 
the ground state to the transition state. This quantita
tive approach, however, is limited to simple substit
uents but would predict a priori that the larger the 
group the faster the rate of reaction.18 More recently 
Storm and Koshland,19'23 as well as Bunnett and 
Hauser,9 have suggested that the effect of the sub
stituents may be due to orientational effects, where the 
substituent through interaction with the reaction center 
will favor certain orientations over others. The new 
orientation may be a favorable or an unfavorable one, 
so explaining the fact that substituents may occa
sionally lead to catalysis while at other times to in
hibition. Cohen, et al. ,20b -d have introduced the terms 
stereo population control and trimethyl lock to describe 
their findings on substituted o-hydroxycinnamic acids 
and their derivatives.

In the present study all the substituents cause a 
rate acceleration over the unsubstituted acid but the 
larger substituents have a smaller effect than their size

(23) D . R . Storm and D . E. Koshland, Jr., J. Amer. Chem. Soc., 94, 
5805 (1972).
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CLOSURE OF 3 - S U B S T I T U T E D  
M O N O - P - B R O M O  P H E N Y L G L U T A R A T E S

Figure 4.— Logarithms of the relative specific acid-catalyzed 
rate constants for the cyclization of 2-substituted hydantoic 
acids (present study) against the logarithms of the relative rates 
of closure of 3-substituted mono-p-bromophenylglutarates.12 
Rates are relative to Ri =  R2 =  H for both the hydantoic acids 
and the glutarates. Key: 1 =  H, H; 2 =  CH3, H; 3 =  CH3, 
CH3; 4 = C2H5, H; 5 =  C.H6) H; 6 =  i-C,H7) H; 7 =  C2HS, 
C6H6; 8 =  C6H5, C«H6.

would predict. A  plot of the logarithms of relative rate 
data from this study against that of 3-substituted 
mono-p-bromophenyl glutarate closure12 is shown in 
Figure 4. The division into two groups is readily 
seen. The substituents which fall into the slower 
group— i.e., isopropyl, phenyl, etc.— have a common 
property which is not shared with the methyl, di
methyl substituents. They are better able to interfere 
with the reaction center.

Newman24 proposed an empirical rule called “ The 
Rule of Six.”  This rule was for reactions where sub
stituents can form a six-membered ring with some atom 
involved in the ground or transition state. For ex
ample, if the rates of esterification of a series of car
boxylic acids are observed, there is little difference be
tween acetic acid and propionic acid, but in going to 
butyric acid there is a significant drop in the rate. 
If the atoms in the acid are numbered, it can be seen 
that butyric acid and higher homologs have atoms in 
the six position.

This effect could be due to the blocking of the addi
tion reaction and steric retardation owing to the in
creased spatial requirements in going from the ground 
state to the partial tetrahedral intermediate transi
tion state.24 The effect could also be due to solvation

(24) M . S. Newman, “ Steric Effects in Organic Chemistry,” Wiley,
New York, N. Y ., 1956, pp 203-213.

interference or an effect on K, the prereaction equilib
rium protonation constant. Ingold has discussed 
steric effects in bimolecular reactions in a similar fash
ion but from a more energetic approach.25

The steric requirements discussed by Newman 
and Ingold, which are probably playing a role in the 
present work, have also been qualitatively noted by 
others in intramolecular reactions. In the case of
3-substituted mono-p-bromophenylglutarate closure,12 
moving the substituents to the 2 position13 greatly 
decreased the effect of the substituent. Similarly, 
in the case of 2-substituted 4-bromobutylamine clo
sures,8 placing the substituent at the 1 or 3 position 
decreased the j/em-dialkyl effect by moving the groups 
nearer the reaction center. With the 4-bromobutyl
amine closures, “ substitution on the third carbon de
creases the rate which is only about %  as fast as the 
parent. However, the bromine occupies a neopentyl 
position in this case and the observed rate represents 
a marked acceleration to such a hindered displacement 
reaction.” 8

In the present study, the transition state is prob
ably very similar to that of the acid-catalyzed esterifi
cation of carboxylic acids. Below is a possible transi
tion state which is susceptible to steric effects24-26 
for the acid-catalyzed closure of hydantoic acids.

H■6\
/ * * *X f
R2— Cr-;C— OH 

/  3 2 \ +
HN\ ,NH— R3V

II
0

A possible rate-determining transition state is the at
tack of the ureido group at the protonated carboxyl 
group with possibly some concerted leaving of a water 
molecule. Depending on R 1 and R 2, the coiled struc
ture proposed by Newman as possibly causing inhibition 
can be superimposed on this system.

When the logarithms of the relative rate constants 
for the present study were plotted against those of 
Bruice, et al. (refer to Figure 4), HA, M HA, and D M H A  
may be assumed to be displaying relatively ideal be
havior; i.e., there is little steric inhibition by the sub
stituents. The vertical distance between the line 
drawn through these three points (R 1, R 2; H, H ; CH3, 
H ; CH3, CH3) and the experimental points for the 
other substituents may be taken as a measure of the 
inhibition by the other substituents. This distance 
in reality is a rough measure of the relative free; energy 
of inhibition for the reaction assuming ideal behavior 
by the methyl, dimethyl substituents. Unfortunately, 
no effort was made to separate the catalytic and in- 
hibitive effects into enthalpic and entropie contribu
tions. These differences were then compared to the 
number of atoms in the 6 position (see Table VI). 
The order of inhibition was C6H5, C6H5 >  C2H 5, C6H 5 >  
f-C3H 7 >  C6H5 >  C2H5, and this order was qualitatively

(25) C. K . Ingold, “ Structure and Mechanism in Organic Chemistry,”  
2nd ed, Cornell University Press, Ithaca, N . Y .,  1969, pp 544-557, 1155- 
1160.

(26) K . L. Loening, A . B. Ganett, and M . S. Newman, J. Amer. Chem. 
Soc., 74, 3929 (1952).
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T able VI
Comparison of the I nhibiting E ffects of the Large Alkyl 
and A ryl Substituents to the N umber of Atoms in the 6 

Position in the Acid-Catalyzed Closure of 
2-Substituted Hydantoic Acids

R», R2
log (irei)“ 

I

log (irei) 
(exptl) 

II

Inhibiting6 
effect 

I -  II

Number 
of atoms 

at 6
position

C3H5, h 1.56 0.73 0.83 3
c 6h 5, h 1.71 0.63 1.08 4
¿-c 3h 7, h 2.10 0.53 1.57 6
c 3h 5, C6Ho 3.21 1.35 1.86 7
C6H3j Cells 3.36 1.38 1.98 8

“ Obtained from Figure 4, where the individual groups would 
have fallen on the HA, MHA, DMHA line, i.e., assuming that 
the HA, MHA, DM HA line represents relatively ideal behavior. 
6 The difference (I — II) is really just the vertical distance from 
the HA, MIIA, DMHA line to the experimental points, again 
referring to Figure 4.

identical with the number of atoms in the 6 position. 
If the assumption is made that the inhibition of the 
larger groups in the cyclization of hydantoic acids is 
identical with those seen in the intcrmolccular ester
ification mechanism of carboxylic acids, an inhibition 
factor, IF, can be defined

where /o c h . c i u c o o h  is the specific acid catalyzed 
rate of esterification of the acid CH3CH2COOH;24 
F r c o o h  is the specific acid catalyzed rate of esteri
fication of the acid RCOOH;24 CH3CH2COOH is 
taken as the acid representative of hydantoic acid 
rather than CH3COOH, because the terminal methyl 
replaces the ureido group. This means that, if H A  is 
represented bv CH3CH2COOH, M H A is represented 
by (CH3)2CHCOOH, D M H A  by (CH3)3CCOOH, EH A  
by CH3CH2CH(CH3)COOH, and ISPHA by (CH3)2- 
CHCH(CH3)COOH. Table VII gives the IF  for the

T a b l e  VII
Logarithms of the R elative Inhibition E ffects of 2-Alkyl 

G roups on the Acid-Catalyzed Esterfication

of Carboxylic Acids

log
&CH3CH2COOh/

Carboxylic acid IcHaCH.COOll/ ,40°«RCOOH
(RCOOH) i 40°ÌKCOOH (IF)

CH3CH2COOH 1.00 0.00
(CH3)2CHCOOH 2.52 0.40
(CH3)3CCOOH 22.5 1.35
CH3CII2CH(CH3)COOH 8.49 0.93
(CH3)2CHCH(CH3)COOH 106 2.03«

° Obtained by extrapolation from log fccmcmcooH/fcRoooH vs 
the number of atoms in the 6 position. For R =  CH3CHjCOOH, 
CH3CH2CH(CH3)COOH, (CH3)3CCH(CH3)COOH gives excel
lent correlation, allowing the estimation of A:(ch,)2Chch(ch,>cooh-

acids used. If the rates of the acid-catalyzed intra
molecular cyclizations of hydantoic acids arc now cor
rected by the respective IF  and again compared to the 
works of Bruicc, et al., and Brown, et al., the correction 
eliminated some of the inconsistencies in the experi
mental results (see Table V III). Further data to 
allow the correction for all the acids was not available.

In summary these results show that the small steric 
acceleration effect seen with the large groups in the

Table VTII
Comparison of Corrected Logarithms of R elative R ate 

D ata for the Present W ork with 
Pertinent Literature Values

Brown, et al.
Bruice, et al. 
3 -Substituted

2-Substituted 2-Substituted m ono-p-
hydantoic acids 4-bromobutyl bromophenyl

R 1, R 2 (corrected) amines« glutarates6

H, H 0.00 0.00 0.00
CH3, H 1.45 1.10 0.68
C2Hs, H 1.56 1.39 1.13
CH3, CH3 3.15 2.20 1.35
t-C3H7, H 

Reference 8.
2.56

6 Reference 12.
1.98 1.52

present study is probably due to competing accelera
tion-inhibition effects resulting from the groups being 
able to interfere with the reaction center as well as 
assisting in the process. The actual mechanism 
of the catalysis is difficult to interpret because, as 
stated by Thornton,27 the use of substituents results 
in changes in the electronic energy surfaces of sub
stituted vs. unsubstituted molecules, giving rise to 
different molecular geometries as well as force con
stants. This means that the effect of the substituents 
can be broken down into the effect of the substituent 
on the rest of the molecule including the reaction center, 
but we cannot forget about the effect of the rest of the 
molecule on the energetics of the substituent.

The steric effect of the benzyl group, not discussed 
so far because no comparison data was available, 
appears to fall in line with other groups studied. The 
steric effect of the 2,3-trimethylene substitution has a 
log krei of 1.05, which is identical with that of a methyl 
group. At first this does not appear inconsistent be
cause the cyclopentyl group is directed away from the 
reaction center in the transition state and so in reality 
acts as a methyl group. An anomaly arises, however, 
in that the cyclopentyl group has frozen rotation about 
the 2 -3  bond and such an effect in intramolecular reac
tion usually results in rate increases in the order of 
160-fold,28 whereas here an increase of 11.5-fold is 
seen. Eliel29 explains that the most important factors 
to be considered in ring closures are the ease of having 
the ends of the acylic structure meet and a strain 
factor. The closure of 2,3-trimethylenehydantoic acid 
results in two adjacent five-membered rings with a 
common bond. The situation is similar to the case 
of succinic compared to maleic acid in the rate of cycliza
tion of their phenyl esters,28 where the rate increase is 
only 43-fold because of strain introduced into the sys
tem by a double bond. If 2,3-trimethylenehydantoic 
acid is corrected in a similar manner to the other sub
stituents (refer to Tables VII and VIII) by the data 
of Newman,24 the corrected rate increase over hydantoic 
acid is 11.5 X  3.4 or 39-fold. The apparent small 
increase in rate with the freezing of the 2,3 bond is due 
to strain imposed on the system by the added cyclo
pentyl group. The terminal methyl group (5-methyl) 
gives a log kTei of 1.43, identical with that of a corrected 
methyl group at the 2 position. However, the mecha-

(27) E . R . Thornton, Annu. Rev. Phys. Chem., 17, 349 (1966).
(28) W . P. Jencks, “ Catalysis in Chemistry and Enzymology,”  M cG raw - 

Hill, New York, N . Y ., 1969, pp 8 -15 .
(29) E . L. Eliel, “ Stereochemistry of Carbon Compounds,”  M cGraw-Hill, 

New York, N . Y ., 1962, p 198.
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T a b l e  IX
C a l c u l a t e d  V a l u e s , A s s u m i n g  A d d i t i v i t y , C o m p a r e d  t o  t h e  

E x p e r i m e n t a l l y  D e t e r m i n e d  V a l u e s  f o r  t h e  E f f e c t  o f  
2  S u b s t i t u e n t s  o n  t h e  C l o s u r e  o f  H y d a n t o i c  A c id s

R» R 3 R 3
log irai 
exptl

log fcrei
calcd

c h 3 c h 3 H 1.80 2.10
c 6h 6 c 6h 5 H 1.38 1.26
C6Hs C2H5 c h 3 2.78 2.73«
CH3 CHs H 3.156 2.90°

“ Assuming that the effect of benzyl is approximately the 
same as that of ethyl. The assumption was made considering 
the fact that their Taft steric parameters are identical, i.e., 
when considered as CeHtCIECH-i vs. C2H6CH2. b Using the 
corrected values of Table VIII.

hydrolysis of the corresponding hydantoin.2 The amino acids 
for the formation of the hydantoic acids were commercially 
available or, in the case of 2,2-diphenylglycine, were prepared 
from the hydrolysis of the corresponding hydantoin (hydrolysis of 
the hydantoin in this case did not allow the isolation of the 
hydantoic acid). Analysis of the compounds prepared, method 
of synthesis, infrared data, and melting points (reported melting 
points)30 -  87 are shown in Table X . Examples of the various 
synthetic procedures used are listed below.

Method I. 2,2-Diphenylglycine (DPG).—-To 300 ml of 20% 
sodium hydroxide was added 5,5-diphenylhydantoin (17 g, 0.07 
mol). The solution was placed in a plunging autoclave under 
nitrogen at 180° for 30 hr. This was then charcoal filtered, 
diluted to 800 ml with water, and neutralized with acetic acid. 
Product was collected, washed with successive portions (100 ml) 
of water, ethanol, and ether, and dried in a vacuum hot air oven. 
DPG gave mp 258° dec (yield 10.7 g).

T a b l e  X
A n a l y s i s , “ M e t h o d  o f  S y n t h e s i s , I n f r a r e d  D a t a , a n d  M e l t i n g  P o i n t s  o f  C o m p o u n d s  S t u d i e d

Wavenumber for
C = 0  stretch, cm “ 1 Wavenumber for

Method of (NaCl cells, C = 0  stretch, cm -1 M p (dec), Reported
Compd synthesis solvent TH F) (K B r pellet) °C mp (dec), °C Ref

HA 11 1680, 1720 178-179 180 30
MHA 11 1680, 1720 182-183 185 30
DMHA 11 1680, 1730 186-187 184 31
PHA lia 1690, 1730 195-196 181, 196.5 30, 32
BHA Ila 1690, 1725 192-193 188-190 33
TM HA II 1675, 1740 200-202
ISPHA II 1680, 1720 200-201 187, 176 34, 35
DPHA Ila 1680, 1730 1625, 1710 190-191
EMPHA III 1680, 1710 189-190 177-178 32
MPHA lib 1680, 1720 166-167 164-165 32
DPG I 1630 261-263 242, 263 36, 37

“ Satisfactory combustion analytical data (± 0 .3 % ) were provided for all new compounds. Ed.

nisms for the rate increases are probably not the same. 
The 5-methyl group can, by induction, increase the 
nucleophilicity of the ureido group and stabilize any 
positive charge built up on the terminal nitrogen in 
the transition state. The acceleration could also be 
due to the greater relief of the gauche carboxyl-methyl 
amido (-CO N H CH 3) interaction compared to carboxyl- 
amido (-C O N H 2) interaction.18

Additivity of the Steric Effects.— The trend toward 
additivity among the logarithms of the relative 
rates of closure is interesting. This phenomenon was 
also observed by Bruice, et al.n The calculation of 
log ( f c r e i )  for R 1 =  C2H6, R 2 =  R 3 =  H and R 1 =  
C2H6, R 2 =  C6H5, R 3 — H used in the discussion so far 
have asssumed additivity; and, as could be observed 
from those results, the values obtained did seem to be 
in the right order of magnitude. Table IX  gives the 
calculated values compared to the experimentally 
determined values for some substituents where the 
additivity phenomenon could be checked.

Experimental Section

Equipment.— A Cary 14 recording spectrophotometer was used 
for all spectroscopic measurements. The pH measurements were 
carried out using a Corning Model 12 research pH meter stan
dardized with potassium tetraoxoalate standard buffer (pH 1.679, 
12.61 g/1.). Infrared spectra were measured on a Perkin-Elmer 
70 infrared spectrometer.

Materials.— All chemicals used were of analytical or reagent 
grade. Mephenytoin was supplied by Sandoz Drug Co. Buffers 
were made from triply distilled water and analytical grade con
centrated hydrochloric acid with the ionic strength adjusted to
1.0 with sodium chloride.

The hydantoic acids were prepared from their amino acids by 
treatment with potassium cyanate or methyl isocyanate, or by the

Method II. 2-Isopropylhydantoic Acid (ISPHA).— To di
valine (3 g, 0.025 mol) was added an excess of potassium cyanate 
(3 g, 0.037 mol) in 15 ml of water. The solution was heated in a 
hot water bath at 90-100° for 1.5 hr. After cooling in ice water, 
the solution was acidified with concentrated hydrochloric acid. 
The precipitate was collected, washed with ice water and then 
with ether, and dried. After two recrystallizations from an 
ethanol-water mixture, a product with mp 200-201° was ob
tained.

Method Ila.— If the amino acid was very water insoluble, a 
slight variation of method II was used. The amino acid was 
solubilized in basic solution by the addition of some sodium 
hydroxide (enough to effect solution) and then the excess potas
sium cyanate was added.

Method lib.— When methyl isocyanate was used as the 
carbamoylating agent, the amino acid was again dissolved in 
slightly alkaline solution and the excess methyl isocyanate was 
added dropwise to the reaction mixture at room temperature, not 
at elevated temperatures.

Method III. 2-Ethyl-5-methyl-2-phenylhydantoic Acid (EM- 
PHA).— To 45 ml of 1 A  sodium hydroxide was added 
mephenytoin (5 g, 0.02 mol). The solution was heated at 90- 
100° for 0.75 hr and then cooled. After extraction with 3 X 50 
ml of ether and filtering, the aqueous alkaline portion was 
acidified. The precipitate was collected and, after recrystalliza
tion from an ethanol-water mixture, was found to decompose at 
189-190°, consistent with EMPHA.

Kinetic Measurements.— All aqueous reactions were carried 
out at 50.0 ±  0.1° in tightly stoppered 50-ml volumetric flasks 
suspended in an oil bath. Samples (5 ml) were withdrawn at 30 31 32 33 34 35 36 37

(30) "Dictionary of Organic Compounds,” 4th ed, Oxford University 
Press, New York, N . Y „  1965.

(31) C. J. W est, J. Biol. Chem., 34, 187 (1918).
(32) H. Aspelund, Acta Acad. Aboenisis, Math. Phys., 23, 1 (1962).
(33) H. D . Dakin, J. Biol. Chem., 6, 235 (1909).
(34) W . J. Boyd, J. Biochem., 27, 1838 (1933).
(35) F. Lippich, Ber., 41, 2953 (1908).
(36) H. C. Carrington, C. H . Vasey, and W . S. Waring, J. Chem. Soc., 

49, 3105 (1953).
(37) R . Duschinsky (to Hoffmann-La Roche Inc.), U . S. Patent 2,593,860 

(1952).
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appropriate times, placed in screw-capped vials, quickly cooled in 
ice water, and then stored in a freezer ( — 15°). Analysis of the 
samples was carried out at 230 nm for hydantoic acids without 
aryl substitution, and at 242.5 nm for the acids with aryl substitu
tion . The extinction coefficients of the hydantoic acids are about 
one-third those of the respective hydantoin. The rate constants 
were obtained by plotting log (4 »  — At) vs. time, where A „  and 
A i are the absorbance readings at infinity and at time t, respec
tively. Reactions carried out at 50.0 ±  0.1° in the methanol- 
water mixture were done in ampoules to prevent evaporation 
problems. The reverse of the ring-closure reactions was studied 
under identical conditions, but no visible reactions were noted, 
suggesting that the reactions were for all practical purposes ir
reversible under the conditions employed. Similarly, the spec
trum of the reaction product for the ring-closure reactions was 
identical with that of an equimolar solution of the respective hy
dantoin.

pKa Measurements.— pKa’s were measured in a water-jacketed 
cell maintained at 25° under nitrogen. The apparatus and 
method of determination, with slight modification, was that 
described by Albert and Sargent38 for carboxylic acids with low

(38) A . Albert and E. P. Sargent, “ Ionization Constants of Acids and
Bases,” Methuen, London, 1962.

water solubility. The hydantoic acids (~0.001 mol) were 
dissolved in 100 ml of standard sodium hydroxide solution 
(0.01909 M , y 1.0 with NaCl) and then back-titrated with stan
dard hydrochloric acid solution (0.1090 M , y 1.0 with NaCl). 
The first end point gave the concentration of the dissolved acid 
and the remaining points were used to calculate the pK a, correct
ing for the concentration of hydrogen ions. The reactions 
studied were carried out at 50°, but the pKn’s were determined 
at 25°. King39 has determined the thermodynamic pK fs  of some 
hydantoic acids at 25 and 50°, and the average variation in the 
pKa’s in going from 25 to 50° was 0.02. Estimation of the pK J  
values at 50° was accomplished by the addition of 0.02 to each 
pKa value determined at 25°.
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(39) E . J, King, J. Amer. Chem. Soc., 78, 6020 (1956).
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The reaction of glyceraldehyde acetonide with formaldehyde gave the 4-hydroxy-l,3-dioxolane II. Distilla
tion of II gave hydroxymethylglyceraldehyde acetonide YI, characterized as its dimethylhydrazone V, dimethyl- 
acetal VII, and Y-methyloxazolidine derivative X . The latter compound proved to be stable to acetylation 
and mesylation, and the protecting group could be removed under very mild acidic conditions, allowing the syn
thesis of aldehydomesylate IX  and aldehydotfiioacetate X lla .

The replacement of the alcohol function of a /3-hy- 
droxyaldehyde is a difficult undertaking because of the 
ease of polymerization of such compounds. We would 
like to report on the synthesis and some reactions of 2- 
hydroxymethylglyceraldehyde acetonide, and its trans
formation to the 3 mesylate and 3 thioacetate in both a 
protected and unprotected form. Some of these com
pounds were required in large quantities in connection 
with a cepham synthesis.

Glyceraldehyde acetonide I 3 was treated with form
aldehyde in aqueous methanolic potassium carbonate. 
Crystallization of the reaction mixture gave II in 70%  
yield. Its structure was determined from its reactions 
and from analytical and spectroscopic data. Also, 4- 
hydroxy-l,3-dioxanes are known to arise from the reac
tion of aldehydes with aldols.4

The acetate Ha was prepared, but was difficult to 
obtain in crystalline form. This was due to the fact 
that two isomers were present in the reaction mixture, 
as evidenced by the nmr spectrum, which showed two 
singlets for the anomeric proton at 5.65 and 5.85 ppm 
in a ratio of 3:1.  A  method was devised to achieve 
selective hydrolysis of the acetonide function of the 
acetate mixture Ha, and the diol mixture Ilia  was ob
tained in very good yield. The method consisted of 
treatment of the acetonide Ila  with 90%  aqueous tri-

(1) W e wish to thank the National Research Council of Canada and 
Bristol Laboratories, Syracuse, N . Y ., for financial support.

(2) Abstracted from part of the Ph.D . thesis of Phillip Rossy.
(3) E . Baer and H. O. L. Fischer, J. Biol. Chem., 128, 463 (1939).
(4) C. A . Friedmann and J. Gladych, J. Chem. Soc. C, 3687 (1954).

fluoroacetic acid for 2 min. The resulting diol acetate 
Ilia  was converted to an oily mesylate IVa, but no 
further work was done on it, since it could not be ob
tained crystalline.

However, the mixture of epimeric p-nitrobenzoates 
lib  was easily prepared in crystalline form, even though 
two isomers were obtained (two singlets for the ano
meric proton at 6.3 and 6.5 ppm, ratio 3:1).  It is 
evident from the nmr spectrum that the isomer in 
which the p-nitrobenzoatc is equatorial is favored.6 
Compound lib  could be converted to a crystalline mix
ture of epimeric diols I llb  and a crystalline mixture of 
epimeric mesylates IVb. Attempts to displace the 
mesylate with potassium thioacetate or with sodium 
hydrogen sulfide, and to extrude formaldehyde in order 
to regenerate a hydroxyaldehyde, failed.

While carrying out these reactions, we noticed that 
high-temperature distillation of compound II gave the 
aldehyde VI, which we had wanted in the first place. 
The ir spectrum indicated the presence of an aldehyde 
(1730 cm-1) and a hydroxyl group (3400 cm-1). The 
nmr spectrum was consistent with the proposed struc
ture. Upon standing at room temperature for a few 
hours, the hydroxyaldehyde became very viscous and 
the carbonyl absorption in the ir decreased consider
ably. Aldols are known4 to polymerize or dimerize on 
standing. It was thus necessary to protect the aide-

(5) Axial protons appear at higher field than the corresponding equatorial
protons: R. II. Bible, “ Interpretation of NM R Spectra,” Plenum Press,
New York, N. Y ., 1965, pp 19-20.
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hyde function, before attempting to convert the hy
droxy function to a good leaving group. The first de
rivative to be considered was a V,V-<limethy]hydra- 
zone. They are known to be hydrolyzed6 rapidly by 
treatment with 95%  ethanol, after quaternization with 
methyl iodide. The aldol VI was treated with di- 
methylhydrazine in ethanol and a 75%  yield of V  was 
obtained. It was easily converted to its acetate Va, 
tosylate Vb, and mesylate Vc. However, attempted 
displacement of the mesylate group with potassium 
thioacetate or sodium hydrogen sulfide gave intractable 
materials, presumably because of intramolecular cycli- 
zation. It was shown by an nmr study that the 
tosylate Vb decomposed on standing in methanol for a 
few hours. No attempts were made to isolate the 
products of the deterioration of this compound.

Next, the aldehyde was protected as its dimethyl 
acetal V II, which was obtained using carefully de
fined conditions in 60 -65%  yield. Compound VII was 
converted easily to its acetate V ila , mesylate V llb , 
and trifluoromethanesulfonate7 V ile . Displacement 
of the mesylate was accomplished by refluxing for 
several days with potassium thioacetate or sodium 
hydrogen sulfide in acetone or methanol. Displace
ment of the triflate group in V ile  could be carried out 
in a few hours, giving the pure thioacetate V illa . The 
thiol V III could be obtained directly from the triflate 
V ile  by reaction with sodium hydrogen sulfide or by 
hydrolysis of the thioacetate V illa  using sodium 
methoxide in methanol.

Further work on this approach was discontinued 
when it was realized that attempts to selectively hy
drolyze the acetal function of V III or V illa  using the

usual hydrolytic methods (80%  acetic acid, 10%  hy
drochloric acid, 2 %  sulfuric acid, and 10%  aqueous 
oxalic acid at room temperature) led to hydrolysis of 
both the acetonide and acetal groups. No selectivity 
was evident, and all the above-mentioned conditions 
led to polymerization products.

Transketalization is a very effective method in re
moval of ketals. However, only the starting material 
was recovered when V ila  was treated at room tempera
ture with acetone and a trace of p-toluenesulfonic acid 
for prolonged periods of time. The reaction was fol
lowed by nmr using acetone-d6 as solvent. Exchange 
of the acetonide function by a deuterioacetonide group 
was observed, but there was no change in the methoxy 
absorption.

Sjoberg8 brought to our attention the possibility of 
using oxazolidines9 as protecting groups for aldehydes. 
Treatment of the hydroxyaldehyde VI with V-methyl- 
ethanolamine in diethyl ether afforded the oxazolidine
X . Examination of the product using vpc analysis 
showed the existence of one major component and an 
impurity of approximately, 10% . Distillation did not 
remove the impurity. Attempted purification on a 
silica column led to hydrolysis of the protecting group, 
but filtration through alumina, using benzene as eluent, 
afforded pure X  in an overall yield of 55% . It could 
be converted to acetate X a  in quantitative yield. A  
study was made to determine the ease of hydrolysis of 
the oxazolidine. The hydrolysis of X a  was followed 
by nmr spectroscopy in 5 0%  deuterium oxide and acetic 
acid-d4. The reaction was complete in 15 min, as 
evidenced by the shift of the V-methyl absorption from
2.5 to 2.9 ppm. X a  could also be hydrolyzed in a two-

(6) M . Avaro, J. Levisalles, and H. Rudler, Chem. Commun., 445 (1969).
(7) T . M . Su, W . Sliwinki, and P. v. R . Schleyer, J. Amer. Chem. Soc.,

91, 5386 (1969).

(8) W e Avis h to thank Dr. K . Sjoberg for helpful discussions pertaining to 
the oxazolidine chemistry.

(9) W . Watanabe and L. Conlon, J . Amer. Chem. Soc., 79, 2825 (1957).
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phase system. The oxazolidine was dissolved in 
chloroform-^ and to this solution was added a 50% 
solution of acetic acid-d4 in D20. Following the dis
appearance of the IV-methyl absorption in the nmr 
(owing to the solubility of X-methylethanolamine in 
the upper heavy-water phase), it was shown that the 
hydrolysis was complete in 1 hr at room temperature.

Alcohol X  could be converted to its crystalline 
mesylate X b  in 80% yield, using methanesulfonyl 
chloride and triethylamine. Hydrolysis of the ox
azolidine mesylate X b gave the aldehyde mesylate IX.

Attempts to carry out a nucleophilic displacement 
on the mesylate IX  with thiolate anions gave addition 
products onto the aldehyde, rather than displacement 
of the mesylate function. In order to increase the 
reactivity of the leaving group an attempt was made to 
prepare the triflate of alcohol X . When the reaction 
was carried out using trifluoromethanesulfonic anhy
dride in pyridine, a sulfonamide was obtained which 
was not further characterized. When an excess of 
triethylamine was used, triflate X c could be obtained. 
It was, however, contaminated by sulfonamide, and 
since triflates are quite unstable no attempt was made 
to purify it.

Since all attempts to form a pure trifluoromethane- 
sulfonate in the presence of an oxazolidine ring failed, 
work was continued using the mesylate Xb. It was 
converted to the thioacetate XIa by displacement using 
potassium thioacetate in refluxing acetone for 2-3 days. 
The aldehyde thioacetate X lla  was easily prepared by 
aqueous acetic acid hydrolysis.

An effort to hydrolyze X lla  to the thiol aldehyde X II 
using ammonia in methanol or a trace of sodium methox- 
ide in methanol gave intractable mixtures from which 
no products could be isolated.

From this result, and the fact that aldehyde mesylate 
IX  reacted with thiolate anions at the aldehyde func
tion, it would appear that the thiol aldehyde X II cannot 
be isolated using normal laboratory procedures.

However, other compounds of type X II, where R is 
alkyl or vinyl, could be prepared. They will form the 
subject of another publication.

Experimental Section
Melting points were determined on a Gallenkamp block and 

are uncorrected. Mass spectra were obtained on an AEl-MS-902 
mass spectrometer at 70 eV using a direct-insertion probe. Nmr 
spectra were recorded on a Varian T-60 spectrometer with tetra- 
methylsilane as the internal standard. The multiplets and 
quartets in the nmr spectral data were recorded as the center of 
the peaks. Ir spectra were obtained on a Unicam SP1000 and a 
Perkin-Elmer 257 infrared spectrophotometer. Ultraviolet spec
tra were determined with a Unicam SP-800 spectrophotometer^ 
Optical rotations were measured with a Perkin-Elmer 141 
polarimeter.

Thin layer chromatography was performed on silica gel coated 
plates (Eastman). Woelm aluminum oxide (neutral) and silica 
gel were used for column chromatography. Microanalyses were 
carried out by A. Bernhardt, Mikroanalytisches Laboratorium, 
Elbaeh uber Engelskirchen, C. Daessle, Montreal, and F. 
Pascher, Bonn, West Germany.

Formaldehyde Adduct II.— Freshly distilled glyceraldehyde 
acetonide (18 g) was added to a stirred solution of 18 g (2 equiv) 
of anhydrous potassium carbonate, 50 ml of a 40% aqueous 
formaldehyde solution, 100 ml of distilled water, and 200 ml of 
methanol. The clear solution was stirred at room temperature 
overnight. The solution was concentrated in vacuo (bath tem
perature <40°). The crystalline mass (product and potassium 
carbonate) was extracted three times with 60-ml portions of

methylene chloride. The solvent was dried with sodium sulfate, 
filtered, and evaporated to a clear oil which crystallized spon
taneously when the last traces of solvent were removed under 
high vacuum. The colorless, crystalline compound was re
crystallized from ether-methylene chloride mixtures. An ana
lytical sample was prepared by sublimation [90° (0.2 mm)]: 
yield 20.8 g (80% ); mp 89.5-91°; ir (KBr) 3400 (OH str), 
1380, 1220, 1160, 1090, 1080, 1050, 1000 cm "1; nmr (CDC13) S
1.5 (s, 6), 3.9 [AB q, 2, J  =  10 Hz, CH2OC(CH3)2] , 4.2 (AB q, 
2, J  =  10 Hz), 5.0 (AB q, 2, /  =  7 Hz, COCH20 ) , 5.1 (s, 1),
4.0-6.0 ppm (broad, 1, OH); mass spectrum (70 eV) m/e 
190 (m+).

Anal. Calcd for CsHuOs: C, 50.52; H, 7.42. Found: C, 
50.57; H, 7.52.

Acetate Ila.— The hydroxydioxane II was acetylated using 
pyridine and acetic anhydride: yield 89% ; mp 30-31.5°
(ether-carbon tetrachloride); ir (NaCl film) 1750 ( 0 = 0  str), 
1380, 1170-1280 (C -0  str), 1120, 1080, 1010, 930 cm “ 1; nmr 
(CC14) S 1.3 (s, 6), 2.1 (s, 3, CH3CO -), 3.7 (AB q, 2, /  =  10 Hz),
3.9 (AB q, 2, J =  10 Hz), 4.8 (AB q, 2, J  =  7 Hz), 5.65, 5.85 
(double singlets, 1, CHOAc, two isomers); mass spectrum (70 
eV) m/e 232 (M+), 173 (M+ -  OCOCH3).

Anal. Calcd for C i0HI6O6: C, 51.72; H, 6.94. Found: C, 
51)51; H, 6.98.

Hydrolysis of Acetonide Acetate Ila to Diol IHa.— The acetate 
Ila  (2.3 g, 10 mmol) was dissolved in 250 ml of 80% aqueous 
acetic acid and heated at 60° for 15 hr. The acetic acid was 
evaporated under high vacuum to half of the original volume, 
diluted with 125 ml of water, and extracted with three 100-ml 
portions of methylene chloride. The solvent was dried over 
sodium sulfate, filtered, and evaporated to yield 1.5 g of a light 
yellow oil. The oil crystallized only with difficulty (methanol- 
ether): yield 79% ; mp 109-110.5°; ir (NaCl film) 3300-3500 
(OH str), 1740 (C = 0  str), 1390, 1260, 1050 cm -1; nmr (pyri
dine-*) S 2.0 (s, 3), 4.2 (AB q, 2, J =  10 Hz), 4.3 (s, 2, CH2OH),
4.8 (AB q, 2, J  — 7 Hz), 5.6 ppm (double s, CHOAc, two iso
mers).

Anal. Calcd for C7H120 6: C, 43.75; H, 6.29. Found: C, 
43.97; H, 6.09.

Another method was used to hydrolyze the acetonide: 100
mg of the acetate Ila  was dissolved in 1 ml of 90%  aqueous tri- 
fluoroacetic acid and stirred at room temperature for 2 min. 
Flash evaporation under high vacuum and evaporation several 
times with methanol and toluene removed the last traces of acid. 
The resulting oil crystallized from a methanol and ether mixture, 
yield 66 mg (80%). ,

Preparation of p-Nitrobenzoate lib.— The alcohol II (4.75 g) 
was dissolved in 25 ml of dry pyridine, and 5.2 g of recrystallized 
p-nitrobenzoyl chloride (from CC1<) was added at once. The re
action mixture was stirred at 0° for 2 hr and at 25° for 12 hr. 
The precipitated mass was stored at —20° for 24 hr. Saturated 
sodium bicarbonate solution (30 ml) was added while the mixture 
was being ice cooled. Stirring was continued for 15 min and then 
the mixture was poured into 300 ml of ice-cold water. Rapid 
stirring was continued for 1 hr and then the precipitate was 
filtered, air dried, and recrystallized from chloroform: yield 7.0 g 
(82.5%); mp 228-229.5°; ir (KBr) 1740,16io, 1540, 1360, 1270, 
1100, 1060 cm "1; nmr (CDC1,) 5 1.6 (d, 6,), 3.85 (AB q, 2, 
J  =  10 Hz), 4.1 (s, 2), 5.1 (AB q, 2, J  =  7 Hz, OCH20 - ) ,  6.3,
6.55 (double s, 1), 8.5 ppm (s, 4); mass spectrum (70 eV) m/e 
339 (M +). It was apparent from the nmr spectrum that the two 
epimers were in a ratio of 3 :1 .

Anal. Calcd for Ci5H „N 0 8: C, 53.10; H, 5.05; N, 4.13. 
Found: C, 52.92; H, 4.01; N, 4.25.

Hydrolysis of Acetonide lib to Diol Illb.— The procedure for the 
hydrolysis of acetonide Ila  using trifluoroacetic acid was used. 
From 300 mg of l ib  and 2 ml of 90% aqueous trifluoroacetic acid, 
227 mg (84%) of I llb  was obtained. It was crystallized from 
methanol: mp 122-124° (softens 115°); ir (NaCl film) 3400- 
3300, 1740, 1610, 1530, 1350, 1270, 1170, 1100, 1090, 1050, 880, 
720 cm-1; nmr (D M SO -*) S 3.8 (s, 2, CH2OH), 3.8-4.0 (broad 
singlet, 2, OH), 4.0 (AB q, 2, J =  10 Hz), 5.0 (AB q, 2, J = 7  
Hz, OCH20 ) , 6.1, 6.4 ppm (double singlet, 1, epimeric hydrogen 
a to p-NBz), 8.7 ppm (s, 4).

Anal. Calcd for C12H18N 0 8: C, 43.75; H, 6.29; N, 4.68. 
Found: C, 43.97; H, 6.09; N, 4.79.

Preparation of the Mesylate IVb.— Mesylate IVb was prepared 
by treating I llb  with mesyl chloride in pyridine at 0°: yield from 
2.99 g, 3.1 g (80% ); mp 146-148° (methanol); ir (KBr) 3500, 
1740, 1610, 1540, 1340 (S02 str), 1260, 1250, 1180, 1170, 830,
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720 cm '; nmr (acetone-d6) 8 3.13 (s, 3, OMs), 4.0 (AB q, 2, 
/  =  10 Hz, OCH2C), 4.5 (s, 2, CH2OMs), 5.0 (AB q, 2, J  =  7 
Hz), 4.8-5.2 (broad, 1, OH), 6.2 ppm (s, 1, CHOBzN-p), 8.4 
ppm (s, 4); mass spectrum (70 eV) m/e281 (M + — H 0S 02CH3).

Preparation of Hydroxyaldehyde VI.— The formaldehyde ad
duct II (16 g) was placed in a 35-ml round-bottom flask, and 
immersed in an oil bath at 140°. The crystalline material melted 
and a strong odor of formaldehyde was detected. Partial vacuum 
was applied, while the temperature of the bath was raised to 
160°. An odorless, colorless oil distilled at 101-104° (0.7 mm), 
yield 10.4 g (77% ). Runs of 20-25 g are recommended, as the 
product is unstable to heat and a rapid distillation is necessary, 
otherwise the yield of polymerized materials increases. The 
nmr showed the following peaks: 8 1.7 (s, 6, acetonide), 4.0
(AB q, 2, J =  8 Hz, CH2OH), 3.9 (s, 1, OH), 4.25 (AB q, J =  10 
Hz), and 10.4 ppm (s, 1, aldehyde). The ir (NaCl film) had a 
strong absorption at 3300-3500 cm-1 (hydroxyl) and a strong 
aldehyde absorption at 1735 cm-1.

Upon standing for a few hours, the hydroxyaldehyde polym
erized; thus reactions involving this intermediate must be carried 
out immediately.

A',A-Dimethylhydrazone V.— Into a 50-ml, two-necked flask 
equipped with a reflux condenser, drying tube, and rubber 
septum was added 2-3 g of barium oxide and a solution of 2.1 ml 
(1.5 equiv) of 1,1-dimethylhydrazine (distilled twice over barium 
oxide) in 20 ml of absolute ethanol. To the cooled solution was 
added dropwise 2.9 g of aldehyde V dissolved in 10 ml of absolute 
ethanol. The addition was made over a period of 30 min. After 
the initial exothermic reaction had subsided the reaction mixture 
was refluxed for 1 hr. The cooled solution was filtered and 
evaporated to yield a light yellow oil. Yield after distillation 
was 2.7 g (75% ); bp 98-99° (0.7 mm); ir (NaCl film) 3600-3300 
(OH str), 2830, 2820, 2800 [N(CH3)2], 1600, 1480, 1460, 1370, 
1260, 1220, 1070, 1050, 1030 cm “ 1; nmr (CDC13) 8 1.5 (s, 6), 2.9 
[s, 6, N(CH3)2] , 3.5 (s, 1, OH), 3.7 (s, 2, CH2OH), 4.1 ppm [s, 2, 
CH2OC(CH3)2] , 6.6 ppm (s, 1, H C = N ); mass spectrum (70 eV) 
m/e 202 (M+).

Anal. Calcd for C9HiSN 20 3: C, 53.44; H, 8.97; N, 13.85. 
Found: C, 53.63; H, 8.79; N, 13.34.

Preparation of the Acetate Va.— The acetate was prepared in 
the usual manner using acetic anhydride and pyridine. The 
yield of crude product was quantitative: ir (NaCl film) 2830, 
2816, 2790 [N(CH3)2], 1740 (C = 0  str), 1600, 1460, 1450, 1380, 
1370, 1250, 1050 cm “ 1; nmr (CDC13) 8 1.45 (s, 6), 2.1 (s, 3),
2.8 (s, 6), 4.15 (AB q, 2, J =  9 Hz, CH2OAc), 4.3 (s, 2), 6.6 
ppm (s, 1).

Anal. Calcd for CnH2oN20 J: C, 54.09; H, 8.14; N, 11.47. 
Found: C, 53.98; H, 8.01; N, 11.34.

Preparation of Dimethyl Acetal VII.— To 100 ml of absolute 
methanol (distilled over magnesium turnings) and 10 mg of p- 
toluenesulfonic acid was added 10 g of molecular sieves 3A and
1.6 g (10 mmol) of the aldehyde. The mixture was stirred (with 
exclusion of moisture) for 12-15 hr at room temperature. After 
neutralization of the acid with ion exchange resin [llexyn 203 
(OH)], filtration, evaporation and distillation, pure acetal was 
obtained in 60% yield (1.24 g): bp 100-102° (0.5 mm); ir 
(NaCl film) 3600-3300 (OH str), 1470, 1410, 1390, 1270, 1230, 
1120, 1100,1080 cm “ 1; nmr (CDC13) 8 1.55 (s, 6), 3.4 (s, 1, OH), 
3.65 [s, 6, (OCII3)2] , 3.8 (s, 2, CIROH), 4.1 (AB q, 2, J =  6 Hz, 
CH2OC), 4.5 [s, 1, HC(OCH3)2],

Anal. Calcd for C9H,80 3: C, 52.41; H, 8.80. Found: C, 
52.31; II, 8.68.

Acetate Vila.— The compound was prepared in a 95% yield 
from the alcohol, by means of pyridine and acetic anhydride. 
Evaporation of the reagents afforded analytically pure acetate: 
ir (NaCl film) 1745, 1460, 1390, 1380, 1250 (C-O str), 1120,1090, 
1060 cm -1; nmr (CDC13) 8 1.7 (s, 6), 2.4 (s, 3), 3.85 (d, 6),
4.2 (AB q, 2, J =  8 Hz, CII2OC), 4.5 (AB q, 2, J =  8 Hz, 
CH2OAc), 4.55 ppm [s, 1, CH (OCH3)2].

Anal. Calcd for CnH2„06: C, 53.21; H, 8.12. Found: C, 
53.30; II, 7.94.

Mesylate VHb.— This compound was prepared by the usual 
method with methanesulfonyl chloride and pyridine at 0°. 
After ether extraction, 85% yield of light yellow foam was ob
tained after the usual work-up procedure: nmr (CDC13) 8 1.45 
(s, 6), 3.1 (s, 3, OMs), 3.6 (s, 6), 4.0 (AB q, 2, J  =  10 Hz, 
CH2OC), 4.3 [s, 1, HC (OCH3)2], 4.35 ppm (AB q, 2, J  = 9  Hz, 
CHjOMs).

Anal. Calcd for CioHaAS: C, 42.25; H, 7.04; S, 11.26. 
Found: C, 42.01; H, 7.15; S, 11.12.

Triflate VHc.— The alcohol V (200 mg, 1 mmol) was dissolved 
in 3 ml of absolutely dry pyridine and the solution was cooled to 
— 5° and protected from moisture by the use of a calcium chloride 
drying tube. Freshly prepared trifluoromethanesulfonic anhy
dride (850 mg, 5 equiv) (prepared6 by flame distillation of the 
acid over phosphorus pentoxide, bp 85°) was added slowly to the 
cooled mixture. A color change from colorless to green to red 
was observed. The red solution was stirred for 5 min and im
mediately evaporated to dryness on a rotatory evaporator con
nected to a high vacuum pump (bath temperature must not ex
ceed 35°). The deep red oil was dissolved in methylene chloride 
and washed with three portions of ice-cold water. The solvent 
was dried and evaporated to afford an orange-red oil (yield 85.5%, 
290 mg). Because of the instability of the product no attempts 
were made at its purification. The ir spectrum showed no hy
droxyl absorption and a large absorption band at 1420 and 1390 
cm” 1 (S02 str); nmr (CDC13) 8 1.5 (s, 6), 3.6 (s, 6) 4.1 [AB q,
2, J  =  10 Hz, CH2OC(CH3)2], 4.45 [s, 1, CHC(OCH3)2], 4.65 
ppm (AB q, 2, J  =  1 Hz, CH2OTf).

Protection of Aldol VI using A'-Methylethanolamine.— Anhy
drous sodium carbonate (5 g) was suspended in an ice-cold solu
tion of 1 g (1.1 equiv) of N-methylethanolamine in 30 ml of dry 
ether; 1.95 g of freshly prepared aldol, dissolved in 10 ml of 
anhydrous ether, was added dropwise over a period of 30 min. 
The mixture was stirred for an additional 30 min at 0° and then 
for 1 hr at room temperature. The filtered solution was evapo
rated and distilled [105-108° (0.75 m m )]. Crude yield was 2.1 g 
(80% ). Vpc analysis (0.125 in. X 6 ft column of 3%  OV-25 on
80-100 mesh Chromosorb W at 150° using a Hewlett-Packard 
Model 5750 B gas chromatograph) showed one major component 
(90%) and one minor component (10%). Filtration on an alu
mina (activity I) column using benzene as eluent afforded pure 
material (3 g of alumina for 1 g crude product). After purification 
a yield of 1.8 g of X  (overall 55%) was obtained: ir (NaCl 
film) 3600-3300 (OH str), 2810 (NCH3), 1470, 1380, 1260, 1225, 
1150, 1080, 1070, 1050 cm “ 1; nmr (CDC13) 8 1.45 (s, 6), 2.55,
2.60 (d, 3, NCH3), 2.7 (m, 1, part of AA 'B B ' system of NCH2- 
CH20 ) , 3.3 (m, 1, NCH2CH20 ) , 4.0 ppm (m, 8, part of AA 'BB ' 
system, NCHO, two AB systems for CH2OH and CH2O C-, and 
OH); mass spectrum (70 eV) m/e 217 (M +).

Anal. Calcd for C10H19NO4: C, 55.28; H, 8.82; N, 6.45. 
Found: C, 55.16; H, 8.72; N, 6.25.

Acetate Xa.— The usual procedure was used to prepare the 
acetate in quantitative yield. The sample was analytically pure 
after evaporation of the reagents: ir (NaCl film) 2810 (NCH3),
1745 (C = 0  str), 1460, 1380, 1270-1210 (C -0  str), 1110, 1080, 
1060 (cm -1); nmr (CDC13) 8 1.5 (s, 6), 2.25 (s, 3, OAc), 2.55 (s,
3, NCH3), 2.8 (m, 1), 3.3 (m, 1), 4.2 ppm (m, 7).

Anal. Calcd for C12H21N 0 3: C, 56.02; H, 7.44; N, 5.44. 
Found: C, 56.28; H, 7.39; N, 5.24.

Mesylate Oxazolidine Xb.— To a solution of 217 mg (I mmol) 
of the alcohol in 10 ml of methylene chloride containing 220 pi 
(1.5 mmol) of triethylamine at —10 to 0° was added 84 /d (1.1 
mmol) of methanesulfonyl chloride over a period of 30 min. An
hydrous reaction conditions were maintained. Stirring from an 
additional 15-30 min completed the reaction. The mixture was 
transferred to a separatory funnel with the aid of more methylene 
chloride. The mixture was washed with ice water. Drying of 
the organic phase followed by solvent removal gave an oil. The 
oil was crystallized from methylene chloride-ether: yield 242 
mg (82% ); mp 79.5-81°; tic R{ 0.6 (ether, Si02); ir (CCh solu
tion) 2810 (N~CH3 str), 1470, 1380 (OMs), 1220, 1180, 1080, 
1010 cm“ 1; nmr (CDC13) 8 1.5 (s, 6), 2.6 (s, 3, NCH3), 2.7 (m, 1),
3.2 (s, 3, OMs), 3.3 (m, 1), 3.8-4.0 ppm (m, 7).

Anal. Calcd for C „H 21N 0 6S: C, 44.75; H, 7.12; N, 4.75; 
S, 10.85. Found: C, 44.63; H, 7.18; N, 4.66; S, 10.63.

Displacement of Mesylate Xb using Potassium Thioacetate.—  
To a solution of 295 mg (1 mmol) of the mesylate in 20 ml of dry 
acetone was suspended 171 mg (1.5 mmol) of recrystallized po
tassium thioacetate. The mixture was refluxed, under a nitrogen 
atmosphere, for 3 days. Filtration of the cooled solution and 
evaporation of the acetone gave a pale yellow oil. The oil was 
dissolved in methylene chloride and washed with ice water. Dry
ing of the organic layer and evaporation afforded 264 mg (96% of 
theory) of a pale yellow semicrystalline oil (X Ia). The sample 
was analytically pure: nmr (CDC13) 8 1.5 (double singlet, 6),
2.4 (s, 3, SAc), 2.55 (s, 3, NCH3), 2.7 (m, 1), 3.2 (m, 1), 3.35 (s, 
2, CH2SAc), 4.0 [AB q, 2, J  =  10 Hz, CH2OC (CH3)2] , 4.0 ppm 
(s, 1 ).
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Anal. Calcd for C,2H21N 0 4S: C, 52.36; H, 7.64; N, 5.09; 
S ,11.64. Found: C, 52.11; H, 7.53; N , 4.95; S, 11.22.

Hydrolysis of Thioacetate Oxazolidine XIa to Thioacetate 
Xlla.— The compound (57 mg) was treated with 10 ml of a 1:1 
mixture of acetic acid and water for 15-30 min at room temper
ature. The aqueous solution was extracted with three portions 
of methylene chloride and the combined extracts were dried and 
evaporated first on a rotatory evaporator (water aspirator) and 
then on a high vacuum line, to remove the last traces of acetic 
acid. In this way, 41 mg (91% yield) of analytically pure X lla  
was obtained: nmr (CDCh) 5 1.45, 1.5 (double singlet, 6),
2.45 (s, 3, SAc), 3.3 (s, 2, CH2SAc), 4.1 (AB q, 2, J =  10 Hz, 
CH2OC), 10 ppm (s, 1, CHO).

Anal. Calcd for C9H140 4S: C, 49.54; H, 6.42; S, 14.68. 
Found: C, 49.41; H, 6.34; S, 14.48.

Registry No.—I, 5736-03-8; II, 38615-71-3; Ila, 
38615-72-4; lib , 38615-73-5; Ilia , 38615-74-6; Illb , 
38615-75-7; IVb, 38615-76-8; V, 38615-77-9; Va, 
38615-78-0; VI, 38615-79-1; VII, 38615-80-4; V ila , 
38615-81-5; V llb , 38615-82-6; V ile, 38615-83-7; X , 
38615-84-8; Xa, 38615-85-9; Xb, 38615-86-0; XIa, 
38615-87-1; X lla , 38615-88-2; 1,1-dimethylhydrazine, 
57-14-7; trifluoromethanesulfonic anhydride 358-23-6; 
V-methylethanolamine, 109-83-1.

Relative Reactivities of Nucleophilic Centers in Some Monopeptides
Charles C. P rice,* H iroshi A kimoto,1 and R ichard H o1 
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The “ monopeptide”  derivatives of a number of amino acids with nucleophilic centers have been prepared and 
their reactivity in water to diethylaziridinium ion, iodoacetic acid, and iodoacetamide determined. The reac
tivity of the imidazole ring of histidine, the mercaptan group of cysteine, the phenolate ion in tyrosine, and the 
sulfide group in methionine are all very nearly the same as that of these groups in model compounds. The sulfide 
group shows unexpectedly high reactivity when measured by iodoacetic acid or iodoacetamide.

As a sequel to studies of the effect of structure and 
conformation of nucleic acids on the reactivity of nu
cleophilic centers to alkylation,2 3 we have now under
taken a similar investigation for proteins. As a pre
lude to study of the reactivity of nucleophilic centers in 
polypeptide's, we have examined the nucleophilicity of 
some of the more significant nucleophilic centers in 
model “ monopeptides,”  the V-acetylmcthylamide de
rivatives of several amino acids. The alkylating agent 
used most generally has been the one utilized most ex
tensively in the earlier nucleic acid studies, N,N-di- 
ethylaziridinium ion.

NHCOCH3 + CH2

:YRCH^ + Et2N \  I —►
TONHCR, CH2
I

NHCOCR,
Et,NCH2CH2YRCH.

CONHCHjn
a, :YR =  HOC6H4CH2

b,:YR =  HSCH2

c,:YR =  CH,SCH2CH2

A—A
d, :YR =  N( ) n

x-C H 2

H
f, :YR — HSCH2CH2

Experimental Section
Materials.—N ,iV-Diethyl-2-chloroethylamine hydrochloride 

(Aldrich) was recrystallized from acetonitrile.
The monopeptides la, Ic, Id, and Ie were prepared from the 

corresponding amino acids essentially as described in the litera

(1) S upported  in part b y  N IH  G rant N o . N IG M S  19593.
(2) (a ) C . C . Price, G . M . G aucher, P . K oneru , R . Shibakaw a, J. R .

Sow a, and M . Y am aguch i, B i o c h i m .  B i o p h y s .  A c t a ,  166, 327 (1 968 ); (b )
C . C . P rice  and M . T . L . Y ip , in press; (c ) M ei-T a k  Lam  Y ip , “ T h e  N itrogen  
M u stard  A lky lation  o f  P olynucleotides and R ibon u cle ic  A cid s ,”  P h .D . 
D issertation , U niversity  o f  Pennsylvania , 1972.

ture.3n_c lb  was prepared from the corresponding cystine deriva
tive by zinc and acid reduction.3d

L-Homocysteine monopeptide (If) was prepared in much the 
same way as lb . After addition of 1.56 g of thionyl chloride 
dropwise with stirring to a chilled suspension of 3.20 g of L- 
homocystine in 30 ml of absolute methanol, the reaction mixture 
was heated under reflux for 2 hr. After cooling, the solvent was 
removed in vacuo to give 4.4 g (theoretical yield) of colorless solid, 
L-homocystine dimethyl ester hydrochloride, which was used 
directly in the next step. This material and 5.35 g of triethyl- 
amine in 50 ml of CIIC13 was chilled and 2.12 g of acetyl chloride 
was added dropwise with stirring. The reaction mixture was 
allowed to stand for 1 hr at room temperature and then washed 
and dried. After removal of the solvent, the crude product was 
recrystallized from ethyl acetate to give 4.3 g (94%) of N,N '- 
diacetyl-L-homocystine dimethyl ester as colorless needles, mp
105-106°, ir (Nujol) xNH 3800, vco 1770, 1670 cm “ 1.

Anal. Calcd for CuHiiOeNiS,: C, 44.19; H, 6.36; N, 7.36; 
S, 16.85. Found: C, 44.07; H, 6.48; N, 7.39; S, 16.58.

After 3 days at room temperature, a solution of 3.8 g of this 
dimethyl ester in 40 ml of 40% aqueous methylamine was con
centrated to dryness in vacuo to afford the desired compound in 
theoretical yield. The crude product was recrystallized from 
methanol to give 3.2 g (85%) of pure iV,A"-diacetyl-L-homo- 
cystinmethylamide as colorless prisms, mp 188-189°, ir (Nujol) 
p n h  3350, vco 1645, 1560, 1545 cm-1.

Anal. Calcd for Ci4H260 4N4S2: C, 44.42; H, 6.92; N , 14.80; 
S, 16.94. Found: C, 44.31; H, 6.86; N, 14.91; S, 16.76.

After 400 mg of zinc dust was added to 757 mg of this disulfide 
dissolved in 30 ml of 2 N  aqueous acetic acid, 300 mg of concen
trated sulfuric acid was dropped slowly into the stirred mixture 
over 15 min under nitrogen. The exothermic reaction raised the 
temperature to 35-40°. After this reaction mixture was warmed 
at 45-50° for 2 hr, it was concentrated to dryness in vacuo. 
The residue was extracted with three 25-ml portions of warm 
isopropyl ether, and the combined extract was evaporated in vacuo 
to give 670 mg (88%) of crude product. It was recrystallized 
from isopropyl ether under nitrogen atmosphere to yield 625 mg 
of Af-acetyl-L-homocysteinmethylamide (If) as colorless prisms, 
mp 192-195°, ir (Nujol) <<nh 3350, j»sh 2600, vco 1650 (sh), 1645, 
1565, 1545 cm -1.

Anal, Calcd for C7H140 2N2S: C, 44.19; H, 7.42; N, 14.72; 
S, 16.85. Found: C, 44.33; H, 7.71; N, 14.64; S, 16.81.

(3 ) (a) H. Zahn, Z .  P h y s .  C h e m .,  344, 75 (1 966 ); (b ) T . H . A p p lew h ite  
and C . N iem ann , J .  A m e r .  C h e m . S o c . ,  81, 2208 (1959 ); (c) H . T . H uang 
and C . N iem ann , i b i d . ,  73, 3223 (1951) (d ) T . A . M artin , D . H . C ausey, 
A . L. Sheffner, A . G . W heeler, and J. R . Corrigan, J .  M e d .  C h e m .,  10, 1172 

(1967).
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Alkylated A'-Acetyl-L-homocysteinmethylamide (Ilf).— A solu
tion of 47.') mg of If in 25 ml of distilled water was added to the 
cyclic imonium ion solution prepared from 645 mg of AT,IV- 
diethyl-2-ehloroethylamine hydrochloride in 25 ml of distilled 
water as described below in the method of alkylation. The re
action mixture was maintained at pH 7.0 and 37° for 24 hr under 
nitrogen and concentrated to dryness on a warm bath under 
reduced pressure. The residue was extracted with three 30-ml 
portions of methanol and, after evaporation of the solvent, the 
resulting residue was chromatographed on both silica gel and 
alumina successively, using chloroform-methanol as an eluent. 
The white solid obtained was recrystallized from ether-?i-hexane 
to give 452 mg (63% ) of cotton-like, colorless needles: mp 91- 
92°; ir (Nujol) cxn 3410, >-co 1650, 1575, 1550 cm -1; nmr 
(CDCh) x 2.70 (broad, 1 H), 2.82 (broad, 1 H), 5.34 (q, 1 H), 
7.35 (s, 3 II), 7.00-7.60 (m, 10 H), 7.90 (t, 2 H), 8.00 (s, 3 H),
8.98 (t, 6 II).

Ana!. Calcd for C13HM0 2N,S: C, 53.95; H, 9.40; N , 14.52;
S,11.0S. Found: C, 53.77; H, 9.55; N, 14.32; S, 10.83.

Alkylated L-homocysteine was obtained from 289 mg of I lf  by 
dissolving in 5 ml of 6 N  aqueous hydrochloric acid and heating 
on an oil bath (110-120°) for 15 hr. After evaporation of solvent 
in vacuo, the resulting residue was redissolved in a minimum 
amount of distilled water and chromatographed on an ion- 
exchange resin (25 ml of Dowex 50W -F8), using distilled water 
and 2.5%  aqueous ammonium hydroxide as eluents, successively, 
to eliminate chloride ion. The ninhydrin-positive fractions, 
eluted b y  2.5' ) aqueous ammonium hydroxide, were collected 
and evaporated to dryness in vacuo to yield a pale yellow solid, 
which was triturated with ether to give 165 mg (71%) of the 
desired amino acid: mp 210-215° dec; ir (Nujol) ><nh3+ 3000, 
~2100, w as- 1640 (sh), 1590, 1550 cm ” »; nmr (DjO) r 6.50 
(broad t, 1 II), 6.95 (q, 4 H), 6.75-7.40 (m, 8 H), 8.60 (t, 6 H).

Anal. Calcd for CuHjsOiNsS: C, 51.25; H, 9.46; N , 11.95; 
S, 13.68. Found: C, 51.35; H, 9.24; N, 11.57; S, 13.39.

Alkylated N-Acetyl-L-histidinmethylamide (lid ).— A solution 
of 1.056 g of A'-acetyl-L-histidinmethylamide (Id) in 100 ml of 
distilled water was added to the aziridinium solution prepared 
from 0.860 g of Ar,Ar-diethyl-2-chloroethylamine hydrochloride in 
20 ml of distilled water as described below. The reaction 
mixture was maintained at pH 7.0 and at 37° for 48 hr, concen
trated to dryness on a warm bath under reduced pressure, and 
extracted with three 50-ml portions of methanol. After evapora
tion in vacuo to dryness, the resulting residue was chromato
graphed on silical gel, using 15% methanol in chloroform as an 
eluent, to give 708 mg (46%) of colorless, oily semisolid, which 
was recrystallized from benzene-/¡-hexane-ether to yield colorless 
needles having mp 128-129°. Our data do not indicate un
equivocally whether the product is 1- or 3-alkylated IV-acetyl-L- 
histidinmethylamide (lid ): ir (Nujol) w h  3400, rco 1645, 1650 
(sh), 1575, 1555 cm -1 (sh); nmr (CDC13) t 2.60 (s, 1 H ), 3.22 
(s, 1 H), 5.42 (m, 1 H ), 5.99 (d, 2 H ), 6.12 (t, 2 H), 7.02 (d, 2 
H ), 7.29 (d, 3 H), 7.50 (q, 4 H ), 7.50 (t, 2 H), 8.01 (s or d, 3 H),
9.40 (t, 6 If).

Anal. Calcd for C,.-,H270 2N5: C, 58.23; H, 8.80; N, 22.63. 
Found: C, 57.77; H, 8.50; N, 22.59.

Alkylated A'-Acetyl-L-tyrosinmethylamide (Ha).— A solution 
of 2.36 g of Ar-acetyl-L-tyrosinmethylamide (la) in 236 ml of 
distilled water was added to the aziridinium solution prepared 
from 8.(51 g of A’ ,A'-diethyl-/3-ehloroethylamine hydrochloride in 
150 ml of distilled water as described previously. After incuba
tion at pH 7.0 and at 37° for 48 hr, the reaction mixture was 
concentrated to one-third volume on a warm bath under reduced 
pressure, acidified with concentrated hydrochloric acid, and 
then extracted with five 50-ml portions of ethyl acetate. The 
extracts were washed, dried, and evaporated in vacuo to dryness 
to give 1.05 g (45%) of the starting material. The aqueous layer 
was made alkaline with concentrated aqueous NaOH and ex
tracted with five 50-ml portions of ethyl acetate. The combined 
extract was washed with 5%  aqueous NaOH and saturated NaCl, 
dried over magnesium sulfate, and then evaporated in vacuo to 
dryness to afford 1.45 g of oily product, which rapidly solidified 
on trituration with n-hexane. The solid (630 mg) so obtained 
was collected and washed with u-hexane, then chromatographed 
on silica gel, using 20% methanol in chloroform as an eluent, to 
give the desired alkylated tyrosine monopeptide in a yield of 
9.3% (320 mg), accompanied by a small amount of starting 
material and A',Ar-diethylethanolamine. The crude product was 
recrystallized from benzene-n-hexane-ether to give colorless 
needles: mp 140-141°; ir (Nujol) cnh .oh  3400, voo 1655, 1550,

1525 cm “ 1; nmr (CDC13) r 2.98 (d, 2 H), 3.20 (d, 2 H), 5.34 
(m, 1 H), 6.00 (t, 2 H), 7.02 (d, 2 H ), 7.14 (t, 2 H), 7.32 (s, 3 
H), 7.34 (q, 4 H), 8.04 (s, 3 H), 8.90 (t, 6 II).

Anal. Calcd for C iSHm03N 3: C, 64.45; If, 8.71; N, 12.53. 
Found: C, 64.17; H, 8.92; N, 12.52.

Alkylated Ar-Acetyl-L-cysteinmethylamide (lib ).— A solution 
of 352 mg of JV-acetyl-L-cysteinmethylamide (lb ) in 20 ml of 
distilled water was added to the aziridinium solution prepared 
from 516 mg of Ar,Ai-diethyl-2-chloroethylamine hydrochloride in 
20 ml of distilled water as described previously. The reaction 
mixture was maintained at pH 7.0 and 37° for 24 hr under nitro
gen, and concentrated to dryness on a warm bath under reduced 
pressure. The resulting residue was extracted with three 25-ml 
portions of methanol, and, after evaporation of the combined 
extracts, the residue was chromatographed on both silica gel and 
alumina, successively, using chloroform-methanol (9 :1) as an 
eluent, to afford 486 mg (88%) of white solid, which was re
crystallized from a mixture of benzene-/¿-hexane-ether to give 
colorless needles: mp 124-126°; ir (Nujol) j>nh 3360, vco 1645, 
1570, 1545 cm-1; nmr (CDCh) r 2.50 (broad d, 1 H), 3.02 
(broad, 1 H), 5.50 (m, 1 H), 7.00-7.50 (m, 6 If), 7.34 (s, 3 H), 
7.43 (q, 4 H), 8.00 (s, 3 H), 8.99 (t, 6 H).

Anal. Calcd for C i2H250 2N3S: C, 52.32; H, 9.17; N, 15.26; 
S, 11.64. Found: C, 52.30; H, 9.15; N, 15.13; S, 11.81.

Alkylation Rates.— A 0.1 M  solution of A%V-diethyl-2-chloro- 
ethylamine hydrochloride in distilled water was adjusted to pH
10.0, allowed to stand at 0° for 30 min, and then returned to pH
7.0. A 10.0-ml aliquot of this approximately 0.1 M  aziridinium 
solution was added to 20.0 ml of 0.01 M  monopeptide in distilled 
water. The reaction mixture was maintained at pH 7.0 and 37° 
usually for 48 hr. The extent of reaction was measured by selec
tive colorimetry appropriate for each monopeptide, as described 
below.

Estimation of the cyclic imonium ion was carried out on 10.0 
ml of ca. 0.1 M  aziridinium solution added to 20.0 ml of distilled 
water and maintained at pH 7.0 and 37° for 48 hr. Then 10.0 ml 
of 0.1 M  sodium thiosulfate was added to a 6.0-ml aliquot of this 
solution. After standing at room temperature for 3 hr, the excess 
thiosulfate was titrated by 0.1 M  iodine solution using a starch 
indicator; the amount of the remaining aziridinium ion was 
70.2% based on A',Ar-diethyl-2-chloroethylamine hydrochloride 
used, while at zero time, 88.8% of the original hydrochloride was 
found to be converted to aziridinium ion. From these data, the 
second-order rate constant for hydrolysis (&„•) is estimated as 
fc,v37 =  2.45 X 10 —81. m ol-1 sec-1. This is in good agreement with 
the value of fcw45 =  3.0 X  10-s 1. m ol-1 sec-1 reported earlier.111

Competition Factor for Histidine Monopeptide (Id).— Aliquots 
(1.0 ml) of the reaction mixture, prepared from 0.1 M  cyclic 
imonium ion solution and 0.01 M  histidine monopeptide solution, 
were taken at specified intervals and measured up to 100 ml by 
addition of distilled water. To 20.0 ml of this diluted reaction 
mixture was added 10.0 ml of 10% aqueous sodium carbonate and
5.0 ml of freshly prepared diazotized reagent, which was made 
from the same volumes of 0.5%  sulfanilic acid in 3.5% aqueous 
hydrochloric acid and 5.0%  aqueous sodium nitrite solution.4 
After 10 min at room temperature, the absorbancies of the solu
tion and the control were measured at 490 m^ against a reagent 
blank. The results are summarized in Table I. From these

T a b l e  I
R e a c t i o n  o p  0.0067 M  H i s t i d i n e  M o n o p e p t i d e  w i t h  

0.0295 M  D i e t h y l a z i r i d i n i u m  I o n  a t  37°, pH 7
i, m in  240 550 1000 1350 1000 2880
%  A lkylation  8 .8  1 7 .0  2 7 .5  3 4 .5  4 2 .0  5 2 .3

data, the second-order rate constant, ka, for alkylation is esti
mated to be 2.35 X 10-4 1. m ol-1 sec-1 and the competition 
factor fca/fcw to be 9.6 X 103.

Competition Factor for Tyrosine Monopeptide (la).— After 48 
hr, 5.0-ml aliquots of the reaction mixture, prepared from 0.1 M  
cyclic imonium ion solution and 0.01 M  tyrosine monopeptide, 
were diluted to 100 ml by addition of 0.05 N  aqueous sodium 
hydroxide solution. The optical densities of this solution and 
the control solution were measured at 295 mg to be 0.678 and 
0.710, respectively. From these values, the percentage of the 
alkylated tyrosine monopeptide was calculated to be 4.4%, giving

(4) H . T . M acP herson , B i o c h e m .  J . ,  40, 470 (1946).
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a value for k„ of 1.0 X 10-6 1. m ol-1 sec-1 and for the competition 
factor kB/k„ of 400.

Competition Factor for Ionized Tyrosine Monopeptide.—The
alkylations of the tyrosine monopeptide at pH 8.0 and 9.0 were 
carried out in the same way as described above. The rate con
stants for aziridinium ion hydrolysis ( k v )  at both pH 8.0 and 9.0 
were determined by the sodium thiosulfate-iodine method as 
described previously. Furthermore, using the value of the disso
ciation constant for tyrosine itself (K  = 4.0 X 10_n),5 6 the second- 
order rate constant for the phenolate ion was calculated from the 
data at pH 9 to be Ara =  2.2 X 10-3 1. m ol-1 sec-1, giving the 
competition factor k a / k „  = 7 X 104 (Table II).

T a b l e  I I

R eaction of 0.0067 M  T yrosine M onopeptide with 
0.0295 M  D iethylaziridinium Ion (37°, 48 hr)

%  Alkylation
pH  7 .0

4.4
pH  8 .0

5.5
p H  9 .0

57.7
Rate constant fcw (X  10s) 2.45 2.76 3.15
Apparently (X  10s) 1.0 1.15 9.5
Apparent competition factor 400 420 3200

Competition Factor for Cysteine Monopeptide (lb).— A 1.0-ml 
aliquot of the reaction mixture prepared from aziridinium ion and 
cysteine monopeptide as described previously was taken period
ically and diluted with distilled water up to 100 ml. A 1.0-ml 
aliquot of this diluted reaction mixture, and 0.02 ml of 5,5'- 
dithiobis(2-nitrobenzoic acid) solution, which was prepared from
19.8 mg of 5,5'-dithiobis(2-nitrobenzoic acid) and 5.0 ml of pH
7.0, 0.1 M  phosphate buffer, were added to 2.0 ml of pH 8.0, 
0.05 M  phosphate buffer solution in a photometer cell.6 After 
rapid color development, the adsorbaney at 412 m/x was measured 
against a reagent blank at each time. The data are summarized 
in Table III.

T a b l e  III
R e a c t i o n  o f  0.0067 M  C y s t e i n e  M o n o p e p t i d e  w i t h  

0.0295 M  D i e t h y l a z i r i d i n i u m  I o n  a t  37°, pH 7.0
(, m in 50 150 330 645 1230 1890 2880
%  A lky lation  8 .0  19 .9  3 0 .0  3 8 .5  5 6 .9  7 0 .2  8 1 .5

From these data, the rate constant is estimated as fca = 1.0 X 
10-3 1. m ol-1 sec-1 and the competition factor as k a / k w  = 4.2 
X  104.

Competition Factor for Methionine Monopeptide (Ic).— A 5.0- 
ml aliquot of the reaction mixture, prepared from aziridinium 
solution and methionine monopeptide solution as described 
previously, was added after 24 hr to a mixture of 10.0 ml of 
distilled water and 20.0 ml of 0.2%  aqueous pentacyanoamino- 
ferrate ammonium disodium salt.7 After 1 min at room tempera
ture, 2.0 ml of glacial acetic acid and then 1.0 ml of 10% aqueous 
sodium nitrite were added to the above mixture. The optical 
densities of the reaction mixture and the control, read at 515 mix 
against a reagent blank within 30 min, were 0.305 and 0.395, 
respectively. From these values, the percentage of the alkylated 
methionine monopeptide was calculated to be 23%, the second- 
order rate constant % to be 5.9 X 10-5 1. m ol-1 sec-1, and the 
competition factor to be ka/k„ = 2400.

Analysis of Methionine Monopeptide Alkylation by Amino Acid 
Analyzer.— As the direct isolation of the alkylated methionine 
monopeptide was very difficult, the hydrolyzed products of the 
alkylated methionine monopeptide were measured and identified 
by amino acid analyzer, as proposed by Gundlach.8“ A 1.0-ml

(5) F . Y am azaki, K . Fu jik i, and Y . M urata, B u l l .  C h e m . S o c .  J a p . ,  38, 
8 (1965 ); E . C oates, P . G . G ordan , and B . R igg , T r a n s .  F a r a d a y  S o c . ,  62, 
2577 (1966). T h e value for  tyrosine m on opeptide  estim ated from  p H  
titration  was K a =  3 .7  X  1 0 ~1I, as determ ined b y  D r. A rthur C . Breyer, 
B eaver C ollege, G lenside, Pa.

(6) G . L. E llm an, A r c h .  B i o c h e m .  B i o p h y s . ,  82 , 70 (1959).
(7) T . A . L aR ue, A n a l .  B i o c h e m . ,  10, 172 (1965).
(8) (a) H . G . G undlach , S. M oore , and W . H . Stein, J .  B i o l .  C h e m .,  234,

1761 (1959). (b ) W e  are grateful to  D r. T . Y on eta n i and M iss Y . Sako for
the am ino acid  analyzer data.

aliquot of the above reaction mixture was oxidized with performic 
acid and, after lyophilizat.ion, hydrolyzed with 5.0 ml of 6 N 
aqueous hydrochloric acid by heating on an oil bath at 115-120° 
for 24 hr. After evaporation of hydrochloric acid in  vacuo, and 
suitable dilution for amino acid analyzer with distilled water, 
the sample solution was analyzed and determined to contain 
9.8%  of methionine sulfoxide, 78.1% of methionine sulfone, 7.6%  
of homoserine, 1.2% of homoserine lactone, 2.3%  of methionine, 
and 1.2% of the alkylated homocysteine (IIc).8b The peaks were 
identified by comparison with authentic samples. The formation 
of methione sulfoxide must arise from the alkylated methione 
monopeptide, since only methionine sulfone and no sulfoxide was 
observed when methione monopeptide was treated in the same 
way.

Alkylations of Cystine and Tryptophan Monopeptides.—
Although the alkylations of both cystine monopeptide (lia ) and 
tryptophan monopeptide (lid ) were undertaken in exactly the 
same procedure as described above, no detectable alkylation of 
either monopeptide was observed. The fluorescein-mercuric 
acetate method was used9 for cystine monopeptide and the p- 
dimethylaminobenzaldehyde method10 for tryptophan mono
peptide. Furthermore, no alkylated monopeptides were isolated 
from the reaction mixtures, and only starting materials were 
recovered in almost theoretical yields (co. 99%).

Alkylation of Histidine Monopeptide and Methionine Mono
peptide with Iodoacetic Acid.— The alkylations of the mono
peptides with iodoacetic acid were carried out in exactly the same 
way as for the aziridinium ion. The extent of reaction was 
estimated at each period by colorimetric methods, the sulfanilic 
acid method for the histidine monopeptide and the pentacyano- 
aminoferrate method for the methionine monopeptide. The data 
obtained are summarized in Table IV.

Alkylations of pyridine, imidazole, and diethyl sulfide (0.0067 
M ) by aziridinium ion (0.0295 M ) were measured at pH 7.0 and 
37° by determining unreacted aziridinium ion by reaction with 
excess 0.1 M  thiosulfate, followed by titration of unreacted thio
sulfate with 0.01 M  iodine. After 48 hr, pyridine was 55% 
alkylated (C. F. =  1.2 X  104), imidazole 62% (C. F. =  1.3 X 
104), and diethyl sulfide 25% (C. F. = 2.6 X  103). The results 
are included in Table V.

