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O U R  T H IO L S  S T IN K
Our thiols stink and so do we because we make them. Your thiols probably don't smell very good either, but you'll smell a lot better than we do if 
you let us make them for you. Here is a sample of the thiols currently available. We can make others and we can produce these in multi kilo lots 
at greatly reduced prices. If you're working with thiols, Check Parish First — you’ll be a lot more popular.

F- ^ - SH c i^ O ) - s h

2437 4-Fluorothiophenol 3384 4,4’-Dimercaptophenyl Ether 1364 p-Chlorothiophenol

10g $15.50 10g $12.50 500g $ 8.45

H S^ § ) — ( Q ) " s h
H3C ^ S H

2436 4-Bromothiophenol 3614 4,4’-Biphenyldithiol 2611 p-Methyl (thiophenol)

10g $ 9.75 10g $11.95 10Og $10.50

b © " SH
C H l0 ~ ^ ) ~ SH H 0 ~ < § ) - SH

2535 p-t-Butylthlophenol 1359 4-Methoxythiophenol 1367 p-Hydroxythiophenol

10g $18.75 10g $17.65 25g $17.25 100g $48.50

SH 

NH2

3609 o-Aminothlophenol 

250g $10.95

c f 3

2 2 0 8  m-Trifluoromethylthlophenol 

5g $14.95 25g $57.50

OH

1164 2-Hydroxythiophenol 

5g $14.75

" R e m e m b e r  t h e  E m e r a l d  T a b l e t * R e m e m b e r  t h e

WHEN YOU THINK OF SULFUR CHEMISTRY, THINK OF:

P A R IS H  C H E M IC A L C O M P A N Y
815  W E S T  C O L U M B IA  L A N E , P R O V O , U T A H  84601 (8 01) 375/4943



J. Org. Chem., Vol. 43, No. 16,1978 3A

Sigmund M. Waraszkiewicz, Hao H. Sun, 3 1 9 4  

Karen L. Erickson,* Janet Finer, and ■  
Jon Clardy*

C 1 5  H a l o g e n a t e d  C o m p o u n d s  f r o m  t h e  H a w a i i a n  M a r i n e  A l g a  Laurencia  
nidifica. M a n e o n e n e s  a n d  I s o m a n e o n e n e s

Gilbert P. Ng and Charles R. Dawson* 3 2 0 5  S y n t h e s i s  o f  C o m p o u n d s  S t r u c t u r a l l y  R e l a t e d  t o  P o i s o n  I v y  U r u s h i o l .  7 .  4 - ,  

5 - ,  a n d  6 - ( P i p e r i d i n o m e t h y l ) - 3 - n - p e n t a d e c y I c a t e c h o l s

Richard S. Glass,* James D. Herzog, and 
Ronald L. Sobczak

3 2 0 9  P r e p a r a t i o n  a n d  R e a c t i o n s  o f  5 - A l k y l p e n t a c h l o r o - l , 3 - c y c l o p e n t a d i e n e s .  

■  A p p l i c a t i o n  t o  S e s q u i t e r p e n e  S y n t h e s i s

Paul G. Gassman* and 3 2 1 4  S y n t h e s i s ,  P h o t o l y s i s ,  a n d  P y r o l y s i s  o f  1 0 - S u b s t i t u t e d

John G. Schaffhausen ■  e ; r o - 3 , 4 , 5 - T r i a z a t r i c y c l o [ 5 . 2 . 1 . 0 2 ’6 ] d e c - 3 - e n e s .  P r e p a r a t i o n  o f  8 - S u b s t i t u t e d

e x o -  a n d  e n d o - 3 - A r y l - 3 - a z a t r i c y c l o [ 3 . 2 . 1 . 0 2 '4] o c t a n e s

Sigeru Torii,* Hideo Tanaka, and 
Masasi Ukida

3 2 2 3  E l e c t r o s y n t h e s i s  o f  H e t e r o - H e t e r o  A t o m  B o n d s .  2 .  A n  E f f i c i e n t  P r e p a r a t i o n  

o f  ( 2 - B e n z o t h i a z o l y l ) -  a n d  T h i o c a r b a m o y l s u l f e n a m i d e s  b y  E l e c t r o l y t i c  

C r o s s - C o u p l i n g  R e a c t i o n  o f  2 - M e r c a p t o b e n z o t h i a z o l e ,  B i s ( 2 - b e n z o t h i a z o l y l )  

D i s u l f i d e ,  a n d / o r  B i s ( d i a l k y l t h i o c a r b a m o y l )  D i s u l f i d e s  w i t h  V a r i o u s  A m i n e s

Robert F. Francis,* Clayton D. Crews, 3 2 2 7  

and Britt S. Scott
I d e n t i f i c a t i o n  o f  2 , 5 - D i h y d r o p y r i d i n e  I n t e r m e d i a t e s  i n  t h e  R e a c t i o n s  o f  2 - 

A l k y l ( p h e n y l ) - l - l i t h i o - l , 2 - d i h y d r o p y r i d i n e s  w i t h  A l k y l  H a l i d e s

Yozo Ohtsuka 3 2 3 1 C h e m i s t r y  o f  D i a m i n o m a l e o n i t r i l e .  3 .  R e a c t i o n  w i t h  I s o c y a n a t e :  A  N o v e l  

P y r i m i d i n e  S y n t h e s i s

NOTES

W. Kenneth Musker,* Barry V. Gorewit, 3 2 3 5  

Patricia B. Roush, and ■  
Thomas L. Wolford

F o r m a t i o n  o f  C y c l i c  D i s u l f i d e  C a t i o n  R a d i c a l s  i n  t h e  E l e c t r o n  I m p a c t  

I n d u c e d  F r a g m e n t a t i o n  o f  M e s o c y c l i c  D i t h i o e t h e r s

Silvana Maini, Luigi Mandolini,* and 
Cesare Rol

3 2 3 6  M e c h a n i s m  o f  O x i d a t i o n  o f  A l k y l a r o m a t i c  C o m p o u n d s  b y  M e t a l  I o n s .  4 .

C e r i u m ( I V )  P y r i d i n i u m  C h l o r i d e .  A  N o v e l  R e a g e n t  f o r  S i d e - C h a i n  O x i d a t i o n  

o f  H i g h l y  S u b s t i t u t e d  M e t h y l b e n z e n e s

Harry H. Wasserman* and 3 2 3 8  

Jeffrey L. Ives
R e a c t i o n  o f  S i n g l e t  O x y g e n  w i t h  E n a m i n o  L a c t o n e s .  C o n v e r s i o n  o f  L a c t o n e s  

t o  o - K e t o  L a c t o n e s

Jasjit S .  Bindra* and Alex Grodski 3 2 4 0 A n  E f f i c i e n t  R o u t e  t o  I n t e r m e d i a t e s  f o r  t h e  S y n t h e s i s  o f  

1 1  - D e o x y p r o s t a g l a n d i n s

Adri Mackor 3 2 4 1 T h e  E  I s o m e r  o f  A c e t o p h e n o n e  I m i n o x y ,  a n  O v e r l o o k e d  R a d i c a l

COMMUNICATIONS

Rober W. Binkley* and 3 2 4 4  

David G. Hehemann
N e w  S y n t h e s i s  o f  D e o x y i o d o  S u g a r s

A. I. Meyers* and Donald R. Williams 3 2 4 5 A s y m m e t r i c  A l k y l a t i o n  o f  A c y c l i c  K e t o n e s  v i a  C h i r a l  M é t a l l o  E n a m i n e s .  

E f f e c t  o f  K i n e t i c  v s .  T h e r m o d y n a m i c  M e t a l a t i o n s

Leslie H. Simons and 3 2 4 7  N o v e l  O l i g o m e r s  o f  P r o p y n e :  T e t r a m e t h y l c y c l o o c t a t e t r a e n e s  a n d  

Joseph J. Lagowski* ( Z ) - 2 , 4 -  D i m e t h y l - 1 , 3 - h e p t a d i e n - 5 - y n e

■  S u p p l e m e n t a r y  m a t e r i a l  f o r  t h i s  p a p e r  i s  a v a i l a b l e  s e p a r a t e l y  ( c o n s u l t  t h e  m a s t h e a d  p a g e  f o r  o r d e r i n g  i n f o r m a t i o n ) ;  

i t  w i l l  a l s o  a p p e a r  f o l l o w i n g  t h e  p a p e r  in  t h e  m i c r o f i l m  e d i t i o n  o f  t h i s  j o u r n a l .

*  I n  p a p e r s  w i t h  m o r e  t h a n  o n e  a u t h o r ,  t h e  a s t e r i s k  i n d i c a t e s  t h e  n a m e  o f  t h e  a u t h o r  

t o  w h o m  i n q u i r i e s  a b o u t  t h e  p a p e r  s h o u l d  b e  a d d r e s s e d .
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ANEW
FLUORINATING

REAGENT
D I E T H Y L A M I N O S U L F U R  T R I F L U O R I D E  ( D A S T )

Recently, Middleton1 and Markovskij and co-workers1 have shown 
diethylaminosulfur trifluoride (DAST)3 to be an excellent reagent for 
the replacement of the oxygen function in alcohols and carbonyl con
taining compounds with fluorine.

The use of DAST has several advantages over other fluorinating re
agents such as SF4 . The reagent itself is a liquid which can be handled 
in conventional laboratory glassware. Reactions can be carried out under 
very mild conditions allowing multi-functional alcohols to be selectively 
fluorinated. Furthermore,sidereactions such ascarbonium ion rearrange
ments and dehydrations are less likely to occur when using DAST.

Primary, secondary and tertiary alcohols can be fluorinated with 
DAST usually in high yields. Reaction with most substrates is rapid, 
even at-5Q°C. DAST is also finding applications in sugar chemistry. It 
has been utilized in the synthesis of 3-deoxy-3-fluoro-D-glucoses and 
was found to be a mild enough reagent to allow the use of the O-acetyl 
protecting group in the synthesis of 6-fluoro-6-deoxy-D-glucopyranose6.

H O C H .  
I * O A c

Ac 0  a

D A S T

F C H 2
\

O A c

i < r r ~ > )

O Ac

■> <  O A c

AcO
85%

O A c

Aldehydes and ketones undergo reaction with DAST, usually at am
bient temperature, to give good yields of the yem-difluoro derivatives. 
A particular advantage here is that the reaction can be run under non- 
acidic conditions rendering it especially useful for acid-sensitive sub
strates (e.g. pivaldehyde).

(C H 3 ) ,C C H O  » (C H 3 ) 3C C H F .
C C I3 F 78%

Carboxylic acids give the acid fluoride2 . A more recent publication7 
has described the application of DAST to prepare ge/m-difluorosacchar- 
ides from sugar aldehydes and ketones in the pyranosyl form.

Tetraalkylthiuran disulfide, triphenylphosphine, triphenylphosphine 
disulfide and trimethylchlorosilane are also fluorinated with DAST2 .

Available from stock :
1 1976-8 Diethylaminosulfur trifluoride 10g—$25.00; 50g— $88.50
References
1. W . J. M id d le to n , J. Org. Chem ., 4 0 , 5 7 4  (1 9 7 5 ) .
2 . L . N . M arkovsk ij, V . E. Pashinnik and A . V . K irsa n o v ,Synthesis, 7 8 7  (1 9 7 3 ) .
3 . S . P. von Halasz and O . Glem ser, Chem . Ber., 1 04 , 1 2 4 7  (1 9 7 1 ) .
4 . G .A .O Ia h .M .N o j im a  and I. K erekes .7 . A m . C hem . Soc., 9 6 ,9 2 5  (1 97 4 1 .
5 . T . J. Tewson and M . J. W elch, J. Org. C hem ., 4 3 , 1 0 9 0  (1 9 7 8 ) .
6 . M . Sharm a and W .K o ry tn y k , Tet. L e tt ., 5 7 3  (1 9 7 7 ) .
7 . R. A . S harm a, I . K avia, Y . L. Fu and M . B obek, Tet. L e tt ., 3 4 3 3  (1 9 7 7 ) .
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F R O M

T h e  A m e r i c a n  

C h e m i c a l  S o c i e t y  ^ W

N E W  C H E M I S T R Y  T I T L E S

Solid State Chemistry of Energy Conversion and Storage
edited by John B. Goodenough, University of Oxford and M. 
Stanley Whittingham, Exxon Research and Engineering Co.
Advances in Chemistry Series No. 163
This voiume stresses the challenge the chemist faces in using 
sunlight as an alternate energy source. The various chapters 
identify problems, that, If solved, would Introduce economically 
competitive options for energy conversion, storage, and conser
vation. Specific topics include hydrogen as energy carrier, solar 
energy conversion through photosynthesis, photovoltaic solar 
cells, wavelength-selective surfaces, new solid electrolytes, the 
sodium-sulfur battery, and high temperature electrolysis/fuel 
cells.

Announcing the June 1978 publication of 
Coordination Chemistry—Volume II
ACS Monograph No. 174
edited by Arthur E. Martell, Texas A&M University
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The effects on acidity of substitution of methyl for hydrogen at carbon in 28 weak acids are divided into four 
types: (a) acid-weakening hyperconjugative and polar methyl effects; (b) acid-strengthening hyperconjugative 
methyl effects (on ketones, nitroalkanes, and 9-methylfluorene); (c) acid-weakening polar methyl effects (on sul- 
fones and nitriles); and (d) acid-weakening steric methyl effects. Similar methyl effects are observed within groups 
a-c in the gas phase, in Me2SO solution, and in H2O solution. o *h  is found to be inadequate as a measure of the 
polar effect of hydrogen. Decreasing acidities of mononitroalkanes, RCH2NO2, in the series R = Me, Et, i-Pr, t-Bu, 
were observed to be remarkably alike in 50% aqueous MeOH and Me2SO. These alkyl effects are believed to be the 
result of a complex blend of hyperconjugative, polar, polarizability, and steric effects. Ph and CH2=CH groups ex
hibit substantial conjugative effects which are larger in Me2SO than in aqueous MeOH. The cyclopropyl group ex
hibits no observable conjugative effect in the c-PrCH=N02_ anion. Substitution of R for H in RCH2NO2 produces, 
for the most part, the same relative effects as observed for substitution of R for H in HCH2NO2. However, substitu
tion o f  c-Pr for H in HCH2NO2 and MeCH2N02 is acid strengthening, whereas substitution of c-Pr for H in c-
PrCH2N02 is (unexpectedly) acid weakening.

Alkyl groups are omnipresent in organic molecules and 
often are the determining factor in controlling relative rates 
or equilibrium positions in organic reactions. Detailed analysis 
of alkyl effects has proved difficult, however, because they 
often vary in nature and magnitude depending on the type of 
atom to which they are attached, the reaction, and the reaction 
conditions. Investigations of alkyl effects on equilibria in
volving carbon acids have been limited by the relatively low 
acidities of such compounds. Nitroalkanes are the only mo
nofunctional carbon acids that are acidic enough to permit 
equilibrium acidity measurements to be made in aqueous (or 
other protic) media. As a consequence our knowledge of the 
effect of alkyl effects on the equilibrium acidities of carbon 
acids has previously come primarily from measurements made 
on nitroalkanes. Scientists in the Soviet Union have been 
particularly active in this area.2’4,6’8 The data have been cor
related over the y e ars  with various types of linear free-energy 
relationships. Data for mononitroalkanes, R1R2CHNO2, were 
originally correlated using Taft cr* constants to represent the 
polar effects of alkyl and other substituents, with additional 
parameters added tc take into account hyperconjugative and 
steric effects.2 In the past few years this treatment has been 
modified in that all alkyl groups have been assigned ct*r = 0 , 
following the suggestion of Ritchie,3 and the data have been 
correlated with (a) t * ’ s  (for alkyl groups containing hetero 
atoms), (b) two separate steric factors, E 'a (steric hindrance 
to resonance) and E ° s (intramolecular steric interactions be
tween remote atoms), and (c) a <p constant, to account for the 
change from sp3 to sp2 hybridization during anion formation.4 
Hyperconjugation was assu m ed  to  b e  absent (or to be included 
in the <p constant). Another recent analysis, made by selecting

0 0 2 2 - 3 2 6 3 / 7 8 / 1 9 4 3 - 3 0 9 5 $ 0 1 . 0 0 / 0

data from ten nitroalkanes, RCH2NO2 and RiR2CHN02, in
cluding points for seven simple alkyl groups, together with 
points for CH2CH2Ph, CH2CH2CN, and CH2CH2CH2N0 2  
groups, employed the original Taft a *  constants (So-*) and 
either a parameter representing the degree of hyperconjuga
tion or one representing the change in hybridization.5 It was 
concluded that hyperconjugation rather than changes in C-H 
and C-C bond energies due to hybridization changes offered 
the better interpretation of the data.

A correlation of substituent effects on equilibrium acidities 
in water for 14 alkyl-1 ,1 -dinitroalkanes, RCH(N02)2, with 
Taft a *  values (p * = 1.74) was reported some time ago,6 but 
when alkyl groups with heteroatom substituents were added 
to the list a p* of 3.60 was obtained (28 compounds) . 7 The pK’s 
of 70 aliphatic 1 ,1 -dinitroalkanes have been reported re
cently.8 For 44 of these, in which the substituent is insulated 
from the reaction center by a single methylene group, a p *  of
3.29 (r = 0.992) was obtained.8 The data for 20 aliphatic
1 ,1 -dinitroalkanes, including examples where the substituent 
has not been insulated from the acidic site, have also been 
correlated with the E ° a, E ' s, <p, and a *  constants mentioned 
above.4

The variety of parameters used to correlate the acidity data 
for nitroalkanes and the variety of ways in which these pa
rameters have been combined has led to a complex and con
fusing picture, to say the least.

Introduction to the Series of Papers
Investigations in our laboratory during the past five years 

have been concerned not only with alkyl effects on equilibrium 
acidities of nitroalkanes, but also alkyl effects on equilibrium

© 1978 American Chemical Society 3095
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Table I. Effects of Substitution of Methyl for Hydrogen on Equilibrium Acidities in the Gas Phase and in Solution 
_____________ (Protic and Dipolar “Aprotic” Solvents)________________________________________

r e g i s t r y

a c i d n o . P  K s o l v e n t ( p K n  -  p E 'M e ) " r e f

( a )  A c i d - W e a k e n i n g  H y p e r c o n j u g a t i v e  a n d  P o l a r  M e t h y l  E f f e c t s

1 .  H C O C H 3 n o n e ( 0 .0 ) c
M e C O C H g n o n e - 2 . 1 4 6 c

2 . H C O a H n o n e ( 0 . 0 ) d

M e C 0 2f i n o n e — 1 .6 b d

3 .  H C O 2 H 3 . 7 5 h 2 o (0 .0 ) e

M e C O zH 4 . 7 5 h 2 o - 1 . 0 e

4 .  H C O N H 2 2 3 . 5 M e 2S O (0 .0 ) f
M e C O N H z 2 5 . 5 M e 2S O - 2 . 0 t

5 .  H 2 C = N O , H 3 . 2 5 h 2 o ( 0 .0 ) e
M e C H = N 0 2H 4 . 4 1 h 2o - 1 . 1 6 e
M e 2C = N 0 2H 5 . 1 1 h 2o - 1 . 8 6 e

6 . H C ( = O H ) N H , + - 2 . 0 h 2 o - h 2 s o 4 ( 0 .0 ) g
M e C ( = = O H ) N H 2 + - 0 . 9 h 2 o - h 2 s o 4 - 1 . 1 g

1 7 .  H 2 C = C H C H , N 0 2 6 2 5 - 4 6 - 7 5 . 2 2 h 2 o ( 0 .0 ) h
M e C H = C H C H 2 N 0 2 1 8 0 9 - 6 9 - 4 5 . 4 4 h 2 o - 0 . 2 2 h
M e 2 C = C H C H 2 N 0 2 1 8 0 9 - 6 5 - 0 5 . 5 5 h 2 o - 0 . 3 3 h

8 . f l u o r e n e 2 2 . 6 M e 2S O ( 0 .0 ) i
2 3 . 1 M e 2S O - 0 . 5 i

( b )  A c i d - S t r e n g t h e n i n g  H y p e r c o n j u g a t i v e  a n d  P o l a r  M e t h y l  E f f e c t s

1 . c h 3 n o 2 n o n e (0 .0 ) c
M e C H 2 N 0 2 n o n e 0 . 5 b c
M e 2 C H N 0 2 n o n e 1 .2 b c

2 .  C H 3 N 0 2 7 5 - 5 2 - 5 1 7 . 2 0 M e 2 S O (0 . 0 ) h
M e C H 2N 0 2 7 9 - 2 4 - 3 1 6 . 7 2 M e 2S O 0 . 6 8 h
( C H 3 ) 2 C H N 0 2 7 9 - 4 6 - 9 1 6 . 8 8 M e 2S O 0 . 7 9 5 h
( C D 3 ) 2 C H N 0 2 5 2 8 0 9 - 8 6 - 6 1 7 . 0 3 M e 2S O 0 . 6 4 5 h

3 .  C H 3 N 0 2 1 0 . 2 2 h 2 o (0 .0 ) j
M e C H 2 N 0 2 8 .6 0 h 2o 1 . 8 i
M e 2 C H N O , 7 . 7 4 h 2 o 2 .9 6 j
( C H 3 ) 2 C H N 0 2 7 . 4 7 5 h 2 o k
( C D 2> 2C H N G 2 7 . 5 6 6 h 2o k

4 .  C H 3 N O 2 1 1 . 1 1 M e O H - H 20 (0 .0 ) h
M e C H 2 N 0 2 9 . 6 3 M e O H - H 20 1 . 7 h
M e 2 C H N 0 2 8 .8 5 M e O H - H , 0 2 . 7 h

5 .  C H 3 C O C H 3 n o n e (0 .0 ) c
C H 3 C O C H 2M e n o n e 1 . 3 h c

6 . P h C O C H s n o n e (0 .0 ) c
P h C O C H 2M e n o n e 1 . 2 6 c

7 .  P h C O C H g 9 8 - 8 6 - 2 2 4 . 7 M e 2S O (0 .0 ) h
P h C O C H 2M e 9 3 - 5 5 - 0 2 4 .4 M e 2S O 0 .5 h

8 . f l u o r e n e 2 2 . 6 M e 2S O (0 .0 ) i
9 - m e t h y l f l u o r e n e 2 2 . 3 M e 2S O 0 .6 0 i

( c )  A c i d - W e a k e n i n g  P o l a r  M e t h y l  E f f e c t s

1 . P h S C h C H .3 n o n e (0 .0 ) c
P h S 0 2 C H 2M e n o n e - 1 . 1 c

2 .  P h S 0 2 C H 3 3 1 1 2 - 8 5 - 4 2 9 . 0 M e 2S O (0 .0 ) h
P h S C E C H z M e 5 9 9 - 7 0 - 2 3 1 . 0 M e 2S O - 1 . 8 h

3 .  F 3 C S Ö 2 C H 3 1 8 . 8 M e 2S O (0 . 0 ) m
F 3 C S 0 2 C H 2 M e 2 0 .4 M e 2S O - 1 . 4 m

4 .  C N C H 3 n o n e (0 .0 ) n
C N C H 2M e n o n e — 1 .2 b n

5 .  ( C N ) 2 C H 2 1 1 . 4 h 2 o (0 . 0 ) 0
( C N ) 2C H M e 1 2 . 8 h 2 o - 1 . 1 0

6 . ( C N ) 2 C H 2 1 0 9 - 7 7 - 3 1 1 . 1 M e 2S O (0 . 0 ) h
( C N ) 2C H M e 3 6 9 6 - 3 6 - 4 1 2 . 4 M e 2 S O - 1 . 0 h

7 .  C N ( P h ) C H 2 2 1 . 9 M e 2 S O (0 .0 ) p
C N ( P h ) C H M e 2 3 . 0 M e 2S O - 0 . 8 p

8 . ( E t S 0 2 ) 2 C H 2 1 2 . 2 H v O (0 .0 ) q
( E t S 0 2) o C H M e 1 4 . 6 h 2o - 2 . 1 q

9 . ( E t S 0 2 ) 2 C H 2 . 1 4 . 4 M e 2S O ( 0 .0 ) r
( E t S 0 2 ) 2C H M e 1 6 . 7 M e 2 S O - 2 . 6 r

( d )  A c i d - W e a k e n i n g  S t e r i c  M e t h y l  E f f e c t s
1 . c h 3 c h = c h c h , n o 2 5 . 4 4 h 2 o (0 . 0 ) h

C H 3 C H = = C H C H ( M e ) N 0 2 1 8 0 6 - 2 8 - 6 5 . 3 5 h 2o 0 . 3 9 h
2 . H 2 C = C ( C H 3 ) C H 2 N 0 2 1 6 0 6 - 3 1 - 1 7 . 2 7 h 2 o (0 .0 ) h

H 2 C = C ( C H 3 ) C H ( M e ) N 0 2 1 9 0 3 1 - 8 1 - 3 7 . 8 5 h 2 o - 0 . 2 8 h
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T a b l e  I  (con tin u ed )

a c i d

r e g i s t r y

n o . P  K s o l v e n t ( p A H -  p A M e) a r e f

H 2C = C H C H 2N O o 5 . 2 2 h 2 o ( 0 .0 ) h
H 2 C = C M e C H 2N 0 2 7 . 2 7 h 2 o - 2 . 1 h
P h C O C H 2C H 3 2 4 .4 M e 2S O ( 0 .0 ) h
P h C O C H ( M e ) C H i 6 1 1 - 7 0 - 1 2 6 . 3 M e 2S O - 1 . 6 h

a C o r r e c t e d  s t a t i s t i c a l l y  f o r  t h e  n u m b e r  o f  h y d r o g e n  a t o m s  a t  t h e  a c i d i c  s i t e .  b ( D H  -  E A ) / 1 . 3 7 .  c R e f e r e n c e s  2 7 ,  5 1 ,  5 8 .  d R e f e r e n c e  

5 2 .  e R e f e r e n c e  5 3 .  f  R e f e r e n c e  9 d .  R e f e r e n c e  1 2 .  h P r e s e n t  w o r k .  1 R e f e r e n c e  3 6 b .  '  R e f e r e n c e  5 4 .  k R e f e r e n c e  5 .  1 R e f e r e n c e  5 0 .  

m R e f e r e n c e  1 7 .  n R e f e r e n c e  5 1 .  °  R e f e r e n c e  5 5 .  p  R e f e r e n c e  5 6 .  q R e f e r e n c e  5 7 .  r R e f e r e n c e  5 9 .

acidities of a variety of other weak acids. In this, the first paper 
in a series, we present equilibrium data for various types of 
weak acids in protic media and Me2SO solution, and compare 
these data with recent data obtained from gas-phase studies. 
In the second paper in the series the Taft equation is examined 
in light of data obtained for substituent effects on equilibrium 
acidities of the nitroalkane system G(CH2)n N02, where G is 
a heteroatom substituent and n  is 1, 2, or 3. Then, in the third 
paper, the relationship between substituent effects on equi
librium and on kinetic acidities for acyclic saturated nitroal- 
kanes is examined. This examination of Br^nsted relation
ships is continued in the fourth and fifth papers in the series, 
which are concerned with nitrocycloalkanes and d,Y-unsatu- 
rated nitroalkanes, respectively.

Results and Discussion
Effects on Acidity of Methyl vs. Hydrogen. As is ap

parent from the introduction, the substituent effects of hy
drogen and alkyl groups on equilibria (and rates) have been 
the subject of much discussion and controversy occasioned 
by their diverse nature and (frequently) small magnitude.3-9 
Traditionally, following Ingold, the major effect of Me (vs. H) 
has been considered to be electron release to an sp3 carbon 
atom by a polar (inductive) and polarizability effect. It is now 
clear that these effects are enhanced when Me is attached to 
a (more electronegative) sp2 carbon atom, and that they are 
then augmented by hyperconjugation.

Much confusion has arisen from the original assignment by 
Taft of <r*Me and <t* h  “polar” substituent constants of 0.0 and
0.49, respectively, based on ester hydrolysis data of MeC02R 
and HC02R.10 The <t* h , <x*Me, and other <t*r constants derived 
in this way have been used successfully to correlate rate data 
for many reactions in which R (or H) is attached to a carbon 
atom that is becoming more electronegative in the transition 
state by changing hybridization from sp3 to sp2 and/or de
veloping a positive charge (e.g., solvolysis reactions) . 11 On the 
other hand, the correlation of rate or equilibrium data for 
other types of reactions are at least as successful when all 
constants and ct* h  are taken as zero.3-12 (The hydrogen point 
usually deviates widely in a Taft a *  plot for such reactions.) 
Furthermore, derivations of polar constants from RCH2C02H 
acidities12 or RCONH2 acidities9d lead to small or negligible 
electron-releasing effects for alkyl, relative to hydrogen. The 
extent of the confusion with regard to Me and H effects is 
indicated by the fact that < r*M e  and <t*h constants continue 
to be presented in many recent textbooks on physical organic 
chemistry without critical comment,13 despite the fact that 
there now appears to be general agreement that the difference 
in polar effects of Me and H are much smaller than is sug
gested by these constants (<rjMe = —0.04; criH = 0.0) . 14 A recent 
analysis of alkyl effects on gas-phase acidities appears to have 
been successful in separating intrinsic inductive effects from 
polarizability effects.15 A substantial electron release in the 
original Taft order, Me < Et < n -Pr < ¿-Pr < t-Bu, was ob
served. It now appears that the variable nature of alkyl effects 
observed in solution3-9d-12 arise because a variety of other

substantial effects are present which can modify and some
times override the intrinsic inductive effects.

Alkyl effects on acid-base reactions are complicated further 
by the necessity of considering the alkyl effect on both the 
undissociated acid and on its conjugate base, and by the fre
quent presence of steric effects. The position of such equilibria 
depend on a blend of hyperconjugative, polar, polarizability, 
steric, and medium effects, which may operate to varying 
degrees on the undissociated acid and its conjugate base. In 
Table I we have attempted to group the acids into four classes 
depending on whether hyperconjugation, polar electron re
lease, or steric effects are d o m in a n t . In groups a and b hy
perconjugative effects of Me are believed to produce dominant 
acid-weakening and acid-strengthening effects, respectively, 
augmented or modified by electron-releasing polar effects. In 
group c an acid-weakening polar effect is believed to be 
dominant, and in group d acid-weakening steric effects are 
believed to be dominant. For acids in groups a-c comparable 
effects are observed in the gas phase, in dipolar aprotic sol
vents, and in protic solvents, indicating that the effects are 
independent of medium. (Gas-phase data are not yet available 
for group d acids.)

Acid-Weakening Hyperconjugative and Polar Methyl 
Effects. In most of the compounds in group a the Me group 
is attached to the positive end of the dipole of an sp2-hybri- 
dized carbon atom, i.e., Me-C+- 0 _ ■ ** M e-C =0, or the like. 
Hyperconjugative and polar stabilization by Me is greater in 
the undissociated form of the acid than in the anion, causing 
equilibria such as that shown in eq 1 to be shifted to the left 
(acid weakening Me effect).

MeC02H + HC02-  m  MeCOz“ + HC02H (1)

Examination of Table I shows that this effect is indepen
dent of medium (gas phase, H20 , or Me2SO) and is found in 
carbon and nitrogen acids, as well as in oxygen acids. Most of 
the effects are of the order of 1 - 2  pK  units, but the effect is 
much smaller in H2C=CHCH2N 02 vs. MeCH=CHCH2N 02 
or fluorene vs. 2 -methylfluorene, where the charge density of 
the carbon atom at which Me substitution is made changes 
but little on removal of the proton.

Acid-Strengthening Hyperconjugative and Polar 
Methyl Effects. The compounds in group b differ from those 
in group a in that stabilizing hyperconjugative and polar 
methyl effects are important in the anion, where Me is at
tached to an sp2 carbon atom, but not in the undissociated 
acid, where Me is attached to an sp3 carbon atom. As a con
sequence, the equilibria, such as eq 2 , are shifted to the right 
(acid-strengthening Me effect).

MeCH2N 0 2 + H2C = N 0 2-  ** MeCH=N02-  + H3CN02

(2 )

The postulate of an important hyperconjugative and polar 
Me stabilizing interaction in the anions for group b com
pounds is based on the assumption that the negative charge 
density on the carbon atom to which Me is attached is rela-
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tively low. (We will see shortly that an opposite Me effect is 
believed to result when the negative charge density is high.) 
In valence-bond terminology this requires la to be an im
portant resonance contributor in nitronate anions.16 (Form 
lb  is, of course, the major contributor.)

+ . . /C T  , J) -  + / 0 -
MeCHNC -<—■ MeCH=N^ MeCHN.

X T  ^ 0 " ^ 0 '
la lb lc

The larger Me effect observed in H2O than Me2SO or in the 
gas phase for the HCH2NO2, MeCH2N 02, Me2CHN02 series 
may be rationalized by the strong H bonding to oxygen in 
water, which increases the positive charge density on carbon, 
and by the high dielectric constant of water, which helps to 
stabilize charge separation, as in la. It is noteworthy that the 
acidifying effects of Me are smaller for both nitroalkanes and 
ketones in Me2SO than in the gas phase. Perhaps the greater 
importance of polarizability in the gas phase is the reason.

Acid-Weakening Polar Methyl Effects. The effect of 
a-Me substitution for nitriles and sulfones (group c in Table 
I) is the inverse of that for nitroalkanes and ketones (group 
b in Table I) despite the structural similarities of carbon acids. 
The acid-weakening a-Me effects are observed in the gas 
phase and in Me2S0  solution, as well as in water. The effect 
seems to be independent of the acidity of the parent acid, since 
it is observed for weak carbon acids (PhSC^CHfs), moderately 
weak carbon acids (F3CSO2CH3 and PhCH2CN), and mod
erately strong carbon acids (CNCFBCN and EtS02CH2- 
S02Et).

The origin of this effect is puzzling. At first we attributed 
it to steric inhibition of solvation by a-Me in these carbanions 
where the negative charge is concentrated on carbon to a much 
greater extent than is true for nitronate or enolate anions. 
However, the fact that a-Me effects on the gas phase acidities 
for nitriles and sulfones are also the inverse of those for ni
troalkanes and ketones (Table I) rules out this explanation. 
A steric explanation seems unlikely also because the same 
a-Me effect is observed for sulfone functions, where the steric 
effect is high, as for the cyano function where steric demands 
are negligible. There is evidence that a-sulfonyl carbanions, 
as well as a-cyano carbanions, are planar,17 which rules out 
a difference in hybridization between these carbanions and 
a-nitro or a-keto carbanions as a cause for the reversal of Me 
effects. We are left with polar electron release from Me, rela
tive to H, to the sp2 carbon atom in the anion as the most likely 
acid-weakening effect. The available evidence points to a small 
polar effect of this kind in solution when Me is attached to an 
sp3 carbon atom14 and an appreciable effect in the gas phase.15 
These effects would be expected to be enhanced when Me is 
attached to an sp2 carbon atom, as in a-Me sulfonyl and a-Me 
cyano carbanions. This destabilizing effect may be offset to 
some degree by a stabilizing hyperconjugative effect, since 
there is evidence for such an effect in MeX-  anions (X = 0, 
S, or NH) in the gas phase.18 Also, the polarizability effect of 
R in R0~ appears to stabilize in the gas phase,19 and lesser, 
but still important polarizability effects appear to be stabi
lizing in solution, at least toward cations.20 Polarizability is 
a short-range force, falling off as 1/r4,19 and therefore should 
provide the greatest acid-strengthening Me effect for the most 
localized carbanions (group c). The observed effect is, how
ever, exactly the opposite to that predicted by anionic hy
perconjugation18 or by polarizability.19 We conclude that the 
destabilizing effect observed has its origin in electrostatic 
repulsion between Me and the anionic site.15

Analysis on the Basis of Thermochemical Data. These 
acidities may also be analyzed in terms of the thermochem
istry for the corresponding gas-phase acidities.19 For the

carbon acid GCH3, its gas-phase enthalpy of heterolytic 
cleavage, eq 7, can be determined from the C-H bond energy 
DH°, the electron affinity EA of GCH2-, and the ionization 
potential of the hydrogen atom, IP, by means of eq 3-7.19

GCH2-H  — GCH2- + H- DH° (3)

GCH2- + e~ — GCH2-  -E A  (4)

H- — e - + H+ IP (5)

GCH2-H -*  H+ + GCH2-  (6)

AH°acid = DH° -  EA + IP (7)

Since IP = 313.6 kcal/mol is common to all GCH3 systems, the 
factors determining relative acidity are DH° and EA. In 
general, a-Me substitution results in a decrease in DH° for the 
C-H bond both for systems giving localized radicals, such as 
the alkanes,21 and for radicals delocalized to phenyl21’22 or 
carbonyl.23 The weakening of the bond is 3-6 kcal/mol in both 
cases. Since approximately the same effect is seen in such 
widely differing structures, we assume that this decrease is 
general to all carbon acids discussed here. The mechanism for 
this lowering of DH° appears to be radical stabilization by 
delocalization onto the methyl group, as shown by ESR.24 This 
is roughly equivalent to the hyperconjugative interaction 
noted above. They are not strictly equivalent, since the ther
mochemical argument ignores any hyperconjugative stabili
zation in the anion.18

Methyl substitution decreases EA for aldehydes and ke
tones by 2-4 kcal/mol.25 This can be attributed to methyl 
stabilization of the radical, as just mentioned.24’26 For the 
compounds in group b this acid-weakening effect is over
shadowed by a decrease in DH°, but for compounds in group 
c EA is decreased further by the (larger) destabilizing polar 
effect of Me on the anion, and the acid-weakening effect wins 
out. For group a acids Me substitution increases DH°, judging 
from data for MeCOCH3 vs. HCOCH3 (ADH° = 2 kcal/ 
mol).27 The EA also increases (by ~1 kcal/mol for MeCOCH2* 
vs. HCOCH2-) but, since the DH° increase is numerically 
larger, the net Me effect is acid weakening.

Acid-Weakening Steric Methyl Effects. Acid-weakening 
steric effects are no doubt present in some of the anions de
rived from compounds in groups a-c, but these effects are 
believed to be minor. For compounds in group d they become 
an important or dominant factor. In example 1 in group d we 
see that the strongly acidifying a-Me effect observed for 
MeCH2N 0 2 vs. HCH2N 0 2 is almost negated for 
CH2=CHCHMeN02 vs. CH2=CHCH2N 02 by a steric effect 
in the anion. In examples 2 and 3 Me substitution introduces 
progressively larger steric effects in the anions, and the Me 
effect becomes acid weakening. (These steric effects are dis
cussed in greater detail in the final paper in this series.) In the 
series CH3N 02, MeCH2N02, Me2CHN02 (group b) we saw 
that the a-Me acidifying effect becomes progressively smaller 
in water, and that in dimethyl sulfoxide Me2CHN02 is only 
a slightly stronger acid than MeCH2N 02. We attribute this 
trend to the increasing importance of an acid-weakening steric 
effect and/or a diminution of hyperconjugation. In the ketone 
series, CH3COPh, MeCH2C0Ph, Me2CHC0Ph, the first 
methyl substitution is mildly acid strengthening (group b), 
but the second is strongly acid weakening (group d). In the 
latter instance the steric effect is apparently overshadowing 
the hyperconjugative and polar acidifying Me effects.

Alkyl Effects for RCH2N 0 2 in the Series M e, Et, i-P r, 
i-Bu. The order of acidities for mononitroalkanes, RCH2N 02, 
is Me > Pr > Et > i-Pr > H > i-Bu (Table II). Remarkably 
similar effects are observed for this series in 50% (v/v) 
M e0H -H 20  and in Me2SO, despite differences in absolute
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Table II. Equilibrium Acidities of Nitroalkanes, RCH2NQ2, in 50% (v/v) MeOH-HOH and in Dimethyl Sulfoxide

R n o . P  K s o l v e n t p K r  -  p E M e

H 1 1 . 1 1 5 0 %  M e O H - H 20 1 . 4 7
M e 9 .6 3 5 0 %  M e O H - H 20 ( 0 .0 )
E t 1 0 8 - 0 3 - 2 9 .9 9 5 0 %  M e O H - H z O 0 . 3 5
P r 6 2 7 - 0 5 - 4 9 . 7 7 5 0 %  M e O H - H 2 0 0 . 1 9
¿ - P r 1 0 . 3 8 5 0 %  M e O H - H 20 0 .7 4
t - B u 3 4 7 1 5 - 9 8 - 5 1 1 . 4 0 5 0 %  M e O H - H 2 0 2 .0 8
c - P r 2 6 2 5 - 3 3 - 4 9 . 4 1 5 0 %  M e O H - H 20 - 0 . 2 3
P h 6 2 2 - 4 2 - 4 7 . 8 5 5 0 %  M e O H - H 20 - 1 . 7 3
c h 2= c h 6 . 2 9 5 0 %  M e O H - H 2 0 - 3 . 2 9

H 1 7 . 2 0 M e 2S O 0 .4 8
M e 1 6 . 7 2 M e 2S O ( 0 .0 )
E t 1 7 . 0 1 M e 2S O 0 . 2 9
P r 1 6 . 8 3 M e 2S O 0 . 1 1
/ - P r 1 7 . 1  ±  0 . 3 M e 2S O 0 . 3 8
i - B u 1 8 . 1 3 M e 2S O 1 . 4 1
c - P r 1 6 . 5 3 M e 2S O - 0 . 1 9
P h 1 2 . 2 0 M e 2 S O - 4 . 5 2
c h 2= c h 1 1 . 2 5 M e 2 S O - 5 . 4 7

acidities in the two media of about seven powers of ten. The 
nature of the solvent effects in the two media are markedly 
different (H bonding only in H2O and stronger dipole inter
actions in Me2SO), but the relative effects with substituent 
changes in R near the acidic site are similar. This appears to 
be a general characteristic for these two solvents, since it holds 
true also for substituent effects operating across benzene 
rings.28 We can analyze these effects in terms of eq 8.

R C H =N 02-  + MeCH2N 0 2 ^  RCH2N 02
+ M eC H =N 02-  (8)

Assuming that the stabilizing (or destabilizing) effect will 
be larger in the anion than in the undissociated acid, we see 
that Me produces a larger stabilizing effect than other alkyl 
groups, and a much larger effect than does hydrogen. The Me 
> H effect is consistent with hyperconjugative stabilization 
by Me. The larger R groups contribute lesser stabilizing hy
perconjugative and/or polar effects. Polarizability evidently 
plays little role, since it would produce an order opposite to 
that observed. This is not surprising. Note that acidities in the 
gas phase for alcohols and thiols increase with increasing alkyl 
size because of stabilizing polarizability effects on RO~ and 
RS~ ions,19-29 but in solution polarizability effects on these 
anions are overshadowed by other effects and the acidities 
decrease with increasing alkyl size.

Examination of Table II shows that cyclopropyl, phenyl, 
and vinyl groups cause acidifying effects, relative to Me, of 0.2,
1.7, and 3.3 pK  units, repsectively, in water, and 0.2, 4.5, and
5.5 pK  units, respectively, in Me2SO. The small acidifying 
effect of c-Pr is consistent with its established small elec
tron-withdrawing polar effect,30 and points to little or no 
conjugative effect.31-34 On the other hand, appreciable con- 
jugative effects for phenyl and vinyl groups are indicated by 
the data. The conjugative effects are greater in Me2SO than 
in H20  by 2.2-2.8 pK  units (3.3-3.8 kcal/mol). In water the 
strong H bonding to the oxygen atoms in the PhCH =N 02~ 
and CH2= C H C H = N 0 2~ nitronate ions shifts the negative 
charge density toward oxygen and away from carbon. As a 
consequence, the negative charge density on the «-carbon 
atom in the anion is greater in Me2SO than in H20, and the 
conjugative interaction with phenyl or vinyl groups is much 
greater.35’36

Enthalpy and Entropy Data. Thermodynamic data for 
the ionization of some of the nitroalkanes in various media are 
collected in Table III. In aqueous solution, methyl substitution 
decreases both enthalpy and entropy of ionization, with the

Table III. Enthalpy and Entropy of Ionization of Some 
Nitroalkanes“

n i t r o a l k a n e

A  H °  
( H zO ) 5

A  S °  
( H z O ) 5

A  H i

( M e 2 S O ) c

A S ;

( M e a S C t ) *

c h 3 n o 2 5 . 9  ± 1 - 2 7  ± 2 2 0 . 1 5 - 1 1

M e C H 2 N 0 2 2 . 4  ±  1 - 3 1  ±  2 1 8 . 3 — 1 5

M e o C H N O , - 0 . 1  ±  1 - 3 5  ±  2 1 9 . 9 - 1 1

a A H  in  k c a l / m o l ;  A S  i n  e u .  b T .  M a t s u i  a n d  L .  G .  H e p l e r ,  Can. 
J. C h em ., 5 1 , 1 9 4 1 ,  3 7 8 9  ( 1 9 7 3 ) .  0 E .  M .  A r n e t t ,  u n p u b l i s h e d  r e 

s u l t s  p r i v a t e l y  c o m m u n i c a t e d .  d F r o m  A S i  =  (A H ,  — 2 . 3 R T  
P  K ) /T .

enthalpic term winning out in determining free-energy trends. 
The decrease in AS° on methyl substitution is similar to that 
observed for the carboxylic acid series (HC02H, AS° = —17.2; 
MeC02H, AS0 = —22.1).37 This can be attributed to steric 
disruption of the solvation shell about the acids upon methyl 
substitution. The solvent effect on the neutral acid is more 
important than that on the anion.37’38 The stabilization of 
negative charge in the nitronate on oxygen due to solvent 
hydrogen bonding reduces the charge on the carbon. This 
should reduce the polar destabilization of the carbanion by 
methyl, increasing EA and 5AH° thereby, as observed. In 
Me2SO, the lack of hydrogen-bond donation by solvent should 
increase charge on carbon, resulting in more balance between 
polar and hyperconjugative effects, and reduce 6AH° with 
a-Me substitution. The non-monotonic trends in AH° and 
AS° can be ascribed to varying solvation effects on acid and 
nitronate. The first Me, as in H20, decreases AS° by the 
reason given above; the second Me may reverse the trend by 
increasing the interaction with solvent to the point where it 
now affects the less sensitive anion.37’38 The higher entropy 
values observed in Me2SO than in water are consistent with 
less solvent orientation, but the values are much lower than 
with most other carbon acids, which have entropies of ion
ization near zero in Me2S 0 .39

Alkyl Effects in Disubstituted Nitroalkanes, 
R1R2CHN02. In the series CH3N 02, MeCH2N 02, Me2CH- 
N 02 the second Me effect is acidifying, but less so than the 
first. The lesser effect may be due to a saturation of the hy
perconjugative effect,36 or to steric hindrance to solvation. 
(Examination of a scalar molecular model of Me2C = N 0 2~ 
indicates slight steric inhibition of rotation of Me.) From the 
results in Table II we can expect hyperconjugative and/or 
steric hindrance to solvation effects of R on the anion to de-
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Table IV. Effect of Alkyl Substitution into 
Alkylnitromethanes, RCH2NO2, in 50% MeOH-HzO

r e g i s t r y

n i t r o a l k a n e  n o .  ________ p  K  A p K °

M e C H 2 N 0 2 9 .6 3 ( 0 .0 )

M e 2 C H N 0 2 8 .8 5 1 . 0 8

M e C H 2 N 0 2 9 .6 3 (0 .0 )

( M e ) ( c - P r ) C H N 0 2 2 6 2 5 - 3 8 - 9 8 . 7 3 1 . 2 0

( M e ) ( i - P r ) C H N 0 2 2 6 2 5 - 3 5 - 6 9 . 7 3 0 . 2 0

E t C H 2 N 0 2 9 .9 9 (0 . 0 )

E t v C H N O , 5 5 1 - 8 8 - 2 1 0 . 1 7 0 . 1 2

P r C H a N O , 9 . 7 7 ( 0 .0 )

P r . , C H N 0 2 2 6 2 5 - 3 7 - 8 9 .8 5 0 . 2 2

t - P r C H 2 N 0 2 6 2 5 - 7 4 - 1 1 0 . 3 8 ( 0 .0 )

i - P r 2 C H N 0 2 6 6 2 9 1 - 0 8 - 5 1 1 . 0 - 0 . 3 2

c - P r C H 2 N 0 2 9 . 4 1 (0 .0 )

c - P r 2 C H N 0 2 2 6 2 5 - 3 9 - 0 1 0 . 6 7 - 0 . 9 6

a p K ( R C H 2 N 0 2 ) -  p K ( R R ' C H N 0 2) s t a t i s t i c a l l y  c o r r e c t e d  f o r  

t h e  n u m b e r  o f  a c i d i c  h y d r o g e n  a t o m s .

crease with increasing size when a second R group is substi
tuted for a hydrogen atom in RCH2NO2. The effect of i-Pr vs. 
Me should be acid weakening by 0.75 pK units on this basis. 
Examination of Table IV shows that substitution of Me for 
H in MeCH2N 02 increases the acidity by 0.88 pK  units more 
than does substitution of i-Pr for H, in close agreement with 
the effect anticipated. Substitutions of Et for H in EtCH2NC>2 
or Pr for H in PrCH2N02 are also slightly acid strengthening 
when statistical factors are taken into account (Table IV). On 
the other hand, substitution of i-Pr for H in ¿-PrCH2N 02 
causes a slight acid-weakening effect. This is surprising, since 
examination of a model of i-Pr2C=NC)2~ does not indicate 
much interaction between the i-Pr groups, whereas there is 
severe crowding in i-Pr2CHN02, which is relieved by forma
tion of the anion. On this basis we might have expected the 
steric effect to be acid strengthening. Increased steric hin
drance to solvation in the anion appears to be the most likely 
cause for the acid-weakening effect observed. The 1 pK  unit 
lower acidity of c-Pr2CHN02 vs. c-PrCH2N 02 is also sur
prising in view of the 1.3 pK  unit h ig h e r  acidity of (Me)(c- 
Pr)CHN02 vs. MeCH2N 02. Apparently there is some kind 
of a destabilizing interaction between the c-Pr groups in the 
c-Pr2C = N 0 2~ anion. Presumably this destabilizing effect has 
an electronic origin, since models indicate that c-Pr is smaller 
than i-Pr sterically.

Experimental Section41

M aterials. E x c e p t  f o r  s o m e  o f  t h e  n i t r o a l k a n e s ,  t h e  c o m p o u n d s  

l i s t e d  in  T a b l e s  I - I V  u p o n  w h ic h  m e a s u r e m e n t s  w e r e  m a d e  a r e  

c o m m e r c i a l l y  a v a i l a b l e .  T h e y  w e r e  c a r e f u l l y  p u r i f i e d  ( 9 9 + % )  p r i o r  
t o  m e a s u r e m e n t s .

N i t r o a l k a n e s  n o t  a v a i l a b l e  c o m m e r c i a l l y  w e r e  p r e p a r e d  f r o m  t h e  

c o r r e s p o n d i n g  o x i m e s  b y  o x i d a t i o n  w i t h  p e r o x y t r i f l u o r o a c e t i c  a c i d  

a c c o r d i n g  t o  t h e  m e t h o d  o f  E m m o n s  a n d  P a g a n o .42

R e a c t i o n  t i m e s  o f  1 . 5 - 5  h  w e r e  e m p lo y e d  e x c e p t  f o r  2 - m e t h y l - l -  

n i t r o p r o p a n e ,  2 ,2 - d i m e t h y l - l - n i t r o p r o p a n e ,  3 - m e t h y l - 2 - n i t r o b u t a n e ,  

a n d  2 , 4 - d i m e t h y l - 3 - n i t r o p e n t a n e ,  w h ic h  r e q u i r e d  2 4 - h  r e a c t i o n  t i m e s  

t o  o b t a i n  s a t i s f a c t o r y  y i e l d s .  T h e  n i t r o a l k e n e s  w e r e  p r e p a r e d  f r o m  

t h e  c o r r e s p o n d in g  b r o m id e s  o r  c h lo r i d e s  b y  t h e  m e t h o d  o f  K o r n b l u m  

a n d  U n g a n d e .43  T h e  p u r i t y  o f  a l l  c o m p o u n d s  s y n t h e s i z e d  w a s  a t  l e a s t  

9 9 %  a s  e v i d e n c e d  b y  v a p o r - p h a s e  c h r o m a t o g r a p h y .

A ldehydes and Ketones. C y c l o p r o p a n e c a r b o x a l d e h y d e  w a s  p r e 

p a r e d  f r o m  r e a g e n t  g r a d e  c y c lo p r o p y l  c y a n i d e  b y  t h e  m e t h o d  o f  S m i t h  

a n d  R o g i e r .44 D i c y c l o p r o p y l  k e t o n e  w a s  p r e p a r e d  f r o m  b u t y r o l a c t o n e  

b y  t h e  m e t h o d  o f  H a r t  a n d  C u r t i s .45  A l l  o t h e r  k e t o n e s  a n d  a l d e h y d e s  

w e r e  c o m m e r c i a l l y  a v a i l a b l e .

Oximes. T h e  o x im e  o f  c y c l o p r o p a n e c a r b o x a l d e h y d e  w a s  p r e p a r e d  

b y  t h e  m e t h o d  o f  R o b e r t s  a n d  C h a m b e r s , 46 t h a t  o f  d i c y c l o p r o p y l  

k e t o n e  b y  t h e  m e t h o d  o f  H a r t  a n d  C u r t i s ,45  a n d  t h a t  o f  c y c l o p r o p y l  

m e t h y l  k e t o n e  b y  t h e  m e t h o d  o f  P e r k i n  a n d  M a r s h a l l .47  A l l  o t h e r  

o x i m e s  w e r e  p r e p a r e d  b y  t h e  m e t h o d  o f  P e a r s o n  a n d  B u r t o n .48 S i n c e

t h e  o x i m e s  o f  2 - m e t h y l p r o p a n a l ,  2 ,2 - d i m e t h y l p r o p a n a l ,  3 - m e t h y l -  

2 - b u t a n o n e ,  3 - p e n t a n o n e ,  4 - h e p t a n o n e ,  a n d  2 ,4 - d i m e t h y l - 3 - p e n t a -  

n o n e  a r e  l i q u i d s ,  t h e  f o l l o w i n g  i s o l a t i o n  p r o c e d u r e  w a s  e m p lo y e d  f o r  

t h e s e  o x i m e s .  A  l a r g e  p o r t i o n  o f  t h e  e t h a n o l  w a s  r e m o v e d  f r o m  t h e  

r e a c t i o n  m i x t u r e  b y  d i s t i l l a t i o n ,  a n d  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  

t h r e e  5 0 - m L  p o r t io n s  o f  e t h e r .  T h e  c o m b in e d  e t h e r  e x t r a c t s  w e r e  d r ie d  

( M g S O i )  a n d  c o n c e n t r a t e d .  T h e  r e s i d u e  w a s  d i s t i l l e d  t o  y i e l d  t h e  

d e s i r e d  o x im e .
p K  Determ inations. T h e  p i t ' s  in  5 0 %  ( v / v )  M e 0 H - H 20  w e r e  

d e t e r m i n e d  a t  2 3  ±  1  ° C  b y  t h e  p o t e n t i o m e t r i c  p a r t i a l  n e u t r a l i z a t i o n  

t e c h n i q u e  d e s c r i b e d  p r e v i o u s l y .49 T h e  p H  m e a s u r e m e n t s  w e r e  p e r 

f o r m e d  o n  e i t h e r  a  S a r g e n t  M o d e l  D  r e c o r d in g  t i t r a t o r  e q u i p p e d  w i t h  

a  C o r n i n g  t r i p l e  p u r p o s e  g l a s s  e l e c t r o d e  a r .d  a  C o r n i n g  c a lo m e l  r e f 

e r e n c e  e le c t r o d e ,  o r  o n  a  S a r g e n t  M o d e l  D R  d i g i t a l  r e a d o u t  p H  m e t e r  

e q u i p p e d  w i t h  a  C o r n i n g  s e m im ic r o  c o m b i n a t i o n  e le c t r o d e .  A  p e r i o d  

o f  1 - 1 2  h  w a s  n e c e s s a r y  f o r  a t t a i n m e n t  o f  e q u i l i b r i u m .  T h e  p i t ’s  in  

M e 2S O  w e r e  d e t e r m i n e d  b y  t h e  i n d i c a t o r  m e t h o d  d e s c r i b e d  p r e v i 

o u s l y . 50

Acknowledgment. We are grateful to the National Science 
Foundation and the National Institute of Health for support 
of this work. We are indebted to Walter S. Matthews and Zafra 
Margolin for most of the acidity measurements in Me2SO 
solvent. We are also indebted to Professor Robert W. Taft for 
a number of helpful comments.

References and Notes

(1) National Institutes of Health Predoctoral Fellow, 1967-1970.
(2) (a) V. M. Belikov, A. Tavlik, and C. B. Korchemnaye, Org. React., 2 (1), 20

(1965); (b) A. Pihl, V. Tlmotheus, A. Plhl, and A. Tavlik, ibid., 2 (4), 25
(1965) .

(3) C. D. Ritchie, J. Phys. Chem., 65, 2091 (1961); C. D. Ritchie and W. F. 
Sager, Prog. Phys. Org. Chem., 2, 323 (1964).

(4) A. J. Talvlk and V. A. Palm, Org. React., 11 (2), 287 (1974).
(5) A. J. Kresge, D. A. Drake, and Y. Chiang, Can. J. Chem., 52, 1889 

(1974).
(6 ) V. I. Slovetskii, S. A. Shevelev, V. I. Erasnko, L. I. Biryukova, A. A. 

Falnzii'berg, and S. S. Novikov, Izv. Akad. Nauk SSSR, Ser. Khim., 655
(1966) .

(7) M. E. Sltzmann, H. G. Adolph, and M. J. Kamlet, J. Am. Chem. Soc., 90, 
2815(1968).

(8 ) I. V. Tselinsky, A. S. Kosmynina, V. N. Dronov, and I. N. Shokhor, Org. 
React., 7, 65 (1970).

(9) (a) W. M. Schubert, R. B. Murphy, and J. Robbins, Tetrahedron, 17, 199
(1967) ; for more recent discussions see: (b) M. Charton, J. Am. Chem. Soc., 
97, 3691 (1975); (c) A.-J. MacPhee and J.-E. Dubois, Tetrahedron Lett., 
2471 (1976); (d) F. G. Bordwell and H. E. Fried, ibid., 1121 (1977).

(10) R. W. Taft, “Steric Effects in Organic Chemistry", M. S. Newman, Ed„ Wiley, 
New York, N.Y., 1956, Chapter 13.

(11) (a) Many of the examples In ref 10, pp 608 -309 , are of this type; (b) A. 
Sfreltwleser, “Solvolytlc Displacement Reactions", McGraw-Hill, New York,
N.Y., 1962, pp 122-126; (c) T. W. Bentley, S. H. Llggero, M. A. Imhoff, and 
P. v. R. Schleyer, J. Am. Chem. Soc., 96, 1970 (1974); (d) J.-E. Dubois and
E. Goetz, J. Chim. Phys., 63, 780 (1966).

(12) J. Hine, “ Structural Effects on Equilibria in Organic Chemistry” , Wiley- 
Intersclence, New York, N.Y., 1975.

(13) R. D. Gilllom, “ Introduction to Physical Organic Chemistry” , Addlson- 
Wesley, Reading, Mass., 1970; J. A. Hirsch, “Concepts In Theoretical 
Organic Chemistry” , Allyn and Bacon, Boston, Mass., 1974; J. M. Harris 
and C. C. Wamser, “Organic Reaction Mechanisms", Wiley, New York,
N.Y., 1976; T. H. Lowry and K. S. Richardson, "Mechanism and Theory in 
Organic Chemistry", Harper and Row, New York, N.Y., 1976.

(14) S. Ehrenson, R. T. C. Brownlee, and R. W. Taft, Prog. Phys. Org. Chem., 
10, 1 (1968).

(15) R. W. Taft, M. Taagepera, J. L. M. Abboud, J. F. Wolf, J. E. Bartmess, and
R. T. Mclver, Jr., unpublished results privately communicated.

(16) The Importance of contributors like 1a Is Indicated by the failure of the 
proton NMR signal at the 7 -carbon atom in CH2= C H C H 2N 0 2 to be shifted 
upheld on conversion to its nltronate anion, CH2= C H C H = N 0 2~. (See the 
final paper In this series.)

(17) F. G. Bordwell, N. R. Vanler, W. S. Matthews, J. B. Hendrickson, and P. L. 
Skipper, J. Am. Chem. Soc., 97, 7160 (1975).

(18) D. J. DeFrees, J. E. Bartmess, J. K. Kim, R. T. Mclver, Jr., and W. J. Hehre, 
J. Am. Chem. Soc., 99, 6451 (1977).

(19) J. I. Brauman and L. K. Blair, J. Am. Chem. Soc., 92, 5986 (1970).
(20) J. F. Wolf, J. L. M. Abboud, and R. W. Taft, J. Org. Chem., 42, 3316 

(1977).
(21) K. W. Egger and A. T. Cocks, Helv. Chim. Acta, 56, 1516 (1973).
(22) S. Furuyama, D. M. Golden, and S. W. Benson, Int. J. Chem. Kinet., 3, 237 

(1971).
(23) R. K. Solly, D. M. Golden, and S. W. Benson, Int. J. Chem. Kinet., 2, 11 

(1970).
(24) R. O. C. Norman and B. C. Gilbert, Adv. Phys. Org. Chem., 5, 53 (1967).
(25) A. H. Zimmerman, K. J. Reed, and J. I. Brauman, J. Am. Chem. Soc., 99, 

7203 (1977).
(26) F. Bernard! N. D. Epiotis, W. Cherry, H. B. Schlegel, M-H. Whangbo, and

S. Wolfe, J. Am. Chem. Soc., 98, 469 (1976).
(27) J . B. Cumming and P. Kebarle, J. Am. Chem. Soc., 99, 5818 (1977). We 

are indebted to Professor Kebarle for supplying us with a preprint of this



Equilibrium Acidities of Nitroaklanes J. Org. Chem., Voi. 43, No. 16,1978 3101

paper prior to publication.
(28) F. G. Bordwell and F. D. Cornforth, J. Org. Chem., 43, 1763 (1978).
(29) (a) J. E. Bartmess and R .M c lv e r ,  Jr., J. Am. Chem. Soc., 99, 4163 (1977); 

(b) R. W. Taft, J. A. Abboud, and J. E. Bartmess, manuscript in prepara
tion.

(30) Y. E. Rhodes and L. Vargas, J. Org. Chem., 38, 4077 ;1973).
(31) Kinetic evidence, based on rates of deuterium exchange for PhCH2-/'-Pr 

and PhCH2-c-Pr with f-BuOK-Me2SO-d6,32 or relative rates of addition of 
/-PrLi in Et? 0  to PhC(R)=CH 2,33 suggests a somewhat greater stabilizing 
ability for c -fr vs. APr on an adjacent carbanion center, it is difficult to relate 
such kinetic results to carbanion stabilities, however,33 even if we accept
i-Pr as a good model for c-Pr.

(32) M. J. Perkins and P. Wa-d, Chem. Commun., 1134 (1971).
(33) J. A. Landgrebe and J. D. Shoemaker, J. Am. Chem. Soc., 89, 4465 

(1967).
(34) F. G. Bordwell, W. S. Matthews, and N. R. Vanier, J. Am. Chem. Soc., 97, 

442(1975).
(35) In the next paper in this series we will see that this greater negative charge 

density on carbon in the anion causes the equilibrium acidities of nitroal- 
kanes of the type GCH2CH2CH2N 0 2 to be much more sensitive to the nature 
of the substituent, G, in Me2SO than in 50%  M eOH-H 20 . These effects 
are related to the changes in the acidifying effect of Ph in molecules of the 
type PhCH2G, where G is a strongly acidifying function. Here the relative 
charge density on carbon in the PhCHG-  anion changes with the nature 
of G, and the size of the phenyl-acidifying effect changes accordingly. Thus, 
substitution of phenyl for a-H  in weak carbon acids, such as acetonitrile, 
causes a much larger effect than substitution for a-H in a stronger carbon 
acid, such as nitromethane. As one progresses from weak to strong carbon 
acids the progressive decrease (saturation) of the phenyl effect observed 
has been referred to as a resonance saturation effect.36 Similarly, we can 
refer to the diminution of the substituent effects in the present instances 
in changing from Me2SO to H20  solvent as saturation of the substituent 
effects by solvation.

(36) (a) F. G. Bordwell, J. E. Bares, J. E. Bartmess, G. J. McCollum, M. Van Der 
Puy, N. R. Vanier, and S. S. Matthews, J. Org. Chem., 42, 321 (1977); (b)

F. G. Bordwell and G. J. McCollum, ibid., 41, 2391 (1976).
(37) Reference 12, pp 193-199.
(38) I. M. Kolthoff, J. J. Lingane, and W. D. Larson, J. Am. Chem. Soc., 60, 2512 

(1938).
(39) E. M. Arnett, F arad ay  Sym p. Chem . S o c ., No. 10 (1975),
(40) F. G. Bordwell, J. E. Bartmess, G. E. Drucker, Z. Margolin, and W. S. Mat

thews, J. Am. Chem. Soc., 97, 3226 (1975).
(41) Additional experimental details may be found in the Ph.D. Dissertation of 

J. A. Hautala (June, 1971) and J. E. Bartmess (June, 1975).
(42) W. D. Emmons and A. S. Pagano, J. Am. Chem. Soc., 77, 4557 (1955).
(43) N. Kornblum and H. E. Ungande, Org. Synth., 38, 75 (1958).
(44) L. I. Smith and E. R. Rogier, J. Am. Chem. Soc., 73, 4047 (1951).
(45) A. Hart and O. E. Curtis, J, Am. Chem. Soc., 78, 113 (1956).
(46) J. D. Roberts and V. C. Chambers, J. Am. Chem. Soc., 73, 3176 

(1951).
(47) W. H. Perkin and T. R. Marshall, J. Chem. Soc., 865 (1891).
(48) D. E. Pearson and J. D. Burton, J. Org. Chem., 19, 957 (1954).
(49) F. G. Bordwell, W. J. Boyle, Jr., and K. C. Yee, J. Am. Chem. Soc., 92, 5926 

(1970).
(50) W. S. Matthews, J. E. Bares, J. E. Bartmess, F. G. Bordwell, F. J. Cornforth,

G. E. Drucker, Z. Margolin, R. J. McCallum, G. J. McCollum, and N. R. 
Vanier, J. Am. Chem. Soc., 97, 7006 (1975).

(51) J. E. Bartmess and R. T. Mclver, Jr., private communication.
(52) R. Yamdagni and P. Kebarle, J. Am. Chem. Soc., 95, 4050 (1973).
(53) C. K. Ingold, "Structure and Mechanism in Organic Chemistry”, 2nd ed, 

Cornell University Press, Ithaca, N.Y., 1969.
(54) D. Turnbull and S. Maron, J. Am. Chem. Soc., 65, 212 (1943).
(55) A. Talvik, A. Pihl, H. Timotheus, A. Osa, J. Vira, and V. Timotheus, Org. 

React., 12, 135 (1975).
(56) J. E. Bares, Ph.D. Dissertation, Northwestern University, 1976.
(57) R. P. Bell and B. G. Cox, J. Chem. Soc. B, 652 (1971).
(58) J. B. Cumming, T. F. Magnera, and P. Kebarle, unpublished data privately 

communicated. J. E. Bartmess and R. T. Mclver have observed a similar 
order (private communication).

(59) G. E. Drucker, Ph.D. Dissertation, Northwestern University, June, 1978.

The Taft Equation As Applied to Equilibrium Acidities of 
Nitroalkanes, G(CH2)flN 0 2

F. G. Bordwell* and John E. Bartmess

D epartm ent o f Chem istry, N orthw estern U niversity, Evanston, Illinois 60201 

R eceived February 22, 1977

E q u i l i b r i u m  a c i d i t i e s  f o r  2 5  n i t r o a l x a n e s ,  G ( C H 2) „  N 0 2, w i t h  n =  1 ,  2 , o r  3 ,  a r e  r e p o r t e d  in  t w o  d i f f e r e n t  s o l v e n t s .  

T h e  a c i d i t i e s  o f  n i t r o a l k a n e s  G ( C H 2 )3 N 0 2  w e r e  f o u n d  t o  b e  r e a s o n a b l y  w e l l  c o r r e l a t e d  w i t h  T a f t  <t * c h 2c H2G  c o n 

s t a n t s  in  5 0 %  ( v / v )  M e 0 H - H 20  (p *  =  1 . 2 )  a n d  M e 2S O  (p* =  3 .4 ) .  R e v e r s a l s  in  a c i d i t y  o r d e r  f r o m  t h a t  p r e d i c t e d  b y  

a* c o n s t a n t s  w e r e  o b s e r v e d ,  h o w e v e r ,  f o r  P h S 0 2 v s .  C N ,  P h S  v s .  P h O ,  C H 3C O  v s .  H O ,  a n d  M e  v s .  H , a n d  i t  i s  c o n 

c l u d e d  t h a t  s u b s t i t u e n t  e f f e c t s  in  t h e  T a f t  r e l a t i o n s h i p  v a r y  w i t h  t h e  g e o m e t r y  o f  t h e  s y s t e m .  T h e  f i v e  p o i n t s  e x a m 

i n e d  f o r  n i t r o a l k a n e s  G C H 2 C H 2N 0 2 a l l  d e v i a t e d  w i d e l y  f r o m  t h e  T a f t  l in e ,  w h i c h  is  i n t e r p r e t e d  t o  m e a n  t h a t  

“ m e t h y le n e  t r a n s m i s s i o n  c o e f f i c i e n t s ”  v a r y  w i t h  t h e  n a t u r e  o f  G  a n d  t h e  n a t u r e  o f  t h e  s y s t e m  b e c a u s e  o f  c h a n g e s  

in  c o n f o r m a t i o n s .  P o i n t s  f o r  n i t r o a l k a n e s  G C H 2 N 0 2  d e v i a t e d  w i d e l y  f r o m  t h e  T a f t  l in e .  T h e  g e n e r a l  c o n c l u s i o n  

is  d r a w n  t h a t ,  a l t h o u g h  ct*c h 2g ( ° r  o r) c o n s t a n t s  g i v e  a n  a p p r o x i m a t e  m e a s u r e  o f  p o l a r  e f f e c t s ,  t h e i r  s i z e  a n d  s o m e 

t i m e s  e v e n  t h e i r  r e l a t i v e  o r d e r  c h a n g e  a s  t h e  g e o m e t r y  o f  t h e  s y s t e m  i s  c h a n g e d .

Quantitative evaluations of substituent effects on equilib
ria and rates in aliphatic systems in solution are fundamental 
to the understanding of organic chemistry, yet progress in this 
area has been slow. Twenty years ago Taft made an important 
contribution by applying a Hammett-type linear free-energy 
relationship based on hydrolysis rates for esters of the type 
G(CH2)nC 02R [or an equilibrium acidities in water of acids 
of the type G(CH2)„C 0 2H] where n is 0, 1, or 2.1 Stated in 
terms of equilibrium acidity constants the Taft relationship 
is given by the equation

log [K/K0) = Ap/f = a*p* (1)

where a* represents the polar (i.e., inductive) effect of G and 
p* represents the sensitivity of the system to structural 
changes.

The cr*’s for hydrogen and alkyl points ( < r * M e  =  0) were 
derived from G(CH2)nC02R systems where n = 0. Most of the 
a* constants for substituents containing heteroatoms (Cl, F, 
O, S, etc.) were derived from data where n = 1, but in some

instances (CCI3, C 02Me, and COCH3, as well as Ph and 
CH=CHMe) cr*’s were derived from n = 0. In three instances 
(COCH3, Ph, and CH=CHMe) these constants were 
shown to be related to <x* c h 2g  constants by assuming a falloff 
factor of 2.8, which Branch and Calvin had found useful in 
correlations of aliphatic acids.2 This falloff factor (equivalent 
to a methylene transmission coefficient of 0.36) was also found 
to be suitable for relating <t* c h 2g  and <t* c h 2c h 2g  constants 
when G is Ph or CF3.

Although the Taft equation has enjoyed considerable suc
cess,3 two fundamental problems have arisen. The first relates 
to the question of whether or not <t* h , <f* r , and o*q constants 
derived from data where H, R, or G is attached to an sp2 car
bon atom can be applied, as Taft did originally, to systems 
where these substituents are attached to an sp3 carbon atom.4 
The second relates to the applicability of a* constants to 
systems of differing geometry and the use of methylene 
transmission coefficients to relate <t* g > o’* c h 2g > <7*c h 2c h 2G, e T . ,  
constants. The first of these questions was discussed in the
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Table I. Equilibrium Acidity Constants of Nitro Compounds, GCH2NO2

G
registry

no. < 7 * °

pAa
(50% MeOH-H20 )b pAa

(Me2SO)c

C(CH;,)3 34715-98-5 -0.30 11.66 ± 0.07 18.13
CH(CH3)2 625-74-1 -0.19 10.32 17.1 ± 0.3
(CH2HCH3 627-05-4 -0.115 9.77 16.83
c h 2c h 3 108-03-2 -0.10 9.93 17.01
c h 3 79-24-3 0.0 9.58 16.72
(CH2)2Ph 22818-69-5 0.08 9.79 16.36
c-Pr 2625-33-4 0.01d 9.35 16.53
(CH2)2OH 25182-84-7 0.20c 9.65 16.26
(CH2)2COCH3 22020-87-7 0.21c 9.60 16.41
CH2Ph 6125-24-2 0.215 9.82 16.14
(CH2)2SPh 66291-17-6 0.24e 9.43 15.66
(CH2)2OPh 66291-15-4 0.30e 9.49 15.76
c h = c h 2 625-46-7 0.40d 6.29 11.25
CHPh2 5582-87-6 0.405 9.63 15.79
(CH2)2S02Ph 66291-13-2 0.46e 9.28 15.33
(CH2)2CN 58763-41-0 0.46e 9.33 15.21
H 75-52-5 0.49 11.05 ± 0.04 17.20
(CH2)2N 02 6125-21-9 0.50 8,93(10.29)« 14.74
c h 2o h 625-48-9 0.555 10.34 16.30
Ph 622-42-4 0.60 7.87 12.20
COPh 614-21-1 1.77 5.59 7.7 ± 0.2
SPh 60595-16-6 1.8e 7.3 ±  0.1 11.93
C02Et 626-35-7 2.0 6.79 9.25
Br 563-70-2 2.8e 8.7 ± 0.2 12.5 ±0.1
S02Ph 21272-85-5 3.7e 5.69 7.2 ± 0.2

a Reference 4. b At 23 ± 1 °C with nitroalkane concentrations of ~0.01 M; standard deviation ±0.02, unless otherwise stated. 
c Determined at 23 ± 1 °C by the method described in ref 7; standard deviation ±0.05, unless otherwise stated. d From pKXc-PrC02H) 
= 1.49 X 10'5 [G. Kortum, W. Vogel, and K. Andrussow, Pure Appl. Chem., 1,190 (I960)] and p* = 1.72.1 e Extrapolated from <t* c h 2g  
using a falloff factor of 2.8.1 f Estimated from <rm(COPh) and < r*co cH 3.1 « Second ionization.

preceding paper in this series. It was concluded that the <t*h 
constant cannot be used and that, although <x*R constants may 
represent intrinsic electron-donor properties of alkyl groups, 
correlations are frequently obscured by other factors. In this 
paper the question of the applicability of <t* g , <t* c h 2g > and 
f f* C H 2C H 2G  constants to the nitroalkane system, G(CH2),,N02, 
which differs appreciably in geometry from the G(CH2)nC02R 
system from which these constants were derived, will be ex
amined.

Results

The equilibrium acidity constants were determined po- 
tentiometrically in 50% (v/v) methanol-water and by an in
dicator method in anhydrous dimethyl sulfoxide (Me2SO). 
The constants in MeOH-H20  were corrected for both activity 
coefficient and true hydrogen ion activity in the mixed 
aqueous solvent,5 but not for statistical corrections. Mea
surements were made at ambient temperature, but since the 
acidities of nitroalkanes vary only slightly with temperature,6 
this introduces relatively little error. All nitro compounds gave 
measurements stable with time during 0.5-12 h equilibration 
save BrCH2N 02, PhSCH2N 02, and PhC0CH2N 02. These all 
gave yellow solutions and drifting of pH within minutes of the 
addition of base. The acidities in these cases were computed 
from the potentiometric measurements after 1-2 min of 
equilibration with base. This time was found to be sufficient 
for equilibration of compounds of comparable acidity. For less 
acidic compounds, the aliquots with differing partial neu
tralizations gave widely varying calculated pK’s immediately 
upon base addition; after 0.5-2 h equilibration, the values were 
within 0.02 pK  units.

The equilibrium acidities in Me2SO were determined by the 
method described previously.7'8 All compounds behaved well 
during measurements (±0.05 pK  units for differing partial 
neutralizations) save for those listed as having larger standard 
deviations. For these, trends in the calculated pK ’s were ob

served; this usually indicates decomposition of the anion.
The data for equilibrium acidities in 50% (v/v) MeOH-H20 

and in Me2SO are summarized in Table I.

Discussion

Taft Correlation. The pA ’s of 3-substituted nitroalkanes, 
GCH2CH2CH2N 0 2, in 50% (v/v) MeOH-H20  are plotted 
against o"*ch2ch2g constants in Figure 1 (circles). A regression 
analysis of the plot shows a reasonably good relationship, p* 
= 1.18 ±  0.30 at the 95% confidence level (r = 0.956; R2 =
0.914). The smaller size of p* than that obtained for a-sub- 
stituted acetic acids, GCH2C02H (p* = 1.72), may, at first 
sight, be surprising, since G is separated from the acidic proton 
by the same number of atoms in each instance. Examination 
of the structural formulas for the anions (1 and 2) shows,

H\  + / °  G\  u

A  / c = \  CHlC\ . „G Cl I. O' 0 '1/s
1 2

however, that in 1 the negative charge is delocalized to oxygen, 
and is thereby removed two atoms further from G.

Judging from the original work of Taft,1 and numerous 
apparently successful extensions,3 one might have anticipated 
a better correlation. By separating G from the acidic site by 
two methylene groups we have minimized steric effects. Also, 
in plotting the data we have avoided using the original Taft 
<r*’s for the hydrogen and methyl points, since these were 
derived from situations where these groups were attached to 
an sp2 carbon atom, rather than an sp3 carbon atom.4 (A value 
of 0.0 was assumed for c*ch2ch2r when R = H, and a value of 
—0.05 was assumed when R = Me.) The <x*ch2CH2g constants 
used were extrapolated from <t*Ch2g constants, assuming a 
transmission coefficient (e) of 0.36,1 but the size of e chosen
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Figure 1. Taft plots of pK's in 50% (v/v) Me0H-H20 of GCH2CH2CH2N02 vs. <t* c h 2c h 2g  (•) . GCH2CH2N02 vs. <t* Ch 2g  (A), and GCH2N02 
vs. a*g (■). (For <t* c h 2c h 2r  a value of 0 was assumed for R = H and a value of -0.05 was assumed for R = Me.)

should not affect the linearity of the plot as long as it has a 
constant value. On the other hand, it is remarkable that the 
data fit the line as well as they do when one considers that the 
Taft equation fails to take into account the geometric rela
tionships between G and the acidic site, which must differ for 
the G(CH2)nN02 system, relative to the G(CH2),jC02R sys
tems from which the Taft constants were derived.9 Inspection 
of anion structures 1 and 2 shows that the relative geometric 
relationships of G and the centroid of charge in the anion may 
vary greatly, depending on the conformations of 1 and 2 to be 
compared. Current theory indicates that these geometric re
lationships are of primary importance. The variation of elec
trostatic effects of this type with geometry appears to be best 
approximated by the Kirkwood-Westheimer approach using 
eq 2 and an elliptical cavity model.10

ApK = (ft cos 6)/r2D (2)

According to eq 2 the change in acidity (Ap/Q on substi
tution of G for a y-hydrogen atom in 1 will depend on: (a) the 
dipole moment (g) of G; (b) the cosine of the angle (0) this 
dipole makes with the acidic site; (c) the inverse square of the 
distance, r, between G and the acidic site; and (d) the recip
rocal of the effective dielectric constant, D. The high degree 
of significance in our Taft correlation, as revealed by the 
statistical analysis of the data, shows that the geometric re
lationships of varying substituents to the centroid of negative 
charge must vary in such a way that cos 8/r2 is similar in 1 and 
2 for each substituent, G. There are some reversals in the 
relative effects of groups, however. For the G(CH2)2CH2N02 
series we see from Table I that in MevSO the acidifying effects 
are in the order PhS02 > CN, PhS > PhO, CH3GO > HO, and 
Me > H, whereas the reverse order for each of these pairs is 
observed for GCH2C 0 2H. These differences may be caused 
by variations in the conformations of the two systems with 
changes in the nature of G.

Conformational Effects. The importance of geometric 
relationships in determining the effect of G on acidity in ni- 
troalkanes, G(CH2)„N 02, is brought out by comparing sub
stituent effects in 2- and 3-substituted nitroalkanes

(GCH2CH2N 02 vs. GCH2CH2CH2N 02). For the five sub
stituents for which information is available (Ph, MeO, HO, 
C02Et, and CN) the acidities of the G(CH2)3N0 2 compounds 
are equal to or greater than those of the G(CH2)2N 02 com
pounds despite the presence of one less methylene group in 
the latter (Table II). For the compounds of about equal 
acidity, i.e., those with G equal to Ph, C 02Et, or CN, this 
means that the “ methylene transmission coefficient” (e) is 
~1.0, rather than 0.36. For the GCH2CH2N 02 compounds 
with lower acidities, i.e., when G is MeO or HO, e would have 
to be negative. These five points deviate markedly from the 
Taft plot, of course (triangles in Figure 1; the CN and C 02Et 
points are off the scale of the plot). Evidently the geometric 
relationship of G to the centroid of charge in the anion 
GCH2C H =N 02_ relative to the anion GCH2CH2C H = N 02~ 
is quite different from the comparable geometric relationship 
in the GCH2C02-  and GCH2CH2C02~ anions.11 Examination 
of scalar models of the former shows that conformations are 
available in which the orientation of the C-G dipole and the 
distance, r, between G and the centroid of charge do not differ 
greatly (3 and 4).

3 4

The importance of geometry in determining the size of 
substituent effects was considered by Taft in his original 
analysis of polar effects. Taft showed that there was a close 
correspondence between substituent effects in the acetic acids
(5) and the 4-substituted bicyclo[2.2.2]octanecarboxylic acids
(6) , supporting his claim that a* constants have some gener
ality. At the same time, this close correspondence points up 
the danger inherent in using “ methylene transmission” 
coefficients. For example, the <ri’s (<ri = 0.45 <j*ch2g) deter-

H. .0 “
=NV
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Table II. Comparison of pK ’s of ß- and 7 -Substituted Nitroalkanes

registry p K
nitroalkane no. pK(H20) (50% MeOH)« <7*

Ph(CH2)2N02 8.78* 9.82 0.215
Ph(CH2)3N02 9.79 0.08
Me0(CH2)2N02 35461-44-0 9.26c (10.2) 0.52
Me0(CH2)3N02 42472-01-5 8.62d (9.6) 0.18
H0(CH2)2N02 10.34 0.555
H0(CH2)3N02 9.65 0.21
Et02C(CH2)2N02 3590-37-2 8.65d (9.6) 0.71
Et02C(CH2)3N02 2832-16-8 (9.6)c 0.25
NC(CH2)2N 02 35461-45-1 8.31c (9.3) 1.3
NC(CH2)3N02 9.33 0.46

a Values in parentheses were calculated from pK(H20) using an equation, pK(o()% MeOH) = (0.97 ±  0.04)pE(H20) + 1.19 ± 0.33, 
which was derived for RCH2NO2 with R = i-Pr, rc-Pr, Et, Me, PhCH2, H, O2NCH2CH2, HOCH2, and Ph (r = 0.995). b S. Hiidma,
A. Pihl, and A. Talvik, Reakts. Sposobn. Org. Soedin., 3,62 (1965). c A. Talvik, H. Timotheus, V. Loodmaa, V. Timotheus, T. Sarapan,
A. Laht, and V. K</S0bi, Org. React. (USSR), 8,409 (1971). d A. Talvik, V. Timotheus, and H. Timotheus, ibid., 4,478 (1967). e Inter
polated by Taft equation with p* = 1.18.

mined for 5 and 6 are essentially identical (0.56 vs. 0.58), 
whereas the oq calculated for 6, or its open-chain analogue (7), 
using crj for 5 and a “ methylene transmission coefficient” of
0.36 is only 0.025 for 6 or 7.

5 G G G
6 7 8

The ability of groups in 6 to exert effects comparable to 
groups in 5, despite the fact that in 6 G is separated from the 
carboxyl group by three additional carbon atoms, is remark
able. Apparently the bulky aliphatic moiety separating G from 
CO2H in 6 markedly reduces the effective dielectric constant, 
D, whereas in 5 (or 7) the presence of solvent molecules in the 
molecular cavity leads to a much higher value for D. The fa
vorable orientation of the C-G dipole in 6 is no doubt also a 
contributing factor. Since these substituent effects have been 
shown to be primarily field, and not bond-mediated inductive 
effects, the number of bridges between the substituent and 
the acidic site should not matter.10 A similar effect has been 
observed in the 4-substituted quinuclidine system (8), where 
substituent effects are transmitted more readily than in the 
acetic acid system, despite the intervention of one additional 
a bond between the substituent and the acidic site.12

Solvent Effects. A plot of the pK ’s in Me2SO for nitroal
kanes, GCH2CH2CH2N 02, v s . <r*CH2CH2G is linear (r = 0.96) 
and shows about the same amount of scatter as was observed 
in 50% (v/v) MeOH-H20  (r = 0.96). Comparison of the plots 
shows only a few minor changes in the positions of the points. 
The phenyl group in Ph(CH2)3N 02 is relatively more acidi
fying in the Me2SO solvent, and this is true also for the phenyl 
group in Ph(CH2)2N 02. The apparent “ methylene trans
mission coefficient” is now slightly on the positive side, rather 
than being negative as it is in MeOH-H20; H0 (CH2)3N0 2 is 
still more acidic than H0 (CH2)2N0 2 in the Me2SO solvent, 
however. Hydrogen-bond effects are absent in Me2SO, but H 
bonding does not appear to make the PhO more acidifying 
than PhS; the latter is more acidifying in both solvents.

Since the absolute acidities for most of the nitroalkanes 
listed in Table I are about 6.5 pK  units lower in Me2SQ than 
in 50% (v/v) MeOH-H20, it is clear that large solvent effects 
are operative. The p* for the G(CH2)3N 02 series is 3.4 in 
Me2SO vs. 1.2 in MeOH-H20, corresponding to a greater than 
three orders of magnitude sensitivity of the K a’s in Me2SO to

substituent effects. Both this larger p* and the lower acidities 
in Me2SO are due largely to the absence of H bonding between 
the oxygen atoms in the nitronate ion and the Me2SO solvent. 
The strong H bonding of MeOH and H20  to these negatively 
charged oxygen atoms stabilizes the anion and decreases the 
negative charge density on carbon in the C H =N 02~ function. 
In Me2SO the greater charge density on this carbon atom 
greatly increases the sensitivity of the anion toward stabili
zation by the substituents G. [A similar solvent effect is ob
served in the GCH2N 02 series, when G = Ph or CH2=C H  (see 
the preceding paper) and in comparing p’s in H20  and in 
Me2SO for meta- and para-substituted phenols.]

Perhaps the most striking feature of the data is that, despite 
large differences in the type and magnitude of the solvent 
effects of Me2SO and MeOH-H20, the relative effects with 
varying substituents are remarkably similar. Note in par
ticular that in each solvent the PhS substituent is slightly 
more acidifying than the PhO substituent, although the a* 
constants predict an appreciable difference in the opposite 
direction. Similarity in relative substituent effects in Me2SO 
and in protic solvents appears to be the general rule.ui'l4’lr> 

«-Substituted Nitroalkanes. The points for a substituents 
deviate widely from the line defined for G(CH2)3N0 2 com
pounds in either 50% (v/v) MeOH-H20  (Figure 1) or in 
Me2SO. This is expected since: (a) it is unlikely that Taft <r*’s 
derived for substituents attached to sp3 carbon atoms can be 
applied to these same substituents when attached to sp2 car
bon atoms;4 (b) steric effects are enhanced at the «  position; 
and (c) delocalization of the negative charge in the anion by 
resonance is often possible. Deprotonation of nitroalkanes (or 
other carbon acids) differs from that of carboxylic acids with 
respect to a, b, and c, since the hybridization of carbon changes 
during deprotonation.

G\  +/ °GCH2N02 5=s / -C=N + H+
H O-

When G is c-Pr, Me, Et, or j-Pr the nitroalkanes are ap
preciably more acidic than when G is f-Bu or H (squares on 
Figure 1). These alkyl and hydrogen effects have been dis
cussed in a previous paper, as have the effects for G = Ph and
CH=CH 2.13

The order of acidifying effects for the other substituents, 
G, are, with a single exception, in the same order as for 
methane carbon acids, i.e., PhCO > PhS02 > Et02C > PhS 
> Ph (Table I). The differences in acidities in Me2SO for the 
nitroalkanes, GCH2N 02, are much smaller than for the 
methane carbon acids, GCH3, as is brought out by comparing
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Table III. Comparison of Acidifying Effects in Me2SO for 
Nitroalkanes, GCH2NO2, and Methane 

Carbon Acids, GCH3

P K

G
P K

(GCH3)“
Ap K 

(GCH3) II to Ap K
(GCH2N 02)

H ~656 (0.0) 17.2 (0.0)
Ph -44  c ~21 12.2 5.0
PhS ~40d ~25 11.9 5.3
C02Èt —̂31e ~34 9.2 8.0
PhS02 29.0 ~36 7.2 10.0
PhCO 24.7 ~40 7.7 9.5

a Reference 7 unless otherwise noted. b Based on unpublished 
data of D. Algrim. c Reference 14. d Estimate based on data in 
ref 14. e Based on unpublished data of H. Fried.

the ApK’s in Table III. The much smaller ApA’s for the 
GCH2NO2 acids than the GCH3 acids are caused by the much 
smaller concentration of charge on carbon in the G CH =N 02~ 
anions (resonance saturation effect15). Steric effects will play 
a role in dictating the stabilizing effect in GCH=NC>2~ anions, 
and offer a possible explanation for the reversal of the PhSC>2 
and PhCO effects.

Summary
It is apparent from this study that the Taft relationship can 

be applied in only a limited sense to systems of the type 
G(CH2)„X, where X  is a reactive function or one that activates 
the a-C-H bond, and G is a substituent. Taft <x* c h 2g  ( ° r  ° l )  
constants can be used only when n is kept constant; they are 
not applicable in instances where G is attached to an sp2 car
bon atom, and cannot be related quantitatively to a*c, or
o- * c h 2c h 2g  constants b y  the use of “ methylene transmission 
coefficients” . The Taft a*h constant is not applicable and the

small effects of alkyl groups are often strongly affected by 
factors other than the inductive <t*r effect. Finally, although 
P*ch2g (or <j[) constants give an approximate general measure 
of polar effects, their size and sometimes even their relative 
order changes as the geometry of the sytem is changed. This 
last statement is strongly supported by the work of Grob and 
Schlageter on the 4-substituted quinuclidine system.12

Experimental Section
Materials. The 50% methanol solvent was made by mixing equal 

volumes of methanol (Fisher Certified, acetone free) and deionized 
water. The 50% methanol-water lyate ion solutions were made by 
diluting aqueous Anachemia Acculute 0.10 M NaOH solution with 
an equal volume of methanol, followed by further dilution with pre
pared 50% MeOH-H20 solvent. The lyate ion concentration was 
checked by titration against standard acid. The details of Me2SO 
purification and measurement of acidity constants in that solvent 
have been published elsewhere.7 The pffa’s in 50% MeOH-H20 were 
determined by the method of Bordwell, Boyle, and Yee16 save that 
an activity coefficient correction of —log 7* = 0.045 and a true hy
drogen ion activity correction5 to the pH of —0.10 have been applied 
to the reported data.

All of the nitro compounds reported here were purified by fractional 
distillation to >99% purity, unless otherwise stated. Four of the ni
troalkanes were obtained as gifts from Commercial Solvents Corp.: 
nitromethane (99.99% pure by VPC) and nitroethane (99.92% by 
VPC) were used as received, while 1-nitropropane and 1-nitrobutane 
were distilled. Literature methods were followed for the syntheses 
of 5-nitro-2-pentanone,17 2-phenyl-1-nitroethane,18 2-nitroethanol,19 
phenylnitromethane,20 3-nitropropene,21 bromonitromethane,22 
benzoylnitromethane,23 and ethyl nitroacetate.24 Phenylnitromethane 
was purified by column chromatography on silica gel with CCI4  as 
eluent, followed by Kugelrohr evaporative distillation [70 °C (5 mm)]. 
Benzoylnitromethane was twice recrystallized from hexane. 2,2- 
Diphenylnitroethane was a gift of C. J. M. Stirling.

3-Phenyl-l-nitropropane. Following the procedure of Korn- 
blum,26 3-phenyl-l-bromopropane (Aldrich) was stirred in I)MF for 
3 h with 1.5 equiv of sodium nitrite and 1.5 equiv of urea. The mixture 
was poured into water and extracted with ether, followed by washings

Table IV. Physical Constants of Nitro Compounds, RCH2NO2

R
bp, °C 
(mm) n23D

bp, lit., °C 
(mm) n20D, lit. ref NMR (CDC13), 5

CH3CH2 131-132 1.3996 130-131.5 1.3994 38
c h 3c h 2 50-51 (20) 1.4112 152-153 1.4024 39 0.7-2.2 (m, 7 H); 4.30 (t, 2 H)

CH2
(CH3)2CH 65 (50) 1.4070 (21 °C) 71 (65) 1.4069 40 0.95 (d, 6 H); 2.38 (m, 1 H); 4.17 (d, 2 H)
(CH3)3C 65 (45) 1.4132 (21 °C) 150-151 1.4099 (30 °C) 41 1.05 (s, 9 H); 4.20 (s, 2 H)
c-Pr 80 (30) 1.4375 (21 °C) 71.5-73 (25) 1.4383 42 0.5 (m, 4 H); 1.4 (m, 1 H); 4.20 (d, 2 H)
Ph(CH2)2 80-81 (0.3) 1.5181 147-148 (11) 43 2.1-2.8 (m, 4 H); 4.30 (t, 2 H);

6.9-7.5 (m, 5 H)
HO(CH2)2 72-73 (0.3) 1.4450 138-140 (32) 44 2.20 (s, 1 H); 2.23 (quintet, 2 H);

3.80 (t, 2 H); 4.52 (t, 2 H)
CH3C- 101-102 (4.5) 1.4420 117-120 (10) 1.4445 17 2.18 (s, 3 H); 2.0-2.6 (m, 4H);

0(CH2)2 4.48 (t, 2 H)
PhS(CH2)2 108-110 (0.1) 1.5695 2.21 (quintet, 2 H); 2.95 (t, 2 H); 4.47 (t, 2

H); 7.0-7.4 (m, 5 H)
PhO(CH2)2 98-100 (0.3) 1.5220 171-177 (17) 45 2.40 (quintet, 2 H); 4.01 (t, 2 H);

4.56 (t, 2 H); 6.7-7.4 (m, 5 H)
CN(CH2)2 73-74 (0.1) 1.4502 160 (35) 29a 2.0-2.7 (m, 4 H); 4.45 (t, 2 H)
PhS- mp 45.0-45.5 2.40 (quintet, 2 Hi; 3.27 (t, 2 H);

0 2(CH2)2 4.57 (t, 2 H); 7.4-8.0 (m, 5 H)
N02(CH2)2 87-88 (0.2) 1.4630 103 (1) 1.4638 28 2.65 (quintet, 2 H); 4.55 (t, 4 H)
PhCH2 85-86 (0.3) 1.5243 73-74.5 (0.15) 1.5270 18 3.20 (t, 2 H); 4.48 (t, 2 H)
HOCH2 84-85 (3.5) 1.4428 94 (10) 20 2.55 (s, 1 H); 3.9-4.2 (m, 2H);

4.35-4.60 (m, 2H)
Ph 1.5314 1.5315 46 5.36 (s, 2 H); 7.36 (s, 5 H)
CH2=CH 53-54 (55) 1.4270 39-40 (20) 1.4260 21 5.0 (d, 2 H); 5.3-5.5 (m, 2 H); 6.1 (m, 1 H)
Br 68-70 (42) 1.4820 70-72 (45) 22 5.72 (s)
PhCO mp 105-105.5 mp 105.5 23 5.95 (s, 2 H); 7.5-8.0 (m, 5 H)
PhS 1.5785 5.38 (s, 2 H); 7.1-7.5 (m, 5 H)
PhS02 mp 76-77 mp 69-72 47 6.65 (s, 2 H); 7.7-8.2 (m, 5 H)
EtC^C 79-80 (5) 94 (11) 1.4243 48 1.63 (t, 3 H); 4.40 (quartet, 2 H); 

c; i q 95.13 (s, 2 H)
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with sodium bisulfite solution and with brine. Drying and removal 
of solvent gave a 60% yield (by NMR) of crude material. Two frac
tionations gave >99% pure material.

3-Phenoxy-l-nitropropane. As with the 3-phenyl compound, 
3-phenoxy-l-bromopropane (Aldrich) was converted to crude nitro 
compound in 55% yield and fractionated twice.

3- Thiophenoxy-l-nitropropane. Sodium iodide (1.2 equiv) was 
refluxed in acetone for 24 h with 3-thiophenoxy-l-chloropropane. 
Workup identical with that for the 3-phenyl-1-nitropropane reaction 
gave a 75% yield of crude iodo sulfide. As with the 3-phenyl compound, 
this was converted to the nitro sulfide in 18% crude overall yield from 
the chloro sulfide. The dry sodium nitronate salt26 was prepared and 
recrystallized from absolute ethanol containing a trace of water. 
Reprotonation with hydroxylamine hydrochloride,27 followed by 
vacuum distillation, gave material >99% pure.

Anal. Calcd for C9HnN02S: C, 54.80; H, 5.62. Found: C, 54.95; H,
5.72.

1,3-Dinitropropane and 3-Nitro-l-propanol. As in the 3-thio- 
phenoxy-l-nitropropane synthesis, l-bromo-3-chloropropane was 
diiodinated with 2.2 equiv of sodium iodide. The crude diiodopropane 
was treated with silver nitrite following the method of Kispersky,28 
save that after removal of the silver salts, 1 equiv of methanol was 
added to hydrolyze the nitrite esters. Removal of solvent after 24 h 
and distillation at 1 mm gave crude yields of 28% 3-nitro-l-propanol 
(from hydrolysis of the nitronitrite compound), bp 80-85 °C, and 47%
1,3-dinitropropane, bp 100-116 °C.

4- Nitrobutyronitrile. Iodination of 4-chiorobutyronitrile with
1.2 equiv of sodium iodide, as for the 3-thiophenoxy compound, fol
lowed by reaction of the crude iodo compound with silver nitrite,29 
gave a 42% yield of crude product.

3-Phenylsulfonyl-1-nitropropane. The nitro sulfide (1.1 g, 5.8 
mmol) and 20 mL (20 mmol) of 30% H2O2 were stirred for 2 h in 60 
mL of glacial acetic acid at 23 °C, and for 1 h on the steam bath. It was 
poured into 200 mL of H2O and extracted with ether, and the com
bined extracts were washed with NaHCC>3 solution and with brine 
solution. Drying and removal of solvent under reduced pressure, 
followed by two recrystallizations from ether, gave white prisms, mp
45.0-45.5 °C, in 42% yield.

Anal. Calcd for C9HuN04S; C, 47.15; H, 4.84. Found: C, 47.22; H,
4.78.

2-Methyl-1-nitropropane. The oxime of isobutyraldehyde 
(Chemical SAMPLES Co.) was prepared by the method of Pearson 
and Bruton,30 save that a 24-h reflux was employed. The oxime was 
oxidized by trifluoroperacetic acid20 employing a 24-h reflux to obtain 
42% crude yield.

2,2-Dimethyl-1-nitropropane. As for 2-methyl-l-nitropropane, 
pivaldehyde (Chemical Samples Co.) was converted to its oxime, and 
oxidized to the nitro compound in 69% yield for the oxidation step.

Cyclopropylnitromethane. Cyclopropyl cyanide (Aldrich) was 
reduced to cyclopropylcarboxaldehyde with LiAlH4.31 The oxime was 
prepared by the method of Roberts and Chambers32 and oxidized as 
for 2-methyl-l-nitropropane, save that refluxing was continued for 
only 5 h. A 6% overall crude yield was achieved.

Phenylthionitromethane. To 21 mL (0.21 mol) of benzenethiol 
in 100 mL of pentane at 0 °C was added dropwise with stirring 18 mL 
(0.24 mol) of sulfuryl chloride over 1 h. The red mixture was stirred 
1 h more at 23 °C, then solvent and excess S02C12 were removed under 
reduced pressure. Distillation gave 24 g (80% yield) of benzenesulfenyl 
chloride as a red liquid, bp 66 °C (4 mm) [lit.33 73-75 °C (9 mm)]. This 
was converted to phenyl benzenethiosulfinate by the addition of 1.25 
equiv of sodium benzenesulfinate in small portions over 15 min to the 
sulfenyl chloride in CC14 at 0 °C, followed by 1 h at 23 °C. Filtration 
and removal of solvent under reduced pressure gave a viscous oil, 
which upon crystallization from hexane gave a 74% yield of white 
crystals, mp 35-37 °C [lit.34 mp 44-46 °C). Conversion to 4-(phenyl- 
thio)morpholine35 was accomplished in 72% yield, mp 29-33 °C [lit.36
33-36 °Cj.

Following the general procedure of Mukaiyama,36 in 50 mL of 
CH2C12 were stirred 3.9 g (38 mmol) of ethyl nitroacetate and 6.5 g 
(38 mmol) of 4-(phenylthio)morpholine for 3 h. Removal of solvent 
under reduced pressure gave a tan salt, which was heated for 45 min 
on the steam bath in 125 mL of 40% ethanol-water solution, 1 M in 
KOH. The ethanol was removed under reduced pressure, and the 
solution was neutralized to pH 7 with 30 mL of 10% HC1 solution. To 
this at 0 °C was added 10 g (0.14 mol) of hydroxylamine hydrochloride 
in 20 mL of water over 15 min. Ether extraction afforded on workup 
5 mL of yellow oil, which was 92% product and 8% diphenyl disulfide 
by NMR and VPC. Column chromatography on 50 g of silica gel, 
eluting with CC14, gave material >99% pure in the fourth column 
volume of eluent.

A n a l .  C a l c d  f o r  C 7H 7 N 0 2 S :  C ,  4 9 .6 9 ; H ,  4 . 1 7 .  F o u n d :  C ,  4 9 .6 4 ;  H ,

4 . 2 3 .
A l l  a t t e m p t s  a t  d i r e c t  b e n z e n e s u l f e n a t i o n  o f  n i t r o m e t h a n e  o r  n i-  

t r o e t h a n e  w i t h  M u k a i y a m a ’s  r e a g e n t s 36  w e r e  u n s u c c e s s f u l .
Phenylsulfonylnitromethane. A c e t i c  a c i d  ( 1 0  m L )  c o n t a i n i n g  

1 . 0  g  ( 5 .9  m m o l)  o f  p h e n y l t h i o n i t r i o m e t h a n e  a n d  5  m L  ( 5 0  m m o l)  o f  

3 0 %  H 2 0 2  w a s  r e f l u x e d  1  h . R e m o v a l  o f  s o l v e n t  u n d e r  r e d u c e d  p r e s 

s u r e  f o l l o w e d  b y  c r y s t a l l i z a t i o n  f r o m  e t h a n o l - w a t e r  g a v e  0 .3  g  o f  

c r y s t a l s  ( 2 5 %  y ie ld ) .  R e c r y s t a l l i z a t i o n  f r o m  h e x a n e  g a v e  w h it e  n e e d le s ,  

m p  7 8 . 0 - 7 8 . 5  ° C .
A n a l .  C a l c d  f o r  C 7 H 7 N 0 4S :  C ,  4 1 . 7 9 ;  H ,  3 . 5 1 .  F o u n d :  C ,  4 1 . 6 6 ;  H ,

3 .4 9 .
T r u c e 37  r e p o r t s  t h i s  a s  t h e  p r o d u c t  o f  n i t r a t i o n  o f  p h e n y l  m e t h y l  

s u l f o n e  w i t h  a m y l  n i t r a t e  a n d  p o t a s s i u m  a m i d e  in  a m m o n i a :  m p  

1 5 0 - 1 5 0 . 5  ° C .  O f  h i s  t w o  l i t e r a t u r e  r e f e r e n c e s  f o r  m p  1 5 1  ° C ,  n e i t h e r  

r e p o r t s  t h i s  c o m p o u n d ,  b u t  r a t h e r  p - t o l y l s u l f o n y l n i t r o m e t h a n e ,  m p  

1 1 5  ° C .
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Rates of deprotonation for 20 nitroalkanes, G(CH2)„N02, where n is 1, 2, or 3, catalyzed by Iyate ion or by pyri
dine were measured in 50% (v/v) Me0 H-H20. The rates were correlated reasonably well by the Taft relationship, 
but this is believed to be fortuitous for n = 1 or 2. A Br^nsted plot for lyate rates vs. equilibrium acidities for n = 
3 gave a slope of 1.67 and for pyridine rates gave a slope of 1.89. Rates of deprotonation by lyate ion of seven secon
dary nitroalkanes, RR'CHN02, with R or R' = Me, Et, Pr, i-Pr, or c-Pr, were measured in 50% (v/v) Me0H-H20. 
Changes in R (or R') caused larger effects in kinetic acidities than in equilibrium acidities; these effects were fre
quently in inverse directions. A three-step mechanism involving a singly H-bonded anion intermediate or a virtual 
intermediate is postulated to account for the large &hA d isotope effects and “anomalous” Br^nsted coefficients 
observed for the deprotonation of nitroalkanes in protic solvents. Six examples are given from kinetic and equilibri
um acidity data where the order of polar effects is PhS > PhO, which is opposite to the order of Taft a\ constants.

Although there is a wealth of information concerning 
rates of deprotonation of simple nitroalkanes with varied bases 
(HO- , AcO- , pyridine, etc.),2-4 relatively little information 
concerning the effect of introducing heteroatom substituents 
into the alkyl groups is available. We now present data for 
rates of deprotonation of nitroalkanes, G(CH2)nN02, where 
G is a heteroatom substituent and where n = 1, 2, or 3, with 
lyate ion in 50% (v/v) Me0 H -H 20 and with pyridine in 50% 
(v/v) M e0H -H 20. These results, together with those on the 
effect of alkyl substitution into nitromethane, are then com
pared with the equilibrium acidity data5 for these compounds 
in the same solvent.

Results

Rates of deprotonation by lyate ion in 50% (v/v) metha
nol-water at 15 °C of 20 nitroalkanes of the type G(CH2)„- 
NO2, where n is 1, 2, or 3 and G is hydrogen, methyl, or a 
functional group, were measured by observance under 
pseudo-first-order c onditions of the appearance of nitronate 
ion absorbance at 225-240 nm. Excellent kinetics were ob
tained in most instances with correlation coefficients of >0.999 
for each run (Table I). The behavior of 3-chloro-l-nitropro- 
pane was exceptional in that the infinity absorbance slowly 
decreased with time, probably due to cyclization to form is- 
oxazoline oxide. Lyate rates were also measured for a number 
of secondary nitroalkanes, RR'CHNCL. The data are sum
marized in Table III.

A Taft plot (Figure 1) constructed from the lyate rates for 
3-substituted-l-nitropropanes, G(CH2)3N0 2, vs. ff*cH2CH2G, 
with G = H, Ph, OH, SPh, COCH3, OPh, Cl, S02Ph, and CN, 
gave p* = 2.09 ±  0.17 (r = 0.975; R2 = 0.950; SD = ±0.39 at

95% confidence level). Points for GCH2CH2NO2 and 
GCH2N 02 compounds vs. <t*ch2g and <t*q, respectively, are 
also included in Figure 1, but were not used in the least- 
squares plot to determine p*.

The rates of deprotonation of the G(CH2)reN 02 compounds 
with pyridine base in 50% MeOH-H20  were determined by 
a buffer dilution method, using triiodide ion as a scavenger 
for the nitronate ion6a (Table I). The zero-order disappearance 
of triiodide is the actual kinetic variable. Iodination of the 
nitroalkanes does not go to completion,65 but is extensive 
enough to allow successful measurement of rate constants. For 
3-substituted-l-nitropropanes, GCH2CH2CH2N02, with G 
= H, Ph, OH, OPh, S02Ph, and CN, a Taft plot gave p* = 2.27 
±  0.26 (r = 0.957; R2 = 0.916; SD = ±0.62 at 92% confidence 
level). Points for 1,3-dinitropropane and 5-nitro-2-pentanone 
were not included because of complications due to side reac
tions. The distribution of the other points (Table I) along the 
line was similar to that shown in Figure 1.

A Br^nsted plot (Figure 2) for lyate ion deprotonation in 
50% MeOH-H20  (at 15 °C) vs. equilibrium acidities in 50% 
MeOH-H20  (at 25 °C) for GCH2CH2CH2N0 2 compounds, 
with G = H, Ph, OH, COCH3, OPh, SPh, S02Ph, and CN, gave 
a = 1.67 ±  0.19 (r = 0.957). Since the temperature dependence 
for pK’s for nitroalkanes is known to be small,7 and should be 
similar for a series such as G(CH2)3N0 2, the fact that the ki
netic and equilibrium measurements were made at tempera
tures 10 °C apart should not affect a appreciably. The 
Br^nsted a for a plot of pyridine deprotonation rates in 50% 
Me0H-H20  (at 25 °C) vs. pK’s in 50% MeOH-H20  (at 25 °C) 
was 1.89 ±  0.19 (r = 0.965).

The correlations of the (calculated) rates of protonation of
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Ph

COCH3 *OPh
OH<, CH, Ph

0.0 —

g_t-Bu

- 0 . 3  - 0 . 2  - 0 . 1  0 . 0  0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6

'CH,CH,G Dr ;CH,G (4) or~G(B)
Figure 1. Plot of the logarithm of the rates of deprotonation by lyate 
ion in 50% MeOH-H20 at 15 °C for 3-substituted 1-nitropropanes, 
GCH2CH2CH2N02, vs. <j * c h 2c h 2g  (•). Points for GCH2CH2N02 vs. 
<t * c h 2G  ( a )  and GCH2N02 vs. 0 * 0  ( ■ )  are also shown, but were not 
used to determine p*.

2

-11 -10 -9 -8
log K

Figure 2. Bpfasted plot of the rates of deprotonation by lyate ion vs. 
pK’s for 3-substituted nitroalkanes, GCH2CH2CH2N02, in 50% (v/v) 
MeOH-H20.

GCH2CH2C H = N 02~ on carbon by solvent are less satisfac
tory than those in the opposite direction. Examination of 
Table II shows that for protonations of A rCH =N 02~ on 
carbon there is a general trend for electron-withdrawing 
groups to accelerate the rate, in agreement with the calculated 
p of 0.45, but that the acceleration is irregular and generally 
smaller than expected. In particular, we note that the pro
tonation of m-ClC6H4C H =N 0 2~ is as rapid as that of m- 
N0 2C6H4C H =N 0 2_, despite a sizable difference in the 
electron-withdrawing power of these two groups. Also, m- 
CF3CeH4CH = N O 2“ is protonated at almost the same rate as 
CeHsCH^NOa- , despite the moderately strong electron- 
withdrawing properties of the CF:! group. Similar discon-

Table I. Deprotonation Rates of Nitroalkanes, GCH2NO 2,
by Lyate Ion and Pyridine in 50% (v/v) Methanol-Water

G
registry

no.
k,

M" 1 s-la
105k,

k, M- 1 s-lb

i-Bu 34715-98-5 0.63 0.182
i-Pr 625-74-1 3.3 1.35
n-Pr 627-05-4 4.6 2.68
Et 108-03-2 4.7 2.17
Me 79-24-3 5.5 2.83
(CH2)2Ph 22818-69-5 10.9 4.08
c-Pr 2625-33-4 10.6 3.95
(CH2)2OH 25182-84-7 15.4 6.25
(CH2)2COCH3 22020-87-7 16.4
CH2Ph 6125-24-2 16.3 6.05
(CH2)2SPh 66291-17-6 27.8 12.2
(CH2)2OPh 66291-15-4 21.3 9.61
CHPh2 5582-87-6 36.6
(CH2)2C1 16694-52-3 43.8
(CH2)2S02Ph 66291-13-2 58.5 24.6
(CH2)2CN 58763-41-0 45.2 21.6
H 75-52-5 30 c 8.04
(CH2)2N02 6125-21-9 68
c h 2oh 625-48-9 79.3 11.4
Ph 622-42-4 144 147

° At 15 °C, with lyate ion as the base; reproducible to ±5%. b At 
25 °C, with pyridine as the base; reproducible to ±5%. c Extra
polated from the rate with hydroxide in water.

tinuities of this type have been observed in protonation of 
A rCH =N 02~ by the conjugate acids of amine bases.8 In 
protonations of GCH2CH2CH =N 02_ on carbon we note that, 
despite the calculated p* of 0.81, there is little or no change 
in rate for G = Ph, OH, CH3CO, or PhO for a change in Taft 
constants of over 0.2 unit. We do not propose to interpret these 
results except to note that they are consistent with a complex 
mechanism for the forward and reverse reactions, involving 
solvent reorganization, such as presented herein.

Discussion

Taft and Br^nsted Correlations for G (CH 2)3N 0 2  N i
troalkanes. Let us look first at the data for G(CH2)3N0 2 ni
troalkanes, a system where steric effects appear to be relatively 
constant, judging from the success of the Taft and Br^nsted 
correlations (Figures 1 and 2). The pyridine rates correlate 
well with the lyate rates for these compounds (slope = 0.950 
±  0.053 for ten points; r = 0.991). It is noteworthy that the 
pyridine rates have about the same sensitivity to the effect of 
the substituent, G, as do the lyate rates, despite the fact that 
the pyridine rates are over five powers of ten slower. This re
sult is similar to that observed in the deprotonation of Ar- 
CH2N 02 and ArCH(Me)CH2N0 2 systems, where the Ham
mett p values were slightly larger for deprotonation by hy
droxide ion in water than by amine bases in water.8 These 
results can be rationalized, since with amine bases the negative 
charge developing on carbon in the transition state is offset 
by the positive charge developing on the nitrogen of the amine 
base. Furthermore, if H-C bond breaking is greater in the 
transition state for deprotonation by the amine base, as seems 
likely (Hammond postulate), more of the negative charge in 
this transition state (see 2) may be delocalized to the nitro 
group, making the reaction less sensitive to changes in the 
nature of G or to substituent effects in Ar.

The Br0nsted a for ArCH2N 0 2 and GCH2CH2CH2N 0 2 
nitroalkane systems can be expressed in terms of Hammett 
p and Taft p* values,

«  = PhJpKa and a* = p*kJp*K„

where ppB and p*kB refer to the sensitivity of the rates of de
protonation in the series of nitroalkanes by a given base, B,
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Table II. Relative Rates of Protonation on Carbon of GC6H4C H = N 0 2“ by Solvent Water and of GCH2CH2C H = N 0 2~ by 
______________  _____  Solvent 50% MeOH-HOH

g c6h 4c h == n o 2- GCH2CH2CH== n o 2-

G
registry

no. <T (k/k°)a G
registry

no. ff*CH9CH9G (fe/fe0)6
m-CH3 66291-11-0 -0.07 1.01 c h 3 34430-24-5 -0.04 0.66
H 12413-18-2 (0.0) (1.0) H 25590-60-7 (0.0) (1.0)
m-F 66322-97-2 0.34 1.014 Ph 66291-18-7 0.080 1.69
m-Cl 66291-22-3 0.37 1.25 HO 66291-16-5 0.20 1.73
m-CF3 66291-21-2 0.43 1.085 CH3CO 66291-14-3 0.21« 1.64
m-N02 66291-20-1 0.71 1.26 PhO 66291-12-1 0.306 1.66
p-N02 66291-19-8 0.78 1.20s CN 66291-10-9 0.46s 2.40

PhSOa 66291-09-6 0.475 2.80
° Calculated from data in ref 8. b Calculated from data in the present paper.

to substituent effects, and pk„ and p*Ka refer to the sensitivity 
of the equilibrium acidities in the same nitroalkane series to 
changes in substituent effects. The same pattern of response 
is observed in each series, the kinetic acidities being more 
sensitive to changes in remote substituent effects than are the 
equilibrium acidities, causing «  and a* to be > 1.

For deprotonation by lyate ion a* = 2.09/1.25 = 1.67. For 
deprotonation by pyridine a* = 2.27/1.25 = 1.8. A simulated 
reaction coordinate diagram comparing the rates of depro
tonation of a nitroalkane, GCH2CH2CH2N0 2, and a more 
acidic nitroalkane, G/CH2CH2CH2N02, by lyate ion is shown 
in Figure 3. It is assumed in Figure 3 that substitution of 
substituent, G, by a more powerful electron-withdrawing 
substituent, G', will have essentially no effect on the 
ground-state energy of the nitroalkane (reactant), but will 
lower the energy of the transition state and the ground-state 
energy of the nitronate ion (product). A noteworthy feature 
of Figure 3 is that the effect of the substitution is greater in 
lowering the transition-state energy than in lowering the en
ergy of the products. The assumption of a greater substituent 
effect on the transition-state than on the ground-state ener
gies, which presumably correspond to the ground-state 
energies in the equilibrium, is necessary to explain the greater 
sensitivity of the kinetic acidity ( p * k . , )  than the equilibrium 
acidity (p * k J  to substituent changes. The greater sensitivity 
of rates to substituent changes is understandable in terms of 
transition state 2 for lyate ion (RO_; R = H or Me) depro-

RCT ••• HCNCb
I

1

ROH-CNO, ROH + ^ : c= N 0 2
L

tonation, since in 2 the negative charge is developing primarily 
on carbon, whereas in the reactant ground state (1) the neg
ative charge is primarily on the lyate ion base (RO_), and in 
the product ground state (3) it is primarily on the oxygen 
atoms of the nitronate ion, two atoms further removed.

In the reverse reaction, protonation of 3 on carbon by sol
vent, the greater lowering of transition-state energy than 
product ground-state energy by substitution of a more pow
erful electron-withdrawing substituent, G', requires that 
electron withdrawal in nitronate ion 3 accelerate the rate. (A 
similar situation arises for protonation of A rCH =N 02_ by 
solvent.4) This too is understandable in terms of the formulas 
3 and 2, since protonation on carbon requires that in the 
transition state negative charge be concentrated on carbon. 
Electron withdrawal from oxygen in 3 by the substituent will 
assist this operation.

The most important feature of this analysis is that it is 
contrary to the assumption of Leffler and Grunwald that in 
the generalized rate-equilibrium equation

Transition
State

Reaction Coordinate

Figure 3. Simulated effect of a substituent, G (solid line), and a more 
electron-withdrawing substituent, G' (dashed line), on the rate of 
deprotonation of a nitroalkane by lyate ion (RO~). (The assignment 
of the same ground-state energies for the reactants is arbitrary.)

SAG* = a&A G° (1)

the effect of a substituent change, 5, on the transition-state 
energy will be intermediate to the effect of the substituent 
change on the energies of the reactant and product.9 As Kresge 
has pointed out,10 it is this assumption that constrains the 
value of the coefficient a to the limits of 0 and 1.0. It seems 
clear that this assumption is not correct for deprotonations 
of nitroalkanes. It follows that, at least for nitroalkanes, the 
size of a does not provide an index of the extent of proton 
transfer to the base in the transition state for deprotonation. 
Replacement of a substituent, G, by G' in other carbon acids 
of the type G(CH2)„A and GC6H4(CH2)nA, where A is an 
acidifying function such as COR, S 02R, CN, Ph, and the like, 
should lead to effects on deprotonation rates similar to those 
depicted in Figure 3. In deprotonation of systems of the type 
GC6H4CH2A one might expect, as a first approximation, that 
the size of a will decrease with the ability of A to delocalize the 
negative charge in the anion, i.e., N 02 > COR > C 02R > CN, 
S 02R, etc. It may turn out, then, that in most systems of this 
type a will be less than 1.0. This does not mean, however, that 
such a's provide a good index of the extent of proton transfer 
in the transition state.

The presentations of proton transfers in Figure 3 or by re
action I — 3 are oversimplified in that they ignore the role of 
the solvent. It now seems likely that such deprotonation re
actions may involve an intermediate or virtual intermediate, 
rather than a single transition state.4’11’12 We will show in the 
next section that such mechanisms can accommodate 

*
vTm riun m u w i r r i t i r n
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“ anomalous” Br^nsted coefficients and the surprisingly large 
ku/ki) isotope effects for exoenergetic nitroalkane depro
tonations.

Mechanisms of Proton-Transfer Reactions. The Eigen 
mechanism for proton transfer with oxygen and nitrogen acids 
(“ normal acids” ) visualizes a three-step mechanism:13 (1) 
formation of an “encounter complex” ; (2) proton transfer; and 
(3) separation of the new “ encounter complex” generated in 
the proton transfer. All three steps in this mechanism are very 
rapid. Proton transfer, for example deprotonation of phenol 
by hydroxide ion, can occur through one or more solvent 
molecules.14 In the representation shown the hydroxide ion 
is pictured as being solvated by three (“ inner solvation 
sphere” ) water molecules, one of which is hydrogen bonded

H,0

H— 0 “ H— 0 H— 0 — Ar

HO H
HoO

proton

tran sfer
H— 0 — H 0 — H - 0 — Ar

HO H

to a phenol molecule. The activation energy for this (exoen
ergetic) proton transfer is low and the transition state is ex
pected to be reactant-like (Hammond postulate). Substituent 
changes that increase the acidity of the phenol are expected 
to result in a small Br^nsted coefficient (approaching zero),10 
and the k¡u'kn isotope effect is expected to be small and to 
decrease as ArOH becomes more acidic.15 In the reverse (en- 
doenergetic) proton transfer the transition state is expected 
to be product-like, resulting in a Br^nsted coefficient ap
proaching one and a small ku/kn isotope effect increasing as 
the basicity of ArO~ decreases.

This “ normal” behavior, wherein the activation energies 
for proton transfers are low and the Br^nsted coefficient 
changes abruptly from zero to one with a relatively small 
change in AG°, differs sharply from the proton transfer to 
hydroxide ion from a carbon acid of acidity comparable to that 
of a phenol, e.g., a nitroalkane such as GCH9CH2CH2NO2 or 
ArCH2N02. Here the activation energy is relatively high, and 
the Br^nsted coefficient and /?h/^ d isotope effects are large. 
There is good reason to believe that the high activation 
energies for such proton transfers are associated to a consid
erable degree with desolvation of the hydroxide ion. It was 
pointed out many years ago that the reaction of an anion with 
an alkyl halide requires essentially replacing one solvent 
molecule of the anion with an alkyl halide molecule,16 and that 
the entire activation energy for the reaction of hydroxide ion 
with methyl iodide in water could be attributed to partial 
desolvation of the hydroxide ion.17 The essential correctness 
of this view as applied to proton transfers is supported by the 
much lower activation barriers and faster rates observed in 
dipolar aprotic solvents wherein the anions are not hydrogen 
bonded to the solvent. For example, deprotonation of tri- 
phenylmethane by alkoxide ions is roughly 106 faster in di
polar aprotic (dimethyl sulfoxide) solutions than in protic 
solutions.18 This large rate acceleration can be attributed to 
the absence of hydrogen-bonding protic solvent molecules 
surrounding the ethoxide ions.17 Evidently carbon acids, 
which form very weak hydrogen bonds, if any, are unable to 
utilize the Eigen mechanism for proton transfer.

The Eigen mechanism has been modified in a number of 
ways to take account of the appreciable solvent reorganization 
that occurs when a carbon acid is deprotonated by a base. 
Kreevoy has introduced an additional step in the mechanism 
to accommodate proper orientation and solvent reorganiza

S c h e m e  I

HO

HO- ■■•HO +  HCHNOo
(i)

H,0

HO“ ■■■ HCHNO, + H,0

HO H

HO

Ar

H O '-H C '

NO.
A ,Ar (2)

HO
N . "slow ”

H

HO Ar 
4

11.0

HÒH- G>C
NO,

/ /A r

\
HO H

H Ar

01
H , O—- (H0)„

fast y S  X .
Ar 0 -  —(H0)„

tion.12 Albery has discussed the mechanism in terms of the 
Marcus equation by dividing the Marcus work term, cor,19 ipto 
two parts, one of which represents solvent reorganization.11 
According to the Albery mechanism, rate-determining proton 
transfer from a nitroalkane to a base gives a relatively strongly 
basic pyramidal anion with much of the charge concentrated 
on carbon. Solvent reorganization then helps to transform this 
anion to the planar nitronate ion, in which the charge is con
centrated on oxygen. This mechanism is comparable to one 
that evolved in our laboratory at about the same time.4 An 
elaboration of this mechanism, which takes specific account 
of the need to desolvate the attacking base, is presented in 
Scheme I. (The mechanism is illustrated using ArCH2N02, 
but would, of course, apply equally well to other nitroalkanes 
or other carbon acids.)

In step 1 of this mechanism one of the three solvent mole
cules surrounding the hydroxide ion is replaced by a nitroal
kane molecule,20 and complex 4 is formed. The proton transfer 
in step 2 is visualized as being comparable to that in the Eigen 
mechanism, but the activation barrier is larger because the 
hydrogen bond in the encounter complex (4) is very weak, and 
because some structural and solvent reorganization accom
panies the proton transfer to form the “essentially pyramidal” , 
“ singly-solvated” carbanion 5. Carbanion 5 must be partially 
rehybridized, but, for reasons to be presented shortly, the 
major part of the rehybridization (and solvent reorganization) 
of 5 is believed to occur in step 3. The mechanism presented 
in Scheme I has been devised to account for: (a) the slow 
proton transfers observed for nitroalkanes in protic solvents;
(b) the high &h/^ d isotope effects observed for nitroalkane 
deprotonations; and (c) the “anomalous” Br^nsted coefficients 
observed for nitroalkanes.

The rapid proton transfers to hydroxide ion from oxygen 
acids, such as phenols, have been explained by Eigen as being 
due to the ability of ArOH to fit into the hydrogen-bonded 
network surrounding the hydroxide ion.13 Carbon acids of 
comparable acidity, such as nitroalkanes, form only very weak 
hydrogen bonds, if any. They cannot fit into this network, and 
require a much larger activation barrier for proton transfer. 
Scheme I pictures this high barrier as consisting of a separate, 
reversible step (1) with a sizable barrier needed to desolvate 
the hydroxide ion, and a second step (2) with a second barrier 
for the actual proton transfer. If proton transfer is viewed as 
occurring without intervention of an intermediate, as in Figure 
3, complex 4 would be converted in one step to the rehybrid
ized nitronate ion 6. This reaction would be highly exoener
getic, however, and is not consistent with the large ku/ko 
isotope effect observed for nitroalkane deprotonations. On 
the other hand, intermediate (or virtual intermediate22) 5 has
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Table III. Equilibrium and Kinetic Acidities for Nitroalkanes, RR'CHN02, in 50% MeOH-HaO

R R'
registry

no. P K ApK° kb log (k0/k)c
H H 11.11 30d
H Me 9.63 (0.00) 5.6 (0.00)
Me Me ”9-46-9 8.85 -1.08 0.26 1.24
H Et 9.99 (0.00) 4.7 (0.00)
Et Et 551-88-2 10.17 - 0.12 0.039 1.78
H Pr 9.77 (0.00) 4.6 (0.00)
Pr Pr 2625-37-8 9.85 -0.52 0.034 1.83
H i-Pr 10.38 (0.00) 3.3 (0.00)
i-Pr i-Pr 66291-08-5 11.0 0.32 0.00061 3.35
H c-Pr 9.41 (0.00) 10.6 (0.00)
c-Pr c-Pr 2625-39-0 10.65 0.94 0.079 1.84
H ¿-Bu 11.4 0.63
Me i-Pr 595-42-6 9.73 0.095
Me c-Pr 2625-38-9 8.73 0.22

a ApK = pK - pKo (statistically corrected). b Lyate rates. c Statistically corrected. d Estimated from the hydroxide rate in water.

a much higher energy than does product 6, and step 2 should 
have a transition state nearer to the point along the reaction 
coordinate at which the proton is half transferred. A large 
k-ii/k-Q isotope effect is therefore reasonable according to this 
mechanism.

Intermediate 5 would appear as a saddle point in the curve 
in Figure 3 if it is an actual intermediate, or as a discontinuity 
in the curve if it is a virtual intermediate; see the three-di
mensional representation given by Albery in ref 12. Kurz and 
Kurz conclude from a detailed analysis of solvent effects that 
all proton transfers in which solute-solvent coupling is rela
tively weak, as would be expected here, should occur by an 
uncoupled mechanism in which virtual intermediates must 
be present.23 Kresge has obtained evidence for an interme
diate (7a) similar in structure to 5 in the detritiation of phe- 
nylacetylene by an amine base, B. In this reaction detritiation 
occurs to form an ion-pair intermediate (7a) and the “ slow” 
step is exchange of the cation partner of this ion pair to form 
ion pair 7b.24

“ slow ”
PhC=C~-TB+ + HB+ PhC=C_—HB+ + TB+

7a 7b
These results indicate that a localized carbanion can indeed 

form a strong hydrogen bond, as we have postulated in for
mulating intermediate 5.

The Br0nsted coefficient larger than 1.0 observed for de
protonation of ArCH2N 02 (or GCH2CH2CH2NO2) systems 
is accounted for according to Scheme I by the fact that the 
substituent effects on rates and equilibria change in a different 
manner.10 Referring to Figure 3 we see that in the deproton
ation step the electron-withdrawing group, G', lowers both the 
transition-state energy and energy of the nitronate ion ap
preciably. (G' is assumed to have no effect on the ground-state 
energy of the nitroalkane.) The lowering of the transition-state 
energy is greater thar. the lowering of the ground-state energy 
of the nitronate ion, causing the Br^nsted a to be larger than
1.0. In the reverse reaction, protonation of the nitronate on 
carbon, the electron-withdrawing group, G', lowers the tran
sition-state energy appreciably but increases the difference 
in ground-state energies between the nitronate ion and the 
nitroalkane, causing the Br^nsted a to be negative.

a-Alkyl Effect. Anomalous Br^nsted Coefficients. 
Substitution of R for H in HCH2NO2 generally increases the 
equilibrium acidity in either aqueous or Me2SO solvents due 
to the stabilizing influence of R in the R C H =N 02_ anion.5a 
A similar effect is observed in 50% MeOH-H20  for substitu
tion of H by R in RCH2NO2 when R is Me, Et, or Pr (Table
III). On the other hand, these substitutions cause retardation 
of the rates of deprotonation in 50% MeOH-H20  (Table III).

Analysis of these data in terms of the simplest representation, 
1 -»■ 2 -*■ 3, requires that the stabilizing influence of R on the 
product (3) be overshadowed in the transition state (2) by a 
destabilizing influence. The abrupt rate decrease of over three 
powers of ten from i-PrCH2NC)2 to ¿-Pr2CHN0 2 (Table III) 
suggests that this is a steric effect of some kind, presumably 
steric hindrance to solvation. These inverse effects of alkyl 
substitution on rates and equilibria provide further examples 
wherein the effect of a substituent change, 5, on the transi
tion-state energy is not intermediate to the effect of the sub
stituent change on the energies of the reactant and product, 
as is required if a in eq 1 is to be confined to the limits of 0- 1.0. 
The lack of correspondence in substituent effects on rates and 
equilibria may be explained in terms of a reactant-like tran
sition state,4® or by assuming that the substituent interactions 
develop at different rates as the system moves along the re
action coordinate.10 It is difficult to explain the large /?hA d 
isotope ratios in this way, however, since they show that H-C 
bond breaking is extensive in the transition state. Alterna
tively, one can postulate the formation of an intermediate411’40 
or a virtual intermediate.11,12 If a more detailed mechanistic 
representation such as that shown in Scheme I is adopted, 
intermediates 7 and 8 can be assumed to be formed along the 
reaction pathway (Figure 4).

B - - H  ,.NO,

/ C>
R, R,

7

The advantage of assuming the presence of intermediate 
8 is that we do not expect changes in the stabilities of the 
planar nitronate ion product 9 caused by substituent changes 
to influence the rates. Instead, the rate of deprotonation will 
be determined only by the height of the barrier leading to the 
singly H-bonded, essentially tetrahedral intermediate, 8 (8a 
or 8b in Figure 4). For example, the substituent change from 
H2CHN02 to t-Pr2CHN02, which leads to a 5  X  1 0 4  decrease 
in rate of deprotonation by lyate ion in 5 0 %  MeOH-H20  with 
essentially no change in equilibrium acidity (Table III), can 
be rationalized in terms of Figure 4 by assuming that a higher 
barrier must be surmounted to produce intermediate 8b (Ri 
= R2 = i-Pr) than to produce intermediate 8a (Ri = R2 = H). 
There need be little or no change in the equilibrium acidity,

B— H -Q \  ,NO,
C'''

R>
8

BH +
Rj ()-
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Figure 4 . S i m u l a t e d  e f f e c t  o f  o n e  o r  t w o  a l k y l  s u b s t i t u e n t s  ( R j  a n d  

R 2) o n  t h e  r a t e  o f  d e p r o t o n a t i o n  o f  a  n i t r o a l k a n e  b y  a  b a s e  ( B _ ). ( T h e  

s u b s t i t u t i o n  o f  R i  a n d / o r  R 2  f o r  H  g e n e r a l l y  d e c r e a s e s  t h e  r a t e  a n d  

i n c r e a s e s  t h e  s t a b i l i t y  o f  t h e  p r o d u c t ,  s e e  t e x t . )

however, because there need be little or no change in the rel
ative ground-state energies of nitroalkane and nitronate ion 
product. Furthermore, a large fen/fen ratio is reasonable for 
this mechanism, since formation of either 8a or 8b is en- 
doenergetic.

Substitution of Me for ct-H generally produces acid
strengthening effects on the equilibrium acidities of simple 
nitroalkanes and ketones, but acid-weakening effects for 
simple nitriles and sulfones.5a The difference appears to arise 
from the degree of delocalization of charge made possible by 
the two types of functions. On the other hand, substitution 
of Me for o-H decreases the kinetic acidities of all four types 
of carbon acids. We can anticipate, then, that in protic sol
vents, ketones, like nitroalkanes, will give “ anomalous” 
Br0nsted coefficients, whereas nitriles and sulfones will not. 
(Unfortunately, this prediction is not easily tested, since 
equilibrium acidities of simple ketones, nitriles, and sulfones 
can be determined only in dipolar aprotic solvents.) The ob
servation of “normal” Br^nsted coefficients for the latter does 
not necessarily mean, however, that the transition-state 
structure is “ intermediate” between that of reactants and 
products.9 It could just as well mean that there happens to be 
a correspondence in substituent effects on the transition state 
and the product. We conclude that the size of such Br0nsted 
coefficients is a poor guide to transition-state structures of 
deprotonation reactions.

Limitations of the Taft Equation. In the preceding paper 
we concluded that the Taft relationship can be applied in only 
a limited sense to systems such as G(CH2)„N 0 2, where n = 
1, 2, or 3, because: (a) <t*g constants (n = 1) cannot be mixed 
with a*cH2G constants (n = 2(: (b) “ methylene transmission 
coefficients” , which relate <t*ch2g to a*ch2ch2g, vary with 
geometry; and (c) a* constants in general give only a rough 
measure of polar effects because they are dependent on 
geometry.5b The Taft plot in Figure 1 for the kinetic acidities 
of G(CH2)„ N 02 appears to contradict these first two con
clusions, however, since many of the <t*< - points (squares) and 
o’*CH2g points (triangles) fit the line almost as well as do the 
points for <t*ch2ch2g constants, which were used to define the 
line (circles). In contrast, the a*c and <x*ch2G points deviate 
widely from the Taft plot for equilibrium acidities.5b (This 
represents another example of the lack of correspondence 
between kinetic and equilibrium acidities that have been 
discussed in earlier sections of this paper.) We believe that the 
apparent fit in Figure 1 is fortuitous, however, and that it is 
a consequence of the approximate nature of the Taft rela
tionship. Note that there is appreciable scatter of the 
<r*CH 2C H 2G  points in Figure 1 , and that the PhO and PhS 
points fit poorly. The deviations of these two points offer a 
good illustration of the dependence of the Taft relationship

on geometry. The relative order of polar effects PhO > PhS 
appears to be firmly established by ester hydrolysis data, 
which indicate a substantial difference in <x* c h 2G constants 
(0.85 for PhO26 and 0.66 for PhS27). This order is confirmed 
by using the pK’s of carboxylic acids, GCH2C 02H, as an al
ternative source of a* constants (0.92 and 0.71, respectively).28 
Hammett am constants also indicate PhO >PhS to be the 
correct polar order (trmph0 = 0.25; crmphs = 0.1829). On the 
other hand, all of the data on the G(CH2)3N0 2 system point 
to an opposite order for the relative polar effects of PhO and 
PhS. Equilibrium acidities in both Me2SO and MeOH-H20  
give the order PhS > PhO, as do kinetic acidities using either 
lyate ion or pyridine in MeOH-H20  (Table I). The deviations 
are substantial as may be judged by the fact that (t* c h 2g  

constants give a calculated rate ratio, feph0/fephs, for lyate ion 
deprotonation in 50% MeOH-H20  of 426, whereas the ob
served ratio is 0.77. The equilibrium acidities PhO(CH2)- 
3SO2PI1 and PhS(CH2)2S 02Ph are also in an order opposite 
to that predicted by Taft <t* c h 2g  constants.30 One might have 
expected the order for equilibrium acidities of the carbox
amides PhOCH2CONH2 and PhSCH2CONH2 to follow the 
Taft order, since carboxamides are closely related in structure 
to the carboxylic esters, GCH2C02Et, from which the Taft 
<t*ch2g constants were derived. Here too, however, a reverse 
order is observed.31 It would appear that the polar effects of 
PhO and PhS substituents are strongly dependent on the 
geometry of the system used for the measurements. These 
results are reminiscent of those of Grob, who finds that the 
halogen order for the equilibrium acidities of 4-haloquinu- 
clidinium ions in water is Br > F > Cl > I instead of the “ in
ductive order” F > Cl > Br > I.32

Experimental Section
Materials. T h e  s u b s t i t u t e d  n i t r o a l k a n e s  w e r e  p r e p a r e d  a s  p r e v i 

o u s ly  r e p o r t e d ,5  s a v e  f o r  3 - c h l o r o - l - n i t r o p r o p a n e .  T h i s  w a s  s y n t h e 

s iz e d  b y  t h e  p r o c e d u r e  o f  L a m p m a n ,  H o r n e ,  a n d  H a g e r ,3 3  g iv in g  a  2 8 %  

y i e l d  o f  c r u d e  p r o d u c t ,  a l o n g  w i t h  4 5 %  s t a r t i n g  m a t e r i a l  a n d  1 4 %  3 -  

n i t r o i s o x a z o l i n e  a s  a  h i g h - b o i l i n g  b y p r o d u c t .  R e f r a c t i o n a t i o n  o f  t h e  

p r o d u c t  g a v e  m a t e r i a l  > 9 9 %  b y  V P C :  b p  6 6 - 6 7  ° C  ( 4  m m )  [ l it ,.3 3  b p

9 8 - 1 1 0  ° C  ( 2 2  m m ) ] ;  n 23D 1 . 4 5 3 ;  N M R  ( C D C 1 3 ) 6  2 .4 7  ( q u i n t e t ,  2  H ) ,

3 .7 0  ( t r i p l e t ,  2  H ) ,  4 .5 8  ( t r i p l e t ,  2  H ) .

Kinetic Measurements. T h e  p r o c e d u r e  f o l l o w e d  b y  l y a t e  r a t e s  

w a s  t h a t  o f  B o r d w e l l ,  B o y l e ,  a n d  Y e e 34  s a v e  t h a t  d a t a  w e r e  c o l l e c t e d  

w it h  a  B e c k m a n  K i n t r a c  V I I  U V - v i s i b l e  s p e c t r o p h o t o m e t e r  p r o v id in g  

d i g i t a l  o u t p u t  t h r o u g h  a  B e c k m a n  3 1 0 8  I n t e r c o u p le T  a t t a c h e d  t o  a  

T e l e t y p e  C o r p .  T e l e t y p e w r i t e r .  T h e  c e l l  b l o c k  w a s  t h e r m o s t a t e d  a t  

1 5 . 0  ±  0 . 1  ° C .

T h e  p y r i d i n e  r a t e s  w e r e  d e t e r m i n e d  e s s e n t i a l l y  b y  t h e  m e t h o d  o f  

B a r n e s  a n d  B e l l 6 a s  m o d i f i e d  in  t h i s  L a b o r a t o r y  b y  D r .  R .  J .  S c r i v e n .  

I n  a  t y p i c a l  r u n ,  a  s o l u t i o n  c o n s i s t i n g  o f  2  m L  o f  w e a k  b u f f e r  b a s e  

s o l u t i o n  ( 0 .0 3 - 0 .0 0 0 2  M ) ,  1  m L  o f  n i t r o a l k a n e  s o l u t i o n  ( 0 .0 2 - 0 .0 0 0 4  

M ) ,  a n d  0 . 1  M  K C 1  w e r e  a l l o w e d  t o  e q u i l i b r a t e  in  t h e  K i n t r a c  c e l l  

b lo c k .  M e a s u r e m e n t  w a s  i n i t i a t e d  b y  a d d i t i o n  o f  2 0  f i L  o f  t r i i o d i d e  

s o lu t io n  (0 .0 1 - 0 . 0 0 1  e q u i v ,  r e l a t i v e  t o  n i t r o a l k a n e )  t o  t h e  c e l l  w i t h  a n  

E p p e n d o r f  M i c r o l i t e r  P i p e t t e ,  a n d  t h e  c h a n g e  in  a b s o r b a n c e  a t  3 5 3  

n m  w a s  f o l l o w e d  a s  a  f u n c t i o n  o f  t i m e .  T h e  o b s e r v e d  p s e u d o - o r d e r  

r a t e  c o n s t a n t s ,  fe0bsd, w e r e  e v a l u a t e d  o n  t h e  C D C  6 4 0 0  c o m p u t e r  a t  

N o r t h w e s t e r n ’ s  V o g e l b a c k  C o m p u t i n g  C e n t e r ,  u s i n g  a  l e a s t - s q u a r e s  

p r o g r a m  w r i t t e n  b y  D r .  A .  C .  K n i p e ,  w h ic h  d i s c a r d s  t h e  w o r s t  1 0 %  o f  

t h e  d a t a .  T h e  f i r s t - o r d e r  r a t e  c o n s t a n t s ,  fe i, w e r e  c a l c u l a t e d  w i t h  t h e  
e q u a t i o n

hi =  & o b s d / r c [m tr o a lk a n e le

w h e r e  c =  3 3  1 5 0 ,  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  t r i i o d i d e  in  5 0 %  

M e O H - H 20  a t  3 5 3  n m ,  a n d  n i s  t h e  n u m b e r  o f  e q u i v a l e n t s  o f  i o d i d e  

t a k e n  u p  b y  t h e  n i t r o a l k a n e .  A t t e m p t s  t o  d e t e r m i n e  n b y  i s o l a t i o n  

o f  p r o d u c t  p r o v e d  u n s u c c e s s f u l ,  a n d  a  v a l u e  n = 1  w a s  a s s u m e d ,  a s  
h a s  b e e n  d o n e  p r e v i o u s l y .6

A n y  v a l u e s  o f  k 0bsd w i t h  r <  0 .9 9 9  w e r e  r e je c t e d .  A l l  b u f f e r  d i lu t i o n  

p lo t s  c o n s is t e d  o f  a t  l e a s t  t h r e e  r u n s ,  e a c h  w i t h  a t  l e a s t  t h r e e  d i f f e r e n t  

b a s e  s t r e n g t h s .  T h e  b a c k g r o u n d  r e a c t io n  o f  t h e  w e a k  b a s e  b u f f e r  w it h  

t h e  t r i i o d i d e  s o lu t io n  w a s  n e g l i g i b le  a t  a l l  c o n c e n t r a t i o n s .  R a t e s  w e r e  

r e p r o d u c i b l e  t o  w i t h i n  ± 5 % .
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R a t e s  o f  d e p r o t o n a t i o n  b y  l y a t e  io n  in  5 0 %  ( v / v )  M e O H - H 20  w e r e  d e t e r m i n e d  f o r  Cg-Cg a n d  Ci2 n i t r o c y c l o a l 

k a n e s .  E q u i l i b r i u m  a c i d i t i e s  in  t h i s  s o l v e n t  w e r e  a l s o  d e t e r m i n e d  f o r  C 4- C 8  a n d  C 1 2  n i t r o c y c l o a l k a n e s  a n d  w e r e  d e 

t e r m i n e d  in  M e 2S O  f o r  C 3 - C 7  n i t r o c y c l o a l k a n e s .  E q u i l i b r i u m  a c i d i t i e s  in  t h e  t w o  s o l v e n t s  s h o w e d  a  r e m a r k a b l e  

s i m i l a r i t y  i n  t h e i r  v a r i a t i o n  w i t h  r i n g  s i z e ,  d e s p i t e  a  ( c o n s t a n t )  d i f f e r e n c e  o f  7 . 7 5  p K  u n i t s  in  t h e  a c i d i t y  c o n s t a n t s .  

