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The synthesis and base-induced reactions of 2,3,5,7-tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4-enes are de
scribed. These compounds are prepared from the reaction of meso- and rac-stilbenediamine with 1,3-diphenyl-
2.3- dibromo-l-propanone. The assignment of stereochemistry about the ring system was made on the basis of the 
NMR spectra of the various structural isomers. The l,4-diazabicyclo[4.1.0]hept-4-ene ring system was found to 
undergo an interesting set of reactions on treatment with base. The particular product formed was found to de
pend on both the initial stereochemistry of the ring system as well as on the experimental conditions used. The 
exo,exo isomer 4 gave l-benzyl-2,3,5-triphenyldihydropyrazine (10) on treatment with potassium feri-butoxide. 
The other possible isomeric diazabicycloheptenes gave triphenylpyrazine when benzene was used as a solvent. 
When the reaction was carried out in fert-butyl alcohol, 2-benzyl-3,5,6-triphenylpyrazine (7), 2,3,5,7-tetraphenyl-
1.4- diazacyclohepta-l,3,5-triene (13), and 2,4,5,7-tetraphenyl-3,6-diazabicyclo[3.2.0]hepta-3,6-diene were isolated 
as the major products. The mechanistic pathways involved in the base-induced reactions are discussed.

The synthesis and cycloaddition reactions of the 1,3- 
diazabicyclo[3.1.0]hex-3-ene (1) and 1,5-diazabicy- 
clo[5.1.0]octa-3,5-diene (2) systems have previously been 
described.2-4 The photo- and thermal reactions encoun
tered with these fused aziridines were readily accounted for 
by carbon-carbon fission of the aziridine rings of 1 and 2 to 
form 1,3-dipolar intermediates (azomethine ylides).2-4 The 
azomethine ylides were found to undergo 1,3-dipolar cy
cloaddition reactions with homo and hetero multiple bonds 
to give a variety of heterocyclic rings.5-9 The formation of 
the azomethine ylides was envisioned as an electrocyclic 
process proceeding by either conrotatory or disrotatory 
ring opening.10 In addition, both Heine’s and our own re
search group have described some interesting rearrange
ments which occur when these systems were treated with 
base.2,3 As part of our continuing interest in fused aziri
dines, we have extended our investigations to include the
l,4-diazabicyclo[4.1.0]hept-4-ene system (3). The present

1 2 3
paper describes the synthesis of several 2,3-disubstituted
l,4-diazabicyclo[4.1.0]hept-4-enes and the unusual rear
rangements that these systems undergo when treated with 
base.

Of the several possible methods to gain synthetic entry 
into the l,4-diazabicyclo[4.1.0]hept-4-ene system,11 the 
route involving the reaction of a dibromo ketone and a 1,2-

diamine seemed most feasible. Heine and Henzel had pre
viously demonstrated that 1-phenyl-2,3-dibromo-3-aryl-l- 
propanones underwent reaction with ethylenediamine and 
o -phenylenediamine to give the 1,4-diazabicyclo- 
[4.1.0]hept-4-ene and 1, la-dihydro-1,2-diarylazirino[l, 2- 
ajquinoxaline rings.12 When l,3-diphenyl-2,3-dibromo-l- 
propanone was allowed to react with meso-stilbenediamine 
in an ethanolic solution containing triethylamine and small 
quantities of ammonium bromide, a mixture of four com
pounds was obtained. Fractional crystallization of the mix
ture resulted in the isolation of a crystalline solid, mp 
160-161°, whose structure was assigned as (2a,3«,6a,7a)-
2,3,5,7-tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4-ene (4) on

0

PhCHCHCPh + 

Br ir

Ph Ph

NH, NH,

the basis of its spectral and analytical properties. The dia- 
zabicyclic 4 displayed a maximum at 252 nm (e 17,000) in
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the ultraviolet region. Its NMR spectrum showed the two 
aziridinyl protons at r 6.78 (He, d, J = 3.0 Hz) and 6.45 
(H7, d ,J  — 3.0 Hz), the two benzylic protons at 5.68 (H2, d, 
J  = 6.5 Hz) and 4.91 (H3, d, J = 6.5 Hz), and the aromatic 
protons as a multiplet centered at r 2.07-3.20. The spatial 
relationship of the phenyl groups was established experi
mentally by application of nuclear Overhauser effects.13 
Double irradiation of the signal at r 5.68 or 4.91 gave evi
dence of a 17-25% intensity enhancement in the r 6.45 
peak. Accordingly, the tertiary benzylic hydrogens (H2 and 
H3) and the aziridinyl hydrogen (H7) must be proximal, an 
observation which requires the spatial relationship embo
died in the exo,exo isomer (4).

A small quantity of the isomeric (2a,3a,6/3,7f3)-2,3,5,7- 
tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4-ene (5), mp 
146-147°, was also isolated from the reaction mixture. The 
yield of this material could be substantially improved if the 
reaction conditions were slightly altered. This was done by 
using chloroform as the solvent and carrying out the reac
tion at room temperature. Under these conditions a 40% 
yield of diazabicyclic 5 was obtained. The NMR spectrum 
of 5 consisted of a doublet of doublets at r 6.84 (He, J = 3.0 
and 1.5 Hz), a set of doublets at r 6.45 (H7, J  = 3.0 Hz) and 
4.98 (H2, J  = 5.5 Hz), and a doublet of doublets at r 4.50 
(H3, J  = 5.5 and 1.5 Hz) as well as a 20-proton multiplet at 
r 2.50-3.10. Inspection of molecular models shows that pro
tons H3 and H6 for this isomer are oriented in such a man
ner that homoallylic coupling across the C-N double bond 
should be at a maximum. Examples of homoallylic coupling 
across a C-C double bond have been observed previously 
and give rise to a coupling constant which ranges from 0.2 
to 1.8 Hz.14 The magnitude of homoallylic coupling is 
known to be dependent on the angles 8 and 6' between the 
plane of the C =N  double bond and the C1-H 1 and C4-H 4 
bonds, respectively.14 The coupling magnitude will be 
greatest when 8 and 6' are 90° and will be at a minimum 
when the angles are at 0°. For diazabicycloheptene 5, pro
tons H3 and He are oriented in such a fashion that both 8 
and 8' are approximately 80° in the conformation shown 
below. The isomeric diazabicycloheptene 4 does not exist in

a conformation where both 6 and 6' have the proper angle 
to allow for significant homoallylic coupling. On this basis, 
we can distinguish between the two isomeric diazabicyclo- 
heptenes. Spin decoupling of structure 5 was also carried 
out in order to verify the existence of the homoallylic cou
pling. When the doublet of doublets at r 4.50 (H3) was sat
urated with an external field, the doublet of doublets at r
6.84 (H0, J = 3.0 and 1.5 Hz) collapsed to a simple doublet 
(J = 3.0 Hz). Similarly, double irradiation of the signal at r
6.84 resulted in the collapse of the double doublet at r 4.50 
to a simple doublet (J = 5.5 Hz). Accordingly, the tertiary 
benzylic hydrogen (H3) and the aziridinyl hydrogen (H6) 
must be homoallylically coupled, an observation which re
quires an endo orientation of the C3 phenyl ring.

In addition to the two isomeric 1,4-diazabicyclo-
[4.1.0]heptenes (4 and 5), two additional compounds, 6 
(19%) and 7 (5%), were also isolated from the reaction of 
meso-stilbenediamine with l,4-diphenyl-2,3-dibromo-l- 
oropanone. Structure 6 was identified as 1,3,4,6-tetra- 
>henyl-2,5-diazahexa-l,5-diene, mp 166-167°, by compari

son with an authentic sample prepared from the reaction of 
meso-stilbenediamine with benzaldehyde. Structure 7 was 
assigned as 2-benzyl-3,5,6-triphenylpyrazine, mp 141-142°, 
on the basis of its spectral properties: uv (95% ethanol) 326 
nm (e 15,800), 303 (e 15,200), and 272 (t 15,400); NMR 
(CDCI3) r 5.60 (s, 2 H) and 2.20-2.76 (m, 20 H); m/e 398 
(M+). This structure was unambiguously verified by com
parison with an authentic sample of 7 which was prepared 
by treating triphenylpyrazine with benzyllithium according 
to the general procedure of Klein and Spoerri.15

A mechanistic rationale which accounts for the forma
tion of 6 is based on the premise that benzaldehyde is pro
duced in small quantities during the reaction.16 Stilbenedi
amine will then condense with the generated benzaldehyde 
to produce compound 6. The formation of diazabicyclohep- 
tenes 4 and 5 can be conveniently rationalized by a series of 
reactions which are analogous to those proposed to account 
for the formation of iV-alkylaroylaziridines from the reac
tion of dibromochalcone with alkylamines.17 A mechanism 
for the formation of 2-benzyl-3,5,6-triphenylpyrazine (7) 
will be put forth at a later point in this paper.

Treatment of l,3-diphenyl-2,3-dibromo-l-propanone 
with rac-stilbenediamine proceeded in an analogous fash
ion and afforded a mixture of (2a,3/3,6/5,7/3)- and 
(2a,3/3,6a,7a)-2 ,3,5,7-tetraphenyl-l,4-diazabicyclo-
[4.1.0]hept-4-ene (8 and 9). The mixture could be separated

0
II

PhCHCHCPh + 

Br Br

by silica gel chromatography using a 15% ether-85% cyclo
hexane mixture. The structure assigned to the first materi
al obtained from the chromatography column was 
(2a,3/3,6/3,7/3)-2,3,5,7-tetraphenyl-l,4-diazabicycIo-
[4.1.0]hept-4-ene (8), mp 159-160°. The NMR spectrum of 
8 shows proton Ho as a doublet at r 6.80 (J = 9.0 Hz). This 
unusually high field position can be attributed to aniso
tropic shielding of this proton by the neighboring phenyl 
ring. Proton H3 also appears as a doublet (r 5.42, J  = 9.0 
Hz) and is also located at a higher field position than the 
corresponding proton in structures 4 or 5. This again can be 
attributed to the anisotropic shielding by the neighboring 
phenyl group. The two aziridinyl protons appear to be 
magnetically equivalent, since they both appear as a singlet 
at r 7.10. This equivalence can be explained by the large 
upfield shift experienced by proton H7 and is undoubtedly 
due to the anisotropic shielding by the C2 phenyl ring. Pro
ton He is also shielded, but to a lesser extent by the C3 phe
nyl ring.

The second fraction isolated from the chromatographic 
separation was assigned the structure of (2a,3/3,6a,7a)-
2,3,5,7-tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4-ene (9), 
mp 206°. The stereochemistry of this diazabicyclic system
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follows from an analysis of its diagnostic NMR spectrum. 
The signal corresponding to proton H2 in 9 appeared as a 
doublet at r 6.40 (J = 10.0 Hz). The appearance of this 
proton (H2) at a higher field relative to proton H2 in 5 (r 
4.98) is consistent with the anisotropic shielding of this 
proton by the adjacent aziridine ring.18 Proton H3 also ap
pears at high field as a broad doublet at r 5.40 (J = 10.0 
Hz). The high field position of H3 can also be attributed to 
the shielding effect of the C2 phenyl ring. Proton H7 of 
structure 9 appears as a doublet at r 6.04 (J = 2.0 Hz), and 
proton Hg appears as a broad doublet at r 6.60 (J = 2.0 
Hz). The broad nature of the doublets assigned to protons 
H3 and Hg can be attributed to a long-range homoallylic 
coupling across the C-N double bond. Double irradiation of 
the signal at r 5.40 resulted in the collapse of the r 6.60 
broad doublet to a clean doublet (J = 2.0 Hz). When the 
doublet at r 6.04 was irradiated with an external field, the 
broad doublet at r 6.60 collapsed to a broad singlet. These 
observations require that the stereochemistry of the phenyl 
ring at C3 be located in the endo position. The most likely 
conformation of diazabicycloheptene 9 which accounts for 
the NMR data is that shown below.

The l,4-diazabicyclo[4.1.0]hept-4-ene ring system was 
found to undergo an interesting set of reactions on treat
ment with base. The particular product formed was found 
tq depend on both the initial stereochemistry of the ring 
system as well as the experimental conditions used. Thus, 
treatment of diazabicycloheptene 4 with potassium tert- 
butoxide in benzene afforded a yellow solid, mp 128-129°, 
in good yield. This compound was assigned the structure of 
l-benzyl-2,3,5-triphenyldihydropyrazine (10) on the basis

the base treatment of 4 is based on the premise that the 
initially generated carbanion (1 1 ) induces carbon-carbon 
bond cleavage of the aziridine ring. This step is then fol
lowed by protonation to give the final product.

It is interesting to note that treatment of the isomeric
l,4-diazabicyclo[4.1.0]heptenes 5, 8, or 9 with potassium 
iert-butoxide, under conditions identical with those out
lined above, did not produce any detectable quantities of 
l-benzyl-2,3,5-triphenyldihydropyrazine (10). Instead, the 
two products formed were toluene and triphenylpyrazine.

A control experiment showed that dihydropyrazine 10 was 
stable under the reaction conditions. The absence of dihy
dropyrazine 10 from the base treatment of diazabicyclo- 
heptenes 5, 8, and 9 indicates that these isomers rearrange 
by a different pathway from that encountered with diazabi
cycloheptene 4. The formation of triphenylpyrazine can be 
postulated to arise by carbon-nitrogen bond cleavage of the 
aziridine ring. The two reaction pathways differ primarily

+ PhCH3

of its spectroscopic and chemical properties. The infrared 
spectrum of 10 showed an absorption band at 6.23 ix, char
acteristic of a C =N  double bond. The NMR spectrum con
sisted of singlets at r 4.54 (1 H) and 3.44 (1 H), an AB quar
tet centered at r 5.55 (2 H, J = 14.0 Hz), and a multiplet lo
cated at r 2.4-3.0 (20 H). The mass spectrum showed the 
molecular ion at m/e 400 and also exhibited a major peak 
at m/e 309 corresponding to the loss of a benzyl group. 
Chemical confirmation of this structure was obtained by 
dehydrogenation of 10 with palladium on charcoal to tri
phenylpyrazine.

A mechanistic rationalization of the formation of 10 from

in the site of proton removal. Inspection of molecular mod
els shows that the C2 proton in structure 4 is situated in a 
sterically congested environment and consequently remov
al of this proton by the bulky iert-butoxide is sterically 
hindered. Instead, proton loss occurs at C3 to generate 
carbanion 11. On the other hand, proton loss with the iso
meric diazabicycloheptenes (5, 8, and 9) occurs on the more 
accessible C2 carbon to generate anion 12, which subse
quently undergoes carbon-nitrogen ring opening.

When the base-induced reactions of diazabicyclohep
tenes 5, 8, or 9 were carried out at 60° in the presence of 
tert-butyl alcohcl, three new products were formed. The



1686 J. Org. Chem., Vol. 40, No. 12,1975 Padwa, Gehrlein, and Kinnel

relative yields of these three new compounds were found to 
vary as a function of time. Careful examination of the prod
uct distribution showed that compounds 7 and 13 were 
formed shortly after the addition of base. After 3 hr, the 
yield of 13 began to decrease while compound 14 started to 
appear in the reaction mixture. When the reaction was car-

ried out at room temperature, only compounds 7 and 13 
could be detected. From these observations we conclude 
that 7 and 13 are products which result from two separate 
mechanistic pathways which are operating concurrently. 
Further experiments showed that 13 was converted to 14 in 
high yield when it was heated in benzene. Compound 13 
was assigned the structure of 2,3,5,7-tetraphenyl-l,4-diaza- 
cyclohepta-l,3,5-triene, mp 152-154°, on the basis of its 
spectroscopic properties: ir (KBr) 6.22 /x; uv (95% ethanol) 
263 nm (e 26,600) and 335 (4800); NMR (CDC13) r 5.52 (s, 1 
H) and 1.8-2.9 (m, 21 H); m/e 398 (M+), 308, 295 (base), 
103, and 77. The structure of 14 was assigned as 
( la ,2 /? ,5 o :)-2 ,4 ,5 ,7 -te tra p h e n y l-3 ,6 -d ia za b icy c lo -
[3.2.0] hepta-3,6-diene, mp 205-206°, on the basis of a mass 
spectrum parent peak at m/e 398, infrared absorptions at 
6.23 and 6.59 n, uv absorptions at 384 (e 13,900) and 257 nm
[31.000] , and NMR signals at r 7.78 (1 H, d, J = 11.0 Hz) 
and 4.50 (1 H, d, J -  11.0 Hz) as well as a 20-proton multi
plet located at r 1.9-2.9. The chemical shift of proton Hi (r 
7.78) in 14 is similar in position to the corresponding pro
ton of the carbocyclic analog (2,2,6-trimethylbicyclo-
[3.2.0] hepta-3,6-diene) which has been reported to have a 
value of t 7.30.19 The position of proton H2 (r 4.50) in 
structure 14 is similar to the analogous proton in 2,5-diphe- 
nyl-A1-pyrroline, which has been reported to absorb at r 
4.28.20 The observed coupling constant for the two tertiary 
hydrogens in 14 (J = 11.0 Hz) can be accounted for if one 
assumes a cis vicinal relationship between protons Hi and 
H2.21 The formation of 14 from the thermolysis of 13 corre
sponds to a 4ir-electrocyclic ring closure.

The ring expansion of diazabicycloheptenes (5, 8, or 9) 
into diazacycloheptatriene 13 is envisaged to occur by re
moval of the proton at C2 to give carbanion 12, which 
undergoes a subsequent ring opening in one of two direc
tions. One direction involves a cleavage of the exocyclic 
C-N bond of the aziridine ring to produce a dihydropyraz- 
ine which, in this case, is preferentially oxidized to the cor
responding pyrazine rather than eliminating benzyl carb
anion as had been observed in the absence of tert-butyl al
cohol. This route would also account for the formation of 
the small amount of 7 formed from the reaction of dibro- 
mochalcone and meso-stilbenediamine in 95% ethanol. The 
other competitive path involves cleavage of the endocyclic 
C-N bond of the aziridine ring to generate carbanion 15, 
which is subsequently oxidized to the final product (i.e.,
13). This path is closely related to the base-induced rear
rangement of 2,4,6-triphenyl-l,3-diazabicyclo[3.1.0]hex-3-

ene to 2,4,6-triphenylpyrimidine.2’3 Apparently, the pres
ence of tert-butyl alcohol in the reaction mixture affects 
the reaction conditions in such a way that endocyclic C-N 
bond cleavage becomes competitive with exocyclic C-N

ring cleavage. The reason for this is not apparent at this 
time and further work must be done before this point can 
be clarified. As expected, treatment of 1,4-diazabicyclohep- 
tene 4 with potassium fert-butoxide under similar reaction 
conditions gave no detectable quantities of structures 7, 13, 
or 14. The only product isolated from this reaction was 
dihydropyrazine 10. This result is consistent with the for
mation of a different carbanion (i.e., 11) with this isomer as 
a consequence of the steric factors associated with proton 
removal.

Experimental Section
All melting points are corrected and boiling points are uncor

rected. Elemental analyses were performed by Scandinavian Mi- 
croanalytical Laboratory, Herlev, Denmark. The infrared absorp
tion spectra were determined on a Perkin-Elmer Infracord spec
trophotometer, Model 137. The ultraviolet absorption spectra were 
measured with a Cary recording spectrophotometer, using 1-cm 
matched cells. The nuclear magnetic resonance spectra were deter
mined at 100 MHz using a Jeol MH-100 spectrometer.

Reaction of Dibromodihydrochalcone with meso-Stil- 
benediamine. A mixture containing 7.28 g of dibromodihydro
chalcone, 4.16 g of meso-stilbenediamine,22 6 ml of triethylamine, 
and 100 mg of ammonium bromide in 230 ml of 95% ethanol was 
heated at reflux for 2 hr. The reaction mixture was cooled to 0° 
and a white solid precipitated out. Recrystallization of this materi
al from 20% benzene-80% heptane gave 1.9 g (26%) of a white solid, 
mp 160-161°, whose structure was assigned as (2a,3a,6a,7a)-
2,3,5,7-tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4-ene (4) on the 
basis of the following data.

Anal. Calcd for C29H24N2: C, 86.96; H, 6.04; N, 7.00. Found: C, 
87.04; H, 6.21; N, 7.04.

The infrared spectrum (KBr) showed absorption bands at 3.32,
6.20, 6.70, 6.90, 7.12, 7.98, 9.42, 9.70, 13.02, 13.20, 13.95, and 14.40

The ultraviolet spectrum (95% ethanol) was characterized by a 
maximum at 252 nm (« 17,000). The NMR spectrum (CDCI3) 
showed doublets at r 6.78 (1 H, J = 3.0 Hz), 6.45 (1 H, J = 3.0 Hz), 
5.68 (1 H, J = 6.2 Hz), and 4.91 (1 H, J = 6.2 Hz) and a multiplet 
at t  3.2-2.1 (20 H). The mass spectrum (70 eV) showed the molec
ular ion at m/e (rel intensity) 400 (1) and exhibited major peaks at 
309 (27), 308 (85), 307 (25), 295 (84), 206 (53), 193 (63), 104 (100), 
and 91 (50).

The filtrate was evaporated to an oil and ether was added. Fil
tration of the ether slurry to remove triethylamine hydrobromide 
afforded an oil which was concentrated and crystallized from 95% 
ethanol to give 1.5 g (19%) of a white solid, mp 166-167°. The 
structure of this material was assigned as l,3,4,6-tetraphenyl-2,5- 
diazahexa-1 ,5-diene (6 ) on the basis of the following data.

Anal. Calcd for C28H24N2: C, 86.56; H, 6.23; N, 7.21. Found: C, 
86.45; H, 6.35; N, 7.18.

The infrared spectrum (KBr) showed absorption bands at 3.32, 
3.55, 6.18, 6.82, 6.90, 7.29, 9.20, 13.40, and 14.5 The ultraviolet 
spectrum (95% ethanol) was characterized by a maximum at 252 
nm (t 34,300). The NMR spectrum (CDCI3) showed a singlet at r 
5.28 (2 H) and a multiplet at t  2.3-3.0 (20 H). The mass spectrum
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(70 eV) showed the molecular ion at m/e (rel intensity) 388 (4) and 
a base peak at m/e 194.

An authentic sample of l,3,4,6-tetraphenyl-2,5-diazahexa-l,5- 
diene (6 ) was prepared according to the procedure outlined below. 
A mixture containing 500 mg of meso-stilbenediamine and 550 mg 
of benzaldehyde in 25 ml of 95% ethanol was heated at reflux for 
18 hr. Filtration of the solution afforded 850 mg of a white solid 
(82%). Recrystallization of this material from 95% ethanol gave a 
white solid, mp 166-167°, whose infrared spectrum was identical 
with that of a sample of 6 isolated from the reaction of dibromo- 
dihydrochalcone with meso-stilbenediamine. A mixture melting 
point of the two samples was undepressed at 166-167°.

Cooling the mother liquors from the reaction of dibromodihy- 
drochalcone and meso-stilbenediamine deposited 2 .1  g of a gummy 
solid which was chromatographed on a 2 X 55 cm Florisil column. 
The column was eluted with a 10% ethyl acetate-90% benzene mix
ture (200 ml) to afford 360 mg of a material which crystallized 
from 95% ethanol to give a white, crystalline solid, mp 141-142°. 
This material was assigned the structure of 2-benzyI-3,5,6-tri- 
phenylpyrazine (7) on the basis of the following data.

Anal. Calcd for C29H22N2: C, 87.40; H, 5.57; N, 7.03. Found: C, 
87.15; H, 5.66; N, 7.20.

The infrared spectrum (KBr) showed absorption bands at 6.69, 
6.91, 7.21, 8.47, 8.75, 8.08, 9.20, 9.61, 9.71, 13.14, and 14.42 p. The 
ultraviolet spectrum (95% ethanol) was characterized by maxima 
at 326 nm (t 15,800), 303 (15,200), and 272 (15,400). The NMR 
spectrum (CDCI3) showed a singlet at r 5.60 (2 H) and a multiplet 
between r 2.76 and 2.20 (20 H). The mass spectrum (70 eV) 
showed the molecular ion at m/e (rel intensity) 398 (100) and ex
hibited major peaks at m/e 295 (100), 191 (30), and 77 (22).

Structure 7 was further confirmed by an unequivocal synthesis. 
To a solution containing 0.003 mol of benzyllithium in 30 ml of dry 
ether was added 600 mg of triphenylpyrazine. The reaction mix
ture was allowed to stir at room temperature under a nitrogen at
mosphere for 12 hr. The reaction mixture was then quenched with 
an aqueous solution of ammonium chloride and the ethereal layer 
was washed twice with water and dried over anhydrous magnesium 
sulfate. Concentration of the ether layer under reduced pressure 
gave a yellow oil which was subjected to preparative thick layer 
chromatography. The thick layer plate was developed with ben
zene and the band with Rf 0.44 was extracted with methylene chlo
ride. Evaporation of the solvent left 210 mg of a white solid. Re
crystallization of this material from 95% ethanol gave a white, 
crystalline solid, mp 141-142°. The infrared spectrum of this ma
terial was identical with that of a sample of 7 obtained from the 
reaction of dibromodihydrochalcone with meso-stilbenediamine. A 
mixture melting point of the two samples was undepressed at 
141-142°.

The isomeric (2a,3a,6/?,7|8)-2,3,5,7-tetraphenyl-l,4-diazabicyclo- 
[4.1.0]hept-4-ene (5) could be isolated from the reaction of dibro
modihydrochalcone with meso-stilbenediamine when chloroform 
was used as the solvent. A mixture containing 7.28 g of dibromo
dihydrochalcone, 4.16 g of meso-stilbenediamine, 6 ml of triethyl- 
amine, and 100 mg of ammonium bromide in 87 ml of chloroform 
was allowed to stand at room temperature for 7 days. At the end of 
this time the solution was washed four times with water and then 
dried over anhydrous magnesium sulfate. The solvent was re
moved in vacuo to give an amber oil. The oil was taken up in 50 ml 
of a 17% methylene chloride-83% methanol mixture and was al
lowed to stand for 2 days, at which time 3.05 g of a white solid pre
cipitated. This material was identified as (2a,3a,6«,7«)-2,3,5,7-te- 
traphenyl-l,4-diazabicyclo[4.1.0]hept-4-ene (4). The solution was 
filtered and the mother liquor was concentrated to give a yellow 
oil. Addition of 50 ml of methanol to this oil resulted in the precip
itation of 2.3 g (33%) of a white solid which contained a 3:2 mixture 
of 4 and 5. An 800-mg sample of the white solid was subjected to 
scanning liquid-liquid partition chromatography.23 The optical 
density trace consisted of two major peaks. The first major compo
nent of the mixture contained 400 mg (51%) of a white solid which 
was recrystallized from 95% ethanol to give white needles, mp 
146-147°. This material was assigned the structure of 
(2a,3a,6d,7/3)-2,3,5,7-tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4-ene 
(5) on the basis of the following data.

Anal. Calcd for C 2 9 H 2 4 N 2 : C, 86.96; H, 6.04; N, 7.00. Found: C, 
86.91; H, 6.29; N, 6.94.

The infrared spectrum (KBr) shows absorption bands at 3.37, 
6.17, 6.67, 6.89, 7.90, 9.38, 9.65, 12.20, 12.81, 12.95,13.37,13.70, and
14.40 p. The ultraviolet spectrum (in 95% ethanol) was character
ized by a maximum at 248 nm (( 22,500). The NMR spectrum

(CDCI3) was characterized by a doublet of doublets at r 6.84 (1  H, 
J = 1.5, 1.0 Hz), doublets at r 6.45 (1  H, J  = 3.0 Hz) and 4.98 (1 H, 
J = 5.5 Hz), a broad doublet at r 4.50 (1 H, J  = 5.5 Hz), and a mul
tiplet between r 3.1 and 2.0 (20 H).

Reaction of Dibromodihydrochalcone with rac-Stilbenedi- 
amine. A mixture containing 3.6 g of dibromodihydrochalcone, 2 g 
of rae-stilbenediamine,24 3 ml of triethylamine, 30 mg of ammo
nium bromide, and 100  ml of chloroform was allowed to stand at 
room temperature for 7 days. At the end of this time the solution 
was washed four times with water and then dried over anhydrous 
magnesium sulfate. The solvent was removed under reduced pres
sure to give 2.4 g (65%) of a yellow oil. A 1.0-g sample of the oil was 
chromatographed on a 2 X 45 cm Brinkman silica gel 60 column. 
The column was eluted with a 15% ether-85% cyclohexane mixture 
at a flow rate of 3 ml/min. The first fraction collected was concen
trated under reduced pressure to give 440 mg of a white solid. Re
crystallization from 95% ethanol gave colorless prisms, mp 159- 
160°, whose structure was assigned as (2a,3/J,6/J,7d)-2,3,5,7-tetra- 
phenyl-l,4-diazabicyclo[4.1.0]hept-4-ene (8) on the basis of the fol
lowing data.

Anal. Calcd for C29H24N2: C, 86.96; H, 6.04; N, 1.00. Found: C, 
86.91; H, 6.22; N, 6.94.

The infrared spectrum (KBr) showed absorption bands at 6.14, 
6.70, 6.91, 7.11, 7.50, 7.69, 8.00, 8.30, 8.46, 9.11, 9.29, 9.38, 9.65,
9.85, 10.58, 10.80, 11.50, 13.10, 13.40, and 14.40 p. The ultraviolet 
spectrum (95% ethanol) was characterized by a maximum of 250 
nm (e 19,000). The NMR spectrum (CDCI3) contained a broad sin
glet at r 7.10 (2 H), doublets at r 6.80 (1 H, J  = 9 Hz) and 5.42 (1 
H, J  = 9 Hz), and a multiplet between r 3.1 and 2.0 (20 H).

The second fraction obtained from the column consisted of 410 
mg of a white solid. Recrystallization from 95% ethanol gave color
less needles, mp 206-207°. This material was assigned as 
(2«,3j8,6a,7a)-2,3,5,7-tetraphenyl-l,4-diazabicyclo[4.1.0]hept-4- 
ene (9) on the basis of the following data.

Anal. Calcd for C29H24N2: C, 86.96; H, 6.04; N, 1.00. Found: C, 
86.74; H, 6.17; N, 6.93.

The infrared spectrum (KBr) showed absorption bands at 6.17,
6.69, 6.89, 7.11, 7.94, 8.47, 9.22, 9.40, 9.68, 10.58,10.79,10.97,11.49,
1 2 .0 1 , 13.10, 13.44, and 14.40 41. The ultraviolet spectrum (in 95% 
ethanol) was characterized by a maximum of 247 nm (t 19,400). 
The NMR spectrum (CDCI3) contained doublets at r 6.60 (1H, J  
= 2 Hz), 6.40 (1 H, J  = 10 Hz), 6.04 (1  H, J = 2 Hz), and 5.40 (1  H, 
J = 10 Hz) and a multiplet between r 2.9 and 2.1 (20 H).

Treatment of (2a,3a,6a,7a)-2,3,5,7-Tetraphenyl-l,4-diazabi- 
cyclo[4.1.0]hept-4-ene (4) with Potassium tert-Butoxide, A so
lution containing 170 mg of 4 and 540 mg of potassium tert-butox- 
ide in 50 ml of benzene was allowed to stir at room temperature for 
5 hr. The reaction mixture was quenched with water and the or
ganic layer was subsequently washed with water and dried over an
hydrous magnesium sulfate. The solvent was removed in vacuo to 
give 130 mg (76%) of a yellow oil. Recrystallization from 95% etha
nol afforded yellow needles, mp 128-129°. The structure of this 
material was assigned as l-benzyl-2,3,5-triphenyldihydropyrazine
(10) on the basis of the following observations. The infrared spec
trum (KBr) showed bands at 6.23, 6.78, 6 .8 8 , 7.02, 7.32, 7.45, 8.23,
8.62, 9.23, 9.68, 11.88, 13.00, 13.20, 13.40, 14.26, and 14.50 p. The 
ultraviolet spectrum (in 95% ethanol) was characterized by maxi
ma at 315 nm (« 14,300), 258 (17,600), and 238 (18,000). The NMR 
spectrum (CDCI3) contained singlets at r 4.54 (1 H) and 3.44 (1  H), 
an AB quartet at r 5.55 (2 H, J  = 14.0 Hz), and a multiplet be
tween t 3.0 and 2.4 (20 H). The mass spectrum (70 eV) showed the 
molecular ion at m/e (rel intensity) 400 (16) and exhibited major 
peaks at m/e 309 >28), 308 (90), 307 (70), 295 (16), 102 (100), and 
91 (96).

Anal. Calcd for C29H24N2: C, 86.96; H, 6.04; N, 7.00. Found: C, 
87.21; H, 5.85; N, 6.92.

Oxidation of l-Benzyl-2,3,5-triphenyldihydropyrazine with 
Palladium on Carbon. A mixture containing 130 mg of 10 and 50 
mg of 5% palladium on carbon in 50 ml of benzene was heated at 
reflux for 32 hr. The catalyst was removed by filtration and the fil
trate was concentrated in vacuo to leave behind a yellow oil. Re
crystallization of the oil from methanol gave 87 mg (87%) of a crys
talline solid, mp 154-155°. The infrared and NMR spectra of this 
material were identical in all respects with those of an authentic 
sample of triphenylpyrazine.3 A mixture melting point was undep
ressed at 154-155°.

Treatment of (2a,3a,6/3,73)-2,3,5,7-Tet raphenyl-3,4-diazahi- 
cyclo[4.1.0]hept-4-ene (5) with Potassium tert-Butoxide. A so
lution containing 35 mg of 5 and 270 mg of potassium tert-butox-
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ide in 50 ml of benzene was allowed to stir at room temperature for 
4 hr. At the end of this time the reaction mixture was quenched 
with water and the organic layer was washed with water and then 
dried over anhydrous magnesium sulfate. The solvent was re
moved in vacuo to give a yellow oil which was recrystallized from 
95% ethanol to give 48 mg of a crystalline solid, mp 154—155°. The 
infrared spectrum of this material was identical in all respects with 
that of an authentic sample of triphenylpyrazine.3 A mixture melt
ing point was undepressed at 153-154°.

Treatment of (2a,3a,6|8,7j3)-2,3,5,7-TetraphenyI-l,4-diazabi- 
cyclo[4.1.0]hept-4-ene with Potassium ieri-Butoxide in the 
Presence of tert-Butyl Alcohol. A solution containing 85 mg of 
5, 270 mg of potassium tert-butoxide, and 5 ml of tert-butyl alco
hol in 50 ml of benzene was allowed to stir at room temperature for
I hr. The reaction mixture was quenched with water and the or
ganic layer was washed with water and dried over anhydrous mag
nesium sulfate. The solvent was removed under reduced pressure 
to give a yellow oil. Recrystallization of this material from 95% eth
anol afforded 55 mg (65%) of a yellow solid, mp 152-154°, whose 
structure was assigned as 2,3,5,7-tetraphenyl-l,4-diazacyclohepta-
1,3,5-triene (13) on the basis of the following data. The infrared 
spectrum (KBr) showed absorption bands at 6.22, 6.40, 6.75, 6.91, 
7.78, 9.45, 9.75, 12.90, 13.10, 13.60, and 14.40 p. The ultraviolet 
spectrum (95% ethanol) was characterized by maxima at 263 nm (r 
26,600) and 335 (4800). The NMR spectrum (CDCI3) contained a 
singlet at t  5.52 (1 H) and a multiplet between r 2.9 and 1.8 (21 H). 
The mass spectrum (70 eV) showed the molecular ion at m/e (rel 
intensity) 398 (31) and exhibited major peaks at m/e 308 (52), 295 
(100), 103 (155), and 77 (90).

When the reaction mixture was allowed to stir for 4 hr, a second 
product was present as evidenced by thin layer analysis. Separa
tion of the two products could be accomplished by preparative 
thick layer chromatography. The thick layer plate was developed 
using a 20% acetone-80% hexane solution and the lower band was 
extracted with methylene chloride. Evaporation of the solvent left 
25 mg (25%) of a white residue which was recrystallized from 95% 
ethanol to give a white, crystalline solid, mp 141-142°. This mate
rial was assigned the structure of 2-benzyl-3,5,6-triphenylpyrazine 
(7). The infrared spectrum of this material was identical in all re
spects with that of a sample of 7 obtained from the reaction of tri
phenylpyrazine and benzyllithium. A mixture melting point of the 
two samples was undepressed at 149-150°.

Preparation of (la,2/3,5a)-2,4,5,7-Tetraphenyl-3,6-diazabi- 
cyclo[3.2.0]hepta-3,6-diene. A solution containing 600 mg of 13 
in' 200 ml of anhydrous benzene was heated at reflux for 4 hr. 
Evaporation of the solvent under reduced pressure left a yellow oil 
which was recrystallized from 95% ethanol to give 410 mg (68%) of 
a light yellow, crystalline material, mp 205.5-206.5°. This material 
was assigned as (la,2/3,5a)-2,4,5,7-tetraphenyl-3,6-diazabicyclo-
[3.2.0]hepta-3,6 -diene (14) on the basis of the following data.

Anal. Calcd for C, 87.40; H, 5.57; N, 7.03. Found: C,
86.99; H, 5.58; N, 6.92.

The infrared spectrum (KBr) showed absorption bands at 6.59, 
6 .6 8 , 6.91, 6.95, 7.62, 8.08, 8.40, 9.31, 9.69,10.09,10.61,12.60,13.01,
14.05, and 14.45 /x. The ultraviolet spectrum (95% ethanol) was 
characterized by maxima at 348 nm (c 13,900) and 257 (31,000). 
The NMR spectrum (CDClg) showed doublets at r 7.78 (1 H, J  =
II Hz) and 4.50 (1 H ,J = 11 Hz) and a multiplet between r 2.9 and
1.9 (20 H). The mass spectrum (70 eV) showed the molecular ion at 
m/e (rel intensity) 398 (17) and exhibited major peaks at m/e 295 
(100), 191 (19), 103 (82), and 77 (21).
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The synthesis of 2-(2-azulyl)ethanol (1-OH) was accomplished starting with methyl or ethyl 2-chloro-l-azu- 
lenecarboxylate (6) and involved nucleophilic substitution at C2 with sodium methylcyanoacetate followed by 
lithium iodide ester halogenodealkylation with concomitant bisdecarboxylation to 2-azulylacetonitrile (10). Hy
drolysis of 10 followed by diborane reduction of the acetic acid 11 gave 1-OH. The kinetics of buffered acetolysis 
of 1-OTs and 1-ONs were determined. After one solvolytic ¿1/2 1-OTs gave 51% 1-OAc and 34% 2-vinylazulene 
(12). 12 was shown to arise by elimination from both 1-OTs and 1-OAc. Similarly 1-ONs was found to yield 74% 
1-OAc and 11% 12 after one solvolytic t y 2. Deuterium labeling with l-a,a-a2-ONs established that the major 
component in kao\v of 1-ONs is kr, with only a minor contribution from ks, and that ion-pair return from the ethyl- 
ene-2-azulenium ion-nosylate anion pair (15) is not occurring. These results are discussed in terms of the five 
nonequivalent azulene ring positions to which the /3-ethanol side chain can be attached.

In 1971 we2 reported preliminary results showing that 
the 1-azulyl substituent was a “ super-participator” in 8- 
arylethyl arenesulfonate solvolyses,3 showing an acetolysis 
rate ratio of about 105 compared to 2-phenylethyl OTs for 
the k a process at 25°. Our interest in the azulene ring as a 
participating aryl group also allows examination of the dif
ferences effected by attachment of the /3-ethanol side chain 
to the five nonequivalent ring positions. Our results with 
2-(6-azulyl)ethyl arenesulfonate buffered acetolysis showed 
it to behave solvolytically similar to derivatives of 2-phen- 
ylethanol in yielding an ethylenearenonium ion (k&) with 
competitive elimination to 6-vinylazulene and solvent dis
placement (ks).4 2-(4-Azulyl)ethyl arenesulfonates behaved 
similar to the 6 isomers except that the process was be
lieved to involve the ring 3 position in an Ar3-5 mecha
nism.4

One of the reasons for entry into the chemistry of azu
lene was to determine the effects of the five nonequivalent 
ring positions in a number of reaction types.5 In the reac
tion type of solvolysis of /3-arylethyl derivatives, we now 
wish to report our results for 2-(2-azulyl)ethyl arenesulfon
ate buffered acetolysis.

Substrate Synthesis. The general Nozoe azulene syn
thesis was employed for the synthesis of 2-(2-azulyl)ethan-
01 (1-OH). 2-Chlorotropone6 was allowed to condense with
2 equiv of ethyl cyanoacetate with ethanolic sodium ethox- 
ide to yield diethyl 2-amino-l,3-azulenedicarboxylate8 (2) 
in average 70% yield. Diethyl 2-chloro-l,3-azulenedicarbox- 
ylate (3) was prepared from 2 by nitrous acid deamination 
in benzene and hydrogen chloride.9 Sodium ethylcyanoace- 
tate in ethanol effected nucleophilic displacement at C2 of 
3, giving diethyl 2-(cyanoethoxycarbonylmethyl)-l,3-azu- 
lenedicarboxylate (4) in near-quantitative yield. However, 
considerable difficulties were found when we attempted to 
convert 4 to 2-azulylacetonitrile (10).

boxylation gave ethyl 2-chloro-l-azulenecarboxylate (6). 
Nucleophilic displacement at C2 of 6 occurred with sodium 
methylcyanoacetate in refluxing dimethylformamide 
(DMF) to yield ethyl 2-(cyanomethoxycarbonylmethyl)-l- 
azulenecarboxylate (7). 7 was heated under reflux in DMF 
with lithium iodide (ester halogenodealkylation)10 for 1.5 
hr to yield an inseparable mixture (1:1.6 by NMR integra
tion) of ethyl 2-cyanomethyl-l-azulenecarboxylate (8) and 
ethyl 2-(l-cyanoethyl)-l-azulenecarboxylate (9). The ap
parent origin of 9 was from methylation by liberated meth
yl iodide of the conjugate base of 8. Addition of a small 
amount of acetic acid to a subsequent Lil-DMF halogeno
dealkylation of 7 gave a 75% yield of 8 free of any contami
nation by 9.

When 8 was allowed to react with Lil-DMF-HOAc 
under nitrogen at reflux for 24 hr, the neutral fraction after 
work-up contained a small amount of acetonitrile 10 and 
unreacted 8. This observation, together with the known 
faster ester halogenodealkylations of methyl esters com
pared to ethyl esters,10 led us to consider the methyl ester 
corresponding to 6 as starting material. Since the reagents 
used in the nucleophilic substitution on 6 and the halo
genodealkylation of 7 involved the same solvent and were 
compatible, these two reactions were combined and carried 
out consecutively in the same flask.

Starting with the methyl ester of 6, nucleophilic substi
tution with sodium methylcyanoacetate for 1 hr in DMF 
under reflux was followed by addition of lithium iodide and 
a small amount of acetic acid and continued heating under 
reflux. After 11 hr the optimized yield of 10 was 68%. Using 
shorter ester halogenodealkylation reaction times afforded 
acidic products and lower yields of 10 while longer reaction 
times gave varying amounts of 10 and 2-methylazulene, a 
product probably arising from hydrolysis and decarboxyla
tion of 10.

C02|Et

co2r
2, X = NH2; R = C2H5
3, X =  Cl; R = C 2H5
4, X = CH(CN)CÖ2C2H6; 

R = C2H5
5, X = Cl; R = H

C02Et

(Q)cH
6, Xi= Cl
7, X = CH(CN)IC02CH3
8, X = CH2CN
9, X:=CHKCN)CH2

Half-hydrolysis of 3 afforded 2-chloro-3-carboethoxy-l- 
azuloic acid (5) in 66% yield. Thermal, low-pressure decar-

Scheme I
COCF,

1. -OH. n
2. CH..N,

( 100% )

eacHa

(85%)

1. NaCH(CN)CO.,CH,

DMF, A; add 
Lil, HO Ac, and A

O / — ch2cn

10 (68% )

+ 2-methylazulene (¡18%)
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Table I
Buffered Acetolysis Kinetic Data for 2-(2-Azulyl)ethyl Tosylate and Nosylate

Compd Tem p, °C 1 0 s *, sec " 1 Av 105  sec- * AH*, k ca l/m ol eu ftRONs/fe ROTs

1-OTs 1 0 0 .0 3.88 ± 0.003 3.92
3.96 ± 0.01

1-ONs 80.0 4.96 ± 0.01 4.98 25.7 - 5 .8

5.00 ± 0.04
100.0 37.6 ± 0.2 37.5 9.6

37.5 ± 0.2
4-A z EtOTs“ 100.0 1.23 21.4 -24.1
4-AzEtONs“ 100.0 2.17 24.0 -16.1 1.8
6-AzEtOTsa 100.0 1.09 23.2 -19.5
6-AzEtONsa 100.0 3.55 23.4 -16.8 3.2
CjHjEtOTs“ 100.0 0.41 24.2 -18.8
CçH5EtONs° 100.0 4.66 24.3 -13.6 11.4
p-AnisylEtOTs“ 100.0 22.2 24.1 -11.2
/>-AnisylEtONsa 100.0 293. 23.6 -7 .3 13.2

a Reference 4.

The above experimental results and the availability of 
quantities of 2-chloroazulene9 previously prepared for a 
number of reasons led us to the sequence outlined in 
Scheme I.

Hydrolysis of 10 using conditions previously employed 
for hydrolysis of 1 -azulylacetonitrile13 gave 2-azulylacetic 
acid (11) in 89% yield. Diborane reduction of 11 gave 2-(2- 
azulyl)ethanol, which was purified as the acetate, 2-(2-azu- 
lyl)ethyl acetate (1-OAc), in 96% yield. The p-toluenesulfo- 
nate (tosylate) (1-OTs) and p-nitrobenzenesulfonate (no
sylate) (1-ONs) esters were prepared by hydrolysis of 
1-OAc to 1-OH and conversion to the arenesulfonates by 
standard procedures.4 Using deuteriodiborane in the re
duction of 11, l-a,a-<i2-OH was produced containing 1.84

10 ~ —* <o ]S^cw oh
11 1-OH

deuterium atoms in the a position of the side chain (multi
ple NMR integrations). Reaction of 1-ONs with potassium 
hydroxide in EtOH-THF gave a 96% yield of 2-vinylazu- 
lene (12).

1-ONs — —  CH=CH2 

12
Discussion of Kinetic and Product Results from 

1-OTs and 1-ONs. The buffered acetolyses of 1-OTs and 
1-ONs were followed using the conductometric method14 
with the M-D Mini-Cell.15 The rate constants and activa
tion parameters for these and certain related compounds 
determined under these conditions are listed in Table I.

The buffered acetolysis of 1-OTs was complicated by 
elimination to the 2-vinylazulene (12) both from 1-OTs and 
the acetolysis product 1-OAc. An acetolysis stability check 
on 1-OAc at 100° for one acetolysis half-life of 1-OTs gave 
76.9% of recovered 1-OAc and 6.2% of 12. Assuming that 
the loss in material balance was due to instability of 12, the 
amount of 12 produced from 1-OAc in 1 half-life was 23.1%. 
The “ 1 half-life” preparative scale buffered acetolysis of 
1-OTs gave 52.8% recovered 1-OTs, 24.1% (51% net) of 1- 
OAc, and 15.8% (33.5% net) of 12. Again assuming that 12 is 
partially destroyed (polymer) and that 1-OAc was stable 
except toward elimination, the amount of 12 produced was 
49% of the consumed 1-OTs. While the ratio of acetate/ole- 
fin was larger than had been previously obtained from 2-(4-
(13) and 2-(6-azulyl)ethyl OTs (14) buffered acetolyses,4 it 
was evident that attempts to even determine kso\v of 1-OTs

Table II
Methylene Scrambling in Buffered 

Acetolysis of l-a,a-d2-ONs
Reaction

time Proton content*2 % scramble 

Run 1 /2 ) Ccs C/S o f Ca  and C q

2-AzCH2CD2ONs 0 0.18 1.99
2-A zCH2CD2ONs 1 1 0.16 2.02 0.0

2 1 0.16 2.03 0.0
2 -A zCH2(D2)- 1 1 1.04 1.10 48.3

CH2(D2)OAc 2 1 1.04 1.13 47.5
“ Calculated by multiple NMR integrations using dioxane or 

CH2CI2 as an internal proton count standard. b Calculated using 
the equation [(Cj -  X )/[(C i -  X) + (C2 -  X )]]-10 0  = % scramble, 
where C1 and C2 are the proton contents of recovered materials at 
C„ and C/3, respectively, and X  is the original proton content at 
C„ of l-a,«-d2-ONs; 50% scramble represents the maximum pos
sible.

let alone dissect it into the ks and kA components would be 
difficult.

The buffered acetolysis of 1-ONs was then carried out 
with the hope that with the better leaving group (larger 
fc’s) and therefore shorter reaction times (smaller 11/2) the 
contribution of keylm could be reduced. The kinetic data for 
1-ONs are given in Table I and we see that a “ normal” 
&rons/&rots ratio is observed. An acetolysis stability check 
for 1-OAc for 1 half-life of 1-ONs at 100° gave 91.5% recov
ery of 1-OAc and 3% of 12. The “ 1 half-life” preparative 
buffered acetolysis of 1-ONs at 100° afforded 54.3% recov
ered 1-ONs, 33.9% (74.2% net) 1-OAc, and 4.9% (10.7% net) 
12.

The substantial amounts of elimination from 1-OTs, 1- 
ONs, and 1-OAc in buffered acetolysis, as well as from 13 
and 14 and their nosylate and acetate esters, probably re
flects the acidities of the C.3-H bonds in these substrates. 
In contrast, the preparative, buffered acetolysis of 2-(3- 
nitro-l-azulyl)ethyl OTs at 70° gives a quantitative yield of 
its acetate.13 This is qualitatively seen in the HMO anion 
localization energies at these ring sites.16 Since deuterium 
is not lost from the ¡8-methylene of the side chain in the 
scrambling study with l-« ,a -d 2-ONs (see Table II), equi
librium formation of the C3 carbanion cannot be involved if 
the elimination is base (~OAc) catalyzed.

At this point we decided not to concern ourselves with 
the precise values of the rate constants, ke\im, kA, and ks, in 
this system. However, the magnitude of the kA/ks ratio and 
the rate constant for ion-pair return, (1 — F)kA3, would still
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Table III
Comparative Processes in /3-AzulylethyI 
Arenesulfonate Buffered Acetolyses2’4

‘“a  c /3 /̂3 Amount

scramb- scramb- Amount of ° £ ftelim
ling in ling in 1 0 0 ° kA in ksolv in acetoly-

Compd RONsQ ROAca (RONs) o f RONs sis o f RONs

l-A zC H 2CH2OTs 0* 50" 3.6 x 
1 0 4/

Exclusive6 None6

2-A zCH2CH2ONs 0° CO
O 17 M ajorc Minor6

4-AzCH,CH,ONs 04 o4 1.0 d,e Signifi
cant4

6 -AzCH2CH2ONs 1 2 4 10s 1 . 6 Minor11 Signifi
cant4

a From deuterium labeling results after tll2 for recovered RONs 
and product ROAc. b At 35° with ROTs. c At 100°. d At 120° . e Some 
amount of fe A (Ar3-5) was probably present but was not observable 
in these experiments.4 1 This value uses the extrapolated k for the 
ROTs times a factor of 10 as the feRoNs/feoTs ratio.

Table IV
HMO Cation Localization Energies“

Ring

position L r , 0 units

l 1.924
2 2.362
4 2.551
5 2.341
6

0 Reference 16.
2.930

be of interest in the comparisons of the five nonequivalent 
azulene ring positions to function in these processes. To 
this end, the buffered acetolysis of l-a ,a-d2-ONs (prepared 
from l-o,o;-d2-OH) was examined over 1 half-life of 1-ONs. 
Duplicate runs were made and analyses were performed by 
multiple integrations of the NMR spectra of the isolated 
products which are listed in Table II.

Prom the data in Table II we can see that the k± process 
is the dominant pathway followed in /esoiv of the buffered 
acetolysis of 1-ONs with only a minor contribution by sol
vent displacement, ks. Also, ion-pair return (1 — F)k A from 
the symmetric ethylene-2-azulenium ion pair (15) is not

15
observed, which requires that F  = 1 for this system. Special 
salt effects have been established for several acetate salts 
in acetolyses.17’18 That F -  1 for 1-ONs compared to F = 
0.76 for 2-(p-anisyl)ethyl OTs under the same conditions at 
95°19 may be due primarily to the presence of nosylate vs. 
tosylate anions in the respective ion pairs.

The data in Table III compare the four /3-azulylethyl are- 
nesulfonates studied to date. While we have only very ap
proximate values of k± for the 2-(4- and 2-(6-azulyl)ethyl 
nosylates, we can see that the relative abilities of these four 
azulene ring positions to participate fall in the order 1 > 2 
> 6 ~  4. This is also the order of HMO cation localization 
energies for these positions16 listed in Table IV. If this 
order is to be followed the HMO cation localization ener
gies in Table IV predict that the as yet unknown 2-(5-azu- 
lyl)ethyl arenesulfonates should have kso\v very similar to 
that found in 2-ONs. Synthetic efforts are proceeding to 
test this prediction.
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Experimental Section19

Diethyl 2-Amino-l,3-azulenedicarboxylate (2) . 8 To 150 ml of
absolute ethanol was added 5.00 g (0.217 g-atom) of sodium. After 
the evolution of hydrogen had ceased, 48.5 g (0.428 mol) of ethyl 
cyanoacetate was added to form a white suspension. To this stirred 
mixture was added dropwise at 0° 15.0 g (0.107 mol) of 2-chloro- 
tropone6 in 150 ml of ethanol, and the color changed immediately 
from white to orange. This mixture was allowed to stand at room 
temperature for 12 hr, and then was refrigerated for 24 hr. The or
ange mixture was filtered and the filter cake was washed with ben
zene. The filtrate and benzene wash solution were evaporated to 
dryness. The residue was partially dissolved in dichloromethane 
and filtered again The filter cake was washed with benzene, and 
this wash solution combined with the dichloromethane filtrate was 
evaporated to dryness. The residue was dissolved in ethanol and 
placed in the refrigerator. Crystallization afforded 22.70 g (74%) of 
the title compound as orange crystals: mp 92-93° (lit.8mp 93-94°); 
ir (KBr) 2.82 (m, N-H), 2.93 (m, N-H), 6.02 M (s, C = 0); NMR 
(CDCI3, internal TMS) r 0.62-1.02 (m, C4 8 ring H’s, 2 ), 2.00-2.84 
(m, 5), 5.52 (q, J  = 7 Hz, CO2CH2CH3, 4), and 8.52 (t, J  = 7 Hz, 
CO2CH2CH3, 6 ); Xmax (cyclohexane) 315 nm (log t 4.68), 327 (4.80), 
370 (3.83), 392 (3.85), and 456 (3.39).

Anal. Calcd for CieHnCqN: C, 6 6 .8 8 ; H, 5.97. Found: C, 66.75; 
H, 6.05.

Diethyl 2-Chloro-l,3-azulenedicarboxylate (3) . 8 Anhydrous 
HC1 (bubbled through concentrated H2SO4) was bubbled into 300 
ml of dry benzene containing 10.0 g (34.1 mmol) of 2 with ice cool
ing for 3 hr as red platelets precipitated. The dropwise addition 
over a 15-min duration of 4.55 g (39.0 mmol) of isoamyl nitrite to 
this suspension led to color changes from orange to green to blue 
and finally to red over an 18-hr period. The benzene solution was 
washed with four 150-ml portions of water and dried (Na2S0 4), the 
solvent volume was reduced, and the residue was chromatographed 
on basic alumina. Elution with 1:1 carbon tetrachloride-benzene 
removed a diffuse, blue band, followed closely by a broad, red 
band. Benzene-dichloromethane (1:1) eluted a narrow, orange 
band and chloroform eluted a yellow band. Only the broad, red 
band was investigated which gave 10.00 g (96%) of the title com
pound. Crystallization from ethanol yielded red prisms: mp 75.0- 
76.0° (lit.9 mp 77-78°); ir (KBr) 5.95 (s, C = 0) and 9.55 M (s, C-O); 
NMR (CCI4, internal TMS) t 0.25-0.62 (m, C4,s ring H’s, 2), 2.07-
2.60 (m, C.5,6.7 ring H’s, 3), 5.52 (q, J  =  7 Hz, CO2CH2CH3, 4), and
8.53 (t, J  = 7 Hz, CO2CH2CH3, 6 ); Xmax (cyclohexane) 367 nm (log 
€ 4.26), 298 (4.61). 308 (4.69), 346 (3.75), 353 (3.78), 370 (3.61), 504
(2.67), and 525 (2.66).

Anal. Calcd for C16H15O4CI: C, 62.65; H, 4.93. Found: C, 63.00; 
H, 5.00.

Diethyl 2-(Cyanoethoxycarbonylmethyl)-l,3-azulenedicar- 
boxylate (4) . 9 To 10 ml of absolute ethanol was added 383 mg 
(16.65 mg-atom) of sodium. When the sodium had dissolved, 1.880 
g (16.65 mmol) of ethyl cyanoacetate was added to form a white 
suspension. To this mixture, 1.278 g (4.17 mmol) of 3 was added. 
The mixture was heated under reflux for 1 hr, diluted with 50 ml 
of water, acidified with 6 N  hydrochloric acid, and extracted with 
three 50-ml portions of ether. The combined ethereal extracts were 
dried (MgSCL), the solvent volume was reduced, and the residue 
was chromatographed on basic alumina. Elution with ether devel
oped a large, red band that afforded 1.520 g (95%) of the title com
pound. Crystallization from 1:1 ether-hexanes yielded small, red 
plates: mp 113.5-114.0° (lit.9 mp 116-117°); ir (neat film) 4.52 (w, 
C=N), 5.75 (s, C =0), 5.90 (s, C =0), and 9.70 y. ( s , C-O); NMR 
(CDCI3, internal TMS) r 0.05-0.38 (m, C48 ring H’s, 2), 1.87-2.47 
(m, C66 7 ring H’s, 3), 2.97 (s, CHCNC02C2H5, 1), 5.20-5.93 (m, 
CO2CH2CH3, 6 ), and 8.33-9.88 (m, C02CH2CH3, 9); Xmax (cyclo
hexane) 273 nm (log c 4.31), 294 (4.48), 304 (4.59), 338 (3.66), 367 
(3.79), 511 (2.75), 538 (2.73), and 587 (2.35).

Anal. Calcd for C2iH2i0 6N: C, 65.78; H, 5.52. Found: C, 65.55; 
H, 5.65.

2-Chloro-3-carboethoxy-l-azuloic Acid (5) . 9 To 760 mg (2.48 
mmol) of 3 in 8 ml of ethanol was added 170 mg (3.0 mmol) of po
tassium hydroxide in 2 ml of water. This mixture was heated under 
reflux with stirring for 15 min, diluted with 100 ml of water, and 
extracted with fcur 10 0 -ml portions of ether to remove unreacted
3. These extracts were dried (Na2S0 4 ), and the solvent volume was 
reduced to yield 240 mg of unreacted material. The aqueous layer 
was acidified with 10% hydrochloric acid and extracted with six 
100-ml portions of ether. These extracts were dried (Na2S04), and 
the solvent volume was reduced to yield 456 mg (66%, 97% net) of 
the title compound. Crystallization from methanol afforded pink
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granules: mp 206-207° (sealed capillary) (lit.9 mp 193° dec); ir 
(KBr) 5.95 (m, C =0), 6.05 (s, C =0), and 9.50 n (m, C-O); NMR 
(DMSO-dg, internal TMS) r —3.12 (broad s, CO2H, 1), 0.22-0.75 
(m, C48 ring H’s, 2 ), 1.73-2.33 (m, C56 7  ring H’s, 3), 5.53 (q, J  =  7 
Hz, CO2CH2CH3, 4), and 8.57 (t, J  = 7 Hz, C02CH2CH3, 6 ); Xmax 
(95% ethanol) 270 nm (log e 4.33), 295 (4.60), 302 (4.64), 350 (3.81), 
366 (3.77), and 498 (2.75).

Anal. Calcd for C14H11O4CI: C, 60.33; H, 3.98. Found: C, 60.10;
H, 4.00.

Ethyl 2-Chloro-l-azulenecarboxylate (6 ).9 A sublimation 
tube containing 327 mg (1.17 mmol) of 5 was heated to 250° (200 
Torr) for 3 hr. The red-violet oil that collected on the condenser 
was removed and chromatographed on basic alumina. Elution with 
hexanes afforded a violet band that gave 38 mg of 2-chloroazulene. 
Hexanes-dichloromethane (1:1) eluted a broad red-violet band 
that gave 220 mg (80%) of the title compound, a red-violet oil: ir 
(neat film! 5.92 (s, C = 0) and 9.58 n (s, C-O); NMR (CC14, internal 
TMS) r 0.80-1.10 (m, C8 ring H, 1 ), 1.77-2.10 (m, C4 ring H, 1),
2.23-2.90 (m, Cr,,6 7 ring H’s, 3), 3.00 (s, C3 ring H, 1), 5.58 (q, J  =  7 
Hz, CO2CH2CH3,' 4), and 8.57 (q, J  = 7 Hz, C02CH2CH3, 6 ). For 
analysis a trinitrobenzene complex was prepared and crystallized 
from 1:1 ethyl acetate-hexanes to yield long, fine, yellow needles: 
mp 85.0-85.5°; Amax (cyclohexane) 293 nm (log t 4.76), 305 (4.79), 
342 (3.87), 354 (3.93), 369 (3.62), 522 (2.62), 550 (2.59). and 595 
(2.23).

Anal. Calcd for CigHuOgNsCl: C, 50.96; H, 3.15. Found: C, 
51.10; H, 3.30.

Ethyl 2-(CyanomethoxycarbonylmethyI)-l-azulenecarbox- 
ylate (7). To 260 mg (5.8 mmol) of a 57% oil dispersion of sodium 
hydride in 10 ml of dry (distilled from BaO) DMF was added drop- 
wise 2.0 ml of methyl cyanoacetate. After bubbles of hydrogen had 
ceased to be evolved, 212 mg (0.905 mmol) of 6 in 10 ml of dry 
DMF was added, and this mixture was heated for 1 hr at 150°. 
This mixture was cooled, diluted with 100 ml of water, and extract
ed with 50 ml of ether. The ethereal extract was discarded, and the 
aqueous layer was acidified with 5% hydrochloric acid and extract
ed with three 50-ml portions of ether. The combined ethereal ex
tracts were washed with 100 ml of water and dried (Na2S0 4 ), the 
solvent volume was reduced, and the residue was chromatographed 
on basic alumina. Benzene eluted a narrow, yellow band that was 
not investigated, and 9:1 chloroform-ethanol eluted a violet band 
that afforded 165 mg (61%) of the title compound. Crystallization 
from ethanol yielded violet crystals: mp 130-132°; ir (KBr) 5.70 (s, 
C—O), 5.98 (s, C =0), and 9.68 M (s, C-O); NMR (CDC13, internal 
TMS) t —0.03 to 0.57 (m, Cs ring H, 1), 1.50-1.75 (m, C.( ring H, 1),
2.02-2.82 (m, C3 ss7 ring H’s, 4), 4.15 (s, CH. 1 ), 5.67 (q, J  =  7 Hz, 
CO2CH2CH3, 2), 6.28 (s, C02CH3, 3), and 8.67 (t, J  = 7 Hz, 
C02CH2CH3, 3); Xmax (CH2C12) 290 nm (log f 4.68), 302 (4.79), 338 
(3.89), 347 (3.84)(sh), 365 (3.95), 528 (2.76), 550 (2.74)(sh), and 600 
(2.37) (sh).

Anal. Calcd for C17H15O4N: C, 68.67; H, 5.09; N, 4.71. Found: C, 
68.37: H, 5.20; N, 4.55.

Ethyl 2-Cyanomethyl-l-azulenecarboxylate (8 ). To 100 mg
(0.336 mmol) of 7 in 10 ml of dry (distilled from BaO) DMF was 
added 400 mg (2.35 mmol) of lithium iodide dihydrate10 and 1.0 ml 
of acetic acid. This mixture was heated for 1 hr at 140°, cooled, di
luted with 100 ml of water, and extracted with three 50-ml por
tions of ether. The combined ethereal extracts were washed with 
100  ml of water and dried (Na2S0 4 ), the solvent volume was re
duced, and the residue was chromatographed on basic alumina. Di- 
chloromethane-ether (1 :1 ) eluted a red-violet band that afforded 
60 mg (75%) of the title compound. Crystallization yielded violet 
crystals: mp 90-91°; ir (KBr) 5.92 (s, C = 0) and 9.50 m (C-O); 
NMR (CDC13, internal TMS) r 0.37-0.63 (m, C8 ring H, 1 ),
I. 57-1.83 (m, C4 ring H, 1 ), 2.03-2.83 (m, C3,5,6,7 ring H’s, 4), 5.58 
and 5.70 (superimposed q, J  = 7 Hz, and s, CO'>CH2CH3 and 
CH2CN, 4), and 8.53 (t, J  =  7 Hz, C02CH2CH3, 3); Amax (CH2C12) 
291 nm (log t 4.76), 302 (4.77), 338 (3.77), 349 (3.77), 366 (3.89), 525 
(2.69), 550 (2.65)(sh), and 600 (2.26)(sh).

A second reaction with the above conditions and without the ad
dition of acetic acid was allowed to occur. An inseparable mixture 
of the title compound and ethyl 2-(l-cyanoethyl)-l-azuler.ecarbox- 
ylate (9) was obtained as identified by NMR spectroscopy.

2-Chloroazulene.9 This was obtained by thermal decarboxyla
tion of 2-cnloro-l,3-azulenedicarboxylic acid.9 From 500 mg (1.63 
mmol) of diethyl 2-chloro-l,3-azulenedicarboxylate (3) after sa
ponification the crude, dry diacid (410 mg, 100%) was heated in a 
large sublimer at 260° (200 Torr). Chromatography of the subli
mate on basic alumina and hexanes elution gave 260 mg (98%) of 
the title compound. Crystallization from methanol gave violet nee

dles: mp 90.0-90.5° (lit.9 mp 91-92°); ir (CCI4) no characteristic 
absorptions; NMR (CCI4, internal TMS) r 1.83-2.22 (m, C4is ring 
H’s, 2) and 2.42-3.20 (m, Ci,3,5,6,7 ring H’s, 5); Xmax (cyclohexane) 
276 nm (log c 5.06), 285 (5.09),’303 (4.01), 330 (3.93), 344 (4.04), 357
(3.68), 551 (2.53), 592 (2.48), 615 (2.21), 635 (2.09), and 650 (2.10).

Anal. Calcd for C10H7C1: C, 73.85; H, 4.34. Found: C, 74.00; H,
4.48.

2-ChIoro-l-trifluoroacetylazulene. From the procedure of 
Anderson12 for the trifluoroacetylation of azulene, 1.0 ml of trifluo- 
roacetic anhydride was added to 780 mg (4.81 mmol) of 2-chloroaz- 
ulene in 10  ml of carbon tetrachloride, and within 2 min the color 
changed from violet to red. This mixture was stirred for 3 hr, dilut
ed with 50 ml of 5% aqueous sodium bicarbonate, and extracted 
into two 100-ml portions of ether. The combined ethereal extracts 
were washed with 100  ml of water and dried (Na2SC>4), and the sol
vent volume was reduced. The residue was chromatographed on 
deactivated (3% water) basic alumina. Dichloromethane developed 
a single, broad, violet hand that was eluted with chloroform to af
ford 1.240 g (100%) of the title compound. Crystallization from 
ethanol afforded large, red plates: mp 88.0-88.5°; ir (KBr) 6.12 
(s, C =0); NMR (CDC13, internal TMS) t 0.43-0.77 (m, Cg ring H, 
1), 1.50-1.85 (m, C4 ring H, 1), 1.87-2.67 (m, C5 6  7 ring H’s, 3), and 
2.77 (s, C3 ring H, 1); Xmax (CH2C12) 275 nm (log e 4.44), 323 (4.61), 
376 (4.15)(sh), 392 (4.13)(sh), and 495 (2.95).

Anal. Calcd for C12H6F3C10: C, 55.72; H, 2.34. Found: C, 55.55;
H, 2.46.

Methyl 2-Chloro-l-azulenecarboxylate. To 1.900 g (7.35 
mmol) of 2-chloro-l-trifluoroacetylazulene in 30 ml of ethanol was 
added 1.80 g (32.1 mmol) of potassium hydroxide in 30 ml of water. 
This mixture was heated under reflux for 1 hr as the color changed 
from red to violet, diluted with 100  ml of water, and extracted with 
100 ml of ether. The ethereal extract was discarded and the aque
ous portion was acidified with 5% hydrochloric acid. This acidified 
portion was extracted with five 200-ml portions of ethyl acetate 
and dried (Na2S0 4 ) and the solvent volume was reduced to yield
I. 440 g (95%) of crude 2-chloro-l-azuloic acid.

To 1.590 g (7.7 mmol) of crude 2-chloro-l-azuloic acid in 500 ml 
of ethyl acetate was added an excess of an ethereal diazomethane 
solution. This mixture was allowed to stand for 30 min, the solvent 
volume was reduced, and the residue was chromatographed on 
basic alumina. Benzene eluted a narrow, yellow band that was not 
investigated and a broad, red band that afforded 1.470 g (87%) of 
the title compound. Dichloromethane eluted a narrow, yellow-or
ange band that was not investigated. Crystallization from ethanol 
gave the product as fine, red needles: mp 86.0-86.5°; ir (KBr) 5.92 
(s, C =0) and 9.55 /u (s, C-O); NMR (CDC13, internal TMS) t 
0.38-0.72 (m, C8 ring H, 1 ), 1.57-1.87 (m, C4 ring H, 1 ), 2.05-2.67 
(m, C5,6,7 ring H’s. 3), 2.78 (s, C3 ring H, 1 ), and 6.02 (s, C02CH3,
3); Xmax (CH2C12) 294 nm (log e 4.72), 304 (4.77), 340 (3.81), 350 
(3.84), 366 (3.51), 515 (2.72), 538 (2.70)(sh), and 590 (2.28)(sh).

Anal. Calcd for Ci2H90 2Cl: C, 65.32; H, 4.11. Found: C, 65.62; H, 
3.97.

2-Azulylacetonitrile (10). To a suspension of 200 mg (4.75 
mmol) of a 57% oil dispersion of sodium hydride in 10 ml of dry 
DMF (distilled from BaO) was added dropwise 600 mg (6.07 
mmol) of methyl cyanoacetate. After bubbles of hydrogen had 
ceased to evolve, 420 mg (1.90 mmol) of methyl 2-chloro-l-azu- 
lenecarboxylate in 10 ml of dry DMF was added, and this mixture 
was heated at 140-150° for 1 hr. After this mixture was allowed to 
cool to room temperature, 2.0 ml of acetic acid and 3.40 g (20 
mmol) of crushed lithium iodide dihydrate10 were added. This 
mixture was heated to 140-150° under a dry, nitrogen atmosphere 
with stirring for 1 1  hr, diluted with 100 ml of water, and extracted 
with three 100-ml portions of ether. The combined extracts were 
washed with two 100-ml portions of water and dried (Na2S04), the 
solvent volume was reduced, and the residue was chromatographed 
on basic alumina. A violet band eluted with 1:1 benzene-hexanes 
that afforded 50 mg (18%) of 2-methylazulene. Benzene eluted a 
narrow, yellow band that was not investigated and a broad, violet 
band that yielded 215 mg (68%) of the title compound. Crystalliza
tion from 1:1 ether-hexanes afforded violet crystals: mp 95.0- 
95.5°; ir (KBr) 4.44 n (m, C=N); NMR (CDC13, internal TMS) r 
1.62-1.90 (m, C48 ring H’s, 2 ), 1.97-3.03 (m, C jsse? ring H’s, 5), 
and 5.92 (s, CH2CN, 2); Xmax (CH2C12) 276 nm ’(log t 4.79), 283 
(4.81), 300 (3.87)(sh), 326 (3.63), 340 (3.79), 560 (2.58), 595 (2.52), 
and 655 (2.11)(sh).

Anal. Calcd for C12H9N: C, 8 6 .20 ; H, 5.42; N, 8.38. Found: C, 
85.96; H, 5.35; N, 8.20.

2-Azulylacetic Acid (11). Forty milliliters of 50% aqueous eth
anol and 1.350 g (24.1 mmol) of potassium hydroxide were heated



under a continuous, dry, oxygen-free, nitrogen sweep with stirring 
for 2 hr. To this mixture was added 280 mg (1.675 mmol) of 10 in
2.5 ml of THF. This mixture was heated under gentle reflux for 7 
hr, diluted with 100 ml of water, and extracted with 50 ml of ether. 
The ethereal extract was discarded and the aqueous portion was 
acidified with 5% hydrochloric acid. The acidified layer was ex
tracted with two 50-ml portions of ether. The ethereal extracts 
were combined and dried (Na2S04), and the solvent volume was 
reduced to yield 295 mg (89%) of the title compound. Crystalliza
tion from 4:1 ether-hexanes afforded violet plates: mp 128-129°; ir 
(KBr) 5.90 M (s, C =0); NMR (CDCIS, internal TMS) r -0.32 
(broad s, C02H, 1), 1.67-1.93 (m, C4,8 ring H’s, 2), 2.47-3.17 (m, 
Cl,3,5,6,7 ring H’s, 5) and 5.98 (s, CH2C02H, 2); Amax (CH2C12) 277 
nm (log f 4.79), 285 (4.83), 298 (3.73)(sh), 327 (3.60), 342 (3.73), 564 
(2.53), 605 (2.48)(sh), and 660 (2.07)(sh); mass spectrum (70 eV, 
heated inlet) m /e (rel abundance) 186 (M-+, 8), 185 (58), 142 (76), 
141 (100), and 115 (34).

Anal. Calcd for Ci2Hio02: C, 77.40; H, 5.41. Found: C, 77.29; H,
5.49.

2-(2-Azulyl)ethyl Acetate (1-OAc). A mixture of 250 mg (1.26 
mmol) of acid 11 and 366 mg (9.60 mmol) of NaBH4 in 30 ml of dry 
THF was stirred at room temperature until hydrogen evolution 
ceased. To this mixture was added dropwise 5 ml of boron trifluo- 
ride etherate in 25 ml of dry THF over a period of 30 min. After 60 
min of additional stirring, 10 ml of 10% hydrochloric acid was 
added dropwise and then the mixture was diluted with 100 ml of 
ether and 50 ml of water. The layers were separated and the ex
traction was repeated twice with 100-ml portions of ether. The 
combined ethereal extracts were washed with 100 ml of 5% aque
ous sodium bicarbonate and 100 ml of water and dried (Na2S04). 
The solvent volume was reduced and the residue was chromato
graphed with chloroform on basic alumina. A single, violet band 
eluted which was contaminated with impurity as determined by 
NMR.

This crude alcohol was stirred with 3 ml of dry pyridine and 1 ml 
of reagent grade acetic anhydride for 2 hr at 0°, protected from at
mospheric moisture. This mixture was diluted with 100 ml of ice- 
cold 10% hydrochloric acid and 50 ml of ether. The layers were 
separated and the ethereal layer was washed with four 100-ml por
tions of 10% hydrochloric acid and one 100-ml portion of water. 
The ethereal layer was dried (Na2S04), the solvent volume was re
duced, and the residue was chromatographed on basic alumina 
with 1:1 carbon tetrachloride-dichloromethane. A single violet 
band eluted that afforded 260 mg (96%) of 1-OAc as a violet oil: ir 
(neat film) 5.75 (s, C = 0) and 9.60 m (s, C-O); NMR (CCLt, internal 
TMS) t 1.75-2.03 (m, C4g ring H’s, 2), 2.33-3.17 (m, 0 1 ,3,5,6,7 ring 
H’s, 5), 5.60 (t, J = 6.5 Hz, CH2CH2OAc, 2), 6.73 (t, J  =  6.5 Hz, 
CH2CH2OAc, 2) and 8.00 (s, 0 2CCH3, 3); mass spectrum (70 eV, 
heated inlet) m/e (rel abundance) 214 (M-+, 47), 155 (22), 154 
(100), 153 (13), 141 (24), 115 (13), and 43 (34).

For analysis a 1,3,5-trinitrobenzene complex was prepared and 
crystallized from 1:1 ethyl acetate-hexanes to afford bronze-col
ored crystals: mp 80.5-81.0°; Amax (CH2C12) 276 nm (log e 4.75), 
285 (4.82), 300 (3.73), 329 (3.55), 343 (3.69), 560 (2.47), 602 (2.42), 
and 665 (1.99)(sh).

Anal. Calcd for C20H17O8N3: C, 56.21; H, 4.01. Found: C, 56.06; 
H, 4.11.

2-(2-Azulyl)ethanol (1-OH). A mixture of 260 mg (1.21 mmol) 
of 1-OAc in 8 ml of ethanol and 500 mg (8.9 mmol) of potassium 
hydroxide in 2 ml of water was stirred at 0° for 1 hr. This mixture 
was diluted with 100 ml of ice-cold water and extracted with two 
50-ml portions of ether. The combined ethereal layers were dried 
(Na2S04), the solvent volume was reduced, and the residue was 
chromatographed on basic alumina. Dichloromethane developed a 
broad, blue band that was eluted with chloroform to afford 218 mg 
(98%) of the title compound. Crystallization from carbon tetra
chloride yielded long, violet needles: mp 97.0-97.5°; ir (KBr) 3.06 
(s, O-H) and 9.50 M (s, C-O); NMR (CC14, internal TMS) r 1.75-
2.05 (m, C48 ring H’s, 2), 2.52-3.20 (m, Ci,3,5,6,7 ring H’s, 5), 6.05 (t, 
J = 6 Hz, CH2CH2OH, 2), 6.87 (t, J  = 6 Hz, CH2CH2OH, 2), and 
8.57 (broad s, OH, 1); Amax (CH2C12) 276 nm (log c 4.76), 286 (4.83), 
301 (3.73), 330 (3.61), 343 (3.70), 561 (2.47), 602 (2.41), and 660 
(1.97)(sh); mass spectrum (70 eV, heated inlet) m/e (rel abun
dance) 172 (M-+, 79), 155 (30), 154 (22), 142 (37), 141 (100), 139 
(21), 129 (76), 128 (18), and 115 (50).

Anal. Calcd for Ci2H,20: C, 83.68; H, 7.03. Found: C, 83.40; H,
7.10.

2-(2-Azulyl)ethyl Tosylate (l-OTs). To 195 mg (1.13 mmol) of 
1-OH in 3.0 ml of dry ether was added 232 mg (1.22 mmol) of sub
limed tosyl chloride and 200 mg (3.58 mmol) of crushed potassium
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hydroxide. The mixture was allowed to stir at 0°, protected from 
atmospheric moisture, for 6 hr, and diluted with 100  ml of ether 
and 200 ml of ice-cold water. The layers were separated and the 
aqueous portion was extracted with a second 100 ml of ether. The 
combined ethereal extracts were washed twice with 10 0 -ml por
tions of water and dried (Na2S04), the solvent volume was re
duced, and the residue was chromatographed on deactivated (6% 
water) basic alumina. Dichloromethane eluted a broad, violet 
band, followed by a narrow, violet band. The narrow, violet band 
yielded 15 mg of unreacted 1-OH. The broad, violet band afforded 
340 mg (92%, 100% net) of the title compound, a violet oil that 
crystallized upon standing. Crystallization from ethyl acetate gave 
long, violet needles: mp 105.0-106.0°; ir (KBr) 7.38 (s, S-O) and 
8.42 (s, S-O); NMR (CDCI3, internal TMS) t 1.67-2.08 (m, C48
ring H’s, 2 ), 2.13-3.09 (m, 9), 5.60 (t, J  = 7 Hz, CH2CH2OTs, 2), 
6.68  (t, J  = 7 Hz, CH2CH2OTs, 2), and 7.62 (s, tosyl CH3, 3); Amax 
(CH2C12) 277 nm (log r 4.69), 285 (4.76), 300 (3.73)(sh), 329 (3.54), 
343 (3.66), 564 (2.46), 605 (2.40), and 660 (2.00)(sh); mass spectrum 
(70 eV, heated inlet) m /e (rel abundance) 326 (M-+, 0.6), 172 (8 6), 
154 (24), 108 (20), 107 (30), 91 (62), and 45 (100).

Anal. Calcd for C19H18O3S: C, 69.91; H, 5.56. Found: C, 69.91; H,
5.62.

2-(2-Azulyl)ethyl Nosylate (1-ONs). To 65 mg (0.378 mmol) 
of 1-OH in 3 ml of dry THF was added 17 mg of a 57% oil disper
sion of sodium hydride. This mixture was allowed to stir overnight 
at room temperature as a violet precipitate separated. The mixture 
was cooled to 0° and 110 mg (0.40 mmol) of recrystallized p-nitro- 
benzenesulfonyl chloride was added. After 4 hr of stirring at 0°, 50 
ml of ice-cold water and 50 ml of ether were added, the layers were 
separated, and the aqueous layer was extracted with two addition
al 50-ml portions of ether. The combined ethereal layers were 
washed with 100 ml of water and dried (Na2S04), the solvent vol
ume was reduced, and the residue was chromatographed on deacti
vated (3% water) basic alumina. Dichloromethane eluted a blue 
band and chloroform eluted a second blue band. The second band 
afforded 30 mg of unreacted alcohol, and the first band yielded 63 
mg (47%, 87% net) of the title compound. Crystallization from 1:1 
ethyl acetate-hexanes gave copper-colored prisms: mp 128.0- 
128.8°; ir (KBr) 7 32 (s, S-O), 7.42 (s, S-O), and 8.42 m (s, S-O); 
NMR ( C D C I 3 ,  internal TMS) r 1.70-3.07 (m, 1 1 ), 5.47 (t, J  = 6.5 
Hz, CH2CH2ONs, 2) and 6.67 (t, J  = 6.5 Hz, CH2CH2ONs, 2); Xmax 
(CH2C12) 278 nm (log c 4.70), 285 (4.73), 300 (4.08)(sh), 314 
(3.87)(sh), 342 (3.66), 563 (2.49), 605 (2.44)(sh), and 665 (1.99)(sh).

Anal. Calcd for Ci8H15N05S: C, 60.49; H, 4.23. Found: C, 60.21; 
H, 4.13.

2-Vinylazulene (12). To 55 mg (0.142 mmol) of 1-ONs in 5 ml 
of absolute ethanol and 2 ml of THF was added at 0° under stir
ring 200 mg (3.58 mmol) of crushed potassium hydroxide. This 
mixture was stirred for 1 hr and diluted with 100 ml of ether and 
100 ml of water. The layers were separated and the aqueous layer 
was extracted with a second 100-ml portion of ether. The com
bined, blue extracts were dried (Na2S04), the solvent volume was 
reduced, and the residue was chromatographed with carbon tetra
chloride on basic alumina. A single, blue band eluted that yielded 
21 mg (96%) of the title compound. Crystallization from hexanes 
afforded blue plates: mp 104.5-106.0°; ir (KBr) 12.15 (s) and 13.78 
M (s); NMR (CDCI3, internal TMS) r 1.67-1.97 (m, C4.8 ring H’s,
2), 2.17-3.30 (m, 6 ), and 3.80-4.67 (m, 8 lines, 2); Amax (cyclohex
ane) 281 nm (log e 4.62), 291 (4.72), 302 (4.61), 319 (3.60), 334 
(3.49), 349 (3.63), 364 (3.90), 374 (3.60), 382 (4.09), 580 (2.47), 600 
(2.41), 613 (2.42), 626 (2.47), 645 (2.23)(sh), 664 (2.12), and 690 
( 2.21) .

For analysis a trinitrobenzene complex was prepared and crys
tallized from ethanol-hexanes (1 :1 ) to yield brown needles, mp
106.0-107.0°.

Anal. Calcd for Ci8Hi30 6N3: C, 58.86; H, 3.57. Found: C, 58.73; 
H, 3.72.

Kinetic Method. The method previously described14'16 was 
used with some modifications. A Beckman differential reading 
thermometer, calibrated in 0 .0 1 °, was used, in conjunction with 
ASTM thermometers, to monitor temperature variations and to 
obtain the lOii/2 point at a temperature representative of the 
points taken during the first 2 half-lives. The constant-tempera
ture bath cover and perimeter were insulated to prevent heat loss. 
Temperature changes of ±0.002° were then detectable and could 
be approximated, and temperature variations were normally about 
±0.003° during a typical solvolytic run. There was no observable 
change noted in the conductance readings between the 10 i i/2 point 
and subsequent points when the readings were taken at the same 
temperature.
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All kinetic runs were made with 1.0 X 10- 3  M ROTs (RONs) 
and 1.2 X 10~3 M potassium acetate. Infinity (10ti/2) titers of 
these solutions gave the following percent reaction: 1-OTs (100°), 
94.2%; 1 -ONs (80°), 97.3%; 1-ONs (10 0°), 97.8%.

All preparative scale buffered acetolyses were determined using 
0.010 M ROTs and 0.012 M potassium acetate. The solutions were 
sealed in flasks and placed in the constant-temperature bath for 
the allotted time. After removal from the bath and quenching in 
ice-water, the contents were poured from the flasks into water and 
extracted with methylene chloride which was washed with water, 
5% aqueous NaHCCb, and water and dried (ISfeSO,»). Evaporation 
of the solvent and chromatography of the residue then gave the 
products.
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The reactions of two bicyclic a-chloro epoxides, 2-chlorobicyclo[2.2.1]hept-2-ene exo-oxide (2 ) and 2-chlorobi- 
cyclo[2.2.2]oct-2-ene oxide (3), with lithium diethylamide have been investigated. With 2, refluxing benzene- 
ether and ether (0 to -15°) were examined as solvents while, with 3, only refluxing benzene-ether was studied. 
From 2 the major product was tricyclo[2.2.1.02’6]heptan-3-one (4). The amount of the minor product, tricyclo- 
[2.2.1.02'6]heptan-3-ol (5), was solvent and base concentration dependent. Using 2-3 -d  in ether, no deuterium was 
found in 4 and none at C3 of 5. While the formation of 4 can be readily rationalized as involving transannular in
sertion by the a-keto carbene formed by a elimination at C3 of 2, the pathway 2 —► 5 is unclear. From 3, two major 
products, tricyclo[3.2.1.02>7]octan-6-one (15) and Ar,Ar-diethylbicyclo[2.2.1.]heptane-7-carboxamide (16), and two 
minor products, 3-chlorobicyclo[2.2.2]octan-2-one (13) and bicyclo[2 .2 .2]octanone (14), were isolated. Ketone 15 
and amide 16 are believed derived from the a-keto carbene, 15 by transannular insertion and 16 by Wolff ring 
contraction, while ketones 13 and 14 probably arise via thermal rearrangement of 3. These results are compared 
with those from other methods of generating the respective bicyclic a-keto carbenes or carbenoids. The site speci
ficity in these conversions of bicyclic a-chloro epoxides 2 and 3 to tricyclic ketones 4 and 15, respectively, may 
prove synthetically useful.

The reactions of strong bases with acyclic, cyclic, and bi
cyclic epoxides have been studied by a number of research
ers,2 notably Cope, Crandall, and Rickborn. The major 
types of processes observed were a elimination (yielding in
sertion and ketone products), /? elimination, and nucleo
philic epoxide ring opening. The extent of involvement of 
these processes was dependent on structural effects in both 
the epoxide and the base.

Our interests in the chemistry of a-chloro epoxides1’3 led 
us to consider how the a-chloro substituent might effect 
the outcome of such strong base reactions. Using (Z)-2- 
chlorobutene oxide (1) as an example, the conceivable 
pathways are listed in Scheme I. Nouri-Bimorghi4 reported 
that varying amounts of 0 elimination (pathway a) and nu
cleophilic epoxide ring opening (pathway e) were observed 
when three acyclic a-chloro epoxides were allowed to react
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with phenyllithium. As expected, the extent of involvement 
of these pathways was dependent on the substrate struc
ture.

For the present study, we wished to limit the probable 
reaction pathways given in Scheme I to c, which would en
able us to evaluate it as a method of accomplishing Wolff- 
type rearrangements via a-keto carbenes (or carbenoids). 
Such should be possible using certain bicyclic a-chloro ep
oxides where pathways a, b, d, and e should be disfavored, 
as should the eqilibrium shown between a-keto carbene 
and oxirene structures.5 The a-chloro bicyclic epoxides 
chosen were 2-chlorobicyclo[2.2.1]hept-2-ene exo-oxide1’6
(2) and 2-chlorobicyclo[2.2.2]oct-2-ene oxide7 (3), since we 
had previously studied their neat, thermal, and certain cat
alyzed rearrangements, and Crandall21’1 had reported on 
lithium diethylamide reactions of the parent bicyclic epox
ides.

Results and Discussion
When [2.2.1] a-chloro epoxide 26 was heated under reflux 

in benzene-ether solution containing excess lithium diethy
lamide and diethylamine for 50 hr, the product (3.05 g from
4.35 g of 2) was found to contain 84% tricyclo[2.2.1.02’6]hep- 
tan-3-one (4), 8% tricyclo[2.2.1.02’6]heptan-3-ol (5), 2% re
covered 2, and 2% of an amide tentatively identified as 
!V,lV-diethylcyclohex-3-enecarboxamide (6) along with four 
minor unidentified components (by GLC). Using cyclohex- 
ene-ether as solvent in this reaction gave essentially identi
cal results.

To establish that 4 and 5 especially were primary prod
ucts in the above reaction and not artifacts of thermal rear
rangement of 2 —*■ exo-chlorobicyclo[2.2.1]heptan-2-one1’6
(7), 7 was treated under the reaction conditions. The prod
uct was shown to contain 63% bicyclo[2.2.1]heptan-2-one

(8), 12% exo-3-chlorobicyclo[2.2.1]heptan-exo-2-ol (9), 11% 
7, and 14% endo-3-chlorobicyclo[2.2.1]heptan-2-one (10).

LiNEt2
c6h 6-

Et20

Since we had previously shown that 4 is reduced to a mix
ture of 4 and 5 under these reaction conditions (albeit 
under reflux for 4 days), the formation of 8 and 9 from 7 is 
rationalized by carbonyl reduction of 7 to 9 (or its C2 epim- 
er) followed by dehydrochlorination.

Formation of amide 6 from 2 and lithium diethylamide 
can be considered to arise by attack of the base on the car
bonyl of exo-2-chlorobicyclo[2.2.1 ]heptan-7 one, a major 
product in the neat, thermal rearrangement of 2.1’6 Genera
tion of the amide group carbonyl, C1-C7 bond cleavage, and 
loss of chloride ion from C2 would yield 6.

In an effort to shorten the reaction time of 2 with lithium 
diethylamide, to obtain complete reaction, and to study the 
effect of solvents on this process, we examined several ben
zene-ether mixtures as well as ether as solvents. In short, 
the benzene-ether mixtures gave nonreproducible results.

In refluxing either with 1.1 equiv of lithium diethylam
ide, the product derived from 2 was found to contain 10% 8. 
Thus it appeared that thermal rearrangement of 2 —► 7 fol
lowed by reduction was a competing process under these 
conditions. The amount of 8 could be lowered to <0.5% if 2 
equiv of base was employed. Significantly, the 4:5 ratios 
from these two experiments were nearly the same, 2.85 and
3.00, respectiviely, suggesting that lithium diethylamide 
did not effect the 4 —► 5 reduction in refluxing ether as had 
been observed in refluxing benzene-ether.

It was then found that reproducible yields, 4:5 product 
ratios, and complete conversion of 2 could be obtained in 
ether at reduced temperatures. The 4:5 product ratio was 
found to be 2.06 ±  0.05 with conditions ranging from 50% 
excess lithium diethylamide at —15° with a 30-min reaction 
time to that involving 300% excess base at 0° with 4.5-hr 
reaction time. Neither 8 nor 6 were observed in the prod
uct. It was inferred from the constant product ratio with 
large variations in base concentration and reaction time 
that 4 —*■ 5 reduction by lithium diethylamide was unim
portant under these reaction conditions.

To decide how the products 4 and 5 were formed in this 
reaction, we prepared 2-3-d containing 77% deuterium at 
C3 (based on NMR spectral analysis). Reaction of 2-3-d. 
with 2.5 equiv of lithium diethylamide at —10 to 0° for 15 
min as above gave after work-up and short-path distillation 
(analyses cited above carried out this way) the 4:5 ratio of
2.20. More careful solvent removal and redistillation gave 
the 4:5 ratio as 2.40 and a total yield, 4 + 5, of 85%; a dupli
cate run gave the 4:5 ratio of 2.44 and a yield of 92%. Low- 
voltage (15 eV) mass spectral analysis showed 0 ±  2% ex
cess deuterium in 4 from both experiments, while in 5 2 ±  
2% and 6 ±  2% excess deuterium was found. Multiple inte
grations of the NMR spectrum of 5 indicated no excess 
deuterium at C3.

These results are in keeping with a mechanism of forma
tion of 4 involving a elimination from C3 and chloride ion
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loss from C2 of 2 followed by transannular insertion of the 
a-keto carbene at C5. However, since simple reduction of 4 
—* 5 does not appear to occur under these conditions, the 
nature of the processes by which 5 is produced containing 
no deuterium at C3 starting from 2-3-d is not at all clear. 
One possibility is that the amine, ether solvent, or “ some 
other species”8 may be serving as a proton source in the 
equilibrium formation of anion l l .9 If reduction of the 
C2-CI bond in 2 by lithium diethylamide competes with 
carbene formation, anion 12 would be formed which could 
proceed to 5 by the mechanism shown by Crandall.2f Bicy- 
clo[2.2.l]hept-2-ene exo-oxide might then be produced as 
an intermediate by protonation of 12. Equilibrium between 
this epoxide and 12 would also account for further losses of 
deuterium at C3 in 5.

12
+ BC1

Turning our attention now to the reaction of lithium di
ethylamide and the [2.2.2] a-chloro epoxide 3 in benzene- 
ether, we find a somewhat different result. The product 
was shown to contain 8% unreacted 3, 8% 3-chlorobicy- 
clo[2.2.2]octan-2-one (13), 1% bicyclo[2.2.2]octanone (14), 
52% tricyclo[3.2.1.02'7]octan-6-one (15), and 23% N,N-di- 
ethylbicyclo[2.2.1]heptane-7-carboxamide (16) along with 
five unidentified minor components.