Alkylations of the above three nucleophiles under the same 
conditions with iodoacetic acid were monitored by measurement 
of iodide liberated. The iodide from 5.0-ml aliquots was con
verted to iodine, extracted by chloroform, and diluted to 10 ml 
and the optical density was read at 510 mix. Imidazole was 3.0%  
alkylated in 1 hr, 29% in 17 hr; pyridine 9.0%  in 1 hr, 28.8% 
in 3 hr; diethyl sulfide 36% in 1 hr, 50.5% in 2 hr. Values for 
fca and kjkw  calculated from these data are included in Table
V.

The solvolysis rate constant, k,v, for 0.0333 M  iodoacetamide 
was measured at pH 7.0 and 37°. After 48 hr, iodide liberated 
indicated 2.69% reaction, corresponding to An,  =  2.9 X 10- 9 1. 
m ol-1 sec-1, exactly the same as for iodoacetic acid.

Alkylation by iodoacetamide was carried out as for iodoacetic 
acid. Imidazole was 6.6%  alkylated in 4 hr, 20.8% in 17 hr; 
pyridine 13.1% in 3 hr, 32.2% in 12 hr; diethyl sulfide 12.1% 
in 1 hr, 28% in 3 hr; histidine monopeptide 2.3%  in 3 hr, 14% 
in 24 hr; methione monopeptide 7.9%  in l hr, 24.8% in 3 
hr.

The Competition Factors for Sodium Thiosulfate with Iodo
acetic Acid and Iodoacetamide.— As the reaction of sodium thio
sulfate with iodoacetic acid or iodoacetamide was too fast to be 
measurable by the usual iodine methods described previously, 
the reaction was quenched by an excess amount of iodine solution 
and the remaining iodine was then back-titrated with standard 
sodium thiosulfate. Solutions of 0.1 M  alkylating agent and 
0.01 M  sodium thiosulfate were held at pH 7.0 and 37° for 30 
min. After quick addition of 2.0 ml of 0.01 M sodium thio
sulfate solution to 1.0 ml of the alkylating agent, the mixture was 
allowed to react for a specified time and then quenched by quick 
addition of 3.0 ml of iodine solution with stirring. The remaining 
iodine was back-titrated by sodium thiosulfate. The thiosulfate 
was 66% alkylated in 1 min with iodoacetic acid, 45%  with 
iodoacetamide. Values for ka and k\/kv are included in Table V.

(9) F . Karu8h, N . R . K linm an, and R . M arks, A n a l .  B i o c h e m . ,  9 , 100 
(1964).

(10) D . K upfer, A n a l .  B i o c h e m . ,  8 , 75 (1964).
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T a b l e  I V

R e a c t i o n  o f  0.0067 M  H i s t i d i n e  a n d  M e t h i o n i n e  M o n o p e p t i d e s  w i t h  0.0333 M  I o d o a c e t i c  A c id  a t  37°
t, min 
Histidine

60 120 240 360 1080 1650 2880

%  Alkylation 4.9 19.0 28.2 44.5
C. F. (X  10-4 )“ 

Methionine
3.8 3.8 3.8 4.0

%  Alkylation 22.2 38.8 54.2 69.0 82.4
C. F. (X  10- *)« 7.8 8.0 6.7

° The secofad-order rate constant for hydrolysis of iodoacetic acid was measured by iodometry to be kw =  2.9 X  10-9 1. m ol-1 sec-1

T a b l e  Y

S e c o n d - O r d e r  R a t e  C o n s t a n t s  ( a n d  C o m p e t i t i o n  F a c t o r s  k„/k„) f o r  R e a c t i o n  o f  V a r i o u s  N u c l e o p h i l e s  
w i t h  D i e t h y l a z i r i d i n i u m  I o n , I o d o a c e t i c  A c i d , a n d  I o d o a c e t a m i d e  a t  pH 7 a n d  37° i n  W a t e r

R eg istry
no. N ucleoph ile A z IA cO N a Iodoacetam id e

14383-50-7 S 2O 3 2 - 0.13“ 0.55 0.29
(5.3 X  10*)* (1.9 X  10«) (1.0 X 103)

288-32-4 Imidazole 3 .2  X 10-4 2 .5  X  lO“ 4 1.5  x  10 -4
(1.3 X  104) (8.5 X 104) (5.0 X 104)

Histidine mono 2 .4  X lO -4 1 .1  x  10 -4 5.5 x  10-«
peptide (9.6 X  103) (3.8 X 104) (1.9 X 104)

110-86-1 Pyridine 3 .0  X lO“ 4 1.0 X 10 -3 3 .8  X lO“ 4
(1.2 X 104) (3.4 X  10*) (1.3 X  10*)

Methionine mono 5 .9  X  10~* 2.3 X lO” 3 7 .2  X lO -4
peptide (2.4 X  103) (8.0 X 10*) (2.5 X 10*)

352-93-2 Diethyl sulfide 6 .4  X  10~* 4 .3  X lO“ 3 1.0  x  10 -3
(2 .6  X 103) (1.5 X 10*) (3.5 X 10*)

Cysteine mono 1.0  x  10 -3
peptide (4.2 X 104)

Tyrosine mono 1.0  x  io -*
peptide (400)

38616-08-9 Anion (pH 9) 2 .2  X lO“ 3 
(7.0 X 104)

7732-18-5 Water (fcw) 2.45 X 10-« 2 .9  X 10-9 2.9 X  lO“ 9
“ Estimated graphically from the data in ref 1 ; kBin 1. mol 1 sec 1. * The nucleophilic constant n used by others11-13 is log

petition factor).

Discussion

There have been many efforts made to correlate rela
tive reactivities in Sn2 nucleophilic substitutions.11“ 14 
Most of these published data and correlations rate the 
nucleophilicities of various nucleophiles in the same 
relative order and are in general agreement with our 
values for diethylaziridinium ion as alkylating agent. 
The most extensive listing, especially with many nu
cleophiles analogous to those we have studied, is for 
methyl iodide in ethanol.12 The authors indicate that 
their nucleophilic constants are 1.4 times those of 
Swain and Scott,11 which are very close to those for 
aziridinium and sulfonium compound.16 Our values 
for imidazole (n =  log ka/kw =  4.1), pyridine (4.1), 
diethyl sulfide (3.4), phenolate ion (4.8), and thiosul
fate (6.7) are all reasonably close to the adjusted values 
of Pearson,12 3.55, 3.7, 3.8, 4.1, and 6.4, respectively.

It was thus a considerable surprise to find that the 
relative order of imidazole (a “ hard” base12) and di
ethyl sulfide (a “ soft”  base12) were markedly altered on 
going to iodoacetic acid or iodoacetamide as alkylating 
agent. The sulfide group of methionine changes from 
about fivefold lower reactivity with aziridinium ion to

(11) C . G . Swain and C . B . Scott, J .  A m e r .  C h em . S o c ., 75, 141 (1953).
(12) R . G . Pearson, H . Sobel, and J .  Songstad, J . A m e r . C h em . S o c ., 90, 

319 (1968).
(13) A . Streitw ieser, “ S o lvo ly tic  D isp lacem ent R ea ction s ,”  M cG raw -H ill, 

N ew  Y ork , N . Y .,  1962, p  11.
(14) P. E . Peterson  and F . J .  W aller, J . A m e r .  C h em . S o c ., 94, 991 (1972); 

T . W . B en tley , F . L. Schadt, and P . v . R . Schleyer, ib id ., 94, 993 (1972).
(15) C . C . Price, A n n .  N .  Y .  A ca d . S c i ., 68, 663 (1958).

about 20-fold greater reactivity with the iodoacetate 
alkylating agents. Thus, selection for alkylation of 
histidine units would be favored with aziridinium-type 
alkylating agents, while selection for methionine would 
be favored by iodoacetic acid or iodoacetamide. We 
are currently investigating a variety of alkylating 
agents to explore the structural features contributing 
to this reversal of order. Incidentally, none of the 
many general equations developed for relating nucleo
philicities at sp3 carbon accommodates such a reversal.

Examination of the results summarized in Table V 
clearly indicates the very remarkable reactivity of 
thiosulfate as a nucleophile in substitution at sp3 car
bon. This is in marked contrast to its very low reac
tivity as a nucleophile in reactions at sp2 carbon, such 
as in attack on an ester carbonyl.16 This dramatic 
reversal, and the failure to observe the “ a effect”  so 
prominent in attack at sp2 carbon16 in substitution at 
sp3 carbon,17 clearly support markedly different factors 
influencing nucleophilicity in attack at sp3 and sp2 car
bon.

Another feature of the data in Table V is that much 
of the difference in competition factor, and therefore 
the nucleophilic constant n, for the nucleophiles studied 
arises from the difference in the rate of reaction with

(16) J. O. E d w ards and R . G . Pearson , J .  A m e r .  C h e m . S o c . ,  84, 16 
(1962 ); T . C . Bruice, A . D onzel, R . W . H uffm ann, and A . R . B utler, i b i d . ,  
89, 2106 (1967).

(17) M . J. G regory  and T . C . B ruice, J .  A m e r .  C h e m . S o c . ,  89, 4400 
(1967).
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water. For example, the tenfold difference in com
petition factor for imidazole-aziridinium ion vs. im- 
idazole-iodoacetate arises from the nearly tenfold differ
ence in fcw for the alkylating agents. It is thus a serious 
question whether it is, in this case, more revealing to 
compare fca’s or competition factors. Since there is no 
compelling reason, other than convenience and custom, 
to pick water as the reference nucleophile, it is not the 
absolute magnitude of the nucleophilic constants which 
is significant but their relative order. Thus the sig
nificant change in relative rates for “ hard”  and “ soft” 
nucleophiles with the iodoacetate alkylating agents, 
like the marked change in relative order for the thio
sulfate ion in nucleophilic attack at sp2 vs. sp3 carbon, 
must signal major changes in the factors affecting the 
transition states involved.

The alkylation of methionine monopeptide provided 
a difficult problem in isolating the reaction product. 
The primary product is a sulfonium salt. This product 
can then undergo hydrolytic cleavage at each of the 
three C-S+ bonds to regenerate methionine or to form 
homoserine (or its lactone) or alkylated homocys
teine.8'18 Our data indicate that the cleavage condi
tions we used favored removal of the diethylamino

(18) W . B . Larson, E . G ross, C . M . F oltz, and B . W itk op , J .  A m e r .  
C h e m . S o c . ,  84, 1715 (1962).

group (a, 12.1%) followed by the amino acid residue 
(b, 8.6%) and least of all the methyl group (c, 1.2%), 
or a : b : c 55:40:5, respectively. This ratio, which in
volves the assumption that the methionine sulfoxide 
measured by amino acid analyzer must have arisen 
from lie , is supported by the fact that the sum of the

a b
\ + !

Et 2N CH2CH2 -y -S -r  CH2CH2 CHCOOH
¿ - U  I

c h 3 n h 2
He

cleavage products observed (21.9%) is in good agree
ment with the extent of alkylation measured indirectly 
by colorimetry (23%).

Registry No.—Ia, 6367-14-2; lb, 10061-65-1; Ic, 
29744-03-4; Id, 6367-11-9; Ie, 6367-17-5; If, 38615- 
99-5; Ha, 38616-00-1; lib , 38616-01-2; lid , 38616-
02-3; Ilf, 38616-03-4; L-homocystine, 626-72-2; l- 
homocystine dimethyl ester hydrochloride, 38616-04-5; 
À'jW'-diacetyl-L-homocystme dimethyl ester, 38616-
05- 6; WjW'-diacetyl-L-homocystinmethylamide, 38616-
06- 7; alkylated L-homocysteine, 38616-07-8; diethyl- 
aziridinium ion, 18899-07-5; iodoacetic acid, 64-69-7; 
iodoacetamide, 144-48-9.

Carbon-13 Magnetic Resonance Spectroscopy of Steroids. Estra-l,3,5(10)-trienes1
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The natural abundance carbon-13 magnetic resonance spectra of estra-l,3,5(10)-triene and 17 derivatives 
are reported. Substituent effects upon the chemical shifts of each carbon atom are determined and discussed 
in terms of factors known to influence 13C chemical shifts.

With the advent of instrumentation for the deter
mination of high-resolution nuclear magnetic reso
nance spectra of 13C in natural abundance, a number of 
papers have appeared describing its application to the 
structural elucidation of natural products. The tech
niques of 13C magnetic resonance spectroscopy appear 
to promise to have as great an impact upon such studies 
as did the techniques of proton magnetic resonance in 
the last decade. Just as steroids provided model 
compounds from which much was learned with regard 
to the relationship between the observed nmr parameters 
(chemical shifts and spin-spin coupling constants) 
and molecular structure in proton spectroscopy,2 so 
too this class of compounds, because of their well- 
defined structures, promises to aid in relating the 13C 
magnetic resonance parameters to molecular structure.

In 1969, Reich, et al., published the first extensive 
13C investigation of steroids, examining chiefly the spec
tra of cholestane derivatives.3 These authors in
dicated that in general carbon resonances are far more 
informative than proton resonances for structural 
analysis of steroids.

(1) S up ported  b y  T h e  P u b lic  H ealth  Service, R esearch  G rants N o. 
G M 16928 and A M 13582.

(2) N . S. B h a cca  and D . H . W illiam s, “ A pplications o f  N M R  Spectros
co p y  in  O rganic C h em istry ,”  H old en -D ay , San F rancisco, C alif., 1964.

(3) H . J. R eich , M . Jautelat, M . T . M esse, F . J. W eigert, and J. D . 
R ob erts , J . A m e r ,  C h e m . S o c . ,  91, 7445 (1969).

Since we have available to us a large number of 
steroids of verified structure, incorporating a variety 
of the common functional groups, we have initiated a 
study of the carbon-13 magnetic resonance spectra of 
steroids. It is hoped that through these studies the 
nature of substituent effects upon 13C chemical shifts 
may be better understood. In the present paper, the 
13C spectra of a number of derivatives of estra-l,3,5(10)- 
triene are reported, together with correlations of chem
ical shifts with carbon atoms of the steroids. Sub
stituent effects upon the chemical shifts of the aromatic 
carbon of ring A are discussed, as well as a preliminary 
report of substituent effects upon the atoms of the 
nonaromatic portion of the molecule. A fuller dis
cussion of these latter substituent effects will be pre
sented in a later paper.

Experimental Section
The steroids used in this study, all known compounds, are 

listed in Table I. They were dissolved in dioxane, whose 13C 
signal was used as the internal lock signal. Concentrations of 
steroids ranged from about 0.06 M  to about 0.35 M . Three 
milliliters of solution was used in each case for the analysis, and 
was contained in a 12-mm o.d. sample tube. The tube was spun 
at 18 rps during the analysis, which was performed at room 
temperature.

Spectra were obtained at 25.1 MHz using a Varian Associates 
HA-100-15 spectrometer, together with a Varian Associates
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C om pd

I
II

III
IV
V

VI
VII

VIII
IX
X

X I
X II

X III
XIV 
XV

XVI
XVII

X VIII

Table I
Steroids Investigated

C om p d

Estra-l,3,5(10)-triene
3-Hydroxyestra-1,3,5(10 )-triene
17/S-Hyd roxyestra-1,3,5 (10 )-triene
Estra-l,3,5(10)-trien-17-one
3,17/3-Dihydroxyestra-l ,3,5 (10 )-triene
3-Hydroxyestra-1,3,5(10 )-t rien-17-one
3,17 a-Dihydroxyestra-1,3,5(10 )-triene
17 /3-Acetoxyestra-1,3,5 (10 )-triene
3,17/3-D iacetoxy es tra-1,3,5 (10 )-triene
3,17a-Diacetoxyestra-l,3,5(10)-triene
3-Acetoxyestra- l,3,5(10)-trien-17-one
3-Iodo-l 7 /3-acetoxyestra-l ,3,5(10)-triene
3-Methoxy-170-hydroxyestra-l,3,5(lO)-triene
3-Methoxyestra-l,3,5(10)-trien-17-one
3-Methoxy-16jS-hydroxyestra-l,3,5(10)-triene
3-M ethoxyestra-1,3,5 (10 )-trien-16-one
3-Methoxy-16a,17a-dihydroxyestra-l,3,5( 10)-1,riene
3-Hy droxyestra-1,3,5(10)-trien-16,17-dione

V-3530 13C wide sweep accessory and a Varian Associates 
C-1024 time averaging computer. In addition, a Varian 
Associates V-3512 heteronuclear decoupler was used to provide 
both continuous wave and incoherent proton decoupled spectra .

The 13C chemical shifts of steroids extend over a range of about 
225 ppm. For this reason the spectra were obtained in segments. 
The segment occurring at lowest field contains peaks for carbonyl 
carbons (ca. 220-218 ppm downfield from TM S). The second 
segment contains the peaks for aromatic carbons and olefinic 
carbons when present, and extends from about 160 to 110 ppm.

The third segment contains peaks for carbinol carbons, in the 
vicinity of 80 ppm, while the fourth segment, extending from 
about 55 to 10 ppm, contains the peaks for the remaining non- 
functionalized carbon atoms of the steroid. The second and 
fourth segment were investigated for each compound, the others 
only when functional groups were present which indicated a need 
for their investigation.

Each segment was initially scanned over a range of 1500 Hz, at 
a sweep rate of 30 Hz/sec. The number of scans required to 
obtain a spectrum is primarily a function of concentration of 
steroid in solution, and ranged from about 100 to 1600 scans. 
In most cases relevant portions of each segment were then 
rescanned at slower sweep rates (ca. 10 Hz/sec) using narrower 
sweep widths (e.g., 500 Hz). In this manner sufficient resolution 
was obtained for most steroids studied here to completely 
characterize each peak. In only a few instances did it prove 
impossible to resolve peaks for different carbon atoms.

The chemical shifts were measured in hertz from the lock 
signal (dioxane) and when feasible also from the peak for internal 
TMS. They are reported in parts per million downfield from 
TMS =  0 and are presented in Table II.

Results and Discussion

The unsubstituted estra-l,3,5(10)-triene (I) may 
be regarded as the parent of the steroids used in this 
study. Four steroids containing only one substituent 
each, as well as a number containing two substituents 
each, were available. By comparisons of the spectra 
of the steroids differing by only one substituent and an 
estimate of anticipated substituent effects, peak as
signments could be made for each of the carbon atoms 
in a given steroid. As illustrative of the approach 
used in making peak assignments, the interpretation 
of the spectrum of I is described.

The initial assignments for the carbon atoms of the 
aromatic ring may be made by comparing the spec
trum of I with that of 3-hydroxyestra-l,3,5(10)-triene
(II). The peaks for the aromatic carbons of II are 
shifted relative to those of I by the influence of the
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Figure 1.— Incoherent-noise decoupled spectrum of estra- 
l,3,5(10)-triene. Upper portion, aliphatic region (64.04-4.20 
ppm downfield from TM S); lower portion, aromatic region 
(163.57-103.80 ppm downfield from TMS). The dip on the low- 
field side of the upper portion results from the proximity of the 
lock signal, dioxane.

phenolic hydroxyl at carbon-3. In order to estimate 
the substituent effect of this OH, use was made of 
phenolic shielding effects reported in the lieterature for 
a number of simpler molecules.

Comparison of the spectra of m- and p-cresol with 
that of toluene shows that the greatest substituent 
effect from the hydroxyl is observed for the carbon 
atom bearing this function. The signal for this carbon 
is shifted downfield 26.7 ppm in m-cresol and 27. 2 ppm 
in p-cresol from the value observed for toluene.4-6 
In both cresols the carbon atoms ortho to the OH are 
shielded by ca. 12.8 ppm, while the meta carbons are 
deshielded by 1-2 ppm and the para carbon is shielded 
by ca. 6.9 ppm.

The incoherent-noise decoupled spectrum of I, 
reproduced in Figure 1, is illustrative of the spectra 
obtained in this study. The aromatic segment of the 
spectrum consists of five peaks, one of which obviously 
results from the overlap of two unresolved peaks from 
two different carbon atoms. When the continuous 
wave decoupled spectrum of this region is obtained it 
is observed that the two lowest field peaks remain as 
singlets, whereas the others appear as doublets. Hence 
these two peaks (at 137.40 and 141.47 ppm) arise from 
the quaternary carbon atoms of ring A, namely, C-5 
and C-10.

In similar fashion it was shown that for II the qua
ternary carbons give signals at 132.44 and 138.42 ppm. 
In II, carbon-5 is meta to the phenolic OH at carbon-3 
and is expected to be deshielded in comparison to I, 
whereas carbon-10, which is para to the phenolic OH, 
is expected to be shielded relative to I. The only as
signments consistent with this predicted behavior are 
those shown in Table II; i.e., for I, 5 (carbon-5) 137.40, 
5 (carbon-10) 141.47, and, for II, 5 (carbon-5) 138.42 
(deshielded 1.02 ppm), 5 (carbon-10) 132.44 ppm 
(shielded 9.03 ppm).

The peak at 155.59 ppm in the spectrum of II must 
be assigned to carbon-3, since it is the only peak in this 
spectrum which is greatly displaced from those in 
the spectrum of I.

Carbon-1 of II is meta to the phenolic OH at carbon- 
3 and should be deshielded in comparison to I. The 
peak at 126.88 ppm of II is assigned to carbon-1, since 
it is the only unassigned peak of II which is downfield 
from any of the unassigned peaks of I. As a corollary 4 5 6

(4) P . C . Lauterbur, J .  A m e r .  C h e m . S o c . ,  83, 1838, 1846 (1961).
(5 ) W . R . W oolfen d en  and D . M . G rant, i b i d . ,  88, 1496 (1966).
(6 ) T . D . A lger, D . M . G rant, and E . G . Paul, i b i d . ,  88, 5897 (1966).

to this assignment, carbon-1 of I must be assigned to 
either the peak at 125.96 or one of the overlapping 
peaks at 126.22 ppm. The peaks at 113.40 and 115.76 
ppm of II must then arise from the carbon atoms ortho 
to the phenolic OH. Both of these carbons are sym
metrically disposed with respect to carbon-9, but not 
with respect to carbon-6. From the data for m-cresol 
it is seen that the signal for the carbon atom between 
the phenolic and methyl functions occurs further down- 
field by about 2.4 ppm than that para to the methyl. 
Thus it seems reasonable to assign the peak at 115.76 
ppm of II to carbon-4 and that at 113.40 ppm to car
bon-2.

If a tentative assignment of the peak at 125.96 ppm 
of I is made for carbon-1, it is reasonable to assign one 
of the peaks at 126.22 ppm to carbon-2 and that at 
129.73 ppm to carbon-4. The other of the unresolved 
peaks at 126.22 ppm of I is then assigned to carbon-3.

In order to corroborate these assignments, the 
spectra of 17/3-hy dr oxy est ra-1,3,5 (10)-triene (III) and 
of 3,17/3-dihydroxycstra-l,3,5(10)-triene (V) were com
pared, as well as those of estra-l,3,5(10)-trien-17-one 
(IV) and 3-hydroxyestra-l,3,5(10)-trien-17-one (VI). 
The aromatic segments of the spectra of III and IV are 
analogous to that of I, while those of V and VI are 
analogous to that of II, indicating that the effect of 
the substituent at carbon-17 is of minor importance 
to the chemical shifts of the aromatic ring A carbons 
(however, see below). The spectrum of VI has been 
reported by Reich, et al.,3 and our assignments for 
VI agree with those obtained by these authors.

Assignments of peaks for the nonaromatic carbon 
atoms is perhaps best illustrated by reference to Figure 
2, in which the appropriate spectral regions of I and 
III are schematically compared, followed by a compar
ison of I and II. The continuous wave decoupled 
spectrum of I shows a quartet centered at 17.56 ppm, 
which must arise from a methyl group, and is thus 
assigned to carbon-18. A similar quartet appears in 
the continuous wave decoupled spectrum of III, 
at 11.61 ppm. The peak at 41.44 ppm of I was the 
only peak remaining as a singlet in the continuous 
wave spectrum of this compound and is thus assigned 
to the quaternary atom, carbon-13, as, for the same 
reason, is the peak at 44.08 ppm in the spectrum of III.

By comparing the structures of I and III it is seen 
that the remaining unassigned carbon atoms may be 
classified into those expected to be relatively unper
turbed by substitution at carbon-17, and those which 
might be expected to experience a greater effect from 
that substituent. In the former category are carbon- 
6, -7, and -9, and perhaps carbon-8 and -11. All 
other carbons are within three bonds of the substituent 
at carbon-17.

Using Figure 2, each unassigned peak of I is suc
cessively paired with one of the unassigned peaks of 
III, noting the difference in chemical shifts, A5, be
tween the pairs. These values of A8 are the “ substit
uent effects”  of the 17/3-OH. By this process it is 
seen that, at most, only six sets of peaks might possibly 
qualify as being relatively unperturbed by the sub
stituent at carbon-17 of III (AS approximately 1 ppm 
or less). The sets, together with their values of AS, 
are (those from III listed first) 45.53-45.12 (0.41), 
39.69-39.48 (0.21), 39.69-39.24 (0.45), 30.23-29.95
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(0.28), 28.18-28.56 (-0 .3 8 ), and 26.98-26.87 (-0 .11 ). 
Any other pairings result in larger values of A<5.

Because of the magnetic anisotropy of the aromatic 
ring A, it is to be expected that the signal for carbon-9 
would be further downficld than that for carbon-8 or 
-11, while the signal for carbon-6 would be further down- 
field than that for carbon-7. In ethylbenzene, for 
instance, the methylene carbon signal occurs 13.5 
ppm further downfield than the methyl carbon signal.7 
Furthermore, the secondary or tertiary nature of the 
carbon under consideration should influence its chem
ical shift. Thus, for example, the benzylic carbon 
signal of 2-phenylpropanc occurs 5.5 ppm further down- 
field than the benzylic carbon signal of ethylbenzene.7 
By analogy, it would be expected that the signal from 
carbon-9 should occur further downfield than that 
from carbon-6. The signals at 45.12 ppm of I and at 
45.53 of III are thus assigned to carbon-9, and the 
signals at 39.48 or 39.24 ppm of I and 39.69 of III are 
assigned to carbon-6.

Having made assignments for the benzylic carbons, 
tentative assignments may be made for carbon-7, 
-8, and -11, by analogy with ethylbenzene and 2-phenyl- 
propane. The signal for the tertiary carbon-8 should 
occur further downfield than that for the secondary 
carbon-11. The signal at 26.87 ppm of I cannot belong 
to carbon-8, since it is the furthest upfield of the sig
nals as yet unassigned. It must therefore arise from 
either carbon-7 or -11. The signal for the carbon atom 
8 to the aromatic ring in ethylbenzene occurs 13.5 ppm 
to higher field than does the signal for the carbon a 
to the ring. In 2-phenylpropane these same signals 
are separated by 10.3 ppm.7 Hence the signal at 26.87 
ppm of I is assigned to carbon-7, since the difference 
between the chemical shift values for this signal and 
either of those to be assigned to carbon-6 is ca. 12.5 
ppm. In contrast, had this peak been assigned to 
carbon-11, the difference between the signal at 26.87 
ppm and that assigned to carbon-9 would be 18.25 ppm.

Assignments for carbon-8 and -11 are then made on 
the following basis. The signal at 29.95 ppm of I is 
assigned to the tertiary carbon-8, whose signal should 
occur at lower field than that for the secondary carbon- 
11, which is assigned the signal at 28.56 ppm.

Assignments for the signals of those carbon atoms 
of III categorized above as being most influenced by 
the effect of the substituent at carbon-17 were accom
plished by comparing the spectrum of III with that of
19-nortestosteronc, whose assignments were estab
lished by Reich, et al.3 To a first approximation it 
may be assumed that the presence of the aromatic ring 
A in III will not significantly alter the chemical shifts 
of carbon-12, -14, -15, -16, and -17 (i.e., those carbon 
atoms of III whose signals remain to be assigned) from 
the values observed in the spectrum of 19-nortestoster- 
one. On this basis the signal at 81.86 ppm of III is 
assigned to carbon-17, the signal at 51.25 ppm of III 
to carbon-14, the signal at 37.88 ppm to carbon-12, 
the signal at 31.25 ppm to carbon-16, and that at 23.90 
ppm to carbon-15. In general, the assumption used 
here appears to be valid, since the signals for carbon- 
12 and -16 occur at almost the same chemical shift 
values in III as in 19-nortestosterone. The signal for 
carbon-15 is shifted to slightly higher field in III, while

(7) G . B . Sav itsky and K . N am ikaw a, J .  P h y s .  C h e m .,  67, 2430 (1963).
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Figure 2.— Aliphatic regions of the 13C spectra of compounds
I, II, and III. The scale is parts per million downfield from in
ternal TMS.

that for carbon-14 occurs about 1 ppm further down- 
field in III than in 19-nortestosterone.

Having made these assignments for III, the corre
sponding assignments for I may be attempted. This 
necessitates some knowledge of the effect of the 1713- 
hydroxy upon the chemical shifts, so that the spectra 
of I and III may be compared. According to Roberts, 
et al., the effect of the hydroxyl in cyclopentanol, as 
compared to cyclopentane, is to shift the peak for the 
a carbon 48.0 ppm downfield, the peak for the (3 carbons
9.7 ppm downfield, and the peak for the y carbons 1.9 
ppm upfield.8 In the present case, carbon-17 is the 
a carbon, carbon-13, and -16 are the /3 carbons, and 
carbon-12, -14, -15, and -18 are the y carbons. The 
signals for carbon-13 and -18 have already been as
signed, leaving six signals for I to be assigned. From 
Figure 2 it is obvious that the signal at 54.19 ppm of
1 must be assigned to carbon-14, and that at 25.54 
ppm to carbon-15, since both of these signals should 
experience upfield shifts in going from I to III. This 
leaves four signals, at 40.89, 39.48, 39.24, and 20.28 
ppm, in the spectrum of I to assign to carbons-6, -12, 
-16, and -17. Since carbon-16 is 8 to the hydroxyl at 
carbon-17 its signal should shift downfield in analogy 
with the /3-carbon shift of cyclopentanol. From Figure
2 it is seen that the only assignment which will allow 
a downfield shift for the signal of carbon-16, once the 
above assignments have been made, is to assign the 
signal at 20.88 ppm of I to carbon-16.

Assignments of the remaining three signals (for 
carbon-6, -12, and -17) are tenuous, but since in gen
eral signals for carbon atoms in five-membered rings 
occur at higher field than those in six-membered rings, 
and since both carbon-12 and carbon-17 of I are methyl
ene carbons symmetrically disposed with respect to 
carbon-13, the signal at 40.89 ppm of I is assigned to 
carbon-12. The signals for carbon-6 and -17 of I 
are not assigned with certainty.

Remaining assignments for II were made by com
parison of its spectrum with that of I.

By a process comparable to the above, assignments 
were made for IV, using the comparison with the spec
trum of 19-norandrostene-3,17-dione of Reich, et al.,3 
as well as the carbonyl substituents effects found in 
cyclopentanes.9 The assignments for V and VI were 
made by comparing their spectra with those of III

(8) J. D . R ob erts , F . J. W eigert, J. I . K rosch w itz, and H . J. R eich ,
J .  A m e r .  C h e m . S o c . ,  92, 1338 (1970).

(9) F . J. W eigert and J. D . R ob erts , i b i d . ,  92, 1347 (1970).
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and IV, respectively. The spectrum of VII was as
signed by comparison to those of II and V.

The spectrum of VIII was assigned by comparison 
with those of I and III, with the aid of the effects of 
the acetate function upon cyclopentyl chemical shifts 
reported by Christ], et al.in The spectra of IX, X , 
and X I were analyzed by comparison with that of 
VIII, and a knowledge of the acetate effect upon the 
chemical shifts of aromatic carbons.10 11 The effect of 
the iodo substituent, needed for the interpretation of 
the spectrum of XII, was obtained from the paper of 
Lauterbur.12 The interpretations of the spectra of 
X III and XIV, both of which contain 3-methoxy sub
stituents, were made in comparison with those of III 
and IV, using the methoxy substituent effect upon 
aromatic carbon chemical shifts reported by Maciel 
and Natterstad.11

Substituent Effects.—The substituent effects for 
carbon-13 magnetic resonance chemical shifts deduced 
for this study are presented in Table III. The un
certainty in these values is ±0.10 ppm. A number of 
these substituent effects are labeled “ directly evalu
ated,” meaning that they were obtained by subtraction 
of chemical shifts for compounds differing by a single 
substituent. For instance, the 17/3-OH effects were 
obtained by subtracting chemical shifts for I from those 
for III, or of II from V. Other substituent effects 
listed in Table III were obtained by making use of 
these directly evaluated substituent effects to predict 
the spectrum of some compound not investigated 
here, whose values were then subtracted from those 
of a compound which was available. The substituent 
effects for 16-keto, 16/3-OH, 16a,17a-di-OH, and 17a- 
OAc were evaluated in this manner.

In a few cases the substituent effect could be directly 
evaluated by subtraction of chemical shifts for I from 
those of a steroid bearing only the substituent of in
terest. For instance, the 3-OH effect can be directly 
evaluated from II — I. When these values are com
pared with those for the same substituent obtained by 
subtraction of chemical shifts of a monosubstituted 
steroid from those of a disubstituted steroid (e.g., V 
— Ill, or VI — IV) it is seen that agreement is generally 
good, although small, but puzzling, discrepancies do 
occur. For example, the 3-OH effect upon the chem
ical shift of carbon-b of VI appears to be 0.31 ppm less 
than that observed in II, which is outside the uncer
tainty limits of ±0.10 ppm. Similar small discrep
ancies are observed for the substituent effects at other 
carbons, and for other substituent effects. Whether 
this observation implies that the presence of a second, 
remote substituent has an influence upon the effect of 
the first must await the determination of substituent 
effects to a greater accuracy than observed here.

Ring A Substituents.—The effects of substituents 
upon the chemical shifts of carbon atoms in aromatic 
rings have been the topic of a number of investigations. 
The largest variations in AS have been found for the 
carbon bearing the substituent. This reflects the in
fluence of inductive and resonance effects of the sub
stituent on the electronic environment of this carbon, 
as well as purely magnetic effects of the substituent.11

(10) M . Christl, II. J. R eich , and J. D . R ob erts , J .  A m e r .  C h e m . S o c . ,  
93, 3463 (1971).

(11) G . E . M acie l and J. J. N atterstad, J .  C h e m . P h y s . ,  42, 2427 (1965).
(12) P . C . Lauterbur, i b id . ,  38, 1606 (1963).
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Figure 3.— Substituent effects at carbon-10 [AS(para)] vs. Taft’s 
ctr values. A5 (para) =  (17.94 <rR +  1.42) ±  0.14.
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Figure 4.— Substituent effects at carbon-1 and -5 [AS(meta)] vs. 
Taft’s Si values.

Spiesecke and Schneider pointed out that, although 
resonance effects, when possible, contribute substan
tially to the substituent effect at the ortho carbon, the 
magnetic field effects of the substituent appear to out
weigh its inductive effects at this carbon.13 These 
authors were unable to correlate the substituent effects 
at the meta carbon with electronegativity of the 
substituent, and concluded that inductive effects do 
not extend to these carbon atoms. Lauterbur, how
ever, reported that AS of the meta carbons is inversely 
proportional to <n for certain substituents.14 Maciel 
and Natterstad believed that the meta carbons are far 
enough away from the substituents to preclude appre
ciable magnetic field effects, but found no correlation 
between AS for these carbons and o-i.11

There is general agreement that the changes in chem
ical shifts of the para carbon primarily reflect reso
nance effects of the substituent.

All of the ring A substituents reported in this work 
have been investigated as simple benzene substituents 
by others. Following the practice of other investiga
tions an attempt has been made to relate the substitu
ent effects determined here to the appropriate <r val
ues.15’16 Although the number of substituents avail
able for this study was limited, the following correla
tions were determined. For the substituent effects 
at carbon-10 (i.e., the para carbon) Taft’s o-R values 
have been used. Figure 3 shows the plot of AS (car- 
bon-10) vs. <7R, which indicates that in all probability 
resonance effects are indeed the chief contribution to 
substituent effects at the para position.

In the meta, position carbon-1 and -5 are not equiv
alent owing to the presence of the rest of the steroid 
molecule attached to the aromatic A ring through 
carbon-5 and -10. The plots of A5 (meta) for carbon- 
1 and -5 vs. Taft’s <n values are shown in Figure 4. 
Although a general trend is recognizable, i.e., a shift 
to lower field with increasing ai value, the correlation 
is not so good as that seen for carbon-10. It would 
appear that inductive effects are present at the meta 
carbon, but that in addition some other effect contrib
utes to the observed values of A5(meta). This is espe
cially obvious in the case of the iodo substituent, where

(13) H . Spiesecke and W . G . Schneider, i b i d . ,  35, 731 (1961).
(14) P . C . Lauterbur, J .  A m e r .  C h e m . S o c . ,  83, 1846 (1961).
(15) R . W . T a ft, Jr., ibid., 79, 1045 (1957).
(16) R .  W . T a ft, E . Price, I .  R . Fox, D . C . Levin, K . K . Andersen, and 

C . T . D avis, ibid., 85, 709 (1963).

Figure 5.— Substituent effects at carbon-4 vs. those at carbon-2, 
both carbons ortho to the substituent. A5(C-4) =  [1.03 AS 
(C-2) -  0.47] ±  0.18.

the signal for carbon-5 is deshielded 0.69 ppm more 
than that for carbon-1 by the iodine at carbon-3.

A similar situation is observed for the ortho car- 
bon-2 and -4, which again are not equivalent to one 
another. In every case the signal for carbon-4 occurs 
downfield from that for carbon-2, apparently as a 
result of deshielding effects of ring B upon carbon-4. 
In addition, however, upon substitution at carbon-3, 
carbon-4 experiences a shielding effect which is not 
observed at carbon-2 (or alternatively, carbon-2 ex
periences a deshielding effect). This is illustrated in 
Figure 5, in which AS for carbon-4 is plotted vs. AS 
for carbon-2. The plot is quite linear, but does not 
pass through the origin, and the slope is not unity. 
One explanation of such behavior is that the sub
stituent at carbon-3 causes some other site to exert a 
differential shielding upon carbon-2 and -4, possibly 
by a resonance interaction between the substituent 
and this site.17 Since presumably resonance inter
actions cannot occur via the meta carbon-5, this re
stricts the site to the para carbon-10 or carbon-9 which 
is attached to it. However, unless the aromatic 
ring is asymmetric (i.e., not a perfect hexagon) any 
effect arising at either carbon-9 or carbon-10 should 
be equally shared at carbon-2 and -4. It therefore 
follows that, if the origin of this effect arises from an
(17) T. A. Wittstruck and E. N. Trachtenberg, ibid., 89, 3510 (1967).
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interaction of the substituent with either carbon-9 or 
-10, ring A cannot be symmetric.

It should be noted here that carbon-3 substituent 
effects are also observed at carbon atoms outside the 
aromatic ring, especially at carbon-9, which is para 
to the substituent.

Ring D Substituents.—In studies of substituent 
effects upon carbon chemical shifts in cyclohexanes and 
cyclopentanes, previous authors have largely explained 
conformational differences in terms of steric effects. 
Roberts, et al., pointed out that the major influence 
upon carbon-13 chemical shifts in such compounds arise 
from inductive, resonance, and steric effects.8 They 
further point out that, in such systems as under con
sideration here, inductive effects may be assumed to 
be independent of conformation, whereas resonance, 
and especially steric effects, should be sensitive to con
formational changes. With regards to steric effects, the 
role of the 7  carbons and their axial hydrogens appears to 
be particularly important. Thus, upon introduction of 
an axial hydroxyl into cyclohexane, the interaction be
tween the substituent and the axial 7  protons presum
ably is responsible for the additional 5.4-ppm shielding of 
the a carbon when compared to the a carbon of equa
torial cyclohexanols. This same steric effect in the 
presence of an axial substituent presumably causes an 
elongation of the C-/3-C-a bond. This results in a 
shielding of the 3 carbon, such that the net substitu
ent effect at the /3 carbon is smaller deshielding from 
an axial substituent than from an equatorial substituent.

In steroids, ring D, like other cyclopentyl rings, 
assumes a puckered conformation, in which the sub
stituents arc never truly axial or equatorial. Thus
1-3 steric interactions should not be expected to be as 
severe as in the case of cyclohexyl rings. As an ex
ample, Christl, et al., interpreted the large difference 
in substituent effects at the a carbon (for hydroxyl and 
methyl substituents) between cyclohexane and cyclo
pentane in terms of lesser steric hindrance in the five- 
member ed rings.10

The essence of the above interpretation of carbon-13 
shieldings seems to be that, whatever may be the “ pure” 
substituent effect at the a carbon, the a carbon will 
also experience a shielding effect from the 7  carbons 
and their hydrogens, which will vary depending upon 
the steric relationship between the a and 7  carbons. 
The net (observed) substituent effect at the a carbon 
will thus be different for the same substituent, depend
ing upon the stereochemical relationship to other 
atoms in the molecule.

The same should also be true of the /3 and 7  carbons. 
What is observed, then, is not just the effect of the 
isolated substituent (which might be assumed to be 
constant), but that plus the effects of other portions 
of the molecule which change upon the introduction of 
the substituent. For this reason, there can be no 
meaning to an expression such as “ the hydroxyl effect,”

but rather each point of substitution must be considered 
separately.

With the above in mind, the data of Table III may 
be examined. The ring D substituents included here 
have all been previously reported in terms of their 
effects on cyclopentanes. In general, the substituent 
effects of Table III agree, at least in sign, with those 
reported for similarly substituted cyclopentanes.

From proton spectra, it is deduced that for 17a- 
OH steroids the dihedral angle between the 16a proton 
and the 17/3 proton is nearly 90° (signal for 17/3 proton 
is a doublet, J =  5 Hz). From molecular models it 
may be shown that the only conformation of ring D 
in which this may be realized is that in which the 
17a OH is almost purely axial. In such a conforma
tion, steric interactions between the 17a-hydroxyl 
and the axial 12a and 14a protons should be nearly 
maximum.

In the 17/3-OH steroids, a rather broadened triplet 
(J 8 Hz) is observed for the proton signal of the 
17a proton, which can be interpreted as indicating that 
the dihedral angle between the 17a proton and the 16a 
proton is approximately 25°, while that between the 
17a proton and the 16,3 proton is approximately 145°. 
In this conformation, the 17/3 OH is tilted only slightly 
above the plane of the D ring (quasiequatorial), and 
the strongest steric interactions appear to be those 
with the 16/3 proton, the 18-methyl protons, and, to 
a very slight extent, the 12/3 proton. The 17-carbon 
signal of 17a-OH is less deshielded than that of 17/3- 
OH by 2.22 pm, which, if the steric interpretation of 
substituent effects is correct, means that in the 17a- 
OH steroids the net hydroxyl group interactions with 
other groups is greater than in the 17/3-OH steroids. 
The above consideration of ring D stereochemistry from 
proton spectroscopy evidence seems to bear this out. 
Furthermore, the 17-hydroxy effects at other carbons 
support this theory. In the 17 a-OH case, the shielding 
effect is much greater at carbon-12 (a secondary 7 
carbon) than at carbon-16 (also a secondary 7  carbon), 
in accord with the observation that steric interactions 
between the 17a-OH and the axial 12 a and 14a proton 
were maximum. Thus, from this limited data, it 
appears that steric effects do play a major role in 
controlling substituent effects in carbon-13 magnetic 
resonance.

Because of the relatively small amount of data as 
yet available, further interpretation of substituent 
effects upon the nonaromatic carbon chemical shifts 
will be postponed.

Registry No.—I, 1217-09-0; II, 53-63-4; III, 2529-
64-8; IV, 53-45-2; V, 50-28-2; VI, 53-16-7; VII, 57-91- 
0; VIII, 2755-14-8; IX, 3434-88-6; X , 1474-52-8; X I, 
901-93-9; XII, 38605-46-8; XIII, 1035-77-4; XIV, 
1624-62-0; XV, 1229-33-0; XVI, 6038-22-8; XVII, 
7004-98-0; XVIII, 1228-73-5.



The Preparation and Properties, Including Carbon-13 Nuclear Magnetic Resonance 
Spectrum, of Per-tert-butylcarbonic p-Nitrobenzoic Anhydride1
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A stable percarbonic anhydride was prepared by the reaction of C02 with sodium (erf-butyl hydroperoxide and 
subsequent reaction with p-nitrobenzoyl chloride. Spectra, including 13C nmr, were taken. The compound was 
found to catalyze free-radical polymerization. In its decomposition at atmospheric pressure p-nitrobenzoic 
acid, methyl p-nitrobenzoate, and p-nitrobenzoic anhydride were found while in the sealed tube methyl p-nitro- 
benzoate and the acid predominated. Acetone and (erf-butyl alcohol were found in both while 2,2-dimethoxypro- 
pane was found in the former and chlorotoluene in the latter. Reasons for this, including free-radical and Criegee 
decompositions, are discussed.
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The synthesis and study of a variety of carbonic 
carboxylic anhydrides (1), of di- and tricarbonates, and

0 0 O
ROCO(!r ' — RO<Hr ' +  co2 

1

of carbonic anhydrides containing phosphorus and 
silicon moieties, have been reported.3 The mode of de
composition of these materials is ionic, as inferred from 
a variety of criteria.3d

We have therefore prepared4 5 a peroxy compound (2) 
as shown below, which could decompose by ionic or

O O
1. N aH  A rC O C l || 1|

ROOH----------- >- ROOCOONa----------->  ROOCOCAr (1)
2- c° ! 2, R = i-Bu

Ar = p-02NC8H4

free radical modes, including the Criegee reaction of the 
peroxide group.

Per-ferf-butylcarbonic p-nitrobenzoic anhydride 
(PCA) was prepared as indicated and was obtained as 
a pure crystalline solid, mp 69-71°. An attempt was 
also made to prepare it from the chlorocarbonate of 
ferf-butyl hydroperoxide, but the triethylamine used for 
the removal of HC1 catalyzed the elimination of carbon 
dioxide to give the per ester.

In an attempt to confirm the position of the peroxide 
moiety, the carbon-13 nmr spectra of PCA and some 
related compounds were taken. The shifts are given 
in Table I. The assignments for the aromatic carbons 
were made on the basis of the size of the coupling to the 
aromatic hydrogens and the expected shift effects of the 
aromatic substituents.6 An examination of the data 
shows that the peroxide group causes only minor 
changes in the spectra as compared to that of the 
carbonic anhydride and that these changes are in dif
ferent directions from those observed in the two esters.

(1) This w ork  was aided b y  G rant G P -15795  from  the N ationa l Science 
F ou ndation .

(2) N ation a l Science F ou n dation  U ndergraduate R esearch  Participant, 
sum m er, 1971.

(3) M o s t  recent papers: (a) Y .  Y a m a m oto  and D . S. T arbell, J .  O r g .  
C h e m .,  36, 2954 (1971 ); (b ) C . S. D ean  and D . S. T arbell, i b i d . ,  36, 1180 
(1971); (c ) D . S. Tarbell, Y . Y a m a m oto , and B . M . P op e, P r o c .  N a t .  A c a d .  
S c i .  U . S . ,  69, 730 (1972 ); for review  (d ) D . S. T arbell, A c c o u n t s  C h e m . R e s . ,  
2, 296 (1969).

(4) C f .  preparation  o f  th e  n on p eroxy  analog R 0 C ( = 0 ) 0 C ( — 0 ) A r  (R  =
ferf-butyl, A r  =  p-ChN C etU ): C . J . M ich e jd a  and D . S. Tarbell, J .  O rg .

C h e m ., 29, 1168 (1964).
(5) J. W . E m sley, J. Feeney, and L. H . Sutcliffe, “ H igh R esolu tion  N uclear

M agnetic R eson an ce  S p ectroscop y ,”  V ol. 2, P ergam on  Press, O xford , 1966,
p 1004.

Therefore, it is not possible to assign conclusively the 
position of the peroxide group from the carbon-13 
spectra.

A test of PCA’s ability to initiate the copolymeriza
tion of styrene and methyl methacrylate showed that it 
was much less effective than benzoyl peroxide; how
ever, the 50:50 mixture of monomers in the polymer 
shows that it was a radical-induced polymerization.6-7

Decompositions.-—The products of decomposition 
varied dramatically depending upon the mode of de
composition. The C 02 given off was measured for de
compositions in both the solid state and chlorobenzene 
solution. Ih the solid-state decomposition 1.03 mol of 
C 02 was given off per mole of PCA, while in the chloro
benzene case 0.78 mol of C 02 was obtained.

In the solid-state decomposition the only solid 
product isolated was p-nitrobenzoic acid. In the de
compositions of PCA in chlorobenzene, either open to 
the atmosphere or under nitrogen, both p-nitrobenzoic 
acid and p-nitrobenzoic anhydride were observed as 
well as a small amount of methyl p-nitrobenzoate. 
Finally, the PCA was decomposed in chlorobenzene 
after the samples had been degassed and sealed under 
vacuum. In this case the solids isolated were p-nitro
benzoic acid and methyl p-nitrobenzoate, but no 
evidence could be found for the existence of any anhy
dride. After isolation of the two compounds, 47.9 
mol %  of the ester and 51.2 mol %  of the acid were 
obtained.

The products derived from the ferf-butyl end of the 
molecule were also investigated. In the solid-state de
composition, these products were lost owing to the 
rapid decomposition of the PCA. In the undegassed 
chlorobenzene samples, acetone, feri-butyl alcohol, and 
the dimethyl ketal of acetone were identified by gc-mass 
spectroscopy, but no percentages could be obtained.

In the decomposition in degassed chlorobenzene ferf- 
butyl alcohol and chlorotoluene were identified by 
gc-mass spectroscopy, and there was also some evidence 
for a small amount of isobutylene in the fraction cap
tured in liquid nitrogen. By observing the nmr of the 
liquid fractions from the sealed tubes, it was possible 
to make an estimate of the amounts of the various com
pounds produced. Based on the amount of PCA de
composed, there was 16.6 mol %  of chlorotoluene, 32.8 
mol %  of acetone, and 29.8 mol %  of ferf-butyl alcohol. 
The calculations were made assuming that the peak for

(6) F . M . Lewis, F. R . M a y o , and W . F . Halse, J .  A m e r .  C h e m . S o c . ,  67, 
1701 (1945).

(7) C . W alling, E . R . Briggs, W . C u m m ings, and F . R .  M a y o , J .  A m e r .  

C h e m . S o c . ,  72, 48 (1950).
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methyl p-nitrobenzoate represented 0.835 mmol. There 
was also a fairly strong unidentified peak at 5 1.11. 
There was a moderate amount of variation in these 
values in different samples, particularly in the peak at 
8 1.11, which was very small in some cases. It must be 
remembered that a molecule of methyl p-nitrobenzoate 
or chlorotoluene and a molecule of acetone can both 
come from the same molecule of PCA.

Discussion

Of the products isolated from the various decomposi
tions, chlorotoluene and ¿erf-butyl alcohol must arise 
from a radical decomposition, while 2,2-dimethoxy- 
ethane, p-nitrobenzoic anhydride, and isobutylene (if 
it is truly present) are probably products from ionic 
decompositions. For the other products, carbon di
oxide, p-nitrobenzoic acid, methyl p-nitrobenzoate, and 
acetone, it is possible to visualize both ionic and radical 
mechanisms for their production.

The only conceivable mechanism for the formation of 
the chlorotoluene would be the addition of a methyl 
radical to chlorobenzene,8 since the possibility of having 
a methyl cation in this system is very remote. The 
most likely mode of formation of the ¿erf-butyl alcohol 
is hydrogen abstraction by a ¿erf-butoxy radical, prob
ably from another ¿erf-butyl group.

The formation of the 2,2-dimethoxypropane is most 
certainly due to the heterolytic cleavage of the peroxide

(8) C . W alling, “ Free R a d ica ls  in Solution ,”  W iley , N ew  Y ork , N . Y .,
1957, p  483.

bond to give the Criegee rearrangement.9 The vinyl 
ether can be hydrolyzed to methanol and acetone and

CH,
\

0 O
Il II /T7\

B.CCOOCOC— ( (  ) )— NO,
/

ch3
c h , O 0

\ Il II
CH,CO+ ~OCOC

/
CH:1

CH,
0 0 0
1 II II

CH,COCOC — ( O ) —  

CH,

OCB
I

ch2= cch;, + co2
+  +H

NO,

+

o

- o í — ( O ) — N0->

subsequently the methanol can form 2,2-dimethoxy
propane upon reaction with the vinyl ether. The 
benzoic acid anion could react with the hydrogen ion 
to give the acid or attack another mole of the percar- 
bonic anhydride to give di-p-nitrobenzoic anhydride.

Walling suggests that both the radical decomposition

(9) E . H edaya, e t  a l . ,  J .  A m e r .  C h e m . S o c . ,  89, 4875 (1967 ); R .  C riegee and 
R . K aspar, J u s t u s  L i e b ig s  A n n .  C h e m .,  560, 127 (1948 ); P . D . B a rtle tt  and 
J. L. K ice, J .  A m e r .  C h e m . S o c . ,  75, 5591 (1953).
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and the Criegee rearrangement may arise from a com
mon radical pair-ion pair transition state.10

The formation of acetone, already explained in the 
Criegee rearrangement, could be explained in the radical 
decomposition by loss of a methyl radical from the tert- 
butoxy radical.

The loss of one molecule of C 02 per mole of PCA 
would be expected in the ionic decomposition, while as 
many as 2 mol of C 02 could be lost in the radical de
composition. In the solid-state decomposition, which 
is suspected to be a radical chain reaction owing to the 
very rapid decomposition, there is only 1 mol of C 02 
given off, while in the case of the chlorobenzene de
composition under nitrogen, where both ionic and 
radical mechanisms are probably involved, about 1 mol 
of C 02 is evolved. Finally, in the sealed tube decompo
sition the most C 02 that could be given off is 1 mol, 
since almost all (99%) of the p-nitrobenzoate group 
was recovered as p-nitrobenzoic acid or methyl p-nitro- 
benzoate.

The production of benzoic acid in the Criegee re
arrangement has already been explained, while in the 
radical reaction it would have to arise from the hydro
gen abstraction by the p-nitrobenzoyloxy radical.

The most problematical of the compounds isolated is 
the methyl p-nitrobenzoate. One possible reaction 
leading to it would be the formation of methanol from 
the Criegee rearrangement and the attack of the 
methanol on PCA to give the ester. ferf-Butyl hydro
peroxide and C 02 would probably be the other products. 
The hydroperoxide would go to ferf-butyl alcohol and' 
oxygen.11

The main argument against this mechanism is that 
no 2,2-dimethoxypropane was observed in the nmr of 
the products of the sealed-tube decomposition, which 
would be expected in the Criegee decomposition.

The second possible mechanism is a radical cage re
action where there is a homolytic scission of the 0 - 0  
bond followed by loss of C 02 and acetone and finally 
recombination of the methyl and p-nitrobenzoyloxy 
radical. One referee suggested that this would be un
likely, since he felt that the energy for /3 scission (13 
kcal/mol)12 would be substantially greater than that of 
the decarboxylation of the p-nitrobenzoyloxy radical. 
If the p-nitrobenzoyloxy radical does exist in the de
composition it certainly does not decarboxylate under 
these conditions, since 99% of it was recovered as p- 
nitrobenzoic acid or methyl p-nitrobenzoate. The 
formation of a moderate amount of chlorotoluene would 
certainly suggest that there is a strong likelihood of the 
presence of p-nitrobenzoyloxy radicals.

Cook estimates the energy of decarboxylation of the 
benzoyloxy radical at 18-23 kcal/mol, but this was 
based on only two points done over a 10° range.13 
Walling, however, is not willing to say which ¡3 scission, 
¿ert-butoxide or benzoyloxy, has the greater activation 
energy.14 Similar data could not be found for the p- 
nitrobenzoyloxy radical; however, Ol’dekop observed 
that p-chlorobenzoyloxy radical adds to metals and

(10) C . W alling, H . P . W aits, J. M ilova n oic , and C . G . P appiaonnou , J .  
A m e r .  C h e m . S o c . ,  92, 4927 (1970).

(11) W . A . P ryor , “ Free R a d ica ls ,”  M cG raw -H ill, N ew  Y ork , N . Y .,  
1966, p  115.

(12) J. A . H ow ard  in “ A d van ces in  F ree-R ad ica l C h em istry ,”  V ol. IV , 
G. H. W illiam s, E d ., A cad em ic Press, N ew  Y ork , N . Y ., 1972, p 61.

(13) C . D . C ook  and C . B . D epatic , J .  O r g . C h e m .,  24 , 1144 (1959).
(14) C . W alling and J. C . A zar, J .  O r g . C h e m .,  33, 3885 (1968).

salts in the cold or on heating, abstracts hydrogen from 
solvent, and loses C 02 while the p-nitrobenzoyloxy 
radical adds to metals and abstracts hydrogen from 
solvent.15 It was also observed that the p-nitrobenzoyl- 
oxy radical abstracts hydrogen from toluene at 100° 
to give p-nitrobenzoic acid.16

Another possible mechanism would be the radical- 
chain reaction in the following series of reactions.17

N O * - ® - ,

0  0  ch3 
II II I
COCOOCCH,

ch3

0  0  ch3 
II II I
COCOOCCB,
C™ . I '

ch3

0 0
II

+  CH3CCH3>— CO- +  
+  -CH3

CO,

—

0 0
II II

•coch3 + O O +  CH3CCH3
+ •CH;>

This mechanism is favored by the fact that chloro
toluene is formed, since this would suggest a prolifera
tion of methyl radicals.

Another radical chain mechanism (2) might involve a 
cyclic transition state. This mechanism is less likely, 
though, because one would expect some attack of 
radical 3 on the peroxide bond to give other products, 
which were not observed.

The best way to distinguish between these mecha
nisms would be to follow the kinetics of the reaction. 
The rates of reaction for the ionic mechanism should 
vary with the polarity of the solvent while the others 
should not. The cage mechanism should be first order 
while the chain mechanism and the ionic mechanism 
should not.

The reason for the variation in the decomposition 
products in the sealed and open decompositions is not 
evident. One possible reason is the fact that the open 
decompositions were not degassed and the dissolved 
gases might have affected the decomposition. If the 
formation of the methyl p-nitrobenzoate is from a 
radical-chain reaction it might be quenched, allowing 
the Criegee reaction to take precedence. However, 
this explanation is somewhat in doubt owing to the fact 
that decompositions in sealed undegassed tubes gave 
essentially the same results as the degassed tubes.

It is not a matter of decomposition temperature or 
concentrations either, since variation of these factors in 
the open decompositions all gave at least a moderate 
amount of anhydride.

If Walling’s proposal is correct then it might be 
profitable to seek a condition that would affect the 
separation of the radical pair-ion pair.

(15) Y u . A . O l’ dekop , S b .  N a u c h .  R a b . ,  A k a d .  N a u k  B e l o r u s s . ,  S S R ,  I n s t .  
K h i m . ,  243 (1958 ); C h e m . A b s t r .  53, 9999c (1959).

(16) R . I . M ilyutinskaya , K h . S. B agdasaryan, and Y u . K op ytocsk ii, 
Z h .  F i z .  K h i m . ,  32, 428 (1958); C h e m . A b s t r . ,  52, 20022d (1958).

(17) W e w ould like to  thank D r. D . L . T u leen  for this suggestion.
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Experimental Section
Carbon-13 Nmr.— Spectra were taken on a Varian Model XL- 

100 nmr spectrometer. The samples were dissolved in perdeu- 
teriobenzene and run in 12-mm tubes with heteronoise decou
pling. A single scan was taken at 2500-Hz sweep width.

Preparation of PCA (I).— ¿erf-Butyl hydroperoxide was puri
fied by vacuum reflux and distillation by the procedure of Bart
lett, et al.,a

Sodium hydride (1.2 g of 50% in mineral oil, 0.026 mol) was 
washed twice with tetrahydrofuran (THF), which had been dried 
over CaCl2 and distilled from lithium aluminum hydride. Dry 
TH F (50 ml) was added to the sodium hydride in a 100-ml three- 
neck flask and ¿erf-butyl hydroperoxide (2.2 g, 0.03 mol) was 
added dropwise to the sodium hydride suspension at room tem
perature. Following the evolution of H2, carbon dioxide, 
bubbled through concentrated H2S04, was bubbled through the 
suspension at - 7 8 °  for 2.5 hr. A solution of 3.5 g (0.02 mol) of 
p-nitrobenzoyl chloride in 15 ml of CHC13 was added dropwise. 
After the temperature was increased to —10 to 0° the solution 
was stirred for 20 hr. The C 0 2 addition was stopped 2 hr after 
the addition of the acid chloride.

The suspension was vacuum filtered through a fritted glass 
into a cooled flask and the solvents were removed from the 
filtrate under vacuum. The remaining solid was dissolved in a 
1:1  mixture of CHCl3-petroleum ether (bp 30-60°) and the solu
tion was filtered. A large amount of petroleum ether was added

(18) P. D. Bartlett and H. Minato, J. Amer. Chem. Soc., 85, 1858 (1963).

and the solution was filtered again. After crystallization at 
— 78° the precipitate was collected. After a second recrystal
lization 1.48 g (28%) was obtained: mp 69-71° dec; nmr S
7.94 (narrow m, 4 H ), 1.00 (s, 9 H ); ir carbonyl bands at 1840 
and 1763 cm-1.

Anal. Calcd for Ci2H i3N 0 7: C, 50.88; H, 4.63; N , 4.95. 
Found: C, 50.60; H, 4.66; N, 4.68.

Titration of the Peroxide Group.— A determination of the 
peroxide content was done by the transesterification method of 
Hedaya and Winstein.19 After correction for a blank run two 
titrations yielded values of 104 and 97.5% peroxide assuming 1 
mol of peroxide per 283 g (1 mol) of percarbonic anhydride.

Polymerization.— Methyl methacrylate was fractionally dis
tilled at 100° (760 mm) and styrene was fractionally distilled at 
60° (40 mm). Five grams of each were mixed for each experi
ment and placed in a 25-ml flask. Benzoyl peroxide (0.0024 g) 
or 0.0028 g of PCA were added to one of the three flasks. The 
third was left blank. The solutions were heated at 79.5° for 4 
hr. After cooling, the contents of each flask were added to 100 
ml of absolute methanol with vigorous stirring. The white pre
cipitate was filtered and washed with 15 ml of methanol. The 
samples were dried for 26 hr at 0.5 mm, and weighed. The 
yields of the polymer follow: blank, 0.0005 g; benzoyl peroxide, 
1.5225 g; PCA, 0.3576 g. This is the method of Walling, et al.e

The polymers were reprecipitated from a mixture of meth
anol-benzene, dried under vacuum, and analyzed. The results 
are given in Table II.

T a b l e  II
In itia tor  C , %  M o l %  styrene“

Benzoyl peroxide 76.71 50.9
PCA 76.93 51.5

“ Assuming that polystyrene requires 92.26 C and polymethyl 
methacrylate requires 59.98 C.

Solid-State Decomposition.— PCA (497.7 mg, 1.767 mmol) 
was placed in a two-neck flask. A stream of nitrogen was passed 
through the flask into an ice-salt bath and then through an 
Asearite tube. The solid was heated in an oil bath until it 
melted, at which time it began to decompose. At 82° the PCA 
decomposed very quickly. After 3 hr, 80.1 mg (1.82 mmol) of 
carbon dioxide was collected in the Asearite tube. The solid 
material left was recrystallized from ethanol, and p-nitrobenzoic 
acid (34.6 mg, 0.212 mmol), identified by ir, was isolated.

Decomposition in Undegassed Chlorobenzene.— PCA (1.048 
g, 3.81 mmol) was dissolved in 30 ml of chlorobenzene (distilled). 
A stream of nitrogen was passed over the chlorobenzene through 
a reflux condenser in a Dean-Stark trap and then through a Dry 
Ice trap. After decomposition at 90° for 3 hr, the volatile ma
terials were separated and identified by gc-mass spectroscopy. 
The products were separated on a 6-ft SE-30 column. No prod
ucts were isolated from the Dry Ice trap. ¿erf-Butyl alcohol and 
the dimethyl ketal of acetone were found in the Dean-Stark trap, 
while acetone was found in the residual chlorobenzene.

The spectrum of the acetal was identified by comparison with 
a known spectrum.20

Measurement of C02 in Chlorobenzene Decomposition.—
PCA (0.9274 g, 3.28 mmol) was dissolved in 30 ml of chloroben
zene. A stream of nitrogen was passed over the solvent, through 
a condenser, an ice-salt trap, and finally an Asearite tube. After 
decomposition at 90°, 0.1161 g (2.54 mmol) of C 0 2 was obtained.

Decomposition in Degassed Chlorobenzene.— The sample of 
PCA (100 mg in 9 ml of chlorobenzene) was degassed by alter
nate freezing and thawing under vacuum in an apparatus similar 
to that described.18 The sample was decomposed at 103° for 
18 hr. It was cooled to liquid nitrogen temperature, opened 
under vacuum, and allowed to warm to room temperature. The 
material that boiled off was collected in the liquid N 2 trap. The 
trap was warmed and a mass spectrum was taken of the gas re
leased. In addition to a strong C 0 2 peak there were peaks sug
gesting the presence of isobutylene. The solvent and other 
volatile materials were distilled off under vacuum and were col
lected in a Dry Ice trap. A gc-mass spectrum showed the

(19) E . H edaya  and S. W instein , J .  A m e r .  C h e m . S o c . ,  89, 1661 (1967).
(20) E . Stenhagen, S. A braham sson, and J. W . M cL a fferty , E d ., “ A tlas 

o f  M ass Spectral D a ta ,”  V ol. 1, Interscience, N ew  Y ork . N . Y . ,  1969, p  307.



presence of ¿erf-butyl alcohol and chlorotoluene. From the 
solids remaining p-nitrobenzoic acid and methyl p-nitrobenzoate 
were identified.

PCA (503 mg) was dissolved in 5 ml of chlorobenzene. The 
sample was degassed by alternated freezing and melting and was 
then sealed. The sample was heated at 107° for 24 hr. It was 
then cooled and opened, and an nmr was taken of the filtered 
solution. The peaks at 5 1.2 (¿erf-butyl alcohol), 1.83 (acetone),
2.09 (chlorotoluene), and 3.71 (methyl p-nitrobenzoate) and 
an unidentified peak at 1.11 were integrated. The peak at 5
1.11 was shown not to be ieri-butyl p-nitrobenzoate, ieri-butyl 
p-nitroperbenzoate, or the dimethyl ketal of acetone. This is the 
procedure of Hideya, et al.9

The solvents were removed and the residue was dissolved in 
ether and extracted with 2%  NaOH solution. The ether was 
dried and removed under vacuum. Fairly pure (ir, mp 78- 
89°) methyl p-nitrobenzoate (148 mg) remained. The NaOH 
was neutralized with concentrated HC1, and the precipitate was

Conformational Preferences in Chloro Sulfides

collected. After drying the p-nitrobenzoic acid weighed 149.4 
mg.

Decomposition in Undegassed Sealed Tubes.— Two 100-mg. 
samples of PCA were dissolved in 1-ml portions of chlorobenzene. 
The solutions were sealed in unevacuated tubes without de
gassing, and the samples were heated for 24 hr at 107°. (One 
sample turned dark while the other remained light.) The sam
ples were opened and nmr spectra were taken as in the previous 
case. The spectra were similar to those of the degassed samples 
except that the dark sample had less ieri-butyl alcohol and more 
of the material with the peak 5 1.11. The solid that crystallized 
out was examined and found to be p-nitrobenzoic acid. No 
evidence was obtained for the presence of p-nitrobenzoic an
hydride.

Registry No.—2, 38401-55-7; ieri-butyl hydroperox
ide, 75-91-2; p-nitrobenzoyl chloride, 122-04-3; methyl 
p-nitrobenzoate, 619-50-1.
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Correlation between Nuclear Magnetic Resonance and Infrared Studies of 
Conformational Preferences in Chloro Sulfides
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Nmr and ir methods of determining conformational preferences in alkyl substituted l-chloro-2-ethyl 2,4-di- 
nitrophenyl sulfides are in fair agreement. For enyttro-2-chloro-3-butyl 2,4-dinitrophenyl sulfide, a preference 
for gauche chlorine-sulfur groups is evident. However, the study of model compounds shows that the chlorine- 
sulfur interaction is probably slightly repulsive. A very unusual preference for a conformer having gauche hy
drogens is noted in both isomers of the above compound.

Conformational reasoning has been deeply affected 
by the early work on butane and on cyclohexane sys
tems.12 This work led to the idea that alkyl groups, 
and presumably other large groups, prefer a trans 
orientation in order to minimize repulsive nonbonded 
interactions.1 2 3 In recent years, there has been a grow
ing realization that many groups, some sizable, have 
attractive rather than repulsive interactions. In 
substituted propanes, XCH 2CH>CH3, the conformer 
having X  gauche to methyl is slightly more stable or 
of equivalent stability to the trans conformer where 
X  is F, Cl, Br, CN, NC, C =C H , and OH.4 5 A slight 
dipolar attraction is presumed to overcome steric re
pulsions. Notable among other interections that are 
considered attractive in nature arc the interactions of 
oxygen-containing groups,5 6 cyano-cyano groups,7 mer
cury-amine,8 9 10 sulfoxide-hydrogen,9 and chlorine-hy
drogen.10 Halogen-halogen interactions are complex, 
and these may vary from compound to compound

(1 ) D . H . R . B arton , E x p e r i e n t i a ,  23, 316 (1950).
(2) S. M izush im a, “ Structure o f  M olecu les and Internal R o ta tio n ,”  

A cad em ic Press, N ew  Y ork , N . Y ., 1954.
(3) E . L . Eliel, N . A llinger, J. A n gyal, and G . M orrison , “ C on form ation al 

A n alysis,”  Interscience, N ew  Y ork , N . Y .,  1965, pp  5 -22 .
(4) E . B . W ilson , C h e m . S o c .  R e v . ,  1, 293 (1972).
(5) (a ) E . L. E liel and M . K alou stian , C h e m . C o m m u n .,  290 (1970 ); (b ) 

R . J. A braham  and K . Pach ler, M o l .  P h y s . ,  7 , 165 (1963).
(6) (a) A . A . B oth n er-B y  and C . N aar-C olin , J .  A m e r .  C h e m . S o c . ,  84, 

743 (1962 ); (b ) F . A . L. A n et, i b i d . ,  84, 747 (1962).
(7) (a ) L. I. Peterson , i b i d . ,  89, 2677 (1967 ); (J>) J. P . A yca rd , H . B od ot, 

R . G am ier, R . Lauricella, and G . P ou zard , O r g . M a g n .  R e s o n a n c e ,  2 , 7 
(1970).

(8) (a) E . F . K iefer, W . L. W alters, and D . A . Carlson, J .  A m e r .  C h e m .  
S o c ., 90, 5127 (1968); (b ) E . F . K iefer and W . G ericke, i b i d . ,  90 , 5131 (1968).

(9) (a) C . R . Johnson and D . M cC an ts, Jr., i b i d . ,  87, 110 (1965 ); (b ) 
N . L. Allinger, J. H irscli, M . M iller, and I . T ym insk i, i b i d . ,  91, 337 (1969).

(10) (a) R . J. A braham  and K . P arry , J .  C h e m . S o c .  B ,  539 (1970); (b ) 
B . H awkins, W . Brem ser, S. B orcic , and J. D . R oberts , J .  A m e r .  C h e m . S o c . ,  
93, 4472 (1971), and references c ited  therein.

depending upon bond angle and internuclear distance.11 
However, it is noteworthy that, in a large variety of 
dihaloethylenes, the cis isomer is the more stable.110 
In acyclic compounds capable of internal rotation, the 
gauche X -X  conformer is stabilized in solvents of high 
dielectric constant, since the solvent effect counter
acts the repulsive effects of the halogen dipoles.6“'7'12 
The list of attractive interactions is diverse enough so 
as to suggest that the phenomenon is widespread, 
though many times rather weak.

The present work is an inquiry into the possibility 
of an attractive interaction between sulfur and halo
gen. Precedent for considering this interaction as 
attractive exists in the work of Bjorvatten and Hassel,13 
who observed the alignment of molecules shown in

(1) by X-ray analysis. The tendency for halogens 
to complex with sulfides is well known,14 though this

(11) (a) A . B erlin  and F . Jensen, C h e m . I n d .  { L o n d o n ) ,  998 (1960); (b ) 
R . A . P ethrick  and E . W yn-Jones, Q u a r t .  R e v . C h e m . S o c . ,  23, 301 (1969); (c)
H . Viehe, J. D ale, and E . F ran ch im ont, C h e m . B e r . ,  97, 244 (1964), and m any 
related papers.

(12) G . H am er, W . F . R eyn old s, and D . W ood , C a n .  J . C h e m .,  49, 1755 
(1971).

(13) T . B jo rv a tten  and O. Hassel, A c t a  C h e m . S c a n d . ,  15, 1429 (1961).
(14) (a) J. D . M cC u llou gh , G . C h ao, and D . Z u ccaro , A c t a  C r y s t a l l o g r . ,  

12, 815 (1959); (b ) M . G ood , A . M a jor , J. N ag-C haudhuri, and S. M cG lyn n , 
J .  A m e r .  C h e m . S o c . ,  83, 4329 (1961).
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T a b l e  I
Nmr Parameters6 (60 M Hz) of 1-4

R — CHa— CHb— R'

Cl
1-1

•Coupling constants, H z-----------------------• --------------------—■— “ C hem ical shifts, ppm -
C om p ou n d R R ' */ab / a [C H (C H .,)2] / b [C H (C H ,)U A B l ' 2 ' 3 ' R R '

erythro-l c h 3 CHa 4 .06 (3 .5 )' 4.44 3.89 7.77 8.42 8.95 1.69 1.58
threo-l CH3 CHa 3 .2  (3 .6) 4.34 3.90 7.72 8.47 9.03 1.60 1.57
erythro-2 CHS CH(CH3)2 7.3 (7 .4 5.7 4.36 3.54 7.83 8.33 8.87 1.62 a
threo-2 CH3 CH(CH3)2 4 .2  (3 .7) 6.7 4.51 3.52 7.83 8.40 8.94 1.72 a
erythro-3 CH(CH3)2 CH(CH2)2 10.5 (10.5) 2.2 3.1 4.04 3.67 7.82 8.43 8.95 a a
threo-3 CH(CH3)2 CH(CH3)2 5.6  (~ 6 ) 5.2 6.3 4.16 3.72 7.98 8.47 8.93 a a
erythro-4 CH, C(CHa)a 2.6 (2 .7) 4.83 3.79 8 . 0 2 8.34 8.90 1.72 1.17
threo-4 CHa C(CHa), 1.3 (1 .3) 4.72 3.44 7.79 8.36 8 . 8 8 1.65 1.19
“ Complex nonequivalent resonances of the methyls were observed. 6 Ca. 10% w /v  solution in CDCI3. c The data in parentheses 

refer to 10.0% w /v  solutions in DMSO as solvent observed at 100 MHz.

type of interaction may have a different origin from 
that present in the compounds of this study.

The present work concerns certain chloro sulfides 
having nitro substitutents in the aromatic ring (eq 
2). The inductive effect of the nitro groups renders

Cl +  R— C H = C H — R' —

Cl
I

R— CH— CH— R' (2)
I
SAr

1 -4

?
R— CH— CH— R'

I
Cl 

5

sulfur somewhat electron deficient. Thus, attempted 
observation of pseudocontact shifts using Eu(fod)3 
showed little or no displacement of the alkyl resonances 
in the nmr spectrum, although the aromatic resonances 
were shifted slightly.15-16 The electron deficient na
ture of the sulfur should increase the probability of an 
attractive gauche interaction with the electron-rich 
chlorine.

The chloro sulfides were synthesized as shown in 
eq 2.17 In this study, nmr and ir methods of deter
mining conformational preferences will be compared. 
In addition to 1-4, certain analogous dichlorides, 5, 
will also be considered.

The nmr data for compounds in which It and R ' 
are alkyl groups are listed in Table I. The confor-

(15) (a) C . C . H inckley , J .  A m e r .  C h e m . S o c . ,  91, 5160 (1969); (b ) P . 
D eM a rco , T . E lzey , R . LeAvis, and E . W enkert, i b id . ,  92, 5734, 5737 (1970); 
(c) J. Sanders and D . W illiam s, C h e m . C o m m u n .,  422 (1970).

(16) P r iva te  observations have shoAvn h igh ly  delocalized e lectron  pairs do 
n ot com plex Avell Avith E u(dpm )a.

(17) (a) N . K harasch, J .  C h e m . E d u c . ,  33, 585 (1956); (b ) W . II. M ueller 
and P . E . Butler, J .  A m e r .  C h e m . S o c . ,  90, 2075 (1968); (c ) G . H . Schm id 
and V. M . Csizm adia, C a n .  J .  C h e m .,  44, 1338 (1966); (d) G . H . Schm id, 
i b i d . ,  46, 3757 (1968).

mational preferences are approximated from vicinal 
nmr coupling constants (Ja b ) - 18 Large values for 
Jab (10-13 Hz) are taken as indicative of predominately 
trans hydrogens, whereas small values for JAb (1-4 
Hz) indicate predominately gauche hydrogens. Inter
mediate values are thought to reflect weighted aver
ages of the above conformations. Other work19 has 
suggested that every conformer of every compound has 
distinct and separate values for J ab (although these 
values are usually within the above ranges). Only 
a qualitative interpretation of the data will be at
tempted, in terms of the conformers shown in Scheme 
I. The infrared spectroscopic designations of the 
bands expected for each conformer are also given in 
Scheme I.

S c h e m e  I
Cl Cl Cl

YkHH ^ |  R H ^ Y ^ R HYcs-H ^ V S t
S— Ar H R'

Et Eg, Eg2
R = CH3: Shs S ' hh S ch

R = CH(CH3)2: Shs, Scs S " h h> ® ch S c h> S Cc

Cl Cl Cl

H ^ | - R EYrSArH ^ |  R Hjk R'H - ' y ' - R
R' H S—Ar

T t T 01 T g2
R = CH3 SCH S ' hh S hs
R = CH(CH3)2: Sch, Scc S  h h> S ch S h s> S cs

For erythro-1, a quite small value for J ab (4.0 Hz) is 
noted. This value is substantially smaller than that 
found for the analogous dichloride (7.4 Hz), which 
suggests that the conformers having gauche hetero
atoms, Egi and/or EG2, are more highly populated for 
1 than for the dichloride.