T h e  e q u i l i b r i u m  a c i d i t y  o f  n i t r o c y c l o p r o p a n e  w a s  f o u n d  t o  b e  o v e r  1 0 8 t i m e s  s m a l l e r  t h a n  t h a t  f o r  n i t r o c y c l o b u t a n e ,  

a n d  i t s  k i n e t i c  a c i d i t y  in  w a t e r  w a s  f o u n d  t o  b e  o v e r  1 0 3  t i m e s  s m a l l e r .  T h e  c o r r e s p o n d e n c e  in  t h e  r e l a t i v e  o r d e r  o f  

e q u i l i b r i u m  a n d  k i n e t i c  a c i d i t i e s  b e t w e e n  t h e  Cg a n d  t h e  C 4 n i t r o c y c l o a l k a n e s  is  c o n t r a s t e d  w i t h  t h e  l a c k  o f  c o r r e 

s p o n d e n c e  b e t w e e n  t h e  e q u i l i b r i u m  a n d  k i n e t i c  a c i d i t i e s  o f  t h e  C 4  a n d  t h e  C 5  n i t r o c y c l o a l k a n e s .  T h i s  i s  e x p l a i n e d  

b y  a s s u m i n g  a  d i f f e r e n t  m e c h a n i s m  f o r  d e p r o t o n a t i o n  o f  n i t r o c y c l o p r o p a n e  a s  c o m p a r e d  t o  o t h e r  n i t r o a l k a n e s .

In the preceding paper we discussed the “ anomalous” 
Brylnsted coefficients observed for the deprotonation of acyclic 
nitroalkanes in protic solvents. A lack of the “ expected” cor
relation between kinetic and equilibrium acidities of certain 
nitrocycloalkanes has also been apparent for some time.2,3 The 
relative rates of deprotonation for nitrocycloalkanes by hy
droxide ion in water and by lyate ion in a variety of other 
protic solvents has been found to vary with ring size in the 
order: 4 > 5 > 7 > 8 > 6 »  3.3 (Nitrocyclopropane failed to 
react.) In contrast, the order of equilibrium acidities in 33% 
(w/w) Me0 H -H 20 for nitrocycloalkanes was found to vary 
with ring size in the order: 8 > 7 > 5 > 6 > 4 »  3.3 (The acidity 
constant for nitrocyclopropane was too small to measure.) 
Studies of kinetic and equilibrium acidities of nitrocycloal
kanes in 50% (v/v) MeOH-H20  were in progress at the time 
these data were published. The work was continued, since it 
seemed worthwhile to obtain kinetic and equilibrium mea
surements in the same solvent.4 The equilibrium acidity 
studies have now been extended to dimethyl sulfoxide

(Me2SO) solution, and rate and equilibrium data for nitro
cyclopropane have been obtained.

Results

Equilibrium Acidities for Nitrocycloalkanes. The rel
ative values for the equilibrium acidities obtained potentio- 
metrically in 50% (v/v) MeOH-H20  (Table I) agreed rea
sonably well with those determined conductometrically in 33% 
(w/w) M e0H-H20 ,3 except for nitrocyclohexane, for which 
a higher relative value was found. Repetition of this mea
surement in 33% (w/w) MeOH-H20  gave, in our hands, a pK 
of 9.58, instead of the value reported (8.92). (On the other 
hand, we were able to check the values reported for nitrocy- 
clopentane and nitrocycloheptane in 33% MeOH-H20  to 
within 0.1 pK  unit.) The value of 9.58 appears to be correct, 
since it places the pK  of nitrocyclohexane within a few tenths 
of a unit of that reported for nitrocyclobutane (pK = 9.53),3 
and we have observed a close correspondence between the 
pK ’s for these two nitrocycloalkanes in: (a) water (8.56 and

0022-3263/78/1943-3113$01.00/0 © 1978 American Chemical Society
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Table I. Equilibrium Acidities of Nitrocycloalkanes in 
50% (v/v) MeOH-HOH and in Dimethyl Sulfoxide

(Me2SO) at 25 °C____________________

registry
no.

ring
size

P K 
(50% 

MeOH- 
HOH)“

P K
(Me2SO)6

13021-02-8 3 >18c 26.9 ±  0.2d
2625-41-4 4 10.05 ±  0.03 17.82 ± 0.05
2562-38-1 5 8.15 ±  0.02 16.00 ± 0.05
1122-60-7 6 10.07 ± 0.01 17.90 ± 0.05
2562-40-5 7 8.15 ± 0.01 15.80 ± 0.05

24509-62-4 8 7.37 ± 0.03
1781-70-0 12 9.6 ± 0.1e

79-46-9 Me2CHN02 8.85 ± 0.02 16.89 ± 0.05
551-88-2 Et2CHN02 10.17 ± 0.03

“ Determined potentiometrically. 6 Determined by the indi
cator method described by W. S. Matthews et al., J. Am. Chem. 
Soc., 97, 7006 (1975). c Based on the absence of UV absorption 
typical of >C =N 02~ in 1 M aqueous NaOH. d Decomposition 
occurs. e Extrapolated from data in 75% (v/v) MeOH-H20.

Table II. Rates of Deprotonation of Nitroalkanes by Lyate
Ion in 50% (v/v) M eOH-H20  ( i 2) at 25 °C

ring
size

k2,
M-i s-l a k2 rei k - 2  relfc

3 0.002e 0.0072 ~105
4 5.4 19 18
5 1.4 5 0.059
6 0.28 (1.0) (1.0)
7 0.87 3.1 0.037
8 0.65 2.3 0.0045

12 0.13 0.46 0.15
Me2CHN02 0.26 0.93 0.055

“ Determined spectrophotometrically unless otherwise noted; 
the reproducibility of runs was better than ±5%. b Relative rate 
of protonation of C =N 02_ on carbon calculated from the equa
tion k '-2/k~ 2  -  KHAk'2/K'nAk2. c Rate of deuterium exchange 
catalyzed by DO-  in D20; reproducible to ±5%. The rate for 
trans-2-methyl-l-nitrocyclopropane was the same, within ex
perimental error, while that for the cis isomer was about tenfold 
faster.

8.61); (b) 50% (v/v) MeOH-H20  (10.05 and 10.07); and (c) 50% 
(v/v) dioxane-H20  (10.88 and 11.16). Our value for nitrocy- 
clohexane in water is 0.3 pK unit above that reported in an
other investigation,5 but agrees with a value we have extrap
olated into water from measurements in aqueous dioxane 
(using 50, 40, 25, and 10% of dioxane).4

Comparison of the equilibrium acidities in Me2SO with 
those in 50% MeOH-HOH for the C4-C7 nitrocycloalkanes 
shows that they differ by an almost constant amount (7.75 ±
0.1 pK  unit). Acyclic nitroalkanes show a similar behavior, but 
the differences are not quite so constant.6a>b

Contrary to the report that trans-2-ethylnitrocyclopropane 
fails to undergo base-catalyzed deuterium exchange even 
under strenuous conditions,3 we found that nitrocyclopropane 
(and cis- or irans-2-methylnitrocyclopropanes) underwent 
deuterium exchange readily with either 0.1 N NaOD-D20  or
0.1 N lyate ion in 50% (v/v) MeOD-D20. The rate of depro
tonation for nitrocyclopropane is over 100 times slower than 
that of nitrocyclohexane or an open-chain analogue, 2-nitro- 
propane, however, and is over 2500 times slower than that of 
nitrocyclobutane (Table II). For deuterioxide exchange of the 
protio compound in D20, AH* is 13 ±  1 kcal/mol, which is the 
same as that of nitrocyclohexane in 50% dioxane-water;3 AS*

for deprotonation of nitrocyclopropane is, however, -27  ±  2 
eu, a value much lower than that reported for nitrocyclohex
ane (—14.5 eu).3

In comparing the deuterium exchange rates for nitrocy
clopropane with the rates for appearance of the nitronate ions 
(determined spectrophotometrically) for the other nitrocy
cloalkanes, one must consider the possibility that the rate of 
deuterium exchange is complicated by internal return.7 This 
does not appear to be a major factor, judging from “ mixed” 
kinetic isotope effect, feH(D20 )/ ^ D (H 20)> of 9.1 observed for 
nitrocyclopropane. The “mixed” isotope effect is the product 
of the “normal” substrate isotope effect, hulks (both in H20), 
and the solvent isotope effect (ks2olku2o) (both with the 
protio compound). For 2-nitropropane, the “normal” isotope 
effect has been found to be 7.6 ±  0.2, and k s2olkn2o has been 
found to be 1.36.8 Solvent isotope effects for carbon acids 
generally fall in the range 1.2-1.6.9 Judging from these data, 
the kn/ku isotope effect for nitrocyclopropane in water at 25 
°C will be about 6.5, which would appear to rule out internal 
return as a major factor.

Discussion

Variation of Equilibrium Acidities of Nitrocycloal
kanes with Ring Size. Examination of Table I shows that the 
relative order of equilibrium acidities observed in protic sol
vents for nitrocycloalkanes, namely, 5,7 > 4,6 »  3, is observed 
also in Me2SO solution. The changes in equilibrium position 
with changes in ring size are evidently independent of solvent 
and depend only on the nature of the ring. The changes in 
these equilibrium constants for the C4-C 8 and C12 ring sizes 
in 50% MeOH-H20  are in the same order as the equilibrium 
constants for formation of ketones frcm cyanohydrins in 95% 
EtOH, namely, C4 < C5 > C6 < C7 < C8 > C12 R2C = 0 .10
The major effects determining the position of the cyanohydrin 
equilibria are believed to be angle strain in the C4 compound 
and torsional strains in the C5, C7, and C8 compounds.10 
Adopting this analysis, the unfavorable dissociation constant 
for nitrocyclobutane, relative to C5, C7, and Cg nitrocycloal
kanes (Table I), can be explained by assuming that angle 
strain in the C4 nitronate ion overshadows torsional strain in 
the C4 nitroalkane. Similarly, the remarkably low dissociation 
constant for nitrocyclopropane (9 pK units lower than nitro
cyclobutane in Me2SO) can be attributed largely to strain in 
the C3 nitronate ion. Introduction of one trigonal center into 
cyclopropane has been estimated to increase the total strain 
energy by 13 kcal/mol, as compared to only about 1 kcal/mol 
for cyclobutane.11

t> = N O r + < X  ^  C X H + C ^ N0'~
NO, N02

A G °  s  1 2 . 5  

kcal/mol

The greater degree of dissociation of the C5, C7, and Cg ni
trocycloalkanes as compared to the Cg or C12 nitrocycloalkanes 
(Table I) can be attributed to the presence of torsional strains 
in the nitrocycloalkanes, which are partially relieved in 
forming the corresponding nitronate ions.10

Comparison of Equilibrium and Kinetic Acidities for 
Nitrocycloalkanes. The rates of deprotonation of nitrocy
cloalkanes by lyate ion in protic solvents follow the relative 
order 4 > 5 > 7, 8 > 6,12, acyclic »  3 (see Table I and ref 3). 
(The reversal in the order of the relative rates and equilibrium 
constants for the C4 and C5 nitrocycloalkanes has been com
mented on earlier as an example of an anomalous Br^nsted 
relationship.2) The relative order of kinetic acidities of the C4, 
C5, and Cg nitrocycloalkanes obtained in this way are 19: 
5.0:1.0, which corresponds closely to the relative order of ki
netic acidities of cycloalkanes determined by cesium cyclohex-
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ylamide catalyzed tritium exchange in cyclohexylamine, CHA 
(28:5.7:1.0).12 The similarity in these rate patterns may seem 
surprising when one considers that, although the rate-limiting 
step is presumably formation of a carbanion in each reaction, 
in one instance carbanicn formation is a highly endoenergetic 
reaction, whereas in the other it is an exoenergetic reaction 
(formation of a nitronate ion). In the preceding paper in this 
series we pointed out, however, that as a general rule, rates 
of deprotonation of acyclic nitroalkanes are not governed by 
nitronate ion stabilities.60 The failure of the strain in the 
(developing) cyclobutane nitronate ion to produce an ob
servable increase in transition state energy is therefore con
sistent with this general pattern of behavior.60 This result can 
be rationalized by assuming a reactant-like transition state, 
but this is not consistent with the large kn/k-o isotope ratios 
observed; &h/^ d = 8.4 for nitrocyclobutane, 8.3 for nitrocy- 
clopentane, and 8.8 for nitrocyclohexane in aqueous dioxane.3 
For this reason we favor a mechanism involving the formation, 
in the rate-limiting step, of an essentially pyramidal, singly 
H-bonded intermediate (2 in this instance).60

1 2 3

According to this mechanism the rate-limiting step is the 
(endoenergetic) conversion of 1 to 2. The extent of H-C bond 
breaking can be appreciable (large ^hA d) and some relief of 
torsional strain can occur (leading to rate acceleration for 
deprotonation of nitrocyclobutane relative to nitrocyclo- 
pentane) without much increase in angle strain. (See Figure 
4 in ref 6c and the accompanying discussion for more de
tails.)

The rates of protonation of the nitronate ions on carbon by 
Me0 H -H 20 solvent (fc_2rel) can be calculated from the de
protonation rates and the equilibrium constants (Table II). 
The order observed, C4, C6 > C5, C7, is similar to that for the 
rate of reduction of the corresponding cycloalkanones by so
dium borohydride,13a and follows Brown’s rule13b that the ease 
of transformation of sp2 to sp3 carbon atoms in carbocyclic ring 
systems is greater for four- an six-membered rings than for 
five- and seven-membered rings.14 If we assume that this order 
of rates holds also for protonation on carbon by the conjugate 
acids of the solvent, it would account for the relative orders 
of equilibrium acidities observed; the protonation rates rather 
than the deprotonation rates would then control the relative 
equilibrium acidities.

The rate pattern fcr deprotonation of nitrocycloalkanes 
with 7, 8, and 12 members, i.e., 7 > 8 > 12 (Table II), is also the 
same as that for cycloalkanes,12 although the order of rates 
relative to the six-membered ring compound differ slightly 
in the two systems. The mechanism outlined for deprotona
tion of nitrocyclobutane, i.e., 1 —1► 2 —► 3, appears appropriate 
also for these nitrocycloalkanes. On the other hand, the rate 
of deprotonation for nitrocyclopropane, relative to the rates 
for other nitroalkanes, shows an opposite behavior from that 
for the rate for cyclopropane, relative to the rates for other 
cycloalkanes.

Cyclopropane is deprotonated by cesium cyclohexylamide 
in CHA at a rate about 2500 times faster than is cyclobutane.12 
These rates, as well as those for C5-C 8 cycloalkanes, correlate 
linearly with 13C-H NMR coupling constants, which indicates 
that the amount of s character in the C-H bend is the domi
nant factor controlling cycloalkane kinetic acidities.12,15 
Theoretical calculations also indicate that the C-H bond in 
cyclopropane has appreciably more s character than do the 
C-H bonds in higher cycloalkanes.16 Apparently this factor 
is overshadowed completely in determining the kinetic acidity

of the H-C bonds in nitrocyclopropane, since it is deproto
nated in protic solvents at a rate about 2500 times slower than 
is nitrocyclobutane (Table II). Remarkably enough, the major 
part of the rate difference appears to be in the AS* term, 
judging from the comparison of the activation parameters 
made in the Results. These data suggest a mechanistic change 
for deprotonation of nitrocyclopropane as compared to other 
nitroalkanes. The deprotonation of nitrocyclopropane is up
hill, as compared to other nitrocycloalkanes and acyclic ni
troalkanes, by at least 11 kcal/mol. It has been suggested by 
Albery that in exoenergetic reactions, such as the deproton
ation of C4-C 8 nitrocycloalkanes by hydroxide ion, the major 
part of solvent reorganization may follow C-H bond breaking 
as in the mechanism shown for conversion of 1 to 3.17 However, 
for endoenergetic reactions, such as deprotonation of nitro
cyclopropane by hydroxide ion, solvent reorganization may 
accompany C—H bond breaking. This would account for the 
unusually large negative AS* for deprotonation of nitrocy
clopropane. In terms of the mechanism shown, it could mean 
that nitrocyclopropane is converted directly to its nitronate 
ion in the rate-limiting step without intervention of an in
termediate analogous to 2. In this transition state the large 
strain energy in the (developing) C3 nitronate ion can provide 
a strong destabilizing effect. The rate of base-catalyzed deu
terium exchange for nitrocyclopropane, as compared to the 
rate of deprotonation of nitrocyclobutane, is 6 X  106 slower 
than expected on the basis of the relative rates of base-cata
lyzed deuterium exchange of the C3 vs. the C4 cycloalkane. The 
12 kcal/mol greater strain in the C3 vs. the C4 nitronate ion, 
which corresponds to a rate ratio of about 109, is sufficient to 
account for this.

Experimental Section
R e a g e n t s .  P a r t i a l l y  a q u e o u s  s o l v e n t s  w e r e  p r e p a r e d  b y  c o m b in in g  

m e a s u r e d  v o lu m e s  o f  w a t e r  a n d  e i t h e r  m e t h a n o l  o r  d i o x a n e  t o  a c h ie v e  

t h e  d e s i r e d  v o lu m e / v o l u m e  p e r c e n t a g e  c o m p o s i t i o n .  R e a g e n t - g r a d e  

d i o x a n e  w a s  r e f l u x e d  w i t h  m o l t e n  s o d i u m  f o r  a t  l e a s t  2 4  h  a n d  t h e n  

d i s t i l l e d .  B a k e r  a n d  A d a m s o n  r e a g e n t - g r a d e  ( A C S  C o d e  1 2 1 2 )  a b s o 

l u t e  m e t h a n o l  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  S o d i u m  h y 

d r o x i d e  s o l u t i o n s  w e r e  e i t h e r  s t a n d a r d i z e d  a g a i n s t  B a n c o  S t a n 

d a r d i z e d  o r  F i s c h e r  C e r t i f i e d  s t a n d a r d  h y d r o c h l o r i c  a c i d  t o  a  p h e n -  

o l p h t h a l e i n  e n d  p o i n t  o r  p r e p a r e d  f r o m  A n a c h e m i a  A c c u l u t e  s o l u 

t i o n s .  T h e  b a s i c  s o l u t i o n s  in  m i x e d  s o l v e n t s  w e r e  p r e p a r e d  b y  c o m 

b i n i n g  a p p r o p r i a t e  v o lu m e s  o f  a q u e o u s  s o d i u m  h y d r o x i d e  a n d  t h e  

o r g a n i c  c o m p o n e n t  a n d  d i l u t i n g  w i t h  m i x e d  s o l v e n t  t o  t h e  d e s i r e d  

v o lu m e .
K i n e t i c  P r o c e d u r e .  T h e  r a t e s  o f  d e p r o t o n a t i o n  f r o m  t h e  n i 

t r o a l k a n e s  b y  l y a t e  io n  in  5 0 %  ( v / v )  a q u e o u s  m e t h a n o l  a t  1 5  ° C ,  o t h e r  

t h a n  n i t r o c y c l o p r o p a n e ,  w e r e  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l ly  b y  

f o l l o w i n g  t h e  a p p e a r a n c e  o f  t h e  n i t r o n a t e  io n  a b s o r p t i o n  in  t h e  u l 

t r a v i o l e t  r e g io n  (A max 2 2 5 - 2 4 5  n m : tmax 9 0 0 0 - 1 4 0 0 0 ) ,  a s  p r e v i o u s l y  

d e s c r i b e d . 18  T h e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  e i t h e r  o n  t h e  C a r y  

M o d e l  1 5  o r  t h e  B e c k m a n  K i n t r a c  V I I  r e c o r d in g  s p e c t r o p h o t o m e t e r s .  

W h e n  a  c l e a r  i n f i n i t y  v a l u e  c o u ld  n o t  b e  o b t a i n e d  e x p e r i m e n t a l l y  d u e  

t o  d e c o m p o s i t i o n  o r  s i d e  r e a c t i o n s ,  i n f i n i t y  a b s o r b a n c e s  w e r e  c a l c u 

l a t e d  b y  a  K e z d y  t r e a t m e n t  o f  t h e  d a t a  o b t a i n e d  o v e r  3 - 4  h a l f  

l i v e s . 19

D e u t e r iu m  e x c h a n g e  r a t e s  f o r  n i t r o c y c lo p r o p a n e s  w e r e  d e t e r m in e d  

u s in g  5 - 1 0 - m g  a l i q u o t s  in  4 - m L  v i a l s  c o n t a i n i n g  3  m L  o f  ~ 1  M  

N a O D / D 2 0 . A f t e r  s h a k i n g  t o  p r o m o t e  d i s s o l u t i o n ,  t h e  v i a l s  w e r e  a l 

lo w e d  t o  r e m a in  in  a  c o n s t a n t  t e m p e r a t u r e  b a t h  f o r  a p p r o p r i a t e  t im e s .  

F o r  a n a l y s i s ,  t h e  c o n t e n t s  o f  t h e  v i a l  w a s  e x t r a c t e d  w i t h  0 .5  m L  o f  

c a r b o n  t e t r a c h l o r i d e ,  a n d  t h e  r a t i o  o f  t h e  p e a k  a r e a s  f o r  t h e  a  p r o t o n  

(6  3 .9 —4 .4 )  a n d  t h e  0  p r o t o n s  (6  0 . 5 - 2 . 5 )  w e r e  d e t e r m i n e d  b y  N M R .  

R a t e  c o n s t a n t s  w e r e  d e t e r m i n e d  f r o m  t h e  e q u a t i o n ,  In  [A  — A m] =  

kt, w h e r e  A  i s  t h e  r a t i o  a t  t i m e  t. T h e  a c c u r a c y  o f  t h e  m e t h o d  is  l i m 

i t e d  b y  t h e  lo w  s o l u b i l i t y  o f  n i t r o c y c lo p r o p a n e  ( ~ 5 —1 0  m g / m L  o f  D 20 ) ,  

a n d  t h e  r a t e s  a r e  p r o b a b l y  a c c u r a t e  t o  n o  b e t t e r  t h a n  ± 1 0 % .  F o r  n i 

t r o c y c l o p r o p a n e  in  D o O  k a t  2 5  ° C  w a s  3 .9  X  1 0 “ 3 M - 1  s _ 1 , a n d  f o r  

n i t r o c y c lo p r o p a n e - d  1 in  H 2O  k a t  2 5  ° C  w a s  0 .4 3  X  1 0 - , i  M _ 1  s _ 1 . T h e  

r a t e  c o n s t a n t  f o r  f r a n s - 2 - m e t h y l - l - n i t r o c y c l o p r o p a n e  in  D 2 w a s  

i d e n t i c a l ,  w i t h i n  e x p e r i m e n t a l  e r r o r ,  t o  t h a t  f o r  n i t r o c y c l o p r o p a n e  

i t s e l f .  F o r  c i s - 2 - m e t h y l - 1 - n i t r o c y c l o p r o p a n e  in  D 20  k a t  2 5  ° C  w a s  

~ 4  X  1 0 ~ 3 M _ 1  s ~ ! .
R a t e  c o n s t a n t s  f o r  n i t r o c y c l o p r o p a n e  in  D 20  w e r e  d e t e r m i n e d  a t
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1 5  a n d  3 5  ° C  b y  m o n i t o r i n g  t h e  a p p e a r a n c e  o f  t h e  O H  p e a k  in  t h e  

s o l v e n t  h y  N M R .  F o r  t h i s  p u r p o s e  1 0 0  m g  o f  n i t r o c y c l o p r o p a n e  w a s  

p la c e d  in  a n  N M R  t u b e  a n d  0 .5  m L  o f  ~ 1  M  N a O D / D 20  a d d e d .  A f t e r  

m a k i n g  s u r e  t h a t  in  a  2 - h  t r i a l  r u n  t h a t  t h e  O H  p e a k  (5 4 .8 )  w a s  n o t  

s a t u r a t e d  a t  6 0  H z  p a p e r  w i d t h  a n d  2 0 0 - s  s c a n ,  f r e s h  s a m p l e s  w e r e  

u s e d  t o  s c a n  t h e  O H  p e a k  a s  a  f u n c t i o n  o f  t i m e .  P e a k  a r e a s  w e r e  d e 

t e r m i n e d  b y  c u t - a n d - w e i g h ,  a n d  t h e  d a t a  a n a l y z e d  a s  f i r s t - o r d e r  k i 

n e t i c s .
Materials. N i t r o c y c l o h e x a n e  w a s  o b t a i n e d  a s  a  g i f t  f r o m  t h e  

C o m m e r c i a l  S o l v e n t s  C o r p .  a n d  n i t r o c y c l o o c t a n e  w a s  o b t a i n e d  a s  a  

g i f t  f r o m  P r o f e s s o r  J .  G .  T r a y n h a m .  O t h e r  n i t r o c y c l o a l k a n e s ,  e x c e p t  

f o r  n i t r o c y c l o p r o p a n e ,  w e r e  p r e p a r e d  b y  t h e  o x i d a t i o n  o f  t h e  k e t o  

o x i m e s  a s  d e s c r i b e d  p r e v i o u s l y .6 N i t r o c y c l o p r o p a n e  w a s  p r e p a r e d  b y  

t h e  m e t h o d  o f  L a m p m a n ,  H o r n e ,  a n d  H a g e r 20  a n d  p u r i f i e d  b y  G L C  

u s in g  a  %  in . X  1 0  f t  C a r b o w a x  o n  a c id - w a s h e d  C h r o m o s o r b  W  c o lu m n  

a t  1 1 0  ° C  a n d  1 6 0  m L / m i n  f lo w  r a t e  t o  g iv e  a  c l e a r  l i q u i d :  n 23d  1 . 4 3 8 0  

[ l i t . 20  n 20D 1 . 4 3 9 5 ] ;  N M R  ( C D C l s )  f> 1 . 1 0  ( m , 2  H ) ,  1 . 6 0  ( m , 2  H ) ,  4 . 3 3  

( m , 1  H ) ;  I R  ( f i lm )  1 5 4 0 , 1 3 7 0  c m - 1 . 2 - M e t h y l - l - n i t r o c y c l o p r o p a n e  

w a s  p r e p a r e d  in  a  s i m i l a r  m a n n e r  s t a r t i n g  f r o m  1 , 3 - d i b r o m o b u t a n e .  

G L C  a n a l y s i s  i n d i c a t e d  t h e  p r e s e n c e  o f  t w o  i s o m e r s  in  a  r a t i o  o f  1 0 : 1 .  

I s o l a t i o n  o f  e a c h  w a s  a c c o m p li s h e d  b y  p r e p a r a t i v e  G L C  u s in g  a  %  in . 

X  2 0  f t  3 %  C a r b o w a x  o n  a c i d - w a s h e d  C h r o m o s o r b  W  c o lu m n  a t  8 0  ° C  

a n d  a  f l o w  r a t e  o f  8 0  m L / m i n .  T h e  p r o d u c t s  h a d  s i m i l a r ,  b u t  s l i g h t l y  

d i f f e r e n t  N M R  s p e c t r a :  ( C D C I 3 ) e> 1 . 2  ( m , 6  H ) ,  4 . 2  ( m , 1  H ) .  U p o n  

t r e a t m e n t  w i t h  a q u e o u s  1  M  N a O H  f o r  0 .5  h  a t  2 5  ° C  e a c h  w a s  c o n 

v e r t e d  t o  t h e  s a m e  2 0 : 1  m i x t u r e  o f  i s o m e r s  ( G L C  a n a l y s i s ) . T h e  l e s s e r  

p r o d u c t  w a s  t h e r e f o r e  a s s i g n e d  t h e  c is  s t r u c t u r e .
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R a t e s  o f  h y d r o x i d e  io n  d e p r o t o n a t i o n  in  w a t e r  f o r  3 - n i t r o p r o p e n e  a n d  s e v e n  o f  i t s  d e r i v a t i v e s ,  R 2 R 3 C = C ( G ) -  

C H ( R i ) N 0 2, w h e r e  R i ,  R 2 , a n d  R 3 a r e  e i t h e r  H  o r  M e ,  a n d  G  is  H ,  M e ,  P h ,  o r  B r ,  h a v e  b e e n  m e a s u r e d  a n d  c o m p a r e d  

w i t h  t h e i r  e q u i l i b r i u m  a c i d i t i e s  in  w a t e r .  T h e s e  s u b s t i t u t i o n s  w e r e  f o u n d  t o  c a u s e  a  c o m p l e x  v a r i a t i o n  o f  k i n e t i c  a n d  

e q u i l i b r i u m  a c i d i t i e s  w h i c h  w a s  i n t e r p r e t e d  b y  a s s u m i n g  t h a t  t h e  k i n e t i c  a c i d i t i e s  w e r e  g o v e r n e d  p r i m a r i l y  b y  p o l a r  

e f f e c t s  a n d  s t e r i c  i n h i b i t i o n  o f  s o l v a t i o n  in  t h e  t r a n s i t i o n  s t a t e ,  w h e r e a s  t h e  e q u i l i b r i u m  a c i d i t i e s  w e r e  g o v e r n e d  p r i 

m a r i l y  b y  s t e r i c  s t r a i n s  in  t h e  p r o d u c t  n i t r o n a t e  io n s .  I t  w a s  c o n c l u d e d  t h a t  n i t r o a l k a n e  ( a n d  o t h e r  c a r b o n  a c id s )  

d e p r o t o n a t i o n s  u s u a l l y  f a i l  t o  c o n f o r m  t o  t h e  L e f f l e r - G r u n w a l d  r a t e - e q u i l i b r i u m  r e l a t i o n s h i p  w h e n  t h e  s t r u c t u r a l  

c h a n g e s  a r e  m a d e  in  t h e  c a r b o n  a c id .  T h e  r a t e s  o f  d e p r o t o n a t i o n  in  w a t e r  f o r  3 - n i t r o p r o p e n e ,  3 - n i t r o p r o p e n e - 3 , 3 -  

d 2, a n d  l - n i t r o - 2 - b u t e n e  b y  p y r i d i n e  a n d  s e v e n  m e t h y l - s u b s t i t u t e d  p y r i d i n e s  w e r e  d e t e r m i n e d .  T h e  k u /k o  i s o t o p e  

r a t i o s  w e r e  f o u n d  t o  v a r y  f r o m  8 .5  t o  1 1 . 4 .  A  B r 0 n s t e d  J  o f  0 .5 9  w a s  o b t a i n e d .  T h e  s i g n i f i c a n c e  o f  t h e s e  d a t a  w i t h  

r e s p e c t  t o  t h e  m e c h a n i s m  o f  d e p r o t o n a t i o n  o f  n i t r o a l k a n e s  is  d i s c u s s e d .

In earlier papers in this series we have examined rates of 
deprotonation, equilibrium acidities, and isotope effects for 
a variety of nitroalkanes in an attempt to elucidate the 
mechanisms of deprotonation of carbon acids by bases.2 It 
appeared to be of interest to extend the study of 3-nitropro
pene and some of its derivatives, since it was anticipated that 
these /3,7 -unsaturated nitroalkanes, which are much more 
acidic than their saturated analogues, would provide useful 
information with regard to rate-equilibrium relationships and 
the variation in the size of kn/ky, isotope effects with the 
strength of the base used in the deprotonation.

Results

Rates of proton removal from the 6,7 -unsaturated ni
troalkanes by hydroxide ion were measured spectrophoto- 
metrically in water at 25 °C under pseudo-first-order condi
tions. The kinetics were followed by stopped-flow except for 
2-methyl-3-nit.ro-1-butene and 2-nitro-3-pentene, where the 
rates were measured on a Beckman Kintrac VII spectropho
tometer. For 3-nitropropene, l-nitro-2-butene, and 3- 
methyl-l-nitro-2-butene p it’s were measured potentiomet- 
rically by a partial neutralization technique; other p it’s were

0022-3263/78/1943-3116$01.00/0 © 1978 American Chemical Society
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Table I. Kinetic and Equilibrium Acidities of Nitroalkenes, R2R3C =C (G )C H (R i)N 0 2, in Water at 25 °C.

registry
Ri r 2 R3 G no. fci,a M -! s- 1 p Kh k_ ic (rel)
H H H H 625-46-7 394 5.22d (1.0)
H Me H H 1809-69-4 128 5.44 0.52
H Me Me H 1809-65-0 77 5.55 0.41
H H H Me 1606-31-1 62 7.27 17
Me Me H H 1806-28-6 5.9e 5.35 0.019
Me H H Me 19031-81-3 2.5e 7.85 3.4
H H H Ph 58502-68-4 185 7.26 50
H H H Br 1809-71-8 3450 5.60 20

a Average from data on three photographs each comprising three superimposed runs on a Durrum-Gibson stopped-flow apparatus 
with hydroxide ion (SD < ±5%); not statistically corrected. b Average of two or more determinations (SD ± 0.03 pK units); activity 
coefficient corrections for differences in ionic strength have been applied. c Calculated from the equation k'-.Jk-2 = KyiAk'2/K'yIAk2. 
dpK ~ 10.49 in MeOH. s Average of eight runs on a Beckman Kintrac VII spectrophotometer.

Table II. Rate Constants for Deprotonation of 3-Nitropropene, 3 -Nitropropene-3 ,3 -d 2, and l-Nitro-2-butene by Pyridine
Bases in Water at 25 °C

3-nitropropene____________ l-nitro-2-butene,
base p K BH +a l0lkHb 102kD ku/kü l O ^ M - i s - 1

pyridine 5.22 0.567 0.577 8.5 1.60
3-picoline 5.63 1.11 1.28 8.7 3.33
2-picoline 5.96 1.82 1.56 10.2 5.6
4-picoline 5.98 1.45 1.37 9.2
3,4-lutidine 6.46 2.92 2.74 9.2 7.97
2,4-Iutidine 6.63 4.27 4.07 9.1 12.5
2,6-lutidine 6.75 1.74 1.33 11.4 5.53
2,4,6-collidine 7.59 3.37 2.72 10.8

° R. J. L. Andon, J. D. Cox, and E. F. G. Herington, Trans. Faraday Soc., 50,923 (1958). b Determined by the buffer dilution method; 
standard deviations were all <5% (units are M_1 s-1).

measured spectrophotometrically. The pK ’s of propene-3- 
nitronic acid and 2-butene-l-nitronic acid were also measured 
in order to determine whether or not the pK’s of the corre
sponding nitroalkenes should be corrected for the presence 
of the aci form. Since the nitronic acids were found to be ~2 
pK units more acidic than the nitroalkenes, the aci form is 
present in low concentration and the correction is within the 
experimental error of the measurements for the nitroalkenes. 
The results summarized in Table I refer to the reaction in eq
1.

G Ri
R*. I I

^ C = C — ch n o2 +

R) y ß a

HO-

R*.

R3'

G R,
I I

;c = c — c= no2-
7 ß a

+ H.,0 (1)

Rates of reaction of 3-nitropropene, 3-nitropropene-3,3-(¿2, 
and l-nitro-2-butene with a series of pyridine bases were de
termined in order to obtain Br0nsted correlations and kn/kd 
isotope effects (Table II).

Discussion

Effects of Substitution on Kinetic and Equilibrium  
Acidities of 3-Nitropropenes. Substitution of methyl for a 
hydrogen atom a to the nitro group in CH3CH=CHCH2N02 
(to give 1) causes an 11-fold retardation (statistically cor
rected) in rate. This result is comparable to the 10.5-fold re
tardation observed for substitution of an «-methyl group into 
nitroethane, a result that has been attributed to steric inhi
bition of solvation by methyl in the transition state for the 
deprotonation reaction.2 On the other hand, this substitution

causes an increase in equilibrium acidity of only 0.09 pK unit 
(Table I), whereas an increase of almost 1 pK unit is observed 
for the change from nitroethane to 2-nitropropane. For the 
saturated nitroalkanes, the substantial increase in acidity is 
believed to be caused by stabilization of the M eCH=N02_ 
and Me2C = N 02_ nitronate ions resulting from methyl sub
stitution.2 In the unsaturated compounds this effect is evi
dently either absent or offset by other factors. The latter 
seems to be the case, since examination of scalar models in
dicates that 1,3 steric interactions between methyl and hy
drogen and between 0~ and hydrogen nitronate ion (2) (A1-3 
strains3) are important in destabilizing this anion.

Aw strain
CH, H

X c = c //  \H ^CHNO,
CH:,

1

Substitution of methyl for a hydrogen atom 7 to NO2 in 
3-nitropropene (to give 3) causes a 3.1-fold decrease in kinetic 
acidity and a 0.2 pK  unit decrease in equilibrium acidity 
(Table I). Methyl groups attached to sp2 carbon atoms have 
electron-releasing effects, which could affect solvation in such 
a way as to raise the energy of the transition state in the de
protonation of 3 .4 Since no change in hybridization at the 
carbon atom to which the methyl group is attached occurs 
when 3 is transformed to 4, nitronate ion 4 is not stabilized, 
relative to 3, by methyl substitution, as happens in the 
transformation of MeCF^NC^ to MeCH=NOv~.2 Therefore, 
no appreciable change is expected in equilibrium acidities for 
MeCH=CHCH2N 02 vs. HCH=CHCH2N02, and none is 
observed.
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Cl I H
X c = c /\

H CH,NO,

CH» H— >“<H C = N
H X 0 -

Substitution of methyl for the 7-hydrogen atom in 3 (to give
5) introduces a cis interaction between Me and CH2NO2, 
which will destabilize 5, relative to 3. This interaction is also 
present in the nitronate ion (6) (comparable to A1’3 strains in
2). As a result, these effects balance one another, and the effect 
on acidity of introduction of the second methyl group differs 
but little from that observed for introduction of the first 
methyl group (Table I).

CH3 H
v /

Me CH2N02

hct

5

ch3 H

:C\
i

Me ,C =;N
l /

6
N

Substitution of methyl for a hydrogen atom ¡3 to NO2 in 
H2C=CHCH2N 02 (to give 7, G = Me) causes a 6.4-fold de
crease in kinetic acidity and a 2 pK  unit decrease in equilib
rium acidity (Table I). Here, the methyl effect on the kinetic 
acidity is similar to that for a substitution, but the methyl 
effect on equilibrium acidity differs markedly (2 pK  unit de
crease as compared to a 0.09 pK  unit increase). This is un
derstandable, since the A1-3 steric interaction in 8 is between 
methyl and 0 “ , and is much more severe than that in 2. This 
increased strain is responsible for the lowered equilibrium 
acidity of 7.

A1'3 strain
H G

\ c = c /
H CH,NO,

(G = Me, Ph, or Br)

H
H 0~ \

G

/ C = C \H > = N

8
(G = Me, Ph, or Br)

Substitution of Ph for a /3-hydrogen atom (7, G = Ph) causes 
a 2.2-fold decrease in kinetic acidity, which is accompanied 
by a 2 pK  unit decrease in equilibrium acidity. The phenyl 
group in 8 must be tilted out of the plane of the C = C C = N  
bond system in order to relieve A1-3 strain. Some delocalization 
of charge would be possible, even in this conformation, but this 
would be a cross-conjugation effect, and stabilization by Ph 
through this effect must be minimal. The sharp decrease in 
equilibrium acidity for /3-Ph substitution is therefore under
standable.

Substitution of Br for a /3-hydrogen atom (7, G = Br) causes 
a ninefold increase in kinetic acidity, which is accompanied 
by a 0.4 pK  unit decrease in equilibrium acidity. Apparently 
the much greater polar effect of Br, as compared to Me or Ph, 
is sufficient to override steric inhibition of solvation in the 
transition state for the hydroxide ion deprotonation. (A plot 
of a m vs. log k  1 for the /3-Me, /3-Ph, and /3-Br compounds gave 
a linear correlation, r = 0.9999, slope = 3.8, suggesting that 
polar effects are influential in controlling these deprotonation 
rates.) The slight decrease in equilibrium acidity for 
H2C=C(Br)CH2N02, relative to H2C=CHCH2N 02, can be 
explained as the result of a balance between the sizable polar 
effect of Br, which is acid strengthening, and the sizable steric 
effect of Br, which is acid weakening.

We have seen that substitution of various groups for a hy
drogen atom at the a, /3, and 7 positions of 3-nitropropene

causes a complex variation of kinetic and equilibrium acidities, 
including substantial decreases in kinetic acidities accom
panied by little change in equilibrium acidity [Me- 
CH=CHCH(Me)N02 vs. MeCH=CHCH2N 02], substantial 
increases in kinetic acidities accompanied by little change in 
equilibrium acidity [CH2=C(Br)CH 2N 02 vs. CH2=C H - 
CH2N 02], and substantial decreases in both kinetic and 
equilibrium acidities [CH2=C (M e)C H (M e)N 02 vs. 
CH2=CH CH 2N 02]. These results have been interpreted by 
assuming that the kinetic acidities are governed primarily by 
two factors, steric inhibition of solvation in the transition state 
and a polar factor, which are probably interrelated, and that 
equilibrium acidities are governed primarily by steric strains 
(A1-3 strains) in the nitronate ions. These steric strains are 
evidently not operative in the transition state for deproton
ation of these nitroalkenes by hydroxide ion.

The lack of correlation between the kinetic and equilibrium 
acidities of alkyl-substituted 3-nitropropenes is comparable 
to the lack of such correlations with saturated alkyl-substi
tuted nitroalkanes and nitrocycloalkanes.2 These failures of 
the Br^nsted relationship represent failures of the Leffler- 
Grunwald rate-equilibrium relationship (eq 2), wherein a was 
assumed to be confined to the limits of 0 and l.O.5

5AG* = a8AG° (2)

Failures of eq 2 are common for nitroalkanes. They are 
observed not only when structural changes occur near to the 
reactive site and are largely steric in nature, as in the examples 
just mentioned, but also when the substituents are remote and 
are largely polar in nature, as in the electronic effects of sub
stituents, G, in G(CH2)3N 02 and GC6H4CH2NO2 systems.2 
In all of these examples eq 2 fails because the substituent 
changes do not cause changes on the transition state energy 
that are intermediate between those caused on the reactants 
and products, but instead are greater in the transition state 
(either more stabilizing or more destabilizing) than in the 
reactants and/or products. The complex variation in kinetic 
and equilibrium acidities for the R2R3C=C(G)CHRiN0 2 
system, as Ri, R2, R3, and G are changed, therefore fits the 
general pattern of behavior observed previously for nitroal
kanes. It can be accommodated by the mechanism for de
protonation discussed in the earlier papers in this series 
wherein formation of an essentially pyramidal, singly H- 
bonded intermediate is assumed (10 in Scheme I).2

Examining the substituent changes (Table I) in light of this 
mechanism we see that the rate retardations observed for 
«-Me or /3-Me substitution and the rate acceleration observed 
for /3-Br substitution can be attributed to polar effects on the 
(essentially pyramidal) transition state leading to interme
diate 10, whereas the effects of these substituents on the 
equilibria include important contributions from steric effects, 
which are felt primarily in the (planar) nitronate ion product 
and not in the transition state. The interplay between these 
substituent effects on transition state and product can best 
be seen with the more polar substituents, Br and Ph. Substi
tution of a /3-H atom by Br produces a nearly ninefold accel
eration in the deprotonation rate, attributable to a substantial

S c h e m e  I

h o h - Q ^  „no.H 0 --H  „NO,
"slow ”

H2C=CH Hi H,C=CH Hi
10

"fa s t” _
------ H ,C =CH C H =N ^

0 — -HOH

0_-H O H
11
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electron-withdrawing polar effect on the transition state 
leading to the intermediate. This is accompanied by a 0.4 pK  
unit decrease in equilibrium acidity, attributable to larger 
steric destabilization than polar stabilization of the product 
nitronate ion (12). The polar Ph group, when substituted for 
a /3-H atom, causes a twofold retardation in the deprotonation 
rate accompanied by a 2 pK  unit decrease in equilibrium 
acidity. The substantial decrease in equilibrium acidity 
suggests that not only is the Ph group unable to stabilize the 
nitronate ion 13 by a conjugative interaction, but also that it 
interferes with the ability of the CH2= C H  group to do so.

H\  ^ Br C=C o-
H > = N

l /  N > -  
12

Table III. Effects on Equilibrium and Kinetic Acidities 
of Introducing fl,y Unsaturation into Various Carbon 

Acids

type of parent P K Ap K log
carbon acid (Me2SO)a (Me2SO)c (W K (®
nitroalkane ~18 ~5 ~2
ketone ~27 ~7 ~3 f
sulfone ~32 ~7.5 ~4 «
alkene ~42b ~ 10d ~6h

“ Average values for simple compounds in this class (see ref 17). 
h Taken as equal to the lowest of the values extrapolated for tol
uene (ref 18). c ApK = pK(RCH2G) -  pK(PhCH2G) unless 
otherwise noted. d Estimate based on pK(PhCH3) -  
pK (PhCH2Ph). e Rate ratio for deprotonation by HO~ (or RO~) 
in H20 (or ROH) unless otherwise noted, f From rate data at 0 
°C for cyclohexanone (ref 20) and at 25 °C for cyclohexenone (ref
14). * Rate for PrCH2S02CH3 vs. PrCH=CHCH2S02CH3 (ref
21). h Rate for CH2 =CHCH2CH=CH2 vs. CH2=CHCH2Me 
(ref 22).

The polar effect of a /3-Ph group should accelerate depro
tonation of H2C=C(Ph)CH2N 02 by HO“ . The observation 
of a twofold rate retardation (Table I) indicates that the large 
steric effect in 13 must be felt to some degree in the transition 
state for the intermediate believed to precede 13 along the 
reaction profile (Scheme I). In describing this intermediate 
as being “ essentially pyramidal” we do not wish to imply that 
no rehybridization has occurred, but merely that rehybridi
zation, and the accompanying solvent reorganization, is in
complete. For highly endoenergetic deprotonations, such as 
that of nitrocyclopropane, the evidence points to substantial 
rehybridization in the transition state (see the preceding paper 
in this issue) and, when conjugation between the developing 
charge on the a carbon and an a substituent can occur, rehy
bridization in the transition state would be expected to in
crease to take advantage of this stabilizing influence. On this 
basis we expect a greater degree of rehybridization in inter
mediate 10 than in comparable intermediates where an alkyl 
group has replaced the vinyl group at the a-carbon atom. The 
extent of this rehybridization in the transition state leading 
to 10 does not seem to be large, however, judging from the 
small rate retarding /3-Ph effect. Also, the point for a-Ph fits 
reasonably well on a Taft plot constructed for deprotonation 
rates in 50% MeOH-H20  for nitroalkanes of the type 
G(CH2)nN 02, where n = 1, 2, or 3 (see Figure 1 in paper 3 in 
this series). The present data, when corrected for the change 
in solvent, indicate that the a-vinyl point will also fit this plot 
reasonably well.

Br^nsted Correlations for Deprotonation with Pyri
dine Bases. Br^nsted plots using the data in Table II for the 
first six bases and two nitroalkenes gave linear correlations 
(r = 0.990 and 0.986). The points for 2,6-lutidine and 2,4,6- 
collidine fell well below the lines and the &h/&d isotope effects 
were enhanced, which is usual for these sterically hindered 
bases.8 The large kn/kr, isotope ratios observed (near 9) are 
indicative of a transition state where H-C bond breaking is 
substantial and AG° is somewhere near zero. The broad 
maximum observed in kn/kv vs. ApK  plots where the nature 
of the carbon acid and base are both changed makes it difficult 
to use the size of the kyJk-Q ratio as a guide to the position of 
the transition state along the reaction coordinate.118 The 
overall reaction, 14 — 16, has a AG° near zero, but, if forma
tion of an intermediate (15) is postulated, the rate-limiting 
step would probably be on the endoenergetic side. There is no 
apparent trend in the kn/kr> ratio as ApK is changed, which 
supports the view that transition-state structures vary but 
little with small changes in AG0.11 The Br^nsted ¡3 is in each 
instance 0.59, which is slightly smaller than that observed for 
the reaction of pyridine bases in water with nitroethane (/3 =

0.658a). It is possible, as has frequently been postulated,5'9’10 
that the size of d gives a measure of the extent of proton 
transfer in the transition state for deprotonation reactions, 
but when one considers that in comparing the reactions of 
amine bases with such diverse carbon acid substrates as 3- 
nitropropene, nitroethane,13 cyclohexanone,12 and 3-cyclo- 
hexenone14 (5 falls in the narrow range of 0.5-0.6 despite 
changes in AG° that are probably greater than 10 kcal/mol, 
it is clear that /3 cannot be a very sensitive guide to transi
tion-state structure.

)N H ^N02 

RCH— CH H

"slow ”
, no2XCH H

14 (R = H or Me) 15 (R = H or Me)

+ RCH=CH =N02-

(G = Me 16 (R = H or Me)
or diMe)

Correlation of Equilibrium and Kinetic Acidities for 
Structural Changes in Various Weak Carbon Acids. From 
the data in this and the two preceding papers in this series we 
have concluded that deprotonations of nitroalkanes usually 
fail to conform to the rate-equilibrium relationships (eq 2) 
when structural changes in the nitroalkanes cause effects that 
are either primarily polar or steric in nature. This is believed 
to be a consequence of the extensive rehybridization and 
solvent reorganization in the carbon acid that accompany 
these deprotonations. It seems likely that most other carbon 
acids will behave similarly, although the lack of correlation 
may be less extreme and therefore less obvious. Experimental 
data to test this point are meager, since nitroalkanes are the 
only monofunctional substrates acidic enough to permit 
equilibrium acidities, as well as kinetic acidities, to be deter
mined in protic media. The lower acidity of other mono
functional carbon acids means that, with a given base, de
protonations will be more endoenergetic, and the transition 
state will be more product-like (Leffler-Hammond postu
late15’16). Therefore, we would expect a greater degree of 
rehybridization in the transition state leading to intermediates 
comparable to 10 or to 15. An estimate of the relative extent 
of such rehybridization in weaker carbon acids can be obtained 
by comparing the effect on kinetic and equilibrium acidities
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of introducing f l ,y  unsaturation into various types of carbon 
acids of decreasing strengths (Table III).

The estimates summarized in Table III are necessarily 
rough, since the data available are limited and are taken from 
a variety of sources in different types of solvents. (Data in 
solvents of the same type are not available.) The equilibrium 
acidities are measured or extrapolated from data in Me2SO 
solvent,17’23 while the rate data are for deprotonation rates 
using hydroxide or alkoxide ion as the base in protic solvents. 
Since substitution of either a Ph or CH2= C H  group for R in 
RCH2NO2 has an effect of the same order of magnitude on 
equilibrium and kinetic acidities, we have assumed that this 
will also be true for other carbon acids. (Substitution of Ph for 
Et in EtCH2N 02 increases the acidity by 4.8 pK  units and a
5.8 pK  unit is observed for vinyl substitution; the rate accel
erations for deprotonation by RO~ in protic solvents are 
~30-fold and 85-fold, respectively.2) Examination of Table 
III shows that there is a progressive decrease in the size of ApK 
from the weakest carbon acid (the alkene) to the strongest 
carbon acid (the nitroalkane). This corresponds to a pro
gressive decrease in the negative charge density at the carbon 
atom of the acidic site in the parent acid as it becomes stronger 
(resonance saturation effect19). A similar, but smaller, effect 
is observed on the rates. Here the negative charge density at 
the carbon atom of the acidic site apparently becomes pro
gressively greater in the transition state for the deprotonation 
as the acid becomes progressively weaker, in agreement with 
the expectation of a more product-like transition state15*16 and 
a progressively greater ability of the «-Ph (or a-C=C) sub
stituent to stabilize the charge by delocalization. Although the 
comparisons are crude, it would appear that rehybridization 
in the transition state becomes progressively greater as the 
acid gets weaker, and that the effect on the rate begins to ap
proach that on the equilibrium. In other words, the Br0nsted 
a increases in size, as anticipated by the Leffler-Grunwald 
rate-equilibrium equation (eq 2). The data in Table III 
suggests, therefore, that for deprotonation reactions that span 
large AG 0 ranges, variation in transition-state structures may 
be large enough to conform approximately to eq 2. On the 
other hand, for small AG° ranges, such as those encountered 
in this series of papers, where substituent effects on a single 
type of carbon acid are considered, the variation in transi
tion-state structure is slight and eq 2 does not hold, even ap
proximately. In such instances the size of a will change de
pending on the details of the mechanism for deprotonation, 
which is likely to be complex.2 For carbon acids where de
protonation is accompanied by extensive structural and sol
vent reorganization, such as ArCH2lS102 or RiR2CHN02, we 
have seen that substituent effects on the transition state for 
deprotonation may be larger or in an opposite direction to 
those on the product anions, leading to Br0nsted a’s larger 
than 1.0 or negative in sign. These data have been rationalized 
by assuming that rehybridization of the carbon atom at the 
acidic site has progressed but little in the transition state. For 
weaker carbon acids the data in Table III suggest that rehy
bridization in the transition state for deprotonation becomes 
progressively greater as the acid becomes weaker. At the same 
time the extent of delocalization of the negative charge in the 
product anion becomes progressively less as the acid becomes 
weaker. We can anticipate, therefore, that for very weak car
bon acids rehybridization of the carbon atom at the acidic site 
in the transition state for deprotonation will differ but little 
from that in the product anion,15’16 and that substituent ef
fects on the kinetic and equilibrium acidities will correspond 
more closely to that predicted by eq 2. This does not mean, 
however, that we can expect substituent effects to be inter
mediate to those on reactants and products or that the 
Br0nsted a can provide more than a rough guide to the tran
sition-state structure.

Experimental Section24
Instruments and Analyses. I n f r a r e d  s p e c t r a  w e r e  t a k e n  o n  e i t h e r  

a  B a i r d  M o d e l  A B - 2  o r  a  B e c k m a n  I R  5  s p e c t r o p h o t o m e t e r  w i t h  t h e  

p o ly s t y r e n e  6 .2 4 3 -/x m  b a n d  a s  a  s t a n d a r d .  N u c l e a r  m a g n e t i c  r e s o n a n c e  

s p e c t r a  w e r e  t a k e n  o n  e i t h e r  a  V a r i a n  M o d e l  A 6 0  o r  V a r i a n  M o d e l  T 6 0  

i n s t r u m e n t  w i t h  t e t r a m e t h y l s i l a n e  a s  a n  i n t e r n a l  s t a n d a r d .  A n a l y t i c a l  

a n d  p r e p a r a t i v e  g a s - l i q u i d  c h r o m a t o g r a p h y  w e r e  p e r f o r m e d  o n  a n  

F  &  M  M o d e l  5 7 5 0  r e s e a r c h  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a  t h e r m a l  

c o n d u c t i v i t y  d e t e c t o r  a n d  a  d i s c  in t e g r a t o r ,  u s in g  h e l i u m  c a r r i e r  g a s ,  

a n  i n je c t i o n  p o r t  t e m p e r a t u r e  o f  2 5 0  ° C ,  a n d  a  d e t e c t o r  t e m p e r a t u r e  

o f  2 9 0  ° C .  T h e  c o lu m n  e m p lo y e d  f o r  p u r i f i c a t i o n  a n d  a n a l y s i s  o f  t h e  

n i t r o a l k e n e s  w a s  Q F - 1  o n  s p e c i a l l y  a c i d  w a s h e d  C h r o m o s o r b  W . 25

p A Determinations. 1. Potentiometric. T h e  p A ’ s  o f  3 - n i t r o -  

p r o p e n e ,  l - n i t r o - 2 - b u t e n e ,  a n d  3 - m e t n y l - l - n i t r o - 2 - b u t e n e  w e r e  

m e a s u r e d  in  w a t e r  a t  2 5  ° C  b y  t h e  p a r t i a l  n e u t r a l i z a t i o n  t e c h n i q u e  

d e s c r i b e d  p r e v i o u s l y .2  T h e  p H  m e a s u r e m e n t s  w e r e  p e r f o r m e d  o n  a  

S a r g e n t  M o d e l  D R  d i g i t a l  r e a d o u t  p H  m e t e r  e q u i p p e d  w i t h  a  C o r n in g  

s e m i m i c r o  c o m b i n a t i o n  e l e c t r o d e .  E q u i l i b r i u m  w a s  a t t a i n e d  in  ~ 1 0  

m in  a n d  m e a s u r e m e n t s  w e r e  t a k e n  e v e r y  1 0  m i n  f o r  1  h .  A f t e r  1  h , t h e  

s o l u t i o n s  b e g a n  t o  d e c o m p o s e .

2. Spectrophotometric. T h e  p A ’ s  o f  t h e  r e m a i n i n g  n i t r o a l k e n e s  

w e r e  m e a s u r e d  s p e c t r o p h o t o m e t r i c a l ly  in  w a t e r  a t  2 5  ° C  u s i n g  a  C a r y  

M o d e l  1 5  r e c o r d i n g  s p e c t r o p h o t o m e t e r  w i t h  a  b r a s s  c e l l  b l o c k  t h e r 

m a l l y  c o n t r o l le d  b y  a n  A m i n c o  c i r c u l a t i n g  w a t e r  b a t h .

C o n s t a n t  io n ic  s t r e n g t h  b u f f e r  s o l u t i o n s  w e r e  p r e p a r e d  u s i n g  r e 

a g e n t  g r a d e  m a t e r i a l s  w h ic h  w e r e  n o t  f u r t h e r  p u r i f i e d .  T h e  p H ’s  w e r e  

m e a s u r e d  i m m e d i a t e l y  p r i o r  t o  u s e  a n d  n e v e r  d i f f e r e d  b y  m o r e  t h a n

0 .0 4  u n i t s  f r o m  t h a t  c a lc u l a t e d .

I n  a  t y p i c a l  e x p e r i m e n t  w i t h  n i t r o a l k e n e s  w h i c h  d o  n o t  i s o m e r i z e  

in  b u f f e r ,  3 .0  m L  o f  t h e  a p p r o p r i a t e  s o l v e n t  ( w a t e r ,  0 . 1  M  s o d i u m  

h y d r o x i d e  o r  b u f f e r )  w a s  p i p e t t e d  i n t o  a  c u v e t t e .  A f t e r  t h e r m a l  

e q u l i b r a t i o n  1 0 - 4 0  ,u L  o f  ~ 0 . 0 1  M  n i t r o a l k e n e  s o l u t i o n  in  m e t h a n o l  

( p r e p a r e d  a s  d e s c r ib e d  f o r  t h e  p o t e n t i o m e t r ic  p A  m e a s u r e m e n t s )  w a s  

i n je c t e d  u s i n g  a  5 0 - / j L  H a m i l t o n  7 1 0 N  s y r i n g e .  T h e  s y r i n g e  a l w a y s  

c o n t a i n e d  5 - 1 0  ¿¿L  o f  m e t h a n o l  b e h i n d  t h e  n i t r o a l k e n e  s o l u t i o n  in  

o r d e r  t o  e n s u r e  c o m p l e t e  d e l i v e r y .  T h e  r e s u l t i n g  c o n c e n t r a t i o n  o f  

n i t r o a l k e n e  in  t h e  c u v e t t e  w a s  in  t h e  r a n g e  o f  5  X 1 0 - 5  t o  2  X 1 0 ~ 4 M . 

T h e  u l t r a v i o l e t  s p e c t r a  w e r e  r e c o r d e d  f r o m  3 5 0  t o  2 2 0  n m .

T h e  s p e c t r u m  o f  n i t r o a l k e n e  in  w a t e r  ( s l i g h t l y  a c i d i f i e d )  w a s  a s 

s u m e d  t o  b e  t h a t  o f  t h e  p r o t o n a t e d  s p e c i e s ,  a n d  t h e  s p e c t r u m  in  0 . 1  

M  s o d i u m  h y d r o x i d e  t o  b e  o f  t h e  n i t r o r .a t e  a n i o n .  T h e  e x t i n c t i o n  

c o e f f i c i e n t s  a t  v a r i o u s  w a v e l e n g t h s  w e r e  t h e n  c a l c u l a t e d  f o r  b o t h  

f o r m s .  T h e s e  e x t i n c t i o n  c o e f f i c i e n t s ,  r a t h e r  t h a n  l i t e r a t u r e  v a l u e s ,  

w e r e  u s e d  in  o r d e r  t o  e l i m i n a t e  e r r o r s  r e s u l t i n g  f r o m  p o s s i b le  d i f f e r 

e n c e s  b e t w e e n  t h e  a c t u a l  c o n c e n t r a t i o n  o f  n i t r o a l k e n e  a n d  t h a t  c a l 

c u l a t e d .

T h e  s p e c t r u m  o f  n i t r o a l k e n e  in  b u f f e r  ( t h e  p H  o f  w h i c h  w a s  in  t h e  

r e g io n  o f  t h e  e x p e c t e d  n i t r o a l k e n e  p A )  w a s  s c a n n e d  a t  a p p r o p r i a t e  

i n t e r v a l s  u n t i l  e q u i l i b r i u m  w a s  e s t a b l i s h e d  ( 1 - 2 4  h )  a n d  c o n t i n u e d  

f o r  s e v e r a l  a d d i t i o n a l  h o u r s .  T h e  p A  w a s  c a l c u l a t e d  f r o m  t h e  e q u a 

t io n s

C h a  =  T  -  C A - ( 3 )

A o b sd  =  C a  -  ÉA- +  ( T  — C A -)« H A

C A -  =  ( A 0bsd -  Tch a ) / G a -  -  «h a ) (4 )

p A  =  p H  +  l o g ( C H A / C A - )  -  lo g  y ± (5 )

A ohsd >s t h e  e q u i l ib r iu m  a b s o r b a n c e  v a l u e  o f  t h e  n i t r o a l k e n e  in  b u f f e r  

a t  a  s p e c i f i e d  w a v e l e n g t h ,  c h a  a n d  a r e  t h e  e x t i n c t i o n  c o e f f i c i e n t s  

o f  t h e  n i t r o a l k e n e  a n d  i t s  a n io n  a t  t h a t  w a v e l e n g t h ,  C h a  a n d  C a -  a r e  

t h e  m o l a r  c o n c e n t r a t i o n s  o f  n i t r o a l k e n e  a n d  a n i o n ,  T  i s  t h e  t o t a l  

c a l c u l a t e d  m o l a r  c o n c e n t r a t i o n  o f  s u b s t r a t e ,  —lo g  y ±  i s  a n  a c t i v i t y  

c o e f f i c ie n t  c o r r e c t io n  f a c t o r  w h ic h  w a s  t a k e n  t o  b e  e q u a l  t o  t h e  a c t i v i t y  

c o e f f i c i e n t  o f  a q u e o u s  p o t a s s i u m  c h lo r id e  a t  t h e  io n ic  s t r e n g t h  o f  t h e  

b u f f e r ,  a n d  t h e  p H  is  t h a t  m e a s u r e d  f o r  t h e  b u f f e r  p r i o r  t o  t h e  e x 

p e r i m e n t .  T h e  p A  w a s  c a l c u l a t e d  in  t h i s  m a n n e r  a t  t h r e e  d i f f e r e n t  

w a v e l e n g t h s ,  u s u a l l y  t h e  Amax f o r  t h e  n i t r o n a t e  a n i o n  a n d  1 5 - 2 0  n m  

a b o v e  a n d  b e lo w  t h i s  v a lu e .  T h e  e n t i r e  p r o c e d u r e  w a s  r e p e a t e d  a t  l e a s t  

t w i c e  f o r  e v e r y  p A  v a l u e  r e p o r t e d .  T h e  s t a n d a r d  d e v i a t i o n  w a s  g e n 

e r a l l y  0 . 0 1 - 0 . 0 2  p A  u n i t s  a n d  n e v e r  e x c e e d e d  0 .0 5  u n i t .

F o r  t h o s e  n o n c o n ju g a t e d  ( d . y - u n s a t u r a t e d )  n i t r o a l k e n e s  w h i c h  

i s o m e r iz e  r e a d i l y  in  b u f f e r  s o l u t i o n  t o  t h e  c o n j u g a t e d  ( a ,/ ? - u n s a t u -  

r a t e d )  f o r m  a  m o r e  c o m p l i c a t e d  t r e a t m e n t  w a s  n e c e s s a r y .  T h e  c o n 

ju g a t e d  n i t r o a l k e n e  (a,(3 i s o m e r )  w a s  s y n t h e s i z e d  i n d e p e n d e n t ly ,  a n d  

i t s  s p e c t r u m  in  t h e  b u f f e r  e m p lo y e d  w a s  r e c o r d e d  in  t h e  m a n n e r  d e 

s c r i b e d  p r e v io u s ly .  T h e  e x t i n c t io n  c o e f f i c ie n t s  a t  t h e  w a v e l e n g t h s  u s e d  

f o r  t h e  p A  m e a s u r e m e n t  w e r e  c a lc u l a t e d  f r o m  t h i s  s p e c t r u m .  T h e  

s p e c t r u m  in  b u f f e r  w a s  f o u n d  t o  b e  i d e n t i c a l  w i t h  t h a t  in  s l i g h t l y
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Table IV. Ultraviolet Spectra of Conjugated Nitronate
Ions in Water at 25 °<3°

nitronate ion
registry

no.
Mmas>
nm fmax

c h 2= c h c h = n o 2- 60211-46-3 275 20 700
MeCH=CHCH=NO,- 66291-29-0 274 23 500
CH2=C(M e)CH=Nd2- 66291-28-9 276 14 570
CH2=C(Br)CH=N02- 66291-27-8 276 13 100
CH2=C(Ph)CH=N02- 66291-26-7 288 10 990

a Spectra of the nitroalkenes in 0.1 M NaOH; anion concen
tration 2-4 X 10~5 M.

a c id i f ie d  w a t e r ,  a l t h o u g h  i t  d e c r e a s e d  o v e r  lo n g  t im e  p e r i o d s  a n d  a f t e r  

~ 2 4  h  n o  o b s e r v a b l e  a b s o r b a n c e  r e m a i n e d .  N o  s p e c t r a l  c h a n g e  w h ic h  

i n d i c a t e d  n i t r o n a t e  io n  f o r m a t i o n  w a s  o b s e r v e d ,  in  a c c o r d a n c e  w i t h  

t h e  e x p e c t e d  lo w  a c i d i t y  o f  t h e  c o n ju g a t e d  n i t r o a l k e n e .

T h e  e x p e r i m e n t a l  p r o c e d u r e  w a s  i d e n t i c a l  w i t h  t h a t  d e s c r i b e d  f o r  

t h e  n o n i s o m e r i z i n g  n i t r o a l k e n e s .  T h e  p K  w a s  c a l c u l a t e d  f r o m  t h e

e q u a t i o n s

A o b s d ^ 1 =  C a  -  eA - X l +  C p y C p y ’ "  +  C a f f i c ^  ( 6 )

A o b sd * 2 =  C A - e A - Xz +  CpytSyX2 +  C mse„5 Xz ( 7 )

T  = CA- + Cgy + Cap (8)
p K  =  p H  +  l o g  ( C py/C A-)  -  lo g  y ±  (9 )

w i t h  t h e  a i d  o f  a  C o n t r o l  D a t a  6 4 0 0  c o m p u t e r .  T h e  t e r m s  A i a n d  A2 

r e f e r  t o  t w o  w a v e le n g t h s ,  g e n e r a l ly  t h e  Amax o f  t h e  n i t r o n a t e  a n io n  a n d  

t h a t  o f  t h e  a,0  i s o m e r ;  A 0bsd X| a n d  A 0b8d X;! a r e  t h e  a b s o r b a n c e  v a l u e s  

a t  t h e s e  w a v e l e n g t h s  o f  t h e  f},y  i s o m e r  in  b u f f e r  s o l u t i o n ;  eA - x b  ff)7 Xl, 

eapXl, « A -X2, q jT x a n ( f  6adX2 a r e  t h e  e x t i n c t i o n  c o e f f i c i e n t s  o f  t h e  n i t r o 
n a t e  a n io n ,  t h e  fly  i s o m e r ,  a n d  t h e  a,fl i s o m e r  a t  e a c h  w a v e le n g t h ;  C A- ,  

Cpy, a n d  C ap a r e  t h e  m o l a r  c o n c e n t r a t i o n s  o f  t h e  t h r e e  s p e c i e s ;  T  is  

t h e  t o t a l  s u b s t r a t e  c o n c e n t r a t i o n ;  p H  a n d  - l o g  y ±  a r e  t h e  s a m e  a s  

d e f i n e d  a b o v e .

T h e  c o n c e n t r a t io n s  o f  t h e  t h r e e  s p e c ie s  a n d  t h e  p K  w e r e  c a lc u la t e d  

a t  s e v e r a l  t im e  in t e r v a l s  p r i o r  t o  a n d  a f t e r  a t t a i n m e n t  o f  e q u i l i b r i u m .  

A t  t h e  o u t s e t  t h e  c o n c e n t r a t i o n  o f  n i t r o n a t e  a n io n  in c r e a s e s  a t  t h e  

e x p e n s e  o f  t h e  0 ,y  i s o m e r ,  a n d  a  c o n c e n t r a t io n  o f  t h e  a,0  i s o m e r  s lo w ly  

a p p e a r s .  A f t e r  e q u i l i b r i u m  is  e s t a b l i s h e d ,  t h e  c o n c e n t r a t i o n  o f  t h e  

c o n ju g a t e d  i s o m e r  c o n t i n u e s  t o  in c r e a s e ,  w h i l e  b o t h  t h e  n i t r o n a t e  

a n io n  a n d  t h e  n o n c o n ju g a t e d  i s o m e r  d e c r e a s e ,  b u t  t h e  r a t i o  o f  t h e  

l a t t e r  c o n c e n t r a t i o n s  r e m a i n s  c o n s t a n t .  E a c h  p K  v a l u e  r e p o r t e d  is  

t h e  a v e r a g e  o f  a t  l e a s t  t w o  d e t e r m i n a t i o n s ,  w i t h  s t a n d a r d  d e v i a t i o n s  

o f  ~ 0 . 0 3  p K  u n i t s  ( T a b l e  I V ) .

pK  in Methanol. T h e  p K  o f  3 - n i t r o p r o p e n e  in  m e t h a n o l  w a s  

m e a s u r e d  b y  t h e  s p e c t r o p h o t o m e t r i c  t e c h n i q u e  d e s c r i b e d  a b o v e .  A n  

a c e t i c  a c i d / s o d i u m  a c e t a t e  b u f f e r  in  m e t h a n o l  w a s  p r e p a r e d  a s  d e 

s c r i b e d  b y  B e l i k o v 26 u s in g  s t a n d a r d iz e d  1 . 0  M  a c e t ic  a c id  in  m e t h a n o l  

a n d  1 . 0  M  s o d i u m  m e t h o x i d e  i n  m e t h a n o l .

pK  of Nitronic Acids. T h e  p K  v a l u e s  f o r  p r o p e n e - 3 - n i t r o n i c  a c id  

a n d  2 - b u t e n e - 1 - n i t r o n ic  a c i d  w e r e  d e t e r m i n e d  p o t e n t i o m e t r i c a l ly  a s  

d e s c r i b e d  a b o v e  e x c e p t  t h a t  p a r t i a l  n e u t r a l i z a t i o n  w a s  a c c o m p li s h e d  

b y  a d d i n g  in c r e m e n t s  o f  s t a n d a r d  h y d r o c h l o r i c  a c i d  t o  a  s o l u t i o n  o f  

t h e  a c i  a n io n .

I n  a  t y p i c a l  e x p e r i m e n t ,  a  s t a n d a r d  s o lu t io n  o f  t h e  a c i  a n io n  ( ~ 0 . 0 1  

M )  in  w a t e r  w a s  p r e p a r e d  f r o m  t h e  s o d i u m  s a l t  o f  t h e  n i t r o a l k a n e . 27 

I n c r e m e n t s  ( 2 5 - m L )  o f  t h i s  s o lu t io n  w e r e  p i p e t t e d  in t o  w id e - m o u t h e d  

g l a s s  b o t t l e s  w i t h  g r o u n d - g l a s s  s t o p p e r s .  A n  i n c r e m e n t  o f  s t a n d a r d  

h y d r o c h l o r i c  a c i d  w a s  a d d e d  t o  e f f e c t  a  p e r c e n t a g e  n e u t r a l i z a t i o n  in  

t h e  r a n g e  o f  3 0 - 6 0 % .  I m m e d i a t e l y  a f t e r  a d d i t i o n  o f  t h e  a c i d ,  t h e  

e le c t r o d e s  w e r e  im m e r s e d  in  t h e  s o lu t io n  a n d  p H  r e a d in g s  w e r e  b e g u n . 

D u e  t o  t h e  i s o m e r i z a t i o n  o f  t h e  l i b e r a t e d  a c i d ,  t h e  p H  w a s  o b s e r v e d  

t o  in c r e a s e  w i t h  t im e .  H o w e v e r ,  s in c e  t h is  in c r e a s e  w i t h  t im e  w a s  l in e a r  

w i t h i n  e x p e r i m e n t a l  e r r o r ,  p H  r e a d in g s  t a k e n  a t  v a r i o u s  t im e  in t e r v a l s  

a f t e r  a d d i t i o n  o f  t h e  a c i d  c o u ld  b e  e x t r a p o l a t e d  b a c k  t o  z e r o  t i m e  in  

o r d e r  t o  o b t a i n  t h e  i n i t i a l  p H .  T h i s  e x t r a p o l a t e d  p H  v a l u e  w a s  u s e d  

in  t h e  H e n d e r s o n - H a s s e l b a c h  e q u a t i o n  t o  c a l c u l a t e  t h e  p K aci- T h e  

a b o v e  p r o c e d u r e  w a s  r e p e a t e d  f o u r  t i m e s  f o r  e a c h  n i t r o n i c  a c i d  u s in g  

a  d i f f e r e n t  v o lu m e  o f  h y d r o c h l o r i c  a c i d  in  o r d e r  t o  e f f e c t  a  d i f f e r e n t  

p e r c e n t a g e  n e u t r a l i z a t i o n .  T h e  p f f aci v a l u e s  c a lc u l a t e d  a g r e e d  w i t h in  

0 .0 3  p K  u n it s .
Kinetic Procedure. T h e  r a t e s  o f  d e p r o t o n a t i o n  b y  h y d r o x i d e  io n  

in  w a t e r  a t  2 5  ° C  w e r e  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  b y  f o l 

lo w in g  t h e  a p p e a r a n c e  o f  t h e  n i t r o n a t e  io n  a b s o r p t i o n  in  t h e  u l t r a 

v i o l e t  r e g i o n  (Am ax 2 7 5 - 2 9 0  n m ,  cmax 1 0  0 0 0 - 2 5  0 0 0 ) a s  p r e v i o u s l y

d e s c r i b e d .  T h e  m e a s u r e m e n t s  f o r  n i t r o a l k e n e s  w e r e  p e r f o r m e d  o n  a  

D u r r u m - G i b s o n  s t o p p e d - f lo w  s p e c t r o p h o t o m e t e r  o r  o n  t h e  B e c k m a n  

K i n t r a c  V I I  s p e c t r o p h o t o m e t e r .

T h e  r a t e s  o f  d e p r o t o n a t i o n  a n d  d e d e u t e r a t i o n  b y  p y r i d i n e  b a s e s  

in  w a t e r  a t  2 5  ° C  w e r e  m e a s u r e d  s p e c t r o p h o t o m e t r ic a l ly  b y  t h e  b u f f e r  

d i lu t io n  m e t h o d  p r e v i o u s l y  d e s c r i b e d .2  T h e  b u f f e r  p H  w a s  in  a l l  c a s e s  

s u f f i c i e n t l y  h ig h  t o  e n s u r e  t h a t  t h e  n i t r o a l k e n e  d e p r o t o n a t i o n  w a s  

c o m p l e t e .

Preparations and Purifications. A  s a m p l e  o f  2 - m e t h y l - 3 - n i t r o -  

b u t e n e  p r e p a r e d  b y  D r .  E .  W . G a r b i s c h  f r o m  t h e  r e a c t i o n  o f  a c e t y l  

n i t r a t e  w i t h  2 - m e t h y l - 2 - b u t e n e  w a s  r e d i s t i l l e d  a n d  p u r i f i e d  b y  

v a p o r - p h a s e  c h r o m a t o g r a p h y .  A l l  o t h e r  /3 ,7 - u n s a t u r a t e d  n i t r o a lk a n e s  

w e r e  p r e p a r e d  b y  t r e a t m e n t  o f  t h e  a l l y l i c  b r o m i d e s  o r  c h lo r i d e s  w i t h  

s i l v e r  n i t r i t e  a c c o r d i n g  t o  t h e  m e t h o d  o f  K o r n b l u m  a n d  U n g n a d e .28 

A  t y p i c a l  p r o c e d u r e  is  g i v e n  b e l o w  f o r  3 - n i t r o p r o p e n e .  T h e  p u r i t y  o f  

a l l  n i t r o a l k e n e s  e m p lo y e d  w a s  a t  l e a s t  9 8 %  a s  e v i d e n c e d  b y  v a p o r -  

p h a s e  c h r o m a t o g r a p h y .  T h e  b o i l i n g  p o i n t s ,  r e f r a c t i v e  i n d i c e s ,  a n d  

N M R  s p e c t r a l  d a t a  a r e  p r e s e n t e d  in  T a b l e  V .

3-Nitropropene. T h e  r e a c t i o n  w a s  p e r f o r m e d  in  a  d a r k  r o o m  

e q u i p p e d  w i t h  a  r e d  s a f e l i g h t  u n t i l  t h e  s i l v e r  s a l t s  a n d  n i t r i t e  e s t e r s  

w e r e  r e m o v e d .  S i l v e r  n i t r i t e  w a s  p r e p a r e d  b y  a d d i n g  a  s o l u t i o n  o f  8 5  

g  o f  s i l v e r  n i t r a t e  in  2 5 0  m L  o f  w a t e r  in  s e v e r a l  s m a l l  p o r t i o n s  w i t h  

v i g o r o u s  m i x i n g  t o  a  s o l u t i o n  o f  3 5  g  o f  s o d i u m  n i t r i t e  in  1 2 5  m L  o f  

w a t e r .  T h e  s u s p e n s i o n  w a s  a l l o w e d  t o  s t a n d  in  t h e  d a r k  f o r  1  h . T h e  

y e l lo w  s i l v e r  n i t r i t e  s o l id  w a s  s e p a r a t e d  b y  s u c t io n  f i l t r a t i o n ,  w a s h e d  

t h r e e  t i m e s  w i t h  1 2 5  m L  o f  w a t e r  a n d  t w i c e  w i t h  1 0 0  m L  o f  a b s o l u t e  

m e t h a n o l ,  a n d  d r i e d  t o  c o n s t a n t  w e i g h t  in  a  v a c u u m  d e s i c c a t o r  o v e r  

p h o s p h o r u s  p e n t o x i d e  ( 3 6 - 4 8  h ) .

E a s t m a n  3 - b r o m o p r o p e n e  ( 3 4  g , 0 .2 8  m o l)  w a s  a d d e d  d r o p w is e  o v e r  

1  h  t o  a  v i g o r o u s l y  s t i r r e d  s u s p e n s i o n  o f  6 4 .8  g  ( 0 .4 2 2  m o l)  o f  s i l v e r  

n i t r i t e  in  1 0 0  m L  o f  a n h y d r o u s  e t h e r  c o n t a i n e d  in  a  5 0 0 - m L  t h r e e -  

n e c k  f l a s k  e q u i p p e d  w i t h  a  T e f l o n  s l e e v e  m e c h a n i c a l  s t i r r e r  a n d  a  

c o n d e n s e r  p r o t e c t e d  w i t h  a  d r y i n g  t u b e .  T h e  f l a s k  w a s  i m m e r s e d  in  

a  l a r g e  D e w a r  f i l l e d  w i t h  i c e - w a t e r  t o  m a i n t a i n  a  t e m p e r a t u r e  o f  0 - 5  

° C  t h r o u g h o u t  t h e  r e a c t i o n .  F o l l o w i n g  t h e  b r o m i d e  a d d i t i o n ,  t h e  s o 

l u t i o n  w a s  v i g o r o u s l y  s t i r r e d  f o r  1 2  h ,  a t  w h i c h  t i m e  t h e  s u p e r n a t n a t  

l i q u i d  g a v e  a  n e g a t i v e  h a l i d e  t e s t  ( a l c o h o l i c  s i l v e r  n i t r a t e ) .

T h e  s i l v e r  s a l t s  w e r e  r e m o v e d  b y  s u c t i o n  f i l t r a t i o n  a n d  s lu r r i e d  

t h r e e  t i m e s  w i t h  7 5  m L  o f  a n h y d r o u s  e t h e r .  T h e  c o m b i n e d  e t h e r  f i l 

t r a t e s  w e r e  a l l o w e d  t o  s t a n d  o v e r n i g h t  in  t h e  d a r k  w i t h  8  m L  o f  a b 

s o l u t e  m e t h a n o l  t o  h y d r o l y z e  t h e  n i t r i t e  e s t e r s  t o  t h e  m e t h y l  e t h e r  o f  

a l l y l  a lc o h o l .

T h e  s o l v e n t  w a s  r e m o v e d  a t  a t m o s p h e r i c  p r e s s u r e  u s in g  a n  8  in . 

V i g r e u x  c o lu m n .  T h e  r e s i d u e  w a s  d i s t i l l e d  t o  y i e l d  1 0  g  ( 4 1 % )  o f  3 -  

n i t r o p r o p e n e .  C A U T IO N :  T h e  d i s t i l l a t i o n  r e s i d u e  m u s t  b e  c o o le d  t o  

r o o m  t e m p e r a t u r e  b e f o r e  e x p o s u r e  t o  t h e  a t m o s p h e r e  a n d  d u e  c a u t io n  

e x e r c i s e d  in  d i s p o s a l ,  w h i c h  s h o u l d  b e  d o n e  i m m e d i a t e l y  f o l l o w i n g  

a i r  e x p o s u r e .  F i n a l  p u r i f i c a t i o n  e m p lo y e d  g a s - l i q u i d  c h r o m a t o g r a 

p h y .
3-Nitropropene-<f2- T h e  n i t r o a lk e n e  d i d e u t e r a t e d  in  t h e  3  p o s i t io n  

w a s  p r e p a r e d  b y  t h e  m e t h o d  d e s c r ib e d  p r e v i o u s l y 2  u s in g  a  d e u t e r a t e d  

s u c c in ic  a c id / s o d iu m  s u c c in a t e  b u f f e r .  D id e u t e r a t e d  s u c c in ic  a c id  w a s  

p r e p a r e d  b y  r e f l u x i n g  s u c c in ic  a n h y d r i d e  in  d e u t e r i u m  o x id e  f o r  1  h . 

T h e  i s o t o p i c  p u r i t y  o f  t h e  n i t r o a l k e n e  in  t h e  3  p o s i t i o n  w a s  9 8 %  

( N M R ) .

Substituted 3-Nitropropene Derivatives. T h e  s u b s t i t u t e d  d e 

r i v a t i v e s  w e r e  p r e p a r e d  a s  d e s c r i b e d  f o r  3 - n i t r o p r o p e n e  a b o v e .  T h e  

s t a r t i n g  h a l i d e  e m p lo y e d  a n d  a n y  d e v ia t io n  in  r e a c t io n  c o n d it io n s  ( i .e ., 

t e m p e r a t u r e  o r  r e a c t i o n  t im e )  a r e  g i v e n  b e lo w  ( n i t r o a l k e n e ,  s t a r t i n g  

h a l i d e ,  r e a c t i o n  c o n d i t i o n s ) :  l - n i t r o - 2 - b u t e n e ,  3 - c h l o r o - l - b u t e n e  

( A l d r i c h ) , 29  1 2  h  a t  0 - 5  ° C ;  3 - m e t h y l - l - n i t r o - 2 - b u t e n e ,  3 - m e t h y l - l -  

n i t r o - 2 - b u t e n e ,  3 - m e t h y l - l - b r o m o - 2 - b u t e n e ,30  2 4  h  a t  0 - 5  ° C ;  2 -  
m e t h y l - 3 - n i t r o p r o p e n e ,  2 - m e t h y l - 3 - c h l o r o p r o p e n e  ( A l d r i c h ) ,  8  h  a t  

0 - 5  ° C ,  2 4  h  a t  2 5  ° C , a n d  3 6  h  a t  r e f l u x ;  2 - p h e n y l - 3 - n i t r o p r o p e n e ,

2 - p h e n y l - 3 - b r o m o p r o p e n e  ( p r e p a r e d  f r o m  « - m e t h y l s t y r e n e  b y  t h e  

m e t h o d  o f  R e e d 3 1 ) , 4 8  h  a t  0 - 5  ° C ;  2 - b r o m o - 3 - n i t r o p r o p e n e ,  2 ,3 -  

d i b r o m o p r o p e n e  ( A l d r i c h ) ,  1 2  h  a t  0 - 5  ° C ;  2 - n i t r o - 3 - p e n t e n e ,  2 -  

b r o m o - 3 - p e n t e n e  ( p r e p a r e d  f r o m  C h e m i c a l  S a m p l e s  3 - p e n t e n - 2 - o l  

b y  t h e  m e t h o d  o f  H w a  a n d  S i m s 32) , 2 4  h  a t  0 - 5  ° C .

2-Methyl-l-nitropropene (17). T h e  c v ,/3 -u n sa tu r a te d  n i t r o a l k e n e  

w a s  p r e p a r e d  f r o m  2 - m e t h y l - 3 - n i t r o p r o p e n e  (7, G  =  M e )  b y  t r i e t h -  

y l a m i n e - c a t a l y z e d  i s o m e r i z a t i o n  in  h e x a n e  a c c o r d i n g  t o  t h e  m e t h o d  

o f  H e s s e  e t  a l .3 3  A n  e q u i l i b r i u m  m i x t u r e  o f  8 2 %  17 a n d  1 8 %  7 w a s  

o b t a i n e d .  P u r e  17 w a s  i s o l a t e d  b y  v a p o r - p h a s e  c h r o m a t o g r a p h y :  U V  

m a x  ( C 2 H 5 O H )  2 5 0  n m  U 8 6 0 0 ) ,  ( H 2 0 )  2 6 2  n m  (e 8 9 0 0 ) ,  (n - h e x a n e )  

2 4 0  n m  (e 9 0 0 0 )  [ l i t .34  U V  m a x  ( C 2 H 5 O H )  2 5 1  n m  (e 8 6 0 0 ) , ( r c -h e x a n e )  

2 3 5  n m  (t 1 0  0 0 0 ) ] ;  N M R  ( C D C 1 3) 6 1 . 9 8  ( s , 3 ,  m e t h y l  c is  t o  h y d r o g e n ) ,

2 .2 6  ( s ,  3 ,  m e t h y l  c is  t o  n i t r o ) ,  a n d  6 .9 8  ( s ,  1  = C H N 0 2).

2-Methyl-3-nitro-2-butene (18). T h e  a ,< 3 -u n s a t u r a t e d  n i t r o a lk a n e  

w a s  p r e p a r e d  f r o m  3 - n i t r o - 2 - m e t h y l - 2 - b u t y l  a c e t a t e  a c c o r d i n g  t o  t h e
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Table V. Physical Properties of 3-Nitropropene and Its Derivatives

nitroalkene
bp, °C 

(mmHg) nu (temp, °C)
lit.

up (temp, °C) NMR ÎMe4Si(CDCl3), ppm

3-nitropropene 44 (27) 1.4258 (21) 1.4260 (20)° 4.98 (d, 2, J = 7 Hz, CH2N 02), 
5.3-5.5 (m, 2, H2C=),
6.1 (m, 1, =CH-)2

l-nitro-2-butene 60 (25) 1.4387 (21) 1.4391 (20) 6 1.78 (d, 3, J = 5 Hz, CH3CH=), 
4.85 (d, 2, J = 6 Hz, CH2N 02), 
5.8 (m, 2, -CH—-CH)

3-methyl-l-nitro-2-butene 55 (8) 1.4490 (21) 1.4489 (20)6 1.75 (m, 6, (CH3)2C=),
4.90 (d, 2, J = 8 Hz, CH2N 02), 
5.5 (t, 1, J = 8 Hz, =C H -)

2-methyl-3-nitropropene 38 (12) 1.4323 (21) 1.4331 (20)6 1.82 (s, 3, =C(CH3)-), 4.92 (s, 2, 
CH2N 02), 5.2 (bs, 2, H2C =

2-phenyl-3-nitropropene 84 (0.3) 1.5831 (20) 5.20 (s, 2, CH2N 02), 5.35, 5.65 
(2s, 2, H2C=), 7.25 (bs,5, C6H5

2-bromo-3-nitropropene 34 (0.3) 1.4963 (21) 1.4970 (20)6 5.26 (s, 2, CH2N 02),
5.9-6.2 (m, 2, H2C=)

2-nitro-3-pentene 61 (30) 1.4348 (21) 1.4356 (20)b 1.60 (d, 3, J = 6.6 Hz, CH3CHNO2). 
1.75 (d, 3, J = 5 Hz, CH3CH=), 
5.00 (q, 1, J = 6.5 Hz, CHN02), 
5.7 (m, 2, -CH=CH-)

2-methyl-3-nitrobutene 50 (15) 1.4365 (21) 1.4352 (20)c 1.67 (d, 3, J = 7 Hz, CH3CHN02), 
1.82 (s, 3, =C(CH3)-),
5.07 (q, 1, J = 7 Hz, CHN02), 
5.17 (s, 2, H2C=)

° N. Kornblum and D. C. Iffland, unpublished work reported in Org. React., 12, 131 (1962). b Yu. V. Baskov and V. V. Perekalin, 
Zh. Org. Khim., 1, 236 (1965). c Reference 37.

Table VI. NM R Spectra of 3-Nitropropene and the
Sodium Salt of Its Anion in D20  and in MeOD

b Ch 2= , & = C  H-, Ô CH2N02,
substrate ppm ppm ppm

CH2=CHCH2N02a 5.45 6.15 4.97
CH2=CHCH =N02-Na+ b 5.45 6.75 6.85
CH2=CHCH2N02‘  5.45 6.15 5.00
CH2=CH CH =N02-Na+ d 5.0 6.7 6.7

0 Neat. h 5% solution in D20. c 40% solution in MeOD. d 5%
solution in MeOD.

method of Hesse et al.33 Final purification was by vapor-phase chro
matography: bp 60 °C (15 mm); re21 d  1.4605 [lit.35bp 69.2 °C (20 mm); 
n20D 1.4618]; UV max (rc-hexane) 251 nm (e 3500) [lit.35 UV max 
(n-heptane) 250 nm (t 3900)]; NMR (CDCI3) & ~1.8 (m, 6, cis methyl 
groups) and ~2.2 (m, 3, methyl cis to nitro).

2-Phenyl- 1-nitropropene (19). The a,/3-unsaturated nitroalkane 
was prepared by treating 2-phenyl-l-nitro-2-propyl acetate36 (2.0 g, 
0.009 mol) with 10 mL of triethylamine in 20 mL of chloroform. The 
solution was stirred at room temperature for 1 h and then poured into 
50 mL of 3 N hydrochloric acid. The layers were separated and the 
aqueous layer was extracted with three 60-mL portions of chloroform. 
The combined chloroform layers were washed with two 50-mL por
tions of water and dried over anhydrous magnesium sulfate. The 
solvent was removed under reduced pressure to yield 1.3 g (88%) of 
a mixture of 77% 19 and 23% 7 (G = Ph). The mixture was chroma
tographed on silica gel with dichloromethane eluent, but the highest 
purity obtainable was 80% 19 and 20% 2-phenyl-3-nitropropene. 
However, the ultraviolet spectrum of pure 19 could be obtained from 
this mixture, since the spectrum of pure 2-phenyl-3-nitropropene is 
known.

NMR Spectra. NMR data for 3-nitropropene and the sodium salt 
of its anion in D20 and in MeOD are summarized in Table VI. The 
absence of an upfield shift of the H2C= protons on the conversion 
to the nitronate ion contrasts sharply with the marked upfield shift 
for the H2C= protons in allyllithium relative to allyl alcohol.37’38 The 
negative charge in nitronate ions is known to be concentrated on 
oxygen,27 and must remain primarily there, at least in protic solvents, 
even when delocalization in the carbon moiety becomes possible. The 
downfield shift observed for the a protons (and also the slight 
downfield shift for the 0 proton) is expected because of the change 
in hybridization of the «-carbon atom.
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S e v e n t e e n  a m i n o - s u b s t i t u t e d  h e t e r o c y c l e s ,  i n c l u d i n g  p y r i d i n e s ,  p y r i m i d i n e s ,  c y t o s i n e s ,  i s o c y t o s i n e s ,  a n d  a d e n 

i n e s ,  h a v e  b e e n  c o m p a r e d  w i t h  r e s p e c t  t o  a c i d i t y  (p A h a , d e p r o t o n a t i o n  a t  a m in o )  a n d  b a s i c i t y  (p A b h +, p r o t o n a t i o n  

a t  r i n g  n i t r o g e n ) .  U n l i k e  t h e  a n a l o g o u s  d e a z a  c o m p o u n d s ,  in  w h i c h  p r o t o n a t i o n  a n d  d e p r o t o n a t i o n  o c c u r  a t  t h e  

s a m e  s i t e ,  t h e r e  is  n o  c o r r e l a t i o n  b e t w e e n  p K h a  a n d  p K b h +- T h e  p K b h + f o r  a m i n o  p r o t o n a t i o n  o f  s o m e  o f  t h e s e  

c o m p o u n d s  c a n  b e  c a lc u l a t e d ,  h o w e v e r ,  a n d  in  t h e s e  c a s e s  t h e  p o i n t s  f a l l  v e r y  n e a r  t h e  l i n e  f o r  t h e  d e a z a  c o m 

p o u n d s .  T h e  d i s p l a c e m e n t  f r o m  t h i s  l i n e  c a n  b e  r e g a r d e d  a s  a  m e a s u r e  o f  t h e  d i f f e r e n c e  in  b a s i c i t y  o f  t h e  a m i n o  n i 

t r o g e n  a t o m  a n d  a n  a z a  n i t r o g e n  a t o m  in  t h e  h e t e r o c y c l e  in  q u e s t i o n .

The basic nature of organic amines is well known (eq 1), 
their acidic character much less so (eq 2).

r n h 3+ ^  h + + r n h 2 (1 )

K bh+ = [H+][RNH2]/[RNH3+]

RNH2 ^  H+ + RNH- (2)

K h a  = [H+][RNH-]/[RNH2]

Recent studies of the ionization of aminoarenes1 and ami- 
noheterocycles2 in basic aqueous dimethyl sulfoxide have 
provided us with a considerable number of pKha values 
(standard state, water) and we herein examine the relationship 
between proton gain ( p K 'b h +) and proton loss (p .K h a ) in  such 
compounds.

Listed in Tables I and II are the available data for those 
aminoheterocycles in which a primary amino substituent NH2 
is the acidic center and for which both pjFCb h + and p X h a  are 
known. In most amino substituted nitrogen heterocycles the 
most basic center in the molecule is not the amino group but 
rather a ring nitrogen atom,3 and this is so for all the hetero
cyclic compounds listed in the tables.

Previous work had shown that for most anilines and di- 
phenylamines there is a linear relation between p.Kbh+ and 
pK”ha, with the acidity, as represented by pK ha, being more 
sensitive to substitution than basicity, as represented by 
p Abh+.4 (The slope of a plot of pK ha against pK bh* is 1.3.) 
The exceptions to this generality are those anilines and di- 
phenylamines containing nitro groups at the ortho or para 
positions. The presence of one such group causes a large in
crease in acidity with the effect of additional nitro groups 
being much less. The change in basicity, however, is quite 
regular as successive nitro groups are introduced to the ortho 
and para positions. The net result is that a plot of pA ha 
against pK rh+ for anilines and diphenylamines has a dis

continuity and a change of slope near the place where ortho 
and para nitroamines appear. There are two other commonly 
encountered -R  groups in organic chemistry, cyano and car
bonyl. The former does not appear to behave like nitro in the 
above respect, whereas there is some indication that the latter 
does. (Compare the effects of multiple substitution of these 
groups on methane acidity.5)

We have plotted in Figure 1 the most recently published 
values of pK, many of which have been obtained by extrapo
lative techniques.13 It can be seen that for compounds in which 
the locus of protonation and deprotonation is the amino group 
(anilines, filled circles) there is a fairly regular, though non
linear, relationship.

The most acidic and least basic compound in Figure 1 is
2,4,6-trinitroaniline, whose pK bh+ and pit ha values are in 
some doubt. It is half-protonated in 96% H2SO46 and earlier 
literature values are more negative than that7 used here. Its 
response to base, likewise, is ambiguous, since there is evidence 
that it forms Meisenheimer complexes by addition of base, 
which accompanies or precedes proton loss.8 Any attempt to 
accommodate these uncertainties by displacing the point in 
Figure 1 would have the effect of increasing the degree of 
curvature of the line.

The amino-substituted heterocycles (open triangles) all fall 
well off the line in Figure 1, and in the expected direction. 
That is, if the amino group is not the favored site of protona
tion then another location (invariably a ring nitrogen atom 
in conjugation with the amino group) must have a more pos
itive pK bh+ and such compounds will deviate in the direction 
shown. Furthermore, for several of these compounds, the 
aminopyridines and aminopyrimidines, the pK bh+ for amino 
protonation can be calculated using the Hammett equation.9 
When this is done and the points included in the figure (filled 
triangles) it is found that these compounds now fall near the 
line determined by the anilines. The shifts in position of these

0022-3263/78/1943-3123$01.00/0 © 1978 American Chemical Society
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Table I. The p K H A and P-Kb h + Values of Amino 
________ Heteroeyclesa in Water at 25 °C___________

compdh______ registry no. pKbh+ (ref) pR hac

CH»

5

7
NH,

CH,

8
CH. MH

9

1072-98-6

4214-74-8

4214-76-0

3078-77-6

2080-17-3

2417-17-6

63934-46-3

700-00-5

935-69-3

4.71 (22)

2.67 (23)

2.80 (24)

0.3 (25)

4.0 (26)

4.2 (26)

7.0 (27)

3.3d (28)

3.6d (28)

21.8

20.8

15.8

14.7

14.3

14.3

12.5

16.7

14.7

a Additional pK data in Table II. b (1) 2-amino-5-chloropyri- 
dine; (2) 2-amino-3,5-dichloropyridine; (3) 2-amino-5-nitropy- 
ridine; (4) 2-amino-5-nitropyrimidine; (5) 1-methylisocytosine; 
(6) 3-methylisocytosine; (7) 2,3-dihydro-lH-5-oxoimidazo[l,2- 
cjpyrimidine; (8) 9-methyladenine; (9) 7-methyladenine. c Ref
erence 2. d Room temperature, 50% DMF-50% water.

compounds are shown by dotted horizontal lines in the fig
ure.

The horizontal deviation in Figure 1 for the amino hetero
cycles may be taken as an estimate of the difference in basicity 
between the amino group and the ring nitrogen atom that is 
the favored site. The largest deviations are found for 3- 
methylcytosine (17) and the closely related compound 7. The 
latter is the only nonprimary amine considered herein; it has 
been included because it provides some confirmation of the 
extent of deviation of the cytosine.

The question arises as to whether the acidities and basicities 
of the amino groups in cytosines and isocytosines should 
conform to the relationship shown in the figure. That is, does 
the horizontal deviation for 17, some 13 pK  units, give an es-

Figure 1. Plot of p .Kh a  against p K b h + for anilines (closed circles) 
and amino heterocycles (open triangles). Calculated points for pro
tonation at the amino group of the latter are given by closed triangles. 
The numbering corresponds to that in Tables I and II. The anilines, 
in order of increasing pKha, with pKha and pKbh+ values listed in 
parentheses, are 2,4,6-(N0 2)3 (12.2, —8.1); 2,4-(N02)2-6-Br (13.6, 
- 6.2); 2,4(N(T)2 (15.0, -4.1); 4-N02-2,6-(Cl)2 (15.6, -2.9); 4-N02- 
2,5-(Cl)2 (16.1, -1.7); 2-N02-4-Cl (16.8, -1.1); 2-N02 (17.7, -0.3); 
4-N02 (18.2,1.0); 2,3-(Cl)2 (22.1,1.8); 2,6-(Cl2)2 (22.6,0.4); 2,4-(Cl)2 
(22.7, 2.0); 4-CN (23.2,1.7); 2,5-(Cl)2 (23.3,1.5); 3,5-(Cl2)2 (23.9, 2.4); 
3-CN (24.6, 2.8); 3,4-(Cl)2 (24.8, 3.0); 3-CF3 (26.0, 3.2); 3-C1 (26.1, 
3.5).

tímate of the difference in basicity between the 4-amino group 
and the Taza group in this compound? Since cytosines are not 
truly aromatic such an analysis may well overestimate this 
quantity, but, bearing in mind the similar resonance effects 
exerted by a 3-carbonyl group in an ammocytosine and a 4- 
nitro group in an aniline, the results in Figure 1 suggest that 
the basicity of the amino group in 3-methylcytosine is very 
low, indeed.10

One is on firmer ground in comparing ApK  (pK ha — 
P^bh+) for compounds in which the amino group is attached 
to an aromatic ring. Albert et al.11 suggested some time ago 
that the high basicity of 4-aminopyridines is due to resonance 
in the neutral molecule requiring considerable charge sepa
ration, whereas that in the cation involves, of course, no sep
aration of charge at all. The lower basicity of 2-aminopyridine 
is plausibly explained, then, on the basis of a smaller degree 
of charge separation in the resonance hybrid of the neutral 
compound. Since the aza group’s electron-withdrawing 
character appears to be chiefly due to induction rather than 
resonance12 the importance of the canonical structures 10' and 
IT is uncertain. Nonetheless, the conclusion that the prox-

10' 11'

imity of the aza and amino groups in the 2 compound stabilizes 
its neutral form more than that of its 4 isomer seems sound, 
since we find that 2-aza compounds are also less acidic than 
their 4-aza isomers (Table II). Indeed, for the isomeric cy
tosines 16 and 17 there is independent evidence showing that 
the neutral compounds differ in stability by approximately 
the amount required to produce the ApK  differences shown 
in Table II.13-2b
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Table II. Effect of the Position of the Aza Group on the Acidity and Basicity of 2- and 4-Aza Amino Heterocycles0

2-aza compds 
registry

uo-_______ pAHAft pA bh+c

504-29-0 23.5 6.71

4214-75-9 16.7 2.42

109-12-6 20.5 3.41

1122-47-0 16.7 4.55

4-aza compds______________  ApgHA ApKBH+
registry (p/fHA2 -  (pABH+2‘aza -

no. pKHAb pABH+c pKuA4'aza) pA'BH+4-aza)

504-24-5 22.3 9.15 1.2 -2.44

1681-37-4 15.9 5.05 0.8 -2.63

591-54-8 18.4 5.58 2.1 -2.17

4776-08-3 13.4 7.38 3.3 -2.83

17

av 1.9 -2.52
“ (10) 2-Ammopyridine; (11) 4-aminopyridine; (12) 2-ammo-3-nitropyridme; (13) 4-ammo-3-nitropyridme; (14) 2-aminopyrimidine;

(15) 4-aminopyrimidine; (16) 1-methylcytosine; (17) 3-methylcytosine. b Reference 2. c References: compounds 10-13, ref 24; 14, 
and 15, ref lib ; 16 and 17, ref 27.

Calculations

The basicity of the amino group in each of the ten amino- 
pyridines and aminopyrimidines was calculated using the 
Hammett equation log K/Ko = pa where p has been taken as 
the value for aniline 2.91.14 For those compounds in which the 
2 position (to the amino group) is either unoccupied or con
tains an aza substituent the calculations were done in the usual 
way. (The 2-aza group is known to be a well-behaved sub- 
stituent.98,15) The value of log K q was taken as 4.5814 and the 
following a constants were used: <t2n = 0-75 04n = 0.96, oqci 
= 0.23, and 04NO2 = 1-24.14 The aza substituent constants are 
those of Deady and Shanks et al.15a derived from their studies 
of the basic hydrolysis of methyl pyridinecarboxylates, a re
action in which no formal charge appears on the aza group. 
That good correlations have been obtained in the present and 
earlier work28 using these values supports the notion that 
these groups operate mainly by induction.

For compounds containing a non-aza group in the 2 position 
to the amino group the appropriate 2-substituted aniline was 
taken as the parent compound in the Hammett equation, the 
following log K() values being used: 2,4-dichloroaniline, — 2.0;16 
2-nitroaniline, +0.30.6 Thus, the amino group basicity in 
2 is given by (log K) + 2.0 = 2.91 X 0.75, which gives for 
P ^ B H + a m in o )  a value of -0.2.

The data for the anilines come from ref la (average of values 
obtained by the two extrapolative methods used therein), 4, 
7, and 16-19. (See the caption for Figure 1 for numerical 
values.) A few of the pK BH+ values shown in Tables I and II 
differ slightly from those given in the attached references 
because a correction has been made to convert them from 20 
to 25 °C. The correction is small, —0.13 units, and is an esti
mate based on the results of Essery and Schofield.20

The ionization process that occurs in aqueous dimethyl 
sulfoxide between hydroxide ion and amino heterocycles ap
pears to be proton transfer, not hydroxide addition, although 
the latter reaction, which tends to be time dependent, is

known to take place with a number of heterocyclic compounds 
lacking amino groups.21 The pattern of spectral changes ac
companying ionization in base of the compounds in Tables I 
and II is consistent with simple proton loss, although the 
possibility of adduct formation cannot be unequivocally ruled 
out.
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T h e  m e c h a n i s m  o f  r e a c t i o n  o f  3 - c h l o r o - 4 '- f lu o r o - 2 - m e t h y l p r o p i o p h e n o n e  ( 1 )  w i t h  A I C I 3  h a s  b e e n  s t u d i e d  u s in g  

b o t h  2 H -  a n d  1 3 C - l a b e l e d  s u b s t r a t e .  A n a l y s i s  o f  k i n e t i c  i s o t o p e  e f f e c t s  a n d  o f  l a b e l  lo c a t i o n  in  t h e  p r o d u c t s  a s  r e 

v e a l e d  in  ZH  a n d  1 3 C  N M R  s p e c t r a  a l l o w s  d e f i n i t i o n  o f  t h e  m a jo r  p a t h w a y s  i n v o l v e d .  I n  c y c l i z a t i o n  t o  t h e  2 - m e t h y l -  

in d a n o n e  2 , a n  i s o t o p e  r a t e  e f f e c t  s u p p o r t s  io n i z a t i o n  c o n c e r t e d  w i t h  C 2- H  m i g r a t i o n  a s  t h e  r a t e - d e t e r m i n i n g  s t e p .  

T h e  s k e l e t a l l y  r e a r r a n g e d  p r o d u c t s  3 a n d  4 f o r m  v i a  i n i t i a l  m e t h y l  m i g r a t i o n  a n d  n o t  a c y l  m i g r a t i o n .  W h e n  t h e  

A I C I 3- C H 3 N O 2  s y s t e m  is  u s e d  a s  c a t a l y s t ,  n o  r e a r r a n g e m e n t s  t r a n s p i r e ,  a n d  f o r m a t i o n  o f  2  p r o c e e d s  b e l o w  t h e  

t h e r m a l  t h r e s h o l d  r e q u i r e d  w i t h  n e a t  A I C I 3 . T h i s  r e a c t i o n  o c c u r s  v i a  e n o l i z a t i o n  a s  a  r e s u l t  o f  t h e  p r o t i c  n a t u r e  o f  

A I C I 3- C H 3 N O 2  s o l u t i o n s .  T h i s  s a m e  s y s t e m  p o s s e s s e s  o x i d i z i n g  p o w e r ,  a n d  c h lo r i d e  is  o x i d i z e d  t o  c h lo r i n e  w h i c h ,  

in  t h e  e n o l iz in g  m e d i u m ,  c o n v e r t s  2 t o  i t s  a - c h l o r o  a n a l o g u e  6. W h e n  c h lo r i d e  c o n c e n t r a t i o n  is  lo w , c o m p e t i t i v e  o x i 

d a t i o n  o f  2 t o  i s o c o u m a r i n  7 i s  a l s o  o b s e r v e d .

Reaction of 3-chloro-4'-fluoro-2-methylpropiophenone
(1) with AICI3 was recently reported to give three products:
5-fluoro-2-methyl-l-indanone (2), 5-fluoro-3-methyl-l- 
indanone (3), and 2-(4'-fluorophenyl)-l-oxoniacyclopent-
1-enyl cation (4).2 Formation of each product was pictured, 
with some reservations, as having proceeded through car
bénium ions which differed fundamentally from those cited 
in cyclialkylation of phenylalkyl halides3 by the presence of 
a carbonyl group linking the aliphatic and aromatic 
moieties.

We have continued study of this reaction, and wish now to 
report the results of experiments using (a) both 13C- and 
2H-labeled 1 and (b) nitromethane as solvent. The label 
studies amplify our understanding of some of the mechanistic 
pathways involved; the presence of nitromethane alters the 
outcome of the reaction entirely.

Results
Carbon-13 labeled 1 (C-l) was made via methoxymethy- 

lation4 with H13CHO; C2-deuterated 1 (D-l) came from the 
addition of deuterium chloride to 4'-fluoromethacrylophenone
(5).

ÇH Dt

Products 2,3,4, and “unreacted” starting material observed 
after reaction of C-l with 2-3 equiv of AICI3 at 100 °C, neat, 
showed that scrambling had occurred in two and only two 
positions, as shown in Figure 1. Because this scrambling was 
also observed with C-l at 70 °C, where no carbon-carbon bond 
reorganization could be discerned, the result was attributed 
to the equivalent of a 1,3-hydride shift in 1 as depicted in 
Scheme I.5 (The C2-attached H was not involved, as will be 
evident below from results with D-l.)

Scheme Ia

“ For clarity, complexation of AlCl^ is not shown in this 
or the other schemes.

The reaction of D-l was, overall, slower than unlabeled 1 
under identical conditions. Dissection of the relative rates of 
the individual processes supported C2-H  (or C2-D ) bond 
breaking as rate determining in the formation of unrearranged 
indanone 2, with ku/ko = 2.5. Negligible rate differences were 
seen in formation of 3 or 4. Deuterium in CH2D and CHD 
groups of 2, 3, and 4 was located by 13C NMR spectroscopy. 
Integration of the signals for 2H-split vs. solely ^-bearing 
singlet 13C signals provided a semiquantitative distribution. 
Proton NMR showed no detectable loss nor scrambling of 2H 
in the recovered D-l. Overall 2H content in each product was 
also assessed by mass spectroscopy; attempts to assign its 
distribution in 2 and 3, methyl group vs. indanone ring, by 
means of mass fragmentography6 were not in accord with the 
13C NMR results.

Mechanistic suggestions are proposed on the basis of the 
rates and products; unfortunately, the loss of some of the 
deuterium, and some of its incorporation into the aromatic 
nucleus as ultimately shown by 2H NMR, precludes total 
definition of the reactions.

Reaction of 1 M solutions of 1 in nitromethane containing 
2 equiv of AICI3 occurred slowly as low at 70 °C to produce 2 
without detectable formation of 3 or 4. The medium, however, 
supported further reaction of 2 along two parallel paths to its 
«-chlorinated derivative 6 and to the isocoumarin 7 (Scheme
II). The isocoumarin was not observed when the experiment 
was conducted in sealed tubes. These unexpected transfor
mations are ascribed to the nature of the modified catalytic 
system.

0022-3263/78/1943-3126101.00/0 © 1978 American Chemical Societ.v
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Scheme II
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Discussion
Certain aspects of the reaction of 1 with AICI3 could not be 

defined with our original experimental data.2 For instance, 
it was suggested2 that 2 might arise by direct intramolecular 
cyclization of 1 after ionization at C3. “ Intervention of [5] is 
neither necessary nor excluded. . (Scheme III). Nucleophilic 
7r-assisted displacement of chloride concomitant with ring 
formation would be an allowable alternative. Likewise, the 
rearrangement products 3 and 4 were rationalized in terms of 
rapid alkyl and hydride migrations; however, the possibility 
of an aroyl migration as depicted in Scheme IV was not ruled 
out. Publications concerning similar rearrangements are be
coming increasingly frequent.7 It was our belief that these, and 
other aspects, might be clarified by working with isotopically 
labeled 1.

A. The Question of Methyl and Hydride Migration vs. 
Acyl Migration to Give 3 and 4. A clear choice between these 
two pathways can be made utilizing C-l. The latter mecha
nism, i.e., acyl migration (Scheme IV), would provide 3 and 
4 possessing the label adjacent to the carbonyl functions, while 
product 2 would maintain skeletal integrity and keep its label 
at C3. Moreover, the use of 13C labeling would provide a highly 
sensitive probe; if even 1% of C-l were to rearrange via acyl 
migration, the signal intensity for the a carbon would double, 
relative to unlabeled carbon atoms.

The products resulting from such an experiment (Figure 
1) showed conclusively that acyl migration was not a con
tributory pathway in these rearrangements. Because of the 
unexpected scrambling, however, we studied the reaction 
under milder conditions. Nothing happened during 20 h at 50 
°C. At 70 °C, the 13C NMR signal for the methyl carbon grew

Scheme III

CH2
1  ll

ch3

Scheme IV

Figure 1 .  L a b e l i n g  p a t t e r n  f o u n d  in  p r o d u c t s  2 ,  3 ,  a n d  4 , a n d  “ u n 

c o n v e r t e d ”  s t a r t i n g  m a t e r i a l  a f t e r  r e a c t i o n  o f  C - l  w i t h  A I C I 3  a t  1 0 0  

° C .  L a b e l  w a s  s h a r e d  e q u a l l y  b e t w e e n  t h e  t w o  p o s i t i o n s  i n d i c a t e d .

at the expense of the methylene signal without any indication 
of structural change. A 1,3-hydride-chloride shift, shown in 
Scheme I, accounts for these observations, and it can therefore 
be considered to precede any other step in the overall se
quence.5'8 The half-life for this label scrambling at 70 °C with 
2.4 equiv of A1C13 was 21 h.

B. Inferences from Kinetic Measurements of the Re
action of D-l. Side-by-side comparison of 1 and D-l showed 
the latter to react more slowly. The stability, nonintercon
vertibility, and hence independent formation of 2, 3, and 4 
were verified. Reaction aliquots were examined with time and 
analyzed kinetically10 in an experiment using 2.33 equiv of 
AICI3. In brief, half-lives of 3.2 and 5.6 h at 100 °C for 1 and 
D-l, respectively, were measured, equivalent to the first-order 
rate constants 2 &h = 0.22 and Zk ,̂ = 0.12 h-1. Relative rate 
constants &h/^ d for the individual products were calculated 
to be 2.5,1.1, and 1.0 for 2, 3, and 4, respectively.

In the formation of 3 and 4, since there is no significant 
isotope effect and since acyl migration does not occur, methyl 
migration to form rearranged ion 8 (Scheme V) is the probable 
rate-determining step. The conversion of 8 to 3 can proceed 
via 9 or 10, Scheme V. Support for 9 is its characterization in 
the product mixture.2 The same ion, 8, may serve as precursor 
to oxonium ion 4 by means of either a 1,3-hydride shift or two 
1,2 shifts in concert with attack of carbonyl oxygen at the 
terminal carbon (Scheme VI). A stepwise procedure to a pri-

Scheme V

ch2
/ » i

D - 
CH3

Scheme VI

D H

10
0 CH3
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Figure 2. P a r t i a l  I3 C  N M R  s p e c t r a  o f  r e a c t io n  o f  D - l  w i t h  n e a t  A I C I 3 

a t  1 0 0  ° C  f o r  1 5 . 5  h . D e u t e r i u m - s p l i t  t r i p l e t s  a r e  i n d i c a t e d  f o r  t h e  

C H 2D  g r o u p  o f  2 ( o n e  l e g  o f  w h i c h  c o i n c i d e s  w i t h  t h e  C H 3  o f  D - l )  a t  

1 6 . 2  p p m  a n d  f o r  C 3 ( C „ )  o f  4 a t  3 9 . 1  p p m .  T h e  C 4  s i g n a l  a t  2 1  p p m  is  

s p l i t  d u e  t o  a  g e m i n a l  d e u t e r i u m  i s o t o p e  e f f e c t  in  t h e  l a b e l e d  m o l e 

c u le s  ( c f .  F .  W .lW e h r l i  a n d  T j W i r t h l i n T I n t e r p r e t a t i o n l o f  C a r b o n - 1 3  

N M R  S p e c t r a ” , H e y d e n  &  S o n ,  L t d . ,  L o n d o n ,  1 9 7 6 ,  p p  1 0 7 - 1 1 0 ) .  

I m p u r i t i e s  f r o m  t h e  n i t r o m e t h a n e  s o l v e n t  u s e d  a s  d i l u e n t  after  r e 

a c t i o n  a r e  m a r k e d  “ X ”  a t  1 1 . 6  a n d  2 0 .4  p p m .

mary carbenium ion prior to cyclization on oxygen should be 
disfavored11 even though formation of a primary carbenium 
ion has been recently postulated.12 The proton-decoupled 13C 
NMR spectrum of 4 formed from D-l clearly shows a deute
rium-coupled triplet for Ca at be 39.03 ppm, with J Cd = 20 Hz 
(Figure 2). The same spectrum shows no evidence for deute
rium at other positions. Of the two paths (Scheme VI) for 
formation of 4, we prefer the 1,3 shift.14

After quench, the 4/-fluoro-4-hydroxybutyrophenone (11) 
formed from 4 shows little or no aliphatically bound deuteri
um by 1H or 13C NMR or mass spectroscopic analysis. This 
lack of deuterium at C„ suggests that reaction of 4 proceeds 
by attack of water at the carbonyl carbon16 and that the ring 
opens via enolic 11 (Scheme VII). If the deuterium were lost 
in 11 by a simple enolization exchange process during the 
quench, then we should expect similar exchange in the case 
of product 3, contrary to our experimental observations. In 
some experiments, the NMR spectra of purified 11 have 
shown ketonic 11 exclusively;2 in others, both the ketone and 
hemiketal have been observed.

C. Does Methacrylophenone 5 Intervene in Reaction 
of 1 —* 2? Scheme III depicts the two a priori most likely paths 
for conversion of 1 to 2. Studies with D-l were expected to ease 
the choice. For example, direct cyclization of a carbenium ion 
formed by C-Cl heterolysis of 1 should occur without isotope 
rate effect from D-l and should leave Ca deuterated. Con-

Scheme VII

Figure 3 .  D e u t e r i u m  N M R  s p e c t r u m  o f  2  r e c o v e r e d  f r o m  r e a c t i o n  

o f  D - l .  I f  2H  w e r e  a t t a c h e d  a t  C 7 , i t s  s i g n a l  w o u ld  b e  e v i d e n t  a t  ~ 7 . 7  

p p m .

versely, if the same ion ejects D+ to form 5, which is clearly the 
intermediate from a-halo isomers of l ,2 then 2 would be devoid 
of aliphatic-bound D. In actuality, an isotope rate effect was 
observed, and deuterium was also found in 2 (0.6 atoms) by 
13C NMR in both the methyl and methylene groups, but not 
the methine. CH2D was favored 2:1 over CHD. Scheme VIII 
can account for these observations. Deuterium migration 
concerted13 with ionization of the primary C-Cl bond gener
ates the tertiary carbenium ion isotopic with one postulated 
from similar treatment of a-haloisobutyrophenones.2 Proton 
loss to form methacrylophenone 5 leaves deuterium in either 
the methyl or methylene group. From 5a is produced 2 con
taining label in the methylene; from 5b comes the methyl- 
labeled indanone. Unlabeled 2 may arise from loss of D+ here 
or during initial ionization.

Deuterium migration parallels the methyl migration which 
was postulated above for the rearranged products (Scheme
V). It follows that the 1,3-hydride-chloride interchange es
tablished with C-l must occur with only minimal C-Cl sepa
ration. Once C-Cl ionization occurs to initiate the first 1,2 
shifts of either Scheme V or VIII, reaction must continue ir
reversibly to product, since none of the recovered starting 
material, D-l, shows deuterium scrambling. This observation 
also rules out 1,2 shifts in the behavior of C-l at 70 °C.17

D. Other Aspects of the Overall Picture. Additional 
observations, some of which are briefly implied above, are 
worth noting. While it is not apparent from either 2H or 13C 
NMR spectra, 2H NMR conclusively shows the incorporation 
of deuterium into the aromatic ring of indanone 2 (and 3) from 
D-l to the extent of ca. 0.1 atom.18’19 This is not random 
scrambling, since none appears at C7 (Figure 3). It is best ra
tionalized as an electrophilic substitution by DC1.

Finally, significant discrepancy was noted between NMR 
and mass spectroscopic analyses of the two indanones. Our20 
interpretation assumed that M+ -  15 fragment ions for both

Scheme VIII 

CH2C1 F
'u  — »

CH3

CH2D

ch3

D-l

CHD , CH2
ch3 + s y u  h2d

11, ketonic

OH
11 , enolic
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Figure 4. Transformation of 1 (O) to 2 (X), 6 (A), and 7 (a) by reaction with AIC13~CHSN02 (see Experimental Section). Part A, left, represents 
reaction with escape of HC1; part B, right, represents reaction under autogenous HC1 pressure.

2 and 3 reflect loss of the methyl group, which is likely, but 
nevertheless unproved. The more sensitive MS method 
suggests no deuterium loss from 3 in the M+ — 15 ion whereas 
the 2H NMR spectra show ca. 20-25% of the total 2H on the 
methyl group. A lesser but real difference was also noted for 
2.

The fragmentation pathway for neither 2 nor 3 has been 
studied in detail, and our assumption noted above may be in 
error. Scrambling under electron impact is also possible,21 and 
it has recently been shown that the presence of deuterium in 
a substrate molecule completely changed its fragmentation 
from that of its proteo isotope.22

E. The Reaction of 1 with AICI3-CH 3NO2. Prior studies 
including cyclialkylation of various phenylalkyl halides have 
shown that not only does nitromethane moderate the activity 
of AICI3, but it prevents reaction of ordinary primary alkyl 
halides unless there is participation by neighboring aryl and/or 
/¡-alkyl groups.33 More recently, we showed that some oj-hal- 
ophenones, i.e., primary alkyl halides, would also react with 
participation of the carbonyl group in the same catalyst sys
tem to form oxonium ions.15 Although some of these rear
ranged to thermodynamically more stable oxonium ions, they 
did not undergo carbon cyclialkylation (except with neat
AlClg).

Despite the generally accepted belief that AICI3-CH 3NO2 
is milder than AICI3 as an alkylation catalyst,23 1 was trans
formed, albeit slowly, to indanone 2 at 70 °C, a temperature 
at which no detectable 2 formed in the presence of AICI3 alone! 
Furthermore, no 3-methylindanone 3 could be seen, even 
when C-l was used as substrate, nor was scrambling observed 
in the unreacted starting material. Inescapably, hydride and 
alkyl shifts were suppressed while cyclialkylation took place. 
With time, 2 was transformed into a-chloroindanone 6 and 
the isocoumarin 7, albeit in modest yield. The reaction is 
pictured in Scheme II; a GLC study of the sequence may be 
seen in Figure 4. No other intermediates were detected spec
troscopically nor from analysis of quenched aliquots. Both 2 
and 6 were subjected to the same reaction conditions, and the 
results were found to be generally in accord with the data of 
Figure 4: 2 gave a mixture of 6 and 7; 6 proved not to be a 
precursor of 7.24 In all cases, it was evident that higher mo
lecular weight (i.e., nonvolatile, under our GLC conditions) 
by-products were also formed.

The very slow initiation of the reaction of 1 (note initial rate 
of its disappearance, Figure 4A) suggested either the inter
vention of an intermediate or that prior catalyst modification

was involved. Paul, Kaushal, and Pahil25 have noted the protic 
nature of nitromethane in the presence of Lewis acids, and 
they have isolated several solvent-derived salts in such sys
tems, always with accompanying evolution of HC1. In such a 
modified Br^nsted acid system, therefore, we may expect 
enolization of 1 to initiate cyclialkylation such as does H2SO4.2 
As for chlorination, Bauer and Foucault26 have shown by 
polarography that AlCl3-CH 3N02 exhibits a half-wave po
tential of 1.72 V vs. Ag-AgCl. Tables27 of E° show that 1.72 
V is sufficiently high to oxidize Cl-  to V2CI2 (E° = 1.36), 
granting extrapolation from water to CH3NO2. In the enolizing 
medium25 then, chlorine should attack 2 at C2. If the AICI3 
were behaving in its usual Lewis acid sense, we should antic
ipate aromatic chlorination according to Pearson’s proce
dures,28 rather than attack at the a position.

As for oxidation of 2 to an isocoumarin, similar transfor
mations have been recorded29 under different conditions with 
different oxidants. The formation of 7 here further demon
strates the oxidizing power of the AICI3-CH3NO2 reagent.

The reaction of 1 was repeated in sealed tubes, under which 
circumstances the HC1 concentration and, hence, the rate of 
enolization would be increased. Under these conditions, the 
rate of reaction of 1 essentially doubled, as did the accumu
lation of 2, which reached peak concentrations in excess of 60 
mol % (Figure 4B). The subsequent a-chlorination of 2 oc
curred this time to the exclusion of oxidation to isocoumarin 
7, also attributable to higher HC1, and hence higher H+ and 
CI2 concentrations. From this experiment we also concluded 
that oxidation of 2 to 7 is a significantly slower reaction than 
is chlorination.

Summary
From the accumulated results of these experiments, we may 

assert that the conversion of I to 3 and 4 occurs by means of 
alkyl and hydride shifts and not by acyl migration. Preceding 
those or any other carbon bond reorganization is a degenerate
1,3-chloride-hydride transposition within the I-AICI3  com
plex which is also the equivalent of a 1,3-hydride shift between 
methyl and methylene carbon atoms.

Once reaction begins, the sequence of alkyl and hydride 
shifts eludes total definition at the current state of the art; 
however, the label studies allow one to make inferences from 
which reasonable schemes have been proposed. The absence 
of isotope rate effects for 3 and 4 from D-l implicate methyl 
migration as the rate-determining step. We believe it occurs 
concomitantly with irreversible C-Cl bond cleavage as the
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initiating step. In the case of indanone 2, the &hA d = 2.5 
supports initiation by a completely analogous concerted hy
dride (deuteride) shift.17 Both rate effects and label position 
in 2 argue against a mechanism involving 7r-assisted ionization 
of the C-Cl bond and/or direct cyclization.

Deuterium NMR revealed some 2H exchange in the aro
matic ring of 2 and 3 which was not noticed by 7H or 13C NMR 
spectroscopy. Indiscriminate scrambling was not its cause, 
since Cq-H, adjacent to carbonyl, was not exchanged.

The protic nature of A1C13-N 0 2 has been invoked in order 
to explain its catalysis of cyclialkylation of 1 to 2 under milder 
conditions than those needed with A1C13 alone. Furthermore, 
the subsequent conversion of indanone 2 to chloroindanone 
6 and isocoumarin 7 attests to the little recognized oxidizing 
power of that catalyst system.

Experimental Section30

C-l. A solution of 474 mg of 20% H13CHO (90% 13C label, MSD 
Canada, Ltd.), 501 mg of 4'-fluoropropiophenone (Aldrich), 36.5 mg 
of finely powdered potassium carbonate, and 1.9 mL of methanol was 
stirred at room temperature for 7 days, then concentrated in vacuo 
without heating.4 It was taken up in ether, dried over sodium sulfate, 
then filtered into a glass Parr bomb liner. The system was closed, 
pressurized to 100 psig at room temperature with anhydrous HC1, then 
warmed 24 h at 40 °C. The residue remaining after removal of solvent 
was chromatographed on silica gel (CgH6: 0.5% MeOH) to give 475 mg 
of C-l (78% overall): [H NMR (CDC13) 5 1.30 (t, J = 6.5 Hz, 3, CH3),
2.1-2.82 (m, 1, V2CH2), 3.82 (m, 1, CH), 4.68-5.37 (m, 1, V2CH2),
6.8-7.35 (m, 2, H2<i6’), 7.85-8.17 (m, 2, H3q5'). Less pure fractions 
were held for rechromatography.

D -l. A 10% solution of 4'-fluoromethacrylophenone (5)2 in ether 
was saturated with anhydrous DC1 (MSD Canada, Ltd.) at 0-5 °C, 
then held at room temperature in the stoppered flask for 24 h. Chro
matography (as with C-l) gave pure D-l in near-quantitative yield: 
!H NMR (CDCI3) 5 1.3 (s, 3, CH3), 3.78 (ABq, 2, CH2), 6.97-7.41 (m, 
2, H3',6'), 7.9-8.26 (m, 2, H2-,6T

Cyclialkylations with neat AICI3 were performed as before.2 The 
ongoing reactions, the crude product mixtures, and chromatograph- 
ically purified samples were examined by and l3C NMR and mass 
spectroscopy. Purified 2 and 3 from D-l were also examined by 2H 
NMR in CHCI3 using a Varian XL-100, also used for 'H and I3C ob
servations. Kinetic data were obtained from experiments at 100 °C 
using 2.33 ± 0.4 mol of A1C13 per mol of 1 or D-l by the internal 
standard GLC method as previously reported.2

2-C h loro-5 -fluoro-2 -m eth ylindan -l-one  (6 ). Authentic 6  was 
prepared by chlorination of 2 with S02C12 in carbon tetrachloride.31 
Recrystallized from hexane, it showed: mp 70-72 °C; 'H NMR 
(CDCI3) 5 1.8 (s, 3, CH3), 3.55 (ABq, 2, CH2), 6.97-7.35 (m, 2, H4,6), 
7.73-8.03 (m, 1, H7); mass spectrum m/e (rel intensity) 200 (M+, 5), 
198 (M+, 16), 163 (100), 135 (22), 133 (36), 115 (16), 109 (14), 107 (11), 
94 (9), 57 (10). Anal. Calcd for C10H8C1FO: C, 60.47; H, 4.06; Cl, 17.85. 
Found C, 60.39; H, 4.12; Cl, 17.73.

AICI3-C H 3N O 2 Cyclialkylations. To a solution of 1.33 g (10 
mmol) of AICI3 in 3 mL of CH3N02 was added 1.0 g (5 mmol) of 1 and 
ca. 300 mg of o-nitrotoluene as an internal GLC standard. It was di
luted with CH3N02 to 5.0 mL, then heated at 85 ± 1 °C in a N2 at
mosphere under a reflux condenser with stirring. Samples were taken 
periodically, quenched into ice water and CH2C12, and worked up in 
standard fashion. Replicate GLC analyses were averaged and cor
rected for molar detector responses and yields were calculated. The 
data are plotted in Figure 4A.

Portions of an identical solution were sealed in capillary tubes, 
heated for specified periods, worked up, and analyzed as above. The 
(fewer) data points are plotted in Figure 4B.

An identical reaction run in a 5-mm NMR tube, but containing 15% 
of C-l with 1, was followed by 13C NMR spectroscopy for 60 h at 70 
’’C. Label was observed only at C3 in the 2 produced therefrom.

Isolation o f  2-C h loro-5 -flu oro-2 -m eth ylin d an -l-on e  ( 6 ) and 
6-F luoro-3-m ethylisocoum arin  (7). After the usual extractive 
workup of a reaction mixture run in CH3N02, chromatography on 
silica gel using hexane, then benzene-hexane mixtures, gave 6, iden
tical to an authentic sample (see above) by TLC, !H NMR, GLC, and 
MS. Slightly more polar was 7, which was crystallized from hexane 
containing a little ether: mp 90-92 °C; 'H NMR (CDC13) 8 2.26 (br 
s, 3, CH3), 6.21 (br s, 1, H4), 6.87-7.28 (m, 2, H5,7), 8.07-8.35 (m, 1, H8); 
mass spectrum m/e (rel intensity) 178 (M+, 54), 163 (25), 136 (22), 107

Registry N o.— 1 ,  5 8 4 7 2 - 4 6 - 1 ;  C - l ,  6 6 4 8 3 - 2 6 - 9 ;  D - l ,  6 6 4 8 3 - 2 5 - 8 ;

2 ,  4 1 2 0 1 - 5 8 - 5 ;  1 3 C - l a b e l e d  2 ,  6 6 4 8 3 - 2 1 - 4 ;  1 3 C - l a b e l e d  3 ,  6 6 4 8 3 - 2 2 - 5 ;

1 3 C - l a b e l e d  4 , 6 6 4 8 3 - 2 0 - 3 ;  5 ,5 8 4 7 2 - 4 5 - 0 ;  6 ,6 6 4 8 3 - 2 4 - 7 ;  7 , 6 6 4 8 3 - 2 3 - 6 ;

H 1 3 C H O ,  3 2 2 8 - 2 7 - 1 ;  4 '- f l u o r o p r o p i o p h e n o n e ,  4 5 6 - 0 3 - 1 ;  A 1 C 1 3 , 

7 4 4 6 - 7 0 - 0 ;  C H 3 N 0 2 , 7 5 - 5 2 - 5 .
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T h e  r e a c t i o n  o f  r i n g - s u b s t i t u t e d  c i n n a m a t e  a n d  o - m e t h y l c i n n a m a t e  io n s  w i t h  b r o m i n e  in  w a t e r  o r  m e t h a n o l  w a s  

s t u d i e d .  W h e r e  s t r o n g l y  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  w e r e  p r e s e n t ,  t h e  d e c a r b o x y l a t i o n  p r o d u c t s ,  l - b r o m o - 2 -  

p h e n y l e t h e n e  o r  2 - b r o m o - l - p h e n y l - l - p r o p e n e ,  w e r e  p r e d o m i n a n t .  W i t h  g r o u p s  o f  i n d i f f e r e n t  e l e c t r o n i c  c h a r a c t e r ,  

c o n s i d e r a b l e  ( 3 - la c t o n e  w a s  o b s e r v e d .  W i t h  e l e c t r o n - w i t h d r a w i n g  g r o u p s  ( c i n n a m a t e  io n s )  t h e  p r e d o m i n a n t  p r o d 

u c t s  r e s u l t  f r o m  s o l v e n t  c a p t u r e  o f  t h e  i n t e r m e d i a t e  io n .  T h e  e f f e c t s  o f  t e m p e r a t u r e  a n d  b r o m i d e  io n  c o n c e n t r a t i o n  

a r e  d i s c u s s e d .  T h e  s t e r e o c h e m i s t r y  o f  t h e  c o n v e r s i o n  t o  l a c t o n e  a n d  o l e f i n  is  i n t e r p r e t e d  in  t e r m s  o f  t h e  l e a s t  m o t io n  

o f  t h e  i n t e r m e d i a t e  io n  t o  a r r i v e  a t  a  c o n f o r m a t i o n  c a p a b l e  o f  f o r m i n g  p r o d u c t s .  A n  i m p r o v e d  s y n t h e s i s  o f  c i n n a m i c  

a c i d s  i s  g iv e n .

The problem of interest concerns the reactions of bromine 
with various substituted cinnamate ions (Scheme I). The re
action very likely proceeds through the intermediate cation 
(e.g., 2, Scheme I) although contributions from an electron 
transfer, or a free-radical pathway, cannot be entirely ruled 
out.1 Subsequent reactions of the intermediate carbonium ion 
2 include two variations not possible in simple solvolyses,2 
namely decarboxylation and lactonization. Previous work on 
cinnamic acids includes the rates of halogénation studied by 
James and co-workers.3 Tarbell and Bartlett apparently were 
the first to observe (3-lactone formation from the treatment 
of a,(3-unsaturated acids with bromine.4 Berman and Price 
studied the reactions of the isomeric a-phenylcinnamate an
ions with bromine and concluded that the decarboxylation was 
stereospecific (retention).5 Lactonization was considered but 
the importance of this intermediate or product was not clar
ified. More recently, Johnson and co-workers studied the 
chlorination of various a,/3-unsaturated carbonyl compounds.6 
These workers postulated a concerted chlorodécarboxylation 
of trans-cinnamate ions or, alternatively, decarboxylation 
passing through a very short-lived intermediate analogous to 
2, since the olefin product was formed with high stereoselec
tivity, whereas the other reaction products were stereo- 
chemically mixed. Lactone was not reported. On the other 
hand, Berman and Price observed mixed isomeric olefins from 
treatment of cis-cinnamate with bromine.

In view of other work, the absence of (3-lactone seems sur- 
prising.4-7'8 The purpose of this work was to study the effects 
upon the yields and stereochemistry of decarboxylation 
product, lactone (if any), and solvent capture products as the 
following parameters are varied: (1) aromatic substituent X  
and vinyl substituent R; (2) bromide ion concentration; (3) 
temperature; and (4) solvent.

a-Methylcinnamate Ions (la); Products of Reaction. 
Substrate la (R = CH3) reacts with bromine in the solvents 
water or methanol to form products 4 ,5 ,6,10,11, and in cer
tain cases 12 and 13 shown in Scheme I. Tables I and II list the 
yields of the major products.

For substrates with strongly electron donating groups X, 
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the predominant reaction was decarboxylation to form the 
olefin 4. The yield of 4 diminishes as X  becomes progressively 
more electron withdrawing (90% 4 for X  = p-CH30  to 2% for 
X  = p-Cl in water as solvent). In methanol, the trend is sim
ilar.

For the same substituent change, the bromohydrin or 
bromo ether 6 is formed in progressively higher yields (8% for 
X  = p-CH30  to 40% for X  = p-Cl in water). Lactone 5 is def
initely formed in many of these reactions. The yield of 5 is 
maximum for X = p-CH3 in both solvents. The yields of 5 
were rather variable in water, perhaps due to the lability of 
this product. No more than a trace of 5 is found where X = 
P-CH3O, perhaps due to the facile reionization and subse
quent decarboxylation (5 -*  2 —* 4).9

For compounds with electron-withdrawing groups, several 
additional products are observed by NMR (Figure 1), usually 
in very small yield. In two cases, the structure has been iden
tified. For X  = p -N 02, an acidic product is formed in ca. 46% 
yield, whose NMR spectrum shows only methyl (8 2.22) and 
aromatic absorptions. The olefinic structure 13 is assigned to 
this product which is also the product of solvolysis of 7 (free 
acid). For X  = p-Cl and H, a second acidic product is formed, 
which shows methyl (5 1.37), methoxyl (8 3.49), and methine 
(6 5.42) absorptions. The yield of this product is diminished 
by added bromide. The inverse addition structure 12 is as
signed to this product, whose yield would be reduced by re
action of its precursor 3 with bromide. The appearance of 12 
and 13 suggests that formation of ion 3 becomes competitive 
with formation of the benzylic ion 2, as X becomes electron 
withdrawing. Solvolysis studies by Hughes and Ingold showed 
that ions of similar constitution as 3 (i.e., “ a-lactones” ) en
joyed considerable stability, perhaps due to charge attraction 
in the zwitterion.10’11 Reaction of the free acid of la  (various 
substituents) with bromine leads to 7 and the normal addition 
product 6 (no 13), which suggests that 3 is stable as a zwit
terion, but not as a simple cation.

In methanol, a sizable amount of a third material of un
known structure (labeled 6' in Figure 1) is observed. The 
methyl chemical shift is very close to the bromohydrin 6 or to

© 1978 American Chemical Society
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threo- bromo ether 6 in both 13C and XH spectra. This material 
may be the threo-bromohydrin that results from acyl-oxygen 
cleavage of the lactone, perhaps during workup.

Stereochemistry. The stereochemistry of reaction of 
substrate la (X = CH30) was nonspecific. Approximately 
equal yields of the cis and trans olefins 4 were observed in ei
ther solvent. Mixed isomers of the bromo ethers 6 (60% 
erythro and 40% threo) were also found. For X  = CH3, ob
servation of the stereochemistry of the olefin was impeded by 
the overlapping of NMR and GLC peaks. The lactone 5 and 
the bromo ether 6 were predominantly (>90%) the trans and 
erythro isomers, respectively. For X  = H and Cl, the trans 
isomers of 4 and 5 and the erythro isomer of 6 were also 
strongly predominant. The lactone 5 formed from bromine 
addition to trans- la was the same isomer as that formed in 
the solvolysis of threo-7. Since 7 forms lactone by intramo
lecular displacement of bromide, the trans configuration of 
5 is indicated. The various stereochemical relationships are 
depicted in Scheme II.

Effect of Bromide. For X = H and Cl, addition of sodium 
bromide leads to the formation of ca. 20% dibromide 7 at the 
expense of 6 (Table I). With 0.6 M sodium bromide, both the 
cis and trans isomers of the olefin 4 were observed in similar 
yields in addition to 10 and 11 which could have been derived 
from either isomer.12 Since erythro- 7 is also present in the 
reaction mixture and since 7 reacts to form cis-4, the origin 
of the cis isomer might be thus explained.

The increase in yield of the olefin 4 in the presence of bro
mide where X = p-CH30  might thus be explained by the se
quence 1 — 7 —* 4. However, the half-lives for solvolysis of 7a 
(X = p-CH30, m-Br, H, and Cl) are 7, 88, and 104 min, re
spectively (at 32 °C), which are far greater than the reaction 
time, <3 min. On the other hand, a control experiment showed 
that 7a (X = p-CH30, m-Br) was definitely reactive in less 
than 1 min in methanol solutions in the presence of bromine. 
It is noteworthy that Brown and Russell reported that bro
mine acts as a Lewis acid catalyst in certain situations, and 
this property may accelerate the reaction of 7a.13

It is rather difficult to assess the effect of bromide on the 
yields of the olefin 4 and the lactone 5, as the changes are 
about the same as experimental error. At best, a small re
duction of yield is observed, especially in the case of electron 
withdrawing groups X.

Effect of Temperature. The effect of temperature on 
product yields is recorded in Table IV. At higher temperature, 
the yield of olefin 4 is increased. The temperature effect on 
the yields of 5 and 6 is irregular, but the sum of the two 
changes inversely as the olefin yield. At lower temperature, 
4a (X = H) appears to approach a minimum value, ~9%.

Cinnamate Ions (lb): Products of Reaction. The reac
tions of lb (R = H) are much less satisfactory on a quantitative 
basis than reactions of la. Acceptable mass balances were 
difficult to achieve in methanol and impossible in water. The 
yields appear to be sensitive to seemingly minor variations in



Substituent Effects on Bromodecarboxylation Reactions J. Org. Chem., Voi. 43, No. 16,1978 3133

Scheme II

procedure. The yields quoted below are applicable for the 
specific procedure given in the Experimental Section. These 
data are included because of the availability of the cis isomer 
(X = o-Cl). The point we wish to emphasize in reporting these 
data is that the stereochemistry of reaction is similar to that 
of la, despite the presence of a less sterically demanding 
group, R = H. The trends in the product yields are also rather 
similar to those from la in most respects.