14 15

It appears that 13 and 14 are formed via thermal rear
rangement of 3 leading to 13 as the primary product. Ke
tone 14 was shown to be the only product, although in low 
yield, when 13 was treated under the reaction conditions. 
The reaction of 3 with lithium diethylamide was not stud
ied in ether, but from our experiences with 2 we suspect 
that formation of 13 and 14 can be greatly reduced, if not 
eliminated completely, by carrying out the reaction in ether 
at reduced temperatures.

Formation of ketone 15 and amide 16 indicates that in 
this system the a-keto carbene has two competitive reac
tion channels, one involving transannular C-H insertion 
(—*• 15) and the other Wolff ring contraction (-*■ 16) via ke- 
tene 17. From 3 we were not able to detect the presence of 
the tricyclic alcohol corresponding to the reduction of 15, 
as had been observed from 2; however, this alcohol may be 
one of the five minor unidentified components.

It is interesting to compare the above results with those 
reported by Yates and Crawford10 for the copper-catalyzed 
reactions of 3-diazobicyclo[2.2.1]heptan-2-one (18) and 3- 
diazobicyclo[2.2.2]oetanone (19). Their results carried out 
in refluxing benzene are given in Scheme II.

Scheme II

In the [2.2.1] series, the products from both 2 and 18 are 
quite similar considering that the reaction of lithium di
ethylamide and 2 appears to have an additional reaction 
channel leading to alcohol 5. The predominate or exclusive 
product is ketone 4, apparently arising by transannular 
C-H insertion by the carbene or carbenoid. Wolff ring con
traction,5 which is the major pathway in the photochemical 
decomposition of 18 in methanol,11 is not observed in the 
strong base reaction of 2 or the copper-catalyzed decompo
sition of 18.

Before comparing the results from 3 and 19 we must de
lete those products from processes unique to that particu
lar substrate and reaction type. This then removes the pro
duction of 13 and 14 from 2 and azine 20 from 19. Compar
ing the insertiomWolff rearrangement ratios we have 0.11 
(15:17 dimer) from 19 and 2.26 (15:16) from 3. These ratios 
show that there is a major difference in the nature of the 
product forming intermediates and/or the pathways by 
which the products are produced in these two reactions.

The sequence of reactions involved in the synthesis of 
a-chloro epoxides from the corresponding ketones com
bined with pathway c in Scheme I for the strong base reac
tion promises site specificity for generation of the a-keto 
carbene and its subsequent reactions, e.g., 21 —*• 22 conver
sion. This coupled with large insertiomWolff rearrange
ment should make this sequence synthetically useful in cer
tain circumstances. Such site specificity is not possible with
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certain syntheses of a-diazo ketones using monoderivatiza- 
tion of a-diketones.11

Experimental Section12

Reaction of 2-Chlorobicyclo[2.2.1]heptene exo-Oxide (2) 6 

with Lithium Diethylamide in Benzene-Ether. A solution of 
lithium diethylamide was prepared by treating a cold solution (ice 
bath) of 6.4 g (88 mmol, 9.0 ml) of diethylamine (distilled from 
barium oxide) in 25 ml of benzene (distilled from sodium) with
31.8 ml of 1 .6  M  (51 m m o l) methyllithium in ether. After approxi
mately 20 min, 4.35 g (30 mmol) of 26 in 5 ml of benzene was 
added. The reaction mixture was heated under reflux for 50 hr, 
during which time a white precipitate formed and the color 
changed from colorless to light yellow. After cooling, the reaction 
mixture was decanted onto ice and extracted with chloroform, and 
th e  c o m b in ed  e x tr a c ts  w ere  w a sh ed  w ith  saturated a m m o n iu m  
chloride and water. After drying (MgS04) the chloroform was re
moved by distillation and the residue was distilled through a 
short-path column (bath temperatures 60°, 0.2 mm), which gave
3.05 g of product. Analysis by GLC (12 ft X  0.25 in. 10% Carbowax 
20M column) indicated the presence of seven components (inte
grated percent): 2% unreacted 2, 84% 4, 8% 5, 2% of an amide ten
tatively identified as 6 , with the unknown components having inte
grals of 3 ,1 , < 1 , and < 1 %, respectively. Ketone 4 and alcohol 5, mp 
108-109.5° after sublimation (lit.13 mp 108-109°), were identified 
by comparison of their NMR and ir spectra with those in the liter
ature. 13’14

The amide was GLC collected as a liquid and on the basis of the 
following spectral data was structurally assigned as N,N-diethyl - 
cyclohex-3-enecarboxamide (6 ): ir (neat) 6.09 g (C =0, amide); 
NMR (C D C h , in tern a l T M S ) r  4 .33  (s lig h tly  b ro a d en ed  s in g le t , 2), 
6.64 (q, J  = 7 Hz, 4), 7.0-7.45 and 7.45-8.5 (m’s, total ca. 7), and
8.9 (two overlapping t’s, 6 ). The NMR chemical shifts at r 4.33 (as
signed as vinyl H’s), 7.0-7.45 (assigned as CtH), and 7.45-8.5 (as
signed as C2, C5, and C e H’s) are almost exactly those reported for 
cyclohex-3-enecarbonitrile;15a such are similarly reported for cy- 
clohex-3-enecarboxaldehyde,15b cyclohex-3-enecarbonyl chlo
ride,150 and methyl cyclohex-3-enecarboxylate.15d Likewise the 
coupling patterns observed in the multiplets at r 7.0-7.45 and 
7.45-8,5 are similar to those reported in the nitrile153 and acid 
chloride.150 The overlapping CH3 triplets centered at r 8.9 indicate 
that the NC2H5 groups are nonequivalent with one CH3 group 
being shielded by the ring C=C.

Bicyclo[2 .2 . 1 ]heptan-2 -one-3 , 3 -d2 . Using the method of 
Schaefer, Dagani, and Weinberg, 16 15.4 g of bicyclo[2 .2 .1 ]heptan- 
2-o n e  w as d e u te r a te d  w ith  CF3CO2D to g iv e  13.6 g  (87%) of th e  
product.

Anal. Calcd for C7H8D2O: 20.00 atom % excess deuterium. 
Found: 19.6 a to m  %  excess of deuterium by m ass spectral analysis 
(17 eV).

2,2-Dichlorobicyclo[2.2.1]heptane-3,3-d2- A solution of 19.0 g 
(170 mmol) of bicyclo[2 .2 .1 ]heptane-2 -one-3 ,3 -d2 in 35 ml of dry 
methylene chloride was added dropwise over a period of 12  min to 
a stirred, cooled mixture of 52.0 g (250 mmol) of PCI5 and 35 ml of 
PCI3. The internal temperature was held at 10-12° during the ad
dition. The mixture was stirred while being allowed to warm to 28° 
over a period of 1 hr. After stirring for an additional 5.5 hr at 28- 
29°, the mixture was cooled to 10°, poured onto 350 g of ice, and 
shaken continuously for 18 min. The layers were allowed to sepa
rate and the aqueous layer was extracted with three 15-ml portions 
of m e th y le n e  ch lo r id e . T h e  c o m b in ed  o rg a n ic  la y ers  w er e  washed, 
with 50 ml of 5% sodium bicarbonate solution, dried (Na2C0 3 ), re- 
dried (MgS04), and filtered. Most of the solvent was removed by 
distillation using a 13 mm X  30 cm Vigreux column. The product 
was distilled on a semimicro platinum spinning band column to 
give 24.2 g (85%) of the deuterated dichloride, bp 67-86° (17 mm). 
A forerun of 1.32 g (6%) of 2-chlorobicyclo[2.2.1]heptene-3-d, bp 
53-59° (32 mm), was also obtained. NMR analysis indicated that it 
was pure chloroolefin with less than 2% H at C3.

2-Chlorobicyelo[2.2.1 ]heptene-3-d. In a dry nitrogen atmo
sphere, a mixture of 23.3 g (139 mmol) of 2,2-dichlorobicyclo-
[2.2.1]heptane-3,3-d2 dissolved in 45 ml of dry THF (distilled from

LiAlH4) was added to a solution of 31.0 g (276 mmol) of resub
limed potassium iert-butoxide in 215 ml of dry THF. The mixture 
was heated under gentle reflux in a nitrogen atmosphere for 23.75 
hr, poured into 250 ml of ice water, and extracted with five 100-ml 
portions of purified pentane. The combined organic layers were 
washed with three 100-ml portions of dilute brine, dried (MgS04), 
and filtered. The pentane was removed by distillation on a Vigreux 
column. The crude chloroolefin was distilled on a semimicro plati
num spinning band column to  yield 13.65 g (7 6% ) o f  th e  product.6 
The integrated NMR spectrum showed that the deuterium con
tent at C3 was 77%.

Attempts t o  ca rry  out this dehydrochlorination in t e r t -butyl al
cohol6 gave yields up to 84% but with deuterium contents of <50%.

2-Chlorobicyclo[2.2.1]heptene-3-d exo-Oxide(2-3-d). The 
published procedure was followed.6 From 9.05 g of 2-chJorobicyclo-
[2.2.1]heptene-3-d (77% deuterium) and 16.8 g of m -chloroperben- 
zoic acid we obtained 7.69 g (76%) of 2-3 -d . NMR spectral analysis 
indicated 77% excess deuterium at C3.

Reaction of 2-Chlorobieyclo[2.2.1]heptene exo-Oxide (2) 
with Lithium Diethylamide in Ether. A 50-ml two-necked flask 
equipped with a magnetic stir bar, nitrogen inlet, and outlet was 
flamed out under a dry nitrogen sweep for 15 min. The outlet was 
closed with a rubber septum and the flask was cooled to —15°. 
Ether (freshly distilled fro m  LiAlH4) (1 0  m l) was injected by dry 
syringe, followed by 2.30 g (31.5 mmol) of diethylamine (distilled 
from barium oxide). A 1.57 N  solution (18.8 ml, 29.5 mmol) of 
freshly prepared methyllithium in ether was injected by syringe 
over a period of 10  min with vigorous stirring at a bath tempera
ture of —15 to —5°. The bath was cooled to —15°, and after 5 min a 
solution of 2.00 g (13.8 mmol) of 2 in 8  ml of dry ether was injected 
with stirring and cooling over a period of 8 min at a bath tempera
ture of —15 to —10°. The flask was placed in an ice bath and the 
contents were stirred for 60 min. The mixture was poured onto 25 
g of ice water and shaken, and the layers were allowed to separate. 
The aqueous layer was extracted with two 15-ml portions of ether. 
The combined ether extracts were washed with two 10-ml portions 
of water, dried (Na2S0 4), redried (MgS04), and filtered. The en
tire solution was short-path distilled [25-95° (0.1 mm)]. GLC anal
ysis of the distillate on  a 6 f t  X  0.25  in. 5%  F F A P  co lu m n  showed 
only solvent, diethylamine, 4, and 5 under conditions where un
reacted 2, 7, or 8 would have been detected if present in amounts 
of 1% or greater. The solvent was removed by distillation on a 13 
mm X  30 cm Vigreux column, yielding 1.920 g of light brown oil 
which was analyzed under the same GLC conditions. The mixture 
contained 69.7% of the bicyclic compounds in a 4:5 ratio of 2.13, 
corresponding to 0.911 g (63.3%) of 4 and 0.427 g (29.2%) of 5. The 
identity of the bicyclic compounds was confirmed by chromato
graphic separation with methylene chloride on a basic, activity II 
alumina column, evaporation of the solvent, and comparison of the 
ir and NMR spectra with those in the literature. 13'14

Similar treatments of 2 with 300% excess lithium diethylamide 
at 0° for 4.5 hr, 100% excess lithium diethylamide at 0° for 95 min, 
and 50% excess lithium diethylamide at —15° for 30 min gave 4:5 
ra tio s  o f  2 .09, 2 .01, and 2.11, r e s p e c t iv e ly ,  in  th e  s h o r t -p a th  distil
lates.

Several treatments of the a-chloro epoxide with less lithium di
ethylamide gave erratic results with varying amounts of unreacted 
starting material. Reaction at higher temperatures, especially in 
mixed benzene-ether solvent, gave up to 8% bicyclo[2 .2 .1 ]heptan- 
2-one (8) (identified spectrally and by GLC on a FFAP column) 
presumably arising by reduction of exo-3-ehlorobicyclo[2.2.1]hep- 
tan-2 -one (10 ), which is the major product of thermal rearrange
ment of 2 .1’6

Reaction of 2-Chlorobicyclo[2.2.1]heptene-3-d exo-Oxide 
(2-3 -d )  with Lithium Diethylamide in Ether. In the same man
ner as described above, a solution of 1.99 g (13.7 mmol) of 2-3 -d  
(76.7% excess deuterium at C3) in 8 ml of dry ether was injected 
with stirring and cooling over a period of 10  min at a bath temper
ature of —15 to -10° into a solution prepared from 10 ml of ether,
2.27 g (31.0 mmol) of diethylamine, and 18.8 ml (29.5 mmol) of a 
1.57 N  solution of methyllithium in ether. The flask was placed in 
an ice bath and the contents were stirred for 60 min and worked up 
as described previously. GLC analysis of the short-path distillate 
under the previously described conditions showed, in addition to 
solvent and diethylamine, 4 and 5 with a 4:5 ratio of 2.2. Concen
tration on a Vigreux column and redistillation gave 1.350 g of col
orless oil which contained, in addition to 6 .6% solvent and dieth
ylamine, 4 and 5 in a ratio of 2.40, corresponding to 0.890 g (60.1% 
based on C7H80) of 4 and 0.371 g (24.6% based on C7H10O) of 5. 
Low-voltage mass spectral analysis of portions of the products pu
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rified by GLC on a 6 ft X  0.25 in. FFAP column indicated 0 ±  2% 
C7H7DO in 4 and 2 ± 2%  C7H9DO in 5. The integrated NMR spec
trum indicated no excess deuterium at C3 of 5 within the detection 
limits of the Varian T-60 NMR spectrometer.

A duplicate experiment using 2.28 g (31.2 mmol) of diethylam- 
ine, 18.8 ml (29.5 mmol) of methyllithium solution, and 2.02 g 
(13.90 mmol) of 2-3 -d  gave 0.982 g (65.3%) of 4 and 0.401 g (26.2%) 
of 5 based on GLC analysis as above. Mass spectral analysis indi
cated 0 ±  2% C7H7DO and 6 ±  2% C7H9DO in 4 and 5, respective
ly. The integrated NMR spectrum of 5 again showed no excess 
deuterium at C3.

Reaction of Ketone 4  with Lithium Diethylamide. This reac
tion involved 1 0 8  mg ( 1 . 0  mmol) of 4, 2 . 1  g  ( 2 . 9  mmol) of dieth- 
ylamine, 1 . 4  ml of 1.6 M  ( 2 . 2 4  mmol) methyllithium in ether, and 
10 ml of benzene in a dry, nitrogen atmosphere. The reaction mix
ture was heated under reflux for 4  days, poured into ice-water, ex
tracted with ether, and dried (MgSOfl. The ether and benzene 
were removed in a short-path distillation, leaving 100  mg of prod
uct. GLC analysis on a 6  ft X  0 . 2 5  in. QF-1 column showed the 
presence cf two components, 4 and 5, in equal amounts.

Reaction of exo-3-Chlorobicyclo[2.2.1]heptan-2-one (7) 
with Lithium Diethylamide. A solution of 0.66 g (9.0 mmol) di- 
ethylamine in 10  ml of benzene (distilled from sodium) was cooled 
in an ice bath and treated with 3.13 ml of 1.6 M  (5.0 mmol) 
methyllithium in ether under a nitrogen atmosphere. The reaction 
vessel had been previously flamed out under a nitrogen atmo
sphere. After 10 min, 434 mg (3 mmol) of 7 was injected with the 
immediate appearance of a blood-red color which turned brown 
after refluxing a few minutes. After heating under reflux for 24 hr, 
then cooling to room temperature, saturated, aqueous ammonium 
chloride was added to the reaction mixture and the organic layer 
separated. The aqueous phase was extracted with ether. The com
bined extracts were dried and the ether and benzene were removed 
for the most part by distillation (semimicro platinum spinning 
band column). GLC analysis on a 12 ft X  0.25 in. Carbowax 20M 
column showed this mixture to be composed of 63% 8 , 12% 9, 11% 
7, and 14% 10. GLC collection gave 170 mg of 8 , 15 mg of 9, 1 1  mg 
of 7, and 14 mg of 10. Each component was identified by compari
son of their GLC retention times and NMR spectra with those of 
known samples.

Reaction of 2-Chlorobicyclo[2.2.2]octene Oxide (3) with 
Lithium Diethylamide. An ice-cold solution of 3 . 5  g (48 mmol, 5  

ml) of diethylamine in 2 5  ml of benzene was treated with 1 5  ml of
1 . 6  M  ( 2 4  mmol) methyllithium in ether under a nitrogen atmo
sphere. After 2 0  min, 2 . 5  g (15.8 mmol) of 3 dissolved in 2 0  ml of 
benzene was added. After heating under reflux for 4 days the reac
tion mixture was worked up in the usual manner. The ether and 
benzene were removed in a short-path distillation, leaving 1.8 6  g  of 
reaction product. GLC analysis on a  6  ft X  0 . 2 5  in. QF-1  column 
showed the presence of ten components. Those components identi
fied by comparison of their GLC retention times and/or spectra 
with those of authentic samples were unreacted 3 (8%), 13 (8%), 14 
(1%), and 1 5 1 4 a ' n  ( 5 2 % ) .

A fifth component isolated as a liquid by GLC collection was 
identified as the ring contraction product, N.N-diethylbicyclo-
[2.2.1]heptane-7-carboxamide (16): ir (neat) 6 .1  n (s, amide C =0); 
NMR (CCI4, internal TMS) t 6.63 (quartet, broadened, NCH2-, 4) 
and 7.5-9.2 (m, peaks at r 7.65, 8.07, 8.45, 8.55, 8.70, 8.81, and 8.9, 
17 H); mass spectrum (70 eV) m /e (rel intensity) 195 (M+-, 40), 141 
(100), 100 (27), 95 (80), and 58 (36).

A n a l. Calcd for C12H21NO: mol wt, 195.1623. Found: mol wt, 
195.1626 (mass spectrally with a resolution of ca. 30,000).

Reaction of 3-Chlorobicyclo[2.2.2]octan-2-one (13) with 
Lithium Diethylamide. A cold solution (ice bath) of 0.66 g (9.0 
mmol) of diethylamine in 10  ml of benzene was treated with 3.13 
ml of 1.6 M  (5.0 mmol) methyllithium in ether. After a few min

utes 474 mg (3.0 mmol) of 13 was added and the mixture was heat
ed to reflux. After 47 hr, GLC analysis indicated the presence of 
two components in the ratio of 52:48. Retention time comparisons 
with authentic samples showed that the first eluted component 
was 14 and the second component was 13. The reaction was contin
ued for a total of 108 hr. Saturated ammonium chloride was added 
to the reaction mixture extracted with ether. After drying the 
ether was distilled. A short-path distillation of the residue gave 
187 mg of reaction product as a white solid and left a polymeric 
residue. Analysis by GLC on a 6  ft X  0.25 in. QF-1 column again 
showed only the presence of the same two components 13 and 14 
but the 13:14 ratio had changed to 3. It thus appears that while 13 
is converted to 14, 14 is being destroyed in the reaction. Samples of 
13 and 14 were GLC collected and their ir and NMR spectra were 
found to be identical with those of authentic samples.
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Pyrolysis of the acetylenic cyclopentanone 11 furnishes 4 and 13 in 94% yield. 4 is formed from secondary rear
rangement of 13; this reaction is reversible; and the equilibrium ratio at ~380° is 69:31 (4:13). Base-catalyzed eno- 
lization of 4 leads to equilibration with unconjugated isomer 5; here the equilibrium ratio is 3:97 (4:5), correspond
ing to a free energy difference of ~2.4 kcal/mol in favor of 5.

The presence of a double bond at the bridgehead in bicy- 
clo[3.3.0]oct-l-ene (1) should introduce significant angle 
strain in the carbon skeleton. Very few compounds incor
porating this feature have been described, however, and 
there is no information available concerning the relative 
stability o f this strained system. The simple conjugated ke
tone 2, for example, remains unknown, although its 8,7- 
unsaturated isomer 3 has been synthesized by at least three 
routes and has been exposed to conditions which presum
ably could have led to shift of the double bond into conju
gation.1 This suggests that ketones such as 2 cannot be ap
proached synthetically by way of their 8,7 isomers, and fur
thermore that they may well not survive exposure to acid 
or base, since these enolizing conditions could lead to de
conjugation of the double bond. In the present report we 
describe preparation of an alkylated derivative of 2, 5,8- 
dimethylbicyclo[3.3.0]oct-8-en-2-one (4),2 along with obser

vations on its base-catalyzed equilibration with the less 
strained 8,7 isomer 5.

The synthetic sequence began with 6, prepared as pre
viously described by ketalization and hydride reduction of 
keto acid 7.3 Hydroxy ketal 6 was converted via tosylate 8

r a

ch:!
6. X = OH
8, X = OTs
9, X = I

10, X = CH.,C=CSi(CH,h

0

CH:,
7, R = COOH

12, R = CH,CH2CH2CH3

into the iodide 9. This displacement of a neopentyl tosylate 
took place very efficiently (91% yield after distillation) 
using sodium iodide in warm hexamethylphosphoramide.4 
A second substitution at this hindered center occurred 
upon treatment of 9 in the same solvent with lithio-l-tri- 
methylsilylpropyne5 to form 10. Earlier workers have com
mented on the particular effectiveness of hexamethylphos-

phoramide as solvent in neopentyl substitution reactions,6 
and our results here are in line with this experience. Expo
sure of 10 to aqueous ethanolic silver nitrate followed by 
potassium cyanide led to removal of both protecting groups 
and formation of ketone 11. This treatment with silver(I) is 
a known7 method for desilylation of protected acetylenes, 
and the changes involved in converting 10 into the interme
diate silver acetylide render the aqueous alcoholic medium 
sufficiently acidic (apparent pH ~2) to permit concomitant 
acid hydrolysis of the ethylene ketal. The structure of 11 
was confirmed by catalytic hydrogenation of the triple 
bond to furnish the corresponding butyl compound 12. A 
comparison sample of 12 was available through conjugate 
addition of lithium dibutylcuprate8 to 3-methyl-2-cyclo- 
pentenone. The acetylenic ketone 11 was then pyrolyzed in 
an evacuated sealed tube for 7 min at ~380° to furnish a 
mixture of bicyclic ketones 4 and 13 in 94% yield (eq 1).

0

ch2ch2c = ch 

ch3
'll

CH,
13

While thermal cyclization of various unsaturated ketones 
has been the subject of detailed study,9 there are on record 
very few examples of this transformation leading to bicy- 
clo[3.3.0]octanes,10 or involving alkynes11 rather than alk- 
enes. Ketones 4 and 13 were separated by preparative 
vapor phase chromatography (VPC) and their structures 
assigned on the basis of spectroscopic data, subsequent 
reactions, and -he following considerations.

The cis ring juncture of 13 is suggested by previous ob
servations that related pyrolyses lead preferentially to cis- 
fused ring systems;9 in models of 11 it is virtually impossi
ble to achieve the geometry necessary for trans cyclization. 
This stereochemistry of 13 was confirmed chemically by 
transformations noted below. The direct product expect
ed9,10 from this intramolecular ene reaction of the enol of 
11 was the exo methylene ketone 13, since previous cycliza
tion of appropriately substituted cyclopentanones had fur
nished none of the alternative bicyclo[3.2.l]octanes.12 The 
presence of 4 in the thermolysis product can be accounted 
for by wall-catalyzed11 enolization of 13, followed by sym
metry-allowed13 [1,5] hydrogen shift in the enol,14 as shown 
in eq 2. Indeed we were able to carry out this rearrange-

H
/  \
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ment starting with purified 13, and further to show that it 
is a reversible reaction. Thermolysis of either 4 or 13 at 
~380° led to an equilibrium mixture containing these two 
isomers in the ratio 69:31 (4:13). Preparation of the 
strained skeleton of 4 was thus possible by this thermal 
route which permitted interconversion of 4 and 13 at a 
temperature sufficiently high to overcome what at room 
temperature presumably would be an unfavorable equilib
rium. Furthermore, these thermal conditions quite specifi
cally avoided in the final step the undesired presence of 
acid or base.

The expected sensitivity of 4 to enolizing conditions was 
confirmed. Exposure of the a,/5-unsaturated ketone to po
tassium carbonate in aqueous alcohol at 80° led to smooth 
migration of the double bond out of conjugation and for
mation of 5. At equilibrium the relative amounts of the two 
species are 3:97 (4:5). The equilibration was conveniently 
monitored spectroscopically, since the vestigial equilibrium 
concentration of 4 could be measured readily through its 
strong ultraviolet absorption at 261 nm (e 8800). These 
measurements indicate that 4 is disfavored relative to 5 by 
about 2.4 kcal/mol. Since in 4 the double bond is both con
jugated with the carbonyl group and also more highly sub
stituted than in 5, this energy difference must include some 
2-3 kcal/mol stabilization for the disfavored isomer. With 
this fact taken into account, the estimated strain energy in 
4 is approximately 5 kcal/mol, which appears quite reason
able. The corresponding difference, for example, between 
the cis and trans isomers of bicyclo[3.3.0]octane (15) as de
termined by calorimetry is 6.0 kcal/mol.15

This instability of trans-fused bicyclooctanes permits as
signment of cis stereochemistry to 5, since this d,y-unsatu- 
rated ketone is formed under enolizing conditions. Catalyt
ic hydrogenation of the double bond in either 5 or 13 gave 
rise to a mixture of the same two bicyclooctanones, 16 and 
17, and this correlation provides chemical evidence for the 
cis ring fusion in 13. Addition of hydrogen to both 5 and 13 
should be favored from the convex upper face of the mole
cule; on this basis the major hydrogenation product, which 
is the same in the two cases, is endo methyl ketone 16. This 
stereochemical assignment is supported by NMR spectral 
comparisons between 16 and 17 and the previously de
scribed16 ketones 18 and 19. The doublet methyl signals in 
16 and 17 appear at è 1.00 and 1.12 ppm, respectively, while 
the corresponding resonances in 18 and 19 are at 1.0 and 
1.11 ppm.16

Experimental Section

Materials and Equipment. All VPC was carried out using a 
Varian Aerograph Model A-90-P3 gas chromatograph with one of 
the following columns: A, 25% QF-1, 15 ft X  0.375 in.; B, 25% QF-1,
10 ft X  0.25 in.; C, 30% DEGS, 10 ft X  0.375 in.; D, 25% PDEAS, 50 
ft X  0.25 in. All columns were prepared using 45/60 Chromosorb W 
in aluminum tubing. Uv spectra were obtained in 95% ethanol so
lutions with a Cary Model 14PM recording spectrophotometer. Ir 
and NMR spectra were obtained for CCI4 solutions, the former on 
a Perkin-Elmer Model 237B spectrophotometer and the latter on a 
Varian HR-220 (220 MHz) spectrometer. Mass spectra were ob
tained on a Du Pont 21-492 double-focusing mass spectrometer 
with a resolution of 104 and results were processed with an AEI 
DS-30 data system. Boiling points are uncorrected; solutions were 
dried over MgSCh. Unless otherwise noted, products were obtained 
as colorless oils.

3-(3-Butynyl)-3-methyleyclopentanone (11). The prepara
tion of hydroxy ketal 6 has been described previously.3 An analyti
cal sample was obtained by preparative VPC on column B (160°, 
120 ml/min): ir 3620 (m), 3475 (br), 2940 (s), 2855 (m), 1338 (m), 
1100 (s), 1018 (s), 940 cm“ 1 (m); NMR 6 3.81 (s, 4 H), 3.29 (s, 2 H), 
2.30 (br s, 1 H), 1.88-1.31 (m, 6 H), 1.04 (s, 3 H).

Anal. Calcd for C9H16O3: C, 62.76; H, 9.36. Found: C, 62.61; H, 
9.40.

Unpurified 6 (6.76 g, 39.3 mmol) in pyridine (100 ml) was con
verted to the tosylate with p-toluenesulfonyl chloride (11.45 g, 60 
mmol) at 0° for 20 hr. The reaction mixture was poured onto ice 
and extracted three times with ether. The combined organic ex
tracts were washed several times with water and then brine. After 
drying and removal of solvent in vacuo, 17.38 g (96%) of a pale red
011 was obtained. An ir spectrum of this material lacked hydroxyl 
absorption and contained sulfonate ester bands at 1168 and 1177 
cm-1. Without further purification, the tosylate (1.265 g, 3.88 
mmol) was treated with sodium iodide (4.92 g, 32.8 mmol) in hex- 
amethylphosphortriamide (20 ml) at 75° for 20 hr. The reaction 
mixture was poured onto ice and extracted three times with pen
tane. The combined pentane extracts were washed with water and 
brine and dried. After removal of solvent by distillation through a 
Vigreux column and bulb-to-bulb distillation (105°, 0.6 mm), 993 
mg (91%) of an oil was obtained: ir 2955 (s), 2880 (m), 1375 (m), 
1330 (s), 1095 (s), 1023 (m), 932 cm' 1 (m); NMR S 3.79 (s, 4 H), 
3.25 (s, 2 H), 1.95-1.50 (m, 7 H), 1.18 (s, 3 H). This crude iodo ketal 
(7.90 g, 29.1 mmol) was treated with lithio-l-trimethylsilylpropyne 
(2 equiv) for 2 hr at —25° according to the procedure of Corey.5 
Distillation of the crude product gave two major fractions, which 
were analyzed by ir spectroscopy and VPC on column C (167°, 135 
ml/min). The first fraction (2.15 g), bp 78-95° (0.6 mm), was pre
dominantly unprotected acetylenic ketal; the second fraction (2.49 
g), bp 120-125° (0.6 mm), consisted essentially of the fully pro
tected acetylene (70% yield).

Removal of both protecting groups was accomplished by treat
ing an ethanolic solution of the distilled product with an equiva
lent weight of silver nitrate in 80% aqueous ethanol; after stirring 
at room temperature for 15 min, the reaction mixture was heated 
to reflux and then allowed to cool. Aqueous potassium cyanide (5 
equiv) was added and the mixture was stirred for 1 hr. After dilu
tion with water and extractive work-up with pentane, bulb-to-bulb 
distillation (135°, 12 mm) gave highly pure acetylenic ketone 11. 
Spectra were recorded on a sample further purified by preparative 
VPC on column C (170°, 135 ml/min): ir .3310 (s), 2955 (s), 2115 
(w), 1748 (s), 1400 (m), 1375 (w), 1245 (m), 1150 cm“ 1 (m); NMR S
2.24-1.63 (m, 11 H), 1.07 (s, 3 H); mass spectrum m /e 150.1054 
(M+, calcd for C10H 14 0 , 150.1044).

Longer reaction times and/or higher temperatures in the alkyla
tion step produced significant amounts of internal acetylene, 3-(2- 
butynyl)-3-methylcyclopentanone, after deketalization. Separa
tion was achieved by preparative VPC: ir 2958 (m), 2925 (w), 1747 
(s), 1400 (m), 1375 (w), 1150 cm“ 1 (m); NMR S 2.27-1.61 (m, 11 H) 
with t, J  = 2.5 Hz, at 1.77, 1.13 (s, 3 H); mass spectrum m /e 
150.1043 (M+, calcd for C10H14O, 150.1044).

3-Butyl-3-methylcyclopentanone (12). To a suspension of 
copper iodide (15.24 g, 80 mmol) in anhydrous ether (300 ml), 
magnetically stirred under a nitrogen atmosphere and cooled to 
-25°, was added butyllithium (80 ml of a 2 M  solution, 160 mmol) 
at a rate such that the temperature of the reaction did not exceed 
—20°. After completion of the addition, the mixture was stirred at 
—20 to —25° for 15 min before 3-methylcyclopent-2-enone (7.68 g, 
80 mmol) in ether (50 ml) was added dropwise. After 0.5 hr at 
-25°, the reaction mixture was warmed to —5° and then poured
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with rapid stirring onto saturated aqueous ammonium chloride. 
The ethereal layer was separated and the aqueous phase was ex
tracted twice with ether; the combined organic phases were washed 
with saturated ammonium chloride, water, and brine and dried. Ir 
analysis of the residue obtained after removal of solvent in vacuo 
indicated no remaining unsaturated ketone. Purification was ac
complished by distillation, bp 81-83° (10 mm), and preparative 
VPC on column C: ir 2960 (s), 2940 (s), 2875 (m), 2870 (m), 1748 
(s), 1465 (m), 1400 (m), 1375 (m), 1250 (w), 1165 (m), 1125 cm“ 1 
(m); NMR <5 2.22-2.12 (m, 2 H), 1.93 (AB q, J  = 17.5 Hz, 2 H), 
1.82-1.14 (m, 8 H), 1.04 (s, 3 H), 0.92 (t, J  = 6.5 Hz, 3 H); mass 
spectrum m /e 154.1367 (M+, calcd for CioHjsO, 154.1357).

Hydrogenation of 11. The keto acetylene 11 was hydrogenated 
in methanol over 5% Pd/C. The reaction mixture was filtered, di
luted with water, and extracted with pentane. After removal of sol
vent, the product had an identical VPC retention time and ir spec
trum with those of authentic 1 2 .

Pyrolysis o f 11. In general, 75-100 mg of the acetylenic ketone 
was placed in a 2 0 -ml tube which was cooled, evacuated, sealed, 
and heated at ~380° for 7-10 min. Under these conditions, no 
acetylene remained. From 515 mg of 11 pyrolyzed in a number of 
batches, 483 mg was obtained after bulb-to-bulb distillation (115°, 
12 min). VPC analysis on column A (158°) indicated the formation 
of a 1:1 mixture of two products. Preparative VPC gave a sample 
of each. The first was 13: uv Xmax 294 nm (t 99); ir 3070 (w), 2945 
(s), 2860 (m), 1745 (s), 1645 (w), 1450 (m), 1410 (m), 1375 (w), 1240 
(m), 1115 (m), 890 cm“ 1 (s); NMR S 5.03 (dd, J  = 2.0, 2.0 Hz, 1 H), 
4.90 (dd, J  =  2.0, 2.0 Hz, 1 H), 2.47 (br, 1 H), 2.46-2.22 (m, 4 H),
1.86-1.54 (m, 4 H), 1.22 (s, 3 H); mass spectrum m/e 150.1061 (M+, 
calcd for C10H14O, 150.1044).

The second was 4: uv Xmax 261 nm (e 8800); ir 2945 (s), 2850 (m), 
2825 (w), 1712 (s), 1655 (s), 1440 (m), 1415 (m), 1375 (m), 1295 (m), 
1240 (m), 1118 (m), 1000 cm- 1 (m); NMR 5 3.00-2.81 (m, 1 H), 
2.59-2.27 (m, 3 H), 2.19-1.55 (m, 4 H), 1.97 (m, 3 H), 1.16 (s, 3 H); 
mass spectrum m /e 150.1047 (M+, calcd for C10H14O, 150.1044).

Resubmission of either product to the reaction conditions for 1 
hr produced an equilibrium mixture of 69% 4 and 31% 13.

Base-Catalyzed Equilibration of 4. The «,fi-unsat.urated ke
tone 4 was taken up in 0.01 M  potassium carbonate dissolved in 
75% aqueous methanol (~1 mg/ml) and the mixture was heated at 
a gentle reflux under a nitrogen atmosphere for 1 day. After addi
tion of water and extraction with pentane, VPC analysis of the res
idue on column A indicated one major (>90%) new peak which was 
collected and identified as 5: uv Xmax 304 nm (e 179); ir 3035 (w), 
2945 (s), 2855 (m), 2845 (m), 1742 (s), 1448 (m), 1410 (m), 1375 
(m), 1240 (m), 1015 (w), 840 cm- 1  (w); NMR 8 5.43 (br s, 1 H), 2.47 
(br s, 1 H), 2.32-2.14 (m, 4 H), 1.94-1.64 (m, 2 H), 1.71 (m, 3 H), 
1.24 (s, 3 H); mass spectrum m/e 150.1040 (M+, calcd for C10H14O, 
150.1044).

The equilibration of 4 and 5 was performed in 95% ethanol and 
followed spectrophotometrically at 261 nm. The equilibrium con
stant for the reaction 4 <=? 5 is K  = 32.3.

Preparation of en d o - and exo-5,8-Dimethyl-cis-bicy- 
cIo[3.3.0]octan-2-one (16 and 17). Hydrogenation of 13 in metha
nol with 5% Pd/C catalyst gave a 22:78 mixture of two products. 
These were separated by preparative VPC on column D. First elut
ed was the minor product 17: ir 2945 (s), 2855 (m), 1741 (s), 1455 
(m), 1410 (w), 1375 (m), 1045 cm“ 1 (w); NMR <5 2.31-1.34 (br m, 10 
H), 1.22 (s, 3 H), 1 .1 2  (d, J  =  6.5 Hz, 3 H); mass spectrum m/e 
152.1201 (M+, calcd for Ci0H16O, 152.1200).

Second eluted was the major product 16: ir 2945 (s), 2855 (m), 
1740 (s), 1450 (w), 1410 (w), 1375 (w), 1255 (w), 1140 cm“ 1 (m); 
NMR 5 2.31-1.34 (br m, 10 H), 1.21 (s, 3 H), 1.00 (d, J  =  6.5 Hz, 3 
H); mass spectrum m /e 152.1209 (M+, calcd for CioHigO, 
152.1200).

Hydrogenation of 5 under the same conditions produced 16 and 
17 in the ratio 67:33.
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The bicyclo[n.l.O]alka-l,n-dienes (n =  5-10) have been synthesized and their thermal chemistry investigated. 
Products resulting from concerted sigmatropic processes or their structural equivalent in the form of biradicals 
where both carbon and hydrogen serve as the migrating group were observed, but the proportions of each were 
markedly controlled by ring size. When n = 5 spontaneous rearrangement (<25°) to 7-methylenebicyclo[4.1.0]- 
hept-2-ene (3) occurs. At higher temperatures this compound undergoes rearrangement to give two new hydrocar
bons identified as 4-methylenebicyclo[3.2.0]hept-2-ene (4) and l-vinyl-l,3-cyclohexadiene (5). When n = 6 and 7 
the products are 3-methylene-l,4-cyclooctadiene (9) and 3-methylene-l,4-cyclononadiene (12), respectively. 
When n =  8 the starting diene is much more thermally stable and gives a 2:1 mixture of 4-methylenebicyclo-
[5.3.0]dodec-2-ene (16) and 3-methylene-l,4-cyclodecadiene (17). The slower reaction rate is interpreted in terms 
of transannular nonbonded interactions within the ten-membered ring. Larger rings (n =  9 and 10) give 4-methy- 
lenebicyclo[6.1.0]undec-2-ene (19) and 4-methylenebicyclo[7.1.0]dodec-2-ene (21), respectively.

We have previously reported3-4 the synthesis and ther
molysis of the bicyclo[n. 1.0]alka-l,n-dienes 1 and 2 (n = 5,

1 2
6). Since these two compounds exhibited very different 
thermal chemistry, it was of interest to investigate the ef
fect of ring size on other accessible members of this family. 
In this paper we report more fully on compounds 1 and 2 
and on four new bicyclo[n. 1 .0]alka-l,n-dienes where n =
7-10.

The bicyclo[n.l.O]alka-l,n-dienes were synthesized by 
treating the appropriate a>,co-dichlorobicyclo[n. 1 .0]alkane 
with KO-f-Bu in DMSO5 as shown by the general form of 
eq 1. For some of the larger rings the starting dichloride

n = 5-10
was a mixture of cis and trans isomers, but the stereochem
istry is lost during the base-induced elimination-isomeriza
tion sequence.

Bicyclo[5.1.0]octa-1,5-diene (1) was not isolated from the 
synthetic scheme, but suffered a methylenecyclopropane 
rearrangement under the reaction conditions (15-25°) to 
give 7-methylenebicyclo[4.1.0]hept-2-ene (3), which was

3

isolated in 50% yield. Thermolysis of 3 was carried out in 
the gas phase between 126.1 and 186.2°, using a diffusively 
stirred flow system with nitrogen as the carrier gas.6 Two 
major thermolysis products were isolated and identified as
4-methylenebicyclo[3.2.0]hept-2-ene (4) and l-vinyl-1,3- 
cyclohexadiene (5). They were produced in a 1.15 ±  0.05 
ratio at all temperatures. The study of the thermolysis is 
outlined in eq 2. Both reactions followed a first-order

Scheme I

6a 6b 7

course with the indicated rate constants. Scheme I conve
niently accounts for both 4 and 5 from 3. The formation of 
4 suggests this diradicai path, since a one-step thermally al
lowed 1,3-sigmatropic shift requires an inversion at the mi
grating carbon, leading to an unknown trans-fused ring sys
tem, and the 3,3-sigmatropic shift is impossible because of 
severe geometrical restraints. The formation of 5 from 3 is 
accounted for through the fission7 of the “ 1,4” diradicai 6 
to the tetraene 7 followed by a facile cyclization to 5.8

Bicyclo[6.1.0]nona-1,6-diene (2) was prepared from 9,9- 
dichlorobicyclo [6.1 .0] nonane using the elimination-isomer
ization sequence illustrated in eq 1 . The rearranged prod
uct analogous to 3, compound 8, was not detected, as shown

8

by the reduction to cis-bicyclo[6.1 .0]nonane and the ab
sence of a prominent ir band at ~11.3 p (methylenecyclo
propane). Presumably 2 is, by virtue of the larger ring size, 
less strained than 3, accounting for the preparation of 2 
and not 8.

The thermolysis of 2 was studied in the liquid phase 
using DMF solvent and 2 was found to rearrange to 3- 
methylene-l,4-cyclooctadiene (9) by a first-order process, 
followed by NMR, giving k  = 1011 e _29’000¡r t  sec- i  ( e q  3)

9
This rearrangement must involve a hydrogen migration. 

The marked contrast in the thermal chemistry of 1 and 2 is 
at first surprising. However, transannular interactions are 
well documented in Cs rings9 and similar, although less fac
ile, rearrangements of related systems are well known10 (eq
4). The strain energy associated with the methylenecyclo
propane would be expected to accelerate 2 —► 9. In terms of 
conformation, compound 2 should be ideally disposed to 
form 9, since labeling studies for the related systems10 have
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H

shown that the migrating hydrogen is trans to the cyclopro
pane ring. It may occur by the sequence 2 —«• 8 —► 9, or by a 
direct hydrogen shift in 8. An argument against the inter
mediacy of 8 is that its expected rearrangement product,4b 
10, is undetected.

10

In strict analogy to eq 3 (2 —► 9), bicyclo[7.1.0]deca-l,7- 
diene (11) rearranges exclusively to 3-methylene-l,4-cyclo- 
nonadiene (12) (eq 5). This rearrangement is nearly com-

11 12

plete in 30 min at 110° or 3 hr at 80°. The formation of 12 
was also observed by Radlick, Fenical, and Alford11 in a 
closely related reaction. When they attempted to prepare
9-methylenebicyclo[6.1.0]nona-2-ene (13) by thermolysis of 
the hydrated amine oxide 14, 12 was obtained, presumably 
via 13 (eq 6). Compounds 11 and 13 are related by a methy-

O
t

14 13

lenecyclopropane rearrangement. Molecular models reveal 
that 11 probably exists in the cis-syn stereochemical form. 
This assures favorable conformation for direct hydrogen 
migration, although the same mechanistic uncertainties 
exist as discussed earlier for the rearrangement of 2.

Unlike the other compounds in this series, bicy- 
clo[8.1.0]undeca-l,8-diene (15) was found to undergo ther
mal reorganization by competing processes in which both 
carbon and hydrogen serve as the migrating atom. Thus, 15 
rearranges dy (16 hr at 140°) to give a 2:1 mixture 
(NMR) of 4-methylenebicyclo[5.3.0]deca-2-ene (16) and 3- 
methylenecyclodeca-1,4-diene (17) (eq 7).

15 16 17

The marked thermal stability of 15 in comparison to 2 
and 11 is at first surprising, but can be reconciled on the 
basis of geometrical restraints in the ten-membered ring. 
Models indicate that the cis-syn stereochemical form of 15 
is the more favorable one and the observation of a major 
GC peak suggests one isomer. Nevertheless, this compound 
is highly encumbered sterically and this probably serves to 
retard the rate of rearrangement.

Larger rings give only rearrangement products resulting 
from sigmatropic processes involving carbon. Thus bicyclo-
[9.1.0]dodeca-l,9-diene (18) gives the cyclopentene 19 in 
nearly quantitative yield after refluxing in toluene at 105° 
for 4 hr (eq 8). A minor product, not identified, observed in

18 19
the NMR spectrum of the crude product was shown to 
arise from thermal rearrangement of the product 19.

Similarly, bicyclo[10.1.0]trideca-l, 10-diene (20) yields 
only 4-methylenebicyclo[7.3.0]dodeca-2-ene (21) (eq 9).

The question of concertedness vs. diradicals for the ali- 
cyclic counterpart of eq 7-9 has been discussed in several 
recent papers.4 Geometrical restraints within the starting 
hydrocarbons probably rule out concerted [3,3]-sigmatropic 
processes for the systems under study here. All of the prod
ucts can be accounted for through the regiospecific closure 
of diradicals (22 is not observed) or vinylcyclopropane rear
rangement of intermediate 23.

Experimental Section
General. Infrared spectra were recorded as liquid films on a 

Beckman IR-8 spectrometer. NMR spectra were recorded on Var
ían A-56/60A and Perkin-Elmer R-12 spectrometers in CCI4 solu
tion and results are expressed in parts per million downfield from, 
internal TMS (5). GLC analyses were carried out on Hewlett- 
Packard Model 700 and Aerograph Autoprep A-700 instruments 
with thermal conductivity detectors using a 3 ft X 0.125 in. 15% 
column packed whh /S.d'-oxydipropionitrile on Chromosorb P. All 
boiling points are uncorrected and were run using a short-path dis
tillation head.

Materials. Cycloheptene and cyclododecene were supplied by 
Chemical Samples Co. and used without further purification. Cy- 
clooctene was used as received from Matheson Coleman and Bell. 
Potassium feri-butoxide was supplied by MSA Research Corp. Di
methyl sulfoxide (Aldrich) was distilled from CaH2 and stored over 
4A molecular sieves prior to use. All other solvents were reagent 
grade and used as received.

Cyclononene, cyclododecene, and cycloundecene were prepared 
by reduction of the corresponding alienes with sodium in ammo
nia.12 Precursor alienes were prepared by the general ring-expan
sion methods of Moore and Skatteb0l13 using cyclooctene as a 
starting point. gera-Dichlorocyclopropanes were prepared after 
Skell and Garner.14

7-Methylenebicyclo[4.1.0]hept-2-ene (3). The preparation of 
this compound from 8,8-dichlorobicyclo[5.1.0]octane is representa
tive of the preparations outlined for the other bicyclo[n. 1 .0]alka- 
l,n-dienes. In a 250-ml three-necked flask equipped with a stirrer 
and nitrogen purging system was prepared a solution of 28.1 g 
(0.25 mol) of KO-i-Bu in 100 ml of dry dimethyl sulfoxide. 8 ,8- 
Dichlorobicyclo[5.1.0]octane (21.5 g, 0.12 mol) was added dropwise 
with stirring over a 30-min period. The mixture was then stirred 
for 1 hr followed by addition of water. The aqueous layer was ex
tracted with pentane and dried over sodium sulfate. The solvent 
was then removed, leaving 6.36 g (0.06 mol, 50%) of crude 3. Fur
ther purification was accomplished by distillation to give 5.34 g 
(42%) of 3, bp 23° (0.22 mm). The identification of 3 rested on its 
spectra: prominent ir band at 11.28 m (methylenecyclopropane); 
NMR signals at l 0.9-2.2 (6 H) and 5.20-6.25 (4 H). 13C NMR 
shows eight distinct signals, one unattached to hydrogen. The 
mass spectrum showed a parent molecular ion at m/e 106.

Bicyclo[6.1.0]nona-1,6 -diene (2). Addition of 9,9-dichlorobicy- 
clo[6 .1.0]nonane (19.3 g, 0.1 mol) to a solution of 23.6 g (0.21 mol) 
of KO-f-Bu in 100 ml of dry DMSO produced 4.8 g of 2 (40%
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yield). Reduction of 2 to bicyclo[6.1.0]nonane was found identical 
with the sodium in ammonia reduction product of the starting 
gem-dichlorocyclopropane. The NMR is consistent with the struc
ture: 5 0.5-0.85 (1 H), 1.05-2.83 (8 H), 5.6 (m, 2H), 5.89 (m, 1 H). 
The 13C NMR shows nine signals, one for carbon not attached to 
hydrogen.

Bicyclo[7.1.0]deca-1,7-diene (11). Addition of 10,10-dichloro- 
bicyclo[7.1.0]decane (11.0 g, 0.053 mol) to a solution of KO-i-Bu 
(12.4 g, 0.11 mol) in 50 ml of DMSO at 125-125° gave 12 in 42% 
yield: bp 28° (0.2 mm); ir 3040 w, 3010 s, 2980 s, 2950 s, 2920 s, 
2880 s, 2840 m, 2830 m (C-H), 1640 m (C=C), 1440 s, 1330 w, 1270 
w, 1225 w, 1075 w, 980 m, 925 m, 730 s, 705 cm“ 1 w; NMR 8 0.6-1.0 
(m, 2 H), 1.1-2.9 (m, 9 H), 5.15-6.1 (m, 3 H).

Bicyclo[8.1.0]undeca-1,8 -diene (15). Treatment of 6 g of
11,11-diehlorobicyclo [8.1.0]undecane with KO-f-Bu (6.2 g, 0.56 
mol) in 25 ml of DMSO gave 2.9 g (72% yield) of 15: bp 55-57° (1.3 
mm); ir 3040 w, 3020 m, 2970 s, 2940 s. 2930 s, 2870 s, 2830 m (C- 
H), 1640 w (C=C), 1450 s, 1430 m, 1420 m, 1340 w, 1310 w, 1260 w, 
1245 w, 1200 w, 1140 w, 1100 w, 1020 m, 908 s, 940 m, 840 m, 820 
m, 790 m, 740 m, 720 m, 695 cm- 1  m; NMR 5 0.65-2.9 (m, 13 H),
5.0-5.95 (m, 3 H).

Bicyclo[9.1.0]dodeca-1,9-diene (18). 18, bp 68-70° (1.2 mm), 
was prepared in 69% yield by treating 12,12-dichlorobicyclo-
[9.1.0] dodecane with a solution of 11.7 g (0.104 mol) of KO-f-Bu in 
50 ml of DMSO: ir 3040 w, 3010 m, 3070 s, 3030 s, 2850 s (C-H), 
1630 w (C=C), 1450 s, 1430 s, 1390 w, 1330 w, 1260 w, 1010 w, 980 
w, 970 w, 960 w, 920 w, 830 w, 740 cm- 1  m; NMR 8 0.8-1.75 (m, 1 1  
H), 1.75-2.6 (m, 4 H), 4.9-5.9 (m, 3 H).

Bicyclo[10.1.0]trideca-1,10-diene (20). This compound was 
prepared in 94% yield (crude) as described previously.5“ Distilla
tion of the crude material gives the product, bp 83-85° (1.3 mm), 
in 75% yield. The crude material is nearly as pure as the distilled 
product.

Thermolysis of 7-Methylenebicyclo[4.1.0]hept-3-ene (3).
Thermolysis of 3 was carried out in the gas phase using the flow 
system which has been described previously.411'6 Products 4 and 5 
were obtained from the condensed effluent by preparative GLC 
using a 10 ft X 0.125 in. column packed with 15% FFAP on Chro- 
mosorb P. The uv of 4 shows the diene structure, Ama>; 238 nm (e 
15,000); the proton NMR is well resolved, S 1.5-2.7 (m, 4 H), 3.24 
(m, 2 H), 4.62 (s, 1 H), 6.2 (s, 2 H). 5 is a known compound. 15 Its uv 
max absorption and NMR spectrum are indistinguishable from 
those kindly supplied by Dr. Ziegenbein. Kinetic measurements 
were carried out between 126.1 and 186.2° as described earlier for 
several related systems.411

Thermolysis of Bicyclo[6.1.0]nona-1,6 -diene (2). The ther
molysis of 2 was carried out in DMF at 80-100°. The product 9 is 
shown by the Amax 250 nm and the skeleton by reduction to meth- 
ylcyclooctane with PtC>2 in ether. The NMR is too simple to allow 
a structure of lesser symmetry: 8 1.44 (m, 2 H), 2.55 (m, 4 H), 4.93 
(s, 2 H), 5.33 (dt, 2 H, J  =  11.5, 8.4 Hz), 6.24 (d, 2 H, J  = 11.5 Hz).

Thermolysis of Bicyclo[7.l.0]deca-1,7-diene (11). A solution 
of 11 (0.5 g) was heated at 110° in 21 ml of toluene for 30 min, after 
which analysis by NMR showed nearly complete conversion to 3- 
methylene-l,4-cyclononadiene (12). In benzene (80°) it takes 3 hr. 
Identification of the very sensitive 13 rested on its NMR spectrum, 
which was identical with that reported.11

Thermolysis of Bicyclo[8.1.0]undeca-1,8 -diene (15). A solu
tion of 15 in xylene was heated at 140° for 16 hr. After this time 
~90% of 15 was converted to a 2:1 mixture of 4-methylenebicyelo-
[5.3.0] dec-2-ene (16) and 3-methylene-l,4-cyclodecadiene (17). No 
suitable GLC column and conditions were found to adequately 
separate the high-boiling, easily polymerized compounds. Column 
chromatography through 25% AgNO.3 on silica gel resulted in puri
fication of 16, but 17, which was first to emerge from the column,

could only be enriched. Compound 17 was readily identified by the 
very close resemblance of its NMR spectrum to that of 13. The ole- 
finic portion shows a narrow multiplet at 8 4.87 (2 H, =C H 2), dou
blet triplet at 5.30 (2 H, J  = 11, 8.5 Hz), and a doublet triplet at
6.05 (2 H, J  =  11, 1 Hz). Compound 16 shows NMR signals at 8
1.5-2.0 (m, 10 H), 2.65-3.1 (m, 2 H) 4.57 (s, 1 H), 4.8 (s, 1 H), and 
5.65-6.1 (m, 2 H).

Thermolysis of Bieyclo[9.1.0]dodeca-1,9-diene (18). 18 was 
completely converted to 4-methylenebicyclo[6.3.0]undec-2-ene
(19) by refluxing in xylene at 140° for 30 min or toluene for 3 hr at 
119°. Column chromatography (25% AgNC>3 on silica gel) gave 
pure 19: ir 3080 w, 3060 w, 2920 s, 2860 m (C-H), 1720 w (C=C), 
1625 s (C=CH2), 1460 s, 1535 m, 850 s, 790 cm-1 m; NMR 8 5.7-
6.1 (m, 2 H), 4.65 (d, 2 H, J = 13 Hz), 2.45-3.0 (m, 2 H), 1.15-1.9 
(m, 12 H).

Thermolysis of Bicyclo[10.1.0]trideca-1,10-diene (20). The
rearrangement of 20 to 21 was complete after 4 hr in toluene reflux 
(110°): ir 3080 w, 3060 w, 2970 m, 2930 s, 2850 s (C-H), 1720 w 
(C=C), 1625 s (C=CH2), 1460 s, 1435 s, 1340 w, 850 m, 780 cm“ 1 
m; NMR 8 1.0-2.0 (m, 14 H), 2.45-3.0 (m, 2 H), 4.65-5.1 (m, 2 H),
4.7 (d, 2 H, J  =  12 Hz, C=CH2).
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The stereochemical assignments for the C-2 and C-4 methyl groups in the four isomers of multistriatin (2,4- 
dimethyl-5-ethyl-6,8-dioxabicyclo[3.2.1]octane, la-16) were determined on the basis of chemical and spectromet- 
ric data. The stereospecific addition of cis-2-buten-l-ol to 2-methyl-l-penten-3-one (3) to give la and I7 , and a 
similar addition of frans-2-buten-l-ol to 3 to give 16 established the relative stereochemistry at C-2..Assignment 
of the C-2 and C-4 methyl group signals in the NMR spectra based on deuterium-labeled la-16 and comparisons 
of chemical shift data led to the assignment of the relative stereochemistry at C-4. These assignments were sup
ported by acid-catalyzed equilibration of la and I7  and of 1/8 and 16. a-Multistriatin (la) is one of the three es
sential components of the aggregation pheromone of the European elm bark beetle.

The bicyclic ketal «-multistriatin is one of three essential 
components of an aggregation pheromone for the European 
elm bark beetle, Scolytus multistriatus (Marsham), which 
is the principal vector of Dutch elm disease in the United 
States. In earlier work1 we established the gross structure 
of multistriatin (1) and demonstrated that a mixture of a- 
multistriatin, 4-methyl-3-heptanol, and a-cubebene elicits 
aggregating behavior similar to that observed in the mass 
attack of S. multistriatus on beetle-infested elm trees.

B A

This pheromone was isolated from the air surrounding vir
gin female beetles boring in American elm (Ulmus ameri- 
cana) logs and is a potentially useful agent for monitoring 
and controlling beetle populations. The isolation procedure 
yielded two isomers of multistriatin, the biologically active 
a isomer (la ) and the inactive (1 form (1/3). In addition to 
the two naturally occurring forms, two additional isomers, 
7  (I7 ) and 5 (16), are possible.

As part of a continuing study of the relationship between 
molecular structure and biological activity, we investigated 
the relative stereochemistry of the four multistriatin iso
mers, and in this report we provide evidence for the struc
tural assignments of la-16.

The previously reported nonstereospecific synthesis of 
multistriatin gave four isomers (la:l/3:ly:16 34:1:7:58) on 
GLC fractionation.1 These isomers are characterized by

^ 5
la 1/3

I

' o - -----
l-y 15

their MS, ir, and NMR spectra and by their gas chromato
graphic properties. The MS data for la-15 exhibit no sig
nificant qualitative variations and only minor quantitative 
differences. Similarly, the ir data for la-15 exhibit only 
minor variations at characteristic absorptions associated 
with CH, CC, and CO stretching frequencies. The four 
NMR spectra summarized in Tables I and II all show 
downfield signals for the three protons H d , H e , and H f , a 
six-proton methylene envelope, and upfield signals for the 
three methyl groups. As shown in Figure 1, the isomer pair 
la .ly  clearly differs from the 1/8,15 pair in the patterns ob
served for the C-7 methylene protons, Hd and He. In the 
la  and I7  spectra, the two protons appear as two separate 
signals at approximately 3.7 (H d ) and 3.9 (H e ) ppm, re
spectively, whereas in Id and 15 both signals are observed 
at 3.9 ppm.

A stereospecific synthetic approach to the multistriatin 
isomers provided direct chemical evidence for the stereo
chemistry at C-2 relative to the bicyclic ketal ring system. 
The thermal addition of a,/3-unsaturated aldehydes and ke
tones to a,/8-unsaturated alcohols has been used as a one-

Table I
NMR Chemical Shifts (5) for Multistriatin Isomers

Multistriatin protons, chem ical shifts0

Isomer A B C D E F

la 0.81 0.81 0.94 3.68 3.89 4.20
(3 H, d) (3 H, d) (3 H, t) (1 H, ddd) (1 H, dd) (1 H, m)

Iß 1.24 1.10 0.93 3.85 4.26
(3 H, d) (3 H, d) (3 H, t) (2 H, m) (1 H, m)

ly 0.80 1.01 0.92 3.65 3.94 4.19
(3 H, d) (3 H, d) (3 H, t) (1 H, ddd) (1 H, d) (1 H, m)

15 1.15 0.81 0.94 3.85 4.22
(3 H, d) (3 H, d) (3 H, t) (2 H, m) (1 H, m)

“ d = doublet, dd = doublet of doublets, ddd = doublet of doublets of doublets, t = triplet, m = multiplet.
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lot 1B

E

419 3.92 3.65 4.22 3.85
Figure 1. NMR spectra of protons D, E, and F for l a ,  1/3, l y ,  and 
16.

step synthesis of the dioxabicyclo[3.2.1]octane ring sys
tem.2-4 We adopted a similar approach by adding 2-buten- 
l-ol (2) to 2-methyl-l-penten-3-one (3). Toluene solutions 
of the cis isomer (2a) and 3 and of the trans isomer (2b) 
and 3 were each heated to 270-290°, and the distribution of 
la-15 was determined by preparative GLC, NMR, ir, and 
MS analysis. The results clearly showed that the addition 
of the cis alcohol (2a) to 3 gave la  and I7  (2:1) with the vir
tual exclusion of the Id, 15 isomer pair. However, when 2a 
was replaced with the trans alcohol (2b), 15 was formed 
with only trace quantities of la, I7 , or Id-

A one-step cycloaddition of 2a or 2b to 3 to give a dihy- 
dropyran intermediate (4a or 4b) with subsequent ketal 
formation explains the stereospecificity observed in the 
formation of the multistriatin isomers and is consistent 
with previous findings associated with this type of reac
tion.5,6 The stereospecific cycloaddition of 2a to 3 should

2a

la + I7

4a

give 4a, and under the reaction conditions, ring closure 
would lead to products la  and I7 . Thus the C-2 methyl 
groups in la  and I7  must exist in the endo configuration. 
Similarly, the addition of 2b to 3 would yield the Id,I7  iso
mer pair, and the C-2 methyl groups would have the exo 
configuration. The failure to isolate Id from the reaction 
mixture is probably related to the relative instability of this 
isomer.

Acid-catalyzed hydrolysis of the ketal to the keto glycol 6 
via the dihydropyran intermediate 5 epimerizes the C-4 
asymmetric center, leaving the configuration of C-2 un
changed. The result is that isomers with the same relative

6

configuration at C-2 are interconverted, whereas those with 
different configurations at C-2 are not. On equilibration in 
dilute phosphoric acid, GLC-purified isomer la yielded a 
80:20 mixture of la  and I7 , but no Id or I7 ; under the 
same conditions, pure isomer I7  gave an identical equilibri
um mixture. Similarly, equilibrating either Id or I7  yielded

Table II
NMR Coupling Constants for Multistriatin Isomers (Hz)

Isomer J A  a  ¿ E H  ^CI.CJ J D E  D̂P J E F  JGD

l a 7.0 7.0 7.0 7.0 5.0 0.8 0.8
1/3 7.0 7.0 7.0 7.0a 5.0“ O O 0.01
ly 6.6 6.8 7.0 7.2 5.0 0.0 0.8
15

“ Calculated.
7.0 7.0 7.0 7.0“ 5.0“ 0.0“ 0.0'
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a 95:5 mixture of ly  and Id with no la  or ly. If C-4 is ep- 
imerized during the equilibration step, then isomers la and 
ly  have one configuration at C-2, and Id and 15 have the 
opposite configuration at C-2.

The assumption that enolization occurred on C-4 and 
C -ll was verified by D-H exchange data. In the D-H ex
change experiments, the equilibrating conditions were re
produced with D3PO4, and the mass spectrum of each iso
mer was recorded. In the NMR spectra, D-H  exchange was 
accompanied by collapse to singlets of the C-12 methyl 
group triplet and one of the doublets associated with the 
C-2 and C-4 methyl groups. In the mass spectra, a molecu
lar ion peak at m/e 173 and peaks at m/e 130 and 59, which 
were assigned to P — CH3CDCH2 and CH3CD2CO+, re
spectively, point to the incorporation of one D atom at C-4 
and two at C -ll.

The differences in isomer ratios for the la ,ly  pair and 
the 1/3,15 pair lend additional evidence for the stereochemi
cal assignments. If we assume that the pyran ring exists 
primarily in the chair conformation, the C-2 endo methyl 
group is equatorial, with the C-4 group either axial or equa
torial in the la ,ly  isomer pair. In this case, both the equa
torial-equatorial and the equatorial-axial isomers are rela
tively unhindered, and the la :ly  isomer ratios of 4:1 in 
equilibration and 2:1 in the stereospecific synthesis are 
consistent with these assignments. When the C-2 methyl 
group is exo as in the 1)3,15 isomer pair, the two methyl 
groups must exist either in a relatively unhindered axial- 
equatorial configuration or in the hindered axial-axial con
figuration. In the exo,exo isomer, the 1-3 axial-axial inter
action could force the pyran ring into a boat conformation; 
however, the exo,exo isomer in either conformation should 
be significantly less stable than the exo,endo isomer. This 
difference in isomer stability is reflected in the 1:20 ratio 
observed on equilibration for the 1/3,15 isomers and the fail
ure to observe 1/3 in the stereospecific synthesis. This evi
dence supports the assignment of the endo configuration at 
C-2 in la  and ly and the exo configuration at C-2 for 1/3 
and 15 and also leads to the prediction that in 1/3 the meth
yl group is exo at C-4 and the corresponding C-4 methyl 
group in 15 is endo.

An examination of the NMR shift data for the four iso
mers provides additional evidence for the assignments of 
the relative stereochemistry in the multistriatin isomers. 
Attention was focused on the two upfield doublets assigned 
to the C-2 and C-4 methyl groups, Ha and Hb, respectively. 
The signals for the two methyl groups could be distin
guished by comparing spectra for the 4,11,11-trideuter- 
iomultistriatin isomers in which the C-2 methyl group (H a ) 
appears as a doublet and the C-4 methyl group (H b ) and 
C-12 protons (He) give singlets. As shown in Table I, the 
exo C-2 methyl groups in 1/3 and 15 and the C-4 exo methyl 
group in 1/3 exhibit chemical shifts of 1.15, 1.24, and 1.10 
ppm, respectively, whereas the endo C-2 methyl groups in 
la  and I7  and the endo C-4 group in 15 have shift values of 
0.81, 0.80, and 0.81 ppm, respectively. The result of this 
comparison is that in all cases where the methyl group con
figuration is known or has been predicted, the endo methyl 
group signals are 0.29-0.44 ppm upfield from the exo meth
yl group signals. The pattern appears to be maintained in 
the case of the C-4 asymmetric center in the la ,ly  pair in 
which the methyl group is endo in one isomer and exo in 
the other. Since the chemical shift for Hb is 0.81 ppm in la 
and 1.01 ppm in I7 , the C-4 methyl group is assigned the 
endo configuration in la  and the exo configuration in I7 .

Interpretation of the observed splitting patterns for Hd 
and He was assisted by the use of spin-spin simulation ex
periments. As shown in Figure 1, the la ,ly  pattern for pro

tons Hd , He, and Hp exhibits an overall ABX form with a 
very small He-H f coupling due to the dihedral angle of ap
proximately 90° between these two protons.7 The addition
al 0.8-Hz splitting in the Hd signal could be the result of 
long-range coupling between Hd and Hq.8 This hypothesis 
was tested by simulating the Hd, He, Hp portion of the 
spectrum for la  with chemical shift data from Table I, cou
pling constants from Table II, and a chemical shift value of
1.50 ppm for He- The simulated pattern for protons Hd 
and He agreed with the observed signals with respect to 
line position and relative line intensity. A second spin-spin 
simulation experiment demonstrated that the departure of 
the Hd, He pattern in 1/3 and 15 from the pattern observed 
in the la ,l7  isomer pair results from two factors. The cou
pling constants and chemical shift values for isomers la 
and I7  were used as starting values for the 1/3,15 simulated 
spectra. When the chemical shift for H d  was increased by 
increments from 3.68 to 3.94 ppm the resulting spectra all 
contained more lines than the observed 1/3,15 spectra. 
When the Jdg value was changed from 0.8 to 0 Hz and the 
procedure repeated, the simulated spectrum duplicated the 
observed Hd, He pattern at an Hd value of 3.90 ppm. Thus, 
the observed differences in the Hd, He signals for the la ,ly  
and the 1/3,15 isomer pairs appear to result from a change 
in the J dg value and in the chemical shift for Hd rather 
than from changes in the coupling of H d , H e , and Hp. This 
evidence indicates that the ring system conformation about 
C-l and C-7 is relatively unchanged in the four isomers. 
Also the presence of long-range coupling in la ,ly  and the 
absence of similar coupling in 1/3,15 provides spectral evi
dence for the relative configuration of the C-2 methyl 
group. The observed 0.8-Hz splitting in the H d  signal of la 
and I7  could be the result of four-bond “ W ” coupling be
tween Hd and Hq when the C-2 methyl group is in the 
endo configuration; and, conversely, this coupling would 
not be present in 1/3 and 15 when the C-2 methyl group is 
exo.

The relative stereochemistry of the multistriatin isomers 
with respect to the C-2 and C-4 methyl groups can now be 
summarized as follows: la, 2 endo, 4 endo; 1/3, 2 exo, 4 exo; 
I7 , 2 endo, 4 exo; 15, 2 exo, 4 endo. Recent experiments 
have demonstrated that the naturally occurring la  is opti
cally active, and studies are currently in progress to estab
lish the absolute configuration of carbons 2 and 4 in la and 
to measure the biological activity of the geometric isomers 
of multistriatin.

Experimental Section
Mass spectra were recorded on an Hitachi RMU-6E; the ir spec

tra in carbon tetrachloride solution on a Perkin-Elmer 621; and 
the Fourier transform *H NMR spectra in deuteriochloroform so
lution on a Varian XL-100 (unless otherwise indicated) as 6 values 
with tetramethylsilane as an internal reference. The determination 
of coupling constants was assisted by the Varian 994029-B spin- 
spin simulation program and the 620 L computer. Preparative 
GLC was performed on a Varian Aerograph Series 2700 with glass 
columns containing 5% SE-30 on 60/80 DMCS Chromosorb G (10 
mm X 3.6 m, He 100 ml/min, 140°), 5% Carbowax 20M on 60/80 
DMCS Chromosorb G (6 mm X 6 m, He 60 ml/min), and 20% 
FFAP on 45/60 DMCS Chromosorb W (10 mm X 9.6 m, He 100 
ml/min, 175°).

Nonstereospecific Synthesis of la-16. Compounds la-15 were 
synthesized according to the method of Pearce et al.1 The distillate 
(81-84°, 22 mm) was fractionated by GLC on Carbowax 20M at 
140°, and four completely resolved peaks corresponding to 16, la, 
I7 , and 1)3 with retention times of 14.4, 15.3, 16.5, and 18.0 min 
and relative areas of 58:34:7:1 were collected for ir, MS, and NMR 
analysis. The NMR data are summarized in Tables I and II, and a 
partial listing of the MS and ir data is as follows.

la: MS m /e (rel intensity) 57 (100), 128 (9), 170 (4, M+); ir 2960, 
2930, 2880,1455,1375,1358,1172,1122,1030, 913, 894 cm '1.
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1/3: MS m/e (rel intensity) 57 (100), 128 (10), 170 (5, M+); ir 
2980, 2950, 2890,1465,1380,1360,1235, 1060, 915,910 cm-1.

I7 : MS m/e (rel intensity) 57 (100), 128 (9), 170 (4, M+); ir 3000, 
2980, 2930,1460,1380,1180,1165,1045,1035,1025, 905 cm“ 1.

15: MS m/e (rel intensity) 57 (100), 128 (10), 170 (5, M+); ir 
2970, 2940, 2890,1460,1380,1050, 915, 895 cm -1.

Anal. Calcd for Ci0H18O2: C, 70.55; H, 10.66. Found: C, 70.32; H,
10.49.

Equilibration of la-15. A GLC-purified sample of la (1 mg) 
was refluxed in a mixture of 0.5 ml of 1 M phosphoric acid and 0.5 
ml of tetrahydrofuran (THF) for 48 hr. The solution was saturated 
with sodium chloride, and the THF layer was removed, dried with 
anhydrous sodium carbonate, and fractionated by GLC as pre
viously described. Reaction products were identified by GLC re
tention times and ir spectra of the GLC fractions. This procedure 
was repeated for 1/3, I7 , and 15.

D-H Exchange in la-15. The reaction product of the non
stereospecific synthesis (50 mg) was refluxed in a mixture of 2.5 ml 
of 1 M deuteriophosphoric acid and 2.5 ml of THF for 48 hr. The 
reaction product was separated by preparative GLC, and the mass 
spectra of the individual fractions with retention times corre
sponding to la-15 were recorded. Each compound gave character
istic MS peaks at m/e 59, 130, and 173. To obtain 10 in sufficient 
quantities for NMR experiments, the ketal mixture (1 g) was re
fluxed for 3 days in 5 ml of 1 M deuteriophosphoric acid and 5 ml 
of THF, and the reaction product was fractionated on the FFAP 
column with retention times of 35.6, 41.6, 44.0, and 47.6 min for 15, 
la, I7 , and 1/3, respectively.

NMR Spectra of Trideuterio-la-15. The NMR spectra were 
recorded for each of the deuterium-labeled isomers la-15; how
ever, in la the signals at 1.0 ± 0.2 were not clearly resolved. The 
spectrum of la in carbon tetrachloride solution was subsequently 
recorded in the presence of freshly sublimed d27-tris(2 ,2 -dimethyl-
6,6,7,7,8,3,8-heptafluoro-2,5-octanedione)europium(III). Spectra 
were recorded at la concentrations of 0.18, 0.12, 0.06, and 0.05 M  
with a constant shift reagent concentration of 0.006 M . At a la 
concentration of 0.06 M , all lines in the region of interest were 
clearly resolved.

Preparation of cis-2-Buten-l-ol (2a). The semihydrogenation 
of 2-butyn-l-ol (10 g) was performed in a Parr hydrogenation ap
paratus at 1-7 lb and 27° with methanol (260 ml) as the solvent 
and 5% palladium on barium sulfate (260 mg) poisoned with syn
thetic quinolone (260 mg) as the catalyst.9’10 Distillation of the 
product gave 2a (7.1 g, 71%): bp 56° (40 mm); NMR 1.95 (3 H, dd),
4.22 (2 H, m), 5.74 ppm (2 H, m), recorded on a Varian A-60. GLC 
analysis of the reduction products on Carbowax 20M at 120° gave 
resolved peaks for the cis and trans isomers 2 a and 2 b and on the 
basis of peak areas indicated a cis/trans ratio of 98:2.

Preparation of 2-Methyl-l-penten-3-one (3). A solution of 
paraformaldehyde (80 g, 2.6 mol), dimethylamine hydrochloride 
(224 g, 2.6 mol), and 3-pentanone (210 g, 2 mol) was refluxed for 3 
hr in 400 ml of ethanol (95%) with 5 ml of hydrochloric acid.11 
Neutralization with potassium carbonate (450 g) followed by work
up and subsequent methylation with methyl iodide (284 g, 2 mol) 
gave 480 g of a white quaternary ammonium salt. The salt was dis
solved in 1 1. of water and stirred with 200 ml of ethyl ether and 
200 ml of 4.3 M  potassium hydroxide for 2 hr at room tempera
ture.12 The ether layer was replaced with a fresh 200-ml portion, 
and a second 200-ml aliquot of potassium hydroxide solution was 
added. Stirring was continued for an additional 2 hr and the ether 
was removed. The water was extracted twice with additional 200- 
ml portions of ether, and the combined extracts were dried over 
calcium sulfate. The ether was evaporated, and the product was 
distilled twice through a Vigreux column, yield 93.4 g (56%) of 3: 
bp 37-38° (30 mm); NMR 1.10 (3 H, t), 1.88 (3 H, s), 2.70 (2 H, q),
5.74 (1 H, m), 5.94 ppm (1 H, d).

Stereospecific Synthesis of Multistriatin (la  and I7 ). A so
lution of 3 (6.8 g, 70 mmol), 2a (5.8 g, 70 mmol), and 75 mg of hy-

droquinone in 7.5 ml of toluene was heated at 270-290° for 48 hr. 
The thermal additions were performed at autogenous pressure in 
glass tubes (6 mm X 60 cm, filled to % capacity), which were sealed 
under nitrogen and rocked continuously during the reaction. Vacu
um distillation of the reaction product in a micro short path appa
ratus yielded three fractions; A, 30-55° (bath temperature) (1 
mm); B, 80-100° (0.6 mm); and C, 80-100° (0.1 mm). GLC analysis 
on Carbowax 20M and NMR spectra of major components indicat
ed that A contained toluene and 2a (80% recovered), B contained a 
mixture of ketal isomers, and C contained only small amounts of 
the ketal isomers. Preparative GLC of fraction B on SE-30 gave a 
cluster of peaks between 17.6 and 25.6 min, which were collected 
and rechromatographed on Carbowax 20M at 140° for analytical 
determinations or on FFAP for large-scale purification. Peaks cor
responding to la-15 were collected, if present, and their identities 
verified by MS, NMR, and ir spectra. The purification sequence 
gave fractions corresponding to la and I7  (2 :1 ) with a total yield of 
580 mg (5%). Yields of 1/3 and 15 were less than 5% of the la + 15 
yield.

Stereospeeific Synthesis of Multistriatin (15). The preceding 
procedure was repeated with 2 a being replaced with t r a n s -2 - 
buten-l-ol (2b). The purification scheme gave a major fraction 
(570 mg, 5%) with chromatographic and spectrometric properties 
corresponding to 15. Fractions corresponding to la, I7 , and 1/3 
were less than 5% of the 15 yield.
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Cyanobullvalene has been prepared and transformed into bullvalenyicarboxaldehyde and carbinol. Upon treat
ment with bases under a variety of conditions, the tosylhydrazone was converted into bullvalenyldiazomethane, 
which was found to undergo intramolecular cyclization to afford the isomeric pyrazole more rapidly than loss of 
nitrogen. No evidence could be gained for intervention of the carbene. During attempts to convert the carbinol 
into its tosylate (3b), rearrangement to isomeric alcohol 13 occurred. This same compound arose as the exclusive 
solvolysis product of the p-anisoate derivative (3c) and mechanistic rationalization for its formation is given. The 
valence tautomers of 3b and 3c which are capable of leading directly to 13 are seen to be positionally isomeric 
with that of aldehyde 2 which accounts for acid-promoted rearrangement of the latter exclusively into 7 and 8. 
This is taken to mean that bond reorganization of carbonium ion intermediates in the bullvalenyl series can be in
itiated from different valence isomers, a phenomenon which probably is highly dependent upon the nature of the 
carbocation center and its method of generation.

Subsequent to the synthesis of bullvalene2“5 and the ex
perimental realization of Doering’s prediction6 that this 
hydrocarbon enjoys an unparalleled capacity for rapid and 
reversible Cope rearrangement which scrambles completely 
(via 1,209,600 possible isoenergetic valence isomers!) the 
constituent cyclopropyl, vinyi, and bridgehead carbon 
atoms, a good deal of attention has been accorded the prep
aration of substituted bullvalenes.7’8 The majority of this 
effort is due to Schroder and Oth, whose main purpose has 
been to elucidate the capability of a given group to parti
tion itself by means of the available valence tautomerism 
channels between the several widely differing chemical en
vironments.9 These studies point up the uniquely distinc
tive property of the individual carbon atoms in bullvalene, 
viz., that they are subject to ready interconversion between 
four sites of nonidentical chemical character.

Several years ago, we developed an interest in investigat
ing the capability of bullvalene and semibullvalene to func
tion as neighboring groups in a wide range of chemical 
reactions. The specific question posed was: were a -CH 2+, 
-CH:, -N 2+, or other reactive functionality to be generated 
adjacent to a ring carbon atom of such highly fluxional 
molecules, would subsequent reaction occur from an sp3 
(bridgehead), sp2-25 (cyclopropyl), or sp2 (olefinic) hybri
dized state?10 Several investigations involving nonfluxional 
dibenzosemibullvalene derivatives as model compounds 
have already been completed.11 In this paper, we wish to 
delineate our more recent attempts to elucidate the chemi
cal reactivity of of the bullvalenylcarbinyl cation and bull- 
valenylcarbene systems.12

Results and Discussion
Reaction of bromobullvalene with sodium dicyanocu- 

prate13 in refluxing dimethylformamide solution conve
niently afforded the unrearranged cyano derivative 1 in 
80% yield. At 108°, the !H NMR spectrum (CDCI3) of 1 
comprised only a coalesced singlet (W \/2 = 7.5 Hz) ap
pearing at B 4.45. Cooling to —35° sufficed to reveal the ex
pected three sets of signals: a doublet at B 6.76 (1 H) due to 
the vinyl proton ¡3 to cyano together with multiplets cen
tered at 5 5.97 (4 H) and 2.56 (4 H) arising from the olefinic 
and cyclopropyl-aliphatic protons, respectively. Reduction 
of I with 1 equiv of diisobutylaluminum hybride (DIBAL- 
H) gave aldehyde 2 (67%), subsequent reduction of which 
with ethanolic sodium borohydride led to the desired alco
hol 3a (83%).14

Attempts to reduce 1 or oxime 4 with lithium aluminum

5 î  £

hydride resulted in the generation of complex product 
mixtures. Examination of their NMR spectra showed 
clearly that the bullvalene ring system was no longer intact. 
No evidence was found for the formation of amine 5. Com
parable difficulties were encountered during lithium alumi
num hydride reduction of 2.

Aldehyde 2 was seen to be very prone to acid-catalyzed 
rearrangement. When exposed to a solution of p -toluene- 
sulfonic acid in benzene at room temperature for 12 hr, 2 
underwent conversion exclusively to 2-naphthaldehyde (7).

9  10

At shorter exposure times (1 hr), a mixture of 7 and 8 (72: 
28) was obtained, which proved to be inseparable by stan
dard chromatographic techniques. The product ratio was 
determined by relative integration of the aldehydic proton 
absorptions in the XH NMR spectrum. The 2,4-dinitro- 
phenylhydrazones of these aldehydes did prove separable 
by fractional crystallization. That derived from 8 was 
shown to be identical with a sample prepared from authen
tic aldehyde, synthetic entry to which was gained from the 
known ester 9.15 Reduction of 9 with 2 equiv of DIBAL-H 
followed by oxidation under Moffatt conditions gave 8. 
Treatment of 9 with but 1 equiv of DIBAL-H at low tem
perature gave rise to a mixture of 9 and 10. Upon oxidation
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Table I
LIS m NMR Data for 13 (5, 60 MHz, CDC13)

°t Eu(fod)3 Hi h 2 «3 U 4 , H y H g , H 1 0 h6 h6 h5 h 9

0 a 4.12 a a a 4.80 5.00 a a
9.9 a a a a a 5.13 5.38 4 . 1 2 a

19.4 a 1 0 .0 0 9.52 7.58 6.78 5.38 5.70 4.70 8.63
28.9 9.07 1 2 . 7 3 11.27 8.47 7.22 5.68 6.05 5.32 9.83
39.2 a 15.25 12.85 9.08 7.58 5.95 6.35 5.87 10.80
48.5 11.90 17.10 13.92 9.95 7.83 6.13 6.55 6.23 11.62
59.6 12.90 18.85 14.75 9.90 8.07 6.27 6.72 6.50 12.15

a Not individually discernible owing to peak overlap.

of 10 with manganese dioxide, 2-naphthaldehyde was ob
tained.

An interesting feature of this acid-cataiyzed rearrange
ment is that only one each of the possible bicyclo[4.2.2]de- 
catetraene carboxaldehydes and naphthaldehydes are pro
duced. This can be concisely rationalized in terms of reac
tion through valence isomer 2a, protonation o f which leads 
initially to bishomotropylium ion 11‘ 6 (Scheme I). The 
isomerization of 8 to 9,10-dihydro-2-naphthaldehyde5a and 
subsequent air oxidation would give 7. Significantly, were 
protonation of the other three valence tautomers of 2 to op
erate and bond reorganization of a comparable type to fol
low, exclusive access to 7 and 8 would not likely be gained.

Scheme I
CHOH

2a H

Or H i
rCH CHOH

Synthesis of tosylhydrazone 6 could be realized success
fully by heating an ethanol solution containing equimolar 
quantities of 2 and tosylhydrazine on a steam bath for 20 
min in ¿he absence of acid. Upon cooling, 6 crystallizes 
from solution and can be isolated in 44% yield. Decomposi
tion of 6 in glyme or ethylene glycol using n-butyllithium 
or sodium alkoxide as base resulted in the formation of a 
single compound in 34-42% yield. The same product was 
isolated from pyrolysis of the sodium salt of 6. Its mass 
spectrum shows a parent ion at m/e 170 which corresponds 
to a molecular formula of CnHi0N2. In addition, the XH 
NMR spectrum clearly shows the presence of a homotropil- 
idene structure,17 and the ir spectrum contains an >NH 
absorption. In light of these data and ample precedent for 
conversion of vinyl diazo compounds to pyrazoles,18 the 
substance was formulated as 12.

12

Combustion analysis of 12 indicated it to contain water 
of crystallization to the extent of one molecule of water per

three molecules of the pyrazole. This was confirmed by 
Fourier transform NMR analysis at 90 MHz of a por
tion of the analytical sample. At the low concentration level 
of the sample the one >NH proton and the water of crys
tallization appeared at the same chemical shift as Ha, Ha’, 
Hb, and Hb' resulting in a total area of 7.47 relative to pro
tons Hc (2.00). This comprises a surplus of 0.47 proton at
tributable to the water of crystallization (ealed 0.67). When 
deuterium oxide was added, the relative areas changed to 
5.70:2.00.

No evidence was gained for generation of the desired 
bullvalenylcarbene species even when recourse was made to 
low-temperature photochemical methods.

Attempts to prepare tosylate 3b by stepwise addition of 
n-butyllithium and p-toluenesulfonyl chloride to alcohol 
3a led instead to isolation of a new alcohol, shown by mass 
spectrometry to be isomeric with 3a. XH NMR analysis in
dicated the presence of six olefinic protons (m centered at 5
6.0), an exo methylene group (d, J = 2.0 Hz, at 5.00 and d, 
J  = 2.0 Hz, at 4.78), a proton a to the hydroxyl group (m, 
4.11), two bridgehead protons (m, 3.32), and the OH func
tionality (br s, 1.98). A lanthanide-induced shift study of 
this new alcohol showed clearly that the exo methylene is 
fixed so as to be distant from the hydroxyl group (see Table 
I and Figure 1). These data eliminate 14a as a possiblity. In 
addition, little similarity is seen between the features of 
this LIS study and the one described by Willcott for 14b.19 
On the other hand, structure 13 is fully consistent with

x

13 !4a, R=H,X = CH2
~ H d, r = ch3,x= h2

these data and its formation is easily rationalized at the 
mechanistic level. Thus, attack by water as depicted in 
Scheme II during ionization of 3b or 3'b, probably under 
control by steric and electronic factors, affords 13 directly. 
Since water was precluded during tosylate formation, the 
solvolysis likely occurred during isolation (preparative 
TLC was utilized).

HjQ -X,

Scheme II

-ROH h2 °>-  ROH

CH2hii or

3b, R = Ts 
"c  , R — AnCO

yp , R = Ts 
c , R =  AnCO

CHpimOR

Hydrolysis of the p-anisoate 3c in 70:30 (v/v) acetone- 
water at 125° (sealed tube) for 24 hr also gave 13 (85% yield 
based upon recovered 3c) as the only product.
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Our finding of high levels of contrasting selectivity in the 
acid-catalyzed rearrangement of 2 and in the solvolysis of 
3b and 3c permits us to suggest that rearrangement reac
tions of potential carbonium ion centers on the bullvalene 
backbone, e.g., 15 and 16, appear capable of initiation from

15 16

different valence tautomeric forms. We propose that the 
ultimate course taken will likely depend upon the nature of 
the cationic center, its method of generation, and to some 
extent the timing of the transition state along the reaction 
coordinate. That several pathways are open is not surpris
ing; what is now needed is additional experimental infor
mation that would assist in formulating on an a priori basis 
the mechanistically most favorable reaction channel avail
able to a new bullvalene derivative.

Experimental Section
Proton magnetic resonance spectra were obtained with Varian 

A-60A and Jeolco MH-100 spectrometers; apparent splittings are 
given in all cases. Infrared spectra were determined with Perkin- 
Elmer Model 137 and 467 instruments. Mass spectra were record
ed on an AEI-MS9 spectrometer at an ionization potential of 70 
eV. Elemental analyses were performed by the Scandinavian Mi- 
croanalytical Laboratory, Herlev, Denmark. Preparative VPC 
work was done on a Varian Aerograph A90-P3 instrument 
equipped with a thermal conductivity detector.

Cyanobullvalene (1). A mixture of 4.36 g (20.5 mmol) of bro- 
mobullvalene,7b 1.01 g (20.5 mmol) of sodium cyanide, 1.84 g (20.5 
mmol) of cuprous cyanide, and 200 ml of freshly distilled dry di- 
methylformamide was refluxed under nitrogen for 8 hr. The reac
tion mixture gradually turned brown and then black. After cooling 
to room temperature, the black solution was transferred to a separ
atory funnel with 500 ml of 10 N  sodium cyanide solution and 500

ml of ether. The ether layer was washed with water ( 2  X 1 0 0 0  ml) 
and brine ( 1  X 1 0 0 0  ml), dried over magnesium sulfate, filtered, 
and evaporated in vacuo. The resulting yellow oil was purified by 
column chromatography on silica gel (elution with 2 5 %  ether-hex
ane). The colorless oil so obtained was crystallized from 4 ml of 
ethanol at — 3 0 °  to give 2 . 6 2  g ( 8 2 % )  of 1 :  mp 6 0 - 6 0 . 5 ° ;  (KBr) 
2 1 9 0  cm“ 1; 6T m s  (CDC13) ( - 3 5 ° )  6 . 7 6  (d, 1  H, olefinic 0  to CN), 
5 . 9 7  ( id , 4 H, olefinic), and 2 . 5 6  (m, 4 H, cyclopropyl and aliphat
ic); S t m s  (CDCla) ( 1 0 8 ° )  4.45 (s, W m  = 7 . 5  Hz).

Anal. Calcd for CnH9N: C, 85.13; H, 5.85. Found: C, 85.27; H, 
6.16.

Bullvalenylcarboxaldehyde (2). A solution of 1.00 g (6.44 
mmol) of 1 in 50 ml of dry benzene was stirred magnetically at 
room temperature and 5.6 ml of 26% diisobutylaluminum hydride 
in hexane (1.1 equiv) was added via syringe. The temperature of 
the reaction mixture was raised to 40° using a warm water bath 
and stirring was maintained for 0.5 hr. The solution was cooled in 
ice and residual active hydride was quenched by careful addition 
of 2.0 ml of methanol followed by 2.0 ml of water. After being 
stirred for 1 hr, the mixture was filtered through a pad of Celite 
and the filtrate was dried over magnesium sulfate, filtered, and 
evaporated in vacuo to yield an orange oil. This material crystal
lized slowly from benzene-hexane to give 0.678 g (67%) of 2 as a 
yellowish solid: mp 153-159°; i/max (KBr) 2830, 1629, 1610 cm-1; 
¿>tms ( C D C I 3 )  9.05 (s, 1H, -CHO) and 4.50 (very br, 9 H).

Bullvalenylcarboxaldehyde Oxime (4). To 0.50 g (7.2 mmol) 
of hydroxylamine hydrochloride dissolved in 3 ml of water was 
added 2 ml of 10% sodium hydroxide solution followed by 100 mg 
(0.63 mmol) of 2 and 5 ml of ethanol. The mixture was heated on a 
steam bath for 15 min. The solid which was initially present quick
ly dissolved upon warming. Subsequent cooling deposited a pale 
green solid which was collected by suction filtration, taken up in 
hot ethanol, and treated with Norit. To the filtrate was added 5 ml 
of water and the total volume was reduced to 10 ml on a steam 
bath. Slow cooling yielded 98 mg (85%) of 4 as white needles: mp 
184-185° (from ethanol); i/max (KBr) 3230, 1620, 1290, 972, 953, 
938, and 824 cm"1; 5 T m s  [(CD3)2 CO] 7.41 (s, 1 H, >CH=N-), 4.38 
(very br, 9 H), and 2.78 (br s, 1 H, hydroxyl).

Anal. Calcd for CnHuN0: C, 76.27; H, 6.40; N, 8.09. Found: C, 
76.02; H, 6.44; N, 7.82.

Bullvalenylcarbinol (3a). A mixture of 510 mg (3.22 mmol) of 
2, 200 mg (5.0 mmol) of sodium hydroxide, and 1.46 g (38.3 mmol) 
of sodium borohydride in 50 ml of ethanol was stirred for 24 hr at 
room temperature and then added to 500 ml of water and 100 ml of 
ether. The ether layer was separated, washed with water and brine, 
and dried over magnesium sulfate. After removal of the ether in 
vacuo, the resulting yellow oil was chromatographed on silica gel 
(elution with 50% ether-hexane) to give 428 mg (83%) of 3a as a 
pale yellow oil. The analytical sample was obtained by preparative 
VPC at 170° (6 ft X 0.25 in. 5% SF-96 on Chromosorb G): rmax 
(KBr) 3320 and 1015 cm“ 1; ¿tms (CDC13) 4.35 (very br, 9 H), 4.02 
(s, 2 H, methylene), and 1.88 (br, s, 1 H, hydroxyl).

Anal. Calcd for CnHi20: C, 82.46; H, 7.55. Found: C, 82.32; H, 
7.73.

Bullvalenylcarboxaldehyde Tosylhydrazone (6 ). A mixture 
of 316 mg (2.00 mmol) of 2 and 372 mg (2.00 mmol) of tosylhydraz- 
ine in 10 ml of ethanol was heated on a steam bath for 20 min. The 
hot solution was filtered and allowed to cool to room temperature. 
The tosylhydrazone crystallized as pale yellow needles. After fur
ther cooling at —30°, the needles were collected to give 290 mg 
(44%) of 6: mp 151° dec; rmax (KBr) 1355, 1328, 1300, and 1160 
cm“ 1; (5tms ( C D C I 3 )  7.52 (m, 6 H, aromatic, >CH=N-, and >NH), 
4.50 (very br, 9 H), and 2.40 (s, 3 H, methyl).

Anal. Calcd for Ci8Hi8N20 2S: C, 66.23; H, 5.56; N, 8.58. Found: 
C, 66.61; H, 5.61; N, 8.47.

Acid-Catalyzed Rearrangement of 2. To 6.3 ml of a solution 
of p-toluenesulfonic acid in benzene (1.0 mmol/ml) was added 50 
mg (0.63 mmol) of 2 and the mixture was stirred at room tempera
ture for 12 hr. Addition of the solution to water (30 ml) and extrac
tion with ether (10 ml), followed by washing of the organic layer 
with water and saturated sodium bicarbonate solution, drying over 
sodium sulfate, and removal of solvent in vacuo gave 29 mg (58%) 
of 2-naphthaldehyde (7). This product was identified by 7H NMR 
comparison with a known sample, and by means of its 2,4-DNP de
rivative, mp 269-270.5° (lit.20 mp 270°).