(18) (a) M . K arplus, J .  A m e r .  C h e m . S o c . ,  86, 2870 (1963); (b ) E . G ar- 
bisch, Jr., and M . G riffith, i b id . ,  90, 6543 (1968).

(19) (a) R . J. A braham  and G . G atti, J .  C h e m . S o c .  B ,  961 (1 969 ); (b ) 
R . J. A braham , L . C avalli, and K . Pach ler, M o l .  P h y s . ,  11, 471 (1966).
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In studies on a considerable number of chlorine 
compounds, Mizushima and coworkers have de
veloped,20 and others have expanded, a correlation 
between ir absorption and conformation.21 Accord
ing to Altona,21 the three types of ir absorption applic
able to 1 are termed SHs, S 'Hh , and SCh , which can 
be correlated with conformers ET, EGi, and EG2, re
spectively (Scheme I).

These three absorptions are found at 701, 632, and 
666 ±  20 cm-1, respectively. The designation Shs 
refers to an ir band expected from a secondary chlorine 
that is simultaneously trans to a sulfur atom and to 
a hydrogen (i.e., structure a).

For erythro-l in C S 2 solution, absorptions at 714 (m) 
and at 653 (s) were observed. In the solid phase (KBr 
pellet), the latter band was also prominent. A strong 
band at 670-685 cm-1, possibly an aromatic absorp
tion, interferes with the SHs or SCh absorption in cer
tain cases; so the identification of a band is not always 
straightforward. The strongest band (653 cm-1) is 
closest to the region expected for the SCh absorption, 
which suggests that the predominant conformer is 
EG2. No ir band is noted near 632 cm-1. Although 
this absence would seem to indicate that conformer 
Eoi is unpopulated, we feel that this indication is 
open to question.22

(20) S. M izu sh im a, T . Shim anouchi, K . N akam ura, M . H ayashi, and S. 
Tsuchiya, J .  C h e m . P h y s . ,  26 , 970 (1957).

(21) (a) C . A ltona, T e tr a h e d r o n  L e t t . ,  2325 (1968 ); (b ) J. J . Shipm an, V. 
F olt, and S. K rim m , S p e c t r o c h i m .  A c t a ,  18, 1603 (1962); (c) P . N . Gates, 
E . M oon ey , and H. W illis, S p e c t r o c h i m .  A c t a ,  P a r t  A ,  23, 2043 (1967).

(22) I t  is instru ctive to  consider the sulfoxides and the sulfone derived  
from  the sulfide 1. T h e  su lfoxide la , m p  139°, show ed a low er vicina l cou 
pling con stan t (3.2 H z) than  the orig inal sulfide. T h e  h igh ly  deshielded 
chem ical sh ift for H a  (5 4.73) suggests the con figu ration  and con form ation  
show n in structu re la  in w hich  the SO group  is eclipsed w ith  H a - T h e 
second  sulfoxide lb  (an oil) show ed a J Ab va lue  o f  6.9 H z, in d ica tive  o f m ixed 
conform ers. In  con form er lb , dipolar and steric repulsions exist betw een 
oxygen  and chlorine. In  th e  alternate con form er lb , no 1,3 interactions 
exist, bu t the largest groups, m ethyl and sulfinyl, are gauche n ot trans. 
T h e  chem ical sh ift o f  H a is less extrem e (3 4 .5 ). T h e  su lfon e lc  show ed a 
J ab  va lue  o f  3.3 H z. Thus, the progressive increase in  size o f  th e  sulfur 
function  in the series 1 —► la  —>► lc  in volves a general strengthening o f  the 
preference for a con form er having gauche hydrogens (although part o f  the 
change in J ab is due to  an e lectron ega tiv ity  e ffect). I t  is difficu lt to  believe 
th at the su lfon e w ill tolerate a congested  p osition  as in con form er E q 2. 
M ore  likely the su lfoxide and su lfon e prefer con form er E q i , in w hich  the larg
est groups (ArSO* and C H 3) can be trans to  one another. In  the parent sul
fide 1, the general con form ational p u rity  is low er, bu t b y  ana logy to  la  and 
lc  it seem s likely  th a t E gi should have a significant p opu la tion  (the aro
m atic group  is less h indered in  E g i than in E gs) .  I t  is possib le  th at the ir 
band a t 653 c m -1 is a com bin ation  o f  Sch and S 'h h , bands. I t  is also note
w orth y  th at 1 is m ore com plicated  than the m olecules used to  establish the 
position  o f these bands. T h e  referee is thanked for suggesting the stu d y  o f  
the sulfone.

^  CH3

Ar\ s/ C\ c/ CH’ 
é  •• 1/  ci

CH3

Ar\ g / C\ C/ CHl
-  b h bi

The temperature effect on the spectrum of erythro-l 
was quite normal.23 In benzonitrilo solution, ,/AB 
increased monotonically from 3.7 at ca. 40° to 4.7 at 
130°. Unlike certain dihalides,12 a change to a more 
polar solvent (DMSO) had little effect on the coupling 
constants of these chloro sulfides (Table I).

Moving from erythro-l to erythro-2 involves a change 
in R ' from methyl to isopropyl. A corresponding 
change in . /Ab to 7.3 Hz is observed, indicating an in
creased importance of ET. However, the ir spectrum 
shows only a weak band at 711 cm-1 that can be cor
related with Et, in addition to a strong SCn band, which 
is correlated with EG2. A preference for EG2 rather 
than EGi is more reasonable in this case, since the largest 
group (isopropyl) would be very hindered in EGi. 
If one assumes the nmr evidence to be the more com
pelling, the growing preference for Ex is consistent with 
observations in other erythro isomers, in which the 
two alkyl groups seek a maximally separated orienta
tion. The preference for Et is stronger in the analogous 
dichloride {J ab =  9.2 Hz), in which the chlorines 
probably also repel each other.

For erythro-3, R and R ' are both isopropyl. The 
very large </AB (10.5 Hz) indicates a strong preference 
for conformer ET, in which these groups are trans. 
The very small coupling constants for the isopropyl 
methine HA and methine HB protons (ca. 3 Hz), in 
contrast to JAb, provides another illustration of the 
alternation of coupling constants. The alternation 
is the result of a preference for the conformation in 
which 1,3 interactions are minimized (structure b).

Cl H H CH,
\ /  \ /

H ,(X X .  . (U
^ c r  ^ c r  x h 3
y \  / \

CH:1 H H SAr

Thus, a large group at a given carbon is eclipsed only 
by a small group (hydrogen) at the carbon two atoms 
away.

The ir spectrum indicates a strong Shs absorption, 
as expected for Et- The ir spectrum also shows a 
Scs band at 758 cm-1 (alternatively, this could be an 
Sec absorption), which is consistent with conformer 
Et but not consistent with structure b, since the Scs 
absorption requires the sulfur to be eclipsed with car
bon. At one time it was believed that such eclipsed 
conformations were highly improbable' (by analogy to 
the ca. 3.5 kcal destabilization of eclipsed 1,3-diaxial 
groups in a cyclohexane system),1-3 but recent force- 
field calculations have shown that 1,3-oxygen-carbon 
eclipsing interactions were indeed unfavorable, but 
not grossly so.24 Nevertheless, structure b probably 
represents the major conformer.

In the series 1 -► 2 -*■ 3, a progressive upfield shift 
of the nmr resonance for HA is noted (Table I). Models 
show that the aromatic group is preferentially situated 
so that its face lies over HA, particularly in conformer

CH, H CH3
i / \ /
C Cl

Q
A,\s/ C\c/ CHi

4 \ 4\ 4\
CHa H 0  0  H Cl

lb' le

(23) J. R . C avanaugh, J .  A m e r .  C h e m . S o c . ,  89, 1558 (1967), and later 
papers, reports an “ abn orm al”  tem perature effect. T h e  energy difference 
betw een conform ers was found to  be  tem perature dependent.

(24) (a) C . A lton a  and J. H irschm ann, T e t r a h e d r o n ,  26, 2173 (1970); 
(b ) see also N . L. Allinger, J . H irsch, M . M iller, I. T ym in sk i, and F. V an- 
C atledge, J . A m e r .  C h e m . S o c . ,  90, 1199 (1968).



1556 J . Org. Chem . ,  Vol. 38, N o . 8, 1973 Underwood, Watts, and K ingsbury

Et. The ring current of the arvl group thus shields 
HA.26

Like many ieri-butyl compounds, erythro-4 appears 
to occupy a grossly different conformation from 
erythro-2. The chemical shift of HA in 4 is 0.47 ppm 
doimfield from that in 2. The very low JAB suggests 
a preference for one of the gauche conformers. The 
strong Sch ir band (CS2 solution) suggests that the 
major conformer is Eg2- X-Ray structures of certain 
ieri-butyl compounds by Altona and Faber have shown 
that the bond to the ieri-butyl group is quite long com
pared to the normal C-C .single bond.26 Of greater 
importance is the spreading of the C -C -C (CH 3)3 
bond angle, which also tends to minimize the steric 
interactions of the ieri-butyl group with other large 
groups.26’27

In erythro-4, the hydrogen at C2 (structure c) would 
be expected to move toward Ci as the C -C -C (CH 3)3 
angle spreads.26 In conformation EG2, this inward 
motion would be relatively facile since the hydrogen 
in question would approach the two smallest groups 
substituted at Ci, namely hydrogen and chlorine. In 
conformer ET, which is less highly populated, the hy
drogen at C2 would approach methyl and chlorine upon 
moving inward, which should be more difficult. This 
deformation of the ethanic backbone would probably 
lead to abnormally low coupling constants, as, in fact, 
are observed for many ieri-butyl compounds (c/. 
threo-4). Deviation of dihedral angles from 60°, 
which is an idealized value, seldom found, may also be 
quite pronounced in 4 in order that the most comfort
able fit of groups may be achieved. This would also 
tend to lower the observed coupling constant.

h 3(
H3 \  s * '

- 3

c " ” V<Ü ' ' c ^ " C'\ S H
c h 3 I Cl

c
The underlying causes for the conformations of 

compounds having the threo configuration is harder to 
evaluate, since these conformations frequently are the 
result of a balance between opposing effects, threo-1
(R ' =  CH3) shows a very low value for JAB (3.2 Hz) 
that is consistent with a preference for TGi and/or 
T® .28 The analogous dichloride show's a similarly

(25) F . A . B ov ey , “ N uclear M agn etic  R eson ance S p ectroscop y ,”  A ca 
dem ic Press, N ew  Y ork , N . Y .,  1969, p p  6 6 -7 0 . T h e  referee suggests that 
the effect o f  the n itro group  or C - C  bon d  anisotropies are altern ative ways 
o f  explaining the shielding effect.

(26) C . A lton a  and D . Faber, C h e m . C o m m u n ., 1210 (1971).
(27) C . K in gsb u ry  and D . C . Best, J . O r g . C h e m ., 32, 6 (1967). This 

paper states on  the basis o f  13C —H couplin g constants th at angle spreading 
p rob a b ly  was n ot im p ortan t on the basis o f  “ norm al”  13C —H  couplin g con 
stants. T h e  Ji3c-H values are no longer considered to  be conclu sive.

(28) T h e  referee requested studies on  cy c lic  m olecules in order to  m ore 
closely  define the effects th at determ ine con form ation . A d d ition  o f  2,4- 
d in itrobenzenesulfenyl ch loride to  cyc lic  alkenes yields trans adducts, which 
are analogous to  the threo diastereom ers discussed above. W e  were un
successfu l in the synthesis o f  cis cy c lic  ch loro  sulfides. A d d ition  o f  the 
su lfen yl ch loride to  4 - (l ,l-d im e th y lp ro p y l)cy c lo h e x e n e  gave  a m ixture o f 
6 and 7 w hich resisted separation. I t  was possible  to  d ecou p le  H a from  all 
protons excep t H b . U nder these conditions, one com pou n d , presum ably  
7 , show ed a line separation  for H a th at was independent o f  the exact de
couplin g frequency. This line separation  (2.1 H z) is p rob a b ly  close to  the 
true couplin g constant for gauche (equ atoria l-equ atoria l) hydrogens [see 
E. G arbisch , Jr., and M . G riffith, J . A m e r .  C h e m . S o c . ,  90, 6543 (1968)]. 
T h e  spectrum  o f the other com p ou n d  cou ld  n o t  be adeq u ately  decoupled, 
bu t it was clear th at J ab m ust be o f  sim ilar m agnitude. T h e  con form ationally  
m obile  com pou n d , 8, w hich is analogous to  t h r e o -1 ,  show ed a J ab o f  7.2 H z. 
T h e  d ifference betw een th r e o -1  (J ab — 3.2 H z) and 8 is partly  due to  the fact 
that one con form er having a low  couplin g constant, i . e . ,  T q i, is im possible

low coupling constant. The dipole moment of the 
dichloride29 indicates that the conformer with gauche 
chlorines, i.e., TGi, is quite important. However, for 
threo-1, the ir spectrum shows a sizable SHs absorption, 
which suggests that TG2 is preferred. Oxidation of 
threo-1 gave a sulfone having a JAB of 4.7 Hz. This 
higher value for JAB suggests that T t has become more 
important, probably because the bulkiest groups 
(Ar-S02 and CH3) are trans in this conformer. How'- 
ever, it is surprising that T t is not the major conformer. 
erythro- and threo-1 and their respective sulfones22 
are an unusual class of compounds in that a preference 
exists in both isomers for a conformer having gauche 
hydrogens (c/. Allinger’s rationale).24b

for the cy c lic  com pou n d . M ore  im portan t, the other con form er h aving a 
low  couplin g constant, T gs, is less probab le  for the cy c lic  com pou n d  because 
C l and S -A r  are axial. E ach  o f  these axial groups is gauche to  tw o  carbon  
atom s, whereas if th r e o -1  popu lates T g2, C l and »S-Ar are each gauche to  bu t 
one carbon  atom .

Slight deviations from  dihedral angles o f  60° are com m on  so th a t co m 
pounds m ay  ach ieve the m ost com fortab le  fit o f  g rou ps.24 These d ev iation s 
are very  likely  quite different in cy c lic  and acyc lic  com pou n ds. T h us, 
in T g 2 repulsions betw een  R  and R '  w ould tend  to  force  these g rou ps apart 
in a cy c lic  m olecules, b u t in cyclohexanes these “ groups”  m ove  tow a rd  one 
another because o f  a slight flattening o f  the ring. Thus, a rigid, cy c lic  m ole
cule is n ot necessarily a good  m odel for an acyc lic  system .

H ow ever, the cyc lic  m olecule 9 , mp 157°, show s a  J ab value (3.2 H z) 
that is s m a l l e r  than that o f  its open-chain  analog, th r e o -2. T h e preference 
for 9 over 9 '  stron gly  suggests that the C l—S -A r  interaction  can n ot be strongly  
a ttractive  and is p rob a b ly  repulsive. I f  a lim iting value o f c a .  12 H z is as
sum ed for a con form er having pu rely  trans vicinal hydrogens, the con form a 
tional equilibrium  m ay be calcu lated to  be roughly  8 5 %  9 and 1 5 %  9 '.  
Using H irsch ’s “ best values”  for con form ational energies [ T o p .  S t e r e o c h e m .,  
1, 199 (1967 )], and assum ing no in teraction  o f  C l and S -A r , the equ ilibrium  
m ixture is calcu lated  to  be roughly  7 0%  9 and 3 0 %  9 '.  T h e  greater prefer
ence for 9 over 9 ' that is observed m ay lie ascribed to  a rough ly  0 .5 -k ca l 
repulsion o f  gauche C l and S -A r  groups.

A n attem pt was m ade to  synthesize a com pou n d , i . e . ,  10, in w hich C l and 
S -A r  w ould be  alm ost com plete ly  equatorial. In  sp ite  o f  the 1 ,3-diaxial 
in teraction  present in 1 0 ', this conform er is substantially  popu lated  as show n 
b y  the fairly low  J ab value o f  10.8 H z. C om pou n d  11 was synthesized  to  
serve as an ana log  o f  ih r e o -Z . A  J ab value o f  7.6 H z was observed , w hich also 
suggests th at 1 1 ' has a surprisingly large popu lation  ( c a .  4 0 % ) .  Thus, not 
on ly  does chlorine readily tolerate an axial con form ation  [E. L . E liel and R . 
H aber, J . A m e r .  C h e m . S o c . ,  81, 1249 (1959)], bu t 1,3-diaxial interactions 
betw een chlorine and m ethyl groups appear to  be m uch less repulsive than 
m eth y l-m eth y l interactions in these particu lar cases.

n ir
(29) A . L. M cC lellan , “ T ables o f  Experim ental D ipole  M om en ts ,”  W . H . 

Freem an, San Francisco, C alif., 1963, p 251.
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T able II
Infrared Bands of Sulfide Chlorides 1-4 in CS2 Solution and as a KBr Pellet

Cl SAr
I IR—CH—CH—R'

Compound R R ' S 'hh (632)“ S " hh (685) Sch (666) See (742) SH3 (700) Ses (765)
erythro-l CH, c h 3 b 653, m b 711, m b

(b) (666, m) (b) (704, m) (b)
threo- 1 c h 3 c h 3 b 658, m b 708, m b

(613 w) (&) (667, m) (b) (716, s) (b)
erythro-2 CH3 CH(CH3)2 b 653, s b 711, w, sh b

(&) (669, s) (&) (b)
threo-2 CH3 CH(CHs)2 626, m b 658, s b 708, vw b

(623, s) (6) (664, s) (&) (b)
erythro-3 CH(CH3)2 CH(CHs)2 b (694, sY 650, w, sh d e 758, m*

(b) (696, s)« (663, s) (d) e (755, m)
threo-3 CH(CH3)2 CH(CH3)2 b 692, m ' 667, sh 758, m 710 (w) 780, m

(b) (685, m )e ( e ) («) (783, m)
erythro-4 c h 3 i-c 4h 9 (6) 664, s, sh b b

(b) (663, m) (b) (691, s) (b)
threo-4 c h 3 <-c 4h 9 636, s b 658, w b b

(633, m) (h) (665, s) (b) (6)
“ The figures in parentheses refers to the expected position of the band (± 2 0  c m '1). b Not applicable. c Either superimposed on 

other absorptions or absent. d The assignment of the band at ca. 755 as SCs, not as Sec, is arbitrary. e The assignment of the band at 
ca. 694 as S " hh, not as Shs, is arbitrary.

threo-2 (Jab =  4.2 Hz) shows a stronger preference 
for conformer T t than threo-l.2* An S'Hh ir band is 
apparent for threo-2, which suggests that TG1 has be
come populated. The analogous dichloride strongly 
prefers T gi (Jab = 3.7 Hz; M = 2.4 D ).27

A further increase in the size of the R  group, i.e., 
going to threo-3, results in a still larger value for Jab 
(5.6 Hz). This value is close to the “ averaged cou
pling constant” indicative of no strong conformational 
preference. The ir spectrum also indicates that a 
variety of conformations are populated. The increased 
population of T t in the sequence 1 -► 2 -*■ 3 is unusual, 
since as the alkyl groups increase in size a growing 
preference exists for a conformer in which these groups 
are gauche. Molecular models suggest that the free
dom of motion of the S-Ar group about the S-C and
S-Ar bonds is severely restricted when R ' and R  are 
isopropyl, especially in conformer TGi. Thus, the 
isopropyl groups are most comfortable in TGi, but the
S-Ar is less restricted in Tt, and a mixture of these 
conformers results.30

threo-4 has a very small Jab (1.3 Hz) indicative of a 
preference for one of the conformers having gauche 
hydrogens. The ir spectrum shows a strong S'Hh 
band, consistent with conformer TGi; the extreme size 
of R  appears to be dominate over the preference of
S-Ar for an unrestricted position.

In summary, the ir (Table II) and nmr data are in 
fair agreement. Possible discrepancies have been noted 
for erythro-1 and -2, which points up the need for addi
tional studies of the two methods. No evidence ex
ists for an attractive Cl—S-Ar interaction in these com
pounds, but this interaction is not strongly repulsive.28 
The Br—S-Ar or I— S-Ar interaction, however, may 
be quite different, and it is regretable that compounds 
having these substituents are rather unstable and diffi
cult to study.

Although a preference exists in erythro-1 for a con
former having gauche Cl and S-Ar groups, this prefer

(30) An increase in temperature of ca, 100° led to little or no change in
vicinal coupling constant, which suggests that little difference in energy
exists between the various conformers.

ence probably is not the result of an attractive inter
action between these groups. In the cyclohexane 
system28 and in the threo isomers, no particular ten
dency for having gauche Cl and S-Ar groups was evi
dent. In erythro-1, the preference for a conformer 
with gauche Cl and S-Ar groups probably is the con
sequence of minimized unfavorable interactions in 
these conformer(s). However, in the erythro set of 
compounds, gauche Cl and S-Ar groups are more 
tolerable than gauche Cl-Cl groups. The dichlorides 
show a much stronger preference for conformer ET.

Although it is particularly difficult to pinpoint any 
one factor as strongly conformationally determinative 
in 1-4, the restriction of motion of the S-Ar group 
seems to be fairly important. This was rather unex
pected, since in a cyclohexane system the groups OH, 
OCH3, OAc, and OTs have similar conformational 
preferences, as do SH and S-Ph groups. In the latter 
case, however, the Ph group is gauche to carbon and to 
hydrogen in either of the axial or equatorial conforma
tions of sulfur. In an open chain compound, a greater 
choice of conformation is open to the aromatic group. 
In the S-Ar group of this study, the greater spatial 
requirements of the Ar group because of the ortho 
nitro function are also important.

Experimental Section
Reaction of 2-Butenes with 2,4-Dinitrobenzenesulfenyl Chlo

ride (12).— Into a solution of 12 (7.02 g, 0.03 mol) in dry acetic 
acid (75 ml) at room temperature was bubbled the appropriate 
isomer of 2-butene (frans-2-butene for the erythro adduct and 
cfs-2-butene for the threo adduct). When the gas flow had 
started, the flask was cooled in an ice bath until the product 
solidified. The gas flow was then stopped, the flask corked, and 
the mixture allowed to stand for 2 hr, warming to room temper
ature. The mixture was then heated on the steam bath for 20 
min and removed, and 2-butene again was bubbled into the solu
tion while cooling to solidification. This process was repeated 
two more times. From the reactions were obtained the erythro 
adduct (7.91 g, 90% ) with mp 75.5-76° (recrystallized from 
chloroform-pentane) (lit.16b 76.5-77.5°) and the threo adduct 
(6.44 g, 73% ) with mp 140.3-149.7° (from chloroform-pentane) 
(lit.140128-129°).
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The photolysis of a variety of aromatic thiol esters was investigated in cyclohexane using a 254-nm light 
source. The photochemical reaction proceeds initially by cleavage of the 8-acyl bond, giving rise to the cor
responding aromatic thiyl radical and an acyl radical which sometimes decarbonylates. The resulting radicals 
recombine to give disulfides, sulfides, and hydrocarbons. Acyl radicals which are less prone to decarbonylation 
abstract hydrogen to form aldehydes. No photo-Fries rearrangement and a minor amount of Norrish type II 
cleavage were observed. Sulfide formation appears to be intermolecular.

We found that the photolysis of 4-tolyl thiolacetate 
gave 4-tolyl disulfide and methyl 4-tolyl sulfide but 
no 4-toluenethiol nor any photo-Fries rearrangement.2 
Subsequently, Bradshaw and coworkers3 reported the 
major products of the photolysis of phenyl thiolacetate 
to be phenyl disulfide, methyl phenyl sulfide, and thio- 
phenol, which arises from secondary photolysis of phenyl 
disulfide without the intervention of solvent,4 plus 
minor amounts of the corresponding photo-Fries prod
ucts.

The purpose of this paper is to report the photochem
istry of several aryl thiol esters in an effort to uncover 
partially the nature of the excited state responsible 
for the photoreaction, to discover whether or not 
sulfide formation is intramolecular, and to explain the 
lack of photo-Fries rearrangement in thiol esters.

Results

Irradiation of approximately 1% solutions of 4- 
substituted phenyl thiolacetates 1 in cyclohexane for 
3 hr using a 254-nm light source produced the cor
responding diphenyl disulfides 2 and methyl phenyl 
sulfides 3 as shown in Scheme I. In no case were the

Scheme I

jür V  ~  j§rs-
X •A T

la, X =  CHj 2a, 77% 3a, 7%
b, X =  (CHAN
c, X =  NO,

b, 77%
c, 90%

b, 7%
c, 8%

4-substituted thiophenol or the photo-Fries rearrange
ment products found, a result which is in striking con
trast to the reported photolysis of phenyl thiolacetate.3 
While esters la  and lb  were 75 and 78% photolyzed 
after 3 hr, the nitro ester lc  was only 47% gone be
cause precipitation of the disulfide 2c coated the vessel 
wall.

Irradiation of I'-tolyl thiol-4-phenylbutyrate (4) 
with 254-nm light in cyclohexane solution (Scheme 
II) gave propylbenzene (5), styrene (6), 4-toluenethiol 
(7), 4-phenylbutanal (8), 3-phenylpropyl 4 ,-tolyl sul
fide (9), 4-tolyl disulfide (2a), and a trace of 4-tolyl 
thiolacetate (la). Clearly, the Norrish type II reac
tion is relatively inefficient as compared to cleavage 
of the S-acyl bond.

(1) Sum m er F a cu lty  R esearch  F ellow , M ia m i U n iversity , 1971.
(2) J. R . G runw ell, C h e m . C o m m u n . ,  1437 (1969).
(3) E . L . L overidge, B . R . B eck , and J. S. B radshaw , J .  O r g . C h e m .,  36, 

221 (1971).
(4) Y .  Schoafsm a, A . F. B ickel, and E . Y . K ooym a n , T e t r a h e d r o n , 10, 

76 (1960).

To determine whether or not sulfide formation is 
intramolecular, photolysis of the esters phenyl 4- 
toluenethiolacetate (10) and 4'-tolyl benzenethiolace- 
tate (11) was examined (Table I) because the expected

T able 1“
Product Y ields for hv of E sters 10 and 11

h v  of h v  of
A riS C - A r2SC -

( = 0 ) C H 2 -  ( = 0 ) C H j- h v  o f
P rodu cts A r2 A n 10 +  11

(AnCIBh 12 28 6
(Ar2CH2)2 14 18 3
Ar,CH2CH2Ar2 22 2

(AitS)2 16 25 16
(At2S)2 2a 35 40
AriSSAr2 23 5
AnCHsSAr, 13 13 5
Ar2CH2SAir IS 3 2

AnCH2SAiT 20 6

Ar2CH2SAr2 21 11

Ar2CH3 17 8
AriSH 18 18
H Ar2

\  /
C==C 19 19

/  \
Ar2 H

Yields are given in per cent ; Ar, = C6H5; Ar2 = 4-CH3C6H,

acyl radicals readily decarbonylate. The photolysis 
of 10 gave 1,2-diphenylethane (12), benzyl 4-tolyl 
sulfide (13), and the disulfide 2a. Thiol ester 11 formed 
not only l,2-di(4'-tolyl)ethane (14), 4-tolyl phenyl 
sulfide (15), and diphenyl disulfide (16), but also 4- 
xylene (17), thiophenol (18), and ¿rans-4,4'-dimethyl- 
stilbene (19). After 3 hr the esters 10 and 11 have 
photolyzed 85 and 87%, respectively. However, when 
an equimolar solution of 10 and 11 was photolyzed for
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3 hr in cyclohexane, 10 disappeared about twice as 
fast as 11. In addition to products 12-16, the mixed 
sulfides 20 and 21, the mixed hydrocarbon 22, and the 
mixed disulfide 23 were also formed. Sulfide formation 
appears to be intermolecular for these esters. Laar- 
hoven and coworkers have shown that benzyl sulfides 
photodissociate to benzyl and thiyl radicals.5a,b How
ever, this reaction is slower than the photodissociation 
of the thiol esters. For instance, the sulfide 15 
disappeared 40% after 3 hr of photolysis under iden
tical conditions as 10 and 11.60 Therefore, the “ cross” 
sulfides arise only partially from secondary photolysis 
of 13 and 15. The product ratios for the photolysis 
of 10 and 11 are shown in Table II and are all be-

T able II 
Product R atios

P rodu ct R a tio

10/11 2.22
12/14 2.00
2a/16 2.48
13/15 2.50
21/20 1.88

tween 2 and 2.5, while the ratio 10/11 = 2.22 for the 
disappearance of 10 and 11.

Another series of experiments which has bearing on 
the intramolecularity of sulfide formation is sum
marized in Table III. When 4-tolyl thiolacetate

T able III“
Photolysis of Arylthiol Ester with Arylthiol

A r ,S C (= 0 ) C H ! A r ,S C ( = 0 ) C H 3
la 24
+ +

A r,SH A r,S H
C om pd 18 7

AriSH 18 4 8
Ar2SH 7 5 6
AnSCOCHs 24 3 28
Ar2SCOCH3 la 9 11
AnSCH, 25 5 0
Ar2SCH3 3a <1 0
(AnS)2 16 32 4
(Ar2S)2 2a 14 22
AnSSAr2 23 16 9
AnS-c-CeHu 27 2 <1
Ar2S-c-C„H,i 26 1 2

“ Yields are given in per cent; Art = C6H; ; Ar2 =  4-CH3C3H4.

(la) and an equimolar amount of thiophenol (18) dis
solved in cyclohexane were photolyzed for 3 hr, phenyl 
thiolacetate (24), methyl phenyl sulfide (25), and 4- 
tolenethiol (7) in addition to the disulfides 16, 2a, and 
23 were formed. Unfortunately, we were unable to 
observe the photo-Fries products.

When phenyl thiolacetate (24) and 4-toluenethiol 
(7) were photolyzed, the ester la  was formed in addition 
to the other products with the exception of the sul
fides 3a and 25. The formation of methyl phenyl 
sulfide (25) from la  and 18 does not arise from second
ary photolysis of 24, since we found more 25 than 24, 
and at no time does the sulfide 25 exceed the amount 
of ester 24 when 24 is irradiated in the absence of the

(5 ) (a) W . H . L aarhoven and T h . J. H . M . C u ppen, T e tr a h e d r o n  L e t t . ,  
41, 5003 (1966); (b ) W . H . Laarhoven , T h . J. H . M . C u ppen , and  R . J. F.
N ivard , R e e l .  T r a v .  C h im . P a y s - B a s ,  86, 821 (1967 ); (c) D . L . F oerst and
J. R . G runw ell, unpublished results.

thiol 7, as shown by Bradshaw.3 Therefore, sulfide 
formation appears to be intermolecular. Further, 
the acetyl radical has sufficient stability and lifetime 
to diffuse away from its original partner and then com
bine with another thiyl radical to generate a new ester. 
It seems possible that the photo-Fries rearrangement 
observed by Bradshaw may be intermolecular.

Discussion

The products of the photolyses seem best accounted 
for by homolytic cleavage of the S-acyl bond of the 
excited thiol ester followed by a series of dark reac
tions typical of the radicals produced. The pro
posed mechanism is summarized in Scheme III. The

Scheme III
O O
'I hr II

ArSCR ArS- +  RC- (1)

2ArS- ArS-SAr (2)
hv

0
II

RC- — *■ R- +  C = 0  (3)

ArS- +  R- =«=*= ArSR (4)
hv

ArS- +  ( ^ }  — ► ArSH +  ( ^ )  (5)

O 0
II II

ArSH +  RC- — ► RCH +  ArS- (6)

ArS- + Q r  -  Q T SAr

ArSH 4- R- — *• RH +  ArS- (8)

2R- — > R -R  (9)

acyl radical is reduced to the corresponding aldehyde 
but will decarbonylate when the resulting radical 
is stabilized by a phenyl group. The acyl radical 
also reacts with the thiyl radical chiefly at sulfur, 
since the spin density of an aryl thiyl radical is largely 
localized on sulfur according to esr measurements.5 6

The observed Norrish II cleavage7 is inefficient as 
compared to the a cleavage of the S-acyl bonds. There 
is much less 4-tolyl thiolacetate than styrene. Two 
explanations are possible: (1) the concentration of
the ester la  is reduced by secondary photolysis; or
(2) most of the styrene is formed from a Norrish II 
cleavage of the phenylaldehyde 8. The first hypoth
esis is unlikely, since the sulfide 3a is not found. The 
second explanation seems plausible, since aldehydes 
are known to undergo Norrish II cleavage.7 The in
efficient Norrish II reaction of the phenylthiobutyrate 
ester 4 is mirrored by the lack of the corresponding 
McLafferty rearrangement in the mass spectrum of 4.

The lack of a photo-Fries rearrangement for 4-sub- 
stituted phenyl thiyl radicals is not strictly due to 
localization of spin on sulfur, since phenyl thiyl radical 
gives some photo-Fries products. Electron-donating 
and -withdrawing substituents will stabilize benzyl

(6) V . Schm idt, “ O rganosulfur C h em istry ,”  M . J. Janssen, E d ., In te r 
science, N ew  Y ork , N . Y . ,  1967, p  86.

(7) P . J. W agner, A c c o u n t s  C h e m . R e s . ,  4 , 168 (1971).
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radicals by delocalization, and therefore it seems prob
able that what spin density is localized on the ortho 
position is diminished by the para substituent, thus 
rendering the ortho position of the thiyl radical un- 
reactive.

While it seems likely that the photo-Fries rearrange
ment occurs by a radical mechanism,8 the possibility 
exists that rearrangement proceeds through an in
timate contact 1,3-sigmatropic change of order;9 i.e., 
the acyl group remains bonded to the rest of the mole
cule during rearrangement. If structures of the quin- 
oid type such as 28 were important in the excited state

28

of 4-substituted (electron-donating substituents) as 
proposed by Cilento10 and Baliah,11 then the photo- 
Fries rearrangement would be hindered, since the phenyl 
and acyl groups would be coplanar. However, we 
can find no evidence which establishes the importance 
of 28 in the excited state of phenyl thiolacetates.12 
Therefore we prefer the explanation based on a free- 
radical mechanism.

Experimental Section
Boiling and melting points are uncorrected. All uv spectra 

were recorded on a Cary 14 spectrophotometer, ir spectra on a 
Perkin-Elmer 237 spectrophotometer, nmr spectra on a Jeolco 
C-60H spectrometer, and mass spectra on a Hitachi RMU-6 
spectrometer. Gas chromatograms were obtained from a Hew
lett-Packard 700 chromatograph equipped with a 4-ft 10% Carbo- 
wax 20M (Chromosorb P ), a6-ft 10% Carbowax 20M (Chromo- 
sorb W ), or a 6-ft 15% SE-30 (Chromosorb P) column. Micro
analyses were performed by Galbraith Laboratories, Inc. Cyclo
hexane was purified by washing with 18 N  sulfuric acid and then 
distilled water followed by distillation from barium oxide. Ace
tonitrile and 1,4-dioxane were Matheson spectroquality reagents. 
All photolysis experiments were conducted in a Rayonet photo
chemical reactor equipped with 2537-A mercury vapor lamps. 
All photochemical yields are based on the amount of ester which 
has disappeared.

4-Tolyl Thiolacetate (la).— From acetyl chloride, 70.0 g 
(0.90 mol), 107.0 g (0.86 mol) of 4-toluenethiol, and 110.0 g of 
triethylamine, there was obtained 120.0 g (85%) of la: bp 122° 
(10 mm) [lit.13 bp 120° (11 mm )]; ir (neat) 3490 (w), 3020 (w), 
2910 (w), 2860 (w), 1710 (s), 1590 (w), 1490 (w), 1350 (m), 1120 
(s), 1090 (m), 1020 (m), 950 (m), and 910 cm “ 1 (s); uv max 
(cyclohexane) 233 npi (e 12,000); mass spectrum (80 eV) m/e 
(rel intensity) 166 (3), 124 (61), 123 (21), 91 (32), and 43 (100).

Photolysis of la.— Oxygen was removed from a solution of 3.0 g 
(0.0018 mol) of la in 600 ml of cyclohexane by bubbling dry 
prepurified Ns gas into the solution, which was irradiated for 10 hr 
and evaporated to give 2.39 g of a residue which was a mixture of 
la, 2a, and 3a. Yields of 2 a and 3a were determined using n- 
hexadecane as internal standard on glpc. 2 a14 15 (77% ) had ir 
(KBr) 2917 (m), 1491 (s), 1085 (m), and 805 cm -1 (s); mass 
spectrum (80 eV) mle (rel intensity) 246 (52), 124 (31), 123 (100), 
91 (47), and 45 (59). 3a16 (7% ) had ir (neat) 3022 (w), 2917 (s), 
1498 (s), 1443 (s), 1099 (s), 810 (s), 729 (w), and 709 cm“ 1 (w); 
mass spectrum (80 eV) m/e (rel intensity) 138 (100), 137 (19), 
123 (36), 91 (16), and45 (43).

4-A:,Á-Dimethylaminophenyl Thiolacetate (lb ).— A solution of

(8) H . K obsa , J .  O r g . C h e m ..  27, 2293 (1962).
(9) M . R .  Sandner, E .  H edaya, and D . J. T recker, J .  A m e r .  C h e m . S o c . ,  

90, 7249 (1968).
(10) G . C ilen to , C h e m . R e v . ,  60, 147 (1960).
(11) V . B aliah  and R . G an apath y , J .  I n d i a n  C h e m . S o c . ,  40 , 1 (1963).
(12) J. R . G runw ell and S. I . H anhan, unpublished  results.
(13) V . Baliah and K . G anapathy , T r a n s .  F a r a d a y  S o c . ,  59, 1784 (1963).
(14) S. K u b o ta  and T . O kita, Y a k u g a k u  Z a s s h i ,  81, 507 (1959).
(15) C . M . Suter and H . L . H ansen, J .  A m e r .  C h e m . S o c . ,  54, 4100 (1932).

2b (5 g, 0.017 mol), 20 ml of acetic anhydride, and 20 ml of acetic 
acid was refluxed for 3 hr over 5 g of Zn and gave white crystals 
(recrystallized from EtOH): 4.3 g (67% ); mp 81° (lit.11 mp 
80-81°); ir (KBr) 2884 (s), 1691 (s), 1597 (s), and 637 cm “ 1 (s); 
uv max (cyclohexane) 270 m/t (e 26,000); mass spectrum (80 eV) 
m/e (rel intensity) 195 (32), 154 (13), 153 (100), 152 (90), and 120 
(39).

Photolysis of lb.— A deoxygenated solution of 0.237 g (0.0012 
mol) of lb in 15 ml of cyclohexane was irradiated for 3 hr to give a 
mixture of lb, 2b, and 3b. The yield of 3b was determined by 
glpc using benzyl tolyl sulfide as internal standard. 3b16 (7% ) 
had mass spectrum (80 eV) m/e (rel intensity) 167 (52), 166 (29), 
153 (14), 152 (100), 151 (61), and 45 (29). The mixture was 
triturated with ethanol and the yellow precipitate isolated was 2b: 
0.11 g (77% ); mp 117° (lit.17 mp 118?); ir (KBr) 2895 (m), 1579 
(s), 1359 (s), and 808 cm “ 1 (s); mass spectrum (80 eV) m/e (rel 
intensity) 304 (8), 273 (36), 254 (10), 240 (30), 154 (13), 153 
(94), 152 (100), 136 (30), and 120 (38).

4-Nitrophenyl Thiolacetate (lc) . 18— Acetic anhydride (16.5 g, 
0.16 mol) was added to 25 g (0.16 mol) of 4-nitrothiophenol to
gether with 5 drops of triethylamine. After 5 hr the yellow 
solid was recrystallized (50:50 NCeHu-THF) to 12 g (48% ) of lc: 
mp 76-78°; ir (KBr) 3116 (m), 1716 (s), 1607 (s), 1480 (m), 1405 
(m), and 747 cm “ 1 (s); uv max (cyclohexane) 285 mu (e 11,000) 
and 227 (5600); mass spectrum (80 eV) m/e (rel intensity) 197 
(48), 156 (10), 155 (77), 139 (40), 125 (87), 43 (61), and 42 (60).

Photolysis of lc.— A deoxygenated solution of 0.0213 g (0.108 
mmol) of lc in 15 ml of cyclohexane was irradiated for 3 hr. The 
disulfide 2c precipitated to give 0.0070 g (90% ): mp 176-178° 
(lit.19 mp 179-181°); ir (KBr) 1575 (m), 1490 (s), 1450 (m), 1330 
(s), 850 (s), and 730 cm “ 1 (s). The solution was evaporated 
and analyzed on glpc, which showed the sulfide 3c (8% ) (lit.20 
mp 72°): mass spectrum (70 eV) m/e (rel intensity) 153 (100), 
152 (93), 137 (30), 120 (64), and 109 (20).

4'-Tolyl Thiol-4-phenylbutyrate (4).— 4-Phenylbutyryl chlo
ride21 (29) was prepared from thionyl chloride and 4-phenyl- 
butanoic acid. A solution of 14.8 g (0.0815 mol) of 29 in 100 ml 
of dry ether was added to a solution of 10.1 g (0.0815 mol) of 7 
and 6.4 g (0.0815 mol) of pyridine in 250 ml of ether maintained 
at 0°. The ether was washed (5%  HC1, H2O), dried (MgSCfi), 
filtered, and evaporated. The distilled residue was the ester 
4: 17.6 g (80% ); bp 187° (5 mm); ir (CCb) 3030 (s), 2930 (s), 
1705 (s), 1450 (s), and 1160 cm “ 1 (s); nmr 5 2.13 (quintet, 2, 
J  =  7.0 Hz), 2.40 (s, 3), 2.60 (t, 4, /  =  7.0 Hz), and 7.22 (s, 9); 
mass spectrum (70 eV) m/e (rel intensity) 270 (10), 147 (75), 
124 (24), 123 (10), 91 (100), and 77 (10).

Anal. Calcd for C„H iSOS: C, 75.51; H, 6.71; S, 11.86. 
Found: C, 75.51; H, 6.75; S, 12.06.

Photolysis of 4.— A deoxygenated solution of 4 (0.119 g, 0.436 
mmol) in 15 ml of cyclohexane was irradiated for 3 hr and then 
evaporated to give a residue which was analyzed with glpc using 
triphenylmethane as internal standard. The residue contained 5 
(6% ), 6 (9% ), 7 (7% ), 822 (36% ), 2a (75% ), and 9 (2% ). The 
compounds 5, 6 , 7, 8 , and 2a were identified by comparison of 
mass spectral data with those of authentic samples. 5 had mass 
spectrum (70 eV) m/e (rel intensity) 120 (19), 118 (13), 117 (17), 
and 91 (100); 6,104(100), 103 (41), and 78 (31); 7,124 (100), 91
(26), and 78 (32); 8, 148 (5), 104 (100), and 91 (53). The sulfide 
9 and 2a were not separable on glpc but the yield of 9 was esti
mated from mass spectral analysis.

3-Phenylpropyl 4'-Tolyl Sulfide (9).— A solution of 10.7 g 
(0.054 mol) of 3-bromopropylbenzene in 80 ml of ethanol was 
added to a solution of 3.03 g (0.054 mol) of KOH and 6.7 g (0.054 
mol) of 7 in 175 ml of EtOH at 0°. The mixture was stirred 
overnight and filtered and the filtrate was evaporated to give a 
residue which was dissolved in ether and washed (5%  HC1, H2O), 
dried (MgSO<), filtered, and evaporated. The residue was dis-

(16) H . G ilm an  and F . J. W ebb , J .  A m e r .  C h e m . S o c . ,  71, 4062 (1949).
(17) V . M erz and W . W eith , B e r . ,  19, 1579 (1886).
(18) M . N akajim a, B . Sekine, T . O uchi, and K . Y am an ka, Japanese 

P aten t 8996 (1963).
(19) H . R . A l-K azim i, D . S. T arbell, an d  D . P lant, J .  A m e r .  C h e m . S o c . ,  

77, 2479 (1955).
(20) W . R .  W aldron  and E . E . R e id , J .  A m e r .  C h e m . S o c . ,  45, 2399 

(1923).
(21) W . B . W righ t, Jr., H . J. B rabander, and R . A . H ardy , J .  O r g . C h e m .,  

26, 485 (1961).
(22) W . D . K um ler, L . A . Strait, and E . L. A lpen , J .  A m e r .  C h e m . S o c . ,  

72, 1463 (1950).
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tilled to give an oil 9: 10.2 g (78% ); bp 150° (0.18 mm); ir
(CCh) 3070 (s), 2900 (s), 1600 (m), 1480 (s), and 1430 cm “ 1 (s); 
nmr 8 1.95 (quintet, 2, J  =  7.0 Hz), 2.27 (s, 3), 2.75 (t, 4, J =
7.0 Hz), 7.07 (s, 4), 7.15 (s, 5); mass spectrum (70 eV) m/e (rel 
intensity) 242 (33), 137 (10), 124 (91), 91 (100), and 77 (18).

Anal. Calcd for C i6H18S: C, 79.31; H, 7.49; S, 13.20. 
Found: C, 79.38; H, 7.56; S, 12.81.

Phenyl 4-Toluenethiolacetate (10).— To an ethereal solution of
7.04 g (0.05 mol) of 7 and 5.8 g of EtsN at 0° was added 8.81 g 
(0.057 mol) of phenylacetyl chloride to give 10.4 g (80% ) of 10: 
mp 60-62° (lit.23 mp 59-61°); ir (CCh) 3030 (s), 2920 (m), 1700 
(s), 1600 (m), 1480 (s), and 1460 cm-1 (s); nmr (CC14) 8 2.43 
(s, 3), 3.85 (s, 2), 7.25 (s, 4), and 7.35 (s, 5); mass spectrum (70 
eV )m /e (rel intensity) 242 (7), 124 (42), 118 (100), and 91 (93).

Photolysis of 10.— A deoxygenated solution of 0.142 g (0.59 
mmol) of 10 in 15 ml of cyclohexane was irradiated for 3 hr and 
then evaporated, and the residue was analyzed in glpc with tri- 
phenylmethane was internal standard. The mixture contained 
12 (28% ), 13 (13% ), and 2a (35% ). The compounds were 
identified by mass spectrometry: 12, mass spectrum (70 eV) m/e
(rel intensity) 182 (53), 91 (100), and 77 (17); 13, mp 65-66° 
(lit.24 mp 64-66°), mass spectrum (70 eV) m/e (rel intensity) 200
(19), 109 (6), and 91 (100).

4'-Tolyl Benzenethiolacetate (11).— The ester 11 was pre
pared by a similar procedure as reported for 10. We obtained
3.3 g (20%) of 11: mp 35-37° (lit.23 mp 36-37°); ir (CC1,) 3050 
(m), 2950 (s), 1710 (s), 1475 (s), and 1415 cm -1 (s); nmr (CC14) 8 
2.43 (s, 3), 3.85 (s, 2), 7.17 (s, 5), and 7.37 (s, 4); mass spectrum 
(70 eV) m /e (rel intensity) 242 (3), 133 (9), 110 (5), 109 (9), 105 
(100), and 77 (13).

Photolysis of 11.— A deoxygenated solution of 0.151 g (0.62 
mmol) of 11 in 15 ml of cyclohexane was irradiated for 3 hr and 
evaporated to give a residue which was analyzed by glpc with 
triphenylmethane as standard. The residue contained 14 (18%), 
1524 (3% ), 16 (25% ), 17 (8% ), 18 (11%), and 19“  (7% ). The 
products were identified by mass spectrometry. 14 had mass 
spectrum (70 eV) m/e (rel intensity) 210 (16), 105 (100), 79 (10), 
and 77 (12); 15 had mass spectrum (70 eV) m /e (rel intensity) 214
(15), 109 (5), 105 (100), and 77 (12); 16 had mass spectrum (70 
eV) m/e (rel intensity) 218 (77), 109 (100), and 77 (25); 17 had 
mass spectrum (70 eV) m/e (rel intensity) 106 (48), 105 (25), 91 
(100) and 77 (14); 18 had mass spectrum (70 eV) m /e (rel in-

(23) J. M orgenstern  and R . M ayer, Z. C h e m .,  8, 146 (1968).
(24) R . F . B rooks, N . G . C lark, J. E . Cranshaw , D . G reen w ood , J . R . 

M arshall, and H . A . Stevenson, J .  S c i .  F o o d  A g r ., 9 , 111 (1958).
(25) R . N . Sieber, J u s t u s  L i e b i g s  A n n .  C h e m .,  780, 31 (1969).

tensity) 110 (100), 109 (31), 84 (23), and 77 (21); 19 had mass 
spectrum (70 eV) m/e (rel intensity) 208 (100), 178 (61), and 91
(17).

Photolysis of 10 and 11.— A solution of 0.076 g (0.31 mmol) of 
10 and 11 in 15 ml of cyclohexane was irradiated for 3 hr and 
evaporated to give a residue which was analyzed on glpc. The 
mixture contained 12 (6% ), 14 (3% ), 22 (2% ), 13 (5% ), 15 
(2% ), 2026 27 (6% ), 2124 (11%), 16 (16%), 3a (40% ), and 2321 (5% ). 
The products were identified by mass spectrometry. 20 had 
mass spectrum (70 eV) m/e (rel intensity) 200 (19), 109 (6), 91 
(100), and 77 (4); 21 had mass spectrum (70 eV) m /e (rel in
tensity) 228 (65), 123 (17), 105 (100), 91 (21), 79 (51), and 77 
(56).

Photolysis of 18 and la .— A deoxygenated solution of 0.14 g 
(1.3 mmol) of 18 and 0.22 g (1.3 mmol) of la in 15 ml of cyclo
hexane was irradiated for 3 hr, evaporated, and analyzed using 
glpc with p-xylene as standard. The mixture contained 7 (5% ), 
18 (4% ), 3a (1% ), 25 (5% ), la (9% ), 24 (3% ), 16 (32% ), 2a 
(14% ), 23 (16%), 26 (2% ), and 27 (1% ). The products were 
identified by mass spectrometry. 2628 had mass spectrum (70 
eV) m/e (rel intensity) 192 (23), 110 (100), 109 (16), and 83 (14); 
and 2728 had mass spectrum (70 eV) m/e (rel intensity) 206 (20), 
124(100), and 91 (56).

Photolysis of 7 and 24.— A solution of 0.19 g (1.5 mmol) of 7 
and 0.22 g (1.5 mmol) of 24 was photolyzed and analyzed in the 
same way as 18 and la. The mixture contained 7 (6% ), 18 
(8% ), la" (11%), 24 (28%), 16 (4% ), 2a (22% ), 23 (9% ), 26 
(1% ), and 27 (2% ).

Phenyl Thiolacetate (24).— The ester 24 was prepared by a 
method similar to that for lc. We obtained 8.6 g (57% ): bp 
110-111° (11 mm) [lit.13 bp 91° (7 m m )]; mass spectrum (80 eV) 
m /e (rel intensity) 152 (33), 110 (91), 109 (53), 77 (16), and 43 
(100). Other spectral data are the same as reported by others.3'13

Registry No.—la, 10436-83-6; lb, 14297-63-3; lc, 
15119-62-7; 2a, 103-19-5; 2b, 5397-29-5; 3a, 623-13-2; 
3b, 2388-51-4; 4,38644-96-1; 7,106-45-6; 9, 38644-
97-2; 10, 38644-98-3; 11, 18241-65-1; 18, 108-98-5; 
14, 934-87-2; 4-phenylbutyryl chloride, 18496-54-3;
3-bromopropylbenzene, 637-59-2.

(26) E . A . L eh to  and D . A . Shirley, J .  O r g . C h e m .,  22, 989 (1957).
(27) A . B . Sullivan and K . B ou sta n y , I n t .  J .  S u l f u r  C h e m .,  P a r t  A ,  1, 

121 (1971).
(28) J. I . Cuneen, J .  C h e m . S o c . ,  36 (1947).

Synthesis of Octahydrothiopyrano[3,2-b]thiopyran and Certain Derivatives1
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Octahydrothiopyrano [3,2-6] thiopyran (10a) has been prepared by a multistep synthesis in which the enamine,
3-pyrrolidinothiacyclohex-2-ene (6), served as a key intermediate. The title compound (10a), isolated from a 
liquid mixture of isomeric materials, was obtained as a pure crystalline isomer (mp 68.5-70°) and assigned the 
trans configuration on the basis of nmr spectral parameters. Sodium metaperiodate oxidation of 10a yielded 
a well-defined monosulfoxide (11) which underwent a Pummerer dehydration in acetic anhydride to afford a 
mixture of two isomeric hexahydrothiopyrano[3,2-6]thiopyrans (12a and 12b).

The synergistic interaction of theoretical3 and syn
thetic investigations during the past several years has 
led to an unusual variety of new heterocyclic sulfur 
compounds, of which cyclopenta[c]thiopyran,4 1- 
phenyl-l-thianaphthalene,5 and thienothiapyrylium cat-

(1) B ased in part on the P h .D . dissertation o f  Laurence J. H eitz, Lehigh 
U niversity, 1971. Supported  b y  N ation a l Science F ou n dation  G rant 
G P-8597.

(2) N ationa l D efense E d u ca tion  A ct  Fellow , 1966-1969 ; R esearch  
Assistant, 1969-1971.

(3) R . Zharadriik, A d v a n .  H e t e r o c y c l .  C h e m .,  5, 1 (1965).
(4) A . G . A nderson , Jr., W . F . H arrison, and R . G . A nderson , J .  A m e r .  

C h e m . S o c . ,  85, 3488 (1963).
(5) C . C . Price, M . H ori, T . Parasaran, and M . P olk , i b i d . ,  85, 2278 

(1963).

ions6'7 have been of particular interest as nonclassical 
lO-w-electron systems. Among other novel thia hetero
cycles, whose syntheses have not yet been realized, 
thiopyrano [3,2-6 [thiopyran (1) appeared to be an 
especially attractive goal for synthesis, since this

1
(6) I . D egan i, R . F och i, and G . Spunta, A n n .  C h im . { R o m e ) ,  58, 263 

(1968).
(7) T . E . Y ou n g  and C . R . H am el, J . O r g . C h e m .,  35, 821 (1970).



OCTAHYDROTHIOPYRANO [3,2-6 Jt HIOPYRAN J . Org. Chem . ,  V ol . 38, N o . 8, 1973 1563

structure, although formally iso-x-electronic with the 
somewhat elusive and unstable heptalene,8 is expected 
to have a weakly bonding HOMO and a delocalization 
energy of 2.26 /3.3-9 When a literature search revealed 
that not even the skeletal structure of 1 was known, 
we undertook exploratory syntheses of this bicyclic 
system, and report here a multistep preparation of 
octahydrothiopyrano [3,2-6 Jthiopyran (10a), along with 
some preliminary attempts to dehydrogenate 10a to 1. 
The synthetic sequences investigated are illustrated 
in Scheme I.
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which underwent Dieckmann cyclization with sodium 
methoxide to afford a 57% yield of 2-carbomethoxy- 
thiacyclohexan-3-one (4).10-12 The nmr spectrum of 
this keto ester (4) clearly defined its structure and 
further revealed an enolic proton (OH of 4b) and a 
methinyl proton (2-H of 4a) in a 60:40 ratio, an 
enol: keto ratio which remained virtually unchanged 
on prolonged storage of the compound.

The keto ester 4 reacted with methyl 3-mercapto- 
propionate in the presence of p-toluenesulfonic acid 
with azeotropic separation of water (refluxing benzene) 
to give a 42% yield of 2-carbomethoxy-3-(2-carbo- 
methoxyethylmercapto)thiacyclohex-2-ene (13), which 
exhibited infrared and nmr spectra consistent with the 
assigned structure. In particular, the nmr spectrum 
was devoid of vinyl proton signals, indicating absence 
of the isomeric 3-ene.

The diester 13 was then treated with sodium meth
oxide in an attempted Dieckmann cyclization to the 
bicyclic keto ester 14, which would have functionality 
suitable for introduction of further ring unsaturation. 
However, no detectable cyclization occurred. The 
sole sulfur-containing product isolated was a liquid, 
bp 98° (0.13 mm), exhibiting an nmr spectrum [CC14, 
S 9.48 (s, 1, SH), 3.78 (s, 3, Me), 2.90 (m, 2, CH2), 
2.58 (m, 2, CH2), and 2.08 ppm (m, 2, CH2), the various 
methylene groups not being uniquely assignable] and 
an infrared spectrum [neat, 2520 (SH) and 1730 cm-1 
(C = 0 ) ] consistent with the mercapto ester structure 
15. This product, apparently resulting from a retro- 
Michael reaction of 13, could not be obtained in satis
factory analytical purity even after repeated distilla
tion, hence was of no further immediate interest. We 
therefore turned our attention to the following sequence.

2-Carbomethoxythiacyclohexan-3-one (4) was hy
drolyzed and decarboxylated with 5% sulfuric acid 
solution to give a 73% yield of the previously known 
thiacyclohexan-3-one (5).11 This ketone, on refluxing 
with excess pyrrolidine in benzene under a water 
separator, was converted to 3-pyrrolidinothiacyclohex- 
2-ene (6) in 88% yield. Enamine 6 showed a single 
olefinic absorption in the infrared and an nmr spectrum 
in which a lone vinyl proton appeared as a singlet at 
5 4.39 ppm, thus characterizing the material as a pure 
isomer (6), uncontaminated by the isomeric 3-ene, 
which would have shown its vinyl proton (H-4) as a 
triplet.

Despite the singular structure of this enamine 6, its 
alkylation with ethyl acrylate in dioxane solution af
forded a 53% yield of mixed keto esters 7a and 7b. 
The dominance of the expected isomer, 2-(2-carbeth- 
oxyethyl)thiacyclohexan-3-one (7a), was clearly con
firmed by the nmr spectrum, which showed the 2- 
methinyl proton of 7a as an isolated triplet (J =  7.0 
Hz) centered at 5 3.55 ppm and integrating for ca. 
0.8 proton. The only hint of isomeric impurity was a 
singlet (integration 0.2 proton) at 5 3.35 ppm, assign
able to H-2 of 7b. Glpc analysis confirmed the presence

An initial alkylation of methyl thioglycolate (2) 
with methyl 4-chlorobutyrate gave an 84% yield of 
methyl 4-(carbomethoxymethylmercapto)butyrate (3),

(8) H . J. D auben , Jr., and D . J. Bertelli, J .  A m e r .  C h e m . S o c . ,  83, 4658 
(1961).

(9) R . Zharadhik and C . P ârkânyi, C o l l e c t .  C z e c h . C h e m . C o m m u n . ,  30, 
3016 (1965).

(10) T h e m ethyl esters 3 and 4, quite surprisingly, have not been  prev i
ously reported  (a lthough the corresponding ethyl esters are k n ow n 11) and 
were used here because o f  the availab ility  o f  h igh -quality  com m ercia l sod ium  
m ethoxide and also to  s im plify  the nm r spectra  o f certa in  com pou n ds 
encountered in this series.

(11) E . A . Fehnel, J .  A m e r .  C h e m . S o c . ,  74, 1569 (1952).
(12) T h e th iacyclohexane nom enclature preferred here for 4 and several 

ensuing derivatives seems less cum bersom e than names based on  the alter
native tetrahydroth iopyran .
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of the two compounds in a ratio of 79:21. Since further 
fractional distillation did not improve the ratio signif
icantly, the remaining synthetic steps were carried out 
from the mixture with the hope that the predominant 
isomer 7a would ultimately lead to a purifiable end 
product.

Reduction of keto esters 7 with lithium aluminum 
hydride gave a 70% yield of the corresponding diols 
(8a,b) as an exceptionally viscous oil which could not 
be provoked to crystallize.13 Although such a reduc
tion of either cyclic ketone 7a or 7b would be expected 
to yield the more stable trans isomer if unhindered or 
alternately the cis isomer if the side chain carbeth- 
oxyethyl group exerts significant hindrance,14 the steric 
effect cannot be evaluated a priori; hence cis and trans 
isomers of both 8a and 8b would be expected. Indeed, 
glpc of the exhaustively silylated diol mixture (cf. 
Experimental Section) showed the presence of four 
components. Surprisingly, however, the two major 
components comprised 74 and 17% of the mixture, 
suggesting that the reduction had been highly stereo
selective. The nmr spectrum of the diol mixture was 
not clearly interpretable, hence the stereochemistry of 
the major product could not be directly defined.15

Reaction of the diols 8 with excess thionyl chloride in 
refluxing chloroform yielded a black reaction mixture 
which on distillation gave a 67% yield of the corres
ponding dichlorides 9, as a somewhat unstable liquid, 
which even on storage at room temperature was trans
formed into a black, solid material. Repeated distilla
tion of the dichlorides afforded analytically pure 
material as a mobile, nearly colorless liquid, whose 
mass spectrum showed a parent peak for the molecular 
ion at m/e 212 (caled 212) and P +  2 and P +  4 peaks 
having intensities of 61 and 13%, respectively, of the 
parent, as expected16 for a dichloride. The primary 
fragmentation pattern, a portion of which is illustrated 
below for 9a, was also in accord with the behavior of 
other known primary and secondary halides.16 Glpc

+
m\e 141

(13) C . G anter and J. F . M oser, H e lv .  C h im . A c t a ,  51, 300 (1968), obtained 
54 m g o f  the cis isom er o f  d io l 8 a  (reported  m p 7 4 -7 5 ° )  b y  lith ium  alum inum  
hydride redu ction  o f  c is -3 -acetoxy -2 -(2 -ca rb om eth ox yeth y l)th iacycloh exa n e , 
obtained in turn  v ia  p h otolysis  o f  2 -oxo -6 -a cetoxy -9 -th ia b icyclo [3 .3 .11 - 
nonane.

(14) N . G . G aylord , “ R ed u ction  w ith C om plex M eta l H ydrid es,”  In ter
science, N ew  Y ork , N . Y ., 1956, p  150.

(15) In  attem pts to  characterize the stereoch em istry  o f  the m ajor diol 
com pon en t, sim ilar reductions o f  the k eto  esters 7 w ere carried ou t w ith  
lith ium  alum inum  h ydride-a lu m in u m  ch loride fo llow ed  b y  post-reaction  
equilibration  w ith aceton e or excess ketone. E . L . E liel and M . N . R erick  
[J. A m e r .  C h e m . S o c . ,  82, 1367 (I9 6 0 )]  have reported th at this m ethod  
reduces sim ple substitu ted  cycloh exanones w ith  therm odyn am ic con trol 
o f  p rodu cts  and prepond erant form ation  o f  trans a lcohols. H ow ever, in 
the present app lication  none o f  the diols 8 were obta in ed  at all, bu t a w hole 
new set o f n on h yd roxy lic  p rodu cts  w hich  are currently  under further investi
gation.

(16) H . B u dzik iew icz, C . D jerassi, and D . H . W illiam s, “ M ass S pectrom 
etry  o f  O rganic C om p ou n d s,”  H old en -D ay , San F rancisco, C a lif., 1967,
C h apter 12.

analysis of the chloride mixture was prohibited by de
composition of the material at required column tem
peratures; however, the dominance of isomer 9a is 
logically consistent with the glpc results for the pre
cursor diols.

The mixture of isomeric dichlorides reacted smoothly 
with an equimolar amount of sodium sulfide in refluxing 
ethanol to give a 43% yield of a mixture of isomeric 
octahydrothiopyranothiopyrans as a liquid that par
tially solidified on standing. The colorless, crystalline 
fraction (18% yield), after recrystallization from 
hexane and sublimation at 55° (0.05 mm), had mp
68.5-70°, was homogeneous by glpc, and showed a 
molecular ion parent peak at m/e 174 (ealed 174) in the 
mass spectrum. This pure compound also comprised 
27% of the residual liquid sample, which additionally 
contained three other closely related components (by 
glpc) that could not be identified, but which were ostensi
bly isomeric materials. While the preponderance of the 
crystalline compound suggests its derivation from the a 
series precursors, confirmation of its structure as octa- 
hydrothiopyrano [3,2-6 jthiopyran (10a) was based on 
its 100-MHz nmr spectrum.17

The 100-MHz nmr spectrum of the crystalline isomer 
(10a in CCh) showed three groups of multiplets centered 
at 8 3.05, 2.45, and 1.95 ppm, integrating in the ratio 
1:2:4, and clearly assignable to the bridgehead methinyl 
protons (H-4a and -8a), the a-methylenes (2-CH2 and
6-CH2), and the remaining /3- and 7 -methylene groups 
(3, 4, 7, and 8-CH2), respectively, of structure 10a .18 
These chemical shifts are sequentially comparable with 
those observed (in CDC13) for 1,4-dithiane (8 2.90 
ppm) ,19 the a-CH2 of thiane (8 2.57 ppm), and the /3- 
and 7 -methylene groups of thiane (8 1.5-1.9 ppm) .20 
The bridgehead methinyl absorption was especially 
revealing and appeared essentially as a doublet ( / 4,4a = 
J8(8a = 8 Hz) with fine splitting of 3 Hz as expected for 
a rigid21 /rans-decalin-like structure in which an axial 
bridgehead proton (in trans- 10a) would experience one 
axial-axial coupling and one axial-equatorial coupling 
from the adjacent methylene protons (e.g., C-4). The
observed magnitudes of J ax ia l—axia l and J a x ia l—equatoria l

(8 and 3 Hz, respectively) are comparable with those 
of other six-membered systems existing primarily in 
chair conformation,22 and the ratio (R =  Jtrans/ 
Jcia =  8/3 =  2.67) is comparable with that of thiane 
(R =  8.51/3.26 = 2.61), which is known to exhibit a 
preference for the chair conformation.23'24 Finally, it

(17) T h e  6 0 -M H z  nm r spectrum  was n o t  sufficien tly  resolved  for  detailed  
interpretation , and the in trod u ction  o f  76 m g /m l o f Eu(fod)a-d27 caused 
insignificant dow nfield  shifts. F or  com parison , the singlet resonance o f 
1,4-dithiane, w ith the sam e concentration  o f  sh ift reagent, show ed a dow n- 
field sh ift o f  on ly  0 .08 ppm .

(18) O n th e  basis o f  a sim ilar analysis, structu re 10b is excluded, since 
it should show  three analogous groups o f  p rotons in tegrating in a ra tio  of 
3 :4 :7 .

(19) T h e  1,4-dith iane was analyzed reagent grade m aterial from  the 
A ldrich  C hem ical C o .

(20) N . S. B h acca , L. F . Johnson , and J . N . Shoolery , “ N M R  Spectra 
C a ta log ,”  V o l. I , Varian Associates, P a lo  A lto , C a lif., 1962, spectrum  
118.

(21) E . L. Eliel, “ S tereochem istry o f  C a rb on  C om p ou n d s,”  M cG raw -H ill, 
N ew  Y ork , N . Y . ,  1962, pp  279 -281 .

(22) L . M . Jackm an and S. Sternell, “ A p plications o f N uclear M agn etic  
R eson ance S p ectroscop y  in O rganic C h em istry ,”  2n d  ed, P ergam on  Press, 
E lm sford, N . Y .,  1969, p  288.

(23) J. B . Lam bert, R . G . K eske, and D onnas K . W eary, J . A m e r .  C h e m .  
S o c . ,  89, 5921 (1967).

(24) C . H . Bushweller, “ M echanism s o f R ea ction s  o f  O rganic Sulfur 
C om p ou n d s,”  V o l. 5, In trascience R esearch  F ou ndation , Santa M on ica , 
C alif., 1970, p  76.
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should be noted that the cis configuration of 10a (again 
assuming chair-chair preference) can exist in two con
formations, one having both sulfur atoms equatorial 
and one having both sulfur atoms axial. Examination 
of Dreiding models suggests that the bridgehead 
methinyl splitting pattern in the cis case would be con
siderably more complex than that observed in the 
present instance, in which the nmr evidence favors as
signment of the structure of crystalline 10a (mp 68.5- 
70°) as frans-octahydrothiopyrano[3,2-6]thiopyran.

Attempts to dehydrogenate the octahydro com
pound 10a directly to the fully conjugated system 1 
with high potential quinones such as p-chloranil or 
dichlorodicyanoquinone yielded only complex, in
tractable products, while treatment of 10a with pal
ladium on charcoal at 200° afforded recovered starting 
material. As an alternate means of introducing ring 
unsaturation, the octahydro compound 10a was con
verted by Leonard’s sodium metaperiodate method25 26 
to octahydrothiopyrano [3,2-6 Jthiopyran 1-oxide (11) 
in 46% yield. This monosulfoxide underwent a 
Pummerer dehydration26 by reaction with acetic an
hydride at 100° to yield a mixture of the monoenes 
12a and 12b as a liquid which exhibited a strong olefinic 
absorption at 1620 cm-1 in the infrared and an nmr 
spectrum (CC14) in which the vinyl protons of 12b 
(i.e., SCH=CH) appeared respectively as a doublet 
(5 5.93 ppm) and a multiplet (S 5.55 ppm) of equal 
intensity. The integrated intensities also indicated 
an approximate ratio of 12a: 12b of ca. 3:1.

Paucity of this last material 12 prohibited further 
experiments leading to the fully unsaturated system 
1 via this lengthy pathway. Consequently, shorter 
alternative routes to the theoretically interesting thio- 
pyrano [3,2-6 Jthiopyran (1) are currently under in
vestigation. The octahydro compound (trans- 10a) 
herein defined will serve as a suitable reference com
pound for structural definition of other related deriva
tives of this bicyclic system.

Experimental Section27
Methyl 4-(Carbomethoxymethylmercapto)butyrate (3).— To

1.5 1. of anhydrous methanol cooled to ice-bath temperature was 
added 210 g (3.75 mol) of commercial sodium methoxide during 
30 min. Then 400 g (3.78 mol) of methyl mercaptoacetate was 
added over a period of 30 min followed by 500 g (3.66 mol) of 
methyl 4-chlorobutyrate over 30 min. The ice bath was re
moved, a thermometer was inserted in place of the dropping 
funnel, and stirring was continued under ambient conditions. 
After the temperature had risen to its maximum (41°) the 
solution was stirred for another 2 hr and then allowed to stand

(25) N . J. L eonard and C . R . Johnson , J .  O r g . C h e r n ., 27, 282 (1962).
(26) W . E . P arh am  and M . D . B havsar, i b i d . ,  28, 2686 (1963).
(27) M eltin g  points w ere determ ined on  a M e l-T em p  apparatus (L a b ora 

to ry  D evices , C am bridge, M ass.) w hich  was ca librated  w ith a standard  series 
o f  com pou n ds o f  k now n corrected  m elting p o in t. T h e  m icroanalyses were 
perform ed b y  the late D r. V . B . Fish (Lehigh U n iv ersity ), G albra ith  M icro -  
ana lytica l L aboratories, K noxv ille , T en n., and b y  D r. G . I. R ob ertson , 
F lorham  P a rk , N . J. In frared  spectra  w ere recorded  on  a Perkin -E lm er 
M o d e l 257 instrum ent. N m r spectra  w ere determ ined on  a V arian  A -60  
or a P erk in -E lm er R 2 0 A  spectrom eter using tetram ethylsilane as internal 
standard. T h e  1 00 -M H z spectrum  was run b y  Sadtler Laboratories, 
Ph iladelphia , P a . D a ta  are presented in the order 5 (m u ltip licity , num ber 
o f protons, assignm ent). T h e  m ass spectra  w ere run b y  D r. J. E . Sturm  
(Lehigh  U n iversity ) on  a H itach i R M U -6 E  high -resolution  instrum ent 
equ ipped  w ith  d ou b le-focu sin g  sector. G lp c  analyses w ere perform ed on 
an F &  M  (H ew lett-P ack ard ) M o d e l 5750 research ch rom atograph  equ ipped  
w ith a T C  d etector  and an 8  ft  X  0.125 in. co lu m n  con ta in in g  ethylene 
g lyco l succin ate pack in g  (L P -7 1 ). H elium  flow  rates w ere 25 m l/m in  
and co lu m n  tem perature was generally  a t 210° except w here otherw ise
noted.

overnight. The precipitated sodium chloride was filtered off 
and washed with anhydrous methanol. The combined filtrates 
were concentrated by rotary evaporation and the viscous residue 
(containing more precipitated NaCl) was taken up in 1.5 1. of a 
1:1 ether-water mixture. The ether layer was separated, washed 
with water, dried (MgSO<), and filtered. The solvent was re
moved by rotary evaporation and the residual oil was distilled 
through a Vigreux column to give a small forerun, bp 40-107° 
(0.15 mm), followed by 634 g (84% ) of water white methyl
4-(carbomethoxymethylmercapto)butyrate (3), bp 108-115° (0.1 
mm). Redistillation gave an analytical sample: bp 118° (0.15 
mm); ir (neat) 3000-2850, 1740 broad (C = 0 ) ,  1440, 1370, 1300- 
1120,1010 cm -1.

Anal. Calcd for C8H140 4S: C, 46.58; H, 6.84; S, 15.55. 
Found: C, 46.81; H, 7.11; S, 15.66.

2- Carbomethoxythiacyclohexan-3-one (4).— To a mechanically 
stirred, ice-cooled suspension of 54 g (1.0 mol) of commercial 
grade sodium methoxide in 500 ml of anhydrous ether was added 
103 g (0.500 mol) of methyl 4-(carbomethoxymethylmercapto)- 
butyrate (3) during 10 min. The reaction mixture partially 
coagulated when approximately half of the diester had been added 
but gradually turned to a fine suspension by the end of the addi
tion period. After the addition was complete, the mixture was 
stirfed for 1 hr at ice-bath temperature followed by 2 hr at room 
temperature. Then the mixture was hydrolyzed with 200 ml of 
water containing 60 ml of glacial acetic acid. The ether layer 
was separated, washed with sodium bicabonate solution, dried 
(MgSOi), and filtered, and the solvent was removed on a rotary 
evaporator. The residual oil was distilled through a Vigreux 
column to give 49.7 g (57% ) of water-white 2-carbomethoxy- 
thiaeyclohexan-3-one (4), bp 80-84° (0.15 mm). Redistillation 
gave an analytical sample: bp 84° (0.15 m m ); ir (neat) 2940,1745 
(ester C = 0 ) ,  1715 (ketone C = 0 ) ,  1645 (chelated C = 0 ) ,  1600 
(C = C ), 1435, 1370, 1330, 1295, 1280, 1220, 1175, 1075 cm -1; 
nmr (neat) 8 12.13 (s, 0.6, OH), 4.20 (s, 0.4, H-2), 3.80 (two 
closely spaced singlets, 3, COOCH3 of keto and enol forms), 2.80 
(m, 2, CH2), 2 .30ppm (m, 4, CH2’s).

Anal. Calcd for C7H10O3S: C, 48.26; H, 5.79; S, 18.41. 
Found: C, 48.21; H, 5.96; S, 18.24.

Thiacyclohexan-3-one (5).— A mechnically stirred mixture of 
156 g (0.895 mol) of 2-carbomethoxythiacyclohexan-3-one (4) 
and 500 ml of 5%  H2S04 solution was refluxed for 10 hr, cooled, 
and then adjusted to pH 6 with 10% sodium hydroxide. This 
mixture was extracted with several portions of ether and the 
combined extracts were washed with water. The ether solution 
was then dried (MgSOi) and filtered, and the solvent was removed 
on a rotary evaporator. The residual oil was distilled through a 
Vigreux column to give 76.1 g (73% ) of thiacyclohexan-3-one (5), 
bp 55-60° (0.10 mm) [lit.11 bp 101-102° (18 mm). The infrared 
spectrum (neat), 2920, 1720-1710 (C = 0 ) ,  1440, 1410, 1325, and 
1235 cm-1, was identical with that of an authentic sample; 
nmr (CC14) 8 3.17 (s, 2, 2-CH2), 2.80 (m, 2, CH2), 2.43 ppm (m, 
4, CHj’s) [lit.28 nmr 8 3.09 (s, 2), 2.73 (m, 2) 2.40 (s, 2), and 2.38 
ppm (m, 2)].

3- Pyrrolidinothiacyclohex-2-ene (6).— A mixture of 11.6 g 
(0.10 mol) of thiaeyclohexan-3-one (5) and 8.5 g (0.12 mol) of 
pyrrolidine in 150 ml of benzene was refluxed for 2 hr, during 
which time 2.5 ml of water was collected in a Dean-Stark trap. 
The solvent was removed on a rotary evaporator and the residual 
oil was distilled through a Vigreux column to give 13.92 g (88%) 
of 3-pyrrolidinothiacyclohex-2-ene (6), bp 98-103° (0.10 mm). 
Redistillation gave an analytical sample: bp 100° (0.10 mm); 
ir (neat) 2960-2800, 1600 (C = C ), 1385, 1350, 1265 cm-1; nmr 
(neat) 8 4.39 (s, 1, H-2), 2.95 (t, 4, CH2’s), 2.63 (m, 2, CH2), 2.17 
(m, 4, CH2’s), 1.80ppm (m, 4, CH2’s).

Anal. Calcd for C9H i5NS: C, 63.85; H, 8.93; N, 8.28; S,
18.94. Found: C, 63.62; H, 8.91; N , 8.25; S, 19.04.