In methanol, the yield of 4 again diminishes as X  becomes 
increasingly electron withdrawing (73% for X  = P-CH3O to 
0% for X  = m -N02). Similar trends occur for reactions in 
water, although the yields are about 20% lower for substrates 
that from 4. For the same substituent change, the bromo ether 
6 is found in progressively higher yields (21% for P-CH3O to 
63% for 771-N 02). In water, the bromohydrin 6 is inefficiently 
removed from the aqueous layer in the workup procedure and 
yields cannot be quoted.

The lactone 5 is once again definitely formed, although the 
yields are much smaller than in the case of la. In water, the 
maximum yield occurred for X = H (18%), whereas in meth
anol, very little lactone was found for this substrate. In 
methanol, the maximum yield of 5 was found for X  = o-Cl 
(12%). In our hands, the highest yields of 5b are observed for 
reactions in ethanol as solvent (26% for X  = H and 20% for X  
= o-Cl). The lower ionizing power of ethanol may inhibit 
opening of the lactone to reform the zwitterion 2. The rela-

erythro

I I I
S3 2 1

Figure 1. Partial 100 MHz NMR spectrum of the reaction products 
from treatment of la (X = H) with bromine in methanol as solvent 
in the presence of NaBr.

tively high yields in water, which has high ionizing power, may 
be due to the presence of carbon tetrachloride as a separate 
phase. The lactone dissolves in CCI4 upon formation, which 
may protect it in part from destruction. The reaction time is 
also very short in water (<1 min). Yields are lower where 
carbon tetrachloride is omitted. A control experiment showed 
that a suspension of 5 and 4 (19 and 21% respectively of the 
amount of lb  (X = H)) formed 2% 5 and 35% 4 on stirring in 
water at room temperature for ca. 25 min. Because of the la
bility of 5, temperature effects were not extensively investi
gated (cf. Table IV).

In more highly basic solutions in water (pH ~9 rather than 
pH -~7), substantial yields of the epoxide 8 were observed (e.g., 
40% 8, where X = o-Cl).14 Phenylacetaldehyde was also ob
served in certain cases (e.g., 10-13% for X  = H). This product 
is probably formed from the epoxide 8 by a Darzens reaction 
during workup. This product was rarely observed in reactions 
run at the lower pH in which epoxides were absent.

Stereochemistry. The steric course of the reactions of lb 
was selective in nature. For trans- lb  (all substituents), only 
the trans isomer of 4 was observed. In one large-scale run (X 
= H), the NMR spectrum of a neat sample of the neutral 
products of reactions showed no observable cis- 4. However, 
for X  = P-CH3O and CH3, considerable tribromide 10 was 
observed. Since the more reactive cis- 4 would have prefer
entially formed 10, no decision about stereochemistry is pos
sible for these substrates. The lactone 5, where observed, was 
the trans isomer. The bromo ether 6 was the erythro isomer 
to the limits of detection, except in the case of X  = CH30, 
where similar amounts of erythro- and threo- 6 were observed. 
This represents one of the major differences between this 
study and the chlorine additions reported by Cabaliero and 
Johnson where mixed products analogous to 6 were found for 
various substituents X .6

For cis- lb  (X = o-Cl), reaction with bromine yielded ob
servable amounts of only the cis isomer of the olefin 4 in low 
yield in both solvents. The cis lactone 5 was also observed in 
about 6% yield along with traces of trans- 5. The threo-bromo 
ether 6 was dominant (erythro- 6, <5%). There was slight 
isomerization of the starting material during the course of the 
reaction.15
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Table I. Product Yields (% ) from Reaction of 1a-Methylcinnamate Ions la with Bromine in Water at 28 ±  3 °C, pH 7.0-8.0

X (salt)d no. of runs olefin 4a lactone 5 bromohydrin 6 other

P-CH3O 3 90 ± I e trace 8 ±  2
p-CH30  (Br-)d 1 90 9
p-CHs 2 19 ±  1 57 ± 2 22 ± 4
p-CHs (Br") 1 16 58 12 3% 7
H 5 6 ±  3 42 ± 10 31 ± 9
H (Br-) 2 7 ± l h 46 ± 11 14 ± 10 14 ± 2% 7
p-Cl 2 2 ± 1 41 ±  1 40 ± 2
p-Cl (Br- ) 2 7 ±  2C 38 ±  7 7 ±  3 19% 7, 5% 12
o-Cl 4 8 ± 3 25 ±  7 39 ±  12 8 ±  3% 12

“ Includes 10 and 11 which are derived from 4. b Ca. 50% cis- and 50% tran s-  4 were observed.c Ca. 60% cis-  and 40% tr a n s -4 were
observed. d 0.6 M sodium bromide present. e In this table, and in Tables II-IV, the error term indicates the maximum range of yields
between individual runs.

Table II. Product Yields (% ) from Reaction of a-Methylcinnamate Ions (la) with Bromine in Methanol at 28 ±  3 °C

X (salt)« no. of runs olefin“ 4 lactone 5 bromo ether 6 other

p-CHgO 4 77 ± 5 trace 22 ± 5
P-CH3O (Br-)« 1 90 10
p-CHs 3 16 ±  1 47 ± 3 35 ± 3
p-CHs ( B r - ) 1 27 49 11 12% 7
H 4 12 ± 5 23 ± 3 55 ± 8 ca. 6% 12
H (0.6 M Br~K 1 12ft 16 31 35% 7, ca. 2% 12
H (1.2 M Br“ ) 1 9 18 20 45% 7 g
p-Cl 3 12 ± 3 17 ± 1 45 ± 4 ca. 12% 12,

ca. 3% 13
p-Cl (Br“ )/ 3 7 ± Ie 17 ±  2 25 ± 5 20 ± 1% 7,

ca. 1% 13,
ca. 4% 12

p - N 0 2 d 2 trace 3 ± 3 8 ±  3 46 ± 10% 13,
18 = 10% 12

“ Includes 10 and 11. b 67% cis- and 33% trans-•4. c 50% cis- and 50% tr a n s -4. d Lack of reactivity led to difficultly reproducible
data. e 0.6 M sodium bromide present, f  In some runs, a trace of th r e o -7  appeared to be present. The very small yields (<5%) made
positive identification difficult. g Ca. 10% threo and 90% erythro isomers.

Table III. Product Yields (%) from Reaction of Cinnamate Ion (lb) and Bromine in Methanol at 28 ±  3 °C

X (salt)« no. of runs olefin 4“ lactone 5 bromo ether 6 dibromide 7

p-CHsO 3 73 ± 4 21 ± 2
P-CH3O (Br-)« 1 89 4

0-CH3O 2 58 ± 5 26 ± 8
0-CH3O (Br-) 2 60 ± 5 30 ± 5
p-CH3 3 47 ±  1 trace 55 ± 3
p-CHs (Br-) 1 41 49 2

H 2 23 ± 2 trace 63 ± 2
H  (Br-) 3 20 ±  4 trace 40 ± 6 19 ± 4
p-Cl 3 14 ± 4 3 ± 1 62 ± 4
p-Cl (Br- ) 1 19 41 36
tra n s-o-C \ 2 trace 12 ± 3 56 ± 5 4 ± 2
tra n s-o -  Cl (Br- ) 3 2 ± 2 9 ± 2 25 ± 3 41 ±  11
c i s -o -Cl 2 6 ± 2 6  ± 2 b 70 ± 5
a ' s - o - Cl (Br- ) 1 9 6 17 43
to-NOs 2 2 dt 2 63 ± 2 28 ± 8

“ Includes 10 and 11 which are derived from 4. 6 Total of two isomeric structures. c 0.6 M sodium bromide present.

Effect of Bromide. Addition of sodium bromide again 
reduced the yields of the bromo ethers 6 by 17-30% (Table III) 
for X  = CH3, H, and p-Cl. In the case of X  = p-CH30 , the 
yield of olefin 4 was again increased by added bromide. Con
trol experiments showed that the dibromide 7 was labile under 
the reaction conditions. Otherwise, the effect of bromide on 
olefin 4 and lactone 5 yields is at best a slight reduction, al
though the changes are usually within experimental error.

Discussion. Generally, the results of this study are in 
agreement with the findings of Berman and Price who ob
served retention of configuration in bromodecarboxylation,5 
with the added feature that predominant “ retention” in lac
tone formation is also observed (e.g., trans- lb forms trans-

5b). The chief exception to this specificity is where strongly 
stabilized ions (e.g., 2, X  = p-CH30) undergo internal rotation 
prior to decarboxylation. The ensuing discussion excludes 
P-CH3O substituents.

The effect of added bromide ion on the yields of olefin 4 and 
lactone 5 is small and much less than the effect on the yields 
of bromo ether 6. These data are in agreement with the find
ings of Cabaliero and Johnson, who suggested a concerted or 
very rapid stepwise process for the formation of 4b.6 Thus, 
bromide does not appear to be able to intercept the precursor 
of 4 or 5. However, the high stereospecificity with which 6 is 
formed shows that the precursor does not attain rotational 
equilibrium, although the precursor is sufficiently long lived
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Table IV. Effect of Temperature on Product Yields (% ) in Methanol Solvent

no. of
substrate X runs temp," olefin 4 lactone 5 6 other

la p-CHaO 3 28 77 ± 5 trace 22 ± 5
P-CH30 1 0 73 27
P-CH30 1 -77 52 48

la H 2 67 27 ± 2 22 ± 5 33 ± 8 8 ±  3% 13
H 4 28- 12 ± 5 23 ± 3 55 ± 8 6 ± 4% 13
H 2 -3 9 ±  1 19 ± 3 52 ±  3 5 ±  1% 13
H 2 -75 9 ± 2 35 ± 5 47 ± 14 7 ± 4% 13

la p-Cl 2 67 16 ± 1 28 ±1 46 ± 7 12 ± 5% 13
p-Cl 3 28 12 ± 3 17 ±1 45 ± 4 12 ± 6% 13
p-Cl 2 -4 11 ± 2 23 ± 2 61 ± 6 13 ± 5% 13
p-Cl 1 -75 unreac-

tive
ib p-CH30 3 28 73 ± 4 21 ± 2

P-CHaO ■ 1 2 73 20
lb H 2 65 33 ± 1 57 ± 7

H 2 28 23 ± 2 trace 63 ± 2
H 2 2 22 ± 3 3 ± 2 67 ± 2

a Temperature limit ±3 °C.

to selectively react with bromide to form 7 rather than react 
with one of the large number of solvent molecules present. A 
bridged bromonium ion (17) is highly likely, especially in cases 
where X is electron withdrawing.16 The poorer neighboring 
group, chlorine, does not maintain stereochemistry in John
son’s cases.6

The question remains concerning the identity of the pre
cursor of the olefin 4. The main difficulty with a concerted 
mechanism may be intellectual, and not chemical; namely, it 
is difficult to envision an adequate concerted mechanism. One 
possibility is 14, which displays a three-center two-electron 
bond.12®'17 However, this transition state does not account for 
the effect of X. An alternative intermediate or transition state, 
15, displays effective sp1 hybridization at the carbon under
going covalency change.18 This structure does not account for 
the stereospecificity, as pseudorotation in either direction may 
occur. Neither 14 nor 15 readily explain the similar stereo
chemistry and (lack of) sensitivity to bromide in the formation 
of 4 and 5. Thus, rapid stepwise mechanisms must be con
sidered as alternatives to try to identify common intermedi
ates that link the 1 —► 4 and 1 —► 5 processes (cf. Scheme
II).

The precursor of 4 and 5 is considered to be an ion basically 
similar to 2 (Scheme I). To explain the stereospecificity of 
formation of 4 and 5, this ion must be able to preserve ste
reochemistry, but in a different way than 17. The ion 16 is 
believed to be stabilized by electrostatic participation and 
possibly a degree of covalent bonding between COO-  and the 
(3 carbon. Vaughan and co-workers have quite conclusively 
demonstrated the importance of such electrostatic parti
cipation.1013

As bromine approaches and bonds to 1 (possibly via a ir 
complex),161 charge attraction develops between the COO-  
and the position of greatest positive charge density (the /3 
carbon). This attraction leads to a “ least-motion” process19 
in which a 60° rotation of the a carbon occurs (Scheme II) 
placing the-COO-  in an optimum orientation for electrostatic 
participation. No products from the alternative ion 18 were 
observable, and thus the alternative 120° rotation is appar
ently disfavored.

The rapid reaction of 16, despite the fact that this ion must 
be more stable than 17 for certain substituents, is explicable 
in terms of the idea that the orientation of COO-  that is op
timum for electrostatic participation (16) is also optimum for 
decarboxylation and/or ring closure to form the lactone. These 
unimolecular processes may be intrinsically more rapid than

pseudo
rotation
-C02 4

capture of 16 by a molecule of solvent to form threo- 6. The low 
barrier for the 16 —► 4 and 16 —► 5 processes20 and the relative 
energies of 16 and 17 as X  varies are shown in Scheme III.

Reactions of a-Methylcinnamate Dibromides (7a). The 
reactions of 7a are of interest since many of the same inter
mediates are possible as in the bromination of la.21 In addi
tion, a concerted E2-like debromodecarboxylation may also 
occur.22-23 A time study of the reaction of threo- 7a (X = H) 
is given in Figure 2. A trans lactone intermediate (5) is ob
served, which builds up to a maximum level of 16% of the total 
integration then decays to zero. The major product is trans- 4 
(81%), plus some bromo ether 6 (ca. 3%) and an unknown 
material (ca. 9%). The appearance of the unknown material 
is suppressed by running the reaction in the presence of LiBr. 
The chemical shifts of the unknown are rather similar to 12, 
discussed earlier. The unknown may be the other diastereo- 
mer, presumably threo-12.

Direct observation of the course of reaction of erythro- 7a 
(X  = p-CH3, H, or p-Cl) in methanol, or preferably, metha- 
nol-c?4, showed the rise and decay of peaks at h 2.16 (CH3) and 
5 5.64 (CH) which can be ascribed to the cis lactone 5. The 
chemical shifts for methyl of cis- and trans- 5 bear the same 
relationship to one another as the authentic cis and trans 
lactones (H replacing Br in 5) prepared by Noyce and Banitt.9b 
For X  = p-CH3, 5 builds up to a maximum of about 10% of the 
total. The product mixture is again rich in 4 (~80% cis- 4 for

Scheme III
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Figure 2. T i m e  s t u d y  o f  t h e  s o l v o l y s i s  o f  threo- 7a ( X  =  H) in m e t h 

a n o l - ^  a t  r o o m  t e m p e r a t u r e  a s  o b s e r v e d  b y  N M R .

most substrates). Some la appears very early in the reaction 
sequence and its level does not thereafter change.

The debromodecarboxylation of 7b was studied earlier by 
Bordwell and Knipe, who cautiously disfavored the E2 process 
and preferred the El process, which proceeds through a 
zwitterion similar to 2.24 This preference resulted from a rate 
dependence upon a+ parameters and a similarity of 7b in ac
tivation and Hammett p parameters to a substrate that could 
react only by a zwitterionic intermediate. No evidence could 
be found for two primary processes.22 Earlier, Trumbull and 
co-workers found that electron-withdrawing groups in 7b led 
to formation of cis- 4, particularly in solvents of low ionizing 
power, whereas electron-donating groups X  led to formation 
of the more stable trans-4.22 These results were interpreted 
in terms of a dual mechanism originally proposed by Cristol 
and Norris (i.e., mostly El for X = p -CH:jO and mostly E2 for 
X = p -N 02)-14 Bordwell and Knipe interpreted these results 
in terms of an El process in which electrostatic participation 
by carboxylate was tight or loose (permitting internal rotation) 
depending on X and solvent.

In the case of 7a, neither Hammett a nor Brown-Okamoto 
cr+ parameters gave linear plots vs. log k (Table VI).lb Moving 
from methanol as solvent to 60% dimethyl sulfoxide 
(Me2SO)-40% methanol resulted in a rate increase of 200, 330, 
and 710 for X = H, p-Cl, and P-NO2, respectively. Thus the 
p -Cl compound surpasses X = H in reactivity. The substrate 
with X = P-NO2 also approaches X = H in reactivity, but X  
= p -N 02 undergoes a mechanism change giving ca. 80% 13 in 
60% Me2SO. The substrate with X = p-Cl also forms some 13 
(ca. 13%) but still mostly 4 in 60% Me2SO. Me2SO, as solvent, 
does not readily support carbonium ion reactions, although 
many types of anionic (e.g., E2) reactions occur at markedly 
increased rates in Me2SO mixtures.26 The really definitive test 
of mechanism, however, would appear to be the presence or 
absence of a 13C isotope effect for debromodecarboxylation.27 
We will defer judgment concerning mechanism until this ex
periment is performed.

The main question concerns the different stereochemistry 
in the reactions of 7a in contrast to the bromine additions to 
la and the higher level of olefin 4a in the former reaction. To 
recapitulate, addition of bromine to trans- la forms trans- 4, 
irons-5, and erythro- 6 (or 7). Reaction of the erythro-di
bromide 7a yields cis-4 and cis- 5. Presuming Bordwell’s ideas 
concerning electrostatic participation to be correct, the ste
reochemistry of reaction of 7a to form cis-4 and 5 seems best 
explained in terms of the intermediate ion 18 (Scheme II). The 
approach of carboxylate from the other side of the molecule 
(to form 16) is blocked by the leaving group. Therein lies the

Table V

s u b 

s t r a t e X

y i e l d ,

% m p ,  ° C

l i t .  m p ,  ° C  

( r e f )

la p - C H s O 2 6 1 5 8 - 1 5 9 1 5 7  ( 3 0 )

P  - C H 3 4 1 1 6 9 - 1 7 1 1 6 9 - 1 7 0  ( 3 1 )

H 8 6 7 9 - 8 0 7 8  ( 3 1 )

p - C l 4 5 1 6 8 - 1 7 2 1 6 8 - 1 6 9  ( 3 2 )

P - N 0 2 3 3 2 0 8 - 2 1 0 2 0 8 ( 3 3 )

ib p - C H . , 0 9 6 1 7 2 - 1 7 4 1 7 3  ( 3 5 )

0 - C H 3 C) 8 6 1 8 1 - 1 8 3 1 8 5  ( 3 5 )

P - C H 3 9 2 1 9 7 - 1 9 8 1 9 8  ( 3 6 )

H 9 0 1 3 1 - 1 3 2 1 3 3  ( 3 4 )

o - C l 9 3 2 0 1 - 2 0 4 2 1 1  ( 3 7 )

77 1- N O 2 8 0 2 0 1 - 2 0 3 2 0 3  ( 3 8 )

P - N O 2 8 8 2 8 7 - 2 8 9 2 8 6  ( 3 8 )

major difference between 7a and the least-motion process in 
bromine addition to la in which 16 is directly formed.

Experimental Section
a-Methylcinnamic Acids (la). T h e  v a r i o u s  s u b s t r a t e s  la w e r e  

p r e p a r e d  b y  t h e  P e r k i n  r e a c t i o n . 29  A  l i s t  c f  t h e  s u b s t r a t e s  p r e p a r e d  

a n d  o t h e r  d a t a  a r e  g i v e n  in  T a b l e  V ,  i n c l u d i n g  l b  d i s c u s s e d  b e lo w .

Cinnamic Acids (lb). A n  i m p r o v e m e n t  o n  t h e  D o e b n e r  m o d i f i 

c a t i o n  o f  t h e  K n o e v e n a g e l  r e a c t i o n  i s  i n d i c a t e d  b e lo w ,  m a k i n g  c i n 

n a m i c  a c i d s  o n e  o f  t h e  s i m p le s t  p r e p a r a t i o n s  k n o w n . 29  T o  a  m i x t u r e  

o f  1 0 . 0  g  ( 0 .0 7 2  m o l)  o f  p - c h lo r o b e n z a l d e h y d e  a n d  0 .8 3  g  ( 0 .0 8  m o l)  

o f  m a l o n i c  a c i d  d i s s o l v e d  in  2 5  m L  o f  d i m e t h y l  s u l f o x i d e ,  1  m L  o f  

p i p e r i d i n e  w a s  a d d e d .  A f t e r  a n  i n i t i a l  e x o t h e r m i c  r e a c t i o n  s u b s i d e d ,  

t h e  m i x t u r e  w a s  h e a t e d  o n  a  s t e a m  b a t h  ( c a . 8 0  ° C )  o v e r n i g h t  ( c a .  1 0

h ) .  T h e  m i x t u r e  w a s  p o u r e d  o n t o  2 0 0  g  o f  i c e ,  a n d  t h e  r e s u l t i n g  s l u r r y  

w a s  a c i d i f i e d  w i t h  6  N  H C 1 .  A f t e r  t h e  ic e  m e l t e d ,  t h e  m i x t u r e  w a s  

f i l t e r e d  a n d  t h e  s o l id  c in n a m ic  a c id  w a s  w a s h e d  r e p e a t e d l y  w i t h  w a t e r .  

I f  a n  o d o r  w a s  a p p a r e n t ,  t h e  s o l i d  p r o d u c t  w a s  a l s o  w a s h e d  w i t h  p e 

t r o l e u m  e t h e r .  T h e  p r o d u c t  w a s  a i r  d r i e d ,  y i e l d i n g  1 1 . 4  g  ( 8 7 % )  o f  la 
( X  =  p - C l ) ,  m p  2 4 6 - 2 4 8  ° C  ( l i t .34  m p  2 5 0  ° C ) .  N o  i m p u r i t i e s  w e r e  

e v i d e n t  in  t h e  N M R  s p e c t r u m .  T h e  p r o d u c t  w a s  u s u a l l y  p u r e  e n o u g h  

t o  b e  u s e d  d i r e c t l y ,  a l t h o u g h  in  s o m e  p r e p a r a t i o n s  a  s i n g le  r e c r y s 

t a l l i z a t i o n  w a s  n e c e s s a r y .

V a r i o u s  c o m m e r c i a l  b r a n d s  o f  d i m e t h y l  s u l f o x i d e  w e r e  u s e d  a s  r e 

c e i v e d ;  t h e s e  r e s u l t e d  in  s i m i l a r  y i e l d s  o f  p r o d u c t .  I t  i s  i m p o r t a n t  n o t  

t o  l e t  t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  g o  t o o  h ig h ,  a s  e v i l  s m e l l i n g  

d e c o m p o s i t i o n  p r o d u c t s  o f  M e 2S O  w i l l  a d h e r e  t o  t h e  p r o d u c t .  T h e  

y i e l d  m a y  b e  im p r o v e d  s l i g h t ly  b y  u s in g  a n  e x c e s s  o f  m a lo n i c  a c id ,  b u t  

t h e  a d v a n t a g e  d o e s  n o t  o u t w e ig h  t h e  c o s t .  P i p e r i d i n e  a p p e a r e d  t o  b e  

t h e  b e s t  o f  t h e  b a s e s  t r i e d .  I n  n o  c a s e  w a s  a n y  t r a c e  o f  b e n z a lm a lo n i c  

a c i d  f o u n d .

cis-o-Chlorocinnamic acid w a s  p r e p a r e d  b y  p h o t o ly z in g  t h e  t r a n s  

i s o m e r  in  a  q u a r t z  f l a s k  w i t h  a  1 0 0  W  H a n o v i a  la m p  f o r  c a . 1  w e e k . T h e  

s o l v e n t  w a s  d i c h l o r o m e t h a n e  a n d  t h e  s o l u t i o n  w a s  u n d e r  n i t r o g e n .  

T h e  s o l v e n t  w a s  p a r t i a l l y  e v a p o r a t e d ,  a n d  t h e  m ix t u r e  w a s  c r y s t a l l iz e d  

in  a  s a c r i f i c i a l  m a n n e r ,  r e j e c t i n g  t h e  t r a n s  i s o m e r  t h a t  p r e f e r e n t i a l l y  

c r y s t a l l i z e d .  T h e  r e s u l t i n g  p r o d u c t  s h o w e d  t r a c e s  o f  t h e  t r a n s  is o m e r ,  

m p  1 3 6 - 1 3 7  ° C  ( l i t . 38  m p  1 3 8 - 1 3 9  ° C ) .

a-Methylcinnamic Acid Dibromides (7a). T h e s e  w e r e  p r e p a r e d  

b y  t h e  S u d b o r o u g h  p r o c e d u r e 39  ( A )  o r  b y  t h e  T r u m b u l l  p r o c e d u r e 248 

( B ) .  T h e  p - m e t h o x y - m - b r o m o c in n a m ic  a c i d  d i b r o m id e  w a s  p r e p a r e d  

b y  p r o c e d u r e  A ,  b y  p la c i n g  t h e  p - m e t h o x y  a c i d  ( 1 1 . 5  g . ,  0 .0 6  m o l)  in  

a  d e s i c c a t o r ,  a lo n g  w i t h  a  b e a k e r  o f  H 2 S O 4 a n d  a  b e a k e r  o f  b r o m i n e .  

T h e  s o l i d  p - m e t h o x y  a c i d  w a s  r e m o v e d  a t  i n t e r v a l s  a n d  w e ig h e d .  

W h e n  i t  h a d  r e a c t e d  w i t h  t h e  t h e o r e t i c a l  q u a n t i t y  o f  b r o m i n e  v a p o r ,  

i t  w a s  r e m o v e d  a n d  r e c r y s t a l l i z e d  f r o m  c h l o r o f o r m - p e n t a n e ,  m p  

1 9 6 - 1 9 7  ° C ,  1 7  g  ( 6 7 %  y ie ld ) .  T h i s  a c i d  w a s  f o u n d  t o  h a v e  b r o m in a t e d  

in  t h e  a r o m a t i c  r in g ,  a s  s h o w n  b y  t h e  A B X  a r o m a t i c  p r o t o n  N M R  

p a t t e r n  a n d  t h e  a n a l y s i s .

A n a l .  C a l c d  f o r  C n H n B p A ; :  C ,  3 0 .6 6 ;  H , 2 .5 7 .  F o u n d ,  C ,  3 1 . 0 0 ;  H ,

2 .8 9 .

U n s u b s t i t u t e d  a - m e t h y l c i n n a m i c  a c i d  d i b r o m i d e  w a s  p r e p a r e d  b y  

p r o c e d u r e  B  b y  t r e a t i n g  1 2 . 7  g  o f  a - m e t h y l c i n n a m i c  a c i d  ( 0 .0 8  m o l)  

in  2 5 0  m L  o f  g l a c i a l  a c e t i c  a c i d  w i t h  b r o m i n e  ( 1 2 . 5  g ,  0 .0 8  m o l ) .  T h e  

m i x t u r e  w a s  h e a t e d  t o  g e n t l e  r e f l u x  a n d  s t i r r e d  f o r  4  h . A b o u t  h a l f  o f  

t h e  s o lv e n t  w a s  r e m o v e d  b y  r o t a r y  e v a p o r a t i o n  a n d  t h e  r e m a i n d e r  w a s  

p o u r e d  i n t o  w a t e r .  T h e  p r e c i p i t a t e  w a s  q u i c k l y  f i l t e r e d  a n d  r e c r y s 

t a l l i z e d  f r o m  c h lo r o f o r m - p e n t a n e ,  a f t e r  d r y i n g  ( M g S 0 4), m p  1 4 1 - 1 4 3  
° C  ( l i t . 40 m p  1 3 7  ° C ) ,  y i e l d i n g  1 2 . 2  g  ( 4 8 % ) .

T h e  p - m e t h y l  a c i d  w a s  p r e p a r e d  b y  p r o c e d u r e  A  in  9 6 %  y i e l d ,  m p
1 6 0 - 1 6 1  ° C .
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Table VI. Rates of Reactions of the Anions of 7a in 
Methanol

erythro

X
registry

no. temp, °C
k X 104, 

s" 1
p-CH30, ra-Br 66482-02-8 0.0

32,73
0.0836 ± 0.010 

16.7 ± 0.2
p -c h 3 66482-03-9 0.0

32.73
0.00917 ± 0.00003 

2.86 ± 0.04
H 66482-04-0 32.73

49.85
1.31 ± 0.02 
13.5 ± 0.5

p-Cl 66482-05-1 32.73
49.85

1.11 ± 0.01 
12.5 ± 0.1

p-N02 66482-07-3 32.73
49.85

0.362 ± 0.002 
5.22 ± 0.07

Anal. Calcd for CnH iBr20 2: C, 39.34; H, 3.57. Found: C, 39.40; H, 
3.68.

The p-Cl acid was prepared by B: mp 184-185 °C; MS (70 eV) m/e 
(formula; rel intensity) 357.8649 (CioHg79Br81Br37C102 and 
C10H981Br235ClO2, 0 9), 355.8655 (C10H979Br237ClO2, and
Ci0H979Br81Br35ClO2, 1.4), 277 (16.8), 276 (12), 201 (62.3), 198 (47.6), 
181 (47.1), 130 (77.9), 127 (75.9), 113 (84.7), and 111 (100).

The p-N02 acid was also prepared by B in 86% yield: mp 179-180 
°C; MS (70 eV) m/e (formula, rel intensity) 287.9692 (Ci0H981BrNO4,
26.7), 285.9727 (C10H979BrNO4, 27.9), 207.0539 (Ci0H9NO4, 75.4), 
206.0450 (CioH8N04, 35.5), 190 (52), 162 (41.3), 161 (86.4), 160 (56.2), 
116 (90), 115 (100).

The threo unsubstituted dibromo acid was available from another 
study, mp 108.5-109.5 °C.

Procedure for Kinetics. The requisite amount of 0.0966 N 
methoxide was added to a 50-mL volumetric flask and this was filled 
nearly to the calibration mark with pure methanol. The flask was 
thermostated. The weighed amount of 7 (equivalent to the methoxide 
concentration) was added as a solid and the total volume was adjusted 
to 50 mL. Aliquots were withdrawn at intervals. These were acidified 
and extracted twice with ether. The ether layer was extracted twice 
with water and the combined aqueous layers were assayed for bromide 
by titration with thiosulfate. Rates were run in duplicate. Table VI 
lists the data obtained.

Procedure for the Bromodecarboxylations. A weighed amount 
of the cinnamic acid (usually 250 mg) was placed in 20 mL of redis
tilled water. In early runs, two standards were used, p-toluic acid and 
hexamethylbenzene. Weighed quantities of each were placed in the 
reaction flask, along with a quantity of sodium carbonate equimolar 
to the two acids. A solution of 30 g of bromine in 100 mL of carbon 
tetrachloride was prepared, and 1 mL of this was added to the reaction 
flask. The flask was stirred vigorously until colorless and then worked 
up immediately. The aqueous solution was diluted to 100 mL and 
extracted twice with carbon tetrachloride. In early runs, this fraction 
was assayed separately. In later runs, the aqueous solution was acid
ified to pH 1 and extracted with methylene chloride and then with 
ether. The combined organic extracts were washed with water, dried 
(MgS04), evaporated, and assayed by NMR. Integration over the 
resonance in question vs. integration over the standard gave a molar 
ratio relative to the standard, from which a yield could be calculated 
using the known weight of the standard.

In runs using methanol, sufficient standard methoxide solution was 
added to neutralize the acids and the solution was made up to 20 mL 
with pure methanol. It was clear that the mass balances in methanol 
always were close to 100% so in later runs the standard was omitted, 
since its resonance interfered with other absorptions. Figure 1 shows 
the NMR spectrum of a typical reaction product and the assignment 
of peaks.

NMR assays of reaction products were run on A60-D and XL-100 
instruments with product percentages determined from the average 
of 2-5 integrations over the characteristic resonances of the prod
ucts.

Approximately 170 runs were made under various conditions, but 
only those using the procedure given earlier are reported. With X =

Table VII. NMR Assignments (ppm) for the Products of 
Reaction“

compd c h 3 CH
trans- la 2.15 7.87
cis- la 2.07 6.78
cis-4a 2.43 6.89
trans-4ac 2.47 6.62
cis-5a 1.49 5.80
trans-5ae 2.16 5.61
erythro-6a, OR' = OCH3 1.72 4.92
erythro-6a,c OR' = OCH3 1.67
threo-6a,c OR' = OCH3 1.71 4.68
erythro-6a, OR' = OH 1.73 5.36
erythro- 7a 2.10 5.84
threo-7ac 1.88 5.83
8a 1.26 4.24
10a 2.68 5.38
11a 2.35 5.42
12a 1.37 5.23
13a 2.13

compd H H' ^HH', Hz
lb 6.33 7.70 16
4b 6.62 6.97 14.5
trans-5b b’d (trans) 4.86 5.41 3.8
erythro-6b, OR' = OCH3 4.28 4.61 9.5
erythro-6b, OR' = OH 4.44 5.04 variable
8b 3.52 4.13 1.7
9 3.67 
10bc 5.25 5.98 7
11b,d OR' = OCH3 5.03 5.81 5.5
11b, OR' = OHc 4.96 5.72 5.5
“ COCI3  as solvent, unless otherwise specified. b CCI4  as solvent. 

“ CH3 OH as solvent. d X = H. « X = CH3.

P-CH3O and CH3, the mass balance was always very good (90% or 
above). With electron-withdrawing groups, the mass balance was 
poorer, but only those runs with a mass balance of 80% or greater are 
reported. The trends of the product yields in the runs not reported 
are quite similar to the ones reported.

Product Identification. Products were identified by isolation and 
study by spectroscopic means, by synthesis by known methods, and 
in certain cases by study of the response of the material in question 
to reactions known to be characteristic of a certain structure. The 
NMR assignments are listed in Table VII, for X = p-Cl substituted 
substrates and products, in the solvents indicated.41 Other substit
uents will give slightly different shifts.

Compound 4 appeared in the “neutral” extraction fraction during 
workup. For 4a, the distinctive NMR doublet for methyl and multi- 
plet for vinyl H were unmistakable. In one case (X = p-N02), the trans 
isomer was isolated: mp 85.5-86.5 °C; NMR (CC14) 5 2.52 (d, 3, J  =
1.5 Hz, CH3), 6.78 (m, 1, CH=C), 7.66 (d, 2, J = 9 Hz, Ar), and 8.14 
(d, 2, J = 9 Hz, Ar).

Anal. Calcd for C9H8BrN02: C, 44.19; H, 3.42. Found: C, 44.19; H,
3.23.

The cis isomer (X = p-N02) showed the following NMR parame
ters: 5 2.46 (d, 3, J = 1.6 Hz, CH3), 6.63 (m, 1, CHC), 7.07 (d, 2, J = 8 
Hz, Ar), and 7.39 (d, 2, J = 8 Hz, Ar).

For 4b, the NMR coupling constants were quite distinctive and 
clearly showed the state of isomerism.

The lactone 5a also appeared in the neutral extraction fraction. This 
material was quite sensitive to acid, and especially to base, giving 
hydrolysis products. If stirred in water, 4 was also formed. The iso
lation of the lactone was attempted from the silver acetate catalyzed 
reaction, which formed a high level of lactone. A material of mp 76-78 
°C was indeed obtained, but it was difficult to purify. The coupling 
constants for 5b clearly indicate the state of isomerism (Table VII). 
The mode of formation of 5a (both isomers) from the diastereomers 
of 7a provides a strong indication of the state of isomerism.

The bromo ethers 6 appeared in the acid extraction fraction. The 
presence of CH3, CH30, and CH was unmistakable from the NMR 
spectrum. In the case of 6b, authentic materials (both diastereomers) 
were available from another study for comparison purposes. The 
bromohydrins 6a and 6b on treatment with base formed the epoxide
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8, which was very sensitive to acid, in turn forming 9 and other ma
terials.

Products 10 and 11 appeared in the neutral extraction fraction. 
These were also formed by the addition of bromine to 4 studied as a 
separate reaction. In the case of chlorination of lb, which is similar 
to bromination, the chloride analogues of 4 (7%), 11 (5%), and 10 (88%) 
were analyzed by VPC (Carbowax 20M, 0.1% on glass beads; flow 50 
cm3/min; column temperature 175 °C) with retention times of 1.7,9.8, 
and 4.7 min, respectively. The first and third peaks were collected; 
NMR of 10 (CC14) <5 5.97 (d, 1, J = 6 Hz, PhCHCl), 5.24 (d, 1, CHC12), 
.and 7.4 (s, 5, Ph).

The structure of 12 appeared evident in the case of the reaction of 
7a (X = P-NO2), where this was the predominant product in reactions 
run in Me2SO-CH3OH. This material was isolated for X = p-Cl for 
the reaction of la with silver acetate. The structure of 13 was assigned 
as indicated in earlier discussion.
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Addition of bromine chloride (BrCl) to 1-hexene in CCI4 gives a 61:39 ratio of Markownikoff to anti-Markowni- 
koff products (l-bromo-2-chlorohexane to l-chloro-2-bromohexane), suggesting a symmetrically bridged bromon- 
ium ion intermediate in this reaction. 1-Hexyne reacts with BrCl to give Markownikoff and anti-Markownikoff 
products in the ratio of 90:10 (irans-l-bromo-2-chloro-l-hexene/irares-l-chloro-2-bromo-l-hexene). These data, 
together with the fact that the alkene products have trans stereochemistry, implicate a weakly bridged bromonium 
in the addition of BrCl to 1-hexyne. The bromochlorohexanes were analyzed by mass specrometry, and 13C NMR 
analyses distinguished between the bromochlorohexenes. In CH3OH, 1-hexyne and BrCl give only Markownikoff 
bromochloride (trans isomer) and l,l-dibromo-2-hexanone. (The result of two additions of Br, OCH3, followed by 
hydrolysis of the intermediate ketal.) Markownikoff and trans additions suggest that a weakly bridged bromonium 
ion, rather than a vinyl cation, is involved. Addition of BrCl to 1-hexene in CH3OH gives the following ratios of 
Markownikoff to anti-Markownikoff bromochlorides and methoxy bromides: 25:24 and 34:17.

A few years ago, Pincock and Yates1 suggested that the 
intermediate involved in the bromination of some alkylacet- 
ylenes in acetic acid is a bridged bromonium ion (la) and not 
an open vinyl cation (lb). They based their conclusion on the 
assumption that an unbridged vinyl cation should give some 
cis-1,2-dibromide; only trans-1,2-dibromide was reported.2 
More recently, Olah and Hochswender3 drew the same con
clusion from their studies of the bromination of 1-hexyne in
1,1,2-trichlorotrifluoroethane. Neither study, however, per
mitted a conclusion to be drawn concerning the symmetry of 
the bridging in the bromonium ion. Conceivably a weakly 
bridged ion such as lc  is involved, but with sufficient bridging 
to prevent syn addition.

RCH=CH2 ------- * RCH— ÇHcci4 I y
Cl Br

Yield: 96% 2a (61%) 2b (39%)

B rC l
RCH=CH2 ch qh> 2a(25%) +  2b (24$) +

RCH— <j!H2 + RCH— ÇH, (2)

H,CO Br Br OCH3 
Yield: 84% 3a (34%) 3b (17%)

1-Hexyne and BrCl under ionic conditions gave the prod
ucts shown in eq 3 and 4. We postulate that 5 and 6 are in-

+  RCH— CH2 (R = C4H9-nBr Cl (1)

la

Nc =
/

lc

We proposed to study the addition of bromine chloride 
(BrCl) to both 1-hexene and 1-hexyne in a nonpolar solvent 
(CCI4) and a polar solvent (CH3OH). Our initial assumption 
was that the extent of anti-Markownikoff ring opening of ei
ther the saturated bromonium ion from 1-hexene or the un
saturated ion from 1-hexyne should be significant if the 
bridging is symmetrical and decrease to zero with a carboca
tion. Although Pincock and Yates1 did not observe solvent 
incorporation when 1-hexyne was brominated in acetic acid, 
we suspected that ring opening of the intermediate bromon
ium ions would occur in the more nucleophilic solvent meth
anol. Solvent incorporation is a predominant reaction in the 
bromination of 1-hexene in methanol.4’5

Results
Products from the addition of BrCl to 1-hexene in CCI4 and 

CH3OH under ionic conditions are shown in eq 1 and 2.

R Br R. Cl
B r C l \  /  \  /

RC=CH ------- * C = C  +  C =C
CC14 /  \  /  \

Cl H Br H
Yield: 79% 4a (90%) 4b (10%)

)CH3

(3)

B rC l
RC=CH ----------► 4a (31 fa) +

C H ,O H

y e n  <jl

RCCHBr, +  RCCHBr, (4)

OCR,
5

OCR
6

O
II

RCCHBr,
7(69%)

volved and that they result from addition to 8, because 8 is 
more reactive than the starting 1-hexyne (eq 5). 2,2-Dibro- 
mohexanal (9) was not detected, indicating that anti-Mar
kownikoff addition of Br, OCH3 did not occur (eq 6).

0022-3263/78/1943-3139$01.00/0 © 1978 American Chemical Society
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R Br
B r C l

/
,C—

H,CO
\  CHjOH

H

Br OCH;) 
B rC l ! I

RC=CH -------- RC— CH
CHjOH I J

Br OCH3

Table 1 .13C Chemical Shifts for trans- 1,2-Dihalohexenes

5 + 6  (5) in CDCls

Rr haloalkene registry no. X Y C2 Ci
!

+  RCCHO (6) 4a 66538-70-3 Br Cl 137.8 101.6
1 4b 66538-71-4 Cl Br 127.2 115.6
Br 10 49677-13-6 Br Br 127.8 102.7

9 11 59697-51-7 Cl Cl 137.5 114.3

We also examined the bromination of 1-hexyne in methanol 
(eq7).

Br2
RC=CH ---------7 (60 %) +

CHjOH

Yield: 86%

RV Br

/ - V
Br H

10 (40%)

(7)

Discussion

The results show that anti-Markownikoff attack by chloride 
ion on bromonium ion 15 from 1-hexene to give 2b is a sig
nificant pathway in CC14 and CH3OH, indicating a symmet
rically bridged intermediate in this reaction.9 Attack by 
CH3OH on the terminal carbon of 15 to give 3b is also im-

Radical addition (ultraviolet irradiation) of BrCl to 1- 
hexyne in CC14 gave a much different product composition 
than ionic addition (eq 8).

B r C l (U V )
RC=CH -------------cci4

Yield: 58%

4a (21%) +  4b (27%) + 10(38%)

\  Z 0
+ / c - \

Cl H
1 1 (14%)

(8)

The structures of bromochlorides 2a,b from 1-hexene were 
established by their mass spectra. Both isomers (2a,b) have 
the same isotope cluster at m/e 169,171, and 173, which cor
responds to five-membered halonium ions 12a,b (see Scheme 
I).6 Loss of halogen Y and hydrogen halide HY gives isotope 
clusters which we assigned structures 13a and 14a or 13b, and 
14b. Apparently, mass spectral analysis is a general diagnostic 
procedure for the structural determination of vicinal dihal
ides.7

The structures of the dihaloalkenes (4a,b) from 1-hexyne 
were determined by carbon-13 magnetic resonance. Chemical 
shifts of the vinyl carbons are reported in Table I. When 
bromine is on carbon-2, resonance is ca. 127 ppm, whereas the 
chemical shift is ca. 137 ppm when chlorine is on the same 
carbon. Resonances with bromine and chlorine on carbon-1 
are about 102 and 114 ppm, respectively.8 The coupling con
stant between carbon-1 and the vinyl hydrogen of carbon-1 
was determined to be 244 Hz for 4a.

Scheme I

2a and 2b

12a, b 13b m/e 90, 92

14a, m/e 133, 135 
14b, m/e 89, 91

a, X = Br; Y = Cl
b, X = Cl; Y = Br

Br\ A \ /
" -<\

H

/
H H

15

portant. On the other hand, formation of only minor amounts 
of anti-Markownikoff product 4b for BrCl and 1-hexyne in 
CCI4 implicates an intermediate bromonium ion with very 
weak bridging (16).

16

Although no anti-Markownikoff addition (4b or 9) occurs 
in CH3OH, we believe that a weakly bridged ion (like 16), 
rather than an open vinyl cation, also is involved in this sol
vent, since an open ion should lead to some cis product.10

Suppose that a symmetrically bridged bromonium ion (17) 
were involved in the additions to 1-hexyne: How should it be 
opened? Since the bromonium ion from 1-hexene is opened 
to a significant extent at carbon-1, we can see no reason why 
attack should not occur just as readily at carbon-1 in 17.

Br

\
H

17

Furthermore, Schmid and co-workers11 have shown that 
anti-Markownikoff addition is the main pathway in the re
action of 4-chlorobenzenesulfenyl chloride with 1-hexyne. 
These authors point out that an alkyl group should cause 
greater steric hindrance toward Markownikoff ring opening 
in a particular alkyne than in the corresponding alkene. 
Therefore, we conclude that the intermediate bromonium ion 
in the addition of BrCl to 1-hexyne is weakly bridged.

Another interesting aspect of this research concerns the



change in regiospecificity of ring opening of the intermediate 
bromonium ion (15) from 1-hexene by chloride in CC14 and 
CH3OH. The results show that the ratio of Markownikoff to 
anti-Markownikoff attack (2a/2b) by chloride ion on 15 is 
~60:40 in CCI4 and ~50:50 in CH3OH. Since the bridging in 
15 should be weaker ir. the polar solvent CH3OH, we antici
pated an increase in Markownikoff addition (2a). An expla
nation of this unexpected result is that the chloride ion in CCI4 
is “ naked” and experiences little steric hindrance from the 
alkyl group during ring opening at carbon-2. In CH3OH, 
however, the chloride ion is solvated, Cl(CH3OH)„- , and 
much larger, and prefers to attack the less hindered position 
(carbon-2) in bromonium ion 15.

The greater ratio (2:1) of Markownikoff to anti-Markow
nikoff methoxy bromides (3a/3b) compared to the ratio (1:1) 
of bromo chlorides (2a/2b) for 1-hexene in CH3OH probably 
results from the fact that methanol is less nucleophilic and 
prefers to react at carbon-2 which has greater carbocation 
character.

Under radical conditions, 4a,b could result from photoad
dition of either BrCl or a mixture of Br2 and CI2 to 1-hexyne, 
since BrCl solution is known to contain a mixture of Bro and 
Cl2.

Experimental Section
Materials. All solvents were obtained commercially in high purity 

and were used without further purification. 1-Hexene and 1-hexyne 
were distilled prior to use.

General Reaction Conditions. All ionic reactions of 1-hexene and 
1-hexyne in CC14 and CH3OH with BrCl were carried out in the dark 
to approximately 20% completion at room temperature; the concen
tration of the solutions was 0.04 mol fraction in alkene or alkyne.

Reaction of Bromine Chloride with 1-Hexene in Carbon 
Tetrachloride. To 1.00 g (0.012 mol) of 1-hexene in 27.5 mL of CCI4 

was added 1.9 mL of a 1.26 M bromine chloride-CCU solution. The 
reaction mixture was stirred in the dark for 5 min and the solvent was 
then removed at reduced pressure. The yield of 2a,b was obtained by 
NMR analysis of the crude mixture with benzene as an internal 
standard. The relative amounts of 2a,b were determined by VPC 
analysis on a 10% DEGS column (19 ft X 0.25 in.) at 70 °C; retention 
times (min) are: 2b, 16.3; 2a, 17.2; 1,2-dichlorohexane, 11.2; and
1.2- dibromohexane, 23.4. The accuracy of the VPC analyses probably 
does not exceed ¿(percentage of compound) X 0.025.

Compounds 2a,b were separated by preparative VPC, and the 
following NMR data (CCI4 ) were obtained: 2a <5 0.97 (t, J = 5.0 Hz, 
3 H), 1.1-2.5 (m, 6 H), 3.60 (d, J = 4.0 Hz, superimposed on multiplet),
3.2- 4.3 (3 H). 2b 6 0.97 (t, J = 5.0 Hz, 3 H), 1.1-2.5 (m, 6 H), 3.83 (d, 
J = 4.0 Hz, superimposed on multiplet) 3.3-4.3 (3 H).

The structures of 2a,b were deduced from their mass spectra (70 
eV). 2a gave an isotope cluster at m/e 169, 171, and 173, which we 
assigned to the five-membered cyclic halonium ion 12a (Scheme I). 
Loss of chlorine and hydrogen chloride from 12a gave two sets of 
isotope clusters at m/e 134 and 136 and m/e 133 and 135 for 13a and 
14a, respectively. Mass spectral analysis of 2b gave isotope clusters 
at m/e 169, 171, and 173 for the cyclic halonium ion 12b. Loss of 
bromine and hydrogen bromine from 12b gave two sets of isotope 
clusters at m/e 90 and 92 and m/e 89'and 91, for 13b and 14b, re
spectively.

Reaction of Bromine Chloride with 1-Hexyne in Carbon 
Tetrachloride. Ionic Conditions. To 1.00 g (0.012 mol) of 1-hexyne 
in 28.3 mL of carbon tetrachloride was added 1.9 mL of a 1.26 M 
bromine chloride-CCU solution. The reaction mixture was stirred in 
the dark for ca. 12 h, and the solvent was removed at reduced pressure. 
Crude reaction mixtures of 4a,b were analyzed by NMR using benzene 
as' an internal standard. All attempts to separate 4a,b by VPC 
failed.

A mixture of 4a,b was isolated by preparative VPC: 2.5% SE-30 
column (8 ft X 0.15 in.) at 60 °C; retention times (min): 4a,b, 4.8; 10, 
8.1; and 11,2.8. NMR spectra were made of the collected material: XH 
NMR (CC14) 6 0.97 (t, J = 6.2 Hz, 3 H), 1.1-1.9 (m, 4 H), 2.53 and 2.60 
(2t, J -  6.0 Hz, 2 H), 6.16 and 6.23 (for 4a and 4b, respectively, s, 1H). 
13C NMR (CHCI3) 4a <5 101.6 and 137.8 for the vinyl carbons Ci and 
C2, respectively; 4b 5 115.6 and 127.2 for the vinyl carbons Ci and C2, 
respectively.

NMR data for irans-l,2-dibromo-l-hexene (10):1 !H NMR (CCI4) 
6 0.98 (t, J = 6.8 Hz, 3 H), 1.1-1.9 (m, 4 H), 2.63 (t, J = 6.8 Hz, 2 H),

Addition of Bromine Chloride to 1-Hexene and 1-Hexyne

6.38 (s, 1H); 13C NMR (CDCI3) 5 102.7 and 127.8 for the vinyl carbons 
Cj and C2, respectively.

NMR data for trans-1,2-dichloro-l-hexene (11): JH NMR (CCI4) 
5 1.00 (t, J = 6.5 Hz, 3 H), 1.50 (m, 4 H), 2.5 (t, J = 6.8 Hz, 2 H), 6.10 
(s, 1 H); 13C NMR (CDCI3) 5 114.3 and 137.5 for the vinyl carbons Ci 
and C2, respectively.

Reaction of Bromine Chloride with 1-Hexene in Methanol.
To 1.00 g (0.012 mol) of 1-hexene in 11.5 mL of CH3OH was added 2 
mL of a 1.26 M bromine chloride-CCU solution. The reaction mixture 
was stirred for 5 min and added to water. The organic products were 
extracted into CCI4.

The bromo chlorides and methoxy bromides12 were analyzed by 
VPC using chlorobenzene as an internal standard: 2-5% FFAP column 
(14 ft X 0.125 in.) at 70 °C; retention times (min) are: 2b, 17.9; 2a, 19.3; 
3b, 14.0; and 3a, 16.3.

Reaction of Bromine Chloride with 1-Hexyne in Methanol.
To 1.0 g (0.012 mol) of 1-hexyne in 12.1 mL of CH3OH was added 1.7 
mL of a 1.45 M bromine chloride-CCU solution. The reaction mixture 
was stirred for a short time and then was added to water containing 
a few drops of concentrated HBr to assure hydrolysis of the ketal. The 
organic products were extracted into CCI4. After removal of the sol
vent, the crude mixture was analyzed by NMR using benzene as an 
internal standard.

l,l-Dibromo-2-hexanone (7) was isolated from the reaction mixture 
by preparative VPC: 2.5% SE-30 column (11 ft X 0.125 in.) at 100 °C; 
retention times (min): 7 ,12.8; 4a,b, 4.9; and 10, 7.6. The ketone was 
identified by its IR spectrum (CC14, C=0, 1725 cm-1) and NMR 
spectrum (CC14): 5 0.97 (t, J = 6.2 Hz, 3 H), 1.2-1.8 (m, 4 H), 2.93 (t, 
J = 6.6 Hz, 2 H), 5.67 (s, 1 H).

Attempts were made to detect the aldehyde proton of 2,2-dibro- 
mohexanal (9) by NMR, but without success. A trace (ca. 2%) would 
have been detected had it been present. The oxidation product of the 
aldehyde, the carboxylic acid, was not observed by NMR.

Reaction of Bromine with 1-Hexyne in Methanol. To 1.0 g 
(0.012 mol) of 1-hexyne in 12.1 mL of CH3OH was added 0.39 g of Br2 
dissolved in 2.73 mL of CC14. The reaction mixture, composed of di- 
bromo ketone (7) and irons-dibromide (10), was isolated and analyzed 
by NMR as reported for the product from BrCl addition. Both 10 and 
7 were isolated by preparative VPC (the SE-30 column). NMR and 
IR analyses established that the dibromo ketones from Br2 and BrCl 
additions were identical. The NMR spectra of the dibromide and 
authentic 10 from bromination of 1-hexyne were identical.

Stability of Bromo Chlorides 4a,b in Methanol, Water, and 
Acid. A known amount of bromo chlorides 4a,b with an internal 
standard was stirred in CH3OH for a short time and then added to 
water and several drops of concentrated HBr to simulate reaction 
conditions. NMR and VPC analyses established that no dibromo 
ketone 7 was formed, nor did the amount of 4a,b decrease.

Radical Reaction of Bromine Chloride with I-Hexyne. To 1.0 
g (0.012 mol) of 1-hexyne in 28.8 mL of CC14 was added 1.9 mL of a
1.28 M bromine chloride-CCU solution. The solution was irradiated 
with a sunlamp, and the reaction was completed in approximately 2 
min. The solvent was removed under pressure, and the mixture was 
analyzed by NMR using benzene as an internal standard.

Proof that Bromine Chloride Adds to 1-Hexyne by an Ionic 
Mechanism in the Dark. The reaction of BrCl with 1-hexyne in the 
dark was carried out using isoamyl nitrite as a radical inhibitor. Lower 
concentrations of isoamyl nitrite (4 equiv with respect to Br2) ap
peared to induce a radical reaction, since the ratio of 4a/4b increased 
from 90:10 (no inhibitor) to 70:30. Larger amounts of inhibitor (up 
to 8 equiv) reduced the ratio of 4a/4b to a constant level of 90:10.
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A n i s o l e  a n d  m e t h y la n i s o l e s  a r e  r e a r r a n g e d  w h e n  p a s s e d  in  t h e  g a s  p h a s e  o v e r  h i g h ly  a c i d i c  s o l id  p e r f l u o r i n a t e d  

r e s i n s u l f o n i c  a c i d  ( N a f i o n - H )  c a t a l y s t  a t  2 0 5  ° C  a n d  a t m o s p h e r i c  p r e s s u r e .  A  m i x t u r e  o f  a n i s o l e ,  m o n o -  a n d  d i -  

m e t h y la n i s o l e s ,  p h e n o l ,  c r e s o l s ,  a n d  x y l e n o l s  w a s  o b t a i n e d .  M e t h y l  a lc o h o l  a n d  p h e n o l  ( f o r  c r e s o ls )  r e a c t e d  u n d e r  

t h e  s a m e  c o n d i t i o n s  t o  g i v e  a  m i x t u r e  o f  O -  a n d  C - m e t h y l a t e d  p r o d u c t s .  T h e  l a t t e r  r e a c t i o n  w a s  s h o w n  t o  p r o c e e d  

v i a  f a s t  i n i t i a l  O - m e t h y la t i o n  o f  t h e  p h e n o l  f o l l o w e d  b y  a n  i n t e r m o le c u la r  r e a r r a n g e m e n t  o f  t h e  a r y l  m e t h y l  e t h e r  

t o  m e t h y lp h e n o l s .  R e a r r a n g e m e n t  o f  a n i s o l e  a n d  m e t h y l a t i o n  o f  p h e n o l  g a v e  o-  a n d  p - c r e s o l .  M e t h y l a n i s o l e s  o r  a  

m i x t u r e  o f  c r e s o l  a n d  m e t h y l  a l c o h o l  y i e l d e d  m i x t u r e s  o f  m o n o -  a n d  d i m e t h y l a t e d  r i n g  p r o d u c t s .  W h e n  t h e  d i 

r e c t i n g  e f f e c t s  o f  t h e  m e t h y l ,  m e t h o x y l ,  o r  h y d r o x y l  g r o u p s  o p p o s e  e a c h  o t h e r ,  a s  i s  t h e  c a s e  w i t h  o-  a n d  p - m e t h y l a 

n i s o l e s  o r  c r e s o ls ,  6 - 1 4 %  o f  p r o d u c t s  m e t h y l a t e d  m e t a  t o  t h e  m e t h o x y l  o r  h y d r o x y l  g r o u p  w a s  o b t a i n e d .  I s o m e r i z a 

t i o n  a n d  r in g  t r a n s m e t h y l a t i o n  w e r e  n e g l i g i b l e  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  N a f i o n - H  w a s  a l s o  c o m p a r e d  

t o  o t h e r  s o l i d  c a t a l y s t s .  I t s  l a c k  o f  s e l e c t i v i t y  t o w a r d  o r t h o  m e t h y l a t i o n  is  a t t r i b u t e d  t o  t h e  a b s e n c e  o f  b a s i c  s i t e s  

o n  t h e  c a t a l y s t .

Alkylation of phenols by alcohols is well known.3 Gas- 
phase methylation of phenol by methyl alcohol was reported 
by Ipatieff as early as 1925.4 Liquid phase, acid catalyzed 
methylation gave ortho and para substitution with low se
lectivity. Meta alkylation was reported in some cases,5 but 
forcing conditions were required and the meta isomer was 
obtained via secondary isomerization. Lately, solid catalysts 
of the mixed oxides type containing basic sites, or acidic and 
basic sites, were found to catalyze efficiently the methylation 
of phenols with methyl alcohol with high selectivity for ortho 
methylation.

Recently we reported the use of highly acidic perfluorinated 
resin sulfonic acid catalysts, such as Nafion-H,6 for the al
kylation of benzene and alkylbenzenes.7 In continuation of 
our studies we felt it of particular interest to study the 
methylation of phenols with methyl alcohol using mild reac
tion conditions (ca. 200 °C and atmospheric pressure) and to 
compare the activity of Nafion-H with other solid catalysts. 
The behavior of anisóles and methylanisoles was also studied 
under the same conditions.

Experimental Section
M a t e r i a l s .  M e t h y l  a lc o h o l ,  p h e n o l s ,  a n d  a n i s ó l e s  u s e d  w e r e  o f  

h i g h e s t  c o m m e r c i a l l y  a v a i l a b l e  p u r i t y ,  h i g h e r  t h a n  9 9 % . D i m e t h y l a -  

n i s o l e s  a n d  x y l e n o l s  u s e d  f o r  c o m p a r i s o n  in  i d e n t i f y i n g  p r o d u c t s  in

0022-3263/78/1943-3142$01.00/0

t h e  G L C  a n a l y s e s  w e r e  a l s o  c o m m e r c i a l l y  a v a i l a b l e .  T h e  a c t i v a t i o n  

o f  t h e  N a f i o n - H  c a t a l y s t  w a s  a s  m e n t i o n e d . 7

Experimental Procedure. T h e  c a t a l y t i c  f l o w  r e a c t o r  a n d  t h e  

g e n e r a l  p r o c e d u r e s  u s e d  w e r e  d e s c r i b e d  p r e v i o u s l y . 8 A l l  t h e  r e a c t i o n s  

w e r e  c a r r i e d  o u t  a t  2 0 5  ° C  in  a  N 2  f l o w  o f  5  m L / m i n ,  u s i n g  2  g  o f  t h e  

c a t a l y s t .  P h e n o l s ,  a n is ó le s ,  o r  t h e i r  m i x t u r e s  w i t h  m e t h y l  a lc o h o l  ( 1 : 1  

m o l a r  r a t io )  w e r e  i n t r o d u c e d  a t  a  l i q u i d  r a t e  o f  0 .0 2  m L / m i n .  T h e  

c o n t a c t  t i m e  o f  t h e  r e a g e n t s  o v e r  t h e  c a t a l y s t  u n d e r  t h e s e  c o n d i t io n s  

is  6 - 7  s .

Analysis. P r o d u c t  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  b y  g a s  l i q u i d  

c h r o m a t o g r a p h y  u s in g  a  P e r k i n - E l m e r  M o d e l  2 2 6  g a s  c h r o m a t o g r a p h  

e q u i p p e d  w i t h  a  f l a m e  i o n iz a t io n  d e t e c t o r .  A  c a p i l l a r y  c o lu m n  o f  1 5 0  

f t  X  0 . 0 1  in .  c o a t e d  w i t h  m - b i s ( m - p h e n o x y p h e n o x y ) b e n z e n e  +  A p -  

ie z o n  L  w a s  u s e d  t o  s e p a r a t e  t h e  p r o d u c t s .  A n i s ó l e s  w e r e  s e p a r a t e d  

a s  s u c h .  P h e n o l s  w e r e  f i r s t  s i l y l a t e d  b y  h e x a m e t h y l d i s i l a z a n e  o r  t r i -  

m e t h y lc h l o r o s i la n e  a n d  i d e n t i f i e d  a s  t h e  t r i m e t h y l s i l y l  e t h e r s .  S o m e  

o f  t h e  d i m e t h y l a n i s o l e  p e a k s  o v e r l a p p e d  w i t h  t h o s e  o f  a r y l  t r i m e t h 

y l s i l y l  e t h e r s .  T h e r e f o r e ,  e a c h  f r a c t i o n  w a s  a n a ly z e d  t w ic e .  O n e  p o r t io n  

w a s  d i s s o l v e d  in  e t h e r  a n d  e x t r a c t e d  w i t h  a q u e o u s  N a O H  a n d  t h e  

e t h e r e a l  s o l u t i o n  w a s  a n a l y z e d  f o r  a n i s ó l e s .  A n o t h e r  p o r t i o n  w a s  s i 

l y l a t e d  a n d  a n a l y z e d  f o r  p h e n o l s  a n d  a n í s e l e s .  I n  c a s e s  w h e r e  p e a k  

o v e r l a p  o c c u r r e d ,  c o r r e c t i o n s  w e r e  m a d e  o n  t h e  b a s i s  o f  t h e  k n o w n  

c o m p o s i t i o n  o f  t h e  a n i s ó l e s ,  m -  a n d  p - m e t h y l a n i s o l e  w e r e  n o t  s e p a 

r a t e d  u n d e r  t h e s e  c o n d it io n s .  T h e y  w e r e ,  h o w e v e r ,  s e p a r a t e d  b y  u s in g  

a  2 0  f t  X  0 . 1 2 5  in . c o lu m n  p a c k e d  w i t h  1 5 %  p - a z o x y a n i s o l e  o n  C h r o -  

m o s o r b  W  a t  1 2 5  ° C  (a  l i q u i d  c r y s t a l  c o lu m n 9), u s in g  a  P e r k i n - E l m e r  

M o d e l  9 0 0  g a s  c h r o m a t o g r a p h .  P e a k  a r e a s  w e r e  m e a s u r e d  b y  a n  

e l e c t r o n i c  i n t e g r a t o r ,  u s i n g  c o r r e c t i o n s  f o r  d i f f e r e n c e s  in  d e t e c t o r  

s e n s i t i v i t i e s .  T h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n  o f  t h e  p r o d u c t  c o m -

© 1978 American Chemical Society
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Table 1. Products from Rearrangement of Anisóle and Methylanisoles over Nafion-H Catalyst______

________________________ % product composition_______________________
registry starting _ methyl- dimethyl

starting reactant no. material anisóle“ anisóles“ anisóles phenol cresols xylenols

anisole 100-66-3 44.4 9.3 1.8 30.3 9.5 4.7
o-methylanisole 578-58-5 39.2 0.2 0.2 7.8 0.3 33.9 18.4
m-methylanisole 100-84-5 28.9 0.1 tr 10.1 0.2 37.5 23.2
p-methylanisole 104-93-8 35.1 3.4 1.1 8.3 4.6 34.7 12.8

“ Excluding starting material

Table IL Méthylation of Phenol, Cresols, and Anisole with Methyl Alcohol over Nafion-H Catalyst

_______________________________% product composition_______________________________
unreacted
starting
material anisóle“

methyl
anisoles

dimethyl
anisoles phenol“ cresols“ xylenols

phenol 3 7 . 3 37.2 9 . 7 1.0 10.4 4.4
anisole 58.6 13.9 3.0 18.1 4.7 1.7
0-cresol 51.4 0.1 23.4 4.7 0.4 0.6 19.4
to-cresol 48.1 tr 26.0 5.8 0.2 1.0 18.9
p -cresol 39.2 3 . 3 23.4 6.4 8.4 4.6 14.8

“ Excluding starting material.

Table III. Composition of Methylanisoles and Cresols 
Obtained in the Nafion-H Catalyzed Transformation 

Reactions

starting % methylanisoles % cresols
reactant(s) ortho meta para ortho meta para

anisole 45 1 54 58 1 41
phenol + methanol 54 tr 46 61 6 33
anisole + methanol 48 1 51 45 2 53

positions is considered, based on comparison with mixtures of known 
composition, ±0.5%.

Results
When anisole, or any of the isomeric methylanisoles, was 

passed over Nafion-H in the gas phase at 205 °C and atmo
spheric pressure (in N2 atmosphere) mixtures of phenols and 
ring-methylated anisóles were obtained. About 60-70% of the 
starting materials were converted giving anisole, methylani
soles, dimethylanisoles, phenol, cresols, and xylenols. The 
product compositions obtained (in mole percent) are given in 
Table I. The relative amounts of methylanisoles and cresols 
obtained in the rearrangement of anisole are given in Table
III. The isomeric compositions of obtained dimethylanisoles 
and xylenols are listed in Table IV. Equimolar mixtures of 
phenol, or an isomeric cresol with methyl alcohol, were passed

over Nafion-H catalyst using the same experimental condi
tions. Both 0 - and C-methylation occurred giving anisóles and 
higher ring methylated phenols and anisóles. Similar results 
were obtained from the reaction of anisole and methyl alcohol. 
The amount of products obtained, the relative amounts of 
methylanisoles and cresols, as well as the isomeric composi
tions of dimethylanisoles and xylenols are given in Tables II, 
III, and IV, respectively. Usually about 40-50% of the starting 
phenol was methylated. Methyl alcohol was hardly detected 
in the products.

When neat methyl alcohol was passed over Nafion-H cat
alyst at 190 °C with a contact time of 4 s, the liquid product 
obtained contained 19% methyl alcohol and 81% water (by rH 
NMR), while in a subsequent cold trap at —78 °C dimethyl 
ether was condensed in the corresponding amount. The gas
eous effluent contained only the carrier N2 gas. Dehydration 
of methyl alcohol to form dimethyl ether thus competes with 
the méthylation process. Indeed, small amounts of dissolved 
dimethyl ether could always be detected in the products ob
tained from the phenol-methyl alcohol reaction mixtures.

We also studied the activity of the catalyst as a consequence 
of onstream time. Figure 1 shows the product composition 
obtained as a function of onstream time in the reaction of 
anisole with methyl alcohol. After 3 h the catalytic activity was 
stabilized and did not change between 3 to 6 h of reaction 
time.

Table IV. Isomeric Dimethylanisoles and Xylenols Formed in Transméthylation and Méthylation Reactions

% xylenolsstarting
reactant(s) 2,3“

% dimethylanisoles
~2Âb 2̂ 5“ 2,6d 3,4e 2J? 2T* 2,5'* 2,6‘ 3,4t

anisole 6 76 6 6 6 4 41 2 51 2
o-methylanisole 10 76 4 10 6 44 5 . 45
m-methylanisole 24 34 42 28 42 30
p-methylanisole 87 13 94 6
phenol + methanol 100 55 45
anisole + methanol 7 83 3 tr 7 12 64 12 6 6
o-cresol + methanol 7 70 7 16 14 43 2 41
m-cresol + methanol 25 30 45 34 41 25
p-cresol + methanol 89 11 96 4

“ Registry no. 2944-49-2, b Registry no. 6738-23-4. c Registry no. 1706-11-2. d Registry no. 1004-66-6. e Registry no. 4685
Registry no. 526-75-0. * Registry no. 105-67-9. h Registry no. 95-87-4. 1Registry no. 576-26-1. J Registry no. 95-65-8.
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YIELD (*)

Figure 1. R e a c t i o n  o f  a n i s o l e  w i t h  m e t h y l  a l c o h o l  o v e r  N a f i o n - H .  

Y i e l d s  v s .  o n s t r e a m  t im e :  ( • )  a n i s o l e ;  ( ■ )  m e t h y l a n i s o l e s ;  ( A )  d i -  

m e t h y la n i s o l e s ;  ( O )  p h e n o l ;  ( □ )  c r e s o l s ;  ( a ) x y l e n o l s .

Discussion
As seen from the results in Tables I and II, under the ex

perimental conditions Nafion-H readily catalyzes both the 
rearrangement of anisoles and the methylation of phenols with 
methyl alcohol. Anisoles rearranged to an extent of 60-70% 
in the flow system. Phenol was methylated in 65% yield and 
cresols in 40-50% yield. The consumption of methyl alcohol 
was somewhat higher.

Methylation of phenols with methyl alcohol in the gas phase 
over solid catalysts is well known. Reports in the literature 
(including the patent literature) are numerous and thus only 
representative ones can be cited. Recently the selective ortho 
methylation of phenols was reported. Catalysts such as 
A120 3,10 T i02,u  Zn0-Fe20 3,12 ZnO-MO (M = Cu, Ba, Ca, Co, 
Mn, Mg, Ni),13 MgO alone,14 or mixed with oxides of Mn,14 
Cu,15 Sn,15 Bi,15 Pb,15 or Cr,15 as well many other oxides 
showed good to excellent selectivity toward ortho methylation. 
Temperatures employed were in the range of 250-400 °C and 
were typically around 350 °C. However, it is questionable 
whether acid catalysis is involved in these cases.12® Rear
rangement of anisole in the gas phase over alumina16 and ze
olite catalyst17 was also reported.

C- vs. O-Methylation. The intermediacy of anisole in the 
ring methylation of phenols is a question of still unresolved 
controversy. It was reported18 that alkoxybenzenes are in
termediates in the alkylation of phenols over alumina. Other 
authors,10® however, reported that over the same catalyst O- 
and C-alkylation are parallel reactions and suggested different 
mechanisms for each. Kotanigawa12® found anisole and its 
mixtures with methyl alcohol to be unreactive over ZnO-Fe-̂ Oa 
catalyst, thus excluding anisole as a possible C-alkylation 
intermediate. Using Nafion-H as the catalyst the situation is 
more complicated. Methylation of phenols always gives also 
significant amounts of the appropriate anisole. In the reaction 
of phenol and methyl alcohol 48% anisole and isomeric 
methylanisoles were obtained. Cresols and methyl alcohol 
gave ca. 30% anisoles. Further, anisole and methylanisoles 
were found to rearrange when passed over Nafion-H (Table
I).

We suggest that under the experimental conditions initial
O-methylation forming aryl methyl ether takes place followed 
by intermolecular O —>- C methyl transfer leading to ring 
methylated products. It is significant to point out that when 
anisole and methyl alcohol were passed over Nafion-H, only 
5% of the methyl alcohol methylated any aromatic compound.

Scheme I
OMe

I

OMe

With phenol 79% of the methyl alcohol was consumed in 
methylation and with cresols 40-55%. Thus, competition from 
the transmethylation by anisole minimized alkylation by 
methyl alcohol. The small amount of methyl alcohol used can 
be due to secondary O-methylation of the phenols formed and 
maybe to some direct C-methylation.

If O-methylation occurs first, the reaction of phenols (such 
as m-cresol) and methyl alcohol should give similar product 
composition (excluding unreacted starting material) as would 
be obtained from the intermolecular rearrangement of the 
appropriate anisole (i.e., m-methylanisole). In order to test 
this assumption we should consider, first, the suggested re
action paths. Transmethylation from anisoles is depicted in 
Scheme I. In the first step one molecule of methylanisole 
transmethylates another molecule of methylanisole giving 
cresol and dimethylanisole. The formed cresol can be further 
methylated by a second molecule of the starting anisole 
(present in large excess) to give the related xylenol and cresol. 
The dimethylanisole obtained in the first step can also 
methylate another molecule of the starting material to give 
xylenol and dimethylanisole. The other possibility, i.e., 
methylation of the dimethylanisole by methylanisole, is less 
likely as the former has better methylating ability. We assume 
only intermolecular transfer of O-methyl groups, as cresols 
were found hardly to isomerize or transfer ring methyl groups 
(vide infra) and the amount of ring isomerization of meth
ylanisoles is also negligible (Table I). Further, in preceding 
studies it was shown that methyl migration in phenyl alkyl 
oxonium ions is an exclusively intermolecular process.19

The reaction of cresol and methyl alcohol is schematically 
depicted in Scheme II. The first step is the fast formation of 
methylanisole, which then methyl transfers. The relative high 
amount of the appropriate methylanisole (no isomerization 
has appeared under the experimental conditions) present 
shows that methyl transfer is slower than its formation in the
O-methylation by methyl alcohol. Phenols formed by the 
transmethylation can be further O-methylated by methyl 
alcohol to give anisoles, which subsequently can continue the 
transmethylation process. The extent of the second 
transmethylation is limited due to the short contact time of 
the feed over the catalyst. In fact, the observed conversions 
of methyl alcohol were always higher than the conversion of 
the starting phenol, in accord with the suggested reaction 
path.

If the reaction mechanisms are those outlined in Schemes 
I and II, and the assumption is correct that O-methylation by 
methyl alcohol is faster than the subsequent O —* C 
transmethylation, then the combined fraction of xylenols and
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dimethylanisoles should be obtained in comparable yield and 
should have similar composition whether we start with a 
methylanisole (e.g., o-methylanisole) or a mixture of methyl 
alcohol and the appropriate cresol (o-cresol). One cannot, 
however, compare the composition of the dimethylanisoles 
or xylenols, as secondary O-methylation is possible only in the 
presence of methyl alcohol (the lack of C — 0  transmethyla
tion is shown by the absence of any detectable anisóles when 
a neat cresol was passed over Nafion-H catalyst). We conse
quently calculated the combined isomeric compositions of 
xylenols and dimethylanisoles. The results obtained, shown 
in Table V, support our assumption, o-Methylanisole gave 
26% of dimethylated ring products, while o-cresol and methyl 
alcohol gave these products in 24% yield. The isomeric com
positions are also very similar. Similar results were obtained 
for the meta and para methyl compounds too (Table V).

Dimethyl ether, which was formed in the dehydration of 
methyl alcohol over Nafion-H, is also a possible methylating 
agent. It was observed that dimethyl ether methylates benzene 
over Nafion-H20 and methylates phenol over alumina.21 We, 
however, did not establish whether dimethyl ether is involved 
in the present reaction as a reactant.

Isomerization and Transmethylation. Alkylbenzenes are 
known to isomerize and disproportionate (transalkylate) by 
acid catalysis.22 We have shown that Nafion-H catalyzes the 
isomerization and transalkylation of methyl,1 ethyl, propyl, 
and isopropylbenzenes.8 We expected a higher degree of 
isomerization and transmethylation from methylanisoles and 
methylphenols due to their high reactivity in electrophilic 
aromatic substitution. Methylbenzenes show higher reactivity 
both for electrophilic substitution and methyl transformations 
when the number of the methyl groups increases. However, 
this is not the case with the studied methylanisoles and phe
nols. Under the present experimental conditions ring methyl 
groups remain inert. Neither methyl transfer nor isomeriza
tion occurs to any significant extent. When o- and m-meth
ylanisoles were reacted over Nafion-H, or when o- or m-cresol 
were methylated with methyl alcohol over the same catalyst, 
ring methyl isomerization was limited to the extent of 0.5% 
or less. Disproportionation was also minimal, as seen from the 
minute amounts of anisóle and phenol formed, p -Cresol and 
p -methylanisole were an exception. They showed 3-4% 
isomerization and 8- 10% disproportionation (combined yield 
of phenol and anisóle). Ethylphenols showed similar behavior. 
p-Ethylphenol disproportionated in the gas phase over an 
aluminum fluoride-alumina catalyst twice as much as the 
other isomers.23 Under reducing conditions (Ni on alumina 
catalyst, H2 atmosphere) para-alkylphenols disproportionated

Table V. Isomer Composition of Ring Dimethylated 
Products Obtained in Méthylation Reactions

% ring dimethylated products 
________composition________

reactants 2,3 2,4 2,5 2,6 3,4

o-methylanisole 8 53 5 34
o-cresol + methanol 12 50 2 36
m -methylanisole 26 40 34
m-cresol + methanol 32 38 30
p -methylanisole 91 9
p-cresol + methanol 94 6

almost exclusively rather than hydrodealkylated, in contrast 
with other isomers.24 Enhancement of disproportionation of 
the para isomer was also reported for xylenes.1-26

We did not check the possibility of methyl transfer from 
dimethylanisoles and xylenols. It was shown26 in gas-phase 
reactions that the migratory ability of the ethyl group in 
ethylphenols decreased by the introduction of a methyl group 
into the ring. Thus, we do not anticipate dimethylanisoles and 
xylenols to show a higher tendency toward methyl transfer 
than is the case with cresols and methylanisoles. In addition, 
the dimethylated species obtained were always structurally 
related to the monomethyl precursors, indicating that 
méthylation is the sole process to take place. When di
methylanisoles were isomerized over silica-alumina,27 3,5- 
xylenol was always formed in sizable amounts. With excess 
of the stronger AICI3-HCI catalyst 3,5-xylenol was the major 
product (>90%) and probably the only isomer formed (if re
action was carried out to completion).28 Both 3,5-xylenol and
3,5-dimethylanisole were totally absent in the products of our 
experiments, showing that isomerization does not take 
place.

Isomeric Dimethylanisoles and Xylenols. Cresols or 
methylanisoles have two different functional groups, i.e., 
methyl and hydroxyl (methoxyl), which exert activating and 
directing effects on the aromatic ring. As already men
tioned10-15 many solid acid catalysts direct the alkylation 
selectively ortho to the hydroxyl group, regardless of other 
substituents. o-Cresol and 2,6-xylenol were obtained from 
phenol and methyl alcohol. Ortho substitution was also found 
to predominate in the méthylation of cresol. Thus, p-cresol 
and methyl alcohol gave over alumina 2,4-xylenol and
2,4,6-trimethylphenol29 and over MgO 2,4,6-trimethylphe- 
nol.30 m-Cresol and methyl alcohol gave 2,3,6-trimethylphenol 
over MgO30 or PBO-MgO15 while o-cresol gave 2,6-xylenol

Scheme II

O M e
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over alumina,10c MgO,30 or Pb0 -M n02-15 Nafion-H, on the 
other hand, did not show any special tendency toward ortho 
methylation and the isomer distributions reflect kinetic 
control, i.e., the activation of ring positions for methyl
ation.

Rearrangement of anisole or methylation of phenol by 
methyl alcohol showed (Table III) that methylation occurred 
at the ortho and para positions to the same extent (calculated 
for the sum of cresols and methylanisoles). The para position 
is thus preferred by a factor of 2. Meta methylated products 
comprised only 1% of this fraction. The observed regioselec- 
tivity thus is para > ortho »  meta.

A different reactivity pattern is observed when the starting 
material is a cresol or a methylanisole. The methyl and the 
hydroxyl (or methoxyl) group can either augment each others 
directing effect (for the m-methyl compounds) or oppose it 
(for the ortho and para isomers).

Starting with a m-methyl compound three out of the four 
available positions are activated toward methylation. The 5 
position being meta to both hydroxyl and methyl groups is not 
activated, and, indeed, 3,5-xylenol (or dimethylanisole) was 
not observed as product. Methylation of the 2,4, or 6 position 
leading to the 2,3-, 3,4-, or 2,5-dimethyl products occurs al
most to the same extent (Tables IV and V).

When the directing effects oppose each other, the effect of 
the methyl group is expected to be minor in comparison with 
that of a hydroxyl or methoxyl group, in view of the large 
difference of the a+ values of these substituents and the high 
p values characteristic of electrophilic aromatic substitution.31 
However, we found that with Nafion-H catalysis in the gas 
phase, the directing effects of the methyl groups are small, but 
not negligible. Starting with p -cresol or p-methylanisole we 
obtained 6-9% of the “ abnormal” 3,4-dimethyl product. Four 
xylenols and four dimethylanisoles were obtained from o- 
methylanisole or o-cresol, respectively (Table IV). The com
position of the isomeric dimethylanisoles is different from that 
of the isomeric xylenols. The reason may be the sluggishness 
of the ortho methylation of 2,6-xylenol by methyl alcohol due 
to the obvious steric hinderance by the two methyl groups in 
the 2 and 6 positions. When the xylenol and dimethylanisole 
fractions are combined (Table V) one can see that methylation 
directed by hydroxyl and methoxyl groups (2,4 and 2,6 iso
mers) comprises 86% of the dimethylated products, while the 
directing effect of the methyl group (2,3 and 2,5 isomers) ac
counts for 14% of the products. From these results it seems 
that hydroxyl (or methoxyl) groups are 10-15 times more ef
fective in directing the intermolecular 0  -*  C methyl transfer 
than a p-ethyl group and only 6 times more so than an o- 
methyl group. These ratios of the competing directing effects 
are surprisingly low, as usually no substitution directed by 
methyl group while being opposed by that of a hydroxyl group 
was found. An exception is the reported acetylation of 2,4- 
xylenol which gave 9% of the “ abnormal” 5-acetyl-2,4-di- 
methylphenol, but it probably involved 2,4-dimethylphenyl 
acetate as an intermediate which can account for this result.32 
But, in this case two methyl groups give a combined directing 
effect against the hydroxyl.

A possible reason for the diminished directing effect of the 
hydroxyl and methoxyl groups is the partial protonation (or 
strong protosolvation) of the oxygen atoms by the acidic sites 
of Nafion-H. This will weaken the ortho-para directing effect 
and will permit methylation at positions meta to the hydroxyl 
or methoxyl groups when these positions are activated by 
methyl groups. Phenols and anisoles were found to be ring 
protonated by superacids in the liquid phase,33 rather than
O-protonated. With somewhat weaker acids and at low tem
peratures, however, oxygen protonation also takes place, with 
both C- and O-protonated species being observed simulta
neously.

Conclusions
Products obtained in the Nafion-H catalyzed methylation 

of phenols with methyl alcohol or from the intermolecular 
rearrangement of anisoles are derived from substitution of all 
the activated positions. These results are quite different from 
those obtained with a wide range of solid catalysts which show 
high selectivity for ortho methylation. Kotanigawa studied 
the mechanism of phenol methylation over Zn0 -Fe20,3.12a He 
found that phenol is dissociated upon adsorbtion on the cat
alyst to give the phenoxide anion. Methyl alcohol is then ad
sorbed onto the proton to form an adsorbed methyl cation. 
This intermediate dictates the location of the methylating 
agent close to the ortho position explaining the selectivity in 
the reaction. Similar intermediates were suggested for the 
specific ortho alkylation in homogeneous solution catalyzed 
by aluminum phenoxide.34 Such a mechanism raises the 
question whether this reaction is catalyzed by basic sites12® 
or some sort of dual acid-base catalysis. Kotanigawa found12b 
that methylation of phenol by methyl alcohol over ZnO-FenOa 
is not the major reaction path. About 80% of the methyl al
cohol decomposed, giving H2, CH4, CO, and CO2 as products. 
Similar reactions were obtained by substituting ZnO with 
other metal oxides.13 The primary reaction is the dehydro
genation of methyl alcohol to give hydrogen and CO. Alkyla
tion with higher alcohols over ZnO-Fe^Oa was also accom
panied by dehydrogenation to give aldehydes or ketones.35 
The reaction of 2-propanol was studied over a zeolite cata
lyst.36 By selective poisoning, dehydration was found to be 
acid catalyzed, while dehydrogenation was base catalyzed. 
Thus, it seems that selective ortho alkylation is connected with 
the basicity of the catalyst, which is absent in the case of 
Nafion-H. We checked the reaction of methyl alcohol over 
Nafion-H for possible dehydrogenation. Only water and'di
methyl ether were formed. We were unable to detect any CO 
in the gaseous affluent. Higher alcohols were also found to only 
dehydrate, when passed over Nafion-H.7
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Heterogeneous Catalysis by Solid Superacids. 5.1 Methylation of Benzene 
and Methylbenzenes with Methyl Alcohol over a Perfluorinated 

Resinsulfonic Acid (Nafion-H) Catalyst
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N a f i o n - H , 4 a  p e r f l u o r i n a t e d  r e s i n s u l f o n i c  a c i d ,  c a t a l y z e s  t h e  g a s - p h a s e  m e t h y l a t i o n  o f  b e n z e n e  a n d  m e t h y l b e n 

z e n e s  w i t h  m e t h y l  a l c o h o l  u n d e r  r e l a t i v e l y  m i l d  e x p e r i m e n t a l  c o n d i t i o n s  ( 1 8 5  ° C  a n d  a t m o s p h e r i c  p r e s s u r e ) .  R e a c 

t i o n s  a r e  c l e a n ,  a n d  w a t e r  f o r m e d  a s  b y p r o d u c t  d o e s  n o t  d e a c t i v a t e  t h e  c a t a l y s t .  D i m e t h y l  e t h e r  i s  a l s o  f o r m e d  in  

t h e  c o m p e t i t i v e  d e h y d r a t i o n  o f  m e t h y l  a l c o h o l  w h e n  t h e  e x t e n t  o f  m e t h y l a t i o n  is  lo w . G e n e r a l l y ,  lo w  s u b s t r a t e  s e 

l e c t i v i t y  i s  o b s e r v e d ,  i n d i c a t i n g  t h a t  a  h i g h l y  e n e r g e t i c  m e t h y l a t i n g  s p e c i e s  i s  p a r t i c i p a t i n g  in  t h e  r e a c t i o n .  D i m e t h 

y l  e t h e r  w a s  a l s o  f o u n d  t o  b e  a n  e f f e c t i v e  m e t h y l a t i n g  a g e n t ,  b u t  w e a k e r  t h a n  m e t h y l  a lc o h o l .  T h e  c a t a l y t i c  a c t i v i t y  

w a s  f o u n d  t o  d r o p  q u i c k l y  w i t h  o n s t r e a m  t i m e  w h e n  u s i n g  d i m e t h y l  e t h e r ,  p r o b a b l y  d u e  t o  e s t e r i f i c a t i o n  o f  t h e  a c i d 

ic  s i t e s .  T h e  c a t a l y t i c  a c t i v i t y  c a n  b e ,  h o w e v e r ,  r e g e n e r a t e d  b y  s t e a m  t r e a t m e n t  o f  t h e  c a t a l y s t .  M e c h a n i s t i c  a s p e c t s  

o f  t h e  r e a c t i o n s  a r e  a l s o  d i s c u s s e d .

Nafion-H,4 a perfluorinated resinsulfonic acid, activated 
in its H form, was found to be an efficient alkylating catalyst 
for heterogeneous gas-phase reactions.5 Ethene and propene 
alkylate benzene to give ethylbenzene and cumene, respec
tively. Alkylations with ethyl and isopropyl alcohol are also 
catalyzed by Nafion-H. The observations that propylation of 
benzene with n-propyl alcohol gave only cumene as the al
kylation product and that the alcohols dehydrate to the cor
responding alkenes almost quantitatively when passed over 
Nafion-H raise the question whether the alcohols are merely 
precursors to the corresponding alkenes (or their protonated 
form, i.e., the corresponding carbénium ions). In the case of 
méthylations with methyl alcohol no alkene formation is 
possible, and under the experimental conditions carbene 
formation is improbable. The high energy of the methyl cation 
makes its formation in the reactions also questionable.

In recent work1 we found that gas-phase methylation of 
phenol and cresols with methyl alcohol over Nafion-H catalyst 
proceeds readily. The reaction involves fast initial O-meth- 
ylation of the phenol followed by intermolecular rearrange
ment to ring-methylated phenols. In continuation of our work, 
we would like to report that the methylation of less activated 
aromatic hydrocarbons, such as benzene and methylbenzenes, 
also takes place with methyl alcohol in the gas phase over 
Nafion-H as catalyst.

Experimental Section
T h e  c a t a l y t i c  r e a c t o r  a n d  t h e  e x p e r i m e n t a l  p r o c e d u r e s  w e r e  p r e 

v i o u s l y  d e s c r i b e d .50 D r y  n i t r o g e n  w a s  p a s s e d  a t  t h e  r a t e  o f  5 m L / m i n .  

T h e  l i q u i d  f e e d  r a t e  w a s  0.02 m L / m i n .  C o n t a c t  t i m e  o f  t h e  c a t a l y s t  

w i t h  t h e  g a s e o u s  f e e d  w a s  5-7 s .  T h e  t e m p e r a t u r e  w a s  k e p t  a t  185 ± 
2  ° C ,  e x c e p t  w h e n  t e m p e r a t u r e  e f f e c t s  w e r e  s t u d i e d .  A l l  c o m p o u n d s  

u s e d  w e r e  o f  c o m m e r c i a l ly  a v a i l a b l e  h ig h  p u r i t y ,  g e n e r a l l y  h ig h e r  t h a n  

9 9 .5 % . P r o d u c t s  w e r e  a n a l y z e d  b y  g a s  l i q u i d  c h r o m a t o g r a p h y  u s i n g  

a  P e r k i n - E l m e r  M o d e l  2 2 6  g a s  c h r o m a t o g r a p h ,  e q u ip p e d  w i t h  a  f l a m e  

i o n i z a t i o n  d e t e c t o r .  S e p a r a t i o n  w a s  o b t a i n e d  w i t h  a  150 f t  X 0.01 in . 

c a p i l l a r y  c o lu m n  c o a t e d  w i t h  m - b i s ( m - p h e n o x y p h e n o x y ) b e n z e n e  +  

A p i e z o n  L .  P e a k  a r e a s  w e r e  m e a s u r e d  w i t h  a n  e l e c t r o n i c  i n t e g r a t o r  

a n d  w e r e  c o r r e c t e d  f o r  d i f f e r e n c e s  in  d e t e c t o r  s e n s i t i v i t y .  T h e  a c c u 

r a c y  o f  t h e  d e t e r m i n a t i o n  o f  t h e  p r o d u c t  c o m p o s i t i o n s  is  c o n s id e r e d ,  

b a s e d  o n  c o m p a r i s o n  w i t h  m i x t u r e s  o f  k n o w n  c o m p o s i t i o n ,  a s  

±0.5%.

Results
Benzene, toluene, and the three isomeric xylenes were 

methylated with methyl alcohol over Nafion-H catalyst. Po- 
lymethylation hardly occurred in the case of reaction of ben-

Nafion-H
ArH + CHsOH ArCH3 + H20

185  ° C

zene and toluene. The increased reactivity of xylenes and 
trimethylbenzenes toward methylation is reflected in the

0022-3263/78/1943-3147$01.00/0 © 1978 American Chemical Society
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Table I. Products of Méthylation of Benzene, Toluene, and Xylenes with Methyl Alcohol over Nafion-H Catalyst

aromatic
substrate“

registry
no. benzene toluene

dimethylbenzene 
1,2 1,3 1,4

trimethylbenzene tetramethylbenzene
IÂ 31 1Â4? ÏÂ5® 1,2,3,4'* 1,2,3,5‘ 1,2,4,51

benzene6 95.9 4.1
benzene“ 95.5 4.5
benzened 71-43-2 99.0 1.0
toluene6 108-88-3 90.8 4.5 1.6
toluene 0.2 89.3 4.7 1.7
o-xylene 95-47-6 1.0 57.2 6.2 0.3
m-xylene 108-38-3 0.6 1.1 68.2
p-xylene 106-42-3 3.4 1.3 2.5

2.5 0.2 0.4
2.3 0.4 0.8
7.6 17.9 0.8 2.5 3.5 3.0
2.5 2.8 14.4 2.3 4.1 4.0

59.5 0.8 18.0 1.1 0.7 5.3 7.4

“ Methanobaromatic = 1:2 unless otherwise stated. 6 Methanobaromatic = 1:5. c Methanobaromatic = 1:1. d Methanobaromatic 
= 5:1. e Registry no. 526-73-8.1 Registry no. 95-63-6. 8 Registry no. 108-67-8. h Registry no. 488-23-3. ‘ Registry no. 527-53-7.1 Registry 
no. 95-93-2.

Table II. Méthylation of Toluene with Methyl Alcohol 
over Nafion-H Catalyst at Different Temperatures
temp, °C % xylene yield %o:m:p ratio

145 0.82 56:18:26
155 2.21 56:18:26
171 6.26 55:17:28
185 11.7 53:18:29
209 14.3 32:29:39

appearance of tri- and tetramethylbenzenes, respectively, in 
the products. The product compositions obtained at 185 °C 
are summarized in Table I. The reaction of toluene with 
methyl alcohol was studied at several temperatures. The re
sults are given in Table II.

Dimethyl ether was also studied as a methylating agent with 
Nafion-H catalysis. When a mixture of dimethyl ether and 
benzene (molar ratio 1:2.7) was passed over the catalyst at 185 
°C, a 1.2% yield of toluene was obtained during the first 30 min 
of onstream time. The reactivity of the catalyst thereafter 
quickly diminished and after 90 min only traces of toluene 
were observed. No alkylating activity was found after 120 min. 
Steam was then passed through the catalyst at 185 °C for 1 
h and the reaction continued. Catalytic reactivity was found 
to be regenerated to its initial value. The use of moist benzene 
(saturated with water) slowed the deactivation of the catalyst 
considerably.

Several competitive méthylations of aromatics with methyl 
alcohol were also conducted. Benzene with an isomeric xylene 
and methyl alcohol (in 1:1:1 molar ratio) gave the products 
listed in Table III. The isomeric composition of the tri- and 
tetramethylbenzenes obtained is similar, but not identical 
with those observed in the noncompetitive méthylation of 
xylenes. The reason is probably that secondary processes, 
especially isomerization, are more suppressed in the compe
tition experiments with benzene present (vide infra). Results

of competitive méthylation of phenol and benzene, aromatics 
of significantly different reactivity, and competitive alkylation 
of toluene with methyl and ethyl alcohol are also listed in 
Table III.

Discussion
The results summarized show that méthylation of benzene 

and methylbenzenes with methyl alcohol is readily accom
plished over Nafion-H catalyst in the gas phase. The yields 
differ markedly and depend upon the aromatic compound 
being methylated. Méthylation is enhanced going from ben
zene to toluene to xylenes. An equimolar mixture of benzene 
and methyl alcohol gave 4% of toluene at 185 °C. The use of 
a fivefold excess of benzene hardly changed the toluene/ 
benzene ratio in the products, but the conversion of methyl 
alcohol increased to 23%. From the daca in Table II, activation 
energy for the Nafion-H catalyzed méthylation of toluene can 
be calculated as 28 kcal mol, assuming that the rate constants 
are proportional to the xylene yield, as at low conversions 
secondary processes are negligible, and using these values in 
the Arrhenius equation.

Methylbenzenes gave a higher utilization of methyl alcohol 
in their méthylation than is the case with benzene. With a 2:1 
molar toluene to methyl alcohol ratio 21% of the latter was 
used in the méthylation process. Venuto et al.,6 using a rare 
earth exchanged zeolite X  catalyst, obtained, with a molar feed 
composition of benzene:methyl alcohol of 3:1, a 17.3% con
version to toluene, based on methyl alcohol, at 200 °C. Yash- 
ima et al.7 found about 18% methyl alcohol conversion over 
the H form of a zeolite Y catalyst at 185 °C. Ni- and Co-ex- 
changed catalysts were as effective as the H form, while Ce- 
and La-exchanged catalysts were ca. 50% more active. It is 
apparent that Nafion-H due to its enhanced acidity is com
parable or somewhat superior to zeolite type catalysts. The 
special geometric arrangement of the zeolite catalysts in
creases markedly their catalytic activity. The lack of three- 
dimensional lattice in Nafion-H is compensated by its high

Table III. Competitive Alkylation Experiments over Nafion-H Catalyst_______

__________________ % product composition
tetra-

trimethyl- methyl-
reagents ethyl ben- ben- dimethyl-

arenes alcohols ratio toluene xylenes toluenes zenes“ zenes“ cresols phenols

o-xylene + benzene methyl 1:1:1 14.7 59.7 25.6
m-xylene + benzene methyl 1:1:1 17.6 54.4 28.0
p-xylene + benzene methyl 1:1:1 15.0 61.5 23.5
phenol + benzene methyl 2:6:1 2.3 75.26 22.5“
toluene methyl + ethyl 4:1:1 20.3 79.7d

0 Isomeric composition similar to that obtained with xylenes alone. 6 Isomer ratio o:m:p = 47:10:43. c Isomer composition: 2,3 7%,
2,4 27%, 2,5 20%, 2,6 32%, 3,4 7%, 3,5 7%. d Isomer ratio o:m:p = 39:36:25.
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acidity. Xylenes are methylated more easily than toluene. 
m-Xylene under similar conditions to toluene gave 43% 
methyl alcohol conversion, while the ortho and para isomers 
gave 86 and 84% conversions, respectively.

As discussed, an activation energy of 28 kcal/mol was esti
mated for the methylation of toluene. As the same composi
tion of xylenes was obtained in the temperature range of 
145-185 °C, they seem to be formed in the methylation pro
cess and do not undergo further isomerization. Indeed, xylenes 
were found to isomerize and transfer methyl groups only to 
a limited extent when reacted over Nafion-H at 193 °C.8 Their 
isomerizing ability increased at higher temperatures and more 
prolonged contact time. At 209 °C, methylation of toluene 
gave a xylene fraction much richer in the meta isomer indi
cating substantial isomerization of the formed xylenes.8-9 The 
overall yield at 209 °C is, however, lower than that expected 
from extrapolation and data obtained at lower temperatures. 
This may be due to the increasing thermal instability of 
Nafion-H above 200 °C reducing its activity.

Methylation of toluene under the regular reaction condi
tions gave an isomeric xylene composition of about 54% o-, 
19% m-, and 27% p-xylene. The high ortho-para ratio of 2 is 
characteristic of an electrophilic substitution with a reactive 
alkylating agent. Such cases are usually accompanied by low 
substrate selectivity, generally measured by the toluene/ 
benzene rate ratio.10-11 Since the competitive methylation of 
toluene and benzene could be followed only with the use of 
labeled compounds, instead, in the present study we carried 
out the competitive methylation of an equimolar mixture of 
benzene and an isomeric xylene. According to the data in 
Table III, m-xylene is 4.7 times more reactive in methylation 
than benzene, and the corresponding value for the other iso
meric xylenes is 5.6. We did not consider toluene formation 
by transmethylation of benzene with xylene, as this reaction 
is insignificant under the reaction conditions.5 Methyl transfer 
from trimethylbenzenes is more significant, but such a process 
can occur only after methylation and the limited contact time 
of the reagents over the catalyst in the flow system will mini
mize this process.

Another way to estimate the reactivity of the different 
methylbenzenes is to compare the methyl alcohol conversion 
under the same conditions. From the values of Table I, toluene 
seems to be 2.5 times more reactive than benzene, while xy
lenes react 5-10 times faster. The differences found between 
the results obtained from comparative conversions and 
competitive methylations may be due to competing dehy
dration of methyl alcohol and to some differences in the sur
face activity of the catalytic resin. Such changes are known 
to change the reactivities in solid acid catalysis.12

The lack of regioselectivity and of steric restraints of the 
methylating agent is again seen in the methylation products 
of xylenes. Analysis of the products in this case is more com
plex. The enhanced reactivity of trimethylbenzenes toward 
methylation gives tetramethylbenzenes in considerable yield. 
In addition, isomerization of higher methylbenzenes is not 
insignificant, although the much slower transmethylation is 
still negligible.8 The trimethylbenzene composition gives a 
fair estimate of the positional selectivity in xylenes. Methyl
ation of p-xylene should, of course, give only one product, i.e., 
pseudocumene. In fact this isomer was observed as 90% of the 
trimethylbenzene fraction, showing that the secondary 
isomerization process is only of limited importance (10%). 
Methylation of o-xylene gives a trimethylbenzene fraction 
comprised of 29% hemimellitene, 68% pseudocumene, and 3% 
mesitylene. The high amount of 1,2,3-isomer again reflects the 
lack of steric hinderance toward methylation o: the activated 
ortho position. Due to possible isomerization the initial 
amount of this isomer is probably higher, as being the least 
stable isomer9 it isomerizes faster than the other trimethyl-

benzenes.8 Indeed, in competitive methylation where indi
vidual compounds experience shorter contact times, a some
what higher (37%) amount of hemimellitene was found.

All three possible isomeric trimethylbenzenes were found 
in the methylation of m-xylene, including 12% mesitylene. 
This amount is much higher than those obtained from sec
ondary isomerization of trimethylbenzenes in the course of 
the methylation of other xylenes. Direct methylation of the 
5 position meta to both methyl groups may be questionable, 
but formation of 1,3,5-trialkylbenzene from the 1,3-dialkyl 
precursor has precedents in transmethylation13 and trans- 
ethylation6-14 reactions. The high amount of hemimellitene 
obtained shows lack of steric hinderance even in a position 
ortho to two methyl groups.

The methylating agent clearly has electrophilic character. 
However, it is not considered to be a free methyl cation, an 
unfavorable, highly energetic species, but a polarized methyl 
alcohol entity which methylates the aromatic rings. We 
suggest that methyl alcohol is preferentially adsorbed on the 
acidic sites of Nafion-H. Its high polarization occurs upon 
adsorption. The partially positively charged methyl group 
then reacts with an aromatic hydrocarbon absorbed on an 
adjacent site. Desorption of the products, water and the 
methylated arene, completes the reaction.

It is further reasonable to assume that methyl alcohol, being 
a stronger nucleophile than benzene or toluene, will be more 
easily adsorbed. In addition, we found that the same per
centage of benzene was methylated with methyl alcohol when 
their mole ratio was 5:1 or 1:1. The same observation was made 
with toluene (5:1 and 2:1 molar ratios). Higher excess of the 
aromatics causes a proportional increase in acidic sites con
taining adsorbed arene (which represents, however, only a 
small fraction of all the sites) adjacent to sites with adsorbed 
methyl alcohol, the essential condition for the methylation 
process. The higher yields in the methylation of toluene are 
the result of the higher susceptibility of toluene toward 
methylation and not of increased adsorption. Once a toluene 
molecule is adsorbed on a site adjacent to one containing an 
adsorbed methyl alcohol molecule, the chance of methylation 
to take place is higher in comparison with an adsorbed ben
zene molecule, m-Xylene, which has a much higher basicity 
than all the other compounds investigated, does compete ef
ficiently with methyl alcohol for adsorption. As a result less 
methyl alcohol is adsorbed. The decrease in the amount of 
available methylating agent is reflected in the lower yields of 
methylation of m-xylene in comparison with other xylenes. 
This suggested reaction path is, however, speculative and 
detailed kinetic studies15 would be required in order to verify 
it.

When methyl alcohol is in excess to benzene, the toluene 
yield drops appreciably. Polarized methyl alcohol molecules 
adsorbed on the catalyst can also readily methylate a second 
molecule of methyl alcohol. Dimethyl ether and water are the 
products of this reaction, which always take place to some 
extent. As a result, less toluene and more dimethyl ether are 
formed. The dehydration of methyl alcohol probably involves 
an electrophilic attack of the partially positively charged 
methyl group, rather than the nucleophilic attack of meth- 
oxide ion on a second molecule of methyl alcohol, as suggested 
for the dehydration of alcohols over alumina.16 The latter 
mechanism requires the existence of both acidic and basic sites 
on the catalysis which is not the case with Nafion-H. The 
perfluorinated ether oxygen atoms seem to lack significant 
nucleophilicity.

Dimethyl ether itself is a known methylating agent. Using 
methyl alcohol and benzene over alumina17 dehydration to 
dimethyl ether took place first, followed by methylation of 
benzene by the ether. With Nafion-H catalysis dimethyl ether 
was found to be an inferior methylating agent relative to
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methyl alcohol, thus ruling out the intermediacy of the former 
in methylation reactions with methyl alcohol. Apart from its 
reduced methylating ability, dimethyl ether deactivates the 
catalyst by esterifying the sulfonic acid groups of Nafion-H, 
thus reducing its acidity. Water vapor hydrolyzes the ester and 
regenerates the catalytic activity. Using moist benzene and 
dimethyl ether, the deactivation was slowed down appreciably, 
but the low concentration of water due to its limited solubility 
did not supress the esterification completely. When methyl 
alcohol is the methylating agent, water formed in the meth
ylation process as the by-product is present in high enough 
concentration to prevent esterification.

Methyl alcohol and phenol, as reported, react smoothly over 
Nafion-H to give a mixture of anisoles and methylphenols.1 
Competitive methylation between phenol and benzene 
showed methylation of phenol to be preferred by a factor of 
ca. 250. Comparison of the yields in noncompetitive direct 
methylation of phenol and benzene gives a reactivity ratio of
15-20. Gas-phase ethylation of phenol and benzene with 
ethene using a rare earth exchanged zeolite X  catalyst gave 
a selectivity value of 7 in favor of phenol.18 Homogeneous 
gas-phase teri-butylation showed phenol to be only 4-5 times 
more active than toluene.19 The tenfold difference in the se
lectivity obtained in the present work compared with the lit
erature values indicates a marked difference in the adsorption 
over Nafion-H in the competition experiment. The presence 
of phenol prevents adsorption of benzene as they compete for 
the same sites. Similar phenomenon in liquid phase catalysis 
was reported.12b

We also found ethyl alcohol to be a better alkylating agent 
than methyl alcohol. An equimolar mixture of these alcohols 
reacted with toluene gave four times more ethyltoluenes than 
xylenes. As these alcohols do not differ much in the basicity, 
we assume simlar adsorption ability for both on Nafion-H. 
The higher amounts of ethyltoluenes formed are due to the 
easier formation of the ethylating agent (ethyl cation or pro- 
tonated ethyl alcohol) than the methylating species, i.e., easier 
polarization of the alcohol upon adsorption.
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Functionalization of Polystyrene. 1. Alkylation with Substituted 
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The alkylation of several macroreticular type polystyrenes with substituted benzyl chloride (2a-e, 4c, 5, and 7b) 
and benzyl alcohol compounds (4a and 7a) was investigated under various reaction conditions in order to obtain 
functionalized polymers. In parallel, the alkylation of toluene as a model compound was studied. It was found that 
the alkylation depends on the following factors: (1) catalyst concentration—higher than 0.18 M concentrations of 
AICI3 in nitrobenzene are enough to secure high conversion yields; (2) the molar ratio between catalyst and alkylat
ing agent, which is dependent on the metal-binding ability of the substituents on the alkylating compound. With 
weak ligands, such as phenols, only catalytic amounts of catalysts were used. With strong ligands, hydroxy carbon
yls, amines, and hydroxyamines, excess over equimolar amounts had to be applied. With benzyl alcohol derivatives, 
equimolar ratios were applied to convert the alcohol into the chloride. Of the polymers studied, XE-305, a 4% divin- 
ylbenzene-styrene copolymer, could be functionalized under controlled conditions to any desired degree of func
tionality, by the right choice of the ratio polymer-alkylating agent-catalyst. Exhaustive alkylations were achieved 
by an impregnation method which employed high local concentration under the reaction conditions. Highly cross- 
linked polymers, XAD-2 and XAD-4, were harder to alkylate, and only a limited degree of functionalization was 
achieved.

Introduction
Insoluble polymers are drawing attention in all fields of 

research where recycle of reagent, catalyst, or ligand is es
sential and where facile separation between reactants and 
products is required. Major advances in applying polymeric 
reagents have been made in peptide synthesis,1 organic syn
thesis,2-3’4 catalysis,5 and metal ion coordination.6"8 Generally, 
success relied on the right choice of both functional group and 
polymeric matrix.

Polystyrene, because of its commercial availability in gel, 
macroreticular,9 expanded,10 or isoporous11 form, is the 
polymer of choice for most applications. However, the number 
of synthetic reactions used in the functionalization of this 
polymer is restricted to chlorosulfonation, chlorométhylation, 
halogénation, acylation, lithiation, nitration, and a few oth
ers.12 Recently, we have shown that highly efficient acyl- 
transfer agents for peptide synthesis could be prepared by 
alkylation of polystyrene with chloromethylaryl compounds.
4-Hydroxy-3-nitrobenzylated polystyrene (2b)13 and poly
styrene-bound 1-hydroxybenztriazole14 are now routinely 
used in this department; 4-hydroxy-3-nitrobenzylated poly
styrene and poly(triphenylmethyllithium) prepared by this 
method were used in various interpolymeric reactions.15-17

In this paper we have made a systematic study of the al
kylation of polystyrene and of a model compound, toluene, 
under a variety of reaction conditions, with the intention of 
learning about the factors which might allow the facile prep
aration of desired functionalized polystyrenes.

Results and Discussion
The alkylation18 of polystyrene of the macroreticular type, 

XE-305, with chloromethylaryl derivatives (2) was investi
gated in nitrobenzene (N) using aluminum chloride (A) as 
catalyst (see Scheme I).

First the generation of the benzylcarbonium ions derived 
from several chloromethylphenol derivatives (2b-e) and 5- 
chloromethyl-8-hydroxyquinoline (5) was investigated using 
three catalysts, aluminum chloride, boron trifluoride, and zinc 
chloride, as 1 M solutions in nitrobenzene at 25 °C. The ratio 
of the benzylic hydrogens assigned to the benzylcarbonium 
ions at 4.0-4.3 ppm and benzylic hydrogens assigned to 
starting materials at 4.6-5.25 ppm was measured in the re
action mixture after 24 h (see Table I); this ratio served to 
determine the degree of formation of carbonium ions.

n ( 1 9 9 - 3 9 f i 3 / 7 R / 1 0 4 3 - 3 1 5 1  S O I . 0 0 / 0

Scheme I. Alkylation of Polystyrene with Substituted 
Benzyl Chloride and Benzyl Alcohol Compounds
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The reaction mixture was then poured on concentrated 
HC1, to regenerate the starting halide, and again the ratio of 
the benzylic hydrogens assigned to the self-alkylation prod
ucts (having same chemical shift as the benzyl carbonium ion 
signals) and the starting material was measured. This ratio 
gives the degree of self-alkylation and oligomerization reac
tions (see Table I). In the case of 2-acetyl-4-chloromethyl- 
phenol (2d) and 4-chloromethyl-2-formylphenol (2e), poly
meric products precipitated out of solution, and the degree 
of self-alkylation could not be measured.

®) 1978 American Chemical Society
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compd

2b

Table I. Control Experiments for Autoalkylation and Polymerization

reaction mixture“____________
intensity

conditions
ArCH2Cl, Catalyst

ppm (1 M)

h o — CÌÌ2C1 

n o ,

4.60

5.25

4.90

4.60

4.65

AlCls

AlCla
BF3

ZnCl2

AlCla
b f 3
ZnCl2

AlCla
BF3

ZnCl2
AlCla
BF3

ZnCl2

intensity
ratio

ArCH2+ 
carbonium ion

HO— +

NO-

NO,

COCH„

HO— — CH +

HCO

H0~ O > —CĤ

trCH2+, ArCH2Cl / temp, time, product“
ppm6 ArCH2+ °C h

4.2 0.1 25 24 starting compound

4.3 0.1 25 24 starting compound
4.5 0 70 24 90% self-alkylated

product
0 starting compound

4.3 0.1
4.3 0.05 70 24 starting compound
4.3 0.2

>100 25 24 insoluble polymer
3.98 2.4 70 24 50% self-alkylated

product (no 
reaction at 25 °C)

4 >100 70 24 100% condensation d
100 25 24 insoluble polymer

4.0 0.5 70 24 40% self-alkylated
(no reaction at 25 
°C)

4.0 1.43 70 24 70% self-alkylated
(no reaction at 25 
°C)

“ 24 h at 25 °C in nitrobenzene. b The carbonium ions are characterized by a broad absorption band of 30-60 Hz. c Condensation 
products have the same chemical shifts as carbonium ions. d Condensation products are soluble in reaction media.

Table II. Alkylation of Toluene“
ArCHaCl, ArCHgCe^CHg ArCH2Ar ArCH2Cl

compd ppm catalyst6 ppm % yield ppm % yield unreacted
2b 4.6 AlCla 4.2 100 4.2 0 0
5 5.25 AICI3 4.3 90 4.3 0 10

BF3 40 0 60
ZnCl2 0 0 100

2c 4.90 AICI3 4.3 100 4.3 0 0
BF3 20 0 80
ZnCl2 75 0 25

2d 4.6 AICI3 4.0 85 4.0 15 0
BF3 70 10 10
ZnCl2 80 20 0

2e 4.65 AlCla 4.0 90 4.0 10 0
BF3 90 10 0
ZnCl2 80 20 0

1 1 M concentration of all the components in nitrobenzene. 6 AlCla, 24 h at 25 °(>, b f 3and ZnCl2, 24 h at 70 °c.

Examining Table I it is clear that 4-chloromethyl-2-nitro- 
phenol (2b), 5-chloromethyl-8-hydroxyquinoline (5), and 
2-acetyl-4-chloromethyl-6-nitrophenol (2c) are perfectly 
stable, but form, with aluminum chloride as catalyst, sufficient 
amount of reactive carbonium ions. 2-Acetyl-4-chlorometh- 
ylphenol (2d) and 4-chloromethyl-2-formylphenol (2e) are 
turned completely into the corresponding carbonium ions in 
the presence of aluminum chloride and produce unwanted side 
products. However, their activity can be moderated by the use 
of boron trifluoride or zinc chloride.

Next, the alkylation of toluene, representing a polystyrene 
analogue, was studied with compounds 2b, 2c, 2d, 2e, and 5 
in nitrobenzene (see Table II) containing 1 M concentration 
of aluminum chloride, boron trifluoride, or zinc chloride.

Aluminum chloride was found to be an effective catalyst 
with all the phenols studied, and quantitative alkylations were 
achieved at 25 °C. For the other two catalysts 70 °C was 
needed for efficient conversions. From the percent of un
reacted chloromethyl compound, the order of reactivity of the 
various chloromethylphenols is as follows: 4-chloromethyl- 
2-formylphenol > 2-acetyl-4-chloromethylphenol > 4-chlo- 
romethyl-2-nitrophenol > 2-acetyl-4-chloromethyl-6-nitro- 
phenol > 5-chloromethyl-8-hydroxyquinoline.

The amount of self-alkylation products, determined by the 
ratio of the intensities of the C H 3  to CH2 protons in the NMR 
spectra, before and after workup (see Experimental Section), 
is low. Only in the case of 2d and 2e were 10-20% amounts 
detected independent of the catalyst used.
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__________ product____________
%

ArCH2 incorporation conversion“ 6 
mmol/g of ArCt^Cl

Table III. Alkylation of XE-305g with 4-Chloromethylnitrobenzene

ArCH2Cl,
mmol

A/N,
mL6

N,
mLc

temp,
°C

time,
h

wt,
g mmol6

polymer
e f

1
ArCH2- 0 D.F. obsd

5 10 0 70 72 2.61 4.47 1.71 1.67 89.6 0.23 all solvent absorbed
8 10 0 70 72 2.98 7.26 2.42 2.28 90.1 0.38 all solvent absorbed

16 10 0 70 72 3.77 13.00 3.4 3.08 81.3 0.6 all solvent absorbed
3 30 0 70 72 2.31 2.30 1.0 76.0 0.12
8 30 0 70 72 2.87 6.40 2.23 80.0 0.33
8 1 9 70 72 2.83 6.10 2.15 1.9 76.2 0.32 all solvent absorbed
8 1 19 70 72 2.28 2.05 0.90 1.04 25.6 0.11
8 1 29 70 72 2.10 0.73 0.35 0.49 9.1 0.04
8 1 39 70 72 2.00 0 0 0 0 0

16 30 0 70 72 3.41 10.36 3.04 2.55 64.7 0.54
8 1 9 70 24 2.60 4.41 1.69 2.68 55.1 0.23 g

0 2 g of XE-305. b A/N = 1.8 M aluminum chloride in nitrobenzene.c N = nitrobenzene. d Equivalent weight of XE-305 = 104 (uncorr). 
6 By weight increase, f From nitrogen analysis. g Impregnation, method B.

@

|a rC H2 C 1J in Nitrobenzene

Figure l. Percent conversion dependency on 4-chloromethylnitro- 
benzene concentration in 1.8  M ÀICI3 in nitrobenzene.

The alkylation18 of macroreticular polystyrene XE-30519’20 
was investigated under various reaction conditions, with 
substituted benzyl halides of the following types: (I) not in
corporating any metal-chelating ligands (2a, 2f, 7b); (II) in
corporating only weak metal-chelating ligand, such as phenolic 
OH groups (2b); and (III) incorporating strong metal-che
lating ligands such as carbonyl (2c, 2d, and 2e) or amine (4c 
and 5).

Although preparative alkylations (see Experimental Sec
tion) were carried out successfully even at 25 °C for shorter 
periods, comparative alkylations were conducted mostly at 
60-70 °C for 72 h for the purpose of obtaining comparative 
results of conversion degrees at equilibrium conditions.

Alkylation with Nonchelating Ligands. 4-Chlo- 
romethylnitrobenzene seemed an appropriate model to study 
the dependency of product formation on both substrate and 
catalyst concentration, since this compound forms a stable 
carbonium ion, free from side reactions or ion association ef
fects throughout the range of concentration studied.

The dependence of A rC ^C l conversion to ArCH2 (P) (©  
representing the polystyrene matrix, Ar the substituted aryl 
moiety) on A rC ^C l concentration is shown in Figure 1. With 
0.18-1.8 M aluminum chloride the conversion factor is inde
pendent of the ArCH2Cl concentration. The same degree of 
conversion is achieved throughout the range of 0.1-1.8 M 
ArCH2Cl concentration. In <0.18 M aluminum chloride so
lutions, the conversion is directly proportional to the catalyst 
concentration (Figure 2), implying that for maximum con
versions higher than 0.18 M concentration of catalyst must 
be used.

Alkylation with Weak Metal-Chelating Ligands. Sim
ilarly to 4-chloromethylnitrobenzene (2a), which needs only

Xo

Figure 2. Percent conversion dependency of 4-chloromethylnitro
benzene on AICI3 concentration.

©
x*o
<

0CM
Xc_>
<
1 £ 
> c oo
5? 0.5 1.0 1.5 2.0

[a i c i 3 ]

[A rC H jC l]

Figure 3. Percent conversion dependency on the ratio AICI3/ 
ArCHaCl.

a catalytic amount of aluminum chloride, 4-chloromethylni- 
trophenol (2b) and 4-chloromethyl-2-nitrochlorobenzene (7b) 
complex with aluminum chloride very weakly and require only 
a catalytic amount of aluminum chloride (see Table IV).

The conversion factor (see Figure 3) for 2a and 2b is prac
tically independent of the ratio AlCls/ArC^Cl and this is 
expected for other monovalent-type ligands as 7b.

The Alkylation with Strong Metal-Chelating Ligands. 
Type III substrates, incorporating strong metal-chelating li
gands as hydroxy or carbonyl (2c, 2d, or 2e, see Table V) or 
amine (4a, 4b, or 5, see Table VI) bind an equivalent amount 
of AICI3 by chelation, and therefore reduce the effective cat
alyst concentration, leading to lower conversion figures. As 
demonstrated in Figure 3, 4-chloromethylnitrobenzene (2a)
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Table IV. Alkylation of XE-305 with Weak Metal-Chelating Ligands“

% conversion
ArCH2 incorporation ArCH2Cl

A1C13, N, wt, mmol/g of polymer I
compd________ mmol mmol mL_____g mmolb b________c_______ArCH2-®  D.F.______ notes

H« - p )

NO,

CH..C1

2b

7b

“ 2 g of XE-305 at 70

1.54 1.8 10 2.23 1.51 0 .6 8 0.7 98.05 0.08
2 .1 0 1.8 10 2.30 1.97 0.85 0.9 93.8 0 .1 0
4.20 0.72 10 2.47 3.09 1.25 1.1 73.5 0.16
4.20 1 .8 10 2.53 3.48 1.38 1.17 83.1 0.18
4.20 3.6 10 2.58 3.81 1.49 1.27 90.7 0 .2 0
4.20 1.8 10 2.55 3.60 1.42 1.33 85.9 0.19
8.4 1.8 10 3.14 7.50 2.39 2.14 89.3 0.39

12 .6 1.8 10 3.60 10.5 2.92 2.70 83.3 0.55
12 .6 1.8 10 2.06 0.39 0.19 0.23 3.1 0 .0 2
20 .0 10 .8 10 4.80 18.42 3.85 3.2 92.1 0.965

4 1.8 10 2.15 0 .8 8 0.41 0.25d 22 .0 0.05
4 3.6 10 2.36 2 .11 0.89 0.81d 52.7 0 .11
4 5.8 10 2.60 3.52 1.36 1.33d 8 8 .0 0.18
4 9.0 10 2.60 3.52 1.36 1.32d 88 .0 0.18
2 3.6 10 2.36 2 .11 0.90 0.67d 105.5 0 .11
4 7.2 10 2.70 4.10 1.53 1.33d 102.5 0 .21
6 10 .8 10 2.96 5.63 1.90 1.70d 94.7 0.29
8 14.4 10 3.26 7.39 2.28 2.18d 93.8 0.39
6 14.4 10 3.00 5.9 1.97 1.77d 98.3 0.31

20 1.6 13.4 4.23 13.08 3.09 65.4 0 .6 8

°C for 72 h. b By weight increase. c By %N analysis. d By %C1 analysis.

at 25 °C 
after procedure 

B

Table V. Alkylation of XE-305 with Strong Metal-Chelating Ligands0

%
ArCH-2 incorporation conversion d

compd mmol
A/N,*

mL
N,c
mL

temp,
°C

time,
h

wt,
g mmold

mmol/g of 
polymer 
d e

ArCH2Cl
1

ArCH2~© D.F.
Oxime
mmol/g notes

2c 10 8 12 25 24 2.5 2.57 1.03 25.7 0.13
13 12 8 60 48 3.2 6.18 1.93 47.5 0.32
20 12 0 60 72 3.7 8.76 2.37 43.8 0.46 1.07
7 1 9 70 72 3.3 6.70 2.03 1.36 95.6 0.35 16 mL SnCh
8 1 9 70 72 3.6 8.25 2.29 1.67 100 0.43 0.5 mL SnCl4
8 0 5 70 72 3.2 6.18 1.93 1.59 77.2 0.32 0.5 mL SnCL

B method
2d 20 0.03 10 60 72 2.1 0.67 0.32 3.3 0.03

10 7.5 92.5 60 24 2.4 2 .6 8 1 .12 1.15 26.8 0.14 ArCH2Cl added
dropwise for 24 h

8.6 6 0 25 72 2.62 4.16 1.59 48.3 0 .2 2 1.32
8 5 0 70 24 2.4 2 .6 8 1 .12 33.5 0.14 1.01 B method

2e 8 6 0 70 3 2.9 6 .6 6 2.30 83.2 0.34 1.56 B method
“ 2 g of polymer. 6 1.8 M aluminum chloride in nitrobenzene. c Nitrobenzene. d From weight increase. e From nitrogen analysis.

and 4-chloromethyl-2-nitrophenol (2b) [type I substrates] 
bind to XE-305 independently of the AICI3 to ArCH2Cl ratio. 
2-Acetyl-4-chloromethyl-6-nitrophenol (2c) is strongly de
pendent on this ratio. High conversion of type III ligands are 
obtained only when an equivalent amount of a strong com- 
plexing agent, such as SnCl4, is added and the A1C13 is then 
able to catalyze. The fact that conversion yields are even lower 
at AlCl3/ArCH2 ratios of higher than unity is due to the 
deactivation of the partially-substituted polymer by the 
complexation of its functional hydroxycarbonyl groups with 
the excess aluminum chloride (see Tables V and VI).

The Alkylation with Benzyl Alcohols. In the alkylations 
with 4-chloro-3-nitrobenzyl alcohol (7a) and 3-picolyl alcohol 
(4a) (see Table VI) aluminum chloride is consumed to convert 
the alcohol to the chloride, and a linear relationship is ob

tained (see Figure 3). For 7a, a ratio of AlCl3/ArCH2OH = 1.5 
is required to obtain the ordinary conversion factors (>80%) 
for monovalent ligands 2a and 2b, in comparison to 4- 
chloro-3-nitrobenzyl chloride (7b) where a ratio of A1C13/  
ArCH2Cl = 0.18 is enough (see Table IV). Practically, benzyl 
alcohol compounds can be used for alkylation, but excess A1C13 
is to be supplied.

Alkylation of Other Polymers. Besides low cross-linked 
XE-305 polymer and 2% divinylbenzene-styrene copolymer,13 
highly cross-linked polystyrenes of the polymeric adsorbant 
type, XAD -2  and XAD-4,21 were alkylated (see Table VII). 
Figure 4 shows distinctly the effect of high cross-linkage on 
polymer reactivity. Whereas macroreticular XE-305 (con
taining approximately 4% divinylbenzene) and gel-type 2% 
divinylbenzene copolymer alkylate to high conversions
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Table VI. Alkylation of XE-305 with Nitrogen Ligands“

%
conversion*

compd mmol
A/N,
mL

N,
mL

temp,
°C

time,
h

wt,
g

ArCH2 incorporation
mmol/g of polymer 

mmol'* d e

ArCH2Cl
1

ArCH2- 0 D.F. notes
1 1 0 70 48 2 .1 0.52 0.25 0.17 51 0.03
2 2 0 70 48 2.15 0.77 0.36 0.49 38.5 0.04
4 4 0 70 48 2.4 2 .11 0 .8 8 0.96 52.7 0 .1 1

h c in Q ) 6 6 0 70 48 2.5 2.57 1.03 1.08 42.8 0.13
6 6 0 70 72 3.1 5.65 1.82 1.28 94.2 0.30 B method

5

HC1N̂ ^

8 5 20 25 72 2 .8 4.11 1.47 51.3 0 .2 2

11 30 0 80 72 2 .6 4.70 1.80 42.7 0.24 /
C H ,0 H

4 a

— C H .O H 22 30 0 80 72 2 .0 0 0 0 f

4b

“ 2 g of XE-305. 6 1.8 M aluminum chloride in nitrobenzene. c Nitrobenzene. d From weight increase. * From nitrogen analysis.

Table VII. Alkylations of Various Macroreticular Polymers with 4-Chloromethyl-2-nitrophenol (2b)“

%
c o n v e r s i o n  d

©
2b,

m m o l

A/N, 6
m L

N,
m L

t e m p ,

° C

t i m e ,

h
w t ,

g

A r C H 2  i n c o r p o r a t i o n

m m o l / g  o f  p o l y m e r  

m m o l d d e

A r C H 2C l

i

A r C H 2- 0 D.F.

XAD-2 2 1 11 65 48 2.18 1.18 0.54 0.41 59 0.06
4 1 11 65 48 2.18 1.18 0.54 0.48 29.5 0.06
8 1 11 65 48 2.25 1.64 0.73 0.48 20.5 0.09

20 1 11 65 48 2.30 1.97 0 .8 6 0.53 9.8 0 .1 0
XAD-4 2 1 11 65 48 2.18 1.18 0.54 0.69 59 0.06

4 1 11 65 48 2 .2 2 1.44 0.65 0 .8 8 36 0.08
8 1 11 65 48 2.26 1.71 0.75 0.92 21.4 0 .1 0

XE-305 2.1 1 10 70 72 2.30 1.97 0.85 0.9 93.8 0 .1 0
4.2 1 10 70 72 2.53 3.49 1.38 1.17 83.1 0.18
8.4 1 10 70 72 3.14 7.50 2.39 2.14 89.3 0.39

“ 2 g of polymer. 6 1.8 M aluminum chloride in nitrobenzene. c Nitrobenzene. d From weight increase. e From nitrogen analysis.

(80-90%) independently of the AlCl2/ArCH2Cl ratio at AICI3 
concentration of higher than 0.18 M, the highly cross-linked 
XAD-2 and XAD-4, containing apparently 25-40% of divin- 
ylbenzene,21 are linearly dependent on this ratio.

Finally, out of the two experimental methods applied, the 
impregnation method usually offered higher conversion de
grees and yields. This is simply because of the high local 
concentration of both aryl chloride and catalyst achieved 
under reaction conditions. However, special proximity effects 
were observed and are under further investigation.

In conclusion, we have shown that polystyrene may be 
functionalized by alkylation under typical Friedel-Crafts 
conditions with a variety of substituted halomethyl- or hy- 
droxymethylphenol derivatives. The alkylation may be carried 
out under controlled conditions to yield various functional 
polymers containing calculated and varying concentrations 
of functional groups. But under exhaustive conditions, using 
a stoichiometric excess of alkylating compound and under 
high local concentrations (impregnation method B), high 
binding of up to 4 mmol of functional group per gram of 
polymer are obtained.

Experimental Section
Polymers. A m b e r l i t e s  X E - 3 0 5 ,  X A D - 1 ,  X A D - 2 ,  a n d  X A D - 4  w e r e  

o b t a i n e d  b y  c o u r t e s y  o f  R o h m  a n d  H a a s ,  U . S . A .  T h e  p o l y m e r s  w e r e  

w a s h e d  w i t h  1  N  H C 1 ,  H 20 , 1 N  N a O H ,  D M F ,  m e t h a n o l ,  a n d  f i n a l l y  

w i t h  e t h e r ,  t h e n  d r i e d  a t  8 0  ° C  f o r  2 4  h . N o  n i t r o g e n  o r  c h lo r in e  c o u ld  

b e  d e t e c t e d  in  p o l y m e r  s a m p l e s  a f t e r  t h i s  w a s h i n g  p r o c e d u r e .

__l_____________ I-----------------------1—
0.5 1.0 1.5

0 [ a 1 c i3]
[A rC H 2C I]

Figure 4. A l k y l a t i o n  o f  v a r i o u s  p o l y m e r s  w i t h  4 - c h l o r o m e t h y l - 2 -  

n i t r o p h e n o l .

Substituted 4-chloromethylphenols: 4 - n i t r o b e n z y l  c h lo r i d e  

( P u r i s )  (2a), F l u k a ,  m p  7 1 - 7 2 . 5  ° C ;  4 - c h l o r o m e t h y l - 2 - n i t r o p h e n o l 22 

(2b), m p  7 2 - 7 4  ° C ;  2 - a c e t y l - 4 - c h l o r o m e t h y l - 6 - n i t r o p h e n o l  (2c), m p  

1 4 2 - 1 4 4  ° C ;  2 - a c e t y l - 4 - c h l o r o m e t h y l p h e n o l 22  (2d), m p  7 3 - 7 5  ° C ;

4 - c h l o r o m e t h y l - 2 - f o r m y l p h e n o l 22  (2e), m p  8 4 - 8 5  ° C ;  3 - p i c o l y l  c h l o 

r i d e  h y d r o c h l o r i d e  (4c), A l d r i c h ,  m p  1 4 7 - 1 5 0  ° C ;  4 - p i c o l y l  c h lo r i d e  

h y d r o c h l o r i d e  (4d), A l d r i c h ,  m p  1 6 0 - 1 6 3  ° C ;  5 - c h l o r o m e t h y l - 8 -  

h y d r o x y q u i n o l i n e  h y d r o c h l o r i d e 2 3  ( 5 ) ,  m p  2 2 5  ° C  d e c ;  4 - c h l o r o - 3 -  

n i t r o b e n z y l  a l c o h o l  (7a), 9 8 % , A l d r i c h ,  m p  6 2 - 6 4  ° C .

Aluminum Chloride in Nitrobenzene (1.8 M) (A /N  Solution). 
A l u m i n u m  c h lo r i d e  ( 2 4 3  g )  f r o m  a  f r e s h l y  o p e n e d  a m p u l e  w a s  d i s 
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s o l v e d  in  1  L  o f  n i t r o b e n z e n e  ( A . R .  g r a d e )  w h i c h  w a s  s t a n d i n g  o v e r  

c a lc iu m  c h lo r id e  in  a n  E r l e n m e y e r  f l a s k  f i t t e d  w i t h  a  c a lc iu m  c h lo r id e  

d r y i n g  t u b e .
2-Acetyl-4-chloromethyl-6-nitrophenol (2c). (A) Nitric Acid 

Solution A. N i t r i c  a c id  ( 6 5 % , 3 .2  m L )  w a s  a d d e d  d r o p w is e  t o  6 .4 0  m L  

o f  a c e t i c  a n h y d r i d e  s t i r r e d  m a g n e t i c a l l y  a n d  c o o le d  t o  0 - 4  ° C .

(B) T h e  n i t r i c  a c i d  s o l u t i o n  A  w a s  a d d e d  d r o p w i s e  d u r i n g  1  h  t o  a  

s o l u t i o n  o f  6  g  o f  2 - a c e t y l - 4 - c h l o r o m e t h y l p h e n o l  a n d  6  m L  o f  a c e t i c  

a n h y d r i d e  in  2 0  m L  o f  c h lo r o f o r m ,  c o o le d  t o  0 - 4  ° C .  T h e  r e a c t i o n  

m i x t u r e  w a s  l e f t  t o  s t a n d  f o r  1  h  a n d  t h e  y e l lo w  c r y s t a l l i n e  p r o d u c t  

w a s  f i l t e r e d  a n d  w a s h e d  w i t h  h e x a n e .  T h e  f i n a l  p r o d u c t  i s  c o l o r l e s s ,  

w e ig h in g  7 .2  g : m p  1 4 2 - 1 4 4  ° C ;  N M R  ( C D C I 3 ) <5 8 .2 8  (d , 1  H ) ,  8 . 1 2  (d ,

1  H ) ,  4 . 6 1  ( s ,  2  H ) ,  2 . 7 5  ( s ,  3  H ) .  A n a l .  C a l c d  f o r  C 9H 8N O 4 C I : N ,  6 . 1 0 ;  

C l ,  1 5 . 4 6 .  F o u n d :  N ,  6 .3 0 ;  C l ,  1 5 . 1 7 .

Control Experiments and Catalyst Selection (Table I). 4- 
C h l o r o m e t h y l - 2 - f o r m y l p h e n o l  (2e), 2 - a c e t y l - 4 - c h l o r o m e t h y l p h e n o l  

(2d), 2 - a c e t y l - 4 - c h l o r o m e t h y l - 6 - n i t r o p h e n o l  (2c), a n d  5 - c h l o r o -  

m e t h y l - 8 - h y d r o x y q u i n o l i n e  ( 5 )  ( 5  m m o l  o f  e a c h )  w e r e  p la c e d  in  5  m L  

o f  1  M  s o l u t i o n s  o f  a l u m i n u m  c h lo r i d e ,  b o r o n  t r i f l u o r i d e ,  a n d  z in c  

c h lo r id e  in  n i t r o b e n z e n e  f o r  2 4  h  a t  2 5  a n d  7 0  ° C .  N M R  s p e c t r a  o f  2c, 
2d, 2e, a n d  5  in  n i t r o b e n z e n e ,  a s  w e l l  a s  o f  t h e  r e a c t i o n  m i x t u r e s  a f t e r  

2 4  h , w e r e  t a k e n .  T h e  r e a c t io n  s a m p l e s  w e r e  p o u r e d  o n  1 0  m L  o f  3 2 %  

H C 1 ,  e x t r a c t e d  w i t h  2  X  2 5  m L  o f  C H C I 3 , a n d  d r i e d  o v e r  N a 2 SC>4 , a n d  

t h e  C H C I 3  w a s  r e m o v e d  b y  e v a p o r a t i o n  u n d e r  v a c u u m . N M R  s p e c t r a  

o f  t h e  s a m p le s  w e r e  t a k e n  a g a i n  in  t h e  n i t r o b e n z e n e  s o lv e n t .  T h e  r a t io  

b e t w e e n  t h e  c a r b o n i u m  io n  a n d  c o n d e n s a t i o n  p r o d u c t  w a s  t h e n  c a l 

c u l a t e d  f r o m  t h e  c o r r e s p o n d i n g  N M R  s i g n a l s .

Alkylation of Toluene in Nitrobenzene with 2b, 2c, 2d, 2e, and 
5  (Table II). S o lu t i o n s  o f  t h e  c o m p o u n d s  2b, 2c, 2d, 2e, a n d  5  ( 1  M )  

in  n i t r o b e n z e n e  c o n t a i n i n g  e q u i m o l a r  a m o u n t s  o f  t o l u e n e  w e r e  p r e 

p a r e d .  N M R  s p e c t r a  o f  t h e s e  s o l u t i o n s  w e r e  t a k e n  t o  a s s u r e  a  C H 3/  

C H 2  r a t i o  o f  3 :2 .  E q u i m o l a r  a m o u n t s  o f  c a t a l y s t  w e r e  a d d e d  a n d  t h e  

r e a c t i o n  w a s  a l l o w e d  t o  p r o c e e d  a t  2 5  ( w i t h  A I C I 3  a s  c a t a l y s t )  o r  7 0  

° C  ( B F 3 , Z n C l 2 ) f o r  2 4  h . T h e  r e a c t i o n  m i x t u r e s  w e r e  p o u r e d  o n  3 2 %  

H C 1 ,  e x t r a c t e d  w i t h  2  X  2 5  m L  o f  C H C 1 3 , d r i e d  o v e r  N a 2 S 0 4 , a n d  

f i l t e r e d ,  a n d  t h e  C H C I 3 a n d  a n y  e x c e s s  t o l u e n e  w e r e  r e m o v e d  b y  

d i s t i l l a t i o n  u n d e r  v a c u u m .  T h e  N M R  s p e c t r u m  o f  t h e  r e m a i n i n g  n i 

t r o b e n z e n e  s o l u t i o n  w a s  t a k e n .  T h e  r a t i o  o f  t h e  a l k y l a t i o n  p r o d u c t  

t o  t h e  s e l f - c o n d e n s a t i o n  p r o d u c t s  w a s  c a l c u l a t e d  f r o m  t h e  e q u a 

t io n s :

Y ^ ^ x l O O
3 r CH2

2
IC Ha -  -  fc H 3 

Y c p  = ----------— ----------- x  1 0 0
* CH2

w h e r e  Y A p  =  y i e l d  o f  a l k y l a t i o n  p r o d u c t  o n  t o l u e n e ,  Y e p  =  y i e l d  o f  

s e l f - c o n d e n s a t i o n  p r o d u c t s ,  7 c h 3 =  C H 3  s i g n a l  i n t e n s i t y ,  a n d  I c h 2 =  

C H 2 s i g n a l  i n t e n s i t y .

The Alkylation of 4-Chloromethylphenol Compounds. General 
Procedure A (Tables III—VII). D r y  X E - 3 0 5  ( 2  g )  w a s  a d d e d  t o  a  

m e a s u r e d  v o lu m e  o f  1 . 8  M  a l u m i n u m  c h lo r i d e  in  n i t r o b e n z e n e  ( A / N  

s o l u t i o n )  in  a  E r l e n m e y e r  f l a s k  w i t h  a  C a C l 2 d r y i n g  t u b e .  W h e n  n e c 

e s s a r y ,  n i t r o b e n z e n e  w a s  a d d e d  t o  d i lu t e  t h e  c a t a l y s t  c o n c e n t r a t i o n .  

A f t e r  t h e  a d d i t io n  o f  t h e  a l k y l a t i n g  c o m p o u n d , w h ic h  d i s s o lv e d  r e a d i ly  

in  t h i s  r e a c t i o n  m i x t u r e ,  t h e  r e a c t i o n  w a s  a l l o w e d  t o  p r o c e e d  in  a  

t e m p e r a t u r e - c o n t r o l le d  o i l  b a t h  w i t h o u t  s t i r r in g  f o r  t h e  s p e c i f ie d  t im e .  
T h e  m i x t u r e  w a s  t h e n  p o u r e d  o n  m e t h a n o l ,  f i l t e r e d ,  a n d  w a s h e d  

t h o r o u g h l y  w i t h  h o t  C H 3 O H / H C I  ( 1 : 1 ) ,  a n d  t h e n  w i t h  C H 3 O H , 

C H C I 3 , a n d  f i n a l l y  w i t h  e t h e r .  I t  w a s  t h e n  d r i e d  a t  6 0 - 8 0  ° C  f o r  2 4  h  

a n d  w e i g h e d .  A  s a m p l e  w a s  s u b m i t t e d  f o r  e l e m e n t a r y  a n a l y s i s .  T h i s  

w a s h in g  p r o c e d u r e  w a s  t e s t e d  o n  b l a n k  s a m p l e s  c o n t a in in g  p o l y m e r ,  

a r y l  c h lo r i d e  c o m p o u n d ,  a n d  n i t r o b e n z e n e ,  o r  p o l y m e r ,  A I C I 3 , a n d  

n i t r o b e n z e n e ,  a n d  r e p r o d u c b i l i t y  w a s  fo u n d  t o  b e  s a t i s f a c t o r y  ( ± 1 % ). 

I n  c o m p a r i s o n ,  n i t r o g e n  o r  c h lo r i n e  a n a l y s i s  s h o w e d  r e p r o d u c i b i l i t y  

o f  n o t  b e t t e r  t h a n  ± 3 % ,  d u e  t o  t h e  d i f f i c u l t y  o f  w e i g h i n g  a c c u r a t e l y  

e l e c t r o s t a t i c a l l y  c h a r g e d  f i n e l y  c r u s h e d  p o l y m e r  p a r t i c l e s .

General Procedure B (Impregnation Method) (Tables III— 
VII). T h e  4 - c h l o r o m e t h y l p h e n o l  c o m p o u n d  w a s  d i s s o l v e d  in  5  m L  

o f  C H C 1 3  a n d  2  g  o f  d r y  X E - 3 0 5  w a s  a d d e d .  T h e  m i x t u r e  w a s  a l lo w e d  

t o  s t a n d  u n t i l  a l l  t h e  s o l v e n t  w a s  s w a l l o w e d  b y  t h e  p o l y m e r ,  u s u a l l y  

0 .5  h . T h e  e x c e s s  s o l v e n t  w a s  t h e n  e v a p o r a t e d  u n d e r  v a c u u m  a t  4 0 - 5 0  

° C .  I f  t h e  s o l u b i l i t y  o f  t h e  4 - c h l o r o m e t h y l p h e n o l  c o m p o u n d  in  C H C 1 3 

w a s  lo w , a s  in  t h e  c a s e  o f  5 - c h l o r o m e t h y l - 8 - h y d r o x y q u i n o l i n e ,  a  f r e s h

5 - m L  s o l u t i o n  w a s  a d d e d  a n d  t h i s  p r o c e d u r e  r e p e a t e d  u n t i l  t h e  d e 

s i r e d  a m o u n t  w a s  i n t r o d u c e d  i n t o  t h e  p o l y m e r .  T h e  im p r e g n a t e d  

p o ly m e r  w a s  n o w  r e a c t e d  in  A / N  s o lu t io n  a n d  w o r k e d  u p  a s  d e s c r ib e d  

in  p r o c e d u r e  A .