When the duration of reaction was limited to 1 hr, a mixture of 
two aldehydes was detected by ‘H NMR after the above work-up; 
these were determined to be 7 and 8 in a ratio of 72:28 as deter
mined by the relative areas of their aldehyde absorptions in the 
NMR spectrum, 31 mg (62%).
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Use of p-toluenesulfonic acid-di gave identical results and 
showed no deuterium incorporation. These two aldehydes could 
not be separated by TLC and although separation could be 
achieved on a gas chromatograph equipped with an SF-96 (10%) 
column at 155°, the collected material that should have corre
sponded to 8 was found on a preparative scale to still be contami
nated with 7. Rearrangement was apparently also taking place in 
the exit port.

Reduction and Oxidation of 9. To an ice-cold solution of 100 
mg (0.53 mmol) of 915 in 5 ml of dry ether under argon was added 
via syringe 0.92 ml (1.17 mmol) of diisobutylaluminum hydride 
(26% by weight, 1.27 mmol/ml) in hexane. This clear solution was 
stirred at 0° for 1 hr, then treated with 0.5 ml of methanol and 0.5 
ml of water. After 1  hr, the aluminum salts were removed by filtra
tion through Celite and the gel was washed with three 20-ml por
tions of ether. The combined filtrates were dried over sodium sul
fate and evaporated in vacuo. The residue was chromatographed 
on a short Florisil column (elution with 20% ether-carbon tetra
chloride) to give 10 as a clear oil: 6tms (CDCI3) 5.25-6.20 (m, 7 H, 
olefinic), 3.91 (s, 2 H, methylene), 2.85-3.43 (m, 2 H, bridgehead), 
and 2.88 (br, s, 1 H, hydroxyl). This oil was transferred to a 10-ml 
flask and 1 ml of dry dimethyl sulfoxide, 1 ml of dry benzene, 358 
mg (1.74 mmol) of dicyclohexylcarbodiimide, 60 /d (0.74 mmol) of 
pyridine, and 30 (¿1 (0.40 mmol) of trifluoroacetic acid were added. 
This solution was stirred magnetically for 24 hr at room tempera
ture, at which point it was poured into 15 ml of ether to which was 
added 240 mg (2.67 mmol) of oxalic acid in 6 ml of methanol. After 
an additional 30 min, water (10 ml) was introduced, and the organ
ic layer was separated and washed sequentially with water and sat
urated sodium carbonate solution, dried over sodium sulfate, and 
evaporated in vacuo. Thin layer chromatography showed that in
complete oxidation had taken place. Elution with 25% ether-hex
ane showed a minor component (i.e., 8) and a major one 1.10). Isola
tion of 8 by preparative TLC gave 9 mg (11% from 9) which was 
spectroscopically identical with 8 obtained from acid-catalyzed 
rearrangement of 2. The 2,4-dinitrophenylhydrazine derivatives of 
8 prepared by the two routes were also identical by infrared and 
TLC.

Oxidation of 10 with manganese dioxide gave 2-naphthaldehyde
(7).

Pyrolysis of the Sodium Salt of Bullvalenylcarboxaldehyde 
Tosylhydrazone (6 ). A stirred solution of 163 mg (0.50 mmol) of 6  

in 2 ml of dichloromethane (which had been stored over sodium 
hydroxide pellets) was treated with 21 mg (1 molar equiv) of 47% 
sodium hydride suspension. Gas evolution started immediately 
and ceased after 3 min. The solvent was removed in vacuo and the 
pyrolysis apparatus was assembled. The system consisted of the 
reaction flask, a bent adaptor leading into a straight vacuum 
adaptor, and a receiver. When a vacuum of 0.01 mmHg had been 
attained, the apparatus was lowered such that the reaction flask 
became immersed in a salt bath preheated at 200° and the receiver 
was cooled in a Dry Ice-isopropyl alcohol bath. Within a few sec
onds bubbling was noted in the reaction flask and deposition of a 
yellow oil was seen in the cooler portions of the bent adaptor. No 
change in the pumping speed was noted, indicating that no nitro
gen was being evolved. After approximately 2 min, activity was no 
longer evident in the reaction flask, and a gray solid remained. The 
yellow oil crystallized upon scratching. After preparative thick 
layer chromatography, there was isolated 34 mg of the pyrazole 12 
as a white solid: mp 83-87°; r roax (KBr) 3360 and 3180 cm-1; ¿¡t m s  

(CDCL) 7.35 (s, 1 H, >CH=N-), 5.80 (m, 2 H, olefinic), 4.10 (m, 4 
H, olefinic — cyclopropyl), 3.27 (t, J  =  8.5 Hz, 1 H, cyclopropyl — 
aliphatic), and 3.05 (t, J  = 8.5 Hz, 1 H, cyclopropyl ^  aliphatic); 
calcd for C-liH10N2 m/e 170.0844, found 170.0847.

Anal. Calcd for (C„H 10N2)3-H2O: C, 74.97; H, 6.10. Found: C, 
74.65; H, 6.27.

Base-Induced Decomposition of 6 . To a stirred solution of 3 
equiv of the base in 5 ml of dry solvent under nitrogen was added 1 
equiv of 6 in one portion. This mixture was then heated in a 125° 
oil bath for 10  min. The only observable change was a darkening of 
the reaction mixture. This was then cooled in ice and rinsed into a 
separatory funnel with 80 ml of water and 25 ml of ether. The 
ether layer was washed with water, dried over sodium sulfate, fil
tered, and evaporated in vacuo. The resulting oil was chromato
graphed on a short column of silica gel (elution with 75% ether- 
hexane). The only isolated product was the pyrazole 12 (Table II).

Bullvalenylmethyl p-Anisoate (3c). To a solution of 158 mg 
(0.99 mmol) of 3a in 3 ml of 2,6-lutidine was added 171 mg (1.00 
mmol) of p-anisoyl chloride in 2 ml of 2,6-lutidine. A precipitate 
formed immediately and the mixture was placed in the refrigerator

Table II
Decomposition of Bullvalenylcarboxaldehyde 

Tosylhydrazone (6 )

0.80 Diglyme n-BuLi 37
0.46 Ethylene glycol w-BuLi 33
0.86 Diglyme NaOCHj 42

for 1 8  hr. The orange reaction mixture was added to 4 0  g of ice and 
water and the precipitate was collected by suction filtration, 
washed with 3 0  ml of cold water, and dried in air. Preparative TLC 
(elution with 7 5 %  ether-petroleum ether) yielded 1 5 1  mg ( 5 2 % )  of 
3c as an off-white solid. The second component was identified as 
p-anisoyl anhydride. Recrystallization from hexane gave pure 3c 
as white prisms: mp 85-86°; rmax (KBr) 1 7 2 0 ,  1 6 1 0 ,  1 2 7 5 ,  1 2 6 0 ,  

1 7 1 0 ,  and 1 1 1 0  cm '1; 5 t m s  (CDCI3) 7 . 9 2  and 6 . 8 3  (AA'BB', 4  H, ar
omatic), 4 . 5 9  (s, 2  H, methylene), 4 . 3 0  (very br, 9  H), and 3 . 8 0  (s, 3  

H, methoxyl).
Anal. Calcd for C]9Hi80 3: C, 77.53; H, 6.16. Found: C, 77.45; H, 

6.23.
Solvolysis of 3c. A 0.375-in. glass tube was charged with 107 mg 

(0.36 mmol) of 3c and 1.0 ml of 70:30 ,(v/v) acetone-water and 
sealed 20  cm from the bottom under vacuum while being cooled in 
a Dry Ice-isopropyl alcohol bath. The sealed tube was allowed to 
warm to room temperature, then totally immersed in an air bath at 
125°. After 10 min the tube was removed and inverted a few times 
to dissolve the molten ester at the bottom. The tube was subse
quently replaced and heated for 24 hr. After cooling in a Dry Ice- 
isopropyl alcohol bath the tube was opened and the yellowish reac
tion mixture was added to 40 ml of water and extracted with ether 
(2 X 20 ml). The combined ether layers were washed with water 
(30 ml) and saturated sodium carbonate solution (30 ml), dried 
over sodium sulfate, and evaporated in vacuo to yield a yellow oil 
which upon preparative TLC purification was separated into its 
two components: R f 0.73, 24 mg. Recovered 3c: R f 1.40, 38 mg. 
Rearranged alcohol 13 (85% based on recovered 3c), white needles: 
mp 77-77.5° (from pentane); v m ax (neat) 3380 and 1015 cm-1; ¿ t m s  

(CDCI3) 6.00 (m, 6  H, olefinic), 5.00 (d, J  = 2.0 Hz, 1 H, exo meth
ylene), 4.78 (d, J  -  2.0 Hz, 1 H, exo methylene), 4.11 (m, 1 H, 
>CHO), 3.32 (m, 2 H, bridgehead), and 1.98 (hr s, 1 H, hydroxyl); 
calcd m /e 160.0888; found, 160.0890.

Attempted Preparation of 3b. To a magnetically stirred solu
tion of 212 mg (1.32 mmol) of 3a in 5.0 ml of dry tetrahydrofuran 
under nitrogen at 0° was added 0.63 ml (1 equiv) of 2.10 M  n- 
butyllithium. The clear solution yellowed upon addition of the n- 
butyllithium; no other change was noted after 0.5 hr. To this was 
added 250 mg (1.32 mmol) of p-toluenesulfonyl chloride. After 0.5 
hr, solvent was removed in vacuo, 2 ml of dichloromethane was 
added, and the resulting suspension was filtered. Only one spot 
was seen by TLC (R f 0.81, 50% ether-hexane). Isolation by prepar
ative TLC gave 13 (52 mg, 24%).
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The preparation and properties of N3,04-ethylene-l-methyluracilium methanesulfonate, a heteronuclear stabi
lized cation, and its interconversions with 3-((3-methanesulfonyloxyethyl)-l-methyluracil were studied. The for
mer was shown to have three sites for reactions with nucleophilic reagents: the /? carbon of the ethylene moiety 
and C-4 and C-6 of the pyrimidine ring. Products resulting from attack at the (3 position were observed with 
DMSO, water, alcohols, benzoate, chloride, diethylamine, and pyridine. A strong rate dependence on solvent was 
noted with chloride ions. Products resulting from attack at C-4 were observed with water, hydroxide, alcohols, 
alkoxide, and isopropylamine. Diethylamine was the only reagent which led to a product resulting from attack at 
C-6 of the cation. Oxygen-18 experiments verified the sites at which the uracilium salt reacted with hydroxide and 
water. Although the Ai3,04-ethylene-l-methyluracilium cation bears a net positive charge, deuterium exchange 
reactions were not observed. Mechanisms are proposed to account for the products of the various reactions which 
were investigated.

N 3,0 4-Ethylene-1 -methyluracilium mesylate (1, Scheme 
I) was isolated during the course of the synthesis of 3-(/J- 
mesyloxyethyl)-l-methyluracil2 (2). This uracilium salt is 
an exceptionally stable member of the class of compounds 
referred to as heteronuclear stabilized cations.3,4 Two ex
amples of resonance-stabilized cations having the pyrimi
dine nucleus have been observed, but only in solution.5

Delocalization of the positive charge over several atoms 
of cation 1 enhances stability and provides multiple sites 
for chemical reactions. Furthermore, one of its resonance 
structures is analogous to that postulated as a rationaliza
tion for the carbanion mechanism of H-6 exchange in pyri
midines.6

In most cases where salts of heteronuclear stabilized cat
ions have been isolated, the anions have been nonnucleo- 
philic species such as CIO4“ , BF4- , or SbFg- . By contrast, 
the anionic portion of salt 1 is sufficiently nucleophilic 
under certain circumstances to enable the salt to revert to 
its covalent isomer.

Results and Discussion
3-(/?-Hydroxyethyl)-l-methyluracil (3) was obtained in 

high yield by a three-step synthesis starting with 2,4-

diethoxypyrimidine.7 Mesylation of 3 gave a 90% yield of 
ester 2 and a small amount of 3-03-ehloroethy!)- 1-methyl- 
uracil (4). The structure assigned to 2 is supported by the 
ultraviolet absorption spectrum, which is essentially identi
cal with that of 38 and of 1,3-dimethyluracil.9 The infrared 
spectrum of compound 2 is that of a typical 1,3-disubsti- 
tuted uracil: v (C2= 0 ) 1700, v (C4= 0 ) 1660, v (C=C) 1620 
cm-1  and absorptions due to uracil nucleus vibrations at 
1415-1440 and 1450-1490 cm- 1 .10 In fact, the infrared 
spectra of all of the compounds (2, 3, 4, fi, 8, 11, and 12) 
which have the uracil nucleus exhibit these characteristic 
absorption bands. In general, these compounds also absorb 
in regions characteristic of the functional groups which are 
substituents on the N-3 ethyl side chain; e.g., compound 2 
absorbs at 1185 and 1345 cm ' 1.11 The NMR resonances 
of H-5, H-6, and NCH3 in ester 2 are essentially the same 
as those in 3, while the methylene resonances are shifted 
downfield, as expected. The resonance due to the protons 
in the methanesulfonyl group is in the same region as that 
of other methanesulfonate esters.12 The ester was soluble 
and relatively stable in nonpolar solvents (e.g., chloroform, 
ethyl acetate, and acetone) and it migrated like a covalent 
compound in thin layer chromatography on silica gel.
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T able I
Ultraviolet Absorption Spectra

95% EtOH o.r jvhci O.Î ¿V NaOH

Compd *max m̂in *max m̂in m̂ax m̂in
1 290 (9 .9 V ’ 1’ 

202 (11.5)*
247 (0.7)* 288 (9.8) 245 (0.9)

2C 267 (7.2) 
207 (7.0)

232 (2.0)

3 267 (8.3) 
207 (7.9)

234 (1.8) 267 (8.3) 235 (1.3) 267 (8.3) 236 (1.7)

4 267 (8.6) 
207 (8.4)

234 (1.6) 267 (8.4) 234 (1.3) 267 (8.6) 236 (1.8)

5" 270 (7.3)
6a 267 (8.3) 

206 (8.4)
230 (1.9) 267 (8.3) 235 (1.7) 267 (8.3) 237 (2.2)

7be 235 (6.5) 226 (6.3)
8a 267 (9.2). 247 (5.4) 267 (9.3) 250 (6.2) 267 (9.2) 245 (4.8)

228 (14.0) 212 (11.5) 230 (13.1) 214 (10.8)
8b 266 (8.5) 

206 (8.4)
233 (1.7) 267 (8.5) 235 (1.6) 267 (8.5) 237 (2.3)

9 285 (7.8) 250 (2.4) 292 (13.1) 255 (2.8) 285 (7.8) 254 (3.0)
225 (10.8) 206 (6.7)

10 287 (25.6) 240 (1.8) 296 (38.0) 245 (0.05) 285 (19.5) 238 (0.4)
11 267 (8.4) 224 (2.1) 268 (9.1) 234 (1.6) 267 (8.7) 239 (2.5)
12 261 (11.4) 265 sh (11.0) 261 (11.0) 265 sh (10.7) 260 (11.4) 266 sh (11.0)

207 (12.4) 237 (3.5) 235 (2.5) 237 (3.5)
a X in nanometers, t X 10“ 3 in parentheses. 6 MeCN. c Absolute EtOH. d DMSO. These data are for an equilibrium mixture of 1, 2, and 5. 

The molar extinction coefficient is corrected for the content of 1 and 2 .c Absolute EtOH. The molar extinction coefficients are calculated on 
the assumption of quantitative conversion of 1 to 7.

0 0
0 II iJL .O — S— Me A

'N ^ O
II
O

1
1 Me

Me

Scheme I
+

^  ,0 — SMe,

MeSO.

0

C l
.N ^ \ )

Me
8a, R' «  C6H5 
b, R' = Me

,0 — C—  R NEt,

Me
7a, R = Me Me 
b, R = Et 6a, R = Me

b, R = Et
12

The ester 2 was unstable at room temperature, both neat 
and in solution in polar solvents such as water or alcohol.2 
It rearranged readily to a new compound (1), whose salt

like nature soon became evident. Electrophoresis in acetate 
buffer, pH 4.6,13 demonstrated that the uv-absorbing moi
ety of 1 was positively charged. The salt-like nature of 1
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Table II
1H NMR Spectra“

Compd Solvent H-6 (d) H-S (d) J"5,6 C a H2-C s’V J ctf B NMe (s) Other

1 DMSO-d6 8.83 6.83 8 5.20 4.40 9 .5 3 . 5 9 2.32 (s, 3, CH3SO3-)
d2o 8.60 6.65 8 5.32 4.57 3.69 2.79 (s, 3, CH3SO3')
c f 3cooh 8.45 6.55 8 5.37 4.68 3.80 3.15 (s, 3, CH3S03-)c

2 DMSO-de 7.70 5.68 8 4.35 4.18 6 3.30 3.13 (s, 3, CH3SO3)
d2o 7.62 5.87 8 4.58 4.32 3.40 3.17 (s, 3, CH3SO3)
CDCI3 7.18 5.89 8 4.46 4.35 3.40 3.02 (s, 3, CH3SO3)

3 DMSO-d6 7.65 5.65 8 3.92 3.48 6 3.28 4.68 (broad, 1, OH)
CDCI3 7.17 5.75 8 4.22 3.90 3.40 3.87 (broad, 1, OH)

4 CDC13 7.22 5.82 8 4.15 3.71 3.37
5 DMSO-Izg 7.75 5.72 8 4.48 4.17 6 3.33 2.32 (s, 3, CH3SO3-), 3.30 [s, 6 ,

(CH3)2S]
6a DMSO-d6 7.66 5.64 8 4.00 3 .4 7 6 3 .23 or 

3.29
3.29 or 3.23 (s, 3, CH30)

CDCI3 7.19 5.72 8 4.19 3.64 3.40 or 
3.38

3.38 or 3.40 (s, 3, 0H3O)

7b DM SO-dg 6.60 5.11 8 3.97 3.05 3.26 (q, 2, J Et =  7, CH3CH,0),
1.07 (t, 3, J Et =  7, CH3CH20)

CDCI3 6.34 5.12 8 4.08 3.17 3.35 (q, 2, JEt =  7, CH3CH20),
1.16 (t, 3, Jn =  7, CH3CH20)

8a CDCI3 7.13 5.68 8 4.38 4.54 6 3.34 8.00 and 7.43 (m, 5, aromatic protons)
8b CDC13 7.20 5.72 8 4.28 3.40 3.61 (s, 3, CH3CO)
9 CDCI3 6.75 5.75 8 4.28 3.83 4.5 3.30 5.17 (m, 1, OH), 3.57 [septet, 1, 

JUPc =  6.5, NCH(CH3)2],
1.14 [d, 6, Jt_Pr =  6.5, (CH3)2CHN]

10" CDC13 7.17 4.70 13.5 4.19 3.82 9 3.17 (q, 4, JR =  7.5, CH3CH,N),
1.15 (t, 6, Jm =  7.5, CH3CH2N)

11 CDClg 7.21 5.68 8 4.05 2.70 3.39 2.61 (q, 4, = 7 , CH3CH,N),
1.04 (t, 6, Jn =  7, CH3CH2N),

12® D,0 7.60 5.77 8 4.88 4.62 5 3.35 8.58 and 8.88 (m, 5, aromatic protons),
2.80 (s, 3, CH3SO3-)

0 Chemical shifts are in parts per million from TMS or DSS; multiplicity is in parentheses; coupling constants are in hertz; integration is 
correct for assignments. b The definite assignment of the a and IS protons can be made only in the case of 3, where hydroxyl coupling is ob
served. The others could be interchanged. The spectra of these protons consists of a set of multiplets which are symmetrical and can best be 
described as an A2B2 pattern. The A2B2 pattern fits best for those structures in which the ethylene group is part of a ring. However, even in 
the nonring compounds, the spectra are not complex enough to be AA'BB' systems. Therefore, the chemical shifts given are for the approxi
mate position of the highest line in the multiplet, assumed to be line 4. The coupling constant Jnff is one-half the difference between lines 2 
and 7. See J. W. Emsley, J. Feeney, and L. H. Sutcliffe, “ High Resolution Nuclear Magnetic Resonance Spectroscopy,” Vol. 1, Pergamon 
Press, Oxford, 1965, pp 347-351. c The methyl protons of CH3SO3H in CF3COOH have S 3 25 ppm. a The numbering system used for desig
nating the atoms in 1 was retained for the purpose of simplification and ease of comparison. - See ref 2.

also was evident on thin layer chromatography on silica gel 
and by its insolubility in nonpolar solvents and solubility in 
polar solvents. Confirmation of the structure was provided 
by spectroscopic data. The cation has a Amax at 290 nm, as 
contrasted with a \max of 267 nm for the ester 2, indicating 
an extended conjugated system. Analogous resonant cat
ions5 also exhibit long-wavelength maxima. The infrared 
spectrum of 1 in the region 1600-1800 cm-1  differs consid
erably from that of a typical 1,3-disubstituted uracil. The 
major changes are the absence of an absorption at ca. 1660 
cm-1, corresponding to v (C4= 0 ), and the appearance of a 
band at 1605 cm-1, corresponding to the structural element 
—O—C+—NCH3.14 The absorption due to v (C=C) is still 
unchanged at 1619 cm-1  and that corresponding to v 
(C2= 0 ) has shifted to 1751 cm-1. The 1H NMR absorp
tions of the cation portion of the salt are shifted to lower 
field relative to the corresponding resonances of the mesyl 
ester 2, as expected for a positively charged species. The 
mesyl resonance is shifted upfield to 5 2.32, a value corre
sponding to that of mesylate anion.15 Finally, the reaction 
of 4 with silver tetrafluoroborate in acetonitrile3*3 produces 
the same cation 1.

Alternative positively charged cyclic structures for cation 
1 include the following.

Hh ('ll CH
13 14 15

Crystal structure data for uracil and 1 -methyluracil show 
that the bond between C-4 and 0-4 is longer than the one 
between C-2 and 0-2 ,16 and therefore compound 1 is a 
more likely product than 13. In fact, of the four structures 
illustrated for the uracilium cation (1, 13, 14,17 and 15), the 
one in Scheme I is the most resonance stabilized; the posi
tive charge in it is more delocalized than in the others. This 
argument in support of the assigned structure is analogous 
to the explanation given for the stability of the cation de
rived by monoprotonation of uracil on 0-4 relative to the 
one derived by protonation on 0-2 .18 Finally, structures 13, 
14, and 15 are inconsistent with the uv, XH NMR, and 
chemical data.

Although the cation 1 was prepared by the thermolysis of 
2, the two compounds were found to be interconvertible.



1716 J. Org. Chem., Vol. 40, No. 12,1975 Lipkin and Lovett

When the cation was heated in the solid probe of the mass 
spectrometer, only the mass spectrum of 2 was observed. 
Further, in contrast to the behavior of 2 in polar solvents 
(vide supra), 1 on solution in acetonitrile at room tempera
ture equilibrated to a mixture containing 2 and 1. The reac
tion, 2 to 1, is merely an intramolecular nucleophilic substi
tution of the mesylate anion by the oxygen atom on C-4, 
while the reverse is an Sn 2 reaction of mesylate anion at 
the (3 carbon atom of the ethylene moiety. The former re
sembles the conversion of 5-(2-methanesulfonyloxyethyl)- 
uracil to 2/i,3ii,5(7)/i-furano[2,3jpyrimidm-6-one.5b

The earlier expectation that there would be multiple 
reaction sites in cation 1 was borne out by further study of 
its behavior toward a variety of reagents. The ester 2 and 
salt 1 both reacted with DMSO at room temperature to 
give an equilibrium mixture containing 21% 2, 16% 1, and 
63% of a new cation to which we assign the structure of a 
dimethylsulfoxonium salt (5). Equilibrium was reached in 
about 4 hr from the salt and 20 hr from the ester OH 
NMR). On evaporation of the DMSO solution, 5 reverted 
to 1. This regeneration of 1 on evaporation of the DMSO 
was confirmed by means of both 'H  NMR and uv spectros
copy. Compound 3 was obtained quantitatively on the ad
dition of water or a catalytic amount of aqueous sodium hy
droxide to the DMSO solution of the equilibrium mixture.

Although 5 could not be isolated, the 'H NMR data in 
DMSO support the suggested structure. The chemical 
shifts assigned to 5 have values similar to those of the 
mesyl ester 2, except for the resonance due to the mesyl 
group. This is in the same position as in mesylate anion. In 
addition, a new six-proton singlet is observed at 8 3.30.19 
The changes in the uv spectrum which take place on solu
tion of 1 in DMSO also support the proposed structure.

The cation 1 was stable at low pH values, but it reacted 
rapidly in alkaline solutions to give 3. When 1 was treated 
with Na18OH in H2180, the labeled 3 contained all of the 
180  in the C-4 carbonyl group. The solvolysis in H2180  
yielded 3 containing only one atom of 180 ; one-half the 
molecules of 3 were labeled in 0-4 and the other half were 
labeled in the /3-OH group.20

The results with Na18OH are best explained by a mecha
nism such as shown.

CH:, CH:3
16 3a

A mechanism for the aqueous solvolysis which explains 
the observed distribution of the 180  label is as follows.

_H+
= f c -  16 — » 3a
+ H +

s
1 +  H,180

As the reaction progresses, the medium becomes more 
acidic. The equilibria between 1 and 16 shift in favor of 1 
and thus suppress incorporation of 180  in the C-4 carbonyl. 
Substitution in the ¡3 position, to give 3b, then becomes 
more important.

In agreement with the Na18OH experiment, cation 1 
reacted with alcoholic alkoxide solutions21 to form an addi
tion compound (7), behavior analogous to the mode of for
mation of the dimethyl acetal of dimethylformamide, 
(CH3)2NCH(OCH3)2.22 Formation of 7 was instantaneous 
and quantitative. Spectroscopic evidence confirmed the 
structure assigned to the product resulting from the addi
tion of ethoxide at C-4. The uv maximum of 7b is at 235 
nm (e 6500), in agreement with values reported for 2-oxo-
4,4,6-trimethyl-l,2,3,4-tetrahydropyrimidine and its N-3 
methyl derivative.23 The 4H NMR spectrum has reso
nances for both H-5 and H-6, with J  = 8 Hz, shifted up- 
field relative to the corresponding resonances in 2, 3, 4, and 
6, as expected.24 Absorptions corresponding to the ethoxyl 
group also are present.

Chemical evidence supporting the structure assigned to 7 
includes the fact that it reverted immediately and quanti
tatively to the uracilium cation 1 when an alcoholic solu
tion of it was acidified with a strong acid, such as hydro
chloric acid. On the other hand, addition of benzoic acid to 
an alcoholic solution of 7 resulted in the formation of 3-(/5- 
benzoxyethyl)-l-methyluracil (8a) in 80% yield. The first 
step in both of these reactions involves protonation of 7, 
followed by loss of ROH to give cation 1. In the case of ben
zoic acid, the benzoate ion then reacts further with this cat
ion, a reaction similar in character to the reaction of benzo
ic acid with the dimethyl acetal of dimethylformamide.25 
The fact that ethyl benzoate was not formed indicates that 
the cyclic cation is more stable than the alternative acyclic 
one. Reaction of uracilium ion 1 with sodium benzoate in 
DMF gave rise to the same ester, 8a.

Methanol slowly solvolyzed 1 to 3- (/j -methoxyethyl ) -1 - 
methyluracil (6a), whose structure is evident from the 
spectral data. The formation of this product was not sur
prising in view of the results of the H2180  experiment. The 
analogy between hydrolysis and alcoholysis of 1 is rein
forced by another experiment. On solution of 1 in absolute 
ethanol, 20-25% of it was converted to 7b. This observation 
is in accord with the series of reactions proposed above for 
the aqueous solvolysis.

As implied previously, the uracilium ion 1 is quite stable 
in aqueous hydrochloric acid. In acetonitrile, however, 1 
reacted rapidly with lithium or tetraethylammonium chlo
ride to form the ¡3  chloride 4. That the rate enhancement is 
solvent dependent was demonstrated by the reaction of 1 
with aqueous hydrochloric acid in acetonitrile, again a fast 
reaction compared to aqueous hydrochloric acid itself.26 
This marked difference in rates could be due to little or no 
pairing of 1 with chloride ion in water compared to acetoni
trile and/or to the fact that chloride ion is much less solvat
ed in acetonitrile than in aqueous solution.

As in ordinary water, at room temperature the uracilium 
cation 1 was solvolyzed slowly (10% in 3 hr) in D20  to 3. No 
deuterium exchange at C-5 or C-6 of either the starting ma
terial or the product was observed. Even in 0.5 N  sodium 
deuteroxide no exchange was observed at these positions 
during the conversion of 1 to 3. In methanol-O-d-methox- 
ide, the C-4 adduct 7a formed instantly. On removal of the 
methanol-O-d by distillation, the adduct was converted to
3. This product also did not contain deuterium.

These results appear surprising at first. Rabi and Fox6b 
have provided support for the suggestion that H-6 ex
change in various uracil derivatives takes place through the
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intermediacy of a C-6 carbanion. A resonance structure 
such as shown presumably accounts for the acidity of H-6

CT

R

in these systems.6® The uracilium cation 1, with a net posi
tive charge, might have been expected to have a more acid
ic H-6 than a species with a net charge of zero. Breslow, in 
thiamine analogs of the type shown, has found exchange of

the C-2 hydrogen to occur in D2O at room temperature in a 
few hours.27 Beak et al. have reported that some pyridini- 
um salts, such as shown, exchange C-2 and C-6 hydrogen

OCH3

CH3

atoms in methoxide-methanol-O-d in 15 min at room tem
perature.28 The uracilium cation, instead, preferentially 
reacts with hydroxide and methoxide ions at C-4 to give 
electrically neutral products. The D2O reaction, on the 
other hand, demonstrates that the C-6 hydrogen in 1 is not 
as acidic as the C-2 hydrogen of thiamine analogs.

Reaction of 1 with 1 equiv of tetramethylammonium hy
droxide pentahydrate in DMS0-d6 gave 3 containing ca. 
15% deuterium at C-6 and less than 5% at C-5. A similar ex
periment with 3 led to 50% degradation of starting materi
al,9'29 but recovered 3 contained 100% deuterium at C-6 
and 67% at C-5. The exchange observed with 1 occurred in 
all likelihood after conversion to 3.

The reactions of the cyclic salt 1 with amines led to prod
ucts which were markedly dependent on whether the amine 
was primary, secondary, or tertiary. Isopropylamine gave 
solely the product resulting from attack at C-4, 3-(/5-hy- 
droxyethyl)-l-methyl-7V4-isopropylcytosine (9). Spectro
scopic data are the basis for the structure assigned to this 
compound. Comparison of the uv spectral characteristics of 
9 with the values for ,/V3,./V4-bis(/3-hydroxyethyl)-l-methyl- 
cytosine,30 1,3-dimethylcytosine,31 and 3-methylcytidine5a 
show substantial agreement. These compounds exist in the 
(V4-imino, rather than amino, forms. Further, an important 
characteristic of the infrared spectra of cytosine derivatives 
which have a double bond between C-4 and its exocyclic ni
trogen has been noted by Brown et al. Such compounds 
have two absorption bands in the region 1650-1700 cm-1. 
By contrast, compounds having a single bond between 
these two atoms have only a single absorption in this re
gion.32 Compound 9 also has two absorption bands in this 
region. The NMR and mass spectra also are in agree
ment with the assigned structure for 9. Although a peak 
corresponding to the molecular ion was not found in the 
latter spectrum, the three ions of m/e 210, 196, and 168 
lend further support to this structure. These may be repre
sented by the resonance-stabilized structures below.

H3C. .R

ch3 ch3

R = H, m/e 196 m/e 168
R = CH3, m/e 210

Diethylamine plus 1 afforded three uv-absorbing bases: 
61% of frarcs-2-(/3-diethylaminoethyl)-A2-oxazoline (10); 
27% of 3-(/j-diethylaminoethyl)-l-methyluracil (11); and 
12% of a compound to which the structure shown is tenta

tively assigned.33 In addition, N,./V-diethyl-AI'-methylurea 
was isolated from the reaction mixture in 62% yield. The uv 
data for 10 agree with that of dienamines derived from 
a,/?-unsaturated ketones.34 The similarity in the wave
lengths of the maxima and minima of the uv spectra of 9 
and 10, and their variation with changes in solvent, is cor
roborative structural evidence, since the chromophore in 
both of these is the structural element N—C = C —C=N . 
The infrared spectrum of 10 is also in agreement with the 
spectra reported for 2-methyl- and 2-ethyl-A2-oxazoline35 
and with a characteristic frequency (1647-1652 cm-1) re
ported for 2-aryl-A2-oxazolines.36 The XH NMR data lend 
added support to the structure given for 10; in particular, 
the data demonstrate that the compound has the trans 
configuration. The mass spectrum is in agreement with the 
assigned structure too. The principal ions observed are the 
molecular ion and two other ions which are of structural 
significance. These may be represented as shown.

m/e 96

(C2HS)2NCH=CH 
m/e 98

The reaction leading to 10, the only clear-cut example of 
C-6 addition, involves initial attack of diethylamine at C-6 
followed by ring opening between N -l and C-6. Next, two 
pathways may lead to the final products. A similar reaction

1 +  Et,,NH

e^nhN ^ +

MeNH— C— NEt2
II
0
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has been observed with 3-methyl-4-thiouracil and dimeth- 
ylamine, but it required much more drastic conditions 
(155°, 60 hr).37

The uracilium salt 1, when dissolved in pyridine, was 
converted to [¡6-(l-methyluracil-3)ethyl]pyridinium mesyl
ate (12). The basis for the assignment of structures to 11 
and 12 is evident from the spectral data.

The uracilium cation 1 appears to be the first resonance- 
stabilized cation which has been demonstrated to have 
more than two reactive centers toward nucleophiles, i.e., 
C-4, C-6, and the ¡3 position. For this reason, if no other, its 
chemistry is more complex than that of the numerous het- 
eronuclear stabilized cations which have been described in 
the literature.3 The /3-substitution products can be formed 
in two ways: direct attack at the /3 position or attack at C-4 
followed by expulsion of the /3-hydroxyethyl group. The ¡3 
products are undoubtedly the most stable final products, 
since the a,/3-conjugated system is regenerated in them. In 
only one case (diethylamine) the product results from at
tack at C-6. The absence of C-6 adducts with other nucleo
philes is probably due to the fact that they would contain a 
ketene-AI,O-acetal group. It has been reported that this 
functional group is extremely susceptible to nucleophilic 
attack.14 By analogy, were C-6 adducts of cation 1 to be 
formed, they would be rapidly converted by further reac
tion with nucleophiles to C-4 addition products.

The nucleophiles which were examined fall into two 
groups: those which are electrically neutral and those 
which are anions. Both groups are each to be further divid
ed into two subgroups. With one of these, whether electri
cally neutral or negatively charged, the bond initially 
formed at C-4 or C-6 is preserved in the final product. With 
the other subgroup, the final product is the result of nu
cleophilic substitution on the j3 carbon. The electrically 
neutral reagents which fall in the first subgroup mentioned 
are water, alcohols, isopropylamine, and diethylamine; 
those in the second are DMSO, pyridine and, once again, 
water and alcohols. With the latter, the equilibria involving 
the formation of an adduct from 1 and the nucleophile pre
sumably is not favored. Instead, a relatively slow nucleo
philic attack at the /3 position predominates. Of the anionic 
reagents, the first subgroup consists of hydroxide and alk- 
oxide ions; the second includes mesylate, benzoate, and 
chloride ions. The first step in these anionic reactions takes 
advantage of coulombic attraction to form an ion pair 
which is then converted to a covalent adduct at C-4. The 
interaction of 1 with alkoxide is the only reaction in which 
the initial product was stable enough to be detected. The 
hydroxide ion adduct loses a proton and regains a conjugat
ed carbonyl group. The others undergo an intramolecular 
conversion to the /3-substituted product. These steps are 
analogous to those reported for the conversion of 2-methyl- 
cis-4,5-tetramethylene-l,3-dioxolenium cation by means of 
acetate to cis- 1,2-acetoxycyclohexane.38

It is of interest to compare the chemistry of the uracil
ium cation 1 with the oxazolinium cations of Tomalia and 
Paige.3b By analogy with the results of these authors, sol
volysis of cation 1 would involve initial attack of the nu
cleophile at C-4 and eventual cleavage of the bond between 
C-4 and N-3. No examples of this type of behavior were 
found. A further comparison of cation 1 with the N,0- tri- 
methylenephthalimidium cation (17) of Hiinig3a is desir
able too. The principal differences between cations 1 and 
17 lie in their solvolytic behavior. Cation 1 is converted by 
alcohols to 6, whereas if its behavior paralleled that of 17 
the product would have been 3. In addition, the 180  experi
ments with cation 1 clearly demonstrate that its reaction 
with water leads to a mixture of 3 labeled at 0-4 and 3 la

beled at the /3-OH group, in contrast to the prediction of 
Hunig. The reaction of a secondary amine, diethylamine, 
with cation 1 also is quite different in character from the 
reaction of piperidine with 17. Both amines form adducts 
with the respective cations, but since diethylamine is more 
sterically hindered than piperidine, and an alternative po
sition is available in 1 for adduct formation, the diethylam
ine adds to C-6 rather than C-4. The initial adduct from pi
peridine and 17 loses a proton to form a stable product, 
while the adduct from diethylamine and 1 undergoes much 
more complex transformations to yield a stable end prod
uct. The behavior of pyridine and halide ion toward 1 is 
analogous to that observed by Hunig for their reactions 
with 17.

Experimental Section

]H NMR spectra were obtained on a Varian A-60 spectrometer 
at room temperature using tetramethylsilane or sodium 2,2-di- 
methyl-2-silapentane-5-sulfonate (DSS) as internal standards. A 
Cary 14, a Beckman DU, and a Perkin-Elmer 457 grating infrared 
spectrophotometer were used to obtain uv and ir spectra. Mass 
spectra were obtained on a Varian M-66 mass spectrometer at an 
ionizing potential of 70 eV, an ionizing current of 30 n A , and a res
olution of ca. 2200, and with perfluorokerosene as a standard.

VPC was done on a 24 X 0.25 in. o.d. aluminum column packed 
with 1% SE-30 (Applied Science Laboratories, State College, Pa.) 
on Anakrom AS, 40-50 mesh (Analabs, North Haven, Conn.). Col
umn temperatures ranged from 110 to 155° with He flow rates of 
85-100 ml/min. Thin layer chromatography was performed on An- 
altech silica gel G thin layer plates containing fluorescent indicator 
(Analtech, Inc., Newark, Del.). Preparative chromatography (dry 
column) was performed on silica gel Woelm (Waters Associates, 
Inc., Framingham, Mass.).

Uv and 4H NMR data for compounds 1-12 are summarized in 
Tables I and II, respectively. Analyses were performed by Gal
braith Laboratories, Inc., Knoxville, Tenn.

Melting points are uncorrected.
3-(/3-Hydroxyethyl)-l-methyluracil (3). 2,4-Diethoxypyrimi- 

dine, prepared from uracil via the dichloride,39 was methylated 
with methyl iodide and hydrolyzed to give l-methyluracil.7a 1- 
Methyluracil (6.33 g, 50.2 mmol), ethylene carbonate (4.8 g, 57.1 
mmol), and potassium carbonate (100 mg, 0.72 mmol) were heated 
to reflux in dimethylformamide for 75 min.7b The reaction mixture 
was cooled to room temperature and evaporated in vacuo. The res
idue, crystallized from absolute EtOH, afforded 8.16 g (95%) of 3: 
mp 138.5-140° (lit.40 mp 136.5-138.5°); TLC, AcOEt; ir (CHC13) 
3450 (m), 3000 (m), 1710 (s), 1660 (s), 1635 (s), 1455 (s), 1435 (m), 
1390 (m), 1360 (w), 1335 (m), 1210 (m), 1155 (w), 1120 (w), 1015 
(w), and 965 cm-1 (w); mass spectrum m/e (rel intensity) 140 (22), 
139 (14), 128 (13), 127 (100), 84 (27), 83 (31), and 82 (58).

3-(/3-Mesyloxyethyl)-l-methyluracil (2). All materials were 
thoroughly dried and cooled to 0-10°. All operations were carried 
out in this temperature range. Compound 3 (1.7 g, 10 mmol) was 
dissolved in 100 ml of MeCN plus 6 ml (43.2 mmol) of triethyl- 
amine in a three-necked flask fitted with addition funnel, drying 
tube, and thermometer. Mesyl chloride (2 ml, 25.8 mmol) in 25 ml 
of MeCN was added slowly to the stirred reaction mixture. It is 
important to keep the temperature below 10°. The reaction mix
ture was stirred for an additional 30 min and then filtered to re
move triethylamine hydrochloride. The filtrate was concentrated 
in vacuo to a thick oil. AcOEt was added and the solution was fil
tered again to remove triethylamine hydrochloride. The filtrate 
was evaporated in vacuo to a small volume and 2 g of silica gel was 
added. This mixture next was added to a column containing 25 g of 
silica gel and then was eluted with AcOEt. Fractions (3 ml) 12-14 
contained 0.45 g of 2 plus 4 and 15-57 contained 2.24 g (91%) of 2. 
The latter crystallized on evaporation of solvent. It appeared to 
soften at 48°, became liquid at 53°, then resolidified and melted at 
105-112°. Crystalline samples liquefied when stored at room tem
perature overnight, but were stable for at least 30 days if stored 
below 10°: ir (CHC13) 1715 (s), 1665 (s), 1645 (sh), 1450 (m), 1435 
(w), 1385 (m), 1355 (m), 1345 (s), 1185 (s), 1135 (w), 1078 (w), 1000 
(m) and 965 cm-1 (m).

Ester 2 dissolved unchanged ('H NMR) in CDC13, acetone-d6, 
and pyridine-c/5.

3-(d-Chloroethyl)-1 -methyluracil (4). The fractions from two
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preparations of 2 (from 16.9 mmol of 3) which contained 4 were 
combined and chromatographed on 21 g of silica gel with AcOEt as 
eluent. Fractions (3 ml) 3-6 contained a single component weigh
ing 220 mg (7%). Crystallization from Me0 H-Et2 0  afforded 160 
mg of 4: mp 93-94.5°; ir (CHCI3) 3000 (w), 1702 (s), 1665 (s), 1638 
(m), 1450 (s), 1439 (m), 1390 (m), 1370 (w), 1348 (m), 1321 (w), and 
1000 cm- 1  (w); mass spectrum m /e (rel intensity) 190 (28), 188 
(85), 153 (100), 139 (22), 127 (20), 126 (94), 84 (46), 83 (31), and 82 
(60).

Anal. Calcd for C7H9N2O2CI: C, 44.57; H, 4.81; N, 14.85; Cl,
18.79. Found: C, 44.50; H, 4~.59; N, 14.81; Cl, 18.79.

A73,0 1 -Ethylene-1 -methyluracilium Mesylate (1). The ester 
2 (1.115 g) was heated in vacuo at 81° for 4 hr. The compound 
melted and bubbled at approximately 70-73° and then solidified. 
The solid was broken up and washed with 3 X 5 ml of dry MeCN 
and dried in vacuo at 60-65° to afford 0.780 g of product (70%): mp
122.5-125°; ir (MeCN) 1751 (s), 1619 (s) and 1605 cm- 1  (s); mass 
spectrum41 m/e (rel intensity) 248 (10) (M-+), 170 (14), 169 (100) 
(M-+ -  CH3S02), 153 (18), 152 (6 ), 151 (11), 139 (34), 127 (14), 126
(15), 96 (6 ), 84 (49), 83 (23), 82 (51), 79 (17), and 70 (6 ).

Anal. Calcd for C8H12N2 0 5S: C, 38.72; H, 4.87; N, 11.29; S, 12.89. 
Found: C, 38.50; H, 5.08; N, 11.20; S, 13.05.

Salt 1 was soluble in H20  and DMSO (vide infra). It dissolved 
unchanged in DMF and CF3CO2H; it was slightly soluble in MeCN 
and EtOH; and it was insoluble in CHCI3 and AcOEt. On electro
phoresis at pH 4.6 (paper, 0.05 M  acetate buffer) 1 migrated 4 cm 
toward the cathode, whereas 3 did not move at all.

Although the filtrate contained 1 and 2 (TLC, AcOEt; Rf of 1 0), 
attempts to recover more 1 from it were unsuccessful. The reason 
for this became apparent when pure 1 (19.70 mg, 7.95 X 10-2  
mmol) was dissolved in 25 ml of MeCN. An aliquot of this solution, 
diluted with more MeCN, had Xmax 290 nm. After 4 hr at room 
temperature, the optical density at 290 nm had decreased and a 
shoulder appeared at 267 nm. This spectrum remained constant 
and represented 64% of 1 and 36% of 2. After 24 hr another aliquot 
was removed and diluted with 0.1 IV HCI. The Xmax of this solution 
slowly reached a constant absorbance at 288 nm, corresponding to 
complete regeneration of 1. The finite equilibrium between 1 and 2 
also was evident from an ir spectrum in MeCN. In addition to the 
bands characteristic of 1, there were strong absorptions at 1716, 
1668, and 1655 cm- 1  (sh) corresponding to 2.

Reaction of 4 with Silver Tetrafluoroborate. Compound 4 
(178 mg, 0.94 mmol) was dissolved in 4 ml of MeCN and anhy
drous AgBF4 (0.6 g, 3.0 mmol) was added. After 3 days the absorb
ance at 290 nm corresponded to a 75% yield of the cation of 1. TLC 
of the reaction mixture in AcOEt showed a spot at the origin and a 
spot with the same Rf as starting material. The solution was fil
tered and concentrated in vacuo. The crude residue, recrystallized 
from MeCN-l,2-dichloroethane, afforded 132 mg (59%) of the 
tetrafluoroborate of the cation of 1: mp 156-159°; ir (MeCN) 1751 
(s), 1621 (s), and 1606 cm- 1  (s); :H NMR (D2O) S 8.59 (d, 1, e = 
8 Hz, H-6 ), 6.62 (d, 1, 1/ 5,6 = 8 Hz, H-5), 5.30 and 4.59 (m, 4, 
NCH2CH2O), and 3.68 (s, 3, NCH3). The sample turned dark on 
standing, an indication of contamination by silver ion.

0-[/}-(l-M ethyluracil-3)ethyl]-S-dim ethylsulfoxonium  
Mesylate (5). Attempts to obtain the 'H NMR spectra of the 
mesyl ester 2 and the cyclic cation 1 in DMSO-de indicated that 
both were transformed to a third product. Starting with 2, equilib
rium was reached in ca. 20 hr; with 1 it took ca. 5 hr. At equilibri
um the 4H NMR spectrum showed the new compound 5 to be 63% 
of the total, 2 21%, and 1 16%. In an attempt to prepare and isolate 
5, a sample of 1 (255 mg) was dissolved in 2 ml of DMSO-I16 with 
gentle warming. The Xmax of an aliquot of this solution in absolute 
EtOH had shifted from 290 to 265 nm, suggesting conversion to 5. 
The solvent was evaporated in vacuo and a 1H NMR spectrum of a 
portion of the residue was obtained in DMSO-d6. This spectrum 
was identical with that obtained by dissolving 1 in DMSO-dg, i.e., 
no dimethylsulfoxonium absorption was observed. Spectra in 
CF3CO2H and D20  of other portions of the residue confirmed that 
5 had reverted to 1 on evaporation of the DMSO. When 1 was dis
solved in DMSO-/16, the !H NMR spectrum showed a new line for 
the dimethylsulfoxonium group at 3.30 ppm. The uv spectrum of 
an equilibrated solution of 1 in DMSO had AmalI 270 nm (r 
~7300).42 Evaporation of this solution, followed by dissolution of 
the residue in absolute EtOH, showed increased absorbance at 290 
nm, the Xmax of 1, further confirming reversal of formation of 5 on 
removal of DMSO.

Addition of D20  or NaOD to equilibrated DMSO-di; solutions of 
1 resulted in formation of 3 which contained less than 5% deuteri
um.

3-(/3-Acetoxyethyl)-l-methyluracil (8 b). Compound 3 (340 
mg, 2.00 mmol) was added to 2 ml of pyridine containing 300 jul (3 
mmol) of Ac20. The mixture was warmed briefly to achieve solu
tion and then allowed to stand at room temperature overnight. 
TLC (AcOEt) indicated complete conversion to a new product. 
The reaction mixture was evaporated in vacuo, treated with water, 
and evaporated again. The residue, which resisted all attempts at 
crystallization, was chromatographed on 12 g of silica gel (AcOEt). 
The solvent was removed in vacuo from fractions (3 ml) 7-30, 
which contained the product: ir (CHCI3) 3000 (m), 1740 (s), 1715 
(s), 1655 (s), 1640 (sh), 1450 (m), 1435 (w), 1390 (m), 1375 (m), 
1360 (w), 1350 (m), 1240 (s), 1140 (w), 1080 (w), 1065 (w), and 1025 
cm- 1  (w); mass spectrum m/e (rel intensity) 212 (16), 169 (46), 153
(10), 152 (49), 151 (22), 140 (51), 139 (20), 128 (17), 127 (100), 84
(28), 83 (44), and 82 (49).

Anal. Calcd for C9H12N2O4: C, 50.94; H, 5.70; N, 13.20. Found: 
C, 50.81; H, 5.81; N, 13.31.

Reaction of 1 with NalsOH. H2180  (250 ¿¿1, 14% 180  by mass 
spectrometry) was placed in a vial and weighed. The vial and con
tents were cooled in an ice bath and a small piece of sodium was 
added. After the vigorous hydrogen evolution ceased, the vial was 
weighed. The weight of sodium was ca. 13 mg (0.56 mmol). Com
pound 1 (36.4 mg, 0.15 mmol) was placed in a second vial and the 
Na18OH solution was injected into it. The vial was shaken vigor
ously for 5 min and then 30 jtl (0.53 mmol) of glacial AcOH was 
added. The solution was evaporated in vacuo and the residue was 
chromatographed on 8 g of silica with 1:1 AcOEt-EtOH. The prod
uct, 22 mg (93%) of 3, was dissolved in EtOH and this solution was 
divided into two equal parts. One part, after evaporation in vacuo, 
was treated with 200 id  (2.1 mmol) of Ac20  in 1 ml of pyridine for 
14 hr. TLC (AcOEt) indicated complete conversion to 8 b. The sol
vent and excess reagent were evaporated in vacuo and the residue 
was dissolved in 3C0 id of CHCI3. VPC of a 20-d aliquot yielded a 
pure sample of 8 b which was used for mass spectrometric analysis. 
The isotopic composition was measured on the molecular ion and 
was found to contain 12% 180. The remaining portion of 3 was dis
solved in 2 ml of 1,2-dichloroethane and treated with 50 d  (8.35 X
10-2  mmol) of thienyl chloride for 14 hr. TLC (AcOEt) indicated 
complete conversion to 4. The reaction mixture was evaporated in 
vacuo and the residue was dissolved in 300 d  of CHC13. VPC of a 
20-d  aliquot yielded a pure sample which was used for mass spec
trometric analysis. The isotopic composition was measured on the 
molecular ion and was found to be 1 2 % 180 .

Solvolysis o f 1 with H2lsO. Uracilium mesylate 1 (39.8 mg,
0.160 mmol) was placed in an airtight vial and 125 d  of H2180  
(14% 180) was injected. The solution was allowed to stand at room 
temperature for 8 days. An aliquot of the solution diluted with ab
solute EtOH had X̂ a* 267 nm and very little optical density at 290 
nm. The remainder of the solution also was diluted with EtOH and 
then evaporated in vacuo. The residue was chromatographed on 8 
g of silica gel with 1:1 AcOEt-EtOH. The product, 27 mg (100%) of 
3, was dissolved in EtOH and divided into two equal parts. One 
portion was converted to 8b and the other to 4, as described above. 
Samples for mass spectrometry were obtained by VPC. The ace
tate 8b contained 12% 180  and the chloride 4 contained 6% 180.

Reaction of 1 with Ethanolic Ethoxide. 4-Ethoxy-IV3,0 1- 
ethylene-l-methyl-3,4-dihydrouracil (7b). Compound 1 (460 
mg, 1.86 mmol) was added to 250 ml of ice-cold absolute EtOH and 
8 ml of freshly prepared 0.236 N  EtONa in EtOH (1.89 mmol) was 
added. Within 75 min, a finely divided solid separated and the 
Xmax of the solution had shifted from 267 to 235 nm. When an ali
quot of this solution was acidified with 1 N  HCI, Xmax changed 
back to 290 nm, a value characteristic of 1. Filtration of the main 
portion of the solution and concentration of the filtrate in vacuo 
afforded a residue, 7b, which could not be crystallized. Attempts to 
chromatograph the residue yielded 3. VPC of a portion of the resi
due led to isolation of 6 b, which was characterized by TLC 
(AcOEt) and mass spectroscopy.2

Reaction of 7b with Benzoic Acid. 3-(/5-Benzoxyethyl)-I- 
methyluracil (8 a). To 10 ml (0.171 mmol) of an ethanolic solution 
of 7b was added benzoic acid (21 mg, 0.172 mmol). When a sample 
of the mixture was subjected to TLC (AcOEt) immediately after 
mixing, a new component was found. The residue obtained on 
evaporation of the reaction mixture in vacuo was dissolved in 
CHCI3 and this solution was extracted with 1 N  NaOH. It was 
dried (MgS0 4 ) and then evaporated in vacuo to give 37 mg (79%) 
of 8 a. An analytical sample was obtained from CHCl3-petroleum 
ether: mp 142-144°; ir (CHCI3) 1710 (s), 1665 (s), 1601 (w), 1450 
(m), 1435 (w), 1385 (w), 1355 (w), 1350 (w), 1320 (w), 1280 (s), 1120 
(m), and 1030 cm- 1  (w); mass spectrum m /e (rel intensity) 274 (8),
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232 (10), 231 (78), 169 (21), 153 (18), 152 (64), 151 (20), 139 (7), 127
(8 ), 126 (8), 106 (23), 105 (100), 84 (16), 83 (15), 82 (36), and 77
(39).

Anal. Calcd for Ci4Hi4N20 4: C, 61.19; H, 5.09; N, 10.25. Found: 
C, 61.31; H, 5.14; N, 10.21.

Reaction of 1 with Sodium Benzoate. Compound 1 (24.2 mg, 
9.77 X 10“  2 mmol) and sodium benzoate (17.2 mg, 0.12 mmol) were 
dissolved in 1 ml of DMF. TLC (AcOEt) indicated complete con
version to 8 a within 0.5 hr. The reaction mixture, after evaporation 
to dryness, was dissolved in CHCU and this solution was washed 
with water. The CHCI3 layer was dried (MgS04) and after evapo
ration afforded 20 mg (75%) of 8 a identical with that obtained 
above.

Alcoholysis of 1. 3-(d-Methoxyethyl)-l -methyluracil (6 a). A
solution of the uracilium salt 1 (244 mg, 0.983 mmol) in 100 ml of 
dry MeOH was allowed to stand at room temperature. The Amax 
shifted from 290 nm to a constant absorbance at 267 nm in 5 days. 
The solution was evaporated in vacuo and the residue was dis
solved in 1,2-dichlorethane, washed (5% NaHC03), dried (MgS04), 
and concentrated in vacuo until crystallization began. The crude 
weight of product was 155 mg (86%). An analytical sample of 6 a 
was crystallized from AcOEt-petroleum ether: mp 97-98°; ir 
(CHCI3) 1710 (s), 1665 (s), 1640 (sh), 1480 (m), 1450 (s), 1435 (m), 
1390 (s), 1350 (m), 1320 (w), 1160 (w), 1140 (m), 1120 (m), 1020 
(w), and 980 cm- 1  (w); mass spectrum m/e (rel intensity) 184 (12), 
153 (6 ), 151 (20), 141 (6 ), 139 (14), 128 (9), 127 (100), 126 (25), 84
(19), 83 (13), and 82 (63).

Anal. Calcd for C8Hi2N20 3: C, 52.17; H, 6.57; N, 15.21. Found: 
C, 51.99; H, 6 .68 ; N, 15.10.

The uv spectrum of a solution of 1 (5.75 mg, 2.32 X 10~2 mmol) 
in 250 ml of absolute EtOH was measured within a few minutes of 
its preparation. The absorbance at 290 nm was found to be 20-25% 
lower than it would have been in MeCN or 0.1 N  HC1 and a shoul
der was noted at ca. 235 nm. This absorption corresponds to that 
observed for 7b. On acidification with 1 N  HC1 the absorbance in
creased at the Amax for 1 and the shoulder disappeared.

Reaction of 1 with Ionic Chlorides. Stock solutions of 1 (7.35 
mg, 2.96 X  10~ 2 mmol) and tetraethylammonium chloride (14.55 
mg, 8 .8  X 10~ 2 mmol), each in 10 ml of MeCN, were prepared. The 
solution of l (200 jxl, 5.92 X  10~3 mmol) and 100 id  (S .8  X 10-3  
mmol) of the chloride solution were added to a 1 0 -ml volumetric 
flask containing MeCN and then diluted to the mark. The uv spec
trum was recorded immediately; it showed a shoulder at 290 nm 
and a Amax at 264 nm. The shoulder at 290 nm continued to de
crease as the Amax at 264 nm increased. After 20 min the reaction 
was complete.

A 200-mI aliquot (5.92 X 10” 3 mmol) of the stock solution of 1 
was diluted to 100 ml with 0.1 N  HC1 and the uv spectrum was ob
tained. The Amax was at 288 nm (c 9800) and after 3 hr it still had 
97% of the original absorbance. After 48 hr the Xmax had shifted to 
280 nm and after 5 days a shoulder was still present at 290 nm, but 
the Amax was at 269 nm.26

A 200-^1 aliquot (5.92 X  10- 3  mmol) of the stock solution of 1 
was added to 1 ml of 1 AT HC1 and MeCN was added to the mark. 
The uv spectrum was obtained immediately, it showed a shoulder 
at 290 nm and a Amax at 270 nm.26

Lithium chloride (5.70 mg, 0.134 mmol) was added to the re
mainder of the stock solution of 1 (2.88 X 10- 2  mmol). The solu
tion became cloudy immediately and a new, finely divided solid 
separated. The lithium chloride did not dissolve completely. TLC 
(AcOEt) showed complete conversion of 1 to 4.

Conversion of 2 to 1 in D2O Solution. A 30-mg sample of 2 was 
dissolved in D20  containing 1% DSS (w/w). The 4H NMR spec
trum obtained within 5 min showed ca. 55% of 2 and 45% of 1. In 
18 min the spectrum showed 100% conversion of 2 to 1. At the end 
of 3 hr ca. 10% hydrolysis to 3 had occurred. Less than 5% ex
change had taken place for H-5 or H-6 in 1 and 3.

Reaction o f 1 with NaOD in D2O. To 30 mg (0.121 mmol) of 1 
was added 200 jd (0.155 mmol) of 0.775 N  NaOD and 100 jtl of D20  
containing DSS. The 1H NMR spectrum was that of 3 and showed 
less than 5% exchange for H-5 or H-6 .

Reaction of 1 with MeONa-MeOD. Compound 1 (36.25 mg, 
0.146 mmol) was added to 25 ml of MeOD. A 200-id portion of 0.83 
N  MeONa in MeOD (0.166 mmol) was added. The Amax of an ali
quot was 237 nm. The MeOD was distilled off until ca. 5 ml re
mained. The residue was diluted with ether and filtered to remove 
sodium mesylate. TLC (AcOEt) indicated a single product with R f 
equal to that of 3.43 Evaporation of the solution in vacuo left a 
white, crystalline solid. It was dissolved in absolute EtOH and the 
uv spectrum showed a Amax at 267 nm corresponding to a 99% yield

of 3. The structure was confirmed by the 'H NMR spectrum, 
which showed less than 5% deuterium incorporation at C-5 or C-6 .

Reaction of 1 with Tétraméthylammonium Hydroxide Pen- 
tahydrate in DMSO-d6- Tétraméthylammonium hydroxide pen- 
tahydrate (ca. 150 mg) was added to 6 ml of DMSO-dg and 
warmed on a steam bath. The solution was cooled to room temper
ature, filtered, and titrated with standard acid. The normality was 
ca. 0.144. Compound 1 (104 mg, 0.419 mmol) was placed in a 1.0-ml 
volumetric flask and 2.8 ml (0.403 mmol) of this solution was 
added. The reaction mixture was shaken vigorously for 4 min. The 
solid uracilium salt dissolved and a new solid separated. Water was 
added and the reaction mixture was diluted to 10 ml. The uv ab
sorption spectrum had a Xmax at 267 nm corresponding to an 86% 
yield of 3. The mixture was evaporated in vacuo and chromato
graphed on 8 g of silica gel with 1:1 AcOEt-EtOH. The lH NMR 
spectrum in D2O confirmed that the compound was 3 with 15% 
deuterium at C-6 and less than 5% at C-5.

Reaction of 3 with Tétraméthylammonium Hydroxide Pen- 
tahydrate in DM SO-4. Compound 3 (36.5 mg, 0.214 mmol) was 
placed in a 10-ml volumetric flask and 1.65 ml (0.237 mmol) of the 
above 0.144 N  tétraméthylammonium hydroxide solution were 
added. The mixture was shaken vigorously for 4 min and then 250 
id (0.25 mmol) of 1 N  HC1 was added. Next the flask was diluted to 
the mark with water. The uv spectrum indicated that 54% of the 
initial chromophore was present. The solution was evaporated in 
vacuo and the residue was chromatographed on 8 g of silica gel 
with 1:1 AcOEt-EtOH. Fractions 1-4 (3 ml) contained 46% (uv) of 
3 (TLC, AcOEt). The 1H NMR spectrum in D2O showed that H-6 
had exchanged completely and H-5 was 67% exchanged.

Reaction of 1 with Isopropylamine. 3-(/3-HydroxyethyI)-l- 
methyl-jV4-isopropyl cytosine (9). Compound 1 (220 mg, 0.889 
mmol) was added to 2 ml (23.3 mmol) of isopropylamine at room 
temperature. An exothermic reaction ensued and the solution 
boiled. The reaction mixture was evaporated in vacuo. The residue 
was dissolved in CHCI3 and extracted with 10 ml of 0.1 N  NaOH, 
dried (MgS04), and evaporated in vacuo. The residue, 184 mg 
(98%), was chromatographed on 7.5 g of silica gel with AcOEt to 
give 146 mg (78%) of material which resisted crystallization. A 
sample distilled in vacuo at 95-110° (5 X 10“  2 mm) crystallized: 
mp 57-60° ;44 ir (CHCla) 2985 (w), 1690 (m), 1661 (s), 1601 (s), 1445 
(m), 1431 (m), 1391 (m), 1381 (w), 1361 (m), 1340 (m), 1180 (m), 
1040 (w), 980 (w), and 950 cm- 1  (w); mass spectrum m /e (rel inten
sity) 210 (7), 196 (46), 194 (9), 188 (7), 181 (12), 169 (32), 168 (100), 
166 (22), 153 (28), 152 (60), 150 (15), 139 (10), 127 (11), 126 (53), 
125 (29), 124 (16), 111 (25), 109 (17), 84 (12), 83 (14), 82 (25), and 
81 (14).

Anal. Calcd for C10H17N3O2: C, 56.85; H, 8.11; N, 19.89. Found: 
C, 56.78; H, 8.05; N, 20.10.

Reaction of 1 with Diethylamine. fraris-2-(/3-Diethylamino- 
ethenyl)-A2-oxazoline (10) and 3-(d-Diethylaminoethyl)-l- 
methyluracil (11). Uracilium salt 1 (238 mg, 0.96 mmol) was 
added to 2 ml (19.5 mmol) of diethylamine. An exothermic reac
tion ensued; the solution boiled and separated into two layers. 
After 2 hr the reaction mixture was evaporated in vacuo. The resi
due was dissolved in CHClj and extracted with 3 X  10 ml of 1 N  
HC1. The CHCI3 layer, after drying (MgS04) and evaporation, af
forded 78 mg (62%) of an oil, N,(V-diethyl-N'-methylurea:45 4H 
NMR (CDCI3) 5 3.92 (broad, 1, NH), 3.30 (q, 4, JEt = 7 Hz, 
CH3CH2), 2.82 (s, 3, CH3N-), and 1.15 (t, 6 , JEt = 7 Hz, CH3CH2). 
The acid extract was made alkaline with 1 N  NaOH and extracted 
with 3 X 20 ml of CHC13. These extracts, after drying (MgS04) and 
evaporation, afforded 188 mg of an oil which container: three prod
ucts (4H NMR) in the ratio of 12, 27„and 61%. Chromatography on 
30 g of silica gel (2.5% Et3N in MeCN) separated two minor com
ponents (50 mg) from the major component (80 mg). An analytical 
sample of the major component, 10, was purified by VPC: ir (film) 
2980 (m), 2940 (m), 2900 (sh), 2880 (m), 1640 (s), 1470 (m), 1420 
(s), 1370 (s), 1330 (w), 1265 (s), 1200 (m), 1125 (s), 1103 (sh), 1085 
(w), 1040 (w), 1010 (s), 960 (s), 940 (w), 910 (w), 839 (m), and 785 
cm- 1  (m); mass spectrum m/e (rel intensity) 168 (100), 153 (8 ), 140
(11), 139 (99), 138 (16), 137 (12), 125 (13), 112 (11), 111 (11), 110
(9), 98 (17), 96 (21), and 95(17).

Anal. Calcd for C9H16N2O: C, 64.25; H, 9.59; N, 16.65. Found: C, 
63.91; H, 9.58; N, 16.81.

This compound was unstable in air and darkened quickly. At
tempts to form a maleic anhydride adduct resulted in an exother
mic reaction. The reaction mixture turned red, then brown, and fi
nally to a black, carbon-like substance.46

The mixture of the two minor components obtained above was 
separated on analytical TLC plates (10% Et3N-AcOEt). The slow
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er moving component was scraped from the plates and eluted from 
the silica gel with the same solvent. An analytical sample of 11 was 
obtained from the 35 mg (16%) of crude material by VPC: ir 
(CHCls) 2980 (m), 2940 (m), 2820 (m), 1712 (s), 1665 (s), 1635 (s), 
1451 (s), 1440 (m), 1421 (w), 1390 (m), 1380 (m), 1355 (m), 1325 
(w), 1181 (w), 1142 (m), and 1012 cm-1 (w); mass spectrum m/e 
(rel intensity) 225 (7), 196 (4), 182 (4), 168 (13), 154 (27), 153 (24), 
138 (6), 110 (28), 87 (21), 86 (100), 84 (15), and 82 (11).

Anal. Calcd for CnHiaNsOs: C, 58.64; H, 8.50; N, 18.65. Found: 
C, 58.48; H, 8.49; N, 18.40.

For the third component: 4H NMR (CDCI3) fl 3.30 (s, 3, CH3), 
~3.84 and 4.30 (m, 4, CH2CH2), 5.76 (d, 1 , J bie =  8 Hz, H-5), and
6.81 (d, 1, t/5,6 = 8 Hz, H-6). After long standing on a TLC plate, 
the R f of this component decreased to that of 3.

Another sample of the two minor components (70 mg) was dis
solved in 250 pi of AC2O. The solution was warmed briefly and then 
chromatographed on analytical TLC plates as described above. 
Compound 11 (52 mg) was unchanged. The 1H NMR spectrum of 
the other component (CDCI3) was S 2.00 (s, 3, CH3CO), 3.27 (s, 3, 
CH3N), 4.34 (m, 4, CH2CH2), 5.69 (d, 1, J b,6 = 8 Hz, H-5), and 6.67 
(d, 1, 1/ 5,6 = 8 Hz, H-6 ); uv max (95% EtOH) 280 nm (broad);33 
mass spectrum m/e (rel intensity) 212 (7), 196 (41), 180 (52), 169
(21), 155 (26), 154 (100), 153 (47), 152 (54), 140 (29), 139 (16), 138
(40), 127 (63), 125 (44), 123 (85), 111 (21), 87 (23), 83 (32), 82 (36), 
81 (25), and 69 (21). A sample of acetylated material stored in a XH 
NMR tube for ca. 6 weeks, and from which the solvent had evapo
rated, was 50% transformed to 8b.

Reaction of 1 with Pyridine. /S-(l-Methyluracil-3)ethylpy- 
ridinium Mesylate ( 1 2 ). Compound 1 (30 mg, 0.121 mmol) was 
added to 300 pi of pyridine-ds and warmed briefly in an oil bath at 
110°. The salt dissolved. The 4H NMR spectrum was obtained and 
showed complete conversion to 1 2 , which had been fully character
ized from a preparation starting with 2 .2

Registry No.—1, 54931-91-8; 1 BF4, 54932-15-9; 2, 54931-79-2; 
3, 1127-64-6; 4, 54932-16-0; 5, 54932-18-2; 6a, 54931-87-2; 7b, 
54932-19-3; 8a, 54932-20-6; 8b, 54932-21-7; 9, 54931-94-1; 10, 
54931-92-9; 11, 54931-93-0; 12, 54931-97-4; 1-methyluracil, 615-
77-0; ethylene carbonate, 9 6 -4 9 -1 ; mesyi chloride, 124-63-0; silver 
tetrafluoroborate, 14104-20-2; ethanol, 64-17-5; benzoic acid, 65- 
85-0; isopropylamine, 75-31-0; diethylamine, 109-89-7.
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The Role of Michael Adducts in Pyrimidine Chemistry. Reactions of 
3-((0-Methanesulfonyloxyethyl)-l-methyluracil with Bases1’2

Eva G. Lovett and David Lipkin*

D e p a r tm e n t  o f  C h em is try . W a s h in g to n  U n iv e r s ity , S t. L o u is , M is so u r i 63130

E .eceived  J a n u a ry  1 0 ,1 9 7 5

The reactions of 3-(d-methanesulfonyloxyethyl)-l-methyluracil with hydroxide in DMSO and DMSO-dg were 
investigated in an attempt to trap a Michael adduct. In spite of the demonstrated ease of formation, under a vari
ety of conditions, of a product containing an oxazoline ring, the principal product was a malonsemialdehyde-sub- 
stituted imidazolidone. This resulted from the addition of hydroxide at C-6 of the mesyl ester and subsequent 
cleavage between N-l and C-6 of the pyrimidine ring. The course of the reaction was elucidated by the character
ization of derivatives and then degradation of one of these. The results of the reactions between hydroxide and 
ester in deuterated media support the carbanion mechanism for exchange at C-6 of the mesylate and elucidate the 
nature of a competing pathway involving Michael addition. Finally, the reactions of 3-(/S-methanesulfonyloxy- 
ethyl)-l-methyluracil with alcohols and amines were studied to complete the comparison with the behavior of the 
isomeric salt, JV3,0 4-ethylene-1 -methyluracilium mesylate.

Michael additions have been suggested as intermediate 
steps in a variety of phenomena involving pyrimidines. 
These are the formation of 0 6,5'-cyclonucleosides from 5- 
halopyrimidine nucleosides;3 deuterium exchange at C-5 
and C-6 in basic media;4 the mode of action of thymidylate 
synthetase;5 bisulfite addition;6 nucleophilic addition to 5- 
nitropyrimidmes;7 alkaline degradation of methylated py
rimidine nucleosides;8 and 5'-thiol additions.9 To deter
mine the role, if any, of Michael-type additions in these 
phenomena, the reactions of 3-((3-mesyloxyethyl)-l-meth- 
yluracil (1), other than those in which the initial step is 
conversion of 1 to AT3,0 4-ethylene-l-methyluracilium 
mesylate (2),2 were explored. This ester, 1, has the poten
tial of forming an adduct which then is stabilized by intra
molecular conversion to a 6-substituted Al3,0 4-ethylene-l- 
methyl-04,6-dihydrouracil (3), i.e. (Nu = nucleophile)

The emphasis in this paper is on reactions of 1 with hy
droxide ion in DMSO. With this same base and solvent,
1,3-dimethyluracil has been reported to undergo rapid H-6 
exchange,44 while 5-halopyrimidine nucleosides have been 
converted to 0 6,5'-cyclonucleosides.3 Alternative mecha
nisms, other than ones involving the formation of Michael 
adducts, have been suggested for these two latter reac- 
tions.4e’f’3a

Results and Discussion
A number of complexities were to be avoided in investi

gating the reactions of 1 with hydroxide in DMSO. This 
mesyl ester, as has been previously noted,2 reacts slowly 
with DMSO to form O- [Vi-(1 -methyluraci 1 -3)ethvl|-.S’- di- 
methylsulfoxonium mesylate (4). This salt is converted 
rapidly by the addition of base to 3-(/3-hydroxyethyl)-l- 
methyluracil (5), which would also be obtained by direct 
displacement of the mesyl group of 1 by hydroxide ion or 
via the cyclic salt 2 plus hydroxide. These reactions are ir
relevant with respect to the reactions to be discussed here. 
Furthermore, the degradation of 5 in basic media also is in 
the same category.2 In order to minimize the effect of these 
competing reactions, the solutions of base were usually 
added to the solid ester 1. This makes reactions where the

base is not intended to be in excess actually have an excess 
initially and introduces some problems with reproducibili
ty. The results are least complicated with a large excess of 
base or a catalytic amount of base.

When a twofold excess of tetramethylammonium hy
droxide pentahydrate (TMAH) in DMSO was added to a 
sample of the solid ester 1, not 5, but a new product (6),10 
was formed rapidly which could be fully characterized only 
as enamine derivatives (7). Support for the structure of 7 is

R\  /  9^ nch= chcx  11 ch3
R' TT hr

\__ /
7a, R =  Me2CH; R' =  H 
b, R = R' = Et

provided by the spectroscopic data. The relatively long 
wavelength uv absorption of 7 in neutral or alkaline solu
tion is similar to that of enamine ketones. The shift of the 
maximum of 7 to a much shorter wavelength in acid solu
tion must be due to N-, rather than 0-, protonation.11 The 
infrared spectra of 7 have two absorption bands (~f 648 
and ~J705 cm-1) corresponding to those characteristic of
l-acetyl-3-methylimidazolidone (1670 and 1730 cm-1).12 In 
addition, however, the two compounds have another ab
sorption (~1555 cm-1) characteristic of enamino ketones 
(1535-1574 cm-1).13 The 1H NMR spectrum provides fur
ther support for the assigned structure. In 7 the protons of 
the methylene group adjacent to the NMe group absorb at 
ca. & 3.3 (DMSO-de) and those adjacent to the nitrogen 
atom flanked by two carbonyl groups absorb at ca. <5 3.7. 
These assignments are based on the fact that the methy
lene protons in 1-methylimidazolidone absorb at ô 3.45, 
while those in 1,3-diacetylimidazolidone are at 5 3.83.12 The 
'H NMR data also demonstrate that in 7b the trans isomer
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is the stable one in both chloroform and DMSO solutions. 
The compound 7a, by contrast, is present as the trans iso
mer in DMSO, but in chloroform it exists mainly (>95%) as 
the cis isomer. This presumably is-due to the formation of 
an intramolecular hydrogen bond between the NH group 
and the exocyclic carbonyl.14 The mass spectra gave added 
confirmation to the structure written for 7. Abundant ions 
corresponding to the following proposed structures are ob-

+
(CH3)2CHNHCH=CHC==0 

m/e 112
(CH3)2CHNHCH=CH 

m/e 84

%
0

C\  A
N N" 

\— J

m/e 127

,CH,
OH O

A  / - CHlN A  / CH ;+N / isr
\ _ / \ - J

m/e 100 m/e 99
served for 7a. The diethylamino derivative, 7b, gave an 
analogous series of abundant ions, 
abundant ions.

Chemical evidence for the structures assigned to 7 in
cludes a positive Ehrlich’s test15 (orange color) with 7a, but 
not with 7b. This is indicative of an active methylene group 
in the tautomer of 7a. Degradation of 7a with ethoxide in 
ethanol afforded an enamino ester (8) and 1-methylimida- 
zolidone (9). The latter was identical with a sample pre-

EtO~
EtOH

B H\  A  / CHlMe2CHNHCH=CHCOEt +  N
8 \--- /

9
pared  b y  an u n equ ivoca l r o u te  and ruled  ou t th e  p ossib ility  
that 9 is the isomeric 2-(methylamino)-2-oxazolidine.16

n^ H‘
Ao  h r  

\_ /
Compound 8 was isolated as a colorless oil which dark

ened on standing at room temperature for a few days.17 It 
too gave a positive Ehrlich’s test, as expected. Spectral data 
for 8 are in good agreement with those of Huisgen.14

Enolate anion 6, a malonsemialdehyde derivative, must 
be the precursor of enamines 7a and 7b. Both chem ica l and  
physical evidence support this assumption. On electropho
resis at pH 9.2 6 migrated toward the anode, indicating a 
negatively charged species. The uv absorption of 6 in alka
line solution (Amax 290 nm) and the fact that this absorp
tion disappears on acidification, as well as a positive Ehrl
ich’s test (orange), is indicative of an active methylene 
group.15 By comparison, thio esters of malonsemialdehyde 
have \ m a x  ca. 299 nm.18 The sulfur atom probably has a 
bathochromic effect on this absorption,19 but then the sub
stituted urea residue in 6 also may have a bathochromic ef
fect.20 The difference in Xmax for 7 and 8 also may be due, 
in part, to the same effect. The LH NMR data provide ad
ditional support for the structure of 6. The marked down- 
field shift of the absorption of H-6 (the y  carbon atom of 
the malonsemialdehyde side chain10), relative to the corre
sponding proton in 7 or 8, probably is due to the fact that 6 
is to be represented by the two principal resonance struc
tures depicted.

Extraction of an acidified solution of 6 yielded a com
pound (10) in which H-6 was even further downfield (in the 
typical aldehyde region). In addition, other changes in the 
JH NMR spectrum are consistent with the conversion of 
the enolate 6 to the corresponding aldehyde 10. Further

more, upon methylation of 6 with methyl iodide, presum
ably the homolog of 10 (11) was obtained. In 11 the H-5

P  O

° - T W CHt
CH;) \___ /

11

resonance is a quartet (d5,cH3 = 7-5 Hz), which is further 
split by coupling to H-6 (J5|6 = 1 Hz). The H-6 resonance 
of 11, which is at the same <5 as in 10, is now a doublet rath
er than a triplet with < 1 Hz. Except for the C-methyl 
group, the other absorptions are essentially the same as in
10. The mass spectral fragmentation pattern of 11 is relat
ed to that of 7. This lends further support to the structures 
proposed for 6 and 10.

A reasonable course for the formation of 6 from 1 is as 
follows.

o w
1

OH
OMs OMs

12b

I
OH

Two essential features of this scheme are that initial at
tack by hydroxide ion takes place at C-6 and that opening 
of the pyrimidine ring involves th e  b rea k in g  o f  th e  bon d  
b e tw een  N - l  and  C-6. In contrast to expectations, the final 
product is a substituted imidazolidone, a cyclic urea deriva
tive, rather than the anticipated compound, 3. Further
more, in light of the demonstrated ease of formation of an 
oxazoline from l,2 the formation of a cyclic urea, 6, also was 
surprising. A possible explanation for this observation is 
that ionization of the added hydroxyl in 12a, accompanied 
by protonation of the C-4 oxygen to give 12b, makes 0-4 
less nucleophilic.

Many examples are known of the degradation of substi
tuted uracils by means of aqueous hydroxide21 to acyclic 
ureas4b’8’22 or substituted 2-oxo-4-imidazolines.3b By con
trast with the reaction leading to the formation of 6, these 
reactions take place by the Michael addition of water or an 
alcohol to the 5,6 double bond of the pyrimidine followed 
by cleavage of the bond b e tw een  N -3  and  C -4  in the result
ing 5,6-dihydrouracil derivative. This is a well-documented 
course for the alkaline degradation of substituted 5,6-dihy- 
drouracils.23

As mentioned above, cleavage of the pyrimidine ring be
tween N -l and C-6 leads to the formation of an enolate. 
The formation of aldehyde intermediates in the alkaline 
degradation of pyrimidine derivatives has been suggested 
previously by twó groups. Rondo et al. have found that 
N 3- methyl-27,3'-0-isopropylideneuridine was converted by 
means of aqueous alkali to 3-methylurea riboside.8 They 
have suggested that here too a 5,6-dihydrouracil was
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formed as an intermediate and that subsequently this was 
degraded to the final product through the breaking of the 
bond between N -l and C-6 before the bond between N-3 
and C-4 was broken. The data provided by these authors 
may not be in agreement with this suggestion. They ob
served a transient XH NMR absorption at 8.29 ppm which 
has been assigned to an aldehydic proton. This is in dis
agreement with the value given for the C-6 proton of 6 (5 
9.10), but in good agreement with the value (8 8.44) sug
gested by Cushley et al.4b for the XH NMR signal due to the 
vinylic proton of an «,/3-unsaturated 5-deuterated ureido 
acid, D2NC(0)N(R)CH=CDC02H. Lozeron et al.24 found 
that 5-fluoro-6-hydroxy-5,6-dihydrouracil was unstable in 
alkali and decomposed to form urea and, probably, a-flu- 
oro-a-formylacetic acid. The data provided by both groups 
are insufficient to indicate which of the two bonds, that be
tween N -l and C-6 or between N-3 and C-4, was cleaved 
first.

In order to determine whether or not an intermediate 
such as 12 plays a role in C-6 exchange, three experiments 
were performed in which a solution of TMAH in DMSO-d6 
was added to mesyl ester 1. The reaction mixtures were too 
dilute to permit direct observation by XH NMR. Analyses 
were performed on the end products and no rates were ob
tained. In one experiment the ratio of base to mesyl ester 
was 1:4. The mixture of 1, 2, 4, and 5 which remained after 
the base was consumed was converted by a combination of 
hydrolysis and methanolysis to a mixture of 5 and 3-(d- 
methoxyethyl)-l-methyluracil.2 Both of these products 
contained ca. 10-15% deuterium at C-6, but less than 5% at 
C-5. The fact that the methyl ether was deuterated con
firms that exchange had occurred on the mesyl ester or on 
4, and not on 5 after its formation or on 2.2 A 1:1 ratio was 
used in the second experiment. The reaction mixture con
tained the enolate 6 in a yield of 40% based on the uv spec
trum. It also contained 5 and possibly its acetate, 3-(/3-ace- 
toxyethyl)-l-methyluracil (13). Substitution of deuterium 
at both C-5 and C-6 of 5 and 13 was found to have taken 
place to the extent of ca. 10-15%.25 The third experiment 
was one in which a 4.6:1 ratio of base to 1 was used. It was 
found that 6, the principal identifiable product, this time 
contained 60% deuterium at C-6 and less than 5% at C-5. 
By contrast with the results of these experiments in 
DMSO, reaction of 1 with 0.4 N  NaOD in D20  resulted in 
unlabeled 5.

These observations are consistent with the notion that 
there is competition between two primary reactions, i.e., 
carbanion formation at C-6 of the mesyl ester 1 and addi
tion of hydroxide at this carbon atom to form 12. At low 
base ratios the predominant reaction is carbanion forma
tion leading to deuterium exchange. The equilibrium giving 
rise to the hydroxyl adduct 12 is unfavorable because the 
hydroxide ion concentration is low. This equilibrium is fa
vored only when sufficient base is present to ionize the 
added hydroxyl. The reaction leading to the formation of 5 
is not pertinent here. The second experiment with the 
higher base ratio indicates that the competition between 
carbanion formation and formation of 12 favors the latter. 
That adduct formation has become significant was sub
stantiated by the fact that exchange at C-5, as well as C-6, 
is observed and that 6 is a reaction product. Exchange at 
C-5 takes place through the addition of hydroxide ion at 
C-6 and a proton at C-5.4 Finally, in the third experiment 
with a large excess of base, the C-6 adduct 12 is stabilized 
by formation of the anion and it then can undergo further 
reaction to form 6. There is also sufficient base to allow 
substantial carbanion formation at C-6. The latter reaction 
is obviously faster than the former. As a consequence, 6 is

formed with a large amount of deuterium at C-6. Even 
though addition at C-6 has become an important reaction, 
there is no appreciable amount of substitution of deuteri
um at C-5 because the highly basic medium is deficient in 
available deuterium ions.

A more detailed examination of the products from the 
1:1 experiment helped to identify the fate of 6 in the ab
sence of excess base. After concentrating the reaction mix
ture, no absorptions due to the vinyl protons in 6 could be 
found in the complex XH NMR spectrum of the crude reac
tion mixture. This might have been due to the fact that lit
tle 6 was present at this point. Compound 6 decomposes 
quite rapidly except in very basic media. On the other 
hand, these protons may not have been detected because 
they already had been replaced by deuterium. The C-5 pro
tons could have been exchanged for deuterium during the 
concentration of the reaction mixture, which was no longer 
strongly basic. Work-up of the residue afforded a 14% yield 
of 13. The acetyl group of this compound contained 72% 
deuterium while C-5 and C-6 contained approximately 
equal amounts (ca. 15%). That the reagent for the acetyla
tion of 5 present in the concentrate was not the acetic acid
ly  used to neutralize the crude product was confirmed by 
isolating the same product, 13, from a reaction mixture aci
dified with trifluoroacetic acid. The acetylating agent also 
could not have been l-acetyl-3-methylimidazolidone. This 
was demonstrated by carrying out a reaction of 5 with this 
reagent under the same conditions which were used for the 
reaction of 1 with TMAH. The yield of 13 was negligible 
(1%). In all likelihood, 13 with the deuterated acetyl group 
was formed by reaction of 5 with 6, or its keto tautomer, to 
give the formylacetate ester of 5. This could then decom
pose in the deuterated medium to give 13 and formate.

Under neutral or basic conditions, addition of an alcohol 
at C-6 of 1 might be expected to lead to a stable adduct. 
However, alcohols solvolyzed 1 to a 3-(/?-alkoxyethyl)-l - 
methyluracil.2 The alcoholysis proceeded via 2 as an inter
mediate (uv), rather than by direct solvolysis of the ester. 
The mesyl ester 1 reacted slowly with alcoholic alkoxide so
lutions to form a compound (14) which resulted from addi
tion at C-4 rather than C-6, probably again by way of 2. A

CH;
14a, R = Et 

b, R = Me
reasonable explanation for the formation of a C-4 adduct 
from alkoxide involves initial formation of the sought-for 
C-6 adduct, which then reacts at C-4 and expels the C-6 
alkoxide. An analogous rationalization has been discussed 
previously.2

In a further experiment with alkoxides, the mesyl ester 1 
was treated with sodium methoxide in methanol-O-d. Al
though an adduct, 14b, was formed, there was no deuteri
um incorporation at C-5 or C-6. This demonstrates that ad
dition of methoxide at C-4 of 1 is a more rapid reaction 
than exchange. On the other hand, as a basis of compari
son, 1,3-dimethyluracil does undergo exchange with the 
same base and in the same solvent. It was found that there 
was incorporation of 73% deuterium at C-5 and 16% at C-6 
in this uracil derivative.

In order to make more complete a comparison of the 
chemistry of the mesyl ester 1 and the uracilium cation 2,



the reactions of 1 with amines were investigated. Isopro
pylamine reacted with 1 to give two products: 86% of 3-(/3- 
hydroxyethyl)-! -methyl-A/4-isopropylcytosine and 14% of
3-(d-isopropylaminoethyl)-l -methyluracil. The latter prob
ably arises by direct substitution of the mesyl group and 
the former via 2. By contrast, 2 plus the amine yielded only 
the first of these products.2 Pyridine slowly converted 1 to 
the quaternary salt, [/3-(l-methyluracil-3)ethyl]pyridinium 
mesylate. The only example of the ability of 1 to form an 
adduct at C-6, other than its reaction with hydroxide to 
yield 6, was the reaction with diethylamine. Two products 
were obtained: £rans-2-(d-diethylaminoethenyl)-A2-oxazo- 
line (74%) and 3-(/Tdiethylaminoethyl)-!-methyluracil 
(26%). The latter probably arose by direct displacement of 
the mesyl group of 1 and the former via 2. Again, by con
trast, an additional product was obtained in the corre
sponding reaction of 2.2

In conclusion, we have observed only two examples of 
products arising from Michael additions to 1: the reactions 
of hydroxide and diethylamine. The former contrasts with 
the reaction of 2 with hydroxide to give 5. In both exam
ples, the products observed resulted from a cleavage of the 
bond between N -l and C-6. While the diethylamine reac
tion gave rise to an oxazoline as the principal product, the 
reaction of 1 with hydroxide unexpectedly resulted in the 
formation of a cyclic urea derivative. Furthermore, our re
sults confirm the carbanion mechanism for C-6 exchange in 
1 and demonstrate a highly competitive pathway involving 
the formation of Michael adducts by the reaction of hy
droxide ion with 1 at C-6. These latter intermediates are 
relevant to an addition-elimination mechanism for cyclo
nucleoside formation.38

Further studies of the behavior of substituted pyrimi
dines in basic media are in progress in order to determine 
the generality of the type of reaction which was observed 
with 1, i.e., a step in which the first bond-breaking reaction 
in the pyrimidine ring is cleavage of the bond between N-l 
and C-6.

Experimental Section

NMR spectra were obtained on a Varian A-60 spectrometer 
at room temperature using tetramethylsilane or sodium 2 ,2 -di- 
methyl-2-silapentane-5-sulfonate (DSS) as internal standards. A 
Cary 14, a Beckman DU, and a Perkin-Elmer 457 grating infrared 
spectrophotometer were used to obtain uv and ir spectra. Mass 
spectra were obtained on a Varian M -66 mass spectrometer at an 
ionizing potential of 70 eV, an ionizing current of 30 n A , a resolu
tion of ca. 2200 , and with perfluorokerosene as a standard.

VPC was done on a 24 X 0.25 in. o.d. aluminum column packed 
with 1% SE-30 (Applied Science Laboratories, State College, Pa.) 
on ANAKROM AS, 40-50 mesh (Analabs, North Haven, Conn.). 
Column temperatures ranged from 110 to 155° with helium flow 
rates of 85-100 ml/min. Thin layer chromatography was performed 
on Analtech silica gel G thin layer plates containing fluorescent in
dicator (Analtech, Inc., Newark, Del.) and Chrom AR 500 sheets 
(Mallinckrodt, St. Louis, Mo.) Preparative chromatography (dry 
column) was performed on silica gel Woelm (Waters Associates, 
Inc., Framingham, Mass.).

Analyses were performed by Galbraith Laboratories, Inc., Knox
ville, Tenn.

Reaction of 1 with Excess Tetramethylammonium Hydrox
ide in DMSO. Enolate Anion of IV1-(Formylaeetyl)-lV3-meth- 
ylimidazolidone (6 ). TMAH (2.0 g, 11 mmol) was added to 100 ml 
of DMSO, warmed to 80°, and filtered. This solution was approxi
mately 0.1 N . Mesyl ester 1 (0.84 g, 3.39 mmol) was added to this 
solution at room temperature. The mixture turned bright red in
stantaneously. Paper electrophoresis of an aliquot in 0.05 M  sodi
um borate (pH 9.2) demonstrated the presence of a uv-absorbing 
species (orange Ehrlich’s test) which migrated 2.7 cm toward the 
anode. Barbituric acid migrated 3.5 cm while 5 did not migrate at 
all under the same conditions. Aliquots of the DMSO solution had 
Xmax 293 nm (e ~19,000),26 Xmin 246 nm (« 3700) in 95% EtOH; Xmax

Reactions of 3-(/3-Methanesulfonyloxyethyl)-l-methyluracil

290 nm (e ~20,000), Xmin 244 nm (c 6300) in 0.1 N  NaOH; no Xmax 
in 0.1 N  HC1. The reaction mixture was concentrated in vacuo at 
40° to a semisolid: *H NMR (DMSO-de) 5 9.10 (d, 1, J  = 10 Hz, 
H-6 ), 5.50 (d, 1 , J  =  10 Hz, H-5), 4.00 and 3.43 (m, 4, CH2CH2), 
and 2.55 ppm (s, 3, NCH3);27 on acidification of this solution H-6 
shifted to 6 9.67 (t, 1, J  = 1 Hz) and H-5 to 3.96 ppm (d, 2, J = 1 
Hz).

Attempts to isolate the enolate anion by crystallization, or char
coal or ion exchange chromatography, were unsuccessful. It was 
stable, however, in alkaline solution for days. It proved possible, 
however, to isolate AP-(formylacetyl)-lV3-methylimidazolidone
(10 ), the aldehyde corresponding to the enolate anion 6 . Com
pound 1 (220 mg, 0.89 mmol) was added to 25 ml of 0.1 N  TMAH 
in DMSO (2.5 mmol). The Xmax of an aliquot of this solution was 
290 nm in 0.1 N  NaOH and the optical density (based on t 20,000) 
corresponded to 61% conversion to enolate anion 6. The solution 
was evaporated in vacuo and water was added to the residue. The 
mixture was neutralized with acetic acid and extracted with 1 ,2 - 
dichloroethane. An assay of the organic extracts (uv) showed that 
72% of the optical density was still present. A residue remained on 
evaporation of the solvent in vacuo: *H NMR (CDCI3) 6 9.75 (t, 1, 
J 5,6 = 1 Hz, CH =0), 4.02 (d, 2, J5,e = 1 Hz, CH2CH =0), 3.87 and 
3.48 (m, 4, CH2CH2) and 2.87 ppm (s, 3, NCH3).

Once again, 6 was prepared from 1 (220 mg, 0.89 mmol) and 25 
ml of 0.1 N  TMAH (2.5 mmol) in DMSO. The DMSO was removed 
in vacuo and 10 ml of MeOH was added to the residue. Methyl io
dide (2 ml, 32 mmol) was added and the reaction mixture was al
lowed to stand at room temperature overnight. TLC (AcOEt) indi
cated four uv-absorbing components, two of which were major. 
The fastest moving component, which was obtained pure by VPC, 
is assigned structure 11: mass spectrum m /e (rel intensity) 184 (7), 
170 (7), 156 (100), 127 (23), 101 (26), 100 (79), 99 (100), and 84 
(44). Column chromatography on silica gel (AcOEt) afforded 65 
mg (40%) of 11: 4H NMR (CDC13) h 9.72 (d, 1 , J 5 e  =  1 Hz, 
CH =0), 4.71 (d of q, 1, J6 e = 1, J c h 3 h  = 7.5 Hz, H-5), 3.90 and 
3.41 (m, 4, CH2CH2), 2.88 (s, 3, NCH3), and 1.35 ppm (d, 3, J c h 3 h  
= 7.5 Hz, CH3CH).