2- and 4-(Carbethoxyethyl)thiacyclohexan-3-one (7a and 7b).— 
To a stirred solution of 57.0 g (0.337 mol) of 3-pyrrolidinothia- 
cyclohex-2-ene (6) in 300 ml of p-dioxane at room temperature 
was added dropwise 37.0 g (0.370 mol) of ethyl acrylate during 20 
min. The solution was refluxed for 10 hr and cooled, and 150 ml 
of water was added. Stirring was continued for 0.5 hr and then 
another 150 ml of water was added, at which point an oil sepa
rated. The mixture was extracted with two 200-ml portions of 
benzene, and the benzene extracts were washed with water, dried 
(M gS04), and filtered. The solvent was evaporated and the 
residual oil was distilled through a Vigreux column to give the

(28) K . Sato, S. Inoue, and K . K on d o , J .  O r g . C h e r n ., 36, 2077 (1971).
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following: a, 14.34 g of forerun, bp up to 61° (0.30 mm); b,
1.00 g of liquid, bp 61-131° (0.30 mm); c, 38.73 g (53% yield) 
of product 7, bp 131-133° (0.30 mm); and d, 9.55 g of viscous 
amber residue; combined wt 62.62 g. Fraction c was redistilled 
with 91% recovery to give analytically pure 7: bp 117-117.5° 
(0.13 mm); ir (neat) 2975, 2950, 2930 (CH ), 1735 (ester C = 0 ) ,  
1710 (C = 0 ) ,  1448, 1422, 1372, 1260, 1185, 1095, and 1030 cm“ 1; 
nmr (CC1,) 5 4.27 (q, J  =  7.0 Hz, 2, CH2CH3), 3.55 (t, J =  7.0 
Hz, 0.8, H-2 methinyl), 3.35 (s, 0.2), 3.1-1.6 (complex m, 10), 
and 1.22 ppm (t, J  =  7.0 Hz, 3, CH2CH3).

Anal. Calcd for Ci0H,6O3S: C, 55.53; H, 7.46; S, 14.83. 
Found: C, 55.62; H, 7.44; S, 14.76.

Glpc analysis of pure material at 210° showed two peaks: 
retention time, min (% ) 43.6 (79) and 49.5 (21), which on the 
basis of the nmr spectrum (c/. especially the 5 3.55 ppm triplet) 
must be assigned to 7a and 7b, respectively.

2- and 4-(3-Hydroxypropyl)thiacyclohexan-3-ol (8a and 8b).—
To a mechanically stirred slurry of 4.00 g (0.105 mol) of lithium 
aluminum hydride in 500 ml of anhydrous ether was added drop- 
wise 21.6 g (0.100 mol) of the foregoing keto ester mixture (7a,b) 
over a period of 30 min. The mixture was refluxed for 0.75 
hr and cooled, and 15 ml of ethyl acetate was added dropwise 
to destroy the excess hydride. Just enough water was then 
added to coagulate the solids. The mixture was filtered and the 
solids were extracted thoroughly with ether. The combined 
ether extracts were dried (M gS04) and filtered, and the solvent 
was removed on a rotary evaporator. The residual oil (14.65 g) 
was distilled to give about 1 ml of forerun, bp up to 135° (0.30 
mm), then the diols 8, 12.21 g (70% ), as a very viscous oil, bp
140-143° (0.10 mm), leaving a semisolid residue (1.12 g.) 
Redistillation of the diols gave an analytical sample: bp 150°
(0.25 mm); ir (neat) 3370 broad (H-bonded hydroxyl), 2930- 
2860, 1950-1150, 1050, 940, and 900 cm“ 1; nmr (CDClj) « 3.92 
(m, 1, CHOH), 3.68 (s +  m, 4, two OH and CH2OH), 2.85 (m, 1, 
SCH), 2.53 (m, 2, CH2S), 1.70 ppm (m, 8, remaining four CH2’s).

Anal. Calcd for C8H160 2S: 0 , 54.51; H, 9.15; S, 18.19. 
Found: C, 54.31; H, 8.94; S, 18.15.

This diol mixture was exhaustively silylated with hexamethyl- 
disilazane and trimethylchlorosilane in pyridine;29 the resulting 
bistrimethylsilyl derivatives were analyzed by glpc (140°). Four 
peaks were observed, retention time, min (% ), 7.2 (74), 8.9 (17),
9.4 (6), and 10.2 (3), of which the first, preponderant peak must 
be derived from 2-(3-hydroxypropyl)thiacyclohexan-3-ol (8a), 
whose structure accounts for the principal features of the nmr 
spectrum.

3- Chloro-2- and -4-(3-chloropropyl)thiacyclohexane (9a and 
9b).— To a mechanically stirred solution of 59 g (0.50 mol) of 
thionyl chloride in 250 ml of chloroform was added dropwsie 39.3 
g (0.223 mol) of the above diols 8 in 50 ml of chloroform over a 
period of 0.5 hr. The resulting mixture was refluxed for 5.5 hr, 
cooled, and left to stand overnight. The solution was poured 
into 1 1. of ice water and stirred for 20 min. The layers were 
separated; the chloroform layer was dried (M gS04) and filtered 
and the solvent stripped on the rotary evaporator. Distillation 
of the residual oil gave 32.0 g (67% ) of the dichlorides 9, bp
108-112° (0.35 mm). Several redistillations were required to 
give analytical material: bp 96-97° (0.07 mm); ir (neat) 2950, 
2860, 1450, 1285, 790, 740, and 650 c m '1; nmr (CC14) S 3.58 (m, 
3, CHC1 and CH2C1), 2.70 (m, 3), 1.95 ppm (m, 8).

Anal. Calcd for C8H„C12S: C, 45.08; H, 6.62; Cl, 33.26; 
S, 15.04. Found: C, 45.29; H, 6.65; Cl, 33.00; S, 15.35.

Octahydrothiopyrano[3.2-6]thiopyrar. (10a).— A stirred solu
tion of 34.7 g (0.163 mol) of the dichlorides 9 and 39.0 g (0.163 
mol) of sodium sulfide nonahydrate in 300 ml of 95%  ethanol was 
refluxed for 19 hr, cooled, and diluted with an equal volume of 
water. This mixture was extracted with four 100-ml portions of 
benzene, the benzene extracts were washed with saturated sodium 
chloride solution and then with water, and the solution was dried 
(MgSCh) and filtered. The solvent was removed on a rotary 
evaporator and the residual oil (28.4 g) was distilled through a 
Vigreux column. The combined fractions, bp 75-79° (0.05 mm), 
weighed 13.1 g (46% crude yield) and solidified to a great extent 
after overnight refrigeration or on standing several days at room 
temperature. Only a few drops of higher boiling distillate had 
been collected, bp 131-154° (0.25 mm), when the pot residue, 
comprising about half of the original charge, began to decompose

(29) C . C . Sw eeley , R . B en tley , M . M akita , and W . W . W ells, J .  A m e r .  
C h e m . S o c . ,  8 5 ,  2497 (1963), d eveloped  optim al conditions for the use o f 
these reagents for carboh ydrate  analysis.

extensively with loss of vacuum. Recrystallization of the solid 
fraction from hexane gave 5.0 g (18% ) of octahydrothiopyrano- 
[3.2-6]thiopyran (10a), mp 60-66°. Sublimation at 55° (0.05 
mm) and further recrystallization gave an analytical sample: 
mp 68.5-70°; ir (KBr) 2930, 2850, 1440, 1100, 1065, and 725 
cm-1; nmr (CC14) 5 3.05 (q, 2), 2.45 (m, 4), and 1.95 ppm (m, 
8); mass spectrum m/e 174 (M +) (calcd 174).

Anal. Calcd for C8H»S2: C, 55.12; H, 8.10; S, 36.79. 
Found: C, 54.91; H, 7.92; S, 36.56.

The pure crystalline compound wàs homogeneous by glpc and 
had a retention time of 12.1 min at 210°. The residual oil, after 
separation of the solid fraction, weighed 6.86 g and on glpc at 
210° showed four well-defined peaks, retention time, min (% ),
8.6 (34), 9.9 (6), 12.1 (27), and 13.8 (33). The peak at 12.1 min 
was identical with that of pure crystalline 10a on the basis of both 
retention time and peak enhancement. Although no further 
separation was achieved by either fractional distillation or 
chromatography on silica gel, this four-component mixture 
showed an ir spectrum similar to that of the crystalline product.

Octahydrothiopyrano [3,2-6] thiopyran 1-Oxide (11).— A solu
tion of 2.00 g (0.0115 mol) of octahydrothiopyrano [3,2-6]- 
thiopyran (10a) in 50 ml of p-dioxane was added to 2.45 g (0.0115 
mol) of sodium metaperiodate in 50 ml of water. The resulting 
mixture became immediately cloudy and a white, fluffy solid 
precipitated. The mixture was stirred at room temperature for 
24 hr, the solid was removed by filtration, and the filtrate was 
diluted with 150 ml of water. This solution was extracted with 
chloroform and the chloroform extracts were dried (M gS04) and 
filtered. Removal of the solvent on the rotary evaporator gave
1.8 g of an orange solid which was recrystallized from petroleum 
ether (bp 30-60°) to give 1.0 g (46%) of octahydrothiopyrano- 
[3,2-6] thiopyran 1-oxide (11), mp 100-106°. Three more 
recrystallizations gave an analytical sample: mp 112-114°; 
ir (KBr) 2920, 1430, 1060, 1030 (S— 0 ), 1000, 930 cm“ 1.

Anal. Calcd for C8H i4OS2: C, 50.49; H, 7.41; S, 33.69. 
Found: C, 50.64; H, 7.47; S, 33.45.

2,3,4,6,7,8-Hexahydrothiopyrano [3,2-6] thiopyran (12a) and 
4,4a,6,7,8,8a - Hexahydrothiopyrano[3,2 - b]thiopyran (12b).— A 
mixture of 4.85 g (0.0255 mol) of octahydrothiopyrano[3,2-6]- 
thiopyran 1-oxide (11) and 20 ml of acetic anhydride was heated 
at 100° for 66 hr. The solvent was then removed on a rotary 
evaporator and the residual oil was distilled on a short-path 
apparatus to give 3.40 g (77%) of crude product, bp 68-75° (0.05 
mm). Redistillation afforded an oil, bp 68-70° (0.03 mm), 
whose spectra were consistent with the products 12a and 12b: ir
(neat) 2930, 2840, 1620 (C = 0 ) ,  1440, 1295, 1255, 1185, 940, 780, 
690, 670 cm “ 1; nmr (CCh) S 5.93 (d, 0,25, S C H = C H ), 5.55 
(m, 0.25, SC H =C H ), 2.70 (m, 5), 2.08 ppm (m, 7); mass 
spectrum m/e 172 (M +).

Anal. Calcd for C8H12S2: C, 55.76; H, 7.02; S, 37.22. 
Found: C, 56.03; H, 7.30; S, 36.97.

2-Carbomethoxy-3-(2-carbomethoxyethylmercapto)thiacyclo- 
hex-2-ene (13).— A solution of 20.0 g (0.115 mol) of 2-carbo- 
methoxythiacyclohexan-3-one (4), 17.5 g (0.115 mol) of methyl 
/3-mercaptopropionate, and 1 g of p-toluenesulfonic acid mono
hydrate in 150 ml of benzene was refluxed under a Dean-Stark 
trap for 9 hr, during which time 2.3 ml of water was collected. 
The benzene solution was cooled, then washed successively with 
water, 5%  sodium bicarbonate, and again with water, and dried 
over M gS04. Benzene was removed on a rotary evaporator and 
the residual oil was distilled to give 14.64 g (46%) of crude prod
uct, bp 165-175° (0.40 mm). Redistillation gave analytically 
pure 13: bp 153-154° (0.10 mm); ir (neat) 2985, 2940, 2920 sh, 
2830, 1735 (C = 0 ) ,  1430, 1355, 1240, 1050 cm “ 1; nmr (CC14) S
3.73 (s, 3) and 3.66 (s, 3), both CHj’s of ester groups, 3.0-2.0 
ppm (m, 10, various methylenes).

Anal. Calcd for CnHi60 4S2: 47.80; H, 5.84; S, 23.21. 
Found: C, 47.73; H, 5.99; S, 23.16.

Registry No.—3, 38555-40-7; 4, 38555-41-8; 5,
19090-03-0; 6,38555-43-0; 7a, 38555-44-1; 7b, 38555- 
45-2; 8a, 38555-46-3; 8b, 38555-47-4; 9a, 38555-48-5; 
9b, 38555-49-6; 10a, 36910-78-8; 11, 38555-51-0;
12a, 38555-52-1; 12b, 38555-53-2; 13, 38555-54-3;
methyl mercaptoacetate, 2365-48-2; methyl 4-chloro- 
butyrate, 3153-37-5; methyl /3-mercaptopropionate, 
2935-90-2.
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Synthesis of 2,3,4,10-Tetrahydrothiopyrano[3,2-b]-l-benzothiopyran 
and Its Reaction with o-Chloranil1

T homas E. Y oung,* Laurence J. H eitz,1-2 and D avid J. Steklenski1
William H. Chandler Chemistry Laboratory, Lehigh University, Bethlehem, Pennsylvania 18015

Received July 18, 197%

2,3,4,10-Tetrahydrothiopyrano[3,2-6]-l-benzothiopyran-10-one (9), the first example of a new fused-ring 
heterocyclic system, has been synthesized via a stepwise condensation sequence from thiophenol and 2-carbo- 
methoxythiacyclohexan-3-one (5). Reduction of this ketone (9) with aluminum hydride afforded 2,3,4,10- 
tetrahydrothiopyrano[3,2-b]-l-benzothiopyran (11), which was inert to further catalytic (P d/C ) dehydrogena
tion up to 200°. Dehydrogenation of 11 with o-chloranil yielded a product characterized as a 1:1 adduct (12) 
of thiopyrano[3,2-6]-l-benzothiopyran (3) with o-chloranil.

In view of the many thousands of heterocyclic ring 
systems known in the literature, it is quite surprising 
that virtually no attention has been given to the thio- 
pyranothiopyrans having various modes of ring fusion. 
Indeed, prior to our recently completed syntheses of 
(rans-octahydrothiopyrano [3,2-6 [thiopvran ( l )3 and of 
octahydrothiopyrano [4,3-6 [thiopyran (2)4 5 only one 
example of this general class, viz., 1,2,3,4-tetrahydro-
8-amino-5-methyl-2,10-dithiaxanthone, had been dis
closed as an incidental item in a patent.6 *

Interest in these kinds of structures stems from the 
potential aromaticity of fully conjugated, nonclassical 
dithia heterocycles such as thiopyrano [3,2-6 ]-l-benzo- 
thiopyran (3) and the dicationic species, 2,10-dithionia- 
anthracene (4), as well as analogs derived from 1 and 2.

c o c o
1 2  3 4

As a prelude to further studies of such theoretically 
interesting systems, we have explored syntheses of the 
prerequisite skeletal structures, and report here an 
explicit preparation of 2,3,4,10-tetrahydrothiopyrano- 
[3,2-6 ]-l-benzothiopyran (11), along with the response 
of this compound toward selected dehydrogenating 
reagents.

The reactions investigated are summarized in Scheme 
I, in which 2-carbomethoxythiacyclohexan-3-one (5)8 
was first condensed with thiophenol in benzene in the 
presence of p-toluenesulfonic acid as catalyst and with 
azeotropic separation of water. The products, ob
tained in 46% yield, were comprised of a mixture of 
methyl 3-phenylmercaptothiacyclohex-2-ene-2-carboxyl- 
ate (6a) and the isomeric 3-ene (6b) whose presence 
was evident from a vinyl triplet (H-4, 8 6.50 ppm, J = 
4 Hz) in the nmr spectrum. The ratio of 6a :6b was 
about 4:1 as estimated from the integrated intensities 
of the separate methyl (ester) resonance bands. Frac
tional distillation of the isomeric esters and recrystalliza
tion of the higher boiling fraction from hexane afforded

(1 ) B ased  in  part on  the P h .D . dissertation o f  L . J. H eitz, 1971, and the 
senior B .S . thesis o f  D . J . Steklenski, 1969, b oth  a t Lehigh U niversity . 
S up ported  b y  N ationa l Science F ou n d ation  G rant G P -8597 .

(2) N ation a l D efense E d u ca tion  A c t  F ellow , 1966—1969; R esearch  
Assistant, 1969-1971.

(3) T . E . Y ou n g  and L . J. H eitz, J .  O rg. C h em ., 38, 1562 (1973).
(4) T . E . Y o u n g  and L . J. H eitz, unpublished w ork.
(5) F arbenfabriken  B ayer, A .-G ., B ritish  P a ten t 803,803 (N o v  5, 1958);

C h em . A b str ., 53, 11412ft (1959); c f. F. B ossert and R . G oennert, M ed .
C h em . A b h a n d l. M e d . C h em . F orsch u n g sta e tten  F a rb w erk e  H oech st A . -G . ,  7,
36 (1963); C h em . A b str ., 60, 9236g (1964).

S c h e m e  I

pure crystalline samples of the conjugated isomer 6a 
whose structure was verified by its nmr spectrum, 
which clearly lacked the vinyl proton absorption char
acteristic of the unconjugated isomer 6b.

Saponification of pure ester 6a gave a 69% yield of 
the corresponding carboxylic acid 7, which was used in 
subsequent cyclization experiments. Reaction of this 
acid with thionyl chloride gave the acid chloride 8, 
which underwent ring closure on treatment with 
stannic chloride to yield (86% for two steps) 2,3,4,10- 
tetrahydrothiopyrano [3,2-6 ]-l - benzothiopyran- 10-one
(9). This yellow crystalline ketone (9) exhibited an 
nmr spectrum consistent with the assigned structure 
and displayed an intense carbonyl stretching band at 
1600 cm-1 in the infrared spectrum. This carbonyl 
frequency, which is comparable with that of 4/f-thio-
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pyran-4-one (1609 cm-1),6* is indicative of an unusually 
low double-bond character of the carbonyl group, prob
ably resulting from delocalization via a thiopyrylium- 
like structure as illustrated by the following canonical 
form.6b

CT

The resulting redistribution of charge would ac
count for the low carbonyl reactivity of ketone 9, 
which could not be derivatized with hydfoxylamine or 
phenylhydrazine in the usual manner. Furthermore, 
repeated attempts to reduce the ketone 9 by variations 
of the Huang-Minlon and Meerwein-Ponndorf reduc
tions all yielded varying amounts of unreacted ketone 
but no reduction products. Reaction with lithium 
aluminum hydride was also ineffective, yielding about 
30% of the expected weight of a solid, noncrystalline 
product which could neither be crystallized nor sub
limed. However, sodium borohydride in aqueous 
ethanol gave a trace of the carbinol 10, isolated as 
white crystals which showed a broad, hydrogen-bonded 
hydroxyl absorption at 3310 cm-1 in the infrared spec
trum, but virtually no olefinic absorption in the ex
pected region above 1600 cm-1. Possible reduction of 
the ring-juncture double bond was excluded, however, 
since the mass spectrum of 10 showed the correct 
molecular ion parent peak at m/'e 236 (calcd 236). In 
any case, the exceedingly poor yield of the carbinol 10 
obviated further synthetic experiments with this 
material, and variations of the reduction procedure did 
not improve its availability.

The cyclic ketone 9 was finally reduced by aluminum 
hydride generated in situ from lithium aluminum hy
dride and aluminum chloride in ether solution. This 
procedure, based on a similar one devised by Urberg 
and Kaiser7 for reduction of thioxanthones, gave a 70% 
yield of 2,3,4,10-tetrahydrothiopyrano [3,2-6 ]-l-benzo- 
thiopyran (11) as a viscous yellow oil whose infrared 
and nmr spectra clearly confirmed the assigned struc
ture.

Attempts to dehydrogenate the tetrahydro com
pound 11 directly to the fully conjugated system 3 with 
palladium on charcoal at 200° yielded only recovered 
starting material, while reaction of 11 with o-chloranil 
in acetic acid solution afforded a colorless, crystalline 
compound which appeared to be a 1:1 adduct of thio- 
pyrano [3,2-6 ]-l-benzothiopyran (3) with o-chloranil 
(i.e., 12 or possibly an isomer thereof). Although this 
product was too insoluble in available solvents (c/. Ex
perimental Section) to permit nmr characterization, it 
had an acceptable elemental analysis and showed a 
molecular ion parent peak at m/e 460 (calcd 460) in the 
mass spectrum, and an intensity ratio [(P + 2):P] of
1.35, about that expected for a tetrachloro compound.8 
In addition, this substance exhibited an intense in
frared absorption band at 1450 cm-1, which is com-

(6) (a) D. S. Tarbell and P. Hoffman, J. Amer. Chem. See., 76, 2451
(1954). (b) On the basis of more detailed infrared studies, A. R . Katritzky
and R . A. Jones, Spectrochim. Acta, 17, 64 (1961), concluded that similarly 
polarized canonical forms are important contributors to the structure of 4H- 
thiopyran-4-one.

(7) M . M . Urberg and E. T . Kaiser, J. Amer. Chem. Soc., 89, 5931 (1967).
(8) H. Budzikiewicz, C. Djerassi, and D . H. Williams, “ Mass Spec

trom etry of Organic Compounds,” H olden-Day, San Francisco, Calif., 1967.

parable with the strong band (ca. 1428 cm-1) char
acteristic of other 1,4-dioxin adducts of o-chloranil with 
olefins.9 The high degree of unsaturation of this com
pound was further substantiated by an exceedingly 
weak aliphatic C-H stretching frequency at 2920 cm-1, 
while the low frequency of the olefinic absorption 
(1600 cm-1) strongly favored assignment of the con
jugated structure 12 to this adduct. The ostensible 
intermediacy of 3 in the formation of this product 12 
cannot, of course, be verified on the basis of the present 
experiments. Hence, unambiguous characterization 
of the theoretically interesting, but elusive, 3 must 
await its ultimate isolation by other means.

As a possible alternative route to introducing further 
unsaturation into the terminal thiopyran ring, the 
intermediate ketone 9 was converted by reaction with 
sodium metaperiodate10 in dioxane to the 1-oxide 13 in 
8i% yield. The infrared spectrum of this product 
showed a typical sulfoxide stretching frequency at 1030 
cm-1 and an intense absorption at 1610 cm-1 character
istic of the carbonyl group of the thiochromen-4-one 
system, thus confirming the assigned site of oxidation 
at S-l. Attempts to effect a Pummerer dehydration11 
of the sulfoxide with acetic anhydride, in the hope of 
obtaining 14, yielded poorly defined products which 
could not be characterized, while a variation involving 
the use of benzoic anhydride afforded only recovered 
starting material.

Experimental Section12
Methyl 3-Phenylmercaptothiacyclohex-2-ene-2-carboxylate 

(6a) and Methyl 3-Phenylmercaptothiacyclohex-3-ene-2-carboxyl- 
ate (6b).— A solution of 87.0 g (0.500 mol) of 2-earbomethoxy- 
thiacyclohexan-3-one (5),3 55.1 g (0.500 mol) of thiophenol, and
6.0 g (0.035 mol) of p-toluenesulfonic acid monohydrate in 500 ml 
of benzene was refluxed for, 18 hr under a Dean-Stark trap. A 
total of 9.0 ml of water was collected. The solution was cooled 
and washed with four 150-ml portions of 10% sodium hydroxide, 
followed by two 150-ml portions of water. The benzene fraction 
was dried (MgSO,) and filtered, and the solvent was removed on a 
rotary evaporator. The viscous, straw-yellow residual oil 
(108.7 g) was fractionally distilled to give 73.6 g of crude product, 
bp 150-175° (0.2-0.3 mm). Redistillation of this material gave 
two major fractions.

Fraction 1 (21.1 g), bp 138-145° (10.10 mm), whose nmr 
spectrum showed two distinct methyl ester peaks at S 3.83 and
3.71 ppm for 6a (vide infra) and 6b, respectively, in about a 1:1 
ratio, yielded a middle cut, bp 139.5-140° (0.10 mm), which was 
analyzed.

Anal. Calcd for CisHiAFA: C, 58.61; H, 5.30; S, 24.08. 
Found: C, 58.81; H, 5.36; S, 24.15.

Fraction 2 (39.4 g), bp 146-156° (0.10 mm), showed an nmr 
spectrum with only a trace of vinyl absorption and consisted 
mainly of isomer 6a. Redistillation gave pure 6a, bp 159-160° 
(0.10 mm), which crystallized on cooling. Recrystallization from.

(9) L. M . Jackman in R . A. Raphael, E , C. Taylor, and H. Wynberg, 
Ed., “ Advances in Organic Chemistry. M ethods and Results,”  Vol. 2, 
Interscience, New York, N . Y ., 1962, pp 334-335.

(10) N. J. Leonard and C. R . Johnson, J. Org. Chem., 27, 282 (1962).
(11) W. E. Parham and L. D . Edwards, ibid., 33, 4150 (1968).
(12) Melting points were determined using a M el-Tem p apparatus, pre

calibrated with a standard series of compounds having known corrected 
melting points. The microanalyses were performed by Galbraith M icro- 
analytical Laboratories, Knoxville, Tenn., and by Dr. George I. Robertson, 
Florham Park, N . J. Infrared spectra were recorded on a Perkin-Elmer 
M odel 257 instrument. Solids were run at 1%  weight concentration in 
KBr disks, and liquids were run neat between N aCl plates. Nmr spectra 
were determined on a Varian A-60 or a Perkin-Elmer Hitachi R -20A  spec
trometer using tetramethylsilane as internal standard. Data are presented 
in the order S (multiplicity, coupling constant, number o f protons, assign
ment), Mass spectra were run by Dr. J. E . Sturm (Lehigh University) 
on a Hitachi R M U -6E  high-resolution instrument equipped with double- 
focusing sector.
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hexane yielded white needles: mp 48-48.5°; ir (neat) 2950-2920, 
1730 and 1710 (C = 0 ) ,  1585 (C = C ), 1480, 1440, 1290-1210, 
1190, 1055, 1030, 750, and 695 cm -1; nmr (CDCh) 5 7.38 
(m, 5, ArH), 3.83 (s, 3, CH,), 2.90 (t, J  =  4.5 Hz, 2, 6-CHj),
2.05 ppm (m, 4, 4- and 5-CH2).

Anal. Calcd for C,3H140 2S2: C, 58.61; H, 5.30; S, 24.08. 
Found: C, 58.40; H, 5.21; S, 24.32.

3-Phenylmercaptothiacyclohex-2-ene-2-carboxylic Acid (7).— 
A mechanically stirred mixture of 165 g (0.619 mol) of methyl
3-phenylmercaptothiacyclohex-2-ene-2-carboxylate (6a) and 600 
ml of 10% sodium hydroxide solution was refluxed for 5 hr. The 
resulting solution was cooled in an ice bath and acidified to pH
1-2 with 10% hydrochloric acid. The foul-smelling brown 
precipitate was collected by filtration, air dried, and then re
crystallized from 600 ml of benzene to yield 108 g (69.1% ) of pale 
yellow acid (7): mp 122-125°; nmr (CDC13) <5 11.02 (s, 1, 
COOH), 7.58 (m, 5, ArH), 2.87 (t, /  =  6 Hz, 2, 6-CH2), 2.03 
ppm (m, 4, 4- and 5-CH2).

Anal. Calcd for C,2H120 2S2: C, 57.11; H, 4.79; S, 25.41. 
Found: C, 57.40; H, 4.83; S, 25.51.

2.3.4.10- T etrahydrothiopyrano [ 3,2-6] - 1-benzothiopyran-10-one
(9) .—To a mechanically stirred solution of 23.2 g (0.092 mol) of
3-phenylmercaptothiacyclohex-2-ene-2-carboxylic acid (7) in 250 
ml of anhydrous ether was added 34.5 ml (0.52 mol) of thionyl 
chloride and 5 drops of pyridine. A condenser and drying tube 
were attached and the mixture was then refluxed for 2 hr. The 
ether and excess thionyl chloride were then removed on a rotary 
evaporator, leaving the crude acid chloride 8 as a dark brown oil. 
The acid chloride was dissolved in 250 ml of anhydrous benzene, 
the solution was cooled in an ice bath, and 23.4 ml (0.200 mol) of 
stannic chloride was added. The mixture was allowed to come to 
room temperature during 2 hr, after which it was poured into a 
mixture of 250 ml of concentrated hydrochloric acid and 700 g of 
ice. The resulting mixture was stirred thoroughly and the solid 
was collected by filtration. Benzene extraction of the mother 
liquor yielded more brown solid upon evaporation of the solvent. 
The combined solids were recrystallized from absolute ethanol to 
give 8.60 g (40%) of 2,3,4,10-tetrahydrothiopyrano[3,2-b]-l- 
benzothiopyran-10-one (9) as yellow crystals, mp 174-176°. 
Further recrystallization produced an analytical sample: mp
178-180°; ir (KBr) 1600 (C = 0 ) ,  1580, 1560, 1530, 1430, 1320, 
1145, 830, 810, and 750 cm -1; nmr (CDC13) 5 8.50 (m, 1, H-9),
7.55 (m, 3, H-6, 7, and 8), 3.07 (t, J =  6 Hz, 2, 2-CH2), 2.78 
(t, J  =  6 Hz, 2, 4-CH2), 2.20 ppm (m, 2, 3-CH2).

Anal. Calcd for Ci2H10OS2: C, 61.50; H, 4.30; S, 27.27. 
Found: C, 61.30; H, 4.48; S, 27.28.

2,3,4,10-Tetrahydrothiopyrano[3,2-6]-l-benzothiopyran-10-ol
(10) .— To a suspension of 1.00 g (0.00428 mol) of ketone 9 in 130 
ml of 95% ethanol was added a solution of 3.00 g (0.079 mol) of 
sodium borohydride in 20 ml of 3%  sodium hydroxide solution. 
The mixture was then stirred under reflux for 5.5 hr, cooled, and 
diluted with 500 ml of water. The resulting emulsion was acid
ified with acetic acid to pH co. 6, and the yellow precipitate was 
collected and dried. This material weighed 0.52 g and gelled 
around 115-120°, but could neither be crystallized nor sublimed. 
Concentration of the filtrates yielded 50 mg of cream-colored 
solid which on sublimation at 110° (0.15 mm) afforded white 
crystals of the carbinol 10: mp 133-135°; ir (KBr) 3310 broad 
(OH), 3050 (ArH), 2935, 2910, 2850 (CH aliphatic), 1590, 1565, 
1470, 1430, 1270, 1040, and 750 c m '1; mass spectrum m/e 236 
(calcd 236 for M +).

Anal. Calcd for CI2H12OS2: C, 60.98; H, 5.12; S, 27.13. 
Found: C, 60.81; H, 5.06; S, 26.92.

2.3.4.10- Tetrahydrothiopyrano[3,2-6]-l-benzothiopyran (11).—  
To a mechanically stirred slurry of 1.29 g (0.034 mol) of lithium 
aluminum hydride in 50 ml of anhydrous ether (distilled from 
NaH) was added slowly a solution of 9.10 g (0.0685 mol) of 
anhydrous aluminum chloride in 75 ml of dry ether. After the 
mixture was cooled in an ice bath, 4.00 g (0.0171 mol) of 2,3,4,10- 
tetrahydrothiopyrano [3,2-6]-l-benzothiopyran-10-one (9) was

added portionwise during 10 min. The resultant solution was 
refluxed for 0.5 hr and cooled, and the excess lithium aluminum 
hydride was carefully destroyed by addition of ethyl acetate. 
Water was then added drop wise to coagulate the solids. The 
mixture was filtered, and the solids were washed with three 50-ml 
portions of ether. The combined ether extracts were dried 
(M gS04), filtered, and evaporated. The residual oil was 
distilled through a short-path column to give 2.85 g (76%) of
2,3,4,10-tetrahydrothiopyrano[3,2-6]-l-benzothiopyran (11) as a 
pale yellow oil: bp 133-136° (0.15 mm); ir (neat) 3060 (ArH), 
2920, 2860, 2840, 2820 (CH aliphatic), 1620 (C = C ), 1590, 1575, 
1470, 1450, 1440, and 750 cm -1; nmr (CC14) S 7.08 (m, 4, ArH),
3.20 (s, 2, 10-CH2), 2.75 (t, J =  5.5 Hz, 2, 2-CH2), 2.08 ppm 
(m, 4, 3- and 4-CH2).

Anal. Calcd for Ci2Hi2S2: C, 65.41; H, 5.49; S, 29.10. 
Found: C, 65.50; H, 5.58, S, 28.90.

Reaction of 2,3,4,10-Tetrahydrothiopyrano[3,2-b]-l-benzothio- 
pyran (11) with o-Chloranil.— To a magnetically stirred refluxing 
solution of 2.20 g (0.01 mol) of 2,3,4,10-tetrahydrothiopyrano- 
[3,2-6]-l-benzothiopyran (11) in 30 ml of glacial acetic acid was 
added dropwise 4.90 g (0.02 mol) of o-chloranil in 20 ml of acetic 
acid over a period of 15 min. After the addition was complete, 
the resulting mixture was refluxed for 2 hr. The mixture was 
then cooled to room temperature and the precipitate was collected 
by filtration go give 4.00 g of white solid, mp 260° dec. The very 
low solubility of this material in all of the usual solvents, including 
such powerful media as DMSO, D M F, pyridine, trifluoroacetic 
acid, and hexamethylphosphoramide, dictated purification13 by 
extraction of impurities with refluxing xylene to give an analytical 
sample of white powder: mp 265° dec; ir (KBr) 3060 w (ArH), 
2920 w (CH aliphatic), 1600 (C = C ), 1450 s, 1385, 1310, 1285, 
1230, 1165, 1110, 1090, 1010, 1000, 865, 835, and 755 c m '1; 
mass spectrum m/e (rel intensity) 460 (29), 203 (100), 171 
(51), 91 (49), and 69 (70) (calcd for M +, 460). Additionally, the 
molecular ion cluster, m/e (rel intensity normalized to total 
unity) 460 (0.125), 461 (0.060), 462 (0.290), 463 (0.070), 464 
(0.207), 465 (0.045), 466 (0.079), 467 (0.017), 468 (0.017), 
yielded a molecular weight value of 462.6 (calcd 462.2).

Anal. Calcd for C18HsC140 2S2: C, 46.78; H, 1.74; Cl, 30.68; 
S, 13.87. Found: C, 47.03; H, 2.06; Cl, 30.45; S, 14.17.

2,3,4,10-Tetrahydrothiopyrano [3,2-&]-l-benzothiopyran-10-one
1-Oxide (13).— To a magnetically stirred solution of 2.72 g 
(0.0128 mol) of sodium metaperiodate in 50 ml of water was 
added in one portion a solution of 3.00 g (0.0128 mol) of 9 in 50 ml 
of dioxane. The solution immediately became cloudy with 
precipitation of a white solid occurring after a few minutes. 
Stirring was continued overnight at room temperature. The 
mixture was then diluted with 100 ml of water and extracted with 
three 75-ml portions of chloroform. The combined extracts were 
dried (M gS04) and filtered, and the solvent was removed on a 
rotary evaporator. The resulting crude solid was recrystallized 
from absolute ethanol to give 2.60 g (81%) of 2,3,4,10-tetra- 
hydrothiopyrano[3,2-b]-l-benzothiopyran-10-one 1-oxide (13), 
mp 166° dec. Two more recrystallizations afforded an analytical 
sample of 13: mp 166° dec; ir (KBr) 3050 (ArH), 2900 (CH 
aliphatic), 1610 (C = 0 ) ,  1590, 1565, 1530, 1440, 1315, 1050, 1030 
(+SO_ ), 990, and 750 cm-1; nmr (CF3COOD) S 8.55 (m, 1, H-9),
7.83 (m, 3, H-6, 7, 8), 4.2-2.2 ppm (m, 6, 2-, 3-, and 4-CH2).

Anal. Calcd for Ci2H10O2S2: C, 57.57; H, 4.03; S, 25.62. 
Found: C, 57.36; H, 4.19; S, 25.41.

Registry No.—5, 38555-41-8; 6a, 38555-58-7; 6b, 
38555-59-8; 7, 38555-60-1; 8, 38555-61-2; 9, 38555- 
62-3; 10, 38555-63-4; 11, 38555-64-5; 12, 38555-65-6; 
13, 38555-66-7; thiophenol, 108-98-5; o-chloranil, 
2435-53-2.

(13) Confidence in the purity of this product rests on the concordance of 
four different elemental analyses, the m /e value for the molecular ion, and 
the molecular weight based on the molecular ion cluster.
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Acetophenone was readily converted to ¿V-a-styrylpyridinium salts by treatment with thionyl chloride in 
pyridine. The synthesis, mechanism of formation, spectra, and some chemical reactions of these salts are dis
cussed. The thermal reaction of lb  led specifically to l-phenylnapht,halene and pyridinium tetrafluoroborate. 
The mechanism of the latter transformation is also discussed.

The recent publication2* of the synthesis of N-a- 
styrylpyridinium iodide (lc) from styrene, iodonium 
nitrate, and pyridine prompts us to report on a new 
synthetic method for the production of 1 and related 
derivatives and on some of the chemical and spectral 
properties of 1.

chloride has been reported4'5 to lead to entirely different 
kinds of products with a similar ketone in the absence 
of pyridine, we suggest that 3 may be the reactive 
species in the present case and that one possible mecha
nistic description, therefore, could be that shown in 
Scheme I.

Results and Discussion
Synthesis.—When a solution of acetophenone and 

thionyl chloride in pyridine was prepared and main
tained at room temperature or slightly above for a 
short time, the acetophenone was converted to N-a- 
styrylpyridinium chloride (la) in very high yield (eq 1).

SOCl2/pyridine 

35°, 3 hr

CH.
II

< g > - C - N ^ >  X - (1)

la, X  = Cl
b, X  = BF4
c, X  = I

The integration of the *H nmr spectrum of the crude 
reaction product, after separation from the reaction 
solvent, showed that the relative integrals for phenyl: 
olefinic protons were 5:2; none of the original methyl 
protons nor those of an observed methyl-containing 
intermediate (vide infra) remained. The other ob
servable product of this transformation was HC1; it 
was seen as pyridinium hydrochloride by *H nmr 
spectroscopy. Direct isolation of la proved somewhat 
tedious because of its contamination by pyridinium 
hydrochloride and a small amount of 2, a product

< © n ^ n  c r

2

+

S c h e m e  I

known2b to arise from a slow side reaction between 
thionyl chloride and pyridine. However, it was quite 
easy to isolate the desired product as the tetrafluoro
borate salt, lb. Subsequently, it was found that, if 
desired, la could be readily regenerated using a chloride 
ion exchange resin.

When the reaction was monitored by *H nmr spec
troscopy, one could observe that as the methyl (5 2.0) 
of acetophenone gradually disappeared a new methyl 
group at 2.4 appeared,3 increased to some maximum 
value, and then also gradually disappeared, thus giving 
rise to the terminal olefinic carbon of la. Since thionyl

(1) Paper I : H. M . Relies, J . Org. Chem., 37, 3630 (1972).
(2) (a) U. E. Diner and J. W . Lown, Chem. Commun., 333 (1970); (b) R. 

F. Evans, H. C. Brown, and H. C. van der Plas. Org. Syn., 43, 97 (1963).
(3) N ot 1,1-dichloroethylbenzene (see Experimental Section, Table III).

The nmr observations are satisfied if one assumes that 
the last step in this scheme is the slowest. Attack on 
one of the protons of the methyl group of 4 by pyridine 
as S02 and CD are eliminated might in fact be expected 
to be slow as a consequence of the degree of crowding 
around that carbon.

Interestingly, the capture of the carbonium ion center 
by solvent has to be very rapid compared to capture by 
a chloride ion, since the latter should lead to a-chloro- 
styrene, which was not observed.6 Indeed, it might

(4) C. J. Ireland and J. S. Pizey, J. Chem. Soc., Chem. Commun., 4 (1972).
(5) In fact, we have observed that acetophenone, in thionyl chloride, is

rapidly converted to as yet unidentified products +  HC1: H. M . Relies,
unpublished results.

(6) However, preliminary results using quinoline as solvent indicate that
ca. 15% of a-cholorostyrene is produced: H. M . Relies, unpublished results.
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be expected that, as bonding begins between sulfur 
and the carbonyl oxygen, bonding between pyridine 
and the carbonyl carbon could simultaneously be tak
ing place.

’H Nmr Spectra.—The spectra of several «-sub
stituted vinyltrimethylammonium salts have been 
reported.7 Uniformly in D20, the proton cis to the 
positive nitrogen occurred further downfield (further 
from TMS) than the one trans to it, the difference 
(A5) being 22.4 ± 4.3.Hz. In the spectra of la or lb, 
it seems appropriate to make the same relative assign
ments, especially since the A<5 is of the same order in 
D20: 20.3 ± 0.3 Hz. Of greater interest is the fact 
that this A5 for the vinyl protons varies considerably 
with solvent (see Table I).

T a b l e  I

S o l v e n t  E f f e c t  o n  t h e  D i f f e r e n c e  in  C h e m i c a l  

S h if t s  f o r  t h e  O l e f i n  ic  P r o t o n s  o f  1

Solvent Salt Aò, H z“

CDCI30 la 3.0
1:1 Pyridine-CPECh“ la 6.0
Pyridine“ la 7.0
Pyridine lb 11.0
CD3COCD3 lb 15.5
CH3COCH3 lb 16.0
CH3CN la 16.0
CH3COOH lb 17.0
(CHshNCHO lb 18.0
20% DC1 in D 20 lb 19.0
CH3OH lb 20.0
2:1 CD3OD : D 2O lb 20.0
D 2O la 20.0
D 20 lb 20.5
H2O la 20.5
H2O lb 21.5
easured at ca. 35°; accurate to ±0 .5  Hz. b lb was com-

pletely insoluble in CDC13. '  A reaction mixture, which also 
contained some SOCI2 and pyridinium hydrochloride.

As can be seen, the A5 for 1 is small in poorly ioniz
ing media, such as deuteriochloroform, large, up to 
ca. 21 Hz, in ionizing media such as water and methanol, 
and intermediate for solvents of intermediate ionizing 
ability. Although the variation may result from the 
fluctuation of 8 for only one of the olefinic protons, this 
cannot be stated with certainty, since all of the 8 
values for 1 vary somewhat with solvent. However, 
it is reasonable to assume that varying degrees of sol
vent separation of the ion pairs of 1 would lead to 
differences in the effective positive charge on nitrogen 
and that this charge would influence the 8 values 
of the olefinic protons to different extents.

Mass Spectra. —It was not possible to obtain the mass 
spectra of la and lb at low temperatures because of 
their lack of sufficient vapor pressure. On warming, 
however, it was possible, in the case of la, to obtain a 
strong ion at m/e 182 corresponding to the cationic 
portion of the salt, although the spectrum was com
plicated by the presence of additional compounds. 
With lb, which presumably has even lower volatility 
and therefore had to be warmed even further, these 
additional compounds essentially dominated the spec
trum and the m/e 182 peak was very weak. These 
spectra are tabulated in Table II.

(7) M . Ohtsuru, K . Tori, J .-M . Lehn, and R . Seher, J. Amer. Chem. Soc., 
91, 1187 (1969).

T a b l e  I I

M a s s  S p e c t r a “ o f  l a  a n d  l b

.-------------- Relative intensities^-
m/e la (1 6 0 °) ' lb (210°)“
362 4 d
286 19 d
285 83 2
284 17 d
283 7 d
282 9 d
281 10 d
271 17 d
270 7 d
269 16 d
206 8 d
205 5 16
204 27 95
203 18 65
202 14 48
201 d 9
200 d 10
183 42 d
182 96 3
181 42 d
180 39 d
106 12 d
105 11 d
104 26 12
103 90 8
102 18 8
101 9 28
100 d 7
80 84 11
79 100 100
78 27 17
77 63 6
76 12 7
75 8 6

“ Additional peaks found for la were m /e  (rel intensity) 169 
(9), 168 (8), 167 (15), 154 (8), 153 (7), 152 (11), 63 (10), 53 (17), 
52 (77), 51 (64), 50 (32), 39 (19), 38 (32), 37 (8), 36 (92), and 35 
(15). Additional peaks for lb were m /e  (rel intensity) 53 (9), 
52 (69), 51 (38), 50 (24), 49 (36), and 39 (13). 6 Per cent of m /e  
79 peak, the most intense peak in each system. c Probe tem
perature. d The peak was totally absent or present at less than 
1%  relative intensity.

Interestingly, the dominant peak in the spectrum 
of lb appeared at m/e 204. This corresponds to a 
dimer of the cationic portion of this salt minus the 
elements of two pyridinium ions (2 X 182 — 2 X 80) 
or, potentially, to a hydrocarbon having the empirical 
formula C16H12. Indeed, the spectrum of la showed 
a minor peak at m/e 362, a major one at 285, and one 
at 204 which could correspond to a dimer minus two 
hydrogens, a dimer minus pyridine, and a dimer minus 
the elements of two pyridinium ions (as in lb), respec
tively. These observations are summarized schemati
cally in Scheme II.

Cleavage of the bond between the pyridinium nitro
gen and the olefinic carbon to which it is attached in 
the cation was also apparently significant, leading to 
the very strong peak for la at m/e 103 (C8H7+). Pre
sumably the cluster observed around this latter m/e 
value arose from hydrogens gained or lost during this 
cleavage. Finally, peaks for (C H U N )(C5H 5N )+, 
(C6H6) +, and (CflH5) + were very prominent as well.

Chemical Reactions. —A few reactions of 1 have been 
studied. These are described in some detail in the 
following sections.
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2

H

80

-(CjHjNr
(Dimer)2+ > (C21H19N)+

285
- h2+

(CæH22N2)+

362

û
Q CH,

lb
210°

(C,3HI2N)+

182

(C16H12)+ +  
204

-QHsN-H*

lu
|l60P

Thermolysis.—The mass spectral results (above) 
suggested that it might be possible to heat the salt 1 
and cause it to undergo a chemical transformation 
leading to a Ci6Hi2 hydrocarbon. Indeed, when lb was 
heated at 215° under reduced pressure in a sublimation 
apparatus or at 300° in a sealed tube there were formed 
just two observable products in high yield: pyridi- 
nium tetrafluoroborate and 1-phenylnaphthalene (Cis- 
Hi2); no 2-phenylnaphthalene or any other hydro
carbon product could be detected. The exclusive 
formation of 1-phenylnaphthalene places severe con
straints on any mechanistic description of this reaction 
and one which would appear to be a likely possibility 
in the face of this constraint is given in Scheme III.

We believe that the six-membered ring formation 
depicted in the dimerization of 1 is best represented as 
a stepwise rather than a concerted reaction. If the 
reaction were a (4 +  2) concerted cyclization, one 
would surely expect to find some 2-phenylnaphthalene 
which would arise via 9 ,  the intermediate which would

be highly favored (relative to 6) on steric grounds. 
However, no 2-phenylnaphthalene was observed. 
On the other hand, if the cyclization occurred step
wise to give first the bisbenzyl radical cation 5, the 
observed product identity would already have been 
established regardless of the eventual adverse steric 
effects which would be encountered in closing the ring 
to 6. Formation of 7 from 6 simply requires a thermal 
heterolysis to give pyridine and a benzyl carbonium 
ion followed by the removal of a proton. The conver
sion of 7 to 8 can occur via protonation-deprotona
tion or by a thermally allowed 1,5-sigmatropic hydro
gen shift. Either path should be energetically favor
able, since a simultaneous rearomatization occurs.

Also in favor of this mechanism is the report8 that
(8) R. R . DiLeone, U . S. Patent 3,410,876 (N ov 12, 1968).

S c h e m e  I I I

8

a cyclization reaction similar to that proposed in 
Scheme III occurs between styrene and maleic anhy
dride (eq 2).

Hydrogenation.—The hydrogenation of lb with 
Pd/C readily led to 10b in very high yield. We have

found no previous reports of the synthesis of this very 
simple molecule, presumably because those methods,



T h io n y l  C h l o r id e - P y r id i n e  C h e m is t r y J. Org. Chem., Vol. 88, No. 8, 1978 1573

which have been tried9 involved the reaction of a- 
phenethyl halides with pyridine, a combination which 
resulted only in elimination of HX. Thus, not only 
does the isolation of 10b serve as further evidence for 
the structure of its precursor, but it also completes 
a facile two-step sequence to a previously unknown 
type of pyridinium salt.

H-D Exchange.—When a solution of lb in D2O was 
heated at 180°, hydrogen-deuterium exchange took 
place at only two carbons, the a-pyridinium carbons; 
no other protons in the molecule were exchanged. This 
we attribute to the inductive acidifying influence of the 
positive nitrogen on the a protons and suggest the 
intermediacy of a structure such as 11, in accord with

similar structures which have been invoked10 under 
similar H-D exchange conditions for other pyridinium 
salts.

The extension of this thionyl chloride-pyridine re
action to other ketones and other carbonyl compounds 
is underway.

Experimental Section
All 'H nmr spectra were recorded with a Varian Associates 

T-60 nmr spectrometer using tetramethylsilane as internal stan
dard unless noted otherwise. All infrared spectra were taken as 
KBr pellets. Mass spectra were determined on a C. E. C. 21- 
104 analytical mass spectrometer at 70 eV.

Reagent grade acetophenone and thionyl chloride were redis
tilled before use.

(V-a-Styrylpyridinium Tetrafluoroborate (lb ).— To a solution 
of 2.40 g (0.0200 mol) of acetophenone in 40 ml of pyridine was 
added 11.9 g (0.100 mol) of thionyl chloride all at once and this 
solution was stirred at 35° for 2.5 hr. The reaction mixture was 
then stirred vigorously with four separate 100-ml portions of 
hexane (to remove most of the excess pyridine and thionyl chlo
ride), the hexane layers being carefully decanted each time. 
The viscous residue which remained was dissolved in 20 ml of 
water and filtered free of a trace amount of brown, amorphous 
material. This clear solution was then mixed with a solution 
prepared from 5.0 g (0.045 mol) of NaBF4 and 10 ml of water. 
This resulted rapidly in the precipitation of a tan, crystalline 
material. Filtration and drying in vacuo (60°, 2 days) gave
4.71 g (88%) of lb : *H nmr (CD30 D -D 20 , external TM S) S
5.67 (d, J =  3 Hz, 1, olefinic proton cis to phenyl), 6.00 (d, J 
= 3 Hz, 1, olefinic proton cis to pyridinium ring), 6.90-7.40 (m, 
5, phenyl), 7.63-8.23 (m, 2, /3-pyridinium), 8.23-8.83 (m, 3, a- 
and y-pyridinium).

A 4.30-g portion of this product was recrystallized from 20 ml 
of water (including a charcoal treatment). After filtering and 
drying in vacuo (60°), there was obtained 2.23 g of lb as colorless 
crystals: mp 118.5-119.5°; 4H nmr (CD 3COCD 3 ) 6  6.10 (d, 
J = 3 Hz, 1, olefinic), 6.37 (d, J  = 3  Hz, 1, olefinic), 7.10-7.67 
(m, 5, phenyl), 8.15-8.62 (m, 2, /3-pyridinium), 8.62-9.32 (m, 
3, a- and y-pyridinium); ir 1627 (s),u 1493 (m), 1488 (m), 1474 
(s),u 1446 (m), 927 (m), 788 (m), 773 (s),11 723 (m), 697 (m), 
681 (s), and a very strong, broad band at 1050 cm-1 for BF4~ 12 *

(9) S. Hanai, J. Chem. Soc. Jap., 63, 352, 356 (1942); J. W . Baker, J. 
Chem. Soc., 2631 (1932).

(10) J. A. Zoltewicz and L. S. Helmick, J. Amer. Chem. Soc., 92, 7547 
(1970), and references cited therein.

(11) Correspond to strongest peaks in ir spectrum of iV-vinylpyridinium
ion: 1632, 1480, and 758 cm “1, respectively. See I. N. Duling and C. C.
Price, ibid., 84, 578 (1962).

(12) Sad tier Inorganic Grating Spectral Catalog, Sadtler Research Labora
tories, Inc., Philadelphia, Pa., 1967, Spectra Y 777 K and Y 955 K.

dominated this spectrum; mass spectrum m/e (rel intensity) 
182 (3), IV-a-styrylpyridinium cationic part of salt lb  (see com
plete mass spectrum and interpretation in Results and Discus
sion).

Anal. Calcd for C13H12BF4N: C, 58.0; H, 4.5; N, 5.2. 
Found: C, 58.7; H, 4.5; N, 5.3.

JV-a-Styrylpyridinium Chloride (la).— A column of 20 g of 
anion exchange resin Amberlite IRA-400-chloride form was pre
pared in water (interstitial volume 18 ml) and eluted with 100 ml 
of water; the silver nitrate test for chloride ion was negative 
throughout this elution.

A solution of 0.50 g of lb was prepared in 15 ml of water by 
warming to 40° and this solution was placed on top of the resin 
bed. Elution with water was allowed to proceed at ca. 1.7 m l/ 
min as 5 ml-fractions were collected. Fractions 3-11 showed 
positive chloride ion tests while fractions 1, 2, 12, and 13 were 
negative. Fractions 3-11 were combined and water was re
moved at 60° on a rotary evaporator. The residue, 0.39 g of a 
tan solid, was dissolved in 3 ml of CDC13 and its *H nmr was re
corded: 6 6.14-6.33 (m, 2, olefinic), 7.14-7.70 (m, 5, phenyl), 
8.43-8.80 (m, 2, /3-pyridinium), 8.80-9.17 (m, 1, y-pyridinium),
9.17-9.42 (m, 2, a-pyridinium); the latter three regions were 
distinct and characteristic in appearance for pyridinium com
pounds.13 A small amount of water also appeared at 5 3.50 as a 
broadened singlet.

Solvent removal from the above nmr solution and two recrys
tallizations of the hygroscopic product from CH2C12-E t20  gave 
0.10 g of la: mp 163-164.8°; ir very similar to that of lb ex
cept for absence of the large band due to BF4_ , 1619 (s),11 1490 
(m), 1466 (s),11 1447 (m), 942 (s), 800 (s), 774 (s),11 723 (m), 690 
(s), 682 cm-1 (s); mass spectrum m/e (rel intensity) 182 (98), 
M-a-styrylpyridinium cationic part of salt la (see complete mass 
spectrum and interpretation in Results and Discussion); ‘H 
nmr (D 20 , external TM S) 5 6.12 (d, J  =  3 Hz, 1, olefinic cis to 
phenyl), 6.45 (d, J  = 3  Hz, 1, olefinic cis to pyridinium), 7.41-
7.90 (m, 5, phenyl), 8.23-8.62 (m, 2, /3-pyridinium), 8.82-9.25 
(m, 3, a- and y-pyridinium).

JV-a-Phenethylpyridinium Tetrafluoroborate (10b).— A solu
tion of 2.00 g (0.0074 mol) of lb in 50 ml of anhydrous methanol 
was stirred with 0.1 g of 10% P d/C  at 30.0 psi pressure of hy
drogen. After 2.5 hr, the pressure had dropped to 29.3 psi and 
then remained constant. The catalyst was removed by filtration 
and the solvent was evaporated. The residue, 2.02 g, which 
slowly crystallized on standing and was shown to be ca. 85% 10b 
by 4H nmr [vide infra), was triturated with 4:1 hexane-chloro
form at 40° to remove 0.07 g of acetophenone (identified by 'H 
nmr and vpc). The residual solid was dissolved in water and 
this solution, after it was extracted with hexane and 2.0 g of ex
cess NaBF4 was added, was stored overnight at ca. 0°. The 
long, needle-like crystals which separated were filtered, washed 
with ether, and dried in vacuo. In this way 0.90 g of 10b was 
obtained: mp 68-85° dec; 'H  nmr (CD3OD) 5 2.17 (d, J =  7 
Hz, 3, methyl), 6.25 (q, J =  7 Hz, 1, methine), 7.27-7.76 (m, 
5, phenyl), 7.90-8.40 (m, 2, /3-pyridinium), 8.40-8.88 (m, 1, y- 
pyridinium), 8.88-9.30 (m, 2, a-pyridinium); ir 1628 (s),14 
1495 (s),14 1480 (s),14 1450 (m ),14 1050 (vs) (tetrafluoroborate 
ion),12 768 (m), 730 (m), 698 (m), 680 cm -1 (s); mass spectrum 
m/e (rel intensity) 79 (100), pyridine+, 105 (82), a-phenethyl+, 
complex spectrum; no M + for cationic portion of 10b.

Anal. Calcd for C i3H uBF4N: C, 57.6; H, 5.2; N , 5.2. 
Found: C, 56.9; H, 5.2; N, 5.1.

iV-a-Styrylpyridmium Chloride (la). Experiment for Mech
anistic Information.— Six grams (0.05 mol) of thionyl chloride 
was added to a solution of 1.20 g (0.0100 mol) of acetophenone in 
20 ml of pyridine. This system was then stirred at 35° for 3 hr. 
During this time, the progress of the reaction was monitored by 
frequent recording of the 4H nmr spectrum of a sample which had 
been removed and stored also at 35°. These results are given in 
Table III.

Stirring the reaction mixture vigorously with four separate 50 
ml-portions of hexane, each hexane layer being carefully de
canted, led to a viscous liquid residue.

A.— A sample of this residue gave the following 4H nmr spec
trum (CDC13): 5 6.18 (d, J  = 3  Hz, 1, olefinic cis to phenyl),
6.34 (d, J = 3  Hz, 1, olefinic cis to pyridinium), 7.18-7.73 (m, 
5, phenyl), 8.12-9.48 (m, 16, very complex multiplet containing 
at least the pyridinium protons of la and pyridinium hydrochlo-

(13) See, for example, ref 1.
(14) Similar to the spectra of la and lb.
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T a b l e  III
H I N m r  O b s e r v a t i o n s  d u r i n g  t h e  R e a c t i o n  o f  

A c e t o p h e n o n e  w i t h  T h i o n y l  C h l o r id e  a n d  P y r i d i n e

-Approximate relative molar amounts0-

Reaction
time,
min

0

( ^ K c — CH/
Unknown0

CHa
compd

ch2

Cl“ '
HC1*

0 100 0 0 0
42 1 2 .6 3 1 .2 5 6 .2 /
49 7 .1 2 7 .3 6 5 .6 66
63 3 .4 16 .6 8 0 .0 80
72 3 .1 11.9 8 5 .0 86
87 2.1 6 .6 9 1 .3 /

102 0 .4 3 .9 9 5 .7 /
120 0.0 2 .0 9 8 .0 /
174 0.0 0.0 1 00 .0 102

“ ± 5 % . 6 Determined from methyl integral -5- 3. Chemical
shift (external TMS)  for methyl of acetophenone in this reaction 
mixture was 5 2.0. c Determined from integral of peak (at 5 
2.4) -I- 3. Assumed to be a new kind of methyl peak from its 
chemical shift and sharp singlet nature; shown not to be 1,1- 
dichloroethylbenzene by admixture and observing a new methyl 
singlet at 8 2.1. d Determined from olefinie integral +  2; this 
occurred between 8 5.55 and 5.83. The rest of the spectrum of 
this molecule was obscured by solvent. * As pyridine hydro
chloride. Determined from the acidic proton singlet at 8 18.0 
after subtracting for the amount of water known to have been 
present in the pyridine. f The value was not determined.

ride, and probably those of some pyridine not extracted by the 
hexane treatment). An additional minor a-pyridinium type of 
multiplet (8 9.80-10.02), probably due to some 22, was also 
present. (A control experiment indicated that 2 might be pro
duced to the extent of about 0.0006 mol under these reaction 
conditions.)

B. — When the nmr solution of A was shaken with water, no 
solutes were left in the CDCh phase; all had been transferred to 
the water phase. 'H nmr (H20 )  showed integrals for phenyl: 
vinyl (5:2).

C. — When some of the residue was dissolved in water, po- 
tentiometrically titrated to pH 6.9, and then extracted several 
times with ether to remove pyridine, the residual aqueous phase 
displayed a HI nmr spectrum in complete accord with la.

Thermal Reaction of lb . Experiment I.— A 1.00-g sample of 
lb was heated in a sublimation apparatus at 215° for 17.5 hr at 
ca. 0.10 mm pressure. The residue, 0.73 g, was shown by nmr 
to be unchanged lb . The sublimate, 0.23 g, was a pale yellow, 
oily solid which proved to be only partially soluble in water, only 
partially soluble in chloroform, but completely soluble in ace
tone. Its HI nmr spectrum (CDjCOCDj, external TM S) 
showed no vinyl protons and was in accord with pyridinium 
tetrafluoroborate plus a (CaHo), aromatic hydrocarbon: 8 6.4
[broad band, Wi/2 =  20 Hz, 0.91 (after subtracting forH D O  of 
solvent), NH+], 7.68-8.08 (m, 2.0, ^-pyridinium), 8.26-8.83 
(m, 3.0, a- and 7 -pyridinium), and 6.89-7.68 (m, 5.8, aromatic).

Experiment II.— A 0.20-g sample of lb was heated in a sealed 
tube at 300° for 3.25 hr. The products were mixed with 1.5 ml 
of D20  and 1.5 ml of CDC13, the layers were separated, and the 
lH nmr spectrum of each was recorded: D 20  phase, 86:14 mole 
ratio of pyridinium tetrafluoroborate: lb; CDC13 phase, only an 
aromatic multiplet essentially identical with that found for an 
authentic sample of 1-phenylnaphthalene (Ci6H i2).

The contents of the CDC13 phase were examined further: 
vpc (6 ft 10% SE-30, 220°; retention time given in minutes) 
reaction product, 4.05; 1-phenylnaphthalene, 4.05; 2-phenyl- 
naphthalene, 5.60; tic on silica gel (1:9 benzene-hexane, Rt 
given) reaction product, 0.48; 1-phenylnaphthalene, 0.48; 2- 
phenylnaphthalene, 0.52; tic on alumina (25:75 benzene-hex
ane) reaction product, 0.76; 1-phenylnaphthalene, 0.76; 2- 
phenylnaphthalene, 0.71. Trace components were also present 
(Rt 0.00-0.02) in the CDC13 phase.

Experiment III.— A 2.0-g sample of lb was heated at 300° for
4.5 hr in a sealed tube. The contents of the tube were stirred 
with 50 ml of hexane and extracted twice with 50-ml portions of 
water. The hexane solution was dried (M gS04), filtered, and 
freed of all solvent in vacuo, giving 0.41 g of a tan oil: 2H nmr
(CDCla) 8 7.33-8.13 (m, aromatic, superimposable on the spec
trum of authentic 1-phenylnaphthalene), 7.08-7.33 (m, aromatic, 
minor portion of the spectrum, < 5 %  of aromatic area, due to 
some other minor component); vpc again showed 1-phenyl- 
naphthalene and indicated that, at the most, only 1%  of the 
isolated material could be 2-phenylnaphthalene. The product 
was passed through a short alumina column in 1:3 benzene- 
hexane to remove some color and then analyzed further by its 
mass spectrum: ro/e (rel intensity) 204 (100) M +, 203 (66.7) 
(M — 1)+, 202 (50.0) (M — 2)+. Relative intensities found for 
the 204, 203, 202 sequence for authentic 1-phenylnaphthalene 
were 100:66.4:49.8; for authentic 2-phenylnaphthalene, these 
values were 100:17.0:30.2.

Deuterium Incorporation by lb in D20 .— A solution of 0.10 g 
of lb in 1.0 g of D 20  was heated in a sealed nmr tube at 180° for 
3 days. After this time, the HI nmr spectrum indicated that 
H -D  exchange had occurred essentially exclusively and nearly 
completely at the a-pyridinium carbons: 8 6.10 (d, J  = 3  Hz, 
0.98, olefinie), 6.43 (d, J  =  3 Hz, 0.98, olefinie), 7.42-7.93 (m,
5.00, phenyl), 8.23-8.57 (d, slightly broadened, J  =  7.5 Hz,
1.93, /3-pyridinium protons, coupled only to 7 proton), 8.75-
9.20 (t, slightly distorted, J  =  7.5 Hz, 1.16, 7-pyridinium pro
tons +  residual a-pyridinium protons); the HDO peak of solvent 
had increased, as expected, by the corresponding amount. This 
a-exchanged pyridinium ring gave virtually the identical ’ l l  nmr 
spectrum as found for the ring protons of 2,6-dimethylpyridin- 
ium hydrochloride.15

Registry No.—la, 38434-89-8; lb, 579-54-4; 10b, 
38434-91-2; thionyl chloride, 7719-09-7; pyridine, 
110-86-1; acetophenone, 98-86-2.

(15) H. M . Relles, unpublished results.
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Bridgehead Nitrogen Heterocycles. II. Formation by Reaction of 
a-Amino N-Heterocyclic Compounds with Chlorothioformyl Chloride
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Cyclization of a variety of a-amino N-heterocyclic compounds (A) with chlorothioformyl chloride (2a) resulted 
in the formation of bicyclic bridgehead nitrogen heterocycles (C) in fair yield. A second method of synthesis 
of C, from A and ethyldithiocarbonyl chloride (2b), has also been established. Some preliminary studies of the 
chemical reactivity of 6-substituted 2 i/-[ 1,2,4]thiadiazolo[2,3-6]pyridazin-2-ones ( 14) and 15 have been carried 
out.

The preparation of bridgehead nitrogen heterocy
cles from a-amino N-heterocyclic compounds with 3- 
chloroacrylic and atropic acids (and acid chlorides) 
was investigated recently in this laboratory.1 We have 
now investigated the reactions of a-amino N-hetero
cyclic compounds with chlorothioformyl chloride (2a) 
which build up novel nitrogen- and sulfur-containing 
heterocyclic ring systems with bridgehead nitrogen.

0
^N H 1!

a nh, 0  a nh+ C1CSX 

2a, X =  Cl
A b,X  =  SC2l

Results
Entry into the 2H-thiazolo[3,2-6][l,2,4]thiadiazol-2- 

one ring system was first obtained when 2-aminothiazole 
(la) and its 4,5-dimethyl analog (lb) were allowed to 
react with 2 a in the presence of 2 molar equiv of tri- 
ethylamine in tetrahydrofuran solution at temperatures 
between —10 and 60°. The reaction mixtures from 
these two amines were black tars, but it was possible to 
isolate and characterize 4 and 5. The yields of 4 and 5

3 4, R1 =  H
5, R1 =  CH,

were in the order of 2-3%. This appears to be more of 
an unsatisfactory reaction than an isolation problem, 
as 5 was purified and readily isolated by silica chroma
tography.2 Because of the inherent synthesis difficulty, 
an alternative route was sought. A suitable inter
mediate would be ethyldithiocarbonyl chloride (2b) 
which would be expected to undergo amination by the 
heterocyclic amine followed by a facile ring closure to 
the bicyclic ring system. It was found that la reacted

(1) J. G. Kuderna, R . D . Skiles, and K . Pilgram, J. Org. Chem., 36, 3506 
(1971).

(2) A  possible explanation for the low yields may be the inherent in
stability of 3 (R l =  H , C H s; X  =  C l) .  For example, iV.iV-dialkylcar- 
bamoylsulfenyl chlorides readily decompose at 0 °  with elimination of sulfur 
to form iV.iV'-dialkylcarbamoyl chlorides.8

(3) G . Zumach and E . Kühle, Angew. Chem., 82, 63 (1970); Angew. Chem., 
Int. Ed. Engl., 9, 54 (1970).

readily with 2b and the yield of purified 4 was in the 
order of 25% without isolation of the intermediate 3 
(R1 = H; X = SC2H6). The formation of 3 (R1 = H; 
X = SC2H5) in admixture with 4 at 0° was likely in 
light of tic data (Experimental Section). However, 
attempted isolation of 3 at room temperature proved 
unsuccessful.

The 1,3,4-thiadiazole ring system has been the sub
ject of numerous investigations.4 It was anticipated 
that the most direct route to the 6//- [1,3,4 [thiadiazolo- 
[3,2-6][l,2,4]thiadiazol-6-onc system would be from
2-amino-l,3,4-thiadiazole (6a) and its 5-substituted 
analogs (6b, 6c, and 6d). Reaction of 6a with 2a led to 
the formation of tar which could not be resolved by 
chromatography. However, condensations of 6b, 6c, 
and 6d with 2a occurred readily, under the same re
action conditions used for the reactions of 2a with 1, 
to give the fused heterocyclic compounds 7, 8, and 9 in 
10-53% yield. Oxidation of 7 with m-chloroperbenzoic 
acid gave the corresponding sulfone 10.

N— N

r — i. y ~  n h 2 +  2a —
s

6a, R = H
b, R = SCH3
c, R = SC2H5
d, R = CF3

7, R = SCH3
8, R = SC2H5
9, R = CF3

Entry into the 2H-[l,2,4]thiadiazolo[2,3-a]pyridin-2- 
one system was obtained when 2a was allowed to react 
with 2-amino-5-chloropyridine (11). Recrystallization 
of the reaction mixture afforded 12 in 48% yield.

11 12

2-Amino-6-chloropyridazine (13) also underwent 
ready reaction with 2a to yield 6-chloro-2//- [1,2,4]- 
thiadiazolo [2,3-6 ]pyridazin-2-one (14) in 37% yield. 
The displacement of chlorine in 14 was quite facile, and 
reaction at ambient temperature of sodium methyl- 
mercaptide with 14 led to the 6-methylthio analog (15). 
Oxidation of 15 with peracetic acid gave the sulfone 16,

(4) L. L. Bambas, Heterocycl. Compounds, 4, 81 (1952).
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T a b l e  I

H e t e r o c y c l e s  O b t a i n e d  b y  R e a c t i o n  o f  « - A m i n o  N - H e t e r o c y c l ic  C o m p o u n d s  w i t h  
C h l o r o t h io f o h m y l  C h l o r id e  (CTFC)“

Compd Yield, % M p, °C Formula Nm r data, Sb Solvent

4 3.3
OCc

130-132 C4H2N2OS2 7.6 (1) (d, 1, 5-CH), 7.2 (1) (d, 6-CH) DMSO-ds

5
ZD

2.0 73-75 CeH«N2OS2 2.1 (1) (d, 3, 5-CH3), 2.4 (1) (d, 3, 6-CH3) CDCh
7 10 149-152 C4H3N3OS3 2.75 (s, SCHs) CDCI3
8 36.4 104-106 C6H6N8OS3 1.5 (t, 3, CH3), 3.35 (q, 2, CH2) CDCI3
9 53 83-85 C4F3N3O&

12 48 132-134 C„H3C1N20S 7.4 (m, 2, CH=CH), 8.1 (m, 1, 5-CH) DMSO-de
14 37 164-166 C5H2C1N30S 7.45 (q, 1, C H =), 7.9 (q, 1, C H = ) DMSO-ds
20 20 77-79 c 5h 6n 2o s2 1.4 (m, 2, 6-CH2), 3.1 (t, 2, 5-CH2), CDCh

3.85 (t, 2, 7-CH2)
“ Satisfactory analytical data (±0 .3  for N) were reported for all compounds in this table; C and H analyses were reported for all ex

cept 7; S analyses were reported for 4, 7, 8, and 20; Cl analysis was reported for 14. b In parts per million ( J  in hertz) (multiplicity, 
number of protons, assignment). c From 2-aminothiazole and ethyldithiocarbonyl chloride.

whereas alkaline hydrolysis afforded 3-amino-6-methyl- 
thiopyridazine isolated as its urea 17 by reaction with 
methyl isocyanate; oxidation of 17 gave sulfone 18 
(Scheme I) in 90% yield. Displacement of chlorine

S c h e m e  I

in 14 by nucleophiles other than sodium methylmer- 
captide followed by hydrolysis of the resulting sub
stituted bicyclic heterocycle may provide a convenient 
preparative method for 3-substituted 6-aminopyrid- 
azines which are difficult to prepare by other methods.5’6

5,6-Dihydro-2-amino-4if-l,3-thiazine (19) underwent 
ready reaction with 2a to yield 5,6-dihydro-2H-[l,2,4]- 
thiadiazolo [3,2-6]thiazin-2-one (20), also a new hetero
cyclic system.

I j s .  +  2a
s ^ N H 2 

19 20

Discussion
Analytical and physical data of all bicyclic hetero

cycles prepared by reaction of an a-amino N-hetero- 
cyclic compound, 1, with 2a are summarized in Table I. 
A common feature of the mass spectra of the compounds 
described above is that the molecular ions are prominent

(5) M . Tisler and B. Stanovnik, Advan. Heterocyd. Chem., 9, 211 (1968).
(6) J. Druey, K . Meier, and K . Eichenberger, Helv. Chim. Acta, 37, 121 

(1954).

peaks indicating a fairly great stability of these fused 
bicyclic compounds. The primary fragmentation path 
involves loss of the carbonyl group. In all cases, ions 
corresponding to M+ — 28 (CO) can be observed which 
on further impact lose nitrogen and sulfur. However, 
certain substituents (e.g., CF3, RS, and RS02) influence 
the secondary pattern markedly.

In the ir spectra, carbonyl bands for all the bicyclic 
heterocycles are near 1700 cm-1, whereas absorptions 
of the -C=N grouping are shown by all compounds in 
the 1640-1670-cm-1 region.

The chemistry of a-amino N-heterocyclic compounds 
(amidines) of general structure A is complicated by the 
presence in the molecule of two nitrogen atoms, and it 
is frequently difficult to present unequivocal chemical 
proof of structure of reaction products. The problem 
is still more complicated by the presence of two reactive 
centers in 2a. Basically, the reaction of A with 2a may 
give either one of the two heterocycles C and D. Struc
ture D may be excluded from consideration on the basis 
of the following grounds. Firstly, in a-amino N- 
heterocyclic compounds of general structure A, mono
acylation and carbamoylation occurs always on the 
exocyclic amino group.6’7-11 Secondly, 2a has been 
shown3 to undergo reaction with amines selectively with 
the carbonyl group forming an amide bond leaving B as 
the only likely intermediate. Soft-hard acid-base 
theory12’13 supports this view in that amidines such as 
A (the amino group is a hard base) would be expected

D
(7) A . Schoberl and K . H . Magosch, Justus Liebigs Ann. Chem., 742, 74 

(1971).
(8) F. Krohnke, B. Kickhofer, and C. Thoma, Ber., 88, 1117 (1955).
(9) F . Kurzer, Advan. Heterocycl. Chem., 5, 168 (1965).
(10) J. Sandstrom, ibid., 9, 181 (1968).
(11) A . H . Land, Heterocyd. Compounds, 5, 595 (1957).
(12) R . G. Pearson, J. Amer. Chem. Soc., 85, 3553 (1963).
(13) W e are grateful to reviewer III  who raised this point.
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to react preferentially with the carbonyol group (car
bonyl carbon centers which resemble carbonium centers 
are hard) of 2a. The internal nitrogen atom in B would 
be expected to react more slowly with the sulfur atom 
(a soft acid) to give C.

In summary, synthetic procedures were developed to 
convert a-amino N-heterocyclic compounds to a variety 
of novel bridgehead nitrogen heterocycles by reaction 
with chlorothioformyl chloride. Detailed studies of the 
individual synthesis to optimize conditions were not 
performed.

Experimental Section
Melting points are uncorrected and were taken on a Thomas- 

Hoover capillary apparatus. Ir absorption spectra were deter
mined on a Beckman IR-4 double beam instrument. The nmr 
spectra were determined on a Varian A-60 spectrometer. Mass 
spectra were recorded on a Perkin-Elmer Model 270 B double 
focusing mass spectrometer.

Materials.— 2-Aminothiazole (la ) and 2-amino-5-chloropyr- 
idine (11) (Aldrich Chemical Co.) were used without further 
purification. The following a-amino N-heterocyclic compounds 
were prepared following procedures reported in the literature:
2-amino-l,3,4-thiadiazole (6a),14 2-amino-5-methylthio-l,3,4- 
thiadiazole (6b),15 3-amino-6-chloropyridazine (13),16 2-amino-
5-trifluoromethyl-l,3,4-thiadiazole (6d),17 2-amino-4,5-dimethyl- 
thiazole ( lb ) ,18 and 5,6-dihydro-2-amino-4//-I,3-thiazine (19).8

2-Amino-5-ethylthio-l,3,4-thiadiazole (6c).— Alkylation with 
ethyl iodide of the sodium salt of 2-amino-5-mercapto-l,3,4- 
thiadiazole proceeded smoothly in refluxing ethanol to give the 
title compound in 88% yield, mp 134-136°.

Anal. Calcd for C4H7N 3S2: C, 41.4; H, 5.7; N, 16.1; S,
36.8. Found: C, 41.6; H, 6.0; N, 16.0; S, 36.5.

2H-Thiazolo [3,2-6] [ 1,2,4] thiadiazol-2-one (4). A. From 2- 
Aminothiazole (la ) and Chlorothioformyl Chloride (2a).— To a 
cold ( — 10°) solution of 13.1 g (0.1 mol) of 2a in 100 ml of tetra- 
hydrofuran was added dropwise (75 min) with stirring a solution 
of 10.0 g (0.1 mol) of la in 300 ml of tetrahydrofuran, followed 
by the dropwise (30 min) addition of 20.2 g (0.2 mol) of triethyl- 
amine. The mixture was then stirred at 60° for 2.5 hr and 
filtered. The filtrate was concentrated to dryness and the re
sidual solid was recrystallized from methanol to afford 0.5 g 
(3.3% ) of 4: a brown crystalline solid; mp 130-132°; ir (KBr) 
1735, 1645 cm -1; mass spectrum (70 eV) 158 (M +).

B. From 2-Aminothiazole (la ) and Ethyldithiocarbonyl 
Chloride (2b).— To a cooled (0°) solution of 14.4 g (0.1 mol) of 
2b in 100 ml of tetrahydrofuran was added dropwise with stirring 
a solution of 20.0 g (0.2 mol) of la in 150 ml of tetrahydrofuran 
causing a tarry solid to precipitate. Tic of the solution indicated 
the disappearance of starting materials and the appearance of 
two new reaction products. The intensity of the spot corre
sponding to the compound with smaller Rs value, presumably 3 
(R 1 =  H; X  = SC2H5), decreased with time at the expense of 
the spot corresponding to 4 which has a greater Rt value. The 
mixture was stirred for 18 hr at ambient temperature, heated to 
60° for 1 hr, and cooled to 25°. Filtration and concentration to 
dryness of the filtrate afforded a solid which was recrystallized 
from methanol to give 4.0 g (25%) of 4, a light yellow crystalline 
solid, mp 130-132°, in admixture with A (see above), mmp 130- 
132°. Ri values of 3 (R 1 =  H; X  =  SC2H5) (solvent no.): 
0.09 (3),19 0.17 (9),19 and 0.36 (10).19 R{ values of 4 (solvent 
no.): 0.37 (3), 0.44 (9), and 0.56 (10).