Preparative Alkylations of XE-305. 4-Hydroxy-3-nitroben-

zylated Polystyrene (3b) (after Procedure A). X E - 3 0 5  ( 7 0  g )  a n d  

4 2  g  ( 2 2 0  m m o l)  o f  4 - c h l o r o m e t h y l - 2 - n i t r o p h e n o l  w e r e  a d d e d  t o  3 0 0  

m L  o f  n i t r o b e n z e n e ,  f o l l o w e d  b y  2 0  m L  o f  1 . 8  M  a l u m i n u m  c h lo r i d e  

in  n i t r o b e n z e n e  s o lu t io n .  T h e  m i x t u r e  k e p t  w i t h o u t  s t i r r i n g  a t  6 5 - 7 0  

° C  f o r  4 8  h , w i t h  e x c l u s i o n  o f  m o i s t u r e .  T h e  p o l y m e r  w o r k e d  u p  a s  

d e s c r i b e d  in  p r o c e d u r e  A  t o  y i e l d  1 0 4  g  o f  p r o d u c t ,  r e p r e s e n t i n g  2 . 1 5  

m m o l  o f  n i t r o p h e n o l  g r o u p s  p e r  g r a m  o f  p o l y m e r ,  o r  a  f u n c t i o n a l i 

z a t i o n  d e g r e e  ( D .F . )  o f  0 . 3 3 . 24  T h e  a c e t a t e  d e r i v a t i v e  w a s  p r e p a r e d  

a n d  t i t r a t e d  w i t h  0 . 1  N  b e n z y la m in e , 26 y i e l d i n g  2 . 2  m m o l/ g  o f  C H 3C O  

g r o u p s .
4-Hydroxy-3-nitrobenzylated Polystyrene (3b) (after Pro

cedure B). X E - 3 0 5  ( 1 0  g )  w a s  a d d e d  t o  5 0  m L  o f  a  s o l u t i o n  o f  1 8 . 7  g  

( 1 0 0  m m o l)  o f  4 - e h lo r o m e t h y l - 2 - n i t r o p h e n o l  in  5 0  m L  o f  C H 2C I 2 . T h e  

m i x t u r e  w a s  a l l o w e d  t o  s t a n d  f o r  3 0  m i n  t o  a l l o w  m a x i m u m  s w e l l i n g  

o f  t h e  p o l y m e r  a n d  t h e n  t h e  s o l v e n t  w a s  e v a p o r a t e d  s lo w l y .  C H 2 C I 2 

( 5 0  m L )  w a s  a d d e d  a n d  t h i s  p r o c e d u r e  r e p e a t e d  u n t i l  a l l  t h e  4 - c h lo -  

r o m e t h y l - 2 - n i t r o p h e n o l  w a s  a b s o r b e d  b y  * h e  p o l y m e r .  A f t e r  d r y i n g  

a t  5 0  ° C  u n d e r  h ig h  v a c u u m  f o r  1 8  h , 3 0  m L  o f  1 . 8  M  a l u m i n u m  

c h lo r i d e  in  n i t r o b e n z e n e  w a s  a d d e d  w i t h  s w i r l i n g  a n d  s h a k i n g  o f  t h e  

v e s s e l .  T h e  p o l y m e r  b e a d s  w e r e  w e t t e d  h o m o g e n e o u s l y ,  b u t  a l l  t h e  

c a t a l y s t  s o l u t i o n  w a s  c o m p l e t e l y  a d s o r b e d  b y  t h e  p o l y m e r .  T h e  r e 

a c t i o n  w a s  a l lo w e d  t o  p r o c e e d  in  t h i s  d r y  s t a t e  f o r  4 8  h  a t  6 5 - 7 0  ° C  a n d  

w o r k e d  u p  a s  d e s c r i b e d  in  p r o c e d u r e  A  t o  y i e l d  2 4  g  o f  p r o d u c t  r e p 

r e s e n t i n g  3 .8  m m o l  o f  n i t r o p h e n o l  g r o u p s  p e r  g r a m  o f  p o l y m e r  ( D . F .  

=  0 .9 6 ) .  T h e  a c e t a t e  d e r i v a t i v e  w a s  p r e p a r e d  a n d  t i t r a t e d  w i t h  b e n 

z y l a m i n e ,  y i e l d i n g  3 .6  m m o l/ g  o f  C O C H 3 g r o u p s .

4-Chloro-3-nitrobenzylated Polystyrene (8) (after Procedure
A) . X E - 3 0 5  ( 1 0  g )  w a s  r e a c t e d  w i t h  1 0  g  ( 5 3  m m o l)  o f  4 - c h l o r o - 3 -  

n i t r o b e n z y l  a l c o h o l  in  5 0  m L  o f  n i t r o b e n z e n e  c o n t a i n i n g  1 0  g  ( 7 6  

m m o l)  o f  a l u m i n u m  c h lo r i d e  f o r  3  d a y s  a t  7 0  ° C .  T h e  p o l y m e r  w a s  

i s o l a t e d  a s  d e s c r i b e d  in  p r o c e d u r e  A :  1 4 . 3  g  o f  c o lo r le s s  p o l y m e r  ( 1 . 7 7  

m m o l  o f  c h lo r o n i t r o b e n z e n e  g r o u p s  p e r  g r a m  o f  p o l y m e r )  b y  w e i g h t  

( D . F .  =  0 .2 6 )  a n d  1 . 6 9  m m o l/ g  b y  n i t r o g e n  a n a l y s i s .  T h e  h y d r a z i d e  

w a s  p r e p a r e d  b y  r e f l u x  w i t h  N 2 H 4 in  d i g ly m e ,  y i e l d i n g  1 . 4  m m o l/ g  o f  

- N H 2 N H 2  g r o u p s  a c c o r d i n g  t o  % N  a n a l y s i s .

4-Chloro-3-nitrobenzylated Polystyrene (8) (after Procedure
B) .26 X E - 3 0 5  ( 1 8  g )  w a s  i m p r e g n a t e d  w i t h  3 7  g  ( 1 8 0  m m o l)  o f  4 -  

c h lo r o - 3 - n i t r o b e n z y l  c h lo r id e  a n d  t h e n  r e a c t e d  a t  7 0  ° C  f o r  3  d a y s  in  

a  s o lu t io n  o f  2  g  ( 1 5 . 3  m m o l)  o f  A I C I 3  in  12 C  m o l  o f  n i t r o b e n z e n e .  T h e  

p o l y m e r  w a s  i s o l a t e d  a s  d e s c r i b e d  in  p r o c e d u r e  A :  3 8 . 1  g  o f  p r o d u c t  

( 3 . 1  m m o l/ g )  ( D .F .  =  0 .6 8 ) . T h e  h y d r a z i d e  d e r i v a t i v e  w a s  p r e p a r e d ,  

y i e l d i n g  2 . 8  m m o l/ g  o f  N 2 H 4 b y  n i t r o g e n  a n a l y s i s .

3-Acetyl-4-hydroxy-5-nitrobenzylated Polystyrene (3c) (after 
Procedure A). X E - 3 0 5  ( 1 0  g )  w a s  r e a c t e d  w i t h  2 0  g  ( 8 7  m m o l)  o f  

2 - a c e t y l - 4 - c h l o r o m e t h y l - 6 - n i t r o p h e n o l  a n d  1 4  g  ( 1 0 5  m m o l)  o f  a l u 

m i n u m  c h lo r i d e  in  1 0 0  m L  o f  n i t r o b e n z e n e  a t  6 0  ° C  f o r  2  d a y s ,  a c 

c o r d i n g  t o  p r o c e d u r e  A :  1 6  g  o f  p r o d u c t ,  c o n t a i n i n g  1 . 9 4  m m o l / g  o f  

h y d r o x y  g r o u p s  ( D .F .  =  0 .3 2 ) .  T h e  p r o d u c t  h a s  ( 2  m g / 1 0 0  m g  o f  K B r )  

a  b r o a d  a b s o r p t i o n  a t  3 6 0 0  ( O H  b o n d e d )  a n d  a t  1 6 6 0  c m - 1  ( C O ) .  T h e  

o x i m e  w a s  p r e p a r e d  ( s e e  o x im e  p r e p a r a t i o n s )  a n d  c o n t a i n s  1 . 4 7  

m m o l/ g  o f  k e t o x i m e  g r o u p s  b y  % N  a n a l y s i s ,  s h o w in g  a  c a p a c i t y  o f  0 .3  

m m o l  o f  C u 2+  p e r  g r a m  o f  p o l y m e r  a t  p H  4 : I R  (2  m g / 1 0 0  m g  o f  K B r )  

1 6 2 0  c m - 1  ( C = N ) .

3-Acetyl-4-hydroxybenzylated Polystyrene (3d) (after Pro
cedure B). X E - 3 0 5  ( 2 0  g )  w a s  im p r e g n a t e d  w i t h  1 5 . 8  g  ( 8 6  m m o l)  o f  

2 - a c e t y l - 4 - c h l o r o m e t h y l p h e n o l  a n d  r e a c t e d  a t  2 5  ° C  f o r  3  d a y s  in  6 0  

m L  o f  1 . 8  M  a l u m i n u m  c h lo r i d e  in  n i t r o b e n z e n e  a c c o r d i n g  t o  p r o c e 

d u r e  B  t o  y i e l d  2 6 .2  g  o f  p r o d u c t  3d, c o n t a in in g  1 . 6  m m o l/ g  o f  h y d r o x y  

g r o u p s  ( D .F .  =  0 .2 2 ) .  T h e  p r o d u c t  h a s  t h e  f o l lo w in g  a d s o r p t i o n  in  t h e  

I R  ( 2  m g / 1 0 0  m g  o f  K B r ) :  3 6 1 0  ( O H , b o n d e d ) ,  1 6 5 0  c m “ 1  ( C O ) .

T h e  o x im e  w a s  p r e p a r e d  a s  u s u a l ,  y i e l d i n g  1 . 3 2  m m o l/ g  o f  k e t o x im e  

g r o u p s  b y  % N  a n a l y s i s ,  s h o w i n g  a  c a p a c i t y  o f  0 .0 8  m m o l  o f  C u 2+  p e r  
g r a m  o f  p o l y m e r  a t  p H  9.

3-Formyl-4-hydroxybenzylated Polystyrene (2e) (after Pro
cedure B). X E - 3 0 5  ( 2 0  g )  w a s  i m p r e g n a t e d  w i t h  1 4  g  ( 8 2  m m o l)  o f

4 - c h l o r o m e t h y l s a l i c y l a l d e h y d e  a n d  r e a c t e d  in  6 0  m L  o f  1 . 8  M  a l u 

m i n u m  c h lo r id e  in  n i t r o b e n z e n e ,  a c c o r d in g  t o  p r o c e d u r e  B ,  f o r  3  d a y s  

a t  7 0  ° C  t o  y i e l d  2 9  g  o f  p r o d u c t ,  c o n t a i n i n g  2 .3  m m o l/ g  o f  h y d r o x y l  

g r o u p s  ( D .F .  =  0 .3 5 ) .  T h e  p r o d u c t  h a s  t h e  f o l l o w i n g  a b s o r p t i o n s  in  

t h e  I R  ( 2  m g / 1 0 0  m g  o f  K B r ) :  3 6 0 0  ( O H  b o n d e d ) ,  1 6 7 0  c m “ 1 

( H C = 0 ) .

T h e  o x i m e  w a s  p r e p a r e d  a s  u s u a l ,  c o n t a i n i n g  1 . 6  m m o l/ g  o f  a l -  

d o x i m e  g r o u p s  b y  % N  a n a l y s i s .  T h e  o x i m e  h a s  a  c a p a c i t y  o f  0 . 1 9  

m m o l/ g  f o r  C u 2+  a t  p H  9.

Oximation Procedure. T h e  p o l y m e r  s a m p l e s  3c, 3d, a n d  3e ( 1 0  

g )  w e r e  r e f l u x e d  i n  5 0  m L  o f  a  s o l u t i o n  o f  1  M  N H 2 O H - H C l  +  1  N  

N E t 3 in  m e t h a n o l  f o r  2 0  h . T h e  p o l y m e r s  w e r e  f i l t e r e d ,  w a s h e d  w i t h  

m e t h a n o l ,  w a t e r ,  a n d  m e t h a n o l ,  a n d  d r i e d  a t  6 0 - 8 0  ° C  f o r  2 0  h .

Metal Complexation Experiments. T h e  p o l y m e r i c  o x i m e s  d e 

r i v e d  f r o m  3c, 3d, 3e a n d  p o l y m e r  6  ( 1 0  g )  w e r e  s w o l l e n  in  1 0 0  m L  o f
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C H 2C I 2 , f i l t e r e d ,  w a s h e d  w i t h  C H 3O H  t o  r e p l a c e  t h e  C H 2C 1 2 t h e n  w i t h  

H 20  t o  r e p l a c e  t h e  C H 3 O H , a n d  t h e n  p la c e d  in  1 . 0 - c m  d i a m e t e r  c o l 

u m n s .  C u S 0 4 s o l u t i o n s  ( 1 0 0  m L  o f  0 . 1  N )  a d j u s t e d  w i t h  1  N  H 2 S O 4 

t o  p H  4  o r  w i t h  N H 4O H  t o  p H  9  w e r e  p a s s e d  a t  a  1  m L / m i n  r a t e ,  a n d  

t h e n  f o l l o w e d  b y  p H  4  w a t e r .  T h e  e f f l u e n t s  w e r e  c o m b i n e d  a n d  a n a 

ly z e d . T h e  p o l y m e r  w a s  e l u t e d  u s in g  3  N  H 2S O 4 , a n d  t h i s  s o lu t io n  w a s  

a n a l y z e d  a l s o .  G o o d  a g r e e m e n t  w a s  o b t a i n e d  f o r  r e s u l t s  b y  b o t h  

m e t h o d s ;  C u 2+  w a s  d e t e r m i n e d  u s i n g  a  V a r i a n  A - 1 0 0 0  a t o m i c  a b 

s o r p t i o n  s p e c t r o p h o t o m e t e r .

Registry No.— 2 a ,  1 0 0 - 1 4 - 1 ;  2b, 6 6 9 4 - 7 5 - 3 ;  2c. 6 6 3 5 8 - 5 4 - 1 ;  2d, 
3 0 7 8 7 - 4 3 - 0 ;  2e, 2 3 7 3 1 - 0 6 - 8 ;  4 a ,  5 2 7 6 1 - 0 8 - 7 ;  4 b ,  6 2 3 0 2 - 2 8 - 7 ;  4 c ,  

6 9 5 9 - 4 8 - 4 ; 4d, 1 8 2 2 - 5 1 - 1 ;  5,4 0 5 3 - 4 5 - 6 ;  7a, 5 5 9 1 2 - 2 0 - 4 ;  7b, 5 7 4 0 3 - 3 5 - 7 ;  

t o l u e n e ,  1 0 8 - 8 8 - 3 ;  d i v i n y l b e n z e n e - s t y r e n e  c o p o l y m e r ,  9 0 0 3 - 7 0 - 7 ;  

A m b e r l i t e  X E - 3 0 5 ,  3 9 4 6 4 - 9 1 - 0 ;  A m b e r l i t e  X A D - 2 ,  9 0 6 0 - 0 5 - 3 ;  A m -  

b e r l i t e  X A D - 4 ,  3 7 3 8 0 - 4 2 - 0 .
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Electrochemical and Mercury-Promoted 
Reduction of a,a'-Dibromophenylacetones in Acetic Acid1
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T h e  f a c t o r s  g o v e r n i n g  t h e  c o m p e t i t i o n  b e t w e e n  f o r m a t i o n  o f  a - a c e t o x y  k e t o n e s  a n d  t h e  d o u b l y  d e h a l o g e n a t e d  

( “ p a r e n t ” ) k e t o n e s  in  t h e  e l e c t r o c h e m i c a l  a n d  c h e m i c a l  r e d u c t i o n  o f  a , « ' - d i b r o m o  k e t o n e s  in  a c e t i c  a c i d  a r e  e x 

p lo r e d  in  a  s e r i e s  o f  d i b r o m o p h e n y l a c e t o n e s .  T h e  d e g r e e  o f  s u b s t i t u t i o n  in  t h e  d i b r o m o  k e t o n e  h a s  a  m a jo r  e f f e c t  

u p o n  t h e  c o m p e t i t i o n .  T h e  m a s s  s p e c t r a  o f  s t a r t i n g  k e t o n e s  a n d  p r o d u c t  a - a c e t o x y  k e t o n e s  a r e  d i s c u s s e d ,  a n d  s e v 

e r a l  c h a r a c t e r i s t i c  f e a t u r e s  a r e  o b s e r v e d .

We have previously described the conversion of a number 
of «.«'-dibromo ketones (1) to a-acetoxy ketones (2 ) by elec
trochemical reduction in acetic acid containing sodium ace
tate.3 In general (neglecting small amounts of other products), 
the reaction generates a mixture of 2 and the corresponding 
“parent” ketone 3 (eq 1), with 2 predominating when at least

three of the substituents R1-R 4 are alkyl and 3 predominating 
otherwise.3 More recently, we have found that a very similar 
conversion to that shown in eq 1 can be effected by allowing 
the dibromo ketone 1 to react with ultrasonically dispersed

mercury in acetic acid.4 Although similar products are formed 
in this chemical reduction, acetoxy ketones 2  are formed in 
higher relative amounts than in the electrochemical reduction. 
In the interests of exploring further the differences between 
the chemical and electrochemical versions of eq 1 , and to test 
the hypothesis that the competition between 2 and 3 depends 
upon the relative ease of formation of an intermediate 2 - 
oxyallyl cation3-4 (see Discussion), we decided to carry out a 
study of the reduction, by both methods, of a series of a ,a '-  
dibromophenylacetones (4—10) with differing degrees of a  
substitution. We report herein the results of that study, which 
are consistent with our original mechanistic hypothesis.3-4

Results
Synthesis of Ketones and Dibromo Ketones. Ketone 11 

was commercially available; 12  was prepared by a straight
forward route (phenylacetaldehyde plus isopropyl Grignard, 
and chromic acid oxidation of the resulting alcohol). Ketones
13-16 were all prepared by phase-transfer alkylation of the 
corresponding benzyl ketone, using a two-phase system con
sisting of aqueous sodium hydroxide and dichloromethane 
containing ketone, alkyl iodide, and tetrabutylammonium 
iodide according to the method of Brandstrom and Junggren.5

0022-3263/78/1943-3157$01.00/0 © 1978 American Chemical Society
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Yields were only moderate due to competing aldol conden
sation of the starting ketone.

Dibromides 4 and 7 could be prepared in good yield by the 
method of Claesson and Thalen .6 This method was less sat
isfactory as a route to 5 and 6 , and to obtain these materials 
in a purer form the bromination of 13 and 15 was carried out 
in acetic acid. I t  was not possible to obtain dibromo ketones 
8  and 9 in sufficiently pure form for further investigation. One 
small scale bromination of 14 in dichloromethane afforded 
fa irly pure 8  (NMR), but when the reaction was scaled up a 
more complex mixture was obtained. Oxidative degradation 
of this mixture afforded a mixture of p-anisic acid (17) and 
a bromoanisic acid (18), demonstrating that bromination had 
occurred at least partially on the aromatic ring.

Although bromination of a,a,a',a'-tetraalky]acetones can 
be readily effected using the procedure (aqueous HBr, neat, 
65 °C) of Claesson and Thalen ,6 we were unable to obtain 9 
in this way. Under these vigorous bromination conditions 9 
(or the corresponding monobromide, or both) apparently 
suffers dehydrohalogenation to 19 (NMR singlets at b 5.84 and 
5.99), and there is also some evidence for the subsequent 
conjugate addition of H Br to 19 to afford 20 (NM R 5 4-5).

Other bromination methods that were tried (acetic acid at 
room temperature, .'V-bromosuccinimide in refluxing carbon 
tetrachloride ,7 and photochemical bromination using mo
lecular bromine)8 either gave similar results under vigorous 
conditions or afforded mixtures of monobromides when car
ried out under m ild conditions. Thus, the reduction experi
ments were carried out only on dibromo ketones 4-7. D ibro
mide 1 0 9 was reduced only by mercury.

Electrochemical and Chemical Reduction of Dibromo 
Ketones. The electrochemical reactions on 4-7 were carried 
out under previously established standard conditions3 (acetic 
acid containing 1.0 M  sodium acetate; mercury cathode, 
controlled potential). Reactions generally proceeded as in eq 
1 , though small amounts of other materials were also formed 
(usually in sufficiently small quantity to preclude isolation 
and characterization). A ll major products of the electro
chemical reactions were isolated by preparative VPC and 
identified by NM R and mass spectroscopy. Mercury reduc
tions on 4-7 and 10 were carried out by allowing the dibromo 
ketone and mercury to react at 25 °C in acetic acid containing
1.0 M  sodium acetate w ith ultrasonic stirring .4 Since the 
characterization of products had generally already been car
ried out on the products of the electrode reaction, the mixtures 
were generally simply analyzed for the relative ratios of ace- 
toxy ketone to parent ketone. Some reductions afforded 
monobromo ketones; for mechanistic reasons (see Discussion), 
these were included with the parent ketone when calculating 
such ratios. The results of reduction of the various dibromo 
ketones under the two reduction methods are outlined in 
Table I. The previously reported3 result of electrochemical 
reduction of dibromophenylacetone (2 1 ) is included for 
comparison. In general, two isomeric acetoxy ketones may be 
formed from each dibromo ketone, a l-phenyl-l-acetoxy-2 - 
propanone (22) or a l-phenyl-3-acetoxy-2-propanone (23)

O O  O

21 22 23

(numbering as shown). The total yields of products were 
generally good (>80%) in both types of reduction, in keeping 
with our previous experience with the electrochemical reac
tion 3 but in contrast w ith the mercury reduction of aliphatic 
dibromo ketones.4

Several observations may be made concerning the data in 
Table I. First, i t  may be noted that the relative proportion of 
«-acetoxy ketone(s) in the product mixture (last column) in 
creases as the degree of «-alkyl substitution in the dibromo 
ketone increases from 21 through 4 and 5 to 6  and 7. Secondly, 
the relative proportions of 22 to 23 in the a-acetoxylated 
products are quite dependent upon the structure of the d i
bromo ketone; 1-acetoxy ketone 22 predominates from 5 and 
6 , while 3-acetoxy ketone 23 predominates from 4 and 7. F i
nally, the relative proportion of acetoxy ketone from a given 
dibromo ketone is usually greater in the mercury reaction than 
in the electrochemical reduction, though the relative amounts 
of 22 and 23 are the same in the two reactions for a given d i
bromo ketone.

Discussion

— H B r
9 -------

19

B r

The results of this study are fu lly  consistent w ith  the 
mechanism previously proposed for the electrochemical re
duction of dibromo ketones in acetic acid (Scheme I ) . 3 ' 10  

Prominent features of this mechanism include the following:
(a) an enolate anion (24) is firs t formed but is quickly pro- 
tonated in acid to form enol allylic bromide 25; (b) this in 
termediate may tautomerize to bromo ketone 26, which would
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Table I. Reduction of Dibromo Ketones in Acetic Acid
Dibromo
ketone

Reduction
method 22,% 23,%

Parent
ketone, %

Monobromo 
ketone, %

Other,
%

Acetoxylation
efficiency“

21 Electrochemicalb■c 0 0 1 0 0 0 0 0
4 Electrochemical b-c 8 2 1 6 6 0 5 0.4
4 Mercuryd’e 1 2 6 6 16 0 6 4.9
4 Mercury 7 59 16 15 3 2 . 1
4 Mercury6’® 1 1 48 2 1 9 1 1 2 .8
5 Electrochemical b-e 43 1 1 38 0 8 2 .0
5 Mercury c"e 29 8 2 0 33 1 0 0.7
6 Electrochemical b’c’e 64 15 14 0 7 5.6
6 Mercury c~e 62 17 1 2 0 9 6 .6
7 Electrochemical b-c-e 3 83 8 0 6 1 0 . 8
7 Mercury c~e 6 8 8 0 0 6 OO ̂

10 Mercury c~e 1 0 0 0 0 0 CO ̂

0 (% 22 + % 23)/(% 3 + % 26). 6 Mercury cathode, 25 °C, 1.0 M NaOAc in HOAc. c Analysis by VPC. d 1.0 M  NaOAc in HOAc. e Analysis by NMR. f HOAc. ® HOAc saturated with NaOAc. h No parent ketone was detectable by VPC or NMR.

Scheme I

0 “  O H

29

undergo subsequent reduction to parent ketone 3 by the same 
pathway, in known fashion; or (c) 25 may eject bromide ion 
to afford the 2-hydroxyallyl cation 27. Subsequent nucleo
philic attack on 27 by acetate and/or acetic acid would afford 
the isomeric acetoxy ketones 28 and 29. We have argued3 that 
the particular branch chosen by 25 depends mainly on the 
stability of cation 27 and that the path leading to acetoxy 
substitution w ill be chosen in acetic acid when at least three 
of the substituents ( R i ,  R 2 , R3 , and R 4 )  are alkyl. (We do of 
course recognize the fact that highly substituted enols can be 
rather long-lived1 1  and that therefore a high degree of alkyl 
substitution in 25 w ill probably retard the rate of conversion 
to 26, as well as enhancing the rate of ionization to 27.) We 
have supported our emphasis on the effect of substitution on 
the rate of ionization of 25 by reference to literature data 
which show that ior.ization of allylic chlorides is indeed very 
sensitive to the degree of alkyl substitution .12  Since cinnamyl 
chloride ionizes at a rate slower than any of the dimethylallyl 
chlorides12  and two alkyl groups in 25 do not apparently 
provide sufficient stabilization to 27 to render ionization 
competitive w ith tautomerization to 26, we found i t  unsur
prising that 2 1  should afford only the parent ketone, phe- 
nylacetone, upon reduction .3 The mechanism in Scheme I 
suggests that increasing amounts of «-acetoxy substitution 
product should be formed as alkyl substituents are succes
sively introduced into the two a positions of 21. As the data

in Table I indicate, this is indeed the case. Introduction of a 
single alkyl group into 21 (4 and 5) increases the yield of ace
toxy ketones from 0% to 29 and 54%, and addition of a second 
methyl group (6 and 7) increases the yield of substituted 
materials to 79 and 86%. A second phenyl substituent (10) 
leads to clean formation of acetoxy ketone. This experiment 
cannot be compared directly w ith the electrochemical re
duction of 21 because of the intrinsic tendency of the mercury 
reaction to favor substitution (vide infra), but a comparison 
of the mercury reductions of 4 and 10 clearly shows the su
perior carbonium ion stabilizing ability of phenyl over methyl. 
We had expected that 8 would give more « substitution than 
5 because of the strong electron-releasing power of a P - O C H 3 

substituent, but the d ifficu lty we experienced in the prepa
ration of this material prevented a test of this hypothesis. The 
effects of alkyl substituents found herein find close parallel 
in studies of the Favorskii rearrangement of «-halo ke
tones.13’14 Chloride 30 reacts with methanolic methoxide 250 
times faster than 31 and exhibits a ^Br/^ci ratio of 1 with only

O  O

« ' • x A / cl

C l
30 31

5% deuterium exchange as opposed to a knJkcx ratio of 63 and 
80% deuterium exchange for 31.13d These results constitute 
clear evidence that the enolate from 30 ionizes considerably 
faster than that from 31 so that the rate-determining step 
changes from ionization of chloride from the enolate of 30 to 
proton removal as rate-determining in the case of 31.

In almost every case the acetoxylation efficiency, i.e., the 
ratio of acetoxylated product to parent ketone [actually, the 
sum of parent ketone and monobromo ketone since the latter 
occurs after the mechanistic branch (Scheme I) and is believed 
to lie on the route to parent ketone], is higher in the mercury 
reaction than in the corresponding electrochemical reaction. 
This, the fact that the ratio of 22 to 23 is the same in both 
electrochemical and chemical reactions for a given dibromide, 
and the trend toward higher acetoxylation efficiency with 
increasing alkyl substitution are all consistent w ith our pre
vious experience w ith the mercury reduction of aliphatic di- 
bromo ketones.4 A ll of these factors strongly suggest similar 
but nonidentical mechanisms for the two kinds of reduction. 
We have previously suggested that the mercury reaction in 
volves intermediate 32 rather than 25 and that the increased 
acetoxylation efficiency in the mercury reaction is associated 
with a slower conversion of 32 to monobromo ketone 26 rather 
than w ith a greater tendency of 32 to ionize compared with 
25.4
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R
OHgBr 

Ri Br

R3
Ri

32

It is interesting to note that the 1-acetoxy ketone 22 pre
dominates in the reduction of dibromo ketones 5 and 6, while 
the 3-acetoxy ketone 23 is favored in the reduction of 4 and
7. We believe that this feature of the results may be under
stood in terms of the competitive factors governing attack at 
the two possible sites of 1-phenylallyl cation 27 (or its mercury 
analogue). There are two principal factors to be considered: 
charge distribution in the cation and stability of the enol ac
etate resulting from nucleophilic attack on the 2-hydroxyallyl 
cation. We may consider the ions 33-36 derived from dibromo

8 0 %  2 0 %

33 34

ketones 4-7, respectively, and the relative amounts of attack 
at the two sites in each. Attack on 34, 35, and 36 occurs prin
cipally at the tertiary site, presumably the locus of greatest 
charge in each case. It is interesting, however, that a sub
stantial amount of attack does occur at the other site in 34 and 
35. This may be because a more stable enol (tetrasubstituted 
double bond and conjugated with the aromatic ring) is formed 
by attack at C-3 of 34 and 35. Cation 33 is attacked at the site 
of lower charge (C-3); it may be that here the effect of ob
taining preferentially that enol whose double bond is conju
gated with the benzene ring is dominant when neither carbon 
is tertiary. (It is worth commenting here, incidentally, that we 
have been unable to obtain any evidence for equilibration of 
isomeric acetoxy ketones under our experimental conditions. 
The electrochemical reactions are run on a time scale of hours 
and the mercury reductions for days, yet the relative ratios 
of 22 and 23 are the same in the two reactions.) The ratios of 
22 to 23 found in this work are consistent with previous studies 
by Bordwell et al. on positional selectivity in the reaction of 
halo ketones in dilute methanolic methoxide to afford a -  
methoxy ketones13 and with the limited data in the literature 
on the products of nucleophilic attack on substituted cinnamyl 
cations.15 The analogy to Bordwell’s work is to be expected 
since intermediates 24, 25, and 27 are also proposed by 
Bordwell as the precursors to cv-methoxy ketones in that re
action.13

Monobromides have occasionally been observed by us in 
reductions of dibromo ketones by mercury. It was quite sur
prising, however, to find that the monobromide formed in the 
reduction of 5 is the benzylic bromide 37 (NMR) rather than 
its isomer 38 since reduction of the benzyl bromine of 5 ought

to be markedly easier.16 It is possible that the initially formed 
bromide might actually have been 38 but that isomerization 
to 37 by known routes17 then occurred on standing. This in
terpretation is supported by the observation that after 2 
months the product mixture began to decompose rapidly to 
afford the new unsaturated ketone 39 (NMR) component(s). 
The monobromide formed in the reduction of 4 was the ex
pected 40.

0

C6H5

Br 
40

Mass Spectra. We previously found mass spectroscopy to 
be quite useful for assignment of structures to isomeric a -  
acetoxy ketones.3 For that reason we paid careful attention 
to the mass spectral cracking patterns of the substituted 
phenylacetones prepared during this study in order to identify 
common features.

The ketones 13-16 fragmented, as previously observed17

1 0 5  7 1

16
for benzyl alkyl ketones, predominantly between the benzyl 
and carbonyl carbons.

The benzylic fragments formed in this manner exhibited 
a variety of fragmentation pathways. Common fragments in 
all ketones were at m/e 43, 77, and 91. The origin of a number 
of such secondary ions was established by analysis of meta
stable ions18 observed in the various spectra using a computer 
program written for this purpose.19 For example, a metastable 
ion peak at m/e 69.6 in the spectrum of 13 was shown to be the 
conversion of an ion of mass 119 to one of 91 with extrusion 
of a fragment of mass 28 (eq 2).

- 4 3
13 >- C6H5C+HCH2CH3 — C7H7+ + CH2=C H 2 (2)

119 91 28
On the other hand, a metastable ion peak at m/e 81.7 in the 
spectrum of 14 was shown to be associated with the process 
135 -*• 105 + 30, probably as in eq 3

0

/ - v  +  +  «14 — CH30— /  \ — CHCH, —  C6H5CHCH3 + HCH

1 3 5  1 0 5  3 0

( 3 )

(anisole has previously been shown to expel formaldehyde in 
the mass spectrometer).20

A metastable peak at m/e 101 in the mass spectra of 14,15, 
and 16 was found to arise from the process 105 —► 103 + 2, 
possibly via eq 4.

C6H5C+HCH3 — C6H5+C=CH2 + H2 (4)
105 103 2

The fragment of mass 91 in all of the spectra is presumably 
the tropylium ion. Every spectrum showed a metastable peak
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at m/e 46.4 due to the process 91 65 +  26, probably21 as in
eq 5.

0 - 0 +  HC=CH (5 )

42

41

+  C O

2 8

(1 2 )

91 6 5  26

The mass spectra of the various acetoxy ketones exhibit the 
same major cleavage paths as the parent ketones. In every case 
there is at least one major fragment by which isomers can be 
distinguished. For example, acetate 41 exhibits fragments at 
m/e 129,101, and 59 (eq 6) which distinguish it from its isomer 
42, which has fragments at m/e 149 and 107 (eq 7).

There is a metastable peak at m/e 15.3 in the spectrum of 48 
corresponding to 121 -* 4 3  +  78 (eq 13).

C 6H 5C O H

| — *  C H 3C O +  +

C H 3 4 3

121

0

OAc

Q A C H O A c  +  C ,R 5C H 0 H  

149  107

42

( 6 )

(V )

The mode of cleavage shown here is quite general and was also 
observed for acetoxy ketones 43-45 (eq 8-10).

0

OAc
43

C 6H 5C H O A c  +  C eH sC H O H  (8 )  

149  107

C A — j— O A c  +  C A — f — O H

0  0  O)
1 77  135

C 6H 5— f— O A c  +  C A — f — O H

163 121
(10)

We obtained no evidence from metastable ion analysis con
cerning whether the second ion in each of these cases is derived 
from the first (by loss of the elements of ketene) or by an in
dependent pathway. A metastable ion at m/e 18.3 in the mass 
spectrum of 41 demonstrated another decomposition path for 
the fragment of mass 101 observed in that spectrum (eq 
1 1 ).

+ ^ O C C R 3 — *  C H 3C O +  +  (C H 3) 2C = 0  (11 )

' II 4 3  5 8

O
101

An interesting metastable peak at m/e 24.4 in the spectrum 
of acetate 42 arises from a fragment of m/e 69 decomposing 
to a daughter of m/e 41, perhaps by eq 12.

These types of processes may be common to all of the spectra, 
but of varying degrees of importance so that the appropriate 
metastable ions to establish their existence are not always of 
sufficient intensity to be observed.

Experimental Section
G e n e r a l .  M e l t i n g  p o in t s  w e r e  d e t e r m i n e d  o n  a  M e l - T e m p  c a p i l l a r y  

a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  N u c l e a r  m a g n e t i c  r e s o n a n c e  ( N M R )  

s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  A 6 0 - A  s p e c t r o m e t e r  in  C D C I 3 

c o n t a in in g  in t e r n a l  t e t r a m e t h y l s i l a n e  ( M e ,( S i)  u n le s s  o t h e r w i s e  n o t e d . 

M a s s  s p e c t r a  w e r e  r e c o r d e d  a t  7 0  e V  o n  a  P e r k i n - E l m e r  H i t a c h i  

R M U - 6 L  s p e c t r o m e t e r  a n d  w e r e  c a l i b r a t e d  a g a i n s t  t h e  s p e c t r u m  o f  

p e r f l u o r o k e r o s e n e ;  r e l a t i v e  i n t e n s i t i e s  a r e  i n d i c a t e d  f o r  n e w  c o m 

p o u n d s .  V P C  s e p a r a t i o n s  w e r e  m a d e  u s i n g  a  V a r i a n  M o d e l  1 7 2 0  d u a l  

c o l u m n  t h e r m a l  c o n d u c t i v i t y  i n s t r u m e n t ,  e q u i p p e d  w i t h  a  t e m p e r a  

t u r e  p r o g r a m m e r ,  o n  a  0 .2 5  X  8  f t  c o lu m n  p a c k e d  w i t h  6 0 %  ( s ic )  S E - 3 0  

o n  C h r o m o s o r b  P .  E le c t r o c h e m i c a l  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s in g  

a  P r i n c e t o n  A p p l i e d  R e s e a r c h  M o d e l  1 7 0  e l e c t r o c h e m i s t r y  s y s t e m .  

E l e m e n t a l  a n a l y s e s  w e r e  p e r f o r m e d  b y  C h e m a l y t i c s ,  I n c . ,  T e m p e ,  

A r i z .

3-M eth y l-l-p h en y l-2 -b u tan on e  (12). 3 - M e t h y l - l - p h e n y l - 2 -  

b u t a n o l  w a s  p r e p a r e d  in  7 0 %  y i e l d  b y  t h e  a d d i t i o n  o f  p h e n y l a c e t a l -  

d e h y d e  ( 0 . 1 8  m o l)  t o  a  s o l u t i o n  o f  0 . 2 1  m o l  o f  i s o p r o p y l m a g n e s i u m  

b r o m i d e  in  e t h e r .  T h e  c r u d e  a l c o h o l  w a s  o x i d i z e d  d i r e c t l y  b y  c h r o 

m i u m  t r i o x i d e  in  a c e t i c  a c i d  t o  a f f o r d  t h e  d e s i r e d  k e t o n e  in  5 8 %  y ie ld .  

T h i s  r o u t e  i s  m o r e  c o n v e n i e n t  t h a n  t h a t  e m p lo y e d  b y  B o r d w e l l . 13c

3-Phenyl-2-pentanone (13) w a s  p r e p a r e d  b y  t h e  m e t h o d  o f  

B r a n d s t r o m  a n d  J u n g g r e n .5  T e t r a b u t y l a m m o n i u m  i o d i d e  ( 4 4 .3 2  g , 

0 . 1 2  m o l)  w a s  d i s s o l v e d  in  1 0 0  m L  o f  d i c h l o r o m e t h a n e .  T o  t h i s  m i x 

t u r e  w a s  a d d e d  p h e n y la c e t o n e  ( 1 3 . 4 2  g ,  0 . 1  m o l)  a n d  3 7 . 4 3  g  ( 0 .2 4  m o l)  

o f  e t h y l  io d i d e .  T o  t h e  f l a s k  w a s  a d d e d  a  s o l u t i o n  o f  9 .6  g  o f  s o d i u m  

h y d r o x i d e  ( 0 .2 4  m o l)  in  1 2 0  m L  o f  w a t e r .  T h e  t w o - p h a s e  m i x t u r e  w a s  

s t i r r e d  v ig o r o u s ly  m a g n e t i c a l ly  a n d  h e a t e d  t o  r e f l u x .  T h e  r e a c t io n  w a s  

t e r m i n a t e d  a f t e r  4 1  h ,  a t  w h i c h  t i m e  V P C  a n a l y s i s  s h o w e d  t h a t  l e s s  

t h a n  1 0 %  o f  t h e  s t a r t i n g  p h e n y l a c e t o n e  r e m a i n e d .  T h e  a q u e o u s  l a y e r  

w a s  e x t r a c t e d  t w i c e  w i t h  d i c h l o r o m e t h a n e  a n d  c o m b i n e d  w i t h  t h e  

o r ig in a l  o r g a n ic  l a y e r ,  a n d  t h e  c o m b in e d  o r g a n ic  e x t r a c t s  w e r e  w a s h e d  

w i t h  H 2 0 ,  5 %  H C 1 ,  a n d  H 2 0 .  A f t e r  e v a p o r a t i o n  o f  t h e  d i c h l o r o 

m e t h a n e ,  t e t r a b u t y l a m m o n i u m  i o d i d e  w a s  p r e c i p i t a t e d  b y  t h e  a d 

d i t i o n  o f  e t h e r  a n d  r e m o v e d  b y  f i l t r a t i o n  f o r  r e u s e .  E v a p o r a t i o n  o f  t h e  

e t h e r  a n d  d i s t i l l a t i o n  a f f o r d e d  1 2 . 5  g  o f  3 - p h e n y l - 2 - p e n t a n o n e  (13) 
( 7 7 %  y i e l d ;  > 9 5 %  p u r e  b y  V P C ) :  b p  5 5 - 5 6 . 5  ° C  ( 1 . 3  m m ) ;  N M R  5 0 .7 5  

( t ,  3  H ) ,  1 . 7  ( m , 2  H ) ,  1 . 9 5  ( s ,  3  H ) ,  3 . 2 5  ( t ,  1 H ) ,  a n d  7 . 1 6  ( s ,  5  H ); m a s s  

s p e c t r u m ,  m /e  ( r e l a t i v e  i n t e n s i t y )  1 6 2  ( 1 5 ,  M + ) ,  1 1 9  ( 4 9 ) , 1 1 8  ( 7 ) ,  1 0 5  

(6 ) , 1 0 3  (6 ) ,  9 2  (8 ) , 9 1  ( 1 0 0 ) ,  7 7  ( 1 2 ) ,  6 5  (6 ) , 5 1  ( 9 ) ,  4 3  ( 3 8 ) ,  a n d  4 1  

( ! 5 ) .
T h e  2 ,4 - d i n i t r o p h e n y l h y d r a z o n e ,  m p  1 3 0 —1 3 1  ° C ,  w a s  p u r i f i e d  h y  

r e p e a t e d  r e c r y s t a l l i z a t i o n  f r o m  e t h a n o l .

A n a l .  C a l c d  f o r  C i t H i s N A :  C ,  5 9 .6 4 ;  H ,  5 .3 0 .  F o u n d :  C ,  5 9 .6 6 ;  H ,  

5 . 2 3 .
3-(4 -M ethoxyphenyl)-2-butanone (14). U s i n g  t h e  s a m e  p r o c e 

d u r e  a s  d e s c r i b e d  f o r  t h e  s y n t h e s i s  o f  3 - p h e n y l - 2 - p e n t a n o n e ,  a n i s -  

y l a c e t o n e  ( 1 6 . 4  g )  ( R e s e a r c h  O r g a n i c  C h e m i c a l  C o r p . )  w a s  a l l o w e d  

t o  r e a c t  w i t h  m e t h y l  i o d i d e  f o r  1 2 5  h  u n t i l  t h e  a n i s y l a c e t o n e  h a d  

c o m p le t e ly  d i s a p p e a r e d  ( V P C ) .  D i s t i l l a t i o n  a f f o r d e d  8 .0 5  g  ( 4 5 %  y ie ld ;  

> 9 5 %  p u r e  b y  V P C )  o f  k e t o n e  14: b p  6 0 + 5 1  ° C  ( 0 .0 3  m m )  [ l i t .2 3  b p  2 6 7  

° C  ( 7 5 5  m m ) ] ;  N M R  6 1 . 3 5  ( d , 3  H ) ,  1 . 9 8  ( s ,  3  H ) ,  3 .6 8  ( q ,  1  H ) ,  3 . 7 3  

( s ,  3  H ) ,  a n d  6.83  a n d  7 .0 8  ( A B  q u a r t e t ,  J  =  8 . 5  H z ) ;  m a s s  s p e c t r u m ,  

m /e  1 7 8  ( M + ) , 1 3 6 , 1 3 5  ( b a s e ) ,  1 2 3 , 1 2 0 , 1 0 5 , 1 0 3 , 91,7 9 , 7 7 , 6 5 , 5 1 ,  a n d  

4 3 .
2-P henyl-3-pentanone ( 1 5 ) .  M e t h y l a t i o n  o f  1 2 . 3  g  o f  1 - p h e n y l -  

2 - b u t a n o n e  ( A ld r ic h  C h e m i c a l  C o .)  w a s  c a r r i e d  o u t  a s  in  t h e  s y n t h e s i s  

o f  3 - p h e n y l - 2 - p e n t a n o n e .  T h e  r e a c t i o n  w a s  t e r m i n a t e d  a f t e r  1 4 8  h ,



3162 J. Org. Chem., Vol. 43, No. 16,1978 Fry and Bujanauskas

a t  w h i c h  t i m e  t h e  s t a r t i n g  k e t o n e  h a d  c o m p l e t e l y  r e a c t e d  ( V P C ) .  A

5 .6 - g  a m o u n t  o f  d i s t i l l e d  k e t o n e  ( 4 2 %  y i e l d ;  > 9 5 %  p u r e  b y  V P C )  w a s  

o b t a i n e d :  b p  2 7 - 2 8  ° C  ( 0 .0 2 5  m m )  [ l i t . 22  b p  2 2 5 - 2 2 8  ° C  ( 7 6 0  m m ) ] ;  

N M R  6 0 .9 3  ( t ,  3  H ) ,  1 . 4 8  (d , 3  H ) ,  2 .3 6  ( q , 2  H ) ,  3 . 7 5  ( q , 1  H ) ,  a n d  7 .2 2  

( s ,  5  H ) ;  m a s s  s p e c t r u m ,  m / e  1 6 2  ( M + ), 1 4 1 , 1 3 3 , 1 1 9 , 1 0 6 , 1 0 5  ( b a s e ) ,  

1 0 4 , 1 0 3 ,  9 1 ,  7 9 ,  7 8 ,  7 7 ,  6 3 ,  5 7 ,  5 1 ,  a n d  4 3 .
2-Methyl-4-phenyl-3-pentanone (16). M e t h y l a t i o n  o f  k e t o n e

12 (9  g )  b y  t h e  p r o c e d u r e  u s e d  i n  t h e  s y n t h e s i s  o f  3 - p h e n y l - 2 - p e n t a -  

n o n e  w a s  d i f f i c u l t  t o  fo l lo w  b y  V P C  b e c a u s e  t h e  s t a r t i n g  m a t e r i a l  a n d  

p r o d u c t  h a d  t h e  s a m e  V P C  r e t e n t i o n  t im e .  T h e  r e a c t i o n  w a s  s t o p p e d  

a f t e r  3 1 6  h  w h e n  t h e  o r g a n i c  l a y e r  h a d  b e c o m e  v e r y  d a r k  y e l lo w .  

W o r k u p  a n d  d i s t i l l a t i o n  a f f o r d e d  k e t o n e  1 6 :  3 . 7  g  ( 3 8 % ; > 9 5 %  p u r e  

b y  V P C ) ;  b p  3 4  ° C  ( 0 .0 5  m m )  [ l i t . 22  b p  2 5 6 - 2 5 7  ° C  ( 7 6 0  m m ) ] ;  N M R  

a 0 . 9 1  ( d , 3  H ) ,  1 . 0 5  (d , 3  H ) ,  1 . 3 7  ( d , 3  H ) ,  2 .6 5  ( m , 1  H ) ,  3 .9 2  ( q , 1  H ) ,  

a n d  7 .2 6  ( s ,  5  H ) ;  m a s s  s p e c t r u m ,  m /e  1 7 6  ( M + ) ,  1 4 1 ,  1 0 6 ,  1 0 5 , 1 0 4 ,  

1 0 3 ,  9 1 ,  7 9 ,  7 8 ,  7 7 ,  7 1 ,  7 0 ,  5 1 ,  a n d  4 3  ( b a s e ) .

1.3- Dibromo-l-phenyl-2-butanone (4). B r o m i n a t i o n  o f  k e t o n e  

1 1  w a s  c a r r i e d  o u t  a c c o r d i n g  t o  t h e  m e t h o d  o f  C l a e s s o n  a n d  T h a l e n .  

N M R  s p e c t r o s c o p y  s h o w e d  t h e  c r u d e  p r o d u c t  t o  b e  a n  8 7 : 1 3  m i x t u r e  

o f  d i b r o m i d e  4 a n d  a  t r i b r o m i d e  [6  6 . 3 5  ( 1  H ) ] .  T h e  d i b r o m i d e  4 w a s  

a  m i x t u r e  o f  d i a s t e r e o m e r s  in  t h e  r a t i o  5 7 : 4 3 .  R e p e a t e d  r e c r y s t a l l i 

z a t i o n  f r o m  h e p t a n e  a f f o r d e d  4 a s  a  w h i t e  s o l i d ,  m p  3 4 - 4 5  ° C ,  s t i l l  a  

m i x t u r e  o f  d i a s t e r e o m e r s :  N M R  5 1 . 7  ( d , 3  H ) ,  1 . 7 7  ( d , 3  H ) ,  4 .4 7  ( q , 

1  H ) ,  4 .9 8  ( q ,  1  H ) ,  5 .8 8  ( s ,  1  H ) ,  6 .0 4  ( s ,  1  H ) ,  a n d  7 . 2 - 7 . 7  ( m , 5  H ) .

A n a l .  C a l c d  f o r  C i o H i o B ^ O :  C ,  3 9 .2 5 ;  H ,  3 .2 9 .  F o u n d :  C ,  3 9 .0 7 ;  H ,

3 . 3 1 .

1.3- Dibromo-3-phenyl-2-pentanone (5). B r o m i n a t i o n  o f  k e t o n e

13 in  a c e t i c  a c i d  a t  r o o m  t e m p e r a t u r e  a f f o r d e d  a  9 0 : 1 0  m i x t u r e  o f  d i 

b r o m i d e  5 a n d  a  t r i b r o m i d e  ( N M R  b 5 .9 8 ) .  T h i s  m i x t u r e  w a s  u s e d  a s  

o b t a i n e d  b e c a u s e  o f  i t s  d e c o m p o s i t i o n  u p o n  a t t e m p t e d  v a c u u m  d i s 

t i l l a t i o n :  N M R  b 0 .8 3  ( t ,  3  H ) ,  2 . 1 5 - 2 . 4  ( m , 2  H ) ,  3 .9 9  a n d  4 . 3 4  ( A B  

q u a r t e t ,  J  =  1 4 . 0  H z ) ,  a n d  7 . 3  ( s ,  5  H ) .

2.4- Dibromo-2-phenyl-3-pentanone (6). B r o m i n a t i o n  o f  k e t o n e  

1 5  in  a c e t i c  a c i d  a f f o r d e d  d i b r o m i d e  6  i n  > 9 6 %  p u r i t y  ( N M R )  (9 0 %  

y ie ld )  a s  a  v is c o u s  l iq u id  c o n s is t in g  o f  a lm o s t  e q u a l  a m o u n t s  o f  e r y t h r o  

a n d  t h r e o  d i a s t e r e o m e r s :  N M R  5 1 . 5 2  ( d , 2  H ) ,  1 . 8 5  ( d , 2  H ) ,  2 . 1 9  (s , 

3  H ) ,  2 . 2 3  ( s ,  3  H ) ,  4 . 6 3  ( q ,  1  H ) ,  4 . 8 2  ( q ,  1  H ) ,  a n d  7 . 3 - 7 . 7  ( m , 5  H ) .

l,3-Dibromo-3-methyl-l-phenyl-2-butanone (7). K e t o n e  12 w a s  

b r o m i n a t e d  a c c o r d i n g  t o  t h e  m e t h o d  o f  C l a e s s o n  a n d  T h a l e n .6 T w o  

d i s t i l l a t i o n s  a t  o i l  p u m p  p r e s s u r e  a n d  a  f i n a l  r e c r y s t a l l i z a t i o n  f r o m  

h e p t a n e  a f f o r d e d  a  w h i t e  s o l i d :  m p  5 8 . 8 - 5 9 . 8  ° C ;  N M R  h 1 . 8  ( s ,  3  H ) ,  

2 .0  ( s , 3  H ) ,  6 . 1  ( s ,  1  H ) ,  a n d  7 . 2 - 7 . 8  ( m , 5  H ) .

A n a l .  C a l c d  f o r  C n H ^ B ^ O :  C ,  4 1 . 2 8 ;  H ,  3 .7 8 .  F o u n d :  C ,  4 1 . 5 7 ;  H ,  

3 . 9 1 .

Bromination of 3-(4-methoxyphenyl)-2-butanone in  d i c h lo -  

r o m e t h a n e  a t  0  ° C  a f f o r d e d  a  m i x t u r e  c o n t a in in g  s o m e  o f  t h e  d e s i r e d  

d i b r o m i d e  [ N M R  5 2 . 3 4  ( s ) ,  3 . 8 2  ( s ) ,  4 . 1 2  ( s ) ,  a n d  6 .9 3  a n d  7 .4 2  ( A B  

p a t t e r n ) ]  b u t  a l s o  a  c o n s i d e r a b l e  a m o u n t  o f  o t h e r  m a t e r i a l .  T h e  m a 

t e r i a l  w a s  s u s p e n d e d  in  w a t e r  a t  7 0  ° C  a n d  v i g o r o u s l y  s t i r r e d ,  a n d  a n  

a q u e o u s  s o lu t io n  o f  p o t a s s i u m  p e r m a n g a n a t e  w a s  a d d e d  o v e r  a n  h o u r  

i n t e r v a l  w i t h  a  s e c o n d  h o u r  o f  s t i r r i n g  a n d  h e a t in g .  M a n g a n e s e  d i o x id e  

w a s  r e m o v e d  b y  f i l t r a t i o n ,  a n d  t h e  f i l t r a t e  w a s  a c i d i f i e d  w i t h  5 %  H C 1 .  

A  w h i t e  p r e c i p i t a t e  f o r m e d  a n d  w a s  i s o l a t e d  b y  f i l t r a t i o n .  T h e  N M R  

s p e c t r u m  o f  t h i s  m a t e r i a l  i n d i c a t e d  t h e  p r e s e n c e  o f  a n i s i c  a c i d  a n d  

a  b r o m o a n i s i c  a c i d  in  a  c a .  2 : 1  r a t i o :  5 3 .8 2  ( s ) ,  3 .9 4  ( s ) ,  7 . 0 1  a n d  7 .9 2  

( A B  q u a r t e t ) ,  a n d  7 . 1 - 8 . 2  ( m ) ; m a s s  s p e c t r a l  p e a k s  ( in t e r  a l ia )  a t  m / e  

2 3 0  a n d  2 3 2  ( C 8H 7 B r C 3 ) a n d  1 5 2  ( C 8 H 80 3).

Electrochemical reductions w e r e  c a r r i e d  o u t  a s  p r e v i o u s l y  d e 

s c r i b e d . 3  A c e t o x y  k e t o n e s  w e r e  i s o l a t e d  f o r  s p e c t r a l  c h a r a c t e r i z a t i o n  

b y  p r e p a r a t i v e  V P C .  M i c r o a n a l y s e s  w e r e  c a r r i e d  o u t  o n  m o s t  a c e t o x y  

k e t o n e s ,  e x c e p t  w h e n  t h e  s u b s t a n c e s  w e r e  f o r m e d  in  v e r y  s m a l l  

a m o u n t s  o r  w e r e  u n s t a b l e  ( a s  n o t e d  b e lo w ) .  W h e n  V P C  c o n d i t i o n s  

c o u l d  n o t  b e  f o u n d  t o  s e p a r a t e  a  p a i r  o f  i s o m e r i c  a c e t o x y  k e t o n e s ,  

s p e c t r a l  c h a r a c t e r i z a t i o n  a n d  m i c r o a n a l y s i s  w e r e  c a r r i e d  o u t  o n  t h e  

m i x t u r e .  M i x t u r e s  w e r e  a n a l y z e d  b y  V P C  ( c u t  a n d  w e ig h )  o r  N M R  

i n t e g r a t i o n ,  o r  a  c o m b i n a t i o n  o f  t h e s e ,  a s  a p p r o p r i a t e . 25

Reductions by ultrasonically dispersed mercury w e r e  c a r r i e d  

o u t  a s  p r e v i o u s l y  d e s c r i b e d .4  W o r k u p  a n d  a n a l y s i s  w e r e  c a r r i e d  o u t  

a s  w i t h  t h e  e l e c t r o c h e m i c a l  r e a c t i o n s .

Acetoxy Ketones. C h a r a c t e r i z a t i o n  d a t a  f o r  t h e  v a r i o u s  a c e t o x y  

k e t o n e s  a r e  s u m m a r i z e d  b e lo w .  O n l y  t h e  l a r g e s t  m a s s  s p e c t r a l  l i n e s  

a r e  l i s t e d .

2-Acetoxy-2-methyl-4-phenyl-3-butanone ( 4 1 ) :  m p  4 1 . 5 - 4 2 . 5  
° C  f r o m  h e p t a n e ;  N M R  b 1 . 5  ( s ,  6  H ) ,  2 .0 9  ( s ,  3  H ) ,  3 . 7 7  ( s ,  2  H ) ,  a n d

7 . 2 4  ( s ,  5  H ) ;  m a s s  s p e c t r u m ,  m /e  ( r e l a t i v e  i n t e n s i t y )  2 2 0  ( 1 . 5 ,  M + ) ,  

1 6 2  ( 4 ) ,  1 6 0  ( 3 ) ,  1 3 0  ( 2 ) ,  1 2 9  ( 3 4 ) ,  1 1 9  (8 ) ,  1 0 1  ( 3 2 ) ,  9 2  (8 ) , 9 1  ( 6 0 ) ,  6 9

( 5 ) ,  6 5  ( 1 6 ) ,  5 9  ( 5 4 ) ,  a n d  4 3  ( 1 0 0 ) .

A n a l .  C a l c d  f o r  C 1 3 H i 60 3 : C ,  7 0 .8 8 ;  H ,  7 . 3 2 .  F o u n d :  C ,  7 0 .8 9 ;  H ,  
7 .4 6 .

l-Acetoxy-l-phenyl-3-methyl-2-butanone (42): M a s s  s p e c t r u m ,

m / e  ( r e l a t i v e  i n t e n s i t y )  2 2 0  ( 5 ,  M + ) ,  1 6 0  ( 5 4 ) ,  1 4 9  ( 3 8 ) ,  1 0 7  ( 1 0 0 ) ,  9 1  

( 6 9 ) , a n d  7 1  ( 2 2 ) .
l-Acetoxy-l-phenyl-2-butanone (43) a n d  3-acetoxy-l-phe- 

nyl-2-butanone (46) w e r e  i n s e p a r a b l e  b y  V P C  a n d  h e n c e  w e r e  c o l 

l e c t e d  a s  a  s i n g le  f r a c t i o n  b y  p r e p a r a t i v e  V P C .  T h e  N M R  s p e c t r u m  

o f  t h e  m i x t u r e  e x h i b i t e d  a b s o r p t i o n s  a t  5 0 .9 4  ( t ,  J  =  6 . 8  H z ) , *  1 . 2 5  

( d , J  =  7  H z ) ,  1 . 9 9  ( s ) , 2 .0 9  ( s ) ,*  2 .2 2  ( q ,  J  =  6 .9  H z ) ,*  3 .6 6  ( s ) , 5 . 8 1  ( s ) ,*  

a n d  5 .0 2  ( q , J  =  7  H z ) ,  t o g e t h e r  w i t h  a n  a r o m a t i c  m u l t i p l e t  f r o m  <5

7 . 1 - 8 .0 ; t h e  m a s s  s p e c t r u m  o f  t h e  m i x t u r e  e x h i b i t e d  p r o m i n e n t  p e a k s  

a t  m /e  ( r e l a t i v e  in t e n s i t y )  2 0 6  (6 , M + ) ,*  1 6 0  (8 ) ,*  1 4 9  ( 1 5 ) , *  1 2 2  ( 2 0 ) ,  

1 1 5  ( 2 4 ) ,  1 0 7  ( 3 0 ) ,*  1 0 5  ( 3 5 ) ,  1 0 3  ( 2 0 ) ,  9 1  ( 4 3 ) ,  8 7  ( 2 2 ) ,  7 7  ( 2 5 ) ,  5 7  ( 1 3 ) , *  

5 1  ( 1 3 ) ,  a n d  4 3  ( 1 0 0 ) *  ( t h e  p e a k s  in  t h e  N M R  a n d  m a s s  s p e c t r a  a t 

t r i b u t a b l e  w i t h  c e r t a i n t y  t o  i s o m e r  43 a r e  m a r k e d  w i t h  a n  a s t e r i s k ;  

t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  N M R  a b s o r p t i o n s  a r e  c o n s i s t e n t  w i t h  

t h e  a s s i g n m e n t s  g iv e n ) .
A n a l .  C a l c d  f o r  C i 2 H i 40 3 : C ,  6 9 .8 8 ; H ,  6 .8 4 . F o u n d :  C ,  6 8 .5 0 ;  H ,

6 .7 3 .
3-Acetoxy-3-phenyl-2-pentanone (44): N M R  <5 0 .6  ( t ,  3  H ) ,  1 . 7 9  

( s ,  3  H ) ,  2 . 1 9  ( s , 3  H ) ,  2 .4  ( m , 2  H ) ,  7 . 1 3  ( b r o a d  s ,  2  H ) ,  a n d  7 . 2 2  ( b r o a d  

s , 3  H ) ;  m a s s  s p e c t r u m ,  m /e  ( r e l a t i v e  i n t e n s i t y )  2 2 0  (3, M + ), 1 7 7  (2 2 ), 

1 6 0  ( 7 ) ,  1 3 6  ( 1 ) ,  1 3 5  ( 1 0 0 ) ,  1 1 9  ( 3 0 ) ,  1 1 7  ( 1 3 ) ,  1 1 5  ( 7 ) ,  1 0 5  (8 ) , 9 1  ( 3 0 ) ,  

7 7  ( 1 3 ) ,  5 7  ( 2 1 ) ,  a n d  4 3  ( 5 3 ) .

1- Acetoxy-3-phenyl-2-pentanone (47): N M R  <5 1.00 ( t ,  3  H), 1.8
(m , 2  H ) ,  2 . 0 1  (s , 3  H ) ,  3 .4 7  ( t ,  1 H ) ,  4 .5 0  a n d  4 .3 0  ( A B  q u a r t e t ,  J  =  1 6 . 7  

H z ,  2  H ) ,  a n d  7 . 1 2  ( b r o a d  s , 5  H ) ;  m a s s  s p e c t r u m ;  m / e  ( r e l a t i v e  i n 

t e n s i t y )  2 2 0  ( 8 , M + ) ,  1 5 8  (8 ) ,  1 1 9  (6 8 ) ,  1 1 7  ( 1 3 ) ,  1 1 5  ( 1 0 ) ,  1 0 1  ( 4 7 ) ,  9 1  

( 1 0 0 ) ,  7 7  (8 ) , 7 3  ( 1 4 ) ,  a n d  4 3  ( 4 9 ) .

A n a l .  C a l c d  f o r  C i 3 H i 60 3 : C ,  7 0 .8 8 ;  H ,  7 . 3 2 .  F o u n d :  C ,  7 0 . 8 3 ;  H ,

7 .6 5 .

2- Acetoxy-2-phenyl-3-pentanone (45) a n d  4-acetoxy-2-phe- 
nyl-3-pentanone (48) ( t h e  l a t t e r  a s  a  m i x t u r e  o f  e r y t h r o  a n d  t h r e o  

d i a s t e r e o m e r s )  w e r e  o b t a i n e d  a s  a n  i n s e p a r a b l e  m i x t u r e .  T h e  r a t i o  

o f  45 t o  48 w a s  e s t a b l i s h e d  b y  t h e  r a t i o  o f  t h e  s i n g l e t  a t  b 1 . 8 5  (45) t o  

t h e  t w o  o v e r l a p p i n g  d o u b l e t s  a t  5 1 . 4  ( t h e  t w o  d i a s t e r e o m e r s  o f  48) 
in  t h e  N M R  s p e c t r u m  o f  t h e  c r u d e  p r o d u c t .  U p o n  p r e p a r a t i v e  V P C  

45 m o s t l y  d e c o m p o s e d  t o  2 - p h e n y l - 3 - k e t o - l - p e n t e n e  (49) ( s i n g l e t s  

a t  5 5 . 7 5  a n d  6 .0 0 ) ,  w h i c h  w a s  e l u t e d  m i x e d  w i t h  u n r e a c t e d  45 a n d  48. 
T h e  m a s s  s p e c t r u m  o f  t h i s  m i x t u r e  e x h i b i t e d  p e a k s  a t  m /e  ( r e l a t i v e  

i n t e n s i t y )  2 2 0  ( 1 , M + ) , *  1 6 3  ( 1 8 ) , *  1 6 0  ( 1 9 ) , *  1 3 1  ( 7 ) ,*  1 2 2  (8 ) , 1 2 1  

( 8 0 ) ,*  1 1 5  ( 1 5 ) ,  1 0 5  ( 2 9 ) ,  1 0 4  ( 1 0 ) ,  1 0 3  ( 5 5 ) ,  9 1  ( 3 ) ,  8 7  (8 ) , 7 7  ( 2 1 ) ,  5 7

( 2 7 .6 ) , *  5 1  ( 1 1 ) ,  a n d  4 3  ( 1 0 0 ) *  ( p e a k s  m a r k e d  w i t h  a n  a s t e r i s k  a r e  

a s s o c i a t e d  w i t h  45).
l-Acetoxy-l,3-diphenyl-2-propanone (50). T h e  c r u d e  p r o d u c t  

f r o m  m e r c u r y  r e d u c t i o n  o f  a  m ix t u r e  o f  dl- a n d  m e so - 1 0  in  a c e t ic  a c id  

w a s  e s s e n t i a l l y  p u r e  50:26 N M R  5 1 . 8 7  ( s ,  3  H ) ,  3 . 4 1  a n d  3 . 4 5  ( A B  

q u a r t e t ,  J  =  1 5  H z ) ,  5 .8 0  ( s ,  1  H ) ,  a n d  6 . 8 - 7 . 2  ( m , 5  H ) .
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8 2 - 4 ;  42, 6 6 5 5 1 - 8 3 - 5 ;  43, 6 6 5 5 1 - 8 4 - 6 ;  44,6 6 5 5 1 - 8 5 - 7 ;  45,6 6 5 5 1 - 8 6 - 8 ;  

46, 6 6 5 5 1 - 8 7 - 9 ;  47, 6 6 5 5 1 - 8 8 - 0 ;  th reo -4 8 ,  6 6 5 5 1 - 8 9 - 1 ;  er yth ro -48, 
6 6 5 5 1 - 9 0 - 4 ;  49, 6 6 5 5 1 - 9 1 - 5 ;  50, 6 6 5 5 1 - 9 2 - 6 ;  3 - m e t h y l - l - p h e n y l - 2 -  

b u t a n o l ,  7 0 5 - 5 8 - 8 ;  p h e n y l a c e t a l d e h y d e ,  1 2 2 - 7 8 - 1 ;  i s o p r o p y l  b r o m id e ,  

7 5 - 2 6 - 3 ;  p h e n y la c e t o n e ,  1 0 3 - 7 9 - 7 ;  e t h y l  io d id e ,  7 5 - 0 3 - 6 ;  a n is y la c e t o n e ,  
1 2 2 - 8 4 - 9 ;  m e t h y l  io d i d e ,  7 4 - 8 8 - 4 .
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E p o x i d a t i o n s  a n d  B a e y e r - V i l l i g e r  o x i d a t i o n s  b y  3 , 5 - d i n i t r o p e r o x y b e n z o i c  a c i d  ( 3 , 5 - D N P B A )  a r e  d e s c r i b e d .  A  

p r e p a r a t i o n  o f  3 , 5 - D N P B A  i s  a l s o  g iv e n .

In the course of our syntheses of sy m -oxepin oxides1'1- rl 
we were required to effect the difficult epoxidations of olefins 
la and lb. Neither peroxytrifluoroacetic acid epoxidation nor 
high-temperature epoxidation by m  -ch loroperoxybenzoic acid 
proved preparatively useful in these systems. Under optimized 
conditions only low conversions of la and lb to the corre
sponding epoxides could be achieved with peroxytrifluoro
acetic acid. Buffered (Na2C0 3  or Na2HP0 4 ) peroxytrifluo
roacetic acid reaction mixtures gave, at best, intractable 
mixtures of starting material, desired epoxide, and uniden
tified by-products.2 Treatment of the parent system la with 
4,4'-thiobis(6-tert-butyl-3-methylphenol) (tbp)3 stabilized 
m-chloroperoxybenzoic acid at elevated temperatures led to 
tarry reaction mixtures and low yields of diepoxide 2a.la 
Clean, efficient epoxidation of la was achieved using p-ni- 
troperoxybenzoic acid, stabilized by tbp,3 in 1,2-dichloro- 
ethane at 90 °C (yield of crystalline 2a, 65%).13 With the 
substituted derivative lb, however, the optimized yield util
izing p-nitroperoxybenzoic acid did not exceed 37%.z We have 
found that 3,5-dinitroperoxybenzoic acid (3,5-DNPBA) is an 
efficient reagent for achieving the conversion lb —>- 2b (vide 
infra).4 Herein we report on the synthetic utility of 3,5- 
DNPBA for difficult epoxidations and Baeyer-Villiger oxi
dations.

k ÌS
k  2b

l a  a n d  2 a ,  R  =  C H 2 C C 1 3 ; R '  =  H

l b  a n d  2 b ,  R  =  C H 2 C C 1 3 ; R ' ,  R ’ =  - C H 2 C H 2 C H 2-

Results and Discussion
To test the utility of 3,5-DNPBA we have chosen as sub

strates la, lb, and several other olefins or ketones for which 
literature exidation procedures exist. Our results and a sum
mary of literature oxidations are presented in Table I. An 
inspection of the table suggests that 3,5-DNPBA is not as 
reactive as peroxytrifluoroacetic acid (e.g., compare concen
trations and reaction times for ethyl crotonate) but shows that 
yields for oxidations by these two peroxy acids are compara
ble.

It should be noted that similar weights of precursor per mole 
of peroxy acid are needed for 3,5-DNPBA and peroxytriflu
oroacetic acid. The procedure for generation of methylene 
chloride solutions of peroxytrifluoroacetic acid5 utilizes tri- 
fluoroacetic anhydride (mol wt 210.03) and hydrogen perox
ide; buffers are routinely utilized to remove the trifluoroacetic 
acid which is also formed. By our procedure, crystalline 
samples of 3,5-DNPBA with active oxygen content >90% can 
be easily made from 3,5-dinitrobenzoic acid (mol wt 
2 1 2 .1 2 ) .

Advantages of 3,5-DNPBA over peroxytrifluoroacetic acid 
are (1) no buffers are needed in 3,5-DNPBA oxidations and
(2) 3,5-DNPBA can be stored for long periods without sig
nificant loss of active oxygen content. We have routinely 
stored 3,5-DNPBA in a freezer (< -10  °C) for periods up to 
1 year without noticeable loss of reactivity. A more quanti
tative measure of the loss of active oxygen content from 
samples of 3,5-DNPBA and peroxytrifluoroacetic acid is given 
in Table II. At least some loss of active oxygen content from 
peroxytrifluoroacetic acid solutions is due to evaporation of 
the volatile peroxy acid. At ambient temperature sufficient 
evaporation occurs from an approximately 0.2 M solution of 
peroxytrifluoroacetic acid in methylene chloride to give an 
immediate, positive Kl/starch test at the top of an ice-water 
cooled spiral condenser attached to a flask of the solution. Our 
studies of loss of active oxygen content from peroxytrifluo-

ROOC 
\  
N /
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ROOC
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T a b l e  I .  O x i d a t i o n s  b y  3 , 5 - D N P B A  a n d  O t h e r  P e r o x y  A c i d s

s u b s t r a t e /  

p e r o x y  a c i d /  

a d d i t i v e p r o d u c t

r e g i s t r y

n o .

e q u i v  

o f  p e r o x y  

a c i d

g  o f

s u b s t r a t e /  

a m o u n t  o f  

s o l v e n t

r e a c t i o n  t i m e /  

t e m p ,  ° C

y i e l d ,  % /  

p u r i f i c a t i o n  

( l i t .  r e f )

l a e / 3 , 5 - D N P B A 0/  

1  w t  %  t b p “

2 a 6 6 5 1 1 - 1 5 - 7 3 . 7 8 0 . 2 3 7 / 1 . 0  m L  

( C l C h 2 C H 2 C l )

5 5  m i n / 7 5 5 2 / c r y s t a l l i z e d

l a / p - n i t r o p e r -  

o x y b e n z o i c  a c i d p /  

1  w t  %  t b p a

2 a 3 . 9 7 2 . 3 9 / 7 . 5  m L  

( C I C H 2 C H 2 C 1 )

2 . 5  h / 9 0 6 5 / c r y s t a l l i z e d  

( r e f  l a )

l b / / 3 , 5 - D N P B A /  

1  w t % t b p a

2 b 6 6 4 0 2 - 6 4 - 0 4 . 0 6 2 . 5 8 / 1 2 . 0  m L  

( C 1 C H 2 C H 2 C 1 )

l h / 7 5 5 9 / c r y s t a l l i z e d

l b / p - n i t r o p e r -  

o x y b e n z o i c  a c i d /  

1  w t  %  t b p “

2 b 4 . 2 5 0 . 1 1 6 / 0 . 4 5  m L  

( C 1 C H 2 C H 2 C 1 )

2  h / 9 3 3 7 / c r y s t a l l i z e d

l - o c t e n e g /

3 , 5 - D N P B A

1 - o c t e n e  o x i d e 2 9 8 4 - 5 0 - 1 1 . 1 4 2 . 2 8 / 4 0 . 0  m L  

( C H 2 C 1 2)

2  h / a m b i e n t  

t e m p

8 7 / v a c u u m

t r a n s f e r r e d 6

1 - o c t e n e /

C F 3 C 0 3 H 6 / N a 2 C 0 3

1 - o c t e n e  o x i d e 1 . 5 0 2 2 . 4 / 2 5 0  m L  

( C H 2 C 1 2)

3 0  m i n / r e f l u x 8 7 / d i s t i l l e d  

( r e f  5 )

1 - d e c e n e 1 /

3 , 5 - D N P B A

1  - d e c e n e  o x i d e 2 4 0 4 - 4 4 - 6 1 . 2 0 1 3 . 9 / 2 0 0  m L  

( C H 2 C 1 2)

1 . 0  h / i c e  b a t h  

a n d  2 . 5  h /  

a m b i e n t  t e m p

8 0 / d i s t i l l e d c

1 - d e c e n e /

C H 3 C O 3 H

1 - d e c e n e  o x i d e 1 . 2 0 4 2 / 4 0 8  g  o f  

0 .9  M

s o l u t i o n

( C H g C O O H )

2 8  h / a m b i e n t  

t e m p

5 6 / d i s t i l l e d  

( r e f  6 )

m e t h y l

m e t h a c r y l a t e  • '/  

3 , 5 - D N P B A

m e t h y l  a- 
m e t h y l  

g l y c i d a t e

5 8 6 5 3 - 9 7 - 7 1 . 1 4 2 . 0 4 / 4 0  m L  

( C H 2 C 1 2 )

7 . 7 5  h / r e f l u x 8 0 / v a c u u m

t r a n s f e r r e d 6

m e t h y l

m e t h a c r y l a t e /

c f 3 c o 3 h /

N a 2 H P 0 4

m e t h y l  di

m e t h y l  

g l y c i d a t e

1 . 2 5 2 0 . 0 / 2 5 0  m L  

( C H 2 C 1 2 )

3 0  m i n / r e f l u x 8 4 / d i s t i l l e d  

( r e f  5 )

e t h y l  c r o t o n a t e 6 / 3 , 5 -  

D N P B A

e t h y l  d - m e t h y l  

g l y c i d a t e

1 9 7 8 0 - 3 5 - 9 1 . 1 3 2 . 3 6 / 4 0  m L  

( C H 2 C 1 2)

9 . 5  h / r e f l u x 8 7 / v a c u u m

t r a n s f e r r e d 6

e t h y l

c r o t o n a t e /

c f 3 c o 3 h /

N a 2 H P 0 4

e t h y l  / 3 - m e t h y l  

g l y c i d a t e

1 . 2 5 2 2 . 8 / 2 5 0  m L  

( C H 2 C 1 2)

3 0  m i n / r e f l u x 7 3 / d i s t i l l e d  

( r e f  5 )

e t h y l  a c r y l a t e  V  

3 , 5 - D N P B A

e t h y l  g l y c i d a t e 4 6 6 0 - 8 0 - 4 2 . 1 9 1 0 . 0 / 2 0 0  m L  

( C H C I 3 )

8 . 0  h / r e f l u x 7 9 / d i s t i l l e d c

e t h y l  a c r y l a t e /

c f 3 c o 3 h

N a 2 H P 0 4

e t h y l  g l y c i d a t e 2 . 2 5 2 0 . 0 / 3 0 0  m L  

( C 1 C H 2 C H 2 C 1 )

3 0  m i n / r e f l u x 5 4 / d i s t i l l e d  

( r e f  5 )

m e t h y l

c y c l o p r o p y l  

k e t o n e  m /  

3 , 5 - D N P B A /  

1  w t  %  t b p a ' d

c y c l o p r o p y l

a c e t a t e

4 6 0 6 - 0 6 - 8 2 . 5 0 1 5 . 4 / 3 6 6  m L  

f C H C l a )

1 2 . 0  h / r e f l u x 5 9  ( G C  y i e l d )  

5 3 / d i s t i l l e d c

m e t h y l

c y c l o p r o p y l

k e t o n e /

c f 3 c o 3 h /

N a 2 H P 0 4

c y c l o p r o p y l

a c e t a t e

2 . 0 0 1 6 . 8 / 3 0 0  m L  

( C H 2 C 1 2)

1 . 0  h / r e f l u x 5 3 / d i s t i l l e d  

( r e f  7 )

B E N Z O P H E N O N E ^ /

3 , 5 - D N P B A /

1  w t  %  t b p a

p h e n y l

b e n z o a t e

9 3 - 9 9 - 2 2 . 5 0 3 . 7 2 / 5 1  m L  

( C 1 C H 2 C H 2 C 1 )

3 . 5  h / r e f l u x 8 7  ( c r u d e  y i e l d )  

7 0 / r e c r y s t a l -  

l i z e d  ( m p  

6 8 . 5 - 6 9 . 5  ° C )

b e n z o p h e n o n e /

c f 3 c o 3 h /

N a 2 H P 0 4

p h e n y l

b e n z o a t e

1 . 5 0 3 6 . 4 / 2 0 0  m L  

( C H 2 C 1 2)

1 . 0  h / r e f l u x 8 6  ( c r u d e  y i e l d ,  

m p  6 5 - 6 7  ° C )  

( r e f  7 )

“  t b p  i s  a n  a b b r e v i a t i o n  f o r  4 , 4 ' - t h i o b i s ( 6 - i : e r t - b u t y l - 3 - m e t h y l p h e n o l ) ;  s e e  r e f  3 .  6 P r o d u c t  v a c u u m  t r a n s f e r r e d  w i t h  r e s i d u a l  s o l v e n t  

a t  a m b i e n t  t e m p e r a t u r e / P  <  0 . 1  m m H g ;  1 H  N M R  s h o w s  o n l y  t h e  i n d i c a t e d  p r o d u c t  a n d  r e s i d u a l  s o l v e n t ;  y i e l d  d e t e r m i n e d  b y  ] H  N M R .  

c P r o d u c t  > 9 5 %  p u r e  b y  G C  a n d  1 H  N M R .  d T h i s  o x i d a t i o n  d o n e  p r i o r  t o  t h e  p e r o x y  a c i d  s t a b i l i t y  s t u d y  s u m m a r i z e d  i n  T a b l e  I I ;  a d d i t i o n  

o f  t b p  m a y  n o t  b e  n e c e s s a r y .  e R e g i s t r y  n o .  6 6 5 1 1 - 1 4 6 .  f  R e g i s t r y  n o .  6 6 3 5 8 - 4 7 - 2 .  *  R e g i s t r y  n o .  1 1 1 - 6 6 - 0 .  h R e g i s t r y  n o .  3 5 9 - 4 8 - 8 .  

1 R e g i s t r y  n o .  8 7 2 - 0 5 - 9 . 1 R e g i s t r y  n o .  8 0 - 6 2 - 6 .  h R e g i s t r y  n o .  1 0 5 4 4 - 6 3 - 5 .  1 R e g i s t r y  n o .  1 4 0 - 8 8 - 5 .  m R e g i s t r y  n o .  7 6 5 - 4 3 - 5 .  n R e g i s t r y  

n o .  1 1 9 - 6 1 - 9 .  0 R e g i s t r y  n o .  6 6 3 5 8 - 4 8 - 3 .  p R e g i s t r y  n o .  9 4 3 - 3 9 - 5 .

r o a c e t i c  a c i d / m e t h y l e n e  c h l o r i d e  s o l u t i o n s  c o n t r a d i c t  E m 

m o n s ’  o r i g i n a l  f i n d i n g 8  t h a t  “ s u c h  a  s o l u t i o n  [ c o n c e n t r a t i o n  

n o t  g i v e n ]  l o s t  e s s e n t i a l l y  n o  a c t i v e  o x y g e n  d u r i n g  a  r e f l u x  

p e r i o d  o f  2 4  h . ”

Caution: A l l  p e r o x y  a c i d s  a r e  p o t e n t i a l l y  e x p l o s i v e .  O x i -

d a t i o n s  u s i n g  3 , 5 - D N P B A  o r  t h e  p r e p a r a t i o n  o f  t h e  p e r o x y  

a c i d  s h o u l d  b e  c o n d u c t e d  w i t h  a d e q u a t e  s h i e l d i n g  a n d  r e a c 

t i o n  t e m p e r a t u r e s  s h o u l d  b e  c a r e f u l l y  m o n i t o r e d .  W e  h a v e  n o t  

b e e n  a b l e  t o  d e t o n a t e  3 , 5 - D N P B A  b y  i m p a c t ,  n o r  h a v e  w e  

e x p e r i e n c e d  a n y  p r o b l e m s  d u r i n g  3 , 5 - D N P B A  o x i d a t i o n s .  W e
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Table II. Loss of Active Oxygen from Samples of 3,5-DNPBA and Peroxytrifluoroacetic Acid

3 , 5 - D N P B A d p e r o x y t r i f l u o r o a c e t i c  a c i d c

s t o r a g e  o r  

t r e a t m e n t p h y s i c a l  s t a t e

r e m a i n i n g  

f r a c t i o n  o f  

a c t i v e  o x y g e n “

s t o r a g e  o r  

t r e a t m e n t p h y s i c a l  s t a t e

r e m a i n i n g  

f r a c t i o n  o f  

a c t i v e  o x y g e n “

1 1 4  d a y s ,  < - 1 0  ° C c r y s t a l l i n e 9 3 . 5 / 9 3 . 5 2  h ,  r e f l u x ; 0 . 2 1 0  M  i n  C H 2 C 1 2 0 . 1 8 9 / 0 . 2 1 0
1 6  d a y s ,  a m b i e n t c r y s t a l l i n e 9 2 . 8 / 9 3 . 5 s t r a i g h t  b o r e

t e m p c o n d e n s e r

8 0  d a y s ,  a m b i e n t c r y s t a l l i n e 8 4 . 0 / 9 3 . 5 2  h ,  r e f l u x ; 0 . 2 0 5  M  i n  C H 2 C 1 2 0 . 1 9 6 / 0 . 2 0 5
t e m p i c e - w a t e r  c o o l e d 0 . 2 0 5  M  i n  C H 2 C 1 2 0 . 1 9 3 / 0 . 2 0 5

2  h ,  r e f l u x 1  M  i n  C H C I 3 7 9 . 0 / 9 3 . 5 s p i r a l  c o n d e n s e r
2  h ,  r e f l u x 1  M  in  C H C I 3 , 7 9 . 0 / 9 3 . 5 2  h ,  r e f l u x ; 0 . 7 0 3  M  i n  C H 2 C 1 2 0 . 5 6 0 / C . 7 0 3

1 . 5  w t  %  t b p fc s t r a i g h t  b o r e 0 . 7 5 0  M  i n  C H 2 C 1 2 0 . 5 8 3 / C . 7 5 0
2  h ,  r e f l u x 1  M  in 7 . 5 / 9 3 . 5 c o n d e n s e r 0 .6 9 8  M  i n  C H 2 CL> 0 . 5 3 5 / 0 . 6 9 8

C 1 C H 2 C H 2 C 1 2 4  h ,  a m b i e n t 2 . 8 7  M  i n  C H , C 1 2 1 . 8 2 / 2 . 8 7
2  h ,  r e f l u x 1  M  i n 3 2 . 5 / 9 3 . 5 t e m p ; 2 . 9 5  M  i n  C H C I 3 2 . 6 0 / 2 . 9 5

C 1 C H 2 C H 2 C 1 , s e a l e d  v e s s e l 2 .9 4  M  i n 2 . 3 1 / 2 . 9 4

1 . 5  w t % t b p 6 C I C H 2 C H 2 C I

2 4  h ,  r e f r i g e r a t o r  1 . 5 0  M  i n  C H 2 C I 2  1 . 3 2 / 1 . 5 0

( + 5  ° C ) ;  s e a l e d  

v e s s e l

0 P e r c e n t a g e  o f  a c t i v e  o x y g e n  d e t e r m i n e d  b y  i o d o m e t r i c  t i t r a t i o n .  6 t b p  i s  a n  a b b r e v i a t i o n  f o r  4 , 4 ' - t h i o b i s ( 6 - t e r t - b u t y l - 3 - m e t h y l -  

p h e n o l ) ;  s e e  r e f  3 .  c S o l u t i o n s  o f  p e r o x y t r i f l u o r o a c e t i c  a c i d  p r e p a r e d  b y  t h e  m e t h o d  i n  r e f  5 .  d I n i t i a l  s a m p l e  9 3 . 5 %  a c t i v e  o x y g e n .

have deliberately detonated a 200-mg sample by heating the 
peroxy acid to just above its melting point (mp ~112 °C) (see 
also the caution outlined in ref 9).

Experimental Section
General. M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  in  a  c a p i l l a r y  a p p a r a t u s  

( M e l - T e m p )  a n d  a r e  u n c o r r e c t e d .  G a s  c h r o m a t o g r a p h i c  a n a l y s e s  o f  

r e a c t i o n  p r o d u c t s  w e r e  d o n e  o n  a  Vs in . X 8 f t  a l u m i n u m  c o lu m n  

p a c k e d  w i t h  4 . 1 %  S E - 3 0  o n  C h r o m o s o r b  G .  1 H  N M R  s p e c t r a  (6 0  

M H z )  w e r e  d e t e r m i n e d  in  C D C I 3  o r  C D C I 3/ C D 3 O D  s o l u t i o n  ( M e 4S i  

i n t e r n a l  s t a n d a r d )  o n  a n  H i t a c h i  P e r k i n - E l m e r  R - 2 4 B  o r  o n  a  V a r i a n  

T - 6 0  s p e c t r o m e t e r ;  I R  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  P e r k i n - E l m e r  

5 6 7  g r a t i n g  i n f r a r e d  s p e c t r o p h o t o m e t e r .

F o r  t h e  p r e p a r a t i o n  o f  3 , 5 - D N P B A ,  A l d r i c h  (9 9 % )  3 , 5 - d i n i t r o -  

b e n z o ic  a c i d  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n ;  m e t h a n e s u l f o n i c  

a c id  w a s  o b t a i n e d  from  A l d r i c h  (9 8 % ) o r  f r o m  E a s t m a n  ( W h it e  L a b e l ) ;  

h y d r o g e n  p e r o x i d e  (9 0 % ) w a s  o b t a i n e d  f r o m  F M C  C o r p .  C h l o r i n a t e d  

s o lv e n t s  w e r e  p u r i f i e d  b y  p a s s a g e  t h r o u g h  b a s i c  a lu m in a  i m m e d i a t e l y  

p r i o r  t o  u s e .  I o d o m e t r i c  t i t r a t i o n s  w e r e  d o n e  b y  t h e  m e t h o d  o f  S i l b e r t  

e t  a l . 10  F o r  s o l i d  3 , 5 - D N P B A  s a m p l e s ,  t h e  p e r o x y  a c i d  w a s  d i r e c t l y  

d i s s o l v e d  in  a c e t i c  a c id ,  o m i t t i n g  d i s s o l u t i o n  in  b e n z e n e  a s  in d i c a t e d  

in  r e f  1 0 .

Preparation of 3,5-Dinitroperoxybenzoic Acid (3,5-DNPBA).
O u r  p r o c e d u r e  is  a d a p t e d  f r o m  t h e  m e t h o d  o f  S i l b e r t ,  S i e g e l ,  a n d  

S w e r n 1 1  f o r  t h e  p r e p a r a t i o n  o f  a l i p h a t i c  a n d  a r o m a t i c  p e r o x y  a c i d s .

3 ,5 - D in i t r o b e n z o ic  a c id  ( 8 1 .9 0  g , 0 .3 8 6  m o l)  a n d  m e t h a n e s u l f o n ic  a c id  

( 1 7 7  g) w e r e  m i x e d  in  a  t h r e e - n e c k  r o u n d - b o t t o m  f l a s k 1 2  e q u i p p e d  

w i t h  a  t h e r m o m e t e r ,  a  m e c h a n i c a l  s t i r r e r ,  a n d  a  n i t r o g e n  i n l e t .  H y 

d r o g e n  p e r o x i d e  (9 0 %  b y  w e ig h t )  ( 4 0  m L ;  a p p r o x i m a t e l y  1 . 5  m o l)  w a s  

a d d e d  in  o n e  p o r t i o n  w i t h  s t i r r i n g  u n d e r  n i t r o g e n .  T h e  r e a c t i o n  w a s  

m a i n t a i n e d  a t  5 0  ° C 1 3  f o r  2  h  a n d  5 0  m in  a n d  t h e n  c o o le d  t o  0  ° C  w i t h  

a n  i c e / s a l t  b a t h .  W i t h  e x t e r n a l  c o o l in g  s t i l l  a p p l i e d ,  c r u s h e d  ic e  ( 1 2 0  

g )  w a s  s lo w ly  a d d e d  ( t e m p e r a t u r e  r o s e  t o  2 5  ° C ) .  T h e  r e a c t io n  m ix t u r e  

w a s  c o o le d  t o  0  ° C  a n d  t h e  n e a r l y  w h i t e  c r y s t a l s  o f  3 , 5 - D N P B A  w e r e  

c o l le c t e d  b y  s u c t io n  f i l t r a t i o n  t h r o u g h  s i n t e r e d  g l a s s .  T h e  p e r o x y  a c id  

w a s  d r i e d  in  a  v a c u u m  d e s i c c a t o r  ( y i e l d ,  7 9 .8  g , 9 1 % ;  a c t i v e  o x y g e n  

c o n t e n t  9 3 .5 % ,  d e t e r m i n e d  b y  i o d o m e t r i c  t i t r a t i o n ;  * H  N M R  

( C D C I 3/ C D 3O D )  S ( M e 4S i )  4 .8 3  ( b r  s ,  e x c h a n g e a b le  p r o t o n ) ,  8 .8 2  (m , 

2  H ) ,  8 .9 8  ( m , 1  H ) ;  I R  ( N u j o l  m u l l )  1 7 5 8 , 1 7 3 8 , 1 5 4 0 , 1 3 4 2  c m ' 1 ) . A  

s m a l l  s a m p le  h e a t e d  in  a  c a p i l l a r y  a p p a r a t u s  m e l t s  a t  1 1 3 - 1 1 5  ° C  w i t h  

g a s  e v o l u t i o n ,  r e s o l i d i f i e s ,  t h e n  r e m e l t s  a t  1 9 5 - 2 0 0  ° C .  A  s a m p l e  

p r e p a r e d  b y  t h e  a b o v e  m e t h o d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n  a n d  

c o n t a in in g  9 5 .0 %  a c t i v e  o x y g e n  ( b y  io d o m e t r i c  t i t r a t i o n )  w a s  a n a ly z e d  

b y  c o m b u s t i o n  a n a l y s i s :  c a l c u l a t e d  f o r  9 5 %  C 7 H 4N 2 O 7  +  5 %  

C 7 H 4N 2 O 6 : C ,  3 7 . 0 0 ;  H ,  1 . 7 8 ;  N ,  1 2 . 3 3 .  F o u n d :  C ,  3 7 . 0 0 ;  H ,  1 . 9 3 ;  N ,

1 1 . 7 0 .
Oxidations with 3,5-DNPBA. T w o  r e p r e s e n t a t i v e  p r o c e d u r e s  a r e  

g iv e n .
Epoxidation of lb by tbp3-Stabilized 3,5-DNPBA. C r y s t a l l i n e  

lb ( 3 . 0 0 1  g  c o n t a i n i n g  1 4  w t  %  b e n z e n e ,  5 . 0 1  m m o l ) ,  3 , 5 - D N P B A

( 5 . 0 1 4  g , 9 2 . 5 %  a c t i v e  o x y g e n ,  2 0 . 3 3  m m o l  a c t i v e  o x y g e n ) ,  a n d  t b p 3 

( 5 4 .3  m g )  w e r e  t h o r o u g h ly  m i x e d  a n d  d r i e d  in  h ig h  v a c u u m  o v e r n i g h t .  

A  t h i c k - w a l l e d  g l a s s  t u b e  w a s  c h a r g e d  w i t h  t h e  m i x t u r e  a n d  w i t h

1 , 2 - d i c h lo r o e t h a n e  ( 1 2 . 0  m L ) .  T h e  t u b e  w a s  f l u s h e d  w i t h  n i t r o g e n ,  

s e a l e d ,  a n d  h e a t e d  a t  7 5  ° C  f o r  1  h . T h e  r e a c t i o n  m i x t u r e  w a s  c o o le d  

t o  0  ° C  a n d  f i l t e r e d  t h r o u g h  s in t e r e d  g l a s s  w it h  a  C H C I 3  w a s h  (4 0  m L ) .  

T h e  r e s u l t i n g  s o l u t i o n  w a s  w a s h e d  w i t h  2 0 %  a q u e o u s  N a H S C L  ( 2  X 
2 5  m L ) ,  s a t u r a t e d  a q u e o u s  N a H C O s  ( 3  X 2 5  m L ) ,  a n d  s a t u r a t e d  

a q u e o u s  N a C l  ( 3  X 2 5  m L ) .  T h e  o r g a n i c  l a y e r  w a s  d r i e d  ( M g S C L ) ,  

r o t a r y  e v a p o r a t e d  t o  a  y e l lo w  o i l ,  a n d  r e - e v a p o r a t e d  f r o m  b e n z e n e  

( t w ic e )  a n d  f r o m  E t 20 ,  g i v i n g  a n  o f f - w h i t e  f o a m .  T r i t u r a t i o n  w i t h  

E t 20  ( 3 .0  m L )  a n d  r e f r i g e r a t i o n  o v e r n i g h t  i n d u c e d  c r y s t a l l i z a t i o n .  

C o l l e c t i o n  a n d  d r y i n g  o f  t h e  w h i t e  c r y s t a l s  ( m p  1 3 7 - 1 3 9  ° C )  a n d  

s im i la r  c r y s t a l l iz a t i o n  o f  t h e  m o t h e r  l iq u o r s  y ie ld e d  1 . 6 6  g  o f  d i e p o x id e  

2b. J H  N M R  o f  c r y s t a l l i n e  2b s h o w s  9 4 %  d i e p o x i d e  a n d  6 %  i n c o r p o 

r a t e d  b e n z e n e ;  y i e l d  o f  2b, 5 9 % .

Epoxidation of Ethyl Acrylate by 3,5-DNPBA. E t h y l  a c r y l a t e  

( 1 0 . 0  g, 0 . 1 0  m o l)  w a s  a d d e d  t o  C H C I 3  ( 2 0 0  m L )  f o l l o w e d  b y  a  s i n g le  

p o r t i o n  o f  3 , 5 - D N P B A  ( 5 2 .0  g , 9 6 .2 %  a c t i v e  o x y g e n ,  0 . 2 2  m o l  a c t i v e  

o x y g e n ) .  T h e  m i x t u r e  w a s  m e c h a n i c a l l y  s t i r r e d  a n d  b r o u g h t  t o  r e f l u x  

f o r  8  h . T h e  r e a c t io n  m i x t u r e  w a s  c o o le d  w it h  a n  ic e  b a t h ,  d i lu t e d  w ith  

C H 2 C I 2  ( 1 0 0  m L ) ,  a n d  f i l t e r e d  t h r o u g h  s i n t e r e d  g l a s s  w i t h  C H 2 C 1 2 

w a s h  (4  X 5 0  m L ) .  T h e  r e s u l t i n g  s o l u t i o n  w a s  w a s h e d  w i t h  2 0 %  

a q u e o u s  N a H S O s  ( 1  X 1 0 0  m L )  a n d  t h e  s e p a r a t e d  o r g a n i c  l a y e r  w a s  

d r a w n  o f f .  T h e  a q u e o u s  p h a s e  ( a  s u s p e n s i o n  c o n t a i n i n g  s o m e  o r g a n ic  

l a y e r )  w a s  d i lu t e d  w i t h  a n  e q u a l  v o lu m e  o f  s a t u r a t e d  a q u e o u s  

N a H C O s ,  c a u t i o u s l y  m i x e d ,  a n d  t h e  r e m a i n d e r  o f  t h e  o r g a n i c  l a y e r  

w a s  w i t h d r a w n .  T h e  c o m b i n e d  o r g a n i c  l a y e r s  w e r e  w a s h e d  w i t h  s a t 

u r a t e d  a q u e o u s  N a H C O s  ( 3  X 1 0 0  m L ,  s o l id  N a C l  a d d e d  t o  l a s t  w a s h ) ,  

d r i e d  ( M g S 0 4 >, f i l t e r e d ,  a n d  d i s t i l l e d  ( 1 0 5 - 1 0 8  ° C  ( 8 7  m m H g ) )  

y i e l d i n g  9 .2 0  g  ( 7 9 % )  o f  c o l o r l e s s  e t h y l  g l y c i d a t e .

Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, for support of this research. We also thank the M.I.T. 
Undergraduate Research Opportunities Program for support 
to M.D.L.

Registry No.— t b p ,  9 6 - 6 9 - 5 .

References and Notes
(1) (a) W. H. Rastetter, J. Am. Chem. Soc., 98, 6350 (1976), and D. D. Haas 

and W. H. Rastetter, ibid., 98, 6353 (1976); (b) W. H. Rastetter, T. J. Richard,
N. D. Jones, and M. O. Chaney. J. Chem. Soc., Chem. Commun.. 377
(1978); (c) W. H. Rastetter and T. J. Richard, Tetrahedron Lett., in press;
(d) W. H. Rastetter, T. J. Richard, J. Bordner, and G. L. A. Hennessee, J. 
Chem. Soc., Chem. Commun., submitted.

(2) Unpublished results.
(3) Y. Kishi, M. Aratani, H. Tanino, T, Fukuyama, T. Goto, S. Inoue, S. Sugiura, 

and H. Kakoi, J. Chem. Soc., Chem. Commun., 64 (1972).
(4) The reagent of choice in the parent system (1a —► 2a) remains p-nitro-



3166 J. Org. Chem., Vol. 43, No. 16,1978 Powell et al.

peroxybenzoic acid; see Table I.
(5) W. D. Emmons and A. S. Pagano, J. Am. Chem. Soc., 77, 89 (1955).
(6) D. Swern, G. N. Billen, and J. T. Scanlan, J. Am. Chem. Soc., 68, 1504 

(1946).
(7) W. D. Emmons and G. B. Lucas, J. Am. Chem. Soc., 77, 2287 (1955).
(8) W. D. Emmons, J. Am. Chem. Soc., 76, 3468 (1954).
(9) A. I. Meyers, S. Schwartzman, G. L. Oison, and H. Cheung, Tetrahedron 

Lett., 2417 (1976).
(10) L. S. Sllbert, E. Siegel, and D. Swern, "Organic Syntheses” , Collect. Vol.

V, Wiley, New York, N.Y., 1973, p 904.
(11) L. S. Silbert, E. Siegel, and D. Swern, J. Org. Chem., 27, 1336 (1962).
(12) The procedure outlined in ref 11 utilizes an open beaker for the peroxy acid 

preparation. We found this procedure to be unsatisfactory on humid days, 
yielding peroxy acid samples with low active oxygen content.

(13) The temperature of the reaction mixture should be carefully monitored. 
If the mixture is heated above 53 °C  a steady rise in the internal reaction 
temperature may be seen. The exotherm may lead to frothing, spillage, 
and peroxy acid batches with low active oxygen content.

Cyanohydrin Synthesis of 2,3-Dihydroxy-2,3-dimethylbutanoic Acid

Jack E. Powell,* Carl Osuch, Harvey R. Burkholder, Santi Kulprathipanja, James H. Miller, 
Leon G. Stadtherr, and Russell G. Baughman

A m es Laboratory, D O E  and D epartm ent o f Chem istry, Iowa State U niversity, Am es, Iowa 50011

Received January 18, 1978

F r o m  3 - h y d r o x y - 3 - m e t h y l - 2 - b u t a n o n e  ( 1 )  v i a  c y a n o h y d r i n  s y n t h e s i s  a n d  s u b s e q u e n t  h y d r o l y s i s ,  t h e  i n t e r m e d i 

a t e s  2 , 3 - d i h y d r o x y - 2 , 3 - d i m e t h y l b u t a n o n i t r i l e  (2), 3 - c h l o r o - l , 2 - d i h y d r o x y - 2 , 3 - d i m e t h y l b u t a n i m i n e  h y d r o c h l o r i d e  

(3), 3 - c h l o r o - l , 2 - d i h y d r o x y - 2 , 3 - d i m e t h y l b u t a n a m i d e  (4), a n d  2 , 3 - d i h y d r o x y - 2 , 3 - d i m e t h y l b u t a n a m i d e  (5) h a v e  

b e e n  i s o l a t e d  e n  r o u t e  t o  2 , 3 - d i h y d r o x y - 2 , 3 - d i m e t h y l b u t a n o i c  a c i d  (6 ) . C o m p o u n d  2  r e v e r t e d  t o  1  in  t h e  p r e s e n c e  

o f  b a s e .  I n  a q u e o u s  N a O H  o r  N a O M e  in  E t 2 0 ,  c o m p o u n d s  3  a n d  4 g a v e  ( b y  H C 1  a b s t r a c t i o n )  2 , 3 - e p o x y - l - h y d r o x y -

2 , 3 - d i m e t h y l b u t a n i m i n e  ( 7 ) ,  t a u t o m e r i c  w i t h  2 ,3 - e p o x y - 2 , 3 - d i m e t h y l b u t a n a m i d e  (8 ) . A c i d  h y d r o l y s i s  o f  2 ( a t  4 0 - 5 0  

° C )  l e d  p r i n c i p a l l y  t o  5, b u t  a t  h i g h e r  t e m p e r a t u r e s  t o  3 - m e t h y l - 2 - b u t a n o n e  (9) v i a  a  p i n a c o l - p i n a c o l o n e  t y p e  r e a r 

r a n g e m e n t  in v o l v i n g  t h e  i n t e r m e d i a t e s  2 , 2 - d i m e t h y l - 3 - o x o b u t a n a m i d e  (10) a n d  2 , 2 - d i m e t h y l - 3 - o x o b u t a n o i c  a c i d  

(11), w h ic h  d e c a r b o x y l a t e s  s p o n t a n e o u s ly  t o  9. I n  t h e  a c i d  h y d r o l y s i s  o f  2 t o  o b t a i n  5 a n d  6 d i r e c t l y ,  s u b s t a n t i a l  

a m o u n t s  o f  t h e  b y p r o d u c t  2 - h y d r o x y - 2 , 3 - d i m e t h y l - 3 - b u t e n o i c  a c i d  (12) w e r e  e n c o u n t e r e d ;  b e t t e r  y i e l d s  o f  t h e  d e 

s i r e d  p r o d u c t s  w e r e  o b t a i n e d  w h e n  t h e  d i h y d r o x y n i t r i l e  (2 ) w a s  f i r s t  t r e a t e d  w i t h  2  m o l  o f  a c e t i c  a n h y d r i d e  p e r  m o le  

t o  f o r m  i t s  d i a c e t a t e  a n d  s o m e w h a t  d i l u t e d  h y d r o c h l o r i c  a c i d  w a s  u s e d  in  l i e u  o f  s a t u r a t e d  a q u e o u s  H C 1 .

Interest in the effects of adding a second methyl group 
to the /3-carbon atom of 2,3-dihydroxy-2-methylbutanoic acid 
on the acid ionization constant and the chelating properties 
of the ligand moiety prompted an attempt to synthesize
2.3- dihydroxy-2,3-dimethylbutanoic acid from 3-hydroxy- 
3-methyl-2-butanone (via a route used in preparing 2,3-di- 
hydroxy-2 -methylpropanoic acid and 2,3-dihydroxy-2- 
methylbutanoic acid from acetol and acetoin precursors, re
spectively1’2). After several failures to obtain the expected 
amide and acid from unisolated cyanohydrin, using standard 
procedures, it was decided to perform a step-by-step isolation 
(by ion-exclusion chromatography and anion exchange when 
appropriate) of the various intermediates, in order to ascertain 
at what point the process failed.

While no one (to date) has reported the synthesis of either
2.3- dihydroxy-2,3-dimethylbutanamide (DHDMB amide) or 
DHDMB acid, Cantacuzene and Ricard3 prepared the cor
responding DHDMB nitrile by acid hydrolysis (dilute H2S04) 
of 2,3-epoxy-2,3-dimethylbutanonitrile and reported its * H 
NMR spectra in CDCI3, benzene, and DMF and its IR spec
trum in CCI4. Since they failed to obtain the nitrile in crys
talline form, only its boiling point [130 °C (15 Torr)] was 
given.

It was immediately ascertained that DHDMB nitrile could 
be prepared in good yield from the KCN-catalyzed combi
nation of 3-hydroxy-3-methyl-2-butanone and excess liquid 
HCN (the reaction temperature being controlled at ~30 °C 
by refluxing of the HCN). The cyanohydrin (DHDMB nitrile) 
was readily obtained as a white crystalline solid (mp 67-69 °C) 
from ethyl acetate, whose 3H NMR spectrum in CDCI3 coin
cided with the liquid prepared by Cantacuzene and Ricard3 
from 2,3-epoxy-2,3-dimethylbutanonitrile. Typical of cya
nohydrins, our DHDMB nitrile yielded the original ketone 
and NaCN (instantaneously and quantitatively) when treated 
with excess aqueous NaOH.
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Acid hydrolysis of the DHDMB nitrile posed a problem in 
that undesired dark byproducts were obtained copiously at 
elevated temperatures, and conversion of the nitrile was in
ordinately slow in concentrated hydrochloric acid or dilute 
acid at room temperature. When the nitrile was dissolved in 
hydrochloric acid and saturated with HC1 gas below 35 °C (a 
standard procedure), the tertiary 3-hydroxyl was replaced by 
chloride, and 3-chloro-l,2-dihydroxy-2,3-dimethylbutanimine 
hydrochloride (rather than the expected DHDMB amide) 
resulted. This hydrochloride (upon recovery and washing with 
ether) decomposed spontaneously at room temperature (over 
a 24-h period) to the corresponding 3-chloro-2-hydroxy-
2.3- dimethylbutanamide by evolving HC1.

Dilute (~1 M) aqueous solutions of 3-chloro-2-hydroxy-
2.3- dimethylbutanamide (CHDMB amide) slowly generate 
H30 + via hydrolysis (replacement of the tertiary -Cl by -OH). 
The resulting DHDMB amide then presumably undergoes 
very slow hydrolytic conversion to DHDMB acid. At tem
peratures as low as 80 °C, when either CHDMB amide or 
DHDMB amide is hydrolyzed in dilute HC1, C02 is evolved 
at an appreciable rate and the major product isolated (and 
positively identified by its XH NMR spectrum) is 3-methyl- 
2-butanone. The characteristic odor of this ketone could be 
detected after a day even in conversions carried out at 45 °C. 
Isolation of 2,2-dimethyl-3-oxobutanamide (mp 120-122 °C) ,4 
whose oxime melts at 162-164 °C ,5 in the acid hydrolysis of 
both CHDMB amide and DHDMB amide indicates that 
DHDMB amide readily undergoes a pinacol-pinacolone type 
of rearrangement. As the resulting 2,2-dimethyl-3-oxobuta- 
namide hydrolyzes to 2,2-dimethyl-3-oxobutanoic acid, de
carboxylation of this unstable substance occurs. The chief 
product obtained is 3-methyl-2-butanone.

If 3-chloro-2-hydroxy-2,3-dimethylbutanamide in aqueous 
solution is treated with excess base, abstraction of HC1, rather 
than replacement of -Cl by -OH, occurs. An epoxyhydroxy-
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Table I. Melting Points and HI NMR Chemical Shifts of 2,3-Dihydroxy-2,3-dimethylbutanoic Acid and Derivatives
r e g i s t r y

c o m p d n o . m p ,  ° C 4H  N M R “

2 2 6 4 2 9 - 3 8 - 9 6 7 - 6 9 C D C I 3 : 1 . 3 0  ( s ,  3  H ) ,  1 . 4 4  ( s ,  3  H ) ,  1 . 5 1  ( s ,  3  H ) ,  2 . 8 7  ( b ,  1  H ) ,  4 . 0 3  ( b ,  1  H )

D 2 0 : 1 . 3 1  ( s ,  6  H ) ,  1 . 5 7  i s ,  3  H )
4 6 6 4 8 3 - 6 0 - 1 1 3 9 - 1 4 1 C D C I 3 : 1 . 5 7  ( s ,  3  H ) ,  1 . 6 8  ( s ,  3  H ) ,  1 . 7 4  ( s ,  3  H )

D 2 0 : 1 . 5 1  ( s ,  3 H ) ,  1 . 6 8  ( s ,  6  H )
5 6 6 4 8 3 - 6 1 - 2 1 1 1 - 1 1 3 C D C I 3 : 1 . 2 9  ( s , 6 H ) ,  1 . 4 6  ( s ,  3  H )

D 2 0 : 1 . 2 2  ( s ,  6  H ) ,  1 . 3 8  ( s ,  3 H )

6 6 6 4 8 3 - 6 2 - 3 1 0 2 - 1 0 4 C D C I 3 : 1 . 3 4  ( s , 6 H ) ,  1 . 4 8  ( s ,  3  H )

l ) , 0 : 1 . 2 7  ( s ,  6 H ) ,  1 . 4 2  ( s ,  3  H )

7 6 6 4 8 3 - 6 3 - 4 1 5 7 - 1 5 8 C D C I 3 : 6 1 . 3 7 9  ( s ,  6  H ) ,  1 . 5 4 5  ( s ,  3  H ) ,  6 .2 9 9  ( s ,  2  H )

[ l i t . 6 1 5 7 - 1 5 8 ] c C C I 4 : 1 . 3 4  ( s ,  6  H ) ,  1 . 4 4  ( s ,  3  H )

1 0 6 6 4 8 3 - 6 4 - 5 1 2 2 - 1 2 4 C D C l 3 : b 1 . 4 0 8  ( s ,  6  H ) ,  2 . 3 3 3  ( s ,  3  H ) ,  6 . 1 3 6  ( s ,  2  H )

[ l i t .4  1 2 1 - 1 2 2 ] D 2 0 : 1 . 3 9  ( s ,  6  H ) ,  2 . 2 5  ( s ,  3  H )
1 2 1 7 8 9 1 - 1 0 - 0 8 5 - 5 7 C D C I 3 : 1 . 6 1  ( s ,  3  H ) ,  1 . 8 3  ( d - d ,  3  H ) ,  5 . 0 2  ( d - d ,  1  H )  5 . 2 1  ( t ,  1  H ) ,  7 . 4 1  ( b ,  2  H )

[ l i t . 7  8 7 - 8 8 ]  [ l i t . : 7  1 . 5 9  ( s ) ,  1 . 8 2  ( d - d ) ,  5 . 0 3  ( q ) ,  5 . 2 2  ( q ) ,  7 . 5 2  ( s ) [

“  C h e m i c a l  s h i f t  i n  p p m  r e l a t i v e  t o  M e 4 S i  ( C H C L 3 , C C 1 4) a n d  D S S  ( D 2 0 ) .  b R e c o r d e d  a t  9 0  M H z  o n  B r u c k e r  H X - 9 0  s p e c t r o p h o 

t o m e t e r .  c P r e v i o u s l y  i d e n t i f i e d  a s  a  d i f f e r e n t  c o m p o u n d ;  s e e  t e x t .

Table II. 13C Chemical Shifts“
C O M P O U N D S T R U C T U R E c - 1 C - 2 C - 3 C ~ 4  C - 3 ' C - 2 '  C - 2 "

O H  O H 1______________ 1
2 C H , -  C  -  C  — C =  N

(4) p )  J (2) (1)

c h 3  c h 3
( 3 )  ( 2 )

1 2 1 . 4 0 6 7 4 . 4 9 5 7 5 . 2 1 0 2 2 . 5 1 7  8  2 2 . 3 8 7 2 5 . 0 5 1  -

O H  O H  0 1---- :----------------1

5 C H , —  C  —  C  —  C  — N H ?
(4) 0  j ( 3) | (2)  (1)

1 8 0 . 8 5 5 7 8  4 5 8 7 4 . 4 3 0 2 6 . 2 2 0  S  2 4 . 4 0 1 2 2 . 1 2 7  -

c h 3  c h 3
(3*) ( 2 ’ )

7
A  ?H

C H , - C  ---------C  —  C —  N H
(3 ' 1  ¡ ( 3 )  | (2)  (1)

C H ,  C H ,
(4) (2T

1 7 4 . 3 5 9 6 5 . 4 6 4 6 3 . 7 1 0

l-------------------- 1

2 0 . 3 0 8 1 5 . 5 6 5  -

10
0  C H ,  0  
il 1e r  1 

C H , — C ---------  C —  C  — N H 2
(4) 1 3 )  | (2 ) (I)

C H ,
(2")

1 7 5 . 0 0 8 5 5 . 9 7 8 2 0 8 . 8 5 9 2 6 . 0 9 0  -

i______________ 1

2 2 . 4 5 2

°  I n  p p m  f r o m  i n t e r n a l  M e 4  S i .

imine, less soluble than the CHDMB amide, is obtained. The 
identity of this substance was at first puzzling, as the 4H NMR 
(in CCI4, CDCI3) showed only two peaks with a ratio of 2:1. All 
of the NMR data are summarized in Tables I and II. The 
compound was eventually determined by X-ray diffraction 
to be 2 ,3 -epoxy-l-hydroxy-2 ,3 -dimethylbutanimine.

This epoxyhydroxyimine appears to be identical with the 
substance (mp 157-158 °C) obtained by Delbaere6 on heating
2,3-epoxy-2,3-dimethylbutanonitrile a few minutes with dilute 
aqueous NaOH (mistakenly identified by Delbaere as 2,3- 
dihydxoxy-2,3-dimethylbutanonitrile). It is now apparent that 
rapid hydrolysis of the epoxynitrile to the imine occurred in 
Delbaere’s reaction, rather than opening of the ether link
age.

Another substance isolated in substantial amounts in at
tempts to convert 3-chloro-2-hydroxy-2,3-dimethylbutana- 
mide to 2,3-dihydroxy-2,3-dimethylbutanoic acid (which helps 
to confirm the position of the Cl in CHDMB amide) was the 
known compound 2-hydroxy-2,3-dimethyl-3-butenoic acid.

Formation of CHDMB amide, 2-hydroxy-2,3-dimethyl- 
3-butenoic acid, 2,2-dimethyl-3-oxobutanamide, 3-methyl- 
2 -butanone, and unidentified dark-colored substances is re
pressed by converting the isolated nitrile to its diacetate ester 
and utilizing somewhat diluted ( ~ 8  M) hydrochloric acid at 
50 °C in converting DHDMB nitrile to DHDMB amide. 
Conversion under these conditions requires about 40 h.

Although DHDMB acid was obtained by basic hydrolysis 
of DHDMB amide, better yields were obtained via slow hy
drolysis in 6  M HC1 at 50 °C (2  weeks).

Experimental Section
T h e  m e l t i n g  p o in t s  w e r e  t a k e n  o n  a n  e l e c t r o t h e r m a l  m e l t in g  p o in t  

a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  T h e  p r o t o n  m a g n e t i c  r e s o n a n c e  

s p e c t r a  w e r e  m e a s u r e d  o n  a  V a r i a n  A - 6 0  o r  H i t a c h i  P e r k i n - E l m e r  

R - 2 0  B  s p e c t r o m e t e r .  T h e  1 3 C  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  

B r u c k e r  H X - 9 0  s p e c t r o m e t e r .  S o m e  ! H  s p e c t r a  w e r e  a l s o  o b t a i n e d  

u s in g  p u l s e d  F o u r i e r  t r a n s f o r m  a t  9 0  M H z  o n  t h e  B r u c k e r  H X - 9 0 .  A l l  

c h e m i c a l  s h i f t s  w e r e  m e a s u r e d  in  p a r t s  p e r  m il l io n  r e l a t i v e  t o  i n t e r n a l  

M e 4S i  ( o r  D S S  in  D 2 0 ) .

2,3-Dihydroxy-2,3-diinethylbutanonitrile (2, see Scheme I).
3 - H y d r o x y - 3 - m e t h y l - 2 - b u t a n o n e  ( 1 ;  1  m o l ,  1 2 0  g  o f  8 5 % )  a t  0  ° C  w a s  

m i x e d  w i t h  5  m o l  ( 1 3 5  g )  o f  f r e s h l y  p r e p a r e d ,  c h i l le d ,  a n h y d r o u s ,  

l i q u i d  H C N  ( in  a  3 - L ,  t h r e e - n e c k ,  r o u n d - b o t t o m  f l a s k  e q u i p p e d  w i t h  

a n  ic e - w a t e r - c o o le d  r e f l u x  c o n d e n s e r ,  a  t h e r m o m e t e r ,  a n d  a  m a g n e t i c  

s t i r r e r  a n d  im m e r s e d  in  a n  ic e  b a t h  in an efficient hood). S o l i d  K C N  

c a t a l y s t  (0 . 1  g )  w a s  a d d e d ,  a n d  t h e  a s s e m b l y  w a s  r a i s e d  j u s t  o u t  o f  t h e  

b a t h  t o  i n i t i a t e  t h e  r e a c t i o n .  W h e n  t h e  t e m p e r a t u r e  b e g a n  t o  r i s e  

r a p i d l y  ( a t  a b o u t  1 5  ° C )  t h e  a s s e m b l y  w a s  l o w e r e d  t o  t o u c h  t h e  ic e  

b a t h ,  a f t e r  w h i c h  t h e  r e a c t i o n  c o n t i n u e d  a t  t h e  r e f l u x  t e m p e r a t u r e  

(—3 0  ° C ) .  W h e n  ( u p o n  s e e d i n g )  s o l i d  c y a n o h y d r i n  (2 ) s e p a r a t e d  c o 

p i o u s l y  ( in  t h e  c o u r s e  o f  a b o u t  3 0  m in ) ,  a n  a d d i t io n a l  3 .2  m o l  o f  c h i l le d  

1  w a s  a d d e d  a t  a  r a t e  s u f f i c i e n t  t o  m a i n t a i n  t h e  r e a c t io n  a t  3 0 - 3 5  ° C .  

N i t r i l e  2 a c c u m u l a t e d  e v e n t u a l l y  t o  t h e  e x t e n t  t h a t  t h e  m a g n e t i c  

s t i r r e r  c o u ld  n o  lo n g e r  h a n d l e  t h e  l o a d .  A t  t h i s  p o i n t  t h e  r e v e r s i b l e  

r e a c t i o n  w a s  s t o p p e d  b y  a d d i n g  8  m L  o f  g l a c i a l  a c e t i c  a c i d  in  5 0 0  m L
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Scheme I. Relationships between Intermediate, Products, and Byproducts Observed.

CH-j

H C N

Cl 
I

C H - i —C   C   C =  N H ^ C I
5 I I ^ V.Slow

O H  OH 0
I I II

C R j  — C  - C  - C  — N H ?
I I

c h 3 c h 3

- O H

/  \
C H , - C —  C -------C

I I

0 0 C H ,  0
II II 1 3  II
c  — n h 2 G H 3  c —  C -------- - C-------OH

ch3 c h 3 

( 8 )

c h 3

( II)

Rapid
0

C H , - C H — C  C H ,
3 I 

C H 3

(9)

o f  e t h y l  a c e t a t e .  T h e  f lo w  o f  ic e  w a t e r  in  t h e  r e f l u x  c o n d e n s e r  w a s  t h e n  

s t o p p e d ,  a n d  t h e  f l a s k  w a s  g e n t l y  w a r m e d  in  a  h e a t in g  m a n t le  t o  d i s t i l l  

o f f  e x c e s s  H C N  a n d  b r i n g  t h e  e t h y l  a c e t a t e  t o  a  s t a t e  o f  r e f l u x .

A f t e r  r e c o o l i n g  t o  a b o u t  1 8  ° C ,  t h e  m i x t u r e  w a s  t r a n s f e r r e d  t o  a n  

o p e n  b e a k e r  in the hood, s e e d e d  w i t h  a  f e w  c r y s t a l s  o f  2 , a n d  t h e n  

c h i l le d  t o  n e a r  0  ° C .  T h e  s n o w - w h it e  c r y s t a l l in e  p r o d u c t  w a s  r e c o v e r e d  

b y  f i l t r a t i o n ,  a n d  t h e  f i l t r a t e  w a s  e v a p o r a t e d  f i r s t  t o  3 0 0  m L  a n d  t h e n  

t o  1 5 0  m L  t o  o b t a i n  t w o  a d d i t i o n a l  c r o p s  o f  n i t r i l e .  T h e  p a l e - y e l l o w  

r e s i d u a l  l i q u i d  w a s  p r i n c i p a l l y  1 , c o n t a i n i n g  a  s m a l l  a m o u n t  o f  2 .

T h e  c r y s t a l l i n e  c y a n o h y d r i n  w e i g h e d  4 1 3  g  ( 3 . 2  m o l  =  7 6 %  y i e l d )  

a n d  m e l t e d  ( a f t e r  r e c r y s t a l l i z a t i o n  f r o m  e t h y l  a c e t a t e )  a t  6 7 - 6 9  ° C .  

A n a l .  C a l c d  f o r  C 6H u N 0 2: C ,  5 5 .7 9 ;  H ,  8 .5 8 ; N ,  1 0 .8 4 ;  0 , 2 4 .7 7 .  F o u n d :  

C ,  5 5 .8 ;  H , 8 . 5 ;  N ,  1 1 . 1 ;  0 , 2 4 .6 . T h e  e q u i v a l e n t  w e i g h t  c o m p u t e d  f r o m  

b a s e - l i b e r a t e d  C N “  w a s  1 2 9  ( t h e o r e t i c a l  1 2 9 . 1 6 ) .  N o t e :  I n  t h e  o p e n  

2  r e v e r t s  s l o w l y  t o  1  a n d  H C N .

3-Chloro-1,2-dihydroxy-2,3-dimethyIbutanimine Hydro
chloride (3). 2 ( 0 .5  m o l ,  6 4 .5  g )  in  6 3  m L  o f  1 2  N  H C 1  w a s  s a t u r a t e d  

w i t h  H C 1  g a s  a t  s u c h  a  r a t e  t h a t  t h e  t e m p e r a t u r e  r e a c h e d  a b o u t  3 5  ° C .  

A f t e r  4  h , a n d  a  w e i g h t  g a i n  o f  1 9 . 9  g ,  c o n s i d e r a b l e  3 s e p a r a t e d .  T h e  

m ix t u r e  w a s  a l lo w e d  t o  s t a n d  o v e r n i g h t  a n d  w a s  t h e n  r e s a t u r a t e d  w it h  

H C 1 ,  g i v i n g  a n  a d d i t i o n a l  g a i n  o f  1 1 . 2  g . I t  w a s  t h e n  a l l o w e d  t o  s t a n d  

f o r  4 8  h , a t  w h i c h  t i m e  a  q u a l i t a t i v e  t e s t  r e v e a l e d  n o  2  r e m a i n i n g .  A t  

t h i s  p o i n t ,  t h e  c r y s t a l l i n e  3 w a s  f i l t e r e d  o f f  a n d  r i n s e d  w i t h  3 0  m L  o f  

a n h y d r o u s  e t h e r  ( 5  m L  a t  a  t im e ) .  A f t e r  a  1 - h  e x p o s u r e  t o  t h e  a i r ,  t h e  

p r o d u c e  w e ig h e d  5 2 . 5  g  a n d  a p p e a r e d  d r y  ( a l t h o u g h  r e e k i n g  o f  

H C 1 ) .

3-Chloro-2-hydroxy-2,3-dimethylbutanamide (4). I n  t w o  s e p 

a r a t e  e x p e r i m e n t s ,  2 5 . 5  g  a n d  1 7 . 0  g  o f  3 l o s t  5 . 3  g  a n d  3 . 5  g ,  r e s p e c 

t iv e ly ,  o n  s t a n d in g  2 4  h  a t  2 3  ° C  in  t h e  o p e n . R e c r y s t a l l i z e d  f r o m  e t h y l  

a c e t a t e ,  t h e  r e s i d u a l  m a t e r i a l  m e l t e d  a t  1 3 9 - 1 4 1  ° C  a n d  e x h i b i t e d  a n  

e q u i v a l e n t  w e i g h t  o f  1 6 6 . 3 ,  b a s e d  o n  a n  i n d e p e n d e n t  a n a l y s i s  f o r  C l  

( C 6H 1 2 C 1 N 0 2  =  1 6 5 . 6 2 ) .  A n a l .  C a l c d  f o r  C 6H 1 2 C 1 N 0 2: C ,  4 3 . 5 1 ;  H ,

7 .3 0 ;  C l ,  2 1 .4 0 ;  N ,  8 .4 5 ;  0 , 1 9 . 3 2 .  F o u n d :  C ,  4 3 .4 ;  H ,  7 .4 ;  C l ,  2 1 . 1 ;  N ,  8 .5 ;  

0 , 1 9 . 6 .

2.3- Epoxy-l-hydroxy-2,3-dimethylbutanimine (7). A  3 . 3 1 - g  

s a m p l e  o f  4  ( 0 .0 2  m o l ) ,  d i s s o l v e d  in  3 0  m L  o f  d i e t h y l  e t h e r ,  w a s  c o m 

b in e d  w i t h  0 .0 2  m o l  o f  N a O M e  in  e t h e r .  N a C l  s e p a r a t e d  im m e d i a t e l y ,  

a n d  a f t e r  0 .5  h  t h e  s a l t  w a s  f i l t e r e d  o f f  a n d  w a s h e d  w i t h  e t h e r .  W h e n  

a  v a c u u m  w a s  p u l le d  o n  t h e  f i l t r a t e  t o  r e d u c e  t h e  v o lu m e ,  s i l k y - w h i t e  

n e e d l e s  s e p a r a t e d  f r o m  t h e  c o ld  s o l u t i o n .  T h e  y i e l d  w a s  n e a r l y  

q u a n t i t a t i v e ,  a n d  w h e n  r e c r y s t a l l i z e d  f r o m  e t h e r ,  e t h y l  a c e t a t e ,  o r  

w a t e r ,  t h e  p r o d u c t  (7) m e lt e d  a t  1 5 7 - 1 5 8  ° C  ( w it h  s u b l im a t i o n ) .  A n a l .  

C a l c d  f o r  C 6H n N 0 2: C ,  5 5 .7 9 ;  H ,  8 .5 8 ;  N ,  1 0 . 8 4 ;  0 ,  2 4 .7 7 .  F o u n d :  C ,  

5 5 . 7 ;  H ,  8 .6 ; N ,  1 1 . 0 ;  0 ,  2 4 .7 .

2.3- Dihydroxy-2,3-dimethylbutanamide (5). W h e n  2 0 .7  g  ( 0 . 1 2 5  

m o l)  o f  4 a n d  2 6 .0  g  ( 0 . 1 2 8  m o l)  o f  3 w e r e  d i s s o l v e d ,  e a c h  in  1 0 0  g  o f  

H 2 0 ,  t h e y  s lo w ly  g e n e r a t e d  H 3 O L  I n  d i lu t e  s o lu t io n  t h e  r e p l a c e m e n t  

o f  - C l  b y  - O H  a p p e a r s  t o  b e  f i r s t  o r d e r  w i t h  r e s p e c t  t o  4 a n d  i n d e 

p e n d e n t  o f  t h e  H 3 0 +  c o n c e n t r a t i o n .  T h e  r a t e  c o n s t a n t s  a t  2 3  a n d  4 5  

° C  a r e  0 .0 0 4  a n d  0 . 1 6  h _ 1 , r e s p e c t i v e l y .

A f t e r  7 2  h  a t  r o o m  t e m p e r a t u r e  f o l l o w e d  b y  4 8  h  a t  4 5  ° C ,  t h e  

p r o d u c t s  o f  t h e  p a r a l l e l  e x p e r i m e n t s  a b o v e  w e r e  c o m b i n e d ,  d i l u t e d  

t o  5 0 0  m L ,  a n d  p u m p e d  i n t o  a  1 - i n .  s y s t e m  ( t h r e e ,  4 - f t  b e d s  in  s e r i e s )  

o f  —4 0  +  5 0  m e s h ,  H + - f o r m ,  D o w e x  5 0 W - X 8 ,  c a t i o n - e x c h a n g e  r e s i n  

( a t  a  r a t e  o f  1 . 2 5  m L / m i n ) .  T h e  m i x t u r e  w a s  t h e n  s u b j e c t e d  t o  io n -  

e x c l u s i o n  s e p a r a t i o n  b y  e l u t i n g  t h e  s y s t e m  w i t h  d e i o n i z e d  w a t e r  a t  

t h e  s a m e  r a t e .  T h e  e f f l u e n t  s o l u t i o n  w a s  c o l l e c t e d  in  a  s e r i e s  o f  3 0  

9 5 - m L  f r a c t i o n s .  S a m p l e s  5 - 1 4  c o n t a i n e d  p r i m a r i l y  t h e  e x p e c t e d  %  

m o l  o f  H C 1 .  A  w e a k  a c i d  a n d  5 e l u t e d  p r i n c i p a l l y  in  f r a c t i o n s  1 4 - 2 1 .  

F r a c t i o n s  2 2 - 2 6  y i e l d e d  a  s e c o n d  n i t r o g e n - c o n t a i n i n g  s u b s t a n c e  

s u b s e q u e n t l y  i d e n t i f i e d  a s  2 ,2 - d i m e t h y l - 3 - o x o b u t a n a m i d e 4 ( b y  i t s  

e m p i r i c a l  f o r m u la  a n d  m e l t i n g  p o i n t ,  1 2 1 - 1 2 2  ° C ) .  U p o n  e v a p o r a t i o n  

o f  f r a c t i o n s  1 6 - 2 0  ( u n d e r  v a c u u m  a t  3 5  ° C )  t o  a  t h i c k  s y r u p  a n d  d i s 

s o l v i n g  t h i s  in  1 5  m L  o f  h o t  e t h y l  a c e t a t e ,  6 .0  g  o f  5 w a s  o b t a i n e d  a s
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Figure 1 .  T h e  m o l e c u l a r  s t r u c t u r e  o f  2 , 3 - e p o x y - l - h y d r o x y - 2 , 3 -  

d i m e t h y l b u t a n i m i n e ,  w i t h  t h e r m a l  e l l i p s o i d s  d r a w n  a t  t h e  5 0 %  
p r o b a b i l i t y  l e v e l .

a  f i r s t  c r o p  o n  c o o lin g . R e c r y s t a l l i z e d  f r o m  C H C 1 3, 5  m e l t e d  a t  1 1 1 - 1 1 3  

° C .  T h e  m o t h e r  l i q u o r  f r o m  f r a c t i o n s  1 6 - 2 0 ,  a f t e r  h e a t i n g  w i t h  b a s e  

a n d  r e m o v a l  o f  t h e  N a +  b y  c a t i o n  e x c h a n g e ,  y i e l d e d  ( i n s t e a d  o f  t h e  

e x p e c t e d  D H D M B  a c i d  (6 ))  3 . 2  g  o f  2 - h y d r o x y - 2 ,3 - d i m e t h y l b u t e n o i c  

a c i d  (12) m e l t i n g  a t  8 5 - 8 7  ° C  ( l i t . 7  8 7 - 8 8  ° C ) .

S u b s e q u e n t l y ,  a s  o n e  o f  a  s e r i e s  o f  e x p e r i m e n t s  i n t e n d e d  t o  o p t im iz e  

c o n v e r s i o n  o f  2 t o  5 ,  0 .3  m o l  o f  2 w a s  t r e a t e d  w i t h  0 .6  m o l  o f  a c e t i c  

a n h y d r i d e  a n d  a  d r o p  o f  H 2 S O 4  t o  f o r m  t h e  d i a c e t a t e  e s t e r  o f  t h e  

d i h y d r o x y n i t r i l e .  H y d r o l y s i s  o f  t h e  C N  f u n c t i o n a l  g r o u p  w a s  t h e n  

c a r r i e d  o u t  b y  a d d i n g  8 3  m L  o f  1 2  N  H C 1  a n d  3 6  m L  o f  H 20  a n d  

h e a t i n g  a t  4 0  ° C  f o r  1 5  h . T h e  y i e l d  o f  5  ( i s o l a t e d  b y  io n  e x c l u s i o n  a s  

d e s c r ib e d  a b o v e )  w a s  8 1 .6 % .  T h e  f o r m u la  w e ig h t  b y  b a s e - e v o lv e d  N H 3 

w a s  1 4 7  ( C 6H 1 3 N 0 3  =  1 4 7 . 1 8 ) .  A n a l .  C a l c d  f o r  C 6H i 3 N 0 3 : C ,  4 8 .9 6 ;  

H ,  8 .9 0 ; N ,  9 .5 2 ;  O , 3 2 . 6 1 .  F o u n d :  C ,  4 8 .4 ;  H ,  8 .8 ; N ,  9 .5 ;  0 ,  3 3 . 3 .

2,3-Dihydroxy-2,3-dimethylbutanoic acid (6). A  1 4 - g  s a m p l e  

o f  5  ( 0 .0 9 5  m o l)  w a s  d i s s o l v e d  in  1 5 0  m L  o f  H 2 0 ,  t r e a t e d  w i t h  4 0  g  ( 1  

m o l)  o f  N a O H  p e l l e t s ,  a n d  r e f l u x e d  f o r  2  h . T h e  m i x t u r e  w a s  t h e n  

d i lu t e d  t o  2 5 0  m L  a n d  p a s s e d  t h r o u g h  a  b e d  c o n t a i n i n g  a  5 0 %  e x c e s s  

o f  —4 0  +  5 0  m e s h ,  H + - f o r m ,  D o w e x  5 0 W - X 8 ,  c a t i o n - e x c h a n g e  r e s i n .  

T h e  a c id ic  e f f l u e n t  w a s  c o l le c t e d  a n d  e v a p o r a t e d  a t  4 0  ° C .  T h e  r e s i d u e  

w a s  r e c r y s t a l l iz e d  f r o m  C H C 1 3  t o  a  w h i t e  m o n o b a s ic  a c id  ( m p  1 0 2 - 1 0 4  

° C )  w h i c h  e x h i b i t e d  a  f o r m u l a  w e i g h t  o f  1 5 1 . 7  ( C < ;H j2 0 4 =  1 4 8 . 1 6 ) .  

A n a l .  C a l c d  f o r  C 6 H 1 2 0 4: C ,  4 8 .6 4 ;  H ,  8 . 1 6 ;  0 ,  4 3 .2 0 .  F o u n d :  C ,  4 8 .4 ; 

H ,  8 .3 ;  0 ,  4 3 .3 .  T h e  * H  N M R  s p e c t r u m  o f  t h e  a c i d  ( 6 ) w a s  i n d i s t i n 

g u i s h a b l e  f r o m  t h a t  o f  t h e  a m i d e  ( 5 )  in  D 20  ( T a b l e  I ) .

D H D M B  a c i d  (6 ) w a s  a l s o  o b t a i n e d  v i a  c o n s e c u t iv e  p r o lo n g e d  a c id  

h y d r o l y s e s  o f  t h e  d i a c e t a t e  e s t e r  o f  D H D M B  n i t r i l e  a n d  D H D M B  

a m id e .  F o r  e x a m p l e ,  3 0 0  g  o f  t h e  n i t r i l e  ( 2 )  w a s  f i r s t  c o n v e r t e d  t o  t h e  

d i a c e t a t e  e s t e r  b y  a d d i n g  a  s l i g h t  e x c e s s  o f  a c e t i c  a n h y d r i d e  a n d  a  f e w  

d r o p s  o f  H 2 SC>4 . A f t e r  1  h ,  t h e  r e a c t i o n  m i x t u r e  w a s  t r e a t e d  w i t h  3 2 5  

m L  o f  H 20  a n d  6 5 0  m L  o f  c o n c e n t r a t e d  H C 1 .  A t  5 0  ° C ,  t h e  c o n v e r s io n  

o f  n i t r i l e  t o  a m id e  w a s  f o u n d  t o  b e  n e a r l y  c o m p le t e  in  4 0  h  ( c o n c lu s io n  

b a s e d  o n  q u a l i t a t i v e  t e s t  f o r  c y a n o h y d r i n ) .  T h e  m i x t u r e  w a s  d i lu t e d  

t o  4  L ,  p a s s e d  o n t o  a  s y s t e m  c o n s i s t i n g  o f  a  s e r i e s  o f  s i x  4 - in .  X  4 - f t ,  

H + - c y c l e ,  —4 0  +  5 0  m e s h ,  D o w e x  5 0 W - X 8 ,  c a t i o n - e x c h a n g e  b e d s  a t  

a  r a t e  o f  a b o u t  1  L / h ,  a n d  t h e n  i o n - e x c l u s i o n  e l u t e d  w i t h  d e i o n i z e d  

w a t e r  a t  t h e  s a m e  r a t e .  T h e  f r a c t i o n s  f r e e  o f  H C 1  a n d  c o n t a i n i n g  

D H D M B  a m id e  ( a n d  s o m e  6 ) w e r e  c o m b in e d  a n d  v a c u u m  e v a p o r a t e d  

a t  5 0  ° C  t o  a  s o l i d  m a s s .  T h i s  m i x t u r e  w a s  t h e n  d i s s o l v e d  in  4  L  o f  6

Table III. Selected Interatomic Distances (Â) for 
2,3-Epoxy-1 -hydroxy-2,3-dimethylbutanimine

C ( l ) - 0 ( 1 )

C ( l ) - N

C ( l ) - C ( 2 )

C ( 2 ) - M e ( l )

C ( 2 ) - C ( 3 )

1 . 4 1  ( 2 )  C ( 2 ) - 0 ( 2 )  1 . 4 6 3 ( 2 7 )

1 . 1 7  ( 3 )  C ( 3 ) - 0 ( 2 )  1 . 4 1 6 ( 3 4 )

1 . 5 3  ( 3 )  C ( 3 ) - M e ( 2 )  1 . 5 5  ( 3 )

1 . 4 5  ( 3 )  C ( 3 ) - M e ( 3 )  1 . 5 4  ( 4 )

1 . 4 8 5  ( 3 3 )

Table IV. Bond Angles (deg) for 
2,3-Epoxy-l-hydroxy-2,3-dimethylbutanimine

0 ( 1 ) - C ( 1 ) - N  1 2 6 . 4  ( 2 . 5 )

0 ( 1 ) - C ( 1 ) - C ( 2 )  1 1 0 . 8  ( 2 . 2 )

N - C ( l ) - C ( 2 )  1 2 2 . 3  ( 2 .0 )

C ( l ) - C ( 2 ) - M e ( l )  1 1 4 . 9  ( 2 .4 )

C ( l ) - C ( 2 ) - 0 ( 2 )  1 1 7 . 3  ( 2 .0 )

C ( l ) - C ( 2 ) - C ( 3 )  1 1 5 . 7  ( 2 . 5 )

M e ( l ) - C ( 2 ) - 0 ( 2 )  1 1 8 . 4  ( 2 . 3 )

M e ( l ) - C ( 2 ) - C ( 3 )  1 2 1 . 2  ( 2 . 7 )

0 ( 2 ) - C ( 2 ) - C ( 3 )  5 7 . 4  ( 1 . 8 )

C ( 2 ) - 0 ( 2 ) - C ( 3 )  6 2 . 1  ( 1 . 4 )

C ( 2 ) - C ( 3 ) - 0 ( 2 )  6 0 . 5  ( 1 . 8 )

C ( 2 ) - C ( 3 ) - M e ( 2 )  1 2 0 . 6  ( 2 . 7 )

C ( 2 ) - C ( 3 ) - M e ( 3 )  1 2 1 . 8  ( 2 .4 )

0 ( 2 ) - C ( 3 ) - M e ( 2 )  1 1 5 . 9  ( 2 .5 )

0 ( 2 ) - C ( 3 ) - M e ( 3 )  1 1 4 . 3  ( 2 . 3 )

M e ( 2 ) - C ( 3 ) - M e ( 3 )  1 1 2 . 8  ( 2 .8 )

N  H C 1  a n d  m a i n t a i n e d  a t  5 0  ° C  f o r  2  w e e k s .  T h e  D H D M B  a c i d  w a s  

f i n a l l y  i s o l a t e d  a l o n g  w i t h  s o m e  u n c o n v e r t e d  a m i d e  b y  a  r e p e t i t i o n  

o f  t h e  i o n - e x c l u s i o n  p r o c e s s  a b o v e .  T h e  a m i d e  w a s  n e x t  e l i m i n a t e d  

b y  a d s o r b i n g  t h e  a c i d  o n  a n  a c e t a t e - c y c l e  a n i o n - e x c h a n g e  c o lu m n ,  

a n d  t h e  a c i d  w a s  r e c o v e r e d  b y  d i s p l a c i n g  i t  w i t h  0 . 2 5  M  H C 1 .  W h e n  

t h e  r e s i d u e ,  o b t a i n e d  b y  v a c u u m  e v a p o r a t i o n  o f  t h e  e f f l u e n t ,  w a s  r e 

c r y s t a l l i z e d  f r o m  C H C I 3 , t h e  c o m b i n e d  c r o p s  o f  6  t o t a l e d  1 5 1  g .

X-Ray Crystallographic Data. A  s in g le  c r y s t a l  o f  t h e  c o m p o u n d  

C fiH n N 0 2, m p  1 5 7 - 1 5 8  ° C ,  d =  1 . 1 4 ,  w a s  m o u n t e d  o n  a  g la s s  f i b e r  a n d  

p la c e d  o n  a  f o u r - c i r c l e  d i f f r a c t o m e t e r  a n d  s u b m i t t e d  t o  a  r o u t i n e  

c r y s t a l  a n d  m o l e c u l a r  s t r u c t u r e  d e t e r m i n a t i o n .  T h e  d a t a  f i t  o b t a i n e d  

i n d i c a t e d  t h a t  t h e  c o m p o u n d  s h o u l d  b e  c o n s i d e r e d  t h e  e p o x y h y -  

d r o x y i m i n e  ( 7 )  r a t h e r  t h a n  t h e  e p o x y a m i d e  (8 ) . T h e  m o l e c u l a r  

s t r u c t u r e  is  d e p i c t e d  in  F i g u r e  1 ,  a n d  p e r t i n e n t  b o n d  a n g l e s  a n d  d i s 

t a n c e s  a r e  l i s t e d  in  T a b l e s  I I I  a n d  I V .
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A  c o m p l e t e  p r o t o n  a n d  c a r b o n - 1 3  N M R  a n a l y s i s  h a s  b e e n  c a r r i e d  o u t  f o r  a  s e r i e s  o f  b e n z o [ l , 2 : 4 , 5 j d i c y c l o a l k e n e s  

w h e r e  t h e  f u s e d  c y c l o a lk e n e  p o r t i o n s  c o n t a i n  a l l  p o s s i b le  c o m b i n a t i o n s  o f  f o u r - ,  f i v e - ,  a n d  s i x - m e m b e r e d  r in g s .  

W i t h  d e c r e a s i n g  s iz e  o f  t h e  a n n e l a t e d  r i n g s  t h e  c h e m i c a l  s h i f t  o f  t h e  u n s u b s t i t u t e d  a r o m a t i c  c a r b o n  m o v e s  u p h e l d  

a n d  t h e  b r i d g e h e a d  c a r b o n s  m o v e  d o w n f i e l d .  T h e  a r o m a t i c  p r o t o n  c h e m i c a l  s h i f t  o f  t h e  b e n z o c y c l o b u t e n e  d e r i v a 

t i v e s  s h o w  a n o m a l o u s  b e h a v i o r  b u t  t h e  a r o m a t i c  C - H  c o u p l i n g  c o n s t a n t  i n c r e a s e s  v e r y  c o n s i s t e n t l y  w i t h  d e c r e a s i n g  

s iz e  o f  t h e  a n n e la t e d  r i n g s .  C o m p a r i s o n  is  m a d e  w i t h  t h e  m e t h y l e n e c y c l o a l k a n e s  a n d  i n t e r p r e t a t i o n s  a r e  s e t  f o r t h  

in  t e r m s  o f  l o c a l  a n i s o t r o p y  e f f e c t s  a s  w e l l  a s  a  r e h y b r i d i z a t i o n  t h e o r y  a s s o c i a t e d  w i t h  b o n d  a n g le  d i s t o r t i o n s .  