Conversion of Enolate Anion 6 to ^-(/S-Isopropylamino- 
acrylyl)-/V'1-methylimidazolidone (7a). The enolate anion 6 , 
prepared as above from 3.39 mmol of 1, was dissolved in 10 ml of 
MeOH. Isopropylamine (1 ml, 11.7 mmol) and 0.8 ml of glacial 
AcOH (14.1 mmol) were added. The mixture, now neutral, was 
evaporated in vacuo and 20 ml of CHCI3 was added to the residue. 
The solids were removed by filtration and washed with 2 X 10 ml 
of CHCI3. The combined CHC13 washes were extracted with water, 
dried (MgSO,|), filtered, and evaporated in vacuo to give 0.47 g of 
crude product. TLC (AcOEt) of the aqueous extracts showed two 
uv-absorbing materials, the faster moving one of which gave a pink 
Ehrlich’s test. The CHCI3 layer gave a spot at the origin and half
way up the plate. The latter (7a) gave an orange Ehrlich’s test. The 
CHCl3-soluble material was chromatographed on 12  g of silica gel 
with CHCI3 as the solvent. Fractions 5-23 (3 ml) afforded 355 mg 
(50%) of 7a. An analytical sample was obtained from CHC13-Et20: 
mp 109.5-112.5°; ir (Nujol) 3220 (m), 1700 (s), 1655 (s), 1545 (s), 
1332 (w), 1270 (s), 1230 (s), 1170 (w), 1040 (w), 1000 (w), 805 (w), 
735 (w), and 705 cm- 1  (m); uv (95% EtOH) Xmax 302 nm (e 30,200) 
and 229 (7700), Xmin 255 nm (e 1400); uv (0.1 N  NaOH) Xmax 305 
nm ( c  31,500), Xmin 258 nm ( «  2100); uv (0.1 N  HC1) X m a x  222 nm (<  

12,800), X m in  208 nm ( e  8500); >H NMR (CDC13) <5 7.00 (m, 1, 
4 n h H-6  = 13 Hz, NH), 6.78 (d of d, 1, J n h ,h -6  = 13, J56  = 8  Hz, 
H-6 ), 6.03 (d, 1, J5,6 = 8 Hz, H-5), 3.85 and 3.33 [m, 5, CH2CH2 
and (CH3>2CH], 2.82 (s, 3, NCH3), and 1.22 ppm [d, 6 , J ,-p T =  6.5 
Hz, (CH3)2CH]; 4H NMR (DMSO-d6) 7.46 (d of d, 1 , J n h ,h -6  = 9 
Hz, J 5 e = 13 Hz, H-6 ), 7.02 (m, 1, JNH H -6  = 9 Hz, NH), 6.03 (d, 1, 
J 5,6 = 13 Hz, H-5), 3.68 and 3.30 [m, 5, CH2CH2 and (CH3)2CH], 
and 1.10 ppm [d, 6 , J i.pr = 6.5 Hz, (CH3)2CH]; mass spectrum m/e 
(rel intensity) 211 (100), 196 (8), 142 (7), 127 (19), 113 (23), 112 
(96), 110 (13), 100 (29), 99 (21), 98 (21), 96 (6 8 ), 84 (54), and 70 
(70).

Anal. Calcd for Ci0H17N3O2: C, 56.85; H, 8.11; N, 19.89. Found: 
C, 56.84; H, 8.15; N, 19.87.

Conversion of Enolate Anion 6 to IVL^-Diethylaminoacry- 
lylj-i^-methylimidazolidone (7b). The enolate anion 6, pre
pared as described above starting with 0.875 g of 1, was dissolved 
in 13 ml of MeOH. To this solution was added 2.3 ml (22.4 mmol) 
of diethylamine and 1 ml (17.6 mmol) of glacial AcOH at 0°. It 
then was stored at 10° for 2 days. The residue obtained after evap
oration was dissolved in CHC13 and washed with water. The CHC13 
layer after drying (MgSOJ and evaporation afforded 0.49 g of ma-
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terial (62%) which crystallized, but by TLC (AcOEt) contained a 
fast-moving major component and two minor ones. Chromatogra
phy on silica gel G with CHCI3 (fractions 5-24, 3 ml) afforded 380 
mg (48%) of 7b. An analytical sample was obtained from CeHe- 
petroleum ether: mp 134-135.5°; ir (Nujol) 1710 (s), 1640 (s), 1565 
(s), 1380-1350 (s), 1320 (m), 1220 (s), 1180 (sh), 1135 (m), 1085 
(m), 1047 (m), 1007 (w), 800 (s), 758 (w), and 730 cm- 1  (w); uv 
(95% EtOH) Xmax 308 nm (« 34,100) and 230 (8100), Xmin 260 nm (t 
800); uv (0.1 N  NaOH) Amax 315 nm (« 37,000), Xmi„ 262 nm (e 600); 
uv (0.1 N  HC1) Xmax 222 nm (e 12,800), Xmin 209 nm (e 8000); 7H 
NMR (CDCI3) 5 7.67 (d, 1, J5e = 13 Hz, H-6 ), 6.30 (d, 1, J5,e = 13 
Hz, H-5), 3.88 and 3.33 (m, 4, CH2CH2), 3.27 (q, 4, J Et =  7 Hz, 
CH3CH2), 2.85 (s, 3, NCH3), and 1.17 ppm (t, 6 , J Et = 7 Hz, 
CH3CH2); lH NMR (DMSO-de) & 7.49 (d, 1, JB6 = 13 Hz, H-6 ),
6.17 (d, 1 , J56  = 13 Hz, H-5), 3.70 and 3.32 (m, 4, CH2CH2), 3.23 
(q, 4, JEt = 7 Hz, CH3CH2), 2.73 (s, 3, NCH3), and 1.11 ppm (t, 6 , 
J Et = 7 Hz, CH3CH2); mass spectrum m/e (rel intensity) 225 (84), 
210 (5), 196 (7), 142 (5), 127 (41), 126 (100), 125 (21), 124 (8), 113
(12), 110 (11), 108 (10), 101 (13), 100 (19), 99 (22), 98 (60), 97 (8), 
96 (26), 84 (10), and 82 (16).

Anal. Calcd for CnHi9N30 2: C, 58.64; H, 8.50; N, 18.65. Found: 
C, 58.80; H, 8.53; N, 18.52.

Degradation of 7a with Ethoxide in Ethanol to Ethyl /J-Iso- 
propylaminoacrylate (8 ) and 7V-Methylimidazolidone (9).
Compound 7a (130 mg, 0.618 mmol) was dissolved in 10 ml of 
0.275 N  EtONa in EtOH (2.75 mmol) and refluxed for 2 hr. TLC 
(AcOEt) indicated complete conversion to two new products, one 
with uv absorption and giving a pink Ehrlich’s test (faster mov
ing), the other with no uv absorption and giving a yellow Ehrlich’s 
test. The reaction mixture was evaporated to dryness and the resi
due, which was dissolved in Et20, was extracted with water. Only 
the uv-absorbing product remained in the Et20. Evaporation after 
drying (MgSO*) afforded 55 mg of a sweet-smelling, colorless oil, 8 : 
ir (CHCI3) 3560 (m), 2980 (s), 1660 (s), 1600 (s), 1390 (w), and 1050 
cm- 1  (m); for a sample purified by vpc, uv (100% EtOH Xmax 281 
nm (c 19,400); uv (0.1 N  NaOH) Xmax 278 nm (e 24,200), Xmin 238 
nm (e 2000); no Xmax in 0.1 N  HC1; 1H NMR (CDC13) of a 1:1 mix
ture of cis and trans isomers <5 7.65 (m, 1, NH), 7.33 (d of d, 0.5, J s,e  
=  13.5, Jnh,h-6 = 9 Hz, H-6 , trans), 6.89 (d o f  d, 0.5, 4 5 , 6  ~  8 , 
4 n h , h - 6  = 13 Hz, H-6 , cis), 4.52 (d, 0.5, J 5,6 = 13.5 Hz, H-5, trans), 
4.33 (d, 0.5, J5 6 = 8 Hz, H-5, cis), 4.12 (q, 2, J Et = 7 Hz, CH3CH2),
3.55 [septet, 1 , «7;.Pr = 6.5 Hz, CH(CH3)2], 1.27 (t, 3, JEt = 7 Hz,
CH3CH2), and 1.22 ppm [d, 6 , Jt.Pr = 6.5 Hz, (CH3)2CH[; !H NMR 
(DMSO-de) of a 84% cis:16% trans mixture S 7.65 (m, 1, NH), 6.67 
(d of d, 1 , J 5,6 =  8 , J nh,h-6 = 13 Hz, H-6 , c is ; Js,6 = 13.5, J nh,h-6 
= 9 Hz, H-6 , trans), 4.46 (d, 0.84, = 8 Hz, H-5, cis), 4.71 (d,
0.16, t/5,6 = 13.5 Hz, H-5, trans), 4.12 (q, 2 , JEt = 7 Hz, CH3CH2),
3.55 [septet, 1 , J;.Pr = 6.5 Hz, CH(CH3)2], 1.25 (t, 3, JEt = 7 Hz, 
CH3CH2), and 1.22 ppm [d, 6 , J t.Pr = 6.5 Hz, (CH3)2CH[; mass 
spectrum m/e (rel intensity) 157 (41), 142 (31), 128 (31), 112 (34), 
110 (16), 96 (100), and 70 (56). On standing in air at room tempera
ture for several days, 8 darkened:17

The uv-transparent product, 9, was obtained by evaporation of 
the aqueous extracts. Crystallization from toluene afforded a solid: 
mp 112-114°; mmp with an authentic sample of N - methylimida- 
zolidone, 111.5-114°;28 ir (Nujol) 3220 (s), 1660 (s), 1505 (m), 1410 
(m), 1377 (s), 1285 (m), 1260 (m), 1090 cm' 1 (m); 7H NMR 
(DMSO-de) S 6.20  (broad, 1, NH), 3.24 (m, 4, CH2CH2), and 2.60 
ppm (s, 3, NCH3).

Reaction of 1 with a Catalytic Amount of Tétraméthylam
monium Hydroxide in DMSO-d6. A solution of 1.4 ml (0.16 
mmol) of 0.11 N  TMAH in DMSO-de was added to 135 mg (0.542 
mmol) of 1 dissolved in 600 #d of DMSO-de. After 2 hr, water was 
added to the reaction mixture, which was now neutral. The reac
tion mixture was evaporated to dryness in vacuo and then 10  ml of 
MeOH was added to the residue. After 3 days, this mixture was 
evaporated to dryness and the resulting residue was chromato
graphed on 8 g of silica gel (AcOEt). Two components were isolat
ed: 20 mg (20%) of 3-(/3-methoxyethyl)-l-methyluraciI (fractions
7-38, 3 ml) and 67 mg (73%) of 5 (fractions 49-56, 3 ml). Both com
pounds contained approximately 10-15% deuterium at C-6 and 
less than 5% at C-5 OH NMR).

Reaction of 1 with 1 Equiv of TMAH in DMSO-d6. A solution 
of TMAH (210 mg, 1.16 mmol) in 10 g of DMSO-dg was added to 1 
(280 mg, 1.13 mmol) and the mixture was shaken vigorously for 
several minutes until all solids dissolved. The uv spectrum of an 
aliquot in 0.1 N  NaOH had Xmax 280 nm. Based on the absorbance 
at 290 nm, the yield of enolate 6 was ca. 40%. The reaction mixture 
was concentrated in vacuo and the JH NMR spectrum of the resi
due showed only vinyl hydrogens like those of 5 and 13, i.e., no en-

olate anion vinyl hydrogens. The H-5 and H-6 hydrogens had un
dergone ca. 10-15% exchange. The DMSO-de, which was used as 
the solvent in obtaining the JH NMR spectrum, was evaporated 
again and the residue was dissolved in 5 ml of MeOH. It was treat
ed with 300 ¡A (2.91 mmol) of diethylamine and 100 ¿d (1.76 mmol) 
of glacial AcOH. TLC (AcOEt) showed a fast-moving component 
in addition to 5 and 7b. The mixture was evaporated and the resi
due was taken up in CHC13 and extracted with water. The water 
layer contained most of the 5, while the CHCI3 contained the re
maining two components. Chromatography on silica gel (CHC13 
followed by AcOEt) afforded 15 mg of 13 (14%), which was identi
cal by TLC with authentic material.2 The TI NMR spectrum con
firmed its identity. Added confirmation was obtained from a mass 
spectrum on a sample which was purified by VPC. Both sets of 
spectra showed that the acetyl group was 72% deuterated. The fS- 
acetoxyethyl derivative 13 also was obtained in a similar reaction 
in nondeuterated solvent in which the reaction mixture was acidi
fied with trifluoroacetic acid.

Reaction of 1 with Excess TMAH in DMSO-de- A 0.12 N  so
lution of TMAH in DMSO-d6 (8.9 ml, 1.06 mmol), prepared as de
scribed above, was added to 1 (57.6 mg, 0.23 mmol) dissolved in 0.6 
ml of DMSO-d6. The uv spectrum of an aliquot in 0 .1  A' NaOH 
had Xmax 290 nm and the absorbance corresponded to ca. 68% con
version to enolate anion 6 . The reaction mixture was evaporated in 
vacuo to dryness and the orange semisolid residue was redissolved 
in DMSO-d6. The 1H  NMR spectrum showed 68% deuterium at 
C-6 and less than 5% at C-5.

Reaction of 1 with NaOD in D20 . Compound 1 (87 mg, 0.35 
mmol) was added to a solution of 200 ¡A of D20  and 200 /A (0.155 
mmol) of 0.775 N  sodium deuteroxide in D20. The sample did not 
dissolve completely. A portion of the solution was transferred to a 
JH NMR tube. The spectrum obtained within 5 min was that of 5 
only. No exchange of H-5 or H-6 was observed.

Attempted Preparation of 3-(/3-AcetoxyethyI)-l-methyl- 
uracil (13) from 5 and l-Acetyl-3-methylimidazolidone. 1-Ace- 
tyl-3-methylimidazolidone (70 mg, 0.5 mmol), prepared from 
methylimidazolidone according to Roberts,12 and compound 5 (85 
mg, 0.5 mmol) were dissolved in 1 ml of DMSO and 3 ml of 0.15 N  
TMAH solution (0.45 mmol) in DMSO was added. The solution 
turned yellow immediately. The reaction mixture was evaporated 
in vacuo and the residue was taken up in AcOEt. TLC (AcOEt) in
dicated a trace of 13 and a large amount of 5. The AcOEt solution 
was extracted with water, dried (MgSO-j), and evaporated in vacuo. 
The residue, 12 mg, was chromatographed on Chrom AR 500 
(AcOEt). The two uv-absorbing bands were cut out and eluted 
with methanol. One corresponded to 1% of 13 and the other to 10% 
of 5 (uv). The aqueous extracts contained an additional 70% of 5 
(uv).

Methanolysis of 1. 3-(/3-Methoxyethyl)-1 -methyluracil. The
mesyl ester 1 (68 mg, 0.27 mmol) was dissolved in 25 ml of dry 
MeOH. The uv spectrum was recorded periodically. The optical 
density at 267 nm decreased by 25% in 5.5 hr and a shoulder ap
peared at 290 nm. It reached a maximum value in 9 hr. The shoul
der then steadily decreased and the optical density at 267 nm in
creased to a constant value. The reaction mixture was evaporated 
in vacuo after 8 days. CHC13 was added to the residue and the mix
ture was extracted with 10 ml of 1 N  NaOH and then 10 ml of 
water. The CHC13 extract (dried with MgSO-i) afforded 48 mg 
(96%) of a crystalline solid on evaporation: mp 95.5-97°; mmp with
3-(/3-methoxyethyl)-l-methyluracil, 96-97.5°.2

Ethanolysis of 1. 3-(/3-Ethoxyethyl)-l-methyluracil. Com
pound 1 (318 mg, 1.24 mmol) was added to 10 ml of absolute 
EtOH. The solid dissolved as the reaction proceeded. After 6 days 
the solvent was evaporated in vacuo and the residue was dissolved 
in CHC13. TLC (AcOEt) indicated a fast-moving major new prod
uct, in addition to 5 and /3-(l-methyIuracil-3)ethyl ether29 (slowest 
moving component). The CHC13 was washed with 2 X 10 ml of 1 A1 

NaOH, dried (MgSOd, and evaporated in  va cu o . The residue was 
chromatographed on 12 g of silica gel with AcOEt as eluent. Frac
tions 3-10 (3 ml) contained 174 mg (71%) of 3-(/3-ethoxyethyl)-l- 
methyluracil. After evaporation of the AcOEt, the residue was sub
limed at 60° (2.5-5 X 10~2 mm): mp 50-51.5°; ir (CHC13) 1711 (s), 
1662 (s), 1630 (sh), 1485 (m), 1451 (s), 1438 (m), 1390 (s), 1380 (w), 
1350 (s), 1325 (w), 1140 (s), 1120 (s), 1020 (w), and 955 cm' 1 (w); 
uv (95% EtOH) Xmax 267 nm (e 8200) and 207 (8200), Xmin 234 nm 
(« 1800); uv (0.1 N  NaOH) Xmax 267 nm (e 8300), Xmin 236 nm (e 
1900); uv (0.1 N  HC1) Xmax 267 nm (e 82 0 0 ), Xmjn 235 nm (e 1400); 
JH NMR (CDCla) S 7.18 (d, 1, J b 6 = 8 Hz, H-6 ), 5.70 (d, 1 , J 5 6 = 8 
Hz, H-5), 4.17 and 3.69 (m, 4, CH2CH2), 3.54 (q, 2, J Et = 7 Hz, 
CH3CH2), 3.39 (s, 3, CH3N), and 1.15 ppm (t, 3, J Et = 7 Hz,



CH2CH3); mass spectrum m /e (rel intensity) 198 (6 ), 169 (8), 154
(30), 153 (23), 152 (28), 139 (16), 128 (17), 127 (100), 126 (42), 96
(7), 84 (35), 83 (28), 82 (49), 72 (44), and 70 (15).

Anal. Calcd for C9H14N2O3: C, 54.53; H, 7.12; N, 14.13. Found:
C, 54.70; H, 7.11; N, 13.94.

Preparation of |8-(l-Methyluracil-3)ethyl Ether. /V3,0 4-Eth- 
ylene-l-methyluracilium mesylate2 (190 mg, 0.775 mmol) and 130 
mg (0.775 mmol) of 5 were dissolved in 2 ml of MeCN and allowed 
to stand at room temperature for 2 weeks. TLC (1:1 AcOEt-EtOH) 
indicated that some salt was still present. The reaction mixture 
was refluxed for 4 hr. It then was evaporated in vacuo and CHCI3 
was added to the residue. The CHCI3 solution was extracted with 1 
N  NaOH, dried (MgSOJ, and evaporated in vacuo. Chromatogra
phy on 8 g of silica gel (AcOEt followed by AcOEt plus EtOH) af
forded 62 mg (26%) of the product. An analytical sample was ob
tained from 1:1 CHCl3-hexane: mp 154-156°; ir (CHCI3) 1712 (s), 
1665 (s), 1450 (m), 1387 (w), 1383 (w), 1190 (m), 1180 (w), 1140 (w), 
and 1078 cm- 1  (m); uv (95% EtOH) Xmax 267 nm (c 15,100) and 206 
(14,400), Xmin 234 nm (e 3200); uv (0.1 N  NaOH) 267 nm (e 15,500), 
Xmjn 240 nm (t 5400); uv (0.1 N  HC1) Xmax 267 nm (r 15,200), Xmj„ 
235 nm (( 3200); *H NMR (CDCI3) 7.09 (d, 1 , J5,e = 8 Hz, H-6 ),
5.82 (d, 1, J 5_6 = 8 Hz, H-5), 4.15 and 3.71 (m, 4, CH2CH2), and 
3.37 ppm (s, 3, NCH3); mass spectrum m /e (rel intensity) 322 (5), 
169 (13), 154 (43), 153 (100), 152 (74), 151 (8 ), 140 (5), 127 (37), 126 
(23), 96 (15), 84 (32), 82 (27), and 70 (35).

Anal. Calcd for C14H18N4O5: C, 52.17; H, 5.63; N, 17.38. Found:
C, 52.20; H, 5.80; N, 17.45.

Reaction of 1 with Ethoxide-Ethanol. 4-Ethoxy-A'3, ! !1 -eth
ylene- 1 -methyl-3,4-dihvdrouracil (14a). Mesyl ester 1 (245 mg, 
0.99 mmol) was added to 25.8 ml of absolute EtOH containing 0.99 
mmol of sodium ethoxide. After 24 hr a solid precipitate 
(MeSO^Na) was present. Approximately 26% of the original uv 
chromophore remained and a new maximum was observed at 235 
nm. When an aliquot of this solution was acidified with 1 N  HC1, 
the Amax shifted to 290 nm, that of the cyclic salt 2. Filtration fol
lowed by evaporation of a portion of the solution afforded a resi
due which could not be crystallized. Attempts to chromatograph 
the material on silica gel afforded 5. The 'H NMR spectrum was 
identical with that of 14a prepared from 2 .2

Reaction of 1 with Sodium Methoxide in Methanol-O-d. 
Compound 1 (250 mg, 1.0 mmol) was added to a solution of 20 ml 
of MeOD and 1.2 ml of 0.83 N  sodium methoxide (1.0 mmol) in 
MeOD. The ester dissolved over a period of 30 min. The Amax at 
267 nm slowly decreased and the absorbance increased at 235 nm. 
After 22 hr, the solution was evaporated in vacuo and the residue 
was dissolved in absolute EtOH and filtered to remove sodium 
methanesulfonate. Evaporation in vacuo afforded 240 mg of mate
rial whose 4H NMR spectrum in CDCI3 indicated equal amounts of 
two kinds of products, 1430 and 5,31 both of which contained less 
than 5% deuterium at C-5 and C-6 .

Reaction of 1,3-Dimethyluracil with Sodium Methoxide in 
Methanol-O-d. 1,3-Dimethyluracil (50 mg, 0.357 mmol) and 1 ml 
(0.83 mmol) of the above solution of sodium methoxide in MeOD 
were combined and allowed to stand at room temperature for 22 
hr. Neutralization with glacial AcOH and evaporation in vacuo af
forded a solid residue of 1,3-dimethyluracil. The 1H NMR spec
trum showed 73% deuterium at C-5 and 16% at C-6 .

Reaction of 1 with Diethylamine. frans-2-(/3-diethylami- 
noethenyl)-A2-oxazoline and 3-(/3-Diethylaminoethyl)-l- 
methyluracil. Compound 1 (60 mg, 0.242 mmol) was dissolved in 
300 /d of MeCN and 100 /d (0.97 mmol) of diethylamine. The solu
tion turned yellow immediately. The reaction was complete after 5 
days (TLC, 10% Et;jN in AcOEt) at room temperature. The reac
tion mixture was evaporated in vacuo. CHCI3 was added to the res
idue and the solution was extracted with 2 X 5 ml of 1 N  HC1. The 
CHCI3 layer (dried with MgS0 4 ) on evaporation afforded 12 mg  ̂
(38%) of Â  A'-diethyl-A"- methyl urea. The acid extracts were made 
alkaline with 1 N  NaOH and extracted with 3 X 15 ml of CHCI3. 
The CHCI3 layer (dried with MgSOd afforded 49 mg of oil which 
was 74% oxazoline2 and 26% /3-diethylamino derivative2 (’ H 
NMR). Chromatography on Chrom AR 500 sheets with 2.5% Et3N 
MeCN was used to separate the components in order to obtain 
pure samples for uv spectra. These spectra confirmed the structure 
assignments.2

Reaction of 1 with Isopropylamine. 3-(jS-HydroxyethyI)-l- 
methyl-iVMsopropylcytosine and 3-(/3-Isopropylaminoethyi)- 
1-methyluracil. Ester 1 (66 mg, 0.27 mmol) was dissolved in 300 
lil of MeCN and 100 p i (1.18 mmol) of isopropylamine. The reac
tion was complete after 5 days at room temperature (TLC, 10% 
EtaN in AcOEt). CHCI3 was added to the residue obtained after

Reactions of 3-(/J-Methanesulfonyloxyethyl)-l -methyluracil

evaporation of the reaction mixture in vacuo. The resulting CHCI3 
solution was extracted with 3 X 15 ml of 1 IV HC1. The organic 
layer contained less than 5 mg of 5 (TLC). The acidic extracts were 
made alkaline with 1 N  NaOH and extracted with 3 X 15 ml of 
CHCI3. After drying (MgS04), the CHCI3 washings on evaporation 
afforded 42 mg (77%) of two components which were separated on 
Chrom AR 500 sheets (2.5% EtaN in MeCN). The faster moving 
component (86%) was identical in all respects with 3-(/3-hydroxy- 
ethyl)-l-methyl-N4-isopropylcytosine prepared from 2.2 The slow
er moving component (14%) had uv max (95% EtOH, 0.1 N  HC1, 
and 0.1 N  NaOH) 268 nm; 4H NMR (CDCI3) 6 7.17 (d, 1 , J5 6 = 8 
Hz, H-6 ), 5.70 (d, 1, J6,6 = 8 Hz, H-5), 3.39 (s, 3, CH3N), 2.86 [sep
tet, 1, JMe.H = 6 Hz, (CHaHCH], and 1.03 ppm [d, 6 , J Me,H = 6 Hz, 
(CHsRCH]; the remaining lines for the ethylene group and the NH 
were presumed to be under absorptions due to the other compo
nent.32 These data are in agreement with the assigned structure,
3-(/3-isopropylaminoethyl)-l-methyluracil, and with the data for 
the related compound, 3-(/?-diethylaminoethyl)-l-methyluracil.

Reaction of 1 with Pyridine. [/3-(l-Methyluracil-3)eth- 
yl]pyridinium Mesylate. The mesyl ester 1 (360 mg, 1.45 mmol) 
was dissolved in 2 ml of pyridine and allowed to stand overnight. 
Electrophoresis (Millipore strip) in 0.05 M  phosphate buffer (pH 
7), with Methyl Green and 5 as markers, indicated almost total 
conversion to a positively charged species. The product and the 
dye moved 3.2 cm, while 5 did not migrate. Ether was added to the 
crystals which had appeared in the reaction flask. The product was 
collected by filtration (267 mg, 56%) and washed with ether. No at
tempt was made to recover the remainder from the filtrate. The 
product was hygroscopic. An analytical sample was obtained from 
absolute Et0 H-Et2 0 : mp 157-158°; ir (Nujol) 3020 (w), 3060 (w), 
1710 (s), 1660 (s), 1495 (s), 1380 (m), 1360 (m), 1345 (m), 1320 (w), 
1260 (w), 1200 (s), 1080 (m), 1065 (w), 1045 (m), 1015 (w), 990 (w), 
845 (w), and 775 cm- 1  (m); uv (95% EtOH) Xmax 261 nm (e 11,400) 
and 207 (12,400), shoulder 265 (11,000), Xmin 237 nm (e 3500); uv 
(0.1 N  NaOH) Xmax 260 nm (e 11,400), shoulder 266 (11,000), Xmin 
237 nm (< 3500); uv (0.1 N  HC1) 261 nm (e 11,000), shoulder 265 
(10,700), Xmin 235 nm (t 2500); 4H NMR (D20) 8.88 and 8.58 (m, 5, 
aromatic protons). 7.60 (d, 1, J5 g = 8 Hz, H-6 ), 5.77 (d, 1, J5 6 = 8 
Hz, H-5), 4.88 and 4.62 (m, 4, CH2CH2), 3.35 (s, 3, NCH3), and 2.80 
ppm (s, 3, CH3S03~).

Anal. Calcd for Ci3H17N30 5S: C, 47.71; H, 5.24; N, 12.84; S, 9.77. 
Found: C, 47.53; H, 5.33; N, 12.74; S, 9.58.

Registry No.— 1, 54931-79-2; 5, 1127-64-6; 6 tautomer 1, 
54931-80-5; 6 tautomer 2, 54931-81-6; 7a, 54931-82-7; 7b, 54931- 
83-8; cis-8 , 54931-84-9; t ra n s -8 , 54931-85-0; 9, 694-32-6; 11, 
54931-86-1; 3-(/)-Methoxyethyl)-l-methyluracil, 54931-87-2; 3-0?- 
ethoxyethyl)-l-methyluraciI, 54931-88-3; /)-(l-methyluracil-3) 
ethyl ether, 54931-89-4; lV3,04-ethylene-l-methyluracilium mesyl
ate, 54931-91-8; t ra n s -2-(/?-diethylaminoethenyl)-A2-oxazoline, 
54931-92-9; 3-(/3-diethylaminoethyl)-l-methyluracil, 54931-93-0;
3-(/5-bydroxyethyi)-l-methyl-iV4-isopropylcytosine, 54931-94-1;
3-(d-isopropylaminoethyl)-l-methyluracil, 54931-95-2; [/?-(l-meth- 
yluracil-3)ethyl]pyridinium mesylate, 54931-97-4.
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Trapping of Thiaziridinimines with Heterocumulenes1
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Af-Sulfonyliminothiaziridines (e.g., 2), generated by thermolysis of 4-alkyl-5-sulfonylimino-1,2,3,4-thiatriazo- 
lines (e.g., 1 ) react with ketenes, isocyanates, carbodiimides, and isothiocyanates to give five-membered heterocy
clic compounds (6, 7, 8, and 9) in good yields. Structure assignment was essentially based on independent synthe
sis and on comparison of the 1:!C NMR data with those of pertinent model compounds from the chemical litera
ture.

Recently, we reported that thiaziridinimines or their 
ring-opened dipolar species are formed as intermediates in 
the synthesis of sulfonylcarbodiimides by thermal decom
position of 4-alkyl-5-sulfonylimino-l,2,3,4-thiatriazolines 
(e.g., 1 — 2 — 3).2 Although 2 was too unstable to be isolat
ed, it could be efficiently trapped with unsaturated sys
tems. Thus, enamines and ynamines produced 4-ami- 
nothiazolidines (e.g., 4) and 4-aminothiazolines (e.g., 5), re
spectively. Keto-stabilized phosphorus ylides also trapped 
the thiaziridinimines to give thiazolines by loss of tertiary 
phosphine oxides.2

Since 4-alkyl-5-sulfonylimino-l,2,3,4-thiatriazolines are 
readily obtained in good yields from the reaction of sulfo- 
nyl isothiocyanates with alkyl azides at room temperature,2 
their decomposition in the presence of unsaturated systems 
provides a new entry into synthetic heterocyclic chemistry. 
The present phase of our work involves the use of heterocu
mulenes as trapping reagents for 2.

Reaction Products. When l-benzyl-5-tosylimino-
1,2,3,4-thiatriazoline (1) was decomposed at 60-80° in the 
presence of ketenes, isocyanates, carbodiimides, and iso
thiocyanates, compounds 6, 7, 8, and 9 were obtained in 
reasonably good yields. The results are summarized in 
Table I.

The NMR spectra of the crude reaction mixtures indi
cated that single products were formed in all cases, except 
for the reaction of diphenylketene with 1, which gave 10 
(9%, mp 221-223°, C = N  at 1525 c m '1) and 11 (16%, mp

N=N
/  \  60
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- s c /  -N ,
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/ \  /■c—c— C=C/ \ / \V PhCH.N. S 

C
1 II
NTs NTs

4 5
234-238°, C =N  at 1535 cm-1) in addition to 6a (major 
product). Compound 10 results from cycloaddition of 2 
with 3 (formed as side product) and compound 11 is for
mally the cycloaddition product of 2 with tosyl isothiocyan
ate. We assume that tosyl isothiocyanate is formed in this
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particular case by cycloreversion of 1 during the reaction 
conditions.

1 ----------- >
-PhCHjNj

T s N = C = S  11

Table I
Synthesis of Heterocycles from 1 and Heterocumulenesd

Yield

Compd R
Method

A"
Method

B6 Mp, °C
Ir, C = N ,  

cm"^

6a Ph 32-54 142-143 1540
6b /-Bu and CN 40c 156-157 1565
7a Et 66 112-115 1535
7b w-Bu 77 50 117-119 1535
7c Ph 63 25 160-161 1540
7d p-MeOC6H4 81 141.5-142.5 1550
7e P-C1C6H4 69 17 140-141.5 1540
8a c -C sHn 90 103-105 1540, 1655
8b PhCH, 82 146-147 1525, 1675
8c Ph 8 6 147.5-149 1528, 1649
9a Me 72 168-170 1500, 1645
9b Ji-Bu 93 101-102.5 1500, 1645
9c PhCH2 88 40 161-162 1510, 1642
9d Ph 84 137-138.5 1503, 1627 

1640
9e p-M eCsH4 92 144-146 1510, 1628
9f />-ClC6H4 50 162-164 1510, 1638
° Reactions carried out with a tenfold excess of heterocumulene 

in the absence of solvent. h Reactions carried out with 1 equiv of 
heterocumulene (0.01 mol) in CCU or benzene (50 ml) as solvent. 
cThe yield of 6b was 70% when 3 equiv of t e r t -butyl cyanoketene 
was used. d Satisfactory analytical values (±0.3% for C, H, N) were 
reported for all compounds tabulated except 8b,c and 9a, for which 
m /e values for the parent ion (±0.3 millimass units) were given. 
Ed.

The structures of the adducts were fully supported by el
emental analyses, spectral data, and independent syntheses 
(see below). The presence of an exocyclic C=N Ts bond in 
all the adducts is apparent from the broad and strong ir ab
sorptions at ca. 1530 cm-1 (see Table I)3 and also from the 
13C NMR spectra (see below).

Independent Syntheses. Since in principle the thiaziri- 
dinimine 2 can add to heterocumulenes in 12 different 
ways, we have focused on the regiochemistry of the addi
tion products. An independent synthesis of 6a was realized 
by treating ./V-benzyl-AF-tosylthiourea (12) with a-chloro- 
diphenylacetic acid (13) in the presence of pyridine as cata
lyst.4

PhCH.NHCNHTs + Ph,C—COOH —♦
' II I

S Cl
12 13

HOOC—CPh,
PhCH.NH, .S

C
II

L NTs
In the thiadiazolidinone series 7, the three-step proce

dure of Ottmann and Hooks5 was utilized to prepare 7b

P hC H ,N =C =S +  CL PhCH2N = C
SCI

/  RNÜO

*

14

PhCH,N=C\

Cl 

R

„SNCOC1 

Cl

TsNH,
7 b, c

and 7c. Thus, the S-chloroisothiocarbamoyl chloride 14, 
obtained by chlorination of benzyl isothiocyanate, was 
treated with n -butyl isocyanate or phenyl isocyanate to 
give the corresponding S-(chlorocarbonylamino)isothiocar- 
bamoyl chloride 15. Upon treatment with tosylamide, 15 
was converted into 7b and 7c, respectively.

Finally, the structure of 8 was easily proven by acid hy
drolysis of 8c, giving 7c in 94% yield.

13C NMR Analysis. For convenience in discussing the 
13C NMR data, the atoms comprising the five-membered 
rings are all numbered in the same manner as shown in 
structure 9. The absorption values are summarized in 
Table II. Since die chemical shift value of the C3 atom of 
adduct 9 would provide diagnostic proof for the assigned 
structure, we have prepared three model compounds (16, 
17, and 18) whose structures have been unambiguously set-

PhCH.,N PhCH.,N PhN
\ ' \ \C—S C—S C—S

/ \ / \ / \PhCH.N S PhCH.,N. S PhCH.N. S
x c x - -

II II II
0 s NPh

16 17 18
tled. 3-Benzylimino-4-benzyl-l,2,4-dithiazolidin-5-one (16, 
mp 93-94°) and 3-benzylimino-4-benzyl-l,2,4-dithiazoli- 
dine-5-thione (17, mp 68-69°) were prepared by the meth
ods of Freund,'5’7 whereas 3,5-bis(phenylimino)-4-benzyl- 
1,2,4-dithiazolidine (18) was obtained during our research 
on the reaction of benzyl azide with phenyl isothiocyanate. 
Its symmetric structure is apparent from the 13C NMR 
data and also from an X-ray analysis reported by Revitt.9

The C;j atom absorptions of 9 at ca. 5 150 correspond 
with those of the model compounds 16-18 (see Table II). If 
addition of 2 would have occurred onto the C =N  bond of 
the isothiocyanate to give 19,10 the C3 atoms would reso-15
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Table II
13C NMR Data of the New Heterocycles“

Compd c 3 c 5 PhCH2N< Other shift values

6a 174.4 165.8 4 7 . 4 C 2 at 67.2
6b 167.2" 163.6" 48.2 C2 at 59, C=N  at 114.5, (CH3)3C at 25.2 and 41.3
7a 152.1 164.6 48.3° CH3CH2 at 40.1
7b 152.4 164.5 48.4 C3H7CH2 at 44.8
7c 150.5 163.8 48.5
8a 144.5 167.3 48.5
8b 147.9 167.2 48.8° PhCH2N =  at 5 1 .8 / PhCH2 in position 2 at 57.1°
8c 142.1 166 49.1
9b 148.6 166.1 51.9 C3H7CH2 at 53.6
9c 150.5 166.1 52.2° PhCH2N =  at 57.Is
9d 152.5 166.4 52.2°
10 147.6 164.9 49.9° PhCH2 in position 2 at 55.1°
11 167.3 167.3 52.1
16 148.5 169.2 50.15 PhC H ,N = at 54.3s
17 154.6 193.9 53.1 PhCH2N =  at 56.2s
18 153.5 153.5 51.1

a All the spectra (8 values in parts per million from Me,jSi) were recorded in C D C I3  except those of 6a (CgDg) and ll(DMSO-dg). " The
reversed assignment is possible. '' Vc i = 142-144 Hz. d Vo 11 = 133- 135 Hz.

nate at ca. 8 171- 175 ppm. This is calculated from the C3 Experimental Section
absorption values of 7a-c by use 
ship of Kalinowski and Kessler:1 1

of the empirical relation
n e ls  = 1.45 8q = o  -  46.5

The ir spectra were taken on a Perkin-Elmer Model 157G spec
trometer. Proton NMR spectra were recorded with a Jeol MH-100

ppm.

S R
\  /  

C— N 
/ \ 

PhCH.N È  
C

NTs
19

Measurement of the coupling constant Vc-H for the 
benzyl methylene groups in 9c further substantiates its 
structure. Indeed, the value of Vc-H is known to be related 
to the extent of charge localization on the nitrogen atom.12 
In structure 9c, the imine CH2 group in position 3 (8 57.1 
ppm) exhibits a coupling constant of 133 Hz whereas the 
CH2 group at the 4 position has 1 Jc h = 143 Hz. This crite
rion was further used to assign structure 10 to one of the 
side-products from 1 and diphenylketene, 1J (• h being 143 
Hz for both CH2 groups.

From the viewpoint of 13C NMR spectroscopy, it is inter
esting to compare the C=N Ts, C = 0 , and C = S  carbon ab
sorptions at the 5 position of 9c, 16, and 17. Whereas the 
chemical shift value of C=N Ts (5 166 ppm) is comparable 
with that of C = 0  (ò 169 ppm) in this homologous series, 
the C =S  absorption in 17 is found at lower field (8 193.9 
ppm). This value, however, is in good agreement with the 
estimated value (8 198.5 ppm) obtained by applying the 
empirical equation of Kalinowski and Kessler.11

After our work had been completed, Neidlein and 
Salzmann13 also reported on this topic, apparently without 
knowledge of our previous work.2

It is also interesting to note that the first thiaziridine de
rivative 20 has been isolated recently in 43% yield by Quast 
and Kees14 from the reaction of N-sulfonyl-tert-butyla- 
mine and fert-butyldiazomethane.

i-BuN— SO.,
\ /  ‘

C
A

i-Bu H
20

or Varian XL-100 spectrometer using MeiSi as an internal refer
ence. For 13C NMR spectra, the XL-100 apparatus was equipped 
with a device for pulsed Fourier transform operation.

l-Benzyl-5-tosylimino-l,2,3,4-thiatriazoline (1) was prepared as 
reported2 by the reaction of benzyl azide with 1  equiv of tosyl iso
thiocyanate in CCL at room temperature.

General Procedure for the Preparation of G, 7, 8, and 9. 
Compound 1 (0.01 mol) was thermolyzed at 60° in the presence of 
a tenfold excess of heterocumulene for 2 hr and then heated at 80° 
for another 1 hr. The excess of heterocumulene was distilled off in 
vacuo and the residue was crystallized from ether (7 and 8) or from 
MeOH (9).

For the reaction of 1 with diphenylketene, the residue, after 
evaporation of the solvent, was fractionally crystallized from 
MeOH to give 6a, 10, and 11.

In the case of 6b, feci-butyl cyanoketene was first generated in 
situ by thermolysis of 2,5-di-iert-butyl-3,6-diazidobenzoquinone 
(1 g) in dry benzene (30 ml) as reported by Moore and Weyier. 10 
After cooling to room temperature, the thiaziridinimine precursor 
1 (2.3 g) was added and the solution was heated at 70° for 2 hr. 
The solvent was removed in vacuo, and the residue was dissolved 
in ether or methanol (30-40 ml) and then cooled to give 6 b.

Independent Synthesis of 6a. Equimolar amounts (0.006 mol) 
of 12 and 13 were dissolved in CCI4 (10 ml) containing 0.5 ml of 
pyridine. The solution was heated to reflux for 72 hr. After cooling 
to room temperature, 20 ml of CCI4 was added to the heterogene
ous mixture and the CCI4 layer was separated and dried over 
MgSOj. After removal of the solvent, the residue was crystallized 
from MeOH to give white crystals of 6a in 72% yield.

Independent Synthesis of 7b and 7c. Nearly 1 equiv of chlo
rine was added to a solution of benzyl isothiocyanate (0.03 mol) in 
dry pentane (20 ml) at ca. —10°. After the excess of chlorine was 
removed in vacuo at 0°, the residue (14) was dissolved in dry pen
tane. To this solution phenyl isocyanate (0.03 mol) in pentane was 
added dropwise at ca. 10° during a period of 30 min. The mixture 
was allowed to react for another 1.5 hr and the slurry (containing 
15) was then dissolved in THF (100 ml). To this solution tosylam- 
ide (0.03 mol) in THF (25 ml) containing 6 g of NEt,3 was added 
with stirring at room temperature. After a reaction time of 2 hr, 
the precipitate (NEts-HCl) was removed by filtration and the 
mother liquor was evaporated in vacuo to give a yellow oil (7b) 
which was crystallized from MeOH (10 ml), overall yield 56%.

Compound 7b (overall yield 35%) was obtained in a similar man
ner by using n -butyl isocyanate instead of phenyl isocyanate.

Acid Hydrolysis of 7c. A solution of 7c in ethanol (0.5 g in 20 
ml) containing 5 ml of H2S04 was heated at reflux for 1 hr. The 
precipitate was filtered off, washed with water, dried, and crystal
lized from MeOH-CHCI), yield 94%.

Synthesis of 18. A mixture of phenyl isothiocyanate (0.1 mol)
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and benzyl azide (0.2 mol) was heated at 10 0° until ges evolution 
ceased (72 hr). Addition of ether furnished 18 (55%) which was 
crystallized from ether-petroleum ether, mp 151-153°, ir (KBr) 
1610 cm-1.

Acknowledgment. We thank Dr. E. Van Loock for hav
ing carried out some preliminary experiments in this field. 
We are also indebted to the F. K. F. 0. (Belgium) for finan
cial support.

Registry No.— 1, 42770-61-6; 6a, 54999-84-7; 6 b, 54999-85-8; 
7a, 54999-86-9; 7b, 54999-87-0; 7c, 54999-88-1; 7d, 54999-89-2; 7e, 
54999-90-5; 8a, 54999-91-6; 8b, 54999-92-7; 8c, 54999-93-8; 9a,
54999-94-9; 9b, 54999-95-0; 9c, 54999-96-1; 9d, 54999-97-2; 9e,
54999- 98-3; 9f, 54999-99-4; 10, 55000-00-5; 11, 55000-01-6; 12,
53016-96-9; 13, 7475-56-1; 14, 55000-02-7; 15 (R = n-Bu), 55000-
03-8; 15 (R = Ph), 55000-04-9; 16, 55000-05-0; 17, 21494-82-6; 18,
55000- 06-1; diphenylketene, 525-06-4; t e r t -butyl cyanoketene, 
29342-22-1; ethyl isocyanate, 109-90-0; n-butyl isocyanate, 111- 
36-4; phenyl isocyanate, 103-71-9; p-methoxyphenyl isocyanate, 
5416-93-3; p-chlorophenyl isocyanate, 104-12-1; dicyclohexylcar- 
bodiimide, 538-75-0; dibenzylcarbodiimide, 6721-03-5: diphenyl- 
carbodiimide, 622-16-2; methyl isothiocyanate, 556-61-6; n-butyl 
isothiocyanate, 592-82-5; benzyl isothiocyanate, 622-78-6; phenyl 
isothiocyanate, 103-72-0; p-tolyl isothiocyanate, 622-59-3; p-chlo
rophenyl isothiocyanate, 2131-55-7; benzyl azide, 622-79-7.

References and Notes
(1) Part of this work has been communicated at the VI International Sympo

sium on Organic Sulphur Chemistry, Bangor, July 1974, and presented 
in a plenary lecture at the congress on Azlridines In Nice, Dec 1974.

(2) E. Van Loock, J. M. Vandensavel, G. L’abbé, and G. Smets, J. Org. 
Chem., 38, 2916 (1973); G. L'abbé, E. Van Loock, R. Albert, S. Toppet,
G. Verhelst, and G. Smets, J. Am. Chem. Soc., 96, 3973 (1974).

(3) J. Goerdeler and U. Krone, Chem. Ber., 102, 2273 (1969).

(4)

(5)

( 6) 

(7)

(8)

(9)
( 10)

( 11)
( 12)

(13)
(14)
(15)

V. G. Zubenko and M. I. Kulik, Farm. Zh. (Kiev), 28, 28 (1973); Chem 
Abstr., 80, 598£1w (1974).
G. Ottmann and H. Hooks, J. Org. Chem., 31, 838 (1966); Angew. 
Chem., 78, 681 (1966); Angew. Chem., int. Ed. Engl., 5, 672 (1966); J. 
Heterocycl. Chem., 4, 365 (1967).
M. Freund, Justus Liebigs Ann. Chem., 285, 154, 166, 184(1895).
Over 80 years ago, Freund6 reported the reaction of Isothlocyanates 
with bromine in the presence of some water to give a product of empiri
cal formula (RNCSfeO. Only very recently its correct structure (e.g., 16) 
was elucidated,8 but the mechanism of this unusual reaction remains to 
be resolved. Based on the work of Ottmann and Hooks,6 we propose 
the following mechanism.

R N = C = S  +  Br, — >- R N =C.
SBr

/  RNCS

Br

• Br

NR R N = <  ’
/ S - s - <  H0H \  S R_ pKHs

R N = C . Br ------- I \ ------------- * 16
^ B r  RN /  S

xr
NO. '

M. G. Paranjpe and R. K. Gosavi, Indian J. Chem., 5, 125 (1967); see 
also C. K. Bradsher, F. C. Brown, E. F. Sinclair, and S. T. Webster, J. 
Am. Chem. Soc., 80, 414 (1958).
D. M. Revitt, J. Chem. Soc., Chem. Commun, 24 (1975).
(a) Komatsu et al.10b assigned structure 19 (R =  Ph, Ph instead of Ts) to 
the reaction product from A/-benzyloxaziridine and phenyl isothiocyan
ate. In view of the 13C NMR analysis discussed in this paper, this struc
ture should now be revised in favor of 18. (b) M. Komatsu, Y. Ohshiro,
K. Yasuda, S. Ichijima, and T. Agawa, J. Org. Chem., 39, 957 (1974).
H.-O. Kalinowsk and H. Kessler, Angew. Chem., 8 6 , 43 (1974).
R. J: Neuman and L. Young, J. Phys. Chem., 69, 2570 (1965).
R. Neidlein and K. Salzmann, Synthesis, 52 (1975).
H. Quast and F. Kees, Angew. Chem., 8 6 , 816 (1974).
H. W. Moore and W. Weyler, J. Am. Chem. Soc., 92, 4132 (1970); 93, 
2812(1971).

2-Dialkylphosphonyl- and 2-Alkylidene-3,4-dihydro-3-oxo-2iï-l,4-benzothiazines

J. W. Worley,* K. Wayne Rafts, and K. L. Cammack

M o n s a n to  A g r icu ltu ra l P ro d u c ts  C o m p a n y , R e s ea r c h  D e p a r tm e n t , S t. L o u is , M is so u r i 63 166

R e c e iv e d  N o v e m b e r  2 5 ,1 9 7 4

2-Chloro-3,4-dihydro-3-oxo-2fi-l,4-benzothiazines have been shown to react with triethyl phosphite in a Mi- 
chaelis-Arbuzov manner to give the 2-phosphonates. These latter compounds react readily with aldehydes and 
ketones to give the 2-alkylidene derivatives. The olefins from aldehydes are assigned the Z  stereochemistry on the 
basis of NMR data.

The reaction of various a-halocarbonyl systems with 
phosphorus nucleophiles has been well investigated, a -  
Haloamides normally react with trialkyl phosphites in a 
Michaelis-Arbuzov fashion to give phosphonates unless 
special structural requirements are met.1-6 Although the 
possible influence of an a-thioether group in this reaction 
has not been reported previously, an a-thioether group 
generally is believed to enhance Sn2 reactivity,7 which is 
the usual mechanism of the Michaelis-Arbuzov reaction.

We now wish to report on the reaction of triethyl phos
phite with 2-chloro-3,4-dihydro-3-oxo-2/i-l,4-benzothia- 
zines (2), a cyclic a-haloamide system bearing an a-thioeth- 
er linkage, and on the utility of the products of this reac
tion in a new general route to alkylidene benzothiazines.

Results and Discussion
Reaction of 2 with Triethyl Phosphite. The three 

chlorobenzothiazinones 2a-c were obtained from treat
ment of the corresponding 1 with 1 equiv of sulfuryl chlo
ride. Reaction of 2 with neat, excess, refluxing triethyl 
phosphite gave the analogous phosphonate (Michaelis- 
Arbuzov product) in good yield. The structure of 3 is con-

'S  SO.CL

TjT ^ 0

R
1

Cl
P(OEt)j

■N ^ 0

a, R = H
b, R = Me
c, R = CH2CO,Et

PO(OEt),

N ^ o

R

firmed in each case by the observation of an infrared band 
for the amide carbonyl group at 1660-1675 cm-1 and a 
NMR signal for the 2-H as a doublet at <5 4.57-4.35 with 
J h-p = 21.2-22.6 Hz.

Thus, in this case the presence of an a-thioether group
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Table I
2-Alkylidene-3,4-dihydro-3-oxo-2.H-l,4-benzothiazines (4)a-3 * * 6 *

NMR (CDCI3 ), 6

Compd R R Yield,

u0a.
71 = c h r ' n c h 3 Other

4a H CgH5 90 202—204° 7.90
4b Me c6h5 68 86-87.5d 7.93 3.54
4c Me /}-MeC6H4 72 139-140 7.85 3.50 2.35 (/>-ch3)
4d Me 3,4-(0CH20)C6H3 85 151-152 7.79 3.52 6.00 (OCHoO)
4e Me 2-ThienyF 64 90-91 8.02 3.48
4f H 3,4 -(0CH20)C6H3 86 216-218/ 7.82 6.03 (OCH20)
4g H /)-MeOC6H4 94 208-210* 7.76 3.84 (p-OCH3)
4h CH-iCOoEt h i -F5CC6H4 76 131-131.5 7.90 4.80 (NCH,)
4i Me o-FCgH,, 50 94-95 7.99 3.53
4j Me o - O jN C ^ H j 82 107-108 8.18 3.58
4k Me 9-Anthryl 87 173-174 8.65" 3.60
41 Me PhCH=CH 55 110-111 / 3.47
4mJ H H 85 >260 dec 6.47

5.69
a Satisfactory analytical data (±0.30% for C, H, and S) were obtained for all new compounds and have been made available to the 

editors. b New N-methyl compounds exhibited an infrared band in C H C I3  at ca. 1645 cm "1. c Lit.13’ mp 202-204°. d Lit. mp 85-86°: H. 
Kugita, H. Inoue, M. Ikezaki, M. Konda, and S. Takeo, C h em . P ha rm . B u ll., 18, 2284 (1970).e Crude product was an oil which crystallized 
after 1 day. 1 Lit,13<J mp 212-214°.« Lit.13d mp 207-208°. h This assignment is not unambiguous. An additional singlet at b 8.44 is assigned to 
the 10-H of the anthracene ring, since this signal is broader than the one at b 8.65. The broadening is assumed to be due to long-range 
coupling with the other aromatic protons. 1 Vinyl proton absorption obscured in aromatic region (b 7.68-6.65). The predicted values, based 
on the values observed for 4m (see text), would be b 7.71 for the Z  isomer and b 6.93 for the E  isomer.J Product obtained using 37% aqueous 
formaldehyde; crude product analytically pure. This compound is white; 4a-l are yellow to orange.

does not alter the usual mode of reaction of monohaloam- 
ides with trialkyl phosphites.8 It does allow the preparation 
of some novel heterocyclic phosphonates which are useful 
synthetic intermediates, however.

Reaction of 3 with Aldehydes. The phosphonates 3 
should undergo Wadsworth-Emmons reaction9 readily, 
since the intermediate carbanion can be stabilized by both 
«-thioether and a-carbamoyl groups. In fact, addition of 
sodium alkoxide to an alcohol solution of equivalent 
amounts of 3 and an aromatic aldehyde, cinnamaldehyde, 
or formaldehyde results in the almost immediate separa
tion of the olefins 4. Crude products are obtained in fair to

3 4
good yields (50-94%), regardless of the steric or electronic
nature of the aldehyde, and they are of quite good chemical
and geometrical purity as judged by their NMR spectra
and melting points.

The scope of the reaction and the physical properties of
the products are summarized in Table I.

The products from reaction with aromatic aldehydes are 
assigned the Z  stereochemistry on the basis of the chemical
shift of the vinyl proton. Application of substituent 
shielding constants for vinyl proton absorption10 to com
pound 4m gives predicted & values in CDC13 for Ha and Hb 
of 6.15 and 5.47, respectively. The observed values are 6.47 
and 5.69. respectively. The differences between the calcu
lated and observed values are somewhat greater than the 
standard deviation of 0.17 ppm associated with the additiv
ity calculations.100 The differences can be attributed to the 
fact that the RS group here is an arylthio group rather than 
an alkylthio group11 and/or the fact that the fixed geome
try of the amide carbonyl group in relation to the vinyl pro
tons in 4m probably causes these protons to be abnormally 
deshielded.10a

H R'

R
4m

Whatever the source of the deviation, the observed 
chemical shifts of Ha and Hb in 4m serve as models for pre
dicting chemical shifts in 4a-l and therefore for establish
ing the stereochemistry of these compounds. The substitu
ent shielding constant100 for replacing a geminal proton in 
an olefin with an aromatic group is 1.38 ppm. For an ortho- 
substituted aromatic group the value of 1.65 ppm is used. 
The predicted 5 values for 4a-h then are 7.07 for the E  iso
mer and 7.85 for the Z  isomer, and the predicted values for
4i-k are 7.34 for the E  isomer and 8.12 for the Z  isomer. 
The data in Table I show that the observed 5 value for each 
of these compounds except 4k (R' = 9-anthryl) falls within 
±0.17 ppm of the predicted value for the Z  isomer. In 4k, 
the anthryl group is probably of great enough steric bulk 
that it is significantly distorted from coplanarity with the 
rest of the olefinic system, and therefore the gem-vinyl pro
ton would be expected to be abnormally deshielded.10d

The reaction of phosphonates 3 with aldehydes thus 
shows the normal high stereoselectivity associated with the 
Wadsworth-Emmons reaction but does not appear to ex
hibit complete stereospecificity. Both TLC on silica gel- 
20% silver nitrate and NMR spectroscopy of reaction
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mixtures in some cases indicate the presence of small 
amounts of E  isomers.

Reaction of 3 with Ketones. The reaction of phospho
nates 3 with ketones has not been as thoroughly investi
gated, but 3a does react readily with diethyl ketomalonate 
and more slowly with the enolizable ketone, acetone. No 
reaction was observed with acetophenone.

3a

2

R

+  R2CO
NaOR'

5a, R = CO; Et 
b, R = Me

At least seven previous methods13 have been reported for 
the preparation of various 2-alkylidene-3,4-dihydro-3-oxo- 
2f/- 1,4-benzothiazines, including one13' of scope generally 
comparable to that of the present method, but geometrical 
isomerism in this system has been considered only briefly 
in one example.1311 Where comparison is possible, the melt
ing points reported for previous examples agree with those 
now assigned to the Z  isomers.

Experimental Section
General. Melting points were determined on a Mel-Temp appa

ratus and are uncorrected. Nuclear magnetic resonance spectra 
were recorded on a Varian T-60 or EM-360 spectrometer. Infrared 
spectra were recorded on a Beckman IR-5A spectrophotometer. 
Elemental analyses were performed by Atlantic Microlab, Inc.

3.4- Dihydro-4-methyl-3-oxo-2H-l,4-benzothiazine (lb). 
This compound was obtained in 73% yield from 3,4-dihydro-3-oxo- 
2//-l,4-benzothiazine14 (la) and methyl iodide by the general pro
cedure of Pachter and Kloetzel15 for the alkylation of amides with 
potassium hydroxide in acetone: mp 50-53° (lit.16 mp 55°); NMR 
(CDCI3) <5 7.17 (m, 4), 3.37 (s, 3), and 3.43 (s, 2 ).

3.4- Dihydro-3-oxo-2H-l,4-benzothiazine-4-acetic Acid 
Ethyl Ester (lc). This compound was obtained similarly from la 
and ethyl bromoacetate in 88% yield: mp 54-55° [recrystallized 
from ethanol, mp 57-58° (lit.17 mp 48.5-50.5°)]; NMR (CDC13) b 
7.50-6.72 (m, 4), 4.63 (s, 2), 4.22 (q, 2, J  =  7 Hz), 3.43 (s, 2), and
1.27 (t, 3, J = 7 Hz).

Anal. Calcd for C12H13NO3S: C, 57.35; H, 5.21; N, 5.57. Found: 
C, 57.37; H, 5.17; N, 5.30.

Chlorination of 1 with Sulfuryl Chloride. General Proce
dure. A stirred mixture of 1 in methylene chloride (ca. 0.1 mol/100 
ml) was treated dropwise in 0.5 hr with 1 equiv of sulfuryl chloride. 
The mixture was stirred for 2-5 hr more and then was concentrat
ed to a solid or viscous liquid residue. The residue was stirred for a 
few minutes with petroleum ether, and the resulting mixture was 
filtered to give solid product.

2-Chloro-3,4-dihydro-3-oxo-2ff-l,4-benzothiazine (2a).
Crude product (mp 202-207°) obtained in 86% yield from la by 
the above procedure was suitable for subsequent reaction with 
triethyl phosphite but could be recrystallized twice from acetone 
to give purified material: mp 221-223° (lit.18 mp 215°); NMR 
(DMSO-ds) <5 11.17 (broad s, 1 ), 7.60-6.90 (m, 4), and 6.23 (s, 1 ).

Anal. Calcd for C8H6C1N0S: C, 48.12; H, 3.03; Cl, 17.76. Found: 
C, 48.20; H, 3.05; Cl, 17.93.

2-Chloro-3,4-dihydro-4-methyl-3-oxo-2ff-l,4-benzothiazine 
(2b). Crude product from lb was obtained in 91% yield and was 
used without further purification: mp 95-97°; NMR (CDCI3) b 
7.55-6.95 (m, 4), 5.68 (s, 1), and 3.51 (s, 3).

Anal. Calcd for C9H8C1N0S: Cl, 16.59. Found: Cl, 16.26.
2-Chloro-3,4-dihydro-3-oxo-2f/-l,4-benzothiazine-4-acetic 

Acid Ethyl Ester (2c). This material was obtained from lc in 84% 
yield and also was used without additional purification: mp 76- 
78°; NMR (CDC13) 5 7.45-6.81 (m, 4), 5.60 (s, 1), 5.03 (asymmetri
cal d, 1, J  =  17 Hz), 4.38 (asymmetrical d, 1, J  = 17 Hz), 4.18 (q, 2, 
J  =  1 Hz), and 1.27 (t, 3, J  =  7 Hz).

Anal. Calcd for C12H12CINO3S: Cl, 12.41; S, 11.22. Found: Cl, 
12.45; S, 11.22.

2-Diethylphosphonyl-3,4-dihydro-3-oxo-2if-l,4-benzothia- 
zine (3a). A stirred mixture of 2a (26.5 g, 0.13 mol) and triethyl

phosphite (101 ml. 0.58 mol) was heated to ca. 100°. A vigorous 
exothermic reaction began, and soon a clear orange solution was 
obtained. The solution was stirred under reflux for 1.5 hr more and 
then was cooled to ca. 60° and diluted with 100 ml of petroleum 
ether (bp 30-75°). Cooling of the mixture to room temperature 
and filtration gave 31.2 g (78%) of pale yellow solid, mp 131- 
133.5°. Recrystallization from 250 ml of benzene-petroleum ether 
(2:3) gave .29.8 g of product: mp 134-136°; NMR (DMSO-de) 5 
10.80 (broad s, 1), 7.44-6.90 (m, 4), 4.35 (d, 1, J H-P  = 21.2 Hz), 
4.27-3.54 (m, 4), 1.17 (t, 3, J = 7.2 Hz), and 1.00 (t, 3, J = 7.2 Hz); 
ir (CHCI3) 3400, 3000, 1675, 1590, 1480, 1370, 1250, 1160, 1050, 
1020, and 975 cm-1.

Anal. Calcd for C12H16N04PS: C, 47.84; H, 5.35; S, 10.64. Found: 
C, 47.94; H, 5.38; S, 10.77

2-Diethylphosphonyl-3,4-dihydro-4-methyl-3-oxo-2Jli-l,4 - 
benzothiazine (3b». A mixture of 2b (64.0 g, 0.30 mol) and triethyl 
phosphite (112 ml, 0.64 mol) was refluxed for 19 hr. After standing 
for 1.5 hr, the resulting mixture was filtered to give a pale yellow 
solid. Recrystallization from 175 ml of benzene-petroleum ether 
(4:3) gave 61.2 g '65%) of white product: mp 127-129°; NMR 
(DMSO-d6) b 7.50-6.89 (m, 4), 4.50 (d, 1, J H-P  = 22.2 Hz), 4.20- 
3.45 (complex, 4), 3.35 (d, 3, J  = 1.1 Hz), 1.13 (t, 3, J  = 7.2 Hz), 
and 0.98 (t, 3, J  = 7.2 Hz); ir (CHC13) 3000, 1660, 1590, 1480, 1445, 
1360,1250,1050,1020, and 975 cm"1.

Anal. Calcd for Ci3H18N04PS: C, 49.52; H, 5.75; S, 10.17. Found: 
C, 49.73; H, 5.88; S, 10.31.

2-Diethylphosphonyl-3,4-dihydro-3-oxo-2 H -1 ,4-benzothia- 
zine-4-acetic Acid Ethyl Ester (3c). A mixture of 2c (40.0 g, 0.14 
mol) and triethyl phosphite (51.0 g, 0.31 mol) was refluxed for 28 
hr. Volatile materials were removed from the resultant solution by 
heating it on a rotary evaporator at 100° for 0.5 hr at 0.1 Torr. The 
residue was treated with 20 ml of warm ethanol and then 200 ml of 
petroleum ether. Cooling (Dry Ice) of the solution gave separation 
of an oil which crystallized upon trituration to give 32.0 g of tan 
solid, mp 65-68°. Evaporation of the filtrate gave an additional
18.0 g of brown solid, mp 60-65°, combined crude yield 50.0 g 
(92%). Chromatography of 43.0 g of this material on alumina (20% 
chloroform-carbon tetrachloride to 100% chloroform) gave 24.0 g 
of solid. Recrystallization from benzene-petroleum ether gave 18.5 
g white product: mp 73-75°; NMR (DMSO-dg) b 7.58-6.95 (m, 4), 
4.92 (asymmetrical d, 1, J  =  18.0 Hz), 4.59 (asymmetrical d, 1, J  =
18.0 Hz), 4.57 (d, 1. J h - p  = 22.6 Hz), 4.34-3.60 (complex, 6 ), and
1.32-0.88 (complex. 9); ir (CHC13) 1750, 1665, 1390. 1255, 1190, 
1050, and 1025 cm"*.

Anal. Calcd for C16H22N06PS: C, 49.61; H, 5.72; N, 3.62; S, 8.28. 
Found: Q, 49.78; H, 5.83; N, 3.63; S, 8.41.

2-Alkylidene-3,4-dihydro-4-methyl-3-oxo-2ii-1,4-benzothia- 
zines. General Procedure. To a stirred solution of the al
dehyde (0.010 mol) and 3 (0.010 mol) in alcohol (50 ml of 80% 
aqueous ethanol for 3a, 30 ml of methanol for 3b, and 30 ml of eth
anol for 3c) was added 5.0 ml of a 2.0 N  solution of base (sodium 
ethoxide in ethanol for 3a and 3c, sodium methoxide in methanol 
for 3b). If a solid product did not separate immediately, the reac
tion flask was cooled in an ice bath after 5 min and the inside wall 
of the flask was scratched with a glass rod. Product then crystal
lized readily. In all cases, after the appearance of solid material, 
the mixture was stirred for 10  min more and then filtered to obtain 
product, which was judged by its melting point and NMR spec
trum to be of good chemical and geometrical purity. The melting 
point of the product normally increased less than 3° upon purifica
tion. Analytical samples were obtained in the following manner. 
The crude product was dissolved in 20 ml of chloroform, and this 
solution was washed with two 1 0 -ml portions of water, dried 
(MgS04), and concentrated to a residue. The residue was recrys
tallized one or two times from 30 ml of 2:1 or 1:1 carbon tetrachlo
ride-petroleum ether. The properties of the products are summa
rized in Table I.

3,4-Dihydro-3-oxo-A2“-2.H-l,4-benzothiazine-2-malonic 
Acid Diethyl Ester (5a). To a stirred mixture of 3a (6.02 g. 0.020 
mol) and diethyl ketomalonate (3.5 g, 0.020 mol) in 50 ml of etha
nol was added 20 ml of a 1.0 N  solution of sodium ethoxide. A clear 
solution was obtained, and after approximately 1 min a yellow pre
cipitate occurred. An additional 100 ml of ethanol was added to the 
mixture, and stirring was continued for 0.5 hr. Filtration then gave 
6.3 g (98%) of bright yellow solid, mp 162-163°. Recrystallization 
from ethanol gave the analytical sample: mp 163-163.5°; NMR 
(DMSO-de) b 7.50-6.90 (complex, 4), 4.24 (q, 4, J  =  7 Hz), 1.23 and
1.20 (two triplets, 6 , J  =  7 Hz).

Anal. Calcd for C15H15N05S: C, 56.06; H, 4.71; S, 9.98. Found: C, 
56.11; H, 4.77; S, 10.05.
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3,4-Dihydro-2-isopropylidene-3-oxo-2ff-l,4-benzothiazine 
(5b). To a stirred solution of 3a (4.5 g, 0.015 mol) and 10 ml of ace
tone in 20 ml of methanol was added 7.5 ml of a 2.0 N  sodium 
methoxide solution. The solution was stirred for 48 hr. The mix
ture was then diluted with 5 ml of water and subsequently filtered 
to obtain 2.0 g (65%) of white product: mp 217-219° (lit.13c mp 
213-215°); NMR (DMSO-d6) <5 7.42-6.84 (complex, 4), 2.22 (s, 3), 
and 2.05 (s, 3).

Registry No.— la, 5325-20-2; lb, 37142-87-3; lc, 6376-75-6; 2a, 
55043-49-7; 2b, 55043-50-0; 2c, 55043-32-8; 3a, 55043-33-9; 3b,
55043-34-0; 3c, 55043-35-1; 4a, 55043-20-4; 4b, 55043-21-5; 4c,
55043-22-6; 4d, 55043-23-7; 4e, 55043-24-8; 4f, 55043-25-9; 4g,
55043-26-0; 4h, 55043-27-1; 4i, 55043-28-2; 4j, 55043-29-3; 4k,
55043-30-6; 41, 55043-31-7; 4m, 55043-51-1; 5a, 55043-52-2; 5b, 
55043-53-3; S02C12, 7791-25-5; P(OEt)3, 122-52-1; methyl iodide, 
74-88-4; ethyl bromoacetate, 105-36-2; benzaldehyde, 100-52-7; p- 
methylbenzaldehyde, 104-87-0; 3,4-methylenedioxybenzaldehyde, 
120-57-0; 2-thiophenecarboxaldehyde, 98-03-3; formaldehyde, 50-
00-0; p-methoxyhenzaldehyde, 123-11-5; m-trifluoromethylbenzal- 
dehyde, 454-89-7; o-fluorobenzaldehyde, 446-52-6; o-nitrobenzal- 
dehyde, 552-89-6; 9-anthracenecarboxaldehyde, 642-31-9; cinnam- 
aldehyde, 104-55-2; acetone, 67-64-1; diethyl ketomalonate, 609-
09-6.
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Benzopyranopyridine Derivatives. 2. Reaction of Azaxanthones with
Hydroxylamine1
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R e c e iv e d  J a n u a ry  1 0 ,1 9 7 5

5if-[l]Benzopyrano[2,3-6]pyridin-5-one, referred to throughout this series as 1 -azaxanthone (1 ), reacted in an 
anomalous manner with an alcoholic KOH solution of H0NH2-HC1 to give a mixture of 3-(2-l/i-pyridinon-3-yl)-
1,2-benzisoxazole (2) and 3-o-hydroxyphenyl(2-lfl-pyridinon-3-yl) ketoxime (3). The structure of 2 was estab
lished by the usual spectral analyses as well as total synthesis from 3-o-chlorobenzoylpyridine. It was shown that 
3 is not the intermediate necessary for the formation of 2 and that 2 is formed by a direct attack of the HONH2 
anion on 1 -azaxanthone.

5/i-[l]Benzopyrano[2,3-f>]pyridin-5-one, 1, referred to 
throughout this series as 1-azaxanthone,2 failed to form an

:ipn©:
0

1

oxime under the usual conditions, i.e., HONH2-HCl in pyri
dine and EtOH. In contrast, the 2- and 4-azaxanthones 
were readily converted into oximes.

Under forcing conditions,3 excess KOH in EtOH, ketone- 
1 reacted with HONH2-HC1 to give a mixture of two prod
ucts, 3-(2-lH-pyridinon-3-yl)-l,2-benzisoxazole (2) and 3-
o- hydroxyphenyl- (2- 1H- pyridinon-3-yl) ketoxime (3). 
These compounds were separated by column chromatogra
phy on silica gel.



Reaction of Azaxanthones with Hydroxylamine ■J. Org. Chem., Voi 40, No. 12, 1975 1735

The benzisoxazole 2 shows a strong carbonyl frequency 
in the ir (6.0 yu), a C =N  band at 6.2 p, and a pair of bands 
at 11.1 and 11.5 ¡j. which was subsequently found in the ir 
spectrum of representative 1,2-benzisoxazoles prepared in 
this work. The NMR spectrum of 2 showed a triplet (J  =
6.7 Hz) at 8 6.40 characteristic of 3-substituted 2-pyri- 
dones.4 Confirmation of structure 2 was established by 
total synthesis (Scheme I).

3-o-Chlorobenzoylpyridine (4) was converted into the 
oxime 5. The higher melting isomer of 5, on heating with 
KOH in ethylene glycol monomethyl ether by standard 
procedures,5 gave the pyridylbenzisoxazole 6 in excellent 
yield. Rearrangement of the 1-oxide 7 with acetic anhy
dride and subsequent hydrolysis gave 2 identical in all re
spects with the original sample.

Compound 2 on reaction with phosphorus oxychloride or 
with phenylphosphonic dichloride was converted into the 
2-chlorpyridyl analog 8, the NMR spectrum of which did

at 8 3.68 (three protons), due to the N -methyl group. Evi
dence for the intact benzisoxazole ring in 8 and 9 was es
tablished by the pair of absorptions at 11.0 and 11.5 n in 
the ir spectrum c-f both compounds.

To study the possible mechanism of this reaction 1-aza- 
xanthone was treated with KOH in EtOH, whereby the py- 
ridone ketone 10 was isolated as the sole product. This

compound readily formed oxime 3 on reaction with 
HONH2-HC1 either in the presence of KOH in EtOH or in 
pyridine-EtOH. Attempts to effect closure of 3 to the benz
isoxazole 2 under the original reaction conditions or under 
more strenuous basic conditions (KOH in ethylene glycol 
or fusion with KOH) were fu tile  and compound 3 was re
covered unchanged. Even under the sequential addition 
after 1 hr of HONH2-HCl to a refluxing solution of the 1- 
azaxanthone in KOH and EtOH, only oxime 3 was ob
tained. These experiments indicate that 2 is not formed 
through the intermediate oxime 3.

As reaction path we propose, therefore, a competitive di
rect attack of the hydroxide ion and the hydroxylamine 
anion on the 1-azaxanthone (Scheme II) to give a mixture

Scheme II
OR OR

Jh on h .

3

not show the typical pyridone resonance structure referred 
to above. Méthylation of 2 (dimethyl sulfate in aqueous 
NaOH) resulted in the isolation of 9, the NMR spectrum of 
which showed, in addition to the triplet at 8 6.25, a singlet

of intermediates of the type 11a and lib , respectively, 
opening the oxygen bridge as in 12a and 12b, resulting in 
formation of 10, which reacts with the excess HONH2 to 
give 3. The intramolecular loss of water from 12b results in 
the formation of 2.

Additional support for the proposed intermediate l ib  
was obtained when the preformed anion of hydroxylamine 
prepared by reaction of HONHa-HCl with NaH in anhy
drous DMF was allowed to react with the ketone 1. Under 
these conditions only the pyridone benzisoxazole 2 was ob-

Table I
Compounds of Formula3

( V r i f
K

X Y Registry no. Mp, C Yield, % Formula^ Caled C Caled H Caled N Found C Found H Found N

H Cl 54999-81-4 238-230 65 c )2h (;c in 2o 2 58.43 2.85 1 1 . 3 5 58.61 3 . 1 0 11.48
Cl H 54999-82-5 291-292 67 c 12h 7c i n a 58.43 2.85 1 1 . 3 5 58.33 3.04 1 1 . 5 3

OCH, H 54999-83-6 253-255 69 C 13H 10N 2O 3 64.46 4.16 1 1 . 5 7 64.21 4.25 11.46

“ From the ketones reported in ref 1, using method 1. 0 All products recrystallized from EtOH.
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tained in a yield of 74%. Under similar reaction conditions 
1 -azathioxanthone (13) was converted into the thiopyri- 
done benzisoxazole 14 in excellent yield. The structure 14

13

was assigned on the basis of spectral data and analogy with 
the oxygen isostere. Similarly, the benzisoxazole derived 
from 3-azaxanthone (15), is assigned the structure 16. The

15

fi proton in the NMR spectrum of 16 resonates as a doublet 
at & 6.38 (J = 7.2 Hz), characteristic of the structure indi
cated.4

Table I lists some substituted 2-pyridone benzisoxazoles 
prepared in this work.

Experimental Section
Melting points were taken on a Thomas-Hoover melting point 

apparatus and are uncorrected. Unless otherwise indicated all 
products showed one spot on TLC [silica gel plates using CHCI3 
(90%)-MeOH (9%)-NH4OH (1%) as solvent]. Ir spectra were re
corded on a Perkin-Elmer Model 137 spectrometer in Nujol mulls. 
NMR spectra were obtained in DMSO-d6 on a Varian A-60A spec
trometer using tetramethylsilane as internal reference.

3-(2-lH-Pyridinon-3-yl)l,2-benzisoxazole (2) and 3-o-Hy- 
droxyphenyl(2-lH-pyridinon-3-yl) Ketoxime (3). Method 1. In 
a typical experiment, a mixture of 9.9 g (0.05 mol) of 1-azaxanth- 
one and 4.2 g (0.06 mol) of H0NH2-HC1 was added in one portion 
to a solution of 38 g (0.2 mol) of KOH in 250 ml of EtOH. The mix
ture was heated on the steam bath for 2 hr and approximately 50% 
of the solvent was removed in vacuo. The residue was poured into 
water and the precipitated unreacted starting ketone was filtered. 
The filtrate was acidified with HOAc and the products were al
lowed to crystallize. The product was recrystallized from 600-700 
ml of EtOH, yield of crude product 9.3 g, mp 220-227°.

Nine grams of this mixture was placed on a column of silica gel 
(450 g) and eluted with a mixture of CHCI3 (90%), MeOH (9%), 
and. NH4OH (1%). Fractions of 200-250 ml were collected and 
monitored by TLC. Similar one-spot fractions were combined. 
Compound 2 , being less polar, was eluted first and the major por
tion was obtained in the first five fractions. The pure oxime 3 was 
collected in fractions 9-15. The combined fractions were concen
trated to a residue and recrystallized from EtOH.

Compound 2 was obtained in a yield of 2.8 g (31% recovery) and 
3 (2.6 g, 29% recovery).

Compound 2 had mp 230-231°. Anal. Calcd for C12H8N2O2: C, 
67.92; H, 3.80; N, 13.20. Found: C, 67.97; H, 3.89; N, 13.37.

Compound 3 had mp 257-258°. Anal. Calcd for Ci2H10N2O3: C, 
62.60; H, 4.38; N, 12.17. Found: C, 62.49; H, 4.40; N, 12.42.

3-(2-lH-Pyridinon-3-yl)-l,2-benzisoxazole (2). NaH Meth
od, Method 2. To a suspension of 8.5 g (0.2 mol) of 57% NaH in 
mineral oil in 100 ml of anhydrous DMF was added to several 
small portions 6.9 g (0.1 mol) of H0NH2-HC1 and the mixture was 
stirred for 0.5 hr in an ice bath. A suspension of 9.9 g (0.05 mol) of 
1-azaxanthone in 200 ml of DMF was added all at once and the 
mixture was warmed on the steam bath for 2 hr. The mixture was 
poured into ice water (200 ml) and extracted with CHC13. The 
aqueous solution was acidified with HOAc, and the product was 
filtered and recrystallized from EtOH, mp 230-231°. The ir was 
superimposable and behavior on TLC was identical with that of 
the sample prepared in total synthesis, yield 7.9 g (74%).

3-(2-l/i-Thiopyridinon-3-yl)-l,2-benzisoxazole (14). Using 
method 2, compound 14 was obtained from 10.7 g (0.05 mol) of 1-

azathiaxanthone in a yield of 8.8 g (77%), mp 235—236° (EtOH).
Anal. Calcd for Ci2H8N2OS: C, 63.14; H, 3.53; N, 12.28. Found: 

C, 63.32; H, 3.59; N, 12.54.
This compound was also obtained in 53% yield using the KOH 

method.
3-(4-lH-Pyridinon-3-yl)-l,2-benzisoxazole (16) was obtained 

from 3 -azaxanthone (15) and HONH2-HCl and KOH in EtOH by 
method 1, mp 294-296° (EtOH). Anal. Calcd for Ci2HgN20 2: C, 
67.92; H, 3.80; N, 13.20. Found: C, 67.55; H, 3.88; N, 12.95.

3-o-Chlorobenzoylpyridine (4). Our preparation of this ke
tone differs from that previously reported.6

Step 1. A solution of 76.4 g (0.4 mol) of 2-bromochlorobenzene 
was converted into the Grignard reagent in Et20  using 9.6 g (0.4 
g-atom) of magnesium. 3-Pyridinealdehyde (32.1 g, 0.3 mol) was 
added and stirring was continued for 0.5 hr. The product was iso
lated in the usual manner to give 53.9 g (81%) of a white solid, mp 
115-116°.

Step 2 . The carbinol from step 1 was oxidized with aqueous 
KMn04 at 70-80° for 2 hr to give the title compound in 72% crude 
yield as a brown oil used directly for compound 5. The HC1 salt 
melted at 182-185° (reported6 mp 185-187°).

o-Chlorophenyl-3-pyridyl Ketoxime (5). The crude ketone, 4 
(72g), 75 g of H0NH2-HC1, 150 ml of pyridine, and 400 ml of EtOH 
was heated under reflux for 6 hr and the solvent was removed in 
vacuo. The residue was poured into water and allowed to crystal
lize. The product was filtered and recrystallized from EtOH to give 
33 g of a solid, mp 204-207°.

Anal. Calcd for C12H9C1N20: C, 61.94; H, 3.90; N, 12.04. Found: 
C, 61.77; H, 3.93; N, 12.05.

A second crop (34 g) of oxime, mp 197-200°, was obtained by 
dilution with water.

3-(3-Pyridyl)-l,2-benzisoxazole (6 ). A mixture of 36 g of
oxime 5, 390 ml of 50% aqueous KOH, and 90 ml of ethylene glycol 
monomethyl ether was heated under reflux with stirring for 3 hr.5 
After cooling the product was filtered and recrystallized from i- 
Pr20  to give 17.2 g (84%) of 6 , mp 89-90°.

Anal. Calcd for Ci2H8N20: C, 73.46; H, 4.11; N, 14.28. Found: C, 
73.10; H, 4.25; N, 14.17.

3-(3-Pyridyl l-oxide)-l,2-benzisoxazole (7). To a solution of
17.0 g (0.087 mol) of 6 in 60 ml of acetic acid was added dropwise 
30 ml of 30% H20 2 and the mixture was heated for 20 hr at 60°. 
The mixture was poured into ice water and the precipitated prod
uct was recrystallized from benzene-hexane, yield 11.6 g (63%), mp 
149-151°.

Anal. Calcd for Ci2H8N20 2: C, 67.92; H, 3.80; N, 13.20. Found: 
C, 67.61; H, 3.86; N, 13.21.

Rearrangement of 7 to 2. The 1-oxide 7 (4.2 g, 0.02 mol) was 
added portionwise to 25 ml of Ac20  and the mixture was heated 
under reflux for 3 hr. At the end of 2.5 hr an aliquot was removed, 
poured into water, made alkaline (NaHC03), and extracted with 
CHCI3. The CHCI3 was removed and the residue was examined in 
the ir, showing carbonyl bands at 5.75 and 6.0 p. Heating of the 
main batch was discontinued after 3 hr and the excess Ac20  was 
removed in vacuo. To the residue 25 ml of concentrated HC1 was 
added and the mixture was allowed to reflux overnight. A white 
precipitate formed on pouring the mixture into ice water, which 
was filtered and recrystallized from EtOH, yield 3.3 g (78%), mp 
228-230°. An additional crystallization from EtOH brought the 
melting point to 230-231°. This product was identical (TLC, mix
ture melting point, ir, NMR) with the material previously isolated.

3-(2-Chloro-3-pyridyl)-l,2-benzisoxazole (8). A mixture of 
8.4 g (0.043 mol) of 2 and 12 g of phenylphosphoric dichloride was 
heated at 180° for 2.5 hr, poured into water, and warmed on the 
steam bath to dissolve the tar-like material. After cooling, the solu
tion was basified (NH4OH) and extracted with CHC13. The CHC13 
extracts were washed with water and concentrated to a residue 
which was recrystallized from hexane, yield 6 g (66%), mp 92-93°.

Anal. Calcd for C12H7C1N20: C, 62.48; H, 3.06; N, 12.15. Found: 
C, 62.60; H, 3.14; N, 12.31.

This same product was obtained in comparable yield from 2 by 
refluxing with a large excess of phosphorus oxychloride for 3 hr.

3-(l-Methyl-2-l JJ-pyridinon-3-yl)-l,2-benzisoxazole (9). To 
a solution of 2.5 g of 2 dissolved in 200 ml of 2 N  NaOH was added 
5 ml of dimethyl sulfate and the mixture was stirred for 3 hr at 
room temperature. A heavy white precipitate formed which was 
filtered and recrystallized from EtOAc-hexane to give 2.0 g of 
product, mp 146-147°.

Anal. Calcd for Ci3H10N2O2: C, 69.01: H, 4.46; N, 12.38. Found: 
C, 69.22; H, 4.37; N, 12.52.

3-(o-Hydroxybenzoyl)-2-pyridone (10). 1 -Azaxanthone (19.7,
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0.1 mol), 50 g of KOH, and 300 ml of EtOH was heated under re
flux for 2 hr and poured into water. The clear solution was acidi
fied (HOAc), cooled, and filtered, and the precipitate was washed 
with water and recrystallized from EtOH, mp 236-238°, yield 16.3 
g (76%).

Anal. Calcd for Cx2H9N03: C, 66.97; H, 4.22; N, 6.51. Found:, 
67.27; H, 4.26; N, 6.72.

3- o-Hydroxyphenyl(2- 1 H-pyridinon-3-yl) Ketoxime (3). A 
so lu tio n  o f  21 .5 g  (0 .1  m o l) o f  k e to n e  10, 10.4 g  (0 .15  mol) of 
H0NH2-HC1, and 36 g of KOH in 200 ml of EtOH was refluxed for 
2 hr, poured into 250 ml of H2O, and acidified (HOAc). The pre
cipitated product was recrystallized from EtOH, mp 257-258°.

This same product was obtained from 10 (0.1 mol) by refluxing 
with 0.15 mol of HONH2-HCl in 200 ml of pyridine and 100 ml of 
EtOH.

4- Azaxanthone 5-Oxime. One gram of 4-azaxanthone, 0.5 g of 
HONH2-HC1, 20 ml of pyridine, and 40 ml of EtOH were refluxed 
on the steam bath for 6 hr. The excess solvents were removed in 
vacuo and ice water was added. The product was filtered, washed 
with H20, and recrystallized from dilute EtOH, yield 0.8 g, mp 
152-154°.

Anal. Calcd for C12H8N2O2: C, 67.92; H, 3.80; N, 13.20. Found: 
C, 68.30; H, 3.78; N, 13.47.

2-Azaxanthone 5-Oxime. This compound was prepared by 
same method as above, yield 0.6 g, mp 259-260°.

Anal. Calcd for C12H8N2O2: C, 67.92; H, 3.80; N, 13.20. Found: 
67.88; H, 3.66; N, 13.21.
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Thioxanthen-9-ol 10-oxides react with 96% sulfuric acid to produce, after quenching, thioxanthone (85%) as the 
major product. The mechanism, studied by NMR, absorption, and fluorescence spectroscopy, involves the loss of 
H30 + from sulfinyl-O-protonated thioxanthen-9-ol 10-oxide. Minor components arise via a hydride transfer from 
starting material to O-protonated thioxanthone. Based upon isotope exchange studies, a thiaanthracene analog of 
thioxanthenol sulfoxide is considered an unlikely intermediate in this dehydration.

The course of the reaction of derivatives of thioxanthene
(I) with acids depends upon the nature of both the deriva
tive and the acid. For example, 1 and its 9-alkyl and 9,9- 
dialkyl derivatives react with “ magic acid” to produce the 
corresponding S-protonated thioxanthene derivatives (and 
n ot thiaanthracenes).2 Sulfuric acid converts 9,9-dialk- 
ylthioxanthenes in to  th e  corresponding radical ca tion s .3 On 
the other hand, 1, thioxanthenol (2), and thioxanthene 
sulfoxide (3) react with concentrated sulfuric acid to pro
duce the thioxanthylium cation (4).4 In contradistinction, 
trifluoroacetic acid converts 2, but not 3, into 4.5

As part of our continuing study of the chemistry of the 
thioxanthene ring system and of the reactions of organosul- 
fur compounds in acidic media,6 we now present an account 
of the behavior of the isomeric thioxanthenol sulfoxides
(5)7 and related compounds in concentrated (96%) sulfuric 
acid.8

Results
cis- or tra n s -thioxanthenol sulfoxide (5) reacts with con

centrated sulfuric acid (or its deuterated analog) to pro
duce, after 1 hr, a solution whose NMR spectrum is similar 
to, but not identical with, that of thioxanthone (6) in the 
same medium.9 A salient difference is the presence, in solu
tions of 5, of a highly structured group of absorptions in the 
aryl region and a sharp singlet at S 9.98. Both of these fea
tures are characteristic of solutions of the thioxanthylium
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5

cation, 4, in concentrated sulfuric acid.10 These NMR re
sults suggest, therefore, that the major species present in a 
solution of c is -  or tra n s-5 in 96% sulfuric acid are 4 and 0- 
protonated thioxanthone, 7 (eq 1). The relative integrated

0

0  0 ,
8 9

intensity of the singlet at & 9.98 compared to the integrated 
intensity of the aryl protons (1:18) implies that the concen
tration of 4 is slightly less than the concentration of 7 in 
these solutions.

To test this view, a solution of a mixture of 1 and 6 in 
96% sulfuric acid also was examined. (Such a solution is ex
pected to produce a mixture of 4 and 7.) The NMR spec
trum of an approximately equimolar mixture of 1 and 6 in 
96% sulfuric acid is different from that of either pure 1 or 
pure 6 in 96% sulfuric acid but is very similar to that of cis- 
or tra n s -5 in this medium. This, therefore, supports our 
contention.

The presence of 4 and 7 in solutions of 5 in 96% sulfuric 
acid is further supported by ultraviolet spectral data. A so
lution of both 1 and 6 in 96% sulfuric acid (0.25 X 10~5 and 
0.5 X 10-5 M , respectively) exhibits an ultraviolet spec
trum which, after 24 hr, is almost indistinguishable from 
that of a solution of 6 in 96% sulfuric acid and also is very 
similar to a 24 hr old solution of 5 in sulfuric acid. At con
centrations of 0.75 X 10-5 M , cis- and tra n s -5 react with 
96% sulfuric acid to produce solutions with a weak, broad 
absorption band (219-223 nm) which disappears with 
time.11 In addition to this change, weak bands at 242 and 
349 nm, and a strong band at 275 nm, appear with time. 
(The electronic absorption spectrum appears to be nearly 
constant after 3 hr.) Using a 5 X 10~5 M  solution, three 
bands appear in the visible region with time (381, 448, and 
469 nm). All of these are ascribable to either 4 or 7. The 
changes in the ultraviolet spectrum of 5 pass through an 
isosbestic point at 236 nm.

The fluorescence excitation spectrum of either cis- or 
tra n s -5 (0.75 X 10“ s M )  in 96% sulfuric acid initially has 
peaks corresponding to the absorption spectrum (275, 350, 
380, 450, and 470 nm). The peaks grow with time but even
tually reach maximum intensities. The fluorescence emis
sion spectrum also changed with time and appeared even
tually to correspond closely to that of 7 obtained from solu
tions of 6 in 96% sulfuric acid.

Quenching a solution of either cis- or tra n s -5 in 96% sul
furic acid with water produces about 85% 6 and lesser 
amounts of 1 and thioxanthone sulfoxide (8) (eq 2). In ad
dition, tra ce  amounts of what appeared to be thioxanthone 
sulfone (9) also were detected (TLC).

Dilution, with water, of a 10% solution of 1 in 96% sulfu
ric acid, which was 24 hr old, produces a mixture of 1, 6, 
and three tra ce  components (eq 3). One of these was iden-

tified (TLC) as 8. As already noted,9 6 is recovered quanti
tatively from solutions of 6 in 96% sulfuric acid.

Because they were detected as minor products of the 
reaction of water with solutions of 5 in 96% sulfuric acid, 
the behavior of 8 and 9 in 96% sulfuric acid also was exam
ined. Dilution, with water, of a 10% (w/v) solution of 8 in 
96% sulfuric acid which had been stored for 15 min at 25° 
produces a very large quantity of starting material along 
with a small amount of 6. A third, trace component was 
identified (TLC) as 9. The NMR spectrum of 8 in 96% sul
furic acid, taken immediately after preparation of the solu
tion, is not unlike that of 8 in deuteriochloroform or in deu- 
teriochloroform containing 10% of 96% sulfuric acid. Thus, 
a 10% (w/v) solution of 8 in 96% sulfuric acid exhibits two 
structured multiplets at 5 7.9-8.4 and 8.4-8.8 (external 
Me4 Si). In deuteriochloroform 8 exhibits the corresponding 
multiplets at 5 7.6-8.1 and 8.1-8.5 (internal Me4 Si).

A solution of 8 (2.5 X 10-5 M )  in 96% sulfuric acid exhib
its an initially strong absorption at 246 nm, a weak absorp
tion at 274 nm, and a very broad band at 320 nm. The spec
trum changes slowly with time—the peak at 246 nm dimin
ishes slightly, the absorption at 320 nm increases slightly, 
and the maximum at 274 nm increases greatly. Absorptions 
at 445 and 469 nm appear in the visible region with the 
passage of time, using solutions of 5 X 10-5 M .

Dilution, with water, of a 5% (w/v) solution of 9 in 96% 
sulfuric acid which was 24 hr old produces essentially pure 
(TLC) starting material. A solution of 9 (0.5 X 10-5 M ) in 
96% sulfuric acid possesses an absorption spectrum with 
broad bands at 268 and 305 nm. Electronic absorption 
spectra of such solutions are time-invariant.

Discussion
The data presented above indicate that either cis - or 

trans-thioxanthenol sulfoxide (5) is dehydrated by 96% 
sulfuric acid to produce, after dilution with water, thioxan
thone (6) along with lesser amount of thioxanthene (1), 
thioxanthone sulfoxide (8), and tra ces  of thioxanthone sul
fone (9).12 Both absorption and fluorescence spectra and 
the NMR data indicate that the major species present in 
solutions of 5 in 96% sulfuric acid are O-protonated thiox
anthone (7) and the thioxanthylium ion (4). The isomers of 
5 may be viewed as hydrates of 6 and their dehydration in 
sulfuric acid is not, therefore, unexpected.13 However, the
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formation of 1  and 8  is somewhat surprising and suggests a 
process which has a competing redox component.

The sequence presented below (eq 4-6) accounts for the

H ^ /O H

Û O
^  y  ^

0 OH

kU

( p i hJ Ü )  :

3H
H+

-h 2o

0 +OH,

(4)

H x / O H ^  "S 
I@0 © 151

1
0

5

2 +  H+

formation of the major species (i.e., 4 and 7) observed in so
lutions of 5 in sulfuric acid and, when considered in light of 
eq 7, accounts for the major product isolated when these 
solutions are quenched with water. While this scheme re
quires the presence of O-protonated thioxanthone sulfox
ide (10) in solutions of 5 in 96% sulfuric acid, the spectral 
properties of 4 and 7, when coupled with the large quantity 
of these present, make it difficult to establish unequivocal
ly that a small quantity of 1 0  is present in these solutions.