5,6-Dimethyl-27/-thiazolo[3,2-6] [l,2,4]thiadiazol-2-one (5).—  
To a solution of 7.2 g (0.05 mol) of 2a in 100 ml of tetrahydro-

(14) M . Freund and C. Meinieke, Ber., 29, 2511 (1896); J. Goerdeler, J. 
Ohm, and O. Tegtmeier, ibid., 89, 1534 (1956).

(15) M . Busch and H . Biehler, J. Prakt. Chem., [21 93, 339 (1916).
(16) J. Druey, K . Meier, and K . Eichenberger, Helv. Chim. Acta, 3 7 ,  121 

(1954).
(17) I. Lalezari and N . Shargki, J. Heterocycl. Chem., 3, 336 (1966).
(18) Y . Garceau, C. R. Acad. Sci., 232, 982 (1951).
(19) Solvent no. 3 (by volume): hexane (66), ethyl acetate (30), tetra

hydrofuran (4). Solvent no. 9 (by volume): hexane (50), ethyl acetate
(25), tetrahydrofuran (25). Solvent no. 10 (by volume): hexane (20),
ethyl acetate (40), tetrahydrofuran (40).

furan was added at 5° dropwise and with stirring a solution of
7.0 g (0.055 mol) of lb . The temperature was maintained at 5° 
during the dropwise (1.5 hr) addition of 11.0 g (0.109 mol) of 
triethylamine. The mixture was stirred at ambient tempera
ture for 1 hr and then heated to 60° for 1 hr. The warm reac
tion mixture was filtered and the filtrate was evaporated to a 
residue which upon purification by column chromatography 
afforded 0.2 g (2% ) of 5: mp 73-75°; ir (KBr) 1705 (C = 0 ) ,  
1670 cm -1 (C = ) ;  mass spectrum (70 eV) 186 (M +).

2-Methylthio-67/-[1,3,4] thiadiazolo[3,2-6] [1,2,4] thiadiazol-6- 
one (7).— To a solution of 13.1 g (0.1 mol) of 2a in 150 ml of 
tetrahydrofuran was added at —5° with stirring a solution of
14.7 g (0.1 mol) of 6b and 20.2 g (0.2 mol) of triethylamine in 
350 ml of tetrahydrofuran. The mixture was warmed gently to 
reflux for 2.5 hr. The reaction mixture was filtered, concen
trated to dryness, and purified by column chromatography oyer 
silica gel to give 2.0 g (10%) of 7, a light yellow crystalline solid, 
mp 149-152°.

2-Methylsulfonyl-6R-[1,3,4] thiadiazolo[3,2-6] [1,2,4] thiadi- 
azol-6-one (10).— To a solution of 2.0 g (0.01 mol) of 7 in 25 ml 
of chloroform was added with stirring a solution of 6.1 g (0.03 
mol) of 85% m-chloroperbenzoic acid in 25 ml of chloroform. 
The mixture was stirred at ambient temperature for 2.5 hr and 
left standing overnight. The reaction mixture was washed with 
aqueous (10% ) sodium carbonate and then with cold water. 
The chloroform layer was dried and evaporated to dryness. The 
residual solid was recrystallized from methanol to give 0.5 g 
(22%) of 10: a light yellow colored solid; mp 145-148°; ir 
(KBr) 1742, 1728, 1708, (C = 0 ) ,  1560 (C = ) ,  1160 c m '1 (S02); 
mass spectrum (70 eV) 237 (M+), 221, 209, 123, 107, 102, 90, 
79 ,63,44 ,28, 15.

Anal. Calcd for C4H3N30 3S3: C, 20.2; H, 1.3; N, 17.7. 
Found: C, 20.4; H, 1.4; N, 17.8.

6-Chloro-2if-[l,2,4] thiadiazolo [2,3-6] pyridazin-2-one (14).—  
T o a chilled (5°) solution of 13.1 g (0.1 mol) of 2a in 100 ml of 
tetrahydrofuran was added dropwise (2.5 hr) with stirring a 
solution of 12.9 g (0.1 mol) of 13 and 20.2 g (0.2 mol) of triethyl
amine in 600 ml of tetrahydrofuran. The mixture was heated to 
reflux for 6 hr, filtered while hot, and concentrated to dryness. 
The residual solid was recrystallized from methanol (charcoal) 
to give 7.0 g (37%) of 14: a light yellow crystalline solid; mp 
164-167°; ir (KBr) 1720 (C = 0 ) ,  1660, 1620 cm “ 1 (C = ) .

6-Methylsulfonyl-2H-[l, 2,4] thiadiazolo [2,3-6] pyridazin-2-one
(16).— A solution of 4.0 g (21.4 mmol) of 14 and 1.5 g (21.4 mmol) 
of sodium methylmercaptide in 40 ml of dimethyl sulfoxide was 
left standing at ambient temperature for 1.5 hr. A solid pre
cipitated during this time. The mixture was poured over ice 
and filtered. The filter cake was washed with water and dried 
to give 3.0 g (72% ) of 15.

Compound 15, 1.5 g, was suspended in 25 ml of acetic acid and 
warmed to 50° until solution occurred. Hydrogen peroxide 
(35%, 10 ml) was added. The mixture was heated to 75°, left 
standing at ambient temperature for 2 hr, poured into ice water, 
and filtered to give 1.0 g (59%) of 16: a light yellow crystalline
solid; mp 183-186°; ir (KBr) 1710 (C = 0 ) ,  1325 and/or 1310, 
1145 and/or 1140 cm -1 (S02).

Anal. Calcd for C6H5N30 3S2: N, 18.2; S, 27.7. Found: 
N, 17.9; S, 27.4.

l-Methyl-3-(3-methylthiopyridazin-6-yl)urea (17).— A suspen
sion of 21.0 g (0.112 mol) of 14 and 7.9 g (0.112 mol) of sodium 
methylmercaptide in 100 ml of absolute methanol was stirred at 
45° until a clear solution had formed (1 hr). After 18 hr the 
reaction mixture was poured into water and filtered to give 20 g 
of 15, mp 141-144°. A suspension of 5 g (25 mmol) of 15 in 100 
ml of 10% sodium hydroxide solution was placed on a steam bath 
for 30 min giving a clear solution. When a sample of this solu
tion was acidified, hydrogen sulfide was liberated. After re
moval of water under reduced pressure, dimethylformamide and 
excess methyl isocyanate were added to the residual solid. 
After 24 hr this solution was diluted with water, and the product 
was filtered. Recrystallization from ethanol gave 1.0 g (20%) 
of 17: a tan solid; mp 237-240°; ir (KBr) 3330, 3240 (NH), 
1708 (C = 0 ) ,  1555 and 1525 cm -1 (amide II).

Anal. Calcd for C,H i0N4SO: C, 42.5; H, 5.0; N, 28.3; 
S, 16.2. Found: C, 42.6; H, 4.9; N, 28.6; S, 16.5.

l-Methyl-3-(3-methylsulfonylpyridazin-6-yl)urea (18).— A mix
ture of 17, 0.5 g (2.25 mmol), in 20 ml of 33% hydrogen per
oxide and 15 ml of acetic anhydride was heated at 80° for 2 hr, 
poured into ice water, filtered, and dried to give 0.6 g (90%) of
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18: a colorless crystalline solid; mp 257-260°; ir (KBr) 3330, 
3250 (NH), 1710, 1700 (C = 0 ) , 1550 (amide II), 1350 or 1315, 
1150 (SOj).

Anal. Calcd for C7H,oN4S 03: C, 36.5; H, 4.4; N, 24.4. 
Found: C, 36.4; H, 4.2; N, 23.9.

Registry No.—la, 96-50-4; lb, 2289-75-0; 2a,
2757-23-5; 2b, 13221-50-6; 3 (R1 = H; X = SC2H6), 
38401-09-1; 4, 38400-53-2; 5 , 38400-54-3 ; 6b, 5319-
77-7; 6c, 25660-70-2; 6d, 10444-89-0; 7, 38400-58-7; 
8 , 38400-59-8; 9, 38400-60-1; 10, 38400-61-2; 11,

1072-98-6; 12 , 38400-63-4; 13, 5469-69-2; 14, 38400-
66-7; 15, 38400-67-8; 16, 38400-65-6; 17, 38400-68-9; 
18, 38400-69-0; 19, 10416-84-9; 20, 38400-71-4;
sodium 2-amino-5-mercapto-l,3,4-thiadiazole, 38400- 
72-5; sodium methylmercaptide, 5188-07-8.
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a-Ureido N-Heterocyclic Compounds with Chlorothioformyl Chloride

K u r t  P i l g r a m *  a n d  R i c h a r d  D. S k i l e s  

Biological Sciences Research Center, Shell Development Company, Modesto, California 95352

Received October 12, 1972

Condensation of a-ureido N-heterocyclic compounds (I )  with chlorothioformyl chloride (2) is shown to give 
bicyclic bridgehead nitrogen heterocycles of general structure B and H as well as 2,4-disubstituted 1,2,4-thia- 
diazolidine-3,5-diones (D). The factors which control the course of the reaction and which determine the nature 
of the reaction product are discussed.

In the preceding article1 it was shown that a-amino 
N-heterocyclic compounds (amidines) undergo reaction 
with chlorothioformyl chloride to give bicyclic bridge
head nitrogen heterocycles in fair yield. We now report 
the reactions of a series of a-ureido N-heterocyclic 
compounds (1) with chlorothioformyl chloride (2). Of

particular interest are the reactions of 2 with various 1 
compounds in which the relative nucleophilicities of the 
exo- and endocyclic nitrogen atoms vary because theo
retically these condensations can give fused thiatri- 
azepinedione derivatives (he., B and C) as well as 1,2,4- 
thiadiazolidinediones (he., D and E). The result re-

ported2 for the condensation of l-methyl-3-(5-trifluoro- 
methyl-l,3,4-thiadiazol-2-yl)urea (lg) with 2, which 
yielded 4-methyl-2-(5-trifluoromethyl-l,3,4-thiadiazol-
2-yl)-l,2,4-thiadiazolidine-3,5-dione (3), does not in
dicate this variability in the direction of cyclization 
which can occur in these reactions. In agreement with

the above result, however, it has been reported3 that 
condensation of a series of l-alkyl-3-arylureas yielded
4-alkyl-2-aryl-l,2,4-thiadiazolidine-3,5-diones (4); posi
tional isomer 5 was not formed.

ArN,Y
O
4

NAlk
V®

ArN NAlk

Y
0

Results and Discussion
When urea la was allowed to react with 2 in xylene 

or p-dioxane in the presence of 2 molar equiv of tri- 
ethylamine at 20-50°, there were obtained two com
pounds separated by silica chromatography and identi
fied as 5-ethylthio-6-methyl-2,ff-thiazolo [3,2-6] [1,2,4]- 
thiadiazol-2-one (6, 6.5%) and 3,8-dimethyl-7-ethyl- 
thio-2//-thiazolo [3,2-6] [l,2,4,6]thiatriazepine-2,4(3Ii)- 
dione (7, 11.6%). However, when the reaction was 
carried out in refluxing xylene (4 hr), the only isolable 
product was 6 (6.5%); compound 7 could not be de-

R

CHa

NHCNHCH, +  2

la, R = SC2H5
b, R = CH3
c, R = (CH3)2CHCH2

7, R = SC2H,
8, R = CH3
9, R = CH2CH(CH3)2

(1) K . Pilgram and R . D . Skilea, J. Org. Chem., 38, 1575 (1973). (3) G. Zumach an dE . Kühle, Angew. Chem., 82, 63 (1970); Angew. Chem.,
(2) Farbenfabriken Bayer, A . G ., Belgian Patent 746,833 (1970). Int. Ed. Engl., 9, 54 (1970).
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T a b l e  I
H e t e r o c y c l e s  O b t a in e d  b y  R e a c t io n  o f  « -U r e id o  N -H e te r o c yc lic  C o m p o u n d s  (1) 

w it h  C h lo r o th io f o r m y l  C h lo r id e  (2 )“
Compd Yield, % Mp, °C Formula N m r Data, 8b Solvent

6 6.5 78-81 c 7h 8n 2o s 3 1.3 (t, 3, CH3CH2), 2 .8 (q, 2, CH3CH2) CDC13
7 11.6 57-58 C9H „N 30 2S3 1.3 (t, 2, CH3CH2), 2.85 (q, 2, CH3CH2), 

2 .2  (s, 3, CH3C = ) ,  3 .3  (s, 3, NCH3)
c d c i3

8 25 154-156 C8H9N30 2S2 2.25 (d, 3, 7-CH3), 2.35 (d, 3, 8-CH,), 
3.15 (s, 3, NCH3)

DMSO-de

9 63 Oil CnHisNaOÄ 1.0 [d, 6, (CH,)2], 2 .0 (m, 1, CH),
2.35 (s, 3, CH3C = ), 2.65 (d, 2, CH2), 
3 .2  (s, 3, NCHs)

CDC13

10 34 132-133 C4HC1N20S2 7.2  (s, C H = ) c d c i3
11
12

4.3
25

139-141 
210 dee

C6H4C1N30 2S2
C3HN3OS2

7.6 (s, 1, C H = ), 3 .3 (s, 3, NCH3) CDCh

13 63 149-152 c 4h 3n 3o s 3 2.75 (s, SCH3) CDC13
3 50 98-100 c 6h 3f 3n ,o 2s2 7.0  (m, 4, CeHi), 3 .3  (s, 3, NCH3) c d c i3

16 60 162-165 c 6h 2c in 3o s 7.45 (q, 1, C H = ), 7 .9 (q, 1, C H = ) DMSO-ds
“ Satisfactory analytical data (± 0 .3 %  for C, H, and N) were reported for all compounds in this table; S analyses were reported for 

all except 6, 7, and 12; Cl analyses were reported for 10 and 11. 6 In parts per million (multiplicity, number of protons, assignment).

tected (tic) in the reaction mixture. The two ureas lb  
and lc reacted with 2 to give the fused thiatriazepine- 
dione derivatives 8 (25%) and 9 (63%), and no further 
reaction products could be detected in the reaction 
mixture.

The reaction mixture obtained by treatment of Id 
with 2 in refluxing benzene (18 hr) contained two 
products which were separated by column chromatog
raphy and identified as 5-chloro-2H-thiazolo[3,2-6]- 
[1,2,4] thiadiazol-2-one (10, 34%) and 2-(5-chlo-
rothiazol-2-yl)-4-methyl-l,2,4-thiadiazolidine-3,5-dione 
(11,4.3%).

The ureas le, If, and lg were allowed to condense with 
2 in refluxing benzene or p-dioxane in the presence or 
absence of triethylamine to determine whether or not 
the direction of cyclization would be the same as with 
Id and 2. The results of these three experiments in
dicated that the cyclizations occurred similarly to give 
either a 2//-l,3,4-thiadiazol [3,2-6] [1,2,4]thiadiazol-2- 
one (12, 25%) and 13 (63%) or a 2,4-disubstituted 1,2,4- 
thiadiazolidine-3,5-dione derivative (3, 50%). Sur
prisingly, the reactions of both If and lg with oxalyl 
chloride which were effected in refluxing xylene resulted 
in almost quantitative (94-98%) yields of the parabanic 
acid derivatives 14 and 15 (Scheme I); fused com
pounds analogous to 13 could not be detected. Com
pound 13 was identical (elemental analysis, melting 
point, mixture melting point, ir and nmr spectrum, and 
formation of an identical sulfone) with the product 
obtained earlier1 in 10% yield as a result of the inter
action of 2-amino-5-methylthio-l,3,4-thiadiazole with 2 
in the presence of 2 molar equiv of triethylamine.

S c h e m e  I

N -N

* - o

0

-NHCNHCH,
12, R = H
13, R = SCH3

le, R = H 
f, R  = SCH3 
*> R = CF3

14, R = SCH3
15, R = CF3

The reaction of lh with 2 proceeded smoothly in re
fluxing xylene (18 hr) to give 6-chloro-2H-[1,2,4 ]- 
thiadiazolo[2,3-f>]pyridazin-2-one (16) in 60% yield.

The identity of this compound with that obtained by 
reaction of 3-amino-6-chloropyridazine with 21 was 
verified (elemental analysis, melting point, mixture 
melting point, nmr, and mass spectrum).

Table I lists data of compounds 3, 6-13, and 16.
The identification of 7, 8, and 9 as thiatriazepinedi- 

ones of general structure B is based upon the following 
observations. Elemental analyses indicate that ring 
closure occurred. Structure B is preferred over that of 
C, D, and E on chemical and spectroscopic grounds. 
Compounds of general structure D are thermally 
stable.3’4 Compounds 7, 8, and 9 on the other hand 
undergo facile decomposition with elimination of 
methyl isocyanate and sulfur when heated or stored at 
ambient temperature over extended periods of time. 
In this respect, the behavior of these compounds re
sembles that of annelated 3-phenyl-l,3,5-triazine-2,4- 
diones which eliminate phenyl isocyanate on heating.5

(4) G . Zumach, L. Eue, W . Weiss, E . Kühle, and H. Hack, South African 
Patent 67/07491 (1968) [Chem. Abstr., 70 , 47465r (1969)]; British Patent 
1,115,350 (1968) [Chem. Abstr., 69, 96732p (1968)].

(5) U . v. Gizycki and G. Oertel, Angew. Chem., 80, 363 (1968); Angew. 
Chem., Int. Ed. Engl., 1, 381 (1968).
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When 9 was exposed to moist air at 60° in a vacuum 
oven for 72 hr, the urea 20 was isolated in 50% yield 
in addition to elemental sulfur. The mechanism 
postulated to account for this mode of fragmentation is 
illustrated in Scheme II. A positional isomer such as 17

S c h e m e  II

R 1 = CH3; R 2 = CH2 CH(CH3 ) 2

which has also been considered as the product from lc 
and 2 (e.g., C), would not be expected to fragment 
readily to 18. Water may intercept the unstable 19 to 
give the carbamic acid 21 which by loss of carbon di
oxide6 and addition to 19 gives the symmetrical urea
20. In the absence of hydroxylic solvents, 18 would be 
expected to cyclodimerize.5

The NCH3 chemical shift is predictive of whether the 
cyclization products derived from 1 with 2 have general 
structures B and D or C and E. For example, in 
nitrogen heterocycles, one or two carbonyl groups ad
jacent to the nitrogen atom have a pronounced effect on 
the nmr chemical shift of the substituent on the nitro
gen atom; e.g., in A-methylpyrrolidine7 the chemical 
shift of the methyl group is 8 2.33 ppm. In A-methyl- 
pyrrolidone7 and A-methylsuccinimide the correspond
ing chemical shifts are 8 2.82 and 3.00 ppm, respec
tively. The nmr data for the various cyclization prod
ucts derived from 1 and 2 are consistent with those for 
heterocycles containing similar arrangements (Table II). 
The chemical shift of the A-methyl group is invariably 
observed at 8 3.15-3.33 ppm indicating the presence of 
the -C(=0)N(CH3)C(=0)- grouping in heterocycles 
such as 3, 7, 8, 9, and 11.

The thiatriazepinedione cyclization products derived 
from 1 with 2 were further characterized by their ir 
spectra; peaks in the ir were assigned in the light of 
well-established correlations of C=0 groups. Imino- 
carbonyl groups which are part of a ring system have 
C=0 bands at 1790-1720 and 1710-1670 cm“1,8 the 
lower frequency band being more intense. In confor
mity with general structure B, the compounds 7, 8, and 9 
show two characteristic carbonyl bands at 1758-1741 
and 1705-1695 cm-1 of which the higher frequency band

(6) C. W . van Hoogstraten, C. R. Acad. Sci., 51, 414 (1932).
(7) J. C. N . M a  and E . W . Warnhoff, Can. J . Chem., 43, 1849 (1965).
(8) L. J. Bellamy, “ Advances in Infrared Frequencies,” Vol. 130, Methuen

and Co. Ltd., London, 1968, p 134.

T a b l e  I I

N u c l e a r  M a g n e t i c  R e s o n a n c e  P o s it io n s  
f o r  J V -M e t h y l  G r o u p s

Compd Structure 5 in CDCls (ppm)
f^NCH, 2.33“

0
/

r  nch3 2.82“

0
t

r  nch3 3.00

23
01 X

a- \ y ~ m^ 0
3.35

IS, 16

0

v <
r¿ V CHi

3 .1-3.2»

11, 14

0

R Í ^ NCH'
0

■3.30-3.33

7, 8, 9

H3c o

" “ V - t
N~S>

3.15-3.30

“ Reference 7. 6 In DMSO-de.

is weaker in intensity. Similarly, compounds of general 
structure D {e .g . ,  3 and 11) have two C=0 bands at 
1765-1740 and 1730-1710 cm"1.

As depicted in Scheme III, the formation of H {e .g . ,  
6, 10, 12, 13, and 16), which poses an interesting mecha
nistic problem, can be rationalized as proceeding v ia  
the corresponding a-amino N-heterocyclic compound,
F. As these reactions of 1 with 2 leading to H are 
carried out at elevated temperature, the intermediate 
formation of F from 1 by loss of methyl isocyanate is 
not unexpected in view of the fact that almost all 
monomethylureas show the tendency to. give off 
methyl isocyanate at elevated temperature.9 For ex
ample, when If and lg were treated with acetyl chloride 
in refluxing xylene or at 80° in the presence or absence 
of triethylamine, the corresponding acetamides 21 and 
22 were isolated in fair (50%) yield.

N -N  j|
R— ^  — NHCCH3s

21, R = SCH3

22, R = CF3

The thermally unstable thiatriazepinedione B is not 
a precursor of H as evidenced by the failure to detect 
H {e .g . ,  6) in a refluxing solution of B { e .g . ,  7) in xylene. 
The formation of B and D is presumed to arise v ia  the 
acylated urea A. Because Nl (bearing a methyl group) 
is a better nucleophile than N2 (exocyclic nitrogen) and

(9) S. Petersen, Justus Liebigs Ann. Chem., 562, 205 (1949).
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N3 (endocyclic nitrogen) for acylation,10 the condensa
tion should proceed through intermediate A to give B 
and D via the respective pathways a and b (Scheme III).

S c h e m e  III

''"■N  ̂ i A

J - N H C N H C H 3 - c h 3n c o ’  N H 2

D B — H
- c h 3n c o

Intermediate products arising from initial N-sulfenyla- 
tion may be excluded from consideration on grounds 
previously discussed.1

In summary, the reactions of a-ureido N-heterocyclic 
compounds with chlorothioformyl chloride provide a 
convenient way to a variety of 2,3-fused 1,2,4,6- 
thiatriazepine-5,7-diones (B) 2,3-fused 1,2,4-thiadi- 
azolin-5-ones (H), and 2,4-disubstituted 1,2,4-thia- 
diazolidine-3,5-diones (D).

Experimental Section
The usual general remarks’ regarding apparatus are applicable.
Materials.— Procedures for the preparation of monomethyl- 

ureas are well documented in the literature.12 With the excep
tion of Id, all other ureas were prepared from methyl isocyanate 
and the respective a-amino N-heterocyclic compound. Urea 
Id was obtained in 32% yield by chlorination with sulfuryl chlo
ride of l-methyl-3-(thiazol-2-yl)urea following a literature pro
cedure.13 Physical and analytical data of ureas prepared in con
text with the present work as precursor of novel heterocyclic 
compounds are listed in Table III.

5-Ethylthio-6-methyl-2//-thiazolo[3,2-6] [1,2,4] thiadiazol-2-one
(6) and 3,8-dimethyl-7-ethylthio-2Zf-thiazolo[3,2-b] [l,2,4,6-]thia- 
triazepine-2,4(3/1 )-dione (7).— To a slurry of 19.9 g (86 mmol) of 
la in 125 ml of xylene was added dropwise with stirring 12.5 g 
(95 mmol) of 2, causing the temperature to rise from 20 to 25°. 
To this mixture was added dropwise a solution of 19.0 g (188 
mmol) of triethylamine in 75 ml of xylene. After 24 hr, the reac-

(10) For example, acetylation of l-methyl-3-(3,4-dichlorophenyl)urea led 
to 1-acetyl-l-m ethyl-3-(3,4-dichlorophenyl) urea (23) as the only isolable 
reaction product. An authentic specimen of 2311 proved to be identical 
(melting point, mixture melting point, tic, glc, and nmr and ir spectrum) with 
the above product.

23

(11) H . J. Gerjovich and R. S. Johnson, U. S. Patent 2,762,696 (1957) 
[Chem. Abstr., 51, 3911 (1957) J.

(12) S. Petersen, “ Die Methoden der organischen Chemie”  (Houben- 
Weyl), Vol. 8, E . Müller, Ed., Georg Thieme Verlag, Stuttgart, Germany, 
1952, p 157.

(13) E . Pedley, J. Chem. Soc., 431 (1947).

T a b l e  III
ö - U r e i d o  N - H e t e r o c y c l ic  C o m p o u n d s , 

R N H C (= 0)N H C H 3“
Compd Yield, % M p, °C Formula

la 61 178-180,
188-190

C8Hi3N3OS2

lb 70 182-184 c ,h „ n 3o s
lc 58 183-185 CioH „N 3OS
Id 32 242 CsHeCINaOS
le 85 232 C4H6N4OS
If 52 205-210 C5HsN4OS2
ig 92 192-194 CsH6F3N4OS
lh 82 257-259 CeHjClNiO

“ Satisfactory analytical data (± 0 .3 %  for C and H) were re
ported for la, lb, lc, lg, and lh ; N analyses were reported for all 
except lh ; S analyses were reported for le, If, and lg ; Cl anal
yses were reported for Id and lh.

tion mixture was washed with water, dried (M gS04), and evap
orated to dryness under reduced pressure. Separation by silica 
chromatography14 of the residue gave 1.3 g (6.5% ) of 6: a light 
yellow crystalline solid; mp 78-81° (from hexane); ir (KBr) 
1595 (C = ) , 1690 cm-1 (C = 0 ) ;  mass spectrum (70 eV) 232 (M +). 
The second compound, 2.9 g (11.6%) of colorless solid, was iden
tified as 7: mp 57-58° (from hexane); ir (CH2CI2) 1705, 1755 
cm “ 1 (C = 0 ) .

In another experiment, a mixture of 15.5 g (67 mmol) of la and
9.7 g (74 mmol) of 2 in 100 ml of xylnee was heated to reflux (4 
hr). The reaction gave off hydrogen chloride and turned dark. 
The solvent was removed under reduced pressure and the residual 
black tar was purified by silica chromatography to give 1.0 g 
(6.5% ) of 6, identical with the product obtained above.

5-Chloro-2Zf-thiazolo[3,2-6] [l,2,4]thiadiazol-2-one (10) and 
2-(5-Chlorothiazol-2-yl)-4-methyl-l,2,4-thiadiazolidine-3,5-dione
(11).— A suspension of 9.0 g (47 mmol) of Id in 100 ml of 
benzene and 6.9 g (52 mmol) of 2 was heated to reflux until hy
drogen evolution ceased (18 hr). The solvent was removed and 
the residual solid was purified by silica chromatography to give
4.0 g (34%) of 10 [a colorless crystalline solid; mp 132-133° 
(from methanol); ir (CH2CI2) 1720, 1690 cm -1 (C = 0 )]  and 0.5 g 
(4.3% ) of 11 [a tan crystalline solid; mp 139-141°; ir (CH2CI2) 
1740,1710 cm -’ ( C = 0 ) ] .

2- Methylthio-6//-[1,3,4] thiadiazolo[3,2-d] [1,2,4] thiadiazol-6-
one (13).— A mixture of 8.0 g (39.2 mmol) of If, 100 ml of toluene, 
and 5.8 g (44 mmol) of 2 was stirred and heated at reflux for 18 
hr. The solvent was removed and the residual solid was re
crystallized from methanol to give 5.0 g (63%) of 13: a tan
solid; mp 149-152°; ir (CH2CI2) 1730, 1713, 1690 cm “ 1 (C = 0 ) .  
Oxidation with m-chloroperbenzoic acid in chloroform solution 
afforded a sulfone, mp 145-148°, identical (mixture melting 
point, ir, nmr) with the product obtained by reaction of 2 with 
2-amino-5-methylthio-l,3,4-thiadiazole.’

l-Methyl-3-(5-methylthio-l,3,4-thiadiazol-2-yl)imidazolidine- 
trione (14).— A solution of 9.0 g (44.2 mmol) of If and 6.2 g (48.6 
mmol) of oxalyl chloride in 150 ml of toluene was refluxed for 18 
hr. Recrystallization of the solid product from methanol gave
5.5 g (94%) of 14: a cream-colored solid; mp 172-174°; ir
(KBr) 1750 cm -1 (C = 0 ) ;  nmr (DMSO-d6) 8 2.8 (s, 3, SCH3), 3.1 
ppm (s, 3, NCH3).

Anal. Calcd for C,H6N40 3S2: C, 32.6; H, 2.3; N, 21.7; S,
24.8. Found: C ,33.0; H ,2 .4 ; N ,22.0 ; S,24.9.

l-Methyl-3-(5-methylsulfonyl-l,3,4-thiadiazol-2-yl)imidazoli- 
dinetrione.— A solution of 4.5 g (22.4 mmol) of 14 and 9.1 g of 
85% m-chloroperbenzoic acid (44.8 mmol) in 100 ml of chloroform 
was refluxed for 18 hr and, after filtration, washed with aqueous 
sodium carbonate and with water, dried (M gS04), and evaporated 
to dryness. Recrystallization from methanol afforded 5.0 g 
(77%) of a colorless crystalline solid: mp 247-250°; ir (KBr) 
1740 (C = 0 ) ,  1320 and 1160 (S02); nmr (DMSO-d6) 8 3.15 (s, 3, 
NCH3), 3.7 ppm (s, 3, S02CH3).

Anal. Calcd for C7H6N 40 5S2: C, 29.0; H, 2.1; N, 19.3. 
Found: C, 29.2; H, 2.3; N, 19.2.

3 -  Methyl-l-(5-trifluoromethyl-l,3,4-thiadiazol-2-yl)imidazoli- 
dinetrione (15).— To a solution of 10.0 g (44.2 mmol) of lg  in 100 
ml of toluene was added with stirring 6.2 g (48.6 mmol) of oxalyl

(14) Solvent mixture (by volume): Tetrahydrofuran (2) and hexane
(48).
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chloride. This solution was haeted to reflux for 18 hr. Hydro
gen chloride evolved during the first 3 hr. The reaction mixture 
was filtered while hot and cooled to give 9.0 g (98%) of IS: an 
off-white solid; mp 258-261°; ir (KBr) 1790, 1760, and 1730 
(C = 0 ) ,  1340, 1160, and 1145 c m '1 (CF,); nmr (DMSO-d6) 5 3.2 
ppm (s, NCHS).

Anal. Calcd for C7HaF3N 403S: C, 30.0; H, 1.1; N, 20.0; 
S, 11.4. Found: C, 30.3; H, 1.0; N, 20.1; S, 11.1.

6-Chloro-2/f- [1,2,4] thiadiazolo [2,3-5] pyridazin-2-one (16).— A 
mixture of 15.0 g (0.805 mol) of lh and 11.0 g (0.805 mol) of 2 in 
100 ml of xylene was heated to reflux (18 hr), evaporated, and 
recrystallized from methanol (charcoal) to give 9.0 g (60%) of 16, 
a light yellow crystalline solid, mp 162-165°, identical (mixture 
melting point, ir, nmr) with a product obtained by reaction of 2 
with S-amino-e-chloropyridazine.1

l,3-Bis(5-isobutyl-4-methylthiazol-2-yl)urea (20).— A slow
stream of air was passed at 60° over a 1.0-g (3.5 mmol) sample of
9. After 72 hr, the product was washed with acetone and then 
with ether to give 0.3 g (50%) of 20: a tan solid; mp 180-215° 
dec; ir (KBr) 3400, 2400 (NH), 1700, 1625 (C = ) , 1540 cm “ 1 
(amide II); mass spectrum (70 eV). 366 (M +), 323, 197, 196, 
171,170,153,127, 100, 85, 76, 73, 69, 64, 59, 57, 44-41.

Anal. Calcd for C17H26N,OS2: C, 55.6; H, 7.1; N , 15.3. 
Found: C, 55.8; H, 7.1; N, 15.3.

Ar-(5-Methylthio-l,3,4-thiadiazol-2yljacetamide (21). A. By 
Reaction of If with Acetyl Chloride.-—A mixture of 20.4 g (0.1 
mol) of If, 12.0 g (0.15 mol) of acetyl chloride, and 150 ml of 
xylene was refluxed with stirring for 24 hr. The product ob
tained after cooling and filtration was recrystallized from aqueous 
methanol to give 9.0 g (48%) of 21: a tan solid; mp 209-212°; 
ir (KBr) 3160 (NH), 1709 (C = 0 ) ,  1560 cm -1 (amide II); nmr 
(DMSO-de) 5 2.2 (s, 3, CH3CO), 2.7 (s, 3, CH3S), 12.45 ppm 
(s, 1, NH); mass spectrum (70 eV) 189 (M +), 174 (M — CH3), 
147, 111, 97, 95, 85, 83, 71, 69, 57, 43, 27, 18.

Anal. Calcd for C5H,N3S20 : C, 31.8; H, 3.7; N, 22.2. 
Found: C, 31.8; H, 3.6; N, 22.4.

B. By Reaction of If with Acetyl Chloride in the Presence of 
Triethylamine.— To a solution of 20.4 g (0.1 mol) of If and 10.1 
g (0.1 mol) of triethylamine in 150 ml of p-dioxane was added 
with stirring 8.6 g (0.11 mol) of acetyl chloride. After 18 hr at 
ambient temperature, only starting material (If) could be de
tected by tic. The mixture was heated at 80° for 1.5 hr, evapo
rated to dryness, washed with water, and recrystallized from 
aqueous methanol (1:1) to give 8.5 g (46.3%) of 21, mp 209- 
212°; a mixture melting point with the product obtained by 
method A was undepressed.

C. By Reaction of 2-Amino-5-methylthio-l,3,4-thiadiazole 
with Acetic Anhydride.— A solution of 2.7 g (18.5 mmol) of 2- 
amino-5-(methylthio)-l,3,4-thiadiazole15 in 50 ml of acetic anhy

(15) M . Busch and H. Biehler, J. Prakt. Chem., [2] 93, 339 (1916).

dride was heated to reflux for 2.5 hr, poured into 300 ml of water, 
and stirred for 3 hr. The solid was filtered, washed with water, 
and dried to give 3.0 g (86%) of 21, a tan solid, mp 209-212°; 
a mixture melting point with the product obtained by method A 
was undepressed.

7V-(5-Trifluoromethyl-l,2,4-thiadiazol-2-yl)acetamide (22).—  
A solution of 5.05 g (22.1 mmol) of lg  and 3.0 g (38.5 mmol) of 
acetyl chloride in 75 ml of xylene was refluxed for 2 hr. Cooling 
to 10° gave 2.5 g (58%) of 22: a light tan crystalline solid; mp 
235°; nmr (DMSO-d6) 5 2.25 (s, 3, CH3), 13.25 ppm (s, 1, N H ).

Anal. Calcd for C5H4F3N3SO: C, 28.5; H, 1.9; N, 19.9. 
Found: C, 28.6; H, 2.0; N, 20.2.

l-Acetyl-3-(3,4-dichlorophenyl)-l-methylurea (23).— A mixture 
of 3-(3,4-dichlorophenyl)-l-methylurea (5.5 g, 25 mmol), tri
ethylamine (2.5 g, 25 mmol), and acetyl chloride (2.0 g, 25 mmol) 
in 75 ml of xylene was heated in a sealed glass cylinder on a steam 
bath for 18 hr. The reaction mixture was evaporated and the 
residue was washed with water and recrystallized from benzene 
to give 1.5 g (23%) of colorless crystalline solid: mp 144-146°; 
nmr (CDC13) 5 2.35 (s, 3, CH3CO), 3.55 (s, 3, CH3N ), 7.4-7.7 
(m, 3, C6H3), 11.6 ppm (s, 1, NH ); ir (KBr) 1715 (C = 0 ) ,  1550 
cm -1 (amide II); mixture melting point was authentic11 23 un- 
depressed.

Anal. Calcd for C i„H10N 2O2C12: C, 46.0; H, 3.8; N, 10.7; 
Cl, 27.2. Found: C, 46.1; H, 4.0; N, 10.4; Cl, 27.2.

Registry No.—la, 34006-36-5; lb, 14934-65-7; lc, 
38401-12-6; Id, 14953-32-6; le, 26676-41-5; If,
25958-19-4; lg, 25366-20-5; lh, 38401-17-1; 2,
2757-23-5; 3,28924-68-7; 6,38401-20-6; 7,38401-21-7; 
8, 38401-22-8; 9, 38401-23-9; 10, 38401-24-0; 11, 
38401-25-1; 12, 38401-26-2; 13, 38400-58-7; 14,
28924-66-5; 15, 28924-65-4; 16, 38400-66-7; 20,
38401-31-9; 21, 38583-51-6; 22, 10444-99-2; 23,
38401-33-1; oxalyl chloride, 79-37-8; l-methyl-3-(5- 
methylsulfonyl -1,3,4 -thiadiazol-2-yl)imidazolidinetri- 
one, 28924-64-3; m-chloroperoxybenzoic acid, 937-14-4; 
acetyl chloride, 75-36-5; 2-amino-5-methylthio-l,3,4- 
thiadiazole, 5319-77-7; acetic anhydride, 108-24-7;
3-(3,4-dichlorophenyl)-l-methylurea, 3567-62-2.
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Reactions of Phosphorus Compounds. 33. Preparation of Heterocyclic Species 
from a-Substituted Vinyl Phosphonium Salts. Anomalous 

Products from Isopropenylphosphonium Halides1
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The synthetic utility of isopropenylmethyldiphenylphosphonium iodide (2), isopropenyltriphenylphos- 
phonium bromide (3), and 1-phenylvinyltriphenylphosphonium bromide (4) is compared with that of the unsub
stituted vinyltriphenylphosphonium salt, 1, with respect to the preparation of heterocyclic and chain-extended 
species. An inner phosphonium zwitterion (10) can also be isolated from 2. Under fusion conditions, 2- 
methyl-2.ff-l-benzopyran (13) is also formed from salts 2 and 3 with no inner zwitterion isolated in either case. 
A mechanism is proposed for the latter reaction.

Vinyltriphenylphosphonium bromide (1) has been 
shown to be a versatile reagent for the preparation of 
cyclic and chain-extended products.2 This reaction 
has been postulated as one involving an initial con
jugate addition followed by a Wittig reaction.3 To 
date only one series of reactions, involving this Michael- 
Wittig sequence, has been reported using substituted 
vinyltriphenylphosphonium salts.4 5

In order to expand the scope of this synthetic 
technique, we have prepared6 a number of substituted 
vinylphosphonium salts and have investigated their 
reactivity vis-a-vis the unsubstituted vinyl salt 1 in 
the Michael-Wittig reaction sequence. Thus, isopro- 
penylmethyldiphenylphosphonium iodide (2), isopro- 
penyltriphenylphosphonium bromide (3), and 1-phenyl- 
vinyltriphenylphosphonium bromide (4) were subjected 
to a representative sampling of the previously demon
strated reactions of 1, in order to compare the reactivity 
and synthetic utility of these new salts with the parent 
compound. Anomalous reactions are reported for 
salts 2 and 3, and mechanisms are proposed.

It should be noted that, contrary to our previous re
port,6 salt 3 may in fact be prepared readily utilizing a 
modification of the Horner6 procedure. Fusion of tri- 
phenylphosphine with nickel bromide (anhydrous), 
followed by addition of dry benzonitrile solvent, 2- 
bromopropene, and heating of the resultant mixture, 
furnishes salt 3 in 50-60% yield.

fuse
(C6H5)3P +  NiBr2 -----*• [complex]

'  2 CHaBrC
'lch 3

Vinylphosphonium salts 1, 3, and 4, when treated 
with sodium ethoxide and benzaldehyde, produced the 
corresponding chain-extended cinnamyl ethyl ether and 
triphenylphosphine oxide (7a).

Salt 2, when treated similarly, produced the ex
pected l-phenyl-2-methyl-4-oxa-l-hexene (5b) in 38% 
yield, as well as methyldiphenylphosphine oxide (7b)

(1) E. E. Schweizer, C. S. Kim, C. S. Labaw, and W. P. Murray, Chem. 
C om m u n ., 7 (1973), paper number 32 in this series.

(2) E. E . Schweizer and C. M . Kopay, J. O tq. C h em ., 37, 1561 (1972), 
and references cited therein.

(3) E. E. Schweizer, J. A m e r . C h em . Soc., 86, 2744 (1964).
(4) E. E. Schweizer and W . S. Creasy, J. O rg. C h em ., 36, 2244 (1971).
(5) E. E. Schweizer and A. T. Wehman, J .  C h em . S o c . C , 343 (1971).
(6) L. Horner, G. Mummenthey, H. Moser, and P. Beck, C h em . B e r .,

99, 2782 (1966).

(C6H5)3+P C = C H 2B r- +  NaOEt 

R
1, R  =  H
3, R  -  CH3
4, R  = C6H5

(C6Ho)3PCCH2OCH2CH3
I

R

CeHsCHO

T
C6H5C H =C C H 2OCH2CH3

R

+  (C,Hä),PO 
7a

5a, R  =  H, 57 % 7
b, R = CH3, 71%
c, R  =  CeH„, 13%

(28%) and 2-phenylvinyldiphenylphosphine oxide 
(13%).

c h 3

(CaH5)2i c = C H 2I -  +  C,HsCHO +  NaOEt — —
\

CH3
2

CH3

c 6h 3c h = c c h 2o c h 2c h 3 +
5b

O 0
¡1 I!

(CeH3)2PCH3 +  (C6Ha)2P C H =C H C 6H3 
7b

Salts 1-3 gave the expected products of Michael- 
Wittig cyclization reactions8“10 when treated with bases 
containing a carbonyl moiety. The reactions are illus
trated in eq 1-3.

In this reaction there are three expected steps: 
Michael addition, betaine formation, and betaine de
composition. Assuming that the betaine decomposition 
is the rate-determining step11 for the reactions of salts 
1, 2, and 3, then one would expect the formation of 
olefinic species to be less favorable with salts containing 
a phosphonium moiety which is less electrophilic. 
Thus, the reactions of salt 2 were expected to be less 
favorable than the reactions of salt 1 and 3, as found.

The high reactivity of the unsubstituted salt 1 in 
comparison to 2 and 3 may be due to the steric in-

(7) E . E . Schweizer, L. D . Smucker, and R . J. Votral, J. Org. Chem., 
31, 467 (1966).

(8) E . E . Schweizer and J. G . Liehr, J . Org. Chem., 33, 583 (1968).
(9) (a) E . E . Schweizer and K . K . Light, J . Amer. Chem. Soc., 86, 2963 

(1964); (b) E . E . Schweizer and K . K . Light, J. Org. Chem., 31, 870 (1966).
(10) E . E . Schweizer and J. G. Thompson, procedure submitted to 

Org. Syn.
(11) G . W ittig and U . Schoellkopf, Chem. Ber., 87, 1318 (1954).
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R
I

(C6H5)2P C = C H 2X~
+ I

R'
1 -3

6

DMF

(HMPT)

0
il

+  (CeH5)2PR
7a, R = C6H5 
b, R = CH3

(1)

From 1,6 (R' = H); 54-58%10 
From 2,6 (R ' = CH3); 30% 
From 3,6 (R' = CH3); 35%

1-3 +
CbH;

c6h .
\ - c y
y'J  \  

ONa+

O

c6H5

EtzO, DMF

C6H5 R'

8

(2)

From 1,8 (R ' = H); 71%8 
From 2,8 (R' = CH3); 36% 
From 3,8 (R' = CH3); 47%

From 1, 9 (R' = H); 87%9 
From 2, 9 (R ' = CH3); 25% 
From 3, 9 (R' = CH3); 67%

(3)

hibition, which would be expected12 to slow down the 
initial conjugate addition step of the reaction.

The first anomalous product was observed on allow
ing the phosphonium iodide (2) to react in solution; 
apart from the expected products it also yielded the 
isolable inner phosphonium zwitterion whose formation 
may be rationalized as shown in Scheme I.

The salicyloxide undergoes conjugate addition to the 
vinyl salt 2; proton transfer leads to the methylene 
ylide lib, which attacks the aldehyde group to give 
the betaine 12. Protonation of the betaine oxygen 
with /3 elimination of the phenoxide and dehydration 
would give the zwitterion 10.

Reactions of salts 2 and 3 under fusion conditions 
yielded the isomeric 2-methyl-2#-l-benzopyran (13) 
as the major product with only a small amount of the 
expected 3-methyl isomer, 6 (R' = CH3). The tertiary 
phosphine 14 and the phosphine oxide 15 were also 
formed.

R

PhoPC.✓
.CH,

\ +
CH,

2, R = CH3; X  = I
3, R = C6H5; X  = Br

Ph
I ^ c h 2

+  6b +  Ph2PR +  RPC-

14a, R = C6H5 K X CH:i
13 b, R = CH3

15a, R = C6H5 
b, R = CH3

(12) E . D . Bergmann, D . Ginsburg, and R . Rappo in “ Organic Reac
tions,”  Vol. 10, W iley, New York, N . Y .,  1959, pp 182-187.

2 +
CHO 

0~Na+

Scheme I13
c h 3 OHC.

Ph2P— CHCH20 — \(^)/

ch3
11a

"CH, OHC.

Ph2P — CHCH20
+ I

ch3
lib

2̂ >
lib

-H,0 +
—— >- Ph2P

^ C H = C H -----

x c = c H r o - ^ 5̂

H3c
10

Attempts to isomerize 6 (R' = CH3) to 13 either 
thermally or by basic catalysis only resulted in the 
isolation of the starting material. Therefore, one is led 
to the proposition that rearrangement of the original 
phosphonium compound prior to the Wittig reaction 
must be the pathway to the isomeric product (Scheme 
II).

Under fusion conditions, the sodium salicyloxide, 
acting as a base, removes a proton from the isopro- 
penyl group to produce the resonance-stabilized carb- 
anion 16, whose formation is demonstrated in an isolated 
experiment by the formation of equal amounts of 
deuterated sites at both the methyl and methylene 
groups. Reaction by path A would lead to the forma
tion of allene (not isolated) and the isolated tertiary 
phosphine (14a,b) via an elimination reaction. Re
action by path B, involving an internal nucleophilic 
displacement on phosphorus, would result in the forma
tion of a vinyl carbanion, which could give either the 
allylphosphorane 17 by proton transfer or allene and 
the tertiary phosphine 14a,b. This allylic phosphorane 
is known14 to react with sodium salicyloxide to produce 
2-methyl-2R-l-benzopyran (13). Another possibility, 
the formation of a cyclopropylphosphorane, has been 
ruled out because it is known that this phosphorane 
reacts with sodium salicyloxide to produce 2,3-di- 
hydro-l-benzoxepin15 as well as the 2-methyl-2H-l-

(13) Both referees suggest the simpler pathway

CH2“
I "Ph.,PC=CHo
CH,

However, numerous attempts by Nyez to obtain a reaction between the 
sodium salicyloxide and ethyltriphenylphosphonium salts wete shown to 
be unsuccessful (Nycz, unpublished results).

(14) E . E . Schweizer, E . T . Shaffer, C . T . Hughes, and C . J. Berninger, 
J. Org. Chem., 31, 2907 (1966).

(15) E . E . Schweizer, C. J. Berninger, and J. G . Thompson, J.:O rg. 
Chem., 33, 336 (1968).
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I ^ c h 2
Ph2P %  X “  +

+ x ch3
2, R = CH3; X  = I
3, R = C6H5; X  = Br

S c h e m e  II

XHO

0 _ Na+

R
*CH2I

Ph2P<% +
+ X CH,-

„ CHO

[  +  NaX
' OH

+  X -C H 2 r
Ph2PC' _ , I

| X CH2 ^  Ph2P - < |  
R +

16

path A X
path B

14a,b +  [H2C = C = C H 2]

R
I ,

Ph2P— C 
\ /  

ch2

, ch2

/

13 +  15a,b

CHO

OH

Ph2PCH2C= CH2 

R

Ph2PCHCH=CH2
17

R
I ^ c h 2

Ph2PC% X”
x c h 3

2, R = CH3; X  = I 
R = C6H5; X  = Br

solvent

DU Ph
Ph\ l , _ c / CH-XKh£ch-

18a, R = C6H5; X  = Br 
b, R = CH3; X  = I

R
I ^ C H 2

Ph2p c :
%*CH,

16

3-phenyl-2f/-l-benzopyran. Instead, an open-chain 
compound (19) was formed in 40% yield, along with 
triphenylphosphine oxide (7a, R = C6H5, 50%), and 
the reduced 1-phenylethyltriphenylphosphonium bro
mide6 (20) in 10% yield.

+ ^ c h 2
(C6Hr,):,PX Br~ +

C f t

+  (C6H5)jPO +  (C6H5),PCH
ch3

c6h 5
Br_

19 7a 20

3-Phenyl-2/f-l-benzopyran (6d, R' = C6H5) could 
be produced in 8% yield only under fusion conditions; 
21% 19, 28% 7a, and 23% triphenylphosphine (14a) 
were also formed.

benzopyran, and no benzoxepin has been observed in 
the reactions reported here. Furthermore, it was found 
that both of the isopropenylphosphonium halides, 2 
and 3, produced tertiary phosphines (14a,b) when

Ph2PC X - — » HX +  [16] — ►
X - '__ ur

2, R = CH3; X = I
3, R = C6H5; X  = Br

14a,b +  [H2C = C = C H 2]

14a, R = C6H5 
b, R = CH3

heated alone at 225° under vacuum. In this latter 
case, it is assumed that the halide ion must be acting 
as the base.

Since the 2-methyl isomer 13 was never isolated nor 
detected (nmr or vpc) in the reactions run in solution 
(DMF or HMPT over an 80-200° temperature range), 
one is led to the suggestion that the Sm rearrangement 
may be emanating from the pentavalent form of 2 
(or 3), 18a,b, which would not be present in the highly 
polar solvents used otherwise.

1-Phenyl vinyltriphenylphosphonium bromide (4), 
whose preparation has already been described,6 was 
also subjected to ring synthesis reaction conditions 
with extremely limited success. The reaction of salt 
4 with sodium salicyloxide in DMF solvent produced no

19 +  7a +  14a +

6d

Compound 19 is presumably formed via the reduced 
salt 20, since it too leads to 19 (57% yield) when 
treated with sodium salicyloxide. Reactions involving 
4 have invariably resulted in the isolation of salt 
20.6

The reason for the low yields of expected products 
from the reactions of 4 is unclear, but might be due to 
a combination of increased bulk at the carbon a to 
phorphorus as well as to the intermediacy of a semi- 
stabUized ylide formed by the initial Michael addition. 
The effect of the formation of the semistabilized ylide 
would be to decrease the rate of betaine formation, 
thus allowing side reactions to occur {e.g., reduction).6 
The effect of bulk at the a carbon might be demon
strated by the reaction of 4 with the sodium salt of 
pyrrolaldehyde, wherein no 9 (R = C6H5) is formed,

9
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T a b l e  I
P r e p a r a t i o n  o f  C i n n a m y l  E t h y l  E t h e r s  5

Salt
(mol)

N aOEt,
mol

CiHsCHO,
mol 7

-Y ie ld , % ------- .
5

Isolation
method Calcd

— 5 Analysis----------------------- *
Found

1 (0.08) 0.08 0.08 57 a ref 6
3 (0.03) 0.03 0.03 73 71 a C 81.75 C 81.41

H 9.15 H 9.14 (vpc)
4 (0.03) 0.03 0.03 48 12.5 b C 85.72 C 85.40

H 7.62 H 7.36 (vpc)

21

and thus an intermolecular reaction resulting in poly
mer 21 is more facile than ring formation.

When the anion of phenylbenzoin is employed, the 
excessive bulk both at the a carbon of the ylide and at 
the carbonyl does not permit reaction to any great 
extent, but the entropically more favored ring forma
tion proceeds to a small degree. There is also produced 
a 48% yield of benzhydrylbenzoate (22), which can be 
rationalized by a rearrangement of the sodium salt 
of phenylbenzoin, facilitated by the lower reactivity 
of the phosphonium salt 4. Support for this rearrange-

4 +
c6h5x

( °
C A

C A .
V

C o

C Ä .  .CfiH5
c 6H5.

c 6h /  'O '
8 , R =  C6H5 (15fo)

H\ o  ^
;c — c; c — c '  =*=* -

C A  CfiH, V  \ h 5

Na+

c 6h 5 c h 2o h  +  c 6h 5co2h
h 3o +

+  7a +  22

*  (C6H5)2COCC6H5

K
0
II

(C6H5)2CHOCC6H5

22

ment lies in the fact that when the sodium salt of phenyl
benzoin is treated under the reaction conditions in the 
absence of 4, rearrangement proceeds to the extent of 
80%. The utility of the Michael-Wittig reaction se
quence is thus expanded through the use of substituted 
vinylphosphonium salts.

Experimental Section
General.— Infrared (ir) spectra were obtained on a Perkin- 

Elmer 137, ultraviolet (uv) spectra on a Perkin-Elmer 237 spec
trophotometer, nuclear magnetic resonance (nmr) on a Varian 
A-60A or a Perkin-Elmer R-12b using tetramethylsilane as 
internal standard, and mass spectra on a CEC 21-110B double 
focusing spectrometer utilizing an ionizing potential of 70 eV.

Vapor phase chromatography (vpc) was accomplished on a 
Wilkens Aerograph A-90 P instrument employing a column of 
10% UC-W98 on Chromosorb W (60-80 mesh, 10 ft X 0.25 in.), 
and thin layer chromatography (tic) was accomplished by the 
ascending technique utilizing 2 X 8 in. plates coated with silica 
gel G of 0.25-mm thickness.

Melting points are corrected and were taken on a Fisher-Johns 
melting point apparatus. Analyses were performed by MHW

Laboratories, Garden City, Mich., or Microanalysis, Inc., 
Wilmington, Del.

All reactions were run under an atmosphere of dry nitrogen. 
When products of known identity were obtained, their presence 
was proven by the use of two or more of the following methods: 
ir and nmr spectra, vpc retention time and coinjection with 
authentic material, and melting point and mixture melting point 
with an authentic sample. Purity of the compounds was 
determined by tic, vpc, melting point, and nmr spectra.

Preparation of Isopropenyltriphenylphosphonium Bromide (3). 
— A mixture of 69 g (0.262 mol) of triphenylphosphine and 57.2 g 
(0.262 mol) of anhydrous nickel bromide was heated in a flask 
until fusion was complete and the deep green color was uniform. 
Benzonitrile (150 ml) was added and the solution was heated 
while water was removed with a Dean-Stark trap until the 
temperature had reached 200°. After cooling to ca. 50°, 36 g 
(0.30 mol) of 2-bromopropene was added dropwise. The reaction 
mixture was stirred at 50-80° overnight and then heated slowly, 
over a period of 2 days, until the temperature reached 200° once 
more. The flask and contents were cooled and steam distilled, 
and the distillate was discarded (benzonitrile-water). The 
residue was cooled and filtered to remove a black, insoluble 
material and the filtrate was extracted with CH2CI2. The 
organic extract was dried over MgSO< and concentrated while 
EtOAc was added to precipitate a gummy solid which was 
recrystallized from CELCL-EtOAc to furnish 55 g (55% ) of 3, mp 
197-197.5° (lit.16 mp 196.5-197.5°), ir and nmr in agreement with 
those reported.

Reaction of Vinylphosphonium Salts with Sodium Ethoxide and 
Benzaldehyde. Chain Extension Reaction.— Reaction was run 
as previously described.7 Data are found in Table I.

l-Phenyl-2-methyl-4-oxa-l-hexene (5b) (Z  isomer) had ir
(neat) r 2940, 2830 (CH), 1480, 1440 (CC), 1090 (COC), 745, 
690 cm-1 (aromatic); nmr (DCDI3 ) S 1.23 (t, 3, /  =  7 Hz, CH3- 
CH2), 1.88 (d, 3, J =  1.4 Hz, CH3), 3.50 (q, 2, J  =  7 Hz, 
CHjCHa), 3.99 (d, 2, J  =  1.0 Hz, CH,), 6.51 (qt, 1 ,J  =  1.4 Hz, 
1.0, vinyl), 7.28 (s, 5, CeH5).

The E isomer had ir (neat) v 2950, 2840 (CH ), 1485, 1435 
(CC), 1110 (COC), 740, 700 cm -1 (aromatic); nmr (CDCI3) S 
1.20 (t, 3, J =  7 Hz, CH,CH3), 1.98 (d, 3, J  =  1.4 Hz, CH3), 
3.45 (q, 2, CH2CH3), 4.10 (d, 2, J  =  0.8 Hz, CH2), 6.51 (qt, 1, 
J =  1.4 Hz, 0.8, vinyl), 7.28 (s, 5, CeHs).

l,2-Diphenyl-4-oxa-l-hexene (5c) had ir (neat) v 3010, 2940, 
2820 (CH ), 1600 (C = C ), 1490, 1440 (CC), 1090 (COC), 760, 690 
cm -1 (aromatic); nmr (CDCL) S 1.22 (t, 3, /  =  7 Hz, CH 2CH 3 ), 
3.48 (q, 2, J  =  7 Hz, CH2CH3), 4.62 (s, 2, CH,), 7.11 (s, 1, vinyl), 
7.1-7.6 (m, 10, C 6H6).

Preparation of 2if-l-Benzopyrans (6) (Eq 1).— A mixture of 1 
equiv of vinylphosphonium salt and 2 equiv of sodium salicyl- 
oxide10 was weighed into a dry flask. Dry D M F was added, and 
the mixture was stirred and heated at reflux for 2 days. The 
reaction mixture was poured into water and extracted with ether 
and CH2Cl2. Both organic extracts were washed with dilute 
NaOH solution and water and then dried over MgSCL. From the 
ether extract was obtained the 2//-l-benzopyran, phosphines, and 
phosphine oxides (Table II). The CH2CI2 extracts provided 
phosphonium salts.

3-Methyl-2if-l-benzopyran had bp 64-65° (0.2 mm); ir (neat) 
v 3020, 2950, 2900, 2810 (CH), 1570 (C = C ), 1470, 1420 (CC), 
1105 (COC), 835, 755 cm-1 (aromatic); nmr (CCL) 8 1.70 
(dt, 3, J  =  1.3, 1.3 Hz, CH,), 4.57 (dq, 2, J  =  1.2, 1.3 Hz, CH ,), 
6.0 (qt, 1, J  =  1.3, 1.2 Hz, vinyl), 6.5, 7.0 (m, 4, CeH*).

Reaction of Isopropenylphosphonium Salts with Sodium 
Salicyloxide. A . In D M F.— The reaction was run as previously 
described. When salt 2 was used, the phosphonium zwitterion 
10 was isolated from the CH2C12 extraction by concentrating the

(16) D . Seyferth and J. Vogel, J. Organometal. Chem., 6, 205 (1966).
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T a b l e  II
Preparation op 2H-I-Benzopyrans (6) (Eq 1)

Salt
Sodium

salicyloxide, D M F ,
(mol) mol ml

1 (0.1) 0.2 125
2 (0.05) 0.10 150

3 (0.025) 0.05 75

■Yield, %■
6 7 Calcd

54-58 55-72
30 29.5 C 82.71 

H 6.93
35 40

—6 Analysis--------------------------- .
Found

ref 10
C 82.52 
H 6.77 (vpe)

solvent, leaving a viscous oil. This oil was then slowly poured 
into 500 ml of anhydrous ether and the solid was filtered off, 
giving a 10% yield of 10: mp 247-248°; ir (Nujol) 1570 (C = C ), 
1100 (P-phenyl), 1005 cm-1 (P salt); mass spectrum ro/e 344, 
303, 267, 226, 108, 77; nmr (CDC13) S 2.17 (split d, 3, /  =  13.5 
Hz, CH3), 5.91 (split d, 1 ,,/  = 22 Hz, isopropenyl vinyl cis to P),
6.74 (split d, 1, J  =  46 Hz, isopropenyl (vinyl trans to P),
6.6-8.0 ppm (m, 16, vinyl and CeHs); uv max (CHC13) 246 nm 
(e 70,801), 289 (17,000), 254 (8200). The zwitterion was then 
treated with HBr and formed the phosphonium bromide, mp 
192-194°.

Anal. Calcd for C23H22BrOP: C, 64.92; H, 5.21. Pound: 
C, 65.34; H, 5.26.

B. InH M P T .— The same procedure as A was followed. The 
only differences observed were in the yield of the 3-methyl-2if-l- 
benzopyran when the temperature was varied, and in the rate of 
development of the characteristic color change of the reaction 
mixture when the phosphorus ylide forms at the start of the 
reaction.16 This color change occurs only after 30-40 min in 
D M F, but occurs after only 5 min in H M PT.

The yields of the 3 isomer were as follows: 80°, 14%; 160°, 
30% ; 200°, 0 % V

C. Fusion Method.— An intimate mixture of 1 equiv of either 
salt 2 or 3 and 2 equiv of sodium salicyloxide was placed in a dry 
flask equipped with a short path distilling head leading to a Dry 
Ice cooled receiver. Vacuum was applied to the system; the 
mixture was heated until fusion took place and distillation had 
ceased.

From salt 2, fusion produced 6 (R ' =  CH3) (4% ), 13 (11% ), 
and diphenylmethylphosphine (12%).

From salt 3, fusion resulted in the formation of 6 (R ' =  CHa) 
(9% ), 13 (14% ), and triphenylphosphine (15% ).

Attempted Isomerization of 6 (R ' =  CH3) to 13.— A sample of 
redistilled 6 (R ' =  CH3), approximately 1.0 g, was heated in a 
flame-dried flask containing a small amount of sodium salicyl
oxide. The mixture was heated at 210° for 3 hr under nitro
gen. A nmr spectrum of the mixture showed the presence of a 
small amount of some decomposition products, but no 13. 
Further heating, followed by distillation, again showed no rear
ranged product by nmr or vpc.

Deuterium Exchange Studies.— Pure samples of both phos
phonium halides 2 and 3 were placed into nmr tubes and dissolved 
in DMSO-d6. An nmr spectrum was then taken of each ( T ' =  0) 
and ten integrations were run with the help of a Hewlett-Packard 
DC digital voltmeter, Model 405Br. A catalytic amount of 
potassium ierf-butoxide was then added to each and another 
spectrum with ten integrations was run ( T =  0). The nmr tubes 
were then placed in a sand bath at 160°. At various times, the 
nmr tubes were removed from the bath and additional spectra 
were run. With both salts, the phenyl protons were used as an 
internal standard for the integration. After 25 hr salt 3 showed 
a reduction of the methylene and methyl proton of 25 and 23% , 
respectively. Similarly the salt 2 showed a reduction of these 
protons of 20 and 17%, respectively.

Preparation of 2,5-Dihydrofurans (8) (Eq 2).— The procedure 
employed was essentially that of Schweizer and Liehr.8 Perti
nent data are reported in Table III.

2,2,3-Triphenyl-4-methyl-2,5-dihydrofuran had mp 149-150° 
(MeOH); ir (Nujol) 1605 (C = C ), 1055 (COC), 760, 700 cm "1 
(aromatic); nmr (CDC13) S 1.78 (t, 3, /  =  1.1 Hz, CH3), 4.87 
(q, 2, J =  1.1 Hz, CH2), 6.7-7.4 (m, 15, C6H6); uv X™cl3 
263 mM (e 6820).

Preparation of 3-ff-Pyrrolizines (9) (eq 3).— Following the 
procedure of Schweizer and Light,9 3fl-pyrrolizines 9 were pre
pared as indicated in Table IV.

(17) At this temperature, the HM PT decomposed and left an unseparable
tar.

T able III
Preparation o p  2,5-Dihydrofurans (8) (Eq 2)

Salt ✓—Yield, r— ------- 8 Analysis— ---------,
(mol) 8 7 Calcd Found

1 (0.04) 71 ref 8
2 (0.03) 36 39 C 88.39 C 88.36

H 6.45 H 6.56
3 (0.03) 47 52

T able IV
P reparation o p  3-H-Pyrrolizines 9 ( E q  3 )

Sodium
pyrrol-
aide-

Salt hyde, Yield, % ------------— — 9 Analysis1------------------- %
(mol) mol 9 7 Calcd Found

1 (0.215) 0.183 87 ref 9
2 (0.075) 0.075 25 27 C 80.61 C 80.90

H 7.61 H 7.64 (vpc)
3 (0.075) 0.075 67 69

3-Methyl-3H-pyrrolizine18 had bp 66-67° (0.3 mm); mp 29- 
30°; ir (neat) 3020, 2860, 2810 (CH), 1605 (C = C ), 940, 700 cm "1 
(pyrrole ring); nmr (CCh) S 1.95 (d, 3, J =  1.0 Hz, CHa), 4.18 
(d, 2, J  =  0.8 Hz, CH2), 5.50 (d, 1, /  =  3.0 Hz, 6-H), 5.92 (t, 
1, J  =  3.0 Hz, 5-H), 6.0 (d, 1 ,  J =  3.0 Hz, 4-H), 6.40 (dd, J =

1.0, 0.8 Hz, 1-H); uv X»1°H 219 m/x (e 3660), 295 (7250).
Reaction of 1-Phenylvinyltriphenylphosphonium Bromide (4) 

with Sodium Salicyloxide. A. In DMF Solvent.— Into a dry 
flask equipped with mechanical stirrer and reflux condenser was 
placed 13.4 g (0.03 mol) of salt 4, 8.65 g (0.06 mol) of sodium 
salicyloxide, and 125 ml of dry DM F. The mixture was stirred 
at room temperature for 1 day and then heated at 100° for 1 day. 
After cooling, the reaction mixture was worked up by pouring 
into water and extracting with ether and CH2CI2. The extracts 
were dried over MgSCL.

The ether extract provided, by column chromatography, 3.62 g 
(57.5% ) yield of olefin 19 and 3.4 g (41% yield) of triphenylphos
phine oxide (7a). The CH2CI2 extract was poured into ether to 
yield 1.5 g (11% ), of salt 20.

B. Fusion Method.— A blended mixture of 13.4 g (0.03 mol) 
of salt 4 and 7.2 g (0.05 mol) of sodium salicyloxide was placed in a 
250-ml one-necked flask equipped with magnetic stirrer and 
short-path distillation head leading to a Dry Ice-acetone cooled 
receiver. The flask was immersed in an oil bath and heating was 
begun, until fusion occurred (160-165°). Vacuum was applied 
and volatiles were distilled over a period of 1 hr. Vpc analysis 
of the volatiles showed the presence of salicylaldehyde (3.4 g for a 
56% recovery) and styrene (0.4 g, 14% yield).

The residue from the fusion was taken up in D M F, poured into 
water, and extracted with ether. The ether extract was washed 
with water and dried (MgSO,), and then chromatographed on 
silica gel to furnish, in order of elution (solvent), triphenylphos
phine (hexane-15% benzene), 23% ; 3-phenyl-2H-benzopyran
(6) (R ' =  C6H5) (hexane-20% benzene), 8% ; 19 (benzene), 21%; 
triphenylphosphine oxide (7a) (EtOAc), 28%.

Compound 19 had mp 79-80° (M eOH); ir (KBr) 3400 (OH), 
1600 (C = C ), 1490, 1450 (CC), 760, 690 cm“ 1 (aromatic); nmr 
(CDC13) S 2.07 (d, 3, J =  1.2 Hz, CH3), 5.33 (br s, 1, OH), 6.74 
(q, 1, J — 1.2 Hz, vinyl), 6.8-7.6 (m, 9, CeHs).

Anal. Calcd: C, 85.70; H, 6.71. Found: C, 85.93; H,
6.56.

Reaction of Salt 20 with Sodium Salicyloxide.— Into a flame- 
dried 250-ml flask equipped with reflux condenser and mechanical

(18) Material darkened very rapidly.
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stirrer was placed 22.4 g (0.05 mol) of salt 20, 14.4 g (0.10 mol) of 
sodium salicyloxide, and 150 ml of dry D M F, and the mixture was 
stirred at reflux for 2 days. It was worked up by pouring into 
water, acidifying, and extracting with ether. The dry (MgSO,) 
organic extract was short path distilled; volatiles showed only 
solvents and salicylaldehyde. The distillation residue was 
column chromatographed to furnish 6.0 g (50% yield) of 19 and
9.3 g (67% ) of triphenylphosphine oxide (7a).

Reaction of Salt 4 with the Sodium Salt of Pyrrolaldehyde.—  
To a flask containing 150 ml of dry ether and 3.16 g (0.075 mol) of 
57%  sodium hydride dispersion (Alfa) was added 7.15 g (0.075 
mol) of pyrrolaldehyde. When hydrogen evolution had ceased 
(ca. 2 hr), 33.4 g (0.075 mol) of salt 4 was added and the mixture 
was refluxed for 10 hr. D M F (50 ml) was added, and the red- 
brown mixture was refluxed for an additional 12 hr. After 
cooling, the reaction mixture was poured into dilute aqueous acid 
and filtered, providing 18.2 g of purple solid 21. The filtrate was 
extracted with ether and dried (MgS(V). Evaporation of the 
ether left a mixture of 7a and 21, from which 12.5 g (60%  yield) 
of triphenylphosphine oxide (7a) could be isolated by digestion 
with hot hexane. Compound 21 was dissolved in CHCh and 
reprecipitated into ether for analysis, mp >300°.

Anal. Calcd for CugHiieBrNioOP, n = 9: 0 ,81.87; H, 5.95; 
N, 6.45. Found: C, 81.46; H, 6.07; N, 6.72.

Polymer 21 had ir (Nujol) 1600 (C = C ), 920 (pyrrole), 760, 700 
cm -1 (aromatic and pyrrole ring); nmr (CDC13) showed broad 
adsorptions at 8 1.8-4.2, 4.5-5.0, 0.8- 6.3, 6 .8-7.5; uv X™cl1 
242, 280, 350, 500 m/u; mol wt (osmometry) calcd 2171, found 
2180.

Reaction of 4 with the Sodium Salt of Phenylbenzoin.—The
sodium salt of phenylbenzoin was prepared by treating 8.65 g 
(0.03 mol) of phenylbenzoin dissolved in 100 ml of dry ether with 
1.44 g (0.03 mol) of a 50% dispersion of sodium hydride. After 
stirring for 15 min, 13.4 g (0.03 mol) of salt 4, dissolved in 100 ml 
of D M F, was added and the resultant mixture was stirred at 
ambient temperature for 2 days, then heated for 6 hr at 100°. 
The mixture was poured into water and extracted with ether.

Chromatography of the dry (MgSO,) ether extract on silica gel 
yielded (in order of elution) 22, 4.1 g (47.5% ); 8d, 1.7 g (15% ); 
7a, 4.4 g (52.8% ).

2,2,3,4-Tetraphenyl-2,5-dihydrofuran (8d) had mp 109-110° 
(MeOH); ir (KBr) 1650, 1590 (C = C ), 1480, 1330 (CC ), 1230 
(COC), 790, 770, 750, 690 cm“ 1 2 (aromatic); nmr (CDC13) 8 3.85 
(s, 2, CH2), 6.8-7.9 (m, 20, C6H5); uv X™c'3 4 5 242 mM (e
10,000), 312 (9400).

Anal. Calcd: C, 89.78; H, 5.92. Found: C, 90.19; H,
6.11.

Rearrangement of the Sodium Salt of Phenylbenzoin.— A 5.76- 
g (0.02 mol) sample of phenylbenzoin in 100 ml of dry ether was 
treated with 0.96 g (0.02 mol) of a 50% dispersion of sodium 
hydride. When hydrogen evolution had ceased, 75 ml of dry 
D M F was added, and the mixture was heated at reflux for 2 hr, 
then stirred at room temperature for 24 hr. The mixture was 
poured into water and dilute acid was added until neutrality was 
reached. Extraction with ether resulted in the isolation of 4.7 g 
(81% yield) of benzhydryl benzoate (22), identical with an 
authentic sample. Hydrolysis in dilute acid furnished benzoic 
acid and benzhydrol (70% based on phenylbenzoin), identified 
by comparison of ir and nmr spectra and mixture melting point 
with authentic samples.

Registry No.—2, 30670-21-4; 3, 7301-95-3; 4,
30537-11-2; (Z)-5b, 38555-27-0; (E)-5b, 38555-28-1; 
5c, 38555-29-2; 6 (R7 = Me), 38555-30-5; 8 (R/ = Me), 
38555-31-6; 8d, 38555-32-7; 9 (R' = Me), 38555-33-8; 
10, 38555-34-9; 10 bromide derivative, 33999-09-6;
19, 38555-36-1; 20, 30537-09-8; 21, 38555-38-3; 2- 
bromopropene, 557-93-7.
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The decomposition of the cyclic monomeric peroxide derived from phenylmaleic acid generates carbon dioxide, 
phenylacetylene, and a carbonyl-containing polymeric substance. The yields of carbon dioxide and phenyl- 
acetylene are highest in a sensitized photolytic decomposition, and lowest in a thermolytic decomposition. These 
results are interpreted in terms of the nature of the likely intermediates in the decomposition sequence.

The chemistry of cyclic acyl peroxides has attracted 
the interest of organic chemists sporadically for many 
years. Phthaloyl peroxide was the first cyclic acyl 
peroxide to be investigated thoroughly.1-5 More 
recently, cyclic malonyl peroxides have been the sub
ject of several studies.6’7 Cyclic acyl peroxides have 
also been implicated in the decomposition of dimeric 
and trimeric peroxides of cycloalkanones.8 Cyclic 
diphenoyl peroxide has been prepared, but its chemistry 
has not been extensively explored.9

In this report, we wish to describe the synthesis, 
thermolysis and photolysis of phenylmaleoyl peroxide,

(1) K . E . Russell, J. Amer. Chem. Soc., 77, 4814 (1955).
(2) F . D . Greene, ibid., 78, 2246 (1956).
(3) G . W ittig and H. F. Ebel, Justus Liebigs Ann. Chem., 650, 20 (1961).
(4) M . Jones, Jr., and M . R . DeCamp, J. Org. Chem., 36, 1536 (1971).
(5) V . Dvorak, J. Kolc, and J. Michl, Tetrahedron Lett., 3443 (1972).
(6) W . Adam and R. Rucktaschel, J. Amer. Chem. Soc., 93, 557 (1971).
(7) O. L. Chapman, P. W . Wojtkowski, W . Adam, O. Rodriquez, and 

R. Rucktaschel, ibid., 94, 1365 (1972).
(8) P. R . Story, D . D . Denson, C . E . Bishop, B . C. Clark, Jr., and J. C.

Farine, ibid., 90, 817 (1968).
(9) F. Ramirez, S. B. Bhatia, R. B. Mitra, Z. Hamlet, and N . B. Desai, 

ibid., 86, 4394 (1964).

3. This compound is the first monomeric cyclic 
maleoyl peroxide to be reported.

Results and Discussion
Synthesis.—Phenylmaleoyl peroxide (3) was gener

ated in 38% yield when a heterogeneous mixture con
sisting of diperoxyphenylmaleic acid, 2, chloroform, and 
water was agitated vigorously. The success of this

procedure depends upon the rapid cyclization of 2 to 3 
in the polar aqueous phase, following which the less 
polar 3 is rapidly extracted into the inert chloroform 
phase, thereby preventing further hydrolysis to the 
monoperoxy acid.
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Decompositions.—The decomposition of 3 proceeds 
smoothly under conditions of thermolysis, direct pho
tolysis, and photolysis in the presence of a triplet sensi
tizer. Three products, carbon dioxide, phenylacetylene 
and a carbonyl-containing polymer which was not fully 
characterized, together account for all of the peroxide 
decomposed. The relative yields of these three sub
stances are dependent upon the mode of decomposi-

3 — >  C 0 2 +  P hC =C H  +  polymer

tion. The yields of carbon dioxide and phenylacety
lene are summarized in Table I. Clearly, the yields of

T a b l e  I
Y ie l d s  o p  C a r b o n  D i o x i d e  a n d  P h e n y l a c e t y l e n e  

f r o m  t h e  D e c o m p o s it io n  o p  P h e n y l m a l e o y l  P e r o x i d e

/—Yield, mol/mol 3—s
Conditions c o 2 PhCîH

Thermolysis (refluxing CC14) 1.10 0.13
Direct photolysis (CC14, 22-25°) 1.62 0.63
Sensitized photolysis (CCh, 1.88 0.82

22-25°, benzil)

these two products are higher in a photolysis than in a 
thermolysis, and higher when the photolysis is sensitized 
than when it is not.

Before advancing an interpretation of these findings 
based upon the properties of the expected intermediates, 
it is necessary to consider the possible intervention of a 
side reaction which would influence these product 
yields. Phthaloyl peroxide is known to add to acety
lenes by a nondecarboxylative process.10 If an analo
gous reaction were to occur between 3 and the phenyl
acetylene being produced during the decomposition, 
the yields of both carbon dioxide and phenylacetylene 
would be affected. To test for the possible intervention 
of this reaction, the thermolysis of 3 was carried out in 
the presence of several equivalents of added phenyl
acetylene. If the addition of 3 to phenylacetylene 
occurs with sufficient facility to compete with the de
composition of 3, it would be expected that the yield of 
carbon dioxide would be significantly below the yield 
obtained in the absence of added phenylacetylene. In 
fact, in the presence of 2 equiv of phenylacetylene, 1.04 
equiv of carbon dioxide was evolved, an amount only 
slightly less than the value of 1.10 obtained in the ab
sence of added phenylacetylene. Thus, it can be con
cluded that a competing reaction between 3 and phenyl
acetylene formed during the decomposition is not 
occurring to any significant extent.

Although additional studies will be required to 
establish rigorously the mechanism for the decomposi
tion of phenylmaleoyl peroxide, the results obtained 
herein may be discussed within the framework of 
Scheme I.