C N D O / 2  c a lc u l a t i o n s  l e n d  s u p p o r t  t o  t h e s e  o b s e r v a t i o n s .

The chemical and physical properties of the benzocy- 
cloalkenes have been the subject of a variety of investigations.1 
These systems present a convenient means for studying the 
effect of regularly increasing steric strain on a simple aromatic 
nucleus without complicating or competing electronic per
turbations. Manatt and Cooper have reported a detailed 
analysis of the 4H NMR spectra of the benzocycloalkenes with 
particular regard to changes in proton-proton spin-spin 
couplings with changes in strain.2 They conclude that al
though certain definite trends are present no direct correlation 
with “Mills-Nixon” type bond alternation can be made 
without more accurate structural information.

13C NMR provides a more sensitive probe of nuclear 
shielding effects and affords a useful correlation to ’H NMR 
data. An early report on the carbon chemical shifts of the 
benzocycloalkenes misassigned the unsubstituted aromatic 
carbons.3 This situation was later corrected by two indepen
dent groups utilizing a variety of instrumental techniques as 
well as specifically deuterated or fluorinated derivatives.4’5 
General trends were pointed out in that the bridghead carbon 
atom chemical shifts move downfield with increasing strain 
thus evidencing a deshielding effect. Similarly, the aromatic 
carbons ortho to the fused ring move upfield with increasing 
strain. Benzocyclopropene does not correlate well with its 
higher homologues and this behavior is attributed to the 
substantial shielding effect of the cyclopropene ring system.6 
Semiempirical7 as well as ab initio8 theoretical treatments 
have afforded some accordance with experimental results. It 
is still not clear, however, to what extent the observed 
shielding trends for strained aromatic systems depend upon 
changes in bond order, charge density, or rehybridization ef
fects.9

In a recent paper we reported an interesting anomaly re
garding the aromatic proton chemical shifts and 13C-H cou
pling constants of the series of para-bisannelated benzenes
1-3.10 As the size of the rings fused to benzene is decreased the 
13C-H coupling constant is observed to increase (Table II). 
Such an increase has often been associated with an increase 
in s character of the bond in question.11 This observation is 
consistent with a rehybridization theory set forth by Streit- 
weiser12 and also by Finnegan13 in which it is claimed that for 
small ring fused benzocycloalkenes the bridgehead carbon

1, x = 2;y = 2
2 ,  x = 2;y = 3
3, x = 3; y  = 3
4, x  = 2; y  = 4
5, x  =  3; y  = 4
6, x = 4; y = 4

0022-3263/78/1943-3170$01.00/0

rehybridizes to use orbitals of higher p character in bonding 
to the small ring. This leaves an orbital of higher s character 
to bond to the ortho carbon which results in an inductive po
larization of the ortho aromatic C-H bond evidenced by the 
increased 13C-H coupling constant. Such polarization should 
result in an increase in the acidity of the aromatic proton and 
therefore a lower field chemical shift. What is observed, in
stead, is a substantial shift to higher field from h 7.08 for 3 to 
6 6.64 for 1. On the other hand, a similar study in the pyridine

" r T

7, * = 3;y = 3
8, x  = 3; y  = 4
9, x  = 4; y = 4

series 7-9 shows a consistent downfield shift for the aromatic 
proton from 5 7.02 for 9 to d 7.30 for 7.14

It therefore became of interest to extend the benzene study 
through the higher homologues 4-6, thus providing a series 
consisting of all possibilities of para-bisannelated benzenes 
in which the fused rings contain four, five, or six carbon atoms. 
The analysis of trends resulting from strain effects on the 
NMR spectra should be more reliable than in the simple 
monoannelated series benzocyclobutene, indan, tetralin where 
only three molecules are available for comparison. Cyclo- 
propene-fused analogues have been purposely omitted due 
to the complicating electronic features mentioned above. A 
parallel study comparing naphtho[b]cyclobutene (10) with 
the corresponding naphtho[b,e]dicyclobutene (11) has dem-

10 11

onstrated that strain effects evidenced by the fusion of one 
small ring are amplified by the linear fusion of a second small 
ring.15

Assignment of Chemical Shifts
As compared to the benzocycloalkenes, the assignment of 

carbon resonances in the benzodicycloalkenes is considerably 
simplified by the additional degree of symmetry inherent in 
systems 1,3, and 6. Benzo[1,2:4,5]dicyclobutene (1) shows only 
two aromatic and one aliphatic resonance. In the proton- 
coupled spectrum, the unsubstituted aromatic carbon splits 
into a doublet, assuring its identity. At the same time the 
bridghead aromatic carbon of 1 (B4) shows a four-line pattern 
due to long-range coupling (ca. 2.5 Hz) with the aromatic and 
benzylic protons. This same characteristic pattern appears 
clearly in the proton-coupled spectra of 2 and 4 assuring the 
assignment of their cyclobutene bridgehead carbons. The

© 1978 American Chemical Soeiet.v
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Table I. Carbon-13 and Proton Chemical Shifts of Benzo[l,2:4,5]dicycloalkenes (in ppm Downfield from Me,jSi)a

registry ________________________ carbons_______________________  ____________protons
n o . A B 4 B 5 B 6 4  a 5 a 5ß 6 a 6/3 A 4  a 5 a 5(8 6 a 6/5ago

1
1 6 1 0 - 5 1 - 1 1 1 7 . 3 1 4 3 . 4 2 9 . 3 6 .6 4 2 .9 9

ago
2

6 0 5 8 2 - 1 0 - 7 1 1 8 . 9 1 4 3 . 1 1 4 2 . 1 2 8 . 5 3 3 . 1 2 5 . 3 6 . 9 1 3 . 0 8 2 . 8 6 2 . 0 0

aÇO 6 5 9 5 7 - 3 3 - 7 1 2 2 . 9 1 4 2 . 9 1 3 5 . 6 2 9 . 2 3 0 . 0 2 3 . 3 6 . 6 8 3 .0 4 2 . 6 7 1 . 6 9

ob o
3

4 9 5 - 5 2 - 3 1 2 0 . 0 1 4 1 . 9 3 2 . 4 2 5 . 8 7 . 0 8 2 . 8 5 2 . 0 5

OÜO 1 6 2 4 - 2 5 - 5 1 2 4 . 8 1 4 1 . 5 1 3 4 . 7 3 2 . 5 2 5 . 7 2 9 .6 2 3 . 6 6 . 9 1 2 . 8 2 2 . 0 1 2 . 7 4 1 . 7 6

ODD 1 0 7 9 - 7 1 - 6 1 3 4 . 1 1 2 9 . 3 2 8 . 9 2 3 . 4 6 . 7 4 2 . 6 7 1 . 7 4

6

“ A = aromatic carbon or proton. B4, B5, B6 = bridgehead carbon fused to four-, five-, or six-membered ring. 4, 5,6 (a or /3) = a or 
6 methylene carbon or proton in the four-, five-, or six-membered ring.

long-range coupling exhibited by cyclopentene and cyclo
hexene bridgehead carbons is more complex and less well re
solved due to additional coupling with the nonbenzylic 
methylene protons. Further support for the assignment of 
bridgehead carbons in the unsymmetrically fused benzenes
2,4, and 5 comes from the close analogy of their chemical shifts 
with the more symmetrical homologues 1, 3, and 6. With no 
attempt being made to normalize relaxation time effects or 
to suppress the Nuclear Overhauser effect, the aromatic car
bon is always found to be the most intense downfield peak 
even when statistically outnumbered 2:1 by the bridgehead 
carbons.

The aliphatic ring carbons of 1, 3, and 6 are also assigned 
with comparative ease. The benzylic methylene carbons ap
pear at lower field than their nonbenzylic counterparts. Again, 
assignments for the unsymmetrically annelated systems were 
made by close analogy with their more symmetrical homolo
gues.

The proton-coupled spectra showed downfield doublets for 
the aromatic C-H coupling and upfield triplets for the ali
phatic methylenes. Of the aliphatic couplings, only those on 
the four-membered rings vary significantly from the range of
124-129 Hz. In all cases, fine structure resulting from long- 
range effects was observed but detailed analysis was not at
tempted at this time.

The 1H NMR spectra were assigned with little difficulty. 
Each system showed one sharp aromatic singlet downfield. 
The cyclobutene methylene appeared as a slightly broadened 
singlet, while the remaining benzylic protons gave multiplets 
in the region of 5 2.67-2.86 and the nonbenzylic methylenes 
appeared at 8 1.69-2.05. Analysis of the proton-proton cou
plings was not carried out although J  values of about 7.5 Hz 
were typical.

Discussion of N M R  Data

The 13C chemical shifts for the benzo[l,2:4,5]dicycloalkenes 
show very smooth and consistent trends throughout the ho
mologous series (see Table I). The unsubstituted aromatic 
carbon (A) moves upfield with increasing strain from a value 
of 134.1 ppm f o r  6 to 117.3 ppm fo T  1. Compound 4, in which 
the annelated rings differ by two methylene units, is consistent 
in both the series 6 > 5 > 4 and 4 > 2 > 1 where one ring is held

Table II. Aromatic 13C -H  Coupling Constants for * 5
Benzo[l,2:4,5]dieycloalkenes (in Hz ±0,4)°____

compd A 4 a 5 a 5/3 6 a 6/5

1 1 6 0 . 2 1 3 8 . 4

2 1 5 8 . 7 1 3 7 . 6 1 2 9 . 4 1 2 8 . 9

4 1 5 7 . 3 1 3 6 1 2 4 1 2 6

3 1 5 5 . 1 1 2 7 . 5 1 2 6 . 6

5 1 5 3 . 8 1 2 8 . 0 1 2 6 . 9 1 2 5 . 6 1 2 7 . 6

6 1 5 2 . 3 1 2 7 . 0 1 2 7 . 5

“ A = aromatic carbon or proton. B4, B5, B6 = bridgehead 
carbon fused to the four-, five-, or six-membered ring. 4, 5, 6 ( a  

or 3)  =  a  or f) methylene carbon or proton in the four-, five-, or 
six-membered ring.

constant and the other is varied. The bridgehead carbon 
chemical shifts move downfield with decreasing size of the 
annelated ring from a high field value of 129.3 ppm for 6 to
143.4 ppm for 1. The bridgehead carbons of a ring fused to one 
side of the benzene nucleus are even sensitive to changes in 
the ring fused to the other side. In the series 6, 5,4; 5,3,2; and
4,2,1 small downfield shifts are observed for the bridgehead 
carbons of the ring whose size is held constant as the size of 
the other ring is decreased. It should be noted that the olefinic 
resonances of the series cyclohexene (8 126.5), cyclopentene 
(8 129.9), cyclobutene (5 136.3) also move downfield with in
creasing strain16 although the magnitude of the overall shift 
is somewhat less. The aliphatic methylene carbons do not 
show any very distinctive or characteristic variation, exhib
iting chemical shifts that correlate reasonably well with those 
observed for the corresponding cycloalkenes.16

The aromatic proton chemical shifts for the series 1-6 show 
the lowest field peak at 8 7.08 for 3 and high field values of 8
6.64 for 1 and 8 6.75 for 6. The unsymmetrical systems 2 and
5 fall in between, both showing a peak at 8 6.91 (Table II). 
Compound 4, to which is fused both a four- and a six-mem
bered ring, shows an aromatic resonance at 8 6.68, interme
diate between the values observed for 1 and 6.

The aromatic C-H coupling constant increases very con
sistently from a low value of 152.3 Hz for 6 to 160.2 Hz for 1. 
These values may be compared with the J c h  value for durene 
(148.1 Hz) and that of benzene (159 Hz). To a first approxi-
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H  H  ( 4 .8 2 )

V _ J  =  1 5 4 . 9  H z

1 2 13

H  H  ( 4 . 5 5 )

106.6 k
V J  =  1 5 4 . 5  H z

14
Figure 1. N M R  d a t a  f o r  m e t h y l e n e c y c l o a l k a n e s  ( in  p p m ,  p r o t o n  

c h e m i c a l  s h i f t s  in  p a r e n t h e s e s ) .

mation one might attribute the observed increments in J c h  

to a lessening of the alkyl inductive effect. The larger coupling 
constants also reflect the higher degree of s character associ
ated with the bond in question. The same trend of increasing 
aromatic C-H coupling has been observed along the benzo- 
cycloalkene series increasing from a value of 155 Hz for tetralin 
to a value of 162 Hz for benzocyclobutene.4

Any attempt to analyze the chemical shift trends exhibited 
by the aromatic carbon and proton as well as the corre
sponding coupling between these atoms for the series of 
benzo[l,2:4,5]dicycloalkenes must confront a variety of po
tential influencing factors. As was already mentioned, there 
are rehybridization effects functioning in the cr framework. 
Anisotropy effects could result either from perturbations of 
the aromatic ring current or simply from factors involving the 
local environment of the C-H bond. Finally, geometric dis
tortions of the benzene ring involving changes in bond lengths 
and angles could be important.

As was stated previously, rehybridization of the bridgehead 
carbon atom of a benzocycloalkene would cause the orbital 
used in bonding to the adjacent unsubstituted aromatic car
bon to become higher in s character as the size of the fused ring 
is decreased from six carbons to four. According to Streit- 
weiser, this effect would then cause the neighboring carbon 
to contribute an orbital higher in p character to preserve the 
C-C bond order.12 Such rehybridization would therefore leave 
the aromatic C-H bond enriched in s character and polarized 
toward carbon. Such polarization might explain the higher 
field shift of this carbon atom with decreasing size of the fused 
rings on benzene. Also consistent with this model is the ob
served increase in the aromatic C-H coupling constant. The 
aromatic proton chemical shift moves downfield along the 
series 6, 5, 3, again consistent with increasing polarization of 
the C-H bond, but then anomalously moves upfield in the 
cyclobutene-fused systems 1, 2, and 4.

A useful model for a portion of the benzocycloalkenes would 
be the methylenecycloalkanes 12-14 (Figure 1). The orien
tation of the vinylic hydrogens of these molecules with respect 
to the cyclic portion of the system should be quite similar to 
the orientation of the aromatic protons of 1-6 with respect to 
the fused rings. Although there appears to be little discernible 
trend or relationship between the 13C chemical shifts of 12-14 
with 1-6, the vinylic 13C-H coupling constant is seen to in
crease with decreasing ring size although much less dramati
cally than for the bisannelated compounds. Most noticeably, 
the proton chemical shifts show the same unusual behavior 
with a decided downfield shift apparent for methylenecyclo- 
pentane. Therefore the possibility cannot be ignored that this 
shift is partly attributable to a local anisotropy effect caused

Figure 2 .  A r o m a t i c  b o n d  a n g l e s  in  b e n z o [ l , 2 : 4 , 5 ] d i c y c l o b u t e n e  ( r e f  

1 7 ) .

Table III. CNDO Calculated s-Orbital Overlap for 
Varying Benzene Geometries__________

i n t e r n a l  

C a- C b- C c 

b o n d  a n g l e  

(8), d e g P 2 Ch(s)H b(s)

i n t e r n a l  

C a- C b- C c 

b o n d  a n g l e  

(8), d e g P 2 Ch(s)H h(s)

1 0 8 0 . 3 1 6 9 1 2 2 0 . 2 6 2 5

1 1 2 0 . 3 0 2 0 1 2 4 0 . 2 5 3 5

1 1 6 0 .2 8 6 9 1 2 6 0 . 2 4 4 7

1 2 0 0 . 2 7 0 7

by the orientation of the small ring rather than any pertur
bation of the aromatic ring current.

An X-ray crystal study of 1 has shown a severe pinching 
effect to be imposed on the aromatic ring by the fused cyclo
butene rings. This pinching results in an opening of the inte
rior bridghead angle to 126° and a closing down of the interior 
angle at the unsubstituted aromatic carbon to 108°.17 The net 
result of this distortion is to move carbons 3 and 6 and their 
attached hydrogens away from the geometric center of the 
molecule. Such a move should decrease the deshielding effect 
experienced by this proton and perhaps account for its upfield 
chemical shift.

To test the effect of these geometric distortions on a simple 
benzene nucleus, we carried out CNDO calculations for a set 
of model benzene systems in which the internal angles of a 
planar benzene ring were modified from 120° at all six carbons 
to the limiting values shown for the structure in Figure 2. All 
bond lengths were held constant with C-C equal to 1.39 A and 
C-H equal to 1.09 A. The square of the carbon-s hydrogen-s 
bond order should thus be proportional to s character and 
thereby related to the 13C-H coupling constant for this same 
bond.18 Table III presents the results of these calculations and 
demonstrates clearly that as an internal Ca-Cb-Cc benzene 
bond angle (8) is compressed, the s character of the Cb-Hb 
bond increases substantially in very good accord with what 
is observed for compound 1. The relationship between angle 
8 and P2cb(s)Hb(s) is almost linear. It will be of interest to design 
systems in which a proton is attached to the apical carbon of 
an expanded benzene bond angle to see if it exhibits an un
usually small 13C-H coupling constant.

Experimental Section
T h e  p r e p a r a t i o n  o f  b e n z o d i c y c l o a l k e n e s  1 - 4  h a s  b e e n  p r e v i o u s l y  

d e s c r i b e d . 1 0 ' 1 5  C l e m m e n s e n  r e d u c t i o n 19  o f  6 , 7 - t r i m e t h y l e n e - l - t e -  

t r a l o n e 20  g a v e  a  7 7 %  y i e l d  o f  6 , 7 - t r i m e t h y l e n e - 1 , 2 , 3 , 4 - t e t r a h y d r o n a -  

p h t h a l e n e  ( 5 ) ,  b p  9 0 - 9 5  ° C  ( 0 . 1 5  m m )  ( l i t . 2 1  b p  1 2 5 - 1 2 6  ° C  ( 6  m m ) ) .  

S i m i l a r  C l e m m e n s e n  r e d u c t i o n  o f  6 , 7 - t e t r a m e t h y l e n e - l - t e t r a l o n e zo 

g a v e  a n  8 0 %  y i e l d  o f  1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 - o c t a h y d r o a n t h r a c e n e  (6 ) , b p

1 2 8 - 1 3 5  ° C  ( 0 .3  m m ) ,  m p  7 3 - 7 4  ° C  ( l i t . 22  m p  7 3 - 7 4  ° C ) .  M e t h y l e n e -  

c y c l o b u t a n e  w a s  p r e p a r e d  f r o m  p e n t a e r y t h r i t y l  t e t r a b r o m i d e  a c 

c o r d i n g  t o  t h e  p r o c e d u r e  o f  R o b e r t s  a n d  S a u e r . 2 3  M e t h y l e n e c y c l o -  

p e n t a n e  w a s  o b t a i n e d  f r o m  C h e m i c a l  S a m p l e s  C o . ,  C o l u m b u s ,  O h io  

4 3 2 2 0 .  M e t h y l e n e c y c l o h e x a n e  w a s  p r e p a r e d  b y  t h e  W i t t i g  r e a c t i o n  

o f  m e t h y l e n e t r i p h e n y l p h o s p h o r a n e  a n d  c y c l o h e x a n o n e . 24

a n d  1 3 C  N M R  s p e c t r a  w e r e  o b t a i n e d  a t  3 2  ° C  f o r  5 - 1 0 %  s o l u 

t i o n s  in  C D C I 3  a n d  c h e m i c a l  s h i f t s  in  p p m  a r e  r e f e r r e d  t o  i n t e r n a l  

M e 4 S i .  T h e  p r o t o n  s p e c t r a  w e r e  m e a s u r e d  a t  1 0 0 .0 6  M H z  a n d  t h e  

c a r b o n - 1 3  s p e c t r a  w e r e  m e a s u r e d  a t  2 5 . 1 5  M H z  w i t h  a  f l i p  a n g l e  o f
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20-40° and a 3-8 s delay Time. All spectra were recorded on a Varian 
Associates XL-100 spectrometer equipped with a Nicolet TT-100 
Data System and an NT-440 Multinuclear Probe. Slight deviations 
of the 13C-H couplings for compounds 1-3 from earlier reported 
values10 obtained from 13C satellites in the !H NMR spectra are well 
within the range of experimental error.

Molecular Orbital Calculations were carried out using the CNDO/2 
program (No. 141) from the Quantum Chemistry Program Exchange, 
Chemistry Department, Indiana University.
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Foundation.
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Addition of Dichloroketene to Silyl Enol Ethers. 
Synthesis of Functionalized Cyclobutanones1
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Dichloroketene, generated from trichloroacetyl chloride and activated zinc, has been found to react readily with 
silyl enol ethers. In most cases, good yields of 3-siloxy-substituted dichlorocyclobutanones could be isolated. The 
reaction appears to be both regio- and stereospecific. Mild acid hydrolysis of the siloxycyclobutanones afforded the 
corresponding 3-hydroxydichlorocyclobutanones. In some cases, cyclobutane ring opening or elimination to gener
ate a dichlorocyclobutenone was observed. The silyl enol ethers derived from acetophenone and pinacolone, on the 
other hand, afforded only acyclic products from the dichloroketene. The possibility that these acyclic products may 
result from ring opening of initially formed cyclobutanones is discussed.

General Reaction Scheme. The cycloaddition of dichlo
roketene2 to reactive olefins constitutes a convenient synthesis 
of cyclobutanones.3 In view of the considerable synthetic 
utility of silyl enol ethers4 as masked enols and our5 own in
terest in these species, we investigated the reaction of di
chloroketene with silyl enol ethers as a possible route to 
functionalized cyclobutanones.

When trichloroacetyl chloride was slowly added to a stirred 
mixture of the trimethylsilyl enol ether la and activated zinc 
in dry ether, a mildly exothermic reaction occurred and a one 
to one adduct was obtained in 92% yield after workup. A 
strong high-frequency (1805 cm-1) carbonyl absorption in the 
IR spectrum indicated cyclobutanone 2a as the product of this 
cycloaddition (eq 1). Regiochemistry was assigned in accord 
with known examples of diphenylketene cycloadditions with 
enol ethers.6 Several other silyl enol ethers were found to react 
smoothly with dichloroketene to afford good yields of sub

* A d d r e s s  c o r r e s p o n d e n c e  t o  S t a t e  U n i v e r s i t y  o f  N e w  Y o r k  a t  B i n g h a m 
t o n .

C I3C CO CI 

Z n —C u

la

(

IT

)SiMe3
r.i.

Me
\ >Me

2a

d )

stituted cyclobutanones (see Table I). The yields are generally 
higher than in cycloadditions of dichloroketene to simple 
olefins.

Hydrolysis of the trimethylsilyl group of the cycloadducts 
was readily accomplished by treating a tetrahydrofuran or 
methanol solution of the siloxycyclobutanone with dilute 
hydrochloric acid. As indicated in Table I, this afforded high 
yields of the hydroxy-substituted cyclobutanones (3a-f).

Generation of dichloroketene by the triethylamine dehy- 
drohalogenation of dichloroacetyl chloride in the presence of 
silyl enol ethers did not lead to cycloadducts. For instance, in 
the case of lb, conversion to cyclopentanone appeared to be 
the major reaction, accompanied by minor amounts of 4 (eq

0022-3263/78/1943-3173$01.00/0 © 1978 American Chemical Society
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la
lb
le

ld
le

lfd
I g /
(jE)-lh
(Z)-lh

R1 R2

Me H
-(CH2)8-
-(CH2)4-

i-B u

Ph H 
H Ph 
Ph Me 
H Me

Table I
R3

R1.  .R3 R',
ci2o=c=o^

*  R2i
R2'  'OSiR4,

R3

/  R w f - / °

-Cl * R2*-:----------Cl

R^SiO Cl
1

HO Cl 
3

R3 R4_________Registry no.

Me Me 6651-34-9
H Me 19980-43-9
H Me 6651-36-1

H Me 19980-19-9
H i-Bu(Me)2 66323-98-6

Me Me
Me Me 66323-99-7
H Me 19980-25-7
Ph Me 19980-24-6

Yield of Yield of
2,° % Registry no. 3,° %

92 6 66324-00-3 83
79 66324-01-4 88
81 66402-59-3 85

95 6 66402-60-6 73
92 66324-02-5 c

86fc'e 66324-03-6 85e
94 hs 66324-04-7 h

59*'J k

Registry no.

66324-05-8
66324-06-9
66324-07-0

66324-08-1

66324-09-2

° Yield after distillation. 6 Crude yield; attempted distillation led to partial hydrolysis of the trimethylsilyl group. c Not hydrolyzed. 
d E /Z  ratio was 70:30. e Stereochemistry unknown, f Apparently stereochemically homogeneous by NMR and GC. g Crude yield; 
attempted distillation led to partial conversion to the ring-opened product 7 (see text). h Hydrolysis afforded cyclobutenone 9 (see 
text) in 78% yield. * Adducts are thermally sensitive (see Experimental Section) . > Ratio of cyclobutanones is identical to E /Z  ratio 
of lh. k Hydrolysis afforded cyclobutenone 10 (see text) in 81% yield.

2). The silyl enol ether If was found to be completely un- 
reactive toward dichloroacetyl chloride and triethylamine.

Me-iSiO.

' " T l

C l j C H C O C l  

E t , N  *

lb
H. ,OSiMe3

C l j C H C O C l  

E t , N

Ph Me 
If

no reaction

Therefore, we used the zinc dehalogenation procedure to 
generate dichloroketene, and in addition we found it advan
tageous to use the trichloroacetyl chloride within 2 to 3 days 
of its distillation and zinc within 1 week of its activation. Re
actions were conveniently carried out in dry ether. Under 
these conditions, undesirable partial hydrolysis of silyl enol 
ethers to the parent carbonyl compounds was avoided. The 
reactions of dichloroketene with silyl enol ethers were followed 
by either GC or NMR spectroscopy and were usually complete 
within 2 to 3 h after addition of the acid chloride. The disap
pearance of acid chloride and silyl enol ether was monitored 
by GC; however, nearly all of the siloxycyclobutanone prod
ucts 2 were found to decompose readily on gas chromatogra
phy. Attempted chromatography of 2 on silica gel or neutral 
alumina also led to extensive decomposition, but purification 
was achieved by bulb to bulb distillation at reduced pressure. 
Even under these conditions, however, several of the siloxy- 
cyclobutanones suffered partial conversion to the corre
sponding hydroxycyclobutanones (see Experimental Sec
tion).

Siloxycyclobutanone Ring Opening. In the dichloroke
tene reactions described thus far, the trimethylsilyl enol ether

from cyclohexanone, lc, was found to be the most sensitive. 
For example, if trichloroacetyl chloride was not freshly dis
tilled prior to reaction or if the acid chloride was added too 
rapidly to the suspension of zinc and lc, the reaction became 
quite vigorous and little, if any, cyclobutanone 2c could be 
isolated. Instead, products 5 and 6 were formed in high yield. 
In addition, the hydrolysis of siloxycyclobutanone 2c to the 
hydroxycyclobutanone 3c was found to be extremely erratic. 
Often, even brief (1 min) treatment of a methanol or tetra- 
hydrofuran solution of 2c with dilute acid gave exclusively the 
ring-opened product 6.

Enol ether 5 was readily hydrolyzed to 6 with dilute acid. 
For comparison, compound 6 was also synthesized by an al
ternative route7 described by Murai, namely, the reaction of 
dichloroacetyl chloride with silyl enol ether lc.

As suggested in Scheme I, the flexibility of the cyclohexyl 
adduct 2c may account for its relative instability. In one (2c') 
of the possible conformations, the system appears to be well 
set up for a migration8 of silicon from one oxygen to the other 
with consequent opening of the four-membered ring. This 
process may be catalyzed by zinc chloride present in the re
action mixture (see discussion below).

Scheme I

5
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The less conformationally mobile 4-tert-butyl analogue Id, 
on the other hand, reacted smoothly with dichloroketene to 
afford the siloxycyclobutanone 2d.9 In no instances were any 
ring-opened products isolated in this reaction. In contrast to 
2c, the 4-iert-butyl analogue 2d underwent clean hydrolysis 
to the hydroxycyclobutanone 3d, a stable crystalline solid. 
This is attributable to the fact that conformation 2d', neces
sary for the ring-opening process, is unfavorable because of 
severe diaxial interactions. These results lend credence to the 
idea that a conformation such as 2c' is involved in the ring
opening process.

Ring-opening reactions were also observed with the silox
ycyclobutanone 2g. Attempted distillation of 2g led to partial 
conversion to the ring-opened product 7 (eq 3). Heating the

H

P h

M e

-----------'C l,

O S i M e ,

crude product 2g or the distillate at 200 °C for 2 h led to 
complete ring opening to 7. In this case, as for 2c', the favor
able conformation has the siloxy group axial and the large 
phenyl substituent equatorial to the puckered cyclobutanone 
ring (2g').

Although 7 was readily hydrolyzed to 8 with dilute acid, the 
siloxycyclobutanone 2g proved to be resistant to conditions 
that completely hydrolyzed the other siloxycyclobutanones. 
Under more rigorous hydrolysis conditions (see Experimental 
Section), 2g afforded cyclobutenone 9 in good yield (eq 4);

evidently, the hydroxy intermediate 3g underwent loss of 
water (in a diaxial fashion from 2g').

Treatment of siloxycyclobutanone 2g with tetrabutylam- 
monium fluoride10 in tetTahydrofuran solution at room tem
perature led to the rapid formation of the ring-opened product 
8 and cyclobutenone 9. Finally, complete ring opening of 2g 
to afford 8 could be accomplished by stirring an ether solution 
of 2g and zinc chloride at room temperature overnight.

In contrast to 2g, a mixture of siloxycyclobutanones (El
and (Z )-2h was readily hydrolyzed with dilute acid. Again in

M e .

2h
H . O CL

,  " A
P h  o

10

(5)

this case, however, hydroxycyclobutanones were not isolated, 
but rather the cyclobutenone 1012 (eq 5).

The reaction of dichloroketene with silyl enol ethers li and 
lj, from acetophenone and pinacolone, respectively, took a 
different course (eq 6). No cyclobutanone products could be

l i ,  R  =  P h

l j ,  R  =  t - B u

C l j C C O C l  

Z n —C u

l i a ,  R  =  P h

l i b ,  R  =  t - B u

+

0  0

A A .
R C H o C L

1 2 a ,  R  =  P h  

1 2 b ,  R  =  f - B u

<61

detected in either case. Instead, the acylic products 11 and 12 
were isolated in high yields. That these products were not 
arising from the workup was demonstrated by NMR exami
nation of the reaction mixtures prior to completion. Treat
ment of 11 with dilute acid led to 12. Attempts to isolate cy- 
clobutanones from the reaction of dichloroketene with li at 
lower temperatures were to no avail.

One explanation for the formation of products 11 is a ring 
opening of an initially formed cyclobutanone species 13 (eq
7). The bulky substituent (R = Ph or ferf-butyl) might prefer

1 3

Cl

Cl

0  O S i M e ,

(7)

to occupy an equatorial conformation, forcing the trimeth- 
ylsiloxy group into an axial conformation. Thus, a situation 
similar to that suggested for the cyclohexyl system 2c might 
occur; attack of carbonyl oxygen on silicon might initiate ring 
opening to afford the observed products.

Since the tert-butyldimethylsilyl10 group is much less 
susceptible to nucleophilic attack than the trimethylsilyl 
group, it was thought that enol ether lk might yield a stable 
cyclobutanone. However, this was found not to be the case (eq
8), and enol ether lk afforded only 14 and 12a (R = Ph) under 
the usual reaction conditions.

O S i ( M e ) 2t - B u

P h C H 2

l k

cqccoci
Z n - C u

1 4

+  1 2 a

( 8 )

Another possibility for the generation of acyclic products 
in the reactions of li and lj with dichloroketene is that cy
clobutanone formation is not involved at all and that dichlo
roketene simply acylates the enol ether to give an initial 
zwitterionic species 15 which collapses to 11 (eq 9). The ste-

1 5
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reospecificity of the cycloaddition observed for lh (see below) 
would speak against an ionic intermediate. On the other hand, 
Murai has reported7 that silyl enol ethers li and lj react with 
di- and trichloroacetyl chlorides to afford, after hydrolysis, 
fair (60-67%) yields of the 1,3-diketones 12 and 16, respec
tively (eq 10). Although no products corresponding to 16 were

O  0

, A A
C H C l ,

12

0  0

6A X œii
16

(10)

detected in our reactions (by mass spectral analysis), dichlo- 
roketene would of course be expected to be a much more re
active acylating reagent than either di- or trichloroacetyl 
chloride.

The possibility of destabilizing a zwitterionic species 15 with 
an electron-withdrawing substituent on the aromatic ring was 
investigated next. However, silyl enol ether 11 was unchanged

after a 3-day reaction with dichloroketene, as evidenced by 
NMR examination of aliquots from the reaction mixture, and 
therefore did not provide any positive evidence.

Stereochemistry. An opportunity to study the stereo
chemistry of the reaction of dichloroketene with silyl enol 
ethers was presented by the silyl enol ethers lh, derived from 
phenylacetone. The isomeric ratio is clearly evident from the 
NMR spectrum since the chemical shifts of the vinyl protons 
are distinct (5 5.7 for the E  isomer and <5 5.4 for the Z  isomer).11 
Since the E  and Z  isomers could not be completely separated 
by either GC or spinning band distillation, various E I Z  mix
tures of lh were allowed to react with dichloroketene. This led 
to mixtures of cyclobutanones [(E)- and (Z)-2h[ (Scheme II), 
the ratios of which were identical with the E I Z  ratios of 
starting material (lh). These results suggest that an inter
mediate dipolar species capable of free rotation is not involved 
in the cycloadditions described thus far and that the reaction

S c h e m e  I I

1 : 1 6  1 : 1 6

1 :1  1 :1
7 : 1  7 : 1

of dichloroketene with these silyl enol ethers is a concerted 
stereospecific cycloaddition.

The siloxycyclobutanones (E )- and (Z)-2h were also found 
to be sensitive to heating, but ring-opened products, if formed, 
were not isolated. Thus, bulb to bulb distillation [120 °C (0.02 
mm) of a mixture of (E )- and (Z)-2h led to less than 70% re
covery of material, although the IR and NMR spectra of crude 
and distilled products were superimposable; a dark tar re
mained in the distillation flask.

In summary, silyl enol ethers have been found to react 
readily with dichloroketene, affording in most cases good 
yields of cyclobutanones. Although the regiochemistry of the 
cyclobutanones suggests electronic control with the possibility 
of a dipolar intermediate, the stereochemical results indicate 
that such species do not have an appreciable lifetime.

Experimental Section13
General. T h e  s i l y l  e n o l  e t h e r  a d d u c t s  2  w e r e  e i t h e r  p a r t i a l l y  h y 

d r o l y z e d  t o  t h e  a l c o h o l s  u p o n  a t t e m p t e d  p u r i f i c a t i o n  o r  u n d e r w e n t  

p a r t i a l  r i n g  o p e n i n g  o r  e l i m i n a t i o n  d u r i n g  a t t e m p t e d  d i s t i l l a t i o n .  

H e n c e ,  t h e y  w e r e  n o t  s u b m i t t e d  t o  e l e m e n t a l  a n a l y s i s  b u t  w e r e  

i d e n t i f i e d  b y  c o n s i s t e n t  I R ,  N M R ,  a n d  m a s s  s p e c t r a  a n d  h y d r o l y s i s  

t o  3 .

Trichloroacetyl Chloride. T h i s  p r o c e d u r e  is  a  s l i g h t  m o d i f i c a t io n  

o f  t h e  l i t e r a t u r e  p r o c e d u r e . 14

T o  a  s t i r r e d  m i x t u r e  o f  9 7 .0  g  ( 0 .5 9  m o l)  o f  C I 3 C C O 2H  a n d  3 . 0  m L  

o f  D M F  a t  8 5  ° C  w a s  a d d e d  5 1 . 0  m L  ( 8 4 .5  g ,  0 . 7 1  m o l)  o f  t h i o n y l  

c h lo r i d e  d r o p w i s e .  W h e n  a d d i t i o n  w a s  c o m p l e t e ,  h e a t i n g  a t  t h i s  

t e m p e r a t u r e  w a s  c o n t in u e d  f o r  2  h . T h e  b a t h  t e m p e r a t u r e  w a s  lo w e r e d  

t o  6 0 - 6 5  ° C ,  a n d  t h e  p r o d u c t  w a s  d i s t i l l e d  ( 4 0 - 4 5  ° C  a t  2 0 - 2 5  m m )  

a n d  c o l l e c t e d  in  a n  ic e - c o o le d  r e c e i v e r .  T h e  f i r s t  f e w  m i l l i l i t e r s  w e r e  

d i s c a r d e d .  T h e  p r o d u c t  w a s  d i s t i l l e d  o n e  m o r e  t i m e  a t  r e d u c e d  p r e s 

s u r e  a n d  f i n a l l y  a t  a t m o s p h e r i c  ( 6 2 5  m m )  p r e s s u r e  ( c o l l e c t e d  a t

1 0 8 - 1 1 0  ° C )  t o  y i e l d  7 4 . 3  g  ( 7 0 % )  o f  t r i c h l o r o a c e t y l  c h lo r i d e .

Activation of Zinc. T h i s  p r o c e d u r e  i s  a  s l i g h t  m o d i f i c a t i o n  o f  t h e  

p r o c e d u r e  o f  B r a d y . 2“

A  s t i r r e d  s u s p e n s i o n  o f  1 0 . 0  g  ( 0 . 1 5  m o l)  o f  z i n c  d u s t  in  4 0  m L  o f  

w a t e r  w a s  d e g a s s e d  b y  b u b b l i n g  N 2  t h r o u g h  i t  f o r  1 5  m in .  T h e n  7 5 0  

m g  ( 4 .7  m m o l)  o f  C u S C L  w a s  a d d e d  a t  o n c e . T h e  b la c k  s u s p e n s i o n  w a s  

s t i r r e d  w h i l e  N 2  b u b b l e d  t h r o u g h  i t  f o r  4 5  m i n  m o r e .  T h e  Z n - C u  

c o u p le  w a s  c o l le c t e d  o n  a  s i n t e r e d  g l a s s  f u n n e l  u n d e r  a  s t r e a m  o f  N 2 

a n d  w a s h e d  s u c c e s s i v e l y  w i t h  1 0 0  m L  o f  d e g a s s e d  w a t e r  a n d  a c e t o n e .  

T h e  Z n - C u  c o u p l e  w a s  t r a n s f e r r e d  t o  a  s m a l l  f l a s k  u n d e r  a  s t r e a m  o f  

N 2  a n d  d r i e d  a t  r e d u c e d  p r e s s u r e  ( 0 .2  m m )  f o r  2  h . N i t r o g e n  w a s  a d 

m i t t e d  t o  t h e  s y s t e m  w h e n  t h e  v a c u u m  w a s  b r o k e n ,  a n d  t h e  Z n - C u  

c o u p l e  w a s  s t o r e d  u n d e r  N 2  i n  a  t i g h t l y  s t o p p e r e d  f l a s k .

General Procedure for the Addition of Dichloroketene to Silyl 
Enol Ethers. T h e  t r i m e t h y l s i l y l  e n o l  e t h e r s  w e r e  p r e p a r e d  b y  H o u s e ’s  

p r o c e d u r e 1 1  a n d  h a v e  b e e n  p r e v i o u s l y  d e s c r i b e d .  T r i c h l o r o a c e t y l  

c h lo r i d e  w a s  u s e d  w i t h i n  2  t o  3  d a y s  o f  i t s  d i s t i l l a t i o n  a n d  z in c  w i t h i n  

1  w e e k  o f  i t s  a c t i v a t i o n .

A  1 0 0 - m L  t h r e e - n e c k  f l a s k  e q u i p p e d  w i t h  a  c o n d e n s o r ,  a d d i t i o n  

f u n n e l ,  m a g n e t i c  s t i r r e r ,  a n d  N 2  i n l e t  w a s  f l a m e  d r i e d  w h i l e  b e i n g  

p u r g e d  w i t h  N 2 . W h e n  c o o l ,  t h e  f l a s k  w a s  c h a r g e d  w i t h  5 . 0  m m o l  o f  

t h e  s i l y l  e n o l  e t h e r ,  7 . 5  m m o l  o f  a c t i v a t e d  z in c ,  a n d  4 0  m L  o f  a n h y 

d r o u s  e t h e r .  T h e  m i x t u r e  w a s  s t i r r e d  u n d e r  N 2, a n d  a  s o l u t i o n  o f  6 .5  

m m o l  o f  C I 3C C O C I  in  1 5  m L  o f  a n h y d r o u s  e t h e r  w a s  a d d e d  d r o p w i s e  

o v e r  a  4 5 - m i n  p e r i o d .  S t i r r i n g  a t  r o o m  t e m p e r a t u r e  w a s  c o n t i n u e d  

u n t i l  N M R  o r  G C  ( a  5  f t  X  0 . 2 5  in ,  1 0 %  D C - 5 5 0  c o l u m n  w a s  u s e d )  

a n a l y s i s  o f  a l i q u o t s  i n d i c a t e d  t h a t  t h e  s i l y l  e n o l  e t h e r  h a d  b e e n  c o n 

s u m e d .  T h e  r e a c t io n  m i x t u r e  w a s  t h e n  f i l t e r e d  t h r o u g h  a  p a d  o f  C e l i t e  

a n d  t h e  u n r e a c t e d  z in c  w a s h e d  w i t h  a  f e w  m i l l i l i t e r s  o f  e t h e r .  T h e  

s o l u t i o n  w a s  c o n c e n t r a t e d  in  v a c u o  t o  c a .  2 5 %  o f  i t s  o r i g i n a l  v o lu m e ,  

a n  e q u a l  v o lu m e  o f  p e n t a n e  w a s  a d d e d ,  a n d  t h e  s o l u t i o n  w a s  s t i r r e d  

f o r  a  f e w  m i n u t e s  t o  p r e c i p i t a t e  t h e  z in c  s a l t s .  T h e  s o l u t i o n  w a s  d e 

c a n t e d  f r o m  t h e  r e s i d u e ,  w a s h e d  w i t h  a  c o l d  s a t u r a t e d  N a H C 0 3  s o 

lu t i o n  a n d  b r i n e ,  a n d  d r i e d  o v e r  K 2 C O 3 , a n d  t h e  s o l v e n t  w a s  r e m o v e d  

in  v a c u o  t o  a f f o r d  t h e  c r u d e  p r o d u c t ,  w h i c h  w a s  p u r i f i e d  b y  b u l b  
d i s t i l l a t i o n  a t  r e d u c e d  p r e s s u r e .

General Procedure for the Hydrolysis of the Trimethylsilyl 
Group of the Dichloroketene Adducts. H y d r o l y s i s  o f  t h e  t r i 

m e t h y ls i l y l  g r o u p  w a s  a c c o m p li s h e d  b y  d i s s o l v i n g  t h e  d i c h l o r o k e t e n e  

a d d u c t  in  m e t h a n o l  o r  T H F  ( c a .  1  m m o l / 1 0  m L ) ,  a d d i n g  a  f e w  d r o p s  

o f  a  5 %  H C 1  s o l u t i o n ,  a n d  s t i r r i n g  a t  r o o m  t e m p e r a t u r e  f o r  1  h .  T h e  

s o l v e n t  w a s  r e m o v e d  in  v a c u o ,  t h e  r e s i d u e  w a s  d i s s o l v e d  in  e t h e r ,  a n d  

t h e  s o lu t io n  w a s  w a s h e d  w i t h  w a t e r  a n d  b r i n e  a n d  d r i e d  o v e r  K 2C 0 3.
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T h e  s o l v e n t  w a s  r e m o v e d  i n  v a c u o  a n d  t h e  p r o d u c t  p u r i f i e d  b y  b u l b  

t o  b u l b  d i s t i l l a t i o n  a t  r e d u c e d  p r e s s u r e  o r  b y  r e c r y s t a l l i z a t i o n .

2.2- Dichloro-3-trimethylsiloxy-4,4-dimethylcyclobutanone 
(2a). T h e  r e a c t i o n  o f  2 .0  g  ( 1 3 . 8  m m o l)  o f  t r i m e t h y l s i l y l  e n o l  e t h e r  la 
b y  t h e  g e n e r a l  p r o c e d u r e  (9  h )  a f f o r d e d  3 . 2 5  g  ( 9 2 % )  o f  2a a s  a  y e l lo w  

o i l .  A t t e m p t e d  d i s t i l l a t i o n  o f  2a l e d  t o  p a r t i a l  h y d r o l y s i s  o f  t h e  t r i 

m e t h y ls i l y l  g r o u p .  S i l o x y c y c l o b u t a n o n e  2a: I R  ( n e a t )  1 8 0 5 , 1 2 7 0 ,  a n d  

8 6 0  c m - 1 ; N M R  ( C C 1 4) b 4 . 2 2  ( s , 1 H ) ,  1 . 2 7  ( s ,  3  H ) ,  1 . 1 7  ( s ,  1  H ) ,  a n d

0 . 1 7  (s , 9  H ) ;  M S  m /e  (% ) 2 5 6  ( M  +  2 , 1 . 1 ) ,  2 5 4  ( M + ,  1 . 7 ) ,  2 4 1  ( 2 .2 ) ,  2 3 9

( 3 . 2 )  , 1 9 3  ( 4 .0 ) ,  1 9 1  ( 1 2 . 3 ) ,  1 4 4  ( 2 7 .2 ) ,  1 2 9  ( 1 4 . 3 ) ,  7 5  ( 6 2 .3 ) ,  7 3  ( 1 0 0 ) ,  
a n d  7 0  ( 7 1 . 2 ) .

2.2- Dichloro-3-hydroxy-4,4-dimethylcyclobutanone (3a).
H y d r o l y s i s  o f  1 . 0  g  ( 3 .9  m m o l)  o f  s i lo x y c y c lo b u t a n o n e  2a a f f o r d e d  0 . 7 1  

g  (9 9 % )  o f  a  y e l lo w  o i l  w h i c h  w a s  p u r i f i e d  b y  b u l b  t o  b u l b  d i s t i l l a t i o n  

( o v e n  6 0  ° C ,  5  m m )  t o  a f f o r d  0 .5 9  g  ( 8 3 % )  o f  3a: I R  ( n e a t )  3 6 0 0 - 3 3 5 0 ,  

1 7 9 9 , 1 4 7 0 , 1 1 3 0 ,  a n d  8 6 0  c m “ 1 ; N M R  ( C C D  S 4 .4 0  ( s , 1 H ) ,  3 .9  ( b r o a d ,  

O H ,  1  H ) ,  1 . 4 1  ( s , 3  H ) ,  a n d  1 . 3 1  ( s ,  3 H ) ;  M S  m /e  ( n o  M + )  1 1 9  ( 3 . 1 ) ,  

1 1 4  ( 1 . 4 ) ,  1 1 2  ( 2 . 3 ) ,  1 0 9  (6 .8 ) ,  7 2  ( 1 7 . 8 ) ,  7 1  ( 1 0 . 3 ) ,  7 0  ( 1 0 0 ) ,  5 7  ( 1 3 . 3 ) ,  

4 4  ( 7 .3 ) ,  4 3  ( 1 7 . 8 ) ,  4 2  ( 3 5 . 7 ) ,  a n d  4 1  ( 2 0 .6 ) .

A n a l .  C a l c d  f o r  C 6H 8 0 2 C 1 2: C ,  3 9 . 3 7 ;  H ,  4 .4 0 .  F o u n d :  C ,  3 9 .2 8 ;  H ,  
4 .3 9 .

7.7- Dichloro-l-trimethylsiloxybicyclo[3.2.0]heptan~6-one 
(2b). T h e  r e a c t i o n  o f  5 .0  g  ( 3 2  m m o l)  o f  t r i m e t h y l s i l y l  e n o l  e t h e r  lb 
b y  t h e  g e n e r a l  p r o c e d u r e  ( 2  h )  a f f o r d e d  7 .2  g  ( 8 5 % )  o f  2b a s  a  v i s c o u s  

o r a n g e  o i l .  B u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  9 5  ° C ,  0 .0 2  m m )  a f f o r d e d

6 .7  g  (7 9 % )  o f  2b a s  a  c o lo r le s s  o i l  w h ic h  s o l i d i f i e d  u p o n  r e f r i g e r a t i o n :  

I R  ( n e a t )  1 8 0 5  c m ' 1 ; N M R  ( C C 1 4) b 3 .6  ( b r o a d ,  1  H ) ,  2 . 7 7 - 1 . 4 3  ( 6  H ) ,  

a n d  0 .2 5  ( s ,  9  H ) ;  M S  m / e  2 6 8  ( M  +  2 ,  2 .4 ) ,  2 6 6  ( M + ,  3 .6 ) ,  2 5 3  ( 3 .5 ) ,  

2 5 1  ( 5 .4 ) ,  2 2 5  ( 4 .7 ) ,  2 2 3  ( 7 . 1 ) ,  2 0 5  ( 7 / [ ( =  2 ] 3  ( 2 3 .2 ) ,  1 5 6  ( 3 0 .4 ) ,  9 5  ( 1 6 . 1 ) ,  

9 3  ( 3 2 . 1 ) ,  7 9  ( 4 6 .4 ) ,  7 5  ( 3 2 . 1 ) ,  a n d  7 3  ( 1 0 0 ) .

7.7- Dichloro-l-hydroxybicyclo[3.2.0]heptan-6-one (3b). H y 

d r o l y s i s  o f  6 6 .0  g  ( 2 2 .6  m m o l)  o f  s i l o x y c y c l o b u t a n o n e  2b a f f o r d e d  3 .8 7  

g  (8 8 % ) o f  3b w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  h e x a n e  t o  a f f o r d  3 .0  g 

(6 8 % ) o f  3b: m p  5 7 - 5 8  ° C ;  I R  ( C C 1 4) 3 5 6 0 , 1 8 0 0 , 1 3 3 0 ,  a n d  1 1 0  c m - 1 ; 

N M R  ( C C 1 4) 5 3 .6 0  ( b r o a d ,  1  H ) ,  3 . 2 3  ( b r o a d ,  O H ,  1  H ) ,  a n d  2 . 8 - 1 . 0  

( 6  H ) ;  M S  m /e  1 9 6  ( M  +  2 , 1 . 4 ) ,  1 9 4  ( M + , 2 . 1 ) , 1 6 0  ( 1 1 .6 ) , 1 5 8  ( 1 7 . 6 ) ,  

1 5 1  ( 1 5 . 5 ) ,  1 4 9  ( 2 3 .5 ) ,  1 3 3  ( 6 . 1 0 ) ,  1 3 1  ( 9 3 .0 ) ,  1 1 5  ( 1 7 . 6 ) ,  1 1 3  ( 5 2 .9 ) ,  1 1 0

( 7 3 . 2 )  , 9 5  ( 6 4 . 7 ) ,  8 5  ( 8 8 .2 ) ,  8 4  ( 7 0 .6 ) ,  6 7  ( 7 6 .5 ) ,  a n d  5 5  ( 1 0 0 ) .

A n a l .  C a l c d  f o r  C 7 H 8C 1 2 0 2: C ,  4 3 . 1 0 ;  H ,  4 . 1 3 .  F o u n d :  C ,  4 3 .5 0 ;  H ,

4 . 1 1 .

Generation of Dichloroketene from Diehloroacetyl Chloride 
in the Presence of lb. T o  a  s t i r r e d  s o lu t io n  o f  1 . 0  g  (6 .4  m m o l)  o f  s i ly l  

e n o l  e t h e r  lb a n d  0 .9 6  m L  ( 1 . 4 7  g , 1 0  m m o l)  o f  C 1 2 C H C 0 C 1  in  3 0  m L  

o f  a n h y d r o u s  e t h e r  w a s  a d d e d  d r o p w i s e  a  s o l u t i o n  o f  2 .0 5  m L  ( 1 . 5  g , 

1 5  m m o l)  o f  t r i e t h y l a m i n e  in  1 5  m L  o f  a n h y d r o u s  e t h e r .  T h e  m i x t u r e  

w a s  s t i r r e d  f o r  1 2  h  a f t e r  a d d i t i o n  o f  t h e  s o l u t i o n  w a s  c o m p l e t e d  a n d  

t h e n  w a s h e d  w i t h  a  5 %  H C 1  s o l u t i o n ,  a  s a t u r a t e d  N a H C C >3 s o l u t i o n ,  

a n d  b r i n e .  T h e  s o l u t i o n  w a s  d r i e d  o v e r  K 2 C 0 2  a n d  t h e  s o l v e n t  r e 

m o v e d  in  v a c u o  t o  a f f o r d  0 .6 2  g  o f  a  d a r k  o i l ,  s h o w n  t o  c o n t a i n  m a i n l y  

( > 6 0 % )  c y c l o p e n t a n o n e  b y  c o in j e c t io n  w i t h  a n  a u t h e n t i c  s a m p l e  in t o  

t h e  G C  i n s t r u m e n t  ( a  1 0  f t  X  %  in ,  1 5 %  D C - 5 5 0  c o l u m n  w a s  u s e d  f o r  

t h i s  a n a l y s i s ) .  A t  l e a s t  t h r e e  m i n o r  p r o d u c t s  w e r e  p r e s e n t  in  t h e  

m i x t u r e .  T h e  p r e s e n c e  o f  4 in  t h e  m i x t u r e  w a s  i m p l i c a t e d  b y  t h e  

s p e c t r a  o f  t h e  m ix t u r e :  I R  ( n e a t )  3 5 0 0  t a i l in g  t o  2 5 0 0 , 1 7 4 0 , 1 6 5 0 - 1 5 5 0 ,  

a n d  1 2 2 0  c m - 1 ; N M R  ( C C 1 4) <S 1 2 . 4  ( b r o a d ) ,  6 .0  ( s ) ,  a n d  3 . 0 - 1 . 2 ;  M S  

m /e  1 9 6  a n d  1 9 4 .  ( C o m p a r e  s p e c t r a  o f  6  b e lo w .)

8 .8 -  Dichloro-l-trimethylsiloxybicyelo[4.2.0]octan-7-one (2c). 
T h e  r e a c t i o n  o f  2 .0  g  ( 1 1 . 7  m m o l)  o f  t r i m e t h y l s i l y l  e n o l  e t h e r  lc b y  

t h e  g e n e r a l  p r o c e d u r e  a t  0  ° C  ( 3  h )  a f f o r d e d  3 .0  g  ( 9 1 % )  o f  2c a s  a  

v i s c o u s  y e l lo w  o i l .  B u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  1 1 0  ° C ,  0 .0 2  m m )  

a f f o r d e d  2 .7  g  ( 8 1 % )  o f  2c a s  a  s l i g h t l y  y e l lo w  o i l:  I R  ( n e a t )  1 8 0 5 , 1 2 7 0 ,  

1 2 3 5 ,  a n d  8 6 5  c m “ 1 ; N M R  ( C C D  b 3 .7  ( b r o a d ,  1  H ) ,  2 . 7 - 1 . 2  ( 8  H ) ,  a n d  

0 .2 8  ( s ,  9  H ) ;  M S  m /e  2 8 2  ( M  +  2 ,  1 . 6 ) ,  2 8 0  ( M + ,  2 . 7 ) ,  2 6 7  ( 2 .5 ) ,  2 6 5

( 4 . 1 ) ,  2 1 9  ( 5 .5 ) ,  2 1 7  ( 1 7 . 8 ) ,  1 7 0  ( 3 0 . 1 ) ,  1 5 5  ( 1 5 . 1 ) ,  1 0 9  ( 1 6 . 4 ) ,  7 5  ( 4 5 .2 )  

a n d  7 3  ( 1 0 0 ) .
8 .8 -  Dichloro-l-hydroxybicyclo[4.2.0]octan-7-one (3c). H y -  

d r o x y c y c l o b u t a n o n e  3c w a s  o b t a i n e d  b y  a  s h o r t  ( 4 5  s )  h y d r o l y s i s  o f  

s i lo x y c y c lo b u t a n o n e  2c in  m e t h a n o l :  I R  ( C C D  3 6 0 0 - 3 2 5 0 , 1 8 0 5 , 1 3 0 5 ,  

1 2 6 5 ,  1 2 3 0 ,  a n d  8 6 0  c m " 1 ; N M R  ( C C D  b 3 .7 0  ( b r o a d ,  1  H ) ,  3 . 1 5  

( b r o a d ,  1  H ) ,  a n d  2 . 8 - 1 . 0  ( 8  H ) .
2 - ( 2 , 2 ' - D i c h l o r o - l ' - t r i m e t h y l s i l o x y v i n y l ) c y c l o h e x a n o n e  ( 5 ) .  

C o m p o u n d  5  w a s  f o r m e d  w h e n  t h e  C I 3 C C O C I  w a s  a d d e d  t o o  r a p i d l y  

t o  a  s u s p e n s i o n  o f  s i l y l  e n o l  e t h e r  l c  a n d  z in c  o r  w h e n  C I 3 C C O C I  w a s  

u s e d  w i t h o u t  p r e v io u s  d i s t i l l a t i o n .  C o m p o u n d  5 :  I R  ( n e a t )  1 7 1 0 , 1 6 2 0 ,  

1 2 6 0 , 1 1 3 0 , 1 0 5 0 , 9 8 0 ,  a n d  8 6 0  c m “ 1 ; N M R  ( C C D  b 3 .6  ( b r o a d ,  1  H ) ,

2 . 7 - 1 . 5  ( 8  H ) ,  a n d  0 .2 7  ( s , 9  H ) ;  M S  m / e  2 8 2  ( M  +  2 , 4 . 3 ) ,  2 8 0  ( M + ,  6 .5 ) ,  

2 6 7  ( 5 .8 ) ,  2 6 5  ( 9 .3 ) ,  2 1 7  ( 9 .7 ) ,  1 7 1  ( 2 5 .8 ) ,  1 5 5  ( 9 .7 ) ,  1 2 7  ( 1 1 . 3 ) ,  1 2 5

( 2 1 . 0 ) ,  9 5  ( 6 .5 ) ,  9 3  ( 1 9 . 8 ) ,  7 5  ( 1 9 . 4 ) ,  a n d  7 3  ( 1 0 0 ) .

2-Dichloroacetylcyclohexanone ( 6 ) . H y d r o l y s i s  o f  1 . 0  g  ( 3 .6  

m m o l)  o f  5  a f f o r d e d  0 .7 2  g  (9 6 % )  o f  6 : I R  ( C C 1 4) 3 5 0 0  t a i l i n g  t o  2 6 0 0 ,

1 6 5 0 - 1 5 5 0 , 1 2 7 0 , 1 1 8 0 , 8 2 0 ,  a n d  7 5 0  c m - 1 ; N M R  ( C C D  « 1 4 . 6  ( b r o a d ,

1  H ) ,  6 .2 2  ( s ,  1  H ) ,  a n d  3 . 0 - 1 . 2  ( 8  H ) ;  M S  m /e  2 1 0  ( M  +  2 , 2 .9 ) ,  2 0 8  

( M + , 4 . 3 ) ,  1 9 2  (2 .8 ) , 1 9 0  ( 4 . 1 ) ,  1 6 5  ( 1 2 . 9 ) ,  1 6 3  ( 1 8 . 4 ) ,  1 4 7  ( 1 2 . 2 ) ,  1 4 5

( 3 6 . 7 )  , 9 8  ( 4 9 .0 ) ,  9 2  ( 3 8 .8 ) ,  9 1  ( 3 2 . 7 ) ,  7 0  ( 2 4 .5 ) ,  a n d  5 5  ( 1 0 0 ) .

Preparation of 6  from lc and Diehloroacetyl Chloride. A  s o 

lu t i o n  o f  0 .5  g  ( 2 .9  m m o l)  o f  s i l y l  e n o l  e t h e r  lc a n d  0 .2 8  m L  ( 0 .4 3  g , 2 .9  

m m o l)  o f  C l 2C H C O C l  in  1 5  m L  o f  m e t h y le n e  c h lo r i d e  w a s  s t i r r e d  f o r  

3  d a y s ,  a n d  t h e n  t h e  s o lv e n t  w a s  r e m o v e d  in  v a c u o ,  1 0  m L  o f  m e t h a n o l  

a n d  2  d r o p s  o f  a  5 %  H C 1  s o l u t i o n  w e r e  a d d e d ,  a n d  t h e  s o l u t i o n  w a s  

r e f l u x e d  f o r  1  h . T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o  t o  a f f o r d  0 .5 3  g  o f  

a  b r o w n  o i l ,  a  m i x t u r e  ( c a . 1 : 1 ) o f  c y c l o h e x a n o n e  a n d  6  w h ic h  w a s  n o t  

s e p a r a t e d .  T h e  s p e c t r a  o f  t h e  m i x t u r e  h a d  a b s o r p t i o n s  id e n t i c a l  w i t h  
t h o s e  r e p o r t e d  a b o v e  f o r  6 .

8.8- Dichloro-1 -trimethylsiIoxy-4- tert-butylbicyclo[4.2.0]- 
octan-7-one (2d). T h e  r e a c t io n  o f  1 . 0  g  ( 4 .4  m m o l)  o f  s i l y l  e n o l  e t h e r  

Id b y  t h e  g e n e r a l  p r o c e d u r e  ( 2  h )  a f f o r d e d  1 . 4  g  o f  a  y e l lo w  o i l  w h ic h  

w a s  p u r i f i e d  b y  b u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  1 0 0  ° C ,  0 .0 2  m m )  t o  

a f f o r d  1 . 2 5  g  o f  a  m i x t u r e  ( c a . 4 : 1 )  o f  2d a n d  3d. S i l o x y c y c l o b u t a n o n e  

2d: I R  ( n e a t )  1 8 0 5 , 1 3 7 7 , 1 2 7 0 ,  a n d  8 6 0  c m ' 1 ; N M R  ( C C D  5 3 .9 0 - 3 . 4 0  

( 1  H ) ,  2 . 2 5 - 0 . 9 0  ( 7  H ) ,  0 .9 3  ( s ,  9  H ) ,  a n d  0 .3 0  (9  H ) .

8.8- Dichloro-l-hydroxy-4-tert-butyl bicycIo[4.2.0]octan-7-one 
(3d). H y d r o l y s i s  o f  0 .2 0  g  o f  a  m i x t u r e  o f  2d a n d  3d a f f o r d e d  0 . 1 5  g  o f  

3d, w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  h e x a n e  t o  a f f o r d  0 . 1 2  g  o f  3d: m p

1 1 8 - 1 1 9  ° C ;  I R  ( C C 1 4) 3 5 5 0 ,  1 8 0 5 ,  a n d  1 3 7 7  c m “ 1 ; N M R  ( C C D  <5

4 . 0 - 3 . 3  ( 1  H ) ,  2 .9 0  ( b r o a d ,  O H , 1  H ) ,  2 . 3 - 1 . 2  ( 7  H ) ,  a n d  1 . 0  ( s , 9  H ) ;  M S  

m /e  2 6 6  ( M  +  2, 3 . 3 ) ,  2 6 4  ( M + ,  5 .2 ) ,  2 5 1  ( 2 .2 ) ,  2 4 9  ( 3 .3 ) ,  2 0 3  ( 8 .2 ) ,  2 0 1

( 1 1 . 7 )  , 1 3 7  ( 2 5 .2 ) ,  6 9  ( 2 3 . 3 ) ,  a n d  5 7  ( 1 0 0 ) .

A n a l .  C a l c d  f o r  C i 2 H i 8 C 1 2 0 2: C ,  5 4 .3 5 ;  H ,  6 .8 4 . F o u n d :  C ,  5 4 . 2 1 ;  H ,

6 .9 3 .

l-tert-Butyldimethylsiloxy-4-tert-butylcyclohexene (le). A
s o l u t i o n  o f  1 0 . 0  g  ( 6 5  m m o l)  o f  4 - t e r t - b u t y l c y c l o h e x a n o n e  in  4 0  m L  

o f  a n h y d r o u s  T H F  w a s  a d d e d  d r o p w is e  t o  a  s t i r r e d  s u s p e n s i o n  o f  4 .0  

g  ( 0 . 1  m o l)  o f  p o t a s s i u m  h y d r i d e  in  1 0 0  m L  o f  a n h y d r o u s  T H F  u n d e r  

N 2 . A f t e r  s t i r r i n g  f o r  1  h ,  a  s o l u t i o n  o f  1 0 . 6  g  ( 7 0  m m o l)  o f  tert- 
b u t y l d i m e t h y l s i l y l  c h lo r i d e  in  8 0  m L  o f  a n h y d r o u s  T H F  w a s  a d d e d  

d r o p w i s e .  S t i r r i n g  w a s  c o n t i n u e d  f o r  1 2  h ,  e x c e s s  p o t a s s i u m  w a s  d e 

s t r o y e d  b y  t h e  c a u t i o u s  a d d i t i o n  o f  a  f e w  m i l l i l i t e r s  o f  te r t -b u t y l  a l 

c o h o l ,  a n d  t h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o .  T h e  r e s i d u e  w a s  t a k e n  

u p  in  1 5 0  m L  o f  e t h e r ,  a n d  t h e  s o l u t i o n  w a s  w a s h e d  w i t h  a  5 %  H C 1  

s o l u t i o n ,  a  s a t u r a t e d  N a H C 0 8 s o l u t i o n ,  a n d  b r i n e  a n d  d r i e d  o v e r  

K 2C O 3 . T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o .  D i s t i l l a t i o n  o f  t h e  r e s i d u e  

a f f o r d e d  1 0 . 3  g  ( 5 9 % )  o f  l e :  b p  1 0 0 - 1 0 4  ° C  ( 0 .7  m m ) ;  I R  ( n e a t )  1 6 0 0 ,  

1 4 7 5 , 1 3 7 5 , 1 2 7 0 , 1 2 1 0 ,  a n d  9 0 0  c m ' 1 ; N M R  ( C D C 1 3 ) b 4 . 6 5  ( m , 1  H ) ,

2 . 1 5 — 0 .8 8  (7  H ) ,  0 .9 0  a n d  0 .8 7  ( 2  s ,  1 8  H ) ,  a n d  0 .0 8  ( s ,  6  H ) .

8.8- Dichloro-l -tert-butyldimethyIsiloxy-4-tert-butylbicyc- 
lo[4.2.0]octan-7-one (2e). T h e  r e a c t i o n  o f  1 . 0  g  ( 3 .7  m m o l)  o f  s i l y l  

e n o l  e t h e r  le b y  t h e  g e n e r a l  p r o c e d u r e  ( 2  h )  a f f o r d e d  1 . 4  g  o f  a  y e l lo w  

o i l  w h i c h  w a s  p u r i f i e d  b y  b u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  1 3 0  ° C ,  0 .0 2  

m m o l)  t o  a f f o r d  1 . 2 8  g  ( 9 2 % )  o f  2e: I R  ( n e a t )  1 8 0 5 , 1 4 7 5 , 1 3 7 5 , 1 2 7 0 ,  

8 6 0 , a n d  8 0 0  c m " 1 ;  N M R  ( C C D  S 3 . 9 2 - 3 . 3 7  ( 1 H ) ,  2 . 2 5 - 1 . 1  ( 7  H ) ,  0 .9 8  

( s ,  9  H ) ,  0 .9 2  a n d  0 .8 8  ( 2  s ,  9  H ) ,  0 .2 8  ( s ,  3  H ) ,  a n d  0 . 2 3  ( s ,  3  H ) .

2.2- Dichloro-3-trimethylsiloxy-4-methyl-4-phenylcyclo- 
butanone (2f). T h e  r e a c t i o n  o f  0 .5 0  g  ( 2 .4 3  m m o l)  o f  s i l y l  e n o l  e t h e r  

If (E /Z  =  7 0 : 3 0 ) n  b y  t h e  g e n e r a l  p r o c e d u r e  ( 3  h )  a f f o r d e d  0 .6 6  g  (8 6 % ) 

o f  2f. A t t e m p t e d  d i s t i l l a t i o n  o f  2f l e d  t o  p a r t i a l  h y d r o l y s i s  o f  t h e  t r i 

m e t h y ls i l y l  g r o u p .  S i l o x y c y c l o b u t a n o n e  2f: I R  ( n e a t )  1 8 0 5 , 1 2 6 5 , 1 2 0 0 ,  

9 1 0 , 8 6 0 ,  7 8 0 ,  a n d  7 2 0  c m " 1 ; N M R  ( C C D  « 7 - 3 2  ( s , 5  H ) ,  4 .8 0  ( s , 1  H ) ,

1 . 5 7  ( s ,  3  H ) ,  a n d  0 . 3 3  ( s ,  9  H ) ;  M S  m /e  ( n o  M + )  2 5 5  ( 1 . 7 ) ,  2 3 5  ( 2 .5 ) ,  

2 4 0  ( 1 .8 ) ,  2 3 8  ( 2 .8 ) ,  2 0 8  ( 1 8 .0 ) ,  1 6 5  ( 5 .7 ) ,  1 6 3  ( 8 .3 ) ,  1 3 4  ( 2 3 .6 ) ,  1 3 3  ( 1 0 0 ) ,  

1 0 5  ( 5 2 .8 ) ,  9 3  ( 1 2 . 5 ) ,  a n d  7 3  ( 6 5 .3 ) .

2.2- Dichloro-3-hydroxy-4-methyl-4-phenylcyclobutanone 
(3f). H y d r o l y s i s  o f  0 .5 0  g  ( 1 . 5 8  m m o l)  o f  s i l o x y c y c l o b u t a n o n e  2f f o l 
lo w e d  b y  b u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  1 2 0  ° C ,  0 . 0 2  m m )  a f f o r d e d  

0 .3 3  g  (8 5 % )  o f  3f: I R  ( n e a t )  3 6 0 0 - 3 3 0 0 , 1 8 0 0 , 1 5 0 0 ,  1 4 5 0 ,  1 1 7 0 ,  8 6 0 , 

7 7 5 ,  a n d  7 1 5  c m ' 1 ; N M R  ( C C D  5 7 .3 8  ( s ,  5  H ) ,  4 .9 0  ( s ,  1  H ) ,  3 . 5 7  

( b r o a d  s ,  1  H ) ,  a n d  1 . 6 2  ( s ,  3  H ) ;  M S  m /e  ( n o  M + ) 1 8 3  ( 3 . 1 ) ,  1 8 1  ( 9 .4 ) , 

1 6 5  ( 6 .3 ) ,  1 6 3  ( 1 4 . 1 ) ,  1 3 3  ( 1 0 0 ) ,  1 0 5  ( 3 2 .8 ) ,  a n d  7 7  ( 5 7 .8 ) .

2.2- Dichloro-3-phenyl-3-trimethylsiloxy-4-methylcyclo- 
butanone (2g). T h e  r e a c t io n  o f  2 .0  g  ( 9 .7  m m o l)  o f  s i l y l  e n o l  e t h e r  lg 
b y  t h e  g e n e r a l  p r o c e d u r e  (2  h )  a f f o r d e d  2 .8 8  g  ( 9 4 % )  o f  2g. A t t e m p t e d  

d i s t i l l a t i o n  ( 1 2 0  ° C ,  0 .0 2  m m )  o f  2g l e d  t o  p a r t i a l  r i n g  o p e n i n g .  S i 

lo x y c y c lo b u t a n o n e  2g: I R  ( n e a t )  1 8 1 0 , 1 4 5 0 , 1 2 6 0 , 1 1 6 0 , 1 0 4 0 , 9 1 0 , 8 6 0 ,  

a n d  7 1 0  c m “ 1 ; N M R  ( C C D  b 7 .4 2  (s , 5 H ) ;  4 . 2 5  ( q , J  =  7  H z ,  1  H ) ,  1 . 3 8  

(d , J  =  7  H z ,  3  H ) ,  a n d  - 0 . 0 1 3  (s , 9  H ) ;  M S  m /e  ( n o  M + )  2 8 4  ( 2 . 1 ) ,  2 8 2

( 5 .4 ) ,  2 6 2  (4 .4 ) , 2 6 0  ( 7 .0 ) ,  1 2 9  ( 1 0 .4 ) ,  1 2 2  ( 1 0 .0 ) ,  1 1 7  (8 .6 ) , 1 0 6  (8 .8 ) , 1 0 5  

( 1 0 0 ) ,  9 3  ( 8 .0 ) ,  7 7  ( 2 6 .2 ) ,  7 5  ( 8 .5 ) ,  a n d  7 3  ( 3 5 .7 ) .
l,l-Dichloro-2-trimethylsiloxy-3-methyl-4-phenyIbut-l- 

en-4-one (7). H e a t i n g  1 . 4  g  ( 4 .4  m m o l)  o f  s i l o x y c y c l o b u t a n o n e  2g fo r

2  h  a t  2 0 0  ° C  f o l l o w e d  b y  b u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  1 1 5  ° C ,  0 .0 2  

m m )  a f f o r d e d  0 .9 6  g  o f  a  m i x t u r e  ( c a . 1 : 1 )  o f  7  a n d  8 . C o m p o u n d  7 :  I R
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( n e a t )  1 6 9 0  c m - 1 ; N M R  ( C C U )  5 7 . 9 - 7 . 5  ( 5  H ) ,  4 .6 5  (q , J  =  7  H z ,  1  H ) ,

1 . 3 2  ( d , J  =  7  H z ,  3  H ) ,  a n d  0 .0 8  ( s ,  9  H ) .  T h e  s p e c t r a l  p r o p e r t i e s  o f

8  a r e  r e p o r t e d  b e lo w .

1.1- Dichloro-3-methyl-4-phenylbutane-2,4-dione ( 8 ) . A  s o l u 

t i o n  o f  0 .2 0  g  ( 0 .6 3  m m o l)  o f  s i l o x y c y c l o b u t a n o n e  2g a n d  0 .2 0  g  ( 1 . 5  

m m o l)  o f  z in c  c h lo r i d e  in  1 5  m L  o f  e t h e r  w a s  s t i r r e d  f o r  1 5  h . I t  w a s  

t h e n  p o u r e d  i n t o  2 5  m L  o f  p e n t a n e ,  t h e  s o l u t i o n  w a s  w a s h e d  w i t h  a  

s a t u r a t e d  N a H C 0 3  s o l u t i o n  a n d  d r i e d  o v e r  K 2 C O 3 , a n d  t h e  s o l v e n t s  

w e r e  r e m o v e d  in  v a c u o  t o  a f f o r d  1 4 4  m g  (9 4 % )  o f  8 : I R  ( n e a t )  1 7 4 0 ,  

1 6 7 5 , 1 4 5 0 , 1 2 8 0 , 9 7 5 ,  a n d  7 1 0  c m " 1 ; N M R  ( C C 1 4) & 8 .0 7  ( m , 2  H ) ,  7 .6 0  

( m , 3  H ) ,  6 .0 8  ( s ,  1  H ) ,  5 . 1 3  ( q , J  =  7  H z ,  1  H ) ,  a n d  1 . 5 0  ( d ,  J  =  7  H z ,  

3  H ) ;  M S  m /e  ( n o  M + )  2 1 0  ( 1 .4 ) ,  2 0 8  (4 ) , 1 7 4  ( 1 0 .4 ) ,  1 6 1  ( 4 .0 ) , 1 3 4  (4 .0 ) , 

1 1 7  ( 1 5 . 0 ) ,  1 1 6  ( 1 3 . 0 ) ,  1 1 5  ( 4 .0 ) ,  1 0 5  ( 1 0 0 ) ,  a n d  7 7  ( 4 2 .0 ) .

2 . 2 -  Dichloro-3-phenyl-4-methylcyclobutenone ( 9 ) .  A  s o lu t io n  

o f  0 .5 0  g  ( 1 . 5  m m o l)  o f  s i l o x y c y c l o b u t a n o n e  2g a n d  3  d r o p s  o f  c o n 

c e n t r a t e d  H C 1  in  1 5  m L  o f  T H F  w a s  r e f l u x e d  f o r  1 5  h . T h e  s o l v e n t  w a s  

r e m o v e d  in  v a c u o ,  2 5  m L  o f  e t h e r  w a s  a d d e d  t o  t h e  r e s i d u e ,  a n d  t h e  

s o lu t io n  w a s  w a s h e d  w i t h  a  s a t u r a t e d  N a H C C >3 s o lu t io n .  T h e  s o lu t io n  

w a s  d r i e d  o v e r  K 2 C O 3  a n d  t h e  s o lv e n t  r e m o v e d  in  v a c u o  t o  a f f o r d  0 .3 4  

g  o f  a  y e l lo w  o i l  w h i c h  w a s  p u r i f i e d  b y  b u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  

1 2 0  ° C ,  0 .0 2  m m )  t o  a f f o r d  0 .2 8  g  ( 7 8 % )  o f  9 : I R  ( C C I 4 ) 1 7 8 0 , 1 6 1 0 ,  

1 4 5 0 , 1 3 5 0 ,  a n d  8 6 0  c m - 1 ; N M R  ( C C 1 4) S 8 .0  ( m , 2  H ) ,  7 .6 7  ( m , 3  H ) ,  

a n d  2 .2 0  ( s , 3  H ) ;  M S  m /e  2 2 8  ( M  +  2 , 7 . 8 ) ,  2 2 6  ( M + , 1 2 . 3 ) ,  1 6 5  ( 7 .6 ) ,  

1 6 3  ( 2 2 .7 ) ,  1 6 1  ( 7 .2 ) ,  1 2 8  ( 8 .2 ) ,  1 2 7  ( 6 .3 ) ,  1 2 2  ( 9 .6 ) ,  7 7  ( 1 0 0 ) ,  a n d  5 1

( 1 7 . 1 ) .

Reaction of 2g with Fluoride Ion. A  s o lu t io n  o f  0 .5 0  g  ( 1 . 6  m m o l)  

o f  s i l o x y c y c l o b u t a n o n e  2g a n d  0 .4 2  g  ( 1 . 6  m m o l)  o f  t e t r a b u t y l a m -  

m o n iu m  f l u o r i d e  in  1 5  m L  o f  T H F  w a s  s t i r r e d  f o r  1  h , t h e  s o l v e n t  w a s  

r e m o v e d  in  v a c u o ,  a n d  4 0  m L  o f  h e x a n e  w a s  a d d e d  t o  t h e  r e s i d u e .  T h e  

s o lu t io n  w a s  w a s h e d  w i t h  w a t e r  a n d  d r ie d  o v e r  K 2C O 3 , a n d  t h e  s o lv e n t  

w a s  r e m o v e d  in  v a c u o  t o  a f f o r d  0 . 3 5  g  o f  a  m i x t u r e  ( c a . 2 : 1 )  o f  8  a n d

9 a s  d e t e r m i n e d  b y  N M R  s p e c t r o s c o p y .

2.2- Dichloro-3-methyl-3-trimethylsiloxy-4-phenylcyclobu- 
tanone [ ( E ) -  and ( Z ) -2h], T h e  r e a c t i o n  o f  1 . 0  g  ( 4 .8 5  m m o l)  o f  a  

m i x t u r e  (E /Z , 1 : 1 6 ) 12  o f  s i l y l  e n o l  e t h e r s  lh b y  t h e  g e n e r a l  p r o c e d u r e  

( 3  h )  a f f o r d e d  1 . 4  g  o f  a  m i x t u r e  ( 1 : 1 6  b y  N M R  s p e c t r o s c o p y )  o f  ( B l 

a n d  (Z)-2h. B u l b  t o  b u l b  d i s t i l l a t i o n  ( o v e n  1 0 0  ° C ,  0 .0 2  m m )  a f f o r d e d  

0 .9  g  ( 5 9 % )  o f  a n  i d e n t i c a l  m i x t u r e .  T h e  s p e c t r a  o f  t h e  c r u d e  a n d  d i s 

t i l l e d  m ix t u r e s  w e r e  id e n t ic a l .  T h e  m ix t u r e :  I R  ( n e a t )  1 8 0 5 , 1 2 6 0 , 1 2 1 0 ,  

1 0 3 0 ,  8 6 0 , a n d  7 1 0  c m “ 1 ; M S  m / e  ( n o  M + ) 2 8 2  ( 4 .4 ) ,  2 8 0  ( 6 .7 ) ,  2 2 8

( 5 .5 ) ,  2 2 6  ( 8 .3 ) ,  1 6 5  ( 3 .3 ) ,  1 6 3  ( 1 1 . 7 ) ,  1 4 9  ( 2 0 .0 ) ,  1 4 8  ( 4 0 .0 ) ,  1 4 7  ( 1 0 0 ) ,  

1 0 5  ( 2 1 . 7 ) ,  9 5  ( 5 .8 ) ,  9 3  ( 1 5 . 0 ) ,  7 7  ( 2 0 . 2 ) , 7 5  ( 2 2 . 2 ) , a n d  7 3  ( 6 1 . 7 ) .  S i 

l o x y c y c l o b u t a n o n e  (£)-2h: N M R  ( C C I 4 ) 5 7 . 2  ( b r o a d  s ,  5  H ) ,  5 .0 2  ( s ,  

1  H ) ,  1 . 2 3  ( s ,  3  H ) ,  a n d  0 .2 8  ( s ,  9  H ) .  S i l o x y c y c l o b u t a n o n e  (Z)-2h: 
N M R  ( C C 1 4) <5 7 .2  ( b r o a d  s , 5  H ) ,  4 . 7 5  ( s , 1  H ) ,  1 . 8 2  (s , 3  H ) ,  a n d  - 0 . 1 2  

( s ,  9  H ) .

T h e  r e a c t i o n  o f  a  7 : 1  E /Z  m i x t u r e  o f  s i l y l  e n o l  e t h e r s  lh a f f o r d e d  

(£)-2h a n d  (Z)-2h in  a  r a t i o  o f  7 : 1 .  T h e  r e a c t io n  o f  o t h e r  E /Z  m ix t u r e s  

a l s o  y i e l d e d  (E )-  a n d  (Z)-2h in  r a t i o s  i d e n t i c a l  w i t h  t h o s e  o f  t h e  

s t a r t i n g  s i l y l  e n o l  e t h e r .

2.2- Dichloro-3-methyl-4-phenylcyclobutenone (10). H y d r o l y s i s  

o f  0 .5 0  g  ( 1 . 5 8  m m o l)  o f  a  m i x t u r e  o f  s i l o x y c y c l o b u t a n o n e s  (E )-  a n d  

(Z)-2h a f f o r d e d  0 .3 4  g  o f  a  y e l lo w  o i l  w h i c h  w a s  p u r i f i e d  b y  b u l b  t o  

b u l b  d i s t i l l a t i o n  ( o v e n  1 1 0  ° C ,  0 .0 2  m m )  t o  a f f o r d  0 .2 9  g  ( 8 1 % )  o f  10: 
I R  ( C C I 4) 1 7 8 0 , 1 6 2 0 , 1 3 8 0 , 9 3 0 , 8 5 0 ,  a n d  7 0 0  c m " 1 ; N M R  ( C C 1 4) S 7 .7  

( m , 2  H ) ,  7 .5  ( m , 3  H ) ,  a n d  2 . 5 5  (s , 3  H ) ;  M S  m /e  2 2 8  ( M  +  2 , 8 . 3 ) ,  2 2 6  

( M + ,  1 2 . 7 ) ,  1 6 3  ( 2 7 . 3 ) ,  1 6 1  ( 9 .0 ) ,  a n d  7 7  ( 1 0 0 ) .

1.1 -Dichloro-2-trimethylsiloxy-4-phenylbut-1 -en-4-one (11a). 
T h e  r e a c t i o n  o f  5 .0  g  ( 2 6  m m o l)  o f  s i l y l  e n o l  e t h e r  li b y  t h e  g e n e r a l  

p r o c e d u r e  ( 2  h )  a f f o r d e d  7 .5  g  o f  a  y e l lo w  o i l  a s  a  4 : 1  m i x t u r e  o f  11a 
a n d  12a. D is t i l l a t io n  ( 9 0 - 9 5  ° C ,  0 .0 2  m m )  le d  t o  a  2 . 5 : 1  m ix t u r e  o f  11a 
a n d  12a. C o m p o u n d  11a: I R  ( n e a t )  1 6 9 0 , 1 2 7 0 , 1 0 4 0 , 1 0 0 0 ,  8 7 0 ,  7 8 0 ,  

a n d  7 1 0  c m - 1 ; N M R  ( C C 1 4) 6 7 .9  ( m , 2  H ) ,  7 .4  ( m , 3  H ) ,  3 .9  ( s , 2  H ) ,  

a n d  0 . 1 5  ( s ,  9  H ) .

1 . 1 -  Dichloro-4-phenylbutane-2,4-dione (12a). H y d r o l y s i s  o f  2 .0  

g  o f  a  m i x t u r e  o f  1  la a n d  12a a f f o r d e d ,  a f t e r  b u l b  t o  b u l b  d i s t i l l a t i o n  

( o v e n  1 1 0  ° C ,  0 .0 2  m m ) ,  1 . 3  g  o f  12a: I R  ( n e a t )  3 4 0 0  t a i l i n g  t o  2 6 0 0 ,  

1 6 5 0 - 1 5 5 0 , 1 2 7 0 , 7 7 5 ,  a n d  7 2 0  c m “ 1 ; N M R  ( C C 1 4) 5 1 4 . 3  ( b r o a d ,  1 H ) ,

7 .9  ( m , 2  H ) ,  7 .4  ( m , 3  H ) ,  6 .5 8  ( s , 1 H ) ,  a n d  5 .9 3  ( s ,  1  H ) ;  M S  m /e  2 3 2  

( M  +  2 , 4 . 3 ) ,  2 3 0  ( M + ,  6 .3 ) ,  1 9 6  ( 2 .7 ) ,  1 9 4  ( 4 .2 ) ,  1 6 8  ( 8 .3 ) ,  1 4 7  ( 1 0 0 ) ,  

1 0 5  ( 3 3 . 3 ) ,  7 7  ( 4 7 .9 ) ,  a n d  6 9  ( 7 4 .8 ) .

1.1 -Dichloro-2-trimethylsiloxy-5,5-dimethylhex- l-en-4-one 
(lib). T h e  r e a c t i o n  o f  2 .0  g  ( 1 1 . 6  m m o l)  o f  s i l y l  e n o l  e t h e r  lj b y  t h e  

g e n e r a l  p r o c e d u r e  ( 7  h )  a f f o r d e d  3 .0  g  o f  a  m i x t u r e  ( c a . 4 : 1 )  o f  1 lb a n d  

12b. C o m p o u n d  lib: I R  ( n e a t )  1 7 2 0 ,  1 6 3 0 ,  1 4 7 0 ,  1 3 0 0 ,  1 2 7 0 ,  1 0 4 0 ,  

1 0 2 0 ,  a n d  8 7 0  c m - 1 ; N M R  ( C C I 4 ) 5 3 .4 2  ( s , 2  H ) ,  1 . 1 2  ( s , 9  H ) ,  a n d  0 . 1 7  
( s , 9  H ) .

1.1- Dichloro-5,5-dimethylhexane-2,4-dione (12b). H y d r o l y s i s  

o f  0 .5 0  g  o f  a  m i x t u r e  o f  1 lb a n d  12b f o l l o w e d  b y  b u l b  t o  b u l b  d i s t i l 

l a t i o n  ( o v e n  9 0  ° C ,  0 .0 2  m m )  a f f o r d e d  0 . 3 1  g  o f  12b: I R  ( n e a t )

1 6 5 0 - 1 5 5 0 , 1 3 7 5 , 1 3 2 0 , 1 2 3 5 , 1 1 5 0 ,  a n d  8 0 0  c m “ 1 ; N M R  ( C C 1 4) 5  1 4 . 3  

( b r o a d ,  1  H ) ,  5 .9 6  ( s , 1  H ) ,  5 .7 6  ( s , 1  H ) ,  a n d  1 . 1 8  ( s ,  9  H ) ;  M S  m /e  2 1 2  

( M  +  2 ,  1 0 . 4 ) ,  2 1 0  ( M + ,  1 5 . 3 ) ,  1 5 5  ( 4 5 .4 ) ,  1 5 3  ( 7 3 . 7 ) ,  1 2 7  ( 1 0 0 ) ,  1 2 0  

( 3 4 .0 ) ,  1 1 8  ( 6 3 .8 ) ,  a n d  5 7  ( 7 0 .3 ) .
1-fert-Butyldimethylsiloxy-l-phenylethylene (lk). S i l y l  e n o l  

e t h e r  lk w a s  p r e p a r e d  b y  a  r e a c t i o n  a n a l o g o u s  t o  t h a t  d e s c r i b e d  f o r  

le. D i s t i l l a t i o n  a f f o r d e d  a  3 5 %  y i e l d  o f  lk: b p  9 5 - 1 0 0  ° C  ( 3  m m ) ;  I R  

( n e a t )  1 6 0 0  c m “ 1 ; N M R  ( C C 1 4) 5 7 . 6 - 7 . 0  ( m , 5  H ) ,  4 . 7 5  ( b r o a d  s ,  1  H ) ,

4 . 2 7  ( b r o a d  s ,  1  H ) ,  0 .9 5  ( s , 9  H ) ,  a n d  0 . 1 2  ( s , 6  H ) .

1,1 -Dichloro-2- tert-butyldimethylsiloxy-4-phenylbut-1- 
en-4-one (14). T h e  r e a c t i o n  o f  0 .5 0  g  o f  s i l y l  e n o l  e t h e r  lk b y  t h e  

g e n e r a l  p r o c e d u r e  ( 1  h )  a f f o r d e d  0 .6 6  g  o f  a  m i x t u r e  ( c a . 2 . 5 : 1 )  o f  14 
a n d  12a. C o m p o u n d  1 4 :  I R  ( n e a t )  1 6 9 0  c m - 1 ; N M R  ( C C I 4 ) d 7 .9 2  ( m ,

2  H ) ,  7 .4 5  ( m , 3  H ) ,  3 .9 2  ( s ,  2  H ) ,  0 .8 5  ( s ,  9  H ) ,  a n d  0 . 1 5  ( s ,  6  H ) .

l-tert-Butyldimethylsiloxy-l-(4-nitrophenyl)ethylene (11). 
S i l y l  e n o l  e t h e r  11 w a s  p r e p a r e d  b y  a  r e a c t i o n  a n a l o g o u s  t o  t h a t  d e 

s c r i b e d  a b o v e  f o r  le. D is t i l l a t io n  a f f o r d e d  a  22% y i e l d  o f  11: b p  125-128 
° C  (0.1 m m ) ;  I R  ( n e a t )  1590,1520,1350,1320,1260,1110,1020,850, 
a n d  800 c m - 1 ; N M R  ( C C D  6 8.27 (d , J  =  8 H z , 2 H ) ,  7.73 (d , J  =  8 H z , 

2 H ) ,  5.0 ( d ,  J  =  2 H z , 1 H ) ,  4.55 ( d , J  =  2 H z , 1  H ) ,  1.0 ( s ,  9  H ) ,  a n d  

0.22 ( s , 6 H ) .
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A n  e n t r y  i n t o  2 - s u b s t i t u t e d  4 - o x a h o m o a d a m a n t a n e s  h a s  b e e n  d e v e l o p e d .  T r e a t m e n t  o f  b i c y c l o [ 3 . 3 . 1 ] n o n - 6 - e n e -

3 - e n d o - m e t h a n o l  w i t h  m - c h l o r o p e r b e n z o i c  a c i d  g i v e s  2 - e x o - h y d r o x y - 4 - o x a h o m o a d a m a n t a n e  (8 ) . J o n e s  o x i d a t i o n  

o f  8  p r o v i d e s  t h e  c o r r e s p o n d i n g  k e t o n e ,  w h ic h  u n d e r g o e s  r e d u c t i o n  w i t h  s o d i u m  b o r o h y d r i d e  t o  g i v e  e x c l u s i v e l y

2 - e n d o - h y d r o x y - 4 - o x a h o m o a d a m a n t a n e .  E x t e n s i o n s  o f  t h i s  r e a c t i o n  p e r m i t  t h e  p r e p a r a t i o n  o f  2 ,5 - d i s u b s t i t u t e d  

a n d  2 , 5 , 5 - t r i s u b s t i t u t e d  4 - o x a h o m o a d a m a n t a n e s .  A n  i m p r o v e d  s y n t h e s i s  o f  4 - o x a h o m o a d a m a n t a n e  is  a l s o  n o t e d ,  

a n d  i t s  1 3 C  N M R  s p e c t r u m  i s  r e p o r t e d .

The synthesis, chemistry, and pharmacology of het- 
eroadamantanes and related cage compounds have attracted 
considerable attention.2 With the exception of 4-oxaho- 
moadamantan-5-one3'4 (1) and its derivatives,5 the only 
substituted 4-oxahomoadamantanes which are known are 
compounds 2-6.6 We now wish to report the stereoselective

3 ,  X  =  O H ; Y  =  C a d

4 ,  X  =  I ;  Y  =  C H 2I

5 ,  X  =  H

6 , X  =  I

synthesis of both 2-exo-hydroxy- and 2-endo-hydroxy-4- 
oxahomoadamantane.7 Extensions of the reactions employed 
to prepare these compounds permit the synthesis of 2,5-di- 
substituted and 2,5,5-trisubstituted 4-oxahomoadaman- 
tanes.

Results and Discussion
Treatment of bicyclo[3.3.1]non-6-ene-3-eraio-methanol3®’4a 

(7) with m-chloroperbenzoic acid affords 2-exo-hydroxy-4- 
oxahomoadamantane (8) in ca. 70% yield. The skeletal 
framework of 8 follows from its conversion to the known 
ether,3®’8 4-oxahomoadamantane (10). Reaction of 8 with 
p-toluenesulfonyl chloride in pyridine gives exo tosylate 9. 
Subsequent treatment of 9 with lithium aluminum hydride 
provides 10. Owing to some minor discrepancies between the 
XH NMR parameters observed for 10 and those previously 
reported for this compound,9 ether 10 was also synthesized 
by an independent route. Treatment of lactone 1 with boron 
trifluoride etherate and lithium aluminum hydride provides 
10 in 95% yield. The physical and spectral properties of 10

prepared by these independent routes are identical. Moreover, 
consistent with the presence of a plane of symmetry in 10, the 
13C NMR spectrum of 10 contains only seven signals and three 
of these signals are twice as intense as the others.10 Since the 
reported syntheses of 10 all either proceed in low yield and/or 
give mixtures of reaction products3®’8 and since 1 can readily 
be prepared from commercially available 2-adamantanone3
(11), the route 11 -*  1 —► 10 appears to be the method of choice 
for the synthesis of 4-oxahomoadamantane.

The assigned skeletal position and stereochemistry of the 
hydroxyl substituent in 8 follow in part from its mode of 
synthesis. Thus, 7 -*• 8 is rationalized as occurring by initial 
epoxidation of 7 from the less sterically encumbered face of 
the carbon-carbon double bond to give 12, which then 
undergoes intramolecular nucleophilic attack by the hy- 
droxylic oxygen to provide 8. In order to firmly establish the 
stereochemistry at C-2 in 8, the C-2 epimer of 8 was also pre
pared. Oxidation of 8 with Jones reagent gives 4-oxaho- 
moadamantan-2-one (13), and sodium borohydride reduction 
of 13 provides 2-emfo-hydroxy-4-oxahomoadamantane (14). 
In an earlier study we were not able to devise GLC conditions

1

1
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for the effective separation of 2-exo- and 2-erado-hydroxy- 
homoadamantane.11 However, apparently due to the signifi
cant intramolecular hydrogen bonding present in 14, epimeric 
alcohols 8 and 14 could be readily resolved by GLC. Analysis 
of the crude reaction mixture from 13 —► 14 showed that endo

alcohol 14 is obtained from this reaction in greater than 99% 
stereochemical purity. This result is consistent with an ex
amination of molecular models which clearly indicates that 
attack at the carbonyl carbon in 13 across the face of the 
seven-membered ring should be significantly impeded by the 
endo hydrogen at C-5. By contrast, there is no apparent steric 
hindrance to attack at the carbonyl carbon in 13 across the 
face of the six-membered ring.

The formation of 8 from 7 parallels the earlier observation 
by Staas and Spurlock that treatment of bicyclo[3.3.1]non-
6-en-3-endo-ylbenzamide (15) with m-chloroperbenzoic gives 
exclusively 4 - a n t i -hydroxy-iV-benzoyl-2-azaadamantane
(16).5a This reaction was also rationalized as occurring by

spontaneous intramolecular attack on an initially formed 
epoxide intermediate.53 Other reactions of m-chloroperben- 
zoic acid with olefins which have neighboring functional 
groups are well known.12

Since a variety of »'-substituted secondary alcohols and 
a , a -disubstituted tertiary alcohols related to 7 can readily be 
prepared, the reaction 7 -*  8 offers a route for the synthesis 
of a number of 2,5-disubstituted and 2,5,5-trisubstituted 4- 
oxahomoadamantanes.13 In order to illustrate this point, we 
have prepared 5,5-dimethyl-2-exo-hydroxy-4-oxahomoada- 
mantane (19). Treatment of ketone 17 with an excess of 
methyllithium gives tertiary alcohol 18. Subsequent reaction 
of 18 with m-chloroperbenzoic acid provides 19 in 95% yield.

0

1
h o

Consistent with the structure assignment, the 4H NMR 
spectrum of 19 contains a broad multiplet for the C-2 and C-3 
methine protons at <5 3.87-3.67 and two singlets for the cons
titutionally heterotopic C-5 methyls at 5 1.29 and 1.26. The 
skeletal framework of 19 was firmly established by its con
version to 5,5-dimethyl-4-oxahomoadamantane (21). Reaction 
of 19 with p-toluenesulfonyl chloride in pyridine gives tosylate 
20 which is readily reduced with lithium aluminum hydride 
to provide 21. The 4H NMR spectrum of 21 shows a sharp 
singlet at 5 1.25 for the enantiotopic methyls at C-5.

Experimental Section
M e l t i n g  p o i n t s  w e r e  o b t a i n e d  in  s e a l e d  c a p i l l a r y  t u b e s  u s i n g  a  

T h o m a s - H o o v e r  m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  I n 

f r a r e d  s p e c t r a  w e r e  o b t a i n e d  o n  P e r k i n - E l m e r  1 8 0  o r  3 3 7  s p e c t r o 

p h o t o m e t e r s .  P r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  r e c o r d e d  w i t h  

V a r i a n  A - 6 0 A  o r  P e r k i n - E l m e r  R - 1 2 B  6 0 - M H z  s p e c t r o m e t e r s  a n d  

a r e  r e f e r e n c e d  t o  a n  i n t e r n a l  s t a n d a r d  o f  t e t r a m e t h y ls i l a n e .  A p p a r e n t  

s p l i t t in g s  a r e  r e p o r t e d  in  a l l  c a s e s .  U n le s s  n o t e d  o t h e r w i s e ,  y i e l d s  w e r e  

o b t a i n e d  b y  in t e g r a t i o n  o f  a p p r o p r i a t e  s i g n a l s  in  t h e  4H  N M R  s p e c 

t r u m  o f  t h e  p r o d u c t ( s )  v s .  t h e  s i g n a l  o f  a  p r e d e t e r m i n e d  a m o u n t  o f  

a n  a d d e d  s t a n d a r d  ( g e n e r a l l y  c h lo r o f o r m  o r  t r i c h l o r o e t h y l e n e )  a n d  

a r e  r e g a r d e d  a s  b e in g  a c c u r a t e  t o  c a . ± 1 0 % .  E l e m e n t a l  a n a l y s e s  w e r e  

p e r f o r m e d  b y  M i c r o - A n a l y s i s ,  I n c . ,  W i l m i n g t o n ,  D e l .

2-exo-Hydroxy-4-oxahomoadamantane ( 8 ) . A  s o l u t i o n  o f  8 5 %  

m - c h l o r o p e r o x y b e n z o i c  a c i d  ( 1 . 2 2  g ,  6  m m o l)  in  m e t h y le n e  c h lo r i d e  

( 2 5  m L )  w a s  a d d e d  d r o p w i s e  t o  a  s t i r r e d  s o l u t i o n  o f  b i c y c l o [ 3 . 3 . 1 ] -  

n o n - 6 - e n e - 3 - e n d o - m e t h a n o l 3a>4a ( 7 6 0  m g , 5  m m o l)  in  m e t h y le n e  

c h lo r i d e  ( 5 0  m L )  w h ic h  w a s  m a i n t a i n e d  a t  0  ° C .  T h e  r e a c t i o n  w a s  

s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  3 6  h , a t  w h ic h  t im e  t h e  e x c e s s  p e r a c id  

p r e s e n t  w a s  d e s t r o y e d  b y  t h e  a d d i t i o n  o f  1 0 %  a q u e o u s  s o d i u m  s u l f i t e  

u n t i l  a  n e g a t iv e  s t a r c h - i o d i d e  t e s t  w a s  o b t a i n e d .  T h e  r e a c t io n  m ix t u r e  

w a s  d i lu t e d  w i t h  m e t h y le n e  c h lo r i d e  ( 5 0  m L ) ,  w a s h e d  s u c c e s s i v e l y  

w i t h  5 %  a q u e o u s  s o d i u m  b i c a r b o n a t e  (4  X  2 5  m L )  a n d  w a t e r  ( 2  X  1 5  

m L ) ,  a n d  t h e n  d r ie d  o v e r  a n h y d r o u s  m a g n e s iu m  s u l f a t e .  E v a p o r a t i o n  

o f  t h e  s o l v e n t  a t  r e d u c e d  p r e s s u r e  g a v e  6 0 5  m g  o f  8  ( 7 2 %  y i e l d )  a s  a  

w h i t e  s o l i d  w h i c h  w a s  h o m o g e n e o u s  b y  G L C  a n a l y s i s  ( 1 0  f t  X  0 .2 5  in  

D C - 5 5 0  c o lu m n ;  2 0 0  ° C ) .  P u r i f i c a t i o n  o f  t h e  p r o d u c t  b y  G L C  ( a b o v e  

c o n d i t i o n s )  p r o v i d e d  8 : m p  3 0 2 - 3 0 3  ° C ;  N M R  <5 ( C D C 1 3) 4 . 1 4 - 3 . 7 3  

( m , 4  H )  a n d  2 . 5 1 - 1 . 1 3  ( m , 1 2  H ) ;  I R  v ( C C 1 4) 3 6 3 5 , 3 4 2 0 ,  2 9 1 5 , 1 4 6 0 ,  

1 4 4 0 , 1 1 4 5 , 1 1 0 0 , 1 0 7 5 , 1 0 6 0 ,  a n d  1 0 3 5  c m “ 1 .

A n a l .  C a l c d  f o r  C i 0H i 6O 2 : C ,  7 1 . 3 9 ;  H ,  9 .5 9 .  F o u n d :  C ,  7 1 . 5 3 ;  H ,
9 . 4 1 .

2-exo-jj-Toluenesulfonyloxy-4-oxahomoadamantane (9).
P u r i f i e d 14  p - t o l u e n e s u l f o n y l  c h lo r i d e  ( 1 . 2  g, 5 9  m m o l)  w a s  a d d e d  t o  

a  s o lu t io n  o f  8  ( 5 0 0  m g , 2 0  m m o l)  in  f r e s h l y  d i s t i l l e d  d r y  p y r i d i n e  ( 1 5  

m L )  a t  0  ° C .  T h e  r e a c t i o n  w a s  s t i r r e d  u n t i l  a  h o m o g e n e o u s  s o l u t i o n  

w a s  o b t a i n e d ,  a n d  i t  w a s  t h e n  s t o r e d  a t  5  ° C  f o r  2 4  h . A t  t h i s  p o i n t  t h e  

r e a c t i o n  w a s  q u e n c h e d  b y  p o u r in g  i t  in t o  a  s l u r r y  o f  ic e  a n d  w a t e r  (5 0
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m L )  a n d  s t i r r i n g  i t  v ig o r o u s ly  f o r  1 5  m in . A  w h it e  s o l id  r e s u l t e d  w h ic h  

w a s  s u c t i o n  f i l t e r e d .  T h e  c r u d e  t o s y l a t e  w a s  d i s s o l v e d  i n  a  m i n i m a l  

a m o u n t  o f  p e t r o l e u m  e t h e r  a t  r o o m  t e m p e r a t u r e ,  t r e a t e d  w i t h  D a r c o  

G - 6 0 ,  a n d  c o o le d  in  a  d r y  i c e - a c e t o n e  b a t h  u n t i l  c r y s t a l l i z a t i o n  w a s  

c o m p le t e .  T h e  c r y s t a l s  w e r e  c o l l e c t e d  b y  s u c t i o n  f i l t r a t i o n  a n d  d r i e d  

u n d e r  v a c u u m  a t  r o o m  t e m p e r a t u r e  t o  a f f o r d  1 5 0  m g  o f  9  ( 1 6 %  y ie ld )  

a s  a  w h i t e  p o w d e r :  N M R  <5 ( C D C 1 3 ) 8 . 3 5 - 7 . 5  ( d  o f  d ,  4  H ,  a r o m a t i c  

p r o t o n s ) ,  4 . 6 1  [b r  s ,  1  H ,  C H ( O T s ) ] ,  4 . 2 6 - 3 .8 8  ( b r  m , 3  H ,  - C H - O -  a n d  

- C H 2- O - ) ,  a n d  2 .7 9 - 0 . 9 6  ( b r  m , 1 4  H ;  c o n t a i n i n g  a  m e t h y l  s i n g l e t  a t  

i  2 .5 4 ) ;  I R  v ( C C 1 4) 2 9 2 0 , 1 3 6 5 , 1 1 9 0 , 1 1 8 0 , 1 1 5 0 , 1 1 0 0 , 1 0 6 5 ,  a n d  1 0 0 0  
c m - 1 .

4-Oxahomoadamantane (10). A. A  s o l u t i o n  o f  9  ( 1 5 0  m g ,  0 .5  

m m o l)  in  a n h y d r o u s  e t h e r  ( 1 5  m L )  w a s  a d d e d  d r o p w i s e  t o  a  s t i r r e d  

s u s p e n s i o n  o f  l i t h i u m  a l u m i n u m  h y d r i d e  (9 0  m g ,  2 .7  m m o l)  in  a n h y 

d r o u s  e t h e r  ( 3 5  m L )  a n d  h e a t e d  a t  r e f l u x  f o r  4 8  h . T h e  r e a c t i o n  m i x 

t u r e  w a s  c o o le d  in  a n  ic e  b a t h ,  a n d  t h e  e x c e s s  l i t h i u m  a l u m i n u m  h y 

d r id e  p r e s e n t  w a s  d e s t r o y e d  b y  t h e  d r o p w is e  a d d i t i o n  o f  i c e - c o ld  w a te T  

( 5  m L ) .  T h e  r e s u l t i n g  w h i t e  s u s p e n s i o n  w a s  d i s s o l v e d  b y  t h e  a d d i t i o n  

o f  1 0 %  a q u e o u s  h y d r o c h l o r i c  a c i d  ( 2 5  m L ) .  T h e  a q u e o u s  l a y e r  w a s  

s e p a r a t e d  a n d  e x t r a c t e d  w i t h  e t h e r  ( 2  X  2 5  m L ) .  T h e  c o m b i n e d  o r 

g a n ic  l a y e r s  w e r e  w a s h e d  s u c c e s s i v e l y  w i t h  5 %  a q u e o u s  s o d i u m  b i 

c a r b o n a t e  ( 3  X  2 5  m L )  a n d  w a t e r  ( 2 5  m L )  a n d  d r i e d  o v e r  a n h y d r o u s  

m a g n e s i u m  s u l f a t e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  a t  r e d u c e d  p r e s s u r e  

a f f o r d e d  7 0  m g  o f  10 (c a . q u a n t i t a t i v e  y ie ld )  a s  a  w h i t e  s o l id  w h ic h  w a s  

h o m o g e n e o u s  b y  G L C  a n a l y s i s  ( 1 0  f t  X  0 .2 5  in  D C - 5 5 0  c o l u m n ;  1 7 5  

° C ) .  P u r i f i c a t i o n  b y  G L C  ( a b o v e  c o n d i t i o n s )  p r o v i d e d  10 a s  a  w h i t e  

s o l id :  m p  2 7 1 - 2 7 2  ° C  ( l i t . 3®  m p  2 6 8 - 2 6 9  ° C ) ;  J H  N M R  5 ( C D C 1 3) 

4 . 3 8 - 4 . 1 2  ( m , 1  H , - C H - O - ) ,  3 .9 3  ( d , J  =  2 .5  H z ,  2  H ,  - C H 2- O - ) ,  a n d

2 . 2 1 - 1 . 4 3  ( b r  m , 1 3  H ) ;  13 C  N M R 10  i> ( C D C I 3 ) ( t e n t a t i v e  a s s i g n m e n t s )

7 4 .3  ( C - 5 ) ,  7 2 . 1  ( C - 3 ) ,  3 7 . 8  ( C - 2  a n d  C - l l ) ,  3 7 . 0  ( C - 7  a n d  C - 1 0 ) , 3 5 .4  

( C - 9 ) , 3 4 .4  ( C - 6 ), a n d  2 6 .7  ( C - l  a n d  C - 8 ) ; I R  v ( C C 1 4) 2 9 1 5 , 2 8 5 0 , 1 4 4 0 ,  

1 2 5 5 , 1 1 4 5 , 1 1 1 0 , 1 0 6 5 , 9 9 5 ,  a n d  8 8 0  c m “ 1 .

B. A  s o l u t i o n  o f  l a c t o n e  l3 ( 5 3 0  m g , 3 .2  m m o l)  a n d  4 5 %  b o r o n  t r i 

f l u o r i d e  e t h e r a t e  c o m p l e x  ( 1 2  m L )  in  a n h y d r o u s  e t h e r  ( 7 5  m L )  w a s  

a d d e d  d r o p w is e  t o  a  s t i r r e d  s u s p e n s i o n  o f  l i t h i u m  a l u m i n u m  h y d r i d e  

( 1 . 0  g ,  2 6  m m o l)  in  a n h y d r o u s  e t h e r  ( 1 0 0  m L )  a t  0  ° C .  T h e  r e a c t i o n  

m i x t u r e  w a s  s t i r r e d  a t  0  ° C  f o r  4 5  m i n  a n d  t h e n  a t  r e f l u x  f o r  2  h .  T h e  

r e a c t io n  w a s  t h e n  c o o le d  t o  r o o m  t e m p e r a t u r e ,  a n d  t h e  e x c e s s  l i t h iu m  

a lu m i n u m  h y d r i d e  p r e s e n t  w a s  d e s t r o y e d  b y  t h e  d r o p w i s e  a d d i t i o n  

o f  1 0 %  a q u e o u s  h y d r o c h l o r i c  a c i d  ( 2 5  m L ) .  T h e  a q u e o u s  l a y e r  w a s  

s e p a r a t e d  a n d  e x t r a c t e d  w i t h  e t h e r  ( 2  X 5 0  m L ) .  T h e  c o m b i n e d  o r 

g a n ic  l a y e r s  w e r e  t h e n  w a s h e d  s u c c e s s i v e l y  w i t h  5 %  a q u e o u s  s o d i u m  

b ic a r b o n a t e  (4  X 2 5  m L )  a n d  w a t e r  ( 2 5  m L )  a n d  d r i e d  o v e r  a n h y d r o u s  

m a g n e s i u m  s u l f a t e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  a t  r e d u c e d  p r e s s u r e  

g a v e  4 5 6  m g  o f  10 ( 9 5 %  y i e l d )  a s  a  w h i t e  s o l i d .  G L C  a n a l y s i s  ( 1 0  f t  X 
0 .2 5  in  D C - 5 5 0  c o lu m n ;  1 7 5  ° C )  o f  t h i s  m a t e r i a l  s h o w e d  t h e  p r e s e n c e  

o f  a  s i n g le  c o m p o n e n t .  P u r i f i c a t i o n  o f  t h e  p r o d u c t  b y  G L C  ( a b o v e  

c o n d i t io n s )  g a v e  a  w h i t e  s o l i d  w h o s e  p h y s i c a l  a n d  s p e c t r a l  p r o p e r t i e s  

w e r e  i d e n t i c a l  w i t h  t h o s e  o f  10 o b t a i n e d  b y  p r o c e d u r e  A .

4-Oxahomoadamantan-2-one (13). T o  a  s t i r r e d  s o lu t io n  o f  8  ( 5 0 0  

m g , 3  m m o l)  in  a c e t o n e  ( 3 0  m L )  a t  0  ° C  w a s  a d d e d  4  m L  o f  a  f r e s h l y  

p r e p a r e d  s o l u t i o n  o f  J o n e s  r e a g e n t  ( 2 .8  g  o f  c h r o m i c  a n h y d r i d e ,  4 .5  

m L  o f  s u l f u r i c  a c i d ,  a n d  1 2  m L  o f  w a t e r ) .  T h e  r e a c t i o n  w a s  s t i r r e d  a t  

0  ° C  f o r  1  h  a n d  a t  r o o m  t e m p e r a t u r e  f o r  3  h , d i l u t e d  w i t h  w a t e r  ( 1 5  

m L ) ,  a n d  s t i r r e d  f o r  a n  a d d i t i o n a l  h o u r .  A t  t h i s  p o i n t  t h e  r e a c t i o n  

m i x t u r e  w a s  s a t u r a t e d  w i t h  s o d i u m  c h lo r i d e  a n d  e x t r a c t e d  w i t h  e t h e r  

(4  X 2 5  m L ) .  T h e  c o m b i n e d  e t h e r  e x t r a c t s  w e r e  w a s h e d  s u c c e s s i v e l y  

w i t h  s a t u r a t e d  a q u e o u s  s o d i u m  b i c a r b o n a t e  (4  X 1 5  m L )  a n d  w a t e r  

( 2  X 1 5  m L )  a n d  d r i e d  o v e r  a n h y d r o u s  m a g n e s iu m  s u l f a t e .  T h e  s o lv e n t  

w a s  e v a p o r a t e d  a t  r e d u c e d  p r e s s u r e ,  a n d  t h e  r e s i d u e  w a s  s u b l i m e d  

(9 0  ° C  a t  0 .0 5  m m )  t o  g i v e  3 7 0  m g  o f  13 ( 7 4 %  y i e l d )  a s  a  w h i t e  s o l id .  

G L C  a n a l y s i s  ( 1 0  f t  X 0 . 2 5  i n  D C - 5 5 0  c o l u m n ;  2 0 0  ° C )  s h o w e d  t h e  

p r e s e n c e  o f  a  s i n g le  c o m p o n e n t .  P u r i f i c a t i o n  b y  G L C  ( a b o v e  c o n d i 

t io n s )  a f f o r d e d  13 a s  a  w h i t e  s o l id :  m p  2 7 7 - 2 7 8  ° C ;  N M R  6 ( C C 1 4)

4 . 1 2 - 4 . 0 3  ( m , 3  H ,  - C H - O -  a n d  - C H 2- O - )  a n d  2 . 6 8 - 1 . 4 7  ( b r  m , 1 1  

H ) ; I R  v ( C C I 4 ) 2 9 2 5 , 2 8 6 0 , 1 7 2 6 , 1 4 6 0 , 1 4 4 0 , 1 2 8 0 , 1 2 0 0 , 1 1 3 5 ,  a n d  1 0 6 0  

c m - 1 .

A n a l .  C a l c d  f o r  C i 0H i 4 O 2: C ,  7 2 . 2 6 ;  H ,  8 .4 9 . F o u n d :  C ,  7 2 . 5 3 ;  H ,

8 .5 7 .

2-endo-Hydroxy-4-oxahomoadamantane (14). A  s o l u t i o n  o f  

s o d i u m  b o r o h y d r id e  ( 2 6 5  m g , 7  m m o l)  in  m e t h a n o l  ( 1 0  m L )  w a s  a d d e d  

t o  a  s t i r r e d  s o l u t i o n  o f  13 ( 2 9 0  m g ,  1 . 7  m m o l)  i n  m e t h a n o l  ( 2 5  m L )  a t  

0  ° C .  T h e  r e a c t i o n  w a s  s t i r r e d  a t  0  ° C  f o r  4 5  m i n  a n d  t h e n  a t  r o o m  

t e m p e r a t u r e  f o r  4 5  m in ,  a t  w h i c h  p o i n t  t h e  r e a c t i o n  w a s  q u e n c h e d  b y  

t h e  a d d i t i o n  o f  w a t e r  ( 1 0  m L ) .  T h e  r e s u l t i n g  s o l u t i o n  w a s  s a t u r a t e d  

w i t h  s o d i u m  c h lo r i d e  a n d  e x t r a c t e d  w i t h  e t h e r  ( 3  X 5 0  m L ) ,  a n d  t h e  

c o m b i n e d  e x t r a c t s  w e r e  d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e .  

E v a p o r a t i o n  o f  t h e  s o l v e n t  a t  r e d u c e d  p r e s s u r e  p r o v i d e d  2 7 5  m g  o f  

14 ( 9 6 %  y i e l d )  a s  a  w h i t e  s o l id .  G L C  a n a l y s i s  ( 1 0  f t  X  0 . 2 5  in  S E - 3 0  

c o lu m n ;  1 9 0  ° C )  i n d i c a t e d  a  s i n g le  c o m p o n e n t .  P u r i f i c a t i o n  b y  G L C

( a b o v e  c o n d it io n s )  a f f o r d e d  14 a s  a  w h i t e  s o l id :  m p  3 1 4 - 3 1 5  ° C ;  N M R  

5  f C C l 4) 4 . 1 8 - 3 . 9 6  ( m , 1  H ,  - C H - O - ) ,  3 . 9 0 - 3 . 7 3  ( m , 2  H ,  - C H 2- 0 - ) ,

3 .4 8  [ d t ,  J  =  4  a n d  1  H z ,  1  H ,  C H ( O H ) ] ,  2 .7 6  ( s ,  1  H ,  O H ) ,  a n d  

2 . 2 3 - 1 . 2 5  ( b r  m , 1 1  H ) ;  I R  u ( C C L d  3 5 5 5 , 3 4 0 0 , 2 9 2 0 , 2 8 6 0 , 1 4 4 5 , 1 3 9 0 ,  

1 1 3 5 , 1 1 0 5 , 1 0 8 0 ,  a n d  1 0 5 0  c m - 1 .

A n a l .  C a l c d  f o r  C 1 0 H 1 6 O 2: C ,  7 1 . 3 9 :  H ,  9 .5 9 .  F o u n d :  C ,  7 1 . 6 0 ;  H ,  
9 .4 3 .

O x i d a t i o n  o f  1 4  w i t h  J o n e s  r e a g e n t  b y  t h e  p r o c e d u r e  d e s c r i b e d  f o r  

8  - »  1 3  r e g e n e r a t e d  1 3 .

3-endo-Acetylbicyclo[3.3.1]non-(i-ene (17). A n  e t h e r e a l  s o lu t io n  

o f  m e t h y l l i t h i u m  ( 8 0  m L  o f  a  1 . 6 5  M  s o l u t i o n ;  c a . 1 3 2  m m o l)  w a s  

a d d e d  d r o p w i s e  t o  a  v i g o r o u s l y  s t i r r e d  s o l u t i o n  o f  3 - e n d o - c a r b o x y -  

bicyclo[3.3.1]non-6-ene4a (9 .8  g , 5 9  m m o l)  in  a n h y d r o u s  e t h e r  a t  0  ° C  

a t  s u c h  a  r a t e  t h a t  t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  m i x t u r e  d i d  n o t  

e x c e e d  5  ° C .  F o l l o w i n g  t h i s  a d d i t i o n ,  t h e  r e a c t io n  w a s  s t i r r e d  a t  0  ° C  

f o r  3 0  m in  a n d  a t  r o o m  t e m p e r a t u r e  f o r  4  h . T h e  r e a c t i o n  w a s  

q u e n c h e d  b y  s lo w l y  p o u r i n g  t h e  r e a c t i o n  m i x t u r e  i n t o  a  s a t u r a t e d  

s o lu t io n  o f  a m m o n iu m  c h lo r id e .  T h e  a q u e o u s  l a y e r  w a s  s e p a r a t e d  a n d  

e x t r a c t e d  w i t h  e t h e r  (4  X 5 0  m L ) .  T h e  c o m b i n e d  e t h e r  l a y e r s  w e r e  

w a s h e d  w i t h  5 %  a q u e o u s  s o d i u m  b ic a r b o n a t e  (4  X 5 0  m L ;  a c id i f i c a t io n  

o f  t h e  c o m b in e d  b a s ic  w a s h e s  a f f o r d e d  a  3 0 0 - m g  r e c o v e r y  o f  u n r e a c t e d  

s t a r t i n g  m a t e r i a l )  a n d  w a t e r  ( 2  X 5 0  m L )  a n d  t h e n  d r i e d  o v e r  a n h y 

d r o u s  m a g n e s i u m  s u l f a t e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  a t  r e d u c e d  

p r e s s u r e  p r o v id e d  a  y e l lo w  l iq u id .  V a c u u m  d i s t i l l a t i o n  o f  t h i s  m a t e r ia l  

g a v e  7 .9  g  ( 8 4 %  y i e l d )  o f  k e t o n e  17 a s  a  c o l o r l e s s  l i q u i d :  b p  7 0 - 7 3  ° C  

( 0 .5  m m ) ;  N M R  5 ( C D C 1 3 ) 5 . 7 1 - 5 . 1 8  ( b r  m , 2  H ,  - C H = C H - )  a n d  

2 . 6 8 - 1 . 2 8  ( b r  m , 1 4  H ;  c o n t a i n i n g  a  m e t h y l  s i n g le t  a t  <5 2 .0 5 ) ;  I R  v 
( C C 1 4) 3 0 2 0 ,  2 9 2 5 ,  2 9 0 5 ,  2 8 5 5 , 1 7 0 4 , 1 4 3 0 , 1 3 5 0 , 1 2 1 0 , 1 1 9 0 , 1 1 7 0 ,  a n d  

1 1 0 5  c m - 1 .

T h e  s e m ic a r b a z o n e  d e r i v a t i v e  o f  17 w a s  p r e p a r e d  a c c o r d in g  t o  t h e  

p r o c e d u r e  o u t l i n e d  b y  F i e s e r , 1 5  m p  2 0 9 - 2 1 0  ° C .

A n a l .  C a l c d  f o r  C i 2H 19 N 30 :  C ,  6 5 . 1 3 ;  H ,  8 .6 5 ;  N ,  1 8 . 9 9 .  F o u n d :  C ,  

6 4 .8 9 ;  H ,  8 .8 7 ;  N ,  1 8 . 8 7 .

a,a-Dimethylbicyelo[3.3.1 ]non-(i-ene-3-undo-methanol (18). 
A  2  M  e t h e r e a l  m e t h y l l i t h iu m  s o lu t io n  ( 5  m L ,  c a . 1 0  m m o l)  w a s  a d d e d  

t o  a  s t i r r e d  s o l u t i o n  o f  17 ( 3 0 0  m g , 1 . 8  m m o l)  in  a n h y d r o u s  e t h e r  (6 0  

m L )  a t  0  ° C  a t  s u c h  a  r a t e  t h a t  t h e  t e m p e r a t u r e  o f  t h e  r e a c t i o n  m i x 

t u r e  d i d  n o t  e x c e e d  5  ° C .  T h e  r e a c t io n  m i x t u r e  w a s  s t i r r e d  a t  0  ° C  f o r  

2  h  a n d  t h e n  c a r e f u l l y  q u e n c h e d  b y  t h e  d r o p w i s e  a d d i t i o n  o f  w a t e r  

( 4 0  m L ) .  T h e  r e a c t io n  m i x t u r e  w a s  e x t r a c t e d  w i t h  e t h e r  ( 3  X 4 0  m L ) ,  

a n d  t h e  c o m b i n e d  e t h e r  e x t r a c t s  w e r e  d r i e d  o v e r  a n h y d r o u s  m a g n e 

s i u m  s u l f a t e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  a t  r e d u c e d  p r e s s u r e  g a v e  2 9 0  

m g  o f  18 ( 8 9 %  y i e l d )  a s  a  v i s c o u s  l i q u i d .  T h e  c r u d e  p r o d u c t  w a s  p u r i 

f i e d  b y  G L C  ( 1 0  f t  X 0 .2 5  in  S E - 3 0  c o l u m n ;  2 0 0  ° C )  w h i c h  a f f o r d e d

1 8  a s  a  c o lo r le s s  o i l: N M R  & ( C C 1 4) 6 .0 3 - 5 .3 0  (m , 2  H ,  - C H = C H - )  a n d  

2 . 5 2 - 0 . 9 4  ( b r  m , 1 8  H ;  c o n t a i n i n g  t h e  g e m  d i m e t h y l  s in g le t  a t  <5 1 .0 9 ) ;  

I R  v ( C C 1 4) 3 6 2 5 , 3 5 0 0 - 3 4 0 0 , 3 0 2 0 , 2 9 3 5 , 2 9 0 5 , 2 8 4 0 , 1 3 8 0 , 1 3 7 0 , 9 3 5 ,  

9 2 5 ,  a n d  9 1 0  c m - 1 .

A n a l .  C a l c d  f o r  C 1 2 H 20O : C ,  7 9 .9 4 ;  H ,  1 1 . 1 8 .  F o u n d :  C ,  7 9 .8 0 ;  H ,

1 0 . 9 7 .

2-exo-Hydroxy-5,5-dimethyl-4-oxahomoadamantane (19). A
s o l u t i o n  o f  8 5 %  m - c h l o r o p e r o x y b e n z o i c  a c i d  ( 6 2 5  m g ,  3  m m o l)  in  

m e t h y le n e  c h lo r id e  ( 5 0  m L )  w a s  a d d e d  d r o p w is e  t o  a  s t i r r e d  s o lu t io n  

o f  18 ( 5 0 0  m g , 2 .8  m m o l)  in  m e t h y le n e  c h lo r id e  ( 1 0 0  m L )  a t  0  ° C .  T h e  

r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  0  ° C  f o r  1  h  a n d  a t  r o o m  t e m p e r a t u r e  

f o r  2 3  h . W o r k u p  o f  t h e  r e a c t i o n  m i x t u r e  f o l l o w e d  t h e  p r o c e d u r e  d e 

s c r i b e d  f o r  7  -»• 8 . E v a p o r a t i o n  o f  t h e  s o l v e n t  a t  r e d u c e d  p r e s s u r e  g a v e  

5 2 0  m g  o f  19 ( 9 5 %  y i e l d )  a s  a  c o l o r l e s s  l i q u i d  w h i c h  s o l i d i f i e d  o n  

s t a n d i n g .  A n a l y s i s  o f  t h e  c r u d e  r e a c t io n  m i x t u r e  b y  G L C  ( 1 0  f t  X 0 .2 5  

in  S E - 3 0  c o lu m n ;  2 2 5  ° C )  i n d i c a t e d  t h e  p r e s e n c e  o f  a  s i n g le  c o m p o 

n e n t .  P u r i f i c a t i o n  o f  t h i s  m a t e r ia l  b y  G L C  ( a b o v e  c o n d it io n s )  a f f o r d e d

1 9  a s  a  w h i t e  s o l id :  m p  5 5 . 5 - 5 7  ° C ;  N M R  0  ( C C 1 4) 3 . 8 7 - 3 . 6 7  [ m , 2  H ,  

- C H - O -  a n d  C H ( O H ) ] ,  2 .8 6  ( s ,  1  H ,  O H ) ,  a n d  2 . 4 3 - 1 . 1 0  ( b r  m , 1 7  H ;  

c o n t a i n i n g  m e t h y l  s in g le t s  a t  5 1 . 2 9  a n d  1 . 2 6 ) ;  I R  v ( C C 1 4) 3 6 2 5 ,  3 4 0 0 , 

2 9 1 0 ,  1 5 5 0 ,  1 4 6 0 ,  1 4 4 5 ,  1 3 8 0 ,  1 3 6 5 ,  1 1 4 5 ,  1 0 5 0 ,  a n d  1 0 3 5  c m ' 1 .

A n a l .  C a l c d  f o r  C i 2 H 2 0 O 2: C ,  7 3 . 4 3 ;  H ,  1 0 . 2 7 .  F o u n d :  C ,  7 3 . 4 0 ;  H ,

1 0 . 2 4 .
5,5-Dimethyl-4-oxahomoadamantane (21). P u r i f i e d 14  p - t o l u -  

e n e s u l f o n y l  c h lo r i d e  ( 1 8 0  m g , 0 .9  m m o l)  w a s  a d d e d  t o  a  s o l u t i o n  o f  

19 ( 1 7 5  m g , 0 .9  m m o l)  in  f r e s h l y  d i s t i l l e d  d r y  p y r i d i n e  (4  m L )  a t  0  ° C .  

T h e  r e a c t io n  m ix t u r e  w a s  s t i r r e d  a t  0  ° C  u n t i l  a  h o m o g e n e o u s  s o lu t io n  

w a s  o b t a i n e d ,  a n d  t h e n  i t  w a s  s t o r e d  a t  c a .  5  “ C  f o r  3  d a y s .  T h e  r e a c 

t i o n  w a s  q u e n c h e d  b y  p o u r i n g  i t  in t o  a  s l u r r y  o f  ic e  a n d  w a t e r  ( 2 5  m L )  

a n d  t h e n  s t i r r i n g  i t  v i g o r o u s l y  f o r  3 0  m in .  T h e  r e s u l t i n g  p a l e  y e l lo w  

s o l i d  w a s  f i l t e r e d  b y  s u c t i o n  a n d  d r i e d  u n d e r  v a c u u m  a t  r o o m  t e m 

p e r a t u r e  t o  p r o v i d e  1 0 0  m g  ( c a . 3 0 %  y i e l d )  o f  2-exo-p-toluenesul- 
fonyloxy-5,5-dimethyl-4-oxahomoadamantane (20) a s  a n  o f f -  

w h i t e  p o w d e r .
A  s o lu t io n  o f  2 0  ( 1 0 0  m g , 0 .3  m m o l)  in  a n h y d r o u s  e t h e r  ( 1 0  m L )  w a s  

a d d e d  d r o p w is e  t o  a  s t i r r e d  s u s p e n s i o n  o f  l i t h i u m  a lu m i n u m  h y d r id e
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(50 mg, 1.3 mmol) in anhydrous ether (50 mL) and heated at reflux 
for 48 h. Workup of the reaction mixture followed the procedure de
scribed for 9 — 10. Evaporation of the solvent at room temperature 
afforded 42 mg (81% yield) of 21 as a colorless liquid. Analysis of the 
crude reaction mixture by GLC (10 ft X 0.25 in DC-550 column; 175 
°C) indicated only a single component. Purification by GLC (above 
conditions) provided pure 21 as an oil: NMR 6 (CCI4) 4.18-3.93 (br 
s, 1 H, -C H -O -), 2.34-1.43 (br m, 13 H), and 1.25 (s, 6 H, gem di
methyls); IR * (CC14) 2975, 2905, 2850,1460,1440,1385,1360,1255, 
1215,1145,1120,1095,1070, and 1050 cm "1.

Anal. Calcd for C12H20O: C, 79.94; H, 11.18. Found: C, 80.02; H, 
11.08.
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Insect Antifeedants. 1. Diels-Alder Approach to the Synthesis of Ajugarin I
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An approach to the synthesis of the antifeedant ajugarin I (7) employing a Diels-Alder reaction for the prepara
tion of the decalin position of the molecule is described. Cycloaddition of 2,4-pentadien-l-ol (5) and carbomethoxy- 
p-benzoquinone (6) affords a mixture of hemiacetals 8 and 9 having the same gross regio- and stereochemistry. The 
structures of (he adducts are determined by spectroscopic means and X-ray crystallography of their reduced trans
formation products 10 and 11. Conversion of the initial adduct mixture to a potentially synthetically useful inter
mediate 31 is accomplished by reductive cleavage of a y-keto unsaturated acetal, 29.

Ajugarin I (1) isolated from Ajuga remota (Labitae) ex
hibits significant antifeeding activity against African army 
worms.1 It is a member of the clerodane class2 of rearranged 
diterpenes, many of which have also been shown to act as in

sect antifeedants.3 The structure and activity of ajugarin I 
were recently described by Nakanishi and associates.

We are presently embarked on a project directed toward 
the synthesis of ajugarin I and its congeners. In this paper, we 
report some of the results of a Diels-Alder approach to the 
construction of the decalin portion of the structure of the 
natural product.

The placement and the nature of the groups about the pe
riphery of the bicyclic unit of 1 suggested to us the retrosyn- 
thetic plan illustrated in brief form in the scheme 1 — 2 — 3

+ 4. As shown, we visualized a rapid and efficient construction 
of the decalin system by a cycloaddition reaction of suitably 
substituted diene-dienophile partners. In terms of the specific 
structural requirements of the Diels-Alder combination, the 
choice of a 1-heteroalkyl-substituted butadiene 3 and a car- 
boalkoxy-p-quinone4 seemed most appropriate.

Our initial efforts in an experimental realization of this 
synthetic plan have been focused on the addition of several 
substituted butadienes to the unsubstituted carbomethoxy- 
p-benzoquinone (6).4 The discussion to follow is concerned 
with the structural and stereochemical outcome of two of these 
cycloadditions and with the results of several transformations 
carried out with the initial Diels-Alder adducts.

The first problem to be faced in the Diels-Alder approach 
to ajugarin I was the question of orientation in the proposed 
cycloaddition reaction. Dienes substituted at the 1 position 
are generally assumed to follow an “ortho” rule in Diels-Alder

0022-3263/78/1943-3182$01.00/0 © 1978 American Chemical Society
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Scheme I

“ C6H6) 25°C;£’ Zn, HOAc; c U2, Pd; d HOCHjCHjOH, 
p-TSOH; e H30 +.

Scheme II

a Dabco, 25°C; 6Zn, HOAc;cH2, Pd.

additions,5 and a number of theoretical-calculational reports6 
have appeared recently to support the empirical generaliza
tion. Specific additions of 1-aryl-substituted butadienes to 
carbomethoxyquinone 6 have also been studied by Ansell and 
co-workers.7 Based on this work as well as on a study we have 
made of the addition of trans-piperylene to 6,® the interaction 
of 1-hydroxymethylbutadiene (5) with 6 was expected to yield 
predominantly a. product with the regiochemistry and ste
reochemistry shown in Scheme I for structure 7.

In practice, the reaction of 5 and 6 occurs rapidly at room 
temperature9 to yield a solid, mp 108-114 °C, which proved 
to be a mixture of two adducts. Although these products could 
not be separated and individually examined, the spectral and 
chemical evidence to be outlined below leaves little doubt that 
they are the isomeric hemiketals 8 and 9, both having been 
formed with the anticipated geometry and molecular orga
nization.

Treatment of the adduct mixture with diazabicyclononane 
afforded a new substance 15, mp 142-145 °C (Scheme II), 
spectrally distinct from either component of the original 
product. That 15 is the trans-fused isomer of 8 was apparent 
from a comparison of the proton spectra of 15 and the mixture 
of 8 and 9. In the spectrum of 15 a singlet at 3.62 ppm is ob
served corresponding to the ester methyl group. In contrast 
the !H NMR spectrum of the mixture shows two singlets at 
lower field, 3.69 and 3.71 ppm, respectively. An upfield shift 
of approximately 7-8 Hz in going from cis- to trans-fused 
aryl-substituted esters similar to 8,9, and 15 has been noted

by Ansell10 for the resonance position of the carbomethoxy 
protons. Although the shift which we have observed is smaller 
than that found by Ansell, our results parallel his. We have 
found, moreover, that the same effect occurs in the saturated 
analogues of these compounds and is not limited to the 
Diels-Alder adducts and their epimers only. The finding here 
that both components of the adduct mixture are converted 
to a common trans isomer 15 (the epimer of 9 being of course 
sterically unattainable) removes both compound 15 and any 
substance stereoisomeric at the ring-A oxymethyl group from 
consideration as one of the components of the product from 
the cycloaddition.

Examination of the proton spectrum of 15 also helped to 
establish the regiochemical outcome of the Diels-Alder re
action. This spectrum displays a doublet of doublets centered 
at 2.81 ppm for the junction proton with coupling constants 
of 4 and 7 Hz. Such a pattern is consistent only with the regio- 
and stereochemistry of 15. The compound must be trans fused 
with coupling of an axial angular proton to adjacent equatorial 
and axial neighbors.

The last aspect of the structure of the Diels-Alder product, 
the presence of a hemiketal group, was apparent first from the 
13C spectra of the adduct mixture and of the isomerized 
compound 15. In the 13C NMR spectrum of 8 and 9 each of the 
expected 13 peaks is doubled. More important, however, is the 
fact that both substances in the mixture show only two car
bonyl carbons each. The “ missing”  carbonyl carbons appear 
instead as a pair of peaks at 95.1 and 100.6 ppm, indicative of 
hemiketal carbons.11 In a similar fashion the isomerized trans 
compound 15 shows two carbonyl carbons at 196.6 and 169.9 
ppm and a hemiketal carbon at 101.5 ppm.

Further evidence that the products of the Diels-Alder re
action are interconvertible hemiketals was provided by the 
result of zinc-acetic acid reduction of the adduct mixture. This 
reaction carried out at room temperature for 10 min afforded 
a single crystalline product 10, mp 140-142 °C, in 93% yield. 
Despite the acidic conditions of this reduction, no change 
other than saturation of the enone double bond and formation 
of only a five-membered hemiketal ring occurs. The assign
ment of ring-junction stereochemistry is made again on the 
basis of the position of the carbomethoxy methyl group in the 
proton spectrum of 10 relative to the equivalent absorption 
in the spectrum of the corresponding trans isomer 16 (Scheme 
II). The latter material was prepared both by isomerization 
of 10 on silica gel and by zinc reduction of 15.

Formulation of the hemiketal ring of 10 as five rather than 
six membered was made originally on conformational grounds. 
Saturation of the enone double bond of 9 would lead to the
3,3,1 bicyclic system 13. Depending upon the specific con

formation of the compound, this system would suffer either 
a severe nonbonded interaction on the concave side of the 
molecule or a boat 1,4 interaction on the top face of the ketone 
ring. As a consequence, 13 should be conformationally unfa
vorable compared to the considerably less hindered five- 
membered hemiketal 10. Verification of this conclusion was 
provided by the result of an X-ray structure determination. 
As shown in Figure 1, the dihydro material is indeed the 
five-membered hemiketal isomer.

As shown in Scheme I, the next step in the transformation 
of the Diels-Alder product to an appropriate ajugarin I pre
cursor is saturation of the ring-A double bond. Catalytic hy
drogenation of 10 over palladium proceeded smoothly to af
ford the tetrahydro compound 11, mp 142-145 °C, in 96%
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Table I. X-ray Structure Determination of Compounds 10 and 11°

crystal data 10 11

unit-cell parameters
a 14.08866 (6) A 14.18523 (7) A
b 7.09289 (6) A 21.14905 (11) A
c 13.19149 (10) À 8.08458 (6) Â

90.0222° 90.03551° (6)
116.0957° 90.09968° (6)
90.0400° 89.89425° (3)

volume 1184.5 A3 2425.4 A3
ĉalcd 1.41 1.39

Ĉdis 1.43 1.41
formula wt. 252 254

Z 4 8
crystal system monoclinic orthorhombic
space group P2|/C Pbca
data collection

radiation Mo K «- = 0.71069 A
mode 0-20 scan
scan rate 5.85-29.3° min- 1 7.20-29.3° min” 1
scan range [20(Kax) -  1.0]° — [20(K«i) + 1.2]°
scan width 2° 2°
check reflect. measured every 100 reflect.
20 range up to 50°
reflect, measured 2199 2158

reflect, accepted for refinement
with 10 > 3.0 a(I0) 1989 1982
R 0.049 0.053
Rv 0.070 0.066

° The structures were solved by direct methods. Normalized structure factors (E values) were calculated using overall scale factors 
and isotopic thermal parameters obtained from Wilson plots. The 350 strongest peaks (E values >1.33 for 10 and E values >1.35 for 
11) were used as input for the program MULTAN. An E map based on the phase set showing the highest figure of merit revealed the 
positions of all nonhydrogen atoms. Hydrogen positions were obtained from a difference map made after several isotropic refinement 
cycles, and they were refined using a fixed isotropic thermal parameter of 5,0. They were then held fixed for further isotropic and also 
during subsequent anisotropic refinement. During the last least-square cycle, no parameter shifted more than 0.001a and a final dif
ference map showed no peaks greater than 0.27 e/A3 for 10 and 0.35 e/A3 for 11.

yield. That the stereochemistry of 11 should be as shown is by 
no means obvious from simple considerations of possible 
strain in the tricyclic ring system. The inference drawn from 
molecular models is that the isomeric structure 14, in which 
the hemiketal hydroxyl group has a @ configuration, should 
be of lower energy than 11. In contrast, the stereochemistry 
shown for 11 dictates that one of the carbocyclic rings be a

CO,CH,
14

boat. Despite this, the molecule does in fact have the latter 
geometry at least in the crystalline form. Figure 2 illustrates 
the structure obtained from X-ray analysis and shows that it 
is the carbonyl-containing ring which has a twist-boat con
formation. Remarkably, the cis-fused isomer 11 also appears 
to be of lower energy than its trans-fused epimer 17, mp 
153-155 °C (Scheme II). When either of these isomers is ab
sorbed on silica gel to effect ring-junction isomerization, the 
predominant component o f the resulting eluent is the cis 
compound l l .12

Following the establishment of the regio- and stereo
chemical course of the Diels-Alder reaction of 5 and 6 and of 
the isomerizations and reductive transformations already 
discussed, we focused our attention on two critical problems. 
Both of these synthetic concerns arise from the particular 
choice of the original Diels-Alder components. The initial 
dienophile 6, although readily available, lacks the eventual 
C-8 methyl group of ajugarin I. The first problem to be faced 
then was the practicality of introducing this methyl by al-

20

kylation of an intermediate along the synthetic trail. Should 
this step prove particularly inefficient or unachievable it 
would be necessary to return to the initial cycloaddition re
action and use the appropriate methyl-substituted quinone 
4, a compound requiring a considerable lengthier preparation 
than 6. Methylation was achieved in the following way. The 
cis-dihydro material 10 was converted to the trans-methyl 
ketal 18, mp 91-92.5 °C, by the action of methanol and acid. 
Hydrogenation of the latter gave the saturated ketal 19, mp 
70-73 °C. Methylation was then effected in 50% yield by 
means of enolate formation with lithium diisopropylamide 
and alkylation with methyl iodide. After chromatography, two 
methylated products 20, mp 76-80 °C, and 21 were obtained 
in a ratio of 4:1.13 Hydrolysis of 20 in acidic medium afforded 
the methylated hemiketal 22.

The second and more critical problem arising from the 
specific Diels-Alder approach discussed so far is that of the
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opening of the hemiketal ring. Neither the initial Diels-Alder 
mixture or its isomerized and/or reduced transformation 
products show any indication of containing the corresponding 
hydroxymethyl diketone tautomers. Furthermore, attempts 
to open any of these hemiketals by trapping some small con
centration of free primary alcohol have been generally un
successful.14 For example, the treatment of 10 with base (so
dium hydride or pyridine) and acylating agents (acetyl chlo
ride, methanesulfonyl chloride, or toluenesulfonyl chloride) 
yields no recognizable acetate or sulfonate derivatives.

On the basis that the C-9 ketone group in the saturated 
compounds might be undergoing reaction under the basic 
conditions used to try to cleave the hemiketal ring, we moved 
to protect the carbonyl function through ketal formation. 
However, when 11 was exposed to ethylene glycol and acid, 
considerably more than simple ketal formation transpired. 
The intended carbonyl-masking process was accompanied by 
ring-junction isomerization and dehydration, yielding the 
cyclic enol ether15 ketal 12 (Scheme I). The structure of 12 
follows from its 13C spectral characteristics as well as from the 
fact that it is reconverted to 11 upon treatment with aqueous 
acid.