The 6  which is formed upon addition of water to these 
solutions has at least two origins. First, there is the depro
tonation of 7 (eq 4) with water. Second, 4 reacts with water 
to produce 2 , which is known to disproportionate under a 
variety of conditions, 1 4  including the presence of acid,4 to 
yield 1 and 6 . The disproportionation of 4 (eq 7) also ac-

same species also is presumed to be formed during the 
base-catalyzed dehydration of 5. 1 3  One might, as an exten
sion of this idea, suggest that thioxanthenol sulfoxides are 
isomeric tautomers of the corresponding hydroquinone, 1 1 . 
Thus far we have not been able to detect 11 in solutions of 
either isomer of 5 in a variety of organic solvents or in the 
solid state. 5 ’7 The NMR spectra of solutions of 5 in solvents 
such as CCI4 , CS2 , CDCI3 , and C6D6 display characteristics 
of a secondary diarylcarbinol (a methine proton and, where 
detectable, an O-H resonance). One might, however, 
suggest that in a strongly acidic medium 5 could be proton- 
ated at the sulfinyl oxygen6 and, by deprotonation at C-9, 
convert to 1 1  (eq 8 ).

H+

Our observation that the NMR spectrum of 5 in D2S0 4 

exhibits the C-9 H resonance characteristic of the thioxan- 
thylium ion (4) suggests that 11 is n o t  in rapid equilibrium 
with 5 in this medium. Had the equilibrium depicted in eq 
8  been established rapidly, the 4 produced in the reaction 
of 5 with deuterated sulfuric acid should have lacked a pro
ton at C-9.

To the extent that 11 can be precluded in this equilibri
um, it seems reasonable that 1 1  does not serve as a signifi
cant precursor to 7 in sulfuric acid even though one can 
construct a pathway for converting 11 to 7 (eq 9 ). This is

-Ĥ o

H 11
VJ1 1

( Ü O Ô )  +  h 2o  —

counts for the formation of 1  upon addition of water to so
lutions of 5 in sulfuric acid.

A hydride transfer between 5 and 7, similar to that be
tween 4 and 2,4 leads to 10 (eq 5) and deprotonation of 10 
by water affords 8 . The production of traces (<1%) of 9 is 
more difficult to explain and we are not yet able to set out 
reliably the way in which it was formed in these systems.

One may view thioxanthone sulfoxide as a thiaquinone, 
i.e., as a sulfur analog of anthraquinone. 1 5  This idea is sup
ported by the formation1 6  of the radical anion of 8 . This

( 9 )

consistent with the view that compounds such as 1 1  should 
not be viewed as aromatic (i.e., highly stabilized) sulfur an
alogs of anthracene. 17

Experimental Section
Syntheses. All of the compounds employed in this study have 

already been described.4-5’7
Electronic Spectra.19 The various compounds were dissolved 

in 95% ethanol and diluted to an appropriate concentration. An al
iquot was pipetted into a volumetric flask and evaporated to dry
ness to leave a film of substance on the surface of the flask. Sulfu
ric acid was added to the mark and the solutions were transferred 
to 1-cm, ground-glass stoppered cells. Absorption spectra were re
corded on a Beckman Model DK-2A or a Cary Model 15; fluores
cence spectra were recorded on an Aminco-Bowman spectrofluo- 
rometer.

Nuclear Magnetic Resonance Spectra. Solutions were pre
pared by dissolving the sample directly in the solvent in the NMR
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tube. Spectra were recorded (Varian Models A-60, T-60, and Ha- 
100) within 5 min of the preparation of the solution unless other
wise indicated.

Thin Layer Chromatography. Thin layer chromatographies 
were performed employing glass plates coated with 0.25 mm of 
Kieselgel (A. H. Thomas Co.). Elution was accomplished with ben
zene, chloroform, ethyl acetate, and chloroform-ethyl acetate (5:1) 
mixtures. Substances were identified by comparing their R f  values 
with those of authentic compounds on the same chromatogram. 
Visualization was achieved using both ultraviolet light and iodine 
vapor.

In a typical experiment, 80-100 mg of a substance was dissolved 
in 0.3 ml of sulfuric acid and, after 5 min, the resulting solution 
was diluted with water. The resultant solid was removed by filtra
tion and dissolved in chloroform, and the solution was analyzed by 
TLC as described above. An alternate work-up procedure, involv
ing extraction of the aqueous phase with methylene chloride, pro
duced identical results.

Reaction of Thioxanthenol Sulfoxide (5) with 96% Sulfuric 
Acid. Product Study. A 10% solution of 5 in 96% sulfuric acid was 
maintained at 26° for 7 days. The solution was diluted with water 
and the resulting solid was removed by filtration. A solution of this 
solid in methylene chloride was analyzed by TLC as described 
above, using several eluents including ethyl acetate. The major 
component was found to be thioxanthone (6 ), with other spots 
being ascribed to 1,5, and 8. A v e ry  weak spot had an R f  value 
similar to that of 9 and is assigned to 9. Several different reactions 
afforded 80-85% 6 after recrystallization from ethanol.

Reaction of cis-5 with 96% Sulfuric Acid. NMR Analysis. A 
small amount of c is -5  was added to frozen sulfuric acid in an NMR 
tube. The sample was placed in the probe and spectra were ob
tained periodically. Initially, the solution contained an aryl multi- 
plet extending from 8 7.66 to 8.49 and a singlet at 8 6 .88. After 1 hr, 
the structure of the multiplet had altered and its position “shift
ed” to 8 7.84-9.02. This was accompanied by the disappearance of 
the singlet at 8 6.88 and the appearance of a singlet at 8 9.98. The 
singlet at 8 6.88  is ascribed to C-9 H of the starting material while 
the singlet at 8 9.98 is ascribed to C-9 H of 4.
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Synthesis and Rearrangement of Glycidic Thiol Esters. 
Migratory Aptitudes1
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The boron trifluoride etherate induced rearrangement of glycidic thiol esters has been studied. Migration of an 
a  substituent occurs in those cases where at least one phenyl or two methyl groups are attached to the 0  position 
of the thiolglycidate allowing for stabilization of positive charge at the 0  position when the epoxide ring is opened 
by the Lewis acid. 3-Phenylthiolglycidates (4a and 4c) undergo rearrangement with thiol ester group migration in 
preference to migration of the «-hydrogen atom to give the corresponding /3-oxo thiol esters (5a and 5c), respec
tively. However, the «-phenyl group migrates in preference to the thiol ester function in the rearrangement of S - 
phenyl 3,3-dimethyl-2-phenylthiolglycidate (4d) to give thiolpyruvate (14) as the major product. In one example 
involving the rearrangement of S-phenyl 2-phenylthiolglycidate (4e) to form /3-oxo thiol ester (2a), a 0  hydrogen 
serves as the migrating group. The rearrangement of 4e also gives a smaller amount of /3-lactone 16, formed in a 
novel ring expansion reaction involving the shift of the phenylthio group to the a  position.

Intramolecular Wagner-Meerwein rearrangement pro
cesses involving a 1 , 2  migration to an electron-deficient 
center have been studied extensively. It is well known that 
aryl groups, alkyl groups, and hydrogen atoms may serve as 
migrating groups in this reaction. More recently a large va
riety of electron-withdrawing substituents have been ob
served to function as migrating groups, including ketone,2 

ester,3 amide,4  amidate,5  nitrile,® phosphonate ester, 7 phos- 
phinyl,8 sulfoxide,9 sulfone,9 nitro, 10  and halogen groups. 1 1  

In this connection the rearrangement of epoxides substitut
ed with electron-withdrawing groups has received the 
greatest attention. We have been interested in the synthe
sis and chemistry of glycidic thiol esters (1). These com
pounds undergo boron trifluoride induced rearrangement 
with thiol ester group migration to give the enol tautomer 
(2) of the corresponding /3-oxo thiol ester. 1 2  This is the first 
reported example of migration of the thiol ester function 
during a nonenzymatic rearrangement process. 13

0
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We wish to report here on the migratory aptitude of the 
thiol ester group relative to other groups such as methyl, 
phenyl, hydrogen, and carbethoxy. Similar studies on the 
migratory aptitude of ketone2 *3 and carbethoxy groups3® in 
related epoxide rearrangement processes have been re
ported. Also with the recent development of a high-yield 
procedure for the preparation of thiolglycidates, 1 4  the 
BF3-induced rearrangement of glycidic thiol esters pro
vides a convenient synthetic route to /3-oxo thiol esters and 
also certain a-keto thiol esters. Despite the importance of 
these functional groups in biological systems, relatively few 
methods have been found for their preparation. 1 5 ’ 16

Results and Discussion
Initially we synthesized glycidic thiol esters from the cor

responding salts using thionyl chloride or oxalyl chloride 
Schotten-Baumann procedures. The oxalyl chloride meth
od that we used is similar to that developed by Speziale 
and Frazier1 7  for the synthesis of glycidamides. Thus, for 
example, glycidic thiol esters 4a and 4b were prepared by 
allowing glycidate salts 3a and 3b to react with oxalyl chlo
ride in benzene followed by treatment with benzenethiol

and pyridine in ether solvent. Glycidic thiol ester 4c was 
prepared by treatment of 3c with S-phenyl thiolchlorocar- 
bonate in tetrahydrofuran at 0 °.
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a, Ri — C,:] I ; R_ — CH3; R3 — H
b , R1 =  C6H5;R 2 = CH3;R 3 =  CH3

c, R  = C6H5; R, = C6H5; R3 = H

All of the BF3 -induced rearrangements of glycidic thiol 
esters that we have studied were found to proceed rapidly 
(within 30 min or less) when the glycidic thiol esters (4) 
were treated with excess boron trifluoride etherate (4 
equiv) in ether solvent at room temperature. These condi
tions were used by House2 in the rearrangement of a ,0 -  
epoxy ketones, although stronger conditions were needed 
in some cases. Somewhat more severe conditions involving 
BF3 gas in benzene solvent were used by Kagan and 
Singh3® in the rearrangement of glycidic (oxygen) esters. 
The rearrangement products obtained in our study were 
isolated in high yield by evaporation of the ether solvent 
followed by direct column chromatography on silica gel.

The BF3-induced rearrangement of S-phenyl 3-methyl- 
3-phenylthiolglycidate (4a) gave S-phenyl 2-methyl-2-phe- 
nyl-3-oxopropanethioate (5a) as the major product (87%). 
In a similar way thiolglycidate 4b gave /3-keto thiol ester 5b 
in 91% yield. The structure of the rearrangement products, 
5a and 5b, were established on the basis of spectral data 
and by conversion to the corresponding 2-pyrazoline-5- 
ones, 6 a and 6 b, by treatment with hydrazine hydrate in 
ethanol. The formation of 5a from 4a may be explained by 
assuming initial opening of the epoxide ring by the Lewis 
acid followed by 1 , 2  migration of the thiol ester function 
from the a  to the electron-deficient 0  carbon atom. 18  We 
have reported earlier that la and lb  undergo rearrange
ment to give 2 a and 2 b involving migration of the thiol 
ester function. 1 2  These results together with the results 
presented here suggest that the S-phenyl thiol ester func
tion has higher migratory aptitude than methyl or hydro-
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gen in the BF3 -induced rearrangement of glycidic thiol es
ters. A similar preference for carbonyl group migration has 
been observed in the rearrangement of chalcone epoxides.2b 
In the case of glycidic esters the carbethoxy group migrates 
in preference to methyl in the BF3 -induced rearrangement 
of ethyl 2-methyl-3-phenylglycidate.3 a ’ 1 9

Interestingly the rearrangement of ethyl 3-phenylgly- 
cidate (7) has been reported to give ethyl 3-phenylpyruvate
(8 ) involving apparent migration of the a  hydrogen.3® In 
this connection we have examined the rearrangement of S- 
ethyl 3-phenylthiolgIycidate (9). Rearrangement of 9 gave 
primarily the enol tautomer of S- ethyl 2-phenyl-3-oxopro- 
panethioate (10). It is probable that the thiol ester group 
migrates in the conversion of 9 to 10 in view of the fact that 
we have already shown with a 14C labeling study12b that the 
thiol ester group and not the /3-phenyl group migrates in 
the corresponding conversion of S -phenyl ester la to 2a. In 
any case, when these results are compared to those ob
tained by Kagan and Singh3® they suggest that the pres
ence of the sulfur atom has a major influence on the migra
tory aptitude of the thiol ester function in this system.

0
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^ / GOCsH 6 e therate

y-\
O ft  H

7 
0

^ O ^  ^ C S C 2H 5 etherate

/ ( — C\
c ,f t  H

9

00
llll

c6h ,ch 2ccoc2h5

8

Furthermore, these results support the conclusion that 
the thiol ester group has higher migratory aptitude than 
the normal (oxygen) ester in these rearrangement reac
tions. In agreement with this interpretation we find that
S -phenyl 3,3-diphenylthiolglycidate (4c) underwent BF3- 
induced rearrangement with thiol ester group migration to 
give S - phenyl 2,2-diphenyl-3-oxopropanethioate (5c) in 
85% yield. In contrast, ethyl 3,3-diphenylglycidate rearran
ges in the presence of HC1 at 200° to give ethyl diphenylpy- 
ruvate involving migration of a hydrogen atom. 20 The 
structure of 5c was established by deformylation using the 
method of House2® to give S- phenyl diphenylethanethioate 
( 1 2 ). 1 2  was synthesized independently from sodium di- 
phenylacetate (13) and S'-phenyl thiolchlorocarbonate.

0 0 0
II II II

5c —-  (C6H5),CHCSC6H5 (CKH6)oCHCONa +  C1CSC6H5

12 13

Also in this connection we have examined the rearrange
ment of S-phenyl 3,3-dimethyl-2-phenylthioglycidate (4d). 
Two products, thiolpyruvate 14 (80% yield) and /3-keto 
thiol ester 5d (10% yield), were obtained. The structure of 
14 was established by independent synthesis involving 
treatment of sodium 3,3-dimethyl-3-phenylpyruvate (15) 
with S -phenyl thiolchlorocarbonate in THF at 0°. The 
BF3 -induced rearrangement of 4d to 5d would appear to in
volve migration of the thiol ester function. This is notewor

thy3*1 in view of the fact that it is the first reported case 
where a carbonyl group has been found to compete with 
phenyl as the migrating group in the rearrangement of 
a,/3-epoxy carbonyl systems. In contrast only the phenyl 
group has been observed to migrate in the BF3 -induced 
rearrangement of ethyl 2-phenyl-3,3-dimethylglycidate.3® 
The major product obtained from the rearrangement of 4d 
is thiolpyruvate 14, which would result from migration of 
the «-phenyl. This suggests that the «-phenyl group has 
higher migratory aptitude than the thiol ester function in 
the rearrangement of «-phenyl glycidic thiol esters.
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In summary, in the BF3 -induced rearrangement of S- 
phenyl glycidic thiol esters involving shifts from the a  posi
tion to the electron-deficient /3 carbon atom, the relative 
migratory aptitudes would be as follows: phenyl > S - phe
nyl thiol ester > methyl or hydrogen. A similar order has 
been found for the benzoyl group in the rearrangement of 
chalcone epoxides2b and for the carbethoxy group in the 
rearrangement of glycidic esters.3® We have also obtained 
results that suggest that the thiol ester group has higher 
migratory aptitude than the carbethoxy group in these 
rearrangement reactions.

House20 has shown that the BF3-induced rearrangement 
of 2,3-epoxy-2-phenylpropiophenone leads to initial gener
ation of positive charge at the a  position owing to reso
nance stabilization by the «-phenyl substituent. One of the 
/3 hydrogen atoms then migrates to the a  position (or alter
natively the hydrogen is lost as a proton) to give after 
work-up with phenylhydrazine the corresponding pyrazole 
derivative of a-formyldeoxybenzoin. In a similar manner 
ethyl 2 -phenylglycidate is converted into ethyl 2 -phenyl- 
3-oxopropanoate, although in low yield.3® We have found 
that the rearrangement of S-phenyl 2-phenylthiolglycidate 
(4e) provides a similar rearrangement product, 2a, in 55% 
yield. We also isolated from this rearrangement reaction 
/3-lactone 16 in about 20% yield. The structure assignment

O 9/ V I I
CH-CCSCTT

C6H5

4e

b f 3
etherate

2 a + O - /

-SGfl,

c6h5
16

for 16 is based on elemental analysis and spectral data. The 
ir spectrum shows a /3-lactone carbonyl at 1815 cm- 1  while 
the NMR spectrum shows an AB quartet at S 4.47 and 4.61 
(Jab = 5.5 Hz). In the mass spectrum the molecular ion oc
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curs at m/e 256 while the base peak is at m/e 212 (M-+ — 
CO2). We would rationalize the formation of 16 by initial 
attachment of the BF3 catalyst to the thiol ester carbonyl 
oxygen atom followed by intramolecular coordination of 
the electrophilic carbonyl carbon with the epoxide oxygen 
atom resulting in opening of the epoxide ring and forma
tion of the four-membered ring. A 1,2 shift of the phenyl - 
thio group to the a-carbon position would generate /f-lac- 
tone 16. Migration of the phenylthio group and formation 
of the four-membered ring may occur simultaneously. The 
conversion of 4e to 16 represents a novel ring expansion 
reaction not previously observed in the Lewis acid induced 
rearrangement of other a,/3-epoxy carbonyl systems.

Experimental Section
Infrared spectra were recorded on a Perkin-Elmer Model 457 

spectrometer. Nuclear magnetic resonance spectra were recorded 
on a Varían Associates Model A-60A spectrometer using tetra- 
methylsilane (Me4Si) as an internal standard except where other
wise noted. Mass spectral analysis was performed on a Varían 
MAT CH-5 instrument. THF was dried over sodium metal-an
thracene complex and distilled prior to use. Benzene was dried 
over sodium metal while ether was dried over LÍAIH4. Both were 
distilled prior to use. The petroleum ether had a boiling point 
range of 60-110°. The silica gel used for column chromatography 
was Baker reagent grade (60-200 mesh). Merck silica gel GF-254 
was used for preparative thin layer chromatography. Melting 
points and boiling points are uncorrected. The elemental analyses 
were performed by M-H-W Laboratories, Garden City, Mich. S- 
Phenyl thiolchlorocarbonate was purchased from Columbia Organ
ic Chemicals Co.

Sodium 2,3-dimethyl-3-phenylglycidate (3b), believed to be 
the trans (E ) isomer, was obtained from a mixture of sodium (El
and (Z)-2,3-dimethyl-3-phenylglycidate21 by fractional crystalliza
tion from ethanol and water as colorless plates: mp 314-316° dec; 
NMR (D2O, Me4Si external standard) 8 7.30 (s, 5 H), 1.53 (s, 3 H),
1.10 (s, 3 H).

•S-Phenyl 3-Methyl-3-phenylthiolglycidate (4a). Sodium 3- 
methyl-3-phenylglycidate (3a,22 2.25 g, 0.011 mol) was suspended 
in anhydrous benzene (25 ml) under nitrogen at 0°. This was treat
ed with pyridine (3-5 drops) followed by the dropwise addition 
over a period of 1  hr of freshly distilled oxalyl chloride (2.2 2  g, 
0.0175 mol) in benzene (5 ml). The reaction mixture was stirred at 
0° for 30 min and the benzene was removed by evaporation under 
reduced pressure maintaining the temperature below 15°. Fresh 
benzene (20 ml) and pyridine (3-5 drops) were added and then 
evaporated under reduced pressure. Anhydrous ether was added to 
the residue and the temperature was lowered to —40 to —50°. Ben- 
zenethiol (1.00 g, 0.0091 mol) in ether (5 ml) and pyridine (0.92 g, 
0.012 mol) in ether (5 ml) were added dropwise separately and si
multaneously over a period of 20 min. The reaction mixture was 
stirred at —40 to —50° for an additional 2 hr and then warmed to 
room temperature before water (25 ml) was added. The ether layer 
was separated and the water was reextracted with ether (25 ml). 
The combined ether extracts were dried (Na2S04) and concentrat
ed and the crude product was subjected to column chromatogra
phy on silica gel eluting with petroleum ether followed by benzene- 
petroleum ether, which upon evaporation gave what is believed to 
be the trans (E )  isomer of 4a (1.16 g, 4.3 mmol, 38%). Recrystalli
zation (n- hexane and benzene) gave colorless needles: mp 68-69°; 
NMR (CCL) 5 7.33 (s) and 7.27 (s) (10 H), 3.48 (s, 1 H), 1.83 (s, 3 
H); ir (KBr) 1690 cm- 1  (broad).

Anal. Caled for Ci6H140 2S: C, 71.08; H, 5.22; S, 11.86. Found: C, 
71.33; H, 5.14; S, 11.69.

S-Phenyl 2,3-dimethyl-3-phenylthiolglycidate (4b), believed 
to be the trans (E ) isomer, was obtained using a similar procedure 
from sodium 2,3-dimethyl-3-phenylglycidate (3b), oxalyl chloride, 
benzenethiol, and pyridine in 17% yield. Recrystallization (n - hex
ane and benzene) gave colorless needles: mp 61-62°; NMR (CCI4) 8 

7.33 (s) and 7.26 (s) (10 H), 1.78 (s, 3 H), 1.18 (s, 3 H); ir (KBr) 
1690 cm“ 1 (broad).

Anal. Caled for Ci7H160 2S: C, 71.80; H, 5.67; S, 11.28. Found: C, 
71.66; H, 5.40; S, 11.13.

S-Phenyl 2-phenylthiolglycidate (4e) was obtained using a 
similar procedure from sodium 2 -phenylglycidate,23 oxalyl chlo
ride, benzenethiol, and pyridine in 35% yield. Recrystallization 
(n-hexane and benzene) gave colorless plates: mp 55.5-57°; NMR

(CCI4) 8 7.42 (s) superimposed on a multiplet 7.80-7.20 (10 H), 
3.35 (d, 1 H, J  = 6.5 Hz), 2.97 (d, 1 H, J  =  6.5 Hz); ir (KBr) 1690 
cm“ 1 (broad).

Anal. Calcd for Ci5H120 2S: 70.29; H, 4.72; S, 12.51. Found: C, 
70.11; H, 4.84; S, 12.32.

S-Phenyl 3,3-Diphenylthiolglycidate (4c). Sodium 3,3-di- 
phenylglycidate (3c,20 2.62 g, 0.010 mol) was suspended in dry 
THF (30 ml) under nitrogen atmosphere at 0°. It was treated with 
pyridine (3-5 drops) followed by the dropwise addition over a peri
od of 30 min of S-phenyl thiolchlorocarbonate (1.72 g, 0.010 mol) 
in dry THF (5-10 ml). The reaction mixture was stirred for 30 min 
at 0° and then at room temperature for an additional 60 min be
fore it was poured into cold water (200 ml) and ether (200 ml). The 
ether layer was separated and the water layer was extracted again 
with ether (100 ml). The combined ether extracts were dried 
(Na2S0 4 ) and concentrated to give an oil which was subjected to 
column chromatography on silica gel eluting with petroleum ether 
followed by benzene-petroleum ether (1 :1 ) to collect the product 
(2.4 g, 0.0072 mol, 72%). Recrystallization (n-hexane and benzene) 
gave pure 4c as colorless plates: mp 93-95°; NMR (CCLj) 8 7.22 (s) 
superimposed on multiplet 7.60-6.70 (15 H), 3.90 (s, 1 H); ir (KBr) 
1675 cm“ 1.

Anal. Calcd for C2iHI60 2S: C, 75.87; H, 4.85; S, 9.65. Found: C, 
75.67; H, 4.58; S, 9.51.

S-Phenyl 2-phenyl-3,3-dimethylthiolglycidate (4d) was ob
tained in a similar manner from sodium 2-phenyl-3,3-dimethylgly- 
cidate21 and S-phenyl thiolchlorocarbonate in 72% yield. Recrys
tallization (n-hexane and benzene) gave colorless needles: mp 66-  
67°; NMR (CDC13) 8 7.28 (s) superimposed on multiplet at 7.65-
7.10 (10 H), 1.62 (s, 3 H), 1.07 (s, 3 H); ir (KBr) 1700 cm“ 1 (broad).

Anal. Calcd for Ci7HI60 2S: C, 71.80; H, 5.67; H, 11.28. Found: C, 
72.01; H, 5.65; S, 11.11.

Rearrangement of 4a. Boron trifluoride etherate (0.55 ml, 4.4 
mmol) was added to 4a (0.298 g, 1.1 mmol) in dry ether (15 ml) 
under nitrogen atmosphere and the reaction was stirred at room 
temperature for 30 min before concentrating under reduced pres
sure. The residual oil was subjected to column chromatography on 
silica gel eluting with benzene. Concentration of the benzene el
uent containing the product gave S-phenyl 2-methyl-2-phenyl-3- 
oxopropanethioate (5a) as a faint yellow oil (0.260 g, 0.96 mmol, 
87%): NMR (CC14) 8 10.00 (s, 1 H), 7.42 (s) and 7.25 (s) (10 H), 1.83 
(s, 3 H); ir (thin film) 1725, 1685 cm“ 1.

The product (0.260 g, 0.96 mmol) in ethanol (3 ml) was treated 
with hydrazine hydrate (0.20 g, 4.0 mmol) and the solution was re
fluxed for 20 min and then allowed to stand at room temperature. 
Crystals began to form after approximately 1 day. After 3 days the 
crystalline derivative was washed with warm hexane (to remove di
phenyl disulfide) and recrystallized from ethanol and water to give
4-methyl-4-phenyl-2-pyrazolin-5-one (6a), mp 101-102° (lit. mp
99-101° ,24 107-110° 25).

Anal. Calcd for C i o H i o N 2 0 :  C, 68.95; H, 5.79; N, 16.08. Found: 
C, 69.20; H, 5.61; N, 15.89.

Rearrangement of 4b. Using the same general procedure 4b 
was converted to S-phenyl 2-methyl-2-phenyl-3-oxobutanethioate 
(5b), which was obtained as a faint yellow oil in 91% yield. 5b crys
tallized after trituration with ether. Recrystallization from n-hex
ane gave pure 5b: mp 65-66°; NMR (CCI4) 5 7.32 (s) and 7.28 (s) 
(10 H), 2.07 (s, 3 H), and 1.85 (s, 3 H); ir (thin film) 1715, 1685 
cm“ 1.

Anal. Calcd for C17His02S: C, 71.80; H, 5.67; S, 11.28. Found: C, 
71.73; H, 5.78; S, 11.22.

5b was converted to 3,4-dimethyl-4-phenyl-2-pyrazolin-5-one 
(6b) on treatment with hydrazine hydrate in ethanol. Recrystalli
zation from ethanol and water gave colorless plates, mp 156-158° 
(reported26 mp 158-159°). The mixture melting point with an au
thentic sample (mp 156-158°) prepared from hydrazine hydrate 
and ethyl 2-methyl-2-phenyl-3-oxobutanoate3“ in ethanol was not 
depressed.

Anal. Calcd for CnH12N20: C, 70.19; H, 6.43; N, 14.88. Found: 
C, 69.99; H, 6 .6 6 ; N, 14.80.

Rearrangement of 9. Using the same general procedure 914 was 
converted to the Z enol tautomer of S-ethyl 2-phenyl-3-oxopro- 
panethioate (10). It was necessary to purify this product further by 
a second column chromatography on silica gel eluting with ben
zene-petroleum ether (1 :1 ) followed by short-path distillation 
(bath temperature 115-120°, 0.4 mm) to give the product as a faint 
yellow oil in 53% yield: NMR (CCL,) 8 12.30 (d, 1 H, J  = 12.0 Hz),
7.22 (s, 5 H), 6.90 (d, 1 H, J  = 12.0 Hz), 2.88 (q, 2 H, J  =  7.0 Hz), 
1.24 (t, 3 H, J  = 7.0 Hz); ir (thin film) 1725 (m), 1670 (shoulder), 
1625 cm“ 1 (s). The structure of the rearrangement product was
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confirmed by conversion of the chromatographed material to 4- 
phenylpyrazolone (11) (mp 221-223°) using hydrazine hydrate in 
ethanol. The mixture melting point of this pyrazolone with an au
thentic sample was not depressed.27

Rearrangement of 4c. In a similar way 4c was converted to S -  
phenyl 2,2-diphenyI-3-oxopropanethioate (5c) which was obtained 
as a light yellow oil in 85% yield: NMR (C D C I3 ) b 10.02 (s, 1 H),
7.28 (s, 15 H); ir (thin film) 1730,, 1685 cm-1.

The rearrangement product was deformylated using the proce
dure of House.2“ A solution of the rearrangement product (1.0 g) 
and sodium acetate (1.2 g) in ethanol (150 ml) was allowed to re
flux for 3 hr. The reaction mixture was cooled to room temperature 
before adding ether (150 ml). The ether was extracted with 20% so
dium chloride solution (3 X 150 ml), dried (Na2SO,i), and concen
trated to give an oil which solidified on standing. The NMR of this 
product suggested that it was a mixture of ethyl diphenylacetate 
and S-phenyl diphenylethanethioate (12). Recrystallization from 
hexane and benzene gave pure 12 as colorless needles: mp 81-83°; 
NMR (CCU) b 7.28 (s) and 7.23 (s) (15 H), 5.13 (s, 1 H); ir (KBr) 
1690 cm-1.

Anal. Calcd for C2oHx6OS: C, 78.91; H, 5.30; S, 10.53. Found: C, 
78.54; H, 5.11; S, 10.31.

The mixture melting point of this compound with an authentic 
sample (prepared as described below) was not depressed. In a later 
attempt to purify 5c by preparative thin layer chromatography on 
silica gel 12 was obtained instead, mp 80-82°. The mixture melting 
point of this material with authentic 12  (described below) was also 
not depressed.

S-Phenyl Diphenylethanethioate (12). Using the same S-phe
nyl thiolchlorocarbonate procedure described for the synthesis of
S-phenyl 3,3-diphenylthiolglycidate (4c), sodium diphenylacetate 
was converted to 12 in 64% yield after column chromatography. 
Recrystallization (n-hexane and benzene) gave colorless needles, 
mp 81-83°.

In a separate experiment the rearrangement product 5c was con
verted to 4,4-diphenyI-2-pyrazolin-5-one (6c) on treatment with 
hydrazine hydrate in ethanol. The crystals were washed with n- 
hexane followed by recrystallization from ethanol and water to 
give colorless plates: mp 204-206°; ir (KBr) 3320 (sharp), 1705, 
1725 cm- 1  (shoulder).

Anal. Calcd for C15H12N2O: C, 76.25; H, 5.12; N, 11.86. Found: 
C, 76.03; H, 5.12; N, 11.84.

Rearrangement of 4d. Using the same procedure 4d was con
verted to S-phenyl 3,3-dimethyl-3-phenylthiolpyruvate (14), 
which was obtained as a thick yellow oil that crystallized on stand
ing. Recrystaliization (n-hexane and benzene) gave the pure thiol- 
pyruvate 14 as yellow plates in 70% yield: mp 47^18°; NMR (CCI4) 
b 7.18 (s, 10 H), 1.58 (s, 6 H); ir (KBr) 1715,1695 cm“ 1.

Anal. Calcd for Ci7H160 2S: C, 71.80; H, 5.67; S, 11.28. Found: C, 
71.67; H, 5.54; S, 11.31.

The mother liquors obtained from the recrystaliization of 14 on 
concentration gave a mixture of 14 (10%) along with S-phenyl 2,2- 
dimethyl-3-phenyl-3-oxopropanethioate (5d, 10%) which were sep
arated by careful column chromatography on silica gel eluting with 
benzene-petroleum ether (1:9). 5d was obtained as a colorless oil: 
NMR (CCI4) <5 8.1-7.8 (m, 2 H), 7.35 (s) superimposed on a multi- 
plet at 7.6-7.2 (8 H), 1.62 (s, 6  H); ir (thin film) 1695, 1675 cm-1. 
This was converted to 4,4-dimethyl-3-phenyl-2-pyrazolin-5-pne 
(6d) on treatment with hydrazine hydrate in ethanol. The product 
was purified by chromatography on a silica gel column eluting with 
2% ethanol in benzene. Recrystaliization from benzene-n-hexane 
followed by a second recrystaliization from ethanol and water gave 
the pure pyrazolone 6d, mp 117-118° (lit:28 mp 118°). The mixture 
melting point with an authentic sample (mp 117-118°) prepared 
from ethyl 2,2-dimethyl-3-phenyl-3-oxopropionate29 and hydra
zine hydrate in ethanol was not depressed. An analytical sample 
was obtained after two recrystallizations from ethanol and water.

Anal. Calcd for C11H12N2O: C, 70.19; H, 6.43; N, 14.88. Found: 
C, 70.08; H, 6.61; N, 15.16.

Sodium Phenyldimethylpyruvate (15). Ethyl phenyldimeth- 
ylpyruvate3“ was converted to 15 in 56% yield using Claisen’s 
method.30 The salt was obtained as an amorphous, faint yellow 
powder: NMR (D20, MeiSi external standard) b 7.38 (s, 5 H), 1.55 
(s, 6 H).

S-Phenyl 3,3-Dimethyl-3-phenylthiolpyruvate (14). Using 
the S-phenyl thiolchlorocarbonate procedure described for the 
synthesis of S-phenyl 3,3-diphenylthiolglycidate (4c), pyruvate 
salt 15 was converted to thiolpyruvate 14 in 59% yield after column 
chromatography. Recrystaliization (n-hexane and benzene) gave 
14 as yellow plates, mp 47-48°. The NMR and ir spectra of this

compound were identical with the NMR and ir spectra of 14 ob
tained from the rearrangement of 4d. The mixture melting point 
was not depressed.

Rearrangement of 4e. Using the same general rearrangement 
procedure, 4e was converted to a mixture of products containing 
the Z  enol tautomer of S-phenyl 2-phenyl-3-oxopropanethioate 
(2a) and a second compound, 0-lactone 16. The mixture was sepa
rated by a second column chromatography on silica gel eluting 
with benzene-petroleum ether (1:4). The 0-lactone 16 was eluted 
first (20% yield). Recrystaliization (n-hexane and benzene) gave 
colorless plates: mp 99-100°; NMR (CDCI3) 5 7.32 (s) superim
posed on a multiplet at 7.60-7.15 (10 H), 4.47 and 4.61 (AB quar
tet, 2 H, J  -  5.5 Hz); ir (KBr) 1815 cm- 1  (strong); mass spectrum 
(92°, 70 eV) m/e (rel intensity) 256 (M-+, 15), 2 1 2  (M-+ — CO2, 
100), 211 (31), 165 (10), 147 (M-+ -  C6H5S, 17), 110 (57).

Anal. Calcd for Ci5Hi20 2S: C, 70.29; H, 4.72; S, 12.51. Found: C, 
70.21; H, 4.78; S, 12.70.

Further elution of the silica gel column with benzene-petroleum 
ether (1;4) gave the Z  enol tautomer of S-phenyl 2-phenyl-3-oxo- 
propanethioate (2a) (55% yield): NMR (CCI4) b 12.35 (d, 1  H, J  =
12.5 Hz), 7.23 (s, 10 H), 6.85 (d, 1 H, J  = 12.5 Hz); ir (neat) 1700, 
1625 cm-1. The structure of this rearrangement product was estab
lished by conversion to 4-phenylpyrazolone (11) (mp 223-224°) 
using hydrazine hydrate in ethanol. The mixture melting point 
with an authentic sample12“ ’27 was not depressed.
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Synthesis of 10-Thiofolic Acid. A Potential Antibacterial and Antitumor
Agentla

M. G. Nair,* Patricia T. Campbell, and C. M. Baugh

D e p a r tm e n t  o f  B io c h e m is tr y , U n iv e r s i ty  o f  S o u th  A la b a m a , M o b ile , A la b a m a  3 6 688  

R eceived . J a n u a ry  2 7 ,1 9 7 5

An unambiguous synthesis of 10-thiofolic acid has been carried out in good yield starting from p-carbomethoxy 
thiophenol. Methods have been developed for the quantitative conversion of 6  to the bromo ketone 8. p-Carbome- 
thoxy thiophenol (3) and the acid (2) were found to be unstable in organic solvents in the presence of oxygen and 
were converted to the corresponding disulfides (4 and 5). A reduction procedure has been developed for the rapid 
and clean conversion of 14 to 15, and a procedure for the simultaneous cyclization-oxidation of 15 to 16. 10- 
Thiofolic acid (1) has been tested for its ability to inhibit the growth of two folate-requiring organisms and 
showed good antifolate activity. It has also shown moderate activity in preliminary screening against L-1210 leu
kemia in mice.23

The synthesis and biological evaluation of homofolic 
acidlb and its reduced derivatives (20)2,3 have given impe
tus to the search for folic acid analogs which are altered in 
the region corresponding to the C9-N 10 bridge in folic acid. 
A number of analogs in this class have been reported re
cently.4"10 It appeared to us that the replacement of the
10-amino group of folic acid by a heteroatom would result 
in folate analogs whose tetrahydro forms2,3 could contrib
ute interference to the thymidylate synthesis reaction 
owing to their inability to form cyclic one-carbon interme
diates through positions 5 and 10. This paper details the 
synthesis and preliminary antifolate activity of such a com
pound, 10-thiofolic acid (1).

At the outset, a convenient procedure for the preparation 
of p-carbomethoxythiophenol (3) was required. This was 
accomplished by a route previously described by Wiley,11 
and the disulfide 4 was also isolated from the reaction mix
ture. Hydrolysis of 3 gave p-carboxythiophenol (2), which 
was converted to the disulfide 5 during crystallization. The 
quantitative conversion of N -  (2,3-epoxypropyl)phthalim- 
ide to the bromo ketone 8 was carried out by modifications 
of the original literature procedures.12-14 Reaction of 3 with 
8 in pyridine produced 9 in 75% yield, which was subse
quently converted to the oxime 10. This compound was iso
lated as a 1:1 mixture of the syn and anti isomers as evi
denced by NMR spectroscopy and thin layer chromatogra
phy. Since the eventual removal of this carbonyl protective 
group was required at a later step, no attempt was made to 
separate and identify the individual isomers.

The NMR spectral observations also excluded a possibil
ity that the product might be a thioketal formed by the 
reaction of 2 mol of thio ester with the carbonyl moiety of 8 
in preference to the nucleophilic displacement of the bro
mide by 3.

Although several methods are described in the literature 
for the cleavage of the phthalimide function for compounds 
similar to 10, including treatment with strong acids and 
bases, the use of hydrazine15 was preferred because of its 
ability to cleave such systems under mild conditions. This 
was accomplished smoothly and in high yield. These reac
tions are summarized in Scheme I. Several attempts were

Scheme I

(2) R = R=H (4) R =-C H 3

(S)R=~H(3) R=H. R'=-CH3

(7) R=H, OH 

(>)R= =0

(9)R= =0 CH30 -C = 0

(W)R= =N-OH

N-OH
Hj N -C H j -C -C H j -o c - o c h 3

(11)
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Scheme II

Py/Py HCt 0=C  -O C Hj
ErOH

(11) (10)

made at this stage to cleave the oxime back to the ketone, 
hut always resulted in the recovery of the starting material 
or tarred products unsuitable for further investigations. An 
attempt was made, however, to hydrolyze the ester func
tion of 1 1  to the carboxylic acid by standard procedures. 
None of these experiments gave the desired products, and 
consequently compound 1 1  was condensed directly with 2 - 
amino-6-chloro-4-hydroxy-5-nitropyrimidine (12) in etha
nol to compound 13 in excellent yield (Scheme II). Reduc
tive cyclization of 13 by Raney nickel1 6 - 1 9  catalysts was 
ruled out by the presence of sulfur and the compound’s in
solubility in solvents commonly used for hydrogenations.

The carbonyl function in 13 was deprotected easily by 
the use of a 1:1 mixture of trifluoroacetic acid and 1 N  HC1 
at 60° for 20 min to the corresponding ketone (14). Treat
ment of ketone 14 with several reducing agents, including 
stannous chloride, and catalytic hydrogenation in DMF 
with Pt and Pd did not accomplish the desired reduction of 
the nitro group as evidenced by the persistence of the ab
sorption due to the 5-nitro group of 14. The resistance of 14 
toward reducing agents is not immediately apparent, but a 
neighboring group participation by the nitro group and the 
carbonyl group could presumably result in an ionic species 
(21). Therefore, the use of reagents such as sodium dithion- 
ite in highly polar solvents like DMF was considered for 
this reaction. In fact, an excellent reduction procedure was 
worked out which reduces compound 14 to 15 at 50° in 15 
min. This behavior appears to be general to such systems, 
and we are presently investigating this phenomenon in de
tail. The reduction product was subsequently cyclized by 
the use of a pyridine-pyridine hydrochloride buffer in eth
anol for several hours, which also resulted in the spontane
ous oxidation of the cyclization product to 16 in 90% yield. 
Hydrolysis of 16 in the usual manner and subsequent work
up gave compound 17 in -~50% yield after purification by 
ion exchange chromatography. The material showed a uv 
spectrum similar to that of pteroic acid, and the structure 
was confirmed by examination of the NMR spectrum of 17 
in TFA.

The problem of attaching the glutamate moiety to 10- 
thiopteroic acid remained. This was accomplished in the 
following way. Briefly, 10-thiopteroic acid was converted to 
the mixed anhydride 18 by dissolving the compound in 
50:50 DMSO-dioxane and treating with 1  molar equiv of 
isobutyl chloroformate at 0° in the presence of N -  methyl-

morpholine as a proton acceptor. t-Boc-L-glutamic acid a -  
benzyl ester was attached to the Merrifield chloromethyl 
resin by standard procedure1 9  and the amino group was 
deprotected as described earlier20 to 19. The coupling of 
the active anhydride 18 to 19 was done overnight at room 
temperature. Cleavage from the resin and final purification 
was accomplished as described previously by this laborato
ry5 ’20 for gimilar compounds.2 1

10-Thiofolic acid showed all the spectral characteristics 
expected of this compound and the structure was conclu
sively established by ultraviolet and NMR spectroscopy. 
Relevant among the spectral data are the NMR signals in 
D2O due to the C7 proton of the pteridine moiety, which 
appeared as a singlet at 8.54 ppm, and the characteristic 
AB pattern of the resonances due to the aromatic protons 
as two clean doublets at 7.8 and 7.4 ppm. The rest of the 
anticipated signals due to the C9 methylene protons and 
the glutamate protons appeared in the usual pattern. The 
uv spectrum of 1 0 -thiofolic acid was as expected and was 
very similar to that of folic acid, showing Xmax at 369, 285, 
and 261 nm when run in 0.1 N  NaOH. These spectral ob
servations are in perfect agreement with the required struc
ture (I).

Both 10-thiofolic acid and 10-thiopteroic acid were test
ed for their ability to inhibit the growth of two standard 
folic acid requiring bacteria, S tre p to c o cc u s  fa e c iu m  
(ATCC 8043) and L a ctob a cillu s  ca sei (ATCC 7469). These 
studies employed Difco folic acid assay media for the spe
cific organism and were carried out in duplicate. For S. fa e 
cium , 9 X 10- 1 0  g/ml of 10-thiofolic acid and 1.5 X 10- 9  

g/ml of 10-thiopteroic acid were required for 50% inhibition 
of growth as monitored turbidimetrically at 650 nm. For L. 
ca sei, 8  X 10- 9  g/ml of 10-thiofolic acid gave 50% inhibi
tion. No inhibition of L. ca se i was seen with 10-thiopteroic 
acid at 10~ 5  g/ml. In the L. ca se i inhibition studies, the 
folic acid concentration was 5 X 10~n g/ml and in the S. 
fa e c iu m  it was 2.5 X 10" 10  g/ml.

Experimental Section
Melting points are uncorrected and were determined on a 

Fisher-Johns apparatus. NMR spectra were run in CDCI3 on a 90- 
MHz Perkin-Elmer R-32 spectrometer with Me4Si or TSP as in
ternal lock signal. Field strengths of the various proton resonances 
are expressed in parts per million and coupling constants as hertz. 
Peak multiplicity is depicted as usual: s, singlet; d, doublet; t, trip
let; q, quartet; br, broadened singlet or unresolved multiplet; and 
c, complex signal whose center is given. Uv spectra were deter
mined in a Beckman Model 25 spectrophotometer. Chromatogra
phy was carried out on DEAE cellulose in the chloride form with
1.2 X 22 cm packing unless otherwise specified. A linear NaCl gra
dient in 0.005 M  phosphate buffer pH 7, 1 1. each from zero to 0.5 
M  NaCl, was used to elute the column. Mass spectra were run at 
Research Triangle Institute in North Carolina. Elemental analyses 
were by Galbraith Laboratories, Inc., Knoxville, Tenn.22 Yields 
represent the actual amount of pure compound isolated, assuming 
100% reaction.

Preparation of p-CarbomethoxythiophenoI (3) and Disul
fide 4. The synthetic sequence starting with 17.1 g of p-aminoben- 
zoic acid to the esterification step (as described by Wiley11) was re
peated. Crystals were formed while cooling this reaction mixture 
containing 3, These were removed by filtration. This compound 
was identified as disulfide 4 by observing the molecular ion in the 
high-resolution mass spectrum at 334.0336 (calcd, 334.0333): yield
2.0 g; mp 124°; NMR 8.3 d, 7.84 d (J  ~  9 Hz, aromatic), and 4.2 
ppm (methoxyl). Anal. Calcd for C16Hi40 4 S2: C, 57.48; H, 4.19; S, 
19.16. Found: C, 57.34; H, 4.12; S, 19.36.

Vacuum distillation of the filtrate at 11 mm gave 3 boiling at 
134-140°: yield 9.0 g; NMR 7.85 d, 7.35 d (J  = 9 Hz, aromatic),
3.85 (methoxyl), and 3.75 ppm (thiol). Anal. Calcd for C8H80 2S: C, 
57.4; H, 4.76; 0,19.04. Found: C, 57.28; H, 4.59; 0,19.21.

Preparation of Ar-(3-Bromo-2-hydroxypropyl)phthalimide
(7). In a typical experiment, 10 g of N -  (2,3-epoxypropyl)phthalim- 
ide was dissolved in 75 ml of dry dichloromethane and gaseous hy
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drogen bromide was bubbled through until saturated, requiring 
approximately 20 min. The reaction mixture was evaporated to 
dryness under vacuum, and the crude product melted at 1 1 0 - 1 1 2 °: 
NMR 7.82, c (aromatic protons), 4.2, c (C2H), 3.95 and 3.55, dd (J  
= 8 Hz, C3 and Ci methylene protons), and 3.02 ppm s (hydroxyl, 
completely exchangeable with D2O).

Preparation of N-(3-Bromo-2-oxopropyl)phthalimide (8). 
In an erlenmeyer flask, 10 g of the hydroxy bromide 7 was stirred 
with 400 ml of acetone at room temperature. When all of the mate
rial was in solution, the solution was cooled to 15° and 100 ml of 
Jones reagent was added portionwise with stirring in such a man
ner that the temperature did not rise above 30°. After the addi
tion, which took 10  min, the mixture was stirred at room tempera
ture for 15 min, transferred to a round-bottomed flask, and evapo
rated to ~150 ml under vacuum. The outside bath temperature 
was kept at 35°. Treatment of this reaction mixture with 11. of ice- 
cold water gave crystals which were removed by filtration and 
washed several times with distilled water until the filtrate was col
orless: yield 9.5 g; mp 151-152°; NMR 7.85, c (aromatic protons), 
4.80, s and 4.06 ppm s (C3 and Ci methylene protons). Anal. Calcd 
for CnH8BrN03: C, 46.81; H, 2.84; Br, 28.37; O, 17.02. Found: C, 
46.92; H, 2.97; Br, 28.21; 0,16.92.

Displacement of Bromine in 8 by p-Carbomethoxythiophe- 
nol. Preparation of 9. In an oven-dried three-necked flask, fitted 
with a reflux condenser and nitrogen inlet, were placed 2 mmol 
each of bromo ketone 8 and thio ester 3. The reactants were slowly 
heated in a stream of nitrogen to 90° with the aid of an oil bath, 
and pyridine was added slowly from a dropping funnel until the 
mixture went into solution (~3 ml). The reaction mixture was then 
heated to reflux in nitrogen for 45 min, when crystals began to ap
pear. The reaction product was cooled and poured over 100 g of 
crushed ice, then stirred. The cream-colored solid thus obtained 
was collected by filtration and recrystallized from methanol: yield 
75%; mp 153-154°; NMR 8.05, d (J  =  8 Hz, two aromatic protons 
adjacent to carbomethoxy), 7.38, d (J  = 8 Hz, two aromatic pro
tons adjacent to sulfur), 7.85, c (four aromatic protons of the 
phthalimide moiety), 4.78, s and 3.92, s (methylene protons), and 
3.95 ppm (carbomethoxy). Anal. Calcd for C19H15NO5S: C, 61.79; 
H, 4.07; O, 21.68; S, 8.67. Found: C, 61.76; H, 4.13; O, 21.54; S, 8.50.

Preparation of the Oxime 10. Compound 9 (4.3 g) and 1.21 g of 
hydroxylamine hydrochloride were suspended in a three-necked, 
round-bottom flask and the flask was swept with a slow stream of 
nitrogen. To this was added 48 ml of 1:1 pyridine-ethanol mixture 
and the mixture was refluxed for 2 hr. The reaction product was 
evaporated to dryness under vacuum and the resulting pale yellow, 
gummy material was treated with 25 ml of ethyl acetate and 24 ml 
of distilled water. After shaking vigorously, the contents were 
poured into a separatory funnel and the aqueous layer was dis
carded. The ethyl acetate layer was washed twice with 100 ml of 
distilled water. The ethyl acetate layer was then dried over anhy
drous sodium sulfate and filtered, and the filtrate was evaporated 
to dryness. The viscous gum thus obtained was recrystallized from 
methanol, yield 4.0 g, mp 135-136°. Anal. Calcd for C19H16N2O5S: 
C, 59.38; H, 4.17; N, 7.29; S, 8.33. Found: C, 59.71; H, 4.27; N, 7.35; 
S, 8.32.

Cleavage of 10 by Hydrazine to the Amino Ester 11. The
oxime (3.8 g, 9.9 mmol) was suspended in a three-necked round- 
bottom flask with 100  ml of absolute alcohol and stirred under re
flux in a slow stream of nitrogen with repeated addition of four
10 0 -ml portions of alcohol when all the material went into solution. 
The solution was cooled to room temperature and 9.9 mmol of 95% 
hydrazine in 10 ml of absolute alcohol was added. This mixture 
was stirred for 72 hr in nitrogen at room temperature, then re
fluxed for 30 min. After the reaction mixture was cooled to 0°, it 
was filtered. The filtrate was evaporated to dryness and the resi
due was treated with 9.9 ml of 1 N  HC1 in 20 ml of water and 
stirred vigorously for 1 hr. The pH was adjusted to 3 by the addi
tion of more HC1 and the mixture was filtered. The clear filtrate 
thus obtained was treated with 10% ammonium hydroxide so that 
the pH became 10. A white precipitate was formed in the solution. 
After cooling to 0°, the precipitate was separated by filtration, 
washed with water, and recrystallized from methanol: yield 1 .6  g; 
mp 154-156°; relevant NMR signals in polysol-D at 7.86, d (J  =  9 
Hz, aromatic), 7.45, dd (J  =  9 Hz, aromatic), 4.0, s and 3.92, s 
(methylene protons attached to sulfur), 3.85, s (carbomethoxy), 
3.51, s and 3.39 ppm, s (methylene protons attached to amino 
group). Anal. Calcd for C11HUN2O3S: C, 51.97; H, 5.51; N, 1 1 .0 2 ; S,
12.60. Found: C, 51.93; H, 5.39; N, 10.95; S, 12.51.

Reaction of 2-Amino-6-chloro-4-hydroxy-5-nitropyrimi- 
dine with Amino Ester 11. Preparation of Intermediate 13. In

an atmosphere of nitrogen, 560 mg of 12 was dissolved in 140 ml of 
absolute alcohol and refluxed with 700 mg of 11 for 30 min. After 
this period, 0.7 ml of IV-methylmorpholine was added and the mix
ture was again refluxed for 30 min. The crystals which appeared at 
this point were collected by filtration, washed with water and a 
small amount of alcohol, and recrystallized from absolute alcohol: 
mp 185°; yield 1.05 g; X292A 347 1-08. Anal. Calcd for Ci5Hi6N60 6S: 
C, 44.12; H, 3.92; N, 20.59; S, 7.84. Found: C, 43.9; H, 3.86; N, 
20.46; S, 7.74.

Deprotection of the Carbonyl Group of 13. Preparation of
14. In an erlenmeyer flask, 1 g of oxime 13 was treated with 50 ml 
of trifluoroacetic acid with stirring and slowly heated to 50° until 
all the material was dissolved. An equal volume of 1 N  HC1 was 
added and the flask was kept in a water bath at 60°. Crystals 
»began to appear slowly. After 20 min, the reaction mixture was 
cooled to 0°, filtered, and washed several times with water and fi
nally with absolute alcohol: mp 247-250°; yield 900 mg; Amax (0.1 
N  NaOH) 294 nm (e 16,011) and 332 (14,673). Anal. Calcd for 
CisHjsNsOeS: C, 45.80; H, 3.92; N, 17.81; O, 24.43. Found: C, 45.71; 
H, 3.77; N, 17.91; 0, 24.37.

Dithionite Reduction of 14. The deprotected nitro compound 
14 was suspended in an erlenmeyer flask (350 mg) and dissolved in 
100 ml of purified DMF. The solution was heated to 50° and 5 g of 
solid purified sodium dithionite was added. Water was added to 
this stirring suspension, portionwise, while maintaining the tem
perature until all the dithionite went into solution. The mixture 
was allowed to stir for an additional 15 min, then diluted to 700 ml 
with ice-cold water. A white, fluffy precipitate was formed, which 
was collected by filtration, washed several times with water and fi
nally with absolute alcohol, and then dried under vacuum. The 
compound is unstable on exposure to air and rapidly degraded to 
products unsuitable for further work: yield 300 mg; mp >300°; 
A max (0.1 N  NaOH) 335 and 280 nm; X280A 335 1.65.

Simultaneous Cyclization-Oxidation of 15 to 16 and Hy
drolysis to 10-Thiopteroic Acid (17). The dithionite reduction 
product (15, 300 mg) was added to a deaerated mixture of 25 ml of 
pyridine, 25 ml of absolute alcohol, and 5 drops of concentrated 
HC1 and refluxed in a nitrogen atmosphere for 2.5 hr. The solution 
was cooled to room temperature and allowed to stir in the presence 
of air for 48 hr. The contents in the flask were evaporated under 
vacuum to dryness. Distilled water (25 ml) was added, and the con
tents were evaporated again. Ice (50 g) was then added and the 
mixture was triturated with a spatula followed by filtration and 
several water washes. The uv spectrum of this compound in 0.1 N  
NaOH showed Xmax at 365, 280, and 260 nm, which is typical of a
6 -substituted, fully oxidized form of 2-amino-4-hydroxypteridine.

The product thus obtained was transferred to a three-necked 
flask fitted with a nitrogen inlet and reflux condenser and 25 ml of
0.75 N  NaOH was added. It was refluxed in nitrogen for 2 hr. The 
solution was cooled to room temperature and adjusted to pH 7.2 
with 1 N  HC1. The solution was then diluted to 1 1. with distilled 
water and applied to a 27 X 2.5 cm DEAE Cl-  column. The column 
was washed with distilled water and eluted with a linear NaCl gra
dient from zero to 0.5 M , in 0.005 M  phosphate buffer, pH 7.0. 10- 
Thiopteroic acid eluted at 0.375 M  NaCl concentration. All the 
tubes corresponding to this peak were pooled and concentrated to 
100 ml, cooled to 0°, and acidified to pH 3.5 with 1 N  HC1. The 
precipitate thus obtained was washed several times with water and 
dried under vacuum over P2O5 for 48 hr: yield 140 mg; Xmax (0.1 N  
NaOH) 369 nm (e 9638), 285 (21,068), and 261 (32,850); NMR 
(TFA with MeiSi as internal standard) 9.05, s (C7), 8.1, d (J = 9 
Hz, H2'6'); 7.55, d (J  =  9 Hz, H yry), and 4.62 ppm, s (C9 methylene 
protons). Anal. Calcd for C14H11N5O3S: C, 51.06; H, 3.34; N, 21.28; 
0, 14.59; S, 9.73. Found: C, 50.97; H, 3.40; N, 21.27; O, 14.63; S, 
9.58.

Solid-Phase Coupling of 10-Thiopteroic Acid with l -G1u- 
tamic Acid. Preparation of 10-Thiofolic Acid (1). t-Boc-L-glu- 
tamic acid a-benzyl ester was esterified to the chloromethylated 
Merrifield resin as usual. The resin ester, corresponding to 2 mmol 
of glutamic acid, was deprotected by the use of 20% trifluoroacetic 
acid in methylene chloride for 20 min at room temperature, 
washed, neutralized, and kept ready for coupling (19).

10-Thiopteroic acid (1 mmol) was dissolved in 20 ml of dry 
DMSO by heating. The solution was cooled to room temperature, 
an equal volume of dry THF was added, and the solution was 
chilled to 0°. Then 1.25 mmol of A'-methylmorpholine was added, 
allowed to mix well by shaking, and kept at 0° for an additional 15 
min. To this solution was added exactly 1 equiv (1 mmol) of fresh
ly distilled isobutyl chloroformate and the reaction was allowed to 
proceed for 15 min at 0° to form the mixed anhydride (18). This
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mixed anhydride (18) was then poured into the reaction vessel 
containing 19, and the coupling reaction was carried out by rocking 
the reaction vessel at room temperature for 18  hr. After this peri
od, the reaction mixture was filtered and the resin-bound product 
was washed successively with DMSO, DMSO-THF mixture, and 
p-dioxane.

The resin was then suspended in 20 ml of 1:1 dioxane- 2  N  
NaOH mixture, which was deaerated previously, and mixed well in 
a closed vessel for 1 hr at room temperature and for 20 min at 50°. 
The filtered solution was diluted to 100 ml and slowly acidified 
with 1  N  HC1 at 0° to pH 3.5. The yellow precipitate of l  thus 
formed was collected by filtration, washed several times with dis
tilled water, and dried under vacuum over P2O5: yield 80%; mp 
>300°; Xmal (0.1 N  NaOH) 369 mm (c 9638), 285 s (21,068), and 
261 (32,850); NMR (D20-NaOD with SDSS as internal standard)
8.54, s (C7 H), 7.8, d (J  = 9 Hz, H2'6'), 7.40, d (J  = 9 Hz, H3-5'), 4.42, 
t (a proton of glutamate moiety), and 1.0-2.5 ppm, c (four protons 
of glutamic acid). Anal. Calcd for CigHigNgOeS: C, 49.78; H, 3.93; 
N, 18.34; 0, 20.96; S, 6.99. Found: C, 49.69; H, 3.96; N, 18.46; 0, 
21.08; S, 6.99.

10-Thioaminopterin, the 4-amino-4-deoxy analog of 1, has also 
been synthesized in this laboratory by a similar procedure and will 
be discussed in a later communication in this series.
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Prostaglandins. VII. A Stereoselective Total Synthesis of Prostaglandin E11
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R e c e iv e d  J a n u a ry  2 4 ,1 9 7 5

The stereoselective total synthesis of (±)- and (—)-prostaglandin Ei (1) is described. Chromous sulfate reduc
tion of 7-(2-formyl-3-tetrahydropyranyloxy-5-oxocyclopent-l-enyl)heptanoic acid (3b) afforded the saturated al
dehyde 10b, which was condensed with n-hexanoylmethylenetriphenylphosphorane (7) to form 11-O-tetrahydro- 
pyranyl-15-dehydroprostaglandin Ei (1 1 ). Reduction of 1 1  with thexyl tetrahydrolimonyllithium borohydride fol
lowed by hydrolysis gave 1 . The mechanism of stereochemical control is discussed in detail. The total synthesis 
was extended to the preparation of (± )-oi-homoprostaglandin Ei (32c) and (±)-15-methyl-o;-homoprostagIandin 
Ei (32d).

The prostaglandins,2a-b a family of oxygenated C2 0  fatty 
acids of widespread occurrence in animal tissues, exhibit a 
broad range of biological activities20 and presumably play 
an important role in several physiological processes. Pros
taglandin Ei (PGEj, 1), one of the most active and ubiqui

tous hormones of this species, has been synthesized3-10 
chemically by several different groups. Some4’7’8b’9b of

these total syntheses of PGEi were stereochemically con
trolled.

The primary objective of our study was to develop an ef
ficient general route to new prostaglandin analogs which 
might possess more selective biological activities. This tar
get was partly achieved with a facile seven-step total synth
esis88’11 of racemic PGEi (1) and PGFla (8) along with their 
stereoisomers as outlined in Scheme I. This scheme was not 
stereoselective in some steps. Thus, almost equal amounts 
of 5 and 6 were obtained after the Wittig condensation. 
Also, comparable amounts of (±)-PGEi (1) and its 15 ep- 
imer (28) were formed in the reduction step. Some of the 
stereoisomers11 exhibited interesting biological activities.12

Later, large quantities of PGEi were required for biologi
cal study. Owing to the inevitable formation of the stereo-
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Scheme I
Nonstereoselective Total Synthesis of PGEi (1) and

PGFla (8 )

monomethyl azelate

I
H02CCH2C0(CH2)7C02H

benzalacetophenone

1
OCHCOCH=CH€6H5

1. pH 4.5 citrate buffer, 
room temperature

2. KOH, water, room temperature

^2 NaI04, trace of 0 s 0 4

COoH

Ph3P=CHCO*n-C5H11

i j

isomers, Scheme I was not practical for a large-scale pro
duction of PGEi, and therefore we attempted to modify 
this synthetic route by incorporating more stereochemical 
control. A successful approach toward this goal is the 
subject of the present communication. For racemic com
pounds, only one enantiomer is depicted for convenience.

Results and Discussion
A unique feature of Scheme I is that the relative stereo

chemistry of C-8, C -ll, and C-12 in the final product (1) is 
determined by a single step, that is, the reduction of 3a to

Scheme II
Stereoselective Route to 15-Dehydro-PGEi

3 a, R =  H 
b, R = THP

| aqueous CrS04

9a, R = H
b, R = THP

| spontaneous (acid or base)

liOa, R =  H 
b, R = THP

5, R = H 12a, R =  H
1 1 , R = THP b, R =  THP

4. In all likelihood, the reduction of 3a occurs from the less 
hindered side13 to afford the all-cis isomer 9a, which is 
thermodynamically less stable than the trans isomer, and 
therefore is isomerized to the more stable “ natural” config
uration (10a) as depicted in 13 —* 14. To put this seemingly

CHO
13

14

prosaic idea into practice, some pertinent problems were 
considered carefully. First, the hydroxyl group in 3a may 
not be bulky enough to dictate satisfactory stereoselectiv
ity.14 Second, the reduced aldehyde (9a, 10a) may not be 
stable enough to survive the acid- or base-catalyzed equili
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bration (9a —* 10a). Finally, as reported earlier, 1 1  the alde
hyde (10a) does not exist as such, but in fact as a mixture 
of intra- and intermolecular acetal ketals in which isomer 
10a may not necessarily be more stable than 9a. A logical 
solution to these problems was to use the tetrahydropyran- 
yl (THP) derivatives (3b, 9b, 10b). The THP-oxy group is 
bulkier; hence it would dictate better stereoselectivity than 
the hydroxy group. It may be a less effective leaving group 
than hydroxy; thus 9b and 10b might be less susceptible to 
acid or base elimination. Also, 9b and 10b cannot partici
pate in acetal formation owing to the absence of the hy
droxy group.

The readily available 3a11 was converted into the THP 
ether 3b. To our surprise, however, 3b was not reduced 
with zinc in aqueous acid under conditions used in the re
duction1 1  of 3a to 4. It was discovered that the calculated 
amount of aqueous chromous sulfate solution1 5  effected re
duction of the double bond of 3b in a few minutes at room 
temperature. No purification of the reduction product was 
attempted. It was instead promptly treated with n-hexa- 
noylmethylenetriphenylphosphorane in benzene to afford 
1 1  as the major product accompanied by a small amount of
8,12-bisepi isomer1 6  (12b). The ratio of 11 to 12b was usual
ly 80:20 or better. Isomerization of 9b to 10b must have 
taken place prior to the Wittig condensation, possibly dur
ing the work-up of the chromium reduction. Presumably, 
the more stable conformation of 3b contains an axial 
THP-oxy group such as 15a or 16a, rather than the equato
rial counterparts 15e or 16e. Only in the axial conforma

tions can two ether linkages be stabilized by two ethereal 
dipoles taking an antiparallel relationship. A similar situa
tion is encountered in the configuration of pyranoside su- 
gars17a’b with regard to the “ anomeric effect” . The energy 
difference of an axial («-glycoside) and equatorial (d-glyco- 
side) isomer was estimated to be 0.9 (in polar solvent) to
1.3 kcal (in nonpolar solvents)/mol.17a The THP-oxy group 
in 15a or 16a would shield the a  side of the molecule much 
more effectively than the equatorial counterparts (15e and 
16e). Hence, after electron transfer from Cr11, a water mole
cule (proton donor) would approach from the fi side to af
ford all-cis 9b.

The NMR spectrum of 11 showed that this substance is 
approximately a 1:1 mixture of two diastereoisomers (17, 
18) both of which exist in the axial conformations in deut- 
eriochloroform. The NMR signal of the acetal protons of 
both isomers appeared as a narrow multiplet (W 1/ 2 <6.5 
Hz) at 5 4.65 ppm which is compatible only with an equato
rial acetal proton, that is, the axial THP-oxy structure.

18
Formation of a small amount of 12b might be rationalized 
by either formation of 19 followed by the isomerization to 
20 or isomerization of 9b to 20. The Wittig condensation

3b

COTI

CHO
THPO

20

I
12b

(10b —* 11) is slightly inhibited by a weak base (pyridine), 
strongly inhibited by a strong base (imidazole), and accel
erated by a weak acid (isobutyric acid). Since 10b is a weak 
acid, the self-catalyzed condensation takes place at 25° in 
benzene. Contrary to the nonstereoselective scheme, 1 1  very 
little 1 2  epimer (21b) was formed in the present scheme, 
but a small amount of 8  epimer (2 2 ) was found. The 15-

21a, R = H 22
b, R = THP

dehydro-PGEi THP ether (11) thus obtained (25-30% 
from 3a) was sufficiently pure to be used for the next step. 
The analytical sample of 1 1  was prepared by hydrolysis of 
the THP group, chromatography, and retetrahydropyrany- 
lation.

Reduction of 11 with sodium borohydride in cold metha
nol followed by hydrolysis gave rise to three products in 
comparable amounts. The least polar substance of mp 81- 
82° exhibited a uv (methanol) absorption at 233 nm (e 
13,500). The NMR (100 MHz, CD3OD) spectrum suggested 
that the C-9 carbinol proton ( 6  3.64, m, W i/2 = 13 Hz) was 
equatorial; that is, the 9-OH was axial. The structure (23)
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Scheme III
Reduction of 15-Dehydro-PGEi Tetrahydropyranyl Ether

11

25a, 15(S), dotted line 26a, 15(S), dotted line
b, 15(72), solid line b, 15(1?), solid line

was unequivocally proven by formation of PGF]„ (25a) and 
15-epi-PFGia (25b)11 upon reduction with borohydride. 
The polar fraction was readily separated by partition chro
matography1 1  into two pure compounds. The less polar 
substance of mp 112-113° was indistinguishable from (±)- 
PGEi in its melting point, 100-MHz NMR in deuter- 
iomethanol, its TLC, and its biological activities. The more 
polar substance showed the uv (methanol) absorption at 
232 nm (e 13,100). The NMR (100 MHz, CD3 OD) spectrum 
suggested that the C-9 carbinol proton (5 3.58, q, J = 7.5 
Hz) was axial; that is, 9-OH was equatorial. Structure 24 
was unambiguously confirmed by formation of PGFi# (26a) 
and 15-epi-PGFifl (26b)11 upon reduction with borohy
dride. The optically active form of 23 and its borohydride 
reduction has been recorded. 18

Although 15-epi-PGEi (28) was not isolated, its presence

in a minute amount cannot be precluded. Although 11 was 
not reduced regioselectively, there was little doubt that the 
15-keto group was reduced stereoselectively. Corey and his 
coworkers demonstrated1 9  that the reduction of the 15-keto 
group of one of the prostaglandin derivatives with thexyl 
tetrahydrolimonyllithium borohydride (29, TTBH) took

H

29
place to afford preferentially the 15(.S') carbinol (natural) 
in a ratio of 9:2. This reagent19'4e was successfully applied 
to the regio- and stereoselective reduction of 11. In our 
hands treatment of 11 with 1.5 equiv of TTBH in THF at 
—78° gave rise to 27 as the only major reduction product. A

small amount of 15-epi compound was formed. The extent 
of conjugate reduction (reduction of the 13,14 double bond) 
appeared to be negligible, though it was not investigated 
quantitatively.

The THP group of crude 27 was hydrolyzed with aque
ous acetic acid at room temperature to afford (±)-PGEi (1) 
in 27% yield from 11.

The total synthesis of PGEi outlined in Schemes II and 
III possessed, in addition to enhanced stereoselectivity, 
several advantages. First, the THP derivatives (11 ,12b, 22) 
were found to be reasonably stable substances which could 
be set aside at room temperature for a couple of weeks 
without any recognizable decomposition. The correspond
ing hydroxy compounds, especially 5 and 6, were very un
stable and underwent a series of complicated irreversible 
reactions even in a freezer. Second, the THP group modi
fied solubility; thus, 10b (or 9b) was substantially less solu
ble in water compared with its hydroxy counterpart, hence 
easier to handle. Finally, the THP group modified the elu
tion pattern from the column. More specifically, chroma
tography of the Wittig condensation product afforded 11 
(desired and major product, equatorial20 THP-oxy group), 
12b (a minor product, axial20 THP-oxy), and triphenyl- 
phosphine oxide in this sequence. In the hydroxyl series, 
triphenylphosphine oxide, 6 (axial hydroxy), and 5 (desired 
product, equatorial hydroxy) were eluted in this sequence, 
which was inconvenient as the desired material came off 
last.

Pure 8  epimer 22 could not be obtained. TTBH reduc
tion of a mixture containing (±)-22 afforded (±)-8,15- 
bisepi-PGE: (30a) after hydrolysis of the THP group. Al-

30a, X = OH; Y = H 31a.X = OH;Y=H
b, X = H; Y = OH b. X=H; Y=OH

though it could not rigorously be determined, much more 
30a (15/2) than 30b (15S) appeared to be formed; that is, 
the stereoselectivity of TTBH reduction is reversed in the
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8-epi series. The configuration of 30a was readily con
firmed by the isomerization to 15-epi-PGEi (28) upon mild 
base treatment.18 The TTBH reduction of (±)-8,12-bis ep- 
imer (12b)16 afforded comparable amounts of (± )-ll-ep i- 
PGEi (31a) and (±)-ll,15-bisepi-PGEi (31b). Here the 
stereoselectivity of the reduction appeared to be lost.

The natural PGEi, (—)-lla,15(S)-dihydroxy-9-oxo-13- 
tra n s -prostenoic acid, was prepared from (—)-7-[2-trares- 
styryl-3(2?)-hydroxy-5-oxocyclopentenyl]heptanoic acid1 in 
the same manner. The synthetic PGEi was indistinguisha
ble from natural PGEi in melting point, NMR in deuter- 
iomethanol or deuterioacetone, optical rotation in tetrahy- 
drofuran, and in a variety of TLC systems. The synthetic 
PGEi exhibited equal (within experimental error) biologi
cal activities to the authentic natural PGEi prepared from 
bishomo-7 -linolenic acid by sheep seminal tissue.

Optically active 5 and 12a were obtained by hydrolysis of 
the corresponding THP derivatives (11 and 12b). The CD 
data of 5 and 12a (Table I) demonstrates that 5 takes the 
same conformation as natural PGEi whereas 12a takes the 
enantiomeric conformation rendering additional evidence 
for the configurations previously proposed11 for the race
mic compounds.

Table I
ORDa and CD6 of PGE! (1), 5, and 12a

H-PGEj (1) 5 12a

ORD n->-7r*
peak 272 nm -260 nm 315 nm

+7161 +6000 + 3870
trough 314 nm 315 nm 254 nm

-6168 ^ 400 -14,100
CD n-^7T*

296 nm 297 nm 296 nm
- 1 1 , 1 0 0 - 1 2 ,0 0 0 + 1 0 ,2 0 0

a Molecular rotation. 6 Molecular ellipticity.

The total synthesis (Schemes II and III) was readily ap
plied to the preparation of (±)-w-homo-PGE) (32c) by re
placing the Wittig reagent with n-heptanoyl triphenyl- 
phosphorane (10b —► 32a —► 32b —► 32c). The total synthe-

32a, R1 = tetrahydropyranyl; R2 and R3 = O
b, R 1 = tetrahydropyranyl; R2 = OH; R3 = H
c, R1 = H; R2 = OH; R3 = H
d, R1 = H; R2 = OH; R3 = CH3

e, R1 = H; R2 = CH3; R3 = OH

sis could be modified for the preparation of 15-alkyl pros
taglandins. Thus, the 15-keto intermediate (32a) in this se
quence was treated with methylmagnesium bromide in te- 
trahydrofuran at —78° to give, after mild hydrolysis, an ap
proximately 55:45 mixture of (±)-15(S)-15-methyl-co-ho- 
mo-PGEi (32d) and (±)-15(.R)-15-methyl-a>-homo-PGEi

(32e). It is noteworthy that the unsaturated ketone 32a 
reacted preferentially in the presence of the saturated ke
tone. The latter did not undergo Grignard reaction at all 
under these conditions. The configuration at C-15 was de
termined by comparison with the biological activities of 
15(S)- and 15(P)-15-methyl-PGEi.21 The major by-prod
uct in the Grignard reaction was the elimination product 
(33).22 A small amount of (±)-8-epi-l 5(/?,S)-l 5-methyl- 
PGEi (34) was also obtained as a minor by-product which

could be isomerized to 32d and 32e with potassium acetate 
in ethanol.18

Experimental Section23-26
(+)-9,15-Dioxo-lla-tetrahydropyranyl-13-trans-prostenoic 

Acid (11) and Its (±)-8(S),12(S) Isomer (12b). A. (+ ) -ll  from
5. To a solution of 1.014 g of 511 and 0.42 ml of dihydropyran in 2.5 
ml of methylene chloride was added 0 .10  ml of 10% p-toluenesul- 
fonic acid in THF. The reaction mixture was set aside for 2 hr, 
then diluted with methylene chloride and washed with aqueous so
dium sulfate. The organic layer was dried over sodium sulfate and 
concentrated. The residue was chromatographed25 on 75 g of CC-4. 
The desired material 11 (982 mg) was found in the 15% ethyl ace
tate eluate: uv (MeOH) 228.5 nm (e 12,400); ir (CHCI3) 1746,1713, 
1632, 1039, 979, 913 cm-1; NMR (100 MHz, CDCI3) for one dia- 
stereomer(17 or 18)5 4.10 (q, J =  8.5 Hz, H-ll), 4.65 (m, VF1/2 < 6.5 
Hz, acetal H), 6.27 (d, J =  16 Hz, H-14), 6.81 (q, J =  16 and 8.5 Hz, 
H-13); NMR for the other diastereomer (18 or 17) S 4.26 (q, J  = 8.5 
Hz, H -ll), 4.65 (m, < 6.5 Hz), 6.31 (d, J =  16 Hz, H-14), 6.86
(q, J =  16 and 8.5 Hz, H-13); Rf on TLC24 0.623 (a single dark- 
brown spot).

Anal. Calcd for C25H4o0 6: C, 68.77; H, 9.24. Found: C, 68.55; H,
9.55.

B. (±)-12b from 12a. Pure 12b (330 mg, inseparable mixture of 
two diastereomers similar to 17, 18) was prepared from 420 mg of 
(±)-12a in the same manner as in A: uv (MeOH) 228.5 nm (e 
12,900); ir (CHCI3) 1746, 1714, 1632, 1121, 1029, 989 cm-1; NMR 
(100 MHz, CDCI3) for one diastereomer 5 4.47 (t, J  = 4 Hz, H -ll), 
4.65 (m, acetal H), 6.22 (d, J =  16 Hz, H-14), 7.11 (q, J =  16 and
8.5 Hz, H-13); NMR for the other diastereomer 5 4.35 (t, J =  4.5 
Hz, H -ll), 4.60 (m, acetal H), 6.22 (d, J =  16 Hz, H-14), 6.92 (q, J  
= 16 and 8 Hz, H-13); Rf on TLC24 0.57 (a single dark-brown spot).

Anal. Calcd for C25H40O6: C, 68.77; H, 9.24. Found: C, 68.55; H, 
9.24.

C. (± ) -l l  and (±)-12b from 3a. To a solution of 40 g of crude 
3a11 (prepared from 50 g of 2) and 22 ml of dihydropyran in 120 ml 
of methylene chloride was added 2 ml of 10% p-toluenesulfonic 
acid in THF. After the exothermic reaction subsided, 700 ml of 
freshly prepared cold (1 0 °) aqueous chromous sulfate solution155 
was added under a nitrogen stream. The mixture was vigorously 
stirred under nitrogen at room temperature for 30 min. To this 
mixture was added in sequence with vigorous stirring 60 g of am
monium sulfate, 500 g of sucrose, 300 ml of 1 M  citric acid, and 11. 
of ether. The ethereal extract (total 4 1.) was washed with 200 ml of 
saturated ammonium chloride solution, then with a saturated sodi
um chloride solution, and dried over sodium sulfate. Upon evapo
ration of the solvent, 44 g of crude 10b was obtained, which was 
treated immediately with 100 g of triphenyl-n-hexanoylmethy- 
lenephosphorane28 in 500 ml of benzene for 6 days at 25°. The 
reaction mixture was washed with cold 2% citric acid, then with 1 % 
salt solution, and dried over sodium sulfate. Concentration gave 77 
g of product. This was chromatographed on 1.4 kg of CC-4. The 
desired material was found in the 15% ethyl acetate eluates, which 
were pooled in three fractions: I (4.12 g, lib  containing the 8 epim- 
er 22, the latter Rf on TLC24 0.685); II (13.7 g, 11 identified by 
NMR with pure lib  prepared in A); and III (11.5 g, 11 containing 
12b). I, II, and III were reduced with TTBH separately to produce
27.

D. Determination of Ratio of 11 and 12b. Crude 3a (2.0 g, 8 
mmol) was converted into a mixture containing 1 1  and 12b by the
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procedure described in C. The THP group was removed by treat
ment with 150 ml of HOAc-water-THP (20:10:3)4d at 38-40° for 4 
hr. The hydrolysis mixture was diluted with water and extracted 
with benzene. The benzene extract was washed with 1 % sodium 
chloride solution, dried over sodium sulfate, and concentrated to 
give 3.2 g of residue. Separation26 on a partition column made from 
75 g of CC-4 afforded 670 mg of 5,11 44 mg of 12a,11 and 57 mg of 
A8*12* derivative.28

(±)-9,15-Dioxo-lla-tetrahydropyranyloxy-13-trans-12(S)- 
prostenoic Acid (21b) from 21a. 21b was prepared in the usual 
manner (see A for preparation of 11) from 207 mg of crystalline 
21a.11 Rf on TLC24 (0.554) was almost identical with that of 12b 
but the NMR spectrum was evidently different, demonstrating 
that no isomerization11 (2 1  —► 1 2 ) took place during the reaction: 
NMR (100 MHz, CDCI3) of one diastereoisomer 5 6.20 (d, ,7 = 16 
Hz, H-14), 6.64 (q, 7 = 6.76 (q, J  =  16 and 10.5 Hz, H-13).

Anal. Calcd for C25H40O6: C, 68.77; H, 9.24. Found: C, 68.21; H,
8.90.

(± )- 15-Dehydro-PGFi„ (23), (±)-15-Dehydro-PGFw (24), 
and (±)-PGEi (1) by Reduction of 11. A solution of 208 mg of
crude 11 (fraction II, procedure C, vide supra) in 20 ml of metha
nol was chilled to —78° to which 1.5 ml of 3.2% methanolic trieth- 
ylamine was added followed by 18.2 mg of sodium borohydride in 1 
ml of water. The mixture was warmed to 0°. After 2 hr, the reac
tion mixture was treated with acetone to destroy excess borohy
dride, diluted with ether, washed with cold 2% citric acid and with 
1% sodium chloride, dried over sodium sulfate, and concentrated. 
The product was chromatographed on 5 g of CC-4 and eluted with 
20% ethyl acetate-benzene. The first 40 ml gave 52 mg (Rf on 
TLC24 0.62) of the starting material which was recycled, the next 
36 ml gave 40 mg of a reduction product (I, Rf on TLC24 0.48), and 
the last 132 ml gave 63 mg of a reduction product (II, Rf on TLC24
0.47). Fraction I was dissolved in 10 ml of HOAc-water-THF (20: 
10:3) ,4,1 left at 25° for 20 hr, stripped of the solvent, and chromato
graphed on a partition column.26 The half-crystalline product was 
recrystallized from ethyl acetate-cyclohexane to give pure 23: mp 
81-82°; uv (MeOH) 233 nm (t 13,500); NMR (100 MHz, CDCI3) 5 
2.27 (t, 2, J = 7 Hz, H-2), 2.60 (t, 2, J  =  7 Hz, H-16), 3.96 (compli
cated q, J  — 7 Hz, H -ll), 4.14 (m, W \/2 =  13 Hz, H-9), 6.19 (d, J  = 
16 Hz, H-14), 6.80 (q, J  =  16 and 9 Hz, H-13).

Anal. Calcd for C20H34O5: C, 67.76; H, 9.67. Found: C, 67.61; H,
10.00.

Fraction II was hydrolyzed in the same manner and chromato
graphed on a partition column26 made from 10 g of CC-4, and frac
tions of 13 ml were collected. Fractions 14-16 (Rf on TLC24 0.138, 
dark brown spot) gave crystalline (±)-PGEj melting at at 112- 
113° (lit.7a mp 112-113°, lit.4a mp 112.8-113.1°) after recrystalliza
tion from ethyl acetate-cyclohexane. Its NMR (100 MHz, CD3OD) 
was indistinguishable from that of natural PGEi in every detail: S
4.05 (m, 2, H -ll and H-15), 6.58 (complicated q, 2, J  = 2.5 Hz, 
H-13 and H-14).

Anal. Calcd for C20H34O5: C, 67.76; H, 9.67. Found: C, 67.61; H, 
9.96.

Fractions 17-19 (Rf on TLC24 0.185, blue spot) of the partition 
column gave 24 as a colorless gum: uv (MeOH) 232 nm (e 13,100); 
NMR (100 MHz, CD3OD) S 2.25 (t, 2, J  =  7 Hz, H-2), 2.59 (t, 2, J  
=  7 Hz, H-16), 3.91 (complicated q, J  = 5 Hz, H -ll), 4.08 (q, J  =
5.5 Hz, H-9), 6.14 (d, 7 = 16 Hz, H-14), 6.84 (q, 7 = 16 and 9 Hz, 
H-13).

Anal. Calcd for C20H34O5: C, 67.76; H, 9.67. Found: C, 67.24; H, 
9.54.

Sodium Borohydride Reduction of 23. The procedure fol
lowed was that described by Pike.18 The reduction product was 
found to be a mixture of POFi„ (25a) and 15 -ep i-P G F (25b) by 
careful examination of TLC [silica gel plate and uppler layer of 
EtOAc-HOAc-2,2,4-trimethylpentane-water (22:4:3:20)] against 
authentic PGFi„n and 15-epi-PGFia.u

Sodium Borohydride Reduction of 24. The reduction product 
was identified as a mixture of PGFig (26a) and 15-epi-PGFi^ 
(26b). For the procedure employed, see the preceding paragraph.

(±)-PGEi (1) by Thexyl Tetrahydrolimonyl Borohydride 
Reduction of 11. A. From Crude 11. Over a period of 1 hr, a solu
tion of 26.8 mmol of TTBH (29)19 in 88 ml of THF-n-pentane was 
added to a solution of 7.258 g of 11 (fractions I and II of procedure 
C, vide supra) in 50 ml of THF at -78° under a nitrogen stream. 
The reaction mixture was immediately diluted with 100 ml of ether 
and treated with 10% citric acid while it was still cold. The ethereal 
extract was washed with 1 % sodium chloride solution, dried over 
sodium sulfate, concentrated, and chromatographed25 on 500 g of 
CC-4. Results were as follows: recovered starting material (15%

ethyl acetate-benzene, 3.048 g); a mixture (1,1.396 g, 25% ethyl ac
etate) containing impure 27; pure 27 (II, 1.798 g, 25-35% ethyl ace
tate); a mixture (III, 0.767 g, 50% ethyl acetate) containing impure 
27; and finally free PGEi (IV, 0.158 g, crystalline, 75-100% ethyl 
acetate). Fraction II was hydrolyzed with 200 ml of HOAc-water- 
THF (20:10:3)4d for 20 hr at 25°. The solvent was removed and the 
residue was recrystallized from ethyl acetate to give 588 mg of 
(±)-PGEj. The mother liquor gave a second crop (200 mg) after 
chromatography on CC-4. Fraction III, upon hydrolysis, gave (±)- 
PGEi containing PGFj„. Fraction I, upon hydrolysis followed by 
chromatography25 on CC-4, gave 75 mg of 8,15-bisepi-PGEi (30a), 
less than 255 mg of crude 15-epi-PGEx (28), and 52 mg of crystal
line (±)-PGEi.

(±)-PGEi obtained in this experiment .(946 mg, 27% based on 
consumed 11) melted at 112-113° and was identical with the speci
men obtained by sodium borohydride reduction. Thus the stereos
pecificity of the reduction (ratio of PGEi to 28) was better than 
4:1.

(±)-15-epi-PGE! was oily: NMR (60 MHz, CD3OD) b 4.10 (m, 2, 
H -ll and H-15), 5.69 (m, 2, H-13 and H-14).

Anal. Calcd for C20H34O5: C, 67.76; H, 9.67. Found: C, 67.95; H,
10.05.

B. From Pure 11. Pure 11 (3.834 g, prepared from 5 as in proce
dure A) in 150 ml of THF was reduced with 15 mmol of TTBH
(29)19 in 40 ml of THF-n-pentane at —78° under nitrogen. After 
the addition of the reagent was completed the reaction mixture 
was stirred at —78° for 20 min and worked up as in A. Chromato
graphic separation25 gave 1.95 g of recovered starting material, 1.5 
g of 27, 1.0 g of crude 27, 0.185 g of 15-epi-PGEi (28), and 740 mg 
of crystalline PGEi.

(—)-PGEi. Cleavage11 of 21.6 g of the 3(R)-(—) enantiomer1 of 2 
afforded 15 g of 3(R)-3a which was then converted into the THP 
derivative 3b, reduced to 9b, and finally treated with the Wittig re
agent in the same manner as described for the racemic series. 
Chromatographic separation on 500 g of CC-4 using 15% ethyl ace
tate gave fraction A [0.948 g, a mixture containing 11(R)-11 and 
ll(R )-2 2 ], fraction B [2.980 g, 1 1  (/?)-11], fraction C [5.378 g, 
11(R)-11 containing a small amount of ll(R)-12b], and fraction D 
[0.401 g, ca. 1:1 mixture of 11 (/?)-11 and ll(R)-12b] in order of in
creasing polarity. Fraction B exhibited an identical NMR spec
trum (100 MHz, CDCI3) with that of the corresponding racemic 11.

Fraction C, which was mostly 11 as demonstrated by the NMR, 
was dissolved in 50 ml of THF and treated with 12.2 mmol of 
TTBH (29)19 in 40 ml of THF-n-pentane for 1.5 hr at —78° under 
nitrogen. An additional 12.2 mmol of TTBH was added and the so
lution was stirred for an additional 30 min at —78°. The reaction 
mixture was worked up as in the racemic series and chromato
graphed25 on 220 g of CC-4. The 35% ethyl acetate fraction gave 
138 mg of crude ll(R)-27 (fraction I), 970 mg of pure ll(R)-27 
(fraction II), and 307 mg of crude ll(R)-27 (fraction III). Fraction 
II was analyzed: NMR S 4.73 (m, acetal H), 5.67 (m, H-13 and H-
14); [a] -5.0 (c 0.993, MeOH).

Anal. Calcd for C25H42O6: C, 68.46; H, 9.65. Found: C, 69.21; H,
10. 10.

A portion (875 mg) of fraction II (27) was hydrolyzed with 70 ml 
of HOAc-water-THF4d and chromatographed25 as in the racemic 
series. The crystalline (—)-PGEi (255 mg) was recrystallized from 
ethyl acetate: mp 114-114.5° (lit.4e mp 113.5-114°, lit.9 mp 115- 
116°); [a]24D -53.2 (c 0.977, THF) (lit.9 -54.3, natural PGEi pur
chased from Unilever —55.8); NMR (100 MHz, CD3OD) identical 
with that of the natural product.

Anal. Calcd for C20H34O5: C, 67.76; H, 9.67. Found: C, 67.60; H, 
9.46.

Fraction B (pure 11, 2.980 g) was reduced with 11.7 mmol of 
TTBH (29) and worked up in the same manner to give 355 mg of 
the starting material, 1.4 g of 27, 270 mg of crystalline PGEi, and 
210 mg of a mixture of PGEi and PGFi„.

(-)-9 ,15-Dioxo-11 «-hydroxy-13- irans-prostenoic Acid (5) 
and (-)-9,15-Dioxo-lla-hydroxy-13-trans-8(S),12(S)-pros- 
tenoic Acid (12a). Approximately a 1:1 mixture of optically active 
11 and 12b (401 mg, fraction D of the preceding preparation) was 
hydrolyzed with HOAc-water-THF (20:10:3)4d for 20 hr at 25° 
and worked up as in the racemic series. Chromatographic separa
tion26 on 50 g of CC-4 afforded 30 mg of crystalline 12a (Rf on 
TLC24 0.323, 30% ethyl acetate fraction) followed by a mixture of 5 
and 12a, and then 47 mg of pure 5 (Rf on TLC24 0.300).

Recrystallization from ether-n-pentane gave 12a: mp 67°; 
[a]26D -10.12 (c 1.038, MeOH). This specimen was spectroscopical
ly indistinguishable from the racemic compound used (6 )11 and 
was for the ORD-CD study (see Table I). Oily 5 was used for the
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optical study: [a ]25D —41.6 (c 1.009, MeOH); see Table I for ORD 
and CD.

(±)-ll-ep i-P G E i16 and (±)-ll,15-bisepi-PGE1.16 Pure (±)-12b 
(2.495 g) prepared from 12a was reduced with 12.7 mmol of TTBH
(29)19 in the usual manner (vide supra) and chromatographed25 on 
700 g of CC-4. The 30% ethyl acetate fractions gave rise to 851 mg 
of 11,15-bisepi compound (Rf on TLC24 0.50, fraction I) followed 
by 888 mg of crude 11-epi compound (Rf on TLC24 0.49, fraction 
II). Fraction I, upon hydrolysis with HOAc-water-THF (20:10:3)4d 
for 20 hr at 25°, afforded 199 mg of crystalline (±)-ll,15-bisepi- 
PGEi (recrystallized from ethyl acetate), mp 91-92° (lit.4b mp
88.6-89.3°), Rf24 on TLC 0.228, identical with a specimen obtained 
by sodium cyanoborohydride reduction8“ of 12a.

Anal. Calcd for C20H34O5: C, 67.76; H, 9.67. Found: C, 67.70; H, 
9.80.

Fraction II was also hydrolyzed with HOAc-water-THF and re- 
crystallized from ethyl acetate to give 193 mg of 11-epi-PGEi, mp 
92.5° (lit.4b mp 92.5-93°), Rf on TLC24 0.160, identical with the 
specimen obtained from 12a by sodium cyanoborohydride reduc
tion.8“

Anal. Calcd for C2nHMOr,: C, 67.76; H, 9.67. Found: C, 67.64; H,
9.79.

(±)-9-Oxo-lla,15(S)-dihydroxy-8(S)-13-trans-prostanoic 
Acid (8-epi-PGEi, 30b)18 and (±)-9-Oxo-lla,15(Jt)-dihydroxy- 
8(S)-13-irans-prostenoic Acid (8,15-Bisepi-PGEi, 30a). The
pure starting material (22) could not be prepared. Crude 11 (chro
matographic fraction I in procedure C was rechromatographed25 to 
produce 22 which still contained a small amount of 11. This sub
stance (584 mg) was reduced with 9 ml of 0.3 M  29 in 40 ml of THF 
(—78°, 1.5 hr). The reaction mixture was worked up in the usual 
manner and chromatographed on 200 g of SilicAR CC-4; 129 mg of 
the THP ether of 30a (30% ethyl acetate-benzene), 97 mg of the 
THP ether of 30b (30-50% ethyl acetate-benzene), 106 mg of 30a 
(50% ethyl acetate-benzene), 41 mg of 30b (ethyl acetate), and 19 
mg of 1 (ethyl acetate) were obtained. The partial hydrolysis had 
apparently taken place on the CC-4 column. The THP ethers were 
hydrolyzed in HOAc-water-THF (20:10:3) (25°, 24 hr)4d to 30a 
and 30b, respectively. In a similar experiment, 4.5 g of crude 22 af
forded 939 mg of the THP ether of 30a, 554 mg of the THP ether 
of 30b, 1.204 g of 30a, and 282 mg of 30b. 30a was oily: Rf24 on 
TLC 0.262; NMR (60 MHz, CD3OD) 8 5.73 (q, J  = 15.5 and 5 Hz, 
H-14), 5.30 (q, J = 15.5 and 8.5, H-13), 4.25 (m, H -ll), 4.05 (m, H-
15).

Anal. Calcd for C20H34O5: C, 67.76; H. 9.67. Found: C, 68.08; H,
9.52.

Isomerization of 30a and 30b to 28 and 1. The structure of 
30b18 was confirmed by potassium acetate induced isomerization18 
to 1. Under the same conditions, 30a was isomerized to 28 (Rf on 
TLC24 0.200) confirming the structure of 30a.

(±)-9,15-Dioxo-lla-tetrahydropyranyloxy-20-methyl-13- 
trans-prostenoic Acid (32a). This was prepared in the same 
manner as in procedure C for 11 starting from 10b and n-hepta- 
noylmethylenetriphenylphosphorane.28 The desired material was 
eluted25 with 15% ethyl acetate-benzene and used for the next step 
without further purification.

(±)-a>-Homo-PGEi (32c). Reduction of 5.511 g of 32a with 2919 
was similar to the reduction of 11. The THP ether (32b, 1.928 g) 
was eluted25 with 35% ethyl acetate-benzene: NMR (60 MHz, 
CDCI3) <5 5.65 (m, 2, H-13 and H-14), 4.77 (m, acetal H), 4.07 (m, 2, 
H -ll and H-15), 3.67 (m, 2, OCH2-  in THP).