Thermolysis of the oxygen-oxygen bond of 3 would 
generate a short-lived diacyloxy radical 4, which could 
produce phenylacetylene directly, or via the mono- 
acyloxy diradicals 5 and 6 formed by monodecarboxyla
tion of 4, or from unstable lactonic intermediates such 
as 7 and 8. Polymeric materials could also arise from 
7 and 8, or from ketene intermediates derived from 7 
and 8 by a process analogous to one observed in the de
composition of phthaloyl peroxide.5

(10) F. D . Greene and W . W . Rees, J. Amer. Chem. Soc,, 82, 893 (1960).

The photosensitized decomposition of 3 must be 
interpreted in terms of triplet states of the inter
mediates. If the monoacyloxy diradicals 5 and 6 are 
triplets, spin inversion would be required before non
radical species 7 and 8 could be formed. The sequence 
leading to polymer would thereby be disfavored relative 
to the competing decarboxylation reaction, which would 
produce phenylacetylene. The possibility of a photo
sensitized decarboxylation of nonradical intermediates 
7 and 8 to phenylacetylene cannot be excluded.

The results of the direct photolysis of 3 can be in
terpreted in several ways. The relatively high yields 
of carbon dioxide and phenylacetylene may suggest 
that the direct photolysis is also occurring primarily via 
triplet intermediates. On the other hand, direct 
photolysis may generate singlet intermediates similar 
to those produced during thermolysis, in which case 
the higher yields of phenylacetylene and carbon dioxide 
observed during photolysis may reflect a different parti
tion of the intermediates 7 and 8 between decarboxyla
tion and polymerization at the lower temperature of 
the photolysis (25° vs. 76°). Or, direct photolysis 
might produce higher energy singlet species 5 and 6 
than thermolysis. Higher energy singlet intermediates 
might be more prone to decarboxylation than cycliza- 
tion. Finally, photolytic decarboxylation of the non
radical intermediates 7 and 8 may account for the 
higher yields of carbon dioxide and phenylacetylete 
under photolytic than thermolytic conditions.

Experimental Section
Caution. Although we experienced no problems in handling 

any of the materials described in this paper, we urge that all of 
these peroxidic compounds be treated as potentially hazardous 
substances.

Diperoxyphenylmaleic Acid (2).— Phenylmaleic anhydride,11'12 
methanesulfonic acid, and 90% hydrogen peroxide in molar ra

(11) L. E . Miller, H. B. Staley, and D . J. Mann, ibid.. 71, 374 (1949).
(12) C. S. Rondesvedt and A. H . Filbey, J . Org. Chem.. 19, 119 (1954).

S c h e m e  I
T h e  D e c o m p o s it io n  o p  P h e n y l m a l e o y l  P e r o x i d e

O

PhT° - v
Ph
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tios of 1 :5 :6  were stirred at room temperature for 90 min. An 
equal volume of cold, saturated ammonium sulfate solution was 
added, and the mixture was extracted four times with equal 
volumes of ether. The ether solution was washed twice with 
cold, saturated ammonium sulfate, dried over magnesium sul
fate, filtered, and concentrated at reduced pressure and room 
temperature, leaving a viscous oil. Crystallization was induced 
by adding sufficient chloroform, containing a little ether, to pro
duce a clear solution, then removing solvent at reduced pressure. 
The solid obtained was triturated with several portions of chloro
form and dried in vacuo to give a 57% yield of crude diperoxy 
acid containing greater than 98% of the theoretical active oxy
gen. Recrystallization from chloroform-ether gave pure di- 
peroxyphenylmaleic acid: mp 92.5-93.5°; ir (Nujol) 3270, 
1760, 1625, 1600, 1580, 680 cm“ 1.

Anal. Calcd for CioHgO«: C, 53.58; H, 3.60; active oxy
gen,13 14.27. Found: C, 53.43; H, 3.59; active oxygen,
14.00.

Phenylmaleoyl Peroxide (3).— A mixture of diperoxyphenyl- 
maleic acid (0.50 g, 2.1 mmol) of 96% purity, 5 ml of water, and 
50 ml of chloroform was agitated at room temperature for 60 
min with a Yibromixer. The aqueous phase was washed with 5 
ml of chloroform, and the combined chloroform layers were 
washed twice with 5 ml of cold, 10% sodium bicarbonate, dried 
over magnesium sulfate, filtered, and evaporated, giving a 38% 
yield of phenylmaleoyl peroxide of 94-96%  purity. One re
crystallization from chloroform-hexane gave 0.13 g (33%) of 
pure product: mp 105.5-106°; ir (HCCh) 3070, 4040, 1765 
(shoulder), 1750, 1630, 1605, 1580, 700 cm -1; uv (CCI4) broad 
Ynax 312 nm (log e 4.06); nmr (CDC13) 6 7.23 (s, 1 H ), 7.3-7.9 
(b m, 5 H). Phenylmaleoyl peroxide is very soluble in methyl
ene chloride and chloroform, soluble in benzene, slightly soluble 
in carbon tetrachloride, and practically insoluble in hexane.

Anal. Calcd for C10H6O4: 0 ,63 .16 ; H, 3.18; active oxygen, 
8.41; mol wt, 190.15. Found: C, 63.25; H, 3.21; active ox
ygen, 8.25; mol wt, 190 (cryoscopic, benzene).

Hydrolysis of phenylmaleoyl peroxide in aqueous acetone, 
followed by dehydration with trifluoroaeetic anhydride, gave 
phenylmaleic anhydride, mp 117-119° (lit.11 mp 119-120°).

Decomposition Studies.— A 0.02-0.1 M  solution of phenyl
maleoyl peroxide in carbon tetrachloride was placed in a flask 
equipped with a reflux condenser. A stream of dried, prepuri
fied nitrogen was passed into the reaction flask through a tube 
which ended a few centimeters above the surface of the refluxing 
solvent for the thermal decompositions, or through a fritted gas 
dispersion tube submerged in the medium for the photodecom
positions. The nitrogen stream leaving the top of the reflux 
condenser was passed through a trap cooled in Dry Ice-acetone, 
then two U tubes filled with Ascarite, and finally through a bub
bler containing sulfuric acid. The weight of carbon dioxide 
evolved was obtained from the increase in weight of the first 
Ascarite U tube.

(13) (a) L. S. Silbert and D . Swern, Anal. Chem., 30, 385 (1958); (b) 
J . Amer. Chem. Soc., 81, 2364 (1959).

In a typical thermal decomposition, the system was flushed 
with nitrogen at room temperature until the first Ascarite U tube 
came to constant weight. The reaction flask was then immersed 
in an oil bath 5-10° above the boiling point of the solvent while 
the nitrogen continued to flow. At intervals, the flow was 
stopped, and the first Ascarite U tube was removed and weighed. 
Refluxing was continued until the Ascarite trap came to constant 
weight.

In a typical photodecomposition, the Pyrex reaction flask was 
immersed in a bath maintained at 22-25°. The system was 
flushed with nitrogen and a constant weight for the first Ascarite 
tube was obtained. The reaction mixture was then irradiated 
with a 275-W sun lamp mounted over the reaction flask at a dis
tance of 4 in. until the Ascarite U tube reached constant weight.

The direct photolysis of 40 mg of phenylmaleoyl peroxide in 
12 ml of carbon tetrachloride was 80% complete in 5 hr. In the 
presence of 8 mg of benzophenone, 98% decomposition occurred 
in 5 hr. In the presence of 80 mg of benzophenone decomposi
tion was 90%  complete in 2 hr, 99% in 4 hr. Finally, in the 
presence of 40 mg of benzil, decomposition was 99%  complete in 
2 hr. In the absence of light no decomposition was observed 
over 10-12 hr in the presence or absence of sensitizer.

The yield of phenylacetylene was obtained by diluting the re
action mixture to 100 ml and determining the concentration of 
phenylacetylene by glc on a silicone gum rubber column, using 
solutions of phenylacetylene of known concentration as reference 
standards.

At the completion of thermolysis, the reaction mixture con
tained a floating precipitate. The mixture was concentrated to 
about one-fourth its original volume, and the precipitate was 
filtered, washed with a little carbon tetrachloride, and dried, 
giving a yellow powder amounting to about 50% of the weight of 
initial peroxide. This substance exhibited a broad absorption 
band between 1800 and 1670 cm-1. The average molecular 
weight (vapor pressure osmometry in chloroform) was 3400. 
The filtrate obtained after removal of the insoluble material was 
then distilled at reduced pressure until all solvent and phenyl
acetylene had been removed. The residue consisted of a brown, 
sticky solid amounting to about 25% of the weight of the initial 
peroxide. This material exhibited broad absorption between 
1860 and 1675 cm-1, and had an average molecular weight of 
435.

Photolytic decompositions produced only the soluble residues. 
No insoluble polymer was generated. Yields of residues were 
determined simply by weighing the material remaining after 
solvent and phenylacetylene had been removed by distillation. 
In the case of the sensitized decompositions, the weight of sen
sitizer had to be subtracted from the observed weight of the 
residue.

In all cases the residue was examined by glc on a silicone col
umn for the presence of hexachloroethane. None was ever 
detected.

Registry No.—1, 36122-35-7; 2, 38605-60-6 ; 3, 
38606-11-0,
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Routes to Functionalized Guanidines. The Synthesis of Guanidino Diestersla
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Six general methods for the synthesis of acyclic and cyclic guanidines, of structures 1 and 2 and bearing a variety 
of substituents, are described. These guanidines may be symmetrical or unsymmetrical, and the substituents 
they bear provide the basis for further chemical manipulation. The acyclic guanidines are derived from single 
carbon intermediates, such as 3, 9, 13, and 14, and the appropriately substituted amine. The cyclic guanidines 
result from the functionalization of a 2-p-toluenesulfonamidopyrimidine which is subsequently hydrogenated.
Use of the tosyl as a protecting group reduces the effects of the strongly alkaline guanidine moiety, and its facile 
removal is achieved with hydrogen fluoride. Detosylation of the tosyl-protected guanidino diester 12 resulted in 
formation of the imidazolin-4-one 51; this reaction proved to be general for the guanidines 1, x =  1, and 2, z =
1, 2. These imidazolinones underwent deuterium exchange for which a mechanism involving the formation of a 
mesoionic intermediate is proposed.

Increasingly among the functional groups found in 
natural products, there are instances of the occurrence 
of the guanidine moiety. In addition to the well-known 
and obvious examples of arginine, creatinine, and cre
atine (the latter two are classed as glycocyamidines1 2), the 
guanidino group recently has been found in the puffer 
fish poison, tetrodotoxin,3 in the paralytic shellfish poi
son, saxitoxin,4 in the peptide antibiotics capreomycin,5 
viomycin,6 and tuberactinomycin,7 in the antifungal 
agent, stendomycin,8 and in the alkaloids of A l c h o r n e a  
j a v a n e n s i s .9 Interestingly, all of these compounds con
tain the guanidine moiety as part of a cyclic system.

Thus it is of interest to prepare guanidines which are 
suitably functionalized to permit a variety of synthetic 
manipulations, the most important of which is probably 
the conversion to cyclic guanidines, retaining some func
tionality in addition to the guanidino group. This 
paper describes routes to acyclic and cyclic guanidino 
diesters, namely, 1 and 2; the routes are general and

Rs
I

/ N(CH2),C02R4 

R ,N = C ^
N(CH2)iC02R6
I
r3
1 2

flexible in design so that such intermediates may find 
wide synthetic use. Two groups of such esters are de-

(1) (a) Supported in part by the U . S. Army Research Office, Durham, 
N . C .; (b) National Institutes of M ental Health Postdoctoral Fellow; (c) 
National Science Foundation Predoctoral Fellow; (d) on special assignment 
from the U . S. Food and Drug Administration.

(2) C . Lempert, Chem. Rev., 59, 667 (1959).
(3) A . Furusaki, Y . Tomije, and I. N itta, Bull. Chem. Soc. Jap., 43, 3332

(1970), and references cited therein.
(4) J. Wong and H. Rapoport, J. Amer. Chem. Soc., 93, 7344 (1971).
(5) B . W . Bycroft, D . Cameron, and A . W . Johnson, J. Chem. Soc. C, 

3040 (1971).
(6) B. W . Bycroft, L. R . Croft, A . W . Johnson, and T. W ebb, J. Chem. 

Soc., Perkin Trans. 1, 820 (1972).
(7) H . Yoshioka, T . Aoki, H. Goko, K . Nakatsu, T. Noda, H . Sakakibara, 

T . Take, A. Nagata, J. Abe, T . W akamiya, T . Shiba, and T. Kaneko, tetra
hedron Lett., No. 23, 2043 (1971).

(8) M . Bodanszki, J. Izdebski, and I. Myramatsu, J. Amer. Chem. Soc., 
91, 2351 (1969).

(9) N . K . Hart, S. R . Johns, J. A . Lamberton, and R . I. Willing, Aust. J. 
Chem., 23, 1679 (1970).

scribed: (1) tosyl-protected guanidino diesters (1,
Ri = Ts; 2, Rx = Ts) and (2) unprotected guanidino 
diesters. The tosyl protecting group is very useful in 
these syntheses, since the possible interference of the 
strongly alkaline guanidine function is largely elim
inated. Also, the facile deprotection of tosylguanidines 
with anhydrous HF10'11 makes this an especially suit
able protecting group.

Tosyl-Protected Guanidino Diesters.—Any of the
six reaction paths a-f can be used to prepare tosyl- 
protected guanidino diesters.

The first four synthetic routes are based on a varia
tion of the classical Rathke12 guanidine synthesis, the 
reaction of an ¿'-methylisothiourea with an amine. In 
our approach the $-methyliso thiourea is first converted 
to the more reactive amidinium chloride (e .g . ,  11) or 
carbodiimide (e .g . ,  7), since the conditions required for 
direct conversion of an isothiourea to a guanidine are 
too drastic for use with sensitive amino esters.

The entire scheme hinges on the availability of the 
appropriate »S'-methylisothioureas (e .g . ,  4, 10, 16,) and 
we have found that such compounds can be generated 
with ease from (S,<S-dimethyl-Ar-p-toluenesulfonylimino- 
dithiocarbonimidate (3) or from p-toluenesulfonyliso- 
thiocyanate (14). The thiomethyl groups of the former 
compound were shown13 to undergo nucleophilic dis
placement. This displacement reaction was then ex
tended14 to include the sodium salts of various /3-amino 
acids as in 3 -► 4. The preparation of various sulfonyl 
isothiocyanates (e .g . ,  14) has also been described.13'15'16

Reaction path a is useful for the preparation of 
guanidines of type 8 (1 in which either R2 or R3, or both 
are H). The intermediate ¿»-methylisothiourea 4 can 
be obtained by direct displacement of a methylthio 
group of 3 with the sodium salt of an amino acid,14 a 
process which requires boiling in ethanol. Such con
ditions are untenable if an amino acid ester is to be used 
directly because of competing diketopiperazine forma
tion. Under these conditions A-methylamino acids do 
not displace the methylthio group of 3 and, as a result, 
path a is limited to the production of guanidines such 
as 8.

(10) R . H . Mazur and G . Plume, Experientia, 24, 661 (1968).
(11) J. V . Rodricks and H . Rapoport, J. Org. Chem., 36, 46 (1971).
(12) B . Rathke, Ber., 17, 297 (1884).
(13) R. Gompper and W . Hagele, Chem. Ber., 99, 2885 (1966).
(14) J. Gante, Angew. Chem., 19, 858 (1967).
(15) K . Hartke, Arch. Pharm. (Weinheim), 299, 174 (1966).
(16) K . Dickore and E. Kuhle, Angew. Chem., Int. Ed. Engl., 4, 430 (1965)

(CH2)2C02R4
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CHjNHCHsCOsCaHs

1 2 b

Cl
13

Esterification of the acid 4 can be effected with either 
methyl iodide or dimethyl sulfate; if other than a 
methyl ester is desired, Fischer esterification is suc
cessful. Use of the alkylating agents does not cause 
alkylation of the isothiourea nitrogen. The A-me thy 1- 
isothiourea 5, when treated with AgN03/Et,?N,17 is con
verted to the intermediate sulfonylcarbodiimide 7; the 
latter is not isolated but is immediately trapped by the 
appropriate amino ester to yield the guanidino diester. 
Alternatively, the sulfonylcarbodiimide salt or chloro 
amidine 6 can be generated by chlorination of the iso
thiourea 4.

Pathway b is based on the conversion of 3 to the 
monochlorinated compound 9 using sulfuryl chloride as 
the chlorinating agent.18 The monochloro compound 
9 then undergoes nucleophilic displacement at room 
temperature with the appropriate amino ester to pro-

(17) A . F. Ferris and B. A . Schutz, J. Org. Chem., 28, 71 (1963).
(18) R . Neidlein and W  Haussmann, Angew. Chem., Int. Ed. Engl., 4,

521 (1965).
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duce the corresponding S-methylisothiourea 10, which 
is converted to the guanidino diester using the proce
dure of path a. Use of the AgNCh/EUN reagent is pro
hibited in this sequence, and the chloro amidine 11 will 
be the reactive intermediate.

Path c is useful because it is a one-step reaction, al
though it is limited to the introduction of identical 
amino ester fragments. $,$-Dimethyl-iV-p-toluenesul- 
fonyliminodithiocarbonimidate (3) is smoothly con
verted to A-p-toluenesulfonylimidocarbonyl chloride 
(13) upon treatment of a glacial acetic acid solution of 3 
with CI2.19 The dichloro compound readily reacts with 
2 equiv of an amino ester at room temperature or 
below.

Path d is as flexible as path b; p-toluenesulfonyl- 
isothiocyanate (14) reacts readily with amino esters to 
afford Af-tosvl thioureas 15. The thiourea can be con
verted to an S-methylisothiourea by action of an alkyl-

(19) R. Neidlein and W. Haussmann, Tetrahedron Lett., No. 22, 1753
(1965); R. Gompper and R. Kunz, Chem. Ber., 99, 2900 (1966).
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ating agent, although the alkylation process results in 
transesterification as well (15 — 16). Generally path d 
results in somewhat better yields of ¿’-methylisothiourea 
than can be achieved by path b.

Path e is applicable for the synthesis of tosylgua- 
nidines from 2-aminopyrimidines on which exocyclic 
tosylation with p-toluenesulfonyl chloride in pyridine 
proceeds easily.20 However, alkylation, contrary to the 
literature regarding iV-sulfonylaminopyrimidines,20 re
sults in both exo (20) and endo (21) isomers, with no 
apparent alkylation at N-3. The exo isomer was iden
tified by comparison to an authentic sample prepared 
unambiguously via the Ullman reaction21 with N- 
methyl-p-toluenesulfonamide and 2-chloro-4-methylpy- 
rimidine. Structural assignment of the endo isomer was 
based upon the nmr comparison of the pyrimidine ring 
protons with those of the 3,4- and l,4-dimethyl-2-oxo-

(20) J. P. English, J. H. Clark, R . G. Shephard, H . W . Marson, J. Krap- 
cho, and R . O. Roblin, Jr., J. Amer. Chem. Soc., 68, 1039 (1946).

(21) M . A . Phillips, J. Chem. Soc., 9 (1941).

pyrimidines,22-23 41 and 42, respectively. The 2- 
tosylamidopyrimidines could be further substituted by

42 21a

alkylation with various alkyl halides and by oxidation 
of the C-4 methyl either before or after alkylation.24-26 
Reduction of the pyrimidines would then proceed to 
yield the desired functionalized tosyl-protected guani
dines.26

Path f extends the synthesis to 2-aminopyrimidines 
which cannot be directly tosylated with tosyl chloride. 
It was found that tosylguanidine readily condenses with 
diethyl ethoxymethylenemalonate in sodium ethoxide- 
ethanol to give the salt of the pyrimidin-4-one 29.27 
This salt, when heated with phosphorus oxychloride, 
gives the 4-chloropyrimidine 30 in high yield without 
the presence of the usual tertiary amine.27c Reductive 
dehalogenation28 followed by esterification yields 2- 
tosylamido-5-ethoxycarbonylpyrimidine (32). Alkyla
tion and ring reductions as described in path e result in 
various functionalized tosyl-protected cyclic guani
dines in which one ester function is at C-5 rather than at 
C-4. It should be noted that the alkylation of the tri
alkyl guanidines 37 and 38 occurs predominantly on the 
endocyclic nitrogen with very little alkylation on the 
exocyclic tosylated nitrogen.

Unprotected Guanidine Diesters.—The synthesis of 
unprotected guanidines carrying a diester function is 
modeled after path d of the tosyl-protected guanidino 
diester synthesis. Thus, the synthesis depends upon 
the availability of alkyl isothiocyanates. As an ex
ample, methyl isothiocyanate was treated with ethyl 
3-A-methylaminopropionate to afford the thiourea 43, 
which was converted by phosgene29 to the chloro form- 
amidinium chloride 44. In this case the base-weak
ening effect of the sulfonyl group is eliminated, and the

(22) D . J. Brown and T. C. Lee, Aust. J . Chem., 19, 2321 (1966).
(23) D . J. Brown and T. C. Lee, Aust. J. Chem., 21, 243 (1968).
(24) T. Matsukawa and K . Shirakawa, J. Pharm. Soc. Jap., 72, 909 

(1952).
(25) G. Daves, P. O ’Brien, L. Lewis, and C. Cheng., J. Heterocycl. Chem., 

1, 130 (1964).
(26) (a) H . A ft and B. E . Christensen, J. Org. Chem., 27, 2170 (1962);

(b) R . F. Evans, J. Chem. Soc., 2450 (1964); (c) R . F. Evans and J. S.
Shannon, J. Chem. Soc., 1406 (1965); (d) B. W . Bycroft, D . Cameron, L. R . 
Croft, and A. W . Johnson, Chem. Commun., 1301 (1968).

(27) For analogous reactions with diethyl ethoxymethylenemalonate see 
(a) H . C . Koppel, R . H . Springer, R . K . Robins, and C. Cheng, J. Org. 
Chem., 27, 3614 (1962); (b) J. H . Chesterfield, D . T . Hurst, J. W . F. M c- 
Omie, and M . S. Tute, J. Chem. Soc., 1001 (1964); (c) E . Peters, J. F. Hol
land, B . Bryant, H. J. Minnemeyer, C . Hohenstein, and H . Tieckelmann, 
Cancer Res., 19, 729 (1959).

(28) R . G . Shepherd, W . E . Taft, and H . M . Krazinski, J. Org. Chem., 26, 
2764 (1961).

(29) For similar reactions see H. Eilingsfeld, G. Naubauer, M . Seefelder, 
and H . Weidinger, Chem. Ber., 97, 1232 (1964).



product forms a salt with the HC1 released during the 
reaction. The intermediate 44 was taken to the guani- 
dino diester hydrochloride 45; also resulting from the

S Cl
|| COCl! /

CH3NCNCH2CH2C 02C2H5 — >- CH3N = C
H f \

c h 3 n c h 2c h 2c o 2c 2h 6
I

CHa
43 44
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NCHjCHsCOjCsHi GHsNCHiCHiCOiCiHs 
/  H

HC1 NCH2CH2C 02C2H6
I

CHa
45

reaction was 1 equiv of amino ester hydrochloride, 
giving a mixture of water-soluble salts. Advantage 
can be taken of the great difference in basicity between 
amino ester salt and guanidino diester salt, and the pair 
can be separated by ion-exchange chromatography on 
an acid resin. The 4 N acid required to remove the 
guanidine salt effects ester hydrolysis; however, re
esterification of the diacid, using ethanolic HC1, pro
ceeds with ease. The overall yield of final diester 45, 
based on thiourea 43 and including ion-exchange chro
matography and reesterification, is 52%. Although 
our work on unprotected guanidino diesters is limited 
to this single case, it is presumably widely applicable 
and is based on the availability of alkyl isothiocyanate.

Deprotection of Tosyl-Protected Guanidino Diesters. 
—The tosyl-protected guanidino diesters are potential 
intermediates for the synthesis of a variety of func
tionalized guanidines, the A-tosyl group providing 
protection from the intervention of the strongly alkaline 
guanidine group in any further chemical manipulations 
of the diesters. However, attempts to remove the 
tosyl group by exposure to anhydrous HF, a procedure 
which has been demonstrated to remove tosyl groups 
from guanidines quantitatively,11 yielded the corre
sponding acylguanidines.

When A-tosyl-A',A"-dimethyl-A,,A',-di(cthoxy- 
carbonylmethyl) guanidine (12b) was stirred at room 
temperature for 2 hr in anhydrous HF, detosylation 
was effected, but in addition the detosylated interme
diate underwent cyclization to form the imidazolin-4-one 
46a in very good yield. Likewise, 12a and the cyclic 
guanidino diesters 36 and 38-40 gave their respective 
analogs 47-51 under the same conditions in 30-90% 
yield. The detosylation of the disodium salt 12c in HF 
resulted in the isolation in a 20% yield of the acid 46b

HjC ^CHjCO.R

46 a, R =  C2H< 
b, R = H

after ion-exchange chromatography. The ethyl ester 
46a was obtained by Fisher esterification, indicating 
that both acids and esters experienced cyclization under 
these conditions. Fisher esterification of 12c gave 
only tosylamide and sarcosine ethyl ester. Thus in all 
examples where the N substituents are either acetate or 
propionate residues, the use of HF as a detosylating 
agent leads to imidazolinones or their homologs.

To verify that the cyclization resulted from the de
tosylation conditions and not during the isolation pro
cedure, A-p-toluenesulfonyl-A',A",A"-trimethyl-A'- 
ethoxycarbonylmethylguanidine (12a) and 41 were sub
jected to the detosylation conditions and, after removal 
of the HF, the residues were immediately examined by 
nmr. The spectra indicated that cyclization had oc
curred to give 52 and 55, as was evidenced by the ab
sence of the ethyl ester absorption for 52 and the pres
ence of a single ethyl ester for 55, identical with the 
spectrum of 55 prepared independently.

The bicyclic series contains both acylamino (48) and 
acylimino (49-51) forms of the imidazolinones, thereby 
permitting a comparison of their properties. The uv 
absorption maxima (Amax 222-229 nm) and extinction 
coefficients (e 16,000-20,000) for the obligatory acyl
imino compounds 46, 47, and 50 and the values for the 
acylamino isomer 48 (Xmax 210 nm e 9750) correlate well 
with the reported values and substantiate the use of uv 
spectroscopy as a means of differentiating between the 
two tautomeric forms.30’31 These data also established 
the acylimino structure as the preferred tautomer for 
the labile imidazolinone 49 and tetrahydropyrimidi- 
none 51.

Although the C-5 hydrogens of the imidazolin-4- 
ones are potentially exchangeable, little work has been 
reported other than a single study involving deuterium 
exchange at pD 9 in which the acylamino tautomers 
underwent exchange much more rapidly than their 
acylimino counterparts.31 The variety of compounds 
(46-51) which we prepared permitted a more detailed 
study, and their exchange behavior was examined in 
phosphate buffer solutions at pD’s 3, 7, and 10. In 
addition, compound 50 was examined at pD 1 (D2S04-  
D20) andatpD 13 (NaOD-D20).

From Table I it is apparent that the tetrahydro- 
pyrimidinone 51 undergoes negligible exchange over the 
pD range observed relative to the imidazolinones. 
Within the imidazolinone series, exchange for the 
acylamino compound 48 was more sensitive to pD than 
were those compounds containing the acylimino group. 
Generally the rate of exchange increases as one goes to a 
more acidic pD; indeed, at pD 1, 49 undergoes com
plete exchange within 5 min. For compound 47, how
ever, the rate increased upon raising the pD from 7 to 
10, which was paralleled by the behavior of 49; 49 
underwent complete deuterium exchange at pD 13 
within 5 min. Apparently two mechanisms are in
volved; however, the one in the lower pD range is of 
greater interest.

A simple “enolic” mechanism for the acid-catalyzed 
exchange can be eliminated because it implies compara
ble rates of exchange for the pyrimidinone 51 as well 
as for the imidazolinones. That the exchange in-

(30) K . Matsumoto and H. Rapoport, J . Org. Chem., 33, 552 (1968).
(31) G . L. Kenyon and G . L. Rowley, J. Amer. Chem. Soc., 93, 5552

(1971).
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T able I
D euterium Exchanges“ of Some Imidazolinones

AND T eTRAHYDROPYRIMIDINONES
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“ Exchange performed in aqueous phosphate buffer solutions. 

6 ± 0 .5  pD. '  Ester hydrolysis interfered with exchange mea
surements. d Hydrolysis of the imidazoline ring was more rapid 
than exchange. '  Less than 5%  exchange (detectability limit) 
had occurred when the experiment was terminated; therefore, 
this is a lower limit.

possesses a pK& of approximately 8-9, whereas the 
values of the other imidazolinones are in the 4-5 
region.30'31 Therefore, at pD 7, 48 would be greater 
than 90% protonated while the acylimino imidazoli
nones are less than 1% protonated. Because exchange 
requires the protonated species 52, only 52a (Ri =

x̂ vs_^C02C2H5IT
+D + 

-D +
B .N 'V

C02C2H5
R*

48, pX”a =  8—9
RiN

1 J
nT int

50, pXa =  4 -5  .

______ +D* R ,N ^ n ^

R*V r /V  CO2C2H5 
N- y

52a, b

+h4 - h+
Rs

x n^ y '
i .N ^ T

C02C2H5

53a, b

X N —x/COjCA 

O-

0  D

a, R, = CH3; R, = D
b, R, =  D; R, =  CH3

CH3; R2 = D) exists in a concentration large enough to 
yield rapid exchange. As one progresses to pD 3, the 
rate of exchange for the acylimino imidazolinones in
creases to a rate comparable to that of the acylamino 
compound at pD 7, as expected, since the necessary 
intermediate 52b (Rx = D ; R2 = CH3) now represents 
approximately 90% of the total concentration. The 
rate of exchange for 53 at pD 3 is very rapid and is 
matched by 50 only when the pD is lowered to 1.

In the higher pD region, the exchange mechanism 
probably involves simply proton removal from C-5 
followed by deuteration. Such polar abstraction is 
reported to be accomplished with triethylamine in the 
oxazolinone series33,36’37 and it would seem unlikely 
that the mechanism would differ significantly with the 
imidazolinones.

creases with decreasing pD indicates the necessity of a 
protonated intermediate. Such a protonated species 
52 is structurally analogous to and isoelectronic with the 
oxazolin-4-one salts.32 As with the oxazolinonium 
compounds, it is not difficult to envision the loss of a 
proton from C-5 to give a mesoionic intermediate. 53 
which is analogous to munchnones,33 sydnones,34 and 
other mesoionic compounds.35 Such an intermediate 
is not possible with the pyrimidinone because of the 
additional methylene, and what exchange does occur 
proceeds via a different mechanism.

The difference in exchange behavior between the 
acylamino and acylimino imidazolinones is readily ex
plained by their pK& differences. Compound 48

(32) E. Brunn, E . Funke, H . Gotthardt, and R. Huisgen, Chem. Ber., 104, 
1562 (1971), and references cited therein.

(33) G. V . Boyd and P. H . Wright, J. Chem. Soc., Perkin Trans. 1, 914
(1972).

(34) F. H. C. Stewart, Chem. Rev., 64, 129 (1964).
(35) W . Baker and W . D . Ollis, Quart. Rev., Chem. Soc., 11, 15 (1957).
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JV-(Methylmercapto-JV-p-toluenesulfonylcarbommidoyl)-/3-ala- 
nine (4b).— A solution of 0.445 g (5 mmol) of /3-alanine, 12.5 
ml of ethanol, 5 ml of 1 A  NaOH solution, and 1.38 g (5 mmol) 
of S, S - dimethyl - N - p -  toluenesulf onyliminodithiocarboimidate
(3)13 was heated at reflux for 5.5 hr. Upon cooling in an ice bath, 
acidification with 5 ml of 1 A  HC1 solution, and standing for 2 
days, 1.12 g (71%) of crystals of 4b formed: mp 114-116°; nmr

(36) G . V . Boyd and P. H . Wright, J. Chem. Soc., Perkin Trans. 1, 909 
(1972).

(37) H . Gotthardt, R. Huisgen, and H . O. Bayer, J. Amer. Chem. Soc., 
92, 4340 (1970).

(38) All boiling points and melting points are uncorrected unless other
wise stated. Microanalyses were performed by the Analytical Laboratory, 
University of California; uv spectra were obtained in absolute ethanol (un
less otherwise specified) on a Cary 14 spectrophotometer; infrared spectra 
were recorded on a Perkin-Elmer 137 spectrophotometer. Nm r spectra 
were recorded on a Varian T -60 or H A-100 spectrophotometer in CDCla 
(unless otherwise specified) using internal T M S  or 3-(trimethylsilyl)propane- 
sulfonic acid sodium salt for water-soluble compounds (6 0). Mass spectra 
were obtained on a Varian M -66. Thin layer chromatography was done on 
silica gel and column chromatography was done with Merck silica gel 
(0 .05-0 .2  mm) unless specified otherwise.
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(CF3COOH) 5 7.40-8.08 (AB q, 4 H), 3.95 (m, 2 H ), 2.97 (t, 
2 H ), 2.68 (s, 3 H), and 2.48 (s, 3 H).

Anal. Calcd for Ci2H i6N 204S2: C, 45.6; H, 5.1; N, 8.9; 
S, 20.3. Found: C, 45.4; H, 5.3; N, 8.7; S, 20.2.

N- (Methylmercapto-A'-p-toluenesulfonylcarbonimidoyl )-/?-ala- 
nine Methyl Ester (5b).— Stirring a solution of 0.250 g (0.79 
mmol) of 4b, 1.12 g (7.90 mmol) of methyl iodide, and 10 ml of 
methanol overnight at room temperature followed by heating 
at reflux for 3 hr and removal of methanol yielded 0.16 g (60%) of 
ester 5b: mp 125-126°; nmr (CF3COOH) 5 7.38-7.98 (AB 
q, 4 H), 3.97 (m, 2 H ), 3.85 (s, 3 H ), 2.92 (t, 2 H ), 2.67 (s, 3 
H ), and 2.47 (s, 3 H ); uv (90% EtOH) Xma*239 nm (e 19,820).

Anal. Calcd for CI3HlsN 204S2: C, 47.3; H, 5.5; N, 8.5; 
S, 19.4. Found: C, 47.3; H, 5.4; N, 8.7; S, 19.3.

IV-(Methylmercapto-lV-p-toluefiesulfonylcarbonimidoyl (glycine 
Methyl Ester (5a).— A solution of 0.453 g (1.5 mmol)
of A/’-(methylmercapto-AAp-toluenesulionylcarbonimidoyl)glycine
(4a),14 0.315 g (1.65 mmol) of tris(2-hydroxypropyl)amine, 0.227 
g (1.80 mmol) of dimethyl sulfate, and 20 ml of methanol was 
boiled for 1 hr. Cooling gave crystals which were recrystallized 
from methanol to yield 0.44 g (93%) of ester 5a, mp 119-120°.

Anal. Calcd for C i2Hi6N 204S2: C, 45.6; H, 5.1; N, 8.9; 
S, 20.3. Found: C, 45.3; H, 5.2; N, 9.0; S, 20.0.

Ar-(Methylmercapto-Ar-p-toluenesulfonylcarbonimidoyl (glycine 
Ethyl Ester (5c).— The ethyl ester was prepared by boiling a 
solution of 3.15 g of 4a14 in 30 ml of absolute ethanol containing 
2 ml of concentrated sulfuric acid. Water (50 ml) was added, 
the aqueous phase was extracted with benzene, and the benzene 
layer was washed with aqueous Na2C 0 3 and water, and then 
dried. Evaporation and crystallization of the residue from 
ethanol gave ethyl ester 5c: 2.94 g (87% ); mp 119-120°; 
nmr 8 7.90-7-25 (q, 4 H), 4.18 (d, 2 H), 4.15 (q, 2 H), 2.44 
(s, 3 H), 2.40 (s, 3 H ), and 1.04 (t, 3 H ); mass spectrum m/e 
330 (M +), 285 (M+ -  OC2H5).

Anal. Calcd for C ^H ^N A S,: C, 47.3; H, 5.5; N, 8.5; 
S, 19.4. Found: C, 47.1; H, 5.6; N, 8.6; S, 19.2.

A'-p-Toluenesulfonyl-A’ '-methyl-AT'-(2-ethoxycarbonylethyl)- 
N ' (2-methoxycarbonylethyl Jguanidine (8a).— To a solution of 
0.66 g (2 mmol) of 5b, 1.05 g (8.0 mmol) of ethyl 3-lV-methyl- 
aminopropionate,39 and 0.20 g (2 mmol) of Et3N in 30 ml of 
acetonitrile, cooled in an ice bath, was added dropwise a solution 
containing 0.34 g (2 mmol) of AgN 03 in 3 ml of acetonitrile. 
An immediate yellow precipitate of AgSCH3 formed. The 
mixture was allowed to warm to room temperature and was 
stirred overnight. The AgSCH3 was removed by centrifugation, 
sonicated three times with acetonitrile, and recentrifuged three 
times. Removal of the acetonitrile gave a red oil, which was 
placed on a column containing 80 g of silica gel and eluted with 2% 
CH30H-CHC13. Three 50-ml fractions were initially taken 
followed by 15 25-ml fractions. Combining fractions 11-16 
gave 0.57 g (68% ) of the guanidine 8a: Ri 0.51 with 2%  CH2O H - 
CHC13 and 0.65 with 5%  CH30H-CHC13 on silica gel; uv Xmax 
230 nm (e 15,320); nmr (CF3COOH) 8 7.95-7.39 (AB q, 4 H),
4.29 (q, 2 H ), 3.79 (s, 3 H), 3.74 (m, 4 H), 3.15 (s, 3 H), 2.83 
(broad s, 4 H), 2.48 (s, 3 H), 1.28 (t, 3 H).

Anal. Calcd for C i8H27N306S: C, 52.3; H, 6.6 ; N, 10.2; 
S, 7.8. Found: C, 52.0; H, 6.6; N, 10.1; S, 8.0.

Ar-p-Toluenesulfonyl-A"-methyl-Ar'-(2-ethoxycarbonylethyl)-
Ar"-ethoxycarbonylmethylguanidine (8b).— To 15 ml of glacial 
acetic acid cooled in an ice bath and saturated with Cl2 gas was 
added 330 mg (1 mmol) of 5c and the solution was allowed to 
stir at 14° for 3 hr. The excess Cl2 was removed in vacuo at 
room temperature and the acetic acid was removed by lyophiliza- 
tion to yield 6 (x =  1 ; Ri = C2H3) as a crystalline, colorless solid. 
This solid was dissolved in 5 ml of acetonitrile, cooled in an ice 
bath, and treated dropwise with a solution of ethyl 3-A-methyl- 
aminopropionate (262 mg, 2.0 mmol)39 in 3 ml of acetonitrile. 
The solution was allowed to stir for 3 hr at ice-bath temperature 
and then overnight at room temperature. Removal of the 
solvent gave a pale yellow oil which was purified by chromatog
raphy on a 30-g silica gel column, eluting with 5%  CH3O H - 
CHC13. The product, guanidine 8b, was obtained crystalline 
from ethanol-ether: 380 mg (92%); mp 104-105°; nmr 8 7.8-
7.0 (AB q, 4 H), 4 .2 -3 .8 (q plus d, 6 H, 2-OCH2-an d N C H 2C = 0 )
3.50 (t, 2 H, NCH „-), 2.82 (s, 3 H, NCHS), 2.43 (t, 2 H, -C H 2- 
C = 0 ) ,  2.28 (s, 3 H, CH„), 1.08 (t, 6 H, CH3C ); mass spectrum 
m/e 413 (M+), 368 (M+ -  OC2H5).

Anal. Calcd for CI8H27N30 6S: C, 52.3; H, 6.6. Found: 
C, 51.9; H, 6.7.

Ar-(Metbylmercaptochloromethylene)-p-toluenesixlfonimide (9). 
— The dithiocarbonimidate 3, 1.38 g (5.0 mmol), in 20 ml of 
CCI4 containing 0.40 ml (5.0 mmol) of SC>2C12 was heated at re
flux for 9 hr and then stirred at room temperature overnight. 
Removal of the solvent and chromatography on silica gel, elut
ing with CHC13, gave 0.98 g (68% ) of 9: mp 84-87° (lit.19 
mp 89-90°); nmr 8 7.90-7.25 (AB q, 4 H), 2.48 (s, 6 H).

Ar-p-Toluenesulfonyl-Ar'-methyl-A?'-ethoxycarbonylmethyl-S- 
methylisothiourea (10b).— Ar-(Meth y 1 m e r cap 10 c h 1 o r o m e t h y- 
lene)-p-toluenesulfonimide (9) (0.33 g, 1.2 mmol) was dissolved 
in 8 ml of acetonitrile, and after cooling in an ice bath, a solution 
of sarcosine ethyl ester (0.336 g, 2.87 mmol)40 in 2 ml of acetoni
trile was added dropwise. The solution was allowed to stir for 
1 hr at 0°, then 40 hr at room temperature. Removal of the 
solvent and chromatography on 50 g of silica gel, eluting with 2%  
CH30H-CHC13, gave the isothiourea 10b: 0.344 g (87% ); 
mg 99-100°; nmr (CF3COOH), 8 7.91-7.30 (AB q, 4 H), 4.57 
(s 2 H), 4.28 (q, 2 H), 3.43 (s, 3 H), 2.54 (s, 3 H), 2.43 (s, 3 H),
1.29 (t, 3 H ).

Anal. Calcd for ChHmN A S j.: C, 48.8; H, 5.9; N, 8.1; 
S, 18.6. Found: C, 48.7; H, 5.8; N, 8.0; S, 18.6.

Ar',A'',iS-Trimethyl-A'-p-toluenesulfonylcarbonimidate (10a). 
— To 6.5 g (25 mmol) of 9 dissolved in 100 ml of acetonitrile and 
cooled to 0° was added 50 ml of an acetonitrile solution containing 
4 ml of dimethylamine. The temperature was maintained at 0° 
for 3 hr and then allowed to warm to room temperature. After 
being stirred overnight, the solution was stripped to dryness 
and the residue was purified by chromatography on silica gel using 
2%  CH30H-CHC13 as the eluent. The imidate 10a was obtained 
in 84% yield (5.6 g): mp 55-57°; nmr 8 7.52 (AB q, 4 H ), 3.20 
(s, 6 H ), 2.42 (s, 3 H), 2.38 (s, 3 H).

Anal. Calcd for CuH16N20 2S2: C, 48.5; H, 5.9; S, 23.5. 
Found: C, 48.5; H, 5.8; S, 23.8.

A1-p-Toluenesulfonyl-AiVV',Ar"-trimethyl-A’ "-ethoxycarbonyl- 
methylguanidine (12a).— Glacial acetic acid (100 ml) saturated 
with Cl2 at 0° was treated dropwise with stirring with 6.36 g 
(18.6 mmol) of 10a in 50 ml of glacial acetic acid. The solution 
was stirred at 5-10° for 2 hr and the solvent and Cl2 were removed 
by aspiration. To the residue of 11a dissolved in 100 ml of 
acetonitrile and cooled to 0° was added over 10 min, with rapid 
stirring, 4.40 g (37.6 mmol) of sarcosine ethyl ester dissolved in 
25 ml of acetonitrile. After being allowed to warm to room 
temperature, the reaction mixture was stirred overnight. The 
solvent was removed by aspiration and the residue was chroma
tographed on silica gel to yield the product 12a: 3.8 g (11.2
mmol, 60% ); mp 121-122°; nmr 5 7.50 (AB q, 4 H ), 4.12 (s, 2 
H), 4.03 (q, 2 H), 3.04 (s, 6 H), 2.94 (s, 3 H ), 2.36 (s, 3 H),
1.23 (t, 3 H ); uv Xmax 237 nm.

Anal. Calcd for C^H^N/RS: C, 52.8; H, 6.8; N, 12.3. 
Found: C, 52.6; H, 6.8; N, 12.2.

Ar-jj-Toluenesulfonyl-A'',Ar"-dimethyl-A?',Ar"-di(;ethoxycar- 
bonylmethyl)guanidine (12b). A.—To 12 ml of glacial acetic 
acid, cooled in an ice bath and saturated with Cl2, was added 
dropwise a solution containing 0.27 g (0.78 mmol) of isothiourea 
10b dissolved in 3 ml of glacial acetic acid. The slush was stirred 
for 2 hr at 14°, the excess Cl2 was removed by aspiration, and the 
acetic acid was removed by lyophilization. The resulting yellow 
oil l ib  was sonicated with three 5-ml portions of petroleum ether 
(bp 30-60°), dissolved in 5 ml of acetonitrile, and cooled in an 
ice bath. A solution containing 0.227 g (1.94 mmol) of sarcosine 
ethyl ester was added dropwise to the cold solution, which was 
then allowed to stir for 3 hr at 0° and overnight at room tem
perature. Removal of the solvent gave an oil which was chro
matographed on silica gel (30 g), eluting with 2%  CH3O H - 
CHC13. A 0.181-g (56.5%) yield of guanidine 14b was obtained: 
mp 82-83°; nmr 8 7.92-7.08 (AB q, 4 H ), 4.25 (s, 4 H), 4.09 
(q, 4 H), 3.06 (s, 6 H), 2.37 (s, 3 H), 1.20 (t, 6 H ).

Anal. Calcd for C18H27N30 6S: C, 52.3; H, 6 .6 ; N, 10.2; 
S, 7.8. Found: C, 52.5; H, 6 .6; N, 10.0; S, 7.7.

B.— To an ice-cooled solution of 1.76 g (7 mmol) of N-p- 
toluenesulfonylimidocarbonyl chloride (13)19 in 25 ml of aceto
nitrile was added dropwise over 40 min a solution of 3.44 g (29.4 
mmol) of sarcosine ethyl ester in 5 ml of acetonitrile. The reac
tion solution was allowed to stir at 0° for 2 hr, then overnight at 
room temperature. Removal of the solvent in vacuo and chro-

(39) R. W . Holley and A. D . Holley, J. Amer. Chem. Soc., 71, 2124 (1949). (40) W . Haudt, Z. Physiol. Chem., 146, 286 (1925).
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matography of the residue on silica gel, eluting with 2%  CH3O H - 
CHC13, gave 12b in 75% yield.

A’-p-Toluenesulfonyl-A’ ',A7"-dimethyl-Ar'A"-di(carboxy- 
methyl)guanidme Bisodium Salt (12c).— A suspension of 2.2 g 
of 12b and 235 ml of 0.05 N  NaOH (dioxane-water) was heated 
at 70° and stirred overnight. Removal of the solvent by lyo- 
philization gave 2.8 g of a crude product which was digested in 
hot ethanol, cooled, and filtered to give the purified disodium 
salt 12c: nmr (D20 )  5 7.50 (AB q, 4 H ), 3.88 (s, 4 H), 3.00 (s, 
6 H), 2.40 (s, 3 H ); uv Xmax 240 nm.

Anal. Calcd for C14H17N30 6SNa2: N, 10.4. Found: N,
10.1.

A-p-Toluenesulfonyl-A'-methyl^'-(2-ethoxycarbonylethyl)- 
thiourea (15).— p-Toluenesulfonyl isothiocyanate (14)16 (2.13 
g, 10 mmol), dissolved in 3.5 ml of ether and cooled in an ice 
bath, was treated dropwise with a solution containing 1.31 g 
(10 mmol) of ethyl /3-M-methylaminopropionate dissolved in 4 
ml of ether. The mixture was stirred for 2 hr at 0° and 3 hr at 
room temperature, then filtered to give a quantitative yield of 
thiourea 15: mp 122-123° after recrystallization from benzene- 
ether; nmr (CF3COOH) * 7.94-7.28 (AB q, 4 H), 4.24 (q, 2 H),
4.02 (t, 2 H), 3.30 (s, 3 H ), 2.88 (t, 2 H), 2.43 (s, 3 H), 1.30 
(t, 3 H).

Anal. Calcd for C14H20N2O4S2: C, 48.8; H, 5.9; N, 8.1; 
S, 18.6. Found: C, 48.6; H, 5.8; N, 8.3; S, 18.8.

A-p-Toluenesulfonyl-A1'-methyl-A''-(2-methoxycarbonylethyl)- 
iS-methylisothiourea (16).— The thiourea 15, 0.67 g (2 mmol), 
0.42 g (2.2 mmol) of tris(2-hydroxypropyl)amine, 0.3 g (2.4 
mmol) of dimethyl sulfate, and 4 ml of methanol were heated at 
reflux for 1 hr. Evaporation of the methanol and chromatog
raphy of the residue on silica gel, eluting with 2%  CH3OH - 
CHCls, gave the S-methylisothiourea 16: mp 47-48°; Rt 0.59 
on silica gel, eluting with 2%  M eOH-CHCl3; nmr (CF3COOH) 
8 7.98-7.38 (AB q, 4 H ), 3.94 (m, 2 H), 3.83 (s, 3 H ), 3.49 (s, 3 
H), 2.96 (t, 2 H ), 2.71 (s, 3 H ), 2.48 (s, 3 H).

Anal. Calcd for C14H20N2O4S2: C, 48.8; H, 5.9; N , 8.1; 
S, 18.6. Found: C, 49.0; H, 6.0; N, 8.2; S, 18.8.

A’-p-Toluenesulfonyl-A’ ',A'"-dimethyl-A’ '-(2-ethoxycarbonyl- 
ethyl)-JV"-(2-methoxycarbonylethyl)quanidine (17a).— The S- 
methylisothiourea 16 (1.0 g, 2.9 mmol) dissolved in 2 ml of glacial 
acetic acid was added dropwise to 15 ml of glacial acetic acid 
saturated with Cl2. Following the addition, Cl2 was again passed 
into the slush until saturation was achieved. The solution was 
allowed to stir at 14° for 2 hr, the excess Cl2 was removed in vacuo, 
and the glacial acetic acid was removed by lyophilization. The 
residual oil was sonicated with three 5-ml portions of petroleum 
ether (bp 30-75°), dissolved in 5 ml of acetonitrile, and cooled 
in an ice bath. To this cold solution was added dropwise an 
acetonitrile solution containing 0.76 g (5.80 mmol) of ethyl ft-N- 
methylaminopropionate. The clear solution was allowed to stir 
for 3 hr in an ice bath and then overnight at room temperature. 
Removal of the solvent and purification of the residue via a silica 
gel column, eluting with 4%  CH3OH-CHCI3, gave 0.472 g 
(38%) of guanidine 17a as an oil: Rf 0.56 on silica gel with 4%
CH3OH-CHCI3; nmr (CF3COOH) 5 8.02-7.43 (AB q, 4 H ), 4.28 
(q, 2 H), 3.82 (s, 3 H ), 3.60-3.92 (m, 4 H), 3.18 (s, 6 H), 2.89 
(t, 4 H), 2.49 (s, 3 H), 1.30 (t, 3 H).

Anal. Calcd for C isHmNsOsS: C, 53.4; H, 6.8; N, 9.8; 
S, 7.5. Found: C, 53.0; H, 6 .6 ; N , 9.8; S, 7.3.

Ar-p-Toluenesulfonyl-Ai',Ai"-dimethyl-A?'-(ethoxycarbonyl- 
methyl)-A7"-(2-methoxycarbonylethyl)guanidine (17b).— The ex
perimental procedure described above was followed in detail 
employing the following quantities: M-p-toluenesulfonyl-A'- 
methyl-M'-(2-methoxycarbonylethyl)-iS-methylisothiourea (16), 
0.82 g (2.39 mmol); sarcosine ethyl ester, 0.56 g (4.8 mmol). 
The yield was 0.76 g (77%) of guanidine 17b as an oil: nmr
(CF3COOH) S 7.99-7.48 (AB q, 4 H ), 4.39 (s, 2 H), 4.33 (q, 2 
H), 3.84 (s, 3 H), 3.80-3.60 (m, 2 H ), 3.29 (s, 3 H ), 3.25 (s, 3 H), 
3.08-2.08 (m, 2 H), 2.52 (s, 3 H ), 1.33 (t, 3 H).

Anal. Calcd for C^HnNsOeS: C, 52.3; H, 6.6; N, 10.2; 
S, 7.8. Found: C, 51.9; H, 6.4; N, 10.0: S, 7.5.

2-p-Toluenesulfonamido-4-methylpyrimidine (19).— p-Toluene- 
sulfonyl chloride (3.80 g, 20 mmol) was added gradually to a 
solution of 2-amino-4-methylpyrimidine (18, 1.08 g, 10 mmol)41 
in 5 ml of pyridine. After stirring at 60° for 2.5 hr, 4 ml of 5 A  
sodium hydroxide was added, the mixture was evaporated to 
dryness, and the residue was digested in water, cooled, and 
filtered. Washing with water and crystallization from ethanol

(41) D . M . Burness, J. Org. Chem., 21, 97 (1956).

gave 1.98 g (76% ) of 2-p-toluenesulfonamido-4-methylpyrim- 
idine: mp 230-232°; nmr 8 8.41 (d, 1 H ), 8.01 (d, 2 H), 7.08 
(d, 2 H ), 6.66 (d, 1 H), 2.35 (s, 6 H ); ir (KBr) 6.28, 6.39 M; uv 
Xma%264 nm (e4080), 232 (15,600), 218 (15,400).

Anal. Calcd for Ci2Hi3N80 2S: C, 54.8; H, 5.0; N , 16.0. 
Found: C, 54.8; H, 5.0; N , 15.8.

Alkylation of 2-p-Toluenesulfonamido-4-methylpyrimidine 
(19).— The sodium salt of 19 was generated by the addition of an 
ethanolic solution of the pyrimidine (1 mol) to a sodium ethoxide 
(1.05 mol)-ethanol solution, and the cooled suspension was 
evaporated to dryness. The residue was dissolved in DMSO, 
a 10%  excess of the alkylating agent was added, and the reac
tion mixture was stirred at room temperature for 2-10 hr, fol
lowed by removal of the DMSO at reduced pressure. The res
idue was partitioned between water and chloroform, and “the 
organic phase was chromatographed employing CHC18 and 5% 
C2H50H -CH C13 as eluents to achieve exo and endo isomer separa
tion. The exo isomers were eluted with chloroform, after which 
the endo isomers could be quickly eluted with 5%  C2H5OH - 
CHC13, the overall yield of the isomers ranging from 70 to 80%.

2-(Ar-Methyl-p-toluenesulfonamido)-4-methylpyrimidine (20a) 
(yield 52%) had mp 62-63°; nmr 8 8.24 (d, 1 H , J  = 4.9 Hz), 
7.93 (d, 2 H), 7.23 (d, 2 H), 6.68 (d, 1 H, J  =  4.9 Hz), 3.66 (s, 3 
H ), 2.35 (s, 6 H ); ir (CHC13) 6.34, 6.43 Ml uv Xma!t 264 nm (e 
4860), 223 (19,800).

Anal. Calcd for Ci3Hi5N30 2S: C, 56.3; H, 5.5; N, 15.2. 
Found: C, 56.3; H, 5.4; N, 15.2.

l,4-Dimethyl-2-p-toluenesulfonimidopyrimidine (21a) (yield 
18%) had mp 178-181°; nmr 8 7.89 (d, 2 H), 7.88 (d, 1 H, /  =
6.6 Hz), 7.16 (d, 2 H), 6.37 (d, 1 H, /  =  6.6 Hz), 3.63 (s, 3 H),
2.40 (s, 3 H), 2.34 (s, 3 H ); ir (KBr) 6.15, 6.50 n; uv Xma* 318 
nm (e 4330), 252 (20,900), 223 (12,700).

Anal. Calcd for Ci3Hi5N30 2S: C, 56.3; N, 5.5; N, 15.2. 
Found: C, 53.4; H, 5.5; N, 14.9.

2-(AT-Methoxycarbonylmethyl-p-toluenesulfonamido)-4-meth- 
ylpyrimidine (20b) (yield 28%) had mp 120-122°; nmr 8 8.15 (d,
1 H, J  =  5.3 Hz), 8.07 (d, 2 H), 7.23 (d, 2 H), 6.65 (d, 1 H, J =
5.3 Hz), 4.98 (s, 2 H ), 3.72 (s, 3 H), 2.35 (s, 6 H ); ir (CHCls) 
5.67, 6.31, 6 .4211; uv Xmax 265 (s), 222 nm.

Anal. Calcd for Ci5H17N30 ,S: C, 53.7; H, 5.1; N, 12.5. 
Found: C, 53.6; H, 5.0; N, 12.4.

l-Methoxycarbonylmethyl-2-p-toluenesulfonimido-4-methyl- 
1,2-dihydropyrimidine (21b) (yield 52% ) had mp 163-164°; nmr 
(D M SO -*) 8 8.15 (d, 1 H, J  =  6.7 Hz), 7.68 (d, 2 H), 7.27 (d, 2 
H), 6.68 (d, 1 H, J =  6.7 Hz), 4.83 (s, 2 H ), 3.67 (s, 3 H ), 2.30 
(s, 6 H ); ir (KBr) 5.72, 6.15, 6.49 n; Xmax 316, 245, 216 nm.

Anal. Calcd for Ci6H17N30 4S: C, 53.7; H, 5.1; N, 12.5. 
Found: C, 53.7; H, 5.2; N, 12.5.

Oxidation of 4-Methylpyrimidines 19 and 21b. 2-p-Toluene- 
sulfonamido-4-cyanopyrimidine (22a).— To a stirring solution of
8.10 g (31 mmol) of 2-tosylamido-4-methylpyrimidine (19) in 
concentrated hydrochloric-acetic acid (1 :9) was added rapidly 
sodium nitrite (3.7 g, 55 mmol). The reaction mixture was stirred 
at room temperature for 2 hr and the solid which formed was 
removed by filtration, washed with water, and dried in vacuo 
to yield 6.95 g (25.4 mmol, 82%) of 22a: mp 201-203°; nmr 
(D M SO -*) 8 8.58 (d, 1 H, /  = 5 Hz), 7.98 (d, 2 H), 7.43 (d, 1 H, 
/  =  5 Hz), 7.38 (d, 2 H ), 2.35 (s, 3 H ); ir (KBr) 6.38 n-

2-p-Toluenesulfonamido-4-methoxycarbonylpyrimidine (23).—  
Concentrated sulfuric acid (1.8 ml, 32 mmol) was added to a mix
ture of 22a (274 mg, 1.00 mmol) and 10 ml of methanol. After 
the mixture was heated at reflux for 72 hr, the solid which re
mained was removed by filtration, washed with methanol, and 
dried to yield 142 mg (0.46 mmol, 46% ) of the ester 23: mp 
236-238°; nmr (D M SO -*) 8 8.70 (d, 1 H, /  =  5.0 Hz), 7.95 (d,
2 H), 7.51 (d, 1 H, J  =  5 Hz), 7.33 (d, 2 H), 3.92 (s, 3 H), 2.37 
(s, 3 H ); ir (KBr) 5.37, 6.37 uv Xma:t 297 nm (e 2930), 275 
(2090), 235 (17,600), 222 (15,600).

Anal. Calcd for C13Hi3N304S: C, 50.8; H, 4.3. Found:
C .50 .6; H, 4.1.

2-p-Toluenesulf onamido-4-/3-styrylpyrimidine (22b).— 2-Tosyl- 
amido-4-methylpyrimidine (19, 1.33 g, 5 mmol), benzaldehyde 
(1 ml), glacial acetic acid (3 ml), and concentrated hydrochloric 
acid (1 ml) were heated at reflux for 12 hr. The reaction solu
tion was concentrated and the brown gum which remained was 
triturated with acetone to give 1.19 g (3.4 mmol, 68% ) of pure 
22b, mp 263-265°.

Anal. Calcd for CI9H „N 30 2S: C, 64.9; N , 4.9; N, 12.0. 
Found: C, 64.8; H, 4.7; N, 12.1.



l-Methoxycarbonylmethyl-2-p-toluenesulfonimido-4-cyano-l,2- 
dihydropyrimidine (26a).— To 671 mg (2.0 mmol) of 1-methoxy- 
carbonylmethyl-2-tosylimido-4-methylpyrimidine (21b) in glacial 
acetic acid were added sequentially with stirring concentrated 
hydrochloric acid (0.5 ml) and sodium nitrite (221 mg, 3.2 mmol). 
The solution was stirred at room temperature for 1.5 hr and the 
solid which formed was removed by filtration, washed with 
water, and dried to give 550 mg (1.6 mmol, 80% ) of 26a: 
mp 199-199.5°; nmr (DMSO-d6) 5 8.57 (d, 1 H, J  =  6.8 Hz),
7.80 (d, 2 H), 7.27 (d, 1 H, J  = 6.8 Hz), 7.21 (d, 2 H), 4.94 (s, 
2 H ), 3.70 (s, 3 H), 2.33 (s, 3 H ); ir (KBr) 5.72, 6.18, 6.48 y , 
uv X„,ax 365 nm (e 3200), 253 (19,700), 224 (18,800); mass 
spectrum m/e 282 (M + — 64), 281 (M + — 65).

1- Methoxycarbonylmethyl-2-p-toluenesulfonimido-4-(3-styryl- 
1,2-dihydropyrimidine (26b).— A solution consisting of 21b 
(6.68 g, 20 mmol), benzaldehyde (15 ml), and acetic acid (60 ml) 
was heated at reflux for 18 hr. The solvent was removed by 
distillation, the residue was triturated with ethyl acetate, and the 
precipitate was collected by filtration, washed with ethyl acetate, 
and recrystallized from ethyl acetate-methanol to give 5.95 g 
(14 mmol, 70% ) of 26b: mp 180-182°; nmr (DMSO-d6) 8
8.28 (d, 1 H, J  =  7 Hz), 7.18-7.82 (11 H), 6.97 (d, 1 H, /  =  7 
Hz), 4.90 (s, 2 H), 3.73 (s, 3 H), 2.30 (s, 3 H ); ir (KBr) 5.72,
6.22, 6.55 y, uv Xmal 343 nm (e 23,800), 246 (16,700), 225 
(17,100).

Anal. Calcd for C22H2iN30 4S: C, 62.4; H, 5.0; N, 9.9. 
Found: C, 62.2; H, 5.0; N, 10.1.

Alkylation of 2-p-Toluenesulfonamido-4-methoxycarbonyl- 
pyrimidine (23).— To a hot solution of 0.90 g (2.9 mmol) of 23 
in methanol was added a solution of sodium methoxide (69 mg of 
sodium dissolved in methanol). The resulting solution was evap
orated and the residue was dissolved in DMSO. Methyl bromo- 
acetate (2.9 mmol) was added and the reaction mixture was 
stirred at room temperature for 5 hr. The solvent was removed 
in vacuo, the residue was partitioned between CHCI3 and H20 , 
the organic layer was washed twice with H20 , dried, and con
centrated, and the concentrate was chromatographed on silica 
gel. Elution with CHC13 gave the exo and endo isomers in 40 
and 30% yields, respectively. The exo isomer 24 had mp 118— 
120°; nmr 5 8.56 (d, 1 H), 8.5 (d, 2 H), 7.48 (d, 1 H ), 7.23 (d, 2 
H), 5.03 (s, 2 H ), 3.99 (s, 3 H), 3.75 (s, 3 H), 2.40 (s, 3 H); 
ir (CHCI3) 5.73, 6.38 y , u v  Xma* 295, 276 , 231 (s), 222 nm. The 
endo isomer 25 had mp 145-148°; nmr 8 8.05 (d, 1 H), 8.00 (d, 2 
H ), 7.21 (d, 2 H), 7.13 (d, 1 H), 4.90 (s, 2 H), 3.98 (s, 3 H ), 3.74 
(s, 3 H ), 2.38 (s, 3 H ); ir (KBr) 5.78, 6.18, 6.49 y , uv Xmax 360,
252.5, 222 nm.

Anal. Calcd for Ci6H17N80 6S: C, 50.7; H, 4.5; N, 11.1. 
Found: C, 50.4; H, 4.8; N, 10.9.

Sodium 2-p-Toluenesulfonamido-4-oxo-5-ethoxycarbonylpyrim- 
idinate (29).— Tosylguanidine (27, 118.0 g, 0.56 mol) was added 
to 700 ml of 0.97 N  sodium ethoxide in ethanol; the mixture 
was brought to reflux and diethyl ethoxymethylenemalonate (28,
142.5 g, 0.66 mol) was added over a 20-min period. After 
heating at reflux for 12 hr, the mixture was cooled and filtered. 
The precipitate was washed with ethanol and dried to give 192.1 g 
(0.54 mol, 96.4%) of the pale yellow salt 29: mp 347-349° dec; 
nmr (DMSO-d6) 5 8.25 (s, 1 H), 7.70 (d, 2 H), 7.20 (d, 2 H),
4.10 (q, 2 H), 2.32 (s, 3 H), 1.20 (t, 3 H ); ir (KBr) 5.80, 6.43,
6.53 y.

2- p-Toluenesulfonamido-4-chloro-5-ethoxycarbonylpyrimidine
(30).— To 100 g (0.28 mol) of the sodium salt 29 was added 
slowly 1 1. of phosphorus oxychloride. The mixture was gradu
ally warmed and maintained at 110° for 5 hr. The solvent was 
removed in vacuo, the residue was partitioned between ice water 
and chloroform, and the organic layer was washed twice with 
water, dried, and evaporated to yield 95.0 g (0.27 mol, 96% ) of 
the chloropyrimidine 30, recrystallized from 2-propanol: mp 
183-185°; nmr 5 8.85 (s, 1 H), 7.98 (d, 2 H ), 7.25 (d, 2 H), 4.35 
(q, 2 H), 2.42 (s, 3 H), 1.37 (t, 3 H ); ir (KBr) 5.75, 5.80, 6.32 y; 
uv Xmax 254, 230 nm.

Anal. Calcd for C11HHN3O4SCI: C, 47.3; H, 4.0; N, 11 .8. 
Found: C, 47.2; H, 3.9; N, 11.8.

2-p-Toluenesulfonamido-5-carboxypyrimidine (31).— To 30 ml 
of 0.67 N  sodium hydroxide were added 2.47 g (7.0 mmol) of 30 
and 0.43 g of 10% palladium on carbon. The mixture was 
shaken for 2 hr on a Parr hydrogenator, by which time hydrogen 
uptake had ceased. The catalyst was removed by filtration, the 
carboxylic acid was precipitated by acidification with hydro
chloric acid, and the white precipitate was collected and crystal
lized from 2-propanol to give 2.0 g (6.8 mmol, 97% ) of 31: mp
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300-303° dec; nmr (DMSO-A) 8 8.85 (s, 2 H ), 7.88 (d, 2 H ),
7.32 (d, 2 H ), 2.37 (s, 3 H ); ir (KBr) 5.68, 6.26 y; uv Xma* 248, 
228 nm.

Anal. Calcd for C12HnN80 4S: C, 49.1; H, 3.8; N , 14.3. 
Found: C, 48.9; H, 3.9; N, 14.3.

2-p-Toluenesulfonamido-5-ethoxycarbonylpyrimidine (32).— 2- 
Tosylamido-5-carboxypyrimidine (31, 27.7 g, 95 mmol) was 
heated at reflux in 100 g of thionyl chloride until hydrogen chlo
ride evolution ceased. The solvent was removed by distilla
tion, absolute ethanol was added, and the mixture was heated 
at reflux for 4 hr. The precipitate which formed upon cooling 
was collected, a second crop which formed in the filtrate was 
added, and the combined ethyl ester 32, 25.4 g (79 mmol, 83% ), 
one spot by tic, was recrystallized from 2-propanol: mp 186- 
187°; nmr S 9.13 (s, 2 H), 7.98 (d, 2 H ), 7.27 (d, 2 H), 4.38 (q,
2 H), 2.40 (s, 3 H), 1.37 (t, 3 H ); ir (KBr) 5.78, 6.25 y; uv X„,ax 
252, 228 nm.

Anal. Calcd for C14H15N304S: C, 52.3; H, 4.7; N , 13.1. 
Found: C, 52.3; H, 4.7; N, 12.8.

Exo and Endo M-Methyl Isomers 33a and 34a.— To a hot
suspension of 2-tosylamido-5-ethoxycarbonylpyrimidine (32,
22.8 g, 7 mmol) in absolute ethanol (500 ml) was added 100 ml of 
0.8 N  sodium ethoxide-ethanol. After heating for 15 min, the 
suspension was evaporated to dryness, the sodium salt was dis
solved in 250 ml of DMSO, methyl iodide (7 ml) was added, 
and the solution was stirred at room temperature for 10 hr. The 
solvent was removed in vacuo, the residue was partitioned be
tween water and chloroform, and the organic phase was washed 
twice with water, dried, evaporated, and chromatographed, the 
exo isomer 33a being eluted with CHC13 (11.3 g, 34.5 mmol, 
49% ) and the endo isomer 34a with 3%  C2H5OH-CHCl3 (10.6 g,
31.8 mmol, 45% ).

Exo isomer 33a had mp 100-101; nmr 5 8.97 (s, 2 H), 7.93 (d, 
H ), 7.25 (d, 2 H), 4.35 (q, 2 H), 3.72 (s, 3 H), 2.38 (s, 3 H), 1.35 
(t, 3 H ); ir (CHC12) 5.82, 6.28 y, uv Xmax 260 nm (e 21,800),
231.5 (14,800).

Anal. Calcd for C15Hi,N30 4S: C, 53.7; H, 5.1; N, 12.5. 
Found: C, 53.5; H, 5.0; N, 12.5.

Endo isomer 34a had mp 223-225°; nmr 8 8.83 (d, 1 H, 1.3 
Hz), 8.50 (d, 1 H, 1.3 Hz), 7.80 (d, 2 H), 4.27 (q, 2 H), 3.68 (s,
3 H), 2.33 (s, 3 H), 1.30 (t, 3 H ); ir (CHCI3) 5.82, 6.11 y; uv 
Xmax 323 nm (e 3100), 275 (33,700), 223 (17,200).

Anal. Calcd for C^HnNsChS: C, 53.7; H, 5.1; N, 12.5. 
Found: C, 53.6; H, 5.2; N, 12.7.

Exo and Endo Ethoxycarbonylmethyl Isomers 33b and 34b.—  
The same procedure as above, substituting ethyl bromoacetate 
for methyl iodide, was used on a 2.0-mmol scale to give 30 mg 
(0.08 mmol, 4% ) of the exo isomer 33b and 69 mg (1.7 mmol, 
85% ) of the endo isomer 34b.

Exo isomer 33b had mp 122-124° from 2-propanol; nmr 5 8.85 
(s, 2 H), 7.98 (d, 2 H), 7.18 (d, 2 H), 4.97 (s, 2 H ), 4.32 (q, 2 H),
4.20 (q, 2 H), 2.38 (s, 3 H), 1.35 (t, 3 H), 1.27 (t, 3 H ); ir (CH- 
Cl3) 5.69, 5.79, 6.24 y; uv Xmal 253, 234 nm.

Anal. Calcd for C18H2iN80 6S: C, 53.1; H, 5.2; N , 10.3. 
Found: C, 53.0; H, 5.1; N, 10.3.

Endo Isomer 34b was an oil: nmr 5 8.93 (d, 1 H, J  =  3 Hz),
8.38 ( d , l H , /  =  3 Hz), 7.77 (d, 2 H ), 4.77 (s, 2 H), 4.32 (q, 
2 H), 4.20 (q, 2 H ), 2.37 (s, 3 H), 1.33 (t, 3 H), 1.23 (t, 3 H ); ir 
(CHCI3) 5.70, 5.79, 6.08, 6.41 y, uv Xmax 325, 273, 224 nm.

Anal. Calcd for Ci8H21N80 6S: C, 53.1; H, 5.2; N, 10.3. 
Found: C, 53.0; H, 5.1; N, 10.3.

Exo and Endo 2-Ethoxycarbonylethyl Isomers 33c and 34c.—  
To 90 ml of DMSO was added 30.0 g (87.5 mmol) of sodium 2- 
tosylimido-5-ethoxycarbonylpyrimidinate, prepared as above and 
collecting only the salt which precipitated, and 17.5 g (97 mmol) 
of ethyl d-bromopropionate, and the reaction mixture was stirred 
at room temperature for 6 hr. The solvent was evaporated, 
leaving a residue which was digested with chloroform. The 
filtered chloroform digest was extracted twice with 50-ml por
tions of 2 N  sodium hydroxide and once with water. Acidifica
tion of the combined alkaline and aqueous extracts gave 20.8 g 
(71 mmol, 81%) of recovered starting pyrimidine as its carboxylic 
acid. Drying and evaporating the chloroform layer and chro
matography of the residue was previously described yielded 0.35 
g (0.8 mmol, 1% ) of the exo isomer 33c and 3.88 g (9.0 mmol, 
10.5%) of the endo isomer 34c.

Exo isomer 33c was an oil: nmr 8 8.87 (s, 2 H), 7.92 (d, 2 H ),
7.20 (d, 2 H), 5.92-4.67 (6 H ), 2.93 (t, 2 H), 2.33 (s, 3 H ), 1.33 
(t, 3H) ,  1.23 (t, 3H) ;  uv Xma4 256, 231 nm.
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Endo isomer 34c had mp 147-150° from 2-propanol; nmr 5
8.87 (d, 1 H, 3 Hz), 8.57 (d, 1 H, 3 Hz), 7.82 (d, 2 H), 7.13 (d, 2 
H ), 3.87-4.47 (6 H), 2.97 (t, 2 H), 2.35 (s, 3 H), 1.33 (t, 3 H),
1.22 (t, 3 H ); ir (CHCls) 5.80, 6.10, 6.45 mv; uv Am.» 315, 273, 
225 nm.

Anal. Calcd for CuHnNjOtS: C, 54.1; H, 5.5; N, 10.0. 
Found: C, 54.0; H, 5.5; N ,9 .8 .

l-Methyl-2-p-toluenesulfonamido-5-ethoxycarbonyl-l, 4,5,6- 
tetrahydropyrimidine (37).— To 10.4 g (31 mmol) of 36a dis
solved in 150 ml of glacial acetic acid were added 3.0 ml of 12 N  
hydrochloric acid and 0.7 g of platinum oxide. The mixture was 
shaken at 50 psi for 3 hr, at which time hydrogen uptake had 
ceased. Filtration, evaporation, and re-solution in chloroform 
was followed by washing twice with saturated sodium bicarbon
ate, drying, and evaporating. The residue was recrystallized 
from benzene-hexane to give 9.8 g (29 mmol, 93% ) of tetra- 
hydropyrimidine 37: mp 114-116; nmr 5 7.70 (d, 2 H), 7.15 
(d, 2 H), 4.10 (quartet, 2 H), 3.45 (d, 4 H), 2.98 (s, 3 H ), 1.20 
(t, 3 H ); ir (CHClj) 5.79, 6.30, 6.40 u\ uv Xmax 232 nm (e 17,100).

Anal. Calcd for Ci5H2iN30 4S: C, 53.1; H, 6.2; N, 12.4. 
Found: C, 52.8; H, 6.1; N, 12.3.

The identical procedure was satisfactory for the reduction of 
all the other 2-tosylamido- and 2-tosylimidopyrimidines.

2-(JV-methyl-p-toluenesulf onamido )-5-ethoxycarbonyl-1,4,5,6- 
tetrahydropyrimidine (35) (yield 76% ) was a colorless oil: nmr 5
8.25 (s, 1 H), 7.58 (d, 2 H), 7.23 (d, 2 H ), 4.10 (q, 2 H), 3.43-
3.63 (m, 4 H ), 3.00 (s, 3 H), 2.50-2.82 (m, 1 H ), 2.37 (s, 3 H),
1.22 (t, 3 H ); ir (CHC13) 5.80, 6.06 m; u v  Amax 228 nm (« 16,400).

l-Ethoxycarbonylmethyl-2-p-toluenesulfonamido-5-ethoxycar-
bonyl-1,4,5,6-tetrahydro pyrimidine (38) (yield 86% ) was
crystallized from benzene-hexane: mp 108-110°; nmr 6 7.70 
(s, 1 H), 7.62 (d, 2 H ), 7.10 (d, 2 H ), 4.12 (q, 2 H ), 4.07 (s, 2 H),
4.00 (q, 2 H), 3.53 (d, 4 H), 2.97 (quintet, 1 H), 2.33 (s, 3 H),
1.57 (t, 3 H), 1.52 (t, 3 H ); ir (CHC1,) 5.74, 6.25, 6.45 n; uv Xmax 
230 nm.

Anal. Calcd for Ci8HKN30 6S: C, 52.6; H, 6.1; N, 10.2. 
Found: C, 52.6; H, 6.1; N, 10.3.

l-(2-Ethoxycarbonylethyl)-2-p-toluenesulfonamido-5-ethoxy- 
carbonyl-l,4,5,6-tetrahydropyrimidine (40) (yield 91% ) was 
crystallized from benzene-hexane: mp 93-95°; nmr 5 7.73 (d, 2 
H), 7.20 (d, 2 H), 4.08, 4.05 (overlapping doublets, 4 H ), 3.63,
3.57 (overlapping triplet and doublet, 6 H), 2.97 (quintet, 1 H),
2.53 (t, 2 H), 2.37 (s, 3 H), 1.22, 1.18 (overlapping triplets, 6 H ); 
ir (CHC13) 5.80, 6.30, 6.46 n; uv Xmajt 232 nm.

Anal. Calcd for C i9H27N30 6S: C, 53.6; H, 6.4; N, 9.9. 
Found: C, 53.7; H, 6.2; N , 10.2.

l-Ethoxycarbonylmethyl-2-p-toluenesulfonimido-3-methyl-5- 
ethoxycarbonylhexahydropyrimidine (39). Method A.— A hot 
solution of 38 (4.98 g, 12.1 mmol) in 100 ml of absolute ethanol 
was added to 30 ml of 0.42 N  sodium ethoxide-ethanol. The 
resulting solution was evaporated to dryness, the residue was 
dissolved in DMSO, excess methyl iodide was added, and the 
reaction mixture was stirred at room temperature for 10 hr. 
After the solvent was removed by distillation, the residue was 
dissolved in chloroform, washed with water, and chromato
graphed, employing 1%  C2H50H-CHC13 as the eluent. The 
only two products isolated were recovered starting material 43 
(2.26 g, 5.5 mmol, 45% ) and the 3-methyl isomer 39 (1.95 g, 4.6 
mmol, 38% ).