Our efforts to open the hemiketal ring being thus frustrated, 
we turned to an alternative approach using a different 
Diels-Alder adduct; one incapable of forming the adamantine 
hemiketal unit. To this end, we prepared the chloromethyl 
diketone 23, mp 123-125 °C, by the sequence illustrated in 
Scheme III. Attempted elimination of hydrogen chloride from 
this molecule to form the exocyclic olefin was unsuccessful. 
Treatment of 23 with DBN, for example, led only to the keto 
enol ether 24, which upon acid hydrolysis gave hemiketal 11 
again. Clearly, the proximity of the keto group at C-6 to the 
chloromethyl unit allows the ketone oxygen to participate in 
the dehydrochlorination process.

Scheme III

Figure 2. A perspective drawing of 11.

The problem of opening the hemiketal ring was solved fi
nally by recourse to a reaction we had routinely employed in 
the early stages of this work; zinc in acetic acid reduction of 
a 7-alkoxyenone.16 The mechanism for the conversion of 8 and 
9 to 10 or of 15 to 16 presumably entails the elimination of one 
of the 7-oxygen functions as shown in 25 to 26. The question 
then arises: can one distinguish between the two groups, or is

25 26
either one, alkoxy or hydroxy, eliminated with equal ease? For 
the cis compounds 8 and 9, no clear-cut answer is forthcoming 
from an examination of models. In the case of the trans com
pound, however, there should be a mechanistic distinction 
between the two 7 -position oxygen groups. As shown in 27, 
only the bond linking the ring oxygen to the B-ring lies per
pendicular to the plane of the enone system. Only through the 
cleavage of this bond can overlap between the developing p 
orbital at C-6 and the rest of the unsaturated unit be achieved. 
The conversion of the trans compound 15 to 16 should then 
occur via the intermediacy of the enol-enolate 28. The ulti

mate production of the keto hemiacetal 16 should result from 
ketonization of 28 followed by addition of the hydroxyl 
function to the regenerated C-6 carbonyl.

On the basis of the foregoing argument, a solution to the 
problem of hemiketal opening seemed readily at hand. Sub
stitution of an alkoxy group for the hydroxy function of 15 
should preclude the formation of a ketal product, since the 
intermediate stage would not be an enol-enolate but rather 
an enol ether-enolate.17 The following sequence was then 
carried out to test these predictions.

Treatment of the initial Diels-Alder adduct mixture 8 and 
9 with methanol and toluenesulfonic acid afforded the 
trans-fused methyl ketal 29, mp 106-107 °C (Scheme IV). The 
latter was then subjected to reduction with zinc in acetic acid. 
Somewhat surprisingly, the reduction in this case was ex
tremely sluggish in comparison to others reported here. Stir
ring for 12 h was found necessary to effect saturation of the 
enone double bond. As anticipated, however, the principal
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Scheme IV

33 C° ' C H >

a CH3OH, H+; b Zn, HO A c ; c H2, Pd; d A c20 ,  pyridine.

product was indeed a methyl enol ether18 but no ketonic car
bonyl group appeared in the spectra of the product. Instead, 
the product was again a hemiketal, in this instance the cis- 
fused six-membered one 30, mp 143-145 °C, obtained in 64% 
yield. Although we had not previously encountered any 
ring-junction isomerization during short-term zinc reductions, 
apparently the time required for the reduction of 29 is suffi
ciently lengthy to allow the epimerization of the initially 
formed trans product to occur. The Gordian knot of this 
hemiketal proved simpler to cut than in the case of the five- 
membered one, however. We anticipated that the stability of 
the new hemiketal ring ought to be sharply reduced by satu
ration of the ring A double bond. Such a transformation leads 
to a 3,3,1-bicyclo system, e.g., 34, which can relieve confor

mational interactions by opening of the heterocyclic ring. In 
the event, catalytic reduction of 30 afforded a product which 
proved to be a mixture of the keto enol ether 31 and the cor
responding hemiketal 32. Complete opening of the hemiketal 
ring was then accomplished by treatment of the mixture with 
acetic anhydride-pyridine to afford the diketo acetate 33.

The Diels-Alder approach to the synthesis of ajugarin I 
discussed above has at present accomplished our initial goal; 
rapid construction of the decalin ring system with function
ality strategically located for introduction of the remaining 
structural features of the natural product. Further transfor
mations and alternative strategies will be discussed in forth
coming publications.

Experimental Section
Melting points were determined on an Arthur A. Thomas uni-melt 

apparatus. All melting and boiling points are uncorrected. Infrared 
spectra were determined on a Perkin-Elmer 257 grating infrared 
spectrometer, and Nuclear Magnetic Resonance (NMR) spectra were 
recorded using a Varian EM-360 spectrometer. Chemical shifts are 
reported in parts per million (5) relative to Me4Si (0.0 ppm) as an 
internal standard. 13C spectra were recorded on a Varian Associates 
CFT-20 instrument. Mass spectra were determined either with a 
Varian Associates M-66 cycloidal mass spectrometer or a Finnigan 
Model 4000 GC-MS instrument. Microanalyses were performed by 
Atlantic Microlab Inc., Atlanta, Ga., and precise mass measurements 
were obtained with the M-66 mass spectrometer.

Diels-Alder Reaction of Carbomethoxy-p-benzoquinone and 
1 -Hydroxymethylbutadiene. Preparation of 8 and 9. To a stirred

solution of 1.28 g (7.6 mmol) of carbomethoxy-p-benzoquinone in 6 
mL of dry benzene at 0 °C was added dropwise, via a syringe, 0.68 g 
(8.1 mmol) of 2,4-pentadien-l-ol.19 The reaction mixture was allowed 
to warm to room temperature and stirred under nitrogen for 2 h, 
during which a solid was precipitated. The solid was filtered and 
washed with cold benzene. Recrystallization from benzene afforded 
a white crystalline solid: 1.44 g (74.3%), mp 108-114 °C; IR (CHCI3) 
1740,1680 cm“ 1; NMR (CDCI3) b 1.78-4.43 (m, 7 H), 3.69, 3.71 (2 s, 
3 H), 5.76 (m, 2 H), 6.01-6.72 (m, 2 H).

Anal. Calcd for C13Hi40 5: C, 62.39; H, 5.64. Found: C, 62.45; H,
5.66.

Preparation of the Dihydro Cis Adduct 10. To a stirred solution 
of 5.05 g (20.2 mmol) of 8 and 9 in 50 mL of glacial acetic acid was 
added 10.0 g of zinc dust in small portions. The reaction mixture was 
allowed to stir at room temperature for 10 min. The mixture was 
poured into 200 mL of ice water. The zinc was removed by filtration 
and the filtrate was washed with chloroform. The aqueous layer was 
extracted four times with chloroform, and the combined chloroform 
extracts were washed with 10% aqueous sodium bicarbonate and dried 
over anhydrous magnesium sulfate. Removal of the solvent gave 4.70 
g (93%) of a white solid, mp 140-142 °C. An analytical sample was 
prepared by recrystallization from benzene: IR (CHC13) 1720 cm-1; 
NMR (CDCI3) b 1.49-2.92 (m, 6 H), 3.12-3.62 (m, 4 H), 4.08-4.48 (m, 
2 H), 5.67 (m, 2 H), 3.78 (s, 3 H); 13C NMR b 210.2,171.9,125.3,123.0, 
106.0, 72.4, 60.4, 53.1,45.5, 38.5, 35.3, 31.2, 20.3.

Anal. Calcd for Ci3H1605: C, 61.89; H, 6.41. Found: C, 61.84; H, 
6.39.

Catalytic Reduction of 10. Preparation of the Cis Hemiacetal
11. A solution of 3.0 g (11.9 mmol) of 10 in 25 mL of ethanol was hy
drogenated under atmospheric pressure using 10% palladium on 
charcoal as catalyst. Hydrogen uptake ceased after 1 h. The catalyst 
was filtered through a Celite cake, and the solvent was removed on 
the rotory evaporator to give a white solid, 2.9 g (96%), mp 142-144.5 
°C. An analytical sample was prepared by crystallization from ben
zene: IR (CHCI3) 1720 cm -1; NMR (CDC13) b 0.79-1.71 (m, 5 H),
1.91-2.86 (m, 5 H), 3.19-3.52 (m, 3 H), 3.65 (s, 1 H), 3.78 (s, 3 H), 
3.88-4.18 (m, 1 H); 13C NMR 5 211.5,172.5,105.9,69.6,60.5,52.8,45.9,
36.9, 35.7, 30.4, 21.5,16.1.

Anal. Calcd for C13H18O5: C, 61.40; H, 7.15. Found: C, 61.24; H, 
7.20.

Formation of Enol Ether Ketal 12. A mixture of 11 [2.0 g (7.8 
mmol) in 25 mL of dry benzene], 0.438 mL (7.8 mmol) of ethylene 
glycol, and a catalytic amount of p-toluenesulfonic acid monohydrate 
was refluxed in a nitrogen atmosphere under a Dean-Stark trap. 
Separation of the water began immediately. Refluxing was continued 
for 4 h. The mixture was cooled, washed with 10% aqueous sodium 
bicarbonate, and dried over anhydrous magnesium sulfate. Removal 
of the solvent gave a yellow oil: 2.1 g (95%); IR (CHC13) 1720 cm-1; 
NMR (CDClg) b 0.75-2.0 (m, 6 H), 2.11-2.72 (m, 3 H), 2.30 (dd, 1 H, 
J = 4,8 Hz), 3.77-4.16 (m, 2 H), 3.67 (s, 3 H), 3.84 (m, 4 H), 4.76 (t, 1 
H); 13C NMR 175.6,151.7,110.0,91.9,73.6,64.3,64.0,54.5,52.4,42.6,
41.3, 31.7, 27.8, 23.7, 22.6; MS m/e 280.

Anal. Calcd for C15H20O5: 280.13098. Found: m/e 280.13056.
Isomerization of the Diels-Alder Adduct. Formation of 15. To 

a stirred solution of 0.48 g (1.92 mmol) of 8 and 9 in 10 mL of methanol 
was added a few milligrams of diazabicyclononane (DABCO). The 
reaction mixture was allowed to stir at room temperature for 48 h. The 
solvent was concentrated on the rotory evaporator and the residual 
brownish oil was taken up in 50 mL of methylene chloride, washed 
with 3 N HC1,10% aqueous sodium bicarbonate, and finally with brine 
solution. It was then dried over anhydrous magnesium sulfate. Re
moval of the solvent gave 0.40 g of a light-yellow semisolid, which was 
recrystallized from benzene to give a white crystalline material: 0.295 
g (61.5%); mp 142-145 °C; IR (CHC13) 1730,1695 cm“ 1; NMR (CDC13) 
b 1.83-2.37 (m, 2 H), 2.81 (dd, 1 H, J = 4, 7 Hz), 3.63 (s, 3 H), 3.82 (m,
2 H), 4.45 (m, 2 H), 5.74 (m, 2 H), 6.28 (AB q, 2 H, J = 10 Hz); 13C 
NMR b 196.6,169.9,141.6,129.2,127.1,124.5,101.5, 73.5, 62.2,52.7,
43.7, 40.6, 21.7.

Anal. Calcd for CI3H140s: C, 62.39; H, 5.64. Found: C, 62.29; H, 
5.64.

Zinc Reduction of 15. Preparation of 16. A solution of 0.180 g 
(0.42 mmol) of 15 in 4 mL of glacial acetic acid was reduced with 0.36 
g of zinc dust as previously described for the reduction of 8 and 9. 
Evaporation of the solvent gave a clear oil which solidified upon 
standing: 0.173 g (95%); mp 116-118 °C; IR (CHCI3) 1728 cm "1; NMR 
(CDCI3) b 1.73-2.79 (m, 4 H), 2.42 (s, 4 H), 3.58-3.76 (m, 2 H), 3.62 (s,
3 H), 3.94-4.77 (m, 2 H), 5.67 (m, 2 H).

Anal. Calcd for C13H160 6: C, 61.89; H, 6.41. Found: C, 61.85; H, 
6.43.

Catalytic Reduction of 16. Preparation of Trans Hemiketal
17. A solution of 82 mg (0.32 mmol) of 16 in 4 mL of ethyl acetate was
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hydrogenated with 10% palladium/charcoal as previously described 
for the hydrogenation of 10. Removal of the solvent gave 80 mL (97%) 
of a white solid: mp 153-155 °C; IR (CHCI3); NMR (CDC13) 0.80-2.32 
(m, 7 H), 2.42 (br s, 4 H), 3.09-3.55 (m, 1 H), 3.68 (s, 3 H), 3.78-4.38 
(m, 2 H).

Anal. Calcd for C13Hi805: 254.11621. Found: m/e 254.11538.
Diels-Alder Reaction of Carbomethoxy-p-benzoquinone with 

1-Chloromethylbutadiene. To a stirred solution of 1.2 g (7.14 mmol) 
of carbomethoxy-p-benzoquinone in 8 mL of benzene was added 
dropwise 1.0 g (9.8 mmol) of 2,4-pentadienyl chloride.20 The reaction 
mixture was stirred at room temperature overnight, during which time 
the color of the solution changed from orange to yellow. Removal of 
the solvent and the excess diene gave a yellow oil which solidified upon 
standing. The solid was recrystallized from an ether-hexane mixture 
to give a light-yellow crystalline solid: 1.51 g (79%); mp 99.5-101 °C; 
IR (CHClg) 1700,1740 cm -1; NMR (CDCI3) 8 2.35 (m, 2 H), 2.97 (m,
1 H), 3.74 (s, 3 H), 3.45-4.07 (m, 3 H), 5.76 (m, 2 H), 6.60 (d, 2 H, J = 
3 Hz); 13C NMR 5 197.3,194.1,170.3,140.4,137.8,125.9,124.5,62.5,
53.6, 50.1, 44.8, 43.6, 25.3.

Anal. Calcd for Ci3H130 4C1: C, 58.11; H, 4.88. Found: C, 58.15; H, 
4.91.

Zinc Reduction of the Chloromethyl Adduct. A solution of 0.53 
g (1.79 mmol) of the chloromethyl adduct in 8 mL of glacial acetic acid 
was reduced with 1.0 g of zinc dust as previously described for the 
reduction of 8 and 9. Removal of the solvent gave a white solid: 0.48 
g (91%); mp 121-124 °C. An analytical sample was preparec by re
crystallization from ether-hexane: IR (CHCI3) 1720 cm-1: NMR 
(CDCI3) 8 2.02-3.07 (m,'2 H), 3.17^.16 (m, 3 H), 3.79 (s, 3 H), 5.74 (m,
2 H).

Anal. Calcd for C13H160 4C1: C, 57.68; H, 5.58. Found: C, 57.64; H,
5.60.

Preparation of 23. A solution of 0.177 g (0.66 mmol) of the above 
zinc reduction product in 8 mL of ethyl acetate was hydrogenated with 
10% palladium/charcoal as previously reported for the hydrogenation 
of 10. Removal of the solvent gave a white solid, 0.178 g (97%). An 
analytical sample was prepared by crystallization from chloroform- 
hexane: mp 123-125 °C; IR (CHCI3) 1720 cm“ 1; NMR (CDC13) 8 
1.19-2.28 (m, 7 H), 2.44-3.11 (m, 5 H), 3.77 (s, 3 H), 3.40-4.23 (m, 2 
H).

Anal. Calcd for Ci3Hi70 4C1: C, 57.25; H, 6.28. Found: C, 57.15; H,
6.29.

Formation of Keto Enol Ether 24. Ketone 23 [0.150 g (0.55 
mmol)] was dissolved in 6 mL of dry benzene in a 10-mL round-bot
tom three-neck flask equipped with septum, nitrogen inlet, and a 
refluxing condenser. Diazabicyclononene (0.1 g) was added via syringe. 
The solution became brown. The reaction mixture was heated in an 
oil bath to 50-60 °C for 4 h. It was then cooled to room temperature, 
poured into ice, and neutralized with cold dilute sulfuric add. The 
neutral solution was extracted twice with benzene. The combined 
yellow benzene extracts were washed with water and 10% sodium 
bicarbonate solution and dried over anhydrous magnesium sulfate. 
Evaporation of the solvent gave a yellow-brown oil which was kugel- 
rohr distilled to give a light-yellow oil: IR (CHCI3) 1730, 1700, 1640 
cm“ 1; NMR (CDC13) 0.94-2.15 (m, 6 H), 2.46-2.84 (m, 2 H), 2.88 (d, 
2H,e/ = 4 Hz), 3.62 (s, 3 H), 4.26 (dd, 1 H, J  = 4 Hz),4.97 (t, 1 H); MS 
m/e 236 (M+).

The above oil was dissolved in 3 mL of a THF-H20-HC1 mixture 
and allowed to stir overnight. Workup afforded hemiketal 11.

Preparation of Ketal 18. To a solution of 0.40 g (1.58 mmol) of 10 
in 10 mL of methanol was added a few milligrams of p-toluenesulfonic 
acid monohydrate. The reaction was stirred at room temperature for 
2 days. Workup was carried out as described for the preparation of
12. Removal of the solvent gave a white oily solid. Recrystallization 
from an ether-hexane mixture gave 0.295 g of white crystalline solid: 
mp 91-92.5 °C (70.2%); IR (CHC13) 1740 cm*1; NMR (CDC13) 8 
1.68-2.80 (m, 7 H), 3.22 (s, 3 H), 3.62 (s, 3 H), 3.54-4.31 (m, 3 H), 5.71 
(m, 2 H); 13C NMR 8 207.2,169.9,126.6,126.0,106.0,71.1,62.5,52.1,
48.6, 46.0, 40.6, 36.17, 28.3, 21.7.

Anal. Calcd for C14H80 5: C, 63.63; H, 6.10. Found: C, 63.70; H, 
6.14.

Preparation of Saturated Ketal 19. A solution of 1.2 g (4.5 mmol) 
of 18 in 15 mL of ethanol was hydrogenated with 10% palladium/ 
charcoal as previously described for the hydrogenation of 10. Removal 
of the solvent gave a white solid: 1.19 g (98%); mp 70-73 °C. An ana
lytical sample was obtained by crystallization from an ether-hexane 
mixture: IR (CHC13) 1730 cm -1; NMR (CDC13) 8 0.61-2.08 (m, 7 H),
2.08-2.60 (m, 5 H), 3.16 (s, 3 H), 3.26-4.21 (m, 2 H), 3.59 (s, 3 H).

Anal. Calcd for C14H20O5: C, 62.67; H, 7.51. Found: C, 62.79; H, 
7.56.

Methylation of Ketal 19. Following the procedure of House,210.41

mL (0.926 mmol) of 2.29 M n-butyllithium and a few milligrams of 
triphenylmethane were dissolved in 5 mL of dry 1,2-dimethoxyethane 
(dried over lithium aluminum hydride) under nitrogen. The reaction 
mixture was cooled to -2 0  °C and 0.129 mL (0.926 mmol) of diiso
propylamine was added dropwise via syringe. Ketal 19 [0.250 g (0.926 
mmol)] in 2.5 mL of 1,2-dimethoxyethane was added dropwise. The 
resultant pink solution was allowed to warm to room temperature, 
and then 0.42 mL (7.3 equiv) of methyl iodide was added. The reaction 
was stirred at room temperature for 15 min, during which a precipitate 
was formed. Three milliliters of dilute hydrochloric acid was added 
and the resultant yellow solution was extracted twice with ether. The 
combined ether extracts were washed with a 10% aqueous sodium 
bicarbonate solution and then with brine and dried over anhydrous 
magnesium sulfate. Removal of the solvent gave a thick yellow oil, 
0.216 g. The oil was chromatographed on 35 g of silica gel. Elution with 
an ethyl acetate-hexane mixture gave 33 mg of the cis isomer as a clear 
oil: IR (CHCI3) 1722 cm "1; NMR (CDCI3) 0.92-3.07 (m, 9 H), 1.19 (d,
3 H, J  = 6.5 Hz), 3.20 (s, 3 H), 3.25-4.03 (m, 4 H), 3.77 (s, 3 H).

Further elution gave the trans isomer, 95 mg, as a white solid: mp
76-80 °C; total yield 49.21%; IR (CHC13) 1722 cm“ 1; NMR (CDC13)
8 0.86-3.05 (m, 10 H), 1.19 (d, 3 H, J  = 6.5 Hz), 3.24 (s, 3 H), 3.35-4.22 
(m, 3 H), 3.65 (s, 3 H).

Anal. Calcd for C15H22O5: m/e 282.14683. Found: m/e 282.14511.
Preparation of Ketal 29. To a solution of 2.0 g (8 mmol) of 8 and

9 in 20 mL of absolute methanol was added a few milligrams of p- 
toluenesulfonic acid monohydrate. The reaction was stirred at room 
temperature for 3.5 h. The solvent was concentrated on the rotory 
evaporator and the residue was taken up in 30 mL of chloroform, 
washed with 10% aqueous sodium bicarbonate solution, and dried over 
anhydrous magnesium sulfate. Evaporation of the solvent gave a white 
oily solid. The solid was recrystallized from a chloroform-hexane 
mixture to give 0.82 g of white crystalline material: mp 106-107 °C. 
The mother liquor was concentrated and chromatographed on silica 
gel. Elution with ethyl acetate-hexane gave an additional 0.43 g (59%): 
IR (CHCI3) 1685,1740 cm "1; NMR (CDC13) 8 2.0-2.36 (m, 2 H), 2.57 
(dd, 1 H, J  = 6,8 Hz), 3.27 (s, 3 H), 3.58 (s, 3 H), 3.45-4.33 (m, 3 H),
5.88 (m, 2 H), 6.43 (AB q, 2 H).

Anal. Calcd for CnHieOs: C, 63.63; H, 6.10. Found: C, 63.70; H, 
6.14.

Formation of Hemiketal Enol Ether 30. To a stirred solution of
1.5 g (5.68 mmol) of 19 in 20 mL of glacial acetic acid was added 3.0 
g of zinc dust in small portions. The reaction mixture was stirred at 
room temperature under nitrogen for 12 h. It was then poured into 
a solution of 5% aqueous sodium acetate. The zinc was filtered and 
washed with chloroform. The aqueous layer was extracted three times 
with chloroform. The combined chloroform extracts were washed with 
10% aqueous sodium bicarbonate solution and dried over anhydrous 
magnesium sulfate. Evaporation of the solvent gave an oily solid. The 
solid was recrystallized from a chloroform-hexane mixture to give a 
white crystalline material: 0.87 g, mp 143-145 °C. The mother liquor 
was concentrated on the rotory evaporator and yielded, after recrys
tallization, an additional 95 mg of product (63.8%): IR (CHCI3) 1735, 
1670 cm“ 1; NMR (CDC13) 2.07-2.84 (m, 6 H), 3.37-4.20 (m, 3 H), 3.45 
(s, 3 H), 3.65 (s, 3 H), 4.73 (t, 1 H), 5.72 (m, 2 H).

Anal. Calcd for Ci4H i80s: C, 63.15; H, 6.81. Found: C, 63.07; H,
6.84.

Formation of Ketone-Hemiketal Mixtures 31 and 32. A solution 
of 1.0 g (3.8 mmol) of 30 in 25 mL of ethanol was hydrogenated with 
10% palladium/charcoal as previously reported for the hydrogenation 
of 10. Evaporation of the solvent gave a light yellow oil (1.04 g) which 
partially solidified upon standing: IR (CHC13) 1730,1670 cm-1; NMR 
(CDCI3) 3.41,3.50 (2 s, 3 H), 3.63, 3.68 (2 s, 3 H), 4.70 (m, 1 H).

Preparation of Keto Acetate 33. A mixture of 91 mg (0.34 mmol) 
of 31 and 32 in 0.5 mL of dry pyridine and 0.086 g (0.85 mmol) of acetic 
anhydride, under nitrogen, was allowed to stir at room temperature 
for 2 h, during which time the solution became reddish orange. Sodium 
bicarbonate (2 mL of 10% solution) was added to destroy excess acetic 
anhydride. The reaction mixture was added into water and extracted 
twice with 10 mL of ether. The ether extracts were washed with 5% 
acetic acid, 10% sodium bicarbonate and dried over anhydrous mag
nesium sulfate. Evaporation of the solvent gave 79 mg of an orange 
oil. The oil was purified by preperative thin-layer chromatography 
to give a light-yellow oil: IR (CHC13) 1730, 1670; NMR (CDC13) 
1.19-2.54 (m, 7 H), 2.01 (s, 3 H), 2.80-3.16 (m, 1 H), 2.90 (d, 2 H, J =
4 Hz), 3.56 (s, 3 H), 3.69 (s, 3 H), 4.04 (m, 2 H).

Anal. Calcd for C16H2206: 310.14152. Found: m/e 310.14432.
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Synthesis of the New Nucleoside Antibiotic
l-(2-Deoxy-j3-D-ribofuranosyl)-5,6-dihydro-5-methyl-s-triazine-

2,4(liI,3Jf)-dione1

Harvey Skulnick
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Received June 28,1977.

l-(2-Deoxy-/3-D-ribofuranosyl)-5,6-dihydro-5-methyl-s-triazine-2,4(l/f,3//)-dione, “ DHAdT” (I), a new nucleo
side with both antiviral and antibacterial activity, has been synthesized along with its ribosyl analogue via the silyl 
ether modification of the Hilbert-Johnson reaction. Condensation of the mono- or disilyl-5,6-dihydro-5-methyl-s- 
triazine-2,4(1/7,3/f)-diones (V and VI) with 3,5-ditoluoyl-2-deoxy-D-ribofuranosyl chloride (VII) gave the pro
tected nucleosides VIII and IX which, after removal of the protecting groups, afforded “ DHAdT” (I) and its a ano- 
mer X. Condensation of V with tribenzoylribofuranosyl bromide (XI) or acetate (XII) gave the N3 riboside. When 
V was condensed with tetraacetyl ribose (XIII), the Ni and N3 isomers were isolated. The ribose analogue was de
void of both antiviral and antibacterial activity.

Bannister and DeBoer recently reported the isolation of 
a nucleoside antibiotic, l-(2-deoxy-/3-D-ribofuranosyl)-5,6- 
dihydro-s-triazine-2,4(l//,3/7)-dione, I (DHAdT), from the 
culture Streptomyces platensis var. clarensis.2 This same 
culture produces the nucleoside 1-N-methylpseudouridine, 
a compound whose isolation was reported by Argoudelis and 
Mizsak3 and whose synthesis was recently reported by Fox et 
al.4

DHAdT exhibited in vitro activity against a variety of DNA 
viruses, including herpes simplex type 1, herpes simplex type 
2, varicella zoster, and vaccinia, and gram-negative bacteria, 
although modest activity was observed vs. Streptococcus 
hemolyticus bacteria and poor activity vs. Diplococcus 
pneumoniae.5 Thymidine and deoxyuridine completely re
versed the antiviral activity, while deoxycytidine was partially 
effective.
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DHAdT was active, in vivo, when administered PO, SQ, and 
IP; however, to date topical activity has not been demon
strated. Administered SQ, the nucleoside was active both 
prophylactically and therapeutically in mice innoculated IV 
with herpes simplex virus.6

This paper details the synthesis of the new nucleoside I, 
DHAdT, and its riboside analogue via the silyl ether modifi-

I
5 ,6-dihydro-5-azathymidine 

(D H AdT)
cation of the Hilbert-Johnson condensation. This is the first 
reported application, to my knowledge, of the silyl ether 
procedure to the synthesis of a 5,6-dihydro nucleoside.

The initial objective is the synthesis of the silyltriazine V. 
In 1961 Piskala and Gut reported the synthesis of 5-N- 
methyl-5,6-dihydro-s-triazine-2,4(l/i,3/i)-dione (IV) via the 
ring closure of (V-methylbiuret with ethyl formate to yield III, 
followed by the reduction of the iV-methyl-s-triazine with 
Raney Nickel (W2) or 5% Rh/C.7

We found that the N-methyltriazine III is recovered as an 
ethanol or water adduct which can be reduced directly to IV. 
Alternatively, this adduct can be converted to triazine III by 
azeotroping from benzene with p-toluenesulfonic acid added. 
Silylation of the dihydro-s-triazinone IV with refluxing hex- 
amethyldisilazane gave 2,4-bis(trimethylsilyloxy)triazine (V) 
as an oil. This disilyl base slowly hydrolyzed on standing to 
a crystalline monosilvltriazine whose XH NMR is consistent 
with the assigned structure VI.

The 7H NMR signal observed for the methylene of IV ap
pears at 4.30 ppm (Me2SO) as a doublet. Irradiation of the 
Ni-H at 7.60 ppm reduced the methylene to a singlet, con
sistent with the assigned isomer, IV. The 7H NMR of V has 
a singlet at 4.30 ppm (CDCI3) for the methylene. When V 
hydrolyzed to the monosilyl triazine VI with the appearance 
of an N-H at 7.25 ppm (CDCI3), the methylene remained a 
singlet, consistent with hydrolysis of the 4-O-trimethylsilyl 
group. The monosilyl triazine VI can also be synthesized di
rectly using bis(trimethylsilyl)trifluoroacetamide in pyridine 
at 25 °C for 18 h.

The plan to prepare nucleoside I involved the condensation 
of the silylated triazine with the appropriate sugar. Although 
there is no reported synthesis of a nucleoside from a monosi- 
lylated triazine or pyrimidine, the synthesis of s -triazine nu
cleosides from their disilyl bases has been reported previously. 
In 1970 Winkley and Robins described the synthesis of 5- 
azaeytidine and related derivatives employing direct glycos- 
idation of a bissilyl-l,3,5-triazine ring.8 The use of SnCl4 as 
a Friedel-Crafts catalyst in Hilbert-Johnson type reactions 
is exemplified in the syntheses of 5-azacytidine9 and as-tria- 
zine nucleosides by Vorbriiggen and co-workers.10 There is, 
however, no reported synthesis of a dihydro (nonaromatic) 
triazine ring nucleoside via an acid-catalyzed condensation.

The only other previous s-triazine nucleoside synthesis was 
that reported by A. Piskala and F. Sorm via the orothoformate 
cyclization of l-peracetylglycosyl-4-methylisobiuret to give 
the corresponding 4-methoxy-5-azauracil nucleosides.11
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Condensation of the mono- or disilylated dihydro-s-triaz- 
ines (V and VI) with 3,5-di-o-toluoyl-D-ribofuranosyl chloride 
in an acetonitrile/ethylene dichloride mixture using anhy
drous SnCl4 as Lewis acid catalyst12 gave a 1:1 mixture of a 
and 3 anomers of the 3',5'-ditoluate esters of DHAdT (VIII 
and IX). The assignment of isomers was determined by JH 
NMR wherein the 3 isomer exhibited the characteristic triplet 
for the anomeric proton and the a isomer the characteristic 
quartet (see Experimental Section).

The site of glycosidation was determined to be Ni based on 
a comparison of the synthesized nucleoside with the known 
DHAdT isolated from microbial sources. The structure of 
DHAdT was determined by B. Bannister to be a /3-N4 nucle
oside.13 X-ray analysis of the nucleoside confirmed its struc
ture.14

The condensation reaction was carried out under a variety 
of conditions as shown in Table I. On a 1-mmol scale, the best 
yields of DHAdT (based on bioassay vs. Kp)19 were obtained 
in the more polar solvents such as acetonitrile and nitro- 
methane. However, nitromethane was eliminated as a possible 
solvent due to a difficulty in controlling reaction rates.

When the reaction scale was increased to 0.1 M using a 1:2 
mM ratio of sugar/base, 1.3 mM SnCl4 in CH3CN at —25 °C 
for 18 h, the reaction time increased markedly (7-10 days) and 
yields of the /3-nucleoside isomer decreased to 1-2%. In addi
tion, the ratio of a/3 anomers increased to 15:1. Making the 
reaction mixture homogeneous by first dissolving the 3,5- 
di-o-toluoyl-D-ribofuranosyl chloride in ethylene dichloride, 
adding this solution to the acetonitrile/SnCl4/silyl triazine 
solution at —25 °C, and then warming to +25 °C brought the 
a/3 ratio back to 1:1 and overall yields of the dihydro nucle
osides to 70%. A 25-30% yield of the desired /3-nucleoside 
isomer can be directly crystallized out. Following the reaction 
progress by TLC indicates that the kinetics involve initial 
a-anomer formation at —25 °C followed by slow formation of 
the /3-anomer at +25 °C. In addition, the reaction could now 
be warmed to 40-50 °C without any noticeable decomposition,
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T a b le  I

mM sugar/ 
mM base“

catalyst, 
mM SnCl4 solvent temp, °C time a/0 DHAdT

yield,23 %

1:1 0.7 C2 H4 C12 5 18 h 0
1:2 0.7 c2h 4c i2 5 18 h 4:1 2.85
2:1 0.7 c2h 4c i2 5 18 h <0.1
1:1 0.7 c2h 4c i2 -25 18 h 0
1:2 0.7 c 2h 4c i2 -25 18 h 4:1 2.14
2:1 0.7 c2h 4c i2 -25 18 h 0
1:1 0.7 CHgCN 5 18 h 0
1:2 0.7 CH3CN 5 18 h 1:1 9.1
1:1 0.7 CHgCN -25 18 h 1:1 8.9
1:2 0.7 CHgCN -25 18 h 1:1 19.0
2:1 0.7 CHgCN -25 18 h 1:1 12.0
1:1 0.35 CHgCN -25 18 h 1:1 12.8
1:2 0.35 CHgCN -25 18 h 1:1 8.8
2:1 0.35 CHgCN -25 18 h 1:1 12.2
1:1 1.3 CHgCN -25 18 h 1:1 14.4
1:2 1.3 CHgCN -25 18 h 1:1 24.0
2:1 1.3 CHgCN -25 18 h 1:1 14.9
1:2 0.9 c h 3n o 2 -25 5 min 1:1 29.0
1:2 0.9 CHgN02 -25 18 h <5.0

° Reactions based on 1 mM base.

in contrast to the rapid decomposition of the sugar or nucle
oside in a SnCl4/acetonitrile mixture at 25 °C.

Niedballa and Vorbruggen have recently reported on the 
SnCl4-mediated reaction of protected 1-O-acyl sugars with 
silylated uracils.15 Their results strongly suggest the formation 
of intermediate SnCl4-uracil complexes which undergo ri- 
bosilylation upon addition of excess catalyst.

Our results with the disilylated triazine and the deoxyri- 
bofuranosyl bromide, as seen in Table I, exhibit analogous 
features which invite similar interpretations. Since there is 
(1) a higher rate of reaction in more polar solvents and higher 
catalyst concentrations, and (2) a “stability” upon warming 
the reaction, an initial SnCl4-triazine complex such as 1 and 
2 could exist, similar to that proposed by Niedballa and Vor
bruggen. As evidenced from Table I, the more stable the
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x
N ^ N -C H ,
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complex (favored by less polar solvents and minimal catalyst), 
the slower the rate of reaction. Conversely, more polar solvents 
or simultaneous mixing of catalyst, sugar, and triazine favor 
a more rapid rate of reaction/decomposition. The same ra
tionalization is applicable to the monosilylated triazine.

The exclusive formation of the N j -deoxynucleoside under 
the reaction conditions, in contrast to the ribosylation reaction 
of Niedballa and Vorbruggen, suggests that complex 1 is either
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Scheme III
+

the predominant or the more reactive species (assuming 
equilibria occurs). This coincides with expectation, since (1) 
the Ni has only one a-electron withdrawing group whereas N3 
has two, (2) Niedballa and Vorbriiggen find Ni predominates, 
and (3) N1/N 3 reactivities in the ribosilylation of the disilyl- 
triazines are greater than 1.

Sôrm and co-workers16 proposed a transannular partici
pation effect of the 5-substituent of the a-chloro sugar, as 
shown in Scheme III, to rationalize the formation of a-nu- 
cleosides from the a-chloro sugar (the a configuration was 
initially suggested by Fletcher17 and Zinner18).

If one assumes that the tin-dihydro-s-triazine complex 
reacts with the carbonium ion formed via transannular dis
placement of the ditoluoyl sugar halide, then the a anomer, 
that formed via the 5,1 carbonium ion, would be the kinetic 
product, and the /3-anomer formed from the 3,1 carbonium ion 
would the thermodynamic product of the reaction.

There is little evidence to suggest that the a-chloro sugar 
at —25 °C is reacting directly with the silylated base via Sn2 
displacement, since the initial product formed is the a anomer 
as opposed to the ft.

The condensation reaction can also be carried out with 
mercuric bromide as catalyst in the presence of molecular 
sieves. Acetonitrile is the solvent of choice. Yields are con
siderably lower (ca. 5%), although the ft isomer predominates 
over the a. When molecular sieves are omitted, only the a 
anomer is isolated. These results are similar to those reported 
by Szabolcs involving the condensation of 5-alkyluracils with 
protected 2'-deoxyribofuranosyl chlorides in the presence of 
mercuric bromide and molecular sieves.19

Deprotection of VIII and IX with 25% sodium methoxide 
in methanol gave the unprotected nucleosides I and X. The 
synthetic antibiotic by physical and biological methods was 
identical to material obtained from the microbial source.

A greater than 70% yield of thymidine {a/ft = 1:4.5) was 
obtained when the bis(silyl ether) of thymine was reacted with 
3,5-di-o-toluoylribofuranosyl chloride in a manner identical 
to that which gave best yields of I.

The yields and a!ft ratios compare favorably with those 
reported previously for the synthesis of thymidine via the 
Hilbert-Johnson reaction.1-2 M. Prystas and F. Sorm reported 
yields of 39-74% of nucleoside with a 3.6-5.7:l a/ft ratio, while 
M. Kotick et al. had ratios of 1:3.2 but total nucleoside yields 
of only 34-36%. In the preparation of 5-ethyl-2-deoxyuridine 
via the silyl ether modification of the Hilbert-Johnson reac
tion (using SnCl4 as catalyst), Niedballa and Vorbruggen al
ways found a nearly constant ratio of anomers (a/ft = 1) which 
could not be influenced by variation of the reaction condi
tions.3
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The condensation with 2,3,5-tribenzoyl-D-ribofuranosyl 
acetate or bromide to give the riboside analogue of DHAdT 
was markedly different from the deoxy series. A variety of 
products was obtained, depending upon solvent, sugar leaving 
group, and the sugar protecting group.

Only the Ns isomers XIV and XVIII were isolated when the 
tribenzoyl sugars XI or XII were used in the condensation. 
When the protecting groups on the sugar were changed to 
acetyl (XIII), both the N3 (XVII) and Nj (XVI) isomers were 
obtained.

Isomeric and anomeric assignments were made on the basis 
of proton NMR spectra. Only one anomer was obtained in the 
condensation reaction between the tribenzoyl ribose and the 
silylated triazine. The coupling constant of 1.5 Hz for the 
anomeric proton at XIV was consistent with the coupling 
constants of (3-ribofuranosyl nucleosides.20 The coupling 
constant of 5 Hz obtained from the triacetyl nucleoside (XVI) 
was too large to make a definite assignment of /3 configuration. 
However, it was close to the coupling of the unprotected /'j-N3 
isomer (XIX) (4 Hz), and coupled with the knowledge that, 
in the presence of a Lewis acid acylated ribofuranosyl sugars 
in condensation with silylated pyrimidines yield mainly ¡3- 
nucleosides,21 the (3 configuration was assigned.

The assignment of Ni vs. N3 was made on the basis of cou
pling between the NH and methylene in the nucleoside s- 
triazine. In the acetyl sugar condensations a pair of isomers 
were obtained. In the benzoyl case only one isomer was found. 
In each case the assigned N3 isomer exhibited a doublet for 
the methylene coupled to the triazine NH, and the assigned 
Ni isomer showed a singlet for the methylene. Irradiation of 
the NH in the coupled spectra collapsed the methylene dou
blet to a singlet. The assignments were consistent with 'l l  
NMR data obtained from both the N-, acetyl nucleoside 
(XVIII) and the Ni acetyl base (XV), where no coupling was 
possible and whose methylene, as expected, appeared as sin
glets.

Why a change in protecting groups for benzoate to acetate 
should give some Ni isomer rather than all N3 is unclear. This 
is further contrasted with the fact that no N3 isomer was ever 
isolated in the deoxyriboside condensations.

The acetyltriazine XV was a minor product in these reac
tions. However, when acetonitrile was used as solvent in the 
SnCLt-catalyzed condensation of XII with V, only XV (iden
tical to an authentic sample prepared via the acylation of
5.6- dihydro-5-methyl-s-triazine-2,4(l//,3/f)-dione22) was 
isolated.

Neither the N3 nor the N, ribofuranosyl nucleosides ex
hibited activity in any of the assays in which DHAdT was 
active.

Experimental Section
General. All solvents employed were reagent grade. NMR 

spectra were recorded on Varian A-60A and XL-100 instruments. 
Infrared spectra were recorded on a Digilab Model 140 spectropho
tometer. Melting points were determined on a Thomas-Hoover 
melting-point apparatus and are uncorrected. Silica gel 60 (0.063-
0.200 mm) and plates precoated with silica gel 60F-254 (both from
E. Merck) were used for column and thin-layer chromatography, re
spectively.

l-(2-D eoxy-3,5-di-o-toluoyl-j3-D -ribofuranosyl)-5,6-dihy- 
d ro -5 -m eth yl-s-tr iazin e-2 ,4 (lii,3J i)-d ion e  (V III) and l -(2 -  
D eoxy-3,5-di-o-toluoyl-a-D -ribofuranosyl)-5,6-dihydro-5- 
m eth yl-s-triazin e-2 ,4 (lii,3 if)-d ion e  (IX ). A reaction mixture 
consisting of 1.9 g (0.015 M) of 5,6-dihydro-5-methyl-s-triazine- 
2,4(ljf/,3//)-dione, 50 mL of hexamethyldisilazane and 2 mg of am
monium sulfate is heated at reflux under N2 atmosphere for 48 h. The 
solution is then cooled to 25 °C and the excess hexamethyldisilazane 
is removed by evaporation under reduced pressure; the resulting 
bis(trimethylsilyl)-s-triazine (V) is used immediately. Under N2, a 
solution consisting of 13.6 g (0.05 M) of 2,4-bis(trimethylsiIyloxy)-
5.6- dihydro-5-methyl-s-triazine (V) and 625 mL of acetonitrile 
(Burdick and Jackson Laboratories, Inc.) is chilled to -24  °C and 3.75

mL of fuming anhydrous stannic chloride is added. This solution is 
stirred for 5 min (at this point all SnCfi is in solution) before a 25 °C 
solution consisting of 9.7 g (0.025 M) of 2-deoxy-3,5-ditoluoyl-D- 
ribofuranosyl chloride in 100 mL of reagent grade ethylene dichloride 
is added. This reaction mixture is stirred at —20 °C for 5 min before 
being warmed to 25 °C. Stirring is continuée as the solution gradually 
becomes a dark green. TLC (1:1 acetone-cyclohexane) shows the 
initial appearance of the a anomer followed by the slow appearance 
of the d anomer. After 3-5 h, the ratio of a/fl becomes 1:1 with very 
little unreacted sugar left. The reaction mixture is decomposed by the 
addition of 100 mL of saturated aqueous NaHC03 and stirred for 1 
h and chloroform is added until the aqueous phase separates. The 
organic phase is recovered, washed with aqueous NaHC(>3 and water, 
and dried over anhydrous MgS04. The organic solution is filtered and 
evaporated to dryness to give a foamy residue. This residue is dis
solved in 50 mL of ethyl acetate and, after seeding, is cooled to 5 °C 
for 48 h (occasionally agitated). The solids are collected to give 3.46 
g (28.8%) of VIII. An analytical sample is prepared by recrystallizing 
from ethyl acetate to give pure l-(2-deoxy-3,5-di-o-toluoyl-d-D-ri- 
bofuranosyl)-5,6-dihydro-5-methyl-s-triazine-2,4(lii,3ff)-dione 
(VIII): mp 184-185 °C; [a]26D -46 ° (c 1.087, CHC13); UV (ethanol) 
X end absorption, 241 (c 31 800), 269 (2250). 281 (1300) nm; IR 3200, 
3080,1730,1710,1610,1575,1520,1275,1265,1250,1180,1110,1100, 
755 cm "1; 'H  NMR (CDCI3) 5 2.43 (s, 3 H, arom CH3), 2.68 (s, 3 H, 
N-CH3), 4.90-4.25 (m, 5 H, 5'-CH2,4'-H, ring CH2), 5.8-5.5 (m, 1 H,
5.8-5.5 (m, 1 H, 3'-H), 6.60-6.28 (t, J 1,2 = 8 Hz, 1 H, l'-H), 7.5-7.2 (m, 
2 H, arom), 8.1-7.8 (m, 2 H, arom).

Anal. Calcd for C25H27N307: C, 62.36; H, 5.65; N, 8.73. Found: C, 
62.22; H, 5.50; N, 8.74.

Chromatographing the mother liquors over 500 g of silica gel using 
1:3 acetone-cyclohexane as eluent gave IX as an amorphous foam 
which cculd be crystallized from acetone-SSB to give pure IX: mp
145.5-146.5 °C; [a]25o +4° (c 0.7440, CHC13); UV (ethanol) X end 
absorption, 241 (« 31 250), 269 (2250), 281 (1300) nm; IR 3200, 3060, 
1725, 1690, 1610, 1580, 1520, 1275, 1180, 1095, 1020, 755 cm -1; 
NMR (CDCI3) Ô 2.40 (s, 3 H, arom CH3) 2.88 (s, 3 H, N-CH3), 4.80-
4.40 (m, 5 H, 5'-CH2,4'-H, ring CH2), 5.64-5.46 (m, 1 H, 3'-H), 6.5-6.32 
(q, J i'_2*(j = 3.5 Hz, J v~2 'a = 8 Hz, 1 H, l'-H).

Anal. Calcd for C^H^NsC)?: C, 62.36; H, 5.65; N, 8.73. Found: C, 
62.22; H, 5.50; N, 8.74.

l-(2-D eoxy-3,5-di-o-toluoyl-f5-D -ribofuranosyl)-5,6-dihy-
d ro -5 -m eth yl-s -tr iazin e -2 ,4 (lH ,3 if)-d io n e  (V III) and l - (2 -  
D eoxy-3,5-di-o -toluoyl-a -D -ribofuran osyl)-5 ,6-dihydro-5- 
m ethyl-s-triazin e-2 ,4(lH ,3H )-d ion e (IX ) from  the M onosilyl- 
triazine (V I). To 1.28 g (0.010 M) of 5,6-dihydro-5-methyl-s-tria- 
zine-2,4(lif,3/i)-dione was added 40.0 mL of reagent-grade pyridine 
and 4.0 mL of BSTFA (Regis Chemical Co.). The reaction was allowed 
to stir at ambient temperature for 18 h and then evaporated to dryness 
under reduced pressure. The crude monosilyl triazine (VI) was az- 
eotroped under reduced pressure twice with dry acetonitrile. The 
monosilyltriazine, isolated as a white powder, was used immediately 
in the condensation reaction.

To 0.1 M VI, under a N2 atmosphere, was added 1250 mL of ace
tonitrile. The reaction mixture was cooled to -2 4  °C and 7.50 mL of 
fuming SnCfi was added. After stirring at —24 °C for 5 min to com
plete solution, 19.4 g (0.050 M) of 3,5-ditoluoyl-2-deoxy-D-ribofura- 
nosyl chloride in 200 mL of ethylene chloride was added. The reaction 
is run exactly as described for the synthesis of VIII and IX from the 
disilyltriazine V above. Yield of VIII, identical to that obtained above, 
was 5.6 g (23.3%), mp 183-185 °C.

l-(2-D eoxy-(3-D -ribofuranosyl)-5,6-dihydro-5-m ethyl-s- 
triazine-2,4( 1 f i ,3 H ) -dione, D H A dT  (I). To 7.85 g (0.016 M) of 1- 
(2-deoxy-3,5-di-o-toluoyl-d-D-ribofuranosyl)-5,6-dihydro-5-me- 
thyl-s-triazine-2,4(lH,3H)-dione (VIII) is added 160 mL of methanol 
and 0.8 mL of a 25% solution of NaOCH3/CH3OH. The reaction is 
stirred at 25 °C for 18 h, a few chips of C 02 are added, and stirring is 
continued for 10 min. Silica gel (40 g) is added and the methanol is 
removed by evaporation under reduced pressure. The residual powder 
thus obtained is transferred to a column of 150 g of silica gel, and the 
column is developed with 5% methanol in chloroform. Fractions 
containing the desired material were combined to give 4.05 g (97.2%) 
of crude I. An analytical sample is prepared by dissolving 1.0 g in 4 
mL of hot methanol and adding 25 mL of ethyl acetate. There is thus 
obtained 0.79 g of pure I: mp 142-143 °C; [a ]26D —6° (c 0.9792, H20); 
IR 3440, 3340, 1695, 1683, 1510, 1483,1440,1396, 1243, 1060, 1011, 
985, 943, 792, 755 cm“ 1; >H NMR (D20) Ô 2.43-2.13 (m, 2 H, 2'a
273-H), 3.0 (s, 3 H, NCH3), 4.08-3.66 (m, 3 H, 4'-H, 5'-CH2), 4.53-4.3 
(m, 1 H, 3'-H), 4.66 (s, 2 H, ring CH2), 6.36-6.05 (t, J = 7 Hz, 1 H, 1'- 
H); !H NMR (Me2SO) Ô 2.25-1.71 (m, 2 H, 2'a-2'(3-H), 2.83 (s, 3 H, 
NCH3), 3.70-3.36 (m, 4 H, 5'-CH2,4'-H, NH), 4.33-3.96 (m, 1 H, 3'-H),
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4.46 (s, 2 H, ring CH2), 4.88-4.71 (t, 1 H, 5'-OH), 5.13-5.06 (d, 1-H, 
3'-OH), 6.15-5.91 (t, J  = 7 Hz, 1 H, l'-H).

Anal. Calcd for C9H15N30 B: C, 44.07; H, 6.16; N, 17.13. Found: C, 
44.25; H, 6.28; N, 17.20.

l-(2-Deoxy-a-D-ribofuranosyl)-5,6-dihydro-5-methyl-s- 
triazine-2,4(lii,3ii)-dione (X). To 1.13 g of l-(3,5-ditoluoyl-2- 
deoxy-a-D-ribofuranosyl)-5,6-dihydro-5-methyl-s-triazine- 
2,4(lff,3fT)-dione (IX) (2.3 mM) is added 10.0 mL of methanol and 
three drops of 25% CH3ONa/CH3OH. The reaction mixture is stirred 
at 25 °C for 18 h, whereupon a few chips of C 02 are added. The mix
ture is evaporated to dryness and the residue separated between 50 
mL of CHCI3 and 50 mL of H20. The aqueous layer is washed with 
4 X 20 mL of CHCI3 and evaporated to dryness. The residue is dis
solved in 5 mL of methanol, 5 g of silica gel is added, and the mixture 
is evaporated to a white powder under vacuum. This powder is 
chromatographed on 50 g of silica gel eluting with 20% CH30H/CHC13 
to give 389 mg of crude X  (69%). X  is recrystallized from CH30 H/Et20 
to give 279 mg of analytically pure l-(2-deoxy-«-D-ribofuranosyl)-
5,6-dihydro-5-methyl-s-triazine-2,4(l/i,3//)-dione (X): mp 174-176 
°C; [a]25D +54° (c 0.4320, H20); IR 3460,3360,3320,3180,3060,1705, 
1680,1520,1270,1080,1020 cm "1.

Anal. Calcd for C9H,5N30 B: C, 44.07; H, 6.16; N, 17.13. Found: C, 
44.33; H, 6.20; N, 16.98.

3-(2,3,5-Tribenzoyl-d-D-ribofuranosyl)-5-methyl-5,6-dihy- 
dro-s-triazine-2,4( 1 H,‘i  ff)-dione (XIV) from the Acetyl Sugar 
(XII) . To 5.0 g (10 mM) of tribenzoyl-D-ribofuranosyl acetate in 100 
mL of analytical grade benzene is added a solution of 10 mM 2,4- 
bis(trimethylsilyloxy)-5-methyl-5,6-dihydro-s-triazine (V) in 25 mL 
of AR benzene. Anhydrous SnCl4 (^3.55 g ~  1.6 mL ~  13.5 mm) is 
injected into the reaction, and the mixture is allowed to stir at 25 °C 
for 18 h.

Saturated aqueous NaHC03 (5 mL) is added and the reaction is 
allowed to stir for 30 min. An additional 15 mL of saturated aqueous 
NaHC03 is added and stirred for an additional 30 min. Benzene is 
added, the layers are separated, and the organic phase is washed with 
2 X 50 mL of saturated aqueous NaHC03 and saturated NaCl (aq), 
and then dried over anhydrous Na2S04. The benzene solution is 
evaporated to dryness to give crude title compound as an amber gum 
(Rf 0.25 in 8:12:1 ethyl acetate-hexane-CH3OH). The crude XIV is 
chromatographed on 400 g of silica gel and eluted with 8:12:1 ethyl 
acetate-hexane-CHl3OH, taking 25.0-mL fractions. Fractions 110-128 
are combined to give 740 mg of XIV (a crude solid), recrystallization 
of which from acetone-hexane (1:3) gave 510 mg of pure 3-(2,3,5-tri- 
benzoyl-d-D-ribofuranosyl)-5-methyl-5,6-dihydro-s-triazine- 
2,4(lH,3H)-dione (XIV): mp 203-203.5 °C; IR 3260,1745,1725,1710, 
1670,1600,1585,1485,1410,1315,1290,1275,1250,1135,1115,1060, 
1025, 985, 710 cm“ 1; iH NMR (CDC13) 6 4.5-4.4 (d, 2 H, NCH2N),
4.8-4.55 (m, 3 H, 5'-CH2//3; 4'-H), 6.25-6.15 (m, 2 H, 2'-H, 3'-H), 
6.33-6.32 (d, 1 H, J = 1.5 Hz, l'-H), 7.2 (br, 1 H, NH), irradiation at 
6 7.2 causes the methylene to collapse to a singlet.

Anal. Calcd for C3oH27N30 9: C, 62.82; H, 4.74; N, 7.33. Found: C, 
62.88; H, 4.95; N, 7.18.

3-(2,3,5-Tribenzoyl-/5-D-ribofuranosyl)-5-methyl-5,6-dihy- 
dro-s-triazine-2,4-dione (XIV) from the Bromo Sugar (XI). To
2.5 g (5 mM) of 2,3,5-tribenzoyl-D-ribofuranosyl acetate is added 50 
mL of ethylene dichloride. After cooling to 0 °C, HBr is added over 
a period of 20 min. The solution is allowed to stand at 0 °C for 60 min, 
followed by warming to +25 °C over a period of 30 min. The solution 
is evaporated under vacuum to dryness (temp bath = 35 °C max), and 
the resulting gum is azeotroped with toluene and then held under 
vacuum (0.5 gm) for 30 min.

The resulting 2,3,5-tribenzoyl-D-ribofuranosyl bromide in 30 mL 
of ethylene dichloride is added to 1.75 g (6.4 mM) of 2,4-bis(tri- 
methylsilyloxy)-5,6-dihydro-5-methyI-s-triazine (V). To the stirred 
solution is injected 2.2 g (1.0 mL 8.4 mM) of anhydrous SnCl4. The 
reaction is allowed to stir at ambient temperature for 48 h following 
which 20 mL of saturated NaHC03 (aq) is added and is stirred for an 
additional 30 min. The layers are separated and the organic layer is 
washed with 2 X 20 mL of NaHC03 (aq) and H20  saturated NaCl (aq) 
and dried over Na2S04 (anhydrous). The organic phase is concen
trated to dryness to yield 2,4 g of crude title compound. Chromatog
raphy on 150 g of silica gel, using ethyl acetate -hexane-CH3OH (8: 
12:1) as eluent [R/ 0.25 in ethyl acetate-hexane-CH3OH (8:12:1)], 
yielded the pure title compound [600 mg (21%), mp 200-202 °C], This 
material is identical to that obtained previously.

3-(2,3,5-Tribenzoyl-jS-D-ribofuranosyl)-l-acetyl-5,6-dihy- 
dro-5-methyl-s-triazine-2,4(lI/,3/f)-dionc (XVIII) from the 
Acetyl Sugar (XII). To 6.25 g of tribenzoyl-D-ribofuranosyl acetate 
in 300 mL of CH3CN is added 25 mM 2,4-bis(trimethylsilyloxy)-
5-methyl-5,6-dihydro-s-triazine in 100 mL of CH3CN. Next, SnCl4

(2.0 mL m 4.4 g cs 17 mM) is added and the solution is allowed to stir 
at ambient temperature for 94 h. While stirring, 50 mL of a saturated 
NaHC03 (aq) solution is added and the stirring is continued for 30 
min, whereupon enough CHC13 is added to bring the aqueous layer 
to the top. The layers are separated, and the organic layer is washed 
successively with saturated NaHC03 and H20  and dried over Na2S04. 
The CHC13 solution is filtered and evaporated to dryness to yield 7.6 
g of a mixture of XVIII and XIV as an amber gum.

Chromatography of 1 kg of silica gel, with 1:2 acetone-cyclohexane, 
gives 0.71 g of XIV (Rf 0.55, 1:1 acetone-cyclohexane) identical by 
H1 NMR to that obtained previously. Fractions with Rf 0.80 were 
combined to give 2.32 g (41%) of XVIII as an amorphous foam: IR 
3060,1720,1605,1585,1495,1315,1270,1200,1180,1120,1095,1070, 
1025 cm -1; >H NMR (CDC1S) 6 2.45 (s, 3 H, N C (=0)C H 3), 3.05 (s, 3
H, NCH3), 4.90-4.45 (m, 3-H, 4'-H, 5'-a//SCH2), 5.0 (s, 2-H, ring CH2), 
6.35-6.10 (m, 3-H, 1'-, 2'-, 3'-H).

Anal. Calcd for C32H29N3O10: C, 62.33; H, 4.90; N, 6.81. Found: C, 
62.44; H, 4.69; N, 6.51.

3-(d-D-RibofuranosyI)-5,6-dihydro-5-methyl-s-triazine- 
2,4(lff,3Ji)-dione (XIX). To 200 mg of XIV (0.35 mM) is added 15 
mL of a 0 °C saturated solution of NH3/CH3OH. The solution is 
stoppered and stored in a sealed tube at 5°C for 120 h. The reaction 
mixture is evaporated to dryness. The residue is tritiated with CHC12 
and separated between CHC13 and H20. The aqueous layer is washed 
four times with CHC13 and lyophilized to give XIX as an amorphous 
foam: wt 73 mg (80%); >H NMR (D20 ) 5 2.95 (s, 3 H, NCH3), 4.05-3.6 
(s, 3 H, 5'-CH2, 4'-H), 4.5 (s, 2 H, NCH2N), 5.85-5.7 (d, 1 H, J r ,2' = 
4 Hz l'-H ); (Me4Si)4 m/e 549, calcd for C2iH47Si4N306, 549.2542; 
found 549.2562.

1 -(2,3,5-TriacetyI-/3-D-ribofuranosyl )-5-me thy 1-5,fi-di hy
dro-.s’-tmazine-2,4-dione (XVI) and 1-Acetyl-5,6-dihydro-5- 
methyl-s-triazine-2,4(l H,3//)-dione (XV). To 2.4 g (7.5 mM) of
I, 2,3,5-tetraacetylribofuranose is added 10 mM 2,4-bis(trimethylsi- 
lyl)-5-methyl-5,6-dihydro-s-triazine (V) in 50 mL of ethylene di
chloride and 1.0 mL (2.2 g ^  8.4 mM) of SnCl4 is injected. The mix
ture is stirred at 25 °C for 72 h, 20 mL of saturated aqueous NaHC03 
is added, and the mixture is stirred at ambient temperature for 30 min. 
An additional 50 mL of C2H4C12 is added and the layers are separated. 
The organic layer is washed with saturated aqueous NaHC03 (20 mL), 
H20  (20 mL), and saturated NaCl (20 mL), dried over Na2S04 (an
hydrous), and evaporated to dryness to yield 1.2 g of crude XVI as an 
amorphous foam.

All of XVI is chromatographed on 125 g of base-washed (washed 
with dilute NH40H followed by drying at 60 °C for 18 h) silica gel. The 
column is eluted with ethyl acetate and, taking 10.0-mL fractions, 
fractions 32-44 are combined (Rf 0.55 in ethyl acetate) to yield 105 
mg of XV (3.6%): iH NMR (CDC13) 5 2.55 (s, 3 H, COCH3), 3.0 (s, 3 
H, NCH3), 5.0 (s, 2 H, NCH2N), 8.8 (m, 1 H, NH). Fractions 62-82 are 
combined to yield 120 mg (4.1%) of XVI as a white foam (Rf 0.45 in 
ethyl acetate): IR 3480,3230,3080,1745,1705,1510,1225,1100,1045, 
1020 c m '1; ‘ H NMR (CDC13) 5 2.25-2.0 (m, 9 H, CCH3), 3.0 (s, 3 H, 
NCH3), 4.35-4.2 (m, 3 H, 5'-CH2, 4'-H), 4.5 (s, 2 H, ring CH2), 
5.96-5.90 (d, J = 6 Hz, 1 H, l'-H), 8.15 (s, 1 H, NH). There is no change 
in the ’ H NMR when 5 8.15 is irradiated. Fractions 110-122 were 
combined to yield a gum whose structure has been assigned the N3 
isomer: 'H  NMR (CDC13) 6 2.1 (m, 9 H, COCH3), 3.0 (s, 3 H, NCH3),
4.5-4.2 (m, 3 H, 4'-H, 5'-CH2), 4.6 (m, 2 H, NCH2N), 5.65 (m, 1 H, 
3'-H), 5.85 (m, 1 H, 2'-H), 6.1 (d, J = 5 Hz, 1 H, l'-H ), 7.0 (br, 1 H, 
NH). When NH at 5 7.0 is irradiated, d 4.6 collapses to a singlet.

Anal. Calcd for Ci5H2iN30 9: C, 46.51; H, 5.47; N, 10.85. Found: C, 
46.23; H, 5.62; N, 8.00.
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Six C15 nonterpenoid halo ethers from a green variety of the Hawaiian marine alga Laurencia nidifica have been 
isolated and characterized by chemical and spectroscopic methods. The maneonenes (1-4) have one carbocyclic 
ring and the isomaneonenes (5 and 6) possess two carbocyclic rings, an unusual feature for C15 nonterpenoid ethers 
of Laurencia. The structure of isomaneonene-B is confirmed by X-ray analysis.

Marine algae of the genus Laurencia have been extensive
ly investigated in recent years and a variety of terpenoid and 
nonterpenoid metabolites have been isolated and character
ized.1 The Hawaiian alga Laurencia nidifica has been divided 
into two pink varieties, one elaborating laurinterol, aplysin, 
and pacifenol2 and the second elaborating nidifidiene, nidi- 
ficene,2 nidifidienol,3 and nidifocene,4 and a green variety, 
containing sesquiterpenoid alcohols5 and halogenated non
terpenoid C15 compounds, the maneonenes 1-4 and the iso
maneonenes 5 and 6.®-® This paper describes the details of the 
structural work on the latter two groups of compounds to-

gether with X-ray confirmation of structure for isomaneo- 
nene-B.

Collections of the alga were made in January and June 1975 
and January 1976 at Diamond Head and Black Point reefs on 
the island of Oahu, Hawaii. The alga is bright green in color 
and grows in patches on the reef where the wave action is 
substantial. Although its color and habitat are different from 
other varieties of L. nidifica, this alga has been classified as 
the same species.9

Ether extracts of the air-dried alga were chromatographed 
on silica gel columns. The benzene fraction afforded the cis- 
maneonenes 1, 2, and 4 and benzene-ether fractions gave 
trans-maneonene-B (3) together with the isomaneonenes 5 
and 6. cis-Maneonene-B (2) was consistently the major 
component, but amounts of the other compounds varied, 
apparently with the season; trans-maneonene-B (3) was found 
only in the January 1976 collection. Separation of the isomers 
was achieved by repeated thin layer chromatography on silica 
gel with multiple developments (Scheme I).

High resolution mass spectroscopy established the formula 
of Ci5Hi6BrC102 for the maneonenes 1-4. All of the spectral 
and chemical data suggested that these four compounds were 
very closely related, consequently the component of greatest 
abundance, cis-maneonene-B (2), and its isomer, cis-ma- 
neonene-A (1), were investigated first. These two compounds 
differ only in the configuration of the C-12 double bond.

cis-Maneonene-A displays an acetylenic C-H stretch (3310 
cm-1) in the IR spectrum. The UV (225 nm) and LH and 13C 
NMR spectra (Table I, Ci, C3, and C4) established the cis- 
enyne portion of the C-5 side chain. Downfield absorptions 
in the 13C NMR (6 58.3) and in the 4H NMR spectra (5 5.08) 
were ascribed to a halogen-bearing carbon with one proton 
attached. This proton is coupled by 10.5 Hz to the C-4 vinylic

0022-3263/78/1943-3194$01.00/0 © 1978 American Chemical Society
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Table 1.13C a and *H b NMR Data for cis-Maneonene-A (1)
Carbon

no. 13C 5 XH 6 Multiplicity, J (Hz)
i 84.8 2.67 d, J 1,3 = 2.3
3 111.9 5.36 dd, J it3 = 2.3, J  3,4 = 10.5
4 142.0 6.05 t, J3,4 — J4 , 5  ^ 10.5
5 58.3 5.08 t, J4,5 = J 5,6 = 10.5
6 58.3 1.89 dd, J5,6 = 10.5, J6,u = 1.5
7 78.3 4.62 <^7,8exo — 5
8 38.6 f 1.34 (exo) Id, e/gexo,8 endo — 14, J7,8exo =  5, e/sexo ,9

10.96 (endo) d, t78exo,8endo = 14
9 80.4 4.06 dd, J8exo,9 =  8 , J9 , 1 0  = 5

10 82.2 4.34 t, J9,10 =  ^10,11 = 5
11 46.1 2.75 dd, J i o ,n  = 5, t/6,n = 1.5
14 26.7 12.47 sextet, J14,14 — 14, c/14,15 = 7

12.51 sextet, e /i4 ,i4  == 14, J 1 4 , 1 5  = 7
15 13.0 1.06 t, J 14,15 = 7

a Proton decoupled values (ppm downfield from Me4Si) in CeD6. 6 270 MHz values (ppm downfield from Me4Si) in C6D6.

Scheme I

I silica gel gpiuiix chrtmetcgranny

sesquiterper.oid ,

sesquiterpenoia B5

proton (and to a second neighboring proton by the same 
amount) indicating that this halogen-bearing carbon is C-5. 
The presence of halogen at this position is unusual in these 
systems, and additional evidence was sought to verify its 
placement. This was forthcoming when ci's-maneonene-A was 
treated with bis(ethylenediamine)chromium(II)10 in an at
tempt to remove halogen from the molecule. The product of 
this reaction (7) had retained bromine but not chlorine, and 
the enyne grouping was converted into a terminal allene 
conjugated with a double bond at C-4. The IR spectrum of this 
allenic material displays strong bands at 1940 (C—C=C) and 
860 cm-1 (C=C=CH2) and the UV spectrum (227 nm) 
demonstrates the conjugated nature of the allene grouping. 
13C NMR data were unavailable for 7 but were obtained for 
its C-12 double bond isomer, 8, derived from cis-maneonene-B
(2) (Scheme III), and they fully confirmed the presence of a 
conjugated allene moiety with the terminal allenic carbon 
signal appearing at l 76.6 and the C-3 allenic carbon signal at 
5 93.4. The stereochemistry of the olefinic bond could not be 
ascertained with certainty, but a strong absorption in the 
970-cm_1 region of the IR spectrum suggests that it is trans. 
The other functionalities in the parent molecule (vida infra) 
were unaffected by the chromous reagent.

Allenes 7 and 8 could be further reduced with chromous 
sulfate to conjugated dienes 9 and 10 (Schemes II and III), 
which could also be obtained by direct reduction of 1 and 2 
with chromous sulfate. Whereas amine-complexed chromous 
ion does not reduce multiple bonds,11 other chromous reagents 
do. Thus, triple bonds may be reduced to trans double bonds11

Scheme II

and enynes12 and enallenes13 to conjugated dienes. The con
version of the 5-halo-3-en-l-yne system into a conjugated
4-en-l-allene by bis(ethylenediamine)chromium(II) would 
be expected to proceed analogously to the well-known allylic 
halide reductions with this reagent.14 Although we are una
ware of any reports in the literature on the conversion of such 
haloenynes into conjugated allenes by chromous reagents, 
lithium aluminum hydride has been used to effect such con
versions.16

12
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The remaining functionalities in cis-maneonene-A were 
assigned from IR and NMR analysis. A vinyl ether stretch 
(1685 cm-1) and strong C -0  bands (1100,1040 cm-1) are ev
ident in the IR spectrum. Since there are no hydroxyl or car
bonyl absorptions, the two oxygens of 1 were assumed to be 
involved as ether links. This was verified by the 13C NMR 
spectrum which shows three oxygen-bearing carbons16 and 
the !H NMR spectrum which shows three downfield methines 
(Table I). The assignment of these methine absorptions to the 
oxygen-bearing carbons was confirmed by specific hydro
gen-carbon decoupling experiments. The fourth oxygen
bearing carbon would then be quaternary.

The 13C NMR spectrum established the presence of 12 
hydrogen-bearing carbons, only two of which were in the 
olefinic region. The three quaternary centers are accounted 
for by the internal acetylenic carbon and the vinyl carbons of 
the double bond bearing the ether function. The other sub
stituents on this tetrasubstituted double bond can be shown 
to be an ethyl group and the bromine atom. Thus, the bromine 
must be at a quaternary center since there are no additional 
halomethine resonances in the *H NMR spectrum. Placement 
of the ethyl group also follows from the 'H NMR spectrum. 
The ethyl resonances appear as a triplet at <5 1.06 (J -  7 Hz) 
and two doublets of quartets (J = 7,14 Hz) at 2.47 and 2.51 
indicating that the methylene hydrogens are nonequivalent 
and coupled only to each other and the methyl protons. This, 
plus their chemical shift values, establish the ethyl group as 
vinylic.

When cis-maneonene-A was catalytically hydrogenated, 
a saturated product, C15H26O2 (11, Scheme II), was obtained 
confirming four sites of unsaturation and therefore three rings 
in the molecule. The specific 13C and ’ H NMR absorptions 
of this saturated product show that the four oxygen methine 
groups are unchanged. The mass spectrum shows that both 
halogens were replaced by hydrogens. Facile loss of a pentyl 
and a propyl, but not an ethyl, group on electron impact 
supports the presence of C5 and C3 side chains. The C5 side 
chain arises from the original chloroenyne group. The C3 side 
chain must arise from the ethyl end of the molecule and can 
be accounted for only if the original bromine is attached to the 
vinyl carbon bearing the ethyl group as shown in 1.

Further confirmation of this assignment comes from the 
sodium-ammonia reduction of cis-maneonene-B, the C-12 
double bond isomer of cis-maneonene-A. The mixture of 
products obtained in this reaction was catalytically hydro
genated to give two isomeric vinyl ethers (12 and 13) and a 
saturated ether (14) which retained the bromine (Scheme III). 
The same product mixture was obtained when the diene from 
chromous sulfate treatment (10) was subjected to sodium- 
ammonia followed by catalytic hydrogenation (Scheme III(/ 
The bromo compound (14) displays a bromomethine at 8 3.52 
in the XH NMR spectrum as a complex multiplet. Four oxygen 
methines are also evident with no hydroxyl absorption in the 
IR spectrum, again indicating that none of the ether bonds 
had broken. When passed through the gas chromatograph, 
this bromide eliminated HBr and gave one of the vinyl ethers
(12) obtained directly in the reduction sequence. This vinyl 
ether was hydrogenated to the same saturated ether (11) ob
tained on hydrogenation of cis-maneonene-A (Scheme II). 
The trisubstituted vinyl ether functionality for 12 and 13 was 
assigned on the basis of IR (1700 cm-1 for 12 and 1695 cm-1 
for 13), !H NMR (8 4.31 for 12 and 4.88 for 13), and 13C NMR 
(5 95.6 for 13) spectra. The fact that the vinyl hydrogen in 
these two vinyl ethers is vicinally coupled (t, J = 7 Hz) to the 
methylene protons of the ethyl group confirmed its placement 
and that of the original bromine at C-13.

The assignment of the Z configuration to vinyl ether 12 and 
the E configuration to vinyl ether 13 was made by comparing 
the influence of the oxygen atom on the chemical shifts of the

vinyl hydrogen and the ethyl hydrogens. The vinyl hydrogen 
in 13 is cis to the oxygen function and occurs 0.57 ppm further 
downfield than the vinyl hydrogen in 12. Similarly, the ethyl 
group in 12 is cis to the oxygen, and these protons are more 
deshielded than in 13.

Thirteen of the fifteen carbon atoms and thirteen of the 
sixteen hydrogen atoms of cis-maneonene-A have now been 
defined; the remaining two carbons and three hydrogens were 
ascribed to a CH and a CH2 group. A doublet (J = 14 Hz) 
centered at 8 0.96 in the XH NMR spectrum supports the 
presence of a geminally coupled pair of methylene hydrogens. 
Specific hydrogen-carbon decoupling experiments permitted 
the assignment of proton methine absorptions with oxygen
bearing carbons and with the chlorine-bearing carbon. Pro
ton-proton decoupling experiments gave the following proton 
sequence:17

I I I
0  O O  Cl H H
1 I I I I I I I

— CH— CH— CH— CH— CH— CH— CH— C = C — CesCH
7 8 9 10 11 6 5 4 3 2 1

Thus, irradiation of the choromethine at 8 5.08 (C-5) affected 
not only the C-4 olefinic proton at 6.05 but also collapsed the 
doublet of doublets at 1.89 (C-6) to a broad singlet. Irradiation 
in the 8 2.7-2.8-region collapsed the olefinic doublet of dou
blets at 5.36 (C-3) and the doublet of doublets at 1.89 (C-6) 
each to doublets and effected a change in the absorption of the 
oxygen methine at 4.34 (C-10). Two protons are being irra
diated in this region, the acetylenic proton at C-l, which is 
coupled to the olefinic proton at C-3, and the methine at C -ll, 
which is coupled to the protons at C-6 and C-10. Irradiation 
of the oxygen methine at 8 4.06 (C-9) collapsed the oxygen 
methine at 4.34 (C-10) to a doublet and also changed the ap
pearance of the multiplet at 1.34 (C-8ex0)- Irradiation of this 
latter absorption likewise effected a change in the 8 4.06 (C-9) 
absorption and collapsed the oxygen methine doublet at 4.62 
(C-7) and the doublet at 0.96 (C-8endo) each to singlets. Finally 
irradiation of the oxygen methine at 8 4.62 (C-7) collapsed the 
multiplet at 1.34 (C-8exo) to a doublet of doublets.

The butenyl unit

I
Br 0

I I
CH—  CH—  C = C —
15 14 13 12

must be attached to the main chain and three rings must be 
formed to complete the structure of cis-maneonene-A. Two 
of these rings are oxide rings, and the third must be carbocy- 
clic. Attachment of C-12 at C-7 would necessitate an addi
tional bond between C-6 and C -ll, and this is not tenable as 
there are only two double bonds in the molecule. Attachment 
at C -ll with bonding between C-6 and C-7 and ether closures 
gives three possible structures, two of which are shown below 
(a and b); the third possibility would contain an epoxide

moiety for which there is no evidence. Attachment of C-12 at 
C-6 with bonding between C-7 and C -ll and ether closures 
leads to three additional structures based on a branched C15 
chain. These are considered highly unlikely on biogenetic 
grounds as C15 nonterpenoids of Laurencia are most probably 
fatty acid derived. Furthermore, an examination of the mo-
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Table II. 13C a and 1H b NMR Data for cfs-Maneonene-B
_____________________________ (2)______________________

Carbon
no. 13C ô XH & Multiplicity, 4  (Hz)

i 85.4 2.86 d, J 1,3 =: 2.3
3 111.9 5.35 dd, J 13 = 2.3, 5/34 = 10.5
4 141.0 5.75 t, 5/ 3,4 = 5/4 5 = 10.5
5 58.3 4.96 t, 5/ 4,5 = 5/ 5,6 = 10.5
6 58.3 1.83 dd, c/5,6 = 10.5, Jq,h  = 1-5
7 78.1 4.60 br d, J7,8exo — ^
8 38.7 1.30 m
9 79.4 4.25 m

10 82.8 4.60 t, 5/ 9,10= 5/ 10,11= 5
11 43.7 2.68 br d, J i0,ii = 5
14 29.2 2.32 q, 4 14,15 = 7
15 13.8 1.07 t, 5/ 14,15 = 7

a Proton decoupled values (ppm downfield from Me4Si in CfiD(;.
b 60 MHz values (ppm downfield from Me4Si) in CgDg.

Table III. 13C a and >H b N M R Data for  trans-
M aneonene-B  (3)

Carbon
no. 13C<5 aH 5 Multiplicity, 5/  (Hz)

i 79.1 2.76 d, 5/ 4,3 = 2
3 113.3 5.43 dd, J i ,3 = 2 ,5/ 3,4 = 15.5
4 142.2 6.05 dd, 5/ 3,4 = 15.5,5/ 4,5 = 9
5 63.8 3.90 dd, 5/ 4,5 = 9,5/ 5,6 = 11
6 58.2 1.62 dd, 5/ 5,6 = H , 5/ 6,11 = 2
7 78.0 3.87 d, 5/ 736x0 = 5
8 39.0 ~1.4 m
9 80.7 4.27 dd, 4 8exo,9 = 6, 5/ 9,10 = 5

10 82.6 4.57 t, 5/ 9,10 = 5/ 10,11 = 5
11 45.1 2.87 dd, 4 10,11 = 5 ,5/ 6,11 = 2
14 29.3 2.7 m
15 14.2 1.23 t, 5/ 14,15= 7

° Proton decoupled values (ppm downfield from Me4Si) in 
CeD6. b 60 MHz values (ppm downfield from Me4Si) in C6D6.

lecular models of all six of these structures clearly shows that 
only one is in agreement with the 1H NMR spectra, that of b. 
This skeletal structure gives an excellent fit for all of the 
maneonenes. Thus, in cis-maneonene-A, represented by 
structure 1,4 6en<Jo,7 — 4 v,8endo — 4 8endo,9exo 6, iu agreement 
with the literature for similar compounds18 where these di
hedral angles are 90°. The 30° angle between H-9 and H-10 
and between H-10 and H -ll  gives a satisfactory fit for the 5 
Hz coupling constant observed as does the 0° angle between 
H-8exo and H-9 where 4 = 8 Hz. The -/eendo.iiexo is small (1.5

Hz) in agreement with their dihedral angle which is not far 
from 90°. This C-6, C -ll bond is unprecedented in these 
metabolites but is clearly necessary in order to accommodate 
the decoupling data. The H-H coupling constants around the 
carbocyclic ring for the other maneonenes (Tables II—IV) are 
also in excellent agreement with their predicted values.18

That the C-12 double bond is of the E configuration in 
cis-maneonene-A (1) is shown by comparison with its isomer, 
cis-maneonene-B (2). These two materials are interconvertible 
by treatment with catalytic amounts of acid. Starting with 
either isomer, a roughly equivalent mixture of both persists 
at equilibrium. As expected from the dipole alignments, 2 is 
the more polar material. The spectral characteristics of both 
compounds are essentially identical except in the region in
fluenced by the substituents on the C-12 double bond. In the 
3H NMR spectrum, H-4 is 0.3 ppm further downfield in 1 than 
it is in 2, a consequence of the deshielding effect of the bro
mine on this hydrogen in 1. Similarly in 1, the C-14 protons 
are 0.2 ppm further downfield than those in 2, reflecting the 
influence of the cis oxygen atom in 1.

trans-Maneonene-B (3) was shown to have a trans-enyne 
function by UV and XH NMR analysis. The two olefinic pro
tons are coupled to each other by 15.5 Hz. The C-3 proton is 
also coupled to the acetylenic hydrogen (2 Hz), and the C-4 
proton is further coupled to the C-5 halomethine (9 Hz) in 
analogy with cis-maneonene-A and cis-maneonene-B (Table
III). In the IR spectrum a band at 955 cm-1 supports the 
trans-disubstituted double bond moiety. Treatment of 
trcms-maneonene-B with bis(ethylenediamine)chromi- 
um(II) gave the same allene (8) as that derived from 2 (Scheme
III) and established the structure of the molecule as 3.

The spectral properties of cis-maneonene-C (4) and its 
conversion into a conjugated allene (15, Scheme IV) on 
treatment with bis(ethylenediamine)chromium(II) indicated 
that it has the same chloroenyne side chain as 1 and 2. Cata
lytic reduction of cis-maneonene-C afforded compound 16 
with the vinyl ether group intact as well as the other three 
ether bonds. Sodium-ammonia reduction of this vinyl bromo 
ether gave a new vinyl ether 17 in which the vinyl bromide had 
been replaced by a hydrogen which is vicinally coupled to the 
methylene protons of the ethyl group (Scheme IV). The 
chemical shift of this new vinyl hydrogen (5 4.19) suggests that 
it is trans to the oxygen group (compare to <5 4.31 for 12 and 
5 4.88 for 13).

Specific-hydrogen decoupling in the13 NMR spectrum and 
proton-proton decoupling experiments confirmed that cis- 
maneonene-C has the same proton and heteroatom sequence 
and therefore the same carbon skeleton as 1-3. The most ob
vious difference in the spectral properties between cis-ma-

Table IV. 13C a and 1H b NMR Data for cis-Maneonene-C (4)

Carbon
no. 13C 5 aH ó Multiplicity, 4  (Hz)

1 85.3 2.83 d, J\ 3 = 2.3
3 109.9 5.15 dd, 5/ 1,3 = 2.3,5/ 3,4 = 10.5
4 141.9 5.56 t, 5/ 3,4 = J4,5 = 10.5
5 54.5 5.01 t, 4 4,5 = 5/ 5,6 = 10.5
6 54.0 2.61 m, e/5,6 = 10.5,5/57 = 4.5,5/ 6,11 = 0.5
7 77.9 3.98 t, Jf>,7 = 4 7,8exo = 4.5

8 36.4 {1.42 (exo) id, eJ8exo,8endo — 1 ,̂ 5/ 7,86x0 ~  4.5, J 8exo,9 ~ 7
tl.90  (endo) d, 5/gexo>8endo “ 14

9 81.2 4.31 dd, 5J8exo,9 = 7, 5/ 9,10 = 5
10 83.5 4.65 t, 5/ 9,10 =  J 10,11 = 5
11 45.0 3.52 dd, 4 10,11 = 5 ,5/ 6,11 = 9.5

14 27.9 12.61
12.97

HI, «/14,14 = 14, 5/ 14,15 = 7 
sextet, J 1 4 ,1 4  = 5/ 14,15 = 7

15 13.6 1.35 t, J  14,15 = 7

° Proton decoupled values (ppm downfield from Me4Si) in CeDg. b 270 MHz values (ppm downfield from Me4Si) in CgDg.
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Table V. 13C a and *H 6 NMR Data for Isomaneonene-A (5)
Carbon

no. 13c ¿ XH5 Multiplicity, J (Hz)

1 84.7 2.72 d, Ji,s = 2
2 79.5e
3 109.2 4.98 dd,J1,3 = 2 ,J3,4 = 10.5
4 144.5 5.66 dd, Jz,4 = 10.5, J4,5 = 8
5 49.7 4.33 dd, J 4,5 = 8, J 5_6 = 10
6 50.5 3.38 sextet, 1/ 5,6 = 1/ 6,11 = 10, 1/ 6,7 = 5
7 77.6 4.19 t, J(,y = J7,8exo = 5
8 41.4 /1.15 (exo) dt, e/7 8exo — 'JSexo,9 ~ 5, </8exo,8endo —

\l.59 (endo) d? Ŝexo.Sendo ~ 13
9 83.3 4.31 t, J8exo,9 = J9,10 = 5

10 82.9 5.02 t, 1/ 9,10 = J 10,11 = 5
11 63.1 3.88 dd, J 10,11 = 5 ,J  6,11 = 10
12 110.6C
13 89.7C
14 26.8 12.08 sextet, J i4(i4 = 14, J 14̂ 5 = 7

12.33 sextet, J 14,14 = 14,1/ 14,15 = 7
15 10.0 1.06 t, 1/14,15 = 7

a Proton decoupled values (ppm downfield from Me4Si) in CDCI3. 6 270 MHz values (ppm downfield from Me4Si) in CeDg.c Quat-
ernary carbon.

Scheme IV Isomaneonene-A (5) and isomaneonene-B (6) were obtained

neonene-C and its isomers is the coupling of H-6 with its 
neighbors on the carbocyclic ring. Thus, whereas J6,7 = 0 in 
1-3, in cis-maneonene-C J 6,7 = 4.5 Hz. Similarly, J6iU = 1.5 
Hz in 1 and 2 and 2 Hz in 3, while in cis-maneonene-C J 6,n 
= 9.5 Hz. These J  values for cis-maneonene-C are in excellent 
agreement with the literature for couplings of an exo H-6 to 
a bridgehead H-7, and an exo H-6 to an exo H -ll ,18 and again 
confirm the C-6, C -ll bond, cis-Maneonene-C is then the C-6 
epimer of 1 or 2.

Catalytic amounts of acid equilibrated cis-maneonene-C 
with its C-12 double bond isomer (18, Scheme IV). Since the 
H-4 and the H-14 protons of cis-maneonene-C absorb further 
downfield than the same protons in its isomer, cis-maneon- 
ene-C was assigned the E configuration at the C-12 double 
bond and its isomer the Z configuration, cis-Maneonene-C 
is then represented by structure 4.

The maneonenes are unique in structure for C15 nonter
penoids from Laurencia and Aplysia species. Although a 
number of these materials have been described, only one re
cently reported example, panacene, contains a carbocyclic ring 
(C-8, C-13 juncture).19 The maneonenes contain one carbo
cyclic ring by virtue of the C-6, C -ll bond. Also occurring with 
them are the isomaneonenes which contain this same carbo
cyclic ring and an additional one as well.

from the benzene and benzene-ether eluants of the chroma
tography of the crude algal extract (Scheme I). Both com
pounds analyzed for Ci5Hi6Br202 by high resolution and field 
desorption mass spectroscopy. Their UV (229, 228 nm), IR 
(3300, 2970 cm-1), and 13C and 'H NMR spectra (Tables V 
and VI) indicated the presence of a conjugated cis-enyne 
group.

The IR spectrum of isomaneonene-A shows no hydroxyl, 
carbonyl, or vinyl ether absorption. Strong bands in the 
1000-1100-cm“ 1 region indicate the presence of ether func
tions. ‘The 13C NMR spectrum shows three oxygen-bearing 
carbons which could be correlated with three oxygen methine 
absorptions in the XH NMR spectrum (Table V) by specific 
hydrogen-carbon decoupling experiments. The fourth oxy
gen-bearing carbon, having no associated proton absorption, 
must be quaternary.

The 13C NMR spectrum established that 3 of the 15 carbon 
atoms of isomaneonene-A are quaternary. One of these qua
ternary centers is the internal acetylenic carbon and the other 
two bear the second oxygen atom, both bromines, and an ethyl 
group. The placement of the ethyl group follows from the XH 
NMR spectrum. A three-proton triplet (J = 7 Hz) at 5 1.06 
and two doublets of quartets (J = 7,14 Hz) at 2.08 and 2.33 
show that the methylene protons of the ethyl group are mag
netically nonequivalent and are coupled only to each other and 
the adjacent methyl protons. The attachment of the two 
bromine atoms and the fourth oxygen link to the remaining 
quaternary centers is indicated by the deshielded chemical 
shift values for these carbons (8 110.6 and 89.7). Catalytic 
hydrogenation of either isomaneonene-A or isomaneonene-B 
afforded a saturated ether with all oxygen bonds intact but 
with both bromines replaced by hydrogens (19, Scheme V). 
This ether has four oxygen methines rather than three as 
found in the original compound. A new oxygen methine can 
arise from reductive debromination of a quaternary carbon 
bearing an oxygen and a bromine but not from one bearing two 
bromines.

The quaternary ether linkage of isomaneonene-A was 
cleaved under dissolving metal reduction conditions. Treat
ment with sodium in ammonia followed by catalytic hydro
genation gave a saturated ether alcohol (20, Scheme V) again 
with both bromines replaced by hydrogens. The mass spec
trum of this alcohol shows the loss of butyl (from the original 
enyne side chain) and ethyl fragments. The loss of an ethyl 
rather than a propyl group fixes this substituent at the qua-
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_________________________ Table VI. 13C a and *H b NMR Data for Isomaneonene-B (6)
Carbon

no. « C  8 'H  8 Multiplicity, J  (Hz)

1 83.5 2.72 d, t/1,3 = 2
2 79.9C
3 108.7 5.08 dd, J  1̂ 3 = 2, J 3̂ 4 — 10.5
4 146.9 6.34 dd, Js,4 — 10.5,5/ 4,5 = 9
5 43.2 3.53 t, J 4l5 = J 5,6 = 9
6 50.0 2.75 sextet, J 5̂ 0 = 9, Jqj = 5, J q,h  = 10
7 77.6 4.08 t, J6,7 = dT.Sexo ~ 5
8 41.1 (1.15 (exo) dt, J7,8exo “  ^ 8exo,9 — 5, e/8exo,8endo '

11.67 (endo) d, J 8exo,8endo ^ 13
9 81.4 4.25 t, ^8exo,9 = <79,10 = 5

10 84.6 5.03 t, J9,10 “  =710,11 = 5
11 58.7 2.96 dd, J  10,11 = 5, J 6,11 = 10
12 109.5°
13 85.2°

14 38.0 (1.30 sextet, J  i4;i4 = 14, J  14,15 = 7
\2.36 sextet, c/i4,i4 = 14, J  14,15 52 7

15 10.6 0.95 t, J  14,15 = 7

a Proton decoupled values (ppm downfield from Me4Si) in CDC13. 6 270 MHz values (ppm downfield from Me4Si) in C6D6.° Quat
ernary carbon.

Scheme V

/

\

ternary carbon bearing the single bromine and completes the 
assignment of C-12 through C-15 as shown in 5.

Twelve of the fifteen carbon atoms and twelve of the sixteen 
hydrogen atoms of isomaneone-A have now been defined. The 
remaining groups must be a methylene and two methines as 
the one methyl carbon and the three quaternary carbons have 
already been assigned. A geminally coupled pair of hydrogens 
is evident from the !H NMR spectrum where a doublet (J = 
13 Hz) appears at 5 1.59. The two methine protons and the 
second hydrogen of the methylene group are also shown in the 

NMR spectrum (Table V, C-6, C -ll, and C-8ex0)- Pro
ton-proton decoupling experiments established the proton 
sequence as:17

hi H H
1 I 1H2Ca tCH— CH— C =C -

I I 5 4 5
HC» nCH 

Q N' IO

CSCH2 1

Irradiation at <5 4.98 (C-3) collapsed the doublet at 2.72 (C-l) 
to a singlet and the doublet of doublets at 5.66 (C-4) to a 
doublet. Irradiation at 8 3.38 (C-6) effected changes in the 
signals at 4.33 (C-5), 4.19 (C-7), and 3.88 (C -ll). The sextet 
at b 3.38 (C-6) collapsed to a triplet upon irradiation of the 4.19 
signal (C-7) and the doublet of triplets at 1.15 (C-8exo) col
lapsed to a doublet of doublets. Irradiation of the latter (C- 
8exo) converted the triplets at 4.19 (C-7) and 4.31 (C-9) each 
to doublets and the doublet at 1.59 (C-8endo) to a singlet. Ir
radiation at 8 5.02 (C-10) collapsed the triplet at 4.31 (C-9) and 
the doublet of doublets at 3.88 (C -ll) each to doublets.

The quaternary carbons bearing the ethyl, bromines, and 
one oxygen must be attached to the main chain through car
bons 5 and 11. If the bromine, ethyl-bearing carbon is attached 
at C-5 and the bromine, oxygen-bearing carbon at C -ll fol
lowed by ether ring closures, two viable structures (c and d) 
are generated which are based on an unbranched C15 chain:

Since no epoxide moiety is evident in isomaneonene-A, the 
structure resulting from oxide ring closure between C-9 and 
C-10 is not considered possible. If the bromine, ethyl-bearing 
carbon is attached at C -ll and the bromine, oxygen-bearing 
carbon at C-5, three additional structures arise, these based 
on a branched C15 chain. As with the maneonenes, a branched 
carbon skeleton for these compounds is considered highly 
unlikely on biogenetic grounds. Moreover, molecular models 
of all isomers of these six structures show that only structure 
d will fit the spectroscopic data. Structure d is confirmed also 
on the basis of the following information. The secondary al
cohol (20) obtained from the sodium and ammonia hydroge
nation sequence (Scheme V), when treated with Jones reagent, 
afforded a ketone (21). Proton-proton decoupling experi
ments with this ketone showed that the oxygen-bearing 
methine at 8 4.39 (C-7) is coupled to two protons, one at 2.62 
(C-6) and the other at 2.20 (C-8exo); the other oxygen-bearing 
methine (5 4.06, C-10) is coupled to a proton at 2.49 (C-ll). 
The proton at 8 2.49 (C -ll) and the proton at 2.62 (C-6) are 
also coupled with each other as well as to additional protons 
other than the oxygen methines. This data can only be ac
commodated by ketone 21 arising from 5 (Scheme V).
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Figure 1. A computer generated perspective drawing from the crystal 
structure of isomaneonene-B (G).

An analysis of the H-H couplings in the 1H NMR spectrum 
of isomaneonene-A shows an excellent agreement with the 
structure assigned. The coupling constants J5,6 (10 Hz) and 
</6 u (10 Hz) indicate that H-6 is cis to H-5 and H -ll. The 
dihedral angle between H-6 and H-7, H-9 and H-10, and H-10 
and H -ll is approximately 30°, which gives a satisfactory fit 
for the observed coupling constant of 5 Hz.18

The different chemical environments of H-8exo and H-8end0 
give two absorptions, coupled to each other by 13 Hz. The 
dihedral angle between H-7 and H-8exo and H-8exo and H-9 
is also approximately 30° to give rise to a 5 Hz coupling. 
^7,8endo and J8endo,9 = 0 in agreement with their 90° dihedral 
angles (Table V).

Isomaneonene-B (6) is the C-13 isomer of isomaneonene-A. 
The distinction between them is made on the basis of their 'H 
NMR spectra. In 5 the bromine atom on C-13 is cis to H-5 and 
trans to the enyne function and H-4, while the opposite sit
uation obtains in 6. The deshielding effect of this bromine is 
reflected in the chemical shift of H-5 where it occurs 0.80 ppm 
further downfield in 5 than in 6, while H-4 is 0.68 ppm further 
downfield in 6 than in 5. H-6 and H -ll also occur substantially 
further downfield when the C-13 bromine is cis to them (Table 
V).

Several olefinic intermediates were isolated in the reduc
tions shown in Scheme V. In the sodium-ammonia reaction 
olefins 22 and 23 were the immediate products. No stereo
chemistry at the side chain junctures is implied by the for
mulas shown. Diene 22 analyzed for C15H22O2 by mass spec
troscopy. The presence of two nonconjugated double bonds 
was indicated by three olefinic protons and three olefinic 
carbons16 in the JH and 13C NMR spectra. Three oxygen 
methines and an OH stretch (IR 3540 cm-1) indicated that 
one oxygen link remained intact, while the quaternary C -0  
linkage was reductively cleaved. Further treatment with so
dium-ammonia converted diene 22 to the monoene 23. Both 
compounds show strong absorption in the IR spectrum for a 
disubstituted trans double bond (960 cm-1). The presence of 
only one ethyl group suggests the placement of this double 
bond as shown (Scheme V); this would be expected for a 1,4 
reduction of the conjugated system. The trisubstituted double 
bond in 22 cannot be exo to the oxirane ring as the oxygen 
methine couplings, Jgj and c/10,11, are unchanged from the 
isomaneonenes themselves. It also cannot be exo to the five- 
membered carbocyclic ring as its IR signal (1630 cm-1) occurs 
at too low a frequency. Both diene 22 and monoene 23 were 
catalytically reduced to the fully saturated alcohol ether 20.

Direct hydrogenation of isomaneonene-A or isomaneon
ene-B afforded an olefinic product (24) as well as the fully 
saturated material (19, Scheme V). The olefin analyzes for 
C15H24O2 by mass spectroscopy and its IR spectrum shows 
hydroxyl absorption (3570, 3430 cm-1). Three oxygen meth
ines are indicated by the XH NMR spectrum, again consistent

with reductive cleavage of the quaternary ether link. The 
tetrasubstituted nature of the double bond is evident from the 
lack of vinylic proton absorption in the ’ H NMR spectrum. 
Proton-proton decoupling studies indicated that the H-6 and 
H -ll protons are still present, therefore this double bond must 
be between C-5 and C-13.

The complexity of the isomaneonene structures and their 
abundance of chiral centers (eight) made an X-ray study of 
these materials desirable. Accordingly a single-crystal X-ray 
diffraction experiment on isomaneonene-B was carried out. 
The computer-generated perspective drawing of the final 
model is shown in Figure 1. The indications of absolute ster
eochemistry given by the anomalous scattering of bromine 
were not decisive and the enantiomer shown was only margin
ally favored. The relative stereochemistry of isomaneon
ene-B is that predicted on chemical and spectral grounds. All 
bond distances and angles generally agree with accepted 
values.

Experimental Section
Melting points were determined on a Hoover Unimelt apparatus 

and are uncorrected. IR spectra were recorded on Perkin-Elmer 700 
and 337 spectrophotometers in CC14. The *H NMR spectra were re
corded with JEOL C-60H, Perkin-Elmer R-12, Perkin-Elmer R-20, 
Varian HA 100, JEOL-PFT-100, or Brucker 270 HX spectrometers, 
and the 13C NMR spectra were determined on JEOL-PFT-100 or 
Varian CFT-20 spectrometers with C6D6 or CDCI3 as solvents. 
Chemical shift values are reported as ppm downfield from Me4Si at 
60 MHz for protons and at 25 MHz for 13C unless otherwise specified. 
Low resolution mass spectra were obtained on a Finnigan 1015 D 
GC-mass spectrometer and high resolution mass spectra on a CEC-
21-110B spectrometer. Field desorption mass spectra were taken on 
a Varian CH 5/DF spectrometer. UV spectra were recorded with a 
Perkin-Elmer 202 spectrophotometer in 95% ethanol unless otherwise 
indicated. Optical rotations were measured in CHCI3  on a Zeiss Type 
VDr Na polarimeter. Vapor phase chromatography was done with a 
Varian-Aerograph 90-P3 instrument. Brinkmann silica gel 60 (30-70 
mesh) was used for column chromatography and Brinkmann silica 
gel HF-254 + 366, Type 60 (500 fim, activated 0.5 h at 100 °C), for 
TLC.

All solvents and chemicals were reagent grade.
Separation of the Maneonenes. The air-dried alga, 160 g, was 

ground to a fine powder with a Waring blender, covered with 400 mL 
of anhydrous ether, and allowed to stand with occasional shaking for 
1 week. The ether was decanted and the extraction was repeated with 
250 mL of fresh ether for an additional 7 days. The ether extracts were 
combined, concentrated, and centrifuged and the ether was removed 
to give 3.3 g (2%) of a green brown oil. This oil was dissolved in 5 mL 
of 3:1 hexane-benzene and applied to a 4-step glass column (2.50-0.75 
cm) packed with 45 g of silica gel. Elution was begun with 3:1 hex
ane-benzene, and the following eluants were obtained: eluant 1, 3:1 
hexane-benzene, 231 mg (7%); eluant 2,1:1 hexane-benzene, 309 mg 
(9%); eluant 3, benzene, 329 mg (10%); eluant 4, benzene, 465 mg 
(14%); eluant 5,6:1 benzene-ether, 426 mg (13%); eluant 6, ether, 561 
mg (17%). The total recovery was 2.37 g (70%).

Isolation of cis-Maneonene-A (1), cis-Maneonene-B (2), and 
cis-Maneonene-C (4). Eluant 3 (150 mg) was dissolved in ether and 
spotted onto TLC plates so that each spot contained about 3 mg of 
material. The plates were developed twice in benzene, drying between 
developments, and the spots were scraped off and extracted with 
ether. After filtering and evaporating the ether, the following fractions 
were obtained: 1, Rf 0.63, 32 mg (21%); 2, Rf 0.50,47 mg (31%); 3, R¡ 
0.09,11 mg (8%).

Thirty milligrams of fraction 1 was spotted onto a TLC plate with 
ether so that each spot contained about 1.5 mg of material. The plate 
was developed three times in 1:1 dichloromethane-hexane, drying 
between developments. The spots were scraped off and extracted with 
ether, cié-Maneonene-A (1) was obtained as a colorless oil, Rf 0.47, 
16 mg (0.02% of dry alga): [o]21d +39° (c 0.97); UV Amaxhexane 225 nm 
(e 14 900); IR rmax 3310,2960,2940,1685,1455,1430,1185,1160,1100, 
1040,975,905, and 865 cm-1; NMR Table I; mass spectrum m/e 346
(3), 344 (9), 342 (8), 310 (8), 309 (36), 308 (8), 307 (36), 265 (6), 263 (11), 
249 (5), 247 (5), 237 (5), 235 (5), 229 (5), 228 (17), 227 (14), 219 (3), 213
(5), 210 (5), 209 (8), 201 (9), 200 (9), 199 (28), 185 (28), 184 (42), 171
(28), 169 (22), 159 (23), 157 (30), 155 (23), 153 (20), 145 (20), 143 (28), 
141 (34), 129 (55), 128 (45), 115 (52), 108 (50), 91 (55), 79 (50), 77 (81), 
69 (100), 65 (48), 55 (41), 53 (41), 51 (42), 41 (84), 39 (66). High reso
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lution mass spectrum. Calcd for C15H16Br79Cl350 2 (M+): 342.0021. 
Found: 342.0026.

Forty-five milligrams of fraction 2 was dissolved in ether and 
spotted onto TLC plates so that each spot contained approximately
I mg of material. The plates were developed five times in 1:1 dichlo- 
romethane-hexane, drying between developments, and the spots were 
scraped off and extracted with ether to give cis-maneonene-B (2), Rf 
0.45 (19 mg), and cis-maneonene-C (4), Rf 0.57 (17 mg), as colorless 
oils. Additional amounts of both compounds were obtained from re
chromatography of eluant 4 or the original column chromatography. 
Based on dry weight of alga, the total yield of 2 was 0.15% and that 
of 4 was 0.08%.

cis-Maneonene-B (2): [a]21D -49 ° (c 3.60); UV Xmax 227 nm (e 
12 200); IR i w  3310,2980, 2950, 2880,1685,1455,1430,1345,1315, 
1305,1290,1220,1190,1160,1135,1110,1085,1025,975, 950,895,875, 
and 845 cm-1; NMR Table II; mass spectrum identical to cis-ma- 
neonene-A (I). High resolution mass spectrum. Calcd for 
C15Hi6Br79Cl350 2 (M+): 342.0021. Found: 341.9990.

eis-Maneonene-C (4): [a]21D +336° (c 1.46); UV Xmax 222 (t 
21 700); IR rmax 3310, 2985,2945,2880,1680,1455,1440,1180,1165, 
1100,1040,985,965,955,890,870, and 850 cm“ 1; NMR Table IV; mass 
spectrum m/e 346 (3), 344 (9), 342 (6), 310 (6), 309 (37), 308 (6), 307
(37), 266 (3), 265 (19), 264 (3), 263 (19), 228 (4), 227 (9), 221 (4), 219
(4), 203 (5), 202 (4), 201 (14), 200 (6), 199 (21), 189 (6), 187 (9), 185 (9),
183 (8), 181 (6), 171 (11), 169 (11), 159 (41), 143 (21), 141 (31), 129 (38), 
128 (41), 123 (29), 122 (46), 121 (38), 115 (52), 108 (44), 107 (39), 91 
(67), 81 (52), 79 (68), 77 (100), 69 (71), 65 (57), 53 (46), 51 (47), 41 (76), 
39 (72). High resolution mass spectrum. Calcd for Ci5Hi6Br79Cl350 2: 
342.0021. Found: 342.0019.

Isolation of fcrans-Maneonene-B (3). Approximately 700 mg of 
eluant 5 from the original column chromatography was dissolved in 
ether and spotted onto TLC plates so that each plate contained 70 
mg of material. The plates were developed five times in 30:1 ben
zene-ether, drying between developments, and the spots were scraped 
off and extracted with ether. After filtering and evaporation of the 
ether, the following compounds were obtained: isomaneonene-A (5) 
(Rf 0.86), trans-maneonene-B (3) (Rf 0.77), isomaneonene-B (6) (Rf 
0.63), sesquiterpenoid A (Rf 0.57),5 and sesquiterpenoid B (Rf 0.50).6 
irons-Maneonene-B (3) was repurified by the same TLC procedure 
to give a colorless oil (30 mg, 0.01% of dry alga): [« ]21d  —25° (c 0.397); 
UV Xmax 232 nm (e 15 000); IR rmax 3330,3000,2960,2900,1685,1630, 
1455,1435,1350,1320,1295,1265,1220,1190,1140,1120,1030,955, 
890, and 880 cm-1; NMR Table III; mass spectrum m/e 346 (3), 344 
(11), 342 (8), 309 (3), 307 (3), 265 (2), 263 (3), 249 (2), 247 (2), 237 (2), 
235 (2), 228 (6), 227 (6). 201 (8), 199 (14), 189 (8), 187 (14), 185 (13),
184 (14), 181 (6), 171 (11), 169 (11), 165 (9), 159 (10), 157 (11), 155 (11), 
153 (10), 149 (14), 141 (25), 129 (28), 128 (22), 121 (22), 115 (28), 109
(19), 108 (33), 107 (22), 99 (22), 97 (28), 95 (33), 91 (36), 85 (24), 83 (33), 
81 (39), 79 (36), 77 (47), 71 (42), 69 (100), 57 (47), 55 (72), 53 (39), 51
(39), 41 (50), 39 (47). High resolution mass spectrum. Calcd for 
C1BHi6Br79Cl360 2: 342.0021. Found: 341.9989.

Reaction of c/s-Maneonene-A (1) with Bis(ethylenediam- 
ine)chromium(II) to Produce 7. Chromous sulfate solution was 
prepared by stirring an aqueous solution of 1.14 g of Cr2(S04)-nH20  
with 0.65 g of activated powdered zinc in a nitrogen atmosphere 
overnight. The resultant blue solution was filtered under nitrogen and 
a 2.50-mL aliquot (0.5 mmol Cr2+) was added to 1.25 mL of an aque
ous solution of enS04 (1.0 mmol). This mixture was added to a de
gassed solution of 22 mg (0.048 mmol) of cis-maneonene-A (1) in 4 
mL of DMF. Nitrogen was bubbled through the solution for 4 h; a 
precipitate formed during this time. Ten milliliters of water was added 
and the resulting suspension was extracted with three 10-mL portions 
of CC14. The extracts were dried over Na2C 03 and filtered and the 
CC14 was evaporated to give a yellow oil. This oil was dissolved in 
ether, spotted onto TLC plates, and developed twice in 1:1 dichloro- 
methane-hexane, drying between runs. The spots were scraped off, 
extracted with ether, and filtered and the ether was evaporated to give
II mg (50%) of 7 as a colorless oil, Rf 0.50: UV Xmax 220 nm (e 24 200); 
IR rmax 3000,2955,1940,1685,1460,1440,1350,1320,1290,1260,1195, 
1170,1125,1100,1055,1035,990,975,880, 860 cm"1; 7H NMR (CeD6) 
& 1.0-1.3 (2 H, m), 1.12 (3 H, t, J  = 7 Hz), 2.34 (2 H, m), 2.58 (2 H, q, 
J = 7 Hz), 2.98 (1 H, br d, J = 5 Hz), 3.94 (1 H, d, J = 4.5 Hz), 4.22 (1 
H, br dd), 4.50 (1 H, t, -J = 5 Hz), 4.70 (1 H, br s), 4.80 (1 H, br s), and 
5.35-6.25 (3 H, several m); mass spectrum m/e 310 (15), 308 (15), 267
(1), 265 (1), 253 (1), 251 (1), 239 (1), 237 (1), 231 (6), 229 (13), 202 (28), 
200 (28), 189 (14), 187 (23), 185 (14), 121 (52), 108 (77), 91 (48), 79 (83), 
77 (100), 65 (34), 53 (43), 51 (32), 41 (55), 39 (63).

Reaction of 7 with CrS04 to Produce 9. A solution of 62 mg (0.20 
mmol) of 7 in 15 mL cf degassed DMF and 10 mL of an aqueous so
lution containing 2.0 mmol of CrS04 was stirred at 25 °C for 3 days

under a nitrogen atmosphere. The solution was diluted with 50 mL 
of water and the resulting suspension was extracted with three 20-mL 
portions of CC14. The combined extracts were washed with water, 
dried over Na2C 03, filtered, and evaporated to give 51 mg (82%) of
9 as a yellow oil: IR ¡ w  3080,2990,2950,1690,1640,1460,1435,1380, 
1350,1320,1295,1260,1195,1165,1100,1040,985,950,915,875 cm“ 1; 
: H NMR (CgDe) <5 1.09 (3 H, t, J = 7.5 Hz), 1.5-2.9 (5 H, several m),
2.58 (2 H,q, J = 7.5 Hz), 3.00 (1 H, br d, J = 5 Hz), 4.00 (1 H, d, J = 
5 Hz), 4.28 (1 H, br dd, J = 7,5 Hz), 4.58 (1 H, t, J = 5 Hz), and 4.9-5.8 
(5 H, several m); mass spectrum m/e 312 (11), 310 (11), 244 (8), 242 
(8), 231 (26), 229 (11), 215 (5), 213 (5), 203 (28), 202 (55), 201 (33), 200 
(55), 189 (23), 187 (37), 185 (15), 121 (69), 110 (36), 108 (78), 95 (56), 
91 (58), 81 (100), 79 (87), 77 (63), 69 (38), 68 (33), 67 (38), 65 (38), 57 
(18), 55 (52), 53 (54), 51 (21), 43 (33), 41 (62), 39 (52).

Hydrogenation of cis-Maneonene-A (1) to Produce 11. A sus
pension of 76 mg (0.22 mmol) of cis-maneonene-A (1) and 16 mg of 
Pt02 (previously reduced) in 15 mL of anhydrous ethanol was stirred 
for 2.25 h under an atmosphere of hydrogen. The catalyst was cen
trifuged and the ethanol was evaporated to give 60 mg of a tan oil. This 
oil was spotted onto TLC plates with ether, the plates were developed 
twice in 5:1 dichloromethane-ether, drying between runs, and the 
spots were scraped off and extracted with ether to give 9 mg (17%) of 
a colorless oil, Rf 0.64: IR cmax 2950,2860,1465,1430,1380,1280,1245, 
1200,1155,1130,1055,1025,960,890, and 835 cm "1; 7H NMR (CeDe) 
b 0.93 (3 H, br t), 1.0-2.1 (br envelope), 3.78 (1 H, brm), 4.16 (1 H, br 
t, J = 4 Hz), 4.35 (1 H, br m), and 4.85 (1H, br t, J  = 5 Hz); 13C NMR 
(C6D6) b 14.4 (2), 20.3,23.0, 27.5, 32.4, 34.8, 36.1,42.3,43.1,51.0,77.3,
78.5,79.5, and 83.7; mass spectrum m/e 238 (10), 221 (2), 209 (1), 195 
(100), 167 (10), 165 (22), 152 (18), 151 (27), 138 (18), 123 (24), 109 (17), 
95 (28), 81 (31), 71 (24), 69 (20), 67 (28), 57 (20), 55 (37), 43 (36), 41
(34). High resolution mass spectrum. Calcd for CisH2602: 238.1933. 
Found: 238.1952.

Interconversion of cis-Maneonene-A (1) with cis-Mane- 
onene-B (2). A solution of 20 mg of cis-maneonene-A (1) and one 
crystal of p-toluenesulfonic acid monohydrate in 1.0 mL of anhydrous 
benzene was heated at reflux for 4 h. The benzene was evaporated and 
the residue was dissolved in ether and spotted onto a TLC plate. The 
plate was developed in benzene, the spots were scraped off and ex
tracted with ether, and the two major spots were identified as un
reacted 1 and cis-maneonene-B (2) by comparison of their IR spectra 
with authentic compounds. The ratio of 1:2 was approximately 1:1. 
The same results were obtained by starting with cis-maneonene-B
(2).

Reaction of cis-Maneonene-B (2) with Cr(en)2S 04 to Produce
8. This reaction was carried out in a manner identical to that with 
cts-maneonene-A (1) to give 10 mg (50%) of 8 as a colorless oil, Rf 0.56 
(1:1 dichloromethane-hexane, three developments): IR rmax 3010, 
2970,1940,1690,1460,1440,1355,1325,1290,1270,1200,1175,1150, 
1120, 1100, 1070, 1060, 1035, 995, 980, 910, 895, and 860 cm“ 1; 7H 
NMR (C6D6) 6 1.07 (3 H, t, J = 7 Hz), 1.3 (2 H, m), 2.2 (1 H, m) 2.28 
(2 H, q, J = 7 Hz), 2.54 (1 H, br d, J = 5 Hz), 3.93 (1 H, br d, J  = 4 Hz),
4.26 (1 H, br dd), 4.60 (1 H, t, J = 5 Hz), 4.82 (2 H, m), and 5.84 (3 H, 
m); 13C NMR (C6D6) b 14.3, 29.7,39.2,48.1,56.3,76.6,79.8,80.8,82.6, 
93.4,125.4,133.2; mass spectrum m/e 310 (9), 308 (9), 231 (5), 229 (11), 
203 (9), 202 (30), 201 (16), 200 (30), 189 (16), 187 (29), 185 (16), 121
(50), 108 (85), 107 (39), 91 (45), 79 (85), 77 (100), 69 (34), 67 (24), 65
(34), 57 (28), 55 (37), 53 (37), 51 (28), 43 (35), 41 (62), 39 (62).

Reaction of cis-Maneonene-B (2) with CrS04 to Produce 10. 
A solution of 80 mg (0.232 mmol) of cis-maneonene-B (2) in 20 mL 
of degassed DMF and 10 mL of an aqueous solution containing 2.0 
mmol CrS04 was allowed to stand for 4 days at 25 °C under an at
mosphere of nitrogen. The solution was diluted with 50 mL of water 
and the resulting suspension was extracted with three 20-mL portions 
of CC14. The combined extracts were washed with 25 mL of water, 
dried over Na2C 03, filtered, and evaporated to give 69 mg (96%) of
10 as a yellow oil: IR cmax 3080, 2995, 2945, 1685, 1640, 1455, 1430, 
1370,1340,1315,1270,1190,1160,1135,1100,1030,980,970,910,875, 
and 845 cm-1; mass spectrum identical to that of 9.

This same compound is produced when 8 is treated with CrS04.
Reaction of 10 with Na/NH3 and H2/Pt to Produce 14. To a 

solution of 70 mg (3 mg atom) of sodium in 20 mL of anhydrous am
monia at —78 °C was slowly added a solution of 69 mg (0.221 mmol) 
of 10 in 5 mL of anhydrous ether. The solution was stirred for 1 h 
under a nitrogen atmosphere. The reaction was quenched by slow 
addition of solid NH4C1 until the blue color disappeared. Twenty 
milliliters of ether and 20 mL of water were added, and the layers were 
separated. The aqueous layer was extracted with an additional two
20-mL portions of ether. The combined ether extracts were washed 
with 25 mL of water, dried over Na2C 03, filtered, and evaporated to 
give 40 mg of a colorless oil, which was dissolved in ether and spotted
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onto a TLC plate. The plate was developed four times in 1:1 hex
ane-ether, drying between developments, and the spots were scraped 
off and extracted with ether to give 14 mg (20%) of a colorless oil, Rf 
0.50. XH NMR and GC-mass spectra showed this oil to be a mixture 
of at least two partially reduced unstable compounds. The mixture 
was therefore hydrogenated with 2 mg of P t02 (previously reduced) 
in 10 mL of anhydrous ethanol for 30 min. The catalyst was removed 
by centrifugation and the ethanol was evaporated to give a colorless 
oil which was dissolved in ether and spotted onto a TLC plate. The 
plate was developed four times in 9:1 hexane-ether, drying between 
runs, and the spots were scraped off and extracted with ether to give 
5 mg (40%) of 14 as a colorless oil, R/ 0.41: IR i/ma* 2960, 2885,1475, 
1385,1330,1295,1265,1220,1165,1125,1075,1025,975,910, and 855 
cm-1; JH NMR (C6D6) <5 0.95 (6 H, br t), 1.1-2.3 (br envelope), 3.50 
(1 H, dd, J = 11,6 Hz), 3.52 (1 H, m), 4.13 (1 H, br d, J = 4 Hz), 4.30 
(1 H, br t, J  = 6 Hz), and 5.38 (1 H, t, J = 5 Hz); mass spectrum m/e 
236 (9) (M+ -  HBr), 221 (29), 177 (4), 165 (11), 137 (7), 123 (10), 109 
(17), 107 (17), 97 (15), 95 (28), 93 (17), 91 (11), 85 (14), 83 (17), 81 (34), 
79 (18), 77 (9), 71 (34), 69 (42), 67 (31), 57 (38), 55 (100), 53 (10), 43
(56), 41 (58), 39 (14).

This same product is obtained by allowing cis-maneonene-B (2) 
to react under the same conditions.

Reaction of cfs-Maneonene-B (2) with Na/NH3 and H2/Pt to 
Produce 12 and 13. One-hundred milligrams (0.29 mmol) of cis- 
maneonene-B (2) was allowed to react with sodium in liquid ammonia 
under the same conditions as that for 10. Fifty milligrams (56%) of 
the crude mixture of olefins was obtained. This was suspended in 15 
niL of ethanol with 7 mg of P i0 2 (previously reduced) and stirred for 
30 min under a hydrogen atmosphere. The catalyst was centrifuged 
and the ethanol was evaporated to give a colorless oil, which was 
spotted onto a TLC plate with ether. The plate was developed three 
times in 9:0.5:0.5 hexane-dichloromethane-ether, drying between 
funs, and the spots were scraped off and extracted with ether to give 
10 mg (20%) of 12 as a colorless oil, R/ 0.40, and 10 mg (20%) of 13 also 
as a colorless oil, Rf 0.30.

12: IR 2950,2875,1700,1460,1360,1320,1295,1275,1165,1060, 
1040, 975, 945,910, and 855 c m '1; XH NMR (C6D6, 270 MHz) 5 0.88 
(3 H, t, J  = 7 Hz), 1.06 (3 H, t, J  = 7 Hz), 1.1-1.3 (9 H, br envelope),
1.26 (1 H, d, J  = 14 Hz), 1.51 (1 H, td, J  = 5,8,14 Hz), 2.21 (1 H, d, J 
-  5 Hz), 2.31 (1 H, septet, J = 7,14 Hz), 2.34 (1 H, sextet, J = 7,14 
Hz), 3.89 (1 H, d, J  = 5 Hz), 4.30 (1 H, dd, J = 5,8  Hz), 4.31 (1 H, t, 
J = 7 Hz), 4.62 (1 H, t, J  = 5 Hz); mass spectrum m/e 236 (21), 221
(60), 207 (3), 203 (2), 193 (5), 177 (6), 165 (19), 153 (9), 151 (7), 149 (6), 
147 (5), 137 (10), 135 (6), 133 (5), 123 (14), 111 (12), 109 (22), 107 (20), 
97 (19), 95 (33), 93 (20), 91 (12), 85 (16), 83 (22), 81 (38), 79 (18), 71
(42), 69 (45), 67 (32), 54 (39), 45 (100), 43 (52), 41 (54).
, 13: IR ¡ w  2950,2875,1695,1460,1375,1360,1315,1290,1265,1165, 
i l2 5 ,1100,1030, 970, 940, 910, and 880 c m '1; !H NMR (C6D6, 270 
MHz) & 0.88 (3 H, t, J = 7 Hz), 0.98 (3 H, t, J  = 7 Hz), 1.1-1.3 (9 H, br 
envelope), 1.26 (1 H, d, J  = 14 Hz), 1.51 (1 H, td, J  = 5,8,14 Hz), 1.99 
(2 H, quintet, J = 7 Hz), 2.40 (1 H, d, J = 5 Hz), 3.91 (1H, d, J  = 5 Hz),
4.27 (1 H, dd, J = 5,8  Hz), 4.61 (1 H, t, J  = 5 Hz), and 4.88 (1 H, t, J 
= 7 Hz); 13C NMR (C6D6) 5 10.7,12.5,17.8,19.5,23.9,28.6,30.7,36.2,
41.6, 49.6, 75.1, 76.3, 78.6, and 95.6; mass spectrum identical to that 
of 12.

The same two products, 12 and 13, are obtained from the reaction 
of 10 under the same conditions.

Dehydrobromination of 14 to Produce 12. A solution of 14 was 
injected onto a 0.25 in. X 10 ft GC column (20% SE-30 on 60/80 
Chromosorb W, AW DMCS) at 200 °C and tile single peak with a 
retention time of 7 min was collected. The IR and ‘H NMR spectra 
showed this compound to be identical to 12.

Hydrogenation of 12 to Produce 11. A suspension of 5 mg of 12 
and 1 mg of Pt02 (previously reduced) in 10 mL of anhydrous ethanol 
was stirred for 1 h under a hydrogen atmosphere. The catalyst was 
removed by centrifugation and the ethanol was evaporated to give 5 
mg of a colorless oil. The IR spectrum of this oil was identical to 11 
obtained from the hydrogenation of cis-maneonene-A (1).

Reaction of trans-Maneonene-B (3) with Cr(en)2S04 to 
Produce 8. The Cr(en)2S04 solution was prepared by mixing 1.25 mL 
of a solution containing 0.25 mmol of CrS04 with 0.6 mL of a solution 
of enS04 (0.48 mmol) in water. This solution was added to a degassed 
solution of 8 mg (0.023 mmol) of irons-maneonene-B (3) in 2 mL of 
DMF. The reaction and the workup procedure were the same as that 
described for cis-maneonene-A (1). TLC purification of the crude 
product (1:1 dichloromethane-hexane, three developments) gave 4.5 
mg (56%) of 8 as a colorless oil. This product was identical to that 
derived from cis-maneonene-B (2) as determined by a comparison 
of the IR, LH NMR, and mass spectra.

Reaction of cis-Maneonene-C (4) with Cr(en)2S04 to Produce

15. A procedure identical to that used for cis-maneonene-A (1) gave 
11 mg (42%) of 15 as a colorless oil, Rf 0.65 (1:1 dichloromethane- 
hexane, three developments): IR rmax 3000, 2970, 2920,1940,1690, 
1460,1440,1350,1330,1310,1250,1220,1190,1170,1105,1050,990, 
970,930,900,885, and 855 c m '1; 'H  NMR (C6D6) 5 1.10 (3 H, t, J  =8 
Hz), 1.43 (2 H, m), 2.58 (2 H, q, J  = 8 Hz), 2,5-2.9 (1 H, m), 3.25 (1 H, 
dd, J  = 5,10 Hz), 4.02 (1 H, m), 4.26 (1 H, m), 4.58 (1 H, t, J = 5 Hz).
4.75 (2 H, m), and 5.83 (3 H, m); mass spectrum m/e 310 (8), 308 (10), 
231 (6), 229 (14), 203 (10), 202 (35), 201 (17), 200 (35), 189 (18), 187
(31), 185 (18), 121 (52), 108 (81), 107 (42), 91 (54), 81 (35), 80 (35), 79 
(77), 77 (100), 69 (29), 67 (25), 65 (38), 57 (23), 55 (28), 53 (44), 51 (32), 
43 (30), 41 (58), 39 (62).

Hydrogenation of cis-Maneonene-C (4) to Produce 16. A sus
pension of 15 mg of cis- maneonene-C (4) and 2 mg of Pt02 (previously 
reduced) in 10 mL of absolute ethanol was stirred for 20 min at 25 “C 
under an atmosphere of hydrogen. The catalyst was filtered and the 
ethanol was evaporated to give 9 mg of a yellow oil. The oil was spotted 
onto a TLC plate with ether and the plate was developed three times 
in 2:1 dichloromethane-hexane, drying between developments. The 
spots were scraped off and extracted with ether to give 3 mg (20%) of 
16 as a colorless oil, Rf 0.55: IR 2985,2950,2885,1690,1460,1435, 
1380,1345,1330,1250,1185,1165,1105,1045, 990,925,895,880, and 
860 c m '1; JH NMR (CsDg) 5 1.02 (3 H, t, J  = 7 Hz), 1.15 (3 H, t, J  = 
7 Hz), 1.0-2.0 (several m), 2.4-2.8 (m), 2.67 (2 H, q, J = 7 Hz), 3.27 (1 
H, dd, J  = 5,10 Hz), 4.32 (1 H, m), 4.74 (1 H, t, J = 5 Hz), and 5.50 (1 
H, br t, J  = 5 Hz); 13C NMR (C6D6) & 13.6 (2), 26.8 (2), 28.2,32.0,35.2, 
36.2,45.2,45.9,79.0,81.9, and 83.4; mass spectrum m/e 316 (20), 314
(20) , 301 (2), 299 (2), 273 (1), 271 (1), 257 (1), 255 (1), 245 (1), 243 (1), 
236 (5), 235 (25), 233 (3), 231 (3), 229 (3), 217 (7), 215 (3), 203 (3), 202 
(4), 201 (3), 200 (4), 193 (47), 151 (62), 123 (87), 109 (51),.95 (43), 91
(37), 81 (71), 69 (67), 67 (55) 55 (63), 43 (69), 41 (100).

Reaction of 16 with Na/NHj to Produce 17. To a solution of 60 
mg (2.6 mg-atom) of sodium in 20 mL of anhydrous ammonia at —78 
°C was slowly added a solution of 53 mg (0.17 mmol) of 16 in 5 mL of 
anhydrous ether. The solution was stirred for 1 h under a nitrogen 
atmosphere. The workup procedure was the same as that for 12 and
13. Thirty milligrams of a colorless oil was obtained which was chro
matographed on TLC developing four times with 9:1 
hexane-ether. The spots were scraped off and extracted with ether 
to give 6 mg (15%) of 17 as a colorless oil, Rf 0.58: IR rmax 2975,2890, 
1700,1465,1370,1335,1280,1255,1210,1190,1170,1055,1000,980, 
960,915, 900,880, and 855 cm '1; JH NMR (C6D6, 270 MHz) 5 0.87 (3
H, t, J  = 7 Hz), 1.04 (3 H, t, J  = 7 Hz), 1.1—1.6 (9 H, several m), 1.90 
(2 H, br m), 2.29 (2 H br m), 2.50 (1 H, dd, J  = 5, 9.5 Hz), 4.08 (1 H, 
t ,J  = 5 Hz), 4.19 (1 H, t, J = 7 Hz), 4.28 (1H, br dd, J  = 7.5 Hz), and
4.72 (1 H, br t, J = 5 Hz); 13C NMR (C6D6) 6 15.2 (2), 18.7,22.9,27.1,
28.5, 32.3,34.3,45.0,46.0, 78.9, 80.0,83.4, and 101.6; mass spectrum 
m/e 236 (4), 221 (2), 193 (9), 153 (57), 124 (31), 123 (80), 111 (32), 109
(29), 95 (65), 81 (93),71 (53), 69 (58), 67 (43), 57 (54), 55 (100), 43 (80), 
41 (93).

Isomerization of cis-Maneonene-C (4) to Produce 18. A solution 
of 10 mg of cis-maneonene-C (4) and one crystal of p-toluenesulfonic 
acid monohydrate in 1.5 mL of benzene was heated at reflux for 4 h. 
The benzene was evaporated and the residue was dissolved in ether 
and spotted onto a TLC plate. The plate was developed twice in 1:1 
dichloromethane-hexane and the spots were scraped off and extracted 
with ether to give 3 mg (30%) of unreacted cis-maneonene-C (4) and 
3 mg (30%) of 18, Rf 0.30: [a]21D +137° (c 0.60); IR 3300, 2970, 
2920,1680,1450,1345,1320,1260,1245,1215,1200,1180,1160,1125, 
1040, 985, 965, 950, 880, and 825 c m '1; JH NMR (C6D6, 270 MHz) 5
I. 33 (3 H, t, J = 7 Hz), 1.42 (1 H, td, J  = 5, 8,14 Hz), 1.91 (1 H, d, J 
= 14 Hz), 2.43 (1 H, td, J = 5,10,10 Hz), 2.59 (1 H, sextet, J = 7,14 
Hz), 2.65 (1 H, sextet, J = 7,14 Hz), 2.85 (1 H, d, J  = 2 Hz), 2.92 (1 H, 
dd, J = 5.10 Hz), 3.96 (1 H, t, J = 5 Hz), 4.30 (1 H, dd, J = 5, 8 Hz),
4.61 (1 H, t, J  = 5 Hz), 5.00 (1 H, t, J  = 10 Hz), 5.17 (1 H, dd, <7 = 2, 
10 Hz), and 5.56 (1 H, t, J = 10 Hz); mass spectrum m/e 346 (1), 344 
(3), 342 (2), 308 (8), 306 (8), 265 (7), 263 (7), 227 (4), 204 (4), 202 (7), 
200 (11), 159 (17), 149 (13), 123 (21), 122 (21), 121 (21), 115 (17), 111
(21) , 109 (28), 108 (19), 107 (19), 97 (40), 95 (43), 91 (30), 85 (30), 83
(43), 81 (62), 79 (34), 77 (45), 71 (55), 69 (83), 57 (100), 55 (77), 43 (74), 
41 (87), 39 (47).

Isolation and Purification of Isomaneonene-A (5) and Iso- 
maneonene-B (6). Approximately 730 mg of eluate 4 from column 
chromatography of the algal extract was dissolved in a small volume 
of anhydrous ether and spotted on TLC plates so that each plate 
contained 70 mg of material. The plates were developed five times in 
30:1 benzene-ether, drying between developments, and the spots were 
scraped off and extracted with ether. After filtering and evaporation 
of the ether, cis-maneonene-B' and isomaneonene-A were ob
tained. These two compounds were repurified by TLC developing



in 30:1 benzene-ether and approximately 86 mg of cfs-maneonene-B, 
Rf 0.90, and 100 mg of isomaneonene-A, Rf 0.86 (0.04% of dry alga), 
were obtained.

Approximately 700 mg of eluate 5 from the column chromatography 
was dissolved in a small amount of anhydrous ether and spotted onto 
TLC plates so that each plate contained 70 mg of material. The plates 
were developed five times in 30:1 benzene-ether, drying between 
developments, and the spots were scraped off and extracted with 
ether. After filtering ar.d evaporation of the ether, the following 
compounds were obtained: isomaneonene-A, isomaneonene-B, 
trans-maneonene-B, sesquiterpenoid A,5 and sesquiterpenoid B.6 All 
the compounds were repurified by TLC developing in 30:1 benzene- 
ether five times, and approximately 40 mg of isomaneonene-A, Rf 0.86 
(0.015% of dry alga), 30 mg of trans-maneonene-B, R/ 0.77, 105 mg 
of isomaneonene-B, R/ 0.63 (0.04% of dry alga), 90 mg of sesquiter
penoid A,5 Rf 0.57 (0.03% of dry alga), and 50 mg of sesquiterpenoid 
B,5 Rf 0.50 (0.02% of dry alga), were obtained.

Isomaneonene-A (5): yellow crystals, mp 114.5-115.5 °C; [«]21d 
+ 106° (c 1.72); UV Xmax 229 nm (e 14 500); IR «max 3300,2970, 2940,
2870,1680,1460,1440,1380,1320,1290,1150,1130,1110,1090,1070, 
1050, 1030, 1010, 960, 890, 855, and 835 cm“ 1; NMR Table V; mass 
spectrum m/e 390 (0.2), 388 (0.4), 386 (0.2), 309 (4), 307 (4), 265 (3), 
263 (3), 228 (6), 227 (14). 202 (4), 201 (5), 200 (6), 199 (9), 189 (5), 187
(5), 185 (5), 184 (4), 183 (5), 181 (6), 171 (8), 169 (8), 159 (10), 157 (10), 
155 (10), 149 (11), 141 (23), 131 (22), 129 (25), 123 (18), 121 (18), 115 
(19), 111 (24), 109 (24), 97 (46), 95 (50), 91 (29), 85 (33), 83 (50), 81 (57), 
79 (36), 77 (32), 71 (64), 69 (75), 67 (46), 57 (100), 55 (89), 43 (79), 41 
(75). FD mass spectrum m/e 390 (32), 389 (10), 388 (100), 386 (53), 
and 58 (26). High resolution mass spectrum. Calcd for CisHmCLB^ 79 
(M+): 385.9517. Found: 385.9495.

Isomaneonene-B (6): white crystals; mp 136.5-137.0 °C; [cv]21d 
+87° (c 0.83); UV Xmax 228 nm (f 13 500); IR rmax 3330, 2970, 2940,
2850,1680,1460,1440,1380,1320,1280,1220,1160,1120,1100,1060, 
1030, 1020, 1015, 960, 940, and 890 cm“ 1; NMR Table VI; mass 
spectrum m/e 390 (2), 388 (4), 386 (2), 309 (36), 307 (36), 265 (14), 263
(11), 228 (21), 227 (34), 203 (15), 202 (21), 201 (18), 200 (34), 199 (29), 
189 (10), 187 (13), 185 (13), 184 (8), 183 (10), 181 (7), 171 (13), 169 (11), 
159 (18), 157 (16), 155 (16), 153 (11), 143 (18), 141 (32), 131 (27), 129
(39), 128 (40), 121 (24), 115 (51), 108 (28), 107 (47), 105 (25), 103 (24), 
95 (21), 91 (60), 81 (43), 79 (84), 78 (52), 77 (100), 69 (35), 67 (35), 65 
(60), 63 (30), 55 (38), 53 (48), 51 (51), 41 (78), 39 (85). High resolution 
mass spectrum. Calcd for Ci5Hi602Br279 (M+): 385.9517. Found: 
385.9532.

Catalytic Hydrogenation of Isomaneonene-A (5) to Produce
19 and 24. A suspension of 100 mg (0.258 mmol) of isomaneonene-A 
(5) and 40 mg of 5% Pd/C in approximately 10 mL of anhydrous eth
anol was stirred for 5 h under an atmosphere of hydrogen. The catalyst 
was centrifuged and the supernatant was evaporated to give an oil. 
This oil was dissolved in a small volume of ether and spotted onto a 
TLC plate. The plate was developed twice in 5:1 dichloromethane- 
ether, drying between developments, and the spots were scraped off 
and extracted with ether to give 15 mg (25%) of 19, Rf 0.60, and 11 mg 
(18%) of 24, Rf 0.30.

19: colorless oil; IR rmax 2950, 2870, 1460, 1435, 1375, 1350,1290,
1160,1120,1080,1050,1035,1015, 975,925, and 850 cm“ 1; ‘ H NMR 
(270 MHz, C6D6) b 0.91 (3 H, t, J  = 7 Hz), 1.10 (3 H, t, J = 7 Hz),
1.14-1.40 (m), 1.64 (mi, 2.03 (m), 2.61 (m), 4.23 (1 H, m). 4.30 (2 H, 
m) and 4.77 (1 H, t, J = 5 Hz); 13C NMR (C6D6) <5 13.7,14.4,21.2,23.4,
27.8, 32.7, 38.7, 40.5, 51.6, 52.3, 54.9, 76.6, 78.2, 83.6, and 85.4; mass 
spectrum m/e 236 (12), 221 (1), 218 (2), 208 (6), 207 (35), 193 (6), 192
(5), 189 (17), 179 (11), 163 (18), 151 (14), 149 (22), 139 (11), 137 (11), 
135 (18), 133 (12), 125 (12), 124 (14), 123 (18), 121 (20), 111 (45), 109
(24) , 108 (29), 107 (41), 95 (61), 83 (55), 81 (100), 79 (43), 69 (68), 67
(63), 57 (55), 55 (78), 43 (59), 41 (94).

24: colorless oil; IR !/max 3570, 3430, 2950, 2930, 2850, 1460,1440, 
1370,1210,1120,1090.1075,1010,965, and 900 cm -1; 7H NMR (270 
MHz, CsD6) b 0.90 (3 E, t, J = 7 Hz), 1.00 (3 H, t, J = 7 Hz), 1.17-1.40 
(m), 1.28 (1 H, dd, J = 12, 4 Hz), 1.58 (m), 1.89-2.20 (m), 2.87 (1 H, 
m), 3.05 (1 H, dd, J  = 16,2 Hz), 3.45 (1 H, m), 4.08 (1 H, t, J = 5 Hz),
4.23 (1 H, m), and 4.46 (1 H, t, J = 5 Hz); mass spectrum m/e 236 (13), 
218 (3), 207 (5), 193 (7), 192 (7), 189 (13), 179 (10), 164 (10), 163 (40), 
151 (8), 150 (8), 149 (1C), 135 (13), 133 (11), 121 (30), 119 (13), 108 (28), 
107 (70), 105 (25), 95 (25), 93 (32), 91 (40), 81 (25), 79 (50), 77 (25), 69
(25) , 67 (25), 57 (100), 55 (48), 43 (40), and 41 (70).

The same products were obtained on catalytic hydrogenation of 
isomaneonene-B (6).

Sodiun Reduction of Isomaneonene-A (5) to Produce 22 and
23. To a solution of 7C mg (3 mg-atoms) of sodium in approximately
20 mL of anhydrous ammonia at —78 °C was slowly added a solution 
of 95 mg (0.245 mmol) of isomaneonene-A (5) in approximately 5 mL

Maneonenes and Isomaneonenes

of anhydrous ether. The solution was stirred for 2 h under a nitrogen 
atmosphere. The reaction was quenched by slow addition of solid 
ammonium chloride until the blue color disappeared. Approximately 
20 mL of ether and 20 mL of distilled water was added and the layers 
were allowed to separate. The aqueous layer was extracted with an 
additional two 20-mL portions of ether. The combined ether extracts 
were washed with 25 mL of distilled water, dried over anhydrous so
dium carbonate, filtered, and evaporated to give 52 mg of a colorless 
oil which was dissolved in a small volume of ether and spotted onto 
a TLC plate. The plate was developed in 5:1 dichloromethane-ether 
to give 10 mg (17%) of 22, Rf 0.35, and 15 mg (26%) of 23, Rf 0.20, as 
colorless oils.

22: IR ( w  3540,2970,2850, i630,1445,1400,1375,1255,1155,1110, 
1090,1060,1010,960,905, and 845 cm“ 1; 7H NMR (270 MHz, C6D6) 
b 0.88 (3 H, t, J  = 7 Hz), 1.31 (1 H, dd, J  = 12, 4 Hz), 1.28-1.38 (m),
1.57 (m), 1.73 (m), 1.89 (m), 2.15 (m), 2.48 (1 H, m), 2.97 (1 H, sextet, 
J = 9,9,5 Hz), 3.19 (1 H, m), 4.31 (1 H, t, J  = 5 Hz), 4.38 (1 H, m), 4.50 
(1 H, t, J  = 5 Hz), 5.31 (2 H, m), and 5.44 (1 H, m); 13C NMR (C6D6)16 
b 12.4,18.0,22.7,31.8,35.8,45.8,51.1,52.2,76.5,80.2,80.7,123.3,125.9, 
and 130.8; mass spectrum m/e 234 (2), 216 (1), 205 (3), 187 (3), 179
(8), 175 (8), 161 (26), 159 (8), 147 (4), 145 (16), 133 (34), 131 (15), 119 
(79), 107 (62), 105 (47), 95 (26), 93 (26), 91 (56), 83 (19), 81 (27), 79 (44), 
77 (27), 71 (22), 69 (29), 67 (25), 65 (14), 57 (38), 55 (100), 43 (38), 41 
(55), 39 (38).

23: IR rmax 3600, 3430, 2970, 2930, 2860,1450,1380,1120,1080,965, 
920, and 900 cm“ 1; 7H NMR (270 MHz, C6D6) b 0.99 (3 H, t, J  = 7 Hz), 
0.90-1.14 (m), 1.40-1.72 (m), 1.90 (1 H, m), 2.04 (1 H, ddd, J  = 13,10, 
6 Hz), 2.24 (1 H, m), 2.55 (1 H, dd, J  = 13,7 Hz), 2.72 (1 H, sextet, J  
= 10,10,5 Hz), 2.85 (1 H, sextet, J  = 10,10,6 Hz), 4.05 (1 H, t, J  = 5 
Hz). 4.13 (1 H, dd, J = 10, 5 Hz), 4.46 (1 H, t, J  = 6 Hz), and 5.41 (2 
H, m); 13C NMR (C6D6) b 12.7, 24.6, 28.1, 31.3, 33.1, 35.3,45.3, 46.8, 
47.2, 52.9, 75.3, 79.6, 81.1, 125.1., and 131.5; mass spectrum m/e 236 
(1), 218 (1) 207 (2), 205 (8), 203 (12), 193 (5), 189 (6), 181 (4), 177 (4), 
163 (18), 145 (15), 137 (19), 135 (18), 133 (1), 121 (21), 119 (27), 109
(48), 107 (35), 97 (24), 95 (66), 93 (39), 91 (29), 83 (32), 81 (50), 79 (48), 
77 (21), 71 (26), 69 (40), 67 (61), 57 (68), 55 (100), 43 (53), 41 (68).

Sodium Reduction of 22 to Produce 23. Approximately 17 mg 
(0.073 mmol) of 22 was allowed to react with sodium in liquid am
monia under conditions identical to those used for isomaneonene-A 
to give 15 mg (87%) of a colorless oil. Its IR, 7H NMR, and mass 
spectra were identical to those of 23.

Catalytic Hydrogenation of 23 to Produce 20. A suspension of 
30 mg (0.127 mmol) of 23 and 40 mg of P t02 (previously reduced) in 
approximately 10 mL of anhydrous ethanol was stirred for 6 h under 
an atmosphere of hydrogen. The catalyst was centrifuged and the 
supernatant was evaporated to give 25 mg of an oil. This oil was dis
solved in a small volume of ether and spotted onto a TLC plate. The 
plate was developed in 3:1 chloroform-ethyl acetate. The spots were 
scraped off and extracted with ether to give 16 mg (53%) of 20 as a 
colorless oil, Rf 0.37: IR </max 3610, 3430,2960, 2930, 2850,1455,1375, 
1210,1100,1075,965,915, and 895 cm“ 1; 'H NMR (270 MHz, C6D6) 
b 0.89 (3 H, t, J = 7 Hz), 0.99 (3 H, t, J = 7 Hz), 1.19-1.39 (m), 1.48 (1 
H, m), 1.58 (1 H, dd, J = 13,4 Hz), 1.69 (1 H, m), 2.00 (1 H, ddd, J  =
13,10, 6 Hz), 2.16 (1 H, m), 2.53 (1 H, dd, J = 13, 7 Hz), 2.73 (1 H, 
sextet, J  = 10,10,5 Hz), 2.82 (1 H, sextet, J  = 10,10,6 Hz), 4.05 (1 H, 
t, J = 5 Hz), 4.10 (1 H, br m), and 4.39 (1 H, t, J  = 6 Hz); 13C NMR 
(C6D6) b 13.0,14.4,23.3,28.1,29.2,31.1,31.9,35.2,45.3,46.9,47.0,52.7,
73.5,77.7, and 79.1; mass spectrum m/e 238 (1), 220 (3), 209 (1), 195 
(4), 194 (3), 191 (5), 181 (3), 179 (4), 177 (6), 165 (8), 164 (7), 163 (10), 
152 (9), 151 (10), 149 (12), 139 (9), 137 (13), 135 (12), 125 (12), 123 (16), 
121 (13), 111 (19), 109431), 107 (17), 97 (37), 95 (57), 86 (26), 83 (52), 
81 (55), 71 (47), 69 (77), 67 (51), 57 (100), 55 (94), 43 (77), 41 (81). High 
resolution mass spectrum. Calcd for C15H26O2 (M+): 238.1933. Found: 
238.1950.