Anal. Calcd for C26H440 6: C, 67.57; H, 9.93. Found: C, 67.67; H,
9.98.

The THP group was removed by treatment of 1.707 g of 32b 
with 100 ml of HOAc-water-THF (20:10:3)4d for 20 hr at 25°. The 
hydrolysis solution was concentrated in vacuo and the residue was 
chromatographed.25 Crystalline (±)-a>-homo-PGEi (32c, 752 mg) 
was found in the 75% ethyl acetate-benzene fractions. It was re
crystallized from ethyl acetate (mp 100.5-101°).29 The NMR (60 
MHz, CD3OD) was identical with that of authentic (—)-u>-ho- 
mo-PGEi kindly provided by the Unilever Co.: <5 5.64 (m, 2, H-13 
and H-14), 4.08 (m, 2, H -ll and H-15).

Anal. Calcd for C21H36O5: C, 68.44; H, 9.85. Found: C, 68.80; H, 
10.07.

(±)-9-Oxo-lla,15-dihydroxy-15,20-dimethyl-15(S)-13- 
trans-prostenoic Acid (32d) and (±)-9-Oxo-lla,15-dihydroxy-
15,20-dimethyl-15( R )-13-tran.s-prostenoic Acid (32e). A solu
tion of 3.20 g of crude 32a in 50 ml of THF was added to a stirred 
solution of 20 ml of 3 M  ethereal methylmagnesium bromide in 150 
ml of THF at —70°. After 20 min, the reaction mixture (—78°) was 
poured into aqueous citric acid and extracted with ether. The eth

ereal extract was washed with 5% ammonium chloride and water, 
dried over sodium sulfate, and concentrated. The residue was 
treated with 100 ml of HOAc-water-THF (20:10:3)4d for 24 hr at 
25°. The aqueous acetic acid solution was concentrated in vacuo 
and chromatographed.25 A mixture of 32d and 32e was eluted with 
50-60% ethyl acetate-benzene and was recrystallized from ethyl 
acetate-Skelly B to give approximately a 1:1 mixed crystal of 32d 
and 32e, mp 73-76°. 32d and 32e form a mixed crystal at any ratio. 
The separation of 32d and 32e was carried out by Misses Linda Pe- 
trosky and Janet Mueller of the Chromatography Department 
using 4% deactivated Woelm silica as the adsorbent and ethyl ace
tate-acetic acid-cyclohexane (100:1:99) as the solvent. The “ un
natural” 32e was eluted first closely followed by the “ natural”  iso
mer (32d). (±)-15(S) isomer (32d) was recrystallized from ether- 
Skelly B (mp 88-89°): NMR (100 MHz, CD3OD) 8 5.64 (m, 2, H-13 
and H-14), 4.07 (q, J  = 8 Hz, H -ll), 2.70 (q, J  = 18 and 7.5, H- 
10/3), 2.12 (q, J  = 18 and 9.5 Hz, H-10«), 1.285 (s, 15-CH3).

Anal. Calcd for C22H38O5: C, 69.07; H, 10.01. Found: C, 68.80; H,
9.91.

(±)-15(E) isomer (32e) was recrystallized from ethyl acetate- 
Skelly B (mp 83-84°): NMR (100 MHz, CD3OD) & 5.64 (m, 2, H-13 
and H-14), 4.07 (q, J  = 8 Hz, H -ll), 2.70 (q, J  = 18 and 7.5 Hz, H- 
10/3), 2.12 (q, J  = 18.5,9 Hz, H-10a), 1.280 (s, 15-CH3(/

Anal. Calcd for C22H380 5: C, 69.07; H, 10.01. Found: C, 68.80; H,
9.88.

The ratio of 32d and 32e obtained was approximately 55:45. Rf 
on TLC (Woelm silica gel F on an 8-in. plate, 2% acetic acid in 
ethyl acetate) for 32d and 32e was 0.214 and 0.243, respectively.

(± )-9 -O xo-ll a, 15-dihydroxy-15,20-dimethyl-8( S ) , 15 (R,S ) -  
13-trans-prostenoic Acid (34). This compound was obtained as a 
minor product in the preparation of 32d and 32e. It was not clear 
whether the epimerization at C-8 took place during the Grignard 
reaction, or whether the starting 32a contained a small amount of 
8 epimer. The earlier chromatographic fractions25 (50% ethyl ace
tate-benzene) in preparation of 32d,e were purified by the parti
tion column11 to afford oily 34 which was a mixture of 15(E) and 
15(S) isomers: NMR (100 MHz, CD3OD) 8 5.73 (d, J = 16 Hz, H- 
14), 5.24 (q, J = 16 and 10 Hz, H-13), 3.03 (broad t, J = 8 Hz, H-
12), 1.22 (s, 15-CHa).

Isomerization of 34 to 32d and 32e. A solution of 21 mg of 34 in
10 ml of 4.2% ethanolic potassium acetate was allowed to stand at 
25° for 70 hr. Approximately one-half o f 34 had been isomerized to 
a mixture of 32d and 32e as demonstrated by TLC.24 The Rf 
values24 of 32d, 32e, and 34 were 0.19,0.19, and 0.28, respectively.
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A synthetic approach to a novel nonisoprenoid sesquiterpene skeleton is described. The skeleton is derived 
from a rearrangement of the cationic intermediate leading to the germacrane skeleton resulting in a misplaced 
isopropenyl group. The key construction sequence involves the stereoselective introduction of the isopropenyl to
10-methyl-8(9)-octal-l-one. This intermediate was synthesized by two routes, both proceding through cis- and 
trans- 10-methyl-1 -decalone.

A considerable amount of synthetic chemistry has been 
directed toward the preparation of various members of the 
decalin-derived bicyclic sesquiterpenes.1 One particular 
member of this general class, (+)-/3-gorgonene (1), isolated

-

i

by Weinheimer and coworkers,2 was of particular interest 
to us since it apparently represented an example of the vio
lation of the usually observed biogenetic substitution pat
tern. Since the initial report of our synthesis,4 a biogenetic- 
like conversion of maaliol (2) to (—)-/3-gorgonene by dry 
HC1 presumably through cation 3 has been reported which

2 3

confirms the absolute stereochemistry of (+)-/3-gorgonene
(1) and supports the rearrangement hypothesis for its bio
synthesis.5

A synthetic approach to this class of molecules requires 
that one deal with the problem of stereoselective introduc
tion of the required equatorial isopropenyl group. This 
problem is compounded by the presence of the angular 
methyl group and the fact that the point of attachment is a 
peri-like position in the decalin ring system in a 1,3 relation 
to the angular group.

We felt that octalone (4) represented one plausible pre
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cursor. T h e  required three-carbon segm ent m ight then be  
introduced via a M ich ael-typ e process utilizing an appro
priate three-carbon carbanion (eq 1). T h e  stereochem ical

problem s associated with this process provide a particular
ly good system  in which to  test the effects o f steric interac
tions in the transition state upon the stereochem ical ou t
com e o f  conjugate addition o f organom etallic and other 
carbanionic reagents.

O ctalone (4) had been prepared previously by Djerassi 
and M arsh all6 b y  a synthesis not well suited to  preparation  
o f sizable quantities, as it involved a low -yield  rearrange
m en t o f  a 2-brom o-3-d ecalon e precursor. W e  prepared oc
talone (4) via tw o routes both passing through a m ixture o f  
cis- and trans- 1 0 -m eth yl-l-d eca lo n e  (5) as shown below.

T h e  first preparation o f 1 0 -m eth yl-l-d eca lo n e  by ketone  
transposition is that o f M arshall and H ochstetler.7 W e  en 
countered som e difficulties in loss o f  m aterial after reduc
tive elim ination o f  the allylic acetate 6. T h e  nature o f the  
problem  was finally recognized by isolation o f trans-10- 
m ethyl-2/J -decalol8 from  the reaction m ixture. T h is b y 
product presum ably results from  a nontrivial am ount o f  
overreduction during treatm ent with lithium  alum inum  h y
dride.

Since the foregoing sequence was m ultistep  and suffered  
from  relatively poor overall yields, the shorter sequence  
below  was also utilized. C om m ercial a -decalone was treated

w ith S O 2CI2 in carbon tetrachloride and the crude m ixture  
o f  chlorides was dehydrohalogenated in h ot collidine9 to
9 ,1 0 -d e c a l-l-o n e  (7, 49% ). T reatm en t o f  7 with excess (2.5  
equiv) lithium  dim ethylcuprate in ether at - 2 0 °  for 23 hr 
gave a m ixture o f  cis- and trans- 1 0 -m eth yl-l-d eca lo n e  (5) 
in 9 1%  yield (eq 2).

K eton es 5 prepared by either m ethod were chlorinated  
w ith sulfuryl chloride in carbon tetrachloride to a m ixture  
o f  tertiary chlorides and dehydrochlorinated by refluxing  
quinoline (84% ) (eq 3).

4

Studies of Conjugate Addition. Our initial attem p ts to 
introduce the three-carbon segm ent were based upon the  
assum ption th at the carbanionic species m ust undergo re
versible addition to  4 . T h e  stereoelectronic factors control
ling the M ichael addition reaction favor kinetic antiparallel 
addition o f  the carbanion. In m ost cases this coincides with  
introduction o f an axial group. W ea k ly  nucleophilic carb- 
anions appear to add reversibly and therefore under th er
m odynam ic control. T h is is evidenced b y  the addition o f  
m alonate reported by A be and coworkers10 w hich resulted  
in an equatorial disposition o f the side chain.

D espite num erous attem pts under a variety o f condi
tions, we were unable to effect the desired M ich ael addition  
either with sodiodim ethyl m alonate or sodiom ethyl aceto- 
acetate. O n ly starting m aterial was recovered. U p on  utiliz
ing a prolonged reaction period or vigorous reaction condi
tions, polym erization o f 4 was observed. D jerassi previously  
pointed out the susceptibility o f  this particular unsatu
rated ketone to  polym erization.6 Peri interactions in the  
product an d /or interactions with the angular group appar
ently result in an unfavorable equilibrium  constant for the  
addition.

W e  next considered the direct addition o f  organom etallic  
reagents catalyzed by copper or o f the stoichiom etric orga- 
nocuprate reagent. T h is presum ably would allow the intro
duction o f the intact isopropenyl group. T h e  stereochem i
cal result was expected to be the desired equatorial intro
duction o f  the isopropenyl group. W o rk  o f  A llin ger11 and  
M arsh all12 suggested that an antiparallel approach13 o f  the  
reagent is a prim ary pathway. T h is pathw ay leads to a half
chair enolate interm ediate which is presum ably m ore fa 
vorable. H ow ever, attack on conform er 8 w ould lead to a  
severe 1 ,3-nonbonded  interaction o f the incom ing reagent 
with the angular m ethyl group in the transition state. T h is

8a, R =  CH3 9a, R =  CH3
b, R =  H b, R =  H

particular unsaturated ketone has an alternative pathway  
available which satisfies the antiparallel stereoelectronic  
requirem ent and yet circum vents the severe 1,3 interaction  
in the transition state. A ttack  of the reagent can occur 
upon the alternative half-chair conform ation 9 o f ring B  
from  the a direction resulting in eventual equatorial d isp o
sition o f  the added group. O nly one case o f a study o f a re
lated  enone was available which indicated that, in the ab 
sence o f an angular group, antiparallel addition to  the con- 
form er analogous to 8 was apparently favored14 (eq 4).

H H

A ddition  o f enone 4 in tetrahydrofuran (T H F ) to a solu 
tion o f  2 equiv o f  the Grignard reagent prepared from  2 -
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brom opropene in T H F  containing 10 m ol %  C u l gave upon  
w ork-up a m ixture o f  three saturated ketones in the ap 
proxim ate ratio o f 7 :2 :1  (45% ). T h e  ketones were separated  
by preparative V P C . T h e  structures o f the ketones were 
tentatively assigned as 10, 1 1 , and 12 , respectively, on the

basis o f  the follow ing data. T h e  m ajor product ( 10) had an 
angular m ethyl resonance at 8 0 .81  which suggested a trans 
ring junction. E xam ination  o f spectral data for a large 
num ber o f  com pounds in the literature indicated that 
trans- 1 0 -m eth yl-l-d eca lo n es characteristically had C -1 0  
chem ical shifts in the range 8 0 .7 5 -0 .9 , whereas the corre
sponding cis isom ers had C -10 m ethyl chem ical shifts in 
the range 5 1 .0 5 -1 .2 0 .15 T reatm en t o f pure 10 w ith dilute  
N a O C H 3 in C H 3O H  at room  tem perature afforded an equi
librium  m ixture o f 10 and 11 (~ 7 0 :3 0 ) , establishing the ep- 
imeric relationship o f 10 and 11 . Chem ical equilibration to  
a m ixture o f 10 and 11 (~ 6 6 :3 4 )  and the chem ical shift of  
the C -10 m ethyl o f  11 (5 1 .20) further confirm ed the assign
m en t o f  11 as a cis ring junction isom er. T en tative  assign
m en t o f  the stereochem istry o f the isopropenyl group rest
ed upon exam ination o f the spectral and chem ical charac
teristics o f the m inor product (12). A ttem p ted  equilibra
tion o f 12 (N a O C H 3-C H s O H )  resulted in the recovery of  
this m aterial unchanged. T h e  presence o f a high-field  
m ethyl resonance (8 0 .79 ) in 12 im plied a stereochem ical 
relationship o f the carbonyl and angular group o f the type  
found in 10. T h is could only occur if  12 were epim eric with  
10 and 11 at the p oint o f attachm ent o f the isopropenyl 
group (assum ing only all-chair conform ations). I f  one con
siders conform ations o f  the tw o possible epim eric ketones 
12 and 13, it is possible to assign the stereochem istry o f  the

prous salt added, and the nature o f  the salt were unsuccess
ful. Decreasing the tem perature led to lower yields with  
som e recovery o f  starting m aterial. Increasing the ratio o f  
cuprous salt from  10 m ol %  to 50  and 100 m ol %  resulted in 
larger am ounts o f  coupling products bu t no substantial 
changes in stereoselectivity. Substitution  o f C uB r or 
C u (O A c)2 for C u l had also no effect.

A ttem p ts to utilize the stoichiom etric lithium  cuprates 
prepared from  isopropenyllithium  in ether (2 equiv) and  
C u l (1 equiv) at —50 to —3 0 ° led to  inferior yields o f  the  
conjugate addition products. In general, this has n ot been  
found to  be the case ,16 although Ireland and coworkers 
have observed another instance o f  tb is behavior.17 U pon  
isolation o f the m ixture o f  saturated ketones, no increase in 
stereoselectivity was observed.

Conversion to (±)-/5-Gorgonene. Final confirm ation o f  
the foregoing structural assignm ents clearly lay in the con
version o f  10 to  (±)-/S -gorgonene. M arsh all and coworkers 
had observed a peculiar characteristic o f  10-m e th y l-l -d e -  
calones which we attem pted  to  exploit.9 W ittig  reactions in 
a num ber o f  cases perform ed upon an equilibrium  m ixture  
o f  cis and trans isom ers resulted in olefin products en 
riched in the desired trans ring junction. T h is im plies a re
versible enolization and m ore rapid decom position o f  the  
betaine derived from  the trans ring junction  isom er. U n for
tunately, attem pts to  effect the m ethylenation  o f 10 or a 
m ixture o f  10 and 11 by treatm ent with m ethylenetriphen- 
ylphosphorane in D M S O 18 or T H F  resulted in no charac- 
terizable products but rather eventual destruction o f the  
starting ketone. A pparently th e 'a d d ition  process is m ark
edly retarded by the equatorial isopropenyl group. E ven tu 
ally base-catalyzed destruction o f  10 occurred by som e u n 
known m echanism . In choosing an alternative m ethod  for 
introduction o f  the exocyclic m ethylene, we reasoned that a 
reagent which would irreversibly add to the hindered car
bonyl would be required. W e  established th at organom etal- 
lic reagents could successfully add to  the carbonyl o f  10 by  
reaction o f 10 with m ethyllith ium  and m ethylm agnesium  
brom ide in ether, which both  produced a single tertiary  
carbinol (14); the stereochem istry was assigned by analogy

isopropenyl and ring junction  in 12 as d- O nly the confor
m ation shown for the cis ring junction  leads to equatorial 
disposition o f the isopropenyl and angular m ethyl groups 
relieving steric interactions. N o te  also th at the other possi
ble cis conform ation does n ot possess the proper spatial re
lationship o f angular group and carbonyl leading to  a high- 
field m ethyl signal (cf. 10). T h e  trans ring junction isom er 
possesses such a relationship; however, it allows no relief o f  
the large 1,3 interaction. T h e  only stable epim er is 12, 
which is confirm ed by the equilibration experim ent. T h e re 
fore, 10 and 11 m u st have the isopropenyl group equator- 
ially disposed.

A ttem p ts to  im prove the steroselectivity o f  the conjugate  
addition by altering the tem perature, the am ount o f cu 

to other cases in the literature. A s expected, upon dehydra
tion o f 14 with P O C I3 or SO C I2, com plex m ixtures o f olefin- 
ic products were produced containing only m inor am ounts  
o f ( i)-d -g o rg o n e n e  b y  V P C . T o  allow the use o f an organo- 
m etallic reagent and to  direct the subsequent dehydration, 
we em ployed the olefination reagent described by P eter
son19 and C han .20 T rim ethylsilylm ethylm agnesium  chlo
ride in T H F  reacted with 10 (reflux 18 hr) to afford a terti
ary carbinol assigned structure 15. D ecom position  o f  15 
(crude) by stirring in 3:1 acetic acid -w ater at room  tem p er
ature for 3 hr gave a crude olefin product which was puri
fied by chrom atography (25%  A g N 03- S i 02) and identified  
as (±)-/3 -gorgon en e (1, 15% ) by com parison o f spectral 
characteristics and V P C  retention tim e with an authentic  
sam ple o f ( ± ) - /3-gorgonene .21 Isom eric ketone 12 was also 
carried through the m ethylenation sequence in the sam e  
m anner to afford an isom eric olefin w ith different spectral 
characteristics and V P C  behavior than (±)-/3 -gorgon en e
( 1 ), which was assigned structure 16 by the foregoing argu
m ents.

Conjugate Addition Stereochemistry. It is clear from
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the foregoing result th at in this case the conjugate addition  
reaction is controlled by secondary steric interactions with  
the angular m ethyl group. T h is result will be generally true 
only in the event th at the prim ary stereoelectronic require
m en t o f  antiparallel addition is satisfied as it was in this 
system . One m ust consider that the system  m ay undergo a 
relatively facile conform ational interconversion in order to  
satisfy this prim ary requirem ent.

Experimental Section
Melting points were determined on a Fisher-Johns melting point 

apparatus and are uncorrected. Nuclear magnetic resonance 
(NMR) spectra were obtained on Varían A-60A and T-60 spec
trometers and are reported in 5 downfield from MeiSi. Infrared 
(ir) spectra were obtained on a Perkin-Elmer 138 infrared spectro
photometer. Mass spectra were determined on an AEI-MS-9 spec
trometer. VPC analyses were carried out on the Hewlett-Packard 
5750 chromatograph utilizing flame ionization detection and nitro
gen as carrier gas. Preparative VPC separations were performed on 
an F & M Model 776 prepmaster with a flame detector and nitro
gen as the carrier gas.

10-M ethyl-l(9)-octal-2-ol Acetate (6). 10-Methyl-l(9)-octal-
2-one24 (48.0 g, 0.292 mol) was dissolved in 125 ml of ether and 
added dropwise at 0° under nitrogen to a suspension of lithium 
aluminum hydride (10.0 g, 0.264 mol) in 300 ml of ether over 3 hr. 
The mixture was allowed to warm to room temperature and stir for 
12 hr. The excess lithium aluminum hydride was decomposed by 
successive addition of water (10 ml), 15% sodium hydroxide (10 
ml), and water (30 ml). The granular salts were filtered and 
washed well with ether (3 X 100 ml). The filtrate was dried over 
anhydrous magnesium sulfate and evaporated in vacuo to afford 
51 g of oily octalol.

The crude octalol was dissolved in 200 ml of anhydrous pyridine 
and acetic anhydride (68.4 ml, 0.724 mol) was added. The mixture 
was stirred at room temperature under nitrogen for 24 hr. The 
crude mixture was poured into saturated sodium chloride and the 
layers were separated. The aqueous layer was extracted with ether 
(100 ml) three times. The combined organic layers were washed 
with water (100 ml) three times, 3.5% hydrochloric acid (100 ml) 
three times or until pH of the wash was ~2, 5% sodium bicarbon
ate (100 ml), and saturated sodium chloride and dried over anhy
drous magnesium sulfate. The ether was evaporated and the resi
due was distilled under reduced pressure to afford 10-methyl- 
l(9)-octal-2-ol acetate (58 g, 95%): bp 92-95° (0.75 mm) [lit.7 bp 
62-63° (0.08 mm)]; ir (film) 1735, 1665, 1240, 1020 cm -1; NMR 
(CCU) <5 5.2 (m, 3), 1.93 (s, 3), 1.11 (5, 3). This material is apparent
ly contaminated with some trans- 10-methyl-2-decalol acetate.

10-M ethyl-l(9)-octalin. A 13.72-g sample of 10-methyl-l(9)- 
octal-2-ol acetate (0.066 mol) was dissolved in 200 g of anhydrous 
ethylamine and the solution was treated with 4.8 g (0.686 mol) of 
lithium metal in small pieces with vigorous stirring over about 40 
min. The solution remained deep blue after the final addition. Ex
cess lithium was destroyed by cautious addition of solid ammo
nium chloride until the solution was colorless. After evaporation of 
the ethylamine, saturated sodium chloride was added and the 
reaction mixture was extracted with ether (75 ml) seven times. The 
combined extracts were washed with water (100 ml), 2% sulfuric 
acid (50 ml), and saturated sodium chloride and dried over anhy
drous sodium sulfate. Removal of the ether and distillation afford
ed 5.5 g (55%) of 10-methyl-1 (9)-octalin: bp 73-76° (10 mm) [lit.7 
bp 86- 88° (26 mm)]; ir (film) 1665, 1380, 1360, 1010, 988 c m '1; 
NMR (CC14) 6 5.24 (m, 1), 1.04 (s, 3).

A substantial amount of pot residue remained which possessed a 
strong OH absorption in the infrared. Crystallization of the pot 
residue from petroleum ether (bp 20-40°) at -70 ° after decoloriza- 
tion by Norit afforded 2.5 g (22%) of trans- 10-methyl-2d-decalol, 
mp 65.5-67° (lit.8 mp 64-68°), which was identified by comparison 
with an authentic sample.

c is - and tr a n s -10-Methyl- 1-decalone (5) 10-Methyl-1(9)-oc
talin (19.6 g, 0.131 mol) was dissolved in 100 ml of dry (sodium) di- 
methoxyethane and cooled to 0° and sodium borohydride (6.16 g, 
0.162 mol) was introduced. Freshly distilled boron trifluoride eth- 
erate (23 g, 0.162 mol) was added dropwise over 2 hr. The mixture 
was allowed to warm to room temperature and stir for 19 hr. Water 
(10 ml) was added slowly, followed by sufficient aqueous 15% sodi
um hydroxide to bring the pH to 9. Hydrogen peroxide (30%, 20 
ml) was then introduced slowly over 1 hr with stirring. If all the 
peroxide had been consumed then additional peroxide was added

until a starch-iodide test was positive for 1 hr after the addition 
was completed. Aqueous 10% sodium sulfite was utilized to destroy 
excess peroxide and the mixture was poured into water and ex
tracted with chloroform (100 ml) seven times. The combined ex
tracts were washed with water (100 ml), dried, and evaporated to 
afford crude oily alcohols.

The crude alcohol mixture was taken up in 150 ml of dry acetone 
and cooled to 0°. Jones reagent25 was introduced dropwise until 
excess oxidant was present for 30 min after the last addition. Iso
propyl alcohol was utilized to destroy excess oxidant and the mix
ture was poured into ether-saturated sodium chloride. The aque
ous layer was extracted with ether twice (100 ml) and the com
bined organic solutions were washed with water (50 ml) twice and 
saturated sodium chloride. Evaporation of the solvent after drying 
over anhydrous magnesium sulfate and fractionation under vacu
um afforded a mixture of cis- and trans- 10-methyl-l-decalone 
(12.95 g, 60%); bp 70° (0.35 mm) [lit.7 bp 72-73° (0.7 mm)]; ir 1710 
cm-1; NMR (CCI4) 5 1.05 (s, 3) cis, 0.80 (s, 3) trans.

10-Methyl-8(9)-octal-l-one (4). cis- and trans- 10-methyI-l- 
decalone (9.95 g, 0.060 mol) was dissolved in 100 ml of carbon tet
rachloride and the mixture was cooled to 0°. Freshly distilled sul- 
furyl chloride (8.91 g, 0.066 mol) was dissolved in 50 ml of carbon 
tetrachloride and the solution was added dropwise to the ketone 
solution over 1 hr. The mixture was stirred for 24 hr and comple
tion was monitored by TLC. The solution was washed with water 
and cautiously with 5% aqueous sodium bicarbonate (until gas evo
lution ceased), dried, and evaporated to a crude mixture of oily 
chlorides. The NMR spectrum of the crude chlorides precluded 
chlorination at the secondary site.

The crude chlorides were taken up in 40 ml of freshly distilled 
quinoline and the mixture was heated at 150° for ~1 hr (moni
tored by TLC), at which time no starting chloride was observed. 
Ether and water were added to the cooled reaction mixture and the 
aqueous layer, after separation, was extracted with ether (50 ml) 
five times. Combined extracts were washed twice with 10% hydro
chloric acid and once with 5% sodium bicarbonate and dried over 
anhydrous sodium sulfate and the solvent was evaporated. Short- 
path vacuum distillation afforded 10-methyl-8(9)-octal-1-one (4, 
8.25 g, 84%), bp 72° (0.3 mm), which was about 90% pure (3% 
SE-30 at 135°V. ir (film) 1680,1630,1260,1225,870, 840, 805 c m '1; 
NMR (CCU) 5 6.50 (t, J = 3.5 Hz), 1.08 (s, 3); uv (EtOH) 243 nm. 
The analytical sample was prepared by preparative VPC. Anal. 
Calcd for CnHieO: C, 80.49; H, 9.76; Found: C, 80.58; H, 9.62.

9(10)-Octal-l-one9 (7). trans- 1-Decalone (30.4 g, 0.2 mol) was 
dissolved in 125 ml of carbon tetrachloride and maintained at 20° 
during the addition of a solution of 32.4 g (0.24 mol) of freshly dis
tilled sulfuryl chloride in 75 ml of carbon tetrachloride dropwise (1 
hr). Evolution of SO2 was noted after a short induction. The mix
ture was stirred at room temperature for ~4 hr, by which time 
TLC showed essentially no starting material. The mixture was 
washed with water and cautiously with 5% sodium bicarbonate and 
saturated sodium chloride. The dried solution was evaporated to 
afford the crude chloro ketone (34.0 g).

The crude ketone with no further purification was dissolved in 
collidine (practical, 75 ml) and heated to reflux under nitrogen for 
approximately 1 hr. The reaction monitored by TLC appeared to 
proceed rapidly at first, then very slowly. Further heating did not 
seem to diminish the starting material markedly; however, the 
yield was lowered. The mixture was cooled and diluted with ether 
(400 ml) and water (200 ml). The organic layer was washed with 
3.5% hydrochloric acid until the pH of the wash was ~2 and then 
5% sodium bicarbonate. The solution was dried over magnesium 
sulfate and evaporated. The crude unsaturated ketone (21 g) was 
chromatographed on silica gel (400 g) in hexane. Elution with 
mixtures o f hexane and benzene afforded pure unsaturated ketone 
(14.6 g, 49%); ir (film) 1665, 1632,1389,1285, 1194 c m '1; NMR, no 
absorption S <7.

c is - and trans-10-Methyl-1-decalone (5) from 9(10)-Octal-
1-one. A solution of lithium dimethylcuprate was prepared by 
dropwise addition of ethereal methyllithium (0.4 mol) to a stirred 
suspension of purified cuprous iodide (38.0 g, 0.2 mol) in 700 ml of 
anhydrous ether at 0° under nitrogen. To this solution was added 
dropwise 9(10)-octal-l-one (12.0 g, 0.08 mol) in 100 ml of anhy
drous ether. The mixture was stored at —20 to 0° for 23 hr, then 
poured into 1000 ml of 10% ammonium hydroxide solution. After 
the salt dissolved, the ether layer was separated and washed with 
10% ammonium hydroxide (100 ml), water (100 ml), and saturated 
sodium chloride, dried over magnesium sulfate, and evaporated to
13.6 g of crude ketone. NMR analysis showed that approximately 
10% starting enone remained. The mixture was chromatographed
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on silica gel (120 g) in hexane; elution with 25% benzene-hexane 
afforded a mixture of the 10-methyl-l-decalones (5, 12.2 g, 91%). 
The cis and trans isomers showed identical retention times with 
those derived from 10-methyl-l-(9)-octalin (5% Carbowax, 180°).

Conjugate Addition o f Isopropenyl Grignard to 10-Methyl- 
8(9)-octal-l-one (4). A solution of isopropenylmagnesium bro
mide was prepared in anhydrous tetrahydrofuran (75 ml) from 960 
mg (0.04 mol) of magnesium turnings and 5.32 g (0.044 mol) of 2- 
bromopropene. The mixture was cooled to —30° and 760 mg (0.004 
mol) of cuprous iodide was added. After this mixture was stirred 
for 1 hr at —30°, a solution of 10-methyl-8(9)-octal-l-one (3.28 g, 
0.02 mol) in 20 ml of anhydrous tetrahydrofuran was added drop- 
wise over 1 hr. After warming slowly to 10° for 2 hr, the mixture 
was quenched with 10% ammonium chloride (pH 8) and the ether 
layer was separated. The ether layer was washed with water, dried 
over anhydrous magnesium sulfate, and evaporated to a yellow oily 
crude ketone mixture. This material was crudely fractionated by 
chromatography on silica gel (100 g) in hexane to afford on elution 
with hexane-benzene (1:1) 2.0 g of ketones (45%). The purified ke
tone mixture was separated into three isomeric ketones by prepar
ative VPC (0.375 in. 20% Carbowax 20M at 170°). Analytical VPC 
(20% Carbowax 20M) indicated the ratio of isomers to be 7:2:1.

The major fraction (10) had ir (film) 1705,1650, 890 cm-1; NMR 
(CC14) S 4.55 (m, 1), 4.43 (br s, 1), 0.81 (s, 3); MS p+ 206. The sec
ond fraction (11) had ir (film) 1705,1650, 890 cm-1; NMR (CCI4) 5
4.71 (br s, 2), 1.20 (s, 3); MS P+ 206. The minor component (12) 
had ir (film) 1705, 1650, 890 c m '1; NMR (CCL,) b 4.71 (br s, 2), 
0.79 (s, 3); MS P+ 206.

Equilibration of Decalones 10 and 11. A solution of sodium 
methoxide in methanol was prepared by dissolving 23 mg (1.0 
mmol) of sodium metal in 10 ml absolute methanol. To 1 ml of this 
solution was added a sample of pure ketone 10(25 mg). After 12 hr 
at room temperature, the ketone was recovered by ether extraction 
(16 mg). VPC analysis (10 ft 5% Carbowax 20M, 150°) showed that 
equilibration had occurred to a mixture of 10 and 11 (~70:30). 
Similarly a pure sample of 11 (10 mg) was equilibrated to a mix
ture of 10 and 11 (~66:34).

Attempted Equilibration of Decalone 12. A pure sample of 
ketone 12 was treated in the manner described above for ketones 
10 and 11. Analysis of the recovered ketone indicated that no de
tectable equilibration had taken place. Allowing the ketone to be 
in contact with the base for 24 hr lowered the recovery but did not 
show any evidence of equilibration. The recovered samples were 
examined by NMR and showed no new angular methyl absorp
tions.

(±)-|3-Gorgonene. A solution of trimethylsilymethylmagnesium 
chloride in 10 ml of dry tetrahydrofuran was prepared from chloro- 
methyltrimethylsilane (140 mg, 1.14 mmol) and magnesium metal 
(30 mg, 1.25 mmol) under nitrogen in the usual fashion. A solution 
of ketone 10 (206 mg, 1.0 mmol) in 2 ml of dry tetrahydrofuran was 
added dropwise at room temperature. The mixture was heated to 
reflux for 18 hr and then cooled and quenched with 10% ammo
nium chloride. The mixture was extracted with ether (25 ml) four 
times. Combined organic extracts were washed with water and sat
urated sodium chloride, dried over anhydrous magnesium sulfate, 
and evaporated to a colorless oily carbinol (240 mg).

This material was dissolved in aqueous acetic acid (3:1) and 
stirred at room temperature for 3 hr. The reaction mixture was di
luted with water and extracted with hexane (20 ml) three times. 
The combined extracts were washed with water, dried over magne
sium sulfate, and evaporated to a crude mixture of olefinic materi
als (86 mg). Purification by chromatography on 25% silver nitrate 
impregnated silica gel in pentane afforded on elution with pentane 
(±)-/3-gorgonene (31 mg, 15%) identical in every respect with an 
authentic sample of (+)-j?-gorgonene: ir (film) 3070, 1645, 1380, 
885 cm "1; NMR (CCI4) 5 4.60 (m, 3), 4.46 (t, J  = 2 Hz, 1), 1.57 (t, J  
= 1 Hz, 3), 0.80 (s, 3).

8,9-Epi-/3-gorgonene (16). A solution of trimethylsilylmethyl-

magnesium chloride (1.14 mmol) was prepared as above in 10 ml of 
dry tetrahydrofuran. A solution of ketone 12 (206 mg, 1.0 mmol) in 
1 ml of dry tetrahydrofuran was added dropwise at room tempera
ture, and the solution was heated at reflux under nitrogen for 5 hr. 
The cooled reaction mixture was quenched with 10% ammonium 
chloride and the products were isolated by extraction with ether 
(50 ml) three times. The combined extracts were washed with 
water, dried over magnesium sulfate, and evaporated to the oily 
carbinol.

The crude material was dissolved in 3:1 acetic acid-water (10 
ml) and stirred for 3 hr at room temperature under nitrogen. The 
mixture was diluted with water and extracted with hexane (30 ml) 
four times. The combined extracts were washed with water, dried 
over anhydrous magnesium sulfate, and evaporated to the crude 
oily olefin. Filtration through a short column of silica gel in pen
tane afforded 130 mg of colorless olefin 16: ir (film) 3080,1645, 990 
cm -1; NMR (CC14) <5 4.63 (br s, 4), 0.78 (s, 3); MS P+ 204. Compar
ison by VPC on 10 ft 20% SE-30 (135°) of 16 and authentic (+)-£- 
gorgonene showed them to be nonidentical.
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Various derivatives of 2-methyl-l-isoquinolone have been synthesized and their fluorescence examined to de
termine how the nature and position of the substituent affect the fluorescence maximum and quantum efficiency. 
An amino or dimethylamino group in the 4 position red-shifts the fluorescence maxima from 383 nm (methanol) 
to 530 or 505 nm, respectively, with some decrease in the quantum efficiency (5-4, 2.6, and 4.7%, respectively). An 
amino group in the 5 position improves the quantum efficiency (15%) but only red-shifts the- fluorescence maxi
mum about 23 nm. 2-Methyl-l-isoquinolone and the 4-amino compound undergo oxidation and/or oxidation-con
densation reactions, some of which have been investigated.

T h e  chem ilum inescence, which results from  the air oxi
dation o f  certain l,l '-b iiso q u in o lm iu m  salts such as 1 in 
basic alcoholic or aqueous alcoholic system s, has been in
vestigated recently.1-3 T h e  lum inescing species are excited, 
fluorescent oxidation products, 2, where X  =  H , O H , or

O R . T h ese com pounds fluoresce in the region 3 8 5 -3 9 0  nm  
w ith fluorescent quantum  efficiencies in the range 4 -7 % .  
B oth  o f these factors are undesirable, however, if  one wants 
to  develop a practical chem ilum inescent system . From  the  
photopic standpoint, the fluorescence m axim um  should be 
in the region around 555 nm . Furtherm ore, since the over
all chem ilum inescence efficiency is a product o f  the chem i
cal excitation efficiency and the fluorescence efficiency, the 
higher the latter, the easier it is to get bright system s with  
high light output. Finally, the chem ical excitation efficien
cy should be larger for products with lower excitation ener
gies if  th e  E yrin g -R a u h u t e ffect holds in  th is case.4 A  study  
was undertaken, therefore, to  determ ine whether and how  
the fluorescence m axim um  and quantum  efficiency were 
affected by kind and position o f substituents on either the  
hetero or benzo rings o f the isoquinolone. T h e  synthesis as
pects were greatly sim plified by m aking this study with d e 
rivatives o f 2 -m eth y l-l-isoq u in olon e  (3). T h e  fluorescence  
o f  the latter is essentially the sam e as that noted for the ox 
idation products from  the l,T -b iisoq u in o lin iu m  salts, 
w hich are n ot easily accessible.

Synthesis and Chemistry. Most of the compounds were 
made by conventional procedures which are outlined in the 
Experimental Section. Several observations, however, are 
worthy of note and discussion.

(a) T h e  preparation o f 3 by the classical m ethod o f D eck 
er,5 nam ely, oxidation o f  2-m ethylisoquinolinium  iodide  
w ith potassium  ferricyanide in basic m edium , consistently  
gave a by-p rodu ct (4) in low yield. C oupling at the 4 ,4 ' p o 
sitions is assigned on the basis o f JH  N M R  evidence.

(b) Solid  3 is air oxidized at room  tem perature to  the  
triketo com pound 5. T h e  sam e com pound has been pre-

0

3

0
5

viously reported as being form ed by air oxidation o f  2 - 
m eth yl-3-isoqu in olon e6 as well as b y  d ichrom ate-sulfuric  
acid oxidation o f  l,2 ,3 ,4 -tetra h yd ro -2 -m eth y l-4 -isoq u in o - 
lone.7

(c) 2 -M e th y l-l-iso q u in o lo n e  undergoes electrophilic a t 
tack in the 4  position with great ease, as previously o b 
served by H orning, Lacasse, and M uchow ski.8 F or exam ple, 
it has been found that nitration can be effected  rapidly and  
exotherm ically at 2 5 °  with 8 N  nitric acid to  yield 4 -n itro - 
2 -m eth y l-l-isoq u in olon e  (6). O n the other hand, nitration  
in 96%  sulfuric acid at 5 °  with potassium  nitrate yields ap 
proxim ately equal am ounts o f 5 - and 7 -n itr o -2 -m e th y l-l-  
isoquinolone (7 and 8) together with som e o f the 4 isom er
(6) and a m inor am ount o f  4 ,7 -d in itro -2 -m e th y l-l-iso q u in o - 
lone (9). T h e  species being nitrated in this case is probably  
the protonated am ide rather than the neutral species as in 
the aqueous nitric acid system s. T h ese results are consis
te n t w ith those reported by K aw azoe and Y osh ioka9 for the  
nitration o f isocarbostyril in sulfuric acid with potassium  
nitrate. N itration  at the 4 position is also rapid w ith 5 - 
n itro -2-m eth yl-l-isoq u in o lon e  (7) in 16 N  nitric acid at 
3 0 -3 5 ° .

(d) 2 -M eth yl-l-iso q u in olo n e  shows enam ine character in 
th at it can be alkylated in the 4 position (heating w ith b en 
zyl brom ide).

(e) Like other 1,2-dihydroisoquinoline derivatives,10 2 - 
m eth y l-l-isoq u in olon e  and benzaldehyde condense in the  
presence o f  concentrated hydrochloric acid; attack is again  
in the 4  position.

(f) A lthough both 5 - and 7 -n itro -2 -m eth y l-l-iso q u in o l-  
one (7 and 8) are catalytically hydrogenated (A d am s’ cata
lyst) in alcoholic hydrochloric acid to the corresponding  
am ines w ithout difficulty, the reduction o f the 4  isom er (6) 
under sim ilar conditions is m ore com plicated, because of 
the reactivity o f 4 -a m in o -2 -m eth yl-l-iso q u in olo n e  (10). 
T h e  triketo com pound (5) was consistently form ed in 1 5 -  
20%  yield. O ther evidence o f  the instability is the observa
tion that 4 -am in o -2 -m eth yl-l-iso q u in olo n e  hydrochloride
(11) is no longer com pletely water soluble after being  
stored for a m onth  in a desiccator. Sam ples in tightly sto p 
pered bottles slow ly lose their water solubility. T h e  triketo  
com pound (5) precipitates from  aqueous solutions o f the  
am ine hydrochloride after several days at 2 5 °.

In addition to  5 , w hich is an oxidation-hydrolysis prod
uct, interm olecular condensation products such as the  
poorly soluble, h igh-m elting pyridazine derivative (12) are
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T a b le  I
S u b stitu te d  2 -M e th y l-l -is o q u in o lo n e s

Com pd Position and substituent(s)- E m pirical form ula Mp, °C Recrystn solvent

3 Unsubstituted CioHsNO* 56.5^57.5® 3:1 cyclohexane- 
benzene

18 4-C1 C 10H8C1NOa 132—134 Cyclohexane
17 4 -B r C 10H8BrNO! 1 2 9 -13 06 Cyclohexane
19 4-1 CioHgINO1 126 .5 -12 7 .5 Ethanol
20 4-C N C,iH 8N2O ft 197.5—198.5® Ethanol
21 4 -C O zH CnHgNOa* 2 7 0 .5 -27 1 .5  dec Ethanol

6 4 -N 0 2 C i0H8N 2O3'! 1 6 1 .5 -16 2 .5“ 7:3 cyclohexane- 
benzene

7 5 -N 0 2 C i0H8N2O3* 116-117 Water
8 7 -N 0 2 C 10H8N 2O3a 214-216 Ethanol

25 4 ,5 -D i -N 0 2 • H20 c 10h 9n 3o 6'1 2 2 0 .5 -22 1 .5 Ethanol
9 4 ,7 -D i -N 0 2 C i0H7N3O 5ä 294-296 DMF—ethanol

15 4 -B r -7 -N 0 2 C 10H7BrN2O3! 254-256 dec Ethanol
10 4-N H 2 C i0H10N2Of 117-119 Benzene
11 4-N H 2 • HC1 CisHiiClN2O i 235—237® Ethanol—ether

4-Salicylam ino C 17H16N20 2,i 155-156 Cyclohexane
23 5-N H 2 C i0H10N2O* 138-140 3:2 benzene- 

cyclohexane
22 5-N H 2 • HC1 CtoHuClNjO* 261-263 2 -  Propanol—H20  

Ether
5 -C 6H5NHCSNH C 17H15N3OS* 208-209 Ethanol

16 7-N H 2 • HC1 • H20 c 10h 13c i n 2o / 265-270  dec Absolute Ethanol
7-N H 2 * picrate C j6h 13n 5o / 254—255 dec Ethanol

26 4 ,5 -D i-N H 2 • 2HC1 • 
2HzO

C 10H17C l2N3O3‘ 266-270 Ethanol—Ether

27 4-(C H 3)2N • HI c 12h 15i n 2o * 209-211 dec Absolute Ethanol
28 3-C H 3- 4 - N 0 2 C h H10N2O / 151 Ethanol
29 3 -C H ,-4 -N H ,-H C 1  • 

0.5H 2O
(ChH^CIN-jO ^ O 1 25 0-26 0  dec Ethanol

3 0 4 -C 6H5CH2 C i7H15NOft 9 9 .5 -1 0 0 .5 Cyclohe-.ane
31 4 -C 6H5C s C/ C i8H13NOft 12 6 .5 -130 .5 Cyclohexane

“ Reported mp 57°: A. Albert and J. N. Phillips, J. Chem. Soc., 1294 (1956). b E. Bamberger and W. Frew, Ber., 27, 198 (1894), reported
mp 132° for the product obtained when 2-methyl-l-isoquinolone was brominated in chloroform; the position of substitution was not estab
lished. Also see ref 8. c Reported mp 198°: G. Thuillier, B. Marcot, J. Cruanes, and P. Rumpf, Bull. Soc. Chim. Fr., 4770 (1967); also 
reported in ref 8, 197-199° .d Reported (ref 8) 163-165°.® Resolidifies, then decomposes at 270-290°. f Both parent and base peak in the mass 
spectra were at m/e 259; calcd mol wt, 259. e Satisfactory analytical data (±0.4%) were reported for N. h Satisfactory analytical data 
(±0.4%) were reported for C, H, N, and Hal (if present).1 Satisfactory analytical data (±0.4%) were reported for N and Hal.

recovered from  reactions involving the free 4 -a m in o -2 - 
m eth y l-l-isoq u in olon e . O ne possible route to  12 involves an  
intermediate oxidation stage, analogous to 5, which then 
condenses w ith another m olecule o f 10, follow ed by oxida
tion to  yield  12.

0
12

T h e  structure o f 12 is based on the elem ental analysis, 
m olecular w eight determ ination, and 1H  N M R  data. A n 
other closely related product, 13, which appears to  have the

follow ing structure, was also isolated from  reactions involv
ing the free base. T h is  structural assignm ent is m ade rather 
than the isom eric 14 (which is d ih yd ro -12) largely because

0

13 14

the 1H  N M R  spectrum  (two m ore protons than in 12) 
shows (1) two kinds o f m ethyl groups, one o f w hich is a 
doublet th a t coalesces to  a singlet when D 2O is added, rath 
er than one type o f  m ethyl group as should be expected in 
14; (2) one exchangeable N H  group rather than two; and
(3) a singlet (one proton) at 8 8 .77  w hich is sim ilar to the  
chem ical shift seen for the protons in the hetero ring o f  
quinoxaline (0 8 .86 ). T h e  infrared spectrum  o f  13 also 
shows two types o f  carbonyl absorption (12  has only a sin
gle carbonyl stretch and one w ould expect 14 to  behave  
sim ilarly). In addition, the m ass spectral fragm entation  
pattern for 13 is very com plex w hen com pared with that for
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Table III
Electronic Spectra of Compounds

Emission

'om pd Substituent Solvent

Absorption0 peaks peaks, nm peaks, nm
Quantum

yield&A, nm 6 X 10" 3 A, nm 6 X 10 3 1st 2nd 1st 2nd

A. 2 -M eth y l-l--isoquinolones
3 CHjOH 325 3.2 288 6.2 325 288 368 383 0.054

17 4 -B r CH3OH 326 5.4 294 9.8 322 291 395
4-HO CHjOH 313 2.1 254 9.2 (3 55)c 415
4 -C 6H5CO CHjOH 359 403 Low

11 4-N H 2 • HC1 CH3OH 318 6.3 290.5 8.1 310 513 530 0.027
11 4-NH2 • HC1 HjO 305 3.9 310 530 0.026
11 4-NH2 * HC1 H20  + NaOH 305 295 310 529
11 4-N H 2 • HC1 CH3CN 322 295 410 428
11 4-N H 2 • HC1 c 6h g 317 500
22 5-NH2 • HC1 c h 3o h 346 8.7 300 12.2 345 304 406 0.15
16 7-NH2 • HC1 CH30H 332 2.5 292 8.0 344 298 456 0.076
26 4,5-D iN H 2 • HC1 CHjOH 326 4.0 255 325 255 427 0.068
27 4-(C H 3) 2N • HI CHjOH 305 11.8 265 5.5 310 505
27 4-(C H 3) 2N • HI CHjOH + NaOH 502 0.047
27 4-(C H 3) 2N • HI CH3CN 314 525
27 4-(C H 3) 2N • HI CH,CN +  2%CH3OH 314 525
27 4-(C H 3) 2N • HI c 6h 6 316 490
31 C 6H5C ^ C CHjOH 309 18.2 257 16.2 310 257 420

B . Related Compounds
Isoca rb ostyril CHjOH 318 367á 382
Isoca rb ostyril 0.01 M  NaOCHj 318 268 320 281

in CHjOH
5 CHjOH 1.3 417

32 jV-Methylnaph- CHjOH 367 337 1.7 340 506 525 0.086
thostyril

32 V-M ethylnaph- h 2o 367 506 525
thostyril

33 V-M ethylphe- CHjOH 325 362 378
nanthridone

“  Molar absorbance, e, in 1. m oL 1 cm-1 . b Under air (700 Torr) vs . quinine as 0.55. c It seems likely that this emission is due

0.07

0.26

0.27

purity. a Reported21 369 mm (95% ethanol).

Table IV
Phosphorescence Relative to Fluorescence of Certain Isoquinolones

In benzene In methanol

Compd 25° Fluor -1 9 6 °  Fluor -1 9 6 ° Phos 25° Fluor —196° Fluor -1 9 6 °  Phos

3 Violet V iolet Y ellow -green V iolet B lue-green
11 B lue-v io let Blue Y ellow -green Y ellow Y ellow -green
22 B lu e-v io let B lue-v iolet Y ellow -green
27 Y ellow -green Y ellow -green Y ellow -green

Discussion
Fluorescence Theories. The enhancement of molecular 

fluorescence has mainly been a pragmatic procedure. A few 
general ideas have been developed and are presented in a 
recent book on laser dyes.20 Certainly the amino group is 
the major substituent for enhancing fluorescence. Schafer20 
discusses molecular fluorescence in terms of the length L of 
a 7T electron cloud associated with a chain of conjugated 
double bonds. The absorption maximum wavelength is 
given by

where N  is the number of tt electrons. Adding amino 
groups at the ends of the chain increases L without increas
ing N, thus increasing X substantially.

The molar absorbance is generally increased by the addi
tion of amino group auxochromes. This is often paralleled 
by an increase in the fluorescence quantum yield. In long- 
chain compounds the direction of L is simple to determine. 
In polycyclics, there seem to be more than one axis, each 
with its own L and X. Furthermore, linear polycyclics like 
anthracene act longer than phenanthrene where the rings 
are angular.

In heterocyclics and compounds with carbonyl groups 
the 7r electron clouds are skewed in relation to the geomet
ric axes. One way to find the ends of the axes might be to 
place amino groups in various positions and note the effect.

However, with heterocyclic compounds there is another 
effect having to do with n,7r* and w,ir* transitions in the 
singlet manifold. The former is much more likely to give in
tersystem crossing to the triplet. Any molecular change 
which lowers the relative energy of the (-7r,7r*) Si* state will
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therefore enhance the fluorescence while decreasing the 
phosphorescence.

Although our results can be explained by the “ theories” 
stated, there is really not enough data and too much leeway 
in the theories to make a real test. The pertinent possibili
ties will be pointed out below.

Phosphorescence and Fluorescence. Visual examina
tion of the phosphorescence in a few o f the isoquinolones 
was made by freezing methanolic solutions in liquid nitro
gen. Table IV shows the results. The phosphorescence was 
quite long lived and could generally be distinguished from 
fluorescence by moving a solution away from the exciting 
uv lamp.

Compound 3 shows the expected red shift of phosphores
cence from fluorescence. The shift was larger in benzene 
than in methanol.

Compound 11 acts much like 3 in benzene, showing a red 
shift of phosphorescence. However, in methanol it fluo
resces in the yellow. The phosphorescence is then to the 
blue side of the fluorescence. This surely means that the 
excited singlet either forms some sort of exciplex or is pro- 
tonated before emitting. The triplet in solid methanol pre
sumably cannot form a similar exciplex. The fluorescence 
from the solid could not be seen since the phosphorescence 
competed with it in brightness.

Compound 22 was much like 3, while 27 was much like 
11. Both 22 and 27 decomposed before the measurements 
were completed.

The large phosphorescence of all these compounds indi
cated that the fluorescence quantum efficiency was not 
very high.

Impurities and Decomposition. The fluorescence stud
ies showed the presence of fluorescent impurities in some 
of the isoquinolones and of instability (oxidation or decom
position) in their solutions. For the important compounds 
it was necessary to repurify and to resynthesize samples 
just prior to use in order to repeat results. Impurities which 
show up in fluorescence spectra can be maximized or mini
mized by shifting the excitation wavelength. The size of an 
impurity peak depends not only upon its concentration, 
but upon its quantum yield and absorbance relative to the 
major compound.

Compound 3 was pure and relatively stable as a solid and 
in alcohols or water for weeks. Eventually it air oxidizes to 
give 5.

Compound 11 showed a small extraneous fluorescence at 
315 nm when excited at 290 nm. It decomposed as a solid 
within a few months and in alcoholic solution within sever
al days. In acetonitrile (AN) it seemed to react very rapid
ly. Upon dissolution in 02-free AN there were two fluo
rescent bands around 420 and 490 nm. These bands then 
disappeared within hours. Oxygenated AN caused a differ
ent pattern which was not further examined.

Compound 22 showed a fluorescent impurity at 493 nm 
when excited at 300 nm. This impurity peak did not show 
during excitation at 347 nm. Solutions were stable for a few 
days and the solid decomposed slowly.

The 7-amino isomer, 16, was pure and stable in solution 
for short periods. The excitation peaks are inaccurate since 
they were measured in a concentrated solution.

The 4,5-diamino compound, 26, had a very small fluo
rescent impurity peak at 350 nm. The 4-dimethylamirio de
rivative, 27, was initially pure, but it decomposed before 
measurements were completed.

Like the amino compound, 4-hydroxy-2-methyl-l-isoqui- 
nolone was unstable (and hence impure). The 4-benzoyl de
rivative also appeared to contain small amounts of fluo
rescent impurities. Hence the results for these are uncer
tain.

By way of contrast, derivatives such as the 4-bromo (17) 
or 4-phenylethynyl (31) were both pure and stable from a 
fluorescence standpoint.

Fluorescence Results. Table III shows the data gath
ered on fluorescence. A spectrum of the parent compound 3 
has been published earlier.2 Here only the peaks of absorp
tion and emission are given. The molar absorbance, e, is 
given at the peaks where

A =  ic  ~  log 70/7

and A is the optical density read on the Turner used as a 
double beam spectrometer.18

The quantum yields were calculated using the formula

Q =  Q. tàÂeatinst/ \

The general procedure has been described before.19 With 
the unstable compounds all the measurements were made 
within a few hours of preparing the solutions.

Quenching studies with O2 were done by deaerating the 
solutions in a N2 box and running a spectrum in cuvettes 
sealed with Teflon caps. Then spectra were run with the 
caps removed from the cuvettes and finally with oxygenat
ed solutions. This gave us points at 0, 147, and 700 Torr of
O2. The Stern-Volmer equation

F  = F ,
1 +  K P h

was used to calculate the quenching constant K  from the 
emission peak heights without oxygen, F0, and with oxy
gen, F.

Examination of the fluorescence results in Table III 
shows that every substitution on the parent, 3, caused some 
red shift of the emission with the possible exception of ben
zoyl. However, the effect was relatively small with the 
groups 4-bromo, 5-amino, 4-benzoyl, and 4-hydroxy. Other 
amino groups had a much more pronounced effect. For ex
ample, the 4-amino compound 11 had a Stokes shift of 203 
nm in methanol. Part of this may be due to a different 
mechanism in the excited state. That is, excited 11 proba
bly forms an exciplex, which may also account for the lower 
quantum yield. A similar Stokes shift is observed with the
4-dimethylamino group in compound 27 but the quantum 
yields are not lowered as much with this methylated amine.

Amino groups on the 5 or 7 position show much less ef
fect on the Stokes shift, but do increase the quantum yield 
of fluorescence. 3-Amino-2-methyl-l-isoquinolone was pre
viously reported21 to fluoresce at 456.5 nm in 95% ethanol.

Compound 26, 4,5-diamino-2-methyl-l-isoquinolone, 
was prepared to see whether it would show both a large 
Stokes shift and a large quantum yield increase. The result 
was a moderate shift and a moderate increase. Clearly the 
groups on the 4 and 5 position interact and as a conse
quence the effects are not additive.

Several compounds related to 3 were also examined. Iso- 
carbostyril or isoquinolone has the same emission peaks as 
3, showing that the TV-methyl group has little effect. The 
main air oxidation product of 3, namely 1,2,3,4-tetrahydro- 
2-methyl-l,3,4-trioxoisoquinoline (5), fluoresces at 417 nm; 
5 does not appear to be an impurity in the sample of 3 
while fluorescence was measured. IV-Methylphenanthri- 
done (33) can be viewed as 3 with a longer group fused onto 
the 3,4 position. As such it is the only substituted isoquino
lone examined which showed a blue shift of the emission 
peaks. On the other hand, IV-methylnaphthostyril (32) 
fluoresced in about the same region as the 4-amino-2- 
methyl-l-isoquinolone.

One hope for increasing the fluorescence quantum yield
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is to lower the energy of the ir,ir* transition below that of 
the n,7r* transition. This would decrease singlet-triplet 
crossover and decrease phosphorescence. Since strong 
phosphorescence was always observed, none of the substi
tutions examined accomplished this energy inversion.

Compounds 11 and 27 in particular show large red shifts, 
which suggest that the axis of L in eq 1 goes near the 4 po
sition. This axis must be for an n,ir* transition based on the 
argument in the foregoing paragraph. There should be an
other axis for the tc,tc* transition which presumably goes 
near the 6 position. It is unfortunate that a 6-amino com
pound was not available for testing this idea.

These two amino compounds, 11 and 27, are much more 
strongly quenched by oxygen than is 3. The Stern-Volmer 
constant K  = kqr, where kq is the quenching rate constant 
and t  the excited-state lifetime. It is possible that the 
amino compounds have a longer lifetime, r, than 3. How
ever, it would be expected that they would form stronger 
charge transfer complexes with O2 and thus have a larger 
kq and no change of t.

There are some differences between 11 and 27. For ex
ample, the dimethylamino group in 27 effects a smaller red 
shift in fluorescence than does the amino group in 11 (both 
compared with 3) but at the same time causes less of a de
crease in quantum yield.
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Lithium Aluminum Hydride Reduction of Terpene Sultones
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Lithium aluminum hydride reduction of camphene sultone, 10-isobornyl sultone, and 6-bornyl sultone yield, 
depending on exact conditions, sulfinate esters, mercapto alcohols, or sulfur-free alcohols. Mercaptans are slowly, 
and sulfides even more slowly, converted to hydrocarbons by lithium aluminum hydride at 100°.

During an investigation of the chemistry of camphene 
sultone ( l)2 it was discovered that desulfurization to cam
phene hydrate (5) took place on reduction with lithium alu
minum hydride. The desulfurization reaction not only pro
vided a powerful method for structural and stereochemical 
elucidation,2 but also permitted the facile synthesis of bor- 
nane derivatives3 and the selective introduction of a deute
rium atom into the bornane and camphane ring systems.2 
We have now examined the lithium aluminum hydride re
duction of terpene sultones in greater detail and wish to re
port that in addition to the sulfur-free alcohol, cyclic sulfi
nate esters and mercapto alcohols are also produced.

Camphene Sultone. Treatment of camphene sultone (1) 
with an excess of lithium aluminum hydride in THF at re
flux for 6 hr, followed by work-up with aqueous hydrochlo
ric acid, gave 33% of camphene sulfinate ester (2), 18% 9- 
mercaptocamphene hydrate (3), 45% of 9-mercaptocam- 
phene (4), 1% of camphene hydrate (5), and 3% of cam
phene. Camphene and 9-mercaptocamphene (4) were not 
present to any appreciable extent in the crude product, but 
were formed in varying amounts by dehydration of 3 and 5 
during GLC isolation.

The structure assigned camphene sulfinate 2 was based 
on elemental and mass spectral analysis, which confirmed a
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m olecular form ula o f  C 10H 16O 2S. Characteristic sulfinate  
ester4 absorption was shown at 8 .80  p,5 while the N M R  
spectrum  was sim ilar to  th at o f  cam phene sultone (1). 
Chrom ic acid oxidation o f 2 using the Jones procedure7 
gave cam phene sultone (1).

10-Isobornyl Sultone. R eduction o f  10-isobornyl su l
tone (6) w ith 1 .1 -2 .0  equiv o f  lith ium  alum inum  hydride in 
ether, follow ed by an acidic w ork-up, gave 10-isobornyl su l
finate (7) in good to  excellent yield. W h en  the reduction  
was carried out for 44  hr in T H F  at reflux, 10-m ercaptoiso- 
b o m eo l (8) becam e the m ajor product.

10-Isobornyl sulfinate (7) displayed sulfinate ester ab 
sorption at 8 .80  p and an N M R  spectrum  sim ilar to  th at of

CH,-
/■so.

L iA lH ,

sultone 6 . T reatm en t o f 7 w ith potassium  hydroxide and  
then  m eth yl iodide afforded 10-m ethylsulfonylisoborneol
(9) w hich was converted b y  Jones oxidation7 to  10-m eth yl- 
sulfonylcam phor (10).

10-M ercaptoisoborneol (8) p ro v e d 'to  be identical with  
one o f  the alcohols obtained b y  sodium  borohydride reduc
tion  o f  10-m ercaptocam phor (11). T h e  N M R  spectrum  o f  
10-m ercaptoisoborneol (8 )  showed an apparent triplet at 
3 .88  p p m  for the 2 -en do hydrogen and singlet m ethyl sig
nals at 0 .83  and 1.03 p pm . 10-M ercaptob orn eol (12) dis
played a characteristic eight-line pattern for the 2 -exo  pro
ton  at 4 .25  p pm  and a singlet at 0 .9 0 _ppm  for the g e m -d i
m eth yl group.

6-Bornyl Sultone. L ith iu m  alum inum  hydride reduc
tion  o f  6 -born yl sultone (13 )3 gave, depending on the exact 
conditions, 6 -born yl sulfinate (14 ), 6 -en do -m ercap tob or- 
neol (15 ),3 and borneol (18). O xidation o f sulfinate 14 a f
forded sultone 13, while treatm ent w ith base and m ethyl 
iodide gave 6 -en do-m eth ylsu lfon ylborn eol (16 ), w hich was 
oxidized to  6 -en do-m eth ylsu lfon ylcam p h or (17).

LiAlH ,

OS---------- 0
I

0
13

Discussion
L ith iu m  alum inum  hydride reduction o f terpene sul

tones, follow ed b y  an acid w ork-up, affords a m ixture o f  
sulfinate ester, m ercapto alcohol, and sulfur-free alcohol. 
R eduction  o f  6 -born yl sultone (13) w ith an excess o f h y
dride was follow ed b y  rem oving, hydrolyzing, and analyzing  
aliquots at different tim e intervals. Sulfinate ester 14 form s  
initially, b u t is then  consum ed as the proportion o f m er
capto alcohol 15 rises to  a m axim u m  and then dim inishes  
as the am ount o f  borneol (18) increases. B y  controlling the  
concentration o f  hydride, tem perature, and reaction tim e, 
any one o f  the three products can be m ade to  predom inate.

T h ese observations suggest th at hydride initially attacks 
at the sulfur atom  o f  the sultone to produce an alkoxy su lfi
nate 20 , w hich is slow ly reduced to  an alkoxy m ercaptide  
21 . T h e  m ercaptide 21 is reduced even m ore slow ly to  22.

T h e  neighboring alkoxide appears to  play a role in facili
tating the desulfurization step ,8 since under com parable  
conditions the desulfurization o f m ercaptans is extrem ely  
slow. F or exam ple, the conversion o f dodecylm ercaptan to
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M =  Li+ or — A1— H

20

M M 
21

dodecane using lithium aluminum hydride in THF at 65° 
has a half-time of approximately 115 hr. In dioxane at 100° 
complete desulfurization requires 96 hr.

Sulfides are also desulfurized by lithium aluminum hy
dride at 100° using dioxane as a solvent, albeit the rate is 
extremely slow (70% conversion to hydrocarbons after 19 
days).

The participation of the neighboring alkoxide is also in
ferred by the production of 6-endo-deuterioborneol (23) in 
low yield on reduction with lithium aluminum deuteride.

0
13

The endo configuration of the deuterium was indicated by 
the presence of an eight-line NMR signal for the exo C-2 
proton. This observation requires the presence of an exo 
C-6 proton which has the proper “ W ” relationship for long- 
range spin coupling.

E x p erim en ta l S e c tio n 9

Lithium Aluminum Hydride Reduction of Camphene Sul- 
tone (1). A solution of 2.88 g (13.4 mmol) of camphene sultone 
( l )10 in 20 ml of dioxane was added to a slurry of 2.0 g (51 mmol) of 
lithium aluminum hydride in 20 ml of dioxane. The mixture was 
heated at reflux for 6 hr and cooled, and water was added careful
ly. The precipitated salts were dissolved by adding 10% hydrochlo
ric acid and the mixture was extracted with ether. The ether was 
removed and the products were separated by GLC. Camphene 
(3%) and camphene hydrate (1%)11 were not isolated, but their 
presence was indicated by coincidence of GLC retention times 
with those of authentic samples. 9-Mercaptocamphene (4, 45%) 
was a liquid: ir 3.9, 6.05, and 11.35 p; NMR (CCR) 1.10 (s, 3, CH3),
4.52, and 4.75 ppm (s, C=C H 2); mass spectrum m/e (rel intensity) 
168 (37), 153 (9), 140 (12), 135 (14), 121 (100), 93 (89), 79 (55).

Anal. Calcd for Ci0HleS: C, 71.36; H, 9.58; S, 19.05. Found: C, 
71.48; H, 9.78; S, 19.11.

3-Mercaptocamphene hydrate (3, 18%) was a liquid: ir 2.85, 3.9, 
and 9.05 M; NMR (CCD 0.99 (s, 3, CH3), 1.21 (s, 3, CH3), 1.40 (X  of 
ABX, 1, -C H 2SH), 1.72 (d, 1, OH), 2.36 and 2.92 ppm (A and B 
portions of ABX, 2, J,\x = 8, Jbx = 7, J a b  = 13 Hz, -CH 2SH);

mass spectrum m/e (rel intensity) 168 (12), 153 (27), 152 (56), 135
(20), 121 (14), 109 (73), 93 (24), 43 (100).

Anal. Calcd for C10Hi8OS: C, 64.46; H, 9.74. Found: C, 64.69; H,
9.56.

Camphene sulfinate (2, 33%) was further purified by sublima
tion in vacuo and showed mp 145°; ir 8.8 n (—SO2—); NM R (CCI4)
I. 33 (s, 3, CHS), 1.50 (s, 3, CH3), and 2.98 ppm (s, 2, -C H 2S 0 2); 
mass spectrum m/e (rel intensity) 200 (9), 136 (43), 121 (79), 109
(30), 107 (46), 95 (46), 93 (100), 67 (46), and 43 (65).

Anal. Calcd for C10H16O2S: C, 59.92; H, 8.05; S, 16.01. Found: C, 
59.99; H, 8.14; S, 15.77.

Oxidation of Camphene Sulfinate (2) to Camphene Sultone 
(1). A solution of 144 mg (0.72 mmol) of camphene sulfinate (2) in 
acetone was titrated with 0.30 ml (0.80 mmol) of Jones reagent.7 
After 1 hr several drops of isopropyl alcohol were added, the mix
ture was filtered, and the filtrate was diluted with water and ex
tracted with ether. The ether was dried (MgSCD and removed, 
leaving an oil which was sublimed to give 86 mg (55%) of crystal
line camphene sultone (1), mp 133-1350.2

10-Isobornyl Sulfinate Ester (7). A solution of 8.0 g (37 mmol) 
of 10-isobornyl sultone (6) in diethyl ether was added slowly to a 
stirred slurry of 2.88 g (74 mmol) of lithium aluminum hydride in 
ether. The mixture was refluxed for 45 hr and cooled, and the ex
cess hydride was decomposed by the slow addition of saturated so
dium chloride solution. The salts were separated by filtration, 
washed with ether, and dissolved in dilute hydrochloric acid. The 
acidic solution was extracted with ether. The ether extract was 
dried and evaporated to leave 5.26 g of crude sulfinate ester. An 
analytical sample of 7 was obtained by preparative TLC (silica gel 
PF-254, 10% ether-hexane) followed by GLC using a SE-30 col
umn at 190°: mp 145-148°; ir (CCD 8.80 (-SO2-), 9.08, 10.1, and
II. 65 n; NMR (CCI4) 0.89 and 0.92 (s, 6, CH3), 1.0-2.25 (m, 7), 2.50 
and 3.33 (AB q, 2, J  = 14.2 Hz, -CH 2SO2-), and 5.08 ppm (m, 1, 
Jax = 7.5, Jbx = 3.8 Hz, -CHOSO-); mass spectrum m/e (rel in
tensity) 200 (1.4), 136 (33), 121 (72), 107 (46), 93 (100), 79 (44), 67
(40), and 41 (73).

Anal. Calcd for CX0H16O2S: C, 59.92; H, 8.05; S, 16.01. Found: C, 
59.89; H, 8.01; S, 15.67.

GLC analysis of the material isolated from the original ether fil
trate, as well as the sulfinate ester isolated from the salts as de
scribed above, indicated the formation of 70% of sulfinate ester 7, 
9% of 10-mercaptoisoborneol (8), and 21% of isoborneol (19).

10-Methylsulfonylisoborneol (9). A 4.1-g sample of a mixture 
of sulfinate ester 7, sultone 6, 10-mercaptoisoborneol (8), and iso
borneol (19) was suspended in water and treated with 1.2 g of po
tassium hydroxide and 2.9 g of methyl iodide. The mixture was ex
tracted after 2 hr with ether and the ether was removed to leave a 
small amount of oil whose ir spectrum indicated the presence of 
isoborneol and sultone 6. Another 100 mg of potassium hydroxide 
and 3 g of methyl iodide were added to the aqueous phase, which 
was then stirred at ambient temperature for 24 hr and extracted 
with ether. The ether extract was washed with saturated sodium 
bisulfite and saturated salt solutions, dried, and evaporated to give
1.3 g (27%) of 10-methylsulfonylisoborneol (9). An analytical sam
ple was obtained by sublimation in vacuo: mp 95-97°; ir (CCI4) 2.8,
7.65, 8.85, 9.3, 9.5,10.4, and 11.4 M; NMR (CDC13) 0.84 and 1.08 (s, 
6, CH3), 1.3-2.0 (m, 7), 2.98 (s, 3, S02CH3), 3.12 (s, 1, OH removed 
by addition of trifluoroacetic acid), 2.93 and 3.48 (AB q, 2, J  = 13.5 
Hz, -CH 2SO2), and 4.12 ppm (broad t, 1, -CHO); mass spectrum 
m/e (rel intensity) 232 (0.1), 153 (74), 135 (83), 109 (100), 108 
(100), 107 (71), 94 (49), 93 (99), and 41 (90).

Anal. Calcd for CnH20O3S: C, 56.86; H, 8.68; S, 13.80. Found: C, 
57.20; H, 8.64; S, 14.05.

10-MethylsuIfonylcamphor (10). To a solution of 430 mg of
10-methylsulfonylisoborneol (9) in 5 ml of purified acetone was 
added 0.7 ml of Jones reagent.7 The excess oxidant was destroyed 
with isopropyl alcohol, the solution was diluted with 15 ml of 
ether, and anhydrous sodium sulfate was added. The ether solu
tion was separated and distilled in vacuo to give 425 mg of solid. 
Recrystallization from hexane gave 318 mg (74%) of 10-methylsul- 
fonylcamphor (10): mp 79.5-80.5°; ir (CCI4) 5.75, 7.6, and 8.8 ¡i\ 
NMR (CCD 0.90 and 1.08 (s, 6, CH3), 1.3-2.7 (m, 7), 3.02 (s, 3, 
-S 0 2CH3), and 2.77 and 3.38 ppm (AB q, 2, J = 16 Hz, -CH2S 0 2-); 
mass spectrum m/e (rel intensity) 230 (0.6), 151 (75), 123 (49), 
109 (100), 107 (30), 93 (29), 81 (80), 67 (49), 55 (36), 43 (34), and 41 
(57).

Anal. Calcd for CnHi80 3S: C, 57.36; H, 7.88; S, 13.92. Found: C, 
57.08; H, 8.00; S, 13.84.

10-Mercaptoisoborneol (8). To a solution of 502 mg (2.3 
mmol) of 10-isobornyl sultone (6) in 8 ml of dry THF was added



2.55 ml of a 1.0 M  (2.55 mmol) solution of lithium aluminum hy
dride in THF. The solution was heated at reflux and aliquots were 
periodically withdrawn, treated with water and dilute hydrochloric 
acid, and extracted with ether, and the ether solution was then an
alyzed by GLC (SE-30 column). The yield of 10-mercaptoisobor- 
neol rose to 40% after 44 hr. A sample of 8 isolated by GLC proved 
identical with an authentic sample of 8 prepared by reduction of 
10-mercaptocamphor (11) as described below.

Sodium Borohydride Reduction of 10-Mercaptocamphor 
(11). A solution of 10 g of 10-mercaptocamphor,12 mp 65.5-67°, 
and 720 mg of sodium borohydride in 50 ml of ethanol was kept at 
ambient temperature for 24 hr and then poured int'o water and ex
tracted with ether. The ether was dried and removed to leave 9.2 g 
of colorless oil which slowly solidified.

A 4.1-g portion of the crude product was chromatographed on 
100 g of silica gel using 5% ether-hexane as eluent. 10-Mercapto- 
isoborneol (8), 1.93 g, eluted first and after sublimation in vacuo 
showed mp 71.5-73°: ir (mull) 2.9, 3.9 ju; NMR (CC14) 0.83 and 1.03 
(s, 6, CH3), 1.11 (X  of AMX, 1, J ax = 9, J Mx  = 6 Hz, SH), 2.25 (s, 
1, OH), 2.46 and 2.79 (AM of AMX, 2, J am = 12.5 Hz, -CH 2S), and
3.88 ppm (broad t, 1, -CHO); mass spectrum m/e (rel intensity) 
186 (0.5), 168 (24), 153 (7), 152 (10), 135 (32), 121 (21), 109 (27), 
108 (100), 95 (58), and 93 (42).

Anal. Calcd for CioHigOS: C, 64.46; H, 9.74; S, 17.22. Found: C, 
64.57; H, 9.64; S, 17.29.

After collecting a mixture of 10-mercaptoisoborneol and 10-mer- 
captoborneol, 350 mg of pure 10-mercaptoborneol (12) was ob
tained. The analytical sample was obtained by sublimation in 
vacuo and showed mp 83-84° (sealed capillary); ir (mull) 2.9 and
4.0 ix; NMR (CCD 0.90 (s, 6, CH3CCH3), 2.3 (s, 1, OH which was 
removed upon addition of trifluoroacetic acid), 2.53 and 2.66 (m, 2, 
-CH 2S), and 4.25 ppm (m, 1, CHO); NMR (benzene) 0.71 (s, 6, 
CH3CCH3), 1.27 (m, 1, SH), 2.38 and 2.40 (AB portion of ABX, 2, 
-C H 2S), 2.57 (s, 1, OH), 4.18 ppm (m, 1, -CH O -); mass spectrum 
m/e (rel intensity) 186 (1.5), 168 (8), 153 (8), 152 (15), 135 (19), 121 
(15), 109 (28), 108 (100), 95 (63), and 93 (35).

Anal. Calcd for CioHigOS: C, 64.46; H, 9.74; S, 17.22. Found: C, 
64.67; H, 9.53; S, 17.12.

6-BornyI Sulfinate Ester (14). A slurry of 278 mg (7.3 mmol) 
o f lithium aluminum hydride in ether was added slowly to a solu
tion of 1.58 g (7.3 mmol) of 6-bornyl sultone (13) in ether. The 
mixture was stirred at ambient temperature for 24 hr and then 
water was carefully added until the aluminum salts coagulated. 
The salts were removed by filtration and washed with ether. The 
filtrate was evaporated leaving 545 mg (34% recovery) of sultone
13.

The aluminum salts were dissolved in 10% hydrochloric acid and 
extracted with ether. The ether extracts were dried (M gSOj and 
evaporated, leaving 928 mg (63%) of colorless solid. Recrystalliza
tion from hexane gave pure sulfinate ester 14: mp 191-193°; ir 
(CHCI3) 9.0 M; NMR (CCD 0.97, 1.00, and 1.41 (s, 9, CHS), 3.05 
(d of d, 1, J  = 10.7 and 3.0 Hz, -CH SO^), and 4.88 ppm (d of d, 1, 
J  = 7.2 and 0.6 Hz, -CHO); mass spectrum m/e (rel intensity) 200
(28), 136 (26), 135 (37), 121 (27), 108 (28), 107 (31), 93 (100), 41 
(39).

Anal. Calcd for CioHi602S: C, 59.92; H, 8.05; S, 16.01. Found: C, 
60.15; H, 8.24; S, 16.16.

The results illustrated in Table I were obtained by treating 1 

Table I
Lithium Aluminum Hydride Reduction 

of 6-Bomyl Sultone (13)

Lithium Aluminum Hydride Reduction of Terpene Sultones

LiAlH^, % sulfinate

m m ol Tim e % sultone 13 ester 1

1 5 min 92 6
1 1 hr 86 12
1 6 hr 18 80
5 5 min 39 61
5 1 hr 13 86
5 5 hr 0 91

a Material balance shown is not 100% owing to the formation of 
small amounts of more highly reduced compounds.

mmol of sultone 13 in 5 ml of THF at 0° with 1.0 and 5.0 ml of a
1.0 M  solution of lithium aluminum hydride in ether. Aliquots

were withdrawn, quenched with 5% hydrochloric acid, and extract
ed with ether. The ether extract was dried (MgS04), concentrated, 
and analyzed using an SE-30 column at 170°.

Oxidation of 6-Bornyl Sulfinate Ester (14). A 107-mg sample 
of pure sulfinate ester 14 was kept overnight in acetone with an ex
cess of chromium trioxide in sulfuric acid-water.7 Excess reagent 
was destroyed with isopropyl alcohol and the mixture was diluted 
with water and extracted with ether. The ether was dried and re
moved to leave 100 mg of solid whose infrared spectrum indicated 
that it was mainly sultone 13 contaminated by a small amount of 
sulfinate ester 14.

6-endo-MethyIsulfonylcamphor (17). A suspension of 770 mg 
(3.8 mmol) of 6-bornyl sulfinate ester (14) in 20 ml of water con
taining 700 mg of potassium hydroxide was heated for 2 hr, cooled, 
filtered, and then treated with 1.0 ml of methyl iodide. After stir
ring at ambient temperature for 24 hr, the mixture was heated to 
drive off excess methyl iodide, cooled, and then extracted with 
ether. The ether was removed to give 551 mg of crude 6-endo- 
methylsulfonylborneol (16). Two recrystallizations from hexane 
gave a solid, mp 85-94°, sublimation under vacuum gave a product 
melting over a range of 70-90°, while preparative thin layer chro
matography gave a solid: mp 71-74°; ir (CCI4) 2.9 and 8.85 /j; NMR 
(CC14) 0.95 (s, 6, CH3CCH3), 1.18 (s, 3, CH3), 3.00 (s, 3, CH3S (V ), 
3.42 (four broad lines, 1, CHSO2-), 3.72 (s, 1, OH), and 3.97 ppm 
(four broad lines, 1, -CHO); mass spectrum m/e (rel intensity) 232 
(0.1), 188 (1), 153 (4), 152 (3), 109 (32), 108 (100), 93 (28), and 41
(34).

6-endo-methylsulfonylborneol (16, 368 mg) in 20 ml of acetone 
was treated with 1 ml of Jones reagent.7 After 15 min the excess 
chromic acid was destroyed with ethanol and the mixture was 
poured into water and extracted with ether. The ether was re
moved and the residue was recrystallized from dry methanol to 
give 77 mg of 6-endo-methylsulfonylcamphor (17): mp 209-211°; ir 
(mull) 5.75 and 8.8 n; NMR (CDC13) 0.87 (s, 3, CH3), 1.05 (s, 3, 
CH3), 2.88 (s, 3, CH3S02-) , and 3.51 (X portion of ABX, 1, Jax =
10.5, J bx = 5.5 Hz, -CHSO2).

Anal. Calcd for Cn Hi80 3S: C, 57.36; H, 7.88. Found: C, 57.15; H,
7.99.

Lithium Aluminum Hydride Reduction of 6-Bornyl Sulfi
nate ester (14). To a solution of 73 mg (0.36 mmol) of 6-bornyl 
sulfinate ester (14) in 5 ml of dry THF was added 0.7 ml of a 1.0 M  
solution (0.7 mmol) of lithium aluminum hydride in ether. Ali
quots were periodically removed from the refluxing solution, 
quenched with water, and acidified with 5% hydrochloric acid. The 
resulting solutions were saturated with sodium chloride and ex
tracted with ether. The ether solutions were dried (MgSCL), con
centrated, and analyzed using a SE-30 column at 155°. The yield 
of 6-endo-mercaptoborneol ( 15)3 rose to 97% within 2 hr and then 
dropped to 90% after 44 hr as the amount of borneol (18) increased 
to 10%.

Reduction of 6-Bornyl Sultone (13) with Lithium Alumi
num Deuteride. A solution of 326 mg of 6-bornyl sultone in dry 
THF was added to a slurry of 650 mg of lithium aluminum deuter
ide (Alfa Inorganics) in THF. The solution was heated at reflux for 
440 hr and cooled and the excess deuteride was decomposed with 
deuterium oxide. Dilute hydrochloric acid was added until the 
salts dissolved and the solution was extracted with ether. The 
ether was dried and removed and GLC analysis of the residue 
showed that it was composed of 6-endo-mercaptoborneol (15) and 
borneol (18). A pure sample of borneol was obtained by GLC using 
a SE-30 column at 125°. The NMR spectrum of this sample of bor
neol was identical with that of authentic material except it inte
grated for one less proton in the region 1.9-2.6 ppm. The relative 
abundance of the molecular ion was too low to permit an accurate 
determination of the deuterium content.

A 25-mg sample of the borneol obtained above was oxidized 
using a solution of chromium trioxide in pyridine and water. After 
the usual work-up a mixture of 60% camphor and 40% borneol was 
obtained. A pure sample of camphor was isolated by GLC using a 
20% Carbowax column at 177°; the mass spectrum indicated the 
presence of 88% of one deuterium atom; the NMR spectrum 
showed a reduction in peak area in the 1.3-1.4 region.

Lithium Aluminum Hydride Reduction of Dodecyl Mercap
tan. A weighed amount of dodecyl mercaptan was added to the 
solvent, followed by an appropriate amount of 1.0 M  lithium alu
minum hydride solution in ether. The solution was brought to re
flux and aliquots were withdrawn at appropriate time intervals, 
quenched with 5% hydrochloric acid, and extracted with ether. 
The ether extract was dried, concentrated, and analyzed using a 
SE-30 column at 140°. The results are displayed in Table II.
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Table II
Lithium Aluminum Hydride Reduction 

of Dodecyl Mercaptan

Solvent

M mol LiAlH^/ 

m m ol RSH T im e, hr % dodecane

THF 5.4 3.5 0
THE 5.4 21.0 6
THF 5.4 115 53
Dioxane 5.0 2.0 3
Dioxane 5.0 44 47
Dioxane 5.0 71 92
Dioxane 1.1 40 25
Dioxane 1.1 72 83
Dioxane 1.1 96 98

Lithium Aluminum Hydride Reduction of Decyl Dodecyl 
Sulfide. Approximately 20 ml of dioxane was distilled into a flask 
containing 1.002 g (2.93 mmol) of decyl dodecyl sulfide,13 and then 
264 mg of cyclododecane and 230 mg (6.0 mmol) of lithium alumi
num hydride were added. The stirred slurry was heated at reflux 
and aliquots were withdrawn periodically, diluted with ether, 
quenched with water, and acidified with 5% hydrochloric acid. The 
organic products were extracted with ether and dried. The concen
trated ether solution was analyzed using an SE-30 column at 130°. 
The yields of dodecane follow, time in hours (% dodecane): 2 (0), 
15 (0.2), 82 (24), 278 (56), and 472 (64). At no time was there evi
dence for the presence of decyl or dodecyl mercaptan.

Registry No.—1, 13131-58-3; 2, 54934-37-1; 3, 54934-38-2; 4, 
54934-39-3; 6, 13131-57-2; 7, 54934-40-6; 8, 54934-41-7; 9, 54934-
42-8; 10, 54934-43-9; 11, 54984-43-9; 12, 54934-44-0; 13, 38359-42- 
1; 14, 54934-45-1; 16, 54934-46-2; 17, 54934-47-3; lithium alumi
num hydride, 16853-85-3; sodium borohydride, 16940-66-2; dode
cyl mercaptan, 112-55-0; decyl dodecyl sulfide, 54934-48-4.
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With the exception of the reaction of equivalents of phenyllithium with lithium acetate for 24 hr, which gives a 
mixture of acetophenone and diphenylmethylcarbinol, similar reactions involving six other lithium carboxylates 
give only ketones. The reactions of three lithium carboxylates with phenyllithium for only 0.5 hr give mixtures of 
ketones and carbinols. These latter results are explained by suggesting that even in the presence of water the un
reacted phenyllithium survives for sufficiently long so that it reacts appreciably with the ketone, RCOCgHs, 
which arises from the hydrolysis of the intermediate, R(C6H5)C(OLi)2. Evidence to support this argument is 
given. The reactions of two lithium carboxylates with three Grignard reagents give mixtures of ketones and carbi
nols with the latter products predominating except with methylmagnesium iodide, in which case the reverse is 
true.

A thorough study of the reactions of carboxylic acids and 
their lithium salts with phenyllithium has apparently not 
been reported. In 1933 Gilman and Van Ess1 made the sig
nificant observations that the reaction of benzoic acid (1 
equiv) with phenyllithium (2 equiv) gave benzophenone 
(37.2%) and triphenylcarbinol (14.1%) and that refluxing 
lithium benzoate (0.136 mol) with phenyllithium (0.1 mol) 
for 5.5 hr gave benzophenone (70.0%) and no triphenylcar
binol. In contrast to these results Tegner2 has shown that 
the reactions of 2 equiv of methyllithium with 1 equiv of a

series of aliphatic and aromatic acids for 1 hr give the cor
responding methyl ketones and no tertiary alcohols.

Braude and Coles3 have also obtained only ketone (30- 
40%) by stirring a mixture of equivalents of isobutenyllith- 
ium and lithium acetate, benzoate, or crotonate for a 24-hr 
period. Petrov and Sokolova4 report yields of less than 25% 
of ketone and no carbinol from the reactions of sodium ace
tate and sodium n -butyrate with primary Grignard re
agents in ether.

The present investigation is concerned with a study of
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the reactions of certain organolithium compounds and Gri
gnard reagents with a series of lithium carboxylates. Re
fluxing equimolar amounts of phenyllithium and the lithi
um salts of a number of carboxylic acids (Table I) for 24 hr 
gave, upon quenching with water, high yields of ketone and 
usually no tertiary alcohol.

Table I
Reactions of Lithium Carboxylates with 

Phenyllithium for 24 Hr

Yields o f products^

Registry no. Lithium salt0 % ketone % carbinol

5 4 6 -8 9 -4 Acetate 39 (66°) 35 (5C)
6 5 3 1 -4 5 -9 Propionate 82 0

2 1 3 0 3 -0 3 -7 n-Butyrate 85 0
2 5 1 7 9 -2 3 -1 Isobutyrate 79 0
1 4 2 7 1 -9 9 -9 P ivalate 89á 0
1 6 5 7 7 -5 1 -8 C aproate

<53OO 0
5 5 3 -5 4 -8 Benzoate 85 / 0

° In each reaction, except as noted below, the lithium carboxylate 
(1 equiv) was added to phenyllithium (1 equiv) in ether and the 
mixture was refluxed for 24 h r.6 In all cases the physical constants 
of the products agree with the literature values. c Reflux time was 
72 hr. d Pivalic acid (8%) was recovered. e Caproic acid (12%) was 
recovered, f Benzoic acid (10%) was recovered.

It is suggested that the reason for obtaining only ketone 
in all of the reactions except that with lithium acetate for a 
24-hr reaction time may be due to the stability of the di
lithium salts.1 RR'C(OLi)2, which might resist further sub
stitution with a second mole of organolithium reagent or 
loss of lithium oxide to give the ketone, RR/C = 0 , which 
could then react with an additional mole of organolithium 
reagent. The following suggestion might possibly account 
for the formation of a mixture of ketone (39%) and carbinol 
(35%) in the 24-hr lithium acetate-phenyllithium reaction. 
The stability of the initially formed adduct between lithi
um acetate and phenyllithium, CHgCiCgHsMOLi^, may be 
such that it decomposes to some extent during the reaction 
to give some free ketone, CH3COC6H5, which reacts 
with more phenyllithium to give the carbinol, 
(C6H5)2C(CH3)OH. Alternatively, the steric requirements 
of the adduct may be sufficiently favorable so what may be 
described as a nucleophilic attack on carbon by the phenyl
lithium may occur to some extent to give the carbinol.

It was somewhat unexpected to find that the interaction 
of equivalents of phenyllithium and three typical lithium 
carboxylates, with a reflux time of only 30 min, gives 
mixtures of ketones and tertiary alcohols. Thus, lithium 
propionate gave propiophenone (40%) and diphenylethyl- 
carbinol (25%); lithium n-butyrate gave n-butyrophenone 
(39%) and diphenyl-n-propylcarbinol (30%); and lithium 
benzoate gave benzophenone (8%) and triphenylcarbinol 
(22%). Furthermore, in the case of lithium n -butyrate, for 
example, when the reflux time is increased by increments, 
from 0.5 to 24 hr, increasing amounts of ketone and de
creasing amounts of tertiary alcohol are obtained (Table 
II). It was also found that the interaction of equivalents of 
lithium benzoate and n-propyllithium for 24 hr gave only 
n-butyrophenone (85.8%) while a similar reaction for a 30- 
min reaction time gave a mixture of n-butyrophenone 
(11.7%) and di-n-propylphenylcarbinol (17.6%).

The formation of substantial amounts of carbinol during 
a short reaction time appears to be the result of a slow reac
tion between the lithium carboxylate and the organolithi
um compound combined with a slow hydrolysis of the reac
tion intermediate. It is suggested that at short reaction

Table II
Reactions of Lithium n-Butyrate with 

Phenyllithium“ for Varying Reaction Times

Products, % y ield

Reflux tim e, hr Ketone^ Carbinol^

0.5 39 30
1.0 42 28
2.0 46 30
3.0 61 21
4.0 70 10
5.0 79 5

10.0 90 0
2 4 .0 85 0

“ Equivalents of lithium n-butyrate and phenyllithium were 
used. 6 The physical constants of the n-butyrophenone [C. R. 
Hauser, W. J. Humphlett, and M. J. Weiss, J. Am. Chem. Soc., 
70, 426 (1948)] and diphenyl-n-propylcarbinol [H. Masson, C. R. 
Acad. Sci.. 135, 534 (1902)] agree with the literature values.

times there is considerable unreacted organolithium com
pound present which reacts during the hydrolysis with part 
of the ketone which is formed by the hydrolysis of the in
termediate adduct, RR'C(OLi)2.

H2O R' Li
R R 'C (O L i)2 — RCOR'  ------ ► H Q

R R 'R 'C (O L i) ^  RR 'R 'COH

A somewhat comparable mechanism has been suggested 
by Jorgenson5 in a review on the preparation of ketones 
from the reaction of organolithium reagents with carboxyl
ic acids. It is of interest to note that when House and Bare6 
treated a mixture of the stereoisomeric 4-tert- butylcyclo- 
hexanecarboxylic acids with methyllithium and processed 
the reaction by removing aliquots from the mixture and 
adding them dropwise, with vigorous stirring, to fresh por
tions of ice and dilute hydrochloric acid, only 4-ierf-butyl- 
cyclohexyl methyl ketone (94.8%) and no dimethyl-4-feri- 
butylcyclohexylcarbinol were obtained. Under less con
trolled hydrolytic conditions often a mixture of ketone and 
carbinol is obtained.5

To obtain evidence in support of the scheme shown 
above, two experiments were performed. A mixture of 
equivalents of lithium propionate and phenyllithium, A, 
was refluxed for 24 hr. Hydrolysis of such a mixture had 
given (see Table I) an 82% yield of propiophenone and no 
carbinol. In another flask, phenyllithium, B (1 equiv), was 
prepared. Simultaneously, rapidly and with vigorous stir
ring, A and B were poured down the opposite sides of a 
beaker containing crushed ice and water. Processing gave 
propiophenone (58.1%) and diphenylethylcarbinol (28.3%). 
In the second experiment equivalents of propiophenone, C, 
in an equal volume of ether and phenyllithium, B, were 
treated with ice and water as described above to give di
phenylethylcarbinol (44.8%) and some material which ap
peared to be self-condensed derivatives of propiophenone. 
These experiments lend some support to the proposed ori
gin of diphenylalkylcarbinols (vide supra).

It was not surprising to find that when lithium n-butyr
ate (1 equiv) and phenyllithium (2 and 3 equiv) were al
lowed to react for 24 hr, the yields of ketones dropped to
63.5 and 48.0% and the yields of carbinol increased to 34 
and 52%, respectively, as contrasted with the yields of 
products, ketone (85.0%) and carbinol (0%), which were ob
tained when equivalents of the reagents were allowed to 
react for 24 hr.

In contrast with what was observed in the reaction of the 
lithium carboxylates with organolithium compounds, lithi-
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Table III
Reactions of Grignard Reagents with 

Lithium Carboxylates
Grignard reagent0 Products& Y ield , %

Lithium «-B u tyra te“
CH3MgI w-C3H7COCH3 24

w-C 3H7C(CH3)2OH 12
« - C 4H9M gBr k-C 3H7COC4H9- « 11

w-C 3H7C(m-C 4H9)2OH 43
C6H5M gBr w-C 3H7COC6H5 7 (14°)

k-C 3H7C(C6H5)2OH 70 (58°)

Lithium Benzoate“
CH3MgI C6H5COCH3 33

c 6h 5c (c h 3)2o h 15
w-C4H9M gBr C6H5COC4H9- w 12

C6H6C (w-C 4H9)2OH 61
C 6H6M gBr (c 6h 5)2c o 10

(c 6h 5)3c o h 61
“ In each reaction the lithium carboxylate (1 equiv) was slowly 

added to the Grignard reagent (1 equiv) and the mixture was re
fluxed for 24 hr. 6The physical constants of the products agreed 
with the literature values. c This reaction was refluxed for 2.5 hr.

um salts of carboxylic acids (1 equiv) reacted exothermally 
with an ether solution of Grignard reagent (1 equiv) to give 
mixtures of both ketone and tertiary alcohol with the terti
ary alcohol usually the major product, even in a 24-hr reac
tion time. The results obtained from the reactions of lithi
um n-butyrate and lithium benzoate with methyl, n-butyl, 
and phenylmagnesium halides are found in Table III. The 
results obtained in the lithium carboxylate-Grignard re
agent experiments (Table III) when coupled with those in 
Table II suggest that in the former reactions (Table III) the 
formation of free ketone may occur slowly prior to the hy
drolysis of the intermediate adduct, RR'C(OMgX)(OLi), 
and the ketone may then be rapidly converted to the halo- 
magnesium salt of the tertiary alcohol by reaction with 
more Grignard reagent.

s low
RC02 Li + R'MgX ------*

O ' MgX + O

R—C—OLi R—C—R' + LiOMgX
I
R'

O O ' MgX+ OH
II- fast I « 2 °  I

R—C—R ' + R 'M gX  -----> R—C—R ' — * R—C—R '
I I

R R'

Experimental Section
Lithium Carboxylates. These were prepared by the interaction 

of equivalents of lithium carbonate and the appropriate carboxylic 
acids in aqueous solution followed by evaporation and thorough 
drying under vacuum, e.g., lithium isobutyrate. Anal. Calcd for 
C4H7O2LU Li, 7.38. Found: Li, 7.16.