Method B.— To 1.3 g (38 mmol) of 37 dissolved in 55 ml of dry 
benzene was added 0.18 g of sodium hydride as a 56% oil disper
sion. After 15 min, when the evolution of hydrogen had ceased, 
ethyl bromoacetate (50% excess) was added. After the reaction 
had been warmed at 60-70° for 12 hr, hydrogen chloride was 
bubbled through the solution. The mixture was filtered to 
remove sodium chloride and bromide, and evaporated to dryness. 
Chromatography of the resulting oil yielded 0.53 g (1.6 mmol, 
42%) of starting material 37 and 0.84 g (2.0 'mmol, 52%) of the 
alkylated product 39, identical with that from method A: mp
152-163°; nmr S 7.62 (d, 2 H), 7.07 (d, 2 H), 4.12 (q, 2 H), 3.98 
(q, 2 H), 3.55 (d, 4 H), 3.17 (s, 3 H), 2.97 (quintet, 1 H), 2.33 
(s, 3 H), 1.23, 1.17 (overlapping triplets, 6 H ); ir (CHC13)
5.76, 6.37, 6.61 ¡x; uv X„ax 224 nm.

Anal. Calcd for C19H27N30 6S: C, 53.6; H, 6.4; N, 9.9. 
Found: C, 53.6; H, 6 .1 ; N, 9.8.

l-Ethoxycarbonylmethyl-2-(A'-methyl-p-toluenesulfonamido)-
5-ethoxycarbonyl-l,4,5,6-tetrahydropyrimidine (36).— To 25 ml 
of benzene containing 0.39 g (1.1 mmol) of 35 was added 0.06 g 
(1.5 mmol) of sodium hydride as a 56% oil dispersion. The

mixture was heated to reflux and 0.44 g (2.7 mmol) of ethyl 
bromoacetate was added. After 24 hr the reaction mixture was 
cooled, flushed with hydrogen chloride, filtered, and evaporated 
to dryness. Chromatography gave 0.20 g (0.57 mmol, 51%) of 
recovered starting material 35 and 0.13 g (0.31 mmol, 30% ) of 
the alkylated product 36 as a clear, colorless oil: nmr 5 7.65 (d, 
2 H), 7.20 (d, 2 H), 4.17, 4.13 (overlapping quintets, 4 H), 3.54 
(d, 4 H), 3.13 (m, 1 H), 2.77 (s, 3 H), 2.38 (s, 3 H), 1.28, 1.26 
(overlapping triplets, 6 H ); ir (CHC13) 5.69, 6.09 m ; u v  Xmax 
228 nm.

Anal. Calcd for Ci9H27N30 6S: C, 53.6; H, 6.4; N, 9.9. 
Found: C, 53.6; H, 5.8; N, 9.8.

Ar,iV'-Dimethyl-A'-(2-ethoxycarbonylethyl(thiourea (43).—  
Methyl isothiocyanate (1.0 g, 13.7 mmol) was dissolved in 10 ml 
of ether and cooled to 0°. Ethyl /3-lV-methylaminopropionate 
(1.80 g, 13.7 mmol) dissolved in 5 ml of ether was then added 
dropwise over a 15-min period. The reaction mixture was 
allowed to stir for 1 hr at 0° and then to warm to room tempera
ture over the next 2 hr. Removal of the solvent in vacuo gave 43 
as a clear oil in 92% yield, 2.58 g: tic Rt 0.57, eluting with 5% 
CH30H-CHC13; nmr & 6.71 (broad d, 1 H, -N H -), 4.13 (q, 2 H),
4.08 (t, 2 H), 3.18 (s, 3 H), 3.06 (d, 3 H ), 2.70 (t, 2 H), 1.25 
(t, 3 H).

Anal. Calcd for C8Hi6N 20 2S: C, 47.0; H, 7.9; N, 13.7; 
S, 15.7. Found: C 47.1; H, 8.2; N, 13.6; S, 15.9.

Ar,A’ '-Dimethyl-A?-i2-ethoxycarbonylethyl)chloroformamidm- 
ium Chloride (44).— A solution of 1.0 g (4.9 mmol) of thiourea 
43 dissolved in 8 ml of THF was treated at room temperature 
with 0.6 g (6.1 mmol) of COCl2 dissolved in 5 ml of THF and the 
reaction mixture was allowed to stir overnight. Addition of 
ether precipitated the product as an orange oil: ir showed the 
reported characteristic C = N  absorption at 6.05 m;32 nmr (CD- 
Cl3-DMSO-d6) S 4.17 (t, 2 H), 4.13 (q, 2 H), 3.57 (s, 3 H), 3.32 
(s, 3 H), 2.87 (m, 2 H), 1.25 (t, 3 H).

Ar,A7',Af"-Trimethyl-A7,A;"-di(2-ethoxycarbonylethyl (guanidine 
Hydrochloride (45).—Phosgene (1 g) was dissolved in 50 ml of 
TH F at 0° and a solution of Af,A'-dimethyl-Ar-(2-ethoxycarbonyl- 
ethyl)thiourea (43) (450 mg, 2.20 mmol) was added dropwise 
over a period of 45 min. The reaction was allowed to warm to 
room tenperature, where it was maintained for 3 hr. The 
phosgene was removed with a stream of dry N2 (3 hr), the re
maining THF was removed in vacuo, the residue was dissolved 
in 25 ml of THF, and the solvent was evaporated again. The 
residual oil was dissolved in 20 ml of acetonitrile and a solution 
of ethyl d-A-methylpropionate (576 mg, 4.40 mmol) in 10 ml 
of acetonitrile was added dropwise at 0°, where the solution was 
kept for 1 hr and then allowed to stir at room temperature over
night.

The acetonitrile was removed in vacuo and the residue was dis
solved in 25 ml of water and applied to a 400-ml column of Bio- 
Rad AG 50W-X4 (50-100 mesh) ion-exchange resin. The column 
was eluted with 4.2 1. of 0.2 N  HC1 to remove ethyl (¡-IV-methyl- 
propionate hydrochloride and then with 3.6 1. of 4 A  HC1 to 
remove the product guanidine hydrochloride as its diacid. The 
water was removed in vacuo, the residue was dissolved in 100 ml 
of 2-propanol, and the 2-propanol was evaporated to a residue 
which was dissolved in 50 ml of ethanol and the solution was 
saturated with HC1 at 0°, then stirred for 3 hr, during which 
the temperatue rose to 20°. Removal of the ethanol and applica
tion of the residue to a silica column eluting with 20% CH3OH - 
CHCI3 followed by evaporation left the pentasubstituted guani
dine hydrochloride 45 as a colorless oil (386 mg, 52% yield): 
nmr (CD3OD) 5 4.15 (q, 4 H), 3.60 (m, 4 H), 3.00 (s, 6 H ), 2.92 
(s, 3 H ), 2.77 (t, 4 H), 1.25 (t, 6 H ); mass spectrum m/e 301 
(M+), 256 (M+ -  OCH2CH3).

Procedure for the Cyclization to the Imidazolinones. A 18a-
2-Oxoimidazolino [ 1,2-a] -8-methyl-6-ethoxycarbonylhexahy dropy- 
rimidine (50).—To 1.4 g (3.3 mmol) of 39 in a Kel-F reaction 
vessel11 was added 5 ml of anhydrous HF. The vessel was 
sealed and stirred at room temperature for 2 hr, the HF was re
moved, the residue was partitioned between water and CH2C12, 
and the CH2C12 was evaporated to give 0.53 g (90%) of p-toluene- 
sulfonyl fluoride. The aqoeous phase was adjusted to pH 9 
with 5%  potassium carbonate and lyophilized, the residue was 
digested with 1:1 C2H50H-CHC13 and filtered, and the filtrate 
was evaporated to dryness. Chromatography of the residue on 
neutral alumina, activity III, employing 1:1 C2H50H -CH C 13 
as the eluent and crystallization from benzene-hexane gave 0.67 
g (3.0 mmol, 90% ) of pure imidazolinone 50: mp 121-123°;
nmr 5 4.20 (q, 2, H ), 3.93 (s, 2 H), 3.62 (d, 4 H ), 3.17 (quintet,
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1 H ), 3.17 (s, 3 H ), 1.27 (t, 3 H ); ir (CHC1,) 5.80, 5.90, 6.26 m; 
uv (pH 12) Xnu,x 223 nm (« 19,800).

Anal. Calcd for C10H15N3O3: C, 53.3; H, 6.7; N , 18.7. 
Pound: C, 53.1; H, 6.8; N, 18.8.

The identical procedure was satisfactory for the synthesis of 
the other imidazolinones. The monocyclic imidazolinones were 
converted to hydrogen chloride salts for characterization by 
passing hydrogen chloride through a THF solution of the imid- 
azolinone.

l-Methyl-2-(Ar-methyl-A"-ethoxycarbonylmethyl)aminoimidaz- 
olin-4-one (46a) (yield 88% ) was crystallized] from 2-propanol- 
ether: mp 171-172°; nmr (D 2O) 8 4.60 (s, 4 H), 0.00 (q, 2 H),
3.35 (s, 6 H), 1.30 (t, 3 H ); uv (pH 12) Xma* 229 nm (e 21,500).

Anal. Calcd for C9H16N,0,C1: C, 43.3; H, 6.5; N , 16.8. 
Found: C, 43.0; H, 6.4; N , 17.0.

l-Methyl-2-(Ar-methyl-A?-carboxymethyl)aminomidazolin-4- 
one (46b) (yield 19%) had nmr (D20 )  5 4.38 (s, 4 H ), 3.32 (s, 6 
H ); uv (pH 12) Xmax 229 nm (e 22,000).

46b HC1 had mp 197-199° dec; nmr (D 20 )  8 4.33 (s, 2 H ), 3.25 
(s, 9 H ); uv (pH 12) Xmax 227 nm (e 17,600).

Anal. Calcd for C7H12NS0 3C1: C, 40.6; H, 6 .8; N , 23.7. 
Found: C, 40.6; H, 6.8; N , 23.7.

1-M ethylimidazolin-2-oxo [ 1,2-a] -A8 '8a-6-ethoxycarbonyltetrahy- 
dropyrimidine (48) (yield 45% ) was an oil: nmr 8 (4.05 (q, 2 
H), 3.74 (s, 2 H ), 3.55 (2 H), 2.88 (s, 3 H ), 2.86 (m, 1 H ), 1.16 
(t, 3 H ); ir (CHCI3) 5.76, 6 .02> ; uv (0.01 N  NaOH-absolute 
EtOH) Xmax 210 nm (e 9750); mass spectrum m/e 225 (M +).

A1 ■ 9“-Tetrahydropyrimidin-2-oxo [ 1,2-a] -7-ethoxycarbonylhexa- 
hydropyrimidine (51) (yield 33% from benzene-hexane) had mp 
227-230; nmr 8 4.10 (q, 2 H), 3.40 (d, 4 H ), 3.33 (t, 2 H), 3.0 
(m, 1 H), 2.45 (t, 2 H), 1.17 (t, 3 H ); ir (CHC1S) 5.79, 6.20 m; 
uv (0.01 N  NaOH-absolute EtOH) X„,ax 227 nm (e 21,500).

Anal. Calcd for CioHuN.0,: C, 53.3; H, 6.7; N , 18.7. 
Found: C, 53.1; H, 6.5; N, 18.5.

A1 '8a-2- Oxoimidazolino [ 1,2-a] -6-ethoxycarbonylhexahydropyr- 
imidine (49) (yield 32% from benzene-hexane) had mp 202-204°; 
nmr (DMSO-d6) 8 8.35 (s, 1 H), 4.10 (q, 2 H), 3.67 (s, 2 H), 
3.42 (d, 4 H), 3.12 (quintet, 1 H), 1.18 (t, 3 H ); ir (KBr) 5.82, 
6.10, 6.39 ju; uv (0.01 NaOH-absolute EtOH) Xmax 229 nm (e 
16,400).

Anal. Calcd for C9H13N30 3: C, 51.2; H, 6.2; N, 19.9. 
Found: C, 51.0; H, 6.2; N, 20.0.

Deuterium Exchange.— For each of the deuterium-exchange 
reactions, 20-30 mg of sample was dissolved in ca. 0.5 ml of a 
deuterated phosphate buffer of the desired pD. The phosphate 
buffers were prepared by dissolving phosphorus pentoxide in

deuterium oxide and adjusting the pD with a previously pre
pared sodium deuteroxide solution. The three buffers utilized 
were of p D ’s 3, 7, and 10 (± 0 .5 ). The amount of exchange was 
determined from the nmr spectra, taken at intervals. This was 
determined by measuring the total integral of the ethyl ester 
methylene, the imidazolinone methylene, and the -O H  spinning 
side band which coincided with the absorptions of interest. Sub
tracting the -O H  spinning side band, determined by integrating 
the spinning side band downfield from the -O H  peak, and the 
ethyl methylene, which was equal to two-thirds of the ethyl ester 
methyl integral, from the total integral gave the value of the 
integral of the imidazolinone signal. This divided by two-thirds 
of the ester methyl integral which was widely separated from other 
absorptions and easily integrated, give the per cent protium re
maining. The difference was the amount of exchange.

Registry No.—3, 2651-15-2; 4a, 16817-16-6; 4b,
38653-55-3; 5a, 38653-56-4; 5b, 38653-57-5; 5c,
38653-58-6; 6 (x = 1; R =  Et), 38653-59-7; 8a, 
38653-60-0; 8b, ,38653-61-1; 9,2973-83-3; 10a, 20979- 
72-0; 10b, 38653-64-4; 11a, 27703-15-7; lib , 38653-
66-6; 12a, 38653-67-7; 12b, 38653-68-8; 12c, 38653-
69-9; 14, 1424-52-8; 15, 38653-71-3; 16, 38653-72-4; 
17a, 38653-73-5; 17b, 38653-74-6; 18, 108-52-1; 19, 
38653-76-8; 20a, 38652-87-8; 20b, 38652-88-9; 21a,
38652-89-0; 21b, 38652-90-3; 22a, 38652-91-4; 22b, 
28858-47-1; 23, 38652-93-6; 24, 38652-94-7; 25,
38652- 95-8 ; 26a, 38652-96-9; 26b, 38652-97-0; 27,
6584-12-9; 28,87-13-8; 29,38653-00-8; 30,38653-01-9; 
31, 38653-02-0; 32, 38653-03-1; 33a, 38653-04-2;
33b, 38653-05-3; 33c, 38653-06-4; 34a, 38653-07-5; 
34b, 38653-08-6; 34c, 38653-09-7; 35,38653-10-0; 36,
38653- 11-1; 37, 38653-12-2; 38, 38653-13-3; 39,
38653-14-4; 40, 38653-15-5; 43, 38653-16-6; 45,
38653-17-7; 46a, 38653-18-8; 46b, 38653-19-9; 46b
HC1, 38653-20-2; 48, 38653-21-3; 49, 38653-22-4;
50, 38653-23-5; 51, 38653-24-6; 0-alanine, 107-95-9; 
ethyl 3-lV-methylaminopropionate, 2213-08-3; sarco- 
sine ethyl ester, 13200-60-7; p-toluenesulfonyl chlo
ride, 98-59-9; phosgene, 75-44-5; p-toluenesulfonyl 
fluoride, 455-16-3.
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The shielding of axial a protons in saturated six- 
membered nitrogen heterocycles is well documented.1-4 
This shielding is presumably caused by the anisotropy 
of the trans axial lone pair and that of the C-N bond 
of the equatorial alkyl substituent on the nitrogen, the 
former being the dominant factor.1 2 3 4

In N-substituted pyrrolidines no such observation, 
concerning differentiation between a protons cis and 
trans to the lone pair, has been reported by nmr mea
surements at room temperature. It was, however, 
found recently that upon cooling the a  protons of A - 
methylpyrrolidine separate into two peaks with AS of
1.08 ppm that coalesce at about —100°.6

In this communication we assess the contributions 
of a trans lone electron pair and of a cis-A-methyl 
group to the shielding of a protons in pyrrolidines. 
Our observations also provide a method to assign the 
stereochemistry of A-alkyl-a,a'-disubstituted pyr
rolidines.

In the course of our studies concerning the Leuckart 
reaction of cyclopropyl ketones that produce derivatives 
of pyrrolidine,6’7 we have prepared cis- and trans-2,5- 
diphenylpyrrolidine8 (2a and 3a) and their A-methyl 
derivatives9 (2b and 3b).

Ph% > Ph Ĥ k Ph
H" ^  'H Ph i  H

R R
2 3

a, R = H; b, R = Me

Considering the possibility of nitrogen inversion in 
these pyrrolidines,10 it is evident that in the cases of 
3a and 3b the two pairs of invertomers are identical, 
and that the two possible invertomers of 2a should not

(1) H . P . H am low , S. O kuda, and N . N akagaw a, T e tr a h e d r o n  L e t t . ,  2553 
(1964).

(2) H . B oo th  and J. H . L ittle , T e t r a h e d r o n ,  23, 291 (1967).
(3) R .  O. H utch ins, L . D . K op p , and E . L . E liel, J .  A m e r .  C h e m . S o c . ,  

90, 7174 (1968).
(4) J. B . L am bert and R . G . K eske, T e tr a h e d r o n  L e t t . ,  2023 (1969).
(5) J. B . Lam bert and W . L. O liver, J . A m e r .  C h e m . S o c . ,  91, 7774 (1969).
(6 ) E . Breuer and Y .  Stein, I s r a e l  J .  C h e m .,  6 , 901 (1968).
(7) E . B reuer and D . M elu m ad , T e tr a h e d r o n  L e t t . ,  3595 (1969).
(9) C . G . O verberger, M . V alentine, and J . P . Anselm e, J .  A m e r .  C h e m .  

S o c . ,  91, 687 (1969).
(9) E . Breuer and D . M elu m ad, J .  O r g . C h e m .,  37, 3949 (1972).
(10) T h e other con ceivab le  process for pyrrolid ines is pseudorotation , 

w hich is o f  such low  energy that it  has n ot been observed  b y  n m r ;5  there
fore the pyrrolidines are assum ed t o  be  planar for the purpose o f  this dis
cussion.

differ much in energies. In contrast, 2b should exist 
predominantly or even perhaps exclusively in the 
transoid conformation 2b-I, due to increased nonbonded 
interactions in conformation 2b-II. In conformation 
2b-I both a  protons are trans to the lone pair and cis to 
the A-methyl group.

2b-I
H

2b-n
Examination of the nmr data (CDC13) listed in Table 

I reveals that the benzylic methine protons of the cis

T a b l e  I
C h e m ic a l  S h if t s  o f  a  P r o t o n s  o f  P y r r o l id in e  

a n d  S o m e  o f  I t s  D e r iv a t iv e s “
■8 , ppm-

CDCL CDCL +  TFA

Pyrrolidine (la) 2.78 3.40
cis-2,5-Diphenylpyrrolidine (2a) 4.25 5.00
trans-2,5-Diphenylpyrrolidine (3a) 4.43 5.00
A-Methylpyrrolidine (lb) 2.45 3.76, 3.00
cis- l-Methyl-2,5-diphenylpyrrol- 

idine (2b)
3.34 4.45

trans- l-Methyl-2,5-diphenylpyrrol- 
idine (3b)

4.10 5.20, 4.37

“ Measured by a Jeol C-60H instrument with TMS as internal 
standard.

compounds (2a and 2b) appear at higher field than 
those of the trans isomers (3a and 3b), respectively. 
It can also be seen that N-methylation causes a con
siderably larger shift in the cis series (0.91 ppm) than 
it does for pyrrolidine and irans-2,5-diphenylpyr- 
rolidine (0.33 ppm).

Assuming that 2a, 3a, and 3b exist as 1:1 mixtures of 
their invertomers and that 2b exist entirely as the 
transoid ivertomer 2b-I it follows that (1) the a protons 
of 2a, 3a, and 3b are shielded to the extent of 50% by 
the trans lone pair, (2) the a protons of 3b are shielded 
to the extent of 50% also by the cis-A-methyl group, 
and (3) the a protons of 2b are 100% shielded both by 
the cis-A-methyl group and by the trans lone pair.

Consequently, the difference of 0.33 ppm between 
the chemical shifts of 3a and 3b represents 50% of the 
shielding by the cis-A-methyl group (compare la and 
lb). The difference of 0.91 ppm between the chemical 
shifts of 2a and 2b should be due to 100% shielding of 
the a  protons by a cis-A-methyl group (0.66 ppm), plus 
50% shielding by the trans lone pair: 0.25 ppm ( = 
0.91 — 0.66). The chemical shift difference of 0.18 
ppm between 2a and 3a may be due to deshielding of 
the a  protons of 3a by the cis-phenyl groups.11 On

(11) This difference may also indicate that the two possible conforma
tions of 2 a are not equally populated and that the invertomer with the 
N -H  trans to the phenyl groups predominates. This seems to be supported 
by the identity of the 8 values of 2 a  and 3a  in acidic medium. If this 
view is accepted the value for 50% shielding by a trans lone pair should be 
corrected from 0.25 to 0.43 ppm.

1601
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the basis of these data we can estimate the chemical 
shift difference between the a protons of A-methyl- 
pyrrolidine in the absence of nitrogen inversion. In 
this case two of the a. protons should be fully shielded 
both by the trans lone pair (0.50 ppm) and by the cis- 
AT-methyl group (0.66 ppm); therefore the shift should 
amount to 1.16 ppm, which is in good agreement with 
the observed value of 1.08 ppm.6

The present conclusions are borne out by the results 
from the protonation experiments (Table I, column 2). 
In the presence of excess trifluoroacetic acid (TFA) the 
a protons of 2b appear as one signal indicating a single 
protonated species. The a protons of lb and 3b are 
split into two signals of equal areas with a chemical 
shift difference of 0.76-0.83 ppm, which presumably re
sults from full-scale shielding of half of the a protons 
in lb and 3b by a cfs-A-methyl group. It is worthy of 
note that the high field signal of 3b corresponds well 
with the chemical shift of the a protons of 2b, 
both of which are fully shielded by a czs-N-methyl 
group.

From the data presented the following conclusions 
can be drawn. (1) The a protons of a pyrrolidine are 
shielded when situated trans to an electron pair and 
cis to an A-methyl group. (2) The chemical shift 
difference of 1.08 ppm observed at —100° between the 
a protons of iV-methylpyrrolidine5 is caused pre
dominantly (0.66-0.83 ppm) by the cfs-N-methyl 
group and to a lesser degree by the trans lone pair.
(3) The stereochemistry of a symmetrically N,a,a'- 
trisubstituted pyrrolidine (and presumably any sym
metrical nitrogen heterocycle) can be established by 
examination of the nmr spectrum of the protonated 
form. In the cis isomer the a protons should appear 
together, while in the trans isomer they should appear 
separately. (4) The treatment presented can easily 
be applied to assess the contribution of a trans lone 
pair and that of a cfs-N-alkyl group to the shielding of 
a protons in any saturated symmetrical nitrogen hetero
cycle.

The shielding of a protons in azacycloalkanes by a 
trans lone pair12 and by a cfs-A-alkyl group seems to be 
a general phenomenon. A consequence of this is that 
in pairs of cis,trans isomers of A-alky]-« ,« ' symmet
rically disubstituted azacycloalkanes the a protons of 
the cis isomer should always appear in the nmr at 
higher field than those of the trans isomer. No excep
tion to this was found in an extensive literature survey 
of nmr data of appropriate three-, five-, and six-mem- 
bered azacycloalkanes.13

Further study of this problem in other ring systems 
is in progress.

Registry N o.—la, 123-75-1: lb , 120-94-5; 2a,
22147-83-7; 2b, 35657-63-7; 3a, 22147-84-8; 3b, 
35657-66-0.

Acknowledgment.—We wish to thank Professor S. 
Sarel for his comments concerning this work.

(12) A lth ou gh  this ph en om en on  is usually view ed as sh ield ing o f  a  
p roton s  trans to  a lone pa ir , 1 " 4 i t  m a y  also be v iew ed as deshielding b y  a 
skew  or cis related lone pair: C . C . Price, T e tr a h e d r o n  L e t t . ,  4527 (1971). 
W e thank D r. C . C . Price for directing our attention  to  his results.

(13) N o  data  were found for  appropriate azetidines and hexah ydro-
azepines.
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It was reported18 that PhCCOR (R = Ph, Me) 
type ketocarbenes react with sulfur dioxide to give 
the ketosulfenes in competition with the Wolff rear
rangement, while RCCOPh (R =  Me, H) type keto
carbenes do not react, but yield the products resulting 
from 1,2-hydrogen shift and a 1,3-dipolar addition reac
tion. In this case, it was suggested18 that the reso
nance form A or B of the PhCCOR type ketocarbene 
as shown in Scheme I reacts with sulfur dioxide, for

S c h e m e  I

A B

t

0_ 0_ 
D C

sulfur dioxide is known to react electrophilically and 
radically, but no nucleophilically.

In order to obtain further information on the reac
tivity of the ketocarbene, thermal or photochemical 
reactions of several a-diazo ketones with molecular 
oxygen were investigated.

A number of reports2 on the photochemical reactions 
of diaryldiazomethane and the thermal reactions of 
tetraarylethylenes with molecular oxygen have been 
published. These reactions are explained by the addi
tion of diarylcarbenes to molecular oxygen2-4 (Scheme 
II).

A “ carbonyl oxide”  (E) has been suggested4 as the 
primary product4b in the formation of cyclic peroxide48 
from the photooxidation of diphenyldiazomethane. 
Also, the formation of benzophenone from the “ car
bonyl oxide”  (E) on irradiation of diphenyldiazometh
ane in solid air matrix at 20°K has been reported.40

(1) (a) M . T anaka, T . N agai, and N . T okura, J .  O r g . C h e m ., 37, 4106 
(1 9 7 2 ); (b ) T . N agai, M . Tanaka, and N . T ok ura , T e tr a h e d r o n  L e t t . ,  6293 
(1 968 ); (c ) M . Tanaka, T . N agai, and N . T ok u ra , i b i d . ,  4979 (1 972 ).

(2) (a) H . Staudinger, E . A nthes, and F . Pfenninger, B e r .  D e u t .  C h e m ,

G e s . , 49, 1928 (1916 ); (b ) W . K irm se, L . H orner, and H . H offm an , J u s t u s  
L i e b i g s  A n n .  C h e m .,  619, 19 (1958); (c ) P . D . B artle tt  and T . G . T ray lor ,
J .  A m e r .  C h e m . S o c . ,  84, 3408 (1962); (d) R .  W . M u rray  and A . M . T roz - 
zolo , J .  O r g . C h e m .,  26, 3109 (1961).

(3) V . Franzen and  H . I .  Joschek, J u s t u s  L i e b i g s  A n n .  C h e m .,  633, 7 
(1960).

(4) (a) P . D . B artle tt  and T . G . T ray lor, J .  A m e r .  C h e m . S o c . ,  84 , 340 8
(1962). (b ) P eroxidie zw itterion  F  is suggested to  be  form ed from  tb e  rad ica l 
structu re E  as show n in Schem e I I :  R . W . M iirray  and A . Suzui, i b i d . ,  93, 
4963 (1971). (c) B en zophenone is suggested t o  be obta in ed  from  th e  related
ca rb on y l oxide, bu t the m echanism  o f the deoxygen ation  from  the ca rb on y l 
oxide is n ot determ ined . 20
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R eaction of D iaryldiazomethane or T etraarylethylene 
with M olecular Oxygen

Scheme II

Ar

Ar
CN2

Ar Ar

> - <
Ar 'A r

Ar

Ar
c :

Ar Ar , 0  — 0 . Ar
/ C  =  0  or X  / CC  

Ar Ar X 0 — 0  Ar

Ar =  Ph N

[P h 2COO-] — ► [phvCOO Ph2C = Ô o ]

On the other hand, only indirect information6’6 
on the reaction of ketocarbene with molecular oxygen 
has been obtained from the photolysis of azibenzil in 
organic glass around 77°K. The photolysis gave a 
very small amount of benzil6 besides ketene and a high 
yield of solvent-substituted deoxybenzoin.

In the present study, a-diazo ketones as described 
in Scheme IV were used.

Reactions of a-diazo ketones with molecular oxygen 
did not proceed at ordinary temperature, but did readily 
by the thermal or photochemical decomposition of a- 
diazo ketones in aromatic solvents. The thermal or 
photochemical reactions of PhCN2COR (R = Ph, 
Me) type diazo ketones with molecular oxygen 
gave tetraphenylglycolide (II) and 3,6-dimethyl-3,6- 
diphenylglycolide (IV), respectively, instead of the 
peroxides (G) or ketones (H) (Scheme III).

Scheme III

PhCN2COR
I, R = Ph 

III, R = Me

h v J_
AT

ph
R 0

N C " ° SC 
I I 
C ^ , C R  

0 \
0  Ph

II, R = Ph 
IV, R = Me

0
II

Ph , 0 — Ch CR
.C . .C . or P h C -C R

RC X 0 — O X Ph II II
II 0 0
0

G H

Thermal reactions were carried out around the de
composition point of diazo ketones (Scheme IV and 
Table I). However, from only Table I, it is too difficult 
to discuss the substituent effect of these reactions, 
for the reaction conditions are different in temperature 
and solvent. Keeping in mind this point, under sim
ilar conditions, the photochemical reactions were 
achieved (Scheme IV and Table II).

Scheme IV
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R 0

II
PhCN2C0R 
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Ph

CHCOH

0
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T able I
T hermal R eaction0 o f  R iCN2COR2 w i t h  0 2

T em p,
R i R , Solvent °C P rodu cts (y ield , m ol % ) l

Ph Ph Benzene 70-80 II (40), V  (21), VII (15)
H Ph Xylene 130-140 IX  (6), X  (37)
Me Ph Toluene 110-115 X II (54), VI (2)
Ph Me Benzene 60-70 IV (43), VI (8)
° Reaction time 4.5 hr. b The yields are in mole per cent based 

on unrecovered starting material for V, VI, and X II, based on a 
0.5 mol of unrecovered starting material for II, IV, VII, and IX , 
and based on a 0.25 mol of unrecovered starting material for X.

T able II
Photochemical R eaction“ of R iCN2COR2 with 0 2 in 

Benzene at 15-20°

Ri Rs
Tim e,

hr P rod u cts  (y ield , m ol % )

Ph Ph 6 II (41), Y  (17), VII (trace)
H Ph 8 IX  (26), X  (18)
Me Ph 9 X II (58), VI (trace)
Ph Me 4 IV (49), VI (2)

“ The irradiation was undertaken by using a 300-W  high- 
pressure mercury lamp in a Pyrex tube at 15-20°.

The results of photochemical reactions resembled 
those of thermal reactions.

Confirmation of the structure of II or IV was made, 
as will be described in the Experimental Section, from 
elemental analysis, molecular weight determination, 
ir, 'H nmr, I3C nmr spectra, and the reaction. More
over, II was identified by the mixture melting point 
method with the authentic sample.78.

In these reactions of R iCN2COR2 type diazo ketones 
(Ri = Ph, Me, H; R2 = Ph, Me) with molecular oxy
gen, a remarkable substituent effect was observed,

(5) A . M . T rozzo lo , A c c o u n t s  C h e m . R e s . ,  1, 329 (1968).
(6 ) T h e deoxygen ation  process in the form ation  o f  benzil is n ot m ade 

clear, bu t the reaction  o f phen yl ben zoy l carbene w ith m olecular oxygen  is 
suggested . 6

(7) (a) C . S. M arrel, F . D . H ager, and E . C . C audle, O r g . S y n . ,  3 , 45 
(1923); (b ) G . Baddeley, G . H olt, and J. K enner, N a t u r e  { L o n d o n ) ,  163,
776 (1949 ); (c) V. Franzen, J u s t u s  L i e b i g s  A n n .  C h e m .,  602, 199 (1957).
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R[C — CRj + 02
Il II
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Scheme V

namely, PhCN2COR (R = Ph, Me) type diazo ke
tones gave cyclic diesters (II, IV). By contrast, 
RCN2COPh (R = H, Me) type diazo ketones afforded 
the products resulting from 1,2-hydrogen shift7b’° 
and 1,3-dipolar8 addition reaction of the ketocarbene 
intermediate.

Tetraphenylglycolide (II) was not obtained from 
the reaction of diphenylketene or bisbenzilketazine 
(VII) with molecular oxygen under the same condi
tions as the thermal reaction of azibenzil (I) with molec
ular oxygen.

Thus, the interaction of the PhCCOR type keto
carbene generated from the corresponding diazo ke
tones with molecular oxygen followed by R migration 
may be postulated for the formation of the cyclic 
diesters. The possible intermediates are described 
in Scheme V.

The reactivity of R iCCOR2 type ketocarbenes with 
molecular oxygen resembles that1“ with sulfur dioxide 
(Table III).

Then, it is proposed that the radical reactivity of

(8 ) (a) D . Y a tes  and T . J. C lark, T e tr a h e d r o n  L e t t . ,  435 (1961 ); (b ) R .
H uisgen, G . B insch , H . K on ig , and H . J. Sturm , A n g e w .  C h e m .,  73, 368 
(1961 ); (c ) G . B inoch , i b i d . ,  75, 634 (1963); (d ) W . K irm se and L . H orner, 
J u s t u s  L i e b i g s  A n n .  C h e m .,  625, 34 (1959).

T a b l e  III
R e a c t i v i t y  o f  R iCCOR2 w i t h  0 2 o r  S02

R. R2 02 so2
Ph Ph +  (Carbonyl oxide) +  (Ketosulfene)
H Ph — (1,3-Dipolar addi — (1,3-Dipolar addi

tion) tion)
Me Ph — (1,2-Hydrogen shift) — (1,2-Hydrogen shift)
Ph Me +  (Carbonyl oxide) +  (Ketosulfene)

PhCCOR type ketocarbenes may be due to the reso
nance9 form B as shown in Scheme I.

Experimental Section
Materials.— Azibenzil (I), mp 78° (lit.10 mp 78°), and phenyl 

acetyl diazomethane (III), mp 59-60° (lit.10 mp 59-60°), were 
prepared by diazo transfer reactions from the related ketones.

Diazoacetophenone (VIII), mp 48-50° (lit.11 mp 49-50°), and 
methyl benzoyl diazomethane (X I),11 which is the liquid diazo 
compound recrystallized12 from ether at —70°, were obtained by 
the reaction of benzoyl chloride with related diazoalkanes.

(9) (a) T h e  resonance o f d ivalent carbon  w ith the ph en yl ring has been  
proposed ; see W . K irm se, “ C arbene C h em istry ,”  A cad em ic Press, N ew  
Y ork , N . Y .,  1964, p  214 ; (b ) R . W . M u rray  and A. M . T rozzo lo , J .  O r g .  
C h e m .,  26, 3109 (1961).

(10) M . R eg itz , C h e m . B e r . ,  98, 1210 (1965).
(11) F . A rn d t and B . E istert, i b i d . ,  6 8 , 200 (1935).
(12) M . R eg itz , A n g e w .  C h e m .,  79, 733 (1967).
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Thermal Reactions of a-Diazo Ketones with Molecular Oxy
gen. A. Reaction of Azibenzil (I) with Molecular Oxygen.—
Molecular oxygen gas (280 1.) was introduced to a benzene solu
tion (85 ml of benzene) of azibenzil (8.5 g, 0.038 mol) for 4.5 hr at 
refluxing temperature. Into the reaction mixture, water (40 ml) 
and ether (40 ml) were added. From the organic layer, benzene 
and ether were removed under reduced pressure. Methanol 
(100 ml) was added to the residue. After the methanol solution 
was cooled, white powders precipitated. The benzene (20 ml) 
solution of the white powders was subjected to chromatography 
on silica gel. Elution with benzene gave tetraphenylglycolide 
(II), which was recrystallized from ethyl acetate. From the 
filtered solution, methanol was distilled and ether (10 ml) was 
added. The ether solution was cooled to give a yellow solid (VII). 
The filtered ether solution gave V. The yields are shown in Table 
I.

The water layer offered no product. Tetraphenylglycolide 
(II) had mp 190-193°; ir 1750 cm-1 (rc-o of ester group); 'H 
nmr (CDCI3) r 2.S-3.4 (Ph).

UC nmr (CHCh) exhibited peaks at 166 corresponding to the 
ester group along with the peak at 129 ppm (Ph), from TMS over 
the range of 126-235 ppm.

The uv spectra of II have no absorption corresponding to cis- 
stilbene [292 m/r (e 1.01 X 104) in THF] type over the range of 
280-310 him, indicating no double bond in the structure of II.

Anal. Calcd for C2sH20O4: C, 79.98; H, 4.79; mol wt, 420. 
Found: C, 79.85; H, 4.85; mol wt, 432.

Moreover, II was identified by mixture melting point with the 
authentic sample,13 mmp 189-192°. Bisbenzilketazine (VII) and 
diphenylacetic acid (V) were identified respectively by infrared 
spectral comparison and the mixture melting point with authentic 
samples: VII, mmp 200-201° (lit.14 mp 202°), and VII, mmp 
148° (lit.7“ mp 148°).

B. Reaction of Diazoacetophenone (VIII) with Molecular 
Oxygen.— Into a xylene solution (80 ml of xylene) of diazoaceto
phenone (7.3 g, 0.05 mol), molecular oxygen gas (280 1.) was 
passed for 4.5 hr at 130-140°. The products were separated by 
chromatography using silica gel as the adsorbent. The products, 
corresponding butenolide (IX ), mp 107-108°, and the dimer X , 
mp 288-289°, were obtained in the yields shown in Table I. 
These products were identified by infrared spectral comparison 
and the mixture melting point, 107-108 and 288-289°, respec
tively, with the samples (lit.8“ mp of IX  107-108°; mp of X  288- 
289°).

C. Reaction of Methylbenzoyldiazomethane (XI) with Mo
lecular Oxygen.— Molecular oxygen gas (280 1.) was passed into 
a toluene solution (toluene 100 ml) of methylbenzoyldiazomethane 
(6.4 g, 0.04 mol) for 4.5 hr at 110-115°. Absorption of a cyclic 
ester group (1750 cm -1) was absent in the ir spectrum of the reac
tion mixture. The products, vinyl phenyl ketone (X II) and 
phenyl methylacetic acid (VI), were obtained by using silica gel 
chromatography. The yields are shown in Table I. Vinyl 
phenyl ketone was identified by infrared spectral and boiling 
point comparison with the authentic sample, bp 115° (18 mm) 
[lit.70 bp 115° (18 mm)]. Phenylmethylacetic acid, obtained 
after hydrolysis, was identified by the sample (lit.15 mp 265-268°).

D. Reaction of Phenylacetyldiazomethane (III) with Molecu
lar Oxygen.— To a benzene solution (benzene 70 ml) of phenyl
acetyldiazomethane (3.2 g, 0.02 mol), molecular oxygen gas (280 
1.) was added for 4.5 hr at 60-70°. Water (20 ml) and ether (20 
ml) were added into the reaction mixture. The organic layer 
was separated, from which benzene and ether were evaporated 
under reduced pressure. To the residue, methanol (100 ml) was 
added. The methanol solution was cooled to give the white 
powders. The benzene (20 ml) solution of the white powders was 
subjected to chromatography on silica gel. Elution with benzene 
gave 3,6-dimethyl-3,6-diphenylglycolide (IV), which was re- 
crystallized from ethyl acetate. From the filtered solution, 
methanol was evaporated to offer phenylmethylacetic acid (VI), 
which was identified by infrared spectral comparison and mixture 
melting point with authentic sample, mmp 286-288° (lit.15 mp 
288-289 ° ). The yields are shown in Table I .

3,6-Dimethyl-3,6-diphenylglycolide (IV) had mp 164-165°; 
ir 1750 cm -1 (rc-o of ester group); 4H nmr (CDC13) r 2.5-3.5 
(10 H, phenyl), 8.0-8.6 (6 H, S-methyl).

(13) H . Staudinger, B e r . ,  44, 543 (1911).
(14) J. J. R itter  and G . M . W iedem en, J .  A m e r .  C h e m . S o c . ,  51, 3583 

(1929).
(15) W . Johnson , i b id . ,  24, 6 8 6  (1902).

13C nmr (CHCI3) showed peaks at 169 corresponding to the 
ester group along with the peak at 129 ppm (Ph) from TMS over 
the range of 126-235 ppm.

Anal. Calcd for ClsHi60 4: C, 72.96; H, 5.44; mol wt, 296. 
Found: C, 52.63; H ,5.37; mol wt, 285.

Photochemical Reactions of a-Diazo Ketones with Molecular- 
Oxygen in Benzene.—Four a-diazo ketones as described in ther
mal reactions were used. Molecular oxygen (280 1.) was intro
duced into the benzene (300 ml) solution of a-diazo ketone (0.01 
mol), which was irradiated by a high-pressure mercury lamp at 
15-20°. The irradiation was stopped with disappearance of the 
absorption in ir caused by the diazo group. The products were 
separated in the manner as done in thermal reactions, respectively. 
The products and the yields are shown in Table II. These prod
ucts were identified by infrared spectral comparison and mixture 
melting point with samples previously prepared.

Apparatus.— Ir spectra were taken on a Hitachi EPI-S2 type 
infrared spectrometer. Nmr spectra were obtained with a 
JNM3H-60 spectrometer. Mass spectra and uv spectra were run 
on a Hitachi VD-10001-A spectrometer and Hitachi EPS-3 spec
trophotometer. Molecular weight was determined by a Hitachi 
Perkin-Elmer 115 apparatus.

Registry No.—I, 3469-17-8; II, 467-32-3; III, 3893- 
35-4; IV, 38436-21-4; VIII, 3282-32-4.

Acknowledgment.—The authors wish to thank Dr.
H. Sugiyama (Research Institute for nonaqueous solu
tion, Tohoku University) for his 13 14C nmr measure
ment.

Stereochemistry in Trivalent Nitrogen 
Compounds. XVIII. Slow Rotation about 

the Nitrogen-to-Carbonyl Bonds in 
(V,/V'-Bisearboethoxy-3,3,4,4-tetramethoxy-

l,2-diazetidenela

E. H. C a r l s o n , A. P. S c h a a p , a n d  M. R a b a n * lb

Department of Chemistry, Wayne State University,
Detroit, Michigan 48202

Received May 16, 1972

The conformational processes associated with nmr 
line shape changes in V,N'-biscarboalkoxy cyclic hy
drazines have been the subject of considerable experi
mental work and speculation.2 Three different types 
of conformational changes have been discussed as pos
sible sources for the coalescence phenomena observed 
in such systems: (a) nitrogen inversion,3 (b) rotation
about amide bonds,4 and (c) ring flexion in six-mem- 
bered rings or even in bicyclic ring systems. We have 
examined the nmr spectral behavior of N,N'-biscarbo- 
ethoxy-3,3,4,4-tetramethoxy-l,2-diazetidene (1) in or
der to examine a system in which two of these factors 
could be controlled.

(1) (a) P a rt X V I I :  D . K o st  and M . R a ban , J .  A m e r .  C h e m . S o c . ,  9 « ,
2533 (1972). (b ) A lfred  P . Sloan F ou n dation  F ellow , 1972-1974.

(2) (a) J. E . A nderson  and J. M . Lehn, T e tr a h e d r o n ,  24, 123 (1968 ); 
24, 137 (1968 ); and papers c ited  therein ; (b ) W . D . Ph illips, unpublished 
results c ited  in W . D . Ph illips, in “ D eterm ination  o f  O rganic Structures 
b y  P h ysica l M e th o d s ,"  V ol. 2, A ca d em ic  Press, N ew  Y ork , N .Y .,  1962, 
C h apter 6 ; (c) B . P rice , I .  O . Sutherland  and F . G . W illiam son , T e t r a 

h e d r o n , 22, 3477 (1966).
(3) R ev iew s: (a) 3. M . Lehn, F o r t s c k r .  C h e m . F o r s c h . ,  16, 311 (1970); 

(b ) A . R au k , L . C . Allen, and K . M islow , A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  
9, 400 (1970 ); (c) J. L am bert in  “ T op ics  in S tereochem istry ,”  V o l. V I, 
E . L . E liel and N . L. Allinger, E d ., W iley , N ew  Y ork , N . Y . ,  1971, p  19.

(4) R ev iew s: (a) W . E . Stew art and T . H . Siddall, I I I ,  C h e m . R e v . ,  TO, 
517 (1970 ); (b ) H . K essler, A n g e w .  C h e m .,  I n t .  E d .  E n g l . ,  9 , 219 (1970).
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Figure 1.— Nmr spectra of 1 in acetone-de-toluene-dg- (a) 
Spectrum recorded at room temperature; the peaks at S 1.9, 2.2, 
and 2.7 are due to impurities toluene-^, acetone-d5, and water, 
respectively, (b) Spectrum recorded at —65°. The peaks for 
acetone-d5 and toluene-d, are unchanged, but the peak for the 
water impurity is shifted to 5 3.7. (c) Expanded scale spectrum
of the methoxy region recorded at —65°.

The presence of the small ring system in 1 might be 
expected to affect both barriers to a and c. The ring 
strain present in four-membered rings is known to lower 
barriers to ring reversal and to increase barriers to 
nitrogen inversion. As a result, while the barrier to 
rotation about the nitrogen-carbonyl bond should be 
approximately the same in 1 as in six-membered ring 
analogs, the nitrogen inversion barrier should be higher, 
and the barrier to ring reversal should be much lower or 
absent. The only previous study on a similar com
pound is an investigation of A/iV'-biscarbocthoxy- 
3,3,4,4-tetrafluorodiazetidene.2b The chemical shift

nonequivalence of geminal fluorine atoms observed in 
that study is consistent with barrier to nitrogen inver
sion215 or ring flexion.20 No evidence for slow rotation 
about amide bonds could be detected.

The variable-temperature nmr spectra of 1 exhibit 
only a single coalescence phenomenon in the neighbor
hood of —40 to —20°. Below this temperature range 
the methoxy groups appear as four singlets in acetone- 
d6-toluene-d8 (Figure 1), or as two singlets in acetone- 
d6. The coalescence of the four methoxy singlets is 
consistent with the interconversion of the three isomers 
la, lb, and lc.

N o t e s

CH30 ^ ___^OCH,

CHsO n _ n  och3

A<  X
c h 3c h 2o / no  o  och2ch3

la
CHsO OCH3

— K
c h 3o  N -N  och3

c h ,c h 2o /A' o  0
=0

ch2ch3
lb

CH30 ____/ OCH3

ch3o  N -N  o c h 3 
° = (  ) = 0  

0 0 
I I

ch3c h 2c h 2ch3
lc

The most deshielded of the low-field singlets most 
likely arises from the methoxyl groups in the out-out 
isomer lc, which appear from models to be in the de
shielding region of the carbamate carbonyl groups. 
The other low-field singlet would then arise from the 
methoxyls cis to the carbonyl in the in-out isomer, lb. 
The upfield methoxy singlets are associated with la and 
the methoxy groups cis to the ethoxy group in lb. 
Based on the integrated intensities of the four peaks 
obtained by computer simulation, A :B :C :D  = 
18:29:24:29, we estimate the relative concentrations 
of la :1b :1c to be 24:58:18. The differences in free 
energies of formation were thus obtained by complete 
line shape analysis: AG-65° (lb la) =  0.3 kcal/mol, 
A(?-65<>(lb-»-lc) =  0.5 kcal/mol; as was the free energy 
of activation: AG-n°* (lb —► la) = 13.6 kcal/mol.

In acetone-d6 the low-field pair of singlets (“ out”  
methoxyls) apparently coincide, as do the two high- 
field singlets (“ in”  methoxyls), and only two singlets 
are observed. The torsional barrier was obtained at 
the coalescence point in acetone-d6 using the approxi
mate formula,5 kc =  (ir/\/2)Av: Tc =  —25°, Av =
3 Hz, AGc* =  13.8 kcal/mol. The values obtained in 
both solvent systems are fairly similar to those ob
tained by Anderson and Lehn for restricted rotation in 
bicyclic analogs of l .2a

No evidence for slow nitrogen inversion could be 
detected down to —125°. Apparently, even with the 
ring strain present in the four-membered diazetidine 
ring and the presence of a nitrogen-heteroatom bond, 
nitrogen inversion remains rapid. Our results are in 
accord with the conclusions23 that slow nitrogen inver
sion is not responsible for nmr line shape changes in 
biscarboalkoxy cyclic hydrazines and that barriers in

(5) F or  evidence  o f the reliability  o f this approach , see D . K ost, E . C a rl
son, and M . R a ban , C h e m . C o m m u n .,  656 (1971).
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the neighborhood of 13-14 kcal/mol can be ascribed to 
amide torsional barriers. Our results, however, are in 
striking contrast with those reported for the analagous 
compound in which the methoxy groups are replaced 
by fluorine atoms.2b Unless accidental equivalence 
is responsible for the differences in the two systems, it 
would appear that replacement of fluorine by methoxy 
both raises the amide barrier and lowers the barrier to 
nitrogen inversion215 (or ring reversal20).

Experimental Section

V,Af'-Biscarboethoxy-3,3,4,4-tet.ramethoxy -1,2 - diazetidene 
was prepared as previously reported.1 2 3 4 5 6

The nmr spectra were measured on a Varian A-60A spectrom
eter equipped with a Varian variable-temperature probe using 
ca. 10% solutions. Temperatures were determined using meth
anol spectra as described in the Varian Manual. Rate constants 
and equilibrium constants were determined by matching experi
mental spectra with theoretical spectra. The theoretical spectra 
were generated using Saunder’s Many Site NM R Lineshape 
Program.7 8 This program allows the calculation of nmr spectra 
involving exchange between n sites (2 <  n <  25) which must be 
uncoupled, but need not have the same population. The 
two “ out”  methoxy groups of lb  which are diastereotopic with 
respect to the “ in”  methoxy groups were treated as two separate 
isomers. Exchange was assumed to be possible between la 
and both sites in lb  and between lc  and both sites in lb , but 
not directly between la and lc , nor between the “ in”  and “ out”  
sites of lb . The chemical shift differences and the relative 
populations were temperature dependent and were determined 
by iterating to obtain the best fit.

Registry No.—1, 10200-65-4.

Acknowledgments.—We thank Daniel Combs and 
Bashir Kaskar for synthetic assistance, Dr. Eric Noe for 
assistance with nmr spectra, and Professor Martin 
Saunders for providing a copy of his multisite complete 
line shape analysis computer program. Support for 
this work was provided by the National Science Founda
tion (M. R.) and by the doners of the Petroleum Re
search Fund, administered by the American Chemical 
Society (A. P. S.).

The hydroboration-oxidation sequence is generally 
accepted as a method to achieve cis-hydration of 
alkenes. Evidence to that effect has been accumulating 
for a number of years.1-8 However, essentially all of 
the studies have been carried out on cyclic systems. 
In general the products observed were the thermo
dynamically most stable ones. In one instance, it was 
demonstrated that isomeric acyclic alkenes could be 
hydroborated and then oxidized to produce different 
diastereomeric alcohols.6 However, the configurations 
of the starting alkenes6 and the product alcohols7 were 
assigned by analogy to a related system.

Results and Discussion

The 2-butene system would seem to be an ideal 
choice for the study of the stereochemistry of the 
hydroboration-oxidation sequence. The molecule con
tains a plane of symmetry with two stereoequivalent 
trigonal carbon atoms. Unlike cyclic or conjugated 
systems, free rotation of the tetrahedral addition or 
oxidation intermediates is possible, and if such rotation 
were to occur, there should be limited steric bias to 
affect the product distribution.

One could then visualize two possible products from 
the deuterioboration-oxidation sequence for cis-2- 
butene. The erythro-2-h\it&nol-3-d (I) would arise from 
overall cis-hydration, whereas a trans-hydration would 
produce the f/ireo-2-butanol-S-d (II).

cis hydration

h 3c „ .CH:i

/ C=C\H

1. BD 3 /TH F

2 . h 2 o 2, o h '
trans hydration

D H3C OH

A t Ah 3c  h

r y
H3c  H oh

n

(6 ) R .  W . H offm ann and H . H auser, A n g e w .  C h e m .,  76, 346 (1964).
(7) M . Saunders, T e t r a h e d r o n  L e t t . ,  1699 (1963). See also C . S. Johnson, 

Jr., in “ A d van ces  in  M agn etic  R eson an ce ,’ ’ V o l. 1, J . S. W augh , E d ., A ca 
dem ic Press, N ew  Y ork , N . Y . ,  1965, C h apter 2.

The stereochemistry of the resultant products would, 
of course, be reversed in the case of £rans-2-butene. 
The f/ireo-2-butanol-S-d (II) would arise from overall 
cis-hydration, whereas a trans-hydration would produce 
the en/f/wo-2-butanol-S-d (I).

The Stereochemistry of the 
Hydroboration Reaction

G e o r g e  W. K a b a l k a * a n d  N e w e l l  S. B o w m a n

Chemistry Department, University of Tennessee, 
Knoxville, Tennessee S7916

Received, September 26, 1972

In the course of our efforts to elucidate the stereo
chemistry of various organoborane reactions, we had 
reason to deuterioborate cis- and irans-2-butene, re
spectively, and oxidize the resultant organoboranes. 
Nmr analysis of the resultant 2-butanol-S-d from the 
respective reaction mixtures demonstrates conclusively 
that the hydroboration-oxidation sequence is a stereo
specific cis-hydration reaction.

cis hydration

1 . BDg/THP

h /C = C V 3 —

D H OH

u Ih 3c  h c h 3
n

trans hydration

H3c  H o h  
I

(1) H . C . B row n  and G . Zw eifel, J .  Amer. Chem. S o c . ,  81, 247 (1959).
(2) W . W echter, Chem. Ind. (London), 294 (1959).
(3) H . C . B row n  and G . Zw eifel, J .  Amer. Chem. S o c . ,  83, 2544 (1961).
(4) H . C . B row n  and J. H . K aw akam i, ibid., 92, 1990 (1970).
(5) E . L . Allred, J. Sonnenberg, and S. W instein , J .  O r g . Chem., 25, 26 

(1960).
(6 ) D . J. C ram , J .  Amer. Chem. S o c . ,  71, 3883 (1949).
(7) S. W instein  and G . C . R ob in son , ibid., 80, 170 (1958).
(8 ) L . M . Jackm an and N . S. B ow m an, ibid., 88, 5565 (1966).
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It has been demonstrated that the two possible 
products (erythro- and f/weo-2-butanol-S-d) can be 
readily differentiated via nmr spectroscopy.8 The 
differentiation is based on the fact that the methylene 
protons in 2-butanol are magnetically nonequiva
lent.

We have deuterioborated cis-2-butene and find that 
the oxidized product exhibits an nmr spectrum identical 
with the published spectrum of erythro-2-b\it&nol-8-d.s 
There is no evidence for the presence of the threo 
isomer within the accuracy of our nmr analysis (ap
proximately 1%). In addition we have deuterio
borated frans-2-butene and find that the oxidized 
product exhibits an nmr spectrum identical with the 
published spectrum of f/ireo-2-butanol-S-d8 with no 
evidence for the presence of the erythro isomer.

Consequently, we conclude that the hydroboration- 
oxidation sequence achieves, exclusively, the stereo
specific cis-hydration of simple, acyclic alkenes.

Experimental Section

Spectra.— The spectra were run on a Varian HA-100 spectrom
eter.

Materials.—Lithium deuteride (Merck Sharpe and Dohme), 
as-2-butene (Matheson), and ¿rans-2-butene (Matheson) were 
used as received. Diglyme (Ansul) and tetrahydrofuran (Fisher) 
were distilled from lithium aluminum hydride prior to use. 
Boron trifluoride etherate (Fisher) was distilled from calcium 
hydride prior to use.

Borane-d3 in tetrahydrofuran was prepared according to stan
dard procedures.9'10

Preparation of erythro-2-Butanol-S-d.— as-2-Butene (4.1 ml, 
50 mmol) was condensed at —78° and then introduced (as a gas) 
to a stirred solution of borane-d3 (8.3 mmol) in TH F which was 
maintained at 0°. The introduction of the cis-2-butene is 
readily accomplished by attaching the flask containing die con
densed alkene to the reaction flask via a section of Tygon tubing 
and then allowing the alkene to warm to room temperature. 
This affords a slow addition of the 2-butene to the borane-ch solu
tion.

The reaction mixture was stirred at 0° for 30 min and then 
allowed to warm to room temperature. The resultant tri-sec- 
butylborane was oxidized at 50° (water bath) by the addition of 
3 ml of 3 N  sodium hydroxide followed by 3 ml of 30% hydrogen 
peroxide. The reaction mixture was stirred at 50° for 1 hr and 
then was saturated with potassium carbonate. The THF layer 
was separated and the water layer was extracted with 2 X 30 ml 
of ethyl ether. The ether layers were combined and dried 
(MgSOj), and the solvent was removed under reduced pressure. 
Gc analysis of the product at this point (utilizing decane as an 
infernal standard) indicated a 96% yield of pure 2-butanol-S-d. 
The product was isolated by preparative gc (10% Carbowax on 
Chromosorb W, 20 ft).

Preparation of ifireo-2-Butanol-3-d.— The synthesis was carried 
out exactly as described above for the erythro-8-d except that 
frans-2-butene (4.1 ml, 50 mmol) was utilized rather than cis-2- 
butene.

Gc analysis of the resultant 2-butanol-S-d (decane as internal 
standard) indicated a 92% yield of pure alcohol. The product 
was isolated by preparative gc (10% Carbowax on Chromosorb 
W, 20 ft).

Registry No.—I, 10277-59-5; II, 10277-60-8; cis-2- 
butene, 590-18-1; trans-2-butene, 624-64-6.
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Although thioindigo was first reported in 1906,2 
the question of cis-trans isomerism does not appear to 
have been treated explicitly until 45 years later. W y
man and Brode established that the relative amounts 
of cis and trans isomers in solution were a function of 
temperature and irradiation.3 Subsequently, Wyman 
studied the photochemical aspects of this system in 
greater detail.4'5 We have recently elucidated the 
structure of the stilbene anion radical by ultraviolet 
and electron spin resonance spectroscopic techniques.6 
As part of a study to define the utility of this combined 
uv-esr procedure, we directed our attention to the 
thioindigo system (1).

From the visible spectrum of 1 in 1,2-dimethoxy- 
ethane (DME) it was determined that the cis:trans 
ratio was 15:85. These relative concentrations were 
estimated by computer simulation, based on the line 
shapes reported by Blanc and Ross.7 When a small 
amount of thioindigo anion radical (1“ ) was generated 
by reduction with potassium, the visible spectrum of 
the solution was altered. The result was a complete 
shift to the trans isomer. The fact that no change in 
the spectrum was observed when the solution was 
quenched by exposure to air demonstrated that the 
anion radical concentration was very low. From 
these data it can be concluded that the anion radical 
does not affect the absorption curves but only serves 
to shift the relative concentrations toward the trans 
isomer; this behavior is the same as that observed in 
the stilbene system.6 The isomerization can be con
sidered to proceed via those species shown in Scheme
I.8 Simple molecular orbital calculations suggest 
that the conversion of 1 to 1~ is accompanied by a 
decrease in the bond order of the central ethylenic 
linkage. Since the cis isomer is presumably less stable 
owing to repulsion between the carbonyl groups, the

(1) Based in part on  th e  H onors Thesis o f  D . G . K ., W illiam s C ollege, 
1972.

(2) P . Friedländer, B e r . ,  39, 1060 (1906).
(3) G . M . W ym a n  and W . R . B rode, J .  A m e r .  C h e m . S o c . ,  73, 1487 (1951).
(4) D . A . R ogers, J. D . M argerum , and G . M . W ym a n , i b i d . ,  79, 2464 

(1957).
(5) G . M . W ym an , C h e m . C o m m u n .,  1332 (1971).
(6 ) R . C hang and J. H . M arkgraf, C h e m . P h y s .  L e t t . ,  13, 575 (1972).
(7) J. B lan c and D . L . R oss, J .  P h y s .  C h e m .,  72, 2817 (1968).
(8 ) O n ly  those contribu ting structures o f  the anion rad ica l w hich  seem  

pertin ent to  the isom erization  are represented, a lthough it  is k n ow n  from  the 
esr spectrum  th at the unpaired electron  is delocalized th rou gh ou t both  b en 
zene rings.
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Scheme I procedure caused no detectable change.13 Two factors 
may contribute to this absence of line sharpening. One 
is the low initial concentration of 1; the other com
prises the following relative rate considerations. The 
equilibria in the present example involve the neutral 
cis and trans molecules (c and t) and the corresponding 
anion radicals (c~ and t~). Unlike the stilbene case,

kl̂
t ^ G (1)

k2
t— -}- t ^ t -f- t~ (2)

k%
t ~ -f- c  ̂ ^ t -j- c— (3)

kî
c~ <■ ?11~ (4)

•0

observed isomerization of cis-1 to trans-1 is in accord 
with these considerations.

The complementary portion of the investigation 
involved esr spectra. Although such a spectrum has 
been reported for 1“ , no configurational assignments 
were discussed.9 Ideally it is desirable to observe 1~ 
in the presence of 1, while irradiating at the appropriate 
wavelengths. Wyman and Brode3 showed that when 
a neutral solution of 1 was irradiated with blue light 
the conversion to the trans isomer was almost quanti
tative, whereas the cis isomer was the major product 
when yellow light was employed. Thus irradiation 
with blue light of a solution of 1 in the presence of 1_ 
should increase the esr line width as a result of faster 
electron transfer between the neutral molecule and the 
anion, if the latter also has the trans configuration. 
Conversely, a decrease in line width should be ob
served upon irradiation with yellow light.10

Since a saturated solution of 1 in DME was not 
greater than 10 _3 M ,12 only an upper limit of the trans
fer rate could be estimated. No line width altera
tions were observed over a temperature range of —60 
to 35°. Based on the analogy to the stilbene system, 
it was inferred that the species present was the trans 
isomer. Irradiation with blue light, therefore, would 
not bring a change in the line width; this was indeed 
observed. Although it was anticipated that irradiation 
with yellow light would sharpen the esr lines, such a

(9) M . Bruin, F . B ruin, and F . W . H eineken, J .  C h e m . P h y s . ,  37, 135 
(1962). T h e couplin g constants obta in ed  in our s tu d y  are essentially the 
sam e as those reported  b y  these authors.

(10) T h e  depen dence o f  electron  transfer rate on structure is based on  the 
F ra n ck -C on d on  principle, w hich  was first em ployed  in this m anner b y  
L ib b y 1 1  t o  explain certa in  inorganic electron  transfer reactions. In  essence, 
this app lication  states th a t electron  transfer from  one species to  another in 
a collision  com plex  m a y  be  treated  as i f  it  w ere an electron ic transition  and 
that to  low er the free energy o f  a ctiv a tion  both  species m ust have similar 
configurations.

(11) W . F . L ib b y , J .  P h y s .  C h e m .,  56, 863 (1952).
(12) O ther solvents p rov ed  no m ore  suitable. T h e  so lu b ility  o f  1 in  tetra -

hydrofuran was com parable  to  th at in  D M E . In  benzene and toluene, in
which 1  was m ore soluble, 1  ~ was very  unstable.

the rate constant for eq 3 was comparable in magnitude 
to that of eq 2. In fact, fc3 was so fast that immediately 
after irradiation with yellow light there was no detect
able change in the visible spectrum. The fact that k3 
was comparable to fe2 (>107 M~x sec-1) was not totally 
unexpected in view of the overall similarity in shape 
of the two geometric isomers. Therefore, the absence 
of line sharpening is a consequence of the inability to 
increase the steady-state concentration of the neutral 
cis species.

From the results with stilbene and thioindigo we 
conclude that configurations of radicals can be deduced 
most effectively by the combined uv-esr method only 
when the geometries differ significantly. Although it 
is difficult to specify the precise spatial requirements 
necessary for electron transfer reactions, our studies 
of these two systems constitute a preliminary under
standing of the dependence of such rates on structure.

Experimental Section

Thioindigo (1) was kindly supplied by Dr. George M . Wyman 
(Durham, N. C .); high-resolution mass spectral analysis estab
lished the absence of impurities.14 Tetrahydrofuran and 1,2-di- 
methoxyethane were refluxed over calcium hydride for 24 hr, 
distilled, and stored over sodium-potassium alloy prior to 
use.

The usual high-vacuum methods for the preparation of the 
anion radicals were employed.16 A deoxygenated solution of 1 
in a completely sealed system was brought into brief contact with 
a potassium mirror, which was isolated from the rest of the sys
tem by a breakseal. The resulting solution was then poured 
into the appropriate sidearm to obtain either esr or visible spec
tra. The former were recorded on a Varian E-3 spectrometer 
with a variable temperature controller; the latter were recorded 
on a Cary Model 14 spectrophotometer. For combined esr- 
optical studies the sample was irradiated in the cavity with a 
PEK 100-W high-pressure mercury lamp. A 5-cm quartz cell 
containing water was used to filter infrared radiation; blue or 
yellow filters were used for isomerization studies.

Registry N o.—cis-1, 3583-39-9; trans-1, 3844-31-3; 
czs-1-, 38425-40-0; trans-1-, 38425-41-1.

(13) A t  low  tem perature a  reversible d im erization  o f  th e  th io in d igo  anion  
radical was observed  w ith con com itan t form ation  o f  a d iam agn etic  species. 
U nder m ore  drastic conditions o f  irradiation  at least tw o  different types o f 
neutral radicals w ere prod u ced  from  either 1  or 1  “ .

(14) C . W . K o ch  and J. H . M arkgraf, J .  H e t e r o c y c l .  C h e m . ,  8 , 225 
(1971).

(15) D . E . Paul, D . L ipkin, and S. I . W eissm an, J .  A m e r .  C h e m . S o c . ,  

78, 116 (1956).
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The problem of geometrical isomerism associated 
with N-substituted sulfinyl amines has received little 
attention except that we predicted that N-methyl- 
sulfinyl amine is more stable trans than cis by 13 
kcal/mol.1 We now report the mass spectral data, which 
give evidence for the validity of this prediction.

Recently, the mass spectra of several aryl sulfinyl 
amines showed significant migration of the aryl group 
from nitrogen to oxygen.2 We do not find this re
arrangement in the spectra of alkyl sulfinyl amines.

The mass spectra of di-ierf-butylsulfur diimide and 
di-n-butylsulfur diimide reveal a double McLafferty re
arrangement giving an ion at mle 62 (HN += S = N H ),3 
but A-alkyl sulfinyl amines do not fragment to give an 
ion at m/e 63 (HOS+= N ). This latter result suggests 
that the alkyl group is trans to oxygen in the sulfinyl 
amines. A general scheme for the fragmentation pat
tern of sulfinyl amines is presented in Scheme I. The 
molecular ions are in low abundance compared to the 
aryl derivatives.

N-l-Butylsulfinylamine radical cation (R1 = R 11 = 
R i n  =  r i v  =  R V  =  H ;  R V I  = CH3) suffers the loss of 
propene to form the ion m/e 77 (pathway f) while the 
lV-2-butylsulfinylamine cation (R1 = CH3; R 11 = 
R 111 =  R IV =  R v = R VI =  H) loses ethylene to form 
the ion m/e 91. Fragmentation of the cation of N-3- 
methyl-l-butylsulfinylamine (Rv =  R VI = CH3; 
R 1 = R 11 = R 111 = R IV = H) gives an ion m/e 77 and 
the cation of N-2-pentylsulfinylamine (R1 =  R VI = 
CH3; R 11 = R m  = R IV = R v =  H) fragments to an 
ion at m/e 91.

These ions arise via a McLafferty rearrangement in 
which hydrogen is abstracted from the y-carbon atom 
by sulfur as shown in Scheme I by step f. However, 
when the a-carbon atom is highly substituted, then 
simple cleavage of the a,8 carbon-carbon bond is more 
prominent than the McLafferty rearrangement just 
mentioned. This cleavage (pathway a) is exemplified 
by N -1,1 -di methyl- 1-propylsulfinylaminc (R1 = R 11 = 
CH3; R m  =  R IV =  R v = R VI =  H), which loses an 
ethyl group to form an ion at m/e 104, the most abun
dant ion in the spectrum. The same ion is the result 
of the most important fragmentation of Ar-2-methyl-2- 
propylsulfinylamine.

However, when the /3 carbon is highly substituted, 
then the positive charge becomes associated with the 
alkyl fragment (pathway b ), a pattern which is shown 
by Ar-2,2-dimethyl-l-propylsulfinylamine (R1 = R n = 
R v = R VI = H; R m  = R IV = CH3) giving the tert- 
butyl cation as the base peak. Pathway c is only im
portant for N-3-methyl-l-butylsulfinylamine.

(1 ) J . R .  G runw ell and W . C . D anison , T e tr a h e d r o n , 27 , 5315 (1971).
(2) J. H . B ow ie, F . C . V . Larsson, G . Schroll. S .-O . Law esson, and R . G . 

C ook s, T e t r a h e d r o n ,  23, 3743 (1967).
(3 ) J. L . D ow nie, R . M aruca, and J. R . G runw ell, C h e m . C o m m u n .,  298

(1970).

Scheme I

Another important fragmentation pathway involves 
the initial loss of sulfur monoxide. For example, N-2- 
butylsulfinylamine forms an ion at m/e 71 which sub
sequently fragments to ions at m/e 56 and 42 by cleav
age of methyl and ethyl radicals, respectively. This 
pathway is represented by steps d to i and h. The same 
process occurs in iV-2-pentylsulfinylamine, except that 
the ion at m/e 85 fragments to m/e 70 and 42 by loss of 
methyl and propyl radicals.

Some of the sulfinylamines, particularly those which 
undergo an efficient McLafferty rearrangement, suffer 
loss of the elements of H S = 0  as represented by step g 
following e. N-l-Butylsulfinylamine shows a prominent 
peak at m/e 70, while A-3-methyl-l-butylsulfinylamine 
gives an ion at m/e 84.

When the alkyl group of a sulfinyl amine is trans to 
the oxygen atom, then the rearrangement shown in step 
f of Scheme I may occur. In analogy with the mass 
spectrum of bis-ieri-butylsulfur diimide (1) (the nmr 
spectrum4 of 1 at —40° is two peaks of equal intensity 
showing that one ¿erf-butyl group is cis), an ion at m/e 
63 (HOSN+) may be expected if the alkyl group is cis 
to the oxygen of a sulfinyl amine. None of the sulfinyl 
amines exhibit a peak at m/e 63, while several of them 
fragment according to mechanism f. These observa
tions suggest that the alkyl group of sulfinyl amines is 
trans. Further, A-l-butylsulfinylamine does not 
pyrolyze to 1-butene, which is the product of the pyroly
sis of the corresponding sulfur diimide.4

(4 ) J. R . G runwell, J . A . R ieck , and C . H oyn g , unpublished results.
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In view of the observed McLafferty rearrangement, 
the loss of the elements H S = 0  from 2-methylsulfinyl- 
aniline may be reinterpreted in terms of trans isomer 
(eq 1).

Although the molecular ions were in extremely small 
abundance, the nmr spectra and elemental analyses 
provide convincing evidence that the sulfinylamines are 
pure. The nmr spectrum of lV-2,2-dimethyl-l-propyl- 
sulfinylamine showed a singlet resonance at 8 3.8 ppm 
for the methylene protons on carbon adjacent to nitro
gen. This signal did not split or broaden at —100°, so 
that if rapid interconversion between trans and cis 
isomers is occurring at room temperature it should be 
slowed sufficiently at —100° to observe two signals 
unless the cis isomer is a maximum on the rotational 
potential surface or is much less stable than the trans 
isomer. Also, A-2-methyl-2-propylsulfmylamine has a 
singlet proton resonance at 5 1.50 ppm which does not 
change at —100°.

Experimental Section

All mass spectra were measured with a Hitachi Perkin-Elmer 
RMU-6 mass spectrometer operating at 70 eV and with the inlet 
system at 200°. All nmr spectra were measured with a Jeolco 
C-60H spectrometer with TM S as the internal reference (S =  0.00 
ppm). Elemental analyses were performed by Galbraith Labora
tories, Knoxville, Tenn.

General Procedure. Synthesis of Sulfinyl Amines.—  Sulfinyl 
amines were prepared by the method described by Michaelis and 
Stornbeck5 by adding thionyl chloride (0.095 mol in 75 ml of 
ether) to the appropriate alkyl amine (0.29 mol in 100 ml of 
ether) maintained at 0° for 1 hr. The ether was filtered and then 
removed by distillation at atmospheric pressure. The remain
ing residue is placed on a high vacuum line (10—5 mm) and frac
tionated through three traps maintained at —45° (chloroben
zene slush), —77° (Dry Ice-acetone), and —196° (liquid N 2). 
Pure sulfinyl amine was obtained from the —45° trap by distilling 
into bulbs fitted with a stopcock for all mass spectral samples, 
into nmr tubes which were sealed off under vacuum, and into
3-mm tubing sealed under vacuum for all analytically pure 
samples. A satisfactory analysis could not be obtained for Af-3- 
methyl-l-butylsulfinylamine because this compound suffers a 
mysterious decomposition at room temperature within 0.5 hr, 
turning yellow and finally solid after a couple of days.

N - 1 -Buty lsulfmylamine6 had mass spectrum (70 eV) m/e (rel 
intensity) 77 (89), 76 (14), 75 (11), 71 (14), 70 (54), 55 (11), 
50 (13), 43 (100), 42 (16), 41 (86), 39 (23), 30 (13), 29 (35), 27 
(65).

A-2-Butylsulfinylamine had mass spectrum (70 eV) m/e 
(rel intensity) 104 (5), 91 (58), 90 (100), 89 (17), 71 (28), 70 (11), 
63 (14), 60 (20), 57 (15), 56 (35), 55 (11), 44 (53), 43 (49), 42 
(71), 41 (44), 39 (17), 29 (61), 27 (54); nmr S (multiplicity) 
0.90 (3 H, t, J  =  7.0 Hz), 1.33 (3 H, d, J  =  7.0 Hz), 1.50 (2 H, 
q, /  =  7.0 Hz), and 4.73 (1 H, sextet, J  =  7.0 Hz).

Anal. Calcd for C4H9NSO: C, 40.31; H, 7.61; N , 11.76; S,
26.90. Found: C, 40.43; H, 7.68; N , 11.47; S, 26.77.

Ar-2-Methyl-2-propylsulfinylamine7 had mass spectrum (70 eV)

(5 ) A . M ichaelis and O . S tornbeck , J u s t u s  L i e b i g s  A n n .  C h e m .,  274, 190 
(1893).

(6 ) D . K lam an n, C . Sass, and M . Zelenka, B e r . ,  92, 1910 (1959).
(7) W . T . Sm ith, P . A . T h io , and  M . G rasley, J .  O r g . C h e m ..  27, 692 

(1962).

m/e (rel intensity) 104 (100), 74 (12), 57 (49), 56 (19), 42 (17), 
41 (60), 39 (15), 29 (22), 27 (13); nmr 6 (multiplicity) 1.50 (9 H,
s).

A-2-Pentylsulfmylamine had mass spectrum (70 eV) m/e (rel 
intensity) 91 (78), 90 (34), 89 (14), 70 (34), 56 (11), 55 (19), 43 
(100), 42 (53), 41 (55), 39 (24), 29 (20), 27 (47); nmr 5 (multi
plicity) 0.90 (3 H, t, /  =  7.0 Hz), 1.00 (2 H, q, /  =  7.0 Hz),
I . 22 (3 H, d, J  =  7.0 Hz), 1.47 (2 H, q, J  =  7.0 Hz), 4.83 (1 H, 
sextet, /  =  7.0 Hz).

Anal. Calcd for C5HnNSO: C, 45.08; H, 8.33; N, 10.51; 
S, 24.07. Found: C, 45.30; H, 8.43; N , 10.33; S, 23.90.

iV-3-Methyl-l-butylsulfinylamine had mass spectrum (70 eV) 
m/e (rel intensity) 85 (17), 84 (24), 77 (74), 76 (19), 69 (16), 57 
(63), 55 (36), 43 (80), 42 (26), 41 (100), 39 (33), 30 (16), 39 (70), 
27 (40); nmr 5 (multiplicity) 0.93 (6 H, d, J  =  6.0 Hz), 1.57 
(3 H, m), and 3.97 (2 H, t, J — 7.0 Hz). A satisfactory analysis 
was not obtained.

N -1,1-Dimethyl- 1-propylsulfinylamine had mass spectrum (70 
eV) m/e (rel intensity) 104 (100), 74 (17), 71 (13), 56 (12), 55
(20), 43 (29), 42 (34), 41 (34), 40 (17), 39 (15), 31 (10), 29 (14), 
27 (46); nmr S (multiplicity) 0.93 (3 H, t, J  =  7.0 Hz), 1.47 (3 H, 
s), and 1.73 (2 H, q, J  =  7.0 Hz).

Anal. Calcd for C5H uNSO: C, 45.08; H, 8.33; N, 10.15; 
S, 24.07. Found: C, 44.95; H, 8.40; N , 10.37; S, 23.85.

N-2 ,2-Dimethyl-1 -propylsulf inylamine had mass spectrum 
(70 eV) m/e (rel intensity) 118 (3), 77 (4), 76 (3), 57 (100), 55
(13), 41 (47), 39 (14), 29 (35), 27 (12); nmr S (multiplicity) 1.00 
(9 H, s), 3,80 (2 H, s).

Anal. Calcd for C3H uNSO: C, 45.08; H, 8.33; N, 10.51; 
S, 24.07. Found: C, 45.25; H, 8.42; N , 10.39; S, 24.01.

Registry No.—N-l-Butylsulfinylamine, 13165-70-3; 
iV-2-butylsulfinylamine, 13165-71-4; A-2-methyl-2- 
propylsulfinylamine, 38662-39-4; A-2-pentylsulfinyl- 
amine, 38662-35-0; lV-3-methyl-l-butylsulfinylamine, 
38662-36-1; N  -1,1 - dimethyl - 1 -propylsulfinylamine,
38662-37-2; N -2,2 - dimethyl-1 - propylsulfinylamine,
38662-38-3.
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Some years ago it was found that alkynyl-l-phos- 
phines 1 and 2 on treatment with HBr (or HC1) in 
glacial acetic acid produce the endocyclic dienes 3 and 
4, respectively (eq 1 and 2).2-4 The endocyclic dienes 3 
(R = primary or secondary alkyl) were found to readily 
isomerize on heating to the exocyclic dienes 5;3 how
ever, unlike the P-phenylated dienes 3, the P-alkylated 
dienes 4 failed to thermally isomerize to the correspond
ing P-alkylated exocyclic dienes 6 (eq 1 and 2).4

(1 ) A b stracted  in part from  the P h .D . D issertation  o f  M . S. C h atth a, 
T u lan e U niversity , N ew  Orleans, La., 1971.