Reaction of Isomaneonene-B (6) with Na/NH3 and H2/Pt to 
Produce 20. Approximately 55 mg (0.142 mmol) of isomaneonene-B
(6) was allowed to react with sodium in liquid ammonia under con
ditions identical to those used for isomaneonene-A (5) to give 34 mg 
of a mixture of 22 and 23. A suspension of this mixture and 20 mg of 
P t02 (previously reduced) in approximately 15 mL of anhydrous 
ethanol was stirred for 3 h under an atmosphere of hydrogen. The 
catalyst was centrifuged and the supernatant was evapor ited to give 
a colorless oil. The oil was dissolved in a small volume of ether and 
spotted onto a TLC plate. The plate was developed in 5:1 dichloro
methane-ether, and the spots were scraped off and extracted with 
anhydrous ether to give 6.5 mg (19%) of a colorless oil. Its IR and 7H 
NMR spectra were identical to those of 20.

Oxidation of 20 to Produce 21. To a solution of 16 mg (0.067 
mmol) of 20 in 5 mL of acetone was added drop by drop a solution of 
11 mg (0.110 mmol) of chromium trioxide in 0.05 mL of concentrated
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sulfuric acid and 0.5 mL of water. The suspension was stirred for 50 
min at 25 °C and the acetone was decanted and evaporated to give an 
aqueous suspension which was mixed with 5 mL of ether, dried over 
anhydrous sodium sulfate, and filtered, and the ether was evaporated 
to give 14 mg of a brown oil. This was dissolved in a small volume of 
anhydrous ether and spotted onto a TLC plate so that each spot 
contained approximately 2 mg of material. The plate was developed 
twice in 1:2 hexane-dichloromethane, drying between developments, 
and the spots were scraped off and extracted with ether to give 10 mg 
(63%) of 21 as a colorless oil, R/ 0.45: IR 2960, 2940, 2870,1760, 
1460,1410,1380,1300,1140,1070,1000, and 910 cm "1; !H NMR (270 
MHz, C6D6) 5 0.81 (3 H, t, J = 7 Hz), 0.89 (3 H, br t, J = 7 Hz),
1.03-1.27 (m), 1.43 (1 H, br m), 1.73 (1 H, dd, J = 12,6 Hz), 2.05 (1 H, 
d, J = 17 Hz), 2.20 (1 H, dd, J  = 17, 5 Hz), 2.49 (1 H, sextet, J = 10, 
10, 6 Hz), 2.62 (1 H, sextet, J = 10,10, 5 Hz), 4.06 (1 H, d, J = 6 Hz), 
and 4.39 (1 H, t, J = 5 Hz); mass spectrum rale 236 (2), 208 (7), 207
(I) , 193 (7), 179 (17), 165 (7), 163 (7), 161 (8), 152 (10), 151 (27), 149
(II) , 137 (14), 135 (17), 125 (13), 123 (43), 111 (17), 109 (47), 107 (17), 
97 (40), 95 (80), 83 (77), 81 (62), 71 (43), 69 (73), 67 (57), 57 (73), 55 
(100), 43 (67), 41 (87).

X-ray Crystallographic Analysis of Isomaneonene-B (6). A
clear, pale yellow crystal of isomaneonene-B, approximately 0.3 X 0.2 
X 0.1 mm, proved to be monoclinic with a = 6.122 (3) A, b = 15.457
(6) A, c = 8.425 (3) A, 0 = 111.30°, and pcaicd = 1.74 g/cm3 for two 
molecules in the unit cell. Systematic absences of OkO, k -  2n +  1, 
reflections identified the space group as P2j. Unique reflections with 
26 < 114.1° were measured on a Syntex P2j four-circle diffractometer 
using graphite monchromated Cu Ka radiation (X 1.5418 A) and 1° 
w scans with a scan rate dependent on the intensity of the reflection. 
Three check reflections measured after every 50 reflections showed 
no decrease in intensity during data collection. Data were corrected 
for Lorentz, polarization, and background effects and 1028 out of 1050 
reflections, about 98% of the data, had F02 > Za(F02).

Both brolnines were located by means of a Patterson synthesis and 
a bromine phased F0 synthesis served to reveal the remaining atoms.20 
Theoretical positions for the hydrogens were computed and included 
for full-matrix least-squares refinement of the structure. All nonhy
drogen atoms were assigned anisotropic thermal parameters and 
hydrogens were assigned isotropic parameters.

Anomalous dispersion corrections for the bromines brought the 
standard crystallographic residual to 0.061 for both enantiomers and 
the weighted residual to 0.062 and 0.064 for the structure shown and 
its enantiomer, respectively.21 The intensities of 11 pairs of the most 
enantiomorph sensitive reflections were carefully measured and five 
were consistent with the enantiomer chosen while for the remaining 
six the intensities of the hkl and hkl reflections did not differ by more 
than one standard deviation.
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Derivatives of 3-n-pentadecylcatechol, the saturated component of poison ivy urushiol, which are substituted in 
the 6 position of the aromatic ring by various aminomethyl groups, have been found to be toleragens, the most po
tent being 6-(piperidinomethyl)-3-n-pentadecvlcatechol (24). In order to examine the structural requirements of 
a toleragen, 4- and 5-(piperidinomethyl)-3-n-pentadecylcatechols (11 and 21) have been synthesized and isolated 
as their hydrochloride salts 13 and 23 along with the hydrochloride salt 25 of 24. The syntheses include as the last 
step a novel coupled use of boron tribromide and piperidine to effect ether cleavage followed by ammonolysis. In 
the synthesis of the 5 isomer, an unusual exclusive para substitution of a phenol using the Mannich reaction has 
been exploited.

Recently, it has been observed that a number of substitut
ed 6-aminomethyl analogues 1 of 3-n-pentadecylcatechol 
(3-PDC) 2 are potent toleragens for poison ivy.1’2 This ob

servation has inspired the present investigation, which is fo
cused on the synthesis of structural isomers of 6-(piperidi- 
nomethyl)-3-n-pentadecylcateehol (24), the most promising 
toleragen of those observed. The objective has been to study 
the effect of the position of substitution on toleragenicity. The 
synthesis of 4- (11) and 5-(piperidinomethyl)-3-n-pentade- 
cylcatechol (21) in the form of their hydrochloride salts 13 and 
23, respectively, has been achieved. For comparison, 6-(pip- 
eridinomethyl)-3-n-pentadecylcatechol (24) has been 
resynthesized in the form of its hydrochloride salt 25.

Results and Discussion

The 4 Isomer. The synthesis of 4-(!V,JV-dimethylamino)- 
methyl-3-n-pentadecylcatechol (6) was attempted (Scheme 
I) by Lerner2 using the dihenzyl ether of 3-PDC. His failure 
to isolate a product in the ammonolysis step suggested a 
possible advantage of using a different protective group. In 
the present investigation, the methyl protective group was 
chosen as the alternative because of its stability to both acids 
and bases and because of the better availability of the starting 
material 8b than 3.

The optimum conditions for the introduction of only one 
chloromethyl group into a 3-alkylveratrole were studied using 
a readily available model compound, 3-n-decylveratrole (8a), 
which was prepared using an improvement of the Byck and 
Dawson3 procedure (as described in the Experimental Sec
tion). Thus, 4-(chloromethyl)-3-n-decylveratrole (9a) was 
synthesized from 8a in 73% yield. Under similar conditions,
4-(chloromethyl)-3-n-pentadecylveratrole (9b) was obtained 
from 8b. The ammonolysis reaction was also found feasible 
when 9b was converted to 4-(piperidinomethyl)-3-n-pen- 
tadecylveratrole (10) in 78% yield by reacting it at room 
temperature in toluene with an excess of piperidine for 24
h.

The unusually high temperature recommended for the 
cleavage of 3-alkylcatechol methyl ethers4 posed a serious 
problem for the heat-sensitive benzylaminocatechols such as 
11. A solution to this problem was found in the use of boron 
tribromide,5 an agent which has been found in the present

Scheme I

OH

6

investigation to be extremely effective in the low-temperature 
cleavage of 3-alkylcatechol methyl ethers. For example, when 
8b was treated with boron tribromide, high-purity 3-PDC was 
obtained in 90% yield.6 However, the cleavage reaction could 
not be done directly on 10 since in an exploratory experiment 
it was discovered that boron tribromide cleaved iV-benzyl- 
piperidine even at room temperature.

The final route by which 11 was synthesized is shown in 
Scheme II. The key step in this route was the use of boron 
tribromide and piperidine in the same step. In effect, the 
boron dibromide group (which remains attached to the phe
nolic oxygen atom after the first step of the cleavage reaction5) 
was exploited as a protective group against the strongly basic 
piperidine that was added for the ammonolysis. The isolation 
of the intermediate, 4-(chloromethyl)-3-n-pentadecylcatechol, 
was not attempted because it was reasoned that in the pres
ence of the basic piperidine the unprotected chloromethyl- 
phenol would be under conditions equivalent to those used 
in the benzylation of 3-PDC.7 Consequently, extensive poly
meric benzylation would likely occur if the ether cleavage and 
the ammonolysis were carried out as two distinct steps.

0022-3263/78/1943-3205$01.00/0 © 1978 American Chemical Society
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Scheme II

8a, R = C 10H n 
b, R = C ,5H3I

Isolation of the product 11 was complicated by its high 
sensitivity to air oxidation and its heat-labile property.613 
Conversion of 11 to its hydrochloride salt 13 provided a means 
to isolate a pure product. The hydrochloride salt 13 differs 
from many salts of amines in that it is insoluble in both water 
and ether, which made it rather simple to isolate. Recrystal
lization from hot acetone afforded an 89% yield of pure 13 
from 9b.

Repeated attempts to convert 13 to the free base 11 have 
failed, despite extreme precautionary measures under low 
temperature and anaerobic conditions. In every case,6b only 
a dark-brown resinous material was obtained. It appears that
4-(piperidinomethyl)-3-rc-pentadecylcatechol (11) exists 
largely in the form of the zwitterion 12. This dipolar ion, being 
both a benzylamine cation and a phenolate, is susceptible to 
polymerization via nucleophilic attack of the phenolate ion 
on the benzylic carbon (Figure 1) or on the trienone which 
could be formed from the expulsion of piperidine (Figure 2). 
Such polymerizations are enhanced when the systems are 
concentrated in an effort to isolate the product.

The 5 Isomer. The direct introduction of a functional group 
to the 5 position of the aromatic ring of 3-PDC exclusively is 
developed for the first time in the present investigation. The 
synthesis of 5-(piperidinomethyl)-3-n-pentadecylcatechol
(21) is shown in Scheme III.

The conversion of o-vanillin (14) to 2-benzyloxy-3-meth- 
oxybenzaldehyde (17) was accomplished in nearly quantita
tive yield using the procedure of Merz and Pfaffle.8 Reaction

Scheme III

23

of 17 with myristyl Grignard reagent, followed directly by 
hydrogenolysis (compare9), gave 3-n-pentadecylguaiacol (19) 
in an overall yield of 67%. The crucial step in Scheme III is a 
special adaptation of the Mannich reaction. This reaction, 
which normally alkylates at room temperature ortho to the 
hydroxyl group, has been found in this investigation to result 
in para alkylation at reflux temperature when blocking groups 
are situated at both positions ortho to the hydroxyl group. The 
exploratory experiment using 3-methylguaiacol (15) clearly 
demonstrated that the Mannich reaction at higher tempera
ture results in para alkylation when both of the ortho phenolic 
positions are occupied. When these conditions were applied 
to 19, 5-(piperidinomethyl)-3-n-pentadecylguaiacol (20) was 
isolated in 79% yield.

The last step in this reaction sequence uses the same reac
tion as that for the preparation of 13. In view of the polym
erizing behavior of 11, the hydrochloride salt 23 was isolated 
directly from the reaction mixture in 87% yield. Surprisingly, 
this salt 23 is only slightly soluble in water and is appreciably 
soluble in ether and benzene. It is also an excellent emulsifier, 
which caused some difficulties in its isolation. Fortunately, 
it can also be crystallized from hot acetone.
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Figure 1. Polymerization via nucleophilic attack of the phenolate 
ion on the benzylic carbon.

0 C
+J ^ C15H31

O ' " — *• Polymer

Figure 2. Polymerization via nucleophilic attack of the phenolate 
ion on the trienone.

Scheme IV

The 6 Isomer. The synthesis of 6-(piperidinomethyl)-3- 
rc-pentadecylcatechol hydrochloride (25) (shown in Scheme
IV) was accomplished simply by mixing the free base 24 with 
dilute hydrochloric acid. Synthesis of 24 was accomplished 
via an application of the Mannich reaction10’11 to 3-PDC as 
reported by Lerner.2

Experimental Section
Melting points were taken in open capillary tubes using a 

Thomas-Hoover capillary melting-point apparatus and are uncor
rected. The IR spectra were recorded on a Jasco IRA-1 diffraction 
grating IR spectrophotometer and were measured in CCU solution 
unless otherwise specified. The NMR spectra were obtained with a 
Varian T-60 spectrometer using CCI4 as solvent, unless otherwise 
indicated. Chemical shifts, 5, are expressed in ppm relative to internal 
tetramethylsilane. Elemental analyses were performed by Micro-Tech 
Laboratories, Skokie, 111. Mass spectra were obtained on a Finnigan 
3300 quadrapole mass spectrometer. Anhydrous MgSCU was used as 
the drying agent. Air-free water was prepared by purging distilled 
water with nitrogen. Additional information about the experimental 
observations is given in the thesis of G. P. Ng.6b

3-n-Decylveratrole (8a). To a solution of 104 g (0.750 mol) of 
veratrole (7) in 440 mL of tetrahydrofuran (THF) at 0 °C under a 
nitrogen atmosphere was added, with stirring, 367 mL (0.500 mol) of 
a solution of 1.36 M n-butyllithium12 in anhydrous ether during 30 
min. The mixture was stirred at 0 °C for 2 h. A solution of 55.3 g (0.250 
mol) of 1-bromodecane13 in 55 mL of THF was then added. The 
mixture was refluxed for 4 h, cooled to room temperature, and then 
hydrolyzed with 300 mL of 10% HC1. The layers were separated. The 
aqueous layer was extracted with ether. The combined organic solu
tion was washed with 10% aqueous NaOH and brine. The solution was 
dried and the solvents were evaporated. Vacuum distillation yielded 
51.0 g (73%) of 8a as a colorless liquid: bp 139-140 °C (0.50 mm); NMR 
5 6.67 (m, 3 H), 3.75 (s, 6 H), 2.58 (t, 2 H), 1.25 (s, 16 H), 0.90 (t, 3 H); 
IR no -OH peak.

4-(Chloromethyl)-3-n-decylveratrole (9a). A mixture of 15.9 
g (0.0570 mol) of 8a, 64 mL of benzene, 64 mL of glacial acetic acid, 
and 10.3 g (0.340 mol) of paraformaldehyde13 was cooled to 0 °C. Dry 
HC1 gas was passed into the mixture rapidly with stirring. When the 
mixture had become clear, the reaction was continued for 2 h at 0 °C. 
Then the mixture was poured onto ice and diluted with ether. The 
layers were separated, and the organic layer was washed with water, 
saturated aqueous bicarbonate, and brine. After the solution was 
dried, the solvents were evaporated, leaving a red oily liquid. Vacuum 
distillation of this liquid yielded 13.6 g (73%) of 9a as a colorless liquid: 
bp 167-170 °C (0.50 mm); NMR 5 6.77 (q, 2 H), 4.50 (s, 2 H), 3.77 (s, 
6 H), 2.65 (t, 2 H), 1.25 (s, 16 H), 0.90 (t, 3 H); IR no -OH peak.

4-(Chloromethyl)-3-n-pentadecylveratrole (9b). Using a 
mixture of 20.9 g (0.0600 mol) of 8b, 85 mL of benzene, 85 mL of glacial 
acetic acid, and 10.0 g (0.333 mol) of paraformaldehyde, a procedure 
similar to that used for 9a was followed. The faint yellow oil obtained 
after the workup solidified on standing. Recrystallization from hex
anes yielded in several crops 18.6 g (78%) of 9b as a white amorphous 
powder: mp 47.0-49.0 °C; NMR <5 6.77 (q, 2 H), 4.47 (s, 2 H), 3.78 (s, 
6 H), 2.60 (t, 2 H), 1.25 (s, 26 H), 0.90 (t, 3 H); IR no -OH peak.

4-(Piperidinomethyl)-3-n-pentadecylveratrole (10). To 118 
mL (1.19 mol) of piperidine was added, with stirring, a solution of 15.0 
g (0.0378 mol) of 9b in 50 mL of toluene. A white precipitate of high 
melting point appeared within seconds. The mixture was stirred at 
room temperature for 24 h. It was then shaken with excess 10% 
aqueous NaOH. The aqueous layer was extracted with ether. The 
combined organic solution was washed with brine and then dried. 
After removal of the solvents, the yellow oily liquid was subjected to 
vacuum distillation to yield 13.2 g (78%) of 10 as a yellow oil: bp 
217-218 °C (0.15 mm); NMR 6 6.65 (q, 2 H), 3.76 (s, 6 H), 3.24 (s, 2 H),
2.58 (t, 2 H), 2.25 (m, 4 H), 1.45 (br s, 6 H), 1.25 (s, 26 H), 0.90 (t, 3 H). 
The mass spectrum showed the M+ peak at m/e 445.

The Boron Tribromide Cleavage of AT-Benzylpiperidine. To 
a solution of 2.14 g (0.00854 mol) of boron tribromide14 in 7.6 mL of 
methylene chloride at —77 °C was added a solution of 1.01 g (0.00574 
mol) of a solution of JV-benzylpiperidine (prepared according to 
Schotten15) in 20 mL of methylene chloride, with rapid stirring. The 
mixture was allowed to warm up to room temperature slowly over 24 
h. The mixture was hydrolyzed with water, diluted with ether, and 
then shaken with excess 2 N HC1. The layers were separated. The 
ether layer was washed with 2 N HC1, dried, and distilled at 50 °C (15 
mm). A yellow liquid identified as benzyl bromide was left. In a control 
experiment, where boron tribromide was replaced by methylene 
chloride, no residue remained after the evaporation of the solvents.

4- (Piperidinomethyl)-3-n-pentadecylcatechol Hydrochloride 
(13). To a solution of 20.0 g (0.0800 mol) of boron tribromide in 50 mL 
of benzene under a dry nitrogen atmosphere was added, with rapid 
stirring, a solution of 14.0 g (0.0350 mol) of 9b in 300 mL of benzene 
during 30 min. The mixture was stirred at room temperature for 24 
h. A solution of 105 g (1.23 mol) of piperidine in 125 mL of benzene 
was added. The mixture was again stirred at room temperature for 
24 h and then 180 mL of air-free water was added. The mixture was 
transferred to a separatory funnel under nitrogen. The layers were 
separated and the organic layer was treated with an ice-cold solution 
of 3 N HC1. The resulting fine white precipitate was filtered and re
crystallized from hot acetone to yield, in several crops, 14.1 g (89%) 
of 13 as a white powdery solid: mp 99.0-100.0 °C; NMR (CDCI3) 5
10.26 (s, 1 H), 9.22 (s, 1 H), 7.14 (q, 2 H), 6.48 (s, 1 H), 4.15 (s, 2 H), 3.38 
(br t, 2 H), 2.78 (m, 4 H), 1.90 (s, 6 H), 1.25 (s, 26 H), 0.90 (t, 3 H). The 
mass spectrum showed a small M+ peak at m/e 417.

Anal. Calcd for C27H48CINO2: C, 71.41; H, 10.65; Cl, 7.81; N, 3.08. 
Found: C, 71.29; H, 10.72; Cl, 7.82; N, 3.15.

3-Methylguaiacol (15). A mixture of 30.0 g (0.200 mol) of o-van- 
illin16 (14), 60 mL of ethyl acetate containing six drops of concentrated 
sulfuric acid, and 1.00 g of 10% palladium on charcoal14 catalyst was 
hydrogenated at an initial hydrogen pressure of 60 psi at room tem
perature for 8 h. The catalyst was filtered off and the filtrate was 
washed with saturated aqueous bicarbonate until the pH of the 
aqueous layer remained at 8. It was then dried, and the solvents were 
evaporated, leaving a clear, brown liquid which solidified in the 
freezer. Recrystallization from hot hexane yielded as the first crop
16.7 g (60%) of 15 in the form of white needles: mp 41.4-42.8 °C (lit.17 
mp 41-42 °C); NMR 5 6.60 (m, 3 H), 5.66 (s, 1 H), 3.73 (s, 3 H), 2.21 
(s, 3 H); IR 3575 cm-1 (strong and sharp, -OH), no carbonyl peak.

5- (Piperidinomethyl)-3-methylguaiacol (16). To a solution of 
15.0 g (0.109 mol) of 15 in 43 mL of piperidine at 0 °C was added, with 
stirring, 30.2 g (0.377 mol) of 37% aqueous formaldehyde. The mixture 
was stirred at room temperature for 1 h and refluxed gently for 2 h. 
It was diluted with water and ether. The layers were separated. The 
aqueous layer was extracted with ether. The combined ethereal so-
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lution was washed with brine and dried. The solvent was evaporated, 
leaving a red liquid. Vacuum distillation of the red liquid yielded as 
the second fraction 15.6 g (61%) of 16 as an extremely viscous yellow 
liquid: bp 132-135 °C (0.25 mm); NMR b 6.73 (s, 1 H), 6.62 (s, 1 H),
6.55 (s, 1 H), 3.62 (s, 3 H), 3.25 (s, 2 H), 2.33 (m, 4 H), 2.19 (s, 3 H), 1.50 
(m, 6 H).

3-n-Pentadecylguaiacol (19). A solution of myristyl Grignard 
reagent in anhydrous ether was prepared from 51.62 g (0.186 mol) of 
1 -bromotetradecane18 and 4.93 g (0.203 mol) of Mg turnings, each in 
60 mL of anhydrous ether, and with a crystal of iodine as a catalyst. 
A 41.0-g (0.169 mol) sample of 2-benzyloxy-3-methoxybenzaldehyde 
(17), prepared according to Merz and Pfaffle,8 was dissolved in 80 mL 
of anhydrous ether and added to the Grignard reagent under a ni
trogen atmosphere, with stirring and ice-bath cooling to control the 
reflux. The mixture was then refluxed for 4 h and then cooled to 0 °C. 
Aqueous 10% HC1 (200 mL) was added. After dilution with ether, the 
layers were separated. The ethereal layer was washed with saturated 
aqueous bicarbonate. The solvent was evaporated, leaving a yellow 
oil which was dissolved in 250 mL of hot 95% ethanol and chilled in 
an ice bath to precipitate hydrocarbon waxes. The waxes were filtered 
off by gravity and the ethanol was evaporated to give 71 g of the crude 
carbinol 18 as a viscous yellow-orange oil. The carbinol was hydro
genated in 142 mL of ethyl acetate containing 14 drops of concen
trated sulfuric acid and 3.0 g of 10% palladium on charcoal catalyst 
at an initial hydrogen pressure of 60 psi at room temperature for 24 
h. After the usual workup, vacuum distillation of the crude product 
yielded 37.6 g (67%) of 19 as a white solid: mp 40-44 °C; bp 183-186 
°C (0.20 mm). A recrystallization from hexane gave pure 3-n-penta- 
decylguaiacol (19): mp 45.5-46.5 °C (lit.9 mp 46.5-46.8 °C); NMR b
6.61 (m, 3 H), 5.48 (s, 1 H), 3.80 (s, 3 H), 2.58 (t, 3 H), 1.25 (s, 26 H), 
0.90 (s, 3 H).

5-(PiperidinomethyI)-3-n-pentadecyIguaiacoI (20). A mixture 
of 12.537 g (0.0375 mol) of 19,14.7 ml, (12.6 g; 0.148 mol) of piperidine, 
and 9.9 mL (10.5 g; 0.13 mol) of 37% formaldehyde was refluxed 
overnight. The mixture was diluted with water and ether. The aqueous 
layer was extracted with ether. The combined ethereal layer was 
washed with brine and dried. The solvent was evaporated and the 
residual oil was distilled at 110 °C (0.25 mm) to remove low-boiling 
materials. The crude product was finally purified by molecular dis
tillation at 125 °C (10-3 mm) to yield 12.77 g (79%) of 20 as an ex
tremely viscous oil which crystallized on standing in the freezer (—6 
°C) for 24 h into a white waxy solid: mp 42.5-45.5 °C; NMR <5 6.68 (s, 
1 H), 6.58 (s, 1 H), 6.20 (s, 1 H), 3.72 (s, 3 H), 3.25 (s, 2 H), 2.60 (t, 2 H), 
2.33 (m, 4 H), 1.45 (s, 6 H), 1.25 (s, 26 H), 0.90 (t, 3 H).

5-(Piperidinomethyl)-3-n-pentadecylcateehol Hydrochloride 
(23). Using a solution of 19 g (0.077 mol) of boron tribromide in 50 mL 
of benzene, a solution o f 6.00 g (0.0139 mol) of 20 in 130 mL of ben
zene, and a solution of 59.3 g (0.695 mol) of piperidine in 70 mL of 
benzene, the procedure described in the preparation of 13 was fol
lowed. After the layers had been separated, the benzene layer was 
treated with 250 mL of ice-cold 2 N HC1. The resulting emulsion was 
cautiously19 reduced until all the benzene was removed. The mixture 
was then filtered by gravity and then recrystallized from 80 mL of hot

acetone to yield 5.52 g (87%) of 23 as white needles: mp 131.5-133.0 
°C; NMR (CDCL) b 10.20 (s, 1 H), 7.33 (d, 2 H), 6.66 (s, 2 H), 4.02 (s, 
2 H), 3.35 (br t, 2 H), 2.59 (m, 6 H), 1.70 (br s, 6 H), 1.25 (s, 26 H), 0.90 
(t, 3 H). The mass spectrum showed no observable M + peak, which 
was expected for a heat-sensitive compound of high molecular weight. 
The fragmentation pattern, however, wa3 very similar to those of 13 
and 25.

Anal. Calcd for C27H48CINO2: C, 71.41; H, 10.65; Cl, 7.81; N, 3.08. 
Found: C, 71.37; H, 10.67; Cl, 7.70; N, 3.09.

6-(Piperidinomethyl)-3-n-pentadecylcatechol Hydrochloride
(25). A solution of 4.20 g (0.0101 mol) of 24 (prepared according to the 
procedure of Lemer2) in 65 mL of ether was shaken with 60 mL (0.060 
mol) of ice-cold 1 N HC1. The white precipitate was collected by 
suction filtration, washed with ether, and recrystallized from 75 mL 
of hot acetone. A 3.84-g yield (84%) of 25, mp 83.0-85.0 °C, was col
lected in several crops as fine, white crystals: NMR (CDCI3 ) £> 10.10 
(s, 1 H), 6.77 (s, 2 H), 6.52 (s, 2 H), 4.21 (s, 2 H), 3.41 (br t, 2 H), 2.60 
(m, 6 H), 1.90 (s, 6 H), 1.25 (s, 26 H), 0.90 (t, 3 H). The mass spectrum 
showed a small M+ peak at m/e 417.

Anal. Calcd for C27H48CINO2: C, 71.41; H, 10.65; Cl, 7.81; N, 3.08. 
Found: C, 70.12; H, 10.90; Cl, 7.61; N, 3.02.

Registry No.— 7, 91-16-7; 8a, 66495-60-1; 8b, 7461-75-8; 9a, 
66495-61-2; 9b, 66495-62-3; 10, 66495-63-4; 13,66495-64-5; 14,148- 
53-8; 15,2896-67-5; 16, 66495-65-6; 17,2011-06-5; 18,66495-66-7; 19, 
16825-58-4; 20, 66495-67-8; 23, 66495-68-9; 24, 64022-07-7; 25, 
66495-69-0; 1-bromodecane, 112-29-8; piperidine, 110-89-4; 1-bro- 
motetradecane, 112-71-0.
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A variety of 5-alkyl-l,2,3,4,5-pentachloro-l,3-cyclopentadienes (4a-d) were prepared. The key step in these syn
theses involved the reaction of a phosphite with hexachlorocyclopentadiene. Attempts were made to effect intra
molecular Diels-Alder cyclization of these compounds without rearrangement in an effort to synthesize longifolene. 
Thermal cyclization occurred in one case, that of 4b, in low yield, but rearrangement preceded cyclization. The mo
lecular structure of this cyclization product was unequivocally elucidated as 5a by X-ray crystallographic analysis. 
Consideration of this structure, which requires reduction as well as rearrangement, suggested a more efficient syn
thesis. Reduction of (E)-4b with lithium aluminum hydride followed by thermal cyclization gave 5a in good yield. 
Benzyl ether 5b was similarly prepared. Both 5a and 5b are potential intermediates in a synthesis of isolongi- 
folene.

Longifolene (1) is a tricyclic sesquiterpene whose chemis
try and synthesis has evoked considerable interest. Three

successful syntheses of longifolene have been reported.2 An 
unsuccessful attempted synthesis reported by Brieger3 drew 
our attention because of its conciseness and the possibility 
that the synthetic goal could be realized with some modifi
cations in the approach. Brieger noted that internal Diels- 
Alder cyclization of 2, which may be prepared from geraniol

and cyclopentadiene, would afford the carbon skeleton of 
longifolene. However, 2 is a 5-alkyl-l,3-cyclopentadiene and 
as such is expected to isomerize readily to the 1- and 2-iso
mers.4 Furthermore, at equilibrium, at least at room tem
perature, the 5-isomer is a very minor constituent.4 Indeed 
Brieger apparently obtained a mixture consisting predomi
nantly of the 1- and 2-isomers. It was hoped that on heating 
thermal equilibration would provide the 5-isomer, which 
would then cyclize. Unfortunately, the only product obtained 
was apparently that resulting from internal Diels-Alder cy
clization of the 1-isomer.5 It should be noted however, that 
such an approach proved viable in the intramolecular Diels- 
Alder cyclization of l-(3-butenyl)-l,3-cyclopentadiene.6 In 
this case, cyclization of the the 5-(3-butenyl)-l,3-cyclopen- 
tadiene is favored over the 1-isomer because the transition 
state of the former cyclization, which leads to brex-4-ene, is 
less strained than that resulting from cyclization of the 1- 
isomer. To overcome the difficulties in this attempted syn
thesis of longifolene securing the 5-isomer and effecting 
Diels-Alder cyclization before isomerization is required. 
Trapping of 5-alkyl-l,3-cyclopentadienes in Diels-Alder re
actions prior to isomerization has been reported in several 
cases.7 However, all of these cases involve especially facile 
Diels-Alder reactions. The difficulty in extending this 
methodology to less facile Diels-Alder reactions is the ease of

isomerization of 5-alkyl-l,3-cyclopentadienes. Since this 
thermal isomerization involves [l,5]sigmatropic rearrange
ment4’8 of a hydrogen atom, replacement of the 5-hydrogen 
atom with an atom or group which undergoes migration less 
readily is indicated. The atom selected for the present studies 
was chlorine and 5-alkyl-l,2,3,4,5-pentachloro-l,3-cyclo- 
pentadienes in particular were studied. This choice was de
termined by the following: (1) 5-alkylpentachloro-l,3-cyclo- 
pentadienes undergo isomerization only at elevated temper
atures (~150 °C);9 (2) alkyl group migration is degenerate 
(although alkyl groups isomerize much less readily than hy
drogen atoms10 anyway except in one special case);11 (3) 
hexachloro-l,3-cyclopentadiene, l,2,3,4,5-pentachloro-l,3- 
cyclopentadiene, and 5-alkylpentachloro-l,3-cyclopenta- 
dienes undergo Diels-Alder reactions with alkenes;9a’d’12 (4) 
hexachlorocyclopentadiene undergoes Diels-Alder reactions 
with inverse electron demand,121*’13 thus electron-releasing 
alkyl groups on the dienophile electronically favor reaction 
(although there is also an adverse steric effect); (5) 5-allylal- 
koxy-5-morpholino-l,2,3,4-tetrachlorocyclopentadiene re
portedly14 undergoes intramolecular Diels-Alder reaction at 
room temperature; (6) methods are available for preparing
5-alkylpentachloro-l,3-cyclopentadienes by reaction of alkyl 
halides with pentachlorocyclopentadienyl anion93,15 or by 
reaction of hexachloro-l,3-cyclopentadiene with alkyl phos
phorus esters;16 (7) all of the chlorine atoms should easily be 
replaceable by hydrogen atoms in the Diels-Alder 
adduct,9a’12c>17 This paper reports attempts to utilize 5-alk- 
ylpentachloro-l,3-cyclopentadienes in a synthesis of longi
folene.

Results
A variety of 5-alkylpentachloro-l,3-cyclopentadienes 

(4a-d), which on intramolecular cyclization without rear
rangement would afford products with the carbon skeleton 
of longifolene, were prepared as follows. A mixture of (E,Z)-
3,7-dimethyl-2,6-octadien-l-ol was successively acetylated, 
selectively oxidized with monoperphthalic acid to the 6,7- 
epoxide, and reduced with lithium aluminum hydride in tet- 
rahydrofuran following the procedure of Mousseron-Canet 
et al.18 to yield 1,7-diol 3a. After purification by column

3a, R  = H
b, R = COCHj
c, R = CH3
d, R -  CH3C6Hs

0022-3263/78/1943-3209$01.00/0 © 1978 American Chemical Society
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chromatography on silica gel, 1,7-diol 3a was selectively 
acetylated. Treatment of hydroxy acetate 3b so obtained with 
triethylamine and diethyl phosphorochloridite presumably 
gave the corresponding mixed phosphite. This intermediate 
was not isolated and characterized, but treated with hexa- 
chlorocyclopentadiene to afford, in analogy with the studies 
of Mark and co-workers,16 5 -alkylpentachlorocyclopentadiene 
4a in 3 9% yield after purification by silica gel chromatography. 
In a similar manner hydroxy methyl ether 3c and hydroxy 
benzyl ether 3d were transformed into 5-alkylpentachloro- 
cyclopentadienes 4b and 4c in 56 and 60% yield, respectively.

4a, R = CH2OCOCH3
b, R = CH2OCH3
c, R = CH2OCH2C6H5
d, R = CH2OH

Hydroxy methyl ether 3c19 was secured by methylation of 
(E,Z)-3,7-dimethyl-2,6 -octadien-l-ol with sodium hydride 
and methyl iodide, followed by selective oxidation with 
monoperphthalic acid, and then reduction with lithium alu
minum hydride. Hydroxy benzyl ether 3d was prepared from 
3a by sequential treatment with sodium hydride in tetrahy- 
drofuran and excess benzyl bromide. Acetate 4a, on exposure 
to sodium carbonate and methanol, produced alcohol 4d. This 
alcohol could be converted easily into a variety of 5-alkyl- 
pentachlorocyclopentadienes. On treatment with sodium 
hydride in tetrahydrofuran and methyl iodide or benzyl bro
mide, alcohol 4d gave methyl ether 4b and benzyl ether 4c. 
Both of these ethers were identical with those prepared by the 
alternative routes already described.

In addition to the E ,Z  isomers of 4 prepared as outlined 
above, isomerically pure (E)-4b was prepared from geraniol, 
(£')-3,7-dimethyl-2,6-octadien-l-ol. Successive- methylation, 
selective epoxidation, and reduction of geraniol yielded (E )-  
3c. Conversion of (£)-3c into (£)-4b was accomplished in the 
same manner as that for the transformation of (E ,Z )-3c into 
(E ,Z )~  4b.

The structures of 5-alkylpentachlorocyclopentadienes 4a-d 
were assigned on the basis of the method of synthesis and 
spectroscopic data (IR, XH NMR, and MS). Data supporting 
the assignment of these materials as 5-alkylpentachlorocy- 
clopentadienes, as opposed to the 1 - or 2 -alkyl isomers, was 
of special interest. In this regard, note should be made that 
compounds 4a-d showed no, or at most weak, absorption in 
or near the 800-815-cm-1 region in the IR. Furthermore, the 
13C NMR spectrum of (E )- 4 b  was measured.

Attempts to effect intramolecular Diels-Alder cyclization 
of 5-alkylpentachlorocyclopentadienes 4a-d under a variety 
of conditions appeared to be of no avail with one exception.20 
Heating a dilute solution of 4b and hydroquinone in decalin 
at reflux under an argon atmosphere for 1 h gave a mixture 
which was separated by column chromatography on silica gel. 
Uncyclized material was recovered but, although the ]H NMR 
spectrum of this material was identical with starting 4b, an 
absorption band of medium strength at 795 cm- 1  appeared 
in the IR spectrum of this material which was not present in 
that of the starting material. In addition a small amount of a 
colorless solid was also obtained. JH NMR, IR, and UV spectra 
indicated that this solid was a cyclized product of 4b, but MS 
data suggested that a chlorine atom had been replaced by a 
hydrogen atom. Since only small amounts of this difficulty 
obtainable material were available its detailed structure was 
determined by single-crystal X-ray diffraction analysis.

The molecular structure of this material is shown in 5a. A 
stereoscopic view of 5a is presented in Figure 1.

12

5a, R = H 
b, R = C6Hs

Once the detailed structure of 5a had been elucidated a 
more efficient route to this material was devised. Reduction 
of (E)-4b with lithium aluminum hydride in tetrahydrofuran 
gave (E)-tetrachlorocyclopentadiene 6a in 72-81% yield.

6a, R = CH3 
b, R = CH2C6H5

Heating a dilute solution of (E)-6a and hydroquinone in de
calin at reflux under an argon atmosphere for 5 h provided 5a 
in 70-80% yield. Similarly, (J5,Z)-4c on reduction with lithium 
aluminum hydride yielded (E,Z)-6b in 78% yield. Intramo
lecular Diels-Alder cyclization of (E,Z)-6b was effected in a 
manner similar to that for (E)-6a to afford 5b in 41% yield and 
another isomer in 6% yield. The structure 5b was assigned on 
the basis of spectral data, particularly the XH NMR spec
trum.

Discussion
An essential aspect to this synthetic approach was the 

preparation of 5-alkylpentachloro-l,3-cyclopentadienes 4. To 
accomplish this, a carbon-carbon bond establishing a qua
ternary carbon must be formed. This was readily achieved by 
reaction of alkyl phosphorous esters and hexachloro-1,3- 
cyclopentadiene.16 An additional useful aspect of this reaction 
is that a mixed phosphite could be used owing to the greater 
ease of transfer of a tertiary over a primary alkyl group.168 
That 5-alkyl isomers are formed in the reactions of alkyl 
phosphites with hexachloro-l,3-cyclopentadiene has been 
previously shown by IR,9c Raman,22 4H NMR,9a 13C NMR,9c-23 
ESCA,24 and chemical studies.98-121 Thus the lack of strong 
absorption in the IR in the 800-815-cm_1 region is diagnostic 
for 5-alkylpentachlorocyclopentadienes. Isomeric 1- and 2 - 
alkylpentachlorocyclopentadienes absorb in this region owing
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to a CCI2 vibration.90 All of the alkylpentachlorocyclopenta- 
dienes prepared in our work by the reaction of phosphites with 
hexachlorocyclopentadiene are devoid of significant absorp
tion in the 800-815-cm_1 region and, therefore, are assigned 
as the 5-isomers. In addition the 13C NMR spectrum of (2£)-4b 
supports its assignment as a 5-alkyl isomer. Four peaks occur 
in the olefinic carbon region. Two of these peaks (those at
122.3 and 138.6 ppm) are due to resonance of the olefinic 
carbons which are not part of the cyclopentadienyl ring. Thus 
resonance due to the cyclopentadienyl ring carbons give rise 
to only two signals (at 129.5 and 134.4 ppm). Therefore, there 
are only two nonequivalent olefinic carbon atoms in the cy
clopentadienyl ring. Only the 5-alkyl isomer is sufficiently 
symmetric to accommodate this result. Furthermore, the peak 
at 80.2 ppm,25 which is assigned to the resonance of the satu
rated carbon of the cyclopentadienyl ring, is consistent with 
a 5-alkyl isomer. The chemical shift for C(5) in 5-ethyl-
l,2,3,4-5-pentachloro-l,3-cyclopentadiene in deuteriochlo- 
roform is 73 ppm. This leads to a calculated26 chemical shift 
for the saturated carbon of the cyclopentadienyl ring in CE)-4b 
of 79 ppm, which is ir. good agreement with the observed 
value.

With the required 5-alkylpentachlorocyclopentadienes in 
hand a question of key importance for the synthetic approach 
was would intramolecular Diels-Alder cyclization compete 
favorably with alternative modes of reaction such as isomer
ization. The results show that this is not the case. Only a 
product resulting from cyclization of a 1 -substituted isomer 
was isolated. In addition the recovered uncyclized material 
showed absorption in the IR at 795 cm- 1  which was absent in 
the starting material. This suggests the presence of the 1- 
and/or 2 -alkyl isomers.27

The structure of the cyclization product obtained from 
(E ,Z )-4 h  was unambiguously deduced from X-ray studies. 
The bond lengths, bond angles, and torsion angles determined 
for 5a compare favorably with the expected values.28 The 
mechanism by which 5a formed was not investigated in detail, 
but some pertinent comments can be made. Clearly, isomer
ization precedes cyclization. Furthermore, a reasonable pos
sibility is that 4b suffers homolysis of the C(5')-C1 bond to 
generate a tetrachlorocyclopentadienyl radical and chlorine 
atom, which can either recombine to give the isomeric alkyl- 
pentachlorocyclopentadienes or the tetrachlorocyclopenta
dienyl radical abstracts a hydrogen atom. This presumably 
would lead to a mixture of compounds 7-9, which can easily

7 8 9

thermally equilibrate by [l,5]sigmatropic rearrangement of 
hydrogen. Isomer 8  may then undergo Diels-Alder cyclization 
to produce 5a. In support of this suggestion it was found that 
reduction of (E ) -4b with lithium aluminum hydride29 gave, 
in good yield, a mixture of tetrachlorocyclopentadienes (NMR 
analysis suggests 30% of 7 and 70% of 8  and/or 9) which un
derwent thermal cyclization, under the conditions used for 
cyclization of 4b, to afford 5a in good yield. The stereochem
istry of 5a results from the expected cis addition12e to the 
(-E)-alkene.30 In addition steric factors rather than dipole 
attractions126’31 determine the preference for the syn-7-chloro 
isomer.

Finally it has not escaped our attention that 5a contains the 
tricyclic ring system of isolongifolene (10).32 Thus studies

aimed at converting 5a or 5b into isolongifolene are under
way.

Experimental Section
Elemental microanalysis was performed by analysts at the Scan

dinavian Microanalytical Laboratory, Herlev, Denmark. IR spectra 
were measured using a Perkin-Elmer Model 137 IR spectrophotom
eter. *H NMR spectra were measured at 60 MHz using a Varian Model 
T-60 NMR spectrometer on samples containing tetramethylsilane 
as an internal standard. All coupling constants are reproducible to 
±1 Hz. The 13C NMR spectrum was measured at 22.63 MHz using 
a Bruker Model WH90 NMR spectrometer on a sample with hexa- 
deuterioacetone as solvent and internal standard. Mass spectra were 
determined employing a Hitachi-Perkin-Elmer Model RMU-6E 
double focusing mass spectrometer or Hewlett-Packard Model 5930A 
dodecapole mass spectrometer. The values in parentheses are the 
ratios of the intensity of the peaks to the base peak in the spectrum. 
UV spectra were measured using a Cary Model 14 spectrophotometer. 
Melting points are corrected and were determined in capillary tubes 
using a Thomas-Hoover melting point apparatus. Tetrahydrofuran 
(AR) was distilled from lithium aluminum hydride before use. The 
silica gel (0.063-0.2 mm) used in column chromatography was ob
tained from ICN Pharmaceuticals, and that used in thin-layer chro
matography was obtained from Brinkmann Instruments, Inc. (E. 
Merck, HF-254).

(E ,Z )-Hydroxy Acetate 3b. A solution of (.E,Z)-l,7-diol 3a (955 
mg, 5.5 mmol) in pyridine (2 mL) was cooled in an ice bath. Acetic 
anhydride (1.0 mL, 10 mmol) was added. The ice bath was removed 
and the reaction was stirred for 12 days at room temperature. The 
reaction mixture was poured into ice and extracted three times with 
petroleum ether (bp 30-60 °C). The combined petroleum ether ex
tracts were washed sequentially with two portions of saturated 
aqueous cupric sulfate solution, water, saturated aqueous sodium 
bicarbonate solution, and saturated aqueous sodium chloride solution, 
dried with anhydrous magnesium sulfate, and concentrated by rotary 
evaporation to a clear oil. This material was chromatographed on a 
silica gel column (eluted with petroleum ether-ethyl acetate) and 
distilled from bulb to bulb under oil pump vacuum to give 3b (880 mg, 
75% yield): IR (neat) 1740 (C = 0 ) cm“ 1; NMR (neat) b 0.78-2.38 (m, 
18 H, aliphatic), 3.33 (s, 1 H, OH), 4.52 (d, 2 H, J = 7 Hz, allylic CH2), 
5.33 (br t, 1 H, J  = 7 Hz, vinyl).

Anal. Calcd for Ci2H2203: C, 67.25; H, 10.35. Found: C, 66.91; H,
9.93.

(E,Z)-3,7-Dimethy]-l -methoxy-2-octene 6,7-Oxide. A solution 
of (£,Z)-3,7-dimethyl-l-methoxy-2,6-octadiene (13.4 g, 80 mmol) in 
anhydrous ethyl ether (20 mL) was cooled in a dry ice-acetone bath 
and a solution of monoperphthalic acid31 (160 mL, 0.8 N, 130 mmol) 
was added over 10 min. The reaction mixture was stored at 0 °C for 
14 days. The reaction was cautiously poured into saturated aqueous 
sodium bicarbonate solution, shaken, and the two layers separated. 
The aqueous suspension was extracted with ethyl ether (3X). The 
combined ether extracts were washed sequentially with saturated 
sodium bicarbonate solution and brine, dried with anhydrous mag
nesium sulfate, and concentrated by rotary evaporation to a clear oil 
(14 g, 95% yield). Similar experiments resulted in yields ranging from 
80 to 97%: NMR (neat) «5 0.94-2.34 (m, 13 H, aliphatic), 2.57 (t, 1 H, 
J  = 6 Hz, epoxide), 3.18 (s, 3 H, OCH3), 3.84 (d, 2 H, J = 6 Hz, allylic 
OCH2), 5.27 (br t, 1 H, J  = 7 Hz, vinyl). This material was used 
without further purification.

Hydroxy Methyl Ether 3c. A suspension of lithium aluminum 
hydride (6.0 g, 160 mmol) in anhydrous tetrahydrofuran (150 mL) was 
cooled in an ice bath and a solution of (E,Z)-3,7-dimethyl-l-me- 
thoxy-2-octene 6,7-oxide (12.8 g, 70 mmol) in anhydrous tetrahy
drofuran (100 mL) was added over 10 min. The reaction mixture was 
heated at reflux for 18 h. Wet ethyl ether and aqueous sodium po
tassium tartrate solutions were added sequentially. The aqueous layer 
was separated and extracted with ethyl ether (3X). The combined 
ether extracts were washed with brine (2X), dried with anhydrous 
magnesium sulfate, and concentrated by rotary evaporation to a clear 
oil which was distilled under vacuum (12.1 g, 93% yield): IR (neat)
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3400 (m, OH) cm '1; NMR (neat) 5 0.67-2.40 (m, 15 H, aliphatic), 3.20 
(s, 3 H, OCH3), 3.57 (s, 1 H, OH), 3.87 (d, 2 H, J  = 6 Hz, allylic OCH2),
5.28 (br t, 1 H, J = 7 Hz, vinyl).

Anal. Calcd for Cn H2202: C, 70.92; H, 11.90. Found: C, 70.34; H,
12.19.

Hydroxy Benzyl Ether 3d. Sodium hydride (1.61 g, 57% mineral 
oil dispersion, 38 mmol), washed twice with ethyl ether, was cooled 
in an ice bath and a solution of (E,Z)-1,7-diol 3 a  (5.75 g, 33 mmol) in 
anhydrous tetrahydrofuran (40 mL) was added. Benzyl bromide (4.8 
mL, 40 mmol) was added to the reaction mixture and the ice bath 
removed. The reaction was stirred for 42 h and then poured into wet 
ether. The ether extract was washed sequentially with water and 
saturated aqueous sodium chloride solution, dried with anhydrous 
magnesium sulfate, and concentrated by rotary evaporation using oil 
pump vacuum. The residue was chromatographed on silica gel and 
distilled under oil pump vacuum (6.81 g, 80% yield): IR (neat) 3400 
(m, OH) cm -1; NMR (neat) 6 0.80-2.37 (m, 15 H, aliphatic), 3.40 (s, 
1 H, OH), 4.03 (d, 2 H, J = 7 Hz, allylic OCH3), 4.47 (s, 2 H, benzylic 
OCH2), 5.48 (br t, 1 H, J = 6 Hz, vinyl), 7.32 (s, 5 H, aromatic).

Anal. Calcd for Ci7H260 2: C, 77.82; H, 9.99. Found: C, 77.33; H,
9.84.

Preparation of 4b from Hydroxy Methyl Ether 3c. A solution 
of (E,Z)-hydroxy methyl ether 3c  (5.35 g, 29 mmol) and triethylamine 
(5.0 mL, 40 mmol) in anhydrous ethyl ether (25 mL) was cooled in an 
ice bath. Diethyl phosphorochloridite (5.52 g, 35 mmol), prepared by 
the method of Cook and co-workers,34 was added. The ice bath was 
removed and the reaction mixture stirred 18 h at room temperature. 
The reaction was cooled in a dry ice-acetone bath. Anhydrous ethyl 
ether (20 mL) and hexachlorocyclopentadiene (5.0 mL, 30 mmol) were 
added sequentially. The reaction was stirred for 1 h. The dry ice- 
acetone bath was removed and the reaction stirred for an additional 
75 min. The reaction was poured into saturated aqueous sodium bi
carbonate solution. The aqueous suspension was extracted with ethyl 
ether (3X). The combined ether extracts were washed successively 
with two portions of saturated aqueous cupric sulfate solution, dried 
with anhydrous magnesium sulfate, and concentrated by rotary 
evaporation. The resulting oil was chromatographed on a silica gel 
column by a gradient elution with petroleum ether (bp 30-60 °C) and 
ethyl acetate. A yellow oil was so obtained (6.5 g, 55% yield): UV (cy
clohexane) Xmax 314 nm (1800); IR (neat) 1610 (C1C=CC1) c m '1; 
NMR (CCLt) 5 0.58-2.35 (m, 15 H, aliphatic), 3.18 (s, 3 H, OCH3), 3.82 
(d, 2 H, J  = 7 Hz, allylic OCH2), 5.20 (br t, 1 H, J = 6 Hz, vinyl); MS 
m/e 410 (0.001), 408 (0.004), 406 (0.006), 169 (0.162), 137 (1.00), 95 
(0.128), 81 (0.458); (P -  C5C16) 169.1597 (calcd for Cn H2iO, 
169.1592).

(E)-4b was prepared from geraniol in the same way as (E,Z)-4b was 
prepared from (E,Z)-3,7-dimethyl-2,6-octadien-l-ol: 13C NMR 
(CD3COCD3) 5 15.8,22.4,22.8,36.5,39.9,43.2,57.0,68.7,80.2,122.3,
129.5,134.4, and 138.6.

Preparation of 4c from Hydroxy Benzyl Ether 3d. The same 
procedure as used for the synthesis of 4b was followed except sub
stituting 3d for 3c. The yield was 60% after purification by column 
chromatography on silica gel: UV (cyclohexane) Amax 313 nm (1800); 
IR (neat) 1600 (C1C=CC1) cm "1; NMR (CC14) 5 0.72-2.25 (m, 15 H, 
aliphatic), 3.88 (d, 2 H, J = 7 Hz, allylic OCH2), 4.37 (s, 2 H„benzylic 
OCH2), 5.30 (br t, 1 H, J = 7 Hz, vinyl), 7.18 (s, 5 H, aromatic).

Anal. Calcd for C22H25CI5O: C, 54.74; H, 5.22. Found: C, 55.28; H,
5.39.

Preparation of 4a. The same procedure as used for the synthesis 
of 4b was followed except utilizing 3b in place of 3c. The yield was 39% 
after purification by column chromatography on silica gel: IR (neat) 
1730 (C = 0 ), 1600 (C1C=CC1) cm '1; NMR (CC14) 5 0.47-2.30 (m, 18 
H, aliphatic), 4.40 (d, 2 H, J  = 7 Hz, allylic OCH2), 5.28 (t, 1 H, J = 
7 Hz, vinyl); MS m/e (P -  C7CI5H3O) 154.1361 (calcd for C10Hi8O, 
154.1358).

Conversion of 4a into 4d. A mixture of (E,Z)-4a (2.59 g, 6.0 mmol) 
and sodium carbonate (2 g, 20 mmol) in methanol (25 mL) was stirred 
for 18 h at room temperature. The mixture was then filtered, poured 
into water, and extracted with ethyl ether. The ether extract was dried 
with anhydrous magnesium sulfate, concentrated by rotary evapo
ration, and chromatographed on silica gel to give a pale yellow oil (1.72 
g, 73% yield): IR (neat) 3300 (OH), 1600 (C1C=CC1) cm "1; NMR 
(CCb) 5 0.40-2.35 (m, 15 H, aliphatic), 3.03 (s, 1 H, OH), 3.97 (d, 2 H, 
J — 7 Hz, allylic OCH2), 5.32 (br t, 1 H, J  = 7 Hz, vinyl); MS m/e (P 
-  C5CI5H) 154.1361 (calcd for Ci0H i8O, 154.1358).

Preparation of 4c from 4d. Sodium hydride (350 mg, 57% mineral 
oil dispersion, 14 mmol), washed twice with anhydrous ethyl ether, 
was cooled in ice and a solution of (E,Z)- ld (355 mg, 0.90 mmol) in 
anhydrous tetrahydrofuran (6 mL) was added. Benzyl bromide (0.6 
mL, 5 mmol) was added to the reaction mixture and the ice bath was

Table I. Crystal Data fo r  5a

crystal dimension, 
mm

6
min and max 

transmission 
space group 
mol formula 
mol wt
D 0bsd 
D  calcd
cell dimensions

0.2 X 0.3 X 0.5 

62
0.37-0.13

P 2 i/n
C16H22C140
372
1.46
1.44
a = 13.038 (5), b = 9.583 (4), c 

(5) Ä, a = 90, ß = 105.878, 7 
= 1715.3 Ä3, Z  = 4.

14.274 
90°, V

removed. The reaction was stirred for 18 h and then poured into wet 
ethyl ether. The ether extract was washed with saturated aqueous 
sodium chloride solution, dried with anhydrous magnesium sulfate, 
and concentrated by rotary evaporation. Excess benzyl bromide was 
evaporated under vacuum (oil pump) with heating in a warm water 
bath overnight, leaving a pale yellow oil (418 mg, 95%). Spectral data 
was the same as that for material prepared by the alternate proce
dure.

Preparation of 4b from 4d. When methyl iodide was substituted 
for benzyl bromide in the preceding procedure, the yield was 73%. The 
IR and 4H NMR spectra are the same as that reported in the alternate 
synthesis of (E,Z)-4b.

Conversion of 4b into 5a. A solution of (E,Z)-4b (729 mg, 2.00 
mmol) and hydroquinone (77 mg, 0.70 mmol) in decalin (300 mL) 
under argon was heated at reflux for 1 h. The solution was let cool to 
room temperature and concentrated by rotary evaporation using oil 
pump vacuum. The residue was chromatographed on a column of 
silica gel, eluting with a gradient of petroleum ether (bp 30-60 °C) and 
benzene. Uncyclized triene (561 mg, 1.40 mmol), recovered from this 
reaction, had identical JH NMR spectrum and Rf on silica gel with 
that of starting material 4b. However this recovered triene had a 
medium absorption band in the IR at 795 cm-1, which was not found 
in the IR spectrum of 4b. A solid 5a (52 mg, 6% conversion) was also 
isolated, which was recrystallized from a mixture of benzene-petro
leum ether (bp 30-60 °C). An X-ray diffraction study was carried out 
on these crystals: mp 151-153 °C; UV (cyclohexane) end absorption 
225 nm (5000); IR (KBr) 1570 (C1C=CC1) c m '1; MS m/e 376 (0.01), 
374 (0.04), 372 (0.09), 370 (P, 0.08), 245 (1.00), 243 (0.85), 202 (0.68), 
85 (0.95), 81 (0.80), 45 (0.82); a 'H NMR spectrum was taken on the 
solid before recrystallization. This *H NMR spectrum had the same 
resonance peaks as those recorded for 5a synthesized from (E)-6a, 
but also contained extraneous peaks from impurities.

X-ray Diffraction Structural Determination of 5a. Crystals 
were obtained from a vapor diffusion crystallization from benzene 
and petroleum ether (bp 30-60 °C). Weissenberg photographs of a 
crystal mounted about the c axis revealed a monoclinic system. Sys
tematic absences identified the space group as P2j/n. The crystal was 
transferred to a Picker FACS-I diffractometer (CuKa, X = 1.54178 
A, graphite monochromator) and the cell dimensions and orientation 
matrix were calculated from 12 accurately centered reflections. Table 
I summarizes the pertinent crystal data.

Intensity data were collected using a scintillation counter with 
pulse-height analyzer, 6-28 scan technique (to a maximum 28 of 120°), 
2°/min scan rate, 10-s background counts, attenuators when the count 
rate exceeded 104 counts/s, and 2° scan range with a dispersion factor 
allowing for « i -a 2 splitting at large 28 values. Of 2651 independent 
reflections measured, 2115 equal to or greater than 3ol were used in 
the structural analysis. No appreciable decrease in intensity of the 
standard reflections was observed, and no correction was made for 
absorption.

The structure was solved using M U L T A N . 35 All but two nonhydro
gen atoms were located on the first E map. The two remaining methyl 
carbon atoms were located using Fourier difference maps.36 Anom
alous scattering by chlorine was taken into account using scattering 
factor tables by Cromer and Mann.37 Full-matrix least-squares re
finement with anisotropic thermal parameters for the four chlorine 
atoms and isotropic thermal parameters for all other nonhydrogen 
atoms reduced R = 2 (|F0| — |FC|)/2 |F0| to 0.094. Refinement was 
based on F„, the quantity minimized being w = 4F02/cr2(F02), with unit 
weights. The maximum shift of parameters with respect to the stan
dard deviation in the final cycle was 1.46 for the nonhydrogen atoms. 
The standard deviation of an observation of unit weight was 4.654.
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Preparation of (E)-6a. A suspension of lithium aluminum hydride 
(442 mg, 11.6 mmol) in anhydrous tetrahydrofuran (30 mL) was cooled 
in a dry ice-acetone bath and a solution of (£)-4b (273 mg, 0.67 mmol) 
in anhydrous tetrahydrofuran (20 mL) was added. The reaction was 
placed and maintained under argon. The dry ice-acetone bath was 
removed and the reaction mixture stirred at room temperature 
overnight. The reaction mixture was poured into iced 1 N aqueous 
hydrochloric acid solution (50 mL) layered with ether (20 mL). The 
aqueous layer was separated and extracted three times with ether. 
The combined ether extracts were dried with anhydrous magnesium 
sulfate and concentrated by rotary evaporation. The resulting oil was 
chromatographed on a preparative layer plate of silica gel, using 
benzene as eluent. The product was washed off the silica gel with ethyl 
acetate and concentrated by rotary evaporation to a pale yellow oil 
(180 mg, 72%): UV (cyclohexane) \max 285 nm (1800); IR (neat) 1600 
(CIC=CC1) cm“ 1; NMR (CCD 8 0.62-2.28 (m, 15 H, aliphatic), 3.18 
(s, 3.3 H, OCH3 and cyclopentadienyl CHR), 3.78 (d, 2 H, J  = 6 Hz, 
allylic OCHa), 4.63 (s, 0.7 H, cyclopentadienyl CHC1), 5.18 (br t, 1 H, 
J = 6 Hz vinyl); NMR (CgHe) <5 0.37-2.34 (m, 15 H, aliphatic), 2.65 
(s, 0.3 H, cyclopentadienyl CHR), 3.15 (s, 3 H, OCH3), 3.82 (d, 2 H, 
J -  7 Hz, allylic OCH2), 4.25 (s, 0.7 H, cyclopentadienyl CHC1), 5.42 
(br t, 1 H, J  = 6 Hz, vinyl); MS m/e 378, 376, 374 (0.02), 372 (0.04), 
370 (0.04), 245 (0.57), 209 (0.55), 119 (1.00), 105 (0.77), 91 (0.77), 85 
(0.77), 81 (0.72).

Preparation of ( E,Z)-(lb. The same procedure as used for the 
preparation of (E)-6a was followed utilizing (E,Z)~4c. A 78% yield of 
(E,Z)-6b was obtained: UV (cyclohexane) Amax 302 nm (1800); IR 
(neat) 1620 (C1C=CC1) cm“ 1; NMR (CC14) 8 0.45-2.23 (m, 15 H, ali
phatic), 3.05 (s, 0.3 H, cyclopentadienyl CHR), 3.9 (d, 2 H, J  = 6 Hz, 
allylic OCH2), 4.38 (s, 2 H, benzylic OCH2), 4.62 (s, 0.7 H, cyclopen
tadienyl CHC1), 5.32 (br t, 1 H, J  =  7 Hz, vinyl), 7.2 (s, 5 H, aromat
ic).

Cyclization of (E )-6a to 5a. A solution of (E)-6a (228 mg, 0.60 
mmol) and hydroquinone (24 mg, 0.2 mmol) in decalin (50 mL) under 
argon was heated at reflux for 1 h. The solution was allowed to cool 
to room temperature and then concentrated by rotary evaporation 
under oil pump vacuum. The residue was chromatographed on a 
preparative layer plate of silica gel, using benzene as eluent. A solid 
5a (114 mg) was isolated. A second fraction (79 mg) was a mixture of 
uneyclized 6a and 5a. This fraction was again chromatographed on 
a preparative layer plate of silica gel, using benzene as eluent. More 
solid (15 mg) was isolated, which when combined with the solid first 
obtained gave 129 mg (57% conversion) of 5a. The second fraction (64 
mg) from this second preparative layer chromatography had identical 
:H NMR spectrum and Rf on silica gel as 6a. However this second 
fraction had a weak absorption band in its IR spectrum at 820 cm“ 1 
which was not in the IR spectrum of 6a. Compound 5a was identical 
(IR and UV spectra, mixture melting point) with the cyclized product 
from 4b: NMR (CDC13) 5 1.07-2.03 (m, 15 H, aliphatic), 2.20 (d of d, 
1 H, J  = 11 Hz, J = 3 Hz, C(3)-H), 3.12 (t, 1 H, J = 10 Hz, C(15)-H),
3.30 (s, 3 H, OCH3), 3.67 (d of d, 1 H, J = 9, 3 Hz, C(15)-H), 4.80 (s, 
1 H, C(7-H) (note that the t centered at 5 3.12 and the s centered at
3.30 partially overlap); NMR (CeH6) <5 0.40-1.93 (m, 15 H, aliphatic),.
2.09 (d of d, 1 H, J  = 10, 2 Hz, C(3)-H), 2.95 (s, 3 H, OCH3), 3.05 (t, 
1 H, J = 10Hz, C(15)-H), 3.67 (d of d, 1 H, J  = 7 ,3Hz, C(15)-H), 4.43 
(s, 1 H, C(7)-H) (note that the s centered at 8 2.95 and the t centered 
at 3.05 partially overlap).

Anal. Calcd for Ci6H22C140 : C, 51.64; H, 5.96; Cl, 38.10. Found: C, 
51.84; H, 6.15; Cl, 37.73.

An improved procedure for this conversion was developed. A so
lution of (_E)-6a (51.1 mg, 0.13 mmol) and hydroquinone (5.4 mg, 0.05 
mmol) in decalin (25 mL) under argon was heated at reflux for 5 h. 
The solution was allowed to cool to room temperature and then con
centrated by rotary evaporation under oil pump vacuum. The residue 
was chromatographed on a preparative layer plate of silica gel, using 
benzene as eluent. A solid (33.9 mg) of mp 123-133 °C was isolated. 
Its IR was identical with that of previously prepared material. A 
second fraction of mp 111-122 °C was also collected to give a com
bined yield of 43 mg (84%).

Cyclization of (E,Z)-8b to 5b. The same procedure as used for the 
preparation of 5a was followed substituting (E,Z)-6b for (i?)-6a. This 
resulted in a 41% conversion to 5b: UV (cyclohexane) end absorption 
225 nm (770); IR (neat) 1610 (C1C=CC1) cm“ 1; NMR (CC14) 8 
0.60-2.00 (m, 15 H, aliphatic), 2.20 (d of d, 1 H, J = 10, 3 Hz, 
OCH2CH), 3.20 (t, 1 H, J = 10 Hz, OCH), 3.73 (d of d, 1 H, J = 10,3 
Hz, OCH), 4.40 (s, 2 H, benzylic OCH2), 4.70 (s, 1 H, CHC1), 7.23 (s, 
5 H, aromatic); MS (14 eV) m/e 452 (0.01), 450 (0.04), 448 (0.07), 446 
(0.09), 287 (0.59), 285 (0.90), 251 (0.56), 249 (1.00), 245 (0.51), 243 
(0.46), 202 (0.42), 119 (0.45), 117 (0.45), 91 (0.63); (P) 446.0744 (calcd 
for C22H26Cl40, 446.0738).

A second cyclized product was also isolated (6% conversion): IR 
(neat) 1600 (C1C=CC1) cm“ 1; NMR (CC14) 8 0.58-2.27 (m, 20 H), 
3.48-3.83 (m, 2 H), 4.47 (s, 2 H), 4.77 (s, 0.5 H), 7.23 (s, 5 H).

Uneyclized (E,Z)~6b (40% recovery) was also isolated. This recov
ered material had identical 1H NMR spectrum and Rf on silica gel 
with that of starting (E,Z)-6b. However, the recovered material 
showed a weak absorption band in the IR at 820 cm“ 1 which is not 
found in the IR spectrum of starting (E,Z)-6b.
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oxide, 66515-43-3; (£)-3,7-dimethyl-l-methoxy-2,6-octadiene, 
2565-82-4; (Z)-3,7-dimethyI-l-methoxy-2,6-octadiene, 2565-83-5; 
geraniol, 106-24-1.

Supplementary Material Available: A stereoscopic view of the 
packing of molecules in the unit cell (Figure 2) and tables of final 
atomic positional and thermal parameters, bond length, bond angle, 
torsion angle data, and structure factors for 5a (Tables I-VI) (4 pages). 
Ordering information is given on any current masthead page.
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Synthesis, Photolysis, and Pyrolysis of 10-Substituted 
exo-3,4,5-Triazatricyclo[5.2.1.02’6]dec-3-enes. Preparation of 8-Substituted 
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A systematic study of the addition of aryl azides to 7-substituted bicyclo(2.2.1]hept-2-enes to yield 10-substitut- 
ed 5-aryl-exo-3,4,5-triazatricyclo[5.2.1.02'6]dec-3-enes has been carried out. The influence of substituents in the 
10 position on the pyrolysis and photolysis of these triazatricyclodecenes has been studied. A variety of 8-substitut- 
ed 3-aryl-3-azatricyclo[3.2.1.02’4]octanes have been prepared.

Perhaps one of the most quoted examples of neighboring 
group participation in solvolysis reactions is that of the 
e n d o -cyclopropyl moiety of l . 1 The 1014 rate difference2 be
tween 1 and 2 , which results from the vigorous neighboring

2 1 3

group participation of the strained 2-4 bond of 1 , is among the
largest effects recorded for participation by a carbon-carbon
bond. In view of this dramatic influence of the cyclopropane
portion of 1 , the question of the degree of participation which

might be provided by the carbon-carbon bond of similarly 
situated three-membered heterocyclics became of interest. 
As part of a general study of participation by the carbon- 
carbon bond of epoxides, episulfides, and aziridines, we de
veloped a need for a synthetic route to 3. This paper provides 
the details of our preliminary investigation of the synthesis 
of exo- and endo-3-aryl-3-azatricyclo[3.2.1.02-4]octanes via 
the photolysis and pyrolysis of 10-substituted 5-aryl-exo-
3.4.5- triazatricyclo[5.2.1.02'6]dec-3-enes.

Although numerous methods exist for the synthesis of az
iridines,3 most of those which are available do not lend 
themselves to the preparation of 8 -substituted 3-aryl-endo-
3-azatricyclo[3.2.1.02 4]octanes. The single approach which 
appeared to be attractive involved the addition of aryl azides 
to bicvclo[2 .2 .1]heptene derivatives4-5 followed by either 
photolysis5-7 or pyrolysis6a-6b-7b-8 of the resulting 5-aryl-exo-
3.4.5- triazatricyclo[5.2.1.02’6]dec-3-enes. While the photo
chemical loss of nitrogen from the exo triazolines gave only 
exo aziridines, the thermal process resulted in the formation
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of both exo and endo aziridines. The unusual formation of 
endo aziridines was rationalized as occurring via thermal 
opening of 4 to give 5, followed by subsequent conversion of 
5 into 6  with loss of nitrogen.7b-8h-k-8m Although extensive

Ar

literature exists on the 3-azatricyclo[3.2.1.02-4]octanes,5_8 
relatively little is known about 8 -substituted variants. This 
is particularly true for derivatives in which the aziridine 
moiety is endo. Unfortunately, of the three examples which 
were known,6b-7a-9 none was suitable for our purposes. Thus, 
we carried out the following study.

In principle, the most straightforward approach to pre
cursors of 3 would be the conversion of 7 into 8  and subsequent 
thermolysis of 8  to give mixtures of 9,10, and 11. Halton and

ysis of 8c gave 26% of 10c13 in addition to 24% of 12. Presum
ably, 1 2  arose from 1 1c as a result of hydrolysis under the

workup conditions. No indication of any endo aziridine could 
be detected in the thermolysis of either 8b or 8c. The results 
obtained with 8b and 8c, while demonstrating the existence 
of a subtle substituent effect, indicated that anti substituents 
in the 10-position of the exo-3,4,5-triazatricyclo[5.2.1.02-6]- 
dec-3-ene skeleton would be ineffective in promoting the 
formation of an endo-aziridine group.

In a second approach to the synthesis of the 8 -substituted 
endo-.3-aryl-3-azatricyclo[3.2.l.O2’4]octane structure, we uti
lized functionality in the 1 0  position of the precursor which 
would provide a dramatically different electronic environ
ment. Starting with the readily available bicyclo[2.2.1]hept- 
2-en-7-one (13),14 we found that phenyl azide and p-nitro- 
phenyl azide gave the 1,3-dipolar adducts 14a and 14b in 50

0

14a, Ar = C6H5 
b, Ar = C6H4N02

I**

Woolhouse had previously examined the addition of phenyl 
azide to 7a to give 8a (Ar = C6H5) and the subsequent pyrol
ysis and photolysis of this triazoline.6b They found that while 
the 1,3-dipolar addition offered no problems, both pyrolysis 
and photolysis gave only the exo aziridine, 10a (Ar = CgHs). 
We were able to confirm the general findings of Halton and 
Woolhouse on 7a. In the initial part of our investigation, we 
utilized p-nitrophenyl azide instead of phenyl azide due to the 
more rapid 1,3-dipolar addition of the p-nitro derivative.10 
In view of the failure of 8a (Ar = C6H5) to yield 9, we decided 
to investigate two derivatives of 7a. Both the acetyl deriva
tive,11 7b, and the O-benzylated material, 7c, were treated 
with p-nitrophenyl azide to yield 8b and 8c (Ar = p- 
0 2NC6H4) in 59 and 69% yields, respectively.12 Pyrolysis of 
8b gave only trace amounts of 10b.13 However, similar pyrol

and 41% yield, respectively. Photolysis of 14a gave 64% of 15a, 
while irradiation of 14b gave only small amounts of 15b in 
addition to large amounts of extensively decomposed mate
rial. 15 Extensive studies of the pyrolysis of 14a and 14b, both 
neat and in solution, indicated that these thermal fragmen
tations gave only traces of the corresponding exo aziridines 
accompanied by extensive decomposition. 16-17 Since the 
presence of the carbonyl function did not promote the for
mation of the endo aziridine, and since it made the system 
more prone to decomposition, the role of a syn-hydroxyl 
function was explored in the hope that the steric influences 
of this group would promote the formation of the desired 
tricyclic skeleton. On the basis of earlier studies,5 it might have 
been anticipated that the syn-hydroxyl group of bicy- 
clo[2.2.1]hept-2-en-syn-7-ol (16)18 would sterically inhibit
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Table I. Least-Squares Slopes of Chemical Shifts vs. 
Molar Ratio of Eu(fod)3 to Alcohol for 10a and 18a

I

20a, Ar = C6H5 
b, Ar = p-02NC6H4

A1

least-squares slope
Proton 10a 18a

Hi 11.35 8.98
h 2 4.21 4.65
h6N 7.10 2.95
H6x 12 .88 3.06
h7S 24.5
H7a 18.12
Ho 0.79“ 2.97
Hm 0.79“ 0.90b
HP 0.79“ 0.906

a No distinction occurred between the ortho, meta, and para
protons in terms of the induced chemical shift, 
para protons were comparably shifted.

6 The meta and

addition of the azide. However, 16 reacted readily with p- 
nitrophenyl azide to give a 30% yield of exo triazoline (17). 
Pyrolysis of 17 gave a 30% yield of 18b. No endo aziridine could 
be detected.

The aziridines derived from 13 and 16 were readily inter
related. Reduction of 15a and 15b with sodium borohydride 
led to 18a and 18b in 71 and 82% yields, respectively. In order 
to firmly establish the stereochemical relationship between 
10a and 18a a lanthanide shift study was carried out. Table 
I gives the least-squares slopes from a plot of chemical shift 
vs. the molar ratio of shift reagent to the alcohol. The data 
would indicate that the shift reagent complexed more tightly 
with 10a than the 18a. Presumably, this is due in part to the 
greater steric congestion in the vicinity of the hydroxyl group 
of 18a.

The lack of formation of endo aziridines from bicy- 
clo[2 .2 .1 ]heptene derivatives, which possessed immediate 
hydroxyl group precursors in the 7 position, prompted us to 
evaluate the use of ketals of 13. Both phenyl azide and p- 
nitrophenyl azide added to 7,7-dimethoxybicyclo[2.2.1]hep- 
tene (19)19 to give 20a and 20b in 58 and 65% yields, respec
tively. In apparent confirmation of our earlier findings on the 
addition of azides to 16, 19 gave only exo triazolines, as es
tablished by NMR spectroscopic studies. Photochemical loss 
of nitrogen from 20a gave a 76% yield of 21a. In contrast to the 
exclusive formation of exo aziridine in the irradiation of 20a, 
pyrolysis of 20b gave 22% of 22b,20 53% of 23, and considerable 
p-nitroaniline. No exo aziridine was detected. Thermolysis 
of 20a gave only small amounts of 22a. Again, none of the 
exo-aziridine 21a could be found. Thus, the presence of the 
syn-methoxyl function appeared to be a strong endo-directing 
influence. The formation of 23 and p-nitroaniline from 20b 
presumably resulted from the hydrolysis of 24 during the 
workup of the reaction.

In a manner similar to that described above, bicyclo[2.2.1] - 
hept-2-ene-7-spiro-2,,5'-dioxolane (25)21 gave 79% of 26 on 
treatment with a slight excess of p-nitrophenyl azide. Ther
molysis of 26 at 190-200 °C gave a 2 1 % yield of 27. No exo

aziridine was detected. It is intriguing that the ketal function, 
even when tied into a dioxolane ring, exerts a strong endo di
recting influence. Attempts to hydrolyze the ketal functions 
of 22 and 27 were not successful. Under even very mild con
ditions, complex mixtures of products were obtained in which 
the aziridine moiety was no longer intact.

In view of the extreme acid sensitivity of 22 and 27, it was 
felt that nonacidic conditions would be necessary for the 
preparation of our desired system. Thus, the 1,3-oxathiolane 
group appeared to be an attractive protecting moiety for a 
carbonyl function, which eventually could be converted to a 
hydroxyl function. 1,3-Oxathiolanes are readily formed from 
ketones.22 Although such oxathiolanes are reasonably stable,



they have been restored to the corresponding ketone either 
through the use of Raney nickel in acetone (or benzene) 23 or 
by the recently developed use of chloramine-T.24

Treatment of 13 with 2-mercaptoethanol gave 28 as a 3:1 
mixture of isomers in 50% yield. Treatment of the 3:1 mixture 
of 28a and 28b with bis(benzonitrile)palladium dichloride

10-Substituted exo -3,4,5-Triazatricyclo [5.2|. 1.02’6] dec-3-enes

28b 28a

resulted in the immediate precipitation of an orange-red solid. 
Analysis of the remaining solution by vapor phase chroma
tography showed only the major isomer. Because of its low- 
lying d orbitals, sulfur is a much better ligand than is oxygen. 
Hence, it was assumed that the minor isomer, which formed 
the complex, had the sulfur syn to the double bond as shown 
in 28b which should make 28b a reasonable bidentate ligand. 
The major isomer would then possess structure 28a. Because 
of the losses which would have occurred in separating the 
isomers, the mixture of 28a and 28b was used for subsequent 
steps. When 28 was treated with W-2 Raney nickel, a facile 
conversion of the oxathiolane to the ketone resulted. Unfor
tunately, this was accompanied by extensive reduction of the 
double bond to give 29 as the major product. In contrast, 
chloramine-T readily converted 28 back to 13. Thus, it ap
peared that derivatives of 28 should serve as reasonable pre
cursors of the desired system, 3.

Azide addition to 28 was relatively slow and gave low yields 
of triazolines; p-nitrophenyl azide and phenyl azide added in 
21 and 19% yields, respectively, even after days at 50-60 °C. 
NMR analysis indicated that both adducts had the stereo
chemistry shown in 30. Irradiation of 30 (Ar = CeH5) gave an 
80% yield of 31. Pyrolysis of 30 (Ar = C6H4NO2) gave a 20% 
yield of 32. Whereas the NMR of 31 showed the aziridinyl 
hydrogens as a singlet at 5 2.4, the aziridinyl hydrogens of 32 
appeared as a triplet at 5 3.1 ( J  = 1.8 Hz). These spectral data 
and analogy to the examples presented above established the 
stereochemistry as shown. Various attempts at converting 32 
to the corresponding ketone were unsuccessful. This was 
surprising in view of the ease with which 28 had been con
verted into 13 and 29.

The data presented thus far strongly support the contention 
that bulky substituents in the syn position at C-10 of the 
exo-3,4,5-triazatricyclo[5.2.1.02’6]dec-3-enes promote the 
formation of endo aziridines on thermolysis. Obviously, the 
failure of 32 to. yield the desired ketone was disconcerting. 
Therefore one additional approach was used in an attempt to 
reach our ultimate goal. This utilized the approach of Isador

and Carlson,25 which consists of protecting the carbonyl 
function as a mono-2 ,2 ,2 -trichloroethyl ketal, followed by 
deketalization with activated zinc in tetrahydrofuran.

Treatment of 19 with 1.5 equiv of 2,2,2-trichloroethanol and 
a catalytic amount of p-toluenesulfonic acid gave an 82% yield 
of 33. NMR spectral analysis indicated that 33 was a 1:1
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mixture of the two possible stereoisomers. In view of the dif
ficulties encountered in the attempted deketalization of 32, 
a thorough investigation of the deketalization of 33 was carried 
out. It was found that activated zinc dust,26 precipitated zinc 
dust,27 and zinc-copper couple28 each quantitatively con
verted 33 back to 13. These various forms of zinc required 8 ,
1.5, and 26 h, respectively, in order to afford a quantitative 
conversion.

Treatment of 33 with phenyl azide for 2 weeks at 50-60 °C 
gave a 71% yield of 34. Photolysis of 34 gave 35 in 59% yield. 
Thermolysis of 34 gave 36% of 36. Whereas the NMR spec
trum of 35 showed the aziridinyl hydrogen as a singlet at 8 2.52, 
the NMR spectrum of 36 had the aziridinyl proton as a triplet 
( J  =  2 Hz) at 8 2.80.29 The addition of p-nitrophenyl azide to 
33 gave 79% of the mixed ketal isomers of 37. Thermolysis of 
37 gave 19% of 38 and 63% of 39. Presumably, 39 was formed 
from the corresponding p-nitroaniline-derived imine. The 
structure of 39 was established through comparison with an 
authentic sample prepared by the hydroboration-oxidation 
of 33 to give 40, followed by direct oxidation of crude 40 to 39 
with chromium trioxide-pyridine in methylene chloride 
(Collins reagent).

Numerous attempts at deketalization of 36 and 38 proved 
unsuccessful, in spite of the ease with which 33 had been 
converted to 13. Activated zinc,26 precipitated zinc,27 and 
precipitated magnesium27 all failed to deketalize 36 and/or 
38. In every case starting material was recovered unchanged. 
The failure of these deketalization reactions was not able to 
be easily rationalized. On the possibility that the metal might 
be complexing with the aziridine nitrogen, large excesses of 
metal were used. However, this was also ineffective. In an 
extreme test, refluxing of 38 in tetrahydrofuran with an excess 
of highly active precipitated zinc27 failed to promote deke
talization. In order to determine whether this resistance to 
deketalization was due to an abnormally high reduction po
tential for 36, the half-wave potentials of 33 and 36 were
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measured polarographically in 0.01 N tetra-n-butylammo- 
nium perchlorate in anhydrous dimethyl formamide at a 
dropping mercury electrode. The olefin 33 gave a value of 
-1.73 V, while the aziridine gave a slightly lower value of 
—1.53 V. Clearly, 36 should have deketalized more readily than
33. Experimentally, this was obviously not the case! Prepar
ative electrochemical reduction of 33 gave only 41. This was

presumably due to a one-electron transfer to give a radical 
intermediate which abstracted hydrogen from the solvent. 
The dichloro derivative, 41, was extremely resistant to further 
reduction. It had a half-wave potential of greater than —2.6 
V under the conditions specified above.

In summary, we have developed useful routes to 8-substi- 
tuted exo- and en,do-3-aryl-3-azatricyclo[3.2.1.02’4]octanes. 
We are continuing to seek ways for the conversion of these 
interesting compounds into 3.

Experimental Section30
7-anti-Hydroxybicyclo[2.2.1]hept-2-ene (7a). This alcohol was 

prepared stereospecifically in 9% overall yield (three steps) from bi- 
cyclo[2.2.1]hepta-2,5-diene by literature31 methods, mp 110-1X3 °C 
[lit.31 mp 117-118 °C[. Reduction of ketone 13 also afforded 7a in 89% 
crude yield; low-temperature recrystallization from hexane afforded 
pure 7a.

Phenyl Azide. A literature route32 was used to prepare phenyl azide 
in 51% distilled yield, bp 44-47 °C (4 mm) [lit.32 bp 49-50 °C (5 
mm)].

5-Phenyl-10-an ti-hydroxy-3,4,5- exo-triazatricyclo- 
[5.2.1.02’6]-dec-3-ene (8a). Using the literature method,6b 8a was 
prepared in 59% yield. Three recrystallizations from benzene-chlo
roform gave 8a as white crystals, mp 160.0-160.5 °C [lit.6b mp 187-188 
°C]; spectra were identical with those published by Halton and 
Woolhouse60 [see preparation of 10a (Ar = CeHs) for further comment 
on melting point differences].

Photolysis of 8a. Preparation of 3-Phenyl-8-antf-hydroxy-
3-exo-azatricyclo[3.2.1.02-4]octane (10a, Ar = C6Hs). Photolysis60 
of crude 8a gave 10a (Ar = CgH5) in 47% yield after recrystallization. 
After two further recrystallizations, 10a was obtained as fine, colorless 
needles, mp 121-122 °C [lit.60 mp 146-147 °0]. The 25-27 °C dif
ferences in melting point between the samples of 8a and 10a (Ar =

CeHs) prepared here and those prepared previously must be due to 
inaccuracies in the melting point determinations of Halton and 
Woolhouse,60 since the compounds were both spectrally identical with 
the published data.

7-antf-Benzyloxybicyclo[2.2.1]hept-2-ene (7c).33 A mixture of
2.7 g (24.5 mmol) of 7a and 3.53 g (73.5 mmol) of 50% sodium hydride 
in mineral oil in 20 mL of anhydrous dimethyl formamide was allowed 
to stir for 3 h. Benzyl bromide (8.1 g, 49 mmol) was added carefully. 
After 1 h, 10 mL of additional dimethyl formamide was added to fa
cilitate solution. Ether and methanol were then added and the mixture 
was extracted with water. The organic layer was dried over MgSCL, 
filtered, and concentrated. Distillation gave 4.55 g (93%) of 7c as a 
colorless oil, bp 85 °C (0.15 mm).

7-ani/-Acetoxybicyclo[2.2.1]hept-2-ene (7b).34 Esterification 
of 7a with acetic anhydride in pyridine afforded 7b in 68% yield: bp 
83 °C (20 mm); NMR (CDC13) 5 6.0 (2 H, t, J = 2 Hz), 4.6 (1 H, br s),
2.7 (2 H, m), 2.0 (3 H, s), 1.7 (2 H, m), 1.0 (2 H, m).

p-Nitrophenyl Azide. In analogy to the procedure used for the
preparation of o-nitrophenyl azide,36 p-nitrophenyl azide was pre
pared from p-nitroaniline and sodium nitrite in 87% yield (after re- 
crystallization), mp 69-70 °C [lit.36 mp 70 °C],

5-(4-Nitrophenyl)-10-aiiti-benzyloxy-3,4,5-exo-triazatricy- 
clo[5.2.1.02,6]dec-3-ene (8c). A solution of 4.47 g (22 mmol) of 7c and
3.85 g (23.5 mmol) of p-nitrophenyl azide in the minimum amount 
of carbon tetrachloride was allowed to stand in the dark for several 
days. Filtration then afforded 5.60 g (69%) of 8c (Ar = CeH4N 02) as 
a yellow solid. Recrystallization from chloroform-hexane gave an 
analytical sample: mp 180-182 °C dec; NMR (Me2SO-ds) S 8-30 (2 
H, d, J = 9 Hz), 7.48 (2 H, d, J  = 9 Hz), 7.28 (5 H, s), 4.84 (1 H, d, J = 
10 Hz), 4.40 (2 H, s), 4.03 (1 H, d, J = 10 Hz), 2.75 (2 H, m), 1.2-2.2 (4
H, m).

Anal. Calcd for C2oH2oN40 3: C, 65.92; H, 5.53; N, 15.37. Found: C, 
65.83; H, 5.61; N, 15.41.

5-(4-Nitrophenyl)-10-antf-acetoxy-3,4,5-exo-triazatricy- 
clo[5.2.1.02’6]dee-3-ene (8b). A solution of 1.0 g (6.6 mmol) of 7b and
I. 13 g (6.9 mmol) of p-nitrophenyl azide in the minimum amount of 
carbon tetrachloride was allowed to stir in the dark. After 2 days, 0.46 
g (22%) of 8b was removed by filtration; after 2 weeks, the total yield 
was 0.77 g (59%). An analytical sample was obtained after two re
crystallizations from cyclohexane-benzene: mp 185-186 °C dec; NMR 
(Me2SO-d6) 5 8.25 (2 H, d, J = 10 Hz), 7.50 (2 H, d, J  = 10 Hz), 4.87 
(1 H, d, J  = 11 Hz), 4.23 (1 H, m), 4.08 (2 H, d, J = 11 Hz), 2.2-2.8 (2 
H, m), 1.95 (3 H, s), 1.2-2.4 (4 H, m).

Anal. Calcd for C15H16N404: C, 56.96; H, 5.10; N, 17.71. Found: C, 
57.00; H, 5.06; N, 17.73.

Thermolysis of 8c. Preparation of 3-(4-Nitrophenyl)-8-anti- 
benzyloxy-3-exo-azatricyclo[3.2.1.02'4]octane (10c) and 7- 
anfi-Benzyloxybicyclo[2.2.1]heptan-2-one (12). Triazoline 8c 
(4.77 g, 13 mmol) was heated (neat) at 190 °C in a round-bottomed 
flask until nitrogen evolution was complete. The cooled residue was 
chromatographed on 200 g of neutral alumina with benzene-chloro
form. Eluting first was a mixture of 10c and 12. Recrystallization from 
benzene-hexane gave 1.14 g (26%) of 10c (Ar = C6H4NO2) as yellow 
crystals. An analytical sample was obtained after two further re
crystallizations: mp 148-149 °C; NMR (CDCI3) 5 8.12 (2 H, d, J  = 9 
Hz), 7.37 (5 H, s), 6.97 (2 H, d, J = 9 Hz), 4.50 (2 H, s), 3.95 (1 H, m),
2.70 (2 H, m), 2.58 (2 H, s), 1.1-2.2 (4 H, m).

Anal. Calcd for C20H20N2O3: C, 71.41; H, 5.99; N, 8.33. Found: C, 
71.50; H, 6.08; N, 8.17.

The oily residue from the above recrystallization (0.67 g, 24%) gave 
12 as a yellow oil on distillation, bp 135-140 °C (0.75 mm). An ana
lytical sample of 12 was prepared by preparative VPC (6 ft X 0.25 in. 
10% SE-30 on 45/60 Chromosorb W column at 175 °C): NMR (CDC13) 
6 7.37 (5 H, s), 4.56 (2 H, s), 3.94 (1 H, m), 2.67 (2 H, m), 1.3-2.4 (6 H, 
m).

Anal. Calcd for C14H160 2: C, 77.74; H, 7.46. Found: C, 77.61; H, 
7.51.

p-Nitroaniline was also isolated.
Thermolysis of 8b. Preparation of 3-(4-Nitrophenyl)-8-anti- 

acetoxy-3-exo-azatricyclo[3.2.1.02'4]octane (10b). Triazoline 8b 
(3.66 g, 11.6 mmol) was heated (neat) at 190-200 °C in a round-bot
tomed flask until nitrogen evolution had begun to subside. The flask 
was then immediately cooled in order to minimize decomposition. 
Chromatography of the residue on 200 g of neutral alumina with 
benzene-chloroform gave 10b (Ar = C6H4N0 2) as a yellow solid in 
a very minor first fraction (~100 mg). Later fractions yielded p-ni
troaniline and an oily mixture. Preparative VPC of this oil gave no 
identifiable compounds. Aziridine 10b was recrystallized from hexane 
(with Norit) to give yellow needles. An analytical sample was obtained 
after two further recrystallizations: mp 120-122 °C; NMR (CDCI3)



6 8.10 (2 H, d, J = 9 Hz), 6.95 (2 H, d, J = 9 Hz), 4.9 (1 H, br s), 2.8 (2 
H, br g), 2.60 (2 H, s), 2.10 (3 H, s), 0.7-2.0 (4 H, m).

Anal. Calcd37 m/e for Ci5H16N204: 288.1110. Pound: 288.1110.
Bicyclo[2.2.1]hept-2-en-7-one (13). This ketone was prepared 

according to the literature method14 from hexachlorocyclopentadiene 
in 31% overall yield (four steps), bp 95-99 °C (115 mm) [lit.14 bp
96-100 °C (115 mm)]. Distillation of 13 was simplified if prior workup 
included washing with 10% sodium bicarbonate solution.

5-(4-Nit rophenyl)-3,4,5-exo-triazatricyclo[.5.2.1.02'6]dec-3- 
en-10-one (14b). A mixture of 8.4 g (78 mmol) of 13 and 1S.3 g (82 
mmol) of p-nitrophenyl azide in 20 mL of methylene chloride was 
refluxed in the dark for 30 min. Cooling and filtration followed by 
recrystallization from acetone gave 8.7 g (41%) of 14b as a yellow solid. 
Further recrystallizations gave an analytical sample: mp 178-179 °C 
dec; an NMR spectrum was not obtained due to low solubility of 14b, 
but assignment of the exo- triazoline ring can be made by analogy with 
14a (below).

Anal. Calcd for C13H 12N4O3: C, 57.35; H, 4.44; N, 20.55. Found: C, 
57.27; H, 4.45; N, 20.61.

5-Phenyl-3,4,5-exo-triazatricyclo[5.2.1.02’6]dec-3-en-10-one 
(14a). A solution of 1.0 g (9.3 mmol) of 13 and 1.1 g (9.3 mmol) of 
phenyl azide was stirred in the dark at 50-60 °C for 2 days. The so
lution was then cooled and filtered. Recrystallization of the resulting 
solid from hexane-chloroform gave 1.04 g (50%) of 14a. A dark brown 
residue (0.75 g) remained. An analytical sample was obtained through 
further recrystallization as a colorless solid: mp 159-160 °C dec; NMR 
(CDCI3) 5 6.8-7.6 (5 H, m), 5.0 (1 H, d, J  = 12 Hz), 4.2 (1 H, d, J = 12 
Hz), 2.4-2.7 (2 H, m), 1.5-2.4 (4 H, m).

Anal. Calcd for C13H13N30: C, 68.71; H, 5.77; N, 18.48. Found: C, 
68.71; H, 5.91; N, 18.26.

Photolysis of 14b. Preparation of 3-(4-Nitrophenyl)-3-exo- 
azatricycIo[3.2.1.02,4]octan-8-one (15b). A solution of 1.0 g (3.7 
mmol) of triazoline 14b in 350 mL of reagent grade acetone was irra
diated for 2 h with a 450 W Hanovia lamp (Pyrex filter). Removal of 
the solvent by rotary evaporation gave an oily brown solid. Chroma
tography of this residue on 200 g of neutral alumina with chloroform 
gave 300 mg (18%) of 15b. Recrystallization from hexane-chloroform 
gave an analytical sample: mp 144-145 °C; NMR (CDCI3) <5 8.0 (2 H, 
d, J  = 10 Hz), 6.9 (2 H, d, J = 10 Hz), 2.9 (2 H, s), 2.6 (2 H, s), 1.8 (4 
H,s).

Anal. Calcd for C13Hi2N20 3: C, 63.93; H, 4.95; N, 11.47. Found: C, 
63.76; H, 4.96; N, 11.49.

Photolysis of 14a. Preparation of 3-Phenyl-3-exo-azatriey- 
clo[3.2.1.02>4]octane-8-one (15a). A solution of 3.5 g (15 mmol) of 
triazoline 14a in 300 mL of reagent grade acetone was irradiated for 
5 h with a 450 W Hanovia lamp (Pyrex filter). The solvent was re
moved by rotary evaporation to give a brown solid. Chromatography 
on 70 g of neutral alumina with benzene-chloroform gave 1.95 g (64%) 
of 15a as a colorless solid. Two recrystallizations from hexane gave 
an analytical sample: mp 114.5-115.5 °C; NMR (CDCI3) 6 6.9-7.4 (5 
H, m), 2.82 (2 H, s), 2.57 (2 H, s), 1.80 (4 H, s).

Anal. Calcd for Ci3H13NO: C, 78.36; H, 6.58; N, 7.03. Found: C, 
78.67; H, 6.76; N, 6.75.

7-syn-Hydroxybicyclo[2.2.1]hept-2-ene (16). This alcohol was 
prepared stereospecifically in 28% overall yield (two steps) from bi- 
cyclo[2.2.1]hept-2-ene by the literature method.18 The crude alcohol 
(83% pure by VPC18) was used in further synthetic work.

5-(4-Nitrophenyl)-10-syn-hydroxy-3,4,5-exo-triazatricy- 
clo[5.2.1.02’6]dec-3-ene (17). Crude 16 (3 g, 3 mmol) and 5 g (3 mmol) 
of p-nitrophenyl azide were dissolved in 75 mL of carbon tetrachloride 
and allowed to stand in the dark at room temperature for several days. 
Filtration afforded 2.0 g (30%) of 17 as a bright yellow solid. An ana
lytical sample was obtained after recrystallization from ethyl acetate: 
mp 167-168 °C dec; IR (potassium bromide) 3500, 2940,1595,1505,
1490,1390,1320,1180,1130,1110,1085,990,930,905,850,750 cm "1; 
although an NMR spectrum was not obtained due to the extremely 
low solubility of 17, structural assignment as exo is based on analogy 
with other triazolines of this study.

Anal. Calcd for C13Hi4N40 3: C, 56.93; H, 5.14; N, 20.43. Found: C, 
56.85; H, 5.20; N, 20.33.

Thermolysis of 17. Preparation of 3-(4-Nitrophenyl)-8-syn- 
hydroxy-3-exo-azatricyclo[3.2.1.0z,4]octane (18b). Triazoline 17 
(150 mg, 0.55 mmol) was heated in a test tube immersed in an oil bath 
at 200 °C until nitrogen evolution had ceased. The cooled residue was 
subjected to preparative TLC on alumina with benzene-chloroform 
to give 40 mg (30%) of 18 as a yellow solid, identified by spectral 
comparison with material produced by an alternate route (see sodium 
borohydride reduction of 15b).

Reduction of 15b. Preparation of 3-(4-Nitrophenyl)-8-sy/i- 
hydroxy-3-exo-azatricyclo[3.2.l.02’4]octane (18b, Ar =

10-Substituted exo-3,4,5-Triazatricyclo[5.2.1.02’6]dec-3-enes

CeH4N 0 2). To a stirring solution of 102.7 mg (2.70 mmol) of sodium 
borohydride in 3 mL of absolute ethanol at 0 °C under nitrogen was 
added a suspension of 159.4 mg (0.65 mmol) of ketone 15b in 30 mL 
of absolute ethanol. The ice bath was then removed and the solution 
was stirred for 5 h at room temperature. Removal of solvent by rotary 
evaporation gave a brownish-green solid. The solid was dissolved in 
30 mL of water and 30 mL of ether. The layers were separated and the 
aqueous layer was extracted with 15 mL of ether. The combined or
ganic layers were extracted with 15 mL of brine and dried over MgS04. 
Filtration and evaporation gave 131.1 mg (82%) of 18b as bright yellow 
crystals. Recrystallization from benzene-hexane gave an analytical 
sample: mp 149-151 °C; NMR (CDC13) 6 8.1 (2 H, d, J = 10 Hz), 7.1 
(2 H, d, J  = 10 Hz), 4.8 (1H, d, J = 12 Hz), 3.7 (1H, d, J = 12 Hz), 2.9 
(2 H, s), 2.6 (2 H, s), 0.6-1.9 (4 H, m). Addition of deuterium oxide to 
the NMR sample caused the 6 4.8 peak to disappear and the 6 3.7 peak 
to collapse to a singlet.

Anal. Calcd for Ci3H14N203: C, 63.40; H, 5.73. Found: C, 63.46; H, 
5.64.

Reduction of 15a. Preparation of 3-Phenyl-8-syn-hydroxy- 
3-exo-azatricyclo[3.2.1,02,4]octane (18a). To a stirring suspension 
of 1.21 g (31.9 mmol) of sodium borohydride in 10 mL of absolute 
ethanol at 0 °C under nitrogen was added in one portion a suspension 
of 1.53 g (7.7 mmol) of ketone 15a in 140 mL of absolute ethanol. The 
ice bath was then removed and the solution was stirred for 4 h at room 
temperature. The solvent was then removed by rotary evaporation 
to yield a white solid. The solid was dissolved in 100 mL of ether and 
100 mL of water. The layers were separated and the aqueous layer was 
extracted twice with 50-mL portions of ether. The combined ether 
layers were extracted with brine (50 mL) and dried over MgS04. 
Filtration and evaporation gave a slightly yellow solid. Recrystalli
zation from hexane (Norit added) gave 1.10 g (71%) of 18a as a white 
solid. Three further recrystallizations gave an analytical sample: mp 
85-86 °C; NMR (CDC13) 5 6.9-7.5 (5 H, m), 5.7 (1 H, br s), 3.7 (1 H, 
br s), 2.77 (2 H, s), 2.60 (2 H, s), 1.1-1.9 (4 H, m).

Anal. Calcd for Ci3H15NO: C, 77.58; H, 7.51; N, 6.96. Found: C, 
77.70; H, 7.44; N, 6.98.

Procedure Used in Lanthanide Shift Reagent (LSR) Deter
mination of Structure. A 0.6 M solution of purified substrate was 
made up by dissolving the necessary amount of the substrate in 0.25 
mL of deuteriochloroform (containing 1% tetramethylsilane) in an 
NMR tube. An [LSR]/[substrate] ratio of 0.4 was obtained by adding
62.2 mg (0.06 mmol) of europium tris(l,l,l,2,2,3,3-heptafluoro-7,7- 
dimethyl-4,6-octanedione) (Eu(fod)3). The spectrum was then re
corded. Aliquots of a stock solution 0.6 M in the substrate (same sol
vent) were then added and the spectrum was rerun. In this way, the 
[LSR]/[substrate] ratio was varied from 0.4 to 0.13 while [substrate] 
remained constant at 0.6 M. For each set of protons in the substrate, 
a plot of the chemical shift vs. the [LRS]/[substrate] ratio was ana
lyzed by the least-squares method38 to yield the values listed in the 
text of this paper.

7,7-Dimethoxybicyclo[2.2.1]hept-2-ene (19). Preparation of 19 
was carried out in 36% overall yield (three steps) from hexachloro
cyclopentadiene according to the literature procedure,19 bp 72-76 °C 
(24 mm) [lit.19 bp 58-68 °C (17 mm)].

5-(4-Nitrophenyl)-10,10-dimethoxy-3,4,5-exo-triazatricy- 
clo[5.2.1.02’6]dec-3-ene (20b). A mixture of 12.0 g (78 mmol) of 19 
and 13.4 g (81 mmol) of p-nitrophenyl azide in the minimum amount 
of carbon tetrachloride was allowed to stand in the dark for 10 days. 
Filtration and recrystallization from acetone gave 15.4 g (65%) of 20b. 
Further recrystallizations gave an analytical sample: mp 158-160 °C 
dec; NMR (CDC13) (5 8.5 (2 H, d, J = 10 Hz), 7.4 (2 H, d, J  = 10 Hz),
4.9 (1 H, d, J = 10 Hz), 3.9 (1 H, d, J  = 10 Hz), 3.2 (3 H, s), 3.0 (3 H, 
s), 2.8 (2 H, m), 1.5-2.2 (2 H. m).

Anal. Calcd for Ci5H18N40 4: C, 56.59; H, 5.71; N, 17.60. Found: C, 
56.58; H, 5.68; N, 17.63.

5-Phenyl-10, l0-dimethoxy-3,4,5-exo-triazatricyclo- 
[5.2.1.02’6]dec-3-ene (20a). A mixture of 1.0 g (6.49 mmol) of 19 and 
0.77 g (6.5 mmol) of phenyl azide in carbon tetrachloride was heated 
on a steam bath for 2 h. Upon cooling, crystallization occurred. Fil
tration and recrystallization from hexane-chloroform gave 1.02 g 
(58%) of 20a. Further recrystallizations gave an analytical sample: mp 
153-155 °C dec; NMR (CDC13) 7.3 (5 H, m), 4.6 (1 H, d, J = 10 Hz),
3.8 (1 H, d, J = 10 Hz), 3.2 (3 H, s), 3.0 (3 H, s), 2.8 (1 H, m), 2.6 (1 H, 
m), 1.0-2.2 (4 H, m).

Anal. Calcd for C15Hi9N30 2: C, 65.91; H, 7.01; N, 15.37. Found: C, 
65.88; H, 7.01; N, 15.42.

Photolysis of 20a. Preparation of 3-Phenyl-8,8-dimethoxy- 
3-exo-azatricyclo[3.2.1 .A2,4[octane (21a). A solution of 700 mg (2.6 
mmol) of 20a in 250 mL of reagent grade acetone was irradiated with 
a 450 W Hanovia lamp (Pyrex filter) for 2.5 h. Removal of solvent by
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rotary evaporation gave a reddish-brown solid. After recrystallization 
from hexane (with Norit), 0.48 g (76%) of 21a was obtained as colorless 
needles. Further recrystallizations gave an analytical sample: mp
91-92 °C; NMR (CDC13) b 6.7-7.3 (5 H, m), 3.5 (6 H, 2s), 2.5 (m), and
2.4 (s) (4 H together), 1.1-2.0 (4 H, m).

Anal. Calcd for C15H19N 02: C, 73.44; H, 7.81; N, 5.71. Found: C, 
73.50; H, 7.76; N, 5.65.

Thermolysis of 20b. Preparation of 3-(4-Nitrophenyl)-
10,10-dimethoxy-3-endo-azatricyclo[3.2.1.02’4]octane (22b) and
7,7-Dimethoxybicyclo[2.2.1]heptan-2-one (23). A small, round- 
bottomed flask containing 5.1 g (16 mmol) of 20b was placed in an oil 
bath at 180-190 °C. As the solid melted, nitrogen was rapidly given 
off. Immediately following cessation of gas evolution, the flask was 
cooled and the residue was chromatographed on 200 g of neutral 
alumina with benzene-chloroform, followed by ethyl acetate. Three 
fractions were obtained: (1) 1.0 g (22%) of 22b as a yellow solid; (2) 1.44 
g (53%) of 23 (identified by spectral comparisons with authentic 
material39), and (3) 1.37 g of a relatively insoluble solid, consisting 
primarily of p-nitroaniline. Recrystallization of 22b from hexane gave 
an analytical sample: mp 148-150 °C; NMR (CDCI3) 6 8.1 (2 H, d, J  
= 10 Hz), 6.9 (2 H, d, J = 10 Hz), 3.30 and 3.25 (6 H, 2s), 2.9 (2 H, t, 
J = 2 Hz), 2.4 (2 H, m), 1.6 (4 H, m).

Anal. Calcd for C15H18N20 4: C, 62.06; H, 6.25; N, 9.65. Found: C, 
61.95; H, 6.34; N, 9.66.

Thermolysis of 20b was also carried out by heating a solution of 20b 
in decalin at 180 °C. After removal of decalin by vacuum distillation 
[60 °C (7 mm)], preparative TLC gave a product distribution similar 
to that described above.

Bicyclo[2.2.1]hept-2-ene-7-spiro-2',5'-dioxoIane (25). Spi- 
roketal 25 was prepared in 68% yield from 13 according to the method 
of Gassman and Macmillan,21 bp 110 °C (25 mm) [lit.21 bp 122-125 
°C (76 mm)].

5-(4-Nitrophenyl)-3,4,5-exo-triazatricyclo[5.2.1.02'6]dec-3- 
ene-10-spiro-2',5'-dioxolane (26). A mixture of 2.2 g (13 mmol) of 
25 and 2.16 g (13.2 mmol) of p-nitrophenyl azide in 10 mL of carbon 
tetrachloride was stirred at 50-60 °C in the dark for 1 day. Upon 
cooling, filtration afforded 3.23 g (79%) of 26 as a yellow solid. Re- 
crystallization from benzene gave an analytical sample: mp 164-166 
°C dec; NMR (CDC13) b 8.2 (2 H, d, J  = 10 Hz), 7.2 (2 H, d, J = 10 Hz),
4.8 (1 H, d, J  = 10 Hz), 3.6-4.0 (5 H, overlapping d and 2s), 1.2-2.6 (6 
H, m).

Anal. Calcd for C15Hi6N40 4: C, 56.96; H, 5.10; N, 17.71. Found: C, 
57.16; H, 5.16; N, 17.69.

Thermolysis of 26. Preparation of 3-(4-NitrophenyI)-3- 
endo-azatricyclo[3.2.1.02’4]octane-8-spiro-2',5'-dioxolane (27).
A 1.7-g (5.4 mmol) portion of 26 in a small, round-bottomed flask was 
heated at 190-200 °C until nitrogen evolution had ceased. The flask 
was then cooled and the residue was chromatographed on 40 g of 
neutral alumina with benzene-chloroform to yield 330 mg (21%) of 
27 as a yellow solid. Recrystaliizations from hexane-chloroform gave 
an analytical sample: mp 163.5-165.5 °C; NMR (CDCI3) 6 8.0 (2 H, 
d, J = 9 Hz), 6.8 (2 H, d, J = 9 Hz), 3.9 (4 H, s), 2.9 (2 H, t, J = 2 Hz),
2.1 (2 H, m), 1.5 (4 H, m).

Anal. Calcd for C15H16N2O4: C, 62.49; H. 5.59; N, 9.72. Found: C, 
62.87; H, 5.80; N, 9.43.

Bieyclo[2.2.1]hept-2-ene-7-spiro- 2',5'- oxathiolane (28). Fol
lowing the literature procedure,22 7.8 g (74 mmol) of the ketone 13,
8.6 g (111 mmol) of 2-mercaptoethanol, 15 g of freshly fused zinc 
chloride, and 15.8 g of anhydrous sodium sulfate yielded 6.0 g (50%) 
of 28, bp 60-62 °C (0.3 mm). The 3:1 mixture of epimers was separated 
by preparative VPC (6 ft X 0.25 in. 10% DC 200 on 60/80 Chromosorb 
W column at 100 °C). For the major isomer, the following spectral data 
were recorded: NMR (CDC13) b 6.2 (2 H, t, J = 2 Hz), 4.13 (2 H, t, J 
= 5 Hz), 2.92 (2 H, t, J = 5 Hz), 2.8 (2 H, m), 2.0 (2 H, m), 1.1 (211, m). 
For the minor isomer, the <5 4.13 and 2.92 peaks were shifted to <5 4.00 
and 3.00.

Anal. Calcd for C9H12OS: C, 64.25; H, 7.19. Found: C, 64.04; H,
7.32.

Addition of 300 mg of 28 to 680 mg of bis(benzonitrile)palladium 
dichloride in 200 mL of benzene gave an immediate precipitation of 
a red-orange solid. Filtration and concentration of the remaining 
solution gave a residue which showed only the major isomer on GLC 
analysis (column described above). The major isomer was thus 
identified as 28a. An attempt was made to recover 28b by refluxing 
the precipitate in 70 mL of anhydrous ether with 200 mg of potassium 
cyanide for several days. Cooling of the solution followed by filtration 
and concentration failed to yield 28b.

5-(4-Nitrophenyl)-3,4,5-exo-triazatricyclo[5.2.1.02’6]dec-3- 
ene-10-spiro-2',5'-oxathiolane (30, Ar = C6H4N 0 2). A mixture of 
2.0 g (11.9 mmol) of 28 and 1.95 g (11.9 mmol) of p-nitrophenyl azide

in carbon tetrachloride was heated at 50-60 °C in the dark for 15 days. 
Cooling and filtration gave 0.83 g (21%) of 30.4° Recrystaliizations from 
hexane-chloroform gave an analytical sample: mp 166-168 °C dec; 
NMR (CDCI3) 6 8.12 (2 H, d, J = 10 Hz), 7.2 (2 H, d, J  = 10 Hz), 4.8 
(1 H, d, J  = 10 Hz), 3.9 (3 H, m), 2.8 (3 H, m), 2.5 (1 H, m), 14-2,3 (4 
H, m).

Anal. Calcd for Ci5H16N40 3S: C, 54.21; H, 4.85; N, 16.86. Found: 
C, 54.42; H, 5.06; N, 16.67.

5-Phenyl-3,4,5-exo-triazatricyclo[5.2.1.02’6]dec-3-ene-10- 
spiro-2',5'-oxathiolane (30, Ar = C6H5). A mixture of 2.0 g (11.9 
mmol) of 28 and 1.42 g (11.9 mmol) of phenyl azide was stirred at 
50-60 °C in the dark for 3 days. Trituration of the cooled solution with 
hexane gave 410 mg (19%) of 30.40 Recrystaliizations from hexane- 
chloroform gave an analytical sample: mp 119-121 °C; NMR (CDCI3)
5 7.3 (5 H, m), 4.7 (1 H, d, J = 11 Hz), 3.9 (3 H, d and t), 2.8-3.0 (4 H, 
m), 1.3-2.4 (4 H, m).

Anal. Calcd for C15H17N3OS: C, 62.69; H, 5.96; N, 14.62. Found: C, 
62.85; H, 6.00; N, 14.55.

Photolysis of 30 (Ar = C6H5). Preparation of 3-Phenyl-3- 
exo-azatricyclo(3.2.1.02’4]octene-8-spiro-2',5'-oxathiolane (31, 
Ar = C6H5). A solution of 750 mg (2.6 mmol) of 30 in 300 mL of re
agent grade acetone was irradiated with a 450 W Hanovia lamp (Pyrex 
filter) for 0.75 h. After removal of solvent by rotary evaporation, the 
residue was chromatographed on 40 g of neutral alumina with ben
zene-chloroform to give 540 mg (80%) of 31.40 Recrystaliizations from 
hexane gave an analytical sample: mp 138-139 °C; NMR (CDC13) 5
6.7-7.4 (5 H, m), 3.9 (2 H, t, J = 6 Hz), 2.7 (2 H, t, J = 6 Hz), 2.4 (4 H, 
s in m), 1.2-2.1 (4 H, m).

Anal. Calcd for C15H17NOS: C, 69.46; H, 6.61; N, 5.40. Found: C, 
69.29; H, 6.61; N, 5.40.

Thermolysis of 30 (Ar = CsH4N 02). Preparation of 3-(4-Ni- 
trophenyl)-3-endo-azatricycIo[3.24.02’4]octane-8-spiro-2',5'- 
oxathiolane (32, Ar = C6H4N02). Careful heating of 4.1 g (12.3 
mmol) of 30 (in small portions) at 190 °C followed by immediate 
cooling gave a dark residue. Chromatography on 215 g of neutral 
alumina with benzene-chloroform gave as the first fraction 1.31 g of 
a mixture of 32 and the isomeric imine.41 Trituration of this mixture 
with hexane gave 750 mg (20%) of 32 (Ar = C8H4N 02) as pale yellow 
crystals. Recrystaliizations from hexane gave an analytical sample: 
mp 205-206 °C; NMR (CDC13) b 8.0 (2 H, d, J = 10 Hz), 6.9 (2 H, d, 
J  = 10 Hz), 4.1 (2 H, t, J  = 6 Hz), 3.1 (4 H, m), 2.4 (2 H, m), 1.6 (4 H, 
s). The multiplet at b 3.1 was resolved into two triplets (J = 6 and 1.8 
Hz) by the addition of Eu(fod)3 and by analysis on a 270 MHz 
NMR.

Anal. Calcd for Ci5H16N20 3S: C, 59.19; H, 5.30; N, 9.20. Found: C, 
59.04; H, 5.27; N, 9.11.

Reaction of 28 with Raney Nickel. Treatment of 500 mg of 28 
with 2.25 teaspoonfuls of Raney nickel in acetone was carried out by 
standard procedures. After the solvents were removed by distillation 
(to avoid volatile loss of the expected product, 13), GLC analysis (on 
a 6 ft X 0.25 in. 10% DC 200 on 60/80 Chromosorb W column at 110 
°C) showed only traces of 13; the major product was 29.42

Treatment of 400 mg of 28 with 6 g of W-2 Raney nickel in 100 mL 
of benzene at reflux for 19 h followed by cooling, filtration, and careful 
rotary evaporation at room temperature gave 320 mg of a yellow oil, 
identified by GLC analysis as 29.

Reaction of 28 with Chloramine-T. Reaction of 200 mg (1.2 
mmol) of 28 with 330 mg (1.2 mmol) of chloramine-T gave only 13 (the 
expected product) by GLC analysis on a 15% OV-101 on Chromosorb 
G column at 45 °C (comparison with authentic 13).

Attempted Deketalization of 32 (Ar = C6H4N02). Reaction of 
32 with W-2 Raney nickel in acetone followed by chromatography on 
alumina with benzene-chloroform gave a brown solid identified as 
the product of nitro group reduction to the amine: the -OCH2CH2S - 
group was still evident in the NMR spectrum, while the aryl region 
had collapsed to a narrowly separated AB quartet. Further reaction 
of this brown solid with W-2 Raney nickel in refluxing benzene for 
18 h led to complete material loss.

A 130-mg portion of 32 (Ar = C6H4N 02) in 6 mL of dimethyl 
formamide (to enhance solubility) was reacted with 363 mg of chlo
ramine-T in 5 mL of 85% methanol-water. The reaction mixture was 
first stirred at room temperature and then briefly warmed to 70 °C. 
After cooling, the reaction mixture was worked up as described above 
for the deketalization of 28. Preparative TLC on alumina with ben
zene gave less than 20 mg of a solid. Due to the low yield, character
ization was not completed.

7-(2,2,2-Trichloroethoxy)-7-methoxybicycIo[2.2.1]hept-2-ene
(33). Ketal 19 (35.0 g, 0.23 mol), 50.9 g (0.34 mol) of 2,2,2-trichlo- 
roethanol (distilled), and 1.0 g of p-toluenesulfonic acid were heated 
in benzene in a flask equipped with a Dean-Stark trap. After ~250



mL of benzene had been removed (2 h), the hydroxyl absorption of 
the azeotroped benzene reached a minimum (by IR analysis). The 
solution was then cooled and solid sodium carbonate was added. The 
solution was stirred for 0.5 h at room temperature and then filtered, 
concentrated via rotary evaporation, and fractionally distilled to yield
50.5 g (82%) of 33 as a pale yellow oil, bp 88-92 °G (0.1 mm). Ketal 33 
appeared as a single peak on several GLC columns. An analytical 
sample was prepared by preparative VPC on a 6 ft X 0.25 in. 5% FFAP 
on potassium hydroxide washed Chromosorb P column at 145 °C: 
NMR (CDCI3) 5 6.2 (2 H, m), 4.1 and 4.0 (2 H, 2s), 3.3 and 3.4 (3 H, 
2s), 2.9 (2 H, m), 1.6-2.3 (2 H, m), 0.8-1.6 (2 H, m). NMR integration 
of the pairs of singlets at & 4.1-4.0 as well as 5 3.3 and 3.4 indicated a 
syn/anti ratio of nearly 1:1.

Anal. Calcd for CmHxaClaCy C, 44.23; H, 4.79. Found: C, 44.56; H,
4.93.

Metal-Promoted Deketalizations of 33. (a) A 1.0-g portion of 33 
was refluxed in 20 mL of tetrahydrofuran with 2.0 g of acid-activated26 
zinc dust. Monitoring of the reaction by TLC showed that complete 
disappearance of 33 required 8 h. At this point, the reaction mixture 
was cooled and 20 mL of ether was added. The resulting solution was 
then filtered, washed with two 20-mL portions of 1% hydrochloric 
acid, two 20-mL portions of 5% sodium bicarbonate, and 10 mL of 
brine, and then dried over anhydrous magnesium sulfate. Filtration 
and removal of solvent by distillation at atmospheric pressure gave 
a residue containing the expected bicyclo[2.2.1]hept-2-en-7-one (13) 
(identified by GLC and NMR comparisons with authentic materi
al).

(b) Into a 25-mL, side-armed flask equipped with a rubber septum 
and reflux condenser was placed 480 mg (2.1 mmol) of zinc bromide 
[dried for 18 h at 150 °C (0.25 mm)]. The flask was then flushed with 
nitrogen and 2 mL of tetrahydrofuran (distilled from lithium alumi
num hydride) was added. Potassium (160 mg) was then added to the 
stirred solution. The solution eventually became black as the tem
perature was raised to reflux and maintained for 4 h.27 A solution of 
500 mg (1.84 mmol) of 33 in 2 mL of tetrahydrofuran was injected into 
the flask at this point via syringe. The progress of the reaction was 
followed by GLC; formation of 13 was essentially complete after 1.5 
h.

(c) Reaction of 1.0 g (3.7 mmol) of 33 with 2.0 g of zinc-copper 
couple28 in refluxing tetrahydrofuran was followed by GLC analysis. 
The rate of the reaction was less than with zinc but appeared to be 
complete after 26 h. Workup analogous to that described for the 
acid-activated zinc gave 13 (identified by GLC and NMR comparisons 
with authentic material).

(d) Into a 50-mL, side-armed flask equipped with a rubber septum 
and reflux condenser was placed 1 g of sodium in small pieces and 10 
mL of tetrahydrofuran (distilled from lithium aluminum hydride). 
The flask was flushed with nitrogen and cooled to ca. -2 5  °C. A so
lution of 1.0 g of 33 was added slowly. The solution was maintained 
at -25  °C for 1 h and then allowed to warm to room temperature. 
After several hours, the solution was filtered and worked up as de
scribed above. NMR analysis showed only 33. This procedure was 
repeated with a brief period of reflux: extensive solvent breakdown 
occurred and no product could be isolated.

(e) The procedure used for the reaction of acid-activated zinc with 
33 was followed using highly active magnesium powder.27 Thus, 500 
mg of 33 and 1 g of magnesium powder after reflux for 18 h in tetra
hydrofuran gave 610 mg of a dark oil. NMR analysis indicated the 
presence of 33 (and the absence of 13).

(f) Treatment of 400 mg of 33 with 800 mg of copper powder in re
fluxing tetrahydrofuran resulted in no formation of 13 as indicated 
by GLC analysis.

5-Phenyl-10-(2,2,2-trichloroethoxy)-10-methoxy-3,4,5-exo- 
triazatricyclo[5.2.1.02’6]dec-3-ene (34). A mixture of 15 g (55 mmol) 
of 33 and 7.9 g (66 mmol) of phenyl azide in carbon tetrachloride was 
heated at 50-60 °C in the dark for 2 weeks. The solution was then 
diluted with hexane and stored in the freezer for several days. Fil
tration afforded 15.3 g (71%) of crude 34.40 Recrystallizations from 
hexane gave relatively pure 34: mp 140-141 °C dec; NMR (CDCD 
5 7.25 (5 H, br s), 4.65 (1 H, d, J  = 11 Hz), 3.8 (3 H, s and d), 3.1 (3 H, 
s), 2.9 (1 H, m), 2.6 (1 H, m), 1.4-2.1 (4 H, m). Despite two attempts, 
acceptable elemental analyses were not obtained. However, the p- 
nitrophenyl azide adduct did analyze satisfactorily (vide post).

Photolysis of 34. Preparation of 3-Phenyl-8-(2,2,2-trichlo- 
roethoxy)-8-methoxy-3-exo-azatricyclo[3.2.1.02’4]octane (35). 
A solution of 1.7 g (4.3 mmol) of 34 in 350 mL of reagent grade acetone 
was irradiated with a 450 W Hanovia lamp (Pyrex filter) for several 
hours. Removal of solvent via rotary evaporation followed by purifi
cation of the crude 35 by passage through a 6 in. column of alumina 
with hexane and recrystallization from hexane gave 0.94 g (59%) of

10-Substituted exo-3,4,5-Triazatricyclo[5i.2.1,02i6](iec-3-enes J. Org. Chem., Vol. 43, No. 16,1978 3221

35 as colorless crystals. Further recrystallizations from hexane gave 
an analytical sample: mp 93-95 °C; NMR (CDC13) 6 6.8-7.4 (5 H, m),
4.16 (2 H, s), 3.37 (3 H, s), 2.6 (2 H, m), 2.52 (2 H, s), 2.0 (2 H, m), 1.3 
(2 H, m).

Anal. Calcd for C16H18C13N 02: C, 52.99; H, 5.00; N, 3.86. Found: 
C, 53.07; H, 5.07; N, 4.09.

Thermolysis of 34. Preparation of 3-Phenyl-8-(2,2,2-trichlo- 
roethoxy)-8-methoxy-3-endo-azatricyclo[3.2.1.02'4]octane (36). 
A 1.6-g (4.1 mmol) portion of 34 was added to a stirred flask of decalm 
at 190 °C. Nitrogen evolution lasted ca. 0.5 h. After 45 min, the solu
tion was cooled and the decalin was removed by vacuum distillation 
[45 °C (1 mm)]. Chromatography of the residue on 75 g of neutral 
alumina with benzene-hexane gave 0.53 g (36%) of 36 as a colorless 
solid after recrystallization from hexane. Further recrystallizations 
from hexane gave an analytical sample: mp 100.0-100.5 °C; NMR 
(CDCI3) 5 6.7-7A (5 H, m), 4.02 (2 H, s), 3.38 (3 H, s), 2.80 (2 H, t, J 
= 2 Hz), 2.5 (2 H, m), 1.68 (4 H, br s).

Anal. Calcd for C16HlgClgN 02: C, 52.99; H, 5.00; N, 3.86. Found: 
C, 53.12; H, 5.04; N, 3.92.

5-(4-Nitrophenyl)-10-(2,2,2-trichloroethoxy)-10-methoxy-
3,4,5-exo-triazatricyclo[5.2.1.02'6]dee-3-ene (37). A mixture of 25 
g (92 mmol) of 33 and 15.1 g (92 mmol) of p-nitrophenyl azide in the 
minimum amount of carbon tetrachloride was allowed to stand in the 
dark for 11 days. Filtration gave 15.85 g (40%) of 37. The filtrate was 
then allowed to stand for 3 months in the dark to afford 15.76 g of 
additional 37 (total yield 31.6 g, 79%).40 Recrystallization from chlo
roform-hexane gave an analytical sample: mp 195-196 °C dec; NMR 
(Me2SO-d6) S 8.3 (2 H, d, J = 9 Hz), 7.5 (2 H, d, J = 9 Hz), 4.9 (1 H, 
d, J  = 11 Hz), 4.1 (1 H, d, J = 11 Hz), 3.9 (2 H, s), 3.4 (3 H, s), 2.9 (1 
H, m), 2.7 (1 H, m), 1.2-2.0 (4 H, m).

Anal. Calcd for C16H17CI3N4O4: C, 44.11; H, 3.93; N, 12.86. Found: 
C, 43.88; H, 3.97; N, 12.90.

Thermolysis of 37. Preparation of 3-(4-Nitrophenyl)-8- 
(2,2,2-trichloroethoxy)-8-methoxy-3-enc/o-azatricyclo- 
[3.2.1.02>4]octane (38) and 7-(2,2,2-Trichloroethoxy)-7-meth- 
oxybicyclo[2.2.1]heptan-2-one (39). Thermolysis of 5.76 g (13 
mmol) of 37 (neat) in several portions at 195-200 °C followed by 
cooling and chromatography of the combined residues on 400 g of 
neutral alumina with benzene-chloroform gave four major fractions:
(1) 1.02 g (19%) of the endo aziridine, 38, as a yellow solid; (2) 0.65 g 
of a mixture of 38 and 39 (predominately the latter); (3) 1.9 g (63%) 
of 39; and (4) 1.63 g of insoluble material containing p-nitroani- 
line.

An analytical sample of 38 was obtained after recrystallization from 
hexane: mp 174-175 °C; NMR (CDC13) 5 8.1 (2 H, d, J = 10 Hz), 6.9 
(2 H, d, J = 10 Hz), 4.1 (2 H, s), 3.4 (3 H, s), 3.0 (2 H, t, J = 2 Hz), 2.5 
(2 H, m), 1.6 (4 H, m).

Anal. Calcd for CmHnClgNaCL: C, 47.14; H, 4.20; N, 6.87. Found: 
C, 47.31; H, 4.28; N, 6.84.

Vacuum transfer of the crude 39 gave a thick oil which solidified 
upon cooling. An analytical sample was prepared by recrystallization 
from hexane: mp 69.5-70.5 °C; NMR (CDC13) 5 4.1 (2 H, AB quartet),
3.4 (3 H, s), 2.7 (2 H, m), 1.4-2.7 (6 H, m).

Anal. Calcd for CwHwClaOg: C, 41.77; H, 4.56. Found: C, 41.96; H,
4.62.

Preparation of 7-(2,2,2-Trichloroethoxy)-7-methoxybicy- 
clo[2.2.1]heptan-2-one (39) from 7-(2,2,2-Trichloroethoxy)-7- 
methoxybicyclo[2.2.1]hept-2-ene (33). A solution of 3.0 g (11 mmol) 
of 33 in 75 mL of tetrahydrofuran (distilled from lithium aluminum 
hydride) was brought to 0 °C under an argon atmosphere in a flask 
equipped with a rubber septum. An excess of 1.0 M diborane in tet
rahydrofuran was added via syringe. After stirring several hours at 
0 °C, 5 mL of water was added cautiously, followed by the dropwise 
additions of 5 mL of 3 N sodium hydroxide and 5 mL of 30% hydrogen 
peroxide. The resulting solution was stirred for 0.5 h at room tem
perature. The layers were then separated and the aqueous layer was 
extracted with 25 mL of ether. The combined organic phases were 
diluted with ether, washed with two 40-mL portions of water and 40 
mL of brine, and dried over anhydrous magnesium sulfate. Filtration 
and evaporation gave 2.96 g (92%) of 40 as a pale yellow oil (5 6.2 peak 
absent in NMR spectrum; IR shows a 3600 cm-1 absorption). This 
oil was used without further purification. A solution of this oil in 25 
mL of dry methylene chloride was added all at once to a solution (that 
had previously been stirred for 15 min) of chromium trioxide (6.0 g, 
60 mmol) and 9.5 g (120 mmol) of dry pyridine (distilled from barium 
oxide) in 75 mL of methylene chloride. After 15 min of additional 
stirring, the solution was decanted from the dark residue. The residue 
was rinsed with 100 mL of ether and the combined organic solutions 
were allowed to evaporate and then concentrated under vacuum to 
remove pyridine. The residue was taken up in ether, filtered, washed



3222 J. Org. Chem., Vol. 43, No. 16,1978 Gassman and Schaffhausen

with dilute sodium hydroxide and brine solutions, and dried over 
MgS04. Filtration and evaporation gave 1.33 g (46%) of 39, identical 
spectrally with the material described above.

Attempted Deketalization of 36 and 38. (a) A 550-mg (1.4 mmol) 
portion of 38 was treated with 1.1 g of acid-activated zinc dust26 in 10 
mL of refluxing tetrahydrofuran. The reaction was periodically 
monitored by removal of a small amount via syringe, filtration through 
glass wool and Celite, followed by IR examination for the presence 
of the carbonyl absorption. After 24 h, no carbonyl was observed. An 
additional 1.0 g of zinc and 10 mL of solvent were then added and 
reflux was continued for 3 days with no carbonyl absorption detected. 
The solution was then cooled, filtered, and evaporated to give 510 mg 
of a solid identical spectrally with 38.

(b) This procedure was repeated using dimethyl formamide at 100 
°C as the solvent. After several days, TLC analysis showed that 38 
was absent. The suspension was cooled, filtered, and diluted with 
water and ether. The layers were separated and the ether layer was 
extracted several times with water and once with brine and dried over 
anhydrous magnesium sulfate. Filtration and evaporation gave an 
oil whose NMR spectrum showed none of the peaks expected for the 
desired ketone. This material was not characterized further.

(c) Treatment of 120 mg of crude 38 with 1 g of magnesium powder 
in 10 mL of dimethyl formamide at 100 °C for 3 days, followed by 
workup as in the acid-activated zinc attempt, gave only unchanged 
38.

(d) Using the procedure described for activated zinc deketalization 
of 33, 500 mg (1.23 mmol) of 38 and precipitated zinc [from 320 mg 
(1.41 mmol) of zinc bromide and 110 mg of potassium]28 were stirred 
in refluxing tetrahydrofuran for 18 days. The mixture was then cooled 
and chromatographed on 25 g of neutral alumina with benzene- 
chloroform to give a yellow oil, identified as 38 by spectral comparison 
with authentic material.

(e) To a side-armed flask equipped with reflux condenser and 
rubber septum was added 134 mg (1.41 mmol) of MgS04, 106 mg (0.64 
mmol) of potassium iodide, and 4 mL of tetrahydrofuran (distilled 
from lithium aluminum hydride). The flask was maintained under 
argon during the reaction. Approximately 100 mg of potassium was 
added in small pieces.28 The temperature was raised to reflux and 
maintained for 2.5 h. A solution of 250 mg (0.64 mmol) of 36 in 5 mL 
of tetrahydrofuran was added next via syringe. After 18 h of reflux, 
the solution was cooled. Water and ether were added and workup was 
completed as in the activated zinc procedure to give an oil (230 mg) 
containing only unchanged 36. This procedure was repeated with 38, 
which also gave unchanged starting material.

Polarographic Procedure. Half-wave potentials were obtained 
by polarography with a PAR Model 174 polarographic analyzer. A 
dual compartment cell with separation of the cells via a coarse glass 
frit was used. A dropping mercury electrode served as the cathode in 
the main compartment. Also placed in this compartment was a plat
inum wire auxiliary electrode. A saturated calomel reference electrode 
was connected to the second compartment via a salt bridge. Di- 
methylformamide of sufficient purity (transparent to ca. -2 .8  V) was 
obtained by treatment of reagent grade dimethylformamide with 
several batches of 3 A molecular sieves followed by distillation. The 
electrolytes were stored in a desiccator. All compounds used in these 
determinations were of analytical purity. To obtain the E y 2 value, 
each cell was filled with the solvent-electrolyte solution and then 
degassed with nitrogen for at least 15 min. A polarogram was then run 
on the blank solvent to establish the background current. After ad
dition of several milligrams of the desired compound, the polarogram 
was rerun. The surfactant Triton X-100 was used in some cases to 
remove maxima. The Eyz values were taken either from the inflection 
point of the polarographic wave(s) or from the maximum of the dif
ferential pulse peak(s).

Procedure for Controlled Potential Reductions. Reductions 
were carried out at controlled potential (±0.03 V) with a Tacussel 
Type ASA 50-2 potentiostat connected to a cell in series with a cou- 
lometer for monitoring current flow. A cell similar to that used for 
polarographic work was employed in which the main compartment 
required ca. 60 mL of solution. The electrodes were a mercury pool 
as cathode and a platinum gauze anode. A saturated calomel reference 
electrode was connected to the cell via a salt bridge. The main com
partment also contained a magnetic stirring bar and was cooled to 
0-25 °C with an ice bath. Reagent grade dimethylformamide, distilled 
tetramethylurea, or distilled dimethyl sulfoxide were used as solvents. 
Lithium perchlorate or t.etra-n-butylammonium perchlorate were 
used as electrolytes (0.1 N). For each run, a solution of the appropriate 
compound in ca. 60 mL of the electrolyte solution was cooled, degassed 
at least 15 min, and then maintained under nitrogen during reduction. 
When passage of the desired amount of current was observed, the

solution in the main compartment was poured into 100 mL of water 
and 100 mL of ether. The layers were separated and the aqueous layer 
was extracted with three 100-mL portions of ether. The combined 
ether layers were treated with three 100-mL portions of water and 100 
mL of brine and finally dried over anhydrous magnesium sulfate. 
Filtration and concentration via rotary evaporation yielded a residue 
which was analyzed by NMR and GLC.

Electrochemical Reduction of 33. Preparation of 7-(2,2-Di- 
chloroethoxy)-7-methoxybicyclo[2.2.1]hept-2-ene (41). (a) Re
duction of 1.0 g (3.7 mmol) of 33 at -1.85 V (600 C; 710 C = 2 equiv) 
in dimethylformamide-tetra-n-butylammonium perchlorate afforded 
an oil which contained no 13 by NMR and GLC analysis. Vacuum 
transfer gave 580 mg (67%) of 41. An analytical sample was obtained 
by preparative VPC on a 6 ft X 0.25 in. 5% FFAP on potassium hy
droxide washed Chromosorb P column at 130 °C: NMR (CDCI3) 5 6.10 
(2 H, m), 5.78 and 5.70 (1 H, 2t, J = 6 Hz), 3.82 and 3.72 (2 H, d, J = 
6 Hz), 3.27 and 3.21 (3 H, 2s), 2.79 (2 H, m), 1.7-2.1 (2 H, m), 1.0 (2 H, 
m). The pairs of peaks (6 5.7, 3.7-3.8, and 3.2) indicated the presence 
of unseparated syn and anti isomers.

Anal. Calcd for C10H14CI2O2: C, 50.65; H, 5.95. Found: C, 50.63; H.
5.93.

(b) Reduction of 650 mg (2.4 mmol) of 33 at —1.85 V (411 C; 460 C 
= 2 equiv) in dimethylformamide with lithium perchlorate as the 
electrolyte gave a residue containing only 41 (as determined by NMR 
analysis).

(c) Reduction of 500 mg (1.8 mmol) of 33 at -1.65 V (250 C; 360 C 
= 2 equiv) gave a residue containing only 41 (as determined by NMR 
analysis).
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Electrosynthesis of Hetero-Hetero Atom Bonds. 2. An Efficient 
Preparation of (2-Benzothiazolyl)- and Thiocarbamoylsulfenamides by 

Electrolytic Cross-Coupling Reaction of 2-MercaptobenzothiazoIe, 
Bis(2-benzothiazolyl) Disulfide, and/or Bis(dialkylthiocarbamoyl) 

Disulfides with Various Amines
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Two series of sulfenamides bearing 2-benzothiazolyl and thiocarbamoyl moieties were synthesized smoothly hy 
electrolytic cross-coupling of either 2-mercaptobenzothiazole (3), bis(2-benzothiazolyl) disulfide (4) or bis(dialkyl- 
thiocarbamoyl) disulfides (5) with various amines in iV.lV-dimethylformamide. Electrolysis was carried out under 
constant voltages of 2-3 V (0.95-1.20 V vs. SCE) in an undivided cell, fitted with two platinum and/or two stainless 
steel Sus 27 electrodes. Direct electrosynthesis of thiocarbamoylsulfenamides (2) from dialkylamines and carbon 
disulfide was also accomplished in 81-96% yields.

During the last couple of decades, a number of synthetic 
methods for preparing (2-benzothiazolyl)- and thiocarba
moylsulfenamides (1 and 2 ) as important industrial chemicals1 
have been developed. The S-N bond-making reactions com
prise the reaction of sulfenyl chlorides with amines,2 coupling

R‘ R3
NCSN/

R2̂  I  ^ R 1
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Table I. Electrolytic Cross-Coupling of 3 and/or 4 with Cyclohexylamine3

entry
substrate
(mmol)

cyclohexyl
amine,2
mmol

electrodes 
(6 cm2)

current,
mA/cm2

time,b 
h

sulfen
amide 1 
yield, %c

1 3« (0.90) 0.96 Pt 2.7-0 24 96«
2 3 (1.00) 1.00 Pt 1.7e 2.7 97/
3 4« (1.00) 2.00 Pt 3.0-0 16 95
4 4 (0.45) d 2.70 Pt 3.3-0 24 97
5 4 (0.45) 2.70 Sus 3.0-0 20 90
6 4 (0.45) 2.70 c 3.2-0 19 42

“ Carried out in DMF (20 m L)-E t4NC104 (100 mg) under a constant applied voltage of 2.0 V at 25-28 °C. b Being passed 2.0-2.5 
faradays/mol of electricity based on substrates 3 or 4 except for entry 2 (1.0 faraday/mol).c Isolated yields. d Used wet DMF containing 
0.5 mL of water. e Electrolyzed with a constant current (applied voltage 1.8-2.1) . 1 Produced the disulfide 4. « Registry no.: 3,149-30-4; 
4,120-78-5; 1, 95-33-0; cyclohexylamine, 108-91-8.

Q u a n tity  o f  E l e c t r i c i t y  F/tnol

Figure 1. Experimental points (Table 1, entry 1) are given every 0.33 
faraday/mol for 1 (a ), 3 (•), and 4 (■).

of metal mercaptides with (V-chloroamines,3 the amine-ex- 
change reaction of sulfenamides,4 the metal-assisted reaction 
of disulfides with amines,5 and hydrogenation of thiooximes.6 
For large-scale preparations of 1 and 2, the oxidative cross- 
coupling reaction of 2-mercaptobenzothiazole (3) ,7 dithio- 
carbamates,8 and the related disulfides 49 and 510 with amines 
has been most frequently employed. However, use of stoi
chiometric amounts of oxidizing agents, e.g., sodium hypo
chlorite solution,43-7'8’9’10 hydrogen peroxide solution,1015 
chlorine,7e bromine,715 iodine,70 etc., brings about serious en
vironmental problems.

As a simple and nonpolluting procedure for obtaining 1 and 
2, we examined the electrochemical oxidation of 3, 4, and 5 
under a controlled applied voltage in the presence of suitable 
amines and found a novel synthetic method for obtaining the 
sulfenamides 1 and 2 .

Results and Discussion
(2-Benzothiazolyl)sulfenamides (1). According to the 

following general procedure, the sulfenamides 1 were elec- 
trosynthesized in an undivided cell equipped with two plati
num electrodes. Electrolysis of the thiol 3 and cyclohexyl
amine in A/,/V-dimet,hylformamide (DMF) in the presence of 
tetraethylammonium perchlorate was conducted under a 
constant voltage of 2 V (0.95-1.2 V vs. SCE) at 26-28 °C. 
During the electrolysis the current varied from 2.7 mA/cm2

3 4

2 NH
W 2e

— 2e \  II II /
2 NH +  CS2 ----- > NCSSCN

R2 R2 R2

2

R3

R4

\
NH

5

— 2e

to almost zero. After ~2 faradays/mol of electricity had been 
passed for 24 h, workup of the reaction mixture gave N -cy -  
clohexyl(2-benzothiazolyl)sulfenamide (1, R1 = cyclohexyl; 
R2 = H) in 96% yield (Table I, entry 1).

To follow the change of constituents in the electrolysis so
lution under the above electrolysis conditions, samples were 
taken by a microinjector at intervals of 0.33 faraday/mol. 
Figure 1 shows the relationship between constituents and 
current for entry 1. It reveals that most of the thiol 3 was 
converted into bis(2-benzothiazolyl) disulfide (4) when 1 
faraday/mol of electricity was passed (Table I, entry 2 ). The 
most interesting fact is that further transformation of the 
disulfide 4 into the sulfenamide 1 is the major process in the 
continuing electrolysis. Thus, conversion of 3 into 1 was per
formed in quantitative yield after 2 .1  faradays/mol of elec
tricity were passed. It will be noted that no change of the 
constituent was observed when the mixture of 4 and cyclo
hexylamine in the same medium was stirred at room tem
perature for 24 h without passing electric current. The pres
ence of excess cyclohexylamine in the electrolysis of 4 (entries 
3 and 4) did not affect the yield of 1. In the latter case, stainless 
steel electrodes Sus 27 can be used instead of platinum elec
trodes without decreasing the yield of 1 (entry 5), whereas use 
of carbon electrodes decreases the yield to 42% due to ab
sorption of some of the products on the electrode surface 
(entry 6 ). In a practical sense, the electrolysis reaction af
fording 1 from 4 is considered to be valuable as a general 
method for preparing I. The results from the electrolysis of 
the disulfide 4 with various amines are shown in Table II.

Thiocarbamoylsulfenamides (2). The electrochemical
S-N bond-making reaction can be extended with success to 
the synthesis of Af-alkylthiocarbamoylsulfenamides (2 ), since 
electrolysis of a solution of bis(dialkylthiocarbamoyl) disul
fides (5) and IV-alkylamines in DMF was conducted under a 
constant applied voltage of 3 V (0.95-1.3 V vs. SCE) using 
either two platinum or stainless electrodes. After 2.1-2.5 
faradays/mol, there were obtained the corresponding sul
fenamides 2 in 74-98% yield (Table III).