General Procedure for the Reaction of Lithium Carboxyl
ates with Organolithium Compounds. The dry lithium carbox
ylate was added all at once to the organolithium compound in 
ether (100 ml of ether was used per 0.1 mol of lithium reagent). 
The ether does not reflux during the addition of the lithium salts. 
The reaction mixture was then refluxed for the appropriate length 
of time and the reaction was then quenched by pouring the mix
ture onto crushed ice and water. The phases were separated and 
the aqueous phase was extracted with several portions of ether. 
The combined basic, ether phases were dried over Drierite, the sol
vent and low boilers were removed at atmospheric pressure, and

the residue was fractionated under vacuum. The aqueous phase 
was acidified with concentrated hydrochloric acid and extracted 
with several portions of ether. The combined acidic, ether phases 
were processed in the same manner as the basic ether phases.

Reaction of Equivalents of Lithium Propionate and Phen- 
yllithium for 24 and 0.5 Hr. From the interaction of phenylli- 
thium [0.4 mol, prepared from lithium ribbon (0.8 mol, 5.6 g, in 400 
ml of ether) and bromobenzene (0.4 mol, 62.8 g)] and lithium pro
pionate (0.4 mol, 32.0 g) there was obtained, after a 24-hr reaction 
time, propiophenone [43.7 g, 82.0%, bp 84-85° (8 mm)] (see first 
reference in Table II), 2,4-dinitrophenylhydrazone mp 187.0- 
188.0, alone and when mixed with an authentic sample. When this 
reaction was repeated using phenyllithium (0.2 mol) and lithium 
propionate (0.2 mol) except that the reaction time was 0.5 hr, there 
was obtained a mixture of propiophenone [10.8 g, 40.3%, bp 104- 
107° (20 mm)] and diphenylethylcarbinol [5.2 g, 24.5%, bp 183- 
185° (21 mm), mp 93.2-94.6° (see second reference in Table II)].

Reaction of Equivalents of Lithium n-Butyrate and Phen
yllithium for 0.5 and 3 Hr. From the interaction of phenyllithium 
(0.3 mol) and lithium n-butyrate (0.3 mol, 28.2 g) there was ob
tained a mixture of n-butyrophenone [17.4 g, 39.0%, bp 104-108° 
(11 mm) (see first reference in Table II)] and diphenyl-n-propyl- 
carbinol [10.1 g, 29.7%, bp 176-177° (10 mm) (see second reference 
in Table II)]. When this reaction was repeated except that the re
flux time was 3 hr, there was obtained n-butyrophenone [27.0 g, 
60.6%, bp 96-98° (8 mm)] and diphenyl-n-propylcarbinol [7.2 g, 
21.2%, bp 173-175° (8 mm)].8

Reaction of Lithium Benzoate (1 Equiv) with n-Propylli- 
thium (1 Equiv) for 0.5 and 24 Hr. From 0.26 mol of n-propylli- 
thium [prepared in 75% yield from lithium (0.7 mol, 4.9 g)], n-pro- 
pyl bromide (0.35 mol, 43.1 g), and lithium benzoate (0.26 mol,
33.3 g), there were obtained 4.5 g (11.7%) of n-butyrophenone and 
4.4 g (17.6%) of di-n-propylphenylcarbinol.

The total yields of n-butyrophenone and di-n-propylphenylcar
binol were determined by the hydroxylamine hydrochloride titra
tion method.7 The distilled material consisted of three fractions. 
The lowest boiling fraction consisted of pure ketone and the high
est boiling fraction consisted of pure carbinol. Aliquots of the in
termediate boiling fraction, consisting of a mixture of ketone and 
carbinol, were titrated with hydroxylamine hydrochloride in crder 
to determine the ketone content. The amount of carbinol in this 
intermediate fraction was calculated by subtracting the amount of 
ketone from the total weight of the fraction. The yields of ketone 
and carbinol indicated above represent, within experimental error, 
the total amounts of ketone and carbinol obtained. The lowest 
boiling fraction, n-butyrophenone, bp 108.0-111.0° (14 mm), gave 
a 2-4-dinitrophenylhydrazone, mp 189.0-189.8°, alone and when 
mixed with an authentic sample.

The highest boiling fraction, which was pure di-n-propylphenyl
carbinol, bp 128.0-131.0° (14 mm),8 and did not give a positive hy
droxylamine test, was dehydrated to 4-phenyl-3-hexene by reflux
ing a sample (1.8 g) with acetic anhydride (5 ml) and glacial acetic 
acid (10 ml) for 2 hr. The resulting olefin was extracted with ether 
and oxidized with potassium permanganate in acetone (according 
to the procedure of Adkins and Roebuck)9 to give propionic acid 
(identified as propionamide, mp 78.0-78.5°, alone and when mixed 
with an authentic sample) and n-butyrophenone (2,4-dinitrophen
ylhydrazone, mp 189.0-189.8°, alone and when mixed with an au
thentic sample). In addition, 23.7 g (74.5%) of benzoic acid was re
covered. When the reaction was repeated using a 24-hr reaction 
time there was obtained n-butyrophenone [33.0 g, 85.8%, bp 119- 
120° (23 mm), 2,4-dinitrophenylhydrazone, mp 89.0-189.8°].

Reaction of the 1:1 Adduct of Lithium Propionate and 
Phenyllithium, Phenyllithium, and Water. In flask A, lithium 
propionate (0.1 mol, 8.0 g) and phenyllithium (0.1 mol in 100 ml of 
ether) were refluxed for 24 hr. In another flask, B, phenyllithium 
(0.1 mol in 1.00 ml of ether) was prepared. Simultaneously and 
with rapid stirring the contents of flasks A and B were poured 
down the opposite sides of a beaker containing 250 g of crushed 
ice. The customary processing gave propiophenone [7.8 g, 58.1%, 
bp 84-85° (8 mm) (see first reference in Table II); 2,4-dinitrophen
ylhydrazone mp 187.0-188.0° alone and when mixed with an au
thentic sample] and diphenylethylcarbinol (3.0 g, 28.3%, mp 94.0- 
95.0° 10 alone and when mixed with an authentic sample).

Reaction of Equivalents of Propiophenone, Phenyllithium, 
and Water. Using a procedure similar to that described in the last 
experiment, phenyllithium (0.1 mol, 70 ml of 1.4 M  commercial 
material in 30% ether and 70% benzene) and propiophenone (0.1 
mol, 13.4 g in 12 ml of anhydrous ether) were added with rapid 
stirring to 300 g of ice and water to give diphenylethylcarbinol [9.0
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g, 44.8% (8 mm), mp 94-95°10 alone and when mixed with an au
thentic sample] and 5.7 g of material, bp 108-125° (20 mm), which 
appeared to consist of propiophenone and its self-condensed prod
ucts.

Registry No.—Phenyllithium, 591-51-5; propiophenone, 93- 
55-0; propiophenone 2,4-dinitrophenylhydrazone, 3375-37-9; di- 
phenylethylcarbinol, 5180-33-6; re-butyrophenone, 495-40-9; di- 
phenyl-n-propylcarbinol, 5331-17-9; re-propyllithium, 2417-93-8; 
di-n-propylphenylcarbinol, 4436-96-8; methyl iodide, 74-88-4; re- 
butyl bromide, 109-65-9; phenyl bromide, 108-86-1.
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When methyl propiolate (1) was treated with an excess of ethylmagnesium bromide, no ethane was evolved and 
the expected tertiary alcohol, diethylethinylcarbinol, was obtained in only 10% yield. The primary reaction prod
uct proved to be an unsaturated 3,4-epoxy ester (2) whose formation required two alkyl groups, ♦, from the Gri- 
gnard reagent and a third, x, from a second mole of the original ester. Catalytic hydrogenation yielded the satu
rated analog (5) which upon mild hydrolysis underwent simultaneous loss of carbon dioxide and fissure of the ep
oxide ring to form an identifiable ethyl ketone (8). Several combinations of Grignards and esters were employed 
to show in each case analogous reaction products. A mechanism to account for the products obtained is presented.

The investigation presented in this paper originated 
from the observation that methyl propiolate (1 ), H C = C - 
COOCH3, on treatment with methylmagnesium iodide in 
the Zerevitinov machine yielded no methane but did un
dergo a vigorous reaction which consumed 3 mol of Gri- 
gnard reagent. The failure to form methane was particular
ly puzzling since the acidity of the acetylenic hydrogen is 
increased by its conjugation with the carbomethoxy group 
to such an extent that it not only forms a silver and copper 
salt, but also undergoes Claisen condensation with ethyl 
oxalate and Michael condensation with ethyl fumarate.1

Addition of Grignard reagents of higher molecular 
weight such as phenyl-, naphthyl-, or triphenylvinylmag- 
nesium bromide2 and the reagent prepared by the action of 
phenylmagnesium bromide on a-bromo-/3-phenylbenzal- 
acetophenone3 produced immediate and vigorous reaction, 
but decomposition of the reaction mixtures yielded only 
heavy, intractable oils. Gilman and Robinson4 reported 
similar difficulties when they added phenylmagnesium 
bromide to the ethyl ester of acetylenedicarboxylic acid.

The action of lighter Grignards such as methyl- and eth
ylmagnesium bromide on methyl propiolate yielded distil
lable oils from which definite compounds could be obtained 
by fractionation under vacuum. Thus, when methyl propio
late (1) was added to an excess of ethylmagnesium bro
mide, two pure liquids were isolated from the reaction mix
ture.

The first, a colorless, low-boiling oil, was identified as di
ethylethinylcarbinol through the formation of a silver salt 
and by catalytic hydrogenation to the known triethylcarbi- 
nol. The acetylenic alcohol was present only to the extent 
of 8- 10% and its formation may be regarded as a secondary 
reaction in which the Grignard reagent undergoes the ex
pected 1,2 addition to the ester carbonyl.

The primary reaction product 2, a pale yellow oil, was 
shown by analytical methods to be dimolecular product of 
empirical formula Ch Hi603, containing one methoxy 
group. All tests for the functional groups -H C = 0 , > C = 0 , 
and H C = C - were negative, but catalytic hydrogenation

C,H5CH— C H = C -----C = C H — C— OCH3
1 v II

c ,h 5 0 0
2

* X
3c h — c h == 0— c = =c h — c — o c h 3

\ / II
CH;j 0 0

3

C,H5CH— C H = C ----- C = C H — C— OC,H3

I V  11
c ,h 5 0  0

4
consumed 2 mol of hydrogen, indicating the presence of 
two double bonds or one triple bond of the type RC=CR.

The reduction product 5, a colorless oil of empirical for
mula C11H20O3, distilled without decomposition under vac
uum. Because of its greater physical and chemical stability 
it was selected to elucidate the ultimate structure of 2. The 
reduction product 5 contained one methoxyl group, formed

C,H6— CH— CH,— CH— CH— CH.¿— C— OCH3

1 ‘  V  11c ,h 5 0  0

CH3— CH— CH,— CH— CH— CH,— C— OCH:J

I '  V  ' 11c h 3 0  0
6

C,H5— CH— CH,— CH— CH— CH,— C— OC,H-,

1 V  n
c ,h 5 0  0

7

a crystalline amide, C10H19O2N, with concentrated ammo
nia, and gave no test for aldehydic or ketonic carbonyl 
groups. In the Zerevitinov machine no gas was evolved but 
2 mol of Grignard was consumed.
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Scheme I

1.4 addìi R MgX (5 mol)
major product -*------ ---------  +

I HC= C — C— OR*

O
R— C H = C = C — OR*

I
OMgX

R— C H = C — C— OR +  MgX
II
O

- O R '

R _ C H = C = C = 0

R— MgX I 1, 4 addn
R*

R—  CH— C^=C—  OMgX R— C H = C = C — OMgX

R*

R— CH— C = C = 0  +  MgX
| t l

R *  H— C = C — C— OR

O

R— CH—  C H = C — C = C — C— OR*
I \  Il
R* O O

R— CH—  C H = C ----- C = C — C— OR
| N /  f  II

R * °  H: O O

. C = C — C— OR'

1, 2 addn
-----------*- minor product

i

R*

H C = C — C— ORx 

OMgX

R*
I

H C = C — C— OR' +  MgX

O"

R* M gX 

1,4 addn

- O R N

+  H C = C — C— R

R— MgX | 1, 2-addn

H C = C — C <(R*>, 

OH

I
R— CH— C H = C -----C = C H — C— OR' +C ^ = C — C— ORs

R * V "  0  0

The above facts indicate strongly that two of the three 
oxygens were present in the form of the original ester 
group, which accordingly must be involved in the dimeriza
tion. The third oxygen was best represented by some form 
of ether linkage. On treatment with warm, 3% methyl alco
holic potassium hydroxide the ester linkage was readily sa
ponified, but the saponification was accompanied by a si
multaneous loss of carbon dioxide by the acid and fissure of 
the ether linkage to form a ketone, a reaction characteristic 
of epoxy esters. The presence of the 3,4-epoxy ring was 
confirmed by infrared spectra (Experimental Section). The 
ketone 8 was shown to be 5-ethyl-3-heptanone by compar
ing its semicarbazone with an authentic sample synthesized 
previously.5 The formation of an ethyl ketone leads further 
support to the final structure as a 3,4- rather than a 2,3- 
epoxy ester.

Important information on the course of the reaction and 
the structures of the major reaction products was obtained 
by using several combinations of alkyl groups in the esters

and Grignard reagents employed. Thus a methyl ester and 
an ethyl Grignard yielded 2, two methyls yielded 3, and two 
ethyls produced 4. The above structures indicate that the 
two alkyls introduced at point s(c originate from the Gri
gnard employed while the third, x, is from the original 
ester.

Catalytic hydrogenation of 2, 3, and 4 yields the saturat
ed epoxy esters 5, 6, and 7, which in turn can be saponified 
to yield one of two ethyl ketones, 8 or 9, formed through a

C,H5CH— CH2— C— CH2— CH,

C2H5 0
8

CH,— CH— CH2— C— CH,— CH,
I II

CH, 0
9
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simultaneous decarboxylation of the acid and fissure of the 
epoxide ring. A mechanism for arriving at the general for
mula 10 for the epoxy esters is presented in Scheme I.

R— CH— CH2— CH—CH— CH2— C— OR,

10

The 1,4 addition of the Grignard to the conjugated sys
tem in propiolic esters is not surprising. There is no hin
drance at all in the 4 position and covering up the acetylen
ic hydrogen, H C =C -, would account for the lack of gas 
(methane or ethane) in the Grignard reaction. Formation of 
a carbanion and loss of the ester alkoxyl would yield an al- 
lene-ketene system which could react either 1,2 or 1,4 with 
the Grignard reagent. Again the 1,4 addition is preferred, 
this time because the requirement of two Grignard alkyls 
on carbon 4 is met and because allenes readily rearrange to 
alkynes as shown. Note also that this same intermediate 
containing the two required alkyl groups can also be ob
tained from the minor reaction products by 1,4 addition of 
the Grignard to the ethinyl ketone followed by a 1,3 shift of 
the alkyl group to give the more stable alkyne.

At this point dimerization with 1 mol of the original ester 
would satisfy the analytical data found for the unsaturated 
epoxy esters. Addition of the ester to the carbanion is illus
trated followed by cyclization to form the 3,4-epoxy ester. 
The two double bonds are conjugated and the carbanion 
produced can be satisfied by the acetylenic hydrogen from 
yet another mole of ester. This would also account for the 
fact that some unchanged ester may be found at the end of 
the reaction, even in the presence of a large excess of Gri
gnard reagent.

Experimental Section
Propiolic Acid. The acid was prepared by treating dibromosuc- 

cinic acid6 (500 g) dissolved in 1200 ml of hot, 95% ethanol with a 
solution of 550 g of KOH in 2000 ml of 95% ethanol,7 a modifica
tion of the original procedure of Perkin and Simonsen.8 The puri
fied product boiled at 62° (20 mm) with a yield of 15-18 g per 100 
g of dibromosuccinic acid used.

Esterification of Propiolic Acid.9 Direct esterification of pro
piolic acid by the acid-catalyzed reaction between organic acid and 
alcohol was complicated by the reactivity of the triple bond which 
resulted in very low yields (below 40%). Satisfactory yields of 55- 
65% could be obtained, however, by treating equal weights of pro
piolic acid and concentrated H2SO4 with a large excess of the re
quired alcohol under refluxing conditions for 1 hr. Thus, 129 g of 
propiolic acid added to a mixture of 129 g of concentrated H2SO4 
in 500 ml of absolute methanol yielded 85 g (56%) of methyl pro- 
piolate (1), bp 100- 102°.

Grignard Reaction. The usual precautions for preparing Gri
gnard reagents were employed including an atmosphere of dry ni
trogen to prevent oxidation, 5.0 mol of Grignard per mole of ester 
in order to ensure an excess of Grignard, and an ice bath to cool 
the strongly exothermic reaction with the ester. The dried 
(MgSCh) ether extracts, highly colored owing to polymerization, 
were concentrated via a long fractionating column to prevent loss 
of the volatile acetylenic tertiary alcohols. Heating was discontin
ued when the temperature reacted 65°. The residue weighed 70-80 
g and still contained some ether.

This crude reaction product was next subjected to slow sublima
tion in an all-glass apparatus connected through a series of traps to 
a source of high vacuum (10~4 mm or better). A simple system em
ployed a 250-ml round-bottom short-necked flask for the sublima
tion and two or more 500-ml two-neck round-bottom short-necked 
flasks for the receiving traps. The former was heated with a water 
bath and the latter could be cooled successively with Dry Ice in ac
etone. The flasks were connected through their 24/40 T joints by 
inverted U tubes constructed of 30-mm Pyrex tubing. After several 
sublimations the residue contained about 15 g of black tar and the 
sublimate about 50 g of a pale yellow oil. Refractionation of the 
sublimate under vacuum at 2 mm with Mini-Lab equipment yield

ed 8-10 g of the acetylenic alcohol and 20-25 g of the glycidic ester 
plus a small amount of tar.

Catalytic Hydrogenation. General Procedure. The unsatu
rated materials (2.0-15.0 g) (ethinyl carbinols or unsaturated 
epoxy esters) were dissolved in 20-50 ml of absolute methanol con
taining 0.05-0.15 g of platinum oxide (Adams catalyst) and re
duced (20-30 min) in a Parr low-pressure hydrogenator pressur
ized to 30 psi. The reaction mixture was filtered to remove the cat
alyst, poured into ice water to remove the methanol, extracted 
with ether, washed (H2O), dried (Na2>S0 4), and repeatedly frac
tionated to produce colorless oils suitable for analysis.

Saponification of the 3,4-Epoxy Esters. General Procedure. 
The saturated 3,4-epoxy esters (5.0-10.0 g) were added to 150 ml 
of absolute methanol containing 6.0 g of KOH. Saponification was 
complete after 40 min of refluxing and a quantitative yield of 
K2CO3, formed by the loss of CO2 from the acid, usually precipi
tated in the form of small white needles. The reaction mixture was 
poured into ice water, extracted with ether, washed (H20 ), and 
dried (Na2S04) in the usual manner to,yield the ethyl ketones as 
colorless oils which were carefully fractionated.

Characterization o f Grignard Reaction Products. Methyl
3,4-epoxy-6-ethyl-2,4-octadienoate (2): bp 75-76° (2 mm); ir 
(CCI4) 1740 (ester CO), 1590 (conjugated C =C ), 1225 (epoxy CO), 
1140,1035 (ester CO), 870 cm-1 (epoxy CO).

Anal. Calcd for C11H16O3: C, 67.34; H, 8.16; OCH3, 15.8; mol wt, 
196. Found: C, 67.30; H, 8.40; OCH3, 16.7; mol wt, 192 (benzene).

Methyl 3,4-epoxy-6-ethyloctanoate (5): bp 76-78° (2 mm), 
125-127° (26 mm), 133-135° (38 mm); n 20D 1.4413; d204 0.956; ir 
(CCL,) 1740 (ester CO), 1225 (epoxy CO), 1140, 1035 (ester CO), 
830 cm-1 (epoxy CO).

Anal. Calcd for C11H20O3: C, 66.00; H, 10.00; OCH3, 15.5; Md ,
54.1. Found: C, 66.20; H, 10.20; OCH3, 14.5; Md , 54.27.

Amide of 5 above, mp 152.5-153.0°.
Anal. Calcd for C10H19O2N: C, 64.84; H, 10.34. Found: C, 64.70; 

H, 10.20.
5-Ethyl-3-heptanone (8): bp 70-72° (17 mm), 171-173° (1 atm); 

n20n 1.4240 (synthetic sample, 1.4237).
Semicarbazone of 8 above, mp 133-134°; it was identical with a 

synthetic sample5 by mixture melting point.
Anal. Calcd for Ci0H2iON3: C, 60.30; H, 10.60. Found: C, 60.30; 

H, 10.80.
Methyl 3,4-epoxy-6-methyl-2,4-heptadienoate (3): bp 61-63° (2 

mm), 116-118° (40 mm); ir (CCI4) 1740 (ester CO), 1610 (conjugat
ed C =C ), 1225 (epoxy CO), 1145, 1015 (ester CO), 860 cm“ 1 
(epoxy CO).

Anal. Calcd for C9H12O3: C, 64.22; H, 7.14; OCH3, 18.4; mol wt, 
168. Found: C, 64.08; H, 7.28; OCH3, 17.9; mol wt, 164 (benzene).

Methyl 3,4-epoxy-6-methylheptanoate (6): bp 65° (2 mm), 
116-118° (40 mm); n 20D 1.4341; d204 0.947; ir (CC14) 1740 (ester 
CO), 1230 (epoxy CO), 1145, 1030 (ester CO), 843 cm-1 (epoxy 
CO).

Anal. Calcd for CsHi60 3: C, 62.78; H, 9.30; OCH3, 18.0 Md, 
44.86. Found: C, 63.20; H, 9.60; OCH3, 17.6; Md , 46.30.

5-Methyl-3-hexanone (9), bp 135-137° (1 atm).
Semicarbazone of 9 above, mp 149-150°; it was identical with a 

synthetic sample6 by mixture melting point.
Ethyl 3,4-epoxy-6-ethyl-2,4-octadienoate (4): bp 75-76° (2 mm); 

ir (CCI4) 1740 (ester CO), 1580 (conjugated C =C ), 1230 (epoxy 
CO), 860 cm-1 (epoxy CO).

Anal. Calcd for C12H18O3: C, 68.60; H, 8.60; OC2H5, 21.2. Found: 
C, 68.80; H, 8.80; OC2H5, 19.0.

Ethyl 3,4-epoxy-6-ethyloctanoate (7): bp 76-78° (2 mm); ir 
(CCL,) 1740 (ester CO), 1225 (epoxy CO), 1140, 1030 (ester CO), 
825 cm-1 (epoxy CO).

Anal. Calcd for C^HasOs: C, 67.30; H, 10.40. Found: C, 67.10; H, 
10.70.

The infrared spectra were obtained with a Perkin-Elmer Model 
700 spectrophotometer. Samples were prepared by dissolving 100 
id in 3 ml CCI4.
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Organoboranes are oxidized efficiently by trimethylamine N- oxide dihydrate. The reagent is exceptionally 
mild, permitting the oxidation of a wide variety of functionally substituted organoboranes. In every instance the 
yields of product alcohol are as good as or better than the yields obtained using the standard oxidation procedure.

The oxidation of organoboranes has been utilized exten
sively as a convenient preparation of alcohols (eq l).2 In

oxidn
R 3B ------- *  3ROH (1)

fact, the hydroboration-oxidation sequence is the most ef
ficient route for the anti-Markovnikov hydration of alkenes 
(eq 2).

BHj oxidn
r c h = c h 2 — *■ --------- R C H 2C H 2OH (2)

The oxidation of organoboranes has become an increas
ingly important reaction as the role of organoboranes in or
ganic synthesis has expanded.3 One of the key features of 
the organoboranes is that they can be prepared containing 
a wide variety of functional substituents. These substitu
ents'are sometimes sensitive to the oxidation reagents, hy
drogen peroxide and sodium hydroxide.4 The presence of 
the strong base and oxidant can lead to undesirable side 
reactions.

In an attempt to minimize side reactions of functionally 
substituted organoboranes, researchers have resorted to 
modifying the standard oxidation procedure. Two modifi
cations have been successful: the simultaneous addition of 
the base and peroxide5 and the use of milder bases.6’7 In 
addition alternate oxidation procedures have been ex
plored. The alternate procedures generally utilize reagents

which are inconvenient to handle, difficult to obtain, or are 
themselves reactive toward certain functional substitu
ents.8-10

One reagent has been studied that appeared to offer 
promise as a mild oxidizing agent, trimethylamine N- 
oxide11,12 (eq 3). However, anhydrous amine oxides are in
convenient to prepare and the reported procedure utilizes 
hydrocarbon solvents, whereas most organoboranes are 
formed in ethereal solvents.

+
R 3B +  O-N R g — ► R 2B -O R  +  :N R 3 (3)

We now wish to report that the commercially available, 
easily handled, trimethylamine AT-oxide dihydrate is an ef
ficient reagent for organoborane oxidations. In addition the 
reagent will tolerate a wide variety of functional substitu
ents and the reactions may be performed in any of the com
mon organic solvents.

Results and Discussion
Temperature and Solvent Effects. Oxidations of orga

noboranes with trimethylamine AT-oxide dihydrate (TAO) 
can be carried out in either hydrocarbon or ethereal sol
vents. The rate of the oxidations appears to be insensitive 
to the solvent utilized. This is presumably a consequence of 
the low solubility of TAO in all of the solvents used in the 
study.

Table I
Comparison of the Efficiencies of the Trimethylamine N-Oxide Dihydrate and 

Hydrogen Peroxide Oxidation Procedures“ 6
Y ield , % d

Hydrogen
Organoborane Registry no. Product Registry no. Amine oxide peroxide

T ri -n  -hexylborane 1 1 8 8 -9 2 -7 1 -Hexanol® 1 1 1 -2 7 -3 95 95
T ri -n  -octy  lborane 3 2 4 8 -7 8 -0 1 -O ctanoC 1 1 1 -8 7 -5 95 95
T r i  -s e c  -buty lborane 1 1 1 3 -7 8 -6 2 -Butanol 7 8 -9 2 -2 94 94
T ricycloh exy  lborane 1 0 8 8 -0 1 -3 Cyclohexanol 1 0 8 -9 3 -0 94 92
T rin orb orn y  lborane 1 4 2 8 9 -7 5 -9 ex o -N orb orn eol 4 9 7 -3 7 -0 100 100

“ The amine oxide procedure was carried out by refluxing 3 equiv of trimethylamine A-oxide with the organoborane (1 M  in diglyme) for 
2 hr. b The peroxide oxidations were carried out by adding 3 equiv of hydrogen peroxide (30% aqueous solution) and 1 equiv of sodium 
hydroxide (3 N) to the organoborane (1 M  in tetrahydrofuran) and heating to 60° for 1 hr.4 c The organoborane was prepared via the 
hydroboration of the corresponding alkene using the standard procedures outlined in ref 4. d Yields determined via GLC analysis. e Con
version based only on tri-ra-hexylborane and tri-n-octylborane.
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Table II
Oxidation of Tricyclohexylborane in the 

Presence of Added Reagents“

Recovered,

Reagent

Yield , °lb

cyclohexanol

%b
reagent

Benzaldehyde 94 100
Butyrophenone 94 100
Ethyl valerate 94 100
Ethyl cinnamate 94 100
Phenylethylene oxide 94 100
Benzonitrile 94 100
Thiophene 94 100
Bromohexane 94 100
3-Penten-2-one 94 95

° The oxidations were carried out by adding 3 equiv of trimethyl- 
amine IV-oxide dihydrate to 10 mmol of tricyclohexylborane in 
diglyme (1 M) and heating the reaction to reflux for 2 hr.16 b De
termined by GLC analysis.

The rate of the oxidation reaction is temperature depen
dent. The data indicate that the second and third alkyl 
groups are removed more slowly than the first, requiring ei
ther higher temperatures or longer reaction times.13 The 
experimental results are summarized in Figure 1.

TAO permits an essentially quantitative conversion of an 
organoborane to corresponding alcohol. In all cases the 
yields of alcohols were as good as or better than the results 
in which the standard oxidation procedure was employed.4 
The results of a comparative study are summarized in 
Table I. Diglyme was employed as a solvent in the oxida
tions, since it is a common hydroboration solvent and per
mits a convenient oxidation rate.

Specificity. Trimethylamine N- oxide dihydrate is a re
markably mild oxidizing agent. A variety of functionality is 
unaffected by it under the reaction conditions employed. 
To demonstrate this aspect of the oxidation procedure, tri
cyclohexylborane was oxidized in the presence of added re
agents. In nearly every case the added reagents were found 
to be unchanged at the end of the oxidation. The results 
are summarized in Table II.

TAO thus appears to be a milder oxidant than hydrogen

TIME, HRS
Figure 1. A comparison of the rates of oxidation of tri-rc-hexylbo- 
rane with trimethylamine N -oxide dihydrate at various tempera
tures. The reactions were carried out in a variety of solvents: O, di
glyme; □, xylene; A , THF.

peroxide. A series of functionally substituted alkenes was 
then hydroborated and oxidized using both the TAO proce
dure and the standard procedure.4 In a number of these 
cases isomeric products are possible owing to the effect of 
the functional group on the direction of the hydroboration 
reaction.14 Furthermore, certain of the intermediate orga
noboranes are prone to reactions such as cyclization.15 The 
results are presented in Table III, in which only the major 
product is considered.

Conclusions
The use of trimethylamine N- oxide dihydrate as an oxi

dizing agent for organoboranes should be considered as a 
viable alternative to the standard oxidation procedure. The 
reagent is more convenient and far safer to handle than hy
drogen peroxide. Furthermore, the yields of alcohols are at 
least as good as, and in some cases better than, those ob
tained in the peroxide procedure.

Experimental Section
Proton NMR spectra were recorded on a Varian Associates A-60 

spectrometer. All chemical shifts are reported in parts per million 
downfield from tetramethylsilane.

Table III
Comparison of the Trimethylamine AMIxide and the Hydrogen Peroxide Oxidation Procedures 

for a Series of Functionally Substituted Organoboranes“

Y ield , %c

h 2o 2-

Alkene Registry no. Product** (CH3)jN -0 *2 H 20 4 OH'

CH, CH,

CH,— ( p — SCH2C = C H , 5484 4 -24 -5 C H , - Q — SCH,CHCH2OH (I) 92 83

9 4 -5 9 -7 cV u  ' (,i) 75 75

0  CH;, O CH:t

— C— O— CHCH2CH,CH=CH! 5 4 84 4 -25 -6 — C— O— CHCH2CH2CH2CH2OH (HI) 94 91

CH« CH,
1

C1CH2C = C H 2 563-47 -3 ClCH,CHCH2OH (IV) 67 60

c ic h 2c h 2c h 2c h = c h 2 9 2 8 -5 0 -7 ClCH 2CH2CH2CH2CH2OH (V) 95 89

a The organoboranes were formed via the hydroboration of the alkenes listed in the table. h Only the major product is indicated. t By 
GLC analysis. a Oxidations were carried out by adding 3 equiv of trimethylamine IV-oxide dihydrate to 10 mmol of the organoborane in 
diglyme (1 Ai) and heating for 2 hr.16 e Oxidations were carried out by adding 3 equiv of H20 2 (30%, aqueous) and 1 equiv of NaOH (3 N) to 
10 mmol of organoborane (1 AD in diglyme. The reaction mixture was then heated to 60° for 1 hr.
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Table IV
Hydroboration-Oxidation of Representative Alkenes. Experimental Details

Oxidn reflux

Alkene Registry no. Quantity, g tim e, hr Product Yield , %

U0PO

1 -Hexene 592-41-6 2.53 3 l-H exan ola 95 156
1-Octene 111-66-0 3.36 2 1 -O ctanol” 95 196
(E) - 2 -Butene 624-64-6 1.69 1 2 -Butanol6 94 101
Cyclobexene 110-83-8 2.48 1 Cyclohexanol 94 160
Norbornene 2.72 1 e x o -N orborneol 100 176

a Product contains 6% of the secondary isomer. 6 Product contains no 1-butanol.

All melting points and boiling points are uncorrected. The gas 
chromatography work was performed on a Varian Aerograph 90-P. 
The following columns were used: 5% SE-30 on Chromosorb W, 10 
ft X 0.25 in.; 9% Carbowax 20M on Chromosorb W, 10 ft X 0.25 in. 
Commercially available samples of (E)-2-butene, 1-hexene, 1-oc- 
tene, cyclohexene, norbornene, safrole, 3-chloro-2-methylpropene, 
5-chloro-l-pentene, and trimethylamine IV-oxide dihydrate were 
used without further purification (Aldrich).

Products were isolated by distillation at reduced pressures. The 
samples were characterized and the data compared to known 
values.

Oxidations. General Procedures. A. Trimethylamine N -  
Oxide Dihydrate. The organoborane (10 mmol) dissolved in 20 ml 
of diglyme was contained in a 50-ml, Ng-flushed flask fitted with a 
reflux condenser and mercury bubbler, vented to a hood. TAO (30 
mmol, 3.33 g) was added all at once to this solution and the reac
tion mixture was gently refluxed with efficient stirring for 2 hr.17 
The reaction product was isolated by extraction. The contents of 
the reaction flask were transferred to a separatory funnel. The 
flask was rinsed with 50 ml of ether and the ether solution was 
added to the separatory funnel. The mixture was extracted three 
times with 25 ml of saturated aqueous NaCl. The ether layer was 
separated and dried over anhydrous magnesium sulfate, and the 
product was distilled.

B. Hydrogen Peroxide. The organoborane (10 mmol) dissolved 
in 20 ml of tetrahydrofuran was contained in a 50-ml, Ng-flushed 
flask fitted with a septum inlet and a reflux condenser.18 Aqueous 
sodium hydroxide (10 mmol, 3.33 ml of 3 N  solutions) was added 
followed by the slow addition, via syringe, of hydrogen peroxide 
(30 mmol, approximately 3.3 ml of a 30% aqueous solution). The 
reaction mixture was heated to 60° for 1 hr to ensure completion of 
the oxidation. The alcoholic products were isolated by saturating 
the mixture with sodium chloride and separating the THF layer, 
which was back extracted with saturated sodium chloride solution. 
The THF layer was dried (MgSOi) and the product isolated by 
distillation.

Hydroboration. The hydroborations were carried out using 
standard procedures.19 The procedure using BH3-TH F was as fol
lows. The alkene (30 mmol) was dissolved in 20 ml of diglyme in a 
50-ml, Ng-flushed, round-bottomed flask equipped with a septum 
inlet and a reflux condenser. The solution was cooled to 0° by 
means of an ice-water bath and the BH3-TH F (10 mmol, 5 ml of a 
2 M solution) was added via a syringe. The hydroboration was per
mitted to proceed for 0.5 hr at 0° and then the mixture was al
lowed to warm to room temperature. The THF could be removed 
by distillation prior to the oxidation or during the oxidation.

Oxidations with Added Reagents. These oxidations were car
ried out as described above except that 10 mmol of the extra re
agent was added to the reaction mixture. The percentage of added 
reagent (and alcohol product) was determined via gas chromato
graphic analyses utilizing an internal standard.

Aliphatic Alcohols. In each case 30 mmol of the alkene in 20 ml 
of diglyme was hydroborated with 10 mmol (5 ml of 2 M  solution) 
of BH3-THF. The resultant organoborane was oxidized with trime
thylamine A-oxide dihydrate (30 mmol, 3.33 g) by refluxing for the 
indicated time. The products were analyzed by GLC and isolated 
by distillation.

The experimental details are summarized in Table IV.
3-p-Tolylthio-2-methylpropene. p-Tolylthiol (0.3 mmol, 24.2 

g) was treated with 1 equiv of aqueous sodium hydroxide (50 ml, 6 
N). The mixture was stirred at room temperature for 4 hr. The 
water was removed at room temperature under reduced pressure. 
The residual salt was mixed with 50 ml of methanol. 3-Chloro-2- 
methylpropene (0.3 mmol, 27.5 g) was added to the mixture and 
stirred overnight. The mixture was added to 100 ml of H2O and

the product was extracted with 3 X 50 ml of ether. The ether layer 
was dried over anhydrous MgSOi and the product was distilled: bp 
67° (0.3 mmHg); yield 43 g, (80%); NMR (neat) & 1.8 (s, 3, 
CH3C = ), 2.2 (s, 3, CH3Ar), 3.4 (s, 2, -CH 2S), 4.8 (broad s. 2, 
H2C =C ), 7.2 (Ag'Xg', 4, ArH).

Anal. Calcd for Cn Hu S: C, 74.09; H, 7.92; S, 17.99. Found: C, 
74.20; H, 8.06; S, 18.40.

5-Benzoxy-l-hexene. 5-Hexen-2-one (0.30 mol, 30 g) was slow
ly added to aqueous NaBH4 (0.1 mol, 1 M). The mixture was 
stirred for 1.5 hr and the product, l-hexen-5-ol, was isolated by ex
traction into ether and then distilled: bp 135° (740 mmHg) [lit. bp 
138-139° (752 mmHg)];20 yield of alcohol 90% (27 g); NMR 
(CDC13) 5 1.2 (d, 3, -CH 3, J = 6 Hz), 1.5 (m, 2, -CHgC=C), 2.1 (m, 
2, -CH 2-) , 3.0 (s, 1, -OH), 3.8 (sextet, 1, methine), 5.1 (m, 2, 
H2C =C ), 5.8 (m, complex, 1 H). The benzoate ester was prepared 
by adding benzoyl chloride (0.3 mol, 42 g) to l-hexen-5-ol (0.27 
mol, 27 g) dissolved in 50 ml of pyridine. The product was isolated 
by pouring the reaction mixture into 100 g of ice-water. The 5- 
benzoxy-l-hexene was extracted with 3 X 50 ml of ether. The ether 
layer was dried over anhydrous MgSOi and the product was dis
tilled: bp 95° (0.5 mmHg); NMR (CDC13) S 1.4 (d, 3, -C H 3, J = 6 
Hz), 2.0 (m, broad, 4, -CH 2CH2-), 5.2 (sextet, 1, methine), 5.1 (m, 
2, H2C = C -), d 5.9 (m, 1, -C = C H -), 7.6 (m, 3, ArH), 8.3 (m, 2, 
ArH).

3-p-Tolythio-2-methyl-l-propanol (I). 3-p-Tolythio-2-meth- 
ylpropene (30 mmol, 5.34 g) was hydroborated with 10 mmol of 
RH3-THF at 0° for 1 hr. Oxidation was performed by refluxing the 
resultant organoborane with 30 mmol of TAO in diglyme for 30 
min. GLC analysis (SE-30) indicated a 92% yield of I. The product 
was isolated by distillation: bp 112-113° (0.15 mmHg); NMR 
(CDCI3) a 1.0 (d, 3, -CH 3, J  = 7 Hz), 1.9 (broad m, 1, CH), 2.3 (s, 3, 
ArCH3), 2.9 [m (AB), 2, SCH2], 3.0 (s, 1, -OH), 3.6 (d, 2, -CH 20 , J 
= 6 Hz), 7.3 (Ag'Xs', 4, ArH).

Anal. Calcd for CnH i6OS: C, 67.28; H, 8.22; S, 16.34. Found: C, 
67.20; H, 8.16; S, 16.53.

3-(3,4-Methylenedioxyphenyl)-l-propanol (II). Safrole (30 
mmol, 4.86 g) was hydroborated with 10 mmol of BH3-THF at 0° 
for 1 hr. The resultant organoborane was oxidized by refluxing 
with 30 mmol of TAO in diglyme for 1 hr. GLC analysis (Carbo
wax) indicated a 75% yield of product II; 12% of the secondary iso
mer was also present. The product was isolated by distillation: bp 
124-128° (2 mmHg) [lit. bp 170-172° (8 mmHg)];21 NMR (CDC13) 
a 1.8 (m, 2, -CHg-), 2.7 (t, 2, ArCHg-, J  = 7 Hz), 3.7 (t, 2, -CH 20 , J 
= 6.5 Hz), 3.0 (s, 1, -OH), 6.0 (s, 2, OCHgO), 6.8 (s, 3, ArH).

5-Benzoxy-l-hexanol (III). 5-Benzoxy-l-hexene (30 mmol,
6.12 g) was hydroborated with BH3-THF at 0° for 1 hr. The resul
tant organoborane was oxidized by refluxing with 30 mmol of TAO 
in diglyme for 30 min. GLC analysis (SE-30) indicated a 95% yield 
of III. The product was isolated by distillation: bp 121-125° (0.05 
mmHg); NMR (CDCI3) S 1.5 (broad envelope, 9, alkyl), 3.3 (s, 1, 
OH), 3.7 (t, 2, -CH 2O, J  as 6.5 Hz), 5.2 (m, 1, OCH-), 7.6 (m, 3, 
ArH), 8.2 (m, 2, ArH).

Anal. Calcd for Ci3H180 3: C, 70.24; H, 8.16. Found: C, 70.05; H,
8.06.

3-Chloro-2-methyl-l-propanol (IV). 3-chloro-2-methylpro- 
pene (30 mmol, 2.72 g) was hydroborated with 10 mmol of BH3- 
THF for 1 hr at 0°. The resultant organoborane was oxidized with 
TAO by refluxing in diglyme for 1 hr. GLC analysis (Carbowax) in
dicated a 67% yield of product. The product was isolated by distil
lation: bp 65-66° (9-10 mmHg) [lit. bp 76° (21 mmHg)];22 NMR 
(neat) 5 0.9 (d, 3, -CH3, J = 7 Hz), 1.9 (m, 1, -CH -), 3.5 (d, 2, 
-CHgCl, J  = 6 Hz), 3.6 (d, 2, -CH20, J = 5.5 Hz), 4.6 (s, 1, -OH).

5-Chloro-l-pentanol (V). 5-Chloro-l-pentene (30 mmol, 3.14 
g) was hydroborated with BH3-THF at 0° for 1 hr. The resultant 
organoborane was oxidized by refluxing with 30 mmol of TAO in
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diglyme for 1 hr. GLC analysis (SE-30) indicated a 95% yield of V. 
The product was isolated by distillation: bp 74° (5 mmHg) [lit. bp 
121° (30 mmHg)];23 NMR (CDCI3) 6 1.6 (m, broad, 6, aliphatic),
3.6 (m, broad, 4, -CH 20  and CH2C1), 3.9 (s, 1, OH).
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The synthesis of the cis and trans isomers of l-methoxy-3-methyl-l-phenylphospholanium hexafluorophos- 
phate is reported. Hydroxide displacement of methoxide from the trans isomer leads to 3-methyl-1-phenylphos- 
pholane 1-oxide with 51% retention and 49% inversion of configuration at phosphorus, while cleavage of the cis 
isomer gives the same product with 42% retention and 58% inversion. The cis and trans isomers of 4-methyl-l- 
phenylphosphorinane 1-oxide were also prepared and methylated with retention to yield the corresponding cis- 
and iran.s-l-methoxy-4-methyl-l-phenylphosphorinanium hexafluorophosphates. Alkaline cleavage of the cis and 
trans phosphorinanium salts leads to complete inversion of configuration as a result of nucleophilic attack at 
phosphorus. 180-Labeling experiments reveal that, under reaction conditions employed, nucleophilic attack at 
methoxy carbon occurs to the extent of 11% in the phospholanium salts and 9% in the phosphorinanium salts. The 
stereochemistry of nucleophilic displacement at phosphorus in both systems can be rationalized in terms of 
stereoelectronic vs. ring strain effects in phosphorane intermediates.

As part of a continuing study of the effect of ring size on 
the mechanism and stereochemistry of displacement of 
leaving groups from phosphorus in heterocyclic phosphoni
um salts,1 we wish to report results of hydroxide ion dis
placement of methoxide ion from cis- and trans-l-me- 
thoxy-3-methyl-l-phenylphospholanium (1) and cis- and 
irans-l-methoxy-4-methyl-l-phenylphosphorinanium (2) 
hexafluorophosphates.

Synthesis of and Assignment of Stereochemistry to 
Alkoxyphosphonium Salts. These compounds were pre
pared by alkylation of the stereoisomerically pure phos
phine oxidesld,f with trimethyloxonium hexafluorophos- 
phate (eq 1). As expected, alkylation occurred with reten-

r 3p = o  + (CH3)30* p f 6- —

r 3p *o c h 3 p f 6- +  (c h 3) , o  (1)

tion of configuration at phosphorus as shown previously for 
the phosphetane oxide system.2 It was also possible to alk
ylate the oxides by use of methyl fluorosulfonate (“ Magic 
Methyl” ). 4H NMR analysis of methoxyphosphonium fluo- 
rosulfonates formed also indicated stereospecific alkyla
tion. However, because the fluorosulfonate salts were diffi
cult to obtain in a pure crystalline form for the purpose of 
elemental analysis, trimethyloxonium hexafluorophosphate 
was used and found to be superior in this respect. Charac
teristics of these compounds are listed in Table I.

The cis and trans stereochemistry for isomers of 1 was 
established indirectly by an X-ray crystal structure deter
mination.3 The stereostructure of the isomers of 2 was as
signed by XH NMR analysis of the oxides (3) from which 
they were derived, together with corroborating physical 
properties of the oxides. With respect to cyclohexane, the 
conformational preferences for methyl and phenyl4 are 
such that for the 1,4-trans arrangement of these two groups
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Table I
Methoxyphospholanium (1) and 

Methoxyphosphorinanium (2 ) Hexafluorophosphates“
N MR Data0

CCH3 OCH3

Sait Mp,k °C 6 ri ïC C HJ Hz 6 ^POC11’

trans  -1 50-50.5 1.22 5.2 3.80 12.0
czs-1 50-53 1.25 4.5 3.82 12.0
trans  -2 122-128'* 0.96 5.2 3.72 11.6
cis  -2 118-119.5 1.37 3.0 3.59 11.4

a Prepared from the corresponding pure oxides by treatment
with trimethyloxonium hexafluorophosphate. * Melting points 
were taken for the crude material without recrystallization but 
after thorough washing with ether. c Spectra were determined at 
60 MHz in chloroform-d with a JEOL C-60H spectrometer. Chemi
cal shifts are measured from M eiSi. d Prior to washing with ether.

in 3 b the predominant, if not exclusive, conformer would 
be expected to be (e)-methyl-(e)-phenyl. At ambient tem-

ô (CH3), ppm

Mp, °C 
Rf (acetone, 

silica gel G)

Me

3a
Doublet
0.89 (J = 6.0 Hz) 
60-61 
0.11

Me

3b
Unresolved doublet, 
0.99 (J = 1.0 Hz) 
148-149 
0.26

though not always reliable, also tend to support the as
signed structure.11

Results
Results for the aqueous hydroxide cleavage of the phos- 

pholanium isomers are given in eq 2 and 3.12 Only one en-

Me Me

M eO ^ Ph
cis-l

Me

4b
49%

4b, 42%

(2)

(3)

antiomer of each salt is shown, although racemic mixtures 
were used in this study.

As seen from Table I, the chemical shifts of the C-methyl 
and O-methyl groups for trans- 1 and cis-l are virtually 
identical at 60 MHz. The oxides also have nearly identical 
shifts.11 Thus the oxide mixtures could neither be analyzed 
directly by NMR nor stereospecifically reconverted to 1 for 
analysis. Also decoupled 31P NMR (40.5 MHz) signals for 
the isomeric oxides cannot be distinguished from each 
other in mixtures. Therefore, the oxide mixture was 
stereospecifically reduced to the corresponding phosphines 
(complete retention)11 which were quaternized with benzyl 
bromide (complete retention)13 to yield a mixture of the 
diastereomeric benzylphosphonium salts (5).

perature, for example, fran.s-l-methyl-4-phenylcyclohex- 
ane is detectable only in the ee conformation. The coupling 
constant for HCCH3 for the trans isomer is 3.5 Hz and the 
methyl doublet is poorly resolved.5 d.s-l-Methyl-4-phenyl- 
cyclohexane, on the other hand, has been determined to 
exist predominantly (>90%) in the (a)-methyl-(e)-phenyl 
conformation and the well-resolved methyl doublet dis
plays a coupling constant of 6.9 Hz.5 In general, protons on 
axial methyl groups are known to show larger coupling con
stants with vicinal tertiary ring protons,5’6 and equatorial 
methyl protons not only exhibit smaller coupling constants 
with tertiary protons5,6 but are also characteristically struc
tureless or poorly resolved.5,7 On this basis the lower melt
ing isomer is assigned the structure 3a with methyl and 
phenyl in axial and equatorial positions, respectively, in 
the predominant isomer in solution (CH2CI2). The higher 
melting isomer is assigned the structure 3b with both phe
nyl and methyl occupying equatorial positions, probably 
exclusively.8 Moreover, a cis 1,4-methyl-oxygen arrange
ment (3b) might be expected to result in deshielding9 of 
the methyl group, while a shielding effect on the methyl 
substituent might be anticipated from a cis methyl-phenyl 
configuration (3a). In this respect also the chemical shifts 
for 3a and 3b are consistent with configurational assign
ments.

Physical properties give additional support to the assign
ment of stereochemistry. It is well known that equatorially 
oriented polar substituents usually result in higher reten
tion times than do polar axial groups in chromatographic 
separations of epimers.5,10 Thus 3b would be predicted to 
have a higher Rf number than 3a which could be more 
strongly adsorbed through the conformer containing an 
equatorial phosphoryl oxygen. Melting point data, al-

Me Me

5 4

These mixtures in D2O were analyzed by 'H  NMR at 220 
MHz and the separated benzyl doublets integrated to give 
the compositions shown in eq 2 and 3.

The two phosphorinanium salts (trans-2 and cts-2), 
when decomposed by aqueous alkali under the same condi
tions as the phospholanium salts, behaved identically; i.e., 
within experimental error by JH NMR detection at the 
concentrations used, both experienced complete inversion 
of configuration at phosphorus as exemplified in Scheme I.

Scheme I
Me

f J 3b (cis oxide) +  3a (trans oxide)
* 100% 0%

Ph OMe
trans-2

OH-
cis- 2  ̂ 0% 100%H_;U

Analyses of the oxides were accomplished by stereospecific 
reconversion to the methoxyphosphonium salts 2 with tri
methyloxonium hexafluorophosphate and integration of 
the separated O-methyl doublets recorded at 60 MHz (cf. 
Table I). These results were checked by completion of a
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stereochemical cycle for a mixture of oxides as shown in 
Scheme II.

Scheme II

59% trans-2 6 2 % ( 5 8 ) c ¿ s - 2
+ — v 3a + 3b — -—► +

41% cis-2 38% (42) trans-2

OH~
57% (57) trans-2 Me3o ‘ '

+ ■*------- 3a + 3b
43% (43) cis-2

The calculated percent composition of 2 [assuming a 9% 
1H NMR detection limit for retention upon hydroxide 
cleavage (vide infra)], after steps 2 and 4 in Scheme II, is 
shown in parentheses in the scheme.

In order to determine whether any retention of configu
ration occurred below XH NMR detection level and, if so, to 
explain such retention of configuration in the cleavage of 1 
and 2, oxides 3 and 4 were enriched in 180  by treatment of 
the respective oxides with 18OH2 acidified with hydrogen 
chloride.14 The oxides enriched in 180  were methylated 
with trimethyloxonium hexafluorophosphate and the la
beled salts cleaved with hydroxide as before. Examination 
of the oxides showed, after correction for natural abun
dance, 11.3 ±  0.5% retention of label for the base cleavage 
of 1 and 8.7 ±  0.5% for that of 2.

Discussion
Cleavage of the Methoxyphospholanium Salts (1).

Previous investigations into the stereochemistry of dis
placement of leaving groups in system 6 by hydroxide are 
summarized in eq 4. When the nucleophile is butoxide in

R = Ph; R'  = CH2Ph; retention of configuration at 
phosphorus1' 4

R = Me; R ' = Ph; stereomutation at phosphorus11

(4)

the cleavage of the 1-methyl-1-benzyl analog of 6, predomi
nant retention of configuration is observed,115 while dis
placement of trichlorosiloxide as leaving group by trichlo- 
rosilyl anion as nucleophile (in the reduction of 4a by 
Si2Clfi) leads ultimately to predominant inversion of confi- 
guration.lc These stereochemical results have been ration
alized in terms of the competition between stereoelectronic 
and ring strain effects involving proposed phosphorane in
termediates.15 Briefly stated, it is held that electronegative 
substituents have a preference for apical positions in trigo
nal bipyramidal phosphoranes. However, the reaction 
pathway involving such an intermediate may be modified 
in cases when two of the ligands at phosphorus are part of a 
four-, five-, or in some cases a six-membered ring, because 
of ring strain introduced by ee disposition of ring bonds (7). 
Thus only leaving groups of comparatively high electrone
gativity, where relief of “ stereoelectronic strain” exceeds 
relief of “ ring strain” , are permitted to occupy an apical po
sition. This then accounts for predominant inversion of 
configuration at phosphorus in the reduction of 4a by 
Si2Cl6 where the leaving group is OSiCL- . In cases of poor 
leaving groups (low electronegativity), as exemplified by 
benzyl, ring strain dictates stereochemistry of the initially

Me Me

7 8 9

formed phosphorane as shown by structure 8 where L is 
benzyl and R is phenyl or methyl. Loss of benzyl may occur 
apically from 9 after one pseudo-rotation with no net 
change of configuration at phosphorus. Such is observed 
for aqueous alkaline cleavage of 8 (L = CH2Ph; R = Ph or 
Me; Nu = OH).la-c'f For a leaving group such as phenyl, 
which is even poorer than benzyl as demonstrated by com
petitive cleavage experiments,16 the energy barriers to 
pseudo-rotation among phosphoranes leading to stereomu
tation at phosphorus, after attachment of hydroxide ion to 
phosphorus, is lower than the energy barrier preceding 
product formation. This has been observed for 8 where L = 
Ph, R = Me, and Nu = OH,lf and where a thermodynamic 
mixture of diastereomeric phosphine oxides has been found 
to be formed from the equilibrating mixture of phospho
ranes.

In this work we have observed a still different type of be
havior for the cleavage of a phospholanium salt as exempli
fied by the hydroxide decomposition of 1. Experimental re
sults suggest that three different reactions are occurring si
multaneously in the conversion of the isomers of 1 to a mix
ture of the corresponding oxides. Stereoelectronic strain 
and ring strain are evidently of comparable magnitude 
where methoxide ion is a leaving group. Thus intermedi
ates 7 and 8 (L = OMe; R = Ph; Nu = OH) are both viable.

The product compositions shown in eq 2 and 3 are not 
reasonably accounted for by complete stereochemical equi
librium through pseudo-rotation of phosphorane interme
diates. Even though the cleavage results are similar for 
trans-1 and cis- 1 they are nevertheless detectably different 
and reproducibly so. Thus pseudo-rotation, if it occurs, can 
only be competitive with product formation. However, 
competitive pseudo-rotation would not be consistent with 
the observation that loss of benzyl, a poorer leaving group 
than methoxy, from 6 by hydroxide cleavage occurs with 
complete retention of configuration at phosphorus.la_d- If 
the theory of stereoelectronic strain were to apply to the 
case of methoxyphospholanium salts one would predict 
with some assurance that methoxy would fall somewhere 
between benzyl and trichlorosiloxy in its apicophilicity rel
ative to the intermediate phosphorane formed. This pre
diction is evidently borne out by our findings.

Coexistent with the duality of mechanism accompanying 
attack at phosphorus by hydroxide is the occurrence of nu
cleophilic attack at methoxy carbon as revealed by the re
tention of some 180  label. Although a diastereomeric mix
ture of methoxyphospholanium salts was used because of 
stereomutation accompanying incorporation of label into 
the oxide starting material, it is reasonable to assume that 
nucleophilic attack at carbon should be relatively unin
fluenced by the stereochemistry at the ring methyl because 
of its remoteness from the site of reaction. Therefore, 
trans- 1 is apparently decomposed by aqueous sodium hy
droxide in the manner displayed in Scheme III for mole
cules of the labeled compound. Isomer cis- 1 similarly yields 
58% inverted product, 31% retained product by attack of 
hydroxide at phosphorus, and 11% retained product by at
tack of hydroxide at carbon. It is tempting to explain the 
reduced amount of inversion at phosphorus for trans-1 as 
compared to cis- 1 by steric interference of the ring methyl 
to attack by hydroxide from that side of the ring.
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Scheme III
Me Me

4e
Cffl-J

Me

49%

Me

/ ■ " l  *
' — Pc^-OMe

i  'OH 
Ph

4d
jOK-

Me

40%

Although Scheme III shows attack opposite the 1,2 ring 
bond by hydroxide, attack opposite the 1,5 ring bond is also 
possible and would also yield product of retained configu
ration. These two attack routes are not strictly equivalent 
sterically but are expected to be very nearly so based upon 
models. Assuming both routes of attack to be identical, it is 
possible to calculate the following relative reaction rates for 
the three cleavage processes.

Relative rates

trans-1 cis-1

Attack at C 1.0 1.0
Attack opposite a ring bond 1.8 1.4

(retention)
Attack at P (inversion) 4.5 5.3

It is seen that the kinetically favored process for both 
compounds is inversion, with cis- 1 more reactive in this re
spect than trans-1.

Cleavage of the Methoxyphosphorinanium Salts (2).
In a previous communication111 we reported trans and cis 
isomers of 10 to undergo base cleavage with the results in
dicated. This evidence was interpreted16 as illustrating a

Me Me Me

ò  -Ò
Br_ J  N

Pit 'CHiPh Phi ''O  O ''P h  
c/s-10 3a 3b

48% 52%
OH-

trans-10 ----- ► 22%, 3a 78%, 3b

dual mechanism involving attack at phosphorus in a man
ner similar to that portrayed in Scheme III for methoxy- 
phospholanium salts. That 3a and 3b do not result from a 
common intermediate is attested to by the fact that cis-10 
and trans-10 give different ratios of the same products. 
Analogous results have been reported for a bicyclic phos- 
phorinanium salt.17

It now appears that the findings shown in Scheme I are 
entirely consistent with hydroxide attack at phosphorus 
with exclusive inversion, the small amount of retention ob
served occurring only by Sn 2 attack by hydroxyl at carbon. 
The ÑMR analysis indicated a maximum limit of 9% reten
tion for both isomers and the mass spectral determination 
of 180  in the labeled salt and the oxide resulting from 
cleavage of the salt showed 8.7% retention of label. The 
greater apicophilicity of methoxide as compared to benzyl 
permits the former to occupy an apical position (relief of 
stereoelectronic strain) in the phosphorane of lowest ener
gy. The stereoelectronic effect completely offsets any ring 
strain effect in this instance because of the increased ring 
size, whereas in the example of the cleavage of 10, stereo
electronic and ring strain effects are comparable. It should 
be parenthetically stated that the high stereospecificity of 
this reaction allows convenient access to 3a. Oxides 3a and 
3b are obtained as a mixture by base cleavage of 11. Pure

3a +  3b
45% 55%

3b is readily obtained in good yield from this mixture by 
recrystallization from CCI4. Preparation of the methoxy 
salt of 3b followed by cleavage and recrystallization, then, 
can afford pure 3a.

Comparison of Behavior of Phosphonium Salts of 
Different Ring Size. Mislow et al. have reported that hy
droxide displacement of ethoxy from the cis and trans iso
mers of 12 takes place without any measurable accompa
nying attack at ethoxy carbon to give 13.18 However, the

Me Me

error limits given for 180  analysis of the hydroxide solution 
and the products are such that a maximum of 7.6% attack 
at carbon could have occurred without detection. Hydrox
ide attack at the P- methyl carbon of 1419 to yield 15 in 
1.8% yield has also been reported. The extent of displace
ment at the ethoxy methylene carbon in 12, if it occurs, is 
less than for 1 and 2. The diminished (or possible absence 
of) attack at carbon in this case is most likely due to a com
bination of effects: the lowered -activation energy for attack 
at phosphorus in the four-membered ring system as com
pared to the five- or six-membered systems and the lower 
reactivity of ethyl vs. methyl in Sn2 reaction at carbon. 
The former effect is reflected in reaction rates determined 
by Cremer et al.,20a who have shown that, for base cleavage 
of selected benzyl salts, the phosphetanium salt reacts on 
the order of 104 times as fast as the phospholanium and 106 
times faster than the phosphorinanium salt. The latter ef
fect is seen, for example, in the average 30-fold greater re
activity of methyl as compared to ethyl in Sn 2 reactions.20b 
It might also be noted that C -0  cleavage has been observed 
in dialkoxyphosphonium salts.21

In the progression stereomutation, retention, inversion, 
it is found that for ring systems studied which contain alk- 
oxy substituents, retention occurs for hydroxide attack at 
phosphorus in the four-membered ring.18 Both retention 
and inversion are observed with the five-membered ring, 
and inversion takes place with the six-membered ring. The
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six-membered ring behaves essentially as an acyclic 
monoalkoxyphosphonium salt, since Mislow et al. have re
ported complete inversion of configuration at carbon by 
hydroxide cleavage of e thoxymethyl-/3-naph thy I phenyl- 
phosphonium nitrate.2 Hexachlorodisilane reduction of 4a 
has been reported to occur with predominant inversion of 
configuration, the lack of complete stereospecificity being 
attributed to SiCl4-induced stereomutation at phosphorus 
or the operation of a dual mechanism.lc Our reported ob
servation of the existence of a dual mechanism for P -0  
cleavage in 1 now makes plausible the dual mechanism ex
planation for the small amount of retention witnessed in 
the reduction of 4a, since OSiCl3 would be expected to be 
more apicophilic than methoxy.

Me Me

Experimental Section22
Preparation of the Cis and Trans Isomers of 3-Methyl-l- 

methoxy-l-phenylphospholanium Hexafluorophosphate (1).
For the preparation of the trans isomer of 1, 2.98 g (15.3 mmol) of 
the phosphine oxidelf 4a was dissolved in 25 ml of dry methylene 
chloride. This solution was added to a suspension of 3.51 g (17 
mmol) of trimethyloxonium hexafluorophosphate in dry methy
lene chloride and the resulting mixture was stirred at room tem
perature overnight. Traces of insoluble residue were removed by 
centrifugation and the solution was evaporated to dryness in 
vacuo. The glassy residue crystallized upon standing and the re
sulting crystals were triturated with 150 ml of anhydrous ether in 
10-ml portions. The crystals were then dissolved in dry methylene 
chloride and anhydrous ether was added until an oil separated. 
The oil was triturated twice with anhydrous ether, and upon 
drying in vacuo the oil crystallized to give 1.60 g of trans-1: mp 
50-52.5°; cf. Table I for NMR data.

Anal. Calcd for C12H18F6P20: C, 40.69; H, 5.12. Found: C, 40.95; 
H, 5.40.

The cis isomer of 1 was similarly prepared from 4b:lf mp 50-53°; 
mixture melting point with the trans isomer of 1 gave 29-44°; cf. 
Table I for NMR data for cis-1.

Anal. Calcd for Ci2Hi8Ff;P20 : C, 40.69; H, 5.12. Found: C, 40.80; 
H, 5.39.

cis-4-Methyl-l-phenylphosphorinane 1-Oxide (3b). 4-
Methyl-l,l-diphenylphosphorinanium bromide23 (11, 10 g, 28.6 
mmol) was added to 50 ml of 5 M sodium hydroxide and the mix
ture was refluxed for 8 hr. The resulting reaction mixture was ex
tracted twice with 20-ml portions of chloroform, and the separated 
aqueous layer was saturated with sodium chloride and again ex
tracted three times with 20-ml portions of chloroform. The ex
tracts were combined, the chloroform was distilled, and the residue 
was sublimed to give 5.90 g of a hygroscopic mixture of trans- and 
cis-4-methyl-l-phenylphosphorinane 1-oxide, mp 90.5-112°.

Anal. Calcd for Ci2H17OP: C, 69.21; H, 8.23. Found: C, 69.32; H,
8.21.

Chromatographic separation of this mixture on silica gel G with 
acetone and spot development with iodine vapors gave two spots of 
Rf 0.11 (3a) and 0.26 (3b). Elution of the spots and uv analysis of 
aqueous solutions at 218 nm (e 8840 for both isomers) showed the 
cleavage mixture to be 45% 3a and 55% 3b.

Four recrystallizations of the cleavage mixture from 1:1 hexane- 
carbon tetrachloride furnished crystals: mp 147.8-148.9°; NMR 
(CH2C12, Me4Si) 5 0.99 (unresolved d, 3, J = 1.0 Hz, CCH3).

Anal. Calcd for Ci2H17OP; C, 69.21; H, 8.23. Found: C, 69.39; H, 
8.40.

irans-4-Methyl-l-phenylphosphorinane 1-Oxide (3a). A
portion of the cleavage mixture was separated on Brinkmann pre
coated silica gel 60 F-254 preparative TLC plates with acetone. 
The component of Rf 0.11 was removed by chloroform extraction 
of the silica gel and, after evaporation of the chloroform, the resi

due was then distilled. The distillate of bp 146° (0.1 mm) crystal
lized to a hygroscopic solid upon standing: mp 60-61°; NMR 
(CH2CI2, Me4Si) 6 0.89 (d, 3, J  = 6.0 Hz, CCH3).

Anal. Calcd for Ci2Hi70P -l/4H20: C, 67.74; H, 8.29. Found: C, 
67.93; H, 8.51.

cis-1 -Methoxy-4-methyl-1 -phenylphosphorinanium Hex
afluorophosphate (2). The same procedure was followed as for 
the preparation of the methoxyphospholanium salts; cf. Table I for 
physical properties.

Anal. Calcd for Ci3H2oF60P2: C, 42.39; H, 5.47. Found: C, 42.65; 
H, 5.64.

Cleavage of frans-l-Methoxy-3-methyl-l-phenylphospho- 
lanium Hexafluorophosphate (1). The hexafluorophosphate salt 
(trans-1, 1.07 g) was added to 34 ml of 0.50 N  sodium hydroxide at 
room temperature with stirring, whereupon the solid dissolved. 
The solution was then slowly heated to reflux. The cooled reaction 
mixture was extracted five times with 25-ml portions of methylene 
chloride, the solvent was distilled from the combined extracts and 
the residue was distilled to give a 97% yield of 3-methyl-l-phenyl- 
phospholane 1-oxide: bp 125° (0.1 mm) (Kugelrohr) [lit. bp of 
trans oxide, 115-125° (0.05 mm); cis oxide, 120° (0.01 mm)].lf The 
1HNMR spectrum (60 MHz) indicated a mixture of oxides.

In order to analyze the oxide mixture it was reduced in 81% yield 
with phenylsilane (retention)24 and the resulting phosphine mix
ture was quaternized with benzyl bromide (retention)13 to give a 
mixture of the benzyl salts in 98% yield (mp 154—165°) the compo
sition of which was determined by integration of the benzyl pro
tons at 220 MHz: NMR (D20, DSS) 5 1.20 (overlapping d, CCH3),
4.10 (overlapping d, J = 15 Hz, CH2Ph). Integration gave 49% 
trans-5 salt, 5 4.11 (d, J = 15 Hz, CH2Ph), and 51% cis-5 salt, <5
4.09 (d, J = 15 Hz, CH2Ph).

Cleavage of cis-3-Methyl-l-methoxy-l-phenylphospholan- 
ium Hexafluorophosphate (1). The same procedure was followed 
as for the trans isomer with similar results except that the mixture 
of benzyl salts melted at 145.5-155.0° and the NMR analysis gave 
42% trans-5 and 58% cis-5.

Cleavage of trans-l-Methoxy-4-methyl-l-phenylphospho- 
rinanium Hexafluorophosphate (2). The same procedure was 
followed as for trans- 1 above. A yield of 83% of the oxide was ob
tained which was methylated as described for 4a above. The mix
ture was analyzed by integration of the methoxy protons (cf. Table 
I). The cleavage of the cis isomer and analysis of the product were 
similarly carried out. The reactions and analyses shown in the 
stereochemical cycle in Scheme II were similarly conducted. At 
concentrations used, it was determined that the presence of a max
imum of about 9% of the minor isomer was needed before detec
tion and integration of the methoxy peaks could be achieved.

I80  Labeling of 3-Methyl-l-phenylphospholane 1-Oxide. A 
mixture of 1.00 g of 4alf and 5 ml of unnormalized 10 atom % 180  
water was acidified to ca. pH 1 with hydrogen chloride and the re
sulting mixture was refluxed for 72 hr at 100°. Most of the water 
was then distilled off and the remainder was removed by azeotrop
ic distillation with benzene. After evaporation of the benzene, the 
residue was distilled to yield 0.97 g of the oxide, bp 115° (3 mm) 
(Kugelrohr). The methoxy salt 1 was prepared and cleaved as de
scribed previously. 180  content: methoxy salt, 0.452 ±  0.001 atom 
%; oxide 4 resulting from cleavage, 0.232 ±  0.001 atom %.

isO Labeling of 4-Methyl-l-phenylphosphorinane 1-Oxide. 
This was accomplished by treatment of 3b in the same fashion as 
above to give the oxide of bp 145° (0.08 mm) (Kugelrohr). The me
thoxy salt 2 was prepared and cleaved as previously described. 180  
content: methoxy salt, 0.422 ±  0.001 atom %; oxide resulting from 
cleavage, 0.223 ±  0.001 atom %.

tra n s- and cj's-l-Benzyl-4-methyl-l-phenylphosphorinan- 
ium Bromides (10). Phosphine oxide 3b was reduced with phen
ylsilane to the corresponding frans-4-methyl-l-phenylphosphori- 
nane, bp 76° (0.15mm) (Kugelrohr), and the phosphine was qua
ternized with benzyl bromide to give an overall yield of 86.5% of 
trans- l-benzyl-4-methyl-l-phenylphosphorinanium bromide (10), 
mp 196° (EtOH-EtOAc).

Anal. Calcd for Ci9H24BrP: C, 62.81; H, 6.66. Found: C, 63.09; H, 
6.40.

cis-1 -Benzyl-4-methyI-l-phenylphosphorinanium bromide (10) 
was prepared from phosphine oxide 3a by the procedure described 
immediately above, mp 161-163° (not sharp). This salt was found 
to be hygroscopic.

Anal. Calcd for Ci9H24BrP-3/4H20: C, 60.56; H, 6.82. Found: C, 
60.52; H, 6.92.

Cleavage of tra n s- and cis-l-Benzyl-4-methyl-l-phenyl- 
phosphorinanium Bromides (10). trans-10 (0.50 g) was dissolved
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in 4.5 ml of 1.00 N  NaOH and the resulting mixture was refluxed 
for 9 hr. The cooled reaction mixture was extracted with two 5-ml 
portions of chloroform, and the aqueous layer was saturated with 
sodium chloride and then extracted with two 5-ml portions of chlo
roform. The chloroform were evaporated and the residue was sub
limed at 0.25 mm to yield 97.5% of a mixture of oxides (3), mp 73- 
133°.

Anal. Calcd for C12H17OP: C, 69.21; H, 8.23. Found: C, 69.47; H,
8.20.

This mixture was analyzed by TLC as described above for the 
cleavage products of 4-methyl-l,l-diphenylphosphorinanium bro
mide (11) and gave 78% 3b and 22% 3a.

The cis isomer of 10 was similarly cleaved to give a hygroscopic 
mixture of oxides.

Anal. Calcd for Ci2Hi70P-V,jH20: C, 67.74; H, 8.29. Found: C, 
67.93; H, 8.39.

The analysis of this mixture gave 52% 3b and 48% 5,-.
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The electron impact induced fragmentations of A13(18)-13,l7-seco-5o-D-homoandrostene (VI) and A13<u)-
13,17-seco-5a-D-homoandrostene (VII) were investigated. Both compounds and appropriate deuterium-labeled 
analogs fragmented in accord with the existing mechanistic proposal for the characteristic ring D fragmentation 
of steroids. First field-free region metastable intensities were consistent with structural identity among the m/e 
217 ions from 5a-pregnane and the D-seco steroids, and among the m/e 218 ions from the same sources; widely di
vergent metastable intensities were observed from known isomeric ions. Evidence was obtained for significant in
terconversion of the molecular ions of VI and VII. The results of these experiments lend powerful support to the 
previously proposed ring D fragmentation mechanisms.

The most conspicuous peaks in the mass spectra of ste
roid hydrocarbons such as pregnane (I) or cholestane (II) 
appear at m/e 217 and 218, corresponding to the elimina
tion of ring D and the side chain at C-17.2 Since these frag
mentations persist even in highly functionalized steroids, 
and since they are of obvious diagnostic importance (they 
define the molecular weight of the side chain at C-17), a 
number of investigators have attempted to determine the 
mechanisms by which these peaks arise. Initially, this was 
an area of some controversy.3̂ 5 The elegant and extensive 
deuterium-labeling experiments of Djerassi2 provided data

which permitted formulation of a plausible mechanism for 
the genesis of these ubiquitous peaks (Scheme I).

Initial charge localization in the C-13-C-17 bond (I — a) 
was postulated, since it results in the formation of a stable 
tertiary carbonium ion and a secondary (R = alkyl) or pri
mary (R = H) radical site, and relieves the strain inherent 
in the trans hydrindan ring system. Deuterium-labeling ex
periments demonstrated that the genesis of the m/e 217 ion 
(c) involved transfer of the C-14 hydrogen atom to the 
eliminated moiety; such a process appears plausible, since 
it generates an ionized double bond between C-13 and
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Scheme I

c ¡m/e 217

(1)

i ,r = c 2h 5 
n,R =  C8Hlv 
m,R=H

(2)

e,m/e 218

C-14, more stable than the ionized single bond at C-13-C- 
17. Cleavage of the C-14-C-15 bond of ion b generates m/e 
217 (eq 1).

The formation of the m/e 218 ion was shown to be even 
more remarkable; a reciprocal hydrogen transfer from C-18 
to the eliminated moiety and from C-16 to the charge re
taining species was demonstrated. The mechanism depict
ed in eq 2 was therefore postulated; hydrogen transfer from 
C-18 to the C-17 radical site (a —*• d) appeared favorable, 
since it again generates an ionized double bond. Back 
transfer of a hydrogen atom from C-16 and cleavage of the 
C-14-C-15 bond generates the m/e 218 ion (d —*■ e). Deute
rium-labeling experiments on androstane (III),6 7)-homo 
steroids,7 and 14«-methyl steroids8 have been in complete 
accord with the above formulation. Nevertheless, several 
aspects of this unusual fragmentation mechanism merit 
further investigation.

First, charge localization in the C-13-C-17 bond is an es
sential step in the mechanisms depicted in Scheme I. For 
pregnane, this appears plausible; cleavage generates a terti
ary carbonium ion and a secondary radical site,2 and re
lieves two skew butane interactions (C20-C 17-C 13-C 18 and 
C20-C 17-C 13-C 12) and the strain inherent in a trans-fused 
hydrindan.7 For many other steroids, however, the appar
ent site of preferred charge localization does not corre
spond to the most frangible bond. In androstane, for exam
ple, the predominant mode of fragmentation involves 
cleavage of ring A. Deuterium-labeling experiments have 
demonstrated that the mechanisms are directly analogous 
to that depicted in Scheme I;6 initial charge localization is 
postulated in the C-l-C-10 bond (eq 3). Such charge local-

m/e 203

m/e 204
(3)

ization generates a tertiary carbonium ion and a primary 
radical site, and relieves a single gauche butane interaction 
(C1-C 10-C 9-C 11). A priori, charge localization in the C-9- 
C-10 bond, for example, appears more favorable; a tertiary

carbonium ion and a secondary radical site are generated, 
and three skew butane interactions are relieved (Ci-C jo-  
Cg-Cn, Ci-Cio-Cg-Cg, Ci9-C io-C9-C 8). It is suprising that 
little fragmentation appears to occur from this charge-lo
calized species, particularly in light of the demonstrated 
sensitivity of charge localization of steric effects.7

Another aspect of the formulation of Scheme I which ap
pears troubling is the failure of the C12 hydrogens to partic
ipate in these reactions. Abstraction of a C-14 hydrogen, 
rationalized because it generates an ionized double bond, 
results in the formation of m/e 217. Abstraction of the C-18 
hydrogen, again considered propitious because it forms an 
ionized double bond, produces m/e 218. However, abstrac
tion of a C-12 hydrogen atom also generates an ionized 
double bond; furthermore, the ring size involved in such a 
hydrogen migration is identical with that required for mi
gration of a C-18 hydrogen. The migratory aptitude of the 
secondary C-12 hydrogen atoms should be larger than that 
of the primary C-18 hydrogens, since secondary hydrogens 
are more mobile than primary ones.9 Nevertheless, deute
rium-labeling experiments demonstrate that abstraction of 
a C-12 hydrogen is not a major pathway in the characteris
tic ring D cleavage.

Finally, it is interesting to note that intermediate ions b 
and d correspond formally to ionized alkenes. Deuterium
labeling experiments2 show clearly that these ions do not 
interconvert significantly before fragmentation. This ob
servation is unexpected in light of the reports indicating 
that extensive double bond isomerization precedes frag
mentation in structurally related alkenes such as IV and 
V .10

IV V

Because of these troubling inconsistencies and the 
preeminent position of this much-studied mechanism 
among steroid fragmentations, further investigation ap
peared warranted. Further, metastable data indicate that 
these ions are themselves precursors of many abundant 
low-mass ions in steroid mass spectra.2’11 If significant 
structural information is to be gleaned from these low-mass 
ions, the structures of the precursor ions must be firmly 
elucidated. Thus, an investigation of the electron impact 
induced behavior of Al3(18)-13,17-seco-D-homoandrostene 
(VI) and A13(14)-13,17-seco-D-homoandrostene (VII) was 
launched.

Ionization of the exocyclic alkene VI with subsequent 
charge localization in the functional group of lowest ioniza
tion potential12 generates the ion d; similarly, ionization of

(4)

VI d
the endocyclic isomer VII generates ion b. Analysis of the 
mass spectra of VI and VII and appropriate deuterium-la-

(5)

VII b
beled analogs should establish whether these ions fragment 
in accord with Scheme I, and whether fragmentation pre-
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Scheme II

XI, R, =  H; R, =  OH; R3 =  CH, 
XII, R, =  H; R., = OTs; R, =  CM, 
VI, R, =  R, = H; R, =  CH:i

XIV, R, =  R, = H; R, = CD.
XV, R, = D; R, = OH; R3 = CH:1

XVI, R, = D; R2 =  OTs; R3 =  CH:1
XVII, Rj =  R3 =  D; R.i =  CH:1

cedes isomerization. If these molecules do, indeed, generate 
m/e 217 and 218, metastable defocusing experiments can 
be utilized to ascertain whether these ions are structurally 
identical with those produced from authentic steroids, such 
as pregnane (I). In addition, since the electron impact in
duced behavior of alkenes remains a subject of continuing 
investigations,10’13 the fragmentations of these compounds 
should be of intrinsic interest.

Synthesis o f Labeled and Unlabeled D-Seco Alkenes, 
The synthesis of the exocyclic alkene A13(18)-13,17-seco-D- 
homoandrostene (VI) is depicted in Scheme II. Beckmann 
rearrangement of 5a-androstan-17-one oxime (VIII),14 ac
cording to the procedure of Barton,15 gave an 11% yield of 
the “ abnormal” Beckmann product A13(18)-13,17-seco-5a- 
androstene-17-nitrile (IX). Treatment of the nitrile with 
methyllithium gave the ketone A13(18l-13,17-seco-5a-D- 
homoandrosten-17-one (X). Lithium aluminum hydride re
duction gave the corresponding alcohol, A13<18*-13,17-seco- 
5a-D-homoandrosten-17-ol (XI); conversion to the tosylate 
XII and further lithium aluminum hydride reduction gave 
the desired hydrocarbon, A13(18>-13,17-seco-5a-D-homoan- 
drostene (VI).

For the purposes of this study it became necessary to 
prepare derivatives deuterium labeled at C-17a, C-17, and 
C-16. Reaction of the nitrile IX with trideuteriomethyllith- 
ium gave the ketone A13(18)-13,17-seco-5a-D-homoandros- 
ten-17-one-17a,17a,17a-d3 (XIII). Conversion to the hy
drocarbon in the usual way gave A13(18)-l3 ;i7-Seco-5a:-Z)- 
homoandrostene-77a, 17a,17a-d^ (XIV) in 63% isotopic pu
rity. Reduction of the ketone X with lithium aluminum 
deuteride gave AJ3(I8)-1 .‘Ciy-seco-Sa-D-homoandrosten- 
n -o l^ -d x  (XV); conversion to the tosylate XVI and re
duction with lithium aluminum deuteride gave the desired 
hydrocarbon A13(18)-l3 ;l7-seco-5a-£)-homoandrostene- 
17,17-¿2 (XVII, 96% do). Repeated base-catalyzed ex
changes (D2O-CH3OD-K2CO3) of the ketone X  gave the 
pentadeuterated ketone XVIII; conversion to the hydrocar
bon XIX  (A13(l8)-13,l 7-seco-5«-D-homoandrostene-
16,16,17a,17a,17a-d*,, 89% ¿ 5) was accomplished in the 
usual way.

Scheme III

XXXI. R = OAc
XXXII, R = OH

XXXIII, R =  OTs
XXXIV, R =  I 

VII, R = CH;|
XXXV, R = CD,

XXV, R =  OAc
XXVI, R = OH

XXVII, R =  OTs
XXVIII, R =  I 

XXIX,R = CH:1
XXX,R = CD:,

The synthesis of A13(14)-l 3,17-seco-5«-D-homoandros- 
tene (VII) is depicted in Scheme III. Baeyer-Villiger oxida
tion of 5<x-androstan-17-one (X X )16 with peroxytrifluoro- 
acetic acid yielded 5a-androstane-13,17-seeo-17-oic acid 
lactone (XX I);17 lithium aluminum hydride reduction gave
13.17- seco-5<x-androstan-13a,17-diol (XXII).

Pyrolysis of the diacetate XXIII gave a mixture of three 
alkene acetates in which the desired isomer (A13(1V -i3 )] 7_ 
seco-5o;-androstene 17-acetate, XXX I) was predominant. 
Thin layer chromatography on silica gel impregnated with 
10% silver nitrate18 removed the exocyclic isomer XXIV; 
removal of the endocyclic impurity XXV  was postponed 
until the acetates had been converted to the hydrocarbons. 
Hydrolysis of the isomeric mixture of alkenes to the corre
sponding alcohols (XXVI and XXXII), formation of the 
tosylates (XXVII and XXXIII), and then treatment with 
sodium iodide in acetone gave the isomeric mixture of the 
iodides (XXVIII and XXXIV). Homologation with lithium 
dimethylcopper followed by thin layer chromatography on 
silica gel-silver nitrate gave isomerically pure A13(14)-
13.17- seco-5a-D -homoandrostene ( VII).

Preparation of A13(14)-13,17-seco-5a-D-homoandrostene- 
17a,17a,17a-d3 (XXXV) was accomplished by reaction of 
the isomeric iodide mixture with lithium perdeuteriodi- 
methylcopper. After silica gel-silver nitrate chromatogra
phy, the desired alkene was obtained in 95% isotopic pu
rity. Reduction of the lactone X XI with lithium aluminum 
deuteride gave 13,17-seco-5a:-androstane-13o',17-diol-
17.17- cÌ2- The diol was converted to A13(14)-13,17-seco-5a- 
jD-homoandrostene-77,17-d2 (XXXVI, 97% d%) in the usual 
manner. Finally, reaction of 5a-androstane-17-one- 76', 16- 
(¿2 1 4  according to the usual procedure gave A13(14>-13,17- 
seco-5a-/)-homoandrostene-76,76-d2 (XXXVII) in 97% 
isotopic purity.

XVIII XIX XXXVI XXXVII
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Rel.
Abund.

Figure 1.
m/e

Table I
Shifts“ of Peaks Corresponding to Ring D in A13ll8)--13,17-Seco-5a-Z)-homoandrostene (VI)

Compd Isotopic purity, % M+ M -  C3H6 M -  C4 H8 M -  C4 H9

-do 274 232 218 217
-  17a,17a,17a-dz d% 63 277 232 218 217
-17,17-di di 96 276 233 218 (80%) 

219 (20%)
217 (90%)
218 (10%)

-1 6,16,17a,17a,17a-dc, a. 00 CD 279 232 219 217 (75%)
218 (25%)

a Reported shifts are corrected for isotopic impurity as well as 13C contributions and are greater than 95% unless otherwise indicated.

Results and Discussion
Ionization of A13(18>-13,17-seco-Z)-homoandrostene (VI) 

and subsequent charge localization in the carbon-carbon 
double bond generates ion d. The mechanism depicted in 
Scheme I predicts that d fragments to give an ion of m/e 
218. Inspection of Figure 1 indicates that such behavior in
deed occurs; m/e 218 is the base peak in the spectrum of 
the alkene VI. Deuterium-labeling experiments were per
formed in order to ascertain the mechanism of formation of 
m/e 218. The results obtained (Table I) were in full accord 
with the formulation of Scheme I. Labels at C-17a and 
C-17 were largely eliminated, while a deuterium from C-16 
was transferred to the charge-retaining moiety (eq 6).

Table II
Metastable Defocusing Results for the m/e 218 Ion

Compd
[218 -  2Q3]/ C218 -  1751/ C218 -  1891/ 
[ 2 1 8 -1 8 9 1  [218 ■ * 148] [ 2 1 8 - 1 7 5 ]

5a-Pregnane (I) 19 0.49 0.07
A13(18)-13,17-Seco-5a-D- 15 0.56 0.06

homoandrostene (VI)
A13(14>-13,17-Seco-5a-Z)- 13 0.50 0.05

homoandrostene. (VII)
5a-Androstane-13,17-seco- 13 0.75 0.06

17-oic acid lactone (XXI)
5a-H-homoandrostane 3.5 2.5 1.0

These observations clearly establish that d fragments to 
generate m/e 218; they do not, however, exclude the possi
bility that the m/e 218 ion in steroid mass spectra arises by 
a different mechanism and generates an isomeric m/e 218 
ion. Metastable defocusing experiments19’20 were therefore

performed to determine whether the m/e 218 ion from the 
alkene VI and 5a-pregnane had identical structures.

Four first field-free region metastable transitions arising 
from the m/e 218 ion were utilized in these experiments. 
The reactions corresponded to loss of CH3 (218 * 203), 
loss of C2H5 (218 —► 189), loss of C3H7 (218 —► 175), and 
loss of C5H10 (218 ->- 148). The intensity ratios20 of metast
ables arising from the m/e 218 ions of 5a-pregnane, of 5a- 
androstane-13,17-seco-17-oie acid (eq 7), and of the exocy- 
clic alkene VI agreed closely (Table II), consistent with 
their structural identity. In contrast, the ratios observed 
from the m/e 218 ion of D-homoandrostane were markedly 
different. This is not unexpected, since it has been demon
strated that these ions arise largely (ca. 70%) from ring A 
cleavage (eq 8).7 The widely divergent ratios observed, 
however, demonstrate that the technique has utility for es
tablishing the structure of steroid ions.
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Rel.
Abund.

Figure 2.
m /e

Table III
Shifts“ of Peaks Corresponding to Ring D in Ai3ii4)_i3;i7_geco_5Q,_£)_}lolnoanc[rostene (VII)
Compd Isotopic purity, % IvT M -  C4 H8 M -  C4H(

-d 0 274 218 217
—17a,17a,17a-d2 d3 95 277 218 217
—17,17-d2 d2 97 276 218 217
-16,16-d2 d2 97 276 219 217
a Reported shifts are corrected for isotopic impurity as well as 

13C contributions and are greater than 95% unless otherwise indi
cated .

Ionization of A13(14)-13,17-seco-Z)-homoandrostene (VII) 
and charge localization in the carbon-carbon double bond 
generates b; according to Scheme I, b fragments to give m/e 
217. Inspection of Figure 2 indicates that the base peak in 
the spectrum of the A13(14) alkene is indeed at m/e 217. 
Deuterium-labeling experiments (Table III) demonstrated 
that labels at C-17a, C-17, and C-16 were completely elimi
nated, as the mechanism of Scheme I predicts. In an effort 
to determine whether the m/e 217 ion from VII and that of 
5a-pregnane were identical, the intensities of two first

field-free region metastables [loss of C4H7 (217 -*  162) and 
loss of CsHg (217 —* 149)] were determined. The ratio of 
their intensities (Table III) was nearly identical for the m/e 
217 ions of pregnane and of the A13(14) alkene, consistent 
with their structural identity. In contrast, the intensity 
ratio for metastables arising from the m/e 217 ion of D- 
homoandrostane (known7 to be largely isomeric, eq 9) dif

fered by an order of magnitude, confirming the sensitivity 
of these ratios to steroid structure.

A troubling aspect of the mechanism of Scheme I is the 
small amount (< 10%) of interconversion of ions b and d .21 
In this connection, it is interesting to note that the spec
trum of the A13<14) alkene (VII) exhibits a significant peak 
at m/e 218 (217/218 = 6.95). A priori, the m/e 218 ion could 
arise either by isomerization of b to d followed by the usual 
fragmentation process, or it could form through direct frag
mentation of b. Considerable evidence points to its origin 
by the isomerization pathway. Metastable defocusing data 
(Table II) are consistent with structural identity between 
the m/e 218 ion of the A13(14* alkene and that of 5a-preg- 
nane. Further, deuterium-labeling experiments (Table III) 
establish that the genesis of the m/e 218 involves migration

VII b

} (10)

m/e 218 d
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Table IV
Metastable Defocusing Results for the m /e 217 Ion

Compd
[ -2 1 7 - 1 6 2 ] /  
[217 - 1 4 9 ]

5a-Pregnane (I) 1.9
^I3d8>_i7-Seco-5a-D-homoandrostene (VI) 1.6
A13<i4)_13,17-SeCo-5a-I>-h0m0androStene (VII) 1.8
5a-.D-Homoandrosta.ne 0.11

of a hydrogen from C-16, again consistent with behavior al
ready observed for d (cf. eq 10).

Similarly, the mass spectrum of the A13(18) alkene VI ex
hibits a significant peak at m/e 217 (217/218 = 0.34). 
Again, it appears likely that an isomerization reaction is oc
curring to produce m/e 217. Metastable data (Table IV) are 
consistent with a common structure for the m/e 217 ions 
from 5a-pregnane and from the A13(18) alkene. Deuterium
labeling experiments (Table I) demonstrate that the gene
sis of the m/e 217 ion involves predominant expulsion of 
C-16, C-17, and C-17a hydrogens, consistent with behavior 
already described for d (cf. eq 11). Thus, the interconver-

VI

(11)

m/e 217 b

sion reactions b — d and d —»■ b are more significant for the 
m/e 218 and 217 ions generated from the alkenes VI and 
VII than for the corresponding ions generated from intact 
steroids. The modest differences observed, however, are 
probably attributable to differences in the internal energies 
of the ions generated from the different sources, rather 
than structural differences.22

The mechanisms of the isomerization reactions remain 
obscure, but a related observation merits comment. The la
beling data (Table I) require that the genesis of m/e 218 in 
the spectrum of A13(18)-13,17-seco-5a-D-homoandrostane 
(VI) always involves transfer of a hydrogen atom from 
C-16. Nevertheless, a 20% transfer from C-17 also occurs. 
An attractive rationalization of this phenomenon is depict
ed in eq 12. Transfer of a hydrogen atom from C-17 gener-

(12)

m/e 218 d

ates a', analogous to the ion formed by charge localization 
in the C-13-C-17 bond of 5a-pregnane. Reciprocal transfer

of a C-I8 hydrogen regenerates d, which can fragment in 
the usual way to produce m/e 218. Supporting this hypoth
esis is the observation that the m/e 232 peak shifts cleanly 
to m/e 233 in the spectrum of the 17,17-dideuterated 
A13(i8) alkene. The m/e 232 peak in steroids such as 5a- 
cholestane arises via cleavage of the C-15-C-16 bond of the 
initially formed ion a (eq 13).2 If the m/e 232 ion in the 
mass spectrum of the A13(l 8) alkene is arising by an analo
gous process, a shift to m/e 233 is predicted on deuteration 
of the 17 position (eq 14). It is notable that the m/e 232

+ (13)

peak is absent from the spectrum of the A13(14) alkene, 
suggesting that conversion of b to a' does not occur.

Conclusions
The results obtained here provide strong evidence in 

support of the mechanism depicted in Scheme I for the 
characteristic ring D fragmentation of steroids. Deuterium
labeling experiments established that b and d, generated 
via alternative pathways, do, in fact, fragment as predicted. 
Metastable defocusing studies were consistent with identi
cal structures for the m/e 218 ions generated from the 
Ai3d8) alkene and from 5a-pregnane.

Evidence was obtained for a significant amount of isom
erization of ions b and d, when generated by direct electron 
impact, and evidence for the reversibility of the initial hy
drogen abstraction from C-18 (a —*■ d) was observed.

The most useful result obtained from these studies, how
ever, relates to the demonstrated sensitivity of metastable 
abundance ratios to steroid ion structure. These results 
suggest that the defocusing technique may have wide appli
cation to the solution of mechanistic and structural prob
lems in steroid mass spectrometry.

Experimental Section
Melting points are uncorrected. Infrared spectra were measured 

on a Beckman IR-10 spectrometer in chloroform solution. NMR 
spectra were recorded on a Varian A-60A spectrometer or a Varian 
HA-I00D spectrometer interfaced with a Digiiab F T S -3  F ou rier  
transform data system. All NMR spectra were run in deuteriochlo- 
roform solution with tetramethylsilane as a internal reference. Op
tical rotations were measured on dilute solutions in chloroform. All 
mass spectra were run on an AEI-MS 902 spectrometer at 70 eV
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using the direct inlet procedure. Thin layer chromatography was 
carried out on silica gel (HF-254). All reactions were run under ni
trogen unless otherwise specified.