(2) A . M . Aguiar, K . C . H ansen, and G . S. R e d d y , J . A m e r .  C h e m . S o c . ,  

89, 3067 (1967).
(3) A . M . Aguiar, G . W . Prejean, J. R . S. Irelan , and C . J . M orrow , J .  

O r g . C h e m .,  34, 4024 (1969).
(4) A . M . Aguiar, J . R . S. Irelan, G . W . Prejean, J. P . John , and C. J. 

M orrow , ibid., 34, 2681 (1969).
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AcOH

CeH^ ^C6H5 
r>

R2 (C^UPC^CR
J HX R— 1̂  +

/ r\
C6H5 Q ft  

3

2X~
(R  = alkyl)

■R12X~

Q;H5 ^  C6H5

“Ha)
c6h6 c6h 6

5

R = alkyl, phenyl; X  = Cl, Br; R1 = alkyl, H

(1)

2 R,TC=CR 
2

AcOH

R = alkyl, phenyl; R1 = alkyl; X  = Br, Cl

(2)

However, the 31P nmr spectra of the endocyclic 
dienes 4 displayed negative chemical shifts (relative to 
85% phosphoric acid) similar to those of the exocyclic 
dienes 5.

In order to study the effects exerted by various groups 
on phosphorus on the chemical shifts in the 31P nmr 
spectra, and also on the amount of bond isomerization 
in the ring system, it was decided to synthesize a 1,4- 
diphosphoniacyclohexadiene system having an alkyl 
and a phenyl group on each phosphorus atom. Sec
ondly, it was thought desirable to synthesize an endo
cyclic diene 3 with ierf-butyl groups in the 2 and 5 posi
tions; this compound would not isomerize to the exo
cyclic form and hence should permit us to investigate 
the effects exerted on the 31P chemical shifts of the 
dienes 3 by the alkyl groups in the 2 and 5 positions.

In order to synthesize a diene having terf-butyl groups 
at the 2 and 5 positions, the precursor, diphenyl-3,3- 
dimethylbutynylphosphine (7), was prepared by the 
reaction of diphenylphosphinous chloride with 3,3- 
dimethylbutynyllithium. Compound 7, on treatment 
with HC1 in glacial acetic acid, produced 1,1,4,4-tetra- 
phenyl-l,4-diphosphonia-2,5-di-£eri-butylcyclohexadiene
2,5-dichloride (8) in 70% yield (eq 3).

2 (C6H5)2PC^CC(CH3)3
AcOH

The ir spectrum (KBr) of 8 showed significant absorp
tion bands at 6.12 (C =C ) and 6.95 n (PC6H5) and the

nmr spectrum in trifluoroacetic acid (TFA) exhibited, 
in addition to the peaks corresponding to the phenyl 
and alkyl protons, a “ pseudotriplet”  (J =  28 Hz) at 
5 8.46. This feature of the nmr spectrum seems to be 
very characteristic for these endocyclic dienes.2-4 The 
structure of 8 was confirmed by the elemental analysis of 
its dipicrate.

To extend the investigation to the 1,4-diphosphonia- 
cyclohexadiene system having an alkyl and a phenyl 
group on each phosphorus atom, alkyl phenyl alkynyl-1- 
phosphines 9 were needed as precursors. The alkynyl-1- 
phosphines 9 constitute a new class of unsaturated phos
phorus compounds which have not yet been described. 
The phosphines 9 were prepared starting from phenyl- 
phosphonous dichloride and lithium alkynylides as 
shown in Scheme I.

S c h e m e  I

C6H6PCh +  L iC = C R  
0.1 mol I 0.05 mol

C6JI5P (C = C R )i +  CcH5P(C1)C=CR +  C6H6PC12

I n -C iH sL i (0.15 m ol)

ra-C4H 9
\

C6H6P ( f e C R ) 2 +  P C = C R  +  C6H5P(n-C4H 9)2
/

C6H6
Qa-c

a, R  = C6H6; b, R  =  ^ C 3H7; c, R  =  n-C4H 9

The usual work-up3 and fractional distillation 
under reduced pressure afforded 9a-c in 52-61% yield.

Treatment of 9a with HC1 in hot glacial acetic acid 
produced l,4-di-n-butyl-l,2,4,5-tetraphenyl-l,4-diphos- 
phoniacyclohexadiene 2,5-dichloride (10) in 41% yield 
(eq 4).

2 2C r (4)

The ir and nmr spectra and the elemental analysis of 
the dipicrate of 10 supported its structure.

The phosphines 9b and 9c, when treated with HC1 
in hot glacial acetic acid, produced l,4-di-n-butyl-l,4- 
diphenyl-l,4-diphosphonia-2,5-dialkylidenecyclohexane 
dichlorides (11a and lib , respectively, Scheme II). 
However, when 9b was treated with HC1 in glacial 
acetic acid at 0°, the endocyclic diene 12 was produced 
(Scheme II ).

The ir spectra (KBr) of the dienes lla ,b  displayed 
strong absorption bands at 6.19 (C =C ) and 6.95 fx 
(PC6H5) and the nmr spectra (TFA) of lla,b ex
hibited, in addition to other proton signals, a triplet 
(J =  13 Hz) at o 4.25 and a doublet of two triplets 
(JPH = 20, Jim = 7 Hz) at 7.08. The triplet was as
signed to the ring methylene protons, which are coupled 
to both the phosphorus atoms.3 The signal centered 
at 5 7.08 is attributed to the olefinic protons, coupled to 
the vicinal chain methylene protons (J = 7 Hz).3 The
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Scheme II

HCl/i-C4H9.__  *—
2 ^ :P C = C R -----------------►R1 ^

CßHö AcOH (boiling) ^.C

9b,c H

CßH5 n-C4H9 
^  C/ H

= c r  /  \
Cel 

lia, b

X » 2tr

(5)

12
R = ra-C3H7, ra-C4H9; R1 = C2H5, re-C3H7

stereochemistry of the butyl and phenyl groups on 
phosphorus in 10, 11a, and lib is not yet clear.

In order to demonstrate the thermal isomerization 
of the 1,4-diphosphoniacyclohexadienes, 12 was re
fluxed in acetic acid for 1 hr. The nmr spectra showed 
that 12 had completely isomerized to the correspond
ing exocyclic diene 11a (R 1 = C2H5). At elevated 
temperatures the endocyclic dienes, having primary 
groups at the 2 and 5 positions, isomerize to the cor
responding exocyclic dienes. It is also possible that 
at elevated temperatures, the P-phenylated alkynyl-1- 
phosphines rearrange to allene intermediates, which 
then cyclize to give the exocyclic isomers directly.

The only significant structural difference between 
the diphenylated exocyclic dienes lla,b and the tetra- 
phenylated exocyclic dienes 5 is that the former com
pounds (lla,b) have one n-butyl and one phenyl group 
instead of two phenyl groups on each phosphorus atom. 
With this subtle difference, it seems reasonable to as
sume that the conformations of all these exocyclic 
dienes, in solution, are essentially the same. Based upon 
this assumption a comparison of 31P chemical shifts of 
the diphenylated exocyclic dienes lla,b with those of 
tetraphenylated exocyclic dienes 5 (Table I) shows that

T a b l e  I
31P C h e m i c a l  S h i f t s

Shift,
C om p d  p p m “

3 (R =  C6Hs) + 3 . 52
10 - 3 . 4
8 + 3 .7
5 (R 1 =  n-CjHu) -1 7 .0

11a -2 3 .2
l ib  -2 3 .3

“ All the spectra were taken in methanol solution and the 
chemical shifts are relative to 85% phosphoric acid.

the phenyl groups on the phosphorus atoms exert a 
shielding effect on these atoms. Similarly, it may be 
assumed that the endocyclic diene 10 has the “ boat” 
conformation like that of the endocyclic diene 3 (R = 
CeH6).5 6 Again, the 31P chemical shifts of these two 
endocyclic dienes, 3 (R = C6H6) and 10, suggest that

(5) D r. Louis Trefonas, L ou isiana S.tate U n iversity  a t N ew  Orleans,
private com m u nication .

the phenyl groups on phosphorus atoms significantly 
shield these atoms. Further support for this is ob
tained from the fact that replacing a phenyl group by a 
n-butyl group on each phosphorus atom, in both the 
endocyclic and the exocyclic dienes, causes an essentially 
constant difference in the 3IP chemical shifts (Table I). 
The nature of this shielding is not yet well understood, 
but a possible explanation is a 2p-3d orbital overlap 
giving pTr-dx interaction; our current investigations 
are directed toward the understanding of these inter
actions.

Experimental Section

General.—Reactions involving phosphines and organometallics 
were carried out under dry nitrogen. Diethyl ether was dried 
over sodium. Phenylphosphonous dichloride and diphenyl- 
phosphinous chloride were redistilled before use. Acetic acid 
was dried by addition of 50 ml of acetic anhydride to 1 gallon of 
reagent grade glacial acetic acid. Infrared spectra were taken 
with a Beckman IR-5A infrared spectrophotometer. Proton 
nuclear magnetic resonance spectra were taken with a Varian 
A-60 spectrometer. Melting points were determined in a Mel- 
Temp melting point apparatus and are uncorrected. All proton 
chemical shifts reported are in parts per million (S) relative to an 
internal standard of tetramethylsilane.

Diphenyl 3,3-Dimethylbutynyl-l-phosphine (7).— This phos
phine was prepared by the reaction of 3,3-dimethylbutynyl- 
lithium (0.05 mol) with diphenylphosphinous chloride (0.05 mol) 
in 250 ml of ether.3 The usual work-up afforded the phosphine in 
81% yield: bp 151-152° (0.2 mm); ir 4.6 y (C = C ); nmr 
(CDCb) d 7.85-7.18 (m, 10 H, phenyls), 1.32 (s, 9 H, ieri-butyl 
group).

Anal. Calcd for Ci8H19P: C, 81.18; H, 7.19; P, 11.63. 
Found: C, 81.25; H, 7.07; P, 11.55.

Preparation of Phosphines 9a-c. General Procedure.— The
alkyne (0.05 mol) was dissolved in 100 ml of ether under nitrogen 
and cooled with Dry Ice. A hexane solution of n-butyllithium 
(0.05 mol) was added slowly with continuous stirring. After 
0.5 hr of stirring, this suspension of alkynyllithium was trans
ferred to a dropping funnel with the help of a delivery tube under 
nitrogen pressure and then added dropwise to a Dry Ice cooled 
solution of 0.1 mol of phenylphosphonous dichloride in 100 ml of 
ether in a 500-ml three-necked flask. The reaction mixture was 
stirred for 45 min and then 0.15 mol of n-butyllithium solution in 
hexane was added slowly with Dry Ice cooling and continuous 
stirring. The reaction mixture was stirred for an additional 15 
min and then 100 ml of saturated ammonium chloride solution was 
slowly added and the reaction mixture was stirred well. With 
the help of a bent tube under nitrogen pressure, the contents of the 
reaction vessel were transferred to a separatory funnel and the 
layers were separated. The organic layer was dried (Na2S04), 
filtered, and fractionally distilled under reduced pressure. The 
second fraction was the desired product in each case.

-n-Butylphenylphenylethynylphosphine (9a) had bp 170° (0.07 
mm); yield 53%; ir (CHC1,) 4.61 y (C = C ); nmr (CDC13) 5
7.90-7.15 (m, 10 H, phenyl), 2.1-1.15 (m, 6 H, methylenes), 
0.85 (t, J — 6.5 Hz, 3 H, methyl).

Anal. Calcd for Ci8H19P: C, 81.18; H, 7.19; P, 11.63. 
Found: C, 80.99; H, 7.11; P. 11.71.

n-Butylphenylpentynyl-l-phosphine (9b) had bp 143° (0.1 mm); 
yield 61%; ir (CHCb) 4.56 y (C = C ); nmr (CDCb) S 7.9-7.2 
(m, 5 H, phenyl), 2.38 (close pair of t, J =  6.5 Hz, 2 H, C = C C  
H2), 1.85-1.25 (m, 8 H, methylenes), 1.02 (close pair of t, J =
6.9 Hz, 6 H, methyl).

n-Butylphenylhexynyl-l-phosphine (9c) had bp 159-160° (0.1 
mm); yield 60% ; ir (CHCb) 4.59 y (C = C ); nmr (CDCb) 7.82-
7.18 (m, 5 H) phenyl), 2.35 (close pair of t, 2 H, C = C C H 2), 
1.82-1.2 (m, 10 H, methylenes), 0.95 (crude pair of t, 6 H, 
methyl).

Anal. Calcd for C,6H23P: C, 78.02; H, 9.41; P, 12.57. 
Found: C, 77.56; H, 9.38; P, 12.61.

Preparation of 8, 10, and lla ,b . General Procedure.— The
alkynyl-l-phosphine (0.01 mol) was dissolved in 75 ml of acetic 
acid and a slow stream of HCl was passed through the solution for 
1 hr. Owing to heat of solution of HCl, the reaction mixture 
started boiling. The reaction flask was cooled to room tempera
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ture, stoppered, and kept overnight. The acetic acid was dis
tilled off under reduced pressure. The pale-white solid residue 
was washed twice with 25-ml portions of acetone and crystallized 
from mixed acetone-methanol solvent.

1 .1 .4 .4- Tetraphenyl-2, 5-di-ierf-butyl-1, 4-diphosphoniacyclo- 
hexadiene 2,5-dichloride (8) had mp 285-287°; yield 73%; ir 
(KBr) 6.12 (C = C ), 6.95 p  (PC6H6); nmr (TFA) S 8.45 (t, J  = 
28 Hz, 2 H, vinyl), 7.94 (m, 20 H, phenyl), 1.33 (s, 18 H, tert- 
butyl groups).

A methanol solution of 8 on treatment with a methanol solution 
of sodium picrate produced an orange, crystalline precipitate of 
dipicrate. The precipitate was recrystallized from methanol, mp 
278-279°.

Anal. Calcd for C48H«N60hP2 (picrate): C, 57.60; H, 4.43; 
N, 8.40; P, 6.19. Found: C, 58.00; H, 4.54; N, 8.35; P,
5.96.

1.4- Di -n-butyl-1,2,4.5-tetraphenyl-1,4-diphosphoniacyclohexa- 
diene 2,5-dichloride (10) had mp 257-259°; ir (KBr) 6.48 
(C = C ), 6.96 n (PCeHs); nmr (TFA) 8.17 (t, /  =  29 Hz, 2 H, 
vinyl), 7.21-8.65 (m, 20 H, phenyl), 3.11 (m, 4 H, PCH2), 1.69 
(m, 8 H, methylenes), 1.01 (t, J =  7 Hz, 6 H, methyl). The 
dipricrate of 10 was prepared as described under 8, mp 265- 
267°.

Anal. Calcd for C48H«N60 hP2: 0 ,57 .60 ; H, 4.43; N, 8.40; 
P, 6.19. Found: 0 ,57 .76 ; H, 54.2; N, 8.46; P, 6.33.

1,4-Di -n-butyl-1,4-diphenyl-l,4-diphosphonia-2,5-dipropyli- 
denecyclohexane dichloride (11a) had mp 240-241°; yield 32%; 
ir 6.19 (C = C ), 6.96 y  (PC6H5); nmr S 7.10 (2 H, vinyl), 4.27 
(t, J  =  13 Hz, 4 H, ring methylenes), 3.02 (m, 4 H, PCH2), 2.49 
(d, J  =  7 Hz, 4 H, allylic), 1.58 (m, 8 H methylenes), 1.22 (two 
t, J  =  7.5 Hz, 12 H, methyl).

1.4- Di -?i-butyl-l,4-diphenyl-l,4-diphosphonia-2,5-dibutylidene- 
cyclohexane dichloride ( l ib )  had mp 249-251°; yield 27%; ir
6.20 (C = C ), 7.01 M (PC6H5); nmr (TFA) S 7.95 (m, 10 H, 
phenyl), 7.08 (crude d of t, 7 ph =  20, J hh = 7 Hz, 2 H, vinyl),
4.25 (t, J =  13 Hz), 4 H, ring methylenes), 2.98 (m, 4 H, 
PCH2), 2.48 (d, J  =  7 Hz, 4 H, allylic), 1.56 (m, 12 H, methy
lenes), 1.02 (12 H, methyls).

1.4- Di -n-butyl-1,4-diphenyl-2,5-di-n-propyl-1,4-diphosphonia- 
cyclohexadiene 2,5-Dichloride (12).— n-Butylphenylpentynyl-J- 
phosphine (1.16 g, 0.005 mol) was dissolved in 25 ml of glacial 
acetic acid and cooled to 0°. A slow stream of HC1 was passed 
through the solution for 1 hr with continuous stirring while the 
temperature was kept at 0°. The acetic acid was stripped off 
under reduced pressure at room temperature. The residue on 
trituration with acetone gave the desired product in 20% yield, 
melting at 229-235°. The ir spectrum (KBr) showed char
acteristic absorption bands of 6.21 (C = C ) and 6.98 y (PCeHs) and 
the nmr spectrum (AcOH) exhibited the characteristic pseudo
triplet (J  =  27 Hz) at 8 8.24 and all the other proton resonance 
signals also checked with the assigned structure. Similarly, the 
nmr spectrum in methanol was found to be in agreement with the 
structure. However, nmr spectrum in TFA showed that 12 had 
isomerized to 1 la. Also when 12 was refluxed with acetic acid for 
1 hr, the nmr spectra in all the three solvents, AcOH, TFA, and 
methanol, showed that 12 had isomerized to the exocyclic form 
11a. Compounds described here are available from Strem 
Chemical Co., Danvers, Mass.

Registry No.—7, 33730-51-7; 8, 38565-20-7; 8
dipicrate, 38565-21-8; 9a, 38592-33-5; 9b, 38565-22-9; 
9c, 38565-23-0; 10, 38565-24-1; 10 dipicrate, 38565-
25-2; 11a, 38565-26-3; l i b , 38565-27-4; 12,38565-28-5;
3,3-dimethylbutyryllithium, 37892-71-0; diphenyl- 
phosphinous chloride, 1079-66-9; phenylethyne, 536-
74-3; 1-pentyne, 627-19-0; 1-hexyne, 693-02-7.
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The Reaction of Phenylphosphonic
Dichloride with Dimethyl Sulfoxide1

R i c h a k d  J. B r o o k s  a n d  C l i f f o r d  A. B u n t o n *

Department of Chemistry, University of California,
Santa Barbara, California 93106
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Dimethyl sulfoxide (DMSO) will convert chlorides 
of pentavalent phosphorus into their acids.2 To date 
this reaction has been used only with monochlorides, 
but we find it to be a convenient method for the single- 
step conversion of phenylphosphonic dichloride (I) 
into methyl phenylphosphonate (II).

OH
1. D M S O  |

PhPOCh------------ >  PhPO-OMe
j  2. M eO H  j j

Experimental Section

DMSO (2 g, 0.0256 mol) in CH2C12 (15 ml, dried over CaH2) 
was added to stirred phenylphosphonic dichloride (5 g, 0.0256 
mol) in dry CH2C12 (100 ml) during a period of 5 min. The 
reaction was followed by ir spectroscopy using matched NaCl cells 
and CH2C12 as a reference. After ca. 30 min, the absorptions at 
1258 (P = 0 )  and 1110 cm-1 (PPh) due to the phosphonic di
chloride had reached a minimum and a new absorption at 1230 
cm -1 ( P = 0 )  had reached a maximum. A  fivefold excess of 
MeOH was then added and after several hours the solvent was 
removed on a rotary evaporator. The residue, dissolved in dry 
Me2CO, was neutralized with eyclohexylamine (Congo Red). 
The cyclohexylammonium salts of II and phenylphosphonic acid 
precipitated. (A small amount of dimethyl phenylphosphonate 
remained in solution, and was identified by nmr.)

Cyclohexylammonium methyl phenylphosphonate (III) was 
extracted with hot M e2CO, in which the salt of the diacid is in
soluble. The cyclohexylammonium methyl phenylphosphonate 
(III) had mp 156-158° after recrystallization from M e2CO, 
and the overall yield was 52%. Anal. Calcd: C, 57.5; H, 8.2; 
N ,5.2. Found: C, 57.4; H, 8.4; N, 5.0. It had a strong P = 0  
stretch at 1188 cm-1, and the barium salt had a P = 0  stretch at 
1220 cm -1. [That of barium phenylphosphonate is at 1258 cm -1, 
and that of the free acid is at 1145 cm-1, and the dichloride shows 
strong absorptions at 1258, 1110, and 580 cm-1 (PCI)]. The 
60-MHz nmr spectrum of III (in D 20 , Varian T-60) had a mul- 
tiplet (cyclohexyl) at 8 0.86-1.96 (10.9), a doublet (OMe) at 3.22 
and 3.40 ( /  = 11 Hz, 3.0),5 and a multiplet (phenyl) at 7.31-7.76
(5.2). The values in parentheses are peak areas. Dimethyl 
phenylphosphonate in CDCb had a doublet (methoxy) at 8 3.69 
and 3 .87(7  =  11 Hz) and a multiplet (phenyl) at 7.41-8.08.

In an initial experiment the reaction mixture was left for 1 hr 
after addition of DMSO under N2 and the yield of III was 40% 
after recrystallization, but only the salt of the diacid was isolated 
from an experiment using an twofold excess of DMSO.

Results

This reaction appears to provide a simple alternative 
to the usual method of dealkylation with halide ion 
for the preparation of monomethyl phosphates or

(1) S up port o f  this w ork  b y  the A rthritis and M eta b o lic  D iseases In sti
tu te o f  the U S P H S  is gratefu lly  acknow ledged.

(2) E . H . A m on oo-N eizer , S. K . R a y , R . A . Shaw, and B. C . Sm ith ,
J . C h e m . S o c . ,  4296 (1965 ); 6250 (1965). F or general d iscussion  see ref 
3, 4.

(3) N . K harasch  and B. S. T h yagara jan , Q u a r t .  R e p .  S u l f u r  C h e m .,  1, 16 
(1966).

(4) W . W . E p stein  and F . W . Sweat, C h e m . R e v . 67, 247 (1967).
(5) T h is 8 1P - lH  cou p lin g  is typ ica l o f  com pou n ds o f  this general stru c

tu re . 6

(6 ) J. F. N ixon  and R . Schm utzler, S p e c t r o c h i m .  A c t a ,  22, 565 (1966).
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related compounds.7 We have not tested its general 
applicability, but it gives better results than the direct 
reaction of the dichloride with MeOH. The general 
course of the reactions of DMSO with acid chlorides 
has been discussed extensively.1 2“ 4 *

The reaction generates chloromethyl methyl sulfide, 
which can react further with DMSO, but this reaction 
is slower than that of DMSO with a phosphonic di
chloride, cf. ref 8, and causes no problems.

Registry No.— I, 824-72-6; 111,38555-73-6; DMSO,
67-68-5.

(7) J. R . C ox  and O. B . R a m sa y , C h e m . R e v . ,  64, 317 (1964).
(8 ) R . R a tz  and O. L . Sw eeting, J .  O r g . C h e m .,  28, 1612 (1963).

Isomeric 2,4,6-Tris(3,3,4,4,5,5,6,6,6-nonafluoro- 
hexyl)-2,4,6-trimethylcyclotrisiloxanes

Y u n g  K .  K i m , *  A r t h u r  G .  S m i t h , a n d  O g d e n  R .  P i e r c e

Advanced Research Laboratories,
Dow Corning Corporation, Midland, Michigan 1,86^0

Received October 17, 1972

Diorganocyclosiloxanes are an important segment of 
silicone chemistry and have been studied extensively;1 
however, fluorine-containing diorganocyclosiloxanes are 
a relatively new class of compounds.2 Although nu
merous studies involving diorganocyclosiloxanes have 
been described in the literature,1 the isolation and char
acterization of the stereoisomeric diorganocyclosiloxanes 
are limited to methylphenylsiloxane3 and methyl-(3,3,3- 
trifluoropropyl)siloxane4 systems. We now wish to 
report the synthesis and characterization of the cis- and 
¿rans-2,4,6-tris(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-2,4,6- 
trimethylcyclotrisiloxanes (1 and 2).

CH3 R,
1, cis 2, trans

Rf = CF3CF2CF2CF2CH2CH2

The synthetic route for the preparation of the cyclo- 
trisiloxanes 1 and 2 is shown in Scheme I. The free

(1) (a ) J. B . C arm ichael, D . J. G ord on , and F. J. Isackson , J .  P h y s .  C h e m .,  
71, 2011 (1967 ); (b ) F . P . A dam s, J. B . C arm ichael, and R . J. Zem an, J .  
P o l y m .  S c i . ,  P a r t  A - l ,  5, 741 (1967); (c ) C . L. Lee and O . K . Johannson, 
i b i d . , 4, 3013 (1966 ); (d ) C . L . Lee, J .  O r g a n o m e t a l .  C h e m .,  6, 620 (1966 ); 
(e) W . N oll, “ C h em istry  and T ech n o log y  o f S ilicones,’ ’ A cad em ic Press, N ew  
Y ork , N . Y .,  1968, C hapters 5 and 6 .

(2) (a) P . Tarrant, G . W . D yck ers, R . D unm ire, and G . B . B utler, J .  
A m e r .  C h e m . S o c . ,  79, 6536 (1957 ); (b ) O. R . P ierce, G . W . H olb rock , O. K . 
Johannson, J. C . Saylor, and E . D . B row n, I n d .  E n g .  C h e m .,  52, 783 (1960).

(3) (a) K . A . A n drian ov , S. E . Y akush ina, Y . S. S vistunov, and B . A. 
Lavrukkin, D o k l .  A k a d .  N a u k  S S S R ,  188, 345 (1969) ; (b ) V . E . D itsent, I . I. 
Skorokhodov, N . A . T erren t’ eva, and M . N . Z olotareva , Z h .  F i z .  K h i m . ,  46, 
544 (1972).

(4) (a) L. L. Burshtein, Y u . A . Y u zhelevsk ii, E . V . K ogan , and A . L.
K lebanskii, Z h .  O b s h c h . K h i m . ,  33, 2789 (1963); (b ) Y u . A . Y u zhelevsk ii,
E . V. K ogan , A . L. K lebanskii, and O. N . Larionova , i b id . ,  34, 1780 (1964).

S c h e m e  I
cat. — H B r

CF3(CF2)3Br +  CH2= C H 2 — >  CF3(CF2)3CH2CH2B r -------- >
3 4

CF3(CF2)3CH =CH 2
s

CH3 cat. CH3 H 20
5 +  HSiCl2 — >- CF3 (CF2)3CH2CH2SiCl2 — >- “ hydrolysate”  

6 7 I
base/heat J

1 +  2

radical catalyzed addition of ethylene to the bromide 36 5 6 7 8 9 
followed by dehydrobromination of the resulting adduct 
4 gave the olefin 5 in high yield. In the ethylene addi
tion, some of the higher telomers and a small amount of
1,1,1,2,2,3,3,4,4-nonafluorohexane (8) were formed in 
addition to the adduct 4. The silane 7 was prepared in 
86% yield by the addition of silane 6 to olefin 5 using 
chloroplatinic acid as a catalyst at reflux temperature. 
The base-induced “ cracking”  of the hydrolysate of 
silane 7 at 225-250° yielded a mixture of two stereo
isomeric cyclotrisiloxanes (1 and 2), a high-melting 
crystalline solid (mp 36-37°), and a low-melting liquid 
[mp 22-23°, bp 96° (0.17 mm)], in a ratio (glc) of 
approximately 1:2, respectively. The stereoisomers 
were both isolated in gas chromatographically pure 
form by crystallization from pentane and by fractional 
distillation, respectively. Both isomers gave a satisfac
tory elemental analysis and molecular weight for 2,4,6- 
tris(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-2,4,6-trimethyl- 
cyclotrisiloxane. The characteristic cyclotrisiloxane 
band (Si-O, 9.8 m)6 was observed in the infrared ab
sorption spectra of the isomers.

On the basis of thermodynamic considerations7 and 
the measurement of the dipole moments (high-melting 
form, 5.67 D, and low-melting form, 2.75 D),8 the high- 
melting form was assigned the cis configuration (1) 
while the low-melting isomer was assigned the trans 
configuration (2). In the infrared absorption spectra, 
bands at 12.7 and 12.4 p have been observed for the cis 
and trans isomers 1 and 2, respectively. Bands at 12.7 
and 12.4 p were also observed for the cis- and trans-
2,4,6-tris(3,3,3-trifluoropropyl)-2,4,6-trimethylcyclotri- 
siloxanes, respectively, and appear to be characteristic 
bands for the respective stereoisomers.9 It may be of 
interest to note that the trans isomer was found to be 
the high-melting solid in the case of 2,4,6-tris(3,3,3-tri- 
fluoropropyl) -2,4,6-trimethy lcyclotrisiloxanes.4a

Experimental Section

All melting points and boiling points are uncorrected. All 
melting points were measured by placing a sample in a cooling 
device and the observations were made using a Lietz hot stage 
microscope. Infrared absorption spectra were determined on a 
Perkin-Elmer Model 521 grating infrared spectrophotometer. 
The 19F resonance spectra were measured on a Varian high-

(5) R .  N . Haszeld ine, J .  C h e m . S o c . ,  4259 (1952).
(6) (a) N . W rig h t and M . J .  H unter, J .  A m e r .  C h e m . S o c . ,  69, 803 (1947 ); 

(b) C . W . Yo ung , P . C . Serva is , C . C . C u rr ie , and M . J .  H u n te r, i b i d . ,  70, 
3758 (1948).

(7) The  stronger reciprocal repulsions of the b u lky  and electronegative 
nonafluorohexyl groups would tend to m ake the form ation of the cis isom er 
less favorable than th at of the trans isom er. Th e  trans/c is  ra tio  observed 
is approxim ate ly two.

(8) Since a ll electronegative nonafluorohexyl groups in  the cis isomer 
are on the one side of the plane of the siloxane ring , a greater dipole moment 
should be expected for the cis isomer than for the trans isom er.

(9) H . M . K lim isch  and R .  R .  B uch , unpublished results.
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resolution nmr spectrometer operating at 56.4 M H z. Chemical 
shifts are determined in parts per million using CC13F as an in
ternal standard (6 0 ppm). The proton resonance spectra were 
obtained on a Varian A-60 nmr spectrometer using tetramethyl- 
silane as an internal standard (5 0 ppm). Gas chromatography 
was carried out on a Hewlett-Packard Model 5750 using a 10 ft 
X 0.25 in. column containing 20% Dow Corning FS 1265 Fluid 
(10,000 cSt) on Anakron 90-100 mesh ABS. The dipole mo
ments were determined by the infinite dilution method at 25° 
(benzene as solvent).

Addition of Ethylene to 1-Bromononafluorobutane (3).— Into 
a 2-1. stainless steel stirred pressure reactor were placed 990 g 
(3.31 mol) of 3 and 33.8 g (0.232 mol) of di-ierf-butyl peroxide, 
and the system was flushed with ethylene. The reaction mixture 
was heated to about 100°, after which ethylene was introduced 
to a total pressure of about 190 psi. The reaction was then con
tinuously heated to 130-135° and maintained at that tempera
ture throughout the reaction. As the reaction proceeded, the 
ethylene pressure decreased to about 150 psi; then, additional 
ethylene was again added to a total pressure of 190 psi. This 
process was repeated for 2 hr, after which a constant ethylene 
pressure of about 110 psi was maintained for 16 hr. Distillation 
of the crude product (1030 g) gave, in addition to intercuts, 350 
g (35% recovery') of starting material 3, bp 44-46°, 363 g (51% 
yield) of l-bromo-3,3,4,4,5,5,6,6,6-nonafluorohexane (4), bp 42° 
(35 mm), 1.3330, 55 g (7%  yield) of l-bromo-5,5,6,6,7,7,-
8,8,8-nonafluorooctane (9), bp 86° (28 mm), n2SD 1.3580, and 
46 g of still residue.

Anal. Calcd for C6H4F9Br: c, 22.04; H, 1.23. Found
C, 22.2; H, 1.37. 

Anal. Calcd for C8H8F9Br: c, 27.06; H, 2.27. Found:
C, 27.2; H, 2.39.

The 19F and *H nmr spectra of 4 and 9 are consistent with the 
assigned structures, respectively. In making several runs of 
this reaction, a third component was isolated and identified as
1,1,1,2,2,3,3,4,4-nonafluorohexane (8), bp 67°, n26d ca. 1.28.

Anal. Calcd for C6H5F9: C, 29.04; H, 2.03; F, 68.93. 
Found: C, 28.8; H, 2.20; F, 68.6.

The 19F nmr spectrum of 8 shows signals centered at 8 81.6 
(3 F), 117.1 (2 F), 124.3 (2 F), and 126.2 (2 F). The XH nmr 
spectrum is comprised of signals centered at 5 1.6-2.6 (-C F 2CH2- ,  
2 H) and 1.12 (CCH3, 3 H).

Dehydrobromination of l-Bromo-3,3,4,4,5,5,6,6,6-nonafluoro- 
hexane (4).— Into a stirred solution of 220 g of potassium hy
droxide in 800 ml of ethanol was added slowly 668 g (2.04 mol) 
of 4 at room temperature (<45°). After completion of the ad
dition, the mixture was stirred at room temperature overnight. 
Then, about 700 ml of water was added to the mixture, and the 
organic layer was separated, washed with water, and dried over 
Drierite to yield 470 g (93% yield) of crude product. Distilla
tion gave 425 g (85% yield) of analytically pure 3,3,4,4,5,5,-
6,6,6-nonafluorohexene-l (5), bp 59-59.5°, n 26D ca. 1.28.

Anal. Calcd for C6H3F9: C, 29.28; H, 1.23; F, 69.49 
Found: C, 29.2; H, 1.40; F, 70.2.

The spectral properties are in agreement with the olefin 5.
Addition of Methyldichlorosilane (6) to 3,3,4,4,5,5,6,6,6- 

Nonaflucrohexene-1 (5).— Into a stirred and refluxing mixture of 
383 g' (1.56 mol) of olefin 5 and 1.5 ml of a 0.1 M  solution of 
chloroplatinic acid hexahydrate in isopropyl alcohol was added 
slowly 280 g (2.44 mol) of methyldichlorosilane. After the ad
dition was complete, the mixture was continuously heated under 
reflux (about 43°) while stirring slowly. At the end of 20 hr, an 
additional 1 ml of the catalyst was introduced into the mixture, 
and heating was continued for an additional 48 hr. The re
sulting mixture, deep yellow in color, was distilled to give 475 g 
(84% yield) of (3,3,4,4,5,5,6,6,6-nonafluorohexyl)methyldi- 
chlorosilane (7), bp 78.5° (31 mm), w 26d  1.3540.

Anal. Calcd for C7H7F9SiCl2: C, 23.28; H, 1.95; F, 47.35; 
Si, 7.78; Cl, 19.64. Found: C, 23.5; H, 1.96; F, 48.2; Si, 
7.90; Cl, 19.0.

The 19F nmr spectrum shows signals centered at 8 82.3 (3 F),
116.3 (2 F), 124.3 (2 F), and 126.4 (2 F), indicating the presence 
of nonafluorobutyl group.

Preparation of a Mixture of the cis- and trans-2,4,6-Tris- 
(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-2,4,6-trimethylcyclotrisilox- 
anes (1 and 2).— Into a flask containing stirred water (1 1.) was 
added a solution of 927 g (2.6 mol) of the silane 7 in about 
700 ml of ether at room temperature. After the addition was 
complete, the mixture was stirred at room temperature for sev
eral hours, and then the organic layer was separated, washed 
with aqueous sodium bicarbonate (5% ), and dried over Drierite. 
After removal of ether in vacuo, the resulting liquid hydrolysate 
(790 g) was mixed with 30 g of powdered potassium hydroxide. 
The mixture was distilled in vacuo using a 1 ft vacuum-jacketed 
bubble-cap column at a pot temperature of 225-250°. Under 
a heavy reflux, the distillate boiling between 138 and 149° (3 
mm) was collected to yield 559 g of a mixture of the cis and trans 
isomers 1 and 2. Gas chromatographic analysis indicates that 
the isomeric mixture (eis:trans =  ~ 1 :2 )  is fairly pure.

Redistillation of the isomer mixture through a bubble-cap 
column (1 ft X  0.75 in.) with a reflux ratio of 1:50 gave the fol
lowing fractions (Table I).

T a b l e  I
F rac tion B p , °C  (1 -2  m m ) w t, g A p p ro x  c is :tra n s  (

1 93-136 40 Forecut
2 139-140 23 3:1
3 139-144 25 2:1
4 141 80 1 : 1

5 141 46 1:1
6 143-144 24 1:2
7 142 38 1:2
8 142-144 40 1:3
9 142 44 1:4

10 142-143 22 1:10
11 Still residue 51 Mostly trans

Isolation of cfs-2,4,6-Tris(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-
2.4.6- trimethylcyclotrisiloxane (1).— A mixture of cis and trans 
isomers 1 and 2 (175 g, cis:trans ca. 1) was cooled briefly ( — 20°), 
and the solid was quickly collected by filtration to yield 68 g of an 
isomeric mixture of 1 and 2 (cis: trans ca. 2). This isomeric mix
ture was dissolved in warm pentane (50 ml), filtered while warm, 
and then cooled. A white solid was collected by filtration and 
dried in vacuo to yield gas chromatographically pure cis isomer 
1, mp 36-37°, ra42D 1.3348.

Anal. Calcd for C^H^F^OsSh: C, 27.45; H, 2.30; Si, 
9.17; mol wt, 919. Found: C, 27.80; H, 2.42; Si, 9.17; 
mol wt, 880 (vpo).

The 19F nmr spectrum shows signals centered at 5 82.1 (CF3),
117.1 (CF2CH2), 125.1 (CF2), and 126.8 (CF2). The 2H nmr 
spectrum is comprised of signals centered at 8 0.24 (SiCH3), 
0.65-1.1 (SiCH2), and 1.6-2.6 (CH2CF2). The infrared spec
trum shows bands at 8.1 and 8.2 (CF), 9.8 (SiOSi), and ~ 1 2 .7  u-

Isolation of £rtms-2,4,6-Tris(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-
2.4.6- trimethylcyclotrisiloxane (2).— A mixture of cis and trans 
isomers 1 and 2 (mostly trans isomer) was distilled in vacuo using 
a spinning band column (36 X 0.75 in.; ca. 35 theoretical plates) 
to yield a greater than 98% stereochemically pure trans isomer 
2: bp 96° (0.17 mm); mp 22-23°; rc26D 1.3403; d2\ 1.495.

Anal. Calcd for C2iH2iF270 3Si3: C, 27.45; H, 2.30; F, 
55.84; Si, 9.17; mol wt, 919. Found: C, 27.30; H, 2.52; 
F, 55.9; Si, 9.15; mol wt, 907 (vpo).

The 19F nmr spectrum is comprised of signals centered at 8
81.0 (CF3), 116.5 (CF2CH2), 124.5 (CF2), and 126.0 (CF2). The 
*H nmr spectrum is identical with that of the cis isomer. The 
infrared spectrum shows bands at 8.1 and 8.2 (CF), 9.8 (SiOSi), 
and ^ 1 2  A  ii.

Registry N o.—1, 38521-58-3; 2, 38521-59-4; 3, 
375-48-4; 4, 38436-14-5; 5, 19430-93-4 ; 6, 75-54-7; 7, 
38436-16-7; 8, 38436-17-8; 9, 38436-18-9; ethylene, 
74-85-1.
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Reaction of Representative Alkynes with 
Monochloroborane Diethyl Etherate.

A Simple Convenient Synthesis of 
Dialkenylchloroboranes via  Hydroboration

Summary: Monochloroborane diethyl etherate (BH2- 
Cl-OEt2) reacts with alkynes to give dialkenylchloro
boranes which are easily isolated and, if desired, readily 
converted into the corresponding dienes, alkenes and 
carbonyl compounds.

Sir: The reaction of monochloroborane diethyl ether
ate (BH2Cl-OEt2) with alkynes can be controlled to 
provide the hitherto difficultly accessible dialkenyl
chloroboranes. These dialkenylchloroboranes are easily 
isolated by simple distillation under reduced pressure. 
They can be protonolyzed to the alkenes, oxidized to 
aldehydes or ketones, or converted into cis,trans dienes 
on treatment with sodium hydroxide and iodine. Con
sequently, this development provides a remarkably 
simple route to such cis,trans dienes.

BH2Cl-OEt2 in ethyl ether solution readily hydro
borates a variety of olefins providing a simple synthe
sis of dialkylchloroboranes.1 Investigation of the re
action of this reagent with representative alkynes re
vealed that internal alkynes, such as 3-hexyne and 
1-phenylpropyne, undergo monohydroboration rapidly 
at 0° by the reagent used in stoichiometric amounts to 
form the dialkenylchloroboranes cleanly, as shown in 
eq 1. In the case of terminal alkynes, the reaction

Et20
2R C = C R  +  BH2C1 ------- -o°

R R

hHS  B— ClH
R R

(1)

involving stoichiometric amounts of the reagent pro
duces only 60-70% of the monohydroboration product.2 
However, essentially quantitative formation of the de
sired dialkenylchloroborane can be achieved in these 
cases by using excess alkyne (~ 40% ) (eq 2). All of

2RC==CH +  BH2C1
E t2 0 , 0 °

R Hw
40% excess alk-yne

H'
II B— Cl (2)H
R H

the terminal alkynes tested behaved in the same man
ner. The dialkenylchloroboranes are easily isolated 
by distillation under low pressure. A few representa
tive dialkenylchloroboranes were synthesized, isolated, 
and characterized by pmr and elemental analysis 
(Table I).

(1) H . C . B row n and N . R a vin dran , J .  A m e r .  C h e m . S o c . ,  94, 2112 (1972).
(2) In  this case, the a lkyne underw ent considerable d ih ydroboration . 

T h e nature o f  the d ih ydroboration  p rod u ct is currently  under investigation .

T a b l e  I
S y n t h e s i s  o f  D i a l k e n y l c h l o r o b o r a n e s  b y  t h e  

M o n o h y d r o b o r a t i o n  o f  A l k y n e s  w i t h  M o n o c h l o r o b o r a n e  
D i e t h y l  E t h e r a t e

A lkyn e D ialkenylchloroborane®

Iso
lated
yield ,

% B p , °C  (m m )

l-Hexyne Bis( trans- 1-hexenyl )- 81 79-81

3,3-Dimethyl-
chloroborane

Bis(frcros-3,3-dimethyl- 80
(0.05)

52-53
1-butyne l-butenyl)chloroborane (0.09)

Cyclohexyl- Bis((rans-2-cyclohexyl- 76 122-124
ethyne 1-ethenyl )chloroborane (0.025)

3-Hexyne Bis(ets-3-hexenyl )- 88 66-68
chloroborane (0.10)

“ The stereochemistry of the products were determined by 
pmr. The isolated dialkenylchloroboranes all gave correct ele
mental analyses.

Zweifel and coworkers have reported that thexyl 
dialkenylborinates, obtained by the oxidation of thexyl- 
dialkenylboranes with trimethylamine oxide, are con
verted into cis,trans dienes on treatment with NaOH- 
I2.3 The dialkenylchloroboranes can be directly trans
formed into cis,trans dienes by Zweifel’s procedure 
(eq 3 and 4). Consequently, this development now 
provides a remarkably simple route to such dienes.

Et Et Et
BEUC1 \  ^

E t fe C E t  — >- C = C

H

n-C4H 9C = C H
n-C4H9\

/
H

B H 2CI

C = C

B
ICl

Et

Et
/  NaOH-Iîc = c ----- >■
\

H

Et

C = C  Et (3)
/  \  /

H C = C
/  \

Et H
83%

H H TO-C4H 9

' " " ^ c = c / /
X h

N a O H -I j  
------------->-

Cl
re-CJD H

C = C  ™-C4H9 (4)

C  'c = c /
/  X H
81%

Like the other alkenylboranes,4 the dialkenylchloro
boranes undergo protonolysis with acetic acid in tetra-

(3) G . Zw eifel, N . L. Polstern, and C . C . W h itn ey , J .  A m e r .  C h e m . S o c . ,  

9 0 ,6 2 4 3  (1968).
(4) H . C . B row n and G . Zw eifel, J .  A m e r .  C h e m . S o c . ,  83, 3834 (1961).
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hydrofuran to give stereochemically pure olefins (eq 
5 and 6). Oxidation of dialkenylchloroboranes with

Et Et Et Et
\  /  T H F  \  /

C = C  ------------ >- C = C  (5)
/  C H .C O O H  /  \

H jBCl H H
92%

T H F
n-C4H9C H = C H - )2B C l------------ >- n-C4H9C H = C H 2 (6)

CH aC O O H  9 0 %

alkaline hydrogen peroxide gives the corresponding 
carbonyl compounds (eq 7 and 8).

Et Et

C = C  ,
/  j y

H 2BC1

O
NaOH-HaOa ||
--------------- >- EtCH2CEt

96%
(7)

~j—  C H = C H —-)2 BC1 n!03 - h^ >  -I— CH2CHO (8)
1 65%

The directive effect in the monohydroboration of 
representative alkynes with BH2C1 • OEt2 was examined. 
Analysis of the hydroboratkm mixture for residual 
alkyne and hydride established that quantitative con
version to the dialkenylchloroborane was achieved. 
The reaction mixture was then oxidized and the re
sulting carbonyl products were reduced to the alcohols 
with alkaline sodium borohydride. The alcohols were 
analyzed by gc. In the case of terminal alkynes, the 
amount of the internal alcohols found corresponds to 
the fraction of boron in the internal position. Since 
the formation of dialkenylchloroborane was quanti
tative, the remainder of the boron must have gone to 
the terminal position. (Oxidation of terminal vinyl- 
boranes to aldehydes in quantitative yield is more 
difficult.) The results are presented in Chart I. The

C h a r t  I

D i s t r i b u t i o n  o f  B o r o n  i n  t h e  M o n o h y d r o b o r a t i o n  
o f  A l k y n e s  w i t h  BH2Cl-OEt2 

C

c — c — c — c — c = c  
t t

5% 95%

0 - c - c  
w  t t

26% 74%

C— C— Cs=C
I t t
c  1 T

2% 98%

$  \ — c = c — c 
w  t t

73% 27%

3-hexyne in 15 ml of ethyl ether was added dropwise 
50 mmol of BH2C1 in ethyl ether1 (37 ml) at 0° and 
this mixture was stirred under nitrogen for 2 hr. The 
ether was removed using a water aspirator and the bis- 
(as-3-hexenyl)chloroborane was distilled at 66-68° 
(0.1 mm). The product, obtained in 88% yield, was 
characterized by pmr and elemental analysis. In the 
experiment involving terminal alkynes, the procedure 
was identical except that 140 mmol of alkyne (40% 
excess) was used instead of the stoichiometric amount.

For the synthesis of diene, 50 mmol of bis(cfs-3- 
hexenyl)chloroborane (ether removed, but not dis
tilled) was dissolved in 40 ml of tetrahydrofuran. 
Aqueous sodium hydroxide (3 M, 200 mmol) was then 
added at 0°, followed by dropwise addition of tetra
hydrofuran solution of iodine until a slight color of 
iodine persisted. The excess iodine was destroyed by 
stirring with excess sodium thiosulfate solution at 25°. 
The diene was extracted into pentane, washed with 
dilute thiosulfate solution, dried, and distilled at 62-64° 
(8 mm). The cts,/rans-4,5-dicthyl-3,5-octadicne, ob
tained in 83% yield, was characterized by pmr.3

To achieve the protonolysis, 4 mmol of bis(cfs-3- 
hexenyl)chloroborane was dissolved in 2 ml of tetra
hydrofuran and stirred with 2 ml of glacial acetic acid 
at 25° for 3 hr. The yield of cfs-3-hexene formed was 
92% (gc analysis).

Oxidation of 10 mmol of bis (cfs-3-hexenyl) chlorobo- 
rane in 10 ml of ether was carried out by adding, at 0°, 
20 mmol of aqueous sodium hydroxide (3 M), followed 
by 2 ml of 30% hydrogen peroxide (dropwise) and 10 
ml of ethanol, and stirring at 25° for 30 min. The 
yield of 3-hexanone was 96% (gc analysis).

The present development provides, for the first 
time, a general convenient procedure for the synthesis 
of dialkenylchloroboranes.7 The ready availability 
of these compounds by the present simple procedure 
should facilitate the exploration of the chemistry of 
this interesting class of compounds. Diene forma
tion, protonolysis, and oxidation are synthetically use
ful reactions of these compounds, and other interesting 
applications may be anticipated.

(7) The only compound of this class reported to date is the diethenyl- 
chloroborane obtained, in 35% yield by the fractionation of a mixture of 
products from the reaction of tetraethenyltin with boron trichloride at 60°: 
F. E. Brinckman and F. G. A. Stone, J. Amer. Chem. Soc., 82, 6218 (1960).

(8) Postdoctoral research associate on National Science Foundation Grant 
No. 27742X.
R i c h a r d  B. W e t h e r i l l  L a b o r a t o r y  H e r b e r t  C. B r o w n * 
P u r d u e  U n i v e r s i t y  N. R a v i n d r a n 8

L a f a y e t t e , I n d i a n a  47907

results reveal that the directive effect in the hydro- 
boration of terminal acetylenes with BH2Cl-OEt2 is 
less than that observed in the hydroboration of olefins 
with this reagent.5 However, it is not possible to com
pare the directive effects achieved with BH2Cl'OEt2 
with those of borane itself, because the latter reagent 
converts terminal acetylene predominantly to the di- 
hydroboration product.4'6 The greater control of 
monohydroboration of acetylenes provided by chloro- 
borane represents a major advantage of this reagent.

The following experimental procedures for the syn
thesis and reactions of bis(cfs-3-hexenyl)chloroborane 
are representative. To a solution of 100 mmol of

(5) H. C. Brown and N. Ravindran, J. Org. Chem., 38, 182 (1973).
(6) G. Zweifel and H. Arzoumanian, J. Amer. Chem. Soc., 89, 291 (1967;.

R e c e i v e d  J a n u a r y  12, 1973

Conformational Effect on Observable Magnetic 
Nonequivalence of Diastereotopic Protons.

III. 3-AxiaI Alkyl Effect1

Summary: The diastereotopic, benzylic protons of a 
substituted 1-benzylpiperidine appear as an AB quartet 
in the nmr spectrum if a 3-alkyl substituent is either 
axially oriented or is a branched chain and equatorial.

Sir: The diastereotopic relationship of two hydrogens 
is a necessary but not a sufficient requirement for
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them to have pmr signals showing different chemical 
shifts. It has been shown that the diastereotopic 
protons of the methylene group of an iV-benzylpiper- 
azine or -piperidine appear to have identical chemical 
shifts if the lack of symmetry results from a 2-axial 
group or from a 3 substituent.1'2 These relationships 
have permitted a qualitative conformational analysis of 
substituted iV-benzyl six-membered heterocycles.3

An extension of this investigation has provided 
another generalization which will be of value in the 
stereochemical studies of nitrogen heterocycles. A
3-axial but not a 3-equatorial alkyl substituent on a
1-benzylpiperidine causes observable nonequivalence of 
the benzylic, methylene protons.

A series of 1-benzyl 3,4-disubstituted piperidines (1) 
were prepared by hydrogenation of the corresponding 
pyridines. The reactions gave primarily one isomeric 
form of the product shown to be the cis isomer 1. On 
the basis of the previous results2'3 it was anticipated 
that the products 1 and 2 would show singlets for the 
methylene protons of the iV-benzyl group due to un
detectable chemical shift differences, and indeed this 
was the nmr observation made with 2. The signals for 
these protons in the cis isomers la-c, however, all 
appeared as AB quartets of ~10-12-Hz difference in 
chemical shifts of the diastereotopic hydrogens when 
measured with a 100-MHz spectrometer.

R
axial (ax) equatorial (eq)

a <5

la, R = CH3; R ' = CH2CH3 12.2
b, R = CH2CH3; R ' = CH3 10.4
c, R = CH3; R ' = CH3 10.0

PhCH2N ^ _ ^ \

R

2, R = CH3; R ' = CH2CH3 ( s )

A consideration of the relative stability of the two 
chair conformers of 1 (ax-1 and eq-1) leads to the 
prediction that the 4-axial substituent of eq-1 should 
introduce an unfavorable steric strain, described in 
terms of — AGch,0, of ~ 1 .8  kcal/mol. The 3-axial 
substituent of ax-1 should cause a smaller unfavorable 
steric interaction by ^0.6-0.8 kcal/mol, since one syn 
axial hydrogen has been replaced by the nitrogen free 
pair.4 Thus ax-1 should be present in excess to the 
extent of ~ 7 0 %  in the conformational equilibrium of 1. 
Since the 4 substituent in any conformation is sym
metrically disposed toward the N substituent, it is 
apparent that it is the 3-axial substituent that is causing 
the observed nonequivalence of the diastereotopic

(1) F or previous papers in this series, see (a) R .  E . L y le  and J. J. Thom as, 
T e tr a h e d r o n  L e t t . ,  897 (1969 ); (b ) R . E . Lyle, J. J. Thom as, and D . A. 
W alsh, in  “ C on form ation a l A n alysis,”  G . C h iurdog lu , E d ., A cad em ic Press, 
N ew  Y ork , N .Y .,  1971, p p  157-164.

(2) (a) R . K . H ill and T . H . Chan, T e t r a h e d r o n ,  21, 2013 (1 965 ); (b) 
Y . L. C h ow  and C. J. C olon , C a n .  J .  C h e m .,  5, 2559 (1967).

(3) L . N . P ridgen, P h .D . Thesis, U n iversity  o f  N ew  H am pshire, 1972.
(4) P . J . Brignell, K . B row n, and A . R . K atritzk y , J .  C h e m . S o c .  B ,  1462

(1968); F. G . R idell, Q u a r t .  R e v . ,  21, 364 (1967).

protons of the methylene of the iV-benzyl group. The
3-equatorial alkyl groups of 3-methyl- (7a),5 3-ethyl- 
(7b), and fmns-3-methyl-4-ethyl-l-benzylpiperidine 
(2a) led to singlets for the benzylic methylene protons. 
That the 3-axial alkyl group produces a detectable 
magnetic anisotropic effect on the diastereotropic 
protons of the N substituent should have been expected 
in view of the recent observations of the anomalous
3-axial substituent effect on the optical rotatory dis
persion of cyclic six-membered-ring ketone.6 Both 
of these experimental observations result from the 
close steric proximity of a 3-axial substituent to the 
ter covalent ring atom at position 1.

The application of this observation can be illustrated 
by providing confirmation for the assignment based on 
long range coupling made by Casy and coworkers7 of 
the “ O inside”  conformation (4) rather than the “ O 
outside”  form (5) for the product of the Prins reaction 
withl-benzyl-4-phenyl-l,2,3,6-tetrahydropyridine. The 
product gave a singlet for the methylene protons of the
1-benzyl group requiring that there be no axial 3 sub
stituent such as that present in 5.

A 3-axial hydroxyl or acetoxyl group did not lead to 
an observable AB quartet for the diastereotopic benzyl- 
methylene in three 1-benzyl 3,3-disubstituted piper
idines (6a-c). The AB quartet observed for 1-benzyl-
3-acetoxy-3-ethylpiperidine (6d) may result from an

R
A6

6a, R = C2H5; R ' = H s

b, R = Ph; R ' = H s
c, R = Ph; R ' = Ac s
d, R = C2H6; R ' = H 7.2

effect of the ethyl group, for it was found that, unlike 
an equatorial 3-methyl group (7a), a larger substituent 
such as a 3-benzyl (7c), isopropyl (7d), or ferf-butyl 
(7e) group in the equatorial conformation of 1-benzyl- 
piperidine gave AB quartets for the benzylic methylene 
protons in the pmr spectra. A consideration of the 
relative stabilities of the rotomers about the bond 
attaching these groups to the 3 position shows that the

(5) Y .  L .  C h ow , S. B lack , J. E . B lier, and M . M . T ra cy , C a n .  J .  C h e m .,  

48, 2134 (1970).
(6 ) (a) Y . H . P a o and D . P . Santry, J .  A m e r .  C h e m . S o c . ,  8 8 , 4157 (1966); 

(b ) G . Snatzke, B . Ehrig, and H . K lein, T e tr a h e d r o n ,  25, 5601 (1969); (c) 
M . E . H err, e t  a l . ,  J .  O r g . C h e m .,  35, 3607 (1970 ); (d) C . C ou lom beau  and 
A. R assat, B u l l .  S o c .  C h im . F r . ,  516 (1971 ); (3) G . Snatzke and H . K lein, 
C h e m . B e r . ,  105, 244 (1972); (f) D . N . K irk , W . K lyn e, and W . P . M ose , 
T e tr a h e d r o n  L e t t . ,  1315 (1972); (g) H . J. C . Jacobs and E . H avinga, T e t r a 
h e d r o n  28, 135 (1972); (h) G . Snatzke and K . K in sk y , T e tr a h e d r o n ,  28, 295 
295 (1972 ); (i) J. F . T ocan ne, T e t r a h e d r o n ,  28, 389 (1972), and references 
therein.

(7) A . F . C asy, A . B . S im m onds, and D . Staniforth , J .  O r g . C h e m .,  37, 
3189 (1972).
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more stable rotomer or rotomers have a methyl or 
phenyl group in a pseudoaxial arrangement for 7c, 7d, 
and 7e.

PhCH2N ^ _ ^ p ^

R

7a, R = c h 3
A<5
S

b, R = c h 3c h 2 S
c,R  = PhCHj 12.9
d, R = (CH3)2CH 6.7
e,R = (CH3)3C 13.0

The appearance of the diastereotopic protons of the 
methylene group of an M-benzyl substituent as an AB 
quartet in the nmr spectrum of an alkylated piperidine 
or piperazine has been shown to be positive evidence 
for a 2-equatorial alkyl, a 3-axial alkyl or a large 3- 
equatorial alkyl substituent. The appearance of the 
methylene signal as a singlet is evidence for the absence 
of these conformational features.
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mined with a Joel MH-100 obtained from Grants NSF 
GP 29176 and NIH 5S05-FR-07108. The authors 
also wrish to express appreciation to the donors of the 
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D e p a r t m e n t  o f  C h e m i s t r y  R o b e r t  E .  L y l e *
U n i v e r s i t y  o f  N e w  H a m p s h i r e  L e n d o n  N .  P r i d g e n 8
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Fundamental Studies of Substituted Ferrocenes. 
VII.1 Proton Magnetic Effects in 

T rimethylsilylferrocene

Summary: Specific deuterium labeling of trimethyl-
silylferrocene shows that the upheld two-proton ap
parent triplet at 8 4.07 ppm can be assigned to the 2,5- 
position protons and thus the downheld two-proton 
apparent triplets at 5 4.30 ppm can be assigned to the
3,4-position protons.

Sir: In a previous publication2 we had advanced the 
hypothesis based on chemical shift data that the 
response of a ferrocene ring to an electron-donating 
substituent (typified by an amino group) was “ prin
cipally manifested at the 3,4 positions,”  care being 
taken at that time to avoid use of the term resonance. 
Since then other monosubstituted ferrocenes containing 
electron-donating substituents have been shown to

(1) P art V I : D , W . S locum , W . E . Jones, and C . R . E rnst, J .  O r g . C h e m .,
37, 4278 (1972).

(2) D . W . S locum , P . S. Shenkin, T . R . Engelm ann, and C . R . Ernst,
T e tr a h e d r o n  L e t t . ,  4429 (1971).

exhibit similar pmr behavior.1'3 We now propose that 
this phenomenon be interpreted as a resonance effect4 
and offer as proof the herein documented observation 
of electron withdrawal from the 3,4 positions of tri- 
methylsilylferrocene as determined by pmr. Since the 
trimethylsilyl group in several instances has been 
found to participate in (p-d) x-electron withdrawal6 
(although in most instances the result is not marked), 
our proposal amounts to suggesting that correct assign
ment of chemical shifts according to two distinct x- 
resonance effects in an unknown system constitutes 
satisfactory identification of such effects in said system.

Trimethylsilylferrocene (1) possesses chemical shift 
shielding values for the H2,5 and H3,4 proton resonances 
in accordance with resonant electron withdrawal by the 
trimethylsilyl group from the 3,4 positions. The pmr 
spectrum of 1 exhibits two unsymmetrical triplets6'7 
for the homoannular proton resonances. Assignments 
for these resonances have been made on the basis of 
comparative spectra of trimethylsilylferrocene and
2-deuteriotrimethylsilylferrocene (CDCh) as shown in 
Figure 1. Attenuation of the resonance at 8 4.07 
ppm and the change in splitting of the resonance of 8
4.30 ppm from a triplet to a doublet with introduction 
of a deuterium at the 2 position permits equivocal as
signment of the resonance at high field to the H2,5 
protons and that at low field to the H3,4 protons.

The deuterated trimethylsilylferrocene was pre
pared by the series of reactions shown in Scheme I. 
Treatment of chlor of errocene (2) with n-butyllithium 
under conditions reported8,9 to give metalation of 
chloroferrocene and now documented to provide 2 
metalation,1 followed by addition of trimethylchloro- 
silane, afforded 2-chlorotrimethylsilylferrocene (3) as 
an oil. Sodiation of 3 with dispersed sodium and 
deuterolysis of the sodiated intermediate (4) with 
excess deuterium oxide produced trimethylsilylferro-

(3 ) D . W . S locum , B. P . K oon sv itsk y , and C . R .  E rnst, J .  O r g a n o m e t .  
C h e m .,  38, 125 (1972).

(4) O ther effects such as field, inductive , and (for  pm r) an isotrop y  w ou ld  
be  expected  to  be  strongest at the 2,5 positions.

(5) M . E . Freeburger and L . Spialter, J .  A m e r .  C h e m . S o c . ,  93, 1894 (1971).
(6 ) M . D . R ausch  and M . M ark , J .  O r g . C h e m .,  28, 3225 (1963).
(7) M . I . Leven berg and J . H . R ichards, J .  A m e r .  C h e m . S o c . ,  8 6 , 2634 

(1964).
(8 ) J. H uffm an, L. K eith , and R . A u sbury, J .  O r g . C h e m . ,  30, 1600 (1958).
(9) A. N . N esm eyanov, D o k l .  A k a d .  N a u k  S S S R ,  176, 598 (1968).
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2

Scheme I

1. n-C4H9Li

2. (CH3)3SiCl

Si(CH3)3

Q y - «
Fe
I

Na 100°

cene10 containing a total of 0.88 deuterium atom as 
analyzed by the falling drop method.

Trimethylsilylferrocene has been the only mono- 
substituted ferrocene studied to date which exhibits 
enhanced deshielding of the 3,4-position protons with 
respect to the 2,5-position protons. Since earlier 
studies2 have demonstrated that resonance effects in 
the ferrocene system detected by pmr spectroscopy are 
manifested chiefly at the 3,4 positions, the observation of 
significant deshielding of the H3,4 protons in 1 can be 
attributed to a resonance withdrawal by the d orbitals 
on silicon from the 3,4 positions.11

Acknowledgment.—Thanks are due for a graduate 
followship from Southern Illinois University for C. R. E 
and support by the donors of the Petroleum Research 
Fund, administered by the American Chemical Society. 
Appreciation is expressed to Mr. Joseph Nemeth, Uni
versity of Illinois, for the falling drop analysis.

(10) M . R ausch , M . V ogel, and H . R osen berg , J .  O r g . C h e m .,  23, 900 
(1958).

(11) A  referee has poin ted  ou t  th a t the sequence o f  chem ical sh ifts in 
trim ethylsily lferrocene is the sam e as th a t in  the a -ferrocen y l carbon ium  ion  
as in itia lly  assigned b y  Cais, e t  a l .n  H ow ever, the carbon ium  ion  is a 
charged in term ediate or transition  state  w here charge deloca lization  w ou ld  
be  expected  to  overrid e  secon dary  grou n d-state  effects as described  herein. 
Interestingly , this ground-state effect in 1 can n ow  be  explained as a sim ple 
resonance in teraction  w ith ou t recourse to  argum ents in vo lv in g  r in g /m eta l 
a tom  m ovem en t . 13

(12) M . Cais, J. J . D annenberg, A . E isenstadt, M . I . Leven berg, and 
J. H . R ichards, T e t r a h e d r o n  L e t t . ,  1695 (1966).

(13) F or  a recent sum m ary and criticism  o f  this con cept, c f .  J . F einberg 
and M . R osen b lu m , J .  A m e r .  C h e m . S o c . ,  91, 4324 (1969).

N e c k e r s  L a b o r a t o r y  D. W. S l o c u m *
S o u t h e r n  I l l i n o i s  U n i v e r s i t y  C .  R .  E r n s t

C a r b o n d a l e , I l l i n o i s  62901

N o v e m b e r  11, 1972

A New Reaction of 2-Phenylphenols with 
Carbonyl Compounds Yielding Dibenzopyrans

Summary: A new synthesis of dibenzopyrans, fluo- 
renols, and indenofluorenols is described.

Sir: The acid-catalyzed condensation of carbonyl 
compounds with phenols to yield bisphenols is a well- 
known reaction of broad scope.1 However, it was

(1) H. Schnell and H. Krimm, Angew. Chem., Int. Ed. Engl., 2, 373 (1963).

reported by Kahovec and Pospisil2 that 2,6-diphenyl- 
phenol (1) did not react with acetone in the presence of 
conventional acid catalysts such as hydrogen chloride. 
This observation was confirmed in our laboratory, but, 
when 1 was combined with acetone under more strongly 
acidic conditions, for example, in refluxing trifluoro- 
acetic acid (TFA) (Ho —3.0),3 a new condensation 
reaction occurred yielding 4-phenyl-6,6- dimethyl-6H- 
dibenzo[6,d]pyran (2): mp 79-80°; 64%; m/e 286 
(M+), 271 (M+ -  15); nmr (CDC1S) 5 1.55 (s, 6, CH3), 
6.90-7.80 ppm (m, 12, ArH); ir (KBr) 1360 and 1380 
(gem-dimethyl), 700 cm-1 (monosubstituted aryl); 
satisfactory analysis for C2iH,80 . It is assumed that 
the reaction proceeds via the reversible formation of 
the phenol hemiacetal of acetone. Protonation and 
loss of water from the hemiacetal generates a carbonium 
ion which attacks either of the flanking phenyl groups 
to form the pyran 2 as shown in eq 1.

OH CH3 
\  /

The threshold of acidity (H0) required for pyran 
formation was approximately —3.0. No reaction oc
curred with hydrogen chloride, formic acid1 (H0 —2.2),4 
formic-hydrochloric acid, or 50:50 (v /v) formic- 
trifluoroacetic acid mixtures.

Prolonged refluxing of 2 in TFA rearranged this 
tertiary benzylic ether to 9,9-dimethyl-3-phenyl-4- 
fluorenol (3) (eq 2): mp 106-107°; ir (KBr) 3540,

703 cm-1; nmr (CDC13) 8 1.50 (s, CH3), 5.68 (s, 1, 
ArOH), 7.00-8.15 ppm (m, 11, Ar H); m/e 286 (M+), 
271 (M+ — 15); analyzed for C2iH i80.

The rearrangement regenerated an o-phenylphenol 
which in the presence of acetone reacted further to form 
the indenodibenzopyran (4): mp 112-113°; nmr 
(CDC13) Ô 1.47 (s, 6, CH3), 1.73 (s, 6, CH3), 6.93-
8.25 (m, 10, Ar H); m/e 326 (M+), 311 (M+ -  15);

(2 ) J. K a h ov ec  and J. Pospisil, C ollect. C z e c h .  C h e m . C o m m u n . ,  34, 2843
(1969).

(3) H . H . H ym an  and R . A . G arber, J .  A m e r .  C h e m . S o c . ,  81, 1847 (1959).
(4) R .  Stew art an d  T . M athew s, C a rt. J .  C h e m . ,  38, 602 (1960).
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analyzed for C24H22O. 4 in turn rearranged to the
indenofluorenol (5): mp 210-211°; ir (KBr) 3600 
cm -1; nmr (CDC13) 5 1.41 (s, 12 , CH,), 7.00-8.12 
(m, 9, Ar H); m/e 326 (M+), 311 (M+ -  15), 296 
(M + — 30); analyzed for C24H22O (eq 3).

TFA 
A *

(3)

Each compound (2-5) has been isolated in pure form 
by the proper choice of reaction time, acid strength,

and stoichiometry.5 In anhydrous hydrofluoric acid 
(H0 —10.2)6 at 19° with excess acetone all intermediates 
are cleanly driven to 5 in high yield.

Details and scope of this dibenzopyran synthesis will 
be reported later.

(5) C om p lete  experim ental details on  all com p ou n d s described  in this 
com m u n ica tion  w ill appear fo llow ing these pages in  the m icrofilm  ed ition  
o f this volu m e o f  the journal. Single copies m ay  be obta in ed  from  the 
Business O perations O ffice, B ook s  and Journals D iv ision , A m erican  C h em 
ica l S ociety , 1155 Sixteenth Street, N .W ., W ash ington , D .C . 20036, b y  
referring to  cod e  num ber JO C -73-1621. R em it  ch eck  or m on ey  order for 
$3.00 for p h o to co p y  or $2.00 for m icrofiche.

(6 ) H . H . H ym an , M . K ilpatriek , and J. J. K a tz , J .  A m e r .  C h e m . S o c . ,  79, 
3668 (1957).

G e n e r a l  E l e c t r i c  R e s e a r c h  a n d  J i m m y  L. W e b b *
D e v e l o p m e n t  C e n t e r  W .  L. H a l l

C h e m i c a l  L a b o r a t o r y  
S c h e n e c t a d y , N e w  Y o r k  12301
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Reagents:a, Ph3P=CH2 ; b, Ph3P=CHCI; c, “ h3P=CHOCH3 ; d, Ph3P =C H C (0)C H 3; e, (CH30 ) 2P (0 )C H 2C (0 )(C H 2)4CH3,
NaH: I, Ph3P=C HC 02CH3 ; g, Ph3P=CHC,H5 ; h. Ph3P=CH(CH2)2Ph; /, Ph3P=C(CH3)C 0 2CH 3 ; j. (E t0 )2P (0 )C H 2C 0 2Et.
NaH; k. (E tO )2P (0 )C H 2CN, NaH; /, (E t0 )2P (0 )C H 2SEt.<v BuUi: m. P h jP 'C H ^ H ,  B r :  NaH.

Wittig reagents 1-7 through carbonyl olefination lead to olefins, vinyl halides, vinyl ethers (hence, aldehydes), ketones, 
cr,)3-unsaturated ketones anc esters, acetylenic ketones and esters, etc. A host of heterocyclic compounds such 
as chromenes, dihydroquinolines, dihydrofurans, etc., are possible using Schweizer's reagent (15,019-3). Since the 
reaction of phosphoranes and phosphonates is not limited to the carbonyl, the chemist has a variety of choices for his 
particular needs in synthesis. A partial list of our phosphonium salts, phosphoranes and phosphonates is shown 
below.
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................ 25g-$7.00: 100g-$22.00
25g-$13.50; 34.8gt-18.00; 100g-$36.00

25g-S15.10 
17.7gt-S4.25; 100g-S18.20 

5g-$6.80; 25g-S21.20 
,10g-$15.15; 16.4gt-$19.50; 25g-$25.20 
10g-$12.00; 22.2gf-$24.50; 50g-$48.00 

34.3gf-$11.0 0 ; 100g-$19.50 
25g-$4.55; 35.7gt-$7.25; 100g-Sl1.95 

25g-$13.50; 100g-S36.00 
100g-$10.50 

22.4gt-$4.20; 100g-$13.30 
18.2gt-$4.50; 100g-$14.35 

100g-$6.30; 262.3gf-$14.25; 1Kg-$41.80 
25g-$12.00; 36.9gt-$18.00; 100g-$40.00

III

jadem ic  Press, New York,

Acetonyltriphenylphosphonium chloride 
(Carbethoxymethylene)triphenylphosphorane 
(Chloromethyl)triphenylphosphonium chloride
Diethyl cyanomethylphosphonate...................
Diethyl (ethyIthiomethyl)phosphonate.............
Diethyl vinylphosphonate................................
Dimethyl (2-oxoheptyl)phos, honate................
(Methoxymethyl)triphenylphosphonium chloride
Methyltriphenylphosphonium bromide...............
Methyl (triphenylphosphoranylidere)-acetate......
n-Propyltriphenylphosphonium bromide............
Triethyl phosphonoacetate.................................
Trimethyl phosphonoacetate.............................
Triphenylphosphine...........................................
Vinyltriphenylphosphonium bromide.................

tD esignates m olar un its

For th e  n e w  A ld r ic h  H A N D B O O K  O F  O R G A N IC  C H E M IC A L S  
w h ic h  lists o v e r  1 8 , 0 0 0  c h e m ic a ls , w r ite  to  —

Aldrich Chemical Company, Inc.
C R A F T S M E N  I N  C H E M I S T R Y  

940 WEST SAINT PAUL AVENUE • MILWAUKEE. WISCONSIN 532 33
In Great Britain; RALPH N. EM ANUEL Ltd.

264 Water Rd., Wembley, Middx., HAO 1PY, England 
In Continental Europe: ALDRICH-EUROPE, B-2340 Beerse, Belgium 
In West Germany; EGA-CHEMIE KG, 7924 Steinheim am Albuch


	THE JOURNAL OF ORGANIC CHEMISTRY 1973 VOLUME 38 NO.2 NUMBER.8 APRIL
	CONTENT
	The Synthesis of Dicyclopenta[ef,kl]heptalene (Azupyrene). I. Routes to 1,6,7,8,9,9a-Hexahydro-2H-benzo[c,d]azulen-6-one
	The Synthesis of Dicyclopenta[ef,kl]heptalene (Azupyrene). II. Routes from 1,6,7,8,9,9a-Hexahydro-2H-benzo[c,d]azulen-6-one and 5-Phenylpentanoic Acid
	Cyclobutenone Derivatives from Ethoxyacetylene
	Base-Induced Cyclizations of Alkyl-Substituted Propargyloxyethanols
	The Base-Induced Ring Enlargement of Halomethylenecyclobutanes. A Carbon Analog of the Beckmann Rearrangement
	The Reactions of 1,1,2,2-Tetrachloro-3,4-bis(dichloromethylene)cyclobutane with Amines
	Effect of Geometry and Substituents on the Electrochemical Reduction of Dibenzoylethylenes and Dibenzoylcyclopropanes
	Chemistry of Difluorocyclopropenes. Application to the Synthesis of Steroidal Allenes
	Transition Metal Catalyzed Reactions of Allene
	a,a'-Dimetalations of Dimethylarenes with Organosodium Reagents. The Catalytic Effect of Certain Tertiary Amines
	Oxidation of Organic Compounds with Cerium(IV). XVI. Relative Rates of Formation of Allyl, Benzyl, and tert-Butyl Radicals by Oxidative Cleavage of Alcohols
	The Reaction of Oxo-Osmium(VI)-Pyridine Complexes with Thymine Glycols
	A Comparison of Lithium Aluminum Hydride and Diborane in the Reduction of Certain 3-Indolylglyoxamides
	The Influence of Aggregate Composition on Relative Reactivities of Alkyllithiums
	The Knoevenagel Reaction. A Kinetic Study of the Reaction of (+)-3-Methylcyclohexanone with Malononitrile
	x-Complexed B-Arylalkyl Derivatives. IV. The Preparation and Solvolysis of2-[-(Phenyl)chromium tricarbonyl]ethyl and 2-[-(Phenyl)chromium tricarbonyl]-l-propyl Methanesulfonates and Their Noncomplexed Analogs
	Kinetics of the Acid-Catalyzed Closure of Hydantoic Acids. Elfect of 2-Aryl and 2-Alkyl Substituents
	3-Substituted Propionaldehyde Derivatives. A Study of the Chemistry of 2-Hydroxymethylglyceraldehyde Acetonide
	Relative Reactivities of Nucleophilic Centers in Some Monopeptides
	Carbon-13 Magnetic Resonance Spectroscopy of Steroids. Estra-1,3,5(10)-trienes
	The Preparation and Properties, Including Carbon-13 Nuclear Magnetic Resonance Spectrum, of Per-tert-butylcarbonic p-Nitrobenzoic Anhydride
	Correlation between Nuclear Magnetic Resonance and Infrared Studies of Conformational Preferences in Chloro Sulfides
	The Photochemistry of Aromatic Thiol Esters
	Synthesis of Octahydrothiopyrano[3,2-b]thiopyran and Certain Derivatives
	Synthesis of 2,3,4,10-Tetrahydrothiopyrano[3,2-b]-1-benzothiopyran and Its Reaction with o-Chloranil
	Thionyl Chloride-Pyridine Chemistry. II.1 Synthesis and Reactionsof N-a-Styrylpvridinium Salts
	Bridgehead Nitrogen Heterocycles. II. Formation by Reaction of a-Amino N-Heterocyclic Compounds with Chlorothioformyl Chloride
	Bridgehead Nitrogen Heterocycles. III. Formation by Reaction of a-Ureido N-Heterocyclic Compounds with Chlorothioformyl Chloride
	Reactions of Phosphorus Compounds. 33. Preparation of Heterocyclic Species from a-Substituted Vinyl Phosphonium Salts. Anomalous Products from Isopropenylphosphonium Halides
	The Preparation, Thermolysis, and Photolysis of Phenylmaleoyl Peroxide
	Routes to Functionalized Guanidines. The Synthesis of Guanidino Diesters
	Notes
	Communications