A direct synthesis of 2 (R1 = R2 = R3 = R4) from carbon 
disulfide and dialkylamines was explored. Recently, the di
sulfides 5 have been electrosynthesized by the anodic oxida
tive coupling of dialkylammonium dithiocarbamates prepared 
in situ from carbon disulfide and dialkylamines in DMF.11 The
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Table II. (2-Benzothiazolyl)sulfenamides 1 from 4 by Electrolysis with Amines“

entry amine
registry

no.

elec
trodes 

(6  cm2)

applied
voltage,

V
current,
mA/cm2

time, 5
h

yield,®
%

sulfenamide 1 
mp (bp),

°C (°C/Torr)
registry

no.
7 n -propylamine 107-10-8 Sus 3.0 1 .8 - 0 6 98 (96-99/2) d 66552-53-2
8 isopropylamine 75-31-0 Sus 3.0 3.3-0 5 93 93.5-94.5 d 10220-34-5
9 teri-butylamine 75-64-9 Sus 3.0 2.5-0 8 90 107.5-109® 95-31-8

10 morpholine 110-91-8 Pt 2 .0 2 .0 - 0 16 97 84.5-85.5d 102-77-2
11 piperidine 110-89-4 Sus 3.0 2.5-0 16 96 77-79d 26773-65-9
12 pyrrolidine 123-75-1 Sus 3.0 2 .0 - 0 20 92 53-54 f 17689-13-3
13 diethylamine 109-89-7 Sus 3.0 2.5-0 15 80 (89-92/2)d 2720-65-2
14 di-n-butylamine 111-92-2 Sus 3.0 2.5-0 19 89 (107—109/2)d 63451-39-8
15 diisopropylamine 108-18-9 Pt 2 .0 1 .0 - 0 15 25 58.5-59.5^ 95-29-4
16 dicyclohexylamine 101-83-7 Pt 2 .0 1.3-0 24 26 10 1- 1 0 2 5 4979-32-2

0 Carried out in DMF (20 mL)-Et4NC104 (100 mg) at 15-22 °C. 5 Being passed 2.1-2.5 faradays/mol of electricity based on 4. c Isolated 
yields based on added 4. d Reference 7e. ® Reference 9. f Reference 4a. g Reference 3b. h Reference 14.

Table III. Sulfenamides 2 from 5 by Electrolysis with Amines“
disulfides 5 elec- sulfenamide 2

entry R1 R2
registry

no. amine
trodes 
(6  cm2)

current,
mA/cm2

time, 5
h

yield,®
%

mp (bp), 
°C (°C/Torr)

registry
no.

17 Me Me 137-26-8 cyclohexylamine Pt 3.7-0.3 23 98 (10 0- 10 2 / 2 ) d 52243-24-0
18 Me Me cyclohexylamine Sus 4.7-0.7 20 98
19 Me Me dimethylaminei Sus 8.7-2.3 24 70 49.5-50® 2801-22-1
20 Et Et 97-77-8 cyclohexylamine Pt 3.3-0.4 29 95 63.5-64.5d 52185-80-5
21 Et Et piperidine Sus 2.5-0.4 53 85 (84-87/2)d 66552-54-3
22 Et Et pyrrolidine Sus 2.3-0.4 48 74 (83-86/2) 66552-55-4
23 n -Pr n-Pr 2556-42-5 cyclohexylamine Pt 3.0-0.5 43 92 (92-94/2)/ 55947-00-7
24 n-Bu rc-Bu 1634-02-2 cyclohexylam ime Pt 3.3-0.3 41 84 (92-95/2) d 55947-01-8
25 -(CH2)5- 94-37-1 cyclohexylamine Pt 6.3-0.5 24 89 74.5-75.5d 66552-56-5
26 -(CH2)4- 496-08-2 cyclohexylamine Pt 7.2-0.8 42 82 (120-123/2) 66552-57-6

“ Carried out under a constant applied voltage of 3 V in DMF (20 mL)-Et4NC104 (100 mg) at 10-20 °C. b Being passed 2.1-2.5 far
adays/mol of electricity based on 5. c Isolated yields based on added 5. d Reference 8d. ® Reference 8c. f Reference 8b. g Registry no.: 
124-40-3.

Table IV. Direct Electrosyntheses of Sulfenamides 2 from Amines and Carbon Disulfide“
sulfenamide 2

entry
amine
(mmol)

cs2,
mmol

solvent 
(20 mL)

current,
mA/cm2

time, 5
h

yield,
%®

mp,
°C

registry
no.

27 piperidine (30) 6 DMF 8.0-0.4 24 92 100.5-101.5d 6250-27-7
28 piperidine (1 0 ) 2 MeCN 14.2-1.0 20 96 100.5-101.5d
29 pyrrolidine (30) 6 DMF 8 .0 - 0 .2 25 93 86-87® 52345-73-0
30 morpholine (30) 6 DMF 6 .2- 0 .2 37 81 136-137® 13752-51-7

“ Carried out under a constant applied voltage of 3 V of 24-27 °C using two Pt electrodes (6  cm2) in the presence of Et4NC104 (100 
mg). b Being passed 2.5-3 faradays/mol of electricity based on CS2. ® Isolated yields based on added CS2. d Reference 8d. ® Reference 
3a.

electrolysis solution thus obtained was submitted to the fur
ther electrochemical oxidation in the presence of excess di- 
alkylamines (sixfold) to give the desired sulfenamides 2 
smoothly (Table IV). The total conversion of carbon disulfide 
and dialkylamine into 2 required 2.1-2.5 faradays/mol of 
electricity referring to added carbon disulfide.

Mechanistic Consideration of S-N Bond Formation. 
To our knowledge, the electrosynthesis of the sulfenamides 
1 and 2 , as mentioned above, is the first example of the elec
trochemical S-N bond-making reaction, involving oxidative 
cross-coupling of the disulfides 4 or 5 with amines. In the 
preparation of the sulfenamides 1 and 2  by chemical oxida
tion,7c'8c Carr et al. suggest that the reaction of disulfides (a) 
and amines (b) proceeds to give sulfenamides (c) and mer- 
captide ion (d). The latter anion (d) can be chemically oxi
dizing in situ to regenerate a. Recently, the metal-assisted 
synthesis of 1 without using oxidizing agents has been re
ported, where the generating mercaptide ion is removed by

YSSY
a

c

R1\
+  2 NH

W

R1
+  YS H,N

\
R2

filtration as insoluble metal complexes.5 Independently, we 
confirmed the presence of sulfenamides (c) on a TLC plate in 
a stirring mixture of a and excess cyclohexylamine in DMF, 
although concentration of the mixed solution under dimin
ished pressure afforded only the disulfide (a). In addition, 
removal of most of volatile materials from a mixture of equi
molar amounts of c and d in DMF provided also a as a sole 
product. These experiments clearly demonstrate that the
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A n o d ic  P o t e n t i a l  V  v s .  SCE

Figure 2. Current-potential curves: system A, Et4NC104 (100 mg)- 
DMF (20 mL); system B, 4 (0.45 mmol)-Et4NC104-DMF; system 
C, cyclohexylamine (1.03 mmol)-Et4NC104-DMF; system D, 4- 
cyclohexylamine-Et4NC104-DMF; system E, 3 (0.45 mmol)-cyclo- 
hexylamine-Et4NC104-DMF.

sulfenamide formation reaction is reversible in the medi
um.

The present electrolysis reaction can also be rationalized 
by assuming that the reaction pathway involves anodic oxi
dation of the mercaptide ion, giving disulfide through the 
coupling of thio radical intermediates.12 This assumption is 
consistent with the following results. The current-potential 
curves of various systems of the disulfide 4, cyclohexylamine, 
and Et4NC104 in DMF are shown in Figure 2, indicating that 
discharge potentials of A, B, and C systems occur over 0.8 V 
vs. SCE. However, in the D system the current begins to pass 
strikingly at lower potential, ~0.3-0.5 V vs. SCE, as similar 
to the corresponding thiol-cyclohexylamine system (curve E). 
This result in similarity on oxidation potentials implies that 
in the D system, stirring a mixture of 4 with cyclohexylamine 
in DMF would provide more or less the corresponding sul
fenamide (c) as well as mercaptide ion (d) as the result of re
versible reaction and the latter ion would be immediately 
oxidized on the anode, given a.

The above results are in sharp contrast to the unfruitful 
ones obtained under the same electrolysis conditions with 
di-feri-butyl disulfide, diphenyl disulfide, and dibenzyl di
sulfide, which have no electron-withdrawing group attached 
to the sulfur atom of the disulfide function. However, elec
trolysis of bis(o-nitrophenyl) disulfide (6 ) with piperidine in 
the same conditions afforded the corresponding sulfenamide

7 in 40% yield. It will be noted as supporting evidence for the 
formation of mercaptide ion (d) that increase of electrophilic 
character of the sulfur atom ascribable to the nitro group of 
6 would be allowed to undergo attack by amines.

Experimental Section
All melting points and boiling points are uncorrected. IR spectra 

were determined with a JASCO IRA-I infrared spectrophotometer 
fitted with a grating. NMR spectra were taken at 60 MHz with a Hi
tachi R-24 spectrometer.

Materials. Commercially available 2-mercaptobenzothiazole (3) 
and bis(2-benzothiazoiyl) disulfide (4) were used. Bis(dialkylthio- 
carbamoyl) disulfides (5) were prepared by electrolysis of the corre
sponding dialkylamines and carbon disulfide according to the pro
cedure described in the preceding paper.11

General Procedure of the Electrolysis. The electrolysis was

carried out in a water-jacketed beaker (3.5-cm in diameter and 10-cm 
high) fitted with a thermometer, a stirring bar, a gas lead pipe, and 
two platinum foil electrodes (6 cm2) or two stainless steel electrodes 
(Sus 27,6 cm2), being placed parallel 5 mm apart. The regulated dc 
power was supplied by a Metronix Model-543B instrument. The re
action conditions and the results are summarized in Tables I, II, III, 
and IV. The typical experimental procedures are shown below.

lV-Cyclohexyl(2-benzothiazolyl)sulfenamide (1, R1 = H; R2 
= cyclohexyl) from 2-Mercaptobenzothioazole (3) and Cyclo
hexylamine (entry 1). A mixture of 3 (150 mg, 0.90 mmol) and cy
clohexylamine (85 mg, 0.96 mmol) in DMF (20 mL) containing 
Et4NC104 (100 mg) was electrolyzed at 2 V (0.95-1.20 V vs. SCE) at
26-28 °C using two Pt electrodes (6 cm2). During the course of the 
reaction the current density varied from 2.7 mA/cm2 to almost zero. 
After 2.0 faradays/mol of electricity were passed (24 h), the reaction 
mixture was concentrated in vacuo and the residue was chromato
graphed (Si02, benzene) to give 1 (227 mg, 96%) as white crystals: mp
98-100 °C from hexane (lit.4c mp 99-101 °C); IR (Nujol) 3220 (NH), 
3055 (HC=C), 1430 cm "1; NMR (CDC13) 6 0.80-2.50 (m, 10 H), 2.88 
(br, 1 H), 3.28 (m, 1 H), 6.90-8.10 (m, 4 H).

iV-Cyclohexyl(2-benzothiazolyl)sulfenamide (1, R1 = H; R2 
= cyclohexyl) from Bis(2-benzothiazolyl) Disulfide (4) and 
Cyclohexylamine (entry 3). A mixture of 4 (333 mg, 1.00 mmol) and 
cyclohexylamine (198 mg, 2.00 mmol) in DMF (20 mL) containing 
Et4NC104 (100 mg) was electrolyzed using two Pt electrodes (6 cm2) 
at 2 V (1.0—1,3 V vs. SCE) at 26 °C. The initial current of 3.0 mA/cm2 
dropped to almost zero after ~ 2.2 X 10"3 faradays of electricity were 
passed (16 h). The reaction mixture was concentrated in vacuo and 
the residue was chromatographed (Si02, benzene) to give 1 (504 mg, 
95%): mp 98-100 °C from ether-hexane (lit.4c mp 99-101 °C).

iV-Cyclohexyl( IV',JV'-diethylthiocarbamoyl)sulfenamide (2, 
ri = R2 = Et; R3 = H, R4 = cyclohexyl) from Bis(diethylthio- 
carbamoyl) Disulfide (5, R1 = R2 = Et) and Cyclohexylamine 
(entry 20). A mixture of 5 (0.88 g,-3.0 mmol) and cyclohexylamine 
(1.81 g, 18.3 mmol) in DMF (20 mL) containing Et4NC104 (100 mg) 
was electrolyzed at 3 V (0.95-1.30 V vs. SCE) at 11-13 °C using two 
Pt electrodes (6 cm2). The initial current of 3.3 mA/cm2 dropped to 
0.4 mA/cm2 after 7 X 10" 3 faradays of electricity was passed (29 h). 
After evaporation of the solvent the residue was taken up with ether, 
washed with brine, and dried (Na2S04). Removal of the solvent fol
lowed by recrystallization from hexane gave 2 (1.40 g, 95%): mp
63.5-64.5 °C (lit.8d mp 64-65 °C); IR (Nujol) 3230 (NH), 1498,1423, 
1270 cm "1; NMR (CDCI3) 6 1.00-2.30 (m, 10 H), 1.27 (t, J = 7 Hz, 6 
H), 2.77 (br, 1 H), 3.30-4.30 (m, 5 H).

Similarly, electrolysis of a mixture of 5 (R1 = R2 = Et, 0.89 g, 3.0 
mmol) and pyrrolidine (1.28 g, 18.0 mmol) in DMF (entry 22) gave 
2 (R1 = R2 = Et; R3, R4 = (CH2)4 . 0.97 mg, 74%); bp 83-86 °C (2 
mm); IR (neat) 1490, 1418, 1268 cm "1; NMR (CDC13) <5 1.26 (t, J = 
7 Hz, 6 H), 1.65-2.30 (m, 4 H), 2.70-4.20 (m, 8 H).

Anal. Calcd for C9H18N2S2: C, 49.50; H, 8.31. Found: C, 49,64; H,
8.42.

In a similar fashion, 5 (R1, R2 = -(CH 2)4-, 0.89 g, 3.0 mmol) and 
cyclohexylamine (1.81 g, 18.3 mmol) afforded 2 (R1, R2 = -(CH 2)3-,
1.22 g, 82%) (entry 26): bp 120-123 °C (2 mm); IR (neat) 3250 (NH), 
1458,1436,1181,1157,1003,955 cm "1; NMR (CDC13) 6 0.60-2.40 (m, 
14 H), 2.50-3.10 (m, 1 H), 3.20-4.10 (m, 5 H).

Anal. Calcd for CnH20N2S2: C, 54.06; H, 8.25. Found: C, 53.89; H,
8.08.

iV,A'-Pentamethylene(Ar',A"-pentamethylenethiocarbam- 
oyRsulfenamide [2, R1, R2 = -(CH2)5-; R3, R4 = -(CH2)5-]  from 
Piperidine and Carbon Disulfide (entry 27). A mixture of piperi
dine (2.55 g, 30.0 mmol) and CS2 (0.36 mL, 6.0 mmol) in DMF (20 ml) 
containing Et4NCI04 (100 mg) was electrolyzed at 3 V (0.85-1.20 V 
vs. SCE, 8.0-0.4 mA/cm2) at 27 °C for 24 h. Workup in a similar way 
as that above gave 2 (1.49 g, 92%): mp 100.5-101.5 °C from hexane 
(lit.8-1 mp 100-102 °C); IR (Nujol) 1482, 1431, 1241 cm "1; NMR 
(CDCI3) S 1.40-1.90 (m, 12 H), 3.20-4.20 (m, 8 H).

!V,lV-Pentamethylene-o-nitrophenylsulfenamide (7) from 
Bis(o-nitrophenyl) Disulfide (6) and Piperidine. A mixture of 6 
(308 mg, 1.00 mmol) and piperidine (517 mg, 6.07 mmol) in DMF (20 
mL) containing Et4NC104 (100 mg) was electrolyzed at 3.0 V (2-0.9 
mA/cm2) at 25 °C using two Pt electrodes (6 cm2). After being passed
4.8 X 10" 3 faradays of electricity (26 h), the mixture was concentrated 
in vacuo and the residue was chromatographed (Si02, benzene) to give 
7 (192 mg, 40%): bp 77-80 °C (2 mm); IR (neat) 3080,3055 (CH=C), 
1592, 1564, 1506, 1333 cm "1; NMR (CDC13) & 1.00-2.30 (m, 6 H), 
2.60-3.60 (m, 4 H), 7.00-8.50 (m, 4 H).

Anal. Calcd for Cn Hi4N20 2S: C, 55.44; H, 5.92. Found: C, 55.51; 
H, 6.03.

Similar electrolysis of di-tert-butyl, diphenyl, and dibenzyl disul
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fides in DMF in the presence of piperidine (sixfold) gave no detectable 
amounts of sulfenamides, resulting in recovery of the starting mate
rials.

Registry No.—6, 1155-00-6; 7, 66552-58-7; carbon disulfide, 75-
15-0.
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Identification of 2,5-Dihydropyridine Intermediates in the Reactions of
2-Alkyl(phenyl)-l-lithio-l,2-dihydropyridines with Alkyl Halides

Robert F. Francis,* Clayton D. Crews, and B r itt  S. Scott

D epartm ent o f Chem istry, The U niversity o f  Texas at Arlington, Arlington, Texas 76010

R eceived January  27, 1978

A series of 2,5-disubstituted 2,5-dihydropyridines (10) have been prepared from 2-alkyl(phenyl)-l-lithio-l,2- 
dihydropyridines (1) and alkyl halides and have been characterized by their IR and NMR spectra. Each 2,5-dialkyl -
2,5-dihydropyridine (lOa-d) decomposes on exposure to air or when heated to a mixture containing the correspond
ing 2,5-dialkylpyridine (lla-d) and the 2,5-dialkyl-l,2,5,6-tetrahydropyridine (12a-d). However, decomposition 
of a 5-alkyl-2-phenyl-2,5-dihydropyridine (10d,f) gives only the 5-alkyl-2-phenylpyridine (lle,f). The 2,5-dihydro
pyridines (10) are converted to the corresponding tetrahydropyridines (12) by lithium aluminum hydride reduc
tion.

There has been little  direct evidence for the existence of 
unstable 2,5-dihydropyridines.1 However, they have been 
proposed as intermediates in reactions which include the so
dium borohydride reduction of pyridinium  salts,2-3 the syn
thesis of 8-azasteroids,4 the dehydrogenation of a 1,4-dihy- 
dropyridine,5 and the reactions of lith ium  tetrakisW -dihy- 
dropyridyl)aluminate w ith alkyl halides and bromine.6

The reactions of l-alkyl(aryl)-l,2-dihydropyridines (1) with 
electrophiles can, in theory, lead to 1,2-, 2,5-, and 2,3-dihy- 
dropyridines as shown in Scheme I. The stable acylation 
products7-8 of complex 1 (R = phenyl) are 1,2-dihydropyri- 
dines (2) which result from iV-acylation and 2,5-disubstituted 
pyridines (5) which involve C-acylation. The latter are as-

Scheme I

Scheme II

sumed to form from decomposition of 2,5-dihydropyridine 
intermediates (3). Alkylation8-9-10 of complex 1 (R = phenyl) 
by the use of alkyl halides leads to 5-alkyl-2-phenylpyridines
(5) which also presumably are formed on the decomposition 
of 2,5-dihydropyridines (3). Products obtained from the re
action of 1 with bromine,9 cyanogen bromide,11 benzophe- 
none,12 and phenyl disulfide13 also are assumed to involve
2,5-dihydropyridine precursors.

The firs t direct evidence for a 2,5-dihydropyTidine, formed 
in the reaction of 2-feri-buty l-l-lith io-l,2 -d ihydropyrid ine 
(la ) w ith methanol, was reported14 from this laboratory. This 
reaction gave dihydropyridines 6 and 7 which were decom
posed by heat to 2-terf-butylpyridine (8) and 2-iert-buty l -
1,2,5,6-tetrahydropyridine (9).

Results and Discussion
We have now identified the 2,5-dihydropyridines (10) ob

tained from the reactions of pyridine alkyllithium  complexes
(1) w ith methyl and ethyl halides (Table I). Structural as-

0022-3263/78/1943-3227$01.00/0 © 1978 American Chemical Society
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Table I. Pyridine Alkyllithium Complexes (1), 2,5-Dihydropyridines (10), and Vinyl Proton Absorptions of 2,5-
Dihydropyridines

1

chemical shifts for
registry registry vinyl protons of 10 , h

no. no. R no. R R' no. h 6 H2,H:

la 42540-75-0 t-Bu 10a t-Bu ch 3 66562-50-3 8.45 6 .0 0

lb 20180-25-0 n-Bu 10b t-Bu c2h 5 8.09 5.80
ac 24724-75-2 phenyl 10c n-Bu ch 3 8.05 5.73

lOd phenyl ch 3 66562-51-4 8.30 5.92
10e phenyl c2h 5 66562-52-5 8.15 5.87

8 7 6  5

Figure 1. NMR spectrum of the vinyl proton absorptions of 2-tert- 
butyl-5-methyl-2,5-dihydropyridine (10a).

signments for these 2,5-dihydropyridines are based on their 
NMR and IR spectra, their decomposition products, and their 
facile reduction (lithium aluminum hydride) to the corre
sponding tetrahydropyridines (12). A series of pyridine-alk- 
yllithium complexes (1 ) were prepared as yellow crystalline 
solids from pyridine and the appropriate alkyllithium com
pound. The reaction of each complex (1) with methyl iodide 
or ethyl bromide gave a 2,5-dialkyl(aryl)-2,5-dihydropyridine 
( 10).

The NMR spectrum of 2-feri-butyl-5-methyl-2,5-dihy- 
dropyridine (10a) is representative of those obtained for other
2,5-dialkyl-2,5-dihydropyridines. It showed a broad absorp
tion at 5 8.45 (1 H) assigned to H5, a broad absorption at 5 6.00 
(2  H) assigned to H2 and H3, and a multriplet at <5 4.40 (1 H) 
assigned to H4. Other absorptions of 10a were obscured by 
those of the solvent. The vinyl proton absorptions for 10a are 
shown in Figure 1 . A summary of vinyl proton absorptions for 
all 2,5-dialkyl-2,5-dihydropyridines (10) is given in Table I.

The reactions of complexes la-c with alkyl halides could 
also give l,2-dialkyl-l,2-dihydropyridines as a result of N -  
alkylation. However, the general absorption patterns re
ported1 for the NMR spectra of alkyl-substituted 1,2-dihy- 
dropyridines differ substantially in the vinyl proton region 
from patterns observed in the NMR spectra obtained in these 
studies. Thus these reactions gave no detectable amounts of 
the 1 ,2 -dihydropyridines.

The NMR spectra of some solutions containing 2,5-dihy
dropyridines showed additional absorptions of much lower 
intensity near those reported for vinyl protons H2, H3, and H5.

These absorptions suggest the presence of stereoisomeric
2,5-dihydropyridines in some of these mixtures. This aspect 
of the structures of the 2,5-dihydropyridines formed in the 
reactions of complex 1 with alkyl halides is currently under 
investigation.

Acylation of complex la with acetyl chloride gave, as ex
pected,8’9 1,2-dihydropyridine 13 which was sufficiently stable 
to be collected by preparative GLC at 150 °C.

The reactions of lithium tetrakis(Al-dihydropyridyl)alu- 
minate6 and complex lc9 with bromine have been reported 
to give 3-bromopyridine and 5-bromo-2-phenylpyridine, re
spectively. However, treatment of complex la with either 
bromine or pyridinium perbromide gave no detectable amount 
of 5-bromo-2-fert-butylpyridine but did afford 6 ,6 '-di-tert- 
butyl-3,3'-dipyridyl (16). The formation of dipyridyl 16 may 
involve 2,5-dihydropyridine intermediates 14 and 15 (Scheme
III). Experiments aimed at identification of these interme
diates are currently underway. Dipyridyls also have been re
ported10-11 in the reactions of complexes lb and lc with other 
halogenating agents.

Workup and analysis of a sample of each 2,5-dialkyl-2,5- 
dihydropyridine (lOa-c) revealed that each had decomposed 
to a mixture containing the corresponding 2,5-dialkylpyridine 
(lla -c) and the 2,5-dialkyl-l,2,5,6-tetrahydropyridine 
(12a-c). The relative percentage of dialkyltetrahydropyridine
(1 2 ) in each reaction was less than that of the dialkylpyridine
(11). The tetrahydropyridine may have been formed by 
transfer of a hydride ion from one 2,5-dihydropyridine mol-

Scheme III

CH3

13
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Table II. Vinyl Proton Absorptions and Elemental Analyses of Tetrahydropyridines 12a-e

vinyl elemental analysis

compd
registry protons, calcd found

no. Ô C H N C H N
12a 66562-53-6 5.62 78.37 12.49 9.14 78.25 12.61 9.29
12b 5.65“ 78.97 12.96 8.37 78.89 12.84 8.13
12c 5.606 78.43 12.42 9.15 78.40 12.37 9.17
12d 66562-54-7 5.70 83.24 8.67 8.09 83.40 8.60 8.01
12e 66562-55-8 5.70 83.42 9.09 7.49 83.52 

“Two broad absorptions, approximate ratio 5:1. bTwo broad absorptions, approximate ratio 2:1.

9.03 7.49

Scheme IV

1. LiAlH,
12. H,0

12 jSe
11

ecule to the C=N  moiety of another. Compounds II and 12 
generally could not be separated cleanly by distillation or 
preparative GLC. In each case a pure sample of the 2,5-di- 
alkylpyridine (II) for spectral and elemental analyses was 
obtained from these mixtures by selenium oxidation of 12 to
11. A pure sample of the 2,5-dialkyl-l,2,5,6-tetrahydropyridine
(1 2 ) was prepared by the hydride reduction of the 2,5-dial- 
kyl-2,5-dihydropyridine (10). These reactions are shown in 
Scheme IV. Decomposition of each 5-alkyl-2-phenyl-2,5- 
dihydropyridine (lOd and lOe) gave only the 5-alkyl-2- 
phenypyridine (lid and lie). A summary of the data obtained 
from these reactions is given in Table II.

The 2,5-dialkyl(phenyl)-2,5-dihydropyridines (10) obtained 
from the reactions of complex 1 with alkyl halides were ex
pected to undergo hydride reduction at the C =N  bond; ac
cordingly, each was treated with lithium aluminum hydride. 
On reduction, 2,5-dihydropyridines 10a, lOd, and lOe each 
gave a single tetrahydropyridine according to GLC and NMR 
analyses. However, the NMR spectrum of each of the reduc
tion products of 2,5-dihydropyridines 10b and 10c suggested 
the presence of two stereoisomeric tetrahydropyridines.

The hydride reductions described above generally gave high 
yields of tetrahydropyridines, and the reaction sequence 
shown in Scheme V may serve as a convenient synthesis of a 
variety of 2,5-dialkyl-l,2,5,6-tetrahydropyridines (1 2).

Experimental Section
General. Elemental analyses were performed by Galbraith Lab

oratories, Inc., Knoxville, Tenn. Nuclear magnetic resonance spectra 
were obtained on Varian T-60 and HA-100 instruments. Analyses of 
reaction product mixtures and relative percentage yields of products 
were obtained on a Varian Aerograph 90-P3 gas chromograph 
equipped with a 20 ft X % in. column composed of 30% SE-30 on 
Chromosorb W (60/80 mesh). Infrared spectra were recorded on a 
Perkin-Elmer 621 instrument, tert-Butyllithium in pentane was 
obtained from Lithium Corporation of America. OtheT alkyWithium 
compounds were prepared by standard procedures.

2-tert-Butyl-l-lithio-l,2-dihydropyridine (la).14 In a nitro
gen-flushed drybox, 0.06 mol of tert- butyllithium was added to a 25 
X 200 mm test tube. The test tube was sealed with a serum cap, re
moved from the drybox and cooled to about —70c in a dry ice-iso- 
propyl alcohol bath. A solution of 0.04 mol of pyridine in about 10 mL

Scheme V
R-X LiAlH4 H20 

1 _ ^ 1 0  — >■ — *-12

of dry pentane was added slowly over a period of about 10 min by use 
of a syringe. The mixture was shaken vigorously after each addition. 
Complex la began crystallizing as a yellow solid in about 1 h. The 
mixture was generally allowed to stand at -7 0  °C overnight to assure 
maximum crystallization.

2-n-Butyl-l-lithio-l,2-dihydropyridine (lb)15 was prepared 
according to the procedure described for la. Complex lb was obtained 
from pyridine and butyllithium in hexane as a yellow solid. NMR 
(ethyl ether): 5 6.70 (1 H, d, H6), 5.95 (1 H, m, H3), 4.87 (1 H, t, HO,
4.43 (2 H, m, H i and H4).

1- Lithio-2-phenyl-l,2-dihydropyridine (lc)17 was prepared 
according to the procedure described previously for complex la except 
that 0.04 mol of pyridine was added to 0.08 mol of phenyllithium18 
in ethyl ether which had been cooled to 0 °C in an ice-water bath. The 
mixture was allowed to stand at room temperature until the yellow 
complex lc crystallized. The mixture was generally refrigerated 
overnight to insure maximum crystallization. An NMR spectrum 
obtained for complex lc in tetramethylethylenediamine with Me4Si 
as the internal standard agreed with that previously reported.17

2- feri-Butyl-5-methyl-2,5-dihydropyridine (10a). A syringe 
was used to remove the supernatent liquid from complex la. The 
complex was washed by injecting 10 mL of dry ethyl ether or pentane 
into the test tube, shaking the mixture, allowing the solid to settle, 
and withdrawing the liquid. This procedure was repeated. A mixture 
of complex la and about 20 mL of dry ethyl ether was slowly added 
by use of a syringe. As the components reacted, the solid complex 
dissolved. The mixture was allowed to stand at 0 °C for 2-3 h. The 
resultant clear, yellow solution was transferred with a syringe to a 
small round-bottomed flask which had been flushed with nitrogen, 
fitted with a serum cap, and cooled in an ice-water bath. The flask 
was placed on a rotary evaporator, and the mixture was concentrated 
at 0 °C. A sample of the concentrate was transferred with a syringe 
to an NMR tube, Me4Si was added, and an NMR spectrum of complex 
la in ethyl ether was obtained: 5 8.45 (1 H, br s, H5), 6.00 (2 H, br s, 
H2, H3), 4.40 (1 H, m, H4). IR: 1715,1675,1640 cm -1.

The signals from Hx and the methyl and tert-butyl groups in the 
NMR spectrum were obscured by absorptions from the solvent. At
tempted removal of the last traces of solvent resulted in considerable 
decomposition of the 2,5-dihydropyridine 10a to aromatic compound 
11a and tetrahydropyridine 12a.

2-iert-Butyl-5-ethyl-2,5-dihydropyridine (10b) was prepared 
according to the procedure described for 2,5-dihydropyridine 10a. 
Because complex 10b proved to be more stable than complex 10a, 
most reaction solvent could be removed from the sample by rotary 
evaporation. An NMR spectrum was obtained on a sample of 10b in 
deuteriochloroform with Me4Si: 5 8.09 (1 H, br s, H5 ), 5.80 (2 H, br s, 
H2, H3), 4.02 (1 H, m, H4), 3.64 (1 H, br, Hx), 2.41 (2 H, q, CH3 CH2),
1.60 (3 H, t, CH3CH2 ). IR: 1710 (C=N ), 1675 and 1655 cm' 1 
(C=C).

2-n-Butyl-5-methyl-2,5-dihydropyridine (10c) was prepared 
from complex lb and methyl iodide according to the procedure de
scribed for 2,5-dihydropyridine 10a: NMR 6 8.05 (1 H, br s, H5), 5.73 
(2 H, br s, H2, H3), 4.48 (1 H, m, Hi). Absorptions from the methyl and 
butyl groups were obscured by absorptions from the solvent (pen
tane).

5-Methyl-2-phenyl-2,5-dihydropyridine (lOd) was prepared 
from complex lc  and methyl iodide by the procedure described for
2,5-dihydropyridine 10a. The methyl iodide-ethyl ether mixture was 
added to complex lc in ethyl ether at 0 °C: NMR b 8.30 (1 H, br s, H5),
7.57 (5 H, s, phenyl), 5.92 (2 H, br s, H2, H3). Other absorptions were 
obscured by those of the solvent.

5-Ethyl-2-phenyl-2,5-dihydropyridine (lOe) was prepared from 
complex lc and ethyl bromide by the procedure described for 2,5- 
dihydropyridine 10a. The ethyl bromide-ethyl ether mixture was 
added to complex lc in ethyl ether at 0 °C. NMR b 8.15 (1 H, br s, H5),
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5.87 (2 H, br s, H2, H3). Other absorptions were obscured by those 
from the solvent.

l-Acetyl-2-ierf-butyl-l,2-dihydropyridine (13) was prepared 
from complex la  and 0.04 mol of acetyl chloride at —70 °C. The 
mixture was allowed to warm to 0 °C and stand at this temperature 
for an additional hour. Workup as described above gave a yellow oil 
which GLC analysis showed to contain a single major product which 
was collected by preparative GLC as a colorless oil: NMR § 6.45 (1 H, 
d, H5), 6.02 (1 H, m, H4), 5.60 (1 H, m, H3), 5.00 (1 H, d, Hr), 2.20 (3 
H, s, CH3), 1.00 (9 H, s, f-Bu); IR 1680 (C = 0 ), 1595 and 1575 cm“ 1 
C=C ). Anal. Calcd for Cu Hl7NO: C, 73.76; H, 9.49; N, 7.81. Found: 
C, 73.59; H, 9.33; N, 7.79.

6,6'-Di-fert-butyl-3,3'-dipyridyl (16) was prepared from complex 
la and bromine dissolved in pentane or pyridine perbromide19 dis
solved in tetrahydrofuran by the general procedure described for
2.5- dihydropyridine 10a. The addition of the brominating reagent 
to complex la  (—70 °C) resulted in immediate formation of a yellow 
solid. The mixture was shaken frequently. The resultant mixture, a 
clear yellow solution, was refluxed for 2 h, cooled, and shaken with 
25 mL of water. The organic layer was separated and dried (K2C 03), 
and the solvent was removed by rotary evaporation. The residue, 
microdistilled at 10 mm, gave a mixture which by GLC analysis con
tained 2-tert- butylpyridine, 2-tert- butyl-1,2,5,6-tetrahydropyridine, 
and 6,6'-di-ierf-butyl-3,3'-bipyridyl (16). Bipyridyl 16 was collected 
by preparative GLC as a yellow solid: mp 121-122 °C; NMR & 8.40 (2 
H, s, C6-H, C6'-H), 7.40 (4 H, m C3-H, C4-H, C3'-H , C4'-H ), 1.25 (18 
H, s, t-Bu, t-Bu'). Anal. Calcd for C18H24N2: C, 80.61; H, 8.94; N, 10.44, 
Found: C, 80.69; H, 8.88; N, 10.40.

Decomposition of 2,5-Dihydropyridines. Samples (0.04 mol) of
2.5- dialkyl(aryl)-2,5-dihydropyridines were prepared as described 
in the previous sections. About 2 mL of water was cautiously added 
to each sample and the mixture was shaken. The organic layer was 
separated, the aqueous layer was extracted with three 10-mL portions 
of ethyl ether, and the combined organic portions were dried (K2C03). 
The solvent was removed by rotary evaporation, and the residue was 
distilled at 10 mm of pressure. Each distillate was analyzed by GLC. 
Decomposition of each 2,5-dialkyl-2,5-dihydropyridine (lOa-d) gave 
a mixture containing the 2,5-dialkylpyridine (lla-d) and the 2,5- 
dialkyl-l,2,5,6-tetrahydropyridine (12a-d). The relative percentages 
of 11 and 12 formed by decomposition of 10 were: 10a, 57:43; 10b, 
74:26; 10c, 77:23; lOd, 100:0; lOe, 100:0, The dialkylpyridines and 
dialkyltetrahydropyridines obtained in these reactions generally could 
not be separated completely by distillation or GLC, and the relative 
percentages reported are approximate. Pure samples of these products 
were obtained by the procedures described in subsequent sections 
where the spectral and elemental analyses are also reported.

Decomposition of each 5-alkyl-2-phenyl-2,5-dihydropyridine (lOd 
and lOe) gave only the 5-alkyl-2-phenylpyridine (lie and Ilf).

5-Methyl-2-phenylpyridine (lid) was obtained as a yellow solid 
from decomposition of 2,5-dihydropyridine lOd: NMR <5 8.45 (1 H, 
m, H5), 7.90 (2 H, m, H2, H3), 7.40 (5 H, m, phenyl), 2.33 (3 H, s, CH3); 
IR 1660,1600,1563 cm-1. Anal. Calcd for Cx2HuN: C, 85.21; H, 6.51; 
N, 8.28. Found: C, 85.04; H, 6.70; N, 8.26.

5-Ethyl-2-phenylpyridine (lie) was obtained as a yellow solid 
from decomposition of 2,5-dihydropyridine lOe: NMR 6 8.15 (1 H, 
m, H5), 8.33 (2 H, m, H2, H3), 7.73 (5 H, m, phenyl), 3.03 (2 H, q, 
CH2CH3), 1.63 (3 H, t, CH2CH3); IR 1647,1595, and 1560 cm-1. Anal. 
Calcd for C13H13N: C, 85.25; H, 7.10; N, 7.65. Found: C, 85.18; H, 7.08; 
N, 7.56.

General Procedure for Preparing Pure 2,5-Dialkylpyridines
(11). The crude product containing a 2,5-dialkylpyridine (11) and a
2.5- dialkyl-l,2,5,6-tetrahydropyridine (12) obtained from decom
position of approximately 0.04 mol of 2,5-dialkyl-2,5-dihydropyri- 
dine (10) was refluxed with a small excess of selenium (5.0g) in 100 
mL of phenyl ether for 36-48 h. The mixture was filtered to remove 
excess selenium and the filtrate was extracted with five 15-mL por
tions of 6 N hydrochloric acid. The aqueous layer was separated and 
made basic with dilute aqueous sodium hydroxide. The aqueous layer 
was extracted with ethyl ether, the extracts were dried (K2C 03), and 
the ether was removed by rotary evaporation. The residue was ana
lyzed by GLC and samples of 2,5-dialkylpyridines were obtained by 
preparative GLC as colorless oils.

(a) 2-tert-Butyl-5-methylpyridine (11a): NMR 0 8.45 (1 H, s, 
H5), 7.40 (2 H,m, H2, H3), 2.23 (3 H, s, CH3), 1.00 (9 H, s, t-Bu). Anal. 
Calcd for C10H15N: C, 80.55; H, 10.06; N, 9.38. Found: C, 80.39; H, 9.88;

N, 9.19.
(b) 2-tert-Butyl-5-ethylpyridine (lib): NMR 6 8.40 (1H, s, H5),

7.25 (2 H, m, Hz, H3), 2.60 (2 H, q, CH2CH3), 1.20 (3 H, t, CH2CH3), 
1.00 (9 H, s, t-Bu). Anal. Calcd for CUH17N: C, 80.99; H, 10.42; N, 8.58. 
Found: C, 80.77; H, 10.56; N, 8.70.

(c) 2-n-Butyl-5-methyIpyridine (11c): NMR ó 8.38 (1 H, br s, 
H6), 7.20 (2 H, m, H2, H3), 2.78 (2 H, t, CH2CH2CH3), 2.30 (3 H, s, 
-C H 3), 1.55 (4 H, m, CH2CH2CH2CH3), 0.97 (3 H, t, 
CH2CH2CH2CH3). Anal. Calcd. for Ci0H15N: C, 80.54; H, 10.07; N,
9.40. Found: C, 80.46; H, 10.20; N, 9.39.

General Procedure for Preparing 2,5-DiaIkyI-l,2,5,6-tet- 
rahydropyridines (12). Pure samples of 2,5-dialkyl-l,2,5,6-tet- 
rahydropyridines, which were formed along with the corresponding 
aromatic compounds when 2,5-dihydropyridines were decomposed, 
were prepared according to the following procedure. A 0.04-mol 
sample of a 2,5-dialkyl-2,5-dihydropyridine (10) prepared as previ
ously described was slowly added by use of a syringe to a stirred 
mixture of 0.02 mol of lithium aluminum hydride in 100 mL of dry 
ethyl ether at 0 °C. The mixture was allowed to warm to room tem
perature and was stirred overnight. The reaction was quenched by 
the slow addition of cold water, and the layers were separated. The 
aqueous layer was extracted with three 100-mL portions of ethyl ether, 
and the combined extracts and organic layer were dried (anhydrous 
K2C 03). The crude product obtained on removal of ethyl ether by 
rotary evaporation was analyzed by GLC.

The NMR spectrum of each of the tetrahydropyridines 12a, 12d, 
and 12e showed a single broad absorption near & 5.6 which suggested 
that a single isomer was present. However, the NMR spectrum of each 
of the tetrahydropyridines 12b and 12c was apparently that of a 
mixture of two stereoisomeric tetrahydropyridines as suggested by 
the presence of two broad absorptions near ò 5.6 as well as the presence 
of two sets of absorptions for other protons in the region 5 3.4-0.9. 
Detailed analyses of these spectra were not attempted; however, the 
vinyl proton absorptions and the elemental analyses of the tetrahy
dropyridines are summarized in Table II.
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New urea derivatives of diaminomaleonitrile (DAMN, 1) are prepared and their cyclization reactions investi
gated. 3-Substituted 5-alkylideneamino-6-cyanocytosines (7) are obtained from DAMN Schiff bases (2) and isocy
anates by a novel trans cyclization. Similar cyclization of DAMN urea derivatives (3) with ketones and aldehydes 
was accompanied with hydration of the nitrile group to give 3-substituted 5-alkylideneaminocytosine-6-carboxam- 
ides (9) and 3,6-disubstituted 4-aminopyrimido[5,4-d]pyrimidine-2,8-diols (10), respectively.

Several nitrogen heterocycles, including im idazoles,1' 3 
pyrazines,4 and diazepines,1-3 have been prepared from  d i
aminomaleonitrile (D AM N , 1), the tetramer o f hydrogen cy 
anide. These syntheses have generally been based on a single 
reaction pattern in which 1 is used as a cis -1,2-diam inoethy- 
lene component. T o  extend synthetic versatility, a variety o f 
the reaction pattern o f  1 is desirable. One approach is exem 
plified by the photochem ical conversion o f 1 to 4-am ino-5- 
cyanoim idazole,5 which appears to result from  the trans iso
mer, diaminofumaronitrile.6 N o chem ical reactions o f  the 
trans isomer, however, are known mainly because it reverts 
to the cis isomer ( 1) under the influence o f acid, base, charcoal, 
or light or on heating.7 Som e derivatives o f 1, such as tetra- 
methyl3 and bisanil com pounds,8 are known to have the trans 
geometry about the central carbon-carbon double bond o f the 
skeleton o f 1. Again the chem ical properties o f  these com 
pounds have not yet been examined.

Here, we want to  present a new reaction pattern o f D A M N , 
in which 1 is used as a trans-1,2-diaminoethylene component. 
This is demonstrated by the successive reaction o f 1 with 
carbonyl com pounds and isocyanates to  give pyrimidine de
rivatives.

Results and Discussion
Open-Chain Compounds. Condensation o f 1 with al

dehydes or ketones is known to afford Sch iff bases.1’3 These 
com pounds are generally believed to  have maleonitrile 
structure 2 (cis configuration) from  their IR spectra, the 
presence o f two nitrile bands near 2230 and 2200 c m '1, and 
their chemical properties, especially the facile form ation o f

a, R 1 = Ph; R 2 = H
b, R 1 = 4-ClC6H4 ; R 2 = H
c, R 1 = 4-CH3OC6H4; R 2 =

d, R 1 = 4-N O ,C6H4; R 2 = H
e, R> = 2-furyl; R 2 = H
f, R 1 = R 2 = Ph

1,4-diaza heterocycles. DAMN S ch iff bases 2a-f1’3,9 were 
prepared for the present study.

Synthesis o f the phenylurea derivative 3e (see Table I) from 
1 and phenyl isocyanate3 has been extended here to  the 
preparation o f alkyl derivatives. T he reaction proceeded at 
room temperature without catalyst in acetonitrile solvent to 
give the corresponding monourea derivatives 3a-d in m od
erate yields as shown in Table I. N -B enzyl DAMN’S 4a-c, 
prepared from 2a-c by sodium borohydride reduction,3 
reacted similarly with isocyanates, and iV-benzyl-iV'-urea 
derivatives 5a-c were obtained (Table I). Table I also includes

an iV-benzylidene-.'V'-urea derivative (6a) which was isolated 
by a base-catalyzed reaction o f  2b  and methyl isocyanate in 
acetone, but the latter reaction generally afforded cyclized 
products (vide post).

Spectroscopic data o f these open-chain ureas are presented 
in the supplement o f  Table I (see supplementary material). 
Tw o nitrile absorptions in the IR spectra o f  3, 5, and 6a are 
observed in regions at 2250-2228 and 2210-2195 c m '1. The 
spectral similarity with Schiff bases 2 and the facile formation 
o f  3 and 5 without any acid or base catalyst suggest that the 
com pounds in Table I also have cis configurations. The

1, X = N H 2 3, X  = NH2
4, X  = NHCH2Ar 5, X = NHCH2Ar

2b, X  = N = C H C 6H4C1 6a, X  = N = C H C 6H4C1
characteristic mass pattern is a molecular ion o f low intensity 
and the fragmentation by loss o f alkyl- or arylamine.

Cytosine Derivatives (Table II). By reaction o f isocyan
ates and D A M N  Schiff bases (2a~c and 2f), 3-substituted
5-alkylideneam ino-6-cyanocytosines (7a-d) were obtained. 
P roof o f the structure rests primarily on microanalytical and 
spectral evidence. The IR  spectra o f  7 exhibit one nitrile band 
at 2200 cm -1 and two characteristic absorptions in the 
1733-1740 and 1630-1660 cm “ 1 regions. The mass spectra 
contain a molecular ion o f moderate intensity, loss o f  the 
substituent at position 3 and loss o f  alkyl or aryl cyanide at 
position 5, indicating the presence o f  a stable ring. The lack 
o f alkyl- or arylamine splitting in the major fragmentation 
process almost excludes the possibility that the products are 
open-chain com pounds (Table I) or 4-alkylam ino- or 4-ar- 
ylaminocytosines by the Dimroth rearrangement. The N M R  
spectra o f  7 exhibit two N H  protons (exchangeable), for 7d 
at ò 8.93 and 8.62, and a diffused signal at ò 11-12.10 In the 
spectra o f 7a-c, the azomethine proton on the side chain at 
position 5 is observed as two signals: for 7b at 6 8.47 and 8.43. 
W hen 7a,b were subjected to sodium borohydride reduction, 
the spectra o f  the products (8a,b) showed the signal o f  benzyl 
protons at 5 4.4 and no azomethine proton signal. T he struc
ture having an azomethine side chain was confirm ed by the 
above result, but attempts to hydrolyze either the 5-azo- 
methine or 6 -cyano groups were unsuccessful. In m ost cases, 
7 was recovered unchanged. Prolonged treatment o f  7a with 
CH 3CO2H -H 2O2 gave 4-am ino-3,6-diphenylpyrim ido[5,4-
d]pyrim idine-2,8-diol (lOg).

Cytosine 7b was prepared by the reaction o f  2b and 
CH 3NCO with EtsN in acetonitrile. As mentioned above, the 
open-chain compound 6a was isolated when the same reaction 
was perform ed in acetone, in which 6a is sparingly soluble. 
Therefore, it seems that 6a is an intermediate o f the reaction

0022-3263/78/1943-3231$01.00/0 © 1978 American Chemical Society
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Table I. Open-Chain Urea Derivatives of Diaminomaleonitrile
NC

NC

X

NHCONHR3

Com pdafc R3 X Yield, %
Recrystn
solvent

Decompn 
point, °C

3a Me n h 2 85 CH3CN -1 6 7
3b ¿-Pr n h 2 67 c h 3c n -1 8 4
3c n-Bu n h 2 62 c h 3c o o c 2h 5 -1 6 2
3d Cyclohexyl n h 2 40 c h 3c o o c 2h 5 -1 7 3
3e Ph n h 2 92 c h 3c n -2 3 0 c
5a Me PhCH2NH 47 c h 3c o o c 2h 5 151-152
5b Me 4-ClC6H4CH2NH 20 c h 3c o o c 2h 5 174-175
5c ¿-Pr 4-CH3OC6H4CH2NH 42 CH3COOC2H5 ±  n-hexane 138-141
6a Me 4-ClC6H4C H = N 75 CH3CN 208-210

a Satisfactory analytical data (±0.4% for C, H, N, and Cl) were reported for all new compounds listed in the table (see the supple
mentary material). b For spectral data, see the supplementary material.c Reference 3.

Table II. Substituted Cytosines
NH

Com pd“ '6 Y X R3
Reaction time, 
h (temp, °C) Yield, %

Recrystn
solvent Mp, °C

7a CN P hC H =N Ph 0.1 (70) 97 CH3CN 233-235 dec
7b CN 4-ClC6H4C H = N Me 0.2 (70) 64 c h 3n o 2 235-238 dec
7c CN 4-CH3OC6H4C H = N ¿-Pr 18 (R T )C 90 c h 3c n 213-215 dec
7d CN Ph2C = N n-Bu 2 (RT) 18 C2H5OH (aq) 196-197 dec
8a CN PhCH,NH Ph 0.25 (5) 85 CH3CN 159-160 dec
8b CN 4-ClC6H4CH2NH Me 0.25 (5) 82 c h 3c n 172-173 dec
9a CONH2 Me2C = N Ph 1 (RT) 59 c h 3c n >300
9b c o n h 2 4-N 02C6H4C (M e)= N Me 3 (RT) 58 c h 3c n >300

a Satisfactory analytical data (±0.4% for C, H, N, and Cl) were reported for all new compounds listed in the table (see supplementary 
material). b For spectral data, see the supplementary material. c R T  = room temperature.

to give 7b, and it was separated as a precipitate at an early 
stage o f the reaction by the latter experiment. In fact, treat
ment o f  6a with aqueous sodium hydroxide followed by neu
tralization gave 7b. Com pound 7b was also obtained by oxi
dation o f  5b with manganese dioxide in dimethylformamide. 
The oxidation conditions have been developed by Begland8 
for the preparation o f benzylidene derivatives o f 1 from  the 
corresponding benzyl derivatives. Hence, the oxidation o f 5b 
gave presumably 6a, which would afford 7b in situ by the same 
mechanism.

The reaction to give 7 seems to demand the presence o f  a 
base catalyst since 6a is recovered unchanged from  the hot 
acetonitrile solution. Previous preparations o f D A M N  de
rivatives have generally been carried out under neutral or 
acidic conditions, and the trans-type (fumaronitrile-type) 
reaction o f 1 has not been observed (except in a case8 that will 
be discussed below). W e postulated that the cytosine 7 syn
thesis proceeded through a base-catalyzed isomerization o f  
6 to 6', as illustrated in Scheme I.

Oxidation o f  1 is known to result in a trans com pound, di- 
im inosuccinonitrile.11 T he patent on a bisanil dye,8 Ar- 
C H = N C (C N )= C (C N )N = C H A r ', states that the trans 
com pound is prepared from  1 and an aldehyde with concen
trated sulfuric acid, whereas the cis isomer is obtained under 
milder conditions, and that the cis isomer can be converted 
into the trans isomer by heating it in benzene containing a 
small amount o f iodine. H ydrogen abstraction from  1 is pre-

Scheme I

R 'C O R 2 
1 ------------- r 3n c o

R 1

NCX N=\NCNHCONHR3
6

6'
7

sumably the initiation step o f the photochem ical cis-trans 
isomerization o f l .6 These previous examples seem to indicate 
the importance o f oxidation [probably at the am ino or im ino 
group adjacent to the C = C  bond] for the isomerization. A c 
cordingly, it is probable to consider that the isomerization o f 
6 into 6' in Scheme I is initiated by such a hydrogen abstrac
tion with triethylamine, but further evidence was not obtained 
in the present investigation. W e are seeking clearer evidence
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Table III. Pyrimido[5,4-d]pyrimidines
NH

Compd“ ' 6 R1 R3 Method0
Reaction 
time, h Yield, %

Recrystn
solvent Mp, °C

10a Me Me A 24 37 EtOH 294-295
B 18 44

10b Me n-Bu A 24 12 CH3CN 260-261
10c Ph n -Bu A 6 56 C H aC N 296-298
lOd 2-Furyl Cyclohexyl A 2 53 CHgCN >300
lOe H Ph A 6 30 CH3CN >300
lOf Me Ph A 4 82 ch3cn >300
10g Ph Ph A 1 69 ch3cn >300

B 6 15
lOh 4-N02C6H4 Ph A 0.3 72 ch3cn >300

a Satisfactory analytical data (±0.4% for C, H, N, and Cl) were reported for all new compounds listed in the table (see supplementary 
material). b For spectral data, see the supplementary material. c Method A, from 3 and R’CHO; method B, from 3 and R’CO-
CH2C02Et.

to understand the reaction.
The cyclization , 6' to  7 in  S c h em e  I, se e m s to  be  a  f a s t  re

action, and attempts to isolate 6 ' failed. A similar cyclization 
by the addition of an urea moiety to the intramolecular cyano 
group has been reported in the preparation of 3-alkyl-5-cya- 
nocytosine from 3-alkylureidomethylenemalononitrile.12

It was expected from Scheme I that cytosine 7 would also 
be obtained by the reversed reaction sequence: reaction of 1 
and R3NCO to give 3 followed by condensation with RIGOR2. 
However, the reactions of 3 with ketones did not afford 7, but 
instead the corresponding 6 -carboxamides (8a,b) as shown 
in Table II. This reaction will be discussed in the next sec
tion.

Pyrimido[5,4-d]pyrimidines (Table III). The reaction 
of urea derivatives 3a-d and aldehydes in the presence of 
triethylamine gave 3,6-disubstituted 4-aminopyrimido[5,4-
d]pyrimidine-2,8-diols (lOa-h) as colorless high-melting 
crystals. The structure of lOa-h is consistent with their IR and 
mass spectra, which are characteristic with strong peaks at
tributed to the loss of R1C(=NH)NHCHO from the molecular 
ion (the spectroscopic data are presented in the supplement 
of Table III in the supplementary material). Their NMR 
spectra indicate the presence of three NH protons (ex
changeable), one on the external nitrogen, for 10c at 8 11.3, and 
two on the ring, for 1 0c at 5 8 .0  and 7.8. The structure 10  is 
confirmed by both the above-mentioned results that the hy
dration of 7a gives lOg and that the reaction of 3 and ketone 
gives 9. The compound corresponding to 9a,b is probably the 
precursor of 10 when R2 is H.

The reaction to afford 10 proceeds smoothly at room tem
perature in an alcohol solvent, and the products are separated 
gradually as precipitates. An aqueous solution of aldehyde can 
be used as the reactant: formaline for 10a and a 90% solution 
of ac e ta ld e h y d e  fo r 10b  an d  lO f. U sin g  ethyl acylacetate 
(method B) instead of aldehyde (method A) gave the same 
product 10. The use of ethyl acylacetate had been developed 
for the preparation of imidazoles in a previous study1 to in
troduce an RC< component by elimination of ethyl acetate. 
In the present study, however, imidazole formation giving rise 
to purine derivatives by cyclization with the 4-imino group 
is not observed, but further investigation under modified 
conditions is being undertaken.

Yamada and his co-workers13 reported the formation of
4,8-diamitiopyrimido[5,4-d]pyrimidine from hydrogen eya-

Scheme II

R 3NCO R 'C O R 2 or
1 ----------*- 3 ---------------------

R ‘ C 0C H 2C 0 2Et

10

nide and formamidine in anhydrous liquid ammonia, and they 
explained the result by reaction of 2  mol of formamidine and 
diaminofumaronitrile, a postulated intermediate. Since the 
formation of 1 in their system was proved, the present study 
indicates another possibility of the mechanism, this being that 
the pyrimidopyrimidine resulted from an N ,N '- bis(ami- 
nomethylene) derivative of 1 by a trans cyclization.

By the successive reaction 1 — 2 — 7 (Scheme I), one of the 
nitrile groups of 1 is left unchanged. Hydration of the C-6  
nitrile group of 7 did not occur under the mild conditions used 
in the present synthesis. On the other hand, no nitrile com
pound was isolated by the reaction of reversed sequence, (1  
->- 3) 9 or 10, although the same type of trans cyclization
occurred under closely similar reaction conditions. The nitrile 
group seems to be hydrated along with the carbonyl conden
sation. Thus, a mechanism involving intramolecular transfer 
of a water molecule is proposed as illustrated in Scheme II.

Oxidative cyclization of 9 into 10 occurs presumably by 
atmospheric oxygen. Oxidation during the workup of a cis-
2 ,3 -dihydropyrazine derivative into the corresponding pyr- 
azine has been reported.14
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Experimental Section
NMR spectra were determined using Me2SO-d6 solutions in a 

Varian HA-100 spectrometer, infrared (IR) spectra by KBr discs on 
a Hitachi EPR-G3 Infracord spectrometer, and mass spectra on a 
Hitachi RMU-6E mass spectrometer. All melting points were mea
sured on a Yanagimoto MP-21 micro hot-stage apparatus and were 
corrected.

Diaminomaleonitrile (DAMN, 1) was purchased from the Nippon 
Soda Co., Ltd. (grade A; 98% purity). DAMN Schiff bases (2a,9a 2b,3 
2c, 2d,9b 2e,9c and 2D) were prepared from 1 and aldehydes or ben- 
zophenone. N-Benzyl derivatives of 1 were prepared by the sodium 
borohydride reduction3 of 2a-c: )V-(4-chlorobenzyl)diamino- 
maleonitrile (4b), mp 130-131 °C dec (recrystallized from benzene), 
was prepared in a solvent mixture of methanol (50 mL), tetrahydro- 
furan (75 mL), and dimethyl sulfoxide (40 mL) from 2b (9.2 g) and 
sodium borohydride (14.0 g) in 94% yield; N-(4-methoxybenzyl)- 
diaminomaleonitrile (4c), mp 137-138 °C dec (recrystallized from 
benzene), was similarly prepared from 2c in 96% yield.

General Procedure for DAMN Urea Derivatives 3a-e and 5a-c 
(Table I). A mixture of isocyanate (0.09 mol), 1 or 4a-c (0.03 mol), 
and acetonitrile (50 mL) was stirred at room temperature for 24 h. The 
reaction mixture was then chilled and filtered to yield a solid product, 
which was washed with cold acetonitrile. When the reaction was1 
carried out in other solvents than acetonitrile, such as tetrahydrofu- 
ran, major parts of the reactants were recovered unchanged.

N'-Methylurea Derivative of lV-(4-Chlorobenzylidene)di- 
aminomaleonitrile (6a). Three drops of triethylamine were added 
to a mixture of 3.0 g of 2b, 4.8 g of methyl isocyanate, and 50 mL of 
acetone. The reaction mixture was warmed gently at about 40-50 °C 
until precipitates separated (within few minutes) and then stirred at 
room temperature. After 15 min the solid product was collected by 
filtration and washed with acetone to give 2.8 g of a yellow-white 
powder. Recrystallization gave colorless needles (see Table I)- Its 
NMR spectrum showed an azomethine proton at b 7.50.

General Procedure for 3-Substituted 5-Alkylideneamino-
6-cyanocytosines (7a-c; Table II). Compounds 7a, 7c, and 7d were 
obtained by the same procedure described for 6a at the temperature 
indicated in Table II from the corresponding isocyanate (R3NCO) and 
2a, 2c, and 2f, respectively. Compound 7b was obtained by the methdd 
using acetonitrile instead of acetone. A compound identical with 7b, 
confirmed by its melting point, and IR spectrum, was obtained by the 
following two methods. (1) A mixture of 0.29 g of 5b, 0.3 g of activated 
manganese dioxide, and 5 mL of dimethylformamide was kept at 
about 70 °C for 4 h with occasionally shaking. Then the solid was re
moved by filtration and washed with a small quantity of dimethyl
formamide. The filtrate and washing were gathered and diluted by 
water to give 0.1 g of the product. (2) 6a was dissolved in a 10% 
aqueous solution of NaOH and then neutralized with acetic acid to 
give 7b as a white precipitate.

Reduction of 7 with NaBH4. To an ice-cooled mixture of 1.0 g of 
7a and 25 mL of tetrahydrofuran was added 1.0 g of sodium borohy
dride portionwise. On stirring, 7 gradually dissolved into the solution 
which turned yellow to red-brown. Then the reaction mixture was 
poured into 300 mL of ice water. Filtration and washing with water 
gave 0.85 g of 8a as a yellow powder (see Table II). By the same 
treatment 7b gave 8b.

Hydrolysis of 7. A mixture of 0.3 g o f 7a, 2 mL of hydrogen per
oxide, and 10 mL of acetic acid was stirred at room temperature for 
4 days. After neutralization with ammonium hydroxide, 0.1 g of a solid 
product was obtained in which a small amount of 7a was included, as 
investigated by its IR spectrum. Recrystallization from a large volume 
of acetonitrile gave a compound identical in all respects with lOg (see 
later). By the following treatments 7a was recovered unchanged: (1) 
stirring with aqueous ammonia (28%) at room temperature for 2 h;
(2) stirring with NaOCH2 in methanol at room temperature for 16 h;
(3) on heating at 60-80 °C with a catalytic amount of p-toluenesul- 
fonic acid in dimethylformamide for 2 h.

5-Isopropylideneamino-3-phenylcytosine-6-carboxamide (9a) 
was prepared similarly by stirring a mixture of 1.0 g of 3e, 1 mL of

triethylamine, and 30 mL of acetone. Filtration and washing with 
acetone gave the product 9a as a white powder: NMR 51.34 (s, 6, CH3),
7.47 (m, 5), 7.5 (broad, 2, NH). Other spectral data are shown in the 
supplement of Table II (see supplementary material).

The treatment of 0.83 g of 3a, 0.9 g of p-nitroacetophenone, and 
20 mL of methanol gave 9b as a yellow powder (Table II).

General Procedure for 3,6-Disubstituted 4- 
Aminopyrimido[5,4-d]pyrimidine-2,8-diol (10; Table III). 
Method A. Triethylamine was added to a mixture of 3 (0.01 mol), 
aldehyde (0.02 mol), and 80-100 mL of methanol or ethanol, and the 
reaction mixture was stirred for the length of time indicated in Table
III. Filtration gave the first crop, and an additional crop was obtained 
from the filtrate after allowing it to stand for several hours. The ratio 
of triethylamine was varied from a catalytic amount (a few drops) to 
an equimolecular quantity (0.01 mol), but no substantial effect on the 
yield was observed. The addition of the base was carried out under 
cooling when aqueous solutions of aldehydes were used since a rapid 
decomposition was observed on heating 3 with water.

Method B. The above procedure was repeated using ethyl acyla- 
cetate (ethyl acetoacetate for 10a and ethyl benzoacetate for lOg) 
instead of aldehyde (acetaldehyde for 10a and benzaldehyde for lOg). 
The reaction proceeded in a similar manner, and identical products 
were obtained.

Registry No.— 1, 1187-42-4; 2a, 56029-18-6; 2b, 51802-11-0; 2c, 
59574-37-7; 2f, 55752-09-5; 3a, 66483-01-0; 3b, 66483-00-9; 3c,
66482-99-3; 3d, 66482-98-2; 3e, 51802-29-0; 4a, 51802-03-0; 4b,
66551-64-2; 4c, 66482-86-8; 5a, 66483-02-1; 5b, 66482-97-1; 5c,
66482- 96-0; 6a, 66483-10-1; 7a, 66483-09-8; 7b, 66483-08-7; 7c,
66483- 07-6; 7d, 66483-06-5; 8a, 66483-05-4; 8b, 66483-04-3; 9a,
66483-03-2; 9b, 66482-95-9; 10a, 66482-94-8; 10b, 66482-93-7; 10c, 
66482-92-6; lOd, 66482-91-5; lOe, 66482-90-4; lOf, 66482-89-1; lOg, 
66482-88-0; lOh, 66482-87-9; PhNCO, 103-71-9; i-Pr-NCO, 1795-48-8; 
BuNCO, Hl-36-4; MeCHO, 75-07-0; PhCHO, 100-52-7; 2-furancar- 
boxaldehyde, 98-01-1; HCHO, 50-00-0; 4-N02C6H4-CH 0, 555-16-8; 
MeC0CH2C 02Et, 141-97-9; PhC0CH2C 02Et, 94-02-0.

Supplementary Material Available: Spectral and analytical data 
(5 pages). Ordering information is given on any current masthead 
page.
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Recently, we reported1 that long-lived cation radicals are 
formed at room temperature in acetonitrile when certain 
mesocyclic dithioethers are treated with one-electron oxidizing 
agents such as NO+ or Cu2+. The enhanced stability of these 
cation radicals derived from mesocyclic dithioethers is at
tributed to an interaction between the transannular thioether 
group and the oxidized thioether to give a ring-fused system 
with an S-S bond. Because of this unusual behavior, we de
cided to investigate the mass spectra of mesocyclic di
thioethers to determine if a similar transannular interaction 
gives fragmentation products containing S-S bonds.

The compounds examined are 1,4-dithiane (1,4-DT), 1,4- 
dithiacycloheptane (1,4-DTCH), 1,5-dithiacyclooctane 
(1,5-DTCO), 1,4-dithiacyclooctane (1,4-DTCO), 1,5-dithia- 
cyclononane (1,5-DTCN), 1,4-dithiacyclononane (1,4-DTCN),
1,6-dithiacyclodecane (1 ,6 -DTCD), 2,5-dithiahexane (2,5- 
DTH), 2,6-dithiaheptane (2,6-DTHP), 2,7-dithiaoctane 
(2,7-DTO), and 2,8-dithianonane (2,8-DTN).

Results and Discussion
The mass spectra of most thioethers are similar to those of 

ethers. Normally, cleavage occurs either between the sulfur- 
carbon bond or the a ,/? carbon-carbon bond.2 For example, 
the mass spectrum of 2 ,6 -dithiaheptane (Scheme I) exhibits 
strong peaks at m / e  121 and 61. However, mesocyclic di
thioethers exhibit intense peaks at m /e  106 when five-mem- 
bered ring (1 ,2 -dithiolane) and at m/e 1 2 0  when six-membered 
ring (1 ,2 -dithiane) cation radicals can be formed by a trans
annular interaction. In Scheme II, the formation of the 1,2- 
dithiolane cation radical from 1,5-dithiacyclooctane is illus
trated. This cation radical dominates the spectrum and is 
more than twice as intense as the parent. A similar decom
position to give the m/e 106 peak can be seen in both 1,5-di- 
thiacyclononane and 1,4-dithiacycloheptane where a tri
methylene chain also spans the two thioether groups.

The 1,2-dithiane cation radical forms when a tetrameth- 
ylene chain spans the two thioether groups. In 1,5-dithiacy- 
clononane, both 1 ,2 -dithiolane and 1 ,2 -dithiane cation radicals 
are observed (Scheme III), whereas 1 ,6 -dithiacyclodecane and

S c h e m e  I .  C l e a v a g e  o f  2 , 6 - D i t h i a h e p t a n e :  ( a )  a,13 C —C 
C l e a v a g e ; ( b ) S —C  C l e a v a g e

/ ~ ' " " CH3 a / —S—CH3
\—1—-CHj H2C + CH2= i""c,,3

m/e 61

"/s 121

0022-3263/78/1943-3235$01.00/0

Scheme II. Cleavage of 1,5-Dithiacyclooctane

” / , 106

1,4-dithiacyclooctane give only the 1,2-dithiane cation radical. 
Subsequent cleavage of the 1,2-dithiane cation radical gives 
an intense peak at m/e 55 which is identical with that reported 
in the fragmentation of 1 ,2 -dithiane itself.3

1,2-Dithiolane and 1,2-dithiane radical cations are also 
observed in the mass spectra of macrocyclic tetrathioethers, 
where a trimethylene chain (1,5,9,13-tetrathiacyclohexade- 
cane) or a tetramethylene chain (1,6,11,16-tetrathiacyclo- 
eicosane), respectively, spans two sulfur atoms.

Only a weak peak due to a four-membered ring cyclic di
sulfide cation radical (m /e  92) is observed when a dimethylene 
bridge spans the two thioether groups (i.e., in 1,4-dithiacy
clooctane, 1,4-dithiacycloheptane, and 1,4-dithiane). Ap
parently, the strain involved in forming a four-membered ring 
is so large that alternative cleavage modes predominate. To 
determine whether cation radicals with ring size greater than 
six form when the two thioether groups are separated by five 
methylene groups, 1,4-dithiacyclononane was examined. No 
seven-membered ring formation was observed as evidenced 
by the lack of a peak at m /e  134.

As part of a study of the photochemistry of dithioketals, 
Willett4 also examined the mass spectra of a series of bicyclic 
dithioethers in which the two sulfur atoms are separated by 
two and three methylene groups. He reported that the 1,2- 
dithiolane cation radical and the 1 ,2 -dithiacyclobutane cation 
radical are formed when the distance between the two sulfur 
atoms is relatively short. For example, he showed that in the 
two isomeric 2,6-dithiabicyclo[5.3.0]decanes, the cis isomer 
exhibits a more intense peak at m /e  106 than the trans isomer. 
However, when he examined the spectrum of 2,6-dithiabicy- 
clo[5.3.1]undecane, a molecule in which the distance between 
the two sulfur atoms is longer, no peak appeared at m /e  
106.4

These results suggest that an interaction between the two 
sulfur atoms must occur prior to any bond breaking process 
in order to produce cyclic disulfide cation radicals.

In 1,5-dithiacyclooctane a small peak is observed at m /e 74. 
Since this peak is at one-half the molecular weight of 1,5- 
dithiacyclooctane, the possibility that this peak is due to the 
dication of 1,5-dithiacyclooctane was considered.5 However, 
since the relative intensity of the peak at m /e  74 did not 
change at different ionizing voltages, this peak is probably due 
to a normal fragmentation path of simple thioethers. A series 
of peaks at 45-47, 59-61, 73-75, and 87-89 are observed in the 
decomposition of thioethers when one, two, three, and four 
methylene groups are originally present on the sulfur atom. 
Thus the strong peak at m /e  8 8  in 1 ,6 -dithiacyclodecane, 
one-half its molecular weight, and the small peaks at m /e  74

S c h e m e  I I I .  C l e a v a g e  o f  1 , 5 - D i t h i a c y c l o n o n a n e

m/e 106
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Scheme IV. Cleavage o f  2,6-Dithiaheptane

"/. 121

in 1,4-dithiacyclooctane and at m /e 60 in 1,4-dithiane are most 
likely due to fragments in this series rather than to the di
cations. To further support the belief that no dicationic species 
are formed in any of these dithioethers, it is noted that there 
is no p e a k  at m /e  81 in the spectrum of 1,5-dithiacyclononane 
or 1,4-dithiacyclononane or at m /e  67 in 1,4-dithiacyclohep- 
tane.

The mass spectra of some acyclic dithioethers were obtained 
by Shuttleworth,6 who reported relatively intense peaks at 
m /e  121 in 2 ,6 -dithiaheptane (Scheme IV) and m /e  135 in
2.7- dithiaoctane corresponding to loss of a CH3 group from 
the cation radical. However, the intensity of the peaks at m /e  
107 in 2,5-dithiahexane and at m /e  149 in 2,8-dithianonane, 
which are attributed to the loss of one CH:i group from the 
parent, were lower. Budzikewicz, Djerassi, and Williams2 
suggested that the m /e  1 2 1  peak in 2 ,6 -dithiaheptane might 
be due to a cyclic ion rather than to a linear ion. In view of our 
results on mesocyclic dithioethers, the formation of cyclic ions 
in 2,6-dithiaheptane and 2,7-dithiaoctane appears more 
plausible. Since we did not observe either four-membered or 
seven-membered ring formation in mesocyclic systems in 
which two thioether sulfurs were bridged by two and five 
methylene groups, the rather low intensity of the peaks at m /e  
107 and 149 in the mass spectrum of 2,5-dithiahexane and
2 .8 - dithianonane, respectively, are expected.

Experimental Section
The mass spectra were run on a CE 21-104. The 1,4-dithiane was 

purchased from the Aldrich Chemical Co., Inc., and was sublimed 
before use. 1,4-Dithiacycloheptane,7 1,5-dithiacyclooctane,8 1,4- 
dithiacyclooctane,9 1,5-dithiacyclononane,9 1,6-dithiacyclodecane,10
2.5- dithiahexane,11 2,6-dithiaheptane,12 and 2,7-dithiaoctane12 were 
synthesized following reported procedures.

1,4-Dithiacyclononane. Into a 3-neck 2-L Morton flask fitted with 
overhead stirrer, condenser, and adaptor for syringe pump was added 
1 L of absolute ethanol. With stirring, 12 g (0.52 g-atom) of freshly cut 
sodium was added under nitrogen. The solution was heated to 50 °C 
and 21 mL (0.25 mol) of 1,2-ethanedithiol diluted to 100 mL with 
absolute ethanol and 57.5 g (0.25 mol) of 1,5-dibromopentane diluted 
to 100 mL with absolute ethanol were added simultaneously by a sy
ringe pump at a rate of 0.30 mL/min. The mixture was refluxed for 
0.5 h and then concentrated under vacuum. Water was added to the 
remaining thick oil, and the mixture was extracted three times with 
dichloromethane. The combined organic phase was dried over 
NaoSCh, filtered, and concentrated under vacuum. The residue was 
distilled under vacuum to give 0.24 g (0.6%) of 1,4-dithiacyclononane: 
bp 65-67 °C (0.3 mm); mp 59-60 °C; ‘ H NMR (CC14) b 2.8 (m, 8, 
CH2-S), 1.9 (m, 6, —CH2—); 13C NMR (CDC13) b 34.8, 33.5, 27.9,
24.5.

Registry No.— 1,4-DT, 505-29-3; 1,4-DTCH, 6008-55-5; 1,5- 
DTCO, 6572-95-8; 1,4-DTCO, 6572-94-7; 1,5-DTCN, 6573-47-3;
1.6- DTCD, 51472-64-1; 2,5-DTH, 6628-18-8; 2,6-DTHP, 24949-35-7;
2.7- DTO, 15394-33-9; 2,8-DTN, 54410-63-8; 1,2-dithiolane cation 
radical, 66609-63-0; 1,2-dithiane cation radical, 56587-33-8.

Supplementary Material Available: Bar graphs showing the 
mass spectra of all the dithioethers are presented (5 pages). Ordering 
information is given on any current masthead page.
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Several reports on oxidation reactions of methylbenzenes 
by Ce(IV) compounds are available in the recent literature.2 
We have shown that ceric ammonium nitrate (CAN) in oxy
gen-free AcOH leads to a mixture of side-chain acetoxylated 
and nitrooxylated products.2 In view of the general interest 
of reactions leading to side-chain functionalization of alkyl 
aromatic compounds, we have investigated the behavior of a 
different oxidizing system, namely ceric pyridinium chloride 
(Cf-jĤ N̂ CeClfi (referred to as CPC), in either MeOH or EtOH 
solution. We now wish to report on a product study of the 
oxidation by this reagent of some highly substituted methyl
benzenes, namely, hexamethylbenzene (HMB), durene 
(DUR), and mesitylene (MES).

The oxidation reactions were carried out under reflux in a 
nitrogen atmosphere with 2 mol of oxidant per mol of hydro
carbon. The results (Table I) show that with either HMB or 
DUR fair to good yields of side-chain chlorinated and/or alk- 
oxylated products are formed. In contrast, MES does not seem 
to be reactive enough as to compete with the “spontaneous” 
reduction of CPC in boiling MeOH.3 Because of its low reac
tivity, the oxidation of MES in EtOH solution was not at
tempted. Interestingly, both the oxidation reaction and the 
“spontaneous” reduction of CPC are at least two orders of 
magnitude faster in MeOH than in EtOH. This phenomenon 
might be related to different structures of the dissolved Ce(IV) 
species in the two solvents, possibly due to varying extents of 
displacement of loosely bound chloro ligands by solvent 
molecules (vide infra).

A dramatic change in the reaction mixture composition was 
observed when oxygen was bubbled through the solution 
during the oxidation of DUR in MeOH. 2,4,5-Trimethylbenz- 
aldehyde, mp 38.5-40 °C ,4 was isolated in 65% yield. It was in 
fact detected in the 1H-NMR spectrum of the crude reaction 
product mostly as its dimethyl acetal 3.5 The latter was also

1 2 3
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Table I. Products Obtained in the Reaction of Some Methylbenzenes with CPC (1:2 mol ratio)

Substrate Registry no. Solvent Time, ha Products(s) (isolated yield, % )b• •

HMB 87-85-4 MeOH ca. 0.05c 1,X = C1 (36);d X = OMe (38)c
DUR 95-93-2 MeOH 0.5 2 / X = Cl (35);® X = OMe (40)'
MES 108-67-8 MeOH 1.5 None
HMB EtOH 3 1, X = OEt (75) ‘
DUR EtOH 4 8 1 2, X = OEt (47) m

a Time required at reflux temperature for a complete reduction of Ce(IV) to Ce(III), unless otherwise stated. b As based on starting 
hydrocarbon. Varying amounts of the latter were recovered in all cases thus leading to a nearly quantitative material balance.c The 
reaction was apparently controlled by the dissolution of HMB, which is sparingly soluble in MeOH at room temperature. d Mp 81-82 
°C. See H. Hart and J. L. Relly, Tetrahedron  L ett., 143 (1977). c Mp 58-60 °C; XH NMR (CC14) 6 4.3 (s, 2 H, CH20), 3.2 (s, 3 H, OCH3),
2.0-2.3 (m, 15 H, ArCH3). f The absence of both chlorodurene and methoxydurene was checked by GLC analysis of the crude material 
(comparison with authentic samples). R ’H NMR (CCI4) singlets at h 7.0 (1 H, ArH), 6.9 (1 H, ArH), 4.5 (2 H, CH2C1), 2.35 (3 H, ArCH3),
2.2 (6  H, ArCH3). h ^  NMR (CC14) singlets at 5 6.9 (1 H, ArH), 6.75 (1 H, ArH), 4.3 (2 H, CH20), 3.2 (3 H, OCH3), 2.15 (broad, 9 H, 
ArCH3). 1 Bp 114 °C (0.6 mmHg), mp 28 °C. See 1.1. Lapkin and R. C. Mukhina, Zh. Obshch. K him ., 31, 4001 (1961); Chem. Abstr., 
57, 9710a. 1 Reduction of Ce(IV) was not complete. m The 'H-NMR spectrum (CC14) was similar to that of 2, X = OCH3, with the 
sole difference that the OCH3 signal was replaced by that of OCH2CH3. " Registry No.—1 (X = Cl), 484-65-1; 1 (X = OMe), 20145-50-0; 
2 (X = Cl), 10340-77-9; 2 (X = OMe), 18237-72-4; 1 (X = OEt), 65915-91-5; 2 (X = OEt), 65915-92-6.

formed besides 2, X  = Cl and OMe, in runs where nitrogen was 
either contaminated or omitted.

The oxidation of either HMB or DUR with CPC is charac
terized by a remarkable specificity. Exclusion of oxygen allows 
selective oxidation to the alcohol level. Furthermore, only one 
out of the several methyl groups is attacked, and no nuclear 
substitution occurs when nuclear positions are available. The 
reaction is of synthetic value, in that it allows side-chain 
methoxylation and ethoxylation in fair to good yields by 
means of a simple one-step procedure. In the former case a 
prolonged boiling of the reaction mixture is required after the 
reduction of CPC is complete, in order to solvolyze any chlo- 
romethyl derivative. In EtOH solution, the reaction time is 
such as to allow complete solvolysis of any side-chain chlori
nated material possibly formed.

In order to check whether all the methyl ether was produced 
by methanolysis of the corresponding chloride, the side-chain 
methoxylation to chlorination ratio was determined at the 
very early stages of the oxidation reaction of DUR. The ex
periment was carried out at room temperature for experi
mental convenience, since at this temperature methanolysis 
of 2, X = Cl, was slow (ca. 5% reaction after 90 min). Samples 
of the reaction mixture were taken at intervals, quenched with 
Fe2+/MeOH, worked-up, and analyzed by GLC (Figure 1 ). 
Thus, a significant fraction, namely 0.25 of the oxidation re
action, led to direct side-chain methoxylation. The extent of 
side-chain methoxylation was reduced, although not com
pletely suppressed, by addition of a large excess of LiCl.

The oxidation of polymethylbenzenes by CPC in MeOH 
bears striking similarities with the oxidation by CAN in 
AcOH, not only with respect to reaction products1 either in 
the absence or in the presence of oxygen, but also to substrate 
selectivity leading in both reactions to the reactivity order 
HMB »  DUR »  MES.6 The last point is noteworthy, since 
the observed pattern is inconsistent with a free-radical attack 
on the benzylic CH bond, for which a low substrate selectivity 
should be expected,7 as well as with an electrophilic attack of 
molecular chlorine, possibly formed by oxidation of chloride 
ions by Ce(IV) ,8 for which the reactivity order MES »  DUR 
is expected.9 The intervention of molecular chlorine is further 
ruled out by the absence of chlorodurene in the reaction 
products. Rather, it seems more likely that CPC reacts via an 
electron-transfer mechanism (eq 1) as suggested for the re
action with CAN in AcOH,1’6 for which the high substrate 
selectivity observed was related to the donor abilities of the 
hydrocarbons, as measured by the transition energies hvct 
of their charge-transfer complexes with tetracyanoethyl- 
ene.6

ArCHjOMe
A rC H 2CI

0.3 o  ^  o  o  A

n

G < O o G

0.2

0.1 . B
u  o q  o

2 4 6 8 10 30 50 70 90 110 130 t(m in)
Figure 1. Side-chain methoxylation to side-chain chlorination molar 
ratio as a function of time for the reaction of DUR (0.03 M) with CPC 
(0.03 M) in MeOH at 19 °C (curve A). Curve B with added 1 M 
LiCl.

ArCH3 + Ce(IV) ^  ArCH3+- + Ce(III) (la)

ArCH3+- — ArCH2- +  H+ (lb)

ArCH2- + Ce(IV) —► products (lc)

As to the mechanism for the conversion of the benzyl rad
icals to products, some information can be obtained from the 
data reported in Figure 1. A stepwise mechanism (eq 2), ac-

C e< IV )
ArCHv --------5

c r  ArCHoCl

ArCH,+

Me01̂  ArCH,OMe

(2)

cording to which Ce(IV) oxidizes ArCH2- to ArCH2+, which 
in turn is diverted into products by a competition between the 
solvent and free-chloride ions, seems unlikely in view of the 
fact that (i) the ratio of methoxylation to chlorination is re
markably constant with time and (ii) the large amount of 
added CI_ ions, actually much greater than any amount pos
sibly present at the early stages of the reaction, does not 
completely suppress the formation of the methoxy derivative. 
Rather, a ligand transfer mechanism1’10 (eq 3) seems to ra-

ArCH’Cl
ArCH, +  Celv(Cl),(OMe)v — (3)

ArCH2OMe

tionalize the results better. This hypothesis requires that, in 
addition to chloro ligands, Ce(IV) possesses some methoxy
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ligands, which does not seem unlikely in view of the well- 
known ability of Ce(IV) to complex alcohols and alkoxides.11’12 
The two reaction products would thus be formed by one-step, 
competing ligand-transfer reactions, with no benzyl cations 
involved as intermediates. The observed effect of added 
chloride ions could be explained as due to an increase of the 
ratio of chloro ligands to methoxy ligands, thus leading to a 
reduced ratio of methoxylation to chlorination.

Experimental Section
Most techniques and apparatus were as previously reported.1 

MeOH (Erba RS, water content 0.05%) and EtOH (Erba RSE, 99.9% 
pure) were used as received. The aromatic substrates (reagent grade 
chemicals) were purified by standard methods. CPC was prepared 
in good yield according to a literature method.11

General Oxidation Procedure. A solution of CPC (6.4 g, 12 mmol) 
in either MeOH or EtOH (150 mL) was flushed with nitrogen at room 
temperature (15 min), the proper methylbenzene (6 mmol) was added, 
and the resulting mixture was brought to boil by immersion in a 
preheated oil bath. After the red-orange color of Ce(IV) faded, the 
solution was rapidly cooled and poured into light petroleum that was 
thoroughly washed with water and dried (Na2S04). The crude ma
terial obtained after removal of the solvent was eluted on acid-washed 
silica gel with CHCL/light petroleum 1:1. All isolated compounds were 
checked by GLC and found to be at least 99% pure.
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We have recently reported1 a novel method for the con
version of ketones to a-diketones utilizing the facile cleavage 
of intermediate enamino ketones with singlet oxygen. The 
mildness and selectivity of this synthetic sequence prompted 
us to investigate its application to other carbonyl systems. We 
now report an extension of this procedure to the conversion 
of lactones to a-keto lactones.

Previous syntheses of a-keto lactones have generally been 
limited to the condensation of a-keto acids or esters with al-

dehydes followed by lactonization to a-keto-y-butyrolac- 
tones.2-5 These methods are often accompanied by side re- • 
actions such as dehydration of the intermediate y-hydroxy- 
a-keto acids.5 In our procedure, the a-keto lactones (both five- 
and six-membered cases) are formed directly from the parent 
lactones by a two-step process which, as outlined below, 
should have general applicability. The method involves con
version of the lactone A to the enamino lactone B by treatment 
with tris(dimethylamino)methane followed by oxidative 
cleavage of the enamine double bond with singlet oxygen to 
form the a-keto lactone C or its enol tautomer.

Our initial attempts to form the enamino intermediate B 
employed alkoxybis(dimethylamino)methane reagents along 
the lines of our earlier investigation on the oxidation of ke
tones to a-diketones.1 Under these conditions, however, 
conversion to B was slow and often incomplete. We therefore 
used the more reactive DMF derivative, tris(dimethylam- 
ino)methane,6 as recently reported by Martin and Moore7 for 
the preparation of a-enamino butyrolactones.

Table I summarizes the systems studied, reaction condi
tions, and yields. All of the lactones (1-6) reacted readily with 
tris(dimethylamino)methane to yield the a-enamino deriva
tives (7-12). The second stage oxidative cleavage under con
ditions of dye-sensitized photooxygenation gave the desired 
a-keto lactones (13-18) in the yields shown. In all cases in
vestigated, the a-keto lactones exist either exclusively or 
primarily in their enol forms.

Current interest in the preparation of a-methylene lac
tones8 prompted us to explore the reaction of a-keto lactones 
16 and 18 with phosphoranes under a large variety of reaction 
conditions9 (temperature, solvent, reaction time, and method 
of ylide generation). Thus far, we have been unsuccessful in 
effecting a Wittig condensation with these systems. Under all 
conditions studied, the relatively acidic enol was rapidly and 
irreversibly deprotonated by the ylide to give, upon workup, 
only polymeric material, starting keto lactone, and traces of 
triphenylphosphine oxide.

We are currently studying further extensions of this syn
thetic sequence for the preparation of other a-keto carbonyl 
systems.

Experimental Section
Melting points were obtained in a Melt-Temp apparatus and are 

uncorrected. Infrared spectra were recorded in chloroform or neat 
using a Perkin-Elmer 700A spectrometer. NMR spectra were obtained 
with either a Perkin-Elmer R-32 90-MHz instrument or a Bruker 
270-MHz instrument using tetramethylsilane as an internal standard. 
Mass spectra were recorded on a Hitachi RMU-6 spectrometer op
erated at 70 eV. Elemental analyses were performed by Dr. Robert 
Rittner, Olin Laboratories, New Haven, Conn.

Tris(dimethylamino)methane.6 A mixture of 94.0 g (1.30 mol) 
of dimethylformamide and 57.0 g (0.53 mol) of dimethylcarbamyl 
chloride was heated at 120 °C under nitrogen for 24 h. The mixture 
was cooled to room temperature, and the resulting white crystals were 
filtered and washed several times with 100-mL portions of DMF and 
dried under vacuum for 48 h. A solution of 0.12 mol of lithium di- 
methylamide was prepared by adding 54 mL of a 2.2 M n-BuLi- 
hexane solution to a —78 °C solution of excess dimethylamine in 500 
mL of THF followed by warming to 0 °C for 30 min. The solution was 
again cooled to —78 °C, and 13.5 g (0.10 mol) of the DMF-dimethyl- 
carbamyl chloride adduct was added through Gooch tubing. The re
sulting slurry was stirred at room temperature for 18 h. Removal of 
solvent by distillation followed by vacuum distillation gave 7.4 g (51%) 
of the desired tris(dimethylamino)methane: bp 48 °C (12 mm) [lit.6 
bp 40-43 °C (12 mm)]; IR (neat) 3000-2700, 1475,1450, 1345 cm "1; 
NMR (CDCI3) 6 3.05 (s, 1 H), 2.31 (s, 18 H); MS m/e 102,44, 43.

0022-3263/78/1943-3238$01.00/0 © 1978 American Chemical Society
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Lactone ____  Enamlno lactone Keto lactone^

__________________Table I, Conversion of Lactones to g-Keto Lactones_________

H  0  0  0

13 (>95% end)

6 12 18 (56%  enol)

a Reaction of the lactone with 1.5 equiv of tris(dimethylamino)methane at 70 °C. b Photooxygenation of the enamino lactone in 
methylene chloride at —7B °C using 5 mg of bis(acenapthalene)thiophene and a Sylvania DWY 650-W lamp operated at 70 V followed 
by column chromatography on silica gel.c A mixture of keto and enol forms. The ratio of tautomers was determined by 90- and 270-MHz 
NM R spectroscopy in CDCI3 at 25 °C.

a-(Dimethylaminomethylene)-7 -butyrolactone (7). A mixture 
of 0.35 g (4.0 mmol) of 7 -butyrolactone and 0.79 g (5.4 mmol) of tris- 
(dimethylamino)methane was heated under nitrogen with stirring 
at 70 °C for 48 h. The crude product was dried under vacuum for 2 h 
and crystallized from ether to give 0.53 g (90%) of 7: mp 97-99 °C; IR 
(CHCI3) 1710,1620-1640 c m '1; NMR (CDC13) b 7.15 (t, 1 H), 4.25 (t, 
2 H), 3.06 (m, 2 H), 3.04 (s, 6 H).

Anal. Calcd for C7H „N 0 2: C, 59.56; H, 7.85; N, 9.92. Found: C, 
59.69; H, 7.85; N, 10.10.

a-(Dimethylaminomethylene)-7 -valerolactone (8). A mixture 
of 0.67 g (6.7 mmol) of 7 -valerolactone (2) and 1.40 g (9.75 mmol) of 
tris(dimethylamino)methane was heated under nitrogen with stirring 
at 70 °C for 48 h. The crude product was dried under vacuum and 
crystallized from ether to give 0.94 g (90%) of 8: mp 54-55 °C; IR 
(CHCI3) 1710, 1620,1340,1300 cm -1; NMR (CDCI3) b 7.10 (t, 1 H),
4.52 (m, 1 H), 3.02 (s, 6 Hi, 3.0 (dd, 2 H), 1.30 (d, 3 H).

Anal. Calcd for C8Hi3N 02: C, 61.91; H, 8.44; N, 9.03. Found: C, 
61.70; H, 8.32; N, 9.20.

a-(Dimethylaminomethylene)-7 -phenyl-7 -butyrolactone (9).
A mixture of 0.48 g (3.0 mmol) of 7 -phenyl-7 -butyrolactone (3) and 
0.65 g (4.5 mmol) of tris(dimethy)amino)methane was heated at 70 
°C under nitrogen with stirring for 24 h. The crude yellow solid was 
dried under vacuum and recrystallized from ether/ethyl acetate (4:1) 
to give 0.57 g (87%) of 9: mp 145-147 °C: IR (CHC13) 1715,1625,1320 
cm -1; NMR (CDC13) b 7.33 (s, 5 H), 7.17 (t, 1 H), 5.35 (dd, 1 H), 3.60 
(dd, 1 H), 2.98 (s, 6 H), 2.90 (dd, 1 H).

Anal. Calcd for CisHlsN 0 2: C, 71.87; H, 6.96; N, 6.45. Found: C, 
71.86; H, 6.85; N, 6.51.

trans-2-(Dimethylaminomethylene)-2-(2-hydroxycyclo- 
hexy])acetic Acid Lactone (10). A mixture of 1.60 g (11.4 mmol) of 
lactone 4 and 1.84 g (12.7 mmol) of tris(dimethylamino)methane was 
heated under nitrogen with stirring at 70 °C. After 48 h the crude 
product was crystallized from ether/pentane (4:1) to give 1.90 g (86%) 
of enamino lactone 10: mp 76-78 °C; IR (CHCI3) 1715, 1620, 1440, 
1290 cm“ 1; NMR (CDC13) b 7.15 (d, 1 H), 3.50 (bm, 1 H), 3.00 (s, 6 H),
3.0-0.70 (bm, 9 H).

Anal. Calcd for Cu H17N 02: C, 67.66; H, 8.78; N, 7.17. Fcund: C, 
67.60; H, 8.69; N, 7.20.

cJS-2-(Dimethylaminomethylene)-2-(2-hydroxycyclohex- 
5-enyl)acetic Acid Lactone (11). A mixture of 0.60 g (4.34 mmol) 
of lactone 5 and 0.93 g (6.44 mmol) of tris(dimethylamino)methane 
was heated under nitrogen with stirring at 70 °C for 60 h. The crude 
product was crystallized from ether/acetone (20:1) to give 0.73 g (87%) 
of enamino lactone 11: mp 100-102 °C; IR (CHCI3) 1710,1620,1280, 
1190 cm -1; NMR (CDC13) b 7.14 (s, 1 H), 5.80 (m, 1 H), 5.50 (m, 1 H),
4.62 (m, 1 H), 3.69 (m, 1 H), 3.04 (s, 6 H), 2.5-1.5 (m, 4 H).

Anal. Calcd for Cu H i5N 02: C, 68.37; H, 7.82; N, 7.25. Found: C, 
65.65; H, 7.44; N, 7.00.

a-(Dimethylaminomethylene)-S-valerolactone (12). A mixture 
of 0.40 g (4.0 mmol) of lactone 6 and 0.87 g (6.0 mmol) of tris(di- 
methylamino)methane was heated at 70 °C under nitrogen with 
stirring for 30 h. The crude product was crystallized from ether/ 
pentane (5:1) to give 0.53 g (86%) of enamino lactone 12: mp 59-60 °C; 
IR (CHCI3) 1675,1575,1440,1390 cm"1; NMR (CDC13) 5 7.52 (s, 1 H),
4.20 (t, 2 H), 3.10 (s, 6 H), 2.67 (p, 2 H), 1.85 (t, 2 H).

Anal. Calcd for C8H13N 02: C, 61.91; H, 8.44; N, 9.03. Found: C, 
61.87; H, 8.28; N, 9.05.

General Photooxygenation Procedure. A solution of 3-5 mmol 
of enamino lactone and 5 mg of bis(acenaphthalene)thiophene 
(BANT) in 150 mL of dry methylene chloride was photooxygenated 
at -7 8  °C using a constant circulating oxygen supply and a Sylvania 
DWY 650-W lamp operated externally through Pyrex at 70 V. The 
uptake of oxygen was rapid and ceased after 30 min and 1.2 equiv of 
oxygen. The irradation was stopped, and the reaction mixture was 
allowed to warm slowly to room temperature. The mixture was con
centrated and column chromatographed on silica gel using 2% acetone 
in methylene chloride to give the corresponding a-keto lactone.

a-Keto-7 -butyrolactone (13): 86%; IR (CHCI3) 3600-2900,1760 
cm“ 1; NMR (CDC13) i  6.95 (s, 1 H), 4.75 (s, 1 H), 2.95 (m, 2 H); DNP 
derivative, mp 219-220 °C (lit.5 mp 218 °C).

Anal. Calcd for C10H8N4O6: C, 42.87; H, 2.88; N, 20.00. Found: C, 
42.68; H, 2.90; N, 19.83.
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a-K eto-7 -valerolactone (14): 68%; mp 71-73 °C (lit.5 mp 70-73 
°C); IR (CHClg) 3500,3300,1760,1400,1320 cm -1; NMR (CDCI3) 5
6.65 (bs, 1 H), 6.27 (d, 1 H), 5.08 (m, 1 H), 3.0 (m), 2.25 (m), 1.42 (d, 
3 H); MS m/e 114 (M+), 69, 57, 44.

Anal. Calcd for CSH60 3: C, 52.63; H, 5.30. Pound: C, 52.19; H,
4.98.

a-Keto-y-phenyl-7 -butyrolactone (15): 66%; IR (CHCI3) 3500, 
3350,1765, 1500 cm“ 1; NMR (CDC13) b 7.30 (bs, 5 H), 6.29 (d, 1 H),
5.82 (d, 1 H); DNP derivative, mp 115-117 °C.

Anal. Calcd for C16Hi2N406: C, 53.94; H, 3.39; N, 15.72. Found: C, 
54.28; H, 3.60; N, 15.96.

a-Keto Lactone 16: 86%; mp 98-101 °C (lit.3 mp 99-110 °C); IR 
(CHCI3) 3500, 3300,1750 cm“ 1; NMR (CDCI3) 5 6.55 (bs, 1 H), 4.58 
(m, 1 H), 3.00 (m, 2 H), 2.6-1.0 (m, 6 H); MS m/e 154 (M+), 110, 97, 
80, 79.

a-Keto Lactone 17: 72%; mp 93-96 °C: IR (CHC13) 3500, 3300, 
1750,1690,1600 cm -1; NMR (CDC13) S 6.55 (d, 1 H), 6.08 (m, 1 H), 
5.87 (dd, 1 H), 2.71-1.4 (m, 4 H).

Anal. Calcd for C8H80 3: C, 63.15; H, 5.30. Found: C, 62.80; H,
5.04.

a-K eto-6 -valerolactone (18): 72%; IR (CHC13) 3450, 1765-1700 
c m '1; NMR (CDCI3) <5 5.95 (t, 1 H), 5.75 (bs, 1 H), 4.60 (t, 2 H), 4.45 
(t, 2 H), 2.87 (t, 2 H), 2.50 (m, 2 H); MS m/e 114 (M+), 69, 57, 56,
41.
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The benzyloxy bicyclic lactone 2 is an important starting 
material for the preparation of the unsaturated lactone 4, an 
intermediate for the synthesis of A prostaglandins1 and the 
lactone alcohol 7. The latter is a key intermediate for the 
synthesis of pharmacologically interesting 11-deoxyprosta- 
glandins.2 Since the existing route from the bicyclic lactone 
2 to 4 and thence to 7 involves several steps,13-5 we have de
veloped a simple one-step transformation of 2 to 4 involving 
a cationic rearrangement cyclization sequence. Compound 4 
can be transformed into 7 in two additional steps, thus pro
viding a convenient approach to 11-deoxyprostaglandins. A

1, R =  CE, 3, R =  CH:) 5, R =  CH:,
2. R =  CHAH-, 4, R =  C H A H , 6, R =  CH2C„H,

7, R =  H
C0,H
y

HÒ
8, R =  CH,
9, R = CHAHr,

corresponding sequence from 1, the methyl ether analogue of 
2, to 7 has also been developed.

Treatment of the lactone methyl ether 1 or the benzyl ether 
2 with concentrated sulfuric acid in an aprotic solvent at room 
temperature for 12 h smoothly afforded in ca. 90% yield the 
rearranged lactones 3 and 4. The rearrangement was effected 
in similar yields with p-toluenesulfonic acid or boron tri
fluoride etherate as catalysts. Alternatively, the optically 
active lactones 3 and 4 were obtained directly from the re
solved intermediates 8 and 9 by treatment with concentrated 
H2S04 as described above. Catalytic hydrogenation of 3 over 
5% Rh/alumina gave the saturated ether 5, which was de- 
methylated using BBr;! to furnish the desired alcohol 7 in 77% 
overall yield. However, catalytic hydrogenation and deben- 
zylation of the benzyl ether 4 to provide 7 in 90% overall yield 
were best effected sequentially over 5% Rh/alumina4 (to give
6) followed by 5% Pd/C in ethyl acetate. Contrary to an earlier 
report, there was no evidence of hydrogenolysis of the allylic 
hydroxyl group in 4.3’6

The three-step sequence of 2 to 7 or alternatively 9 to 7 (if 
optically active material is desired) constitutes the preferred 
route for intermediates for the preparation of 11-deoxypros
taglandins.

Experimental Section7
Preparation o f Methyl Ether Lactone 3. A solution of 5.26 g (15 

mmol) of the lactone 1 in 30 mL of Et20  was treated with 0.3 mL of 
concentrated H2SO4, and the mixture was stirred under a nitrogen 
atmosphere overnight at room temperature. The reaction mixture 
was neutralized (pH 8) with saturated sodium bicarbonate solution, 
the Et20  layer was separated, and the aqueous layer was further ex
tracted with EtOAc (3X 15 mL). The combined organic extracts were 
dried (Na2S04) and evaporated to a crude oil weighing 2.4 g (95% 
yield). The product was purified by chromatography on silica gel 
(Baker) using CH2C12 followed by CH2CL/EtOAc (9:1) as eluent to 
furnish 3: 2.2 g (87% yield); mp 50-51 °C; IR (CHC13) 1779 cm"1; 
NMR (CDCI3) 5 2.0-3.1 (4 H, m), 3.25 (3 H, s, -OCH3), 3.2-3.4 (2 H, 
m, -CH 20), 5.45 (1 H, m, -CHOCO), and 5.94 (2 H, m, olefinic); TLC 
Rf 0.5 (EtOAc).

Reduction o f the Methyl Ether Lactone 3 to 5. A solution of 1.8 
g (10.7 mmol) of unsaturated lactone methyl ether 3 in 20 mL of THF 
and 0.2 g of 5% rhodium 011 alumina was hydrogenated at 25 °C and 
atmospheric pressure until absorption ceased (15 min). The reaction 
mixture was filtered through Celite and evaporated to yield an oil 
weighing 1.8 g (100% yield). The oil was chromatographed on silica 
gel (Baker) eluting with CH2C12 followed by CH2Cl2/EtOAc (4:1) to 
afford 5 as a colorless oil: 1.76 g (96.0% yield); IR 1779 cm-1; NMR 
(CDCl j) b 1.2-3.0 (8 H, m), 3.35 (2 H, d, J  = 6 Hz, -C H ,0 -), 3.38 (3 
H, s, -OCH3), and 5.00 (1 H, br, -CHOCO); TLC R, 0.25 (3:1 C6H6/ 
EtOAc).

Preparation of Benzyl Ether Lactone 4. Following the procedure 
described for the preparation of 3, the lactone 2 or the corresponding 
hydroxy acid (+)-9 was converted to 4 (91% yield), a pale yellow oil, 
identical in all respects with a sample prepared by the method of 
Corey and Snider.4 Optically active material had [a]27D +214° (c 1.0,
chci3;.

0022-3263/78/1943-3240$01.00/0 © 1978 American Chemical Society
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Reduction o f the Benzyl Ether Lactone 4 to 6. Following the 
procedure described for the preparation of 5, the double bond in 
benzyl ether 4 was selectively reduced over 5% Pd/C to furnish the 
saturated benzyl ether 6 in 97% yield: bp 150-155 °C (0.5 mm); IR 
(CHC13) 1776 cm -1; NMR (CDC13) 5 3.4 (2 H, d, J = 6 Hz, -CH 20 -), 
4.54 (2 H, br, -OCH2Ph), 4.9 (1 H, m, -CHOCO), and 7.3 (5 H, s, 
C6H5); TLC Rf 0.55 (1:1 CsHfi/ether).

Preparation o f Lactone Alcohol 7: (a) From the Methyl Ether
5. A solution of 0.17 g (1 mmol) of lactone methyl ether 5 in 5 mL of 
CH2C12 was stirred at —78 °C under a nitrogen atmosphere. To this 
solution was added 0.5 mL (5.5 mmol) of BBr3, and the resulting white 
slurry was brought rapidly to 0 °C. After completion of the reaction 
(5.5 h), 2 mL of ether was added dropwise and the mixture was stirred 
for 5 min and then added to a stirred slurry of 2.3 g of NaHCOa in 12 
mL of saturated sodium potassium tartrate solution. The organic layer 
was separated and the water layer extracted with CH2C12. The com
bined organic extracts were washed with saturated sodium potassium 
tartrate and dried (Na2S04>. The crude product, weighing 154 mg, 
was purified by chromatography on silica gel (Baker) eluting with 
CH2C12 followed by CH2Cl2/EtOAc (9:1). Evaporation of the com
bined fractions gave pure 7 (121 mg, 77% yield): bp 135-138 °C (0.1 
mm); IR (CHC13) 1770 cm" 1 (C = 0 ); NMR (CDC13) f 1.3-2.9 (8 H, 
m), 3.05 (1 H, s, OH), 3.60 (2 H, d, J  = 6 Hz, -CH 20 -), and 5.00 (1 H, 
br, -CHOCO); TLC Rf 0.3 (EtOAc). Optically active material had 
[ « ] 27d  -26.1° (c 1, CHCI3).

(b) From the Benzyl Ether 6. A 52-g amount of the benzyl ether
6, dissolved in 400 mL of EtOAc containing 0.5 mL of concentrated 
HC1, was hydrogenated over 10% Pd/C (4 g) at room temperature and 
pressure. After hydrogen absorption had ceased (1 h), workup fol
lowed by distillation gave 33 g of 7 (98% yield), identical in all respects 
with the material prepared above.
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The acetophenone iminoxy radical has been observed by 
ESR spectroscopy during oxidation of acetophenone oxime 
in a number of studies: in a flow system1 with ceric salts, in 
static systems with lead tetraacetate in benzene2’3 or meth
ylene chloride,4’5® and by other methods.5b

It is a transient radical which rapidly disappears after its 
generation at ambient temperatures, giving rise to diamag
netic products3 and secondary radicals of the nitroxide type 
as noted by several authors. The latter radicals are readily 
distinguished from the iminoxy radical by their lower nitrogen 
hyperfine splitting constants (hfsc): aN(iminoxy) =r 31 G; 
aN(nitroxide) < 16 G.

In these studies only one iminoxy radical was detected, and

it was established by Gilbert and Norman5® to be the Z isomer 
[(Z)-l] in which a characteristic 1.4 G coupling with both ortho 
hydrogens is present due to interaction of the rapidly rotating 
phenyl group with the unpaired electron which is contained 
in a ff-type orbital.6® This orbital is derived from an oxygen 
p orbital and the nitrogen nonbonding sp2 orbital which are 
in the C = N -0  plane. The spin density in iminoxy radicals is 
almost evenly distributed over nitrogen and oxygen. The 
C = N -0  angle has been calculated to be 139°, and thus it is 
larger than in the parent oxime.6b It is rather surprising that 
for the iminoxy radical only the Z form has been found so far, 
while for the oxime the E form strongly predominates (=¿95% 
in the equilibrium mixture; the isolation of the Z isomer has 
only recently been accomplished7’8'9). Apparently, in 1 the E 
—*• Z isomerization is a very rapid process and (Z)-l is the 
thermodynamically more stable isomer.

Z/E isomerization in iminoxy radicals leading to an equil
ibrated mixture of two radicals with separate ESR signals has 
been observed frequently.10 The same situation exists in a 
number of para- or meta-substituted acetophenone iminoxy 
radicals.11’12 It therefore seemed desirable to confirm the 
previous assignment of the ESR signal of the acetophenone 
iminoxy radical to exclusively (Z)-l with the aid of the com
pounds perdeuterated either in the methyl or phenyl 
group.

Experimental Section
(E)-Acetophenone oxime was characterized by its melting point 

(58-59 °C) and NMR spectrum. In addition to a correct melting point, 
the a,a,a-trideuterated compound was found to contain a methyl 
group with >95% deuterium content by NMR spectroscopy and >98% 
by mass spectrometry; the pentadeuteriophenyl oxime had 97.5 
(NMR) and 98% (MS) deuterium content. NMR spectra were taken 
on Varian A-60 and HA-100 spectrometers. Mass spectra were run 
on an AEI-MS-902 mass spectrometer.13 ESR spectra were taken on 
a Varian E-4 spectrometer with a variable temperature accessory. The 
hfsc are uncorrected, but they can be compared with those obtained 
with the same instrument for the perylene radical cation14 in 98% 
sulfuric acid at 20 °C (found: 4.10,3.10, and 0.45 G). Values of g were 
measured with respect to solid DPPH (taken as g = 2.0036).

Results and Discussion
We have previously analyzed the ESR spectra of aromatic 

iminoxy radicals in more detail than was done before15’16 using 
tert -butyl peroxalate17 (TBPO) as a convenient thermal 
source of tert-butoxy radicals in apolar solvents at ambient 
temperature, which in turn generate iminoxy radicals from 
the oximes.

This method enabled us to maintain a steady state of ace
tophenone iminoxy radicals for periods up to hours and to 
study them at leisure under high resolution. In addition to the 
previously reported on = 1.4 G (5 H, CH3 and ortho H’s), the 
spectra of (Z)-l contain a small para H coupling (aHp = 0.56
G), indicating the presence of some unpaired spin density in 
the aromatic 7r-electron system. The coupling is removed by 
para substituents like OCH3 (Figure 1). To explain the un
paired 7r-spin density in (Z)-l and in other aromatic iminoxy 
radicals in which the oxygen atom and the phenyl group are 
in a Z position, the author has proposed a a — tr spin polar
ization mechanism at nitrogen and/or oxygen and a distri-

0022-3263/78/1943-3241$01.00/0 © 1978 American Chemical Societv
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Table I. ESR Spectra l Param eters o f  A cetophenone Im inoxy R adicals"

Radical
Z isomer E isomer

Temp, °C AN 8H Other a H (D) g value ON A H Other a H (D) g value

1 25 31.44 1.39 (5 H) 0.56 (p-H) 2.0059 Obscured by Z isomer
2b -30 31.5 c c c 31.1 - c c
2 20 31.40 1.44 (2 H) an ~  0.24 2.0058 31.00 - - 2.0064
2 38 31.3 c c c 30.9 - c c
2d 38 31.6 ~1.5 (2 H) c c 31.1 - c c
2e 25 31.4 1.44 (2 H) ao 0.24 2.0057 31.0 - - 2.0065
3 20 31.40 1.37 (3 H) - 2.0059 31.12 1.40 (3 H) a\y ~  0.25 2.0066

0 Obtained by oxidation of the oxime with TBPO (in CS2 unless stated otherwise). Hfsc are given in gauss. b With lead tetraacetate 
as an oxidant. c Not recorded. d In methylene chloride. e In benzene.

b
2 gauss

Figure 1. ESR spectra of the low-field nitrogen groups of (a) aceto
phenone iminoxy (1) and (b) p-methoxyacetophenone iminoxy rad
icals (in CS2 at 40 °C) and (c) the high-field nitrogen group of aceto
phenone iminoxy (1) (in CS2 at 10 °C).

bution o f the unpaired 7r-electron density over the entire 
7r-electron system, as expected for a 7r radical.15-16

At first sight, the spectrum of 1 in the temperature range 
from 20-40 °C does not show evidence for the presence of the 
E isomer. However, this evidence was obtained from a study 
of the a,a,a-trideuterated compound C6H5C(CD3)=NO- (2). 
The ESR spectrum reproducibly showed the presence of two 
iminoxy radicals 2 in comparable amounts with different on 
and g values and line widths (Figure 2). Only one of these 
radicals shows the expected hfsc of ~1.4 G with presumably 
the two ortho hydrogens, and therefore it is assigned structure 
(Z)-2 (cf. Table I). The other radical which slightly predom
inates in the spectrum gives a single broad line in each nitro
gen group of lines (Figures 2 and 3). The same results were 
obtained when TBPO as a hydrogen abstracting agent was 
replaced by lead tetraacetate; at -3 0  °C a mixture was ob-

Figure 3. Enlarged ESR spectra of the low-field (top) and high-field 
(bottom) nitrogen groups of radical 2.

served in which the second radical predominates more 
strongly. Replacing CS2 as a solvent by methylene chloride 
or benzene had no effect on the appearance of the second 
radical.

It is therefore concluded not only that a Z/E equilibrium 
mixture of 2 is formed upon oxidation of the oxime but that 
the so far unknown E isomer is even slightly predominating, 
at least in acetophenone iminoxy with a trideuterated methyl 
group under our conditions.

The spectrum of the pentadeuteriophenyl compound 
CfiD5C(CH3)= N -0 - (3) supports this conclusion (Figure 4).
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____________ I______ 1___I______I___ I_____ I I I_________
Figure 5. ESR spectrum of the low-field nitrogen group of 3.

Although the asymmetry of the three nitrogen groups of lines 
is less obvious than in 2, the shape, number of hf lines, and 
overall width of each group are sufficiently different to allow 
an unambiguous interpretation. Again the mixture contains 
at least 50% of the E isomer of 3. In the low-field nitrogen 
group all 8 lines of the two overlapping 1:3:3:1 quartet split
tings of the methyl group can be recognized (Figure 5). The 
results for 1,2, and 3 are presented in Table I.

Conclusions
From these consistent results with deuteration either in the 

side chain or in the aromatic nucleus, we are forced to conclude 
that 1 also exists, at least 50%, as its E isomer. Formerly, this 
isomer was not recognized due to the fact that its spectrum 
strongly coincides with and is obscured by that of (Z )-l. Both 
radicals possess a methyl group hfsc of ~1.4 G, as is found in 
acetone iminoxy;5 in (Z)-1 the aromatic ortho hydrogens have 
only a slightly different hfsc. The E isomer of 1 will give rise 
to a 1:3:3:1 quartet in each nitrogen line, possibly broadened 
by unresolved hfsc from aromatic hydrogen atoms and ap
pearing on the low-field side of each nitrogen line of (Z)-l. 
Since in 2 and 3 the spectra of E and Z isomers are best sep
arated in the high-field nitrogen group, the E isomer of 1 is 
also expected to show up most clearly in this part of the 
spectrum. Indeed, the high-field nitrogen group of 1 is 
asymmetric and it contains broadened and intensified lines 
on its low-field side, supporting the correctness of the fore
going conclusions (Figure lc). Moreover, it appears that the 
E radical is slightly favored over the Z form, especially at low 
temperatures. An increase in the Z/E ratio from parent oxime 
to radical is consistent with the larger C = N -0  angle in the 
radical. However, this increase is less dramatic than believed 
formerly. The widespread acceptance in the literature of the

strong preference of acetophenone iminoxy radical for the Z 
configuration and further conclusions, which are based on this 
incorrect assumption, will have to be reconsidered accordingly. 
These results stress again that great care has to be exercised 
when interpreting partially resolved ESR spectra of iminoxy 
radicals.18

Acknowledgment. The author is deeply obliged to his 
colleagues at the Universities of Amsterdam and Utrecht for 
discussion and practical help, especially to Mr. A. V. E. George 
for extensive assistance and to Mr. L. C. J. van der Laan and 
Dr. P. C. Vijfhuizen for supplying samples of oximes with re
cently established purity.

Registry No.— (Z)-l, 66538-90-7; (Z)-2, 66538-91-8; (Z)-3, 
66538-92-9; (E)-1, 66538-95-2; (E)-2, 66538-93-0; (£)-3, 66538-94-
1.

References and Notes
(1) J. R. Thomas, J. A m . C hem . S o c ., 86, 1446 (1964).
(2) M. Bethoux, H. Lemaire, and A. Rassat, B ull. Soc. C him . Fr., 1985 

(1964).
(3) J. L. Brokenshire, J. R. Roberts, and K. U. Ingold, J. A m . Chem . Soc., 94, 

7040 (1972).
(4) J. W. Lown, J. Chem. Soc. B, 644 (1966).
(5) (a) B. C. Gilbert and R. O. C. Norman, J. C hem . S oc. B, 123 (1968); (b) B. 

C. Gilbert, V. Malatesta, and R. O. C. Norman, J. A m . Chem . Soc., 93,3290
(1971) .

(6) (a) S. F. Nelson, F re e  R ad ica ls  1973, 2, 562 (1973); (b) W. M. Fox and M. 
C. R. Symons, J. C hem . Soc. A , 1503 (1966).

(7) R. F. Rekker and J. U. Veenland, Reel. Trav. C him . Pays-Bas, 78, 739
(1959) .

(8) G. J. Karabatsos and R. A. Taller, Tetrahedron, 24, 3347 (1968).
(9) J. H. Smith and E. T. Kaiser, J. O rg. C hem ., 39, 728 (1974).

(10) T. S. Dobashi, D. R. Parker, and E. J. Grubbs, J. A m . Chem . Soc., 99, 5382 
(1977).

(11) In view of this conclusion, it is difficult to understand the general validity 
of the following statement made by Dondoni et al.,12 who, after drawing 
an analogy between acetophenone oximes and benzohydroximoyl chlorides 
(ArC(CI)=NOH), conclude that the latter compounds give iminoxy radicals 
with an anti configuration. "This constitutes evidence for the same con
figurational assignment for the radical as for its precursor since, considering 
that only one isomer has been observed for both radical and precursor, 
it seems unlikely that the stability of syn and anti forms is completely re
versed in the two cases."

(12) A. Dondoni, G. F. Pedulli, and G. Barbaro, J. Org. C hem ., 37, 3564
(1972) .

(13) P. C. Vijfhuizen, H. van der Schee, and J. K. Terlouw, Org. M ass Spectrom ., 
11, 1198(1976).

(14) J. P. Colpa and J. R. Bolton, M ol. Phys., 6, 273 (1963).
(15) (a) A. Mackor, Ph.D. Thesis, University of Amsterdam, 1968; cited in ref 

16; (b) A. Mackor, manuscript in preparation.
(16) M. F. Chiu, B. C. Gilbert, and B. T. Sutcliffe, J. Phys. C hem ., 76, 553 

(1972).
(17) P. D. Bartlett, E. P. Benzing, and R. E. Pincock, J. A m . Chem . Soc., 82, 1762

(1960) .
(18) G. A. Russell and A. Mackor, J. A m . Chem . S oc., 96, 145 (1974).



3244 J. Org. Chem., Vol. 43, No. 16,1978

C o m m u n i c a t i o n s

A New Synthesis of Deoxyiodo Sugars

Summary: Reaction of tetrabutylammonium iodide with 
carbohydrates containing the trifluoromethanesulfonate 
(triflate) group has been found to be a very effective means 
for synthesis of deoxyiodo sugars.

Sir: Deoxyhalogeno sugars are among the most versatile in
termediates in carbohydrate synthesis. These compounds 
have been used in the formation of a variety of substances, 
including anhydro, aminodeoxy, deoxy, epoxy, and unsatu
rated sugars.1 Although several types of reaction have been 
useful in synthesizing halogenated carbohydrates, .displace
ment processes generally have been the most effective. Many 
displacement reactions, however, have been subject to one or 
more of the following limitations: (a) destructively vigorous 
reaction conditions; (b) inability to effect displacement in 
some instances (particularly when the leaving group is on a 
secondary carbon); (c) competing elimination reactions; (d) 
molecular rearrangements. The purpose of this communica
tion is to report a procedure for the synthesis of deoxyiodo 
sugars which overcomes many of these limitations by using 
the remarkably reactive trifluoromethanesulfonate (triflate) 
leaving group in combination with tetrabutylammonium io
dide. This combination has produced substitution in high 
yield without competition from elimination or rearrangement 
in each of the molecular systems upon which it has been at
tempted.

Five partially protected monosaccharides (1-5) have been 
converted into their corresponding iodides (6- 10) via triflate 
displacement (Table I). The procedure for this conversion is 
illustrated by a description of the preparation of 3-deoxy-3- 
iodo-l,2:5,6-di-0-isopropylidene-a-D-allofuranose (6). Triflic 
anhydride2 (1.68 g, 6.0 mmol) in 20 mL of dichloromethane 
was added to a solution of 0.52 g (6.5 mmol) of pyridine in 100 
mL of dichloromethane maintained at —15 °C. To this solu
tion was added 1.0 g (3.8 mmol) of l,2:5,6-di-0-isopropyli- 
dene-a-D-glucofuranose3 (1) in 50 mL of dichloromethane and

11

the reaction mixture was stirred for 1.5 h at —15 °C before 
being poured into 200 mL of 5% sodium bicarbonate solution. 
The organic layer was separated and dried (anhydrous sodium 
sulfate) and the solvent was distilled to give a quantitative 
yield of l,2:5,6-di-0-isopropylidene-3-0-triflyl-a:-D-gluco- 
furanose4 (11). The triflate 11 was dissolved in 50 mL of 
benzene, 3.7 g (10 mmol) of tetrabutylammonium iodide5 was 
added, and the reaction mixture was refluxed for 18 h. The 
cooled solution was washed with 50-mL portions of water, 5% 
sodium bisulfite, saturated sodium bicarbonate, and water and 
dried over anhydrous sodium sulfate, and the solvent was 
distilled to leave 1.24 g of noncrystalline material which was 
homogeneous by TLC and GC analyses. The chemical ion
ization mass spectrum of this material had an intense parent 
peak at m/e 371 and the ]H NMR spectrum (60 MHz, CDC13) 
had absorptions at 5 5.72 (d, 1 H, J  = 3 Hz), 4.50 (t, 1 H, J = 
3 Hz), 4.33-3.50 (m, 4 H), 1.57 (s, 3 H), 1.33 (s, 3 H), and 1.23

Table I

reactant product yield
refer
ence

O—i
(CH’K 0-

b ,1 0- c(ch3\

87% none

Q—\ 
1 h O-

f t ,rió 0-C(CHjJ2 b 0-C(CH,),
84% 7

2
ch2oh

oJ~ 0

0-c(cHj),

ch2i

Ò-C(CH,),
94% 3

(CH,)c —O

-Op

—' CHjOH
(CH.)C-O

— OO
mpc(cH,): 

—' ch2i
99% 15

HOCH, n och3

>

ICH, „ )CH,

65% 16
VcH,), C(CH4

(s, 6 H). This information suggested structure 6 for the reac
tion product and excluded 7 (C-3 epimer of 6), a compound 
with a quite different 4H NMR spectrum.6’7 This suggested 
assignment was confirmed by reduction of the reaction 
product with lithium aluminum hydride in refluxing ether to
3-deoxy-l,2:5,6-di-0-isopropylidene-a-D-n6o-hexofuranose
(12). The iodides 7-10 were prepared in the same manner as 
6 and compared to independently obtained samples (see Table 
I for yields and references).

The synthesis of 6 from 1 is a significant example of the 
triflate displacement process because it occurs without rear
rangement or elimination. This type of reactivity stands in 
contrast to other attempts to halogenate 1 via displacement 
processes; in fact, neither compound 6 nor the corresponding 
fluoro, chloro, and bromo derivatives previously have been 
reported. Attempts to synthesize these compounds invariably 
have led to rearrangement or elimination reactions;8-14 thus, 
in addition to being a convenient and relatively mild reaction 
sequence, triflate displacement has a distinct advantage over 
other substitution reactions.

We are planning to extend this reaction sequence to other 
carbohydrate systems and to use it to introduce other halo
gens.

Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, for the support of this research.

References and Notes
(1) Excellent reviews on syntheses and reactions of halogenated carbohydrates 

have been published: (a) W. A. Szarek, Adv. Carbohydr. Chem . B iochem ..

0022-3263/78/1943-3244$01.00/0 © 1978 American Chemical Society



Communications J. Org. Chem., Vol. 43, No. 16, 1978 3245

28, 225 (1973); S. Hanessian, Adv. C hem . S ee , No. 74, 159 (1968); J. E. 
G. Barnett, Adv. C arbohydr. C hem ., 22, 177 (1967).

(2) M. Reser and L F. Fieser, “Reagents for Organic Synthesis”, Vol. 4, Wiley, 
New York, N.Y., 1974, p 533,

(3) Pfanstlehl Laboratories, Waukegan, III.
(4) (a) L. D. Hall and D. C. Miller, Carbohydr. Res., 40, C1 (1975); (b) L. D. Hall 

and D. C. Miller, ibid., 47, 229 (1976). The procedure for trlflate formation 
used In the present study is a modification of that employed by Hall and 
Miller.

(5) Aldrich Chemical Company, Inc., Milwaukee, Wise.
(6) R. H. Bell, D. Horton, D. M. Williams, and E. Winter-Mihaly, Carbohydr. Res., 

58, 109(1977).
(7) D. M. Brown and G. H. Jones, J. C hem . S oc. C, 252 (1967).
(8) (a) J. S. Brimacombe, A. B. Foster, R. Hems, J. H. Westwood, and L. D. Hall, 

Can. J. C hem .. 48, 3946 (1970); (b) A. B. Foster, R. Hems, and J. M. 
Webber, C arbohydr. Res., 5, 292 (1967).

(9) (a) S. Hanessian and N. R. Plessas, J. Org. C hem ., 34, 2163 (1969); (b) S. 
Hanessian, M ethods C arbohydr. C hem ., 6, 190 (1972).

(10) S. Hanessian, M. M. Ponpipom, and P. Lavallee, C arbohydr. Res., 24, 45
(1972) .

(11) G. R. Haylock, L. D. Melton, K. N. Slessor, and A. S. Tracey, C arbohydr. 
Res., 16, 375 (1971).

(12) A. Zamojski, W. A. Szarek, and J. K. N. Jones, C arbohydr. Res.. 26, 208
(1973) .

(13) D. C. C. Smith, J. C hem . S oc., 1244 (1956).
(14) E. Hardegger, G. Zanetti, and K. Steiner, H eiv. C him . A c ta , 46, 282 

(1963).
(15) K. James and S. J. Angyal, Aust. J. C hem ., 25, 1967 (1972).
(16) H. M. Kissman and B. R. Baker, J. A m . C hem . S oc., 79, 5534 (1957).

Roger W. Binkley,* David G. Hehemann
Department of Chemistry 

Cleveland State University 
Cleveland, Ohio 44115 

Received March 24,1978

Asymmetric Alkylation of Acyclic Ketones via 
Chiral Metallo Enamines. Effect of Kinetic vs. 
Thermodynamic Metalations

Summary: Chiral ¡mines of acyclic ketones have been meta- 
lated and alkylated to afford a-alkyl ketones in 20-98% ee 
after equilibration of the metallo enamines.

Sir: We recently described an asymmetric synthesis of 2- 
alkylcyclohexanones (2) via the chiral methoxvamine l .1 The 
process was based upon the premise that the intermediate 
metallo enamine 3 would exist as a rigid five-membered ring 
through chelation of the methoxyl group with the lithium 
cation, providing favorable topological features for specific 
sites of alkylation. In order to account for the configurations

a
o

<-H 20 )

2. LDAI-20 °C)

(R)-\

3

a. RX. -7 8  °C

b. H,0+

2, R =  Me, Et, Pr, 
allyl, PhCH2

obtained, it was suggested that the alkyl halide may approach 
from the front side of the cyclohexene moiety, leading to 2- 
alkylcyclohexanones in high enantiomeric purity.2 It seemed 
reasonable that this rigid metallo enamine should also provide 
a-alkyl ketones of high enantiomeric purity in the acyclic se
ries. We now report that the conditions utilized above with 
acyclic ketones gave very poor results with regard to enan

OMe

Ph
H.

CH.•XNH, + 0 = (

Scheme I
Ph

R H,
- h 2o

5 k R

CH, N:

OMe
CH,R'

OMe
CH,R'

(R)-l

+ (Ry l

R" H 
7

tioselective alkylation, but a minor modification of the ex
perimental procedure led to a-alkyl ketones 7 in generally high 
enantiomeric purity (Table I) within the constraints of certain 
structural features (vide infra). When the reaction conditions 
utilized for 2 (LDA, —20 °C; R'T, —78 °C) were employed for 
the acyclic ¡mines 5, alkylation occurred with no difficulty, 
furnishing 6 (Scheme I). However, hydrolysis to the ketones
7 gave products in 3-44% enantiomeric excess (Table I, % ee’s 
in parentheses). The possibility that the lithiated enamines 
were kinetically formed as mixtures of E and Z isomers (8A, 
8B), a situation not possible in the cyclohexene system 3, was 
therefore considered. When the lithio enamines, formed at 
—20 °C, were heated to reflux (THF) prior to alkylation, and 
the alkyl halide was added after cooling at —78 °C (first three 
entires, Table I), the ketones were obtained in 76-98% ee! In 
the case where R (in 4 or 5) was phenyl or benzyl (last four 
entries, Table I), the % ee of the ketones 7 was less dramati
cally affected. Thus, the kinetic or the thermodynamic ratio 
of lithio enamines 8 is dependent upon the bulk of the sub
stituents present. It may, therefore, be assumed that meta- 
lation of 5 produces 8A and 8B kinetically; however, heating
8 (A, B) allows equilibration which favors the most stable 
lithio enamine. The relative size of the three substituents

about the double bond will dictate whether the thermody
namic ratio of enamines is very different from the kinetic 
ratio.3 As seen from the table, the progression of high % ee to 
a relatively lower one follows the increasing size of substituents 
on the ketone or lithio enamine 8. Larger groups, such as 
phenyl, may decrease the thermodynamic stability of the E 
relative to the Z isomer, resulting in ketones of lower enan
tiomeric purity. In the last entry of Table I, two phenyl groups 
are present in 8 and from the absolute configuration of the 
ketone isolated, we may assume that the (Z)-enamine is 
slightly favored (60:40) to give 20% ee with an S configuration. 
The previous conditions for generating lithio enamines (~—20 
°C) were obviously insufficient to effect their equilibration

0022-3263/78/194.3-3245801 .00/0 <C> 1978 Amorlran P.Rpmipn) SnpipR,
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Table I. Formation of Chiral a-Alkyl Ketones (7)

4 a-alkyl ketones

R R' R'T 7 Yield, % [ « ] 25d % ee°
configur

ation

n- Bu n-Pr Mel

Me

o
75 - 12.8° (2.6,Et20 ) 88 (435) Rb

n-Pr Et Mel
Me

o
84 -17.1° (2.0, Et20) 98 (43) R°

Me

Et Me EtI
0
Me

OO +24.3° (2.9, Et20) 76 (3) Sd

Ph Et Mel ph ^ r A ^ 77« -15.3° (5.6, Et20) 35 Rf
0

Me

Ph Me EtI plV- 80« +23.5° (5.4, Et20) 53 (44) Sf

Me

PhCH2 Ph Mel Ph '^Y ^Nph
0
Me

90i« -12.0° (4.3, PhH) 41 (25) Rh.i

Ph Ph Mel
0

88« +51.4° (1.5, EtOH) 20 si

“ Values of % ee in parentheses are those obtained prior to heating 8 for 2 h. 6 Percent enantiomeric excess determined by chiral 
shift reagent, tris[3-(heptafluoro-l -hydroxybutylidene)-d-camphorato]europium(III), purchased from Aldrich. c Rotation based 
on 17.5° (1.8, ether) for pure ketone: D. Seebach, V. Ebrigand M. Teschner, Justus Liebigs Ann. Chem., 1357 (1976). Chiral shift reagent, 
as in b, confirmed enantiomeric purity. d F. Nerdel and E. Henkel, Chem. Ber., 86,1002 (1953). e Low yield due to partial loss of material 
during solvent evaporation. / D. Seebach, D. Steinmuller, and F. Demuth, Angew, Chem., Int. Ed. Engl., 7, 620 (1968). « Contains 
unalkylated ketone, [ « ] d  values are extrapolated after known mixtures were prepared to validate such extrapolations. The amount 
of unalkylated ketone in each case varied from 7 to 30% and the [«]d varied linearly. h See ref 2a. 1 Absolute configuration determined 
by Baeyer-Villiger oxidation of 7 to a-methylbenzyl alcohol of the R configuration. 1 Based on [a]n +252° (1.4, ethanol) reported 
by 0. Cervinka and L. Hub, Collect. Czech. Chem. Commun., 33,1911 (1968).

and they remain in their kinetic ratio until the solution is 
heated to reflux. An operationally useful mechanism for the 
alkylation, consistent with the absolute configuration of all 
the ketones produced, indicates that the alkyl iodide ap
proaches the E isomer from the front side of the x system, 
analogous to 3, aligning both molecules enroute to the tran
sition state. Although other mechanistic alternatives may be 
invoked,2b it is feasible to utilize the current scheme in order 
to predict the correct stereochemistry of the products.

A typical procedure for (fl)-(-)-3-methyl-4-heptanone 
follows. A mixture of 10 g (60.6 mmol) of l ,4 8.3 g (73 mmol) 
of 4-heptanone, and 100 mL of benzene was treated with 1-2 
drops of trifluoroacetic acid and heated to reflux with azeo
tropic removal of water. The benzene solution was shaken with 
powdered sodium bicarbonate, dried, and distilled to give the 
imine 5 (R = n-Pr; R' = Et): bp 85-88 °C (0.02 Torr); 13.8 g 
(85%); [a]25o +53.0° (4.76, MeOH). A solution of 21 mmol of 
lithium diisopropylamide in 40 mL of THF was treated at —20 
°C with 20 mmol of 5 dissolved in 20 mL of THF. The solution 
was stirred (—20 °C) for 1 h and then heated at reflux for 2 h. 
After cooling to -78  °C, a solution of 21 mmol of methyl iodide 
in 20 mL of THF was added over 5 min and the reaction 
mixture stirred at —78 °C for 4 h. The mixture was quenched 
with 2 mL of methanol and partitioned between ether (75 mL) 
and water (75 mL). The aqueous phase was extracted (2X) 
with ether and the combined organic extracts were washed 
successively with water and brine. The solvents were evapo
rated and the crude imine 6 was directly dissolved in 75 mL 
of pentane and shaken for 30 min with 80 mL of acetic acid-

sodium acetate buffer.6 Separation of the layers, concentra
tion, and distillation gave (R)-(—)-3-methyl-4-heptanone 
(85%), [ah  -17.1° (c 2.0, Et20), 98% ee.7

Further studies to extend the scope of this asymmetric al
kylation to other carbonyl compounds are under investiga
tion.8
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Novel Oligomers of Propyne: 
Tetramethylcyclooctatetraenes and 
(.Z)-2,4-Dimethyl-l,3-heptadien-5-yne

Summary: Propyne has been catalytically oligomerized to 
produce novel cyclic tetramers, a linear trimer, and cyclic 
trimers.

Sir: Numerous organometallic compounds are known to cat
alyze the oligomerization of propyne to mixtures of 1,2,4- and
1,3,5-trimethylbenzene.1 We wish to report that the black, 
nickel-containing substances prepared by the co-condensa
tion2 of nickel atoms and alkynes are active, homogeneous 
catalysts for the oligomerization of terminal acetylenes under 
very mild conditions, in some cases producing novel oligom
ers.3 In the case of propyne, the new oligomers are: 1,3,5,7- 
tetramethylcyclooctatetraene (I), 1,2,4,6-tetramethylcy- 
clooctatetraene (II), 1,2,4,7-tetramethylcyclooctatetraene
(III), and (Z)-2,4-dimethyl-l,3-heptadien-5-yne (IV), a linear 
trimer; the first named compound was prepared earlier by 
photolysis of 2,4-dimethylcoumalin.7

For the purpose of this study, oligomerization reactions 
were conducted in sealed tubes at 60 °C in dioxane solvent in 
the presence of 10 g of liquid propyne employing the soluble, 
black Ni-propyne co-condensation product as catalyst. Pro
pyne and other alkynes such as acetylene, phenylacetylene, 
and 2-methyl-3-butyn-2-ol can also be cyclotetramerized at 
room temperature and 1 atm pressure. In a typical sealed tube 
reaction, 0.1 g of nickel catalyst dissolved in 5 mL of dry, air- 
free dioxane will oligomerize 4-6 g of propyne monomer in 20 
h. The distribution of products is given in Table I.

For the purpose of structural characterization of particular 
isomers, the oligomer mixture was reacted with tetracyano- 
ethylene (TCNE) in ether-dioxane solution at 18 °C under 
nitrogen, using TCNE as the limiting reagent, giving a 
brown-red solution which becomes almost colorless in about 
3 min. Removal of solvent and unreacted oligomers under 
vacuum at room temperature and sublimation of the white 
residue at 75 °C (10~2 Torr) yields two products, a tetra- 
mer-TCNE adduct (m/e 288) and a trimer-TCNE adduct 
(m/e 248). The adducts can be separated by vacuum thermal 
gradient sublimation, yielding a white tetramer-TCNE ad-

O = Carbon 

0  = Nitrogen

Figure 1. Perspective view of 3,5,7-trimethyl-8,8,9,9-tetracyanobi- 
cyclo[5.3.1]undeca-l,3,5-triene (hydrogen atoms omitted for clari
ty).

duct (mp 184-186 °C dec) (V) and a white trimer-TCNE 
adduct (mp 86-87 °C) (VI).

Definitive structural information about V was obtained 
from an X-ray crystal structure analysis on crystals grown 
from ether solution. The structure of V is shown in Figure 
l .4

Consideration of the structure of V reveals it to be the 8 + 
2 cycloaddition product of TCNE with the hydrocarbon (VII), 
an exocyclic methylene isomer of 1,3,5,7-tetramethylcy- 
clooctatetraene (I). We believe that VII arises from I during

VII
the course of the reaction by means of an isomerization of I 
mediated by TCNE radical anion5 and the inherent stability 
of the radical cation of I compared to radical cations of other 
isomers of tetramethylcyclooctatetraene.6 Other information 
supporting the presence of I rather than VII in the oligomer 
mixture includes: (1) the absence of exo- methylene and allylic 
methylene resonances in XH and 13C NMR spectra of tetramer 
mixtures; (2) the presence of 13C NMR resonances attribut
able to I at 23.9,125.7, and 140.8 ppm vs. Me4Si in DCCI3 from 
tetramer mixtures distilled from the trimer; (3) the decrease 
of a sharp XH NMR methyl resonance at 8 1.66 from within the 
methyl resonance envelope after reaction with TCNE, com
pared to the methyl resonance of 8 1.68 reported for pure I;7
(4) in reactions requiring 40 h at 20 °C Criegee et al.8 prepared 
TCNE adducts of three isomeric tetramethylcyclooctate
traenes (none of which was I). All adducts were 4 + 2 cy
cloaddition products of the bicyclo form of the olefin. Because 
our adduct is formed ip 3 min, we believe a route other than 
that observed by Criegee is involved.

After reaction with TCNE, pnreacted tetramer eluted from 
10% AgNC>3 on silica gel with 20:1 pentane-ether proved to

Table I. Oligomers of Propyne

oligomer

mol % 
oligomer 
produced

“ Integration of XH NMR shows 55% tetramer; amounts of individual isomers are estimated from GC/MS data. Tetramer mixtures 
show an asymmetric vinyl resonance centered at 8 5.40 and asymmetric methyl resonances centered at 8 1.70 vs. Me4Si in CS2 solution. 
b Integration of 'H NMR.

0 0 9 9 _ 3 9 f ;5 /7 R /1 C | A 3 - 5 9 4 7 4 0 1  O O /O  (Pi 1Q 7 R  A m e r i c a n  C h e m i c a l  S n c i e t .v
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O = Carbon 

•  = Hydrogen 

ffi = Oxygen

Figure 2. Perspective view of 3,5-dimethyl-ir<ms-3-(l-propynyl)- 
4-cyclohexene-cis- 1,2-dicarboxylic acid.

be primarily one isomer, assigned structure II based on 13C 
NMR resonances at 21.7, 21.9, 23.5, 23.7,125.9,126.2,128.4,
128.5,138.4,139.1,140.6, and 141.2 ppm. Material not chro
matographed from AgN03 proved to be a mixture of primarily 
two isomers, compound II and another isomer, assigned 
structure III based on 13C NMR resonances at 21.6,23.9,125.8, 
128.8,138.7, and 140.7 ppm.

Repeated attempts to obtain crystals of the trimer-TCNE 
adduct (VI) suitable for X-ray analysis proved fruitless. Thus, 
reaction of trimer mixtures with excess maleic anhydride in 
dioxane-acetone for 4 h at 60 °C produces a trimer-maleic 
anhydride adduct (VIII) (m/e 218) almost quantitatively. 
After thermal gradient vacuum sublimation to separate excess 
maleic anhydride, VIII unfortunately proved to be a colorless, 
viscous liquid which could not be crystallized. Treatment of 
VIII with H2O at 80 °C for 30 min produced an almost quan
titative yield of the trimer-“ maleic acid” adduct (IX) (m /e 
236) which after sublimation at 125 °C (10-2 Torr) and re
crystallization from ether-hexane gave white crystals (mp 
197-198 °C) suitable for X-ray analysis.

The results of the X-ray structural analysis of IX Eire shown 
in Figure 2.9

Analysis of this adduct by standard Woodward-Hoffmann 
rules for Diels-Alder adducts10’11 shows the trimer to be 
(Z)-2,4-dimethyl-l,3-heptadien-5-yne (IV) rather than the 
other possible isomeric arrangement about the 4 position. 
Compound IV exhibits the following NMR spectra: 'H in di-

oxane, slightly broad vinyl resonances at 8 6.05, 5.01, and 4.87, 
and sharp methyl resonances at 8 1.92 and 1.87, with relative 
areas 1:1:1:6:3; 13C, in DCCI3, sp3 resonances at 4.5,21.2, and
26.0, sp resonances at 80.6 and 92.2, sp2 resonances at 116.6,
117.6,136.1, and 142.5 ppm vs. Me4Si. The other trimers, 1,2,4- 
and 1,3,5-trimethylbenzene, were identified from reference 
JH and 13C NMR spectra.

Additionally, the same nickel catalysts used for propyne 
oligomerization will reduce benzene to cyclohexane and 
methyl benzoate to methyl cyclohexylcarboxylate at room 
temperature and 2 atm hydrogen pressure in ether solu
tion.
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TosM IC s o 2 c h 2 n c

★  O n e - c a r b o n  e l o n g a t i o n  o f  k e t o n e s  t o  a c i d s ,  n i t r i l e s ,  e t c .

★  S y n t h e s i s  o f  5 - m e m b e r e d  h e t e r o c y c l e s ,  o r - h y d r o x y a l d e h y d e s ,  e t c .

Tosylmethyl isocyanide (TosMIC) has been used exten
sively for the synthesis o f diverse 5 -m e m b e r e d  h e te r o c y c l ic  
s y s t e m s . Some representative examples are shown in 
equations 1-4.
Oxazoles1

P f lC H p Tortine
k 8c o s

P iy _ _ T o s
H* o

Imidazoles2

RCH = NR” Tortile
KjCOj, MeGH

R'

(eq. n

(eq 2)

Pyrroles3

O
RCH=CHCR‘

1,2,4-Triazoles4

ArNjX

Tortile
NetH

Tortile
KjCO,

9

o
CR

N—tT 1

Ç
Ar

To*

( « * * >

(eq. 4)

4 - E t h o x y o x a z o l i n e s i are formed by the reaction of 
TosM IC with ketones in the presence o f thallous ethoxide; 
acid hydrolysis affords a -h y d r o x y a l d e h v d e s  (eq. 5).6 Reac-

_  oR tortile
Tien“

DEI

H,0 -
rr 'c -ch

¿H
(eq. 5)

tion o f a ketone with the conjugate base o f TosM IC in THF 
gives the corresponding 1-formylamino-l-tosylalkene. Sub
sequent hydrolysis affords the c a r b o x y l ic  a c i d ( e q. 6).7 The 

Rv Tortile ^NHCHQ
d ' / °  f-SuOKTTHF R ' / ^ ' T o s

„  I : (eq- 6)R.. h3o*
' r>CHCO:H : -4— J  ■

same reaction performed in dimethoxyethane/f-butanol 
gives nitriles (eq. 7).*

TosMIC
NnOEt 

OMF t  OH

ĉhcsn (eq. 7)

Recent developments in the use o f TosM IC as a synthetic 
reagent have focused on its properties as a masked form 
aldehyde equivalent with u m p o lu n g  o f normal carbonyl 
reactivity. Thus, dialkylation o f the conjugate base of 
TosM IC, followed by hydrolysis o f  the resulting dialkyl 
derivative, gives the corresponding k e t o n e  (eq. 8). A par-

HfO-To*MSC NaH.RX T o s C R j'N C R ¡C O  (eq. 8)
DMSO

ticularly convenient one-pot synthesis o f  u n s y m m e tr ic a l  
k e t o n e s  employs phase-transfer catalysis to achieve sequen
tial dialkylation o f TosM IC (eq. 9).9 

TosMIC
l I l l l B B l i H S I I t| PtiCHjBr P h rn L ,

¡1 m 21 Mel PhCH.CM* ( e q 9 )

(n-BuKNi'

Similarly, the conjugate base o f monoalkylated TosM IC 
can be acylated to provide an acyclic product, which upon 
hydrolysis yields a d ik e to n e  (eq. 10).10

Tos-CH-NC 1) n-8uLI Ve  9  ,
p. Tbs-C — C-R

R 2) R-COC1
R

9 9  ,
R-C-C-R'
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