Al3<i8>-13,17-SeCO-5o'-andr0stene-17-nitrile (IX). 5a-Andros- 
tan-17-one oxime14,23 (VIII, 1.5 g, 5.17 mmol) was dissolved in 10 
ml of dry pyridine. p-Toluenesulfonyl chloride (1.5 g, 7.84 mmol) 
was added and the reaction mixture was stirred at room tempera
ture for 16 hr. The reaction mixture was diluted with 120 ml of ice 
water and extracted into chloroform. The extracts were washed 
twice with 10% hydrochloric acid to remove all the pyridine. Col
umn chromatography on silica gel (benzene, benzene-methylene 
chloride) yielded 0.680 g (2.35 mmol, 45.6% yield, ~20% conver
sion) of 13a-amino-13,17-seco-5a-androstan-17-oic acid lactam14 
(mp 311-313°) and 0.735 g (2.61 mmol, 52.5% yield, ~20% conver
sion) of A13(18)-13,17-seco-5a-androstene-17-nitrile (IX):24 mp 
57-62°; „max 2248 (-C=N) and 1647 cm“ 1 (>C =); NMR C-19 CH3

0.70 (singlet), -CH2CN 2.35 (triplet), olefinic protons 4.52 (singlet) 
and 4.83 ppm (singlet); [q-]25D —34.6°. Anal. Calcd for C19H29N: 
mol wt, 271.2300. Found: mol wt, 271.2306.

¿13(18). 13,17-Seco-5a-D-homoandrosten-17-one (X). AI3<18)-
13,17-Seco-5a-androstene-17-nitrile (IX, 148 mg, 0.545 mmol) was 
dissolved in 40 ml of dry ether. Methyllithium (34 mmol, Ventron,
1.8 M  in ether) was added dropwise to the ice-cooled reaction 
flask. The reaction mixture was allowed to warm to room tempera
ture over a 3-hr period, at which time it was quenched with a satu
rated ammonium chloride solution. The mixture was extracted 
with ether and washed twice with water. After drying over magne
sium sulfate and purification by thin layer chromatography on sili
ca gel (chloroform) a colorless oil, A13(18)-13,17-seco-5«-Z)-ho- 
moandrosten-17-one, was obtained (X, 143 mg, 0.49 mmol, 90%): 
%al 1710 (C =0), 1640 cm" 1 (>C=); NMR C-19 CH3 0.71 (sin
glet), CH3C = 0  2.13 (singlet), -C H jC =0 2.4 (multiplet), and ole
finic protons at 4.5 (singlet) and 4.74 ppm (singlet); [a]25D —25.2°. 
Anal. Calcd for C20H32O: mol wt, 288.2453. Found: mol wt, 
288.2446.

¿I3(i8)_i3,l7-Seco-5a-.D-homoandrosten-17-ol (XI). Lithium 
aluminum hydride (100 mg, 2.62 mmol) was added to 35 ml of dry 
ether and the mixture was brought to reflux. A13<18)-13,17-Seco- 
5«-D-homoandrosten-17-one (X, 45 mg, 0.155 mmol) dissolved in 
20 ml of dry ether was added dropwise to the refluxing mixture. 
Refluxing was continued for 3 hr, at which time the mixture was 
quenched with a saturated ammonium chloride solution. The mix
ture was filtered hot to remove the lithium salts. The filtrate was 
then extracted with ether and washed with water. After drying 
over magnesium sulfate the mixture was purified by thin layer 
chromatography on silica gel and eluted with chloroform. This 
yielded 32 mg (0.109 mmol, 70%) of the colorless oil A13(18)-13,17- 
seco-5a-D-homandrosten-17-oI (XI): rmax 3610 (-OH), 1647 cm- 1  
(>C=); NMR C-19 CH3 0.63 (singlet), olefinic protons 4.50 (sin
glet), 4.62 ppm (singlet). Anal. Calcd for C2oH34 0 : mol wt, 
290.2609. Found; mol wt, 290.2607.

¿(3(18). i3,i7-Seco-5a-D-h0mOandrOsten-17-0l Tosylate
(XII). A13(18)-13,17-Seco-5«-D-homoandrosten-17-ol (XI, 8.5 mg, 
0.03 mmol) was dissolved in 3 ml of dry pyridine and cooled in ice 
for 0.5 hr. p-Toluenesulfonyl chloride (10 mg, 0.052 mmol) was 
then added and the reaction mixture was kept at ~10° for 24 hr. 
The reaction mixture was then quenched with ice-water and ex
tracted into ether, washed twice with water, and dried over magne
sium sulfate. Thin layer chromatography on silica gel (cvclohex- 
ane-toluene) yielded 10 mg (0.023 mmol, 77%) of the colorless oil 
¿ I3(i8)_jg y ] -seco-5ff-D-homoandrosten-17-ol tosylate (XII):
1350, 1170 (-SO2), and 1647 cm' 1 (>C=); NMR C-19 CH3 0.60 
(singlet), tolyl methyl 2.33 (singlet), aromatic protons 7.2-7.71, 
olefinic protons 4.30 (singlet), 4.55 ppm (singlet).

¿ l3<i81-13,17-Sec0-5o!-D-h0moandr0stene (VI). Lithium alu
minum hydride (100 mg, 2.62 mmol) was added to 35 ml of freshly 
distilled tetrahydrofuran and the mixture was brought to reflux. 
¿ 13(18).l3,i7.Sec0-5a-D-h0moandrOSten-17-0l tosylate (XII, 10 
mg, 0.023 mol) dissolved in 15 ml of tetrahydrofuran was added 
dropwise to the refluxing mixture. Refluxing was continued for 3 
hr. The mixture was then quenched with a saturated ammonium 
chloride solution. The hot solution was filtered and the filtrate was 
extracted with ether and washed twice with water. After drying 
over magnesium sulfate, purification by chromatography on silica 
gel (pentane) yielded 4.62 mg (0.0168 mmol, 73%) of the colorless 
oil A13<18,-13,17-seco-5a-D-homoandrostene (VI): <<max 1647 cm- 1  
(>C =); NMR C-19 CH3 0.70 (singlet), olefinic protons at 4.55 
(singlet) and 4.68 ppm (singlet); [o]25D -15.5°. Anal. Calcd for 
C20H34: mol wt, 274.2660. Found: mol wt, 274.2665.

¿ ,3(18)-13,17-SeC0-5Q(-£)-h0moandr0stene-17,I7-<i2 (XVII).

Lithium aluminum deuteride (104 mg, 2.62 mmol) was added to 35 
ml of dry ether and the mixture was brought to reflux. A13(1®L
13.17- Seco-5a-D-homoandrosten-17-one (X, 45 mg, 0.155 mmol) 
dissolved in 20 ml of dry ether was added dropwise to the refluxing 
mixture. Refluxing was continued for 3 hr, at which time the mix
ture was quenched with a saturated ammonium chloride solution. 
The mixture was filtered hot to remove the lithium salts and the 
filtrate was extracted into ether and washed with water. After 
drying over magnesium sulfate the mixture was thin layer chroma
tographed on silica gel and eluted with chloroform to give 32.6 mg 
(0.112 mmol, 72%) of the colorless oil ¿ 13(18Li3,17-Seco-5a-D-ho
moandrosten-W-ob^-ab (XV). Its NMR and ir spectra were iden
tical with those of the unlabeled compound XI. The A13(18)-1 3 ,1 7 - 
seco-5a-D-homoandrosten-17-ol tosylate-17-di (XVI) was pre
pared from A13*18'-13,17-seco-5a:-D-homoandrosten-17-ol-77-<ii
(XV) in a manner analogous to the preparation of the unlabeled 
tosylate XII. Lithium aluminum deuteride (104 mg, 2.62 mmol) 
was added to 35 ml of freshly distilled tetrahydrofuran and the 
mixture was brought to reflux. A13118)-13,17-Seco-5o-D-homoan
drosten-17-ol tosylate-77-di (XVI, 11 mg, 0.0247 mol) dissolved in 
15 ml of distilled tetrahydrofuran was added dropwise to the re
fluxing mixture. Refluxing was continued for 3 hr and then the 
mixture was quenched with a saturated ammonium chloride solu
tion. Work-up was analogous to that of the unlabeled hydrocarbon
VI. Thin layer chromatography yielded 5.35 mg (0.0193 mol, 78%) 
of the colorless oil A13(18Ll3,l7-seco-5a-D-homoandrostene-
1 7 .1 7 - d 2 (XVII). The ir spectrum was identical with that of the 
unlabeled analog. The NMR spectrum was similar; however, the 
terminal side-chain methyl (C-17a) was apparent at 0.90 ppm as a 
broad singlet. Mass spectroscopy gave a molecular ion at m/e 276 
(96% d 2).

¿>3U8)_ 1 3 ^ 7  _geco_5 a_ D-homoandrostene-17 a ,17a, 1 7a-d3
(XVI) . To a thoroughly dried flask was added 645 mg (92.4 mmol) 
of benzene-washed lithium metal cut into 1-cm pieces. The lithium 
was stirred in 40 ml of anhydrous ether under argon. To this mix
ture was added 6.9 g (47.4 mmol) of methyl iodide-d3 dropwise.25 
The reaction mixture was refluxed for 1 hr and then stored under 
argon until needed. Titration showed the methyllithium-d3 to be 
0.8 M. A13*18,-13,17-Seco-5a-androstene-17-nitrile (IX, 148 mg, 
0.545 mmol) was dissolved in 40 ml of dry ether and stirred under 
argon. Methyllithium-d3 prepared as above (4.25 ml, 34 mmol) was 
added dropwise to the ice-cooled reaction flask. After 3 hr at room 
temperature the reaction was quenched with saturated ammonium 
chloride solution. Work-up and purification was identical with 
that of the unlabeled ketone X. A colorless oil, A13(18)-13,17-seco- 
5a-D-homoandrosten-17-one-17a,J7a,17a-d3 was obtained (XIII, 
146 mg, 0.502 mmol, 92%). Its ir spectrum was identical with that 
of the unlabeled ketone X and its NMR spectrum was similar ex
cept for the absence of the ketone a-methyl group at 2.13 ppm. 
The conversion of the A13<18hl3,17-seco-5a-D-homoandrosten- 
\7-OT\e-17a,17a,17a-d2 (XIII) to the corresponding trideuterated 
alcohol, tosylate, and hydrocarbon are identical with those of the 
unlabeled derivatives already described. The A13(18>-l3,17-Seco- 
5a-D-homoandrostene-17a,17a,17a-<i3 (XIV) had ir and NMR 
spectra identical with that of the unlabeled hydrocarbon VI. The 
mass spectrum had a molecular ion at m /e 277 (63% d3).

¿13(18).i317-geco-5a,.^)-homoandr0stene-J6,16,17a, 17a, 17a- 
ds (XIX). A13(18)-13,17-Seco-5a-D-homoandrosten-17-one (X, 37 
mg, 0.128 mmol) was dissolved in 5 ml of methanol-d3. Deuterium 
oxide (2 ml) was added and the solution was refluxed with 100  mg 
of anhydrous potassium carbonate. After 48 hr the procedure was 
repeated with fresh methanol-d3 and deuterium oxide. Extraction 
into chloroform and evaporation of the solvent yielded ¿ 13<18L
13.17- seco-5a-D-homoandrosten-17- o n e - 1 6 ,1 6 ,1 7a, 1 7a , 1 7 a -d  5 

(XVIII). Its ir spectrum was identical with that of the unlabeled 
ketone X. Its NMR appeared identical except for the absence of all 
ketonic protons at 2.9 and 2.13 ppm. The mass spectrum showed a 
molecular ion at m /e 293. The conversion of the A13(18)-13,17-seco- 
5ff-jD-homoandrosten-17-one-26,16 ,17a, 17a, 17a-df, (XVIII) to its 
corresponding alcohol, tosylate, and hydrocarbon is identical with 
that of the unlabeled derivatives already described. The A13l18;-
13.17- seco-5a-D-homoandrostene-76,1 6 ,17a, 17a, 1 7 a -d s  (XIX) had 
ir and NMR spectra identical with those of the unlabeled hydro
carbon VI. The mass spectrum had a molecular ion at m /e 279 
(89% d 5).

5a-Androstane-l3,17-seco-17-oic Acid Lactone (XXI). Hy
drogen peroxide (90%, 0.5 ml, 22 mmol) was added to 3 ml of meth
ylene chloride. Trifluoroacetic anhydride (1  ml, 5.25 mmol) was 
added slowly to the ice-cooled mixture. After stirring for 0.5 hr the 
peracid was added slowly to an ice-cooled solution of 1 g (3.65
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mmol) of 5a-androsten-17-one (XX ) 16 dissolved in 10 ml of meth
ylene chloride. The reaction was allowed to proceed overnight, 
when the mixture was diluted with water and extracted into meth
ylene chloride. The extracts were washed twice with a 10% sodium 
carbonate solution and the solvent was evaporated. Recrystalliza
tion from ethanol yielded a white, crystalline solid (mp 227-230°) 
of 5a-androstane-13,17-seco-17-oic acid lactone (XXI, 825 mg, 2.84 
mmol, 78%).17

13.17- Seco-5a-androstane-l3a,17-diol (XXII). Lithium alu
minum hydride (200 mg, 5.24 mmol) was added to 50 ml of freshly 
distilled dioxane and the mixture was brought to reflux. A solution 
of 5a-androstane-13,17-seco-17-oic acid lactone (XXI, 825 mg, 2.84 
mmol) in 50 ml of freshly distilled dioxane was added dropwise to 
the refluxing mixture. Refluxing was continued for 15 hr, at which 
time the reaction was quenched with a saturated ammonium chlo
ride solution. The mixture was filtered to remove the lithium salts 
and the filtrate was extracted into chloroform, washed twice with 
5% hydrochloric acid, and dried over magnesium sulfate. Recrys
tallization from ethanol-2% water yielded 664 mg (2.26 mmol, 
80%) of white crystals of 13,17-seco-5a-androstane-13a,17-diol 
(XXII, mp 149.5-150.5°): i w  3600-3320 (broad, OH), 1120 (terti
ary OH), 1050 cm- 1  (primary OH); NMR C-18 CH3 1 .1  (singlet), 
C-19 CH3 0.73 (singlet), C-17a CH2OH 3.63 ppm (triplet); [a]25D 
+5.17°. Anal. Calcd for C19H34O2: mol wt, 294.2561. Found: mol 
wt, 294.2569.

13.17- Seco-oa-androstane 13a,17-Diacetate (XXIII). 13,17- 
Seco-5a-androstane-13a,17-diol (XXII, 317 mg, 1.08 mmol) was 
dissolved in 10 ml of dry pyridine. Acetic anhydride (500 mg, 4.8 
mmol) was added and the mixture was heated at 70° for 24 hr. The 
reaction mixture was diluted with water and extracted into chloro
form. Two washes with 5% hydrochloric acid removed the last trac
es of pyridine. After column chromatography on silica gel (Woelm) 
and elution with benzene followed by chloroform, 303 mg (0.80 
mmol, 74%) of a colorless oil, 13,17-seco-5a-androstane 13a,17-di- 
acetate (XXIII), was isolated: i/mai 1725 cm- 1  (0 = C 0 CH3); NMR 
C-18 CH3 1.36 (singlet), C-19 CH3 0.71 (singlet), C-13 OC- 
(=0)CH 3 2.0 1 (singlet), C-17 OC(=0)CH3 1.94 (singlet), C-17 
(CH2 0 C = 0 ) 4.0 ppm (triplet); [a]26D +20.14°. The mass spec
trum gave no molecular ion but the base peak was at m /e 318 (M+ 
— AcOH), consistent with a tertiary acetate.

A13<14>-13,17-Seco-5a-androstene 17-Acetate (XXXI). 13,17- 
Seco-5a-androstane 13a,17-diacetate (XXIII, 78 mg, 0.206 mmol) 
was placed in a sublimation tube equipped with a Dry Ice-acetone 
cooled cold finger. The sublimator was flushed with nitrogen and 
placed in an oil bath (preheated to 332°) for 10 min. The product 
was purified by thin layer chromatography on silica gel (chloro
form) to give a mixture of three isomeric olefins. The exocyclic ole
fin, A13(18)-13,17-seco-5a-androstene 17-acetate (XXIV), was re
moved by careful chromatography on silica gel impregnated with 
10% silver nitrate18 (benzene-2.5% acetone). The remaining mix
ture26 contained 43 mg (0.113 mmol, 55%) of the colorless oil 
Ai3(i4)-13;17-sec0-5a-andr0stene 17-acetate (XXXI): 1730
( 0 = C C H 3 ) ,  1660 cm“ 1 (weak, >C=C<); NMR C-18 C H 3 1.59 
(singlet), C-19 C H 3  0.72 (singlet), C-17 0 C ( = 0 ) C H 3  2.02 (singlet), 
C-17 (CH2 0 C = 0 ) 4.01 ppm (triplet). The small peak at 5.5 ppm 
was due to the A12(13) double bond isomer. Anal. Calcd for 
C 21 H 34O 2 :  mol wt, 318.2559. Found: mol wt, 318.2557.

Ai3<i4>-13,17-Sec0-5a-andrOsten-17-Ol (XXXII). The isomeric 
mixture A13*14'- and A12(13Ll3,17-seco-5a-androstene 17-acetate 
(75 mg, 0.236 mmol) was dissolved in 20 ml of methanol. Water (2 
ml) and potassium hydroxide (ca. 450 mg) were added and the 
mixture was refluxed for 0.5 hr. The mixture was diluted with 
water and extracted into chloroform. After washing with 10% hy
drochloric acid and drying over magnesium sulfate the mixture 
was purified by thin layer chromatography on silica gel (chloro
form) to give 55 mg (0.199 mmol, 84%) of the isomeric A12(13)- and 
Ai3(i4)-13,17-seCO-5a-andr0sten-17-Ol (XXVI and XXXII): i/mal 
3600-3300 cm- 1  (broad, primary -OH); NMR C-18 CH3 1.59 (sin
glet), C-19 CH3 0.73 (singlet), C-17 CH2OH 3.6 ppm (triplet). The 
small peak at 5.5 ppm was due to the A12<13) isomer (XXVI). Anal. 
Calcd for Ci9H320: mol wt, 276.2453. Found: mol wt 276.2459.

¿i3(i4)_j3^j7-Seco-5a-androsten-17-ol Tosylate (XXXIII). 
The isomeric mixture of A13<14)- and A12(13)-13,17-seco-5a-andros- 
ten-17-ol (XXXII and XXVI, 42 mg, 0.152 mmol) was dissolved in 
10 ml of dry pyridine and chilled to 0°. The flask was then flushed 
with nitrogen and 100 mg (0.502 mmol) of p-toluenesulfonyl chlo
ride was added. The flask was kept at 10° for 18 hr and then dilut
ed with 120 ml of water. Extraction into chloroform was followed 
by two washes with 5% hydrochloric acid to remove all the pyri
dine. Thin layer chromatography on silica gel (chloroform) yielded

44 mg (0.102 mmol, 67%) of the isomeric A12(13>- and A13(14)-13,17- 
seco-5a-androsten-17-ol tosylate (XXVII and XXXIII): vrnax 1350, 
1170 cm“ 1 (S02): NMR C-18 CH3 1.57 (singlet), C-19 CH3 0.70 
(singlet), tolyl CH3 2.44 (singlet), aromatic protons 7.20-7.71 ppm. 
The small peak at 5.5 ppm was due to the A12<13> isomer.

17-Iodo-A13(14>-13,17-seco-5a-androstene (XXXIV). The iso
mer mixture of A12*13)- and A13(14l-13,17-seco-5a-androsten-17-ol 
tosylate (XXVII and XXXIII, 44 mg, 0.102 mmol) was dissolved in 
10 ml of acetone. Sodium iodide (30.6 mg, 0.204 mmol) was added 
and the reaction flask was placed in the dark under nitrogen. After 
a few hours white crystals of sodium tosylate started to precipitate 
out. The reaction was allowed to proceed until the formation of 
new crystals ceased (ca. 30 hr). Dilution with water and extraction 
into chloroform followed by thin layer chromatography on silica 
gel (benzene) yielded 12 mg (0.031 mmol, 56%) of the isomeric 17- 
iodo-A12̂13*- and -A13(1+-13,17-seco-5«-androst,ene (XXVIII and 
XXXIV): no significant ir absorptions; NMR C-18 CH3 1.62 (sin
glet), C-19 CH3 C.72 (singlet), C-17 CH2I 3.18 ppm (triplet). Anal. 
Calcd for Ci9H3iI: mol wt, 386.1474. Found: mol wt, 386.1468.

A13<14>-I3,17-Sec0-5a-D-h0m0andr0stene (VII). Copper io
dide (156 mg, 0.816 mmol, Alfa Inorganics Ultra Pure) was added 
to a thoroughly dried three-necked flask containing 3 ml of anhy
drous ether. While this mixture was stirring at —10° (ice-acetone)
2.6 ml of methyllithium (1.63 mmoles, 0.63 M )  in ether (prepared 
from 0.5 mol of lithium metal and 0.25 mol of methyl iodide)26 was 
added dropwise. The first few drops of methyllithium generated a 
bright yellow color which became a light tan color on complete ad
dition of the methyllithium.27 The lithium dimethylcopper was al
lowed to stir for 0.5 hr at —10°, at which time 24 mg (0.0623 mmol) 
of the isomeric 17-iodo-A12<13>- and _A13<14)-13,17-seco-5a-andros- 
tene (XXVIII and XXXIV) dissolved in 5 ml of anhydrous ether 
was added dropwise. This mixture was stirred at —10° for 6 hr and 
then quenched with water and extracted into ether. Repeated 
water washes, drying over magnesium sulfate, and thin layer chro
matography on silica gel (pentane) gave the isomeric mixture of 
A 12(13)_ ancj A13W-13,17-seco-5a-D-homoandrostene (XXIX and 
VII). Careful chromatography on 10% silver nitrate impregnated 
silica gel18 (hexane-6.5% benzene) yielded 9.3 mg (0.034 mmol, 
55%) of the pure, colorless oil A13V4>-13,17-seco-5a-D-homoan- 
drostene (VII): Kmax 2920, 2860 (C-H), 1660 cm- 1  (weak, 
>C=C<); NMR C-18 CH3 1.62 (singlet), C-19 CH3 0.72 ppm (sin
glet) (the small peak at 5.5 ppm is absent); [a]25D —60°. Anal. 
Calcd for CioH34: mol wt, 274.2661. Found: mol wt, 274.2660.

A13<14>-13,17-Seco-5a-D-homoandrostene- 1 7a ,1 7 a ,17 a -d 3 
(XXXV). The isomeric mixture of 17-iodo-A12<13)- and -A13<14)-
13.17- seco-5a-androstene (XXVIII and XXXIV, 24 mg, 0.0623 
mmol) was treated in a similar manner as above except that meth
yl iodide-dj was substituted for methyl iodide in the preparation 
of the methyllithium-d3. 25 Silica gel (pentane) thin layer chroma
tography followed by silica gel-10% silver nitrate18 (hexane-6.5% 
benzene) thin layer chromatography yielded the isomerically pure, 
colorless oil A13(14*-13,17-seco-5a-D-homoandrostene-J 7a, 17a, 17a- 
d3 (XXXV, 10.0 mg, 0.037 mmol, 59%). Its ir and NMR spectra 
were identical with those of the unlabeled analog VII. Its mass 
spectrum had a molecular ion at m /e 277 (95% d3).

A13<u >_] 3 ,17 -S eco -5a -D -h om oan d rosten e  - 1 6 ,1 6 - d 2 
(XXXVII). 5a-Androsten-17-one (XX, 921 mg, 3.35 mmol) was 
dissolved in 10 ml of methanol-d]. Anhydrous potassium carbon
ate (200 mg) and 2 ml of deuterium oxide was added and the mix
ture was refluxed for 48 hr. The process was repeated with fresh 
methanol-di and deuterium oxide. The reaction mixture was then 
diluted with water and extracted into chloroform. Its ir spectrum 
was identical with that of the unlabeled ketone XX (mp 114— 
116°).16 Its NMR spectrum was similar to that of the unlabeled ke
tone XX except for the absence of the ketonic methylene protons 
at 2.28 ppm. The mass spectrum showed a molecular ion at m/e
276. The conversion of 5a-androstan-l 7-one-/6',/d-d2 to the cor
responding A13(14l-13,17-seco-5a-D-homoandrostene-16,76-d2 
(XXXVII) was accomplished in the usual manner. The Al3(14)-
13.17- seco-5a-D-homoandrostene-i6,I6-d2 (XXXVII) had ir and 
NMR spectra identical with those of the unlabeled hydrocarbon
VII. Its mass spectrum showed a molecular ion at m /e 276 (97%
d2).

A13(14>-13,17-Seco-5a-D-homoandrostene-i 7,17-d2 (XXXVI).
5a-Androstane-13,17-seco-17-oic acid lactone (XXI, 825 mg, 2.84 
mmol) dissolved in 50 ml of freshly distilled dioxane was added 
dropwise to a refluxing mixture of 190 mg (5 mmol) of lithium alu
minum deuteride in 50 ml of freshly distilled dioxane. The mixture 
was refluxed for 18 hr and then quenched with a saturated ammo
nium chloride solution. Filtration removed the lithium salts and
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then the fíltrate was extracted into chloroform. Thin layer chro
matography on silica gel (chloroform) yielded 712 mg (2.41 mmol, 
85%) of white crystalline 13,17-seco-5«-androstene-13«,17-diol-
17 .1 7 - d 2 (mp 148-150°). Its ir spectrum was identical with that of 
the unlabeled diol XXII. Its NMR spectrum was similar except for 
the absence of the C-17 methylene protons at 3.63 ppm. The mass 
spectrum showed a molecular ion at m /e 296. The conversion of
13.17- seco-5ff-androstane-13a,17-diol-77,17-cÍ2 to the correspond
ing A.13(14l-13,17-seco-5oí-D-homoandrostene-I7,í7-c¡í  (XXXVI) 
was accomplished in the usual manner.

The A13(14)-13,17-seco-5a-£)-homoandrostene-17,77-d2 (XXX- 
VI) had an ir spectrum identical with that of the unlabeled hydro
carbon VII. Its NMR spectrum was similar except that the termi
nal C-17a methyl group appeared at 0.90 ppm as a broad signal. 
The mass spectrum showed a molecular ion at m/e 276 (97% d 2).

Registry No.—VI, 54869-94-2; VII, 54869-95-3; VIII, 1035-62-7; 
IX, 22214-86-4; X, 54869-96-4; XI, 54869-97-5; XII, 54869-98-6; 
XIII, 54869-99-7; XIV, 54870-00-7; XV, 54870-01-8; XVI, 54870-
02-9; XVII, 54911-57-8; XVIII, 54870-03-0; XIX, 54870-04-1; XX, 
963-74-6; XXI, 2466-25-3; XXII, 54870-05-2; XXIII, 54870-06-3; 
XXIV, 54870-07-4; XXV, 54870-08-5; XXVI, 54870-09-6; XXVII, 
54870-10-9; XXVIII, 54870-11-0; XXIX, 54870-12-1; XXXI, 
54870-13-2; XXXII, 54870-14-3; XXXIII, 54870-15-4; XXXIV, 
54870-16-5; XXXV, 54910-88-2; XXXVI, 54933-60-7; XXX- 
VII, 54933-61-8; 13, 17-seco-5a-androstane-13a, 17-diol-17, 17 -d i, 
54870-17-6.
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The kinetic study of hydrolysis of succinimide has been done in highly alkaline medium. The hydrolysis follows 
an irreversible first-order consecutive reaction path of the type A -*• B -*■ C where k i  and k 2 are the pseudo-first- 
order rate constants for reaction A —► B and B —► C, respectively. The variation of k\ and with alkali concen
tration was found to be in agreement with equations fei(0bsd) — B i + Bs[OH_] and l/fe2(obsd) = Cj + C2/[OH_] 
where fìj, fi2, Cj, and C 2 are the arbitrary constants.

In the basic hydrolysis of succinimide and substituted 
imides, many interesting features have been observed by a 
number of investigators.1-2 The effect of various groups 
and associated rings on the hydrolysis of imides was stud
ied by Sircar.3 Prabhudas4 studied separately the first and 
second stage basic hydrolysis of succinimide in 0.07143, 
0.05, and 0.04286 M  sodium hydroxide solutions using 
usual one-step first- and second-order rate equations at 
temperatures ranging from 20 to 50°. He found that the 
first step was about 300 times faster than the second one 
for this reaction. He had simply given the stoichiometry of 
the basic hydrolysis of succinimide and had not discussed 
the mechanism. In the present study, the kinetics has been 
done in highly alkaline medium with the aim to establish 
the consecutive nature as well as the mechanism of two- 
stage hydrolysis of succinimide. The rate constants of the 
consecutive steps have been evaluated using the equation 
of Esson as discussed by Frost and Pearson.5

Experimental Section
Reagents. Succinimide was prepared by the method of Clarke 

and Behr.6 The stock solution of carbonate-free sodium hydroxide 
was prepared and diluted to the required concentrations using 
double distilled water. All other reagents were of reagent grade.

Kinetic Measurements, A two-necked flask containing sodium 
hydroxide and sodium nitrate (used to maintain the ionic 
strength) was thermostated in an oil bath whose temperature was 
maintained within ±0.1°. Succinimide solution was then added 
and the evolved ammonia was flushed out by passing a continuous 
current of nitrogen gas and was absorbed in hydrochloric acid.7’8 
The evolved ammonia at different time intervals was estimated 
spectrophotometrically using Nessler’s reagent.9-13 The spectro- 
photometric measurements were made using a Bausch and Lomb 
Spectronic-20. The reaction vessel was fitted with a double-walled 
condenser to check any evaporation.

Results and Discussion
The basic hydrolysis of succinimide follows the reaction 

path

where A, B, and C stand for succinimide, succinamic acid, 
and ammonia. For this reaction, the concentration of am
monia is related with time by the equation5

C =  A„ 1 + ( k 2e -* i ‘  -  fe1e-fc2f)
V " 2

(2)

Equation 3 has been solved for k\ introducing various 
trial values of p using the Newton-Raphson method.14 The 
best possible value of p was obtained by selecting one of 
those trial values for which the sum of the squares of the 
difference of observed and calculated values was found to 
be minimum. This fitting was done using a computer pro
gram developed for IBM-1130. The value of fe2 was deter
mined from the exact value of p and kv

To study the effect of hydroxide ions, the kinetic mea
surements were made in sodium hydroxide solutions with 
concentrations ranging from 0.1 to 1.0 M at four different 
temperatures. The results are shown in Figures 1 and 2.

Figure 1. Effect o f  concentration of sodium hydroxide on pseudo- 
first-order rate constant for first step hydrolysis.

Figure 2. Effect of concentration of sodium hydroxide on pseudo- 
first-order rate constant for second step hydrolysis.

where k\ and k2 are the pseudo-first-order rate constants 
and ,4() is the initial concentration of succinimide. By sub
stituting a parameter, p, for k2lh\ in eq 2, we get

C =  A 0 [  1 +  t * -  { p e -  e-pkit) (3)

From these results it is clear that the variation of fei and k2 
with alkali concentration obeys the equations

fenosd) =  +  R2[OH-] (4)

l / * 2(otad> =  Cl + C2/lO H - ]  (5)
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Table I
Linear Parameters Corresponding to

feliobsdi VS. [O H 1°

Temp, °C 10^ Bp, sec- ^ 104  B z ,  * /_1 sec ’ 1

60 1.544 ± 0.7436 1.277 ± 0.1256
70 3.704 ± 3.11 2.032 ± 0.524
80 6.639 ± 0.527 2.568 ± 0.118
90 8.276 ± 0.839 3.366 ± 0.141

“ Conditions: 0.004 M succinimide, 1.5 M ionic strength. 6 Error 
limits are standard deviations.

Table II
Linear Parameters Corresponding to

l/fc2(obsdi VS. l /[O H -]a

Temp, °C 10 3 C l, sec 1Q~3 C 2 j M sec

60 13.72 ± 2.456 18.99 ± 4.33"
70 7.937 ± 0.890 9.619 ± 1.568
80 4.622 ± 0.317 6.685 ± 0.683
90 4.713 ± 0.928 3.450 ± 1.636

° Conditions: 0.004 M succinimide, 1.5 M ionic strength. 6 Error 
limits are standard deviations.

where B i, B2, Ci, and C2 are arbitrary constants and have 
been evaluated using least-squares technique. The results 
are summarized in Tables I and II.

The mechanism consistent with the observed results to 
which we are led is as follows.

N-acylpyrroles. On the basis of this mechanism the fol
lowing kinetic equations have been derived.

k l ( o b s d )

W [  OH-] JM W I  O H j2 (6)
1 + K[OH-] 1 + K[OH-]

First Step

CH,— C

CH,— Q
V

✓ °
if, Ç H - C

H + OH"' ^  > “  +  H.,0
CH,-

SH

C\CH2-
! NH + H20

CH2—
0 “ 0"

slow / - O H '

k'

CH.r
.0
■NH.,

Second Step

CH2— C==0
\ r

CH,- NH,
+ OH"

k :

f  -CH,— C— NH

CH,— C = 0 CH,— C = 0
+ H,0

O"
SAH 

K{

OH
I / 0 '

CH,— C— NH

CH,— C = 0
_ 1

O"

k.r

0"
SA"

CH,— C = 0

CH,— C = 0
“ 1

0"

+ NH,

The above mechanism is in close agreement with the re
sults of various authors12,15"23 on alkaline hydrolysis of mo
noamides, dihydropyrimidines, substituted anilides, and

or

kt (obsd)
Kiky + KfKnkJ

K K [OH']

because K[OH~] »  1 in this particular case; and

(7)

K ^ k ,"  [OH-]
2lobsd> j  +  ^ [O H '] (8)

where k2, k2", and k3 are the rate constants corresponding 
to rate-determining steps for the decomposition of tetrahe
dral intermediates to products and K = K j\ i{20\, K' = K\ / 
[H20], Equations 7 and 8 confirm the dependence of rate 
constants on alkali concentration and are similar to eq 4 
and 5.
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Values of pK, and p K 2 have been determined for lV,lV,2-trimethyl-l,3-propanediamine, N ,N ,2,2-tetramethyl-
1,3-propanediamine, N ,N ,N ',N ',2 ,2 -hexamethyl-l,3-propanediamine, c is - and irans-2-(dimethylaminomethyl)- 
cyclohexylamine, 3-e n d o - and 3-exo-dimethylaminomethyl-2-endo-norbornanamine, o-(dimethylaminometh- 
yl)benzylamine, and o-bis(dimethylaminomethyl)benzene. The 'H nuclear magnetic resonance chemical shifts of 
the N -methyl and certain other hydrogen atoms in these compounds were measured in the presence of increasing 
amounts of added strong acid. It is concluded that the monoprotonated forms of some of the diamines exist large
ly as cyclic internally hydrogen-bonded species, but in other cases, such as that of monoprotonated N ,N ,N ',N '-  
tetramethyl-l,3-propanediamine, such cyclization is negligible. The largest extents of cyclization are found with 
the monoprotonated forms of N ,N ,N ',N ',2 ,2 -h e x a m e th y l- l ,3 -p r o p a n e d ia m in e , o-(dimethylaminomethyl)benzyl- 
amine, and o-bis(dimethylaminomethyl)benzene, which are estimated to be 77, 93.4, and 98.6% cyclic, respective
ly. Also estimated are the fractions of the monoprotonated forms of the primary-tertiary diamines that are pro- 
tonated at the primary and at the tertiary amino groups. These estimates and the observed overall pK  values give 
estimated micro pK  values for such specific subspecies as the tertiary-monoprotonated and primary-monoproto- 
nated diamines.

A XH nuclear magnetic resonance OH NMR) method for 
determining the relative basicities of the individual amino 
groups of unsymmetrical diamines was described previous
ly.2 The micro pK a values obtained for several w-dimeth- 
ylamino alkyl amines have since been used in studies of bi
functional catalysis of the oximation of acetone,3 the de- 
deuteration of acetone-d6,4 and the dealdolization of diace
tone alcohol5 by the monoprotonated forms of such di
amines. We have now made analogous 1H NMR measure
ments and pK  determinations on additional 1,3- and 1,4- 
diamines and have obtained evidence that the monoproto
nated forms of some of these diamines exist to major ex
tents as cyclic hydrogen-bonded species in which the added 
proton is attached to both amino groups simultaneously.

Results and Discussion
pK  Values. Values of pKi (for the monoprotonated 

amine) and pK2 (for the diprotonated amine) were deter
mined at 35° in aqueous solution by potentiometric titra
tion using the Davies equation for ionic activity coeffi
cients6 to obtain the values at infinite dilution. Table I con

tains the results obtained for nine diamines plus literature 
values2,4'7-8 for five other diamines for comparison pur
poses. In interpreting these results it should be noted that 
primary amino groups attached to saturated carbon are or
dinarily significantly more basic than their NjiV-dimethyl 
derivatives are in aqueous solution. This generalization is 
supported by the pK a values listed in Table II, most of 
which were obtained from the literature4’7-11 and corrected 
to 35° if not determined at that temperature. The only ex
ception to this rule that we found was with the cyclohexyl 
compounds, where the literature value7 at 25° and our tem
perature correction gave a pKa value of 10.48 for the conju
gate acid of N.N-dimethylcyclohexylamine at 35°. In view 
of the lack of details as to how the literature pK  value had 
been determined we carried out a determination at 35°. 
The result, which is listed in Table II, shows that the N,N- 
dimethyl derivative is a weaker base than cyclohexylamine, 
albeit by a smaller amount than is found with the other 
pairs listed.

The most anomalous of the pK\ values for the tertiary
primary diamines is probably that for o-(dimethylami-

T ablel
Acidity Constants for Mono- and Diprotonated 1,3- and 1,4-Diamines in Water at 35°

Diamine pK1 PK2 Registry no.

h2n ch 2c h 2c h 2n h2
Me2NCH2CH2CH2NH2
Me2NCH2CHMeCH2NH2

10.16°
9.91®
9.87

8.17°
7.67s
7.25 6105-72-2

Me2NCH2CMe2CH2NH2 10.03 6.74 53369-71-4
Me2NC H2C H2C H2NMe2 9.52“ 7.36“
Me2NC H2CMe2C H2NMe2 9.84 5.99 53369-79-2
2-(DimethyI- \ cis 

j trans
~9.44d,e ~7.00d’ ®

aminomethyl)- 9.8011 7.59d
cyclopentylamines

2 -(Dimethyl - 1 cis 10.02 7.08 53369-73-6
aminomethyl)- j trans 10.29 6.70 53369-74-7
cyclohexylamines .

3-(Dimethyl- t 3 - exo-2 - endo 9.92 7.61 53403-34-2
aminomethyl)-2- > endo-endo 9.78 6.82 53369-68-9
norbornamines )

o-Me,NCH,C ,H,CH,NH, 10.07 5.86 53369-77-0
o-C6H4(CH2NMe2)2 10.58 4.97 53369-80-5

“ Interpolated between values at 30° and 40° listed in ref 7. b From ref 2. “ From ref 8 . " From ref 4. “ Measurements made on 
material containing about 81% cis and 19% trans isomer.
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Table II
Acidity Constants for Primary Ammonium Ions and 

Their N, N-Dimethyl Derivatives in Water at 35° “
R PirRNH3+ Ref pirR.NHMe2J Ref

Me 10.31 7 9.58 7
Et 10.32 7 9.796 7
H-Pr 10.24 8 9.79® 7
w-Bu 10.27 7 9.80 4
z-Bu 10.15 9 9.71& 7
f-BuCH2 9.83c 7 9.52b,á 8
Cyclopenty! 10.31 9
Cyclohexyl 10.30 9 10.24 e
MeOCH2CH2 9.09 10 8.96 4
MeO(CH2)3 9.83 9 9.146 8
HĈ CCH, 7.87 9 7.27 11
PhCH2 9.00 9 8.706 8
o-MeC6H4CH2 8.90c 8
2-ezzdo-Norbornyl 10.03 e

"  Unless otherwise noted, these values were determined at 35° 
or corrected to 35° using an experimentally determined value of 
AH °. b Corrected to 35° from 20° or 25° using a AS0 value of 
-11.7 eu. The standard deviation of the 12 values of AS° for mono- 
protonated, electrically neutral tertiary amines (diamine data 
being statistically corrected) listed in a recent compilation9 from 
this average value was 3.3 eu. c Corrected to 35° from 16-25° using 
a AS° value of - 0.8 eu estimated from values for similar primary 
amines. d Obtained in a study in which a pKa value for neopentyl- 
ammonium ions was obtained that was about 0.4 log unit lower 
than that found by other workers. e Determined in the present in
vestigation.

nomethyl)benzylamine. The data in Table II show that 
benzylammonium ion has a pK a of only 9.00 and this value 
is decreased by an ortho methyl substituent. If replacing a 
hydrogen atom on this ortho methyl group by a dimethyl- 
amino group has the same effect on the basicity of the 
primary amino group that replacing a hydrogen on carbon- 
4 of n-butylamine by an amino group does,7 the pK a of o- 
(dimethylaminomethyl)benzylammonium ions would be 
about 8.7. The basicity of the tertiary amino group may be 
estimated analogously to be enough to make the total pKi 
of the monoprotonated diamine about 8.S. The observed 
value of 10.07 shows that this diamine is about 15 times as 
basic as would be expected from data on related com
pounds. Other less pronounced anomalies include the rela
tively large p ifi values for the 2-(dimethylaminomethyl)- 
cyclohexylamines and for N,N, 2,2-tetramethy\-l,3-pTo- 
panediamine. These anomalies seem qualitatively explic
able in terms of stabilization of the monoprotonated di
amines by an internal hydrogen bond such as that in 1.

M e^ ^-Me
H,C-"CxCH,

I l
Me,N.. + .NH.,-  -H - -

1
In order to have compounds for which the interpretation 

of XH NMR data would be particularly simple we studied 
the N',N '-dimethyl derivatives of the primary-tertiary di
amines in three of the cases in which such compounds 
would have two equivalent dimethylamino groups. The 
pK\ values for two of these compounds, N,N,N',N',2,2- 
hexamethyl-l,3-propanediamine and o-bis(dimethylami- 
nomethyl)benzene, also point to cyclic hydrogen-bonded 
structures for the monoprotonated species.

!H Nuclear Magnetic Resonance Measurements. The 
1H NMR method for estimating the relative basicities of 
the two amino groups in unsymmetrical diamines involves

measuring the chemical shift, as a function of the extent of 
protonation of the diamine, of some hydrogen atom(s) in 
the diamine.2 The most reliable results are expected when 
the hydrogen atom whose shift is being measured is much 
nearer one amino group than the other. In all the cases 
studied previously measurements were made on the N- 
methyl protons of dimethylamino substituted primary 
amines. For such cases we may derive eq 1, in which 50bsd is

A sd  =  / A  +  / m5m (1)
the observed chemical shift of the methyl protons in the so
lution in question, f m is the fraction of the diamine that is 
monoprotonated and /a is the fraction diprotonated in that 
solution, 5a is the chemical shift in the diprotonated 
species, and <5m is the chemical shift in the average mono
protonated species. If the monoprotonated species consists 
solely of diamine protonated only at the tertiary amino 
group and diamine protonated only at the primary amino 
group, the value of <5m may be expressed as shown in eq 2,

= / A  + / A  (2)
in which ft and fp are the fractions of monoprotonated di
amine that are tertiary protonated and primary proton
ated, respectively, and St and op are the respective chemical 
shifts in these two species. In eq 1 and 2 all chemical shifts 
are downfield from that in the unprotonated diamine. 
Since f d and / m may be calculated from the amount of 
strong acid used in making up the diamine solution and 
from the pK  values for the diamine, values of ¿a and <5m 
may be obtained from eq 1 (or an equivalent expression) 
using 50bsd values for diamine solutions with various 
amounts of added acid. However, in order to obtain a value 
for ft or f p it is necessary to estimate ot and op. To do this it 
was first assumed that 5d is equal to 5p + 8t (eq 3). This fol-

6d =  5p + 6t (3)

lows from the assumption that protonation of the primary 
amino group has the same effect on the chemical shift of 
the AT-methyl hydrogen atoms when the tertiary amino 
group is protonated as when it is not. This assumption may 
be a good approximation when the molecular geometry of 
the diamine is not significantly affected by either monopro
tonation or diprotonation. It is very similar to assuming 
that the chemical shift of the IV-methyl hydrogen atoms of 
a symmetrical ditertiary amine is affected in the same way 
by protonation of the distant amino group when the nearby 
amino group is protonated as when the nearby amino group 
is not protonated. If this latter assumption is correct the 
chemical shift of the N-methyl hydrogen atoms (or any hy
drogen atom) of a symmetrical diamine will be a linear 
function of the average extent of protonation of the di
amine. If the assumption is significantly in error a plot of 
the chemical shift vs. the extent of protonation will show a 
break at 1.0 proton per molecule of diamine. Hence the va
lidity of eq 2 was tested by making such plots for 
A/jA^N'jN'-tetramethylethylenediamine and N,N,N',N'- 
tetramethyl-l,3-propanediamine. The plots were both lin
ear within the experimental error and it was concluded that 
the monoprotonated forms of these two diamines did not 
exist to a significant extent as cyclic hydrogen-bonded 
species and that eq 2 was probably a good approximation 
for the primary-tertiary diamines, at least in the cases 
where there were two and three methylene groups between 
the two amino groups.2

Since we concluded on the basis of pK  determinations 
that the monoprotonated forms of o-bis(dimethylami- 
nomethyl)benzene and N,]V,iV',Af'-2,2-hexamethyl-l,3-pro- 
panediamine existed largely as species in which the added
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Figure 1. Plots of chemical shifts upfield from internal methanol 
vs. degree of protonation: O, methylene protons (shifts on left- 
hand scale); •, N-methyl protons (shifts on left-hand scale); A, C- 
methyl protons (shifts on right-hand scale), of N,N,N',N',2,2-hex- 
amethyl-l,3-propanediamine in aqueous solution.

proton was bonded to both amino groups simultaneously, 
we have studied the 1H NMR spectra of these compounds 
as a function of the extent of protonation in aqueous solu
tion. The latter diamine gave the more informative results. 
Plots of the chemical shifts of the AT-methyl, the C-methyl, 
and the methylene hydrogen atoms vs. the average number 
of protons added to the diamine molecule are shown in Fig
ure 1. Each set of data was fitted by the method of least 
squares to eq 4, which is a modified version of eq 1 in which

5'obsd =  8 0 -  /m 6m -  /d 6 d (4)
ôbsd is measured upfield from the internal standard meth

anol and 5o is the upfield chemical shift of the unprotonat- 
ed diamine relative to this standard. The experimental 
points agree well with the dashed lines which were con
structed from the optimum values of ¿o, ¿d, and <5m ob
tained. The solid lines, which are straight lines connecting 
the ends of the dashed lines, are drawn to show how much 
the plots deviate from linearity. These deviations show that 
<5m is more than half as large as 5d for the AT-methyl and 
methylene protons but less than half as large for the C- 
methyl protons. Neither the absolute nor the relative mag
nitudes of the various chemical shifts could be reproduced 
by calculations based on the equation of Schweizer and co
workers,12’13 in which we took the protonated amino groups 
as having unit positive charges located at the nitrogen 
atoms and then assumed various plausible molecular 
geometries. Improved agreement could be obtained by as
suming that the effects of the charges were attenuated to 
varying degrees by the dielectric constant in the vicinity, 
but we did not go so far as to carry out a Kirk wood-West- 
heimer treatment to obtain an effective dielectric con
stant.14 The fact that the protonation of a tertiary amino 
group has a much larger effect on chemical shifts of nearby 
hydrogen atoms than does protonation of an analogous pri
mary amino group2 suggests that much of the charge on a 
protonated amino group is dispersed via hydrogen bonding 
onto surrounding water molecules. This will seriously com
plicate any quantitative interpretation of the effect of pro
tonation of amino groups on chemical shifts.
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The deviations from linearity in the plots in Figure 1 
may be explained qualitatively in terms of the formation of 
the cyclic hydrogen-bonded monoprotonated species, 2, in

M e^ /M e  

I l
Me„N.. + ..NMe,-  -H .

2
which the hydrogen bond is written as symmetrical not to 
imply that there is necessarily only one potential energy 
minimum for the hydrogen atom but to reflect the fact that 
the hydrogen atom would be bonded equally to both nitro
gen atoms on the LH NMR time scale. It is assumed that 
the diprotonated amine exists largely in a conformation 
such as 3, in which the positively charged nitrogen atoms

+ Me^ /M e  +
Me,NH XC  ̂ NHMe,

N CH2/  X 'C11/
3

are separated as far as possible. The C-methyl hydrogen 
atoms are seen to be much closer to the fully positively 
charged nitrogen atoms in 3 than they are to the half-posi- 
tively charged nitrogen atoms in 2. This explains why di
protonation changes their chemical shift more than twice 
as much as monoprotonation does. The N-methyl and the 
methylene hydrogen atoms, on the other hand, are at the 
same distance from the nearer nitrogen atom in 2 as they 
are in 3, but they are much nearer the more distant nitro
gen atom in 2 than in 3.

Although we regard the pK  data as providing convincing 
evidence for the cyclic hydrogen-bonded character of most 
of the monoprotonated form of 2,2-hexamethyl-
1,3-propanediamine, the deviation of the plot of the chemi
cal shifts of the jV-methyl protons vs. the extent of proton
ation (Figure 1) from linearity is relatively small. If this is 
generally true for the chemical shifts of the N-methyl pro
tons in a,oj-bis(dimethylamino) compounds, such plots may 
provide little evidence as to whether the monoprotonated 
diamines are internally hydrogen bonded or not. In view of 
the evidence that the plots for other types of protons are 
more sensitive to internal hydrogen bonding, we have stud
ied NjN^V'.N'-tetramethylethylenediarnine and N,N,- 
AI'jN'-tetramethyl-l^-propanediamine again, observing 
the chemical shifts of the N-methylene as well as the meth
yl protons. (The peak for the middle methylene group of 
the propanediamine derivative was too highly split to give 
reliable chemical shifts.) The data, which fit eq 4 well, gave 
the <5d and om values listed in Table III. The straightness of 
the plots of 50bsd for the iV-methyl hydrogen atoms vs. the 
extent of protonation of the diamine may be seen in the 
fact that the ratio of <5d to 6m is within the experimental un
certainty of 2.00 for both compounds. The ratio is also 2.00 
for the IV-methylene hydrogen atoms of N,N,N',N'-tetia- 
methyl-l,3-propanediamine, a fact that seems highly sig
nificant since it is only 1.64 for the N-methylene protons of 
N,AT,./V,,./V',2,2-hexamethyl-l,3-propanediamine, whose mo
noprotonated form is believed to be largely cyclic. We take 
this as strong evidence for the largely acyclic character of 
monoprotonated TV,iV, A",TV'-tetramethyl-1,3-propanediami- 
ne. The ratio is 2.11 for the methylene hydrogen atoms of
N.N.N'.lV'-tetramethylethylenediamine. The fact that this 
is larger than 2.00 rather than smaller than 2.00, as was ob
served for the methylene hydrogen atoms of a compound 
for which there is good evidence for the formation of a cy
clic monoprotonated form, makes us suspicious of the hy-
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Table III
Values of Parameters from Eq 4 for Diamines“

Diamine^

K O
6d>
ppm

6 m >C
ppm

6 0 >á
ppm

Me2NCH2CH2NMe2 0.80 0.39 1.16
Me2NCH2CH2NMe2 1.18 0.56 0.90
Me2NCH2CH,CH2NMe2 0.76 0.38 1.18
Me2NCH,CH2CH2NMe2e 0.94 0.47 1.04
Me,NC H,CHMeC H2NH2 0.78 0.27 1.20
Me2NCH2CMe2CH2NH2 0.78 0.33 1.09
Me,NCH2CMe2CH,NH, 0.37 0.16 2.42
Me2NCH2CMe2CH2NMe, 0.79 0.42 1.14
Me2NCH2CMe2CH2NMe2 1.06 0.65 1.13
Me2NC H2CMe2CH2NMe2 0.41 0.16 2.44
f.7S-2-Me2NCH2-c-C6H10NH2 0.77 0.38 1.16
/  m ; / s  - 2 - Me2NC H2-c - C 6H, 0NH2 0.76 0.29 1.19
3 - ex0 -  Me2NC H2 -2- e i i d o - 0.79 0.40 1.20

norbornanamine
3-e«do-Me2NCH2-2-e»do- 0.76 0.47 1.16

norbornanamine
o-MeNCH2C gH4C H2NH2 0.68 0.18 1.12
0 -  C 6H j (C H2NMe, ) 2 0.67 0.32 1.14

“ At about 37° in H20  using a 60-MHz instrument unless other
wise noted. 6 The & values refer to the boldfaced hydrogen atoms or 
methyl groups. ‘ Chemical shift in the diprotonated (ôa) or the 
average monoprotonated ( i m) amine downfield from that in the un- 
protonated diamine. d Chemical shift in the unprotonated diamine 
upfield from internal methanol. e At about 31° in D20  using a 
100-MHz instrument .

pothesis that this diamine also gives a cyclic monoproto
nated form. Although we cannot rule out the possibility of 
cyclization, we can point out that the two nitrogen atoms in 
an ethylenediamine derivative cannot assume positions 
nearly as favorable for internal hydrogen bonding as those 
in a 1,3-propanediamine derivative can. It therefore seems 
possible that this rather small deviation of the ratio from 
2.00 is simply a measure of the imperfection, perhaps aris
ing from changes in the relative populations of various 
types of conformers, in the 1H NMR method for measuring 
micro pK  values and diagnosing cyclization of monoproto
nated derivatives.

The ratio of to 5m (2.09) for the IV-methyl hydrogen 
atoms of o-bis(dimethylaminomethyl)benzene, a com
pound for which there is convincing pK  evidence for the 
formation of a cyclic monoprotonated form, is also near 
2.00. The interpretation of this fact, however, is even more 
complicated than is interpretation of the data on aliphatic 
diamines, because in this case one must consider the effect 
of cyclization on the positions of the methyl groups relative 
to the aromatic ring current. We have not carried through 
any detailed evaluation of the ring-current effect.

Estimation o f M icro pK  Values. We have used both 
the pK data and the lH NMR data to estimate the relative 
amounts of the monoprotonated primary-tertiary diamines 
that exist in the primary-protonated (TPH+), tertiary-pro- 
tonated (HTP+), and cyclic hydrogen-bonded (THP+) 
forms. In doing so we estimated the pK  values associated 
with these individual forms, that is, the micro pK  values. 
We expressed observed pK values in terms of additive con
tributions of various structural features. We first dealt with 
the pK a values in Table II for the conjugate acids of mo
noamines of the type RNH2 and RNMe2 where R is a satu
rated hydrocarbon group larger than methyl and the values 
of the sum pKi + pK 2 for those primary-tertiary diamines 
in Table I in which there are three carbon atoms between 
the amino groups. This sum is simply the negative loga
rithm of the equilibrium constants for the dissociation of

the diprotonated diamine to the unprotonated diamine and 
two hydrogen ions. It has nothing to do with any monopro
tonated form of the diamine and therefore its value is not 
influenced by the presence or absence of hydrogen bonding 
in the monoprotonated diamine. A least-squares treatment 
gave a contribution of 10.27 for an amine of the type 
RCH2CH2NH2 or a cyclohexylamine or cyclopentylamine 
and a contribution of 10.22 for a 2-endo-norbornanamine. 
There is a contribution of —0.46 for such compounds if 
there is double branching at a d carbon atom or if there is a 
single branch that is eclipsed, or almost eclipsed, with the 
amino group [as in 3-endo-dimethylaminomethyl-2-ercdo- 
norbornanamineorcis-2-(dimethylaminomethyl)cyclopent- 
ylamine]. In the absence of such branching there is a con
tribution of —0.20 for a single fl branch unless it is held 
away from the amino group with a dihedral angle of at least 
120° [as it is assumed to be in 3-exo-dimethylami- 
nomethyl-2-endo-norbornanamine but not in the more 
flexible frans-2-(dimethylaminomethyl)cyclopentylamine]. 
There is a contribution of 9.81 for an amine of the type 
RCH2CH2NMe2 to which —0.07 is added for a single ¡3 
branch and —0.31 for a double d branch. (Since the a-car- 
bon-d-carbon bond is never in a ring, no complications 
arise from conformational rigidity.) In addition to these 
contributions, which apply to both the monoamines and di
amines, there is a contribution of —2.52 to the sum pKi + 
pK 2 arising from destabilizing interactions between the 
two protonated amino groups in the diprotonated di
amines. To this is added another —0.49 if the charges are 
held near each other by eclipsing of the C-NH3+ bond with 
the C~CH2NMe2 bond or —0.24 if the dihedral angle be
tween these two bonds is held at about 60° [as it is assumed 
to be in the case of the 2-(dimethylaminomethyl)cyclohex- 
ylamines; transformation of the trans isomer to the diaxial 
conformer would involve much more destabilization]. From 
these ten parameters the 11 relevant pK & values from 
Table II and the nine pKi + p if2 sums from Table I may 
be calculated with an average deviation of 0.06 and a maxi
mum deviation of 0.19. Every parameter had to be used to 
calculate more than one pK  value or sum.

The first seven of the parameters given in the preceding 
paragraph should be of use in estimating the basicities of 
the individual amino groups of the diamines. In addition 
two more parameters were used: one being the effect of an 
amino substituent on the pKa of a dimethylammonio group 
three carbons away and the other being the effect of a di- 
methylamino substituent on the pKa of an ammonio group 
three carbons away. Before evaluating these parameters let 
us note that K\, the observed acidity constant for a mono
protonated diamine, may be expressed as shown in eq 5,

_1_
K,TPH K ,HTP Kt (5)

where Ktph, A htp, and K thp are the acidity constants of 
the primary-protonated, tertiary-protonated, and cyclic 
hydrogen-bonded forms of the monoprotonated diamine 
(e.g., eq 6). The parameters in the preceding paragraph

_ [HtTPl 
htp [HTP+] (6)

plus the two new parameters we are seeking will give esti
mates of .Ktph and If htp- These give us an estimated 
upper limit for K  1; i.e., a lower limit for pKi. If a signifi
cant amount of the monoprotonated diamine exists in the 
cyclic hydrogen-bonded form the actual value of pKi 
should be larger than this estimate. In view of the evidence 
that N,N,/V'.N'-tetramethyl-1,3-propanediamine does not 
give any significant amount of cyclic species upon monc-
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Table IV
Estimated Micro pK  Values for Primary-Tertiary Diamines“

Diam ine
b

f t f c ° pXT pH PXH Tp P^THP

Me2NCH2CH2CH2NH2 0.30 0 9.75 9.39 d

Me2NCH2CHMeCH2NH2 0.28 0.24 9.55 9.32 9.25
Me2NCH2CMe2CH2NH2 0.11 0.71 9.29 9.08 9.88
iraws-2-Me2NCH2- 0.33 -0.11 9.55 9.32 -8.83

c-C5H8NH2
c is -2-Me2NCH2- 0.20 0.46 9.55 9.32 9.68

c-CeH10NH2
trans - 2- Me2NCH2- 0.11 0.71 9.55 9.32 10.14

c-C6H,„NH2
3-exo-Me2NCH2-2-£wc7o- -0.25 -0.15 -9.70 -9.32 -9.09

norbornanamine
3-ewrfo-Me2NCH2-2-ew7o- -0.35 -0.36 -9.24 -9.32 -9.34

norbornanamine
o-Me2NCH2C6H4CH2NH2 0.022 0.934 8.71 8.41 10.04

“ In water at 35°. 6 Fraction of monoprotonated diamine protonated at the tertiary amino group. c Fraction of monoprotonated di
amine with a cyclic hydrogen-bonded structure. d No significant amount of cyclic hydrogen-bonded species formed.

protonation we tentatively assumed that the same was true 
for 7V,/V-dimethyl-l,3-propanediamine. We further as
sumed that XH NMR measurements could be used as de
scribed previously to calculate the relative amounts of 
TPH+ and HTP+ present (using eq 2 with a <5P value of
0.015 ppm).2 That is, we accepted the previously reported 
pK tph and p /f htp values of 9.75 and 9.39, respectively. 
Since the values we obtain from the parameters in the pre
ceding paragraph are 10.27 and 9.81, this gives values of 
—0.52 and —0.42 for the effects of 3-dimethylamino and 3- 
amino substituents on the pKa values of protonated pri
mary amines and W.IV-dimethylamines, respectively. These 
contributions were then combined with those from the pre
ceding paragraph to calculate P-Ktph and pKhtp values 
(which are listed in Table IV for all the compounds upon 
which 'H NMR measurements were made) and then lower 
limits for pKi values for each of the primary-tertiary di
amines with three carbon atoms between the amino groups 
that are listed in Table I. This lower limit was larger than 
the experimental pKi value only in the case of cis-2-(di- 
methylamino)cyclopentylamine, where it was larger by 
0.17. However, since this is the amine for which the experi
mental pK  values are probably least reliable and for which 
one of the poorer correlations of pKi + pA2 values had 
been obtained, we regarded the overall agreement as satis
factory. The other seven diamines were all more basic than 
indicated by the estimated lower limits for pKh presum- 

' ably because of the formation of various amounts of the cy
clic hydrogen-bonded form of the monoprotonated di
amine. The estimated values of A tph and If htp were used 
in eq 5 with the experimental values of Ki to obtain the 
values of pA thp listed in Table IV. From the pK values, f t 
and / c (the fraction of the monoprotonated diamine that 
exists in the cyclic hydrogen-bonded form), which are equal 
to Ki/Khtp and KV-Kthp. respectively, were calculated.

The values of fc and pATHp for irans-2-(dimethylami- 
nomethyl)cyclopentylamine and 3-exo-dimethylami- 
nomethyl-2-endo-norbornanamine are probably rather un
reliable because they were obtained from estimated lower 
limits for pKi that differed from the experimental pA, 
values by only 0.05 and 0.07, respectively. In addition, the 
estimated pK 1 values for the norbornanamines were based 
in part on parameters that also appeared in the calculation 
of pKi for relatively few other compounds. This decreases 
the estimated reliability of the results obtained for these 
compounds. In spite of such reasons for doubt, the relative 
values of f c listed in Table IV are on the whole rather plau

sible. For the three acyclic diamines the increase in f c that 
accompanies methylation of the /3 carbon atom may be ex
plained in the same way as the “gem-dimethyl effect” , 
which has been found to encourage many cyclization reac
tions.15 For the five compounds in which the H2NC- 
CCH2NMe2 bond is part of a ring, the two smallest / c 
values are for the two diamines in which the dihedral angle 
is about 120° such that the two amino groups are so far 
apart that hydrogen bonding between them is difficult. 
(We would have expected hydrogen bonding to be easier 
with the more flexible cyclopentane derivative but are not 
sure that either f c value is really significantly different 
from zero.) The next smallest / c value is for the endo- 
endo norbornyl compound, in which the dihedral angle 
must be near 0°. Use of molecular models shows that with 
such a dihedral angle it is impossible to achieve simulta
neously an optimum nitrogen-nitrogen distance (which we 
take to be in the range 2.5-3.0 A) and optimum C-N -N  an
gles (which we take to be around 109°) for a cyclic hydro
gen-bonded species. The two largest f c values for cyclic di
amines are for the cyclohexyl compounds, where the dihe
dral angle is about 60°, which is fairly nearly optimum for 
formation of a cyclic hydrogen-bonded species. The fact 
that f c is larger for the trans than for the cis isomer may re
sult from axial-axial interactions in the cyclic hydrogen- 
bonded form of monoprotonated eis-2-(dimethylamino- 
methyl)cyclohexylamine. (These cyclized monoprotonated 
diamines bear a certain resemblance to the decalins, where 
the trans is significantly more stable than the cis isomer.)

The pA tph ar*d pA htp values for o-(dimethylami- 
nomethyl)benzylamine were estimated as described pre
viously. These and the experimental value of pA 1 give an f c 
value of 0.934, which shows a greater extent of cyclization 
of the monoprotonated diamine than for any of the other 
primary-tertiary diamines studied. Analogous calculations 
on o-bis(dimethylaminomethyl)benzene, however, give an 
even larger f c value, 0.986. The f c value obtained for 
(V,)V,IV',iV',2,2-hexamethyl-l,3-propanediamine is 0.77.

In aqueous solution, where the amine and ammonio 
groups have the alternative of hydrogen bonding to water, 
the tendency for cyclization is much smaller than it is in 
the gas phase, where 1,3-propanediamine has been found to 
have a proton affinity16 about 19 kcal/mol larger than that 
for a similar monoamino compound such as n -butyl- 
amine.17 Even in solution a much larger tendency toward 
cyclization has been observed with the monoprotonated 
form of l,8-bis(dimethylamino)naphthalene, whose pKi
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value of 12.34 shows that it is more than 800,000 times as 
basic as any of the less N-methylated derivatives of 1,8-di- 
aminonaphthalene.18

Experimental Section
Chemicals. The synthesis and properties of the N ,N , 2-tri- 

methyl-l,3-propanediamine, !V,iV,2,2-tetrame'hyl-l,3-propanedi- 
amine, A,lV,jV',./V',2,2-hexamethyl-l,3-propanediamine, c is - and 
trans-2-(dimethylaminomethyl)cyclohexylamine, the 3-dimethyl- 
aminomethyl-2-norbornanamines, o-(dimethylaminomethyl)ben- 
zylamine, and o-bis(dimethylaminomethyl)benzene used have 
been described recently.19 The other compounds were commercial 
products.

p K  Determinations. The diamines and N ,N -dimethyleyclohex- 
ylamine were titrated with standard 0.10 M  hydrochloric acid in 
aqueous solution at 35.0 ±  0.5° using a Radiometer Model 26 pH 
meter and type G202B and K401 glass and reference electrodes. 
The pH values were read to 0.001 from the meter after the stirrer 
had been turned off. Values obtained when 0.2-0.8 and 1.2-1.8 
equiv of acid had been added were used in a computer program20 
that obtained the pK  values that minimized the sums of the 
squares of the deviations of the calculated from the observed pH 
values, of which there were usually about 25. In no case was the 
standard deviation as large as 0.040. The 20-, 25-, or 30-ml samples 
of 0.020 ±  0.005 M  amine solutions titrated gave ionic strengths in 
the range 0.003-0.016 during the first half of the titration, which 
largely determined the value of p K i , and 0.013-0.045 during the 
second half, which largely determined p K 2. The pH was taken to 
be —log <j h + and ionic activity coefficients were calculated from 
the Davies equation.6

The pK  for 2-endo-norbornanamine was determined analogous
ly except that 0.040 M  amine hydrochloride was titrated with 0.10 
M  sodium hydroxide.

'H  Nuclear Magnetic Resonance Mea irements. All ‘H
NMR measurements were made at about 37° ui H2O using a Var- 
ian A-60A spectrometer except in the case of the measurements on 
the methylene protons of IV.N.lV'.lV'-tetramethyl-l.S-propanedi- 
amine, which were made in D2O at about 31° using a JEOL 
JNM-MH-100 instrument to minimize complications arising 
from spin-spin splitting and overlap with other peaks. All the 
amines were studied at a total concentration of 0.1 M  except in 
the case of o-bis(dimethylaminomethyl)benzene, 3-endo-dimeth- 
ylaminomethyl-2-endo-norbornanamine, and the methylene pro
ton study of !V,lV,.V,,lV'-tetramethyl-l,3-prop£inediamine, where 
concentrations of 0.04-0.05 M  were used. In the case of the 3- e n d o -  
dimethylaminomethyl-2-endo-norbornanamine 20% methanol was 
added to increase the solubility of the amine. In all other cases 
0.1-0.5 M  methanol was used as an internal reference. The concen
trations of the three forms of the diamines present were calculated 
from the concentrations of amine and hydrochloric or perchloric 
acid used to make up the solutions and the pK  values at 35°. This

resulted in values of f m and f& that were combined with the ¿>',,bsd 
values to calculate the values of 5o, 8m, and o() shown in Table III 
by the method of least squares.

Calculation of Micro pK  Values for Primary-Tertiary Di
amines. These calculations may be illustrated by the case of t ra n s -
2-(dimethylaminomethyl)cyclohexylamine. For pjKtph we start 
with the p K  of 10.27 for a cyclohexylamine (or RCH2CH2NH2). A 
contribution of —0.20 is added because the primary amino group 
has a single 8  branch (not held away with a dihedral angle of 1 2 0 ° 
or more). Finally, —0.52 is added for the effect of the dimethylami- 
no substituent three carbons away from the primary amino group. 
For pKhtp the uncorrected value is 9.81, —0.07 is added because 
of the single branch 8  to the dimethylamino group, and —0.42 is 
added because of the primary amino group three carbon atoms 
away. The resulting p,Ktph and pA htp values of 9.55 and 9.32, re
spectively, and the experimentally determined value 10.29 for pK\ 
(from Table I) give K  values that leave Kthp as the only unknown 
in eq 5. The value 10.14 thus obtained for pRIthp is then used to 
calculate f c, which may be seen to be equal to K i / K t u p - Similarly, 
f t  is equal to K1/Khtp and / p to K i/K tph.
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9,9'-Dianthrylmethane Derivatives. Conjugate Rearrangements and
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Attempted preparation of di-9-ar.thrylmethane and its brominated derivatives led to the discovery of incorrect 
structural assignments in previous work. The successful preparation of 9,9'-dianthrylmethane derivatives is re
ported, and the photocyclization of some of them is described.

It was earlier reported from this laboratory that 9,9'-di- 
anthrylmethane (la) had been prepared by catalytic hy- 
drogenolysis of ffiF-dianthrylcarbino] (2) using 5% palladi
um on carbon in ethanol.1 The preparation has since been 
found unreproducible (yields of zero to 9%) and alterna

tives have therefore been sought. A satisfactory two-step 
procedure has been found, the first step being reduction of 
2 with a 2:1 mixture of aluminum chloride and lithium alu
minum hydride in ether to give 3a, an isomer of la, in 94% 
yield, and the second step being the isomerization of 3a to



9,9'-Dianthrylmethane Derivatives J. Org. Chem., Vol. 40, No. 12, 1975 1801

X

la, X = Y  = Br
b, X = ¡H; Y =|Br
c, X = Y = Br
d, X = Y = C1

2
H X

3a, X=H
b, X = DC2H5
c, X = C1

la  in 94% yield with potassium tert-butoxide in refluxing 
tert-butyl alcohol or potassium hydroxide in refluxing iso
amyl alcohol.2

Unfortunately, neither la nor 3a as prepared by the 
present method is the same as the substance previously as
signed structure la. The respective melting points are 
315-317°, 189-191° dec, and 382-384° dec. The infrared 
spectra are all distinctly different. Both la and 3a (present 
report) show parent mass peaks at m/e 368. la  shows an 
anthracene chromophore in the uv with nearly twice the in
tensity of that in 3a: for la, Xmax 339 nm (e 4400), 357 
(8500), 376 (15,000), and 396 (17,000); for 3b, Xmax 338 nm 
(sh) (t 2700), 357 (5500), 375 (8900), and 394 (9500). The 
1H NMR spectrum of la  shows two two-proton singlets, at 
8 5.60 (for -CH 2- )  and 8.04 (for the 10 and 10' positions). 
The 1H NMR spectrum of 3a shows a two-proton singlet at 
8 4.19 (for -CH 2- )  and two one-proton singlets at 8 7.68 and 
8.39 (assigned respectively to the central vinyl proton and 
the 10-anthryl proton). These data appear consistent only 
with the structures assigned.3

Two other examples of the facile formation of the 9-(9- 
anthrylmethylidene)-9,10-dihydroanthracene system were 
discovered during attempts to prepare la. In the first, 2 
reacted with zinc chloride in ethanol to give ether 3b under 
conditions where triphenylcarbinol gives triphenylmeth- 
ane.4 In the second, 2 reacted with thionyl chloride and 
pyridine in benzene to give chloride 3c. The structures of 
3b and 3c are assigned primarily from the 1H NMR spec
tra, which show singlets for the vinyl proton at about 8 7.7, 
as in 3a, and which show appropriately downshifted meth- 
ine protons a to ethoxy and chlorine at 8 5.62 and 6.13, re
spectively, to be compared with the methylene signal at 8 
4.19 in 3a. For comparison, the corresponding signals in 
fluorene, 9-methoxyfluorene, and 9-chlorofluorene are at 8 
3.90, 5.59, and 5.80, respectively.5

Our particular reason for repeating the earlier prepara
tion of la  was to reinvestigate the bromination of that hy
drocarbon.1 It had been reported that monobromo com
pound lb  was easily formed, while dibromination, to form 
lc , was much slower. Since the wrong compound was brom- 
inated in that study, the result is not necessarily a surpris
ing one. In fact, it has now been shown that la is readily di- 
brominated with bromine in carbon tetrachloride to form 
lc  in 22% yield. No lb  was found, but a 22% yield of bromo 
ketone 4 was isolated, presumably arising from an air oxi
dation. Compound 4 was independently prepared by reac
tion of ketone 5 with cupric bromide in refluxing chloro
benzene, and 5 was in turn prepared by the permanganate 
oxidation of 3a (39% yield, along with 53% of anthraqui- 
none). Comparison of infrared and NMR spectra revealed 
that the substance assigned structure la in the earlier re
port was probably an impure form of 4.

X

4, X = Br
5, X = H

10-Bromo-9,9'-dianthrylmethane (lb) was not obtained 
by bromination of la, but was independently prepared by 
coupling of 9-bromo-10-lithioanthracene with 9-chloro- 
methylanthracene. Bromination of lb  in carbon tetrachlo
ride yielded 43% dibromide lc  and 3% ketone 4.

Also prepared in the present study was the dichlorodian- 
thrylmethane Id, from reaction of 9-chloroanthracene with 
paraformaldehyde and hydrogen chloride in acetic acid 
(42% yield). A similar preparation of lc  gave only a 10% 
yield.

Having the authentic dianthrylmethanes la-d , it was 
next desirable to reinvestigate their photocyclization reac
tions, which had previously1 been examined on the wrong 
compounds. It was found that la and lb  in benzene solu
tion readily underwent photocyclization to the typical an
thracene photodimer structures, 6a and 6b. These were col-

b, X = H; Y =(Br
orless solids which reverted to la  and lb  upon melting or 
refluxing in benzene. The uv spectra show only the typical
o-xylene chromophores.6 Substances lc  and Id did not 
yield photoproducts, which is in accord with the fact that 
no dianthracene with vicinal bridgehead halogens has been 
reported.

Compound 6b is of special interest as a possible precur
sor of the bridgehead alkene 7. In fact, dehydrohalogena- 
tion with tert-butoxide, trapping of 7 with azide ion, and 
regeneration of 7 through the elegant procedure of Greene7 
did yield a colorless solid having the expected molecular 
weight (mass spectrum). It will be the subject of a future 
report.

Experimental Section
All melting points were determined on a Buchi melting point ap

paratus and are uncorrected. Infrared (ir) spectra were recorded on 
a Perkin-Elmer Model 521 grating Infracord or on a Beckman 
IR12 spectrometer. Nuclear magnetic resonance (NMR) spectra 
were recorded on Varian T-60, A-60A, HA-100, or HR-220 instru
ments. Chemical shifts are expressed in parts per million (ppm) 
relative to tetramethylsilane used as internal standard and as
signed the value 5 0 ppm. Ultraviolet (uv) spectra were recorded on 
a Cary 14 or Beckman DB spectrophotometer. Mass spectra were 
run on a Varian MAT CH-5 spectrometer. Microanalyses were per
formed by Mr. J. Nemeth and his associates.

All chemicals and solvents were reagent grade unless otherwise 
noted and were used without further purification except as noted.

10-Ethoxy-9-(9-anthrylmethylidene)-9,10-dihydroanthra-
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cene (3b). A mixture of 0.78 g (0.00203 mol) of 9,9'-dianthrylcar- 
binol (2) 1 and 2.77 g (0.0203 mol) of zinc chloride in 15 ml (0.256 
mol) of absolute ethanol was magnetically stirred and heated at re
flux for 1.5 hr. The mixture was cooled and 1 2  ml of aqueous hy
drochloric acid (1:5) was added to remove any solid zinc chloride. 
The organic material was extracted with diethyl ether, the extract 
was washed with water, dried (MgSdi), and filtered, and the sol
vent was removed to give 0.762 g of a yellow oil. Separation on a 
silica gel column with 1:1 benzene-hexane gave 0.6 g (72%) of a yel
low solid, mp 149-151°. Recrystallization from benzene-hexane 
gave 0.45 g (54%) of yellow crystals of 3b: mp 150.5-151.5°; ir 
(KBr) 3050 (m), 2975 (m), 2890 (m), 1620 (w), 1480 (m), 1455 (m), 
1440 (m), 1120 (m), 1070 (s), 780 (m), 760 (s), 730 cm- 1  (s); NMR 
(CDCI3) <5 1.34 (t, 3, J  = 6 Hz, -CH2CH3), 3.61 (q, 2, J  = 6  Hz, 
-CH2CH3), 5.62 (s, 1, 10 proton of 9,10-dihydroanthracene ring), 
6.32-6.59 (m, 2, aromatic protons), 6.75-7.62 (m, 10, aromatic pro
tons), 7.72 (s, 1, vinyl proton), 7.80-8.14 (m, 4, aromatic protons),
8.29 (s, 1,10 proton of anthracene nucleus).

Anal. Calcd for C31H24O: C, 90.26; H, 5.86. Found: C, 90.30; H,
5.84.

10-Chloro-9-(9-anthrylmethylidene)-9,10-dihydroanthra- 
cene (3c). A solution of 2.0 g (0.0052 mol) of 9,9'-dianthrylcarbinol 
(2) in 100 ml of warm benzene was added dropwise over 30 min to 
a stirred solution of 1.66 g (0.014 mol) of thionyl chloride and 3 
drops of pyridine in 25 ml of benzene. The mixture was stirred at 
room temperature for 2 hr and then reluxed fcr 40 min. The sol
vent and thionyl chloride were removed in vacuo from the cooled 
mixture to give a yellow oil. Crystallization with hexane and re- 
crystallization from benzene-hexane gave 1.06 g (51%) of a yellow 
solid: mp 196-198° dec (lit.8 mp 190-192°); ir (KBr) 3050 (m), 
1620 (m), 1470 (m), 1450 (m), 1440 (m), 885 (m), 840 (m), 785 (m), 
770 (s), 635 cm“ 1 (m); NMR (CDC13) 5 6.13 (s, 1, 10 proton of the
9,10-dihydroanthracene nucleus), 6.30-6.58 (m, 2, aromatic pro
tons), 6.68-7.73 (m, 10, aromatic protons), 7.78 Is, 1, vinyl proton),
7.87-8.25 (m, 4, aromatic protons), 8.28 (s, 1, 10 proton of anthra
cene nucleus).

9-(9-Anthrylmethylidene)-9,10-dihydroanthracene (3a). To
a magnetically stirred suspension of 0.2 g (0.0052 mol) of lithium 
aluminum hydride in 10  ml of dry ether was added a solution of 
1.41 g (0.0106 mol) of aluminum chloride in 15 ml of dry ether. Dry 
ether (15 ml) was added to the flask and a Soxhlet thimble con
taining 1.0 g (0.0026 mol) of 9,9'-dianthrylcarbinol (2) was placed 
in the extraction apparatus. The stirred mixture was heated to re
flux (50-54°) for 10 hr, or until the carbinol had been introduced 
into the reaction flask. Ethyl acetate was added dropwise to de
stroy excess reagent and the mixture was poured into 30 ml of 20% 
sulfuric acid. The mixture was filtered, the layers were separated, 
the water layer was washed once with ether, the ether layer was 
washed twice with water, dried (MgSCh), and filtered, and the 
ether was removed in vacuo to give 0.9 g (94%) of a yellow solid, mp 
183-188° dec. Two recrystallizations from ethanol-benzene gave 
0.64 g (80%) of a yallow solid: mp 189-191° dec; ir (KBr) 3050 (m), 
3020 (m), 2930 (w), 2850 (w), 2180 (w), 1620 (w), 1475 (m), 1455 
(ms), 1440 (w), 1345 (m), 880 (ms), 845 (m), 780 (s), 730 (s), 710 
cm" 1 (m); 10 0 -MHz NMR (CC14) b 4.19 (s, 2, -CH2-), 6.34-6.62 
(m, 2, aromatic protons), 6.92 [doublet (J = 2 Hz) of triplets (J = 7 
Hz), 1, aromatic proton)], 7.18-7.58 (m, 8 , aromatic protons), 7.68 
(s, 1, vinyl proton), 7.94—8.28 (m, 5, aromatic protons), 8.39 (s, 1, 
meso proton on anthracene nucleus); uv (CHCI3) 259 nm (c 
84,000), 338 sh (2500), 354 (4900), 372 (7500), 391 (7900); mass 
spectrum (70 eV) m /e (rel intensity) 369 (29), 368 (100), 367 (26), 
365 (43), 363 (12), 353 (12), 339 (11), 289 (13), 191 (11), 190 (10), 
189 (17), 184 (13), 177 (5), 176 (11).

Anal. Calcd for C29H20: C, 94.53; H, 5.47. Found: C, 94.63; H, 
5.54.

In a few runs an insoluble yellow solid which did not melt below 
360° was isolated. Combustion of the material left a white solid 
which gave a positive test for the aluminum ion when treated with 
aluminon reagent.9

9,9'-Dianthrylmethane (la) from Reduction o f 3c. A solution 
of 0.91 g (0.0023 mol) of 3c in 30 ml of dry tetrahydrofuran was 
added dropwise over 15 min to a magnetically stirred solution of 
0.1 g (0.0029 mol) of lithium aluminum hydride in 10 ml of dry te
trahydrofuran at room temperature. The mixture was stirred and 
heated at reflux for 45 min, then cooled to room temperature, and 
wet tetrahydrofuran and ethyl acetate were added until foaming 
stopped. The solution was filtered and the gray precipitate was 
washed with tetrahydrofuran and toluene. To the filtrate was 
added 250 ml of toluene, the solution was dried (MgSO,i) and fil
tered and the solvents were removed in vacuo to give 0.814 g of a

yellow solid. The yellow solid was partially dissolved in diethyl 
ether to give a gTeenish-yellow solution plus a bright yellow precip
itate. The solid was washed with ether and benzene until the fil
trate showed no color. The filtrate was evaporated to give 0.617 g 
(73%) of a yellow solid, mp 181-186° dec. The solid was recrystal
lized from ethanol-benzene to give 0.43 g (51%) of a yellow solid, 
mp 188-190° dec, shown by ir (KBr) and melting point compari
son with an authentic sample to be the hydrocarbon 3a.

The bright yellow precipitate isolated in the filtration (0.16 g, 
19%) melted at 313-316°. The solid was recrystallized several 
times from benzene or tetrahydrofuran to give bright yellow nee
dles of 9,9'-dianthrylmethane (la): mp 315-317°; ir (KBr) 3050 
(m), 1620 (m), 1520 (m), 1445 (w), 1340 (m), 955 (m), 880 (s), 870 
(m), 735 (s), 725 (s),530 (m), 495 cm“ 1 (m); 2 2 0 -MHz NMR (CC14) 
(200 250-sec scans, computer averaged, 81°) b 5.60 (s, 2 , -CH2-), 
6.95 (m, 8 , aromatic protons), 7.65 (d, 4, aromatic protons), 7.94 (d, 
4, aromatic pTotons), 8.04 (s, 2 ,10-pTotons); uv (CHCI3) 254 nm sh 
(t 84,000), 260 (92,000), 322 sh (1900), 336 (4400), 353 (8500), 372
(15,000), 394 (17,000); mass spectrum (70 eV) m /e (rel intensity) 
369 (31), 368 (100), 367 (23), 353 (18), 352 (10), 291 (8 ), 290 (7), 289
(10), 191 (31), 190 (22), 189 (39), 184 (12), 177 (9), 176 (14).

Anal. Calcd for C29H20: C, 94.53; H, 5.47. Found: C, 94.30; H,
5.55.

9,9'-Dianthrylmethane (la) from Isomerization of 3a. A mix
ture of 4.26 g (0.109 g-atom) of freshly cut potassium in 60 ml of 
dry t e r t -butyl alcohol (freshly distilled from sodium) was refluxed 
under nitrogen for about 4 hr until all the potassium dissolved. Ad
dition of 0.568 g (0.00154 mol) of hydrocarbon 3a to the refluxing 
solution resulted in almost immediate formation of an insoluble, 
highly fluorescent, yellow solid. The mixture was refluxed for 48 
hr.

The mixture was cooled to room temperature and 10 ml of wet 
ieri-butyl alcohol was added to the mixture, followed by 10  ml of 
water. The mixture was filtered through a sintered glass funnel 
and the precipitate was washed with water and ether several times. 
The precipitate was dried in vacuo to give 0.159 g (91.5%) of 9,9'- 
dianthrylmethane (la), mp 312-316°. Recrystallization from te
trahydrofuran gave yellow needles, mp 315-317°. The ir (KBr) 
spectrum matched that of la formed in the preceding method.

The isomerization was also successfully performed in a 10% solu
tion of KOH in isoamyl alcohol at reflux for 1.5 hr to give a 93% 
yield, mp 312-314°, or 73%, mp 313-315° after recrystallization 
from toluene.

10-(9-Anthrylmethylidene)anthrone (5). A mixture of 0.7 g 
(0.0019 mol) of hydrocarbon 3a and 8.0 g (0.0564 mol) of sodium 
permanganate in 150 ml of dioxane and 100 ml of water was me
chanically stirred at 48-51° for 4 hr. The mixture was cooled to 
25° and filtered. The solid manganese dioxide was washed several 
times with benzene and ether and then extracted with benzene in a 
Soxhlet extractor for 4 hr. The organic layers were combined and 
after separation the water layer was extracted with benzene, the 
combined organic layers were dried (MgSCh) and filtered, and the 
solvents were removed to give a mixture of orange and yellow sol
ids.

Ether extraction of the mixture afforded an orange solution and 
left a light yellow solid. The yellow solid was shown to be 0.424 g 
(53.2% based on 2 mol/1 mol of 3a) of anthraquinone, mp 285-287° 
(lit.10 mp 286°). The ir (KBr) spectrum matched that recorded for 
anthraquinone.11

The ether extract yielded 0.29 g (39.3%) of the ketone 5: mp 
253-255° dec; 10 0 -MHz NMR (CDCI3) b 6.60-6.76 (m, 2), 7.05- 
8.41 (several complex multiplets, 15), 8.43 (s, 1, meso proton of an
thracene nucleus); ir (KBr) 3050 (m), 1660 (s), 1600 (s), 1475 (m) 
1460 (w), 1440 (w), 1315 (s), 1270 (m), 935 (m), 775 (s), 735 (s), 675 
cm“ 1 (m); uv (CHC13) 252 nm sh (e 52,000), 259 (65,000), 356 
(4500), 373 (4800), 391 (5000); mass spectrum (70 eV) m /e (rel in
tensity) 383 (32), 382 (100), 381 (20), 354 (9), 353 (27), 352 (19), 
351 (14), 350 (19), 191 (11), 190 (6 ), 177 (5), 176 (17), 175 (32), 168
(12), 32 (14), 31 (17), 28 (23).

Anal. Calcd for C29HI80; C, 91.07; H, 4.74. Found: C, 90.76; H,
4.79.

10-(10-Bromo-9-anthrylmethylidene)anthrone (4). A mix
ture of 0.1 g (0.00026 mol) of 5 and 0.08 g (0.00036 mol) of cupric 
bromide in 7 ml of chlorobenzene was magnetically stirred at re
flux for 18 hr. The mixture was cooled to room temperature and 
filtered to give a red filtrate and gray precipitate. The solvent was 
removed in vacuo from the filtrate to give a dark oil.

A solution of the oil in benzene was applied to a column contain
ing 35 g of silica gel and the mixture was eluted with benzene to 
give 80.7 mg of an orange-yellow solid, mp 202-206° dec. The solid
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wa9 washed with carbon tetrachloride and filtered to give 3 7  mg 
(31%) of a gold solid. Recrystallization from ethanol-water gave or
ange crystals: mp 220-222°; ir (KBr) 3060 (w), 1660 (s), 1600 (m), 
1470 (w), 1460 (w), 1435 (w), 1310 (s), 1280 (m), 1165 (w), 920 (w), 
900 (w), 770 (m), 755 (m), 730 (w), 680 cm“ 1 (w); 22Q-M«z NMR 
(CDCI3) 5 6.65 (m, 1.3), 7.05-7.80 (several complex multiplets, 8 .0), 
7.80-8.60 (several complex multiplets, 7.7); mass spectrum (70 eV) 
m /e (rel intensity) 462 (100), 460 (98.9), 434 (2.1). 433 (4.8), 432 
(2.9), 431 (3.9), 383 (10.1), 382 (34.6), 381 (39.9), 380 (13.3), 354
(7.6), 353 (7.6), 352 (34.7), 351 (26.4), 350 (39.8), 349 (4.9), 348
(10.8), 191 (19.5), 190 (11.2), 176 (18.0), 175 (36.2), 168 (12.0), 162
(9.1).

Anai. Calcd for C29H17BrO: C, 75.50; H, 3.71; Br, 17.32. Found: 
C, 75.52; H, 3.66; Br, 17.08.

10,10'-Dibromo-9,9'-dianthrylmethane (lc). A magnetically 
stirred suspension of 1.96 g (0.0053 mol) of 9.9'-dianthrylmethane 
(la) in 60 ml of carbon tetrachloride was brought to reflux. At re
flux a solution of 1.75 g (0.0109 mol) of bromine in 25 ml of carbon 
tetrachloride was added dropwise during 30 min, after addition of 
one to two crystals of iodine. The mixture was stirred at reflux for 
4 days and then cooled to room temperature and filtered to give a 
red filtrate and a yellow precipitate. The precipitate was washed 
with carbon tetrachloride, benzene, and finally ether. Recrystalli
zation from toluene gave 0.60 g (22%) of fluffy, yellow crystals of 
lc: mp 295-305° (turned brown, did not melt below 400°); ir (KBr) 
3070 (w), 3030 (w), 1620 (w), 1520 (w), 1440 (w), 1325 (m), 895 (s), 
740 cm- 1  (s); 220-MHz NMR (CCI4) (250 250-sec scans, computer 
averaged, 88°) 5 5.75 (s, 2, -CH2-), 7.12 (m, 4, aromatic protons), 
7.35 (m, 4, aromatic protons), 8.06 (d, 4, aromatic protons), 8.48 (d, 
4, aromatic protons); uv (CHCI3) 267 nm (e 62,400), 346 (2400), 366 
(4500), 388 (7600), 411 (10,000); mass spectrum (70 eV) m/e (rel 
intensity) 529 (2), 528 (5.5) (C29H1881Br2), 527 (4), 526 
(C29H1879Br«Br) (11), 525 (2), 524 (5.6) (C29H1879Br2), 448 (13), 
447 (36.5), 446 (14), 445 (38), 367 (15.5), 366 (38), 365 (33), 364 
(12), 363 (19), 289 (4), 272 (1), 271 (5), 270 (2), 269 (7), 259 (1), 258
(3.5), 257 (1), 256 (3), 190 (11), 189 (32), 178 (8), 177 (9), 176 (10), 
175 (42), 174 (28), 65 (100).

Anal. Calcd for C29Hig79Br2: mol wt, 523.9775. Found: mol wt, 
523.9772 (mass spectrum). Calcd for C29HigBr2: C, 66.19; H, 3.44; 
Br, 31.37. Found: C, 66.38; H, 3.36; Br, 30.36.

The solvents were removed in vacuo from the filtrate to give a 
yellow oil. The oil was dissolved in toluene and the solution was 
applied to a column of 250 g of silica gel in 1:1 toluene-hexane. 
Elution with 1:1 toluene-hexane yielded 0.54 g (22%) of orange 
crystals of bromo ketone 4, mp 200-215° dec. The ir (KBr) spec
trum matched that of an authentic sample. A second band gave 
0.17 g of a yellow solid which decomposed at 228-235° to a black 
oil.

10,10'-Dichloro-9,9'-dianthrylmethane (Id). A suspension of
9.0 g (0.042 mol) of 9-chloroanthracene in 45 ml of glacial acetic 
acid plus 0.9 g (0.03 mol) of paraformaldehyde in 18 ml of glacial 
acetic acid (brought into solution by bubbling with hydrogen chlo
ride gas until clear) was magnetically stirred and heated at 75-80° 
for 6.5 hr. The mixture was cooled to room temperature and fil
tered. The precipitate was washed with acetic acid, water, benzene, 
and ether to give 5.28 g (57.5%) of a yellow solid, mp 322-325° dec. 
The solid was recrystallized from toluene to give 3.81 g (41.5%) of a 
bright yellow solid (Id): mp 335-337° dec; ir (KBr) 3030 (w), 1615 
(m), 1520 (w), 1440 (m), 1430 (w), 1330 (s), 1250 (w), 1020 (w), 920 
(s), 745 (s), 710 cm- 1  (m); mass spectrum (70 eV) m /e (rel intensi
ty) 440 (9), 438 (42), 436 (60), 404 (16), 403 (39). 401 (100), 400 
(40), 399 (12), 367 (22), 366 (41), 365 (43), 227 (13), 225 (40), 224 
(12), 214 (5), 212 (15), 200 (21), 190 (23), 189 (88), 176 (27), 175 
(21).

Anal. Calcd for C29Hi8Cl2: C, 79.64; H, 4.15. Found: C, 79.38; H, 
4.13.

10-Bromo-9,9'-dianthrylmethane (lb). A flask equipped with 
a rubber septum inlet, condenser, dropping funnel, argon atmo
sphere system, and magnetic stirrer was charged with 14.92 g 
(0.044 mol) of 9,10-dibromoanthracene and flushed with argon 
overnight. By syringe, 60 ml of dry ether was added to the flask 
and then 44 ml (0.044 mol) of 1.4 M  phenyllithium was added to 
the stirred suspension. The mixture was stirred at room tempera
ture for 20 min.

A solution of 9.95 g (0.044 mol) of 9-chloromethylanthracene in 
185 ml of dry benzene was then added dropwise to the stirred mix
ture over 3.5 hr. The resulting mixture was stirred overnight and 
then diethyl ether and water were added. The precipitate was fil
tered and washed with water and ether to give an orange filtrate 
plus 19.40 g of a lemon-yellow, fluorescent precipitate. Dissolution

of 4.0 g of the precipitate in toluene and filtration gave 0.77 g of an 
insoluble white solid which was soluble in water. Removal of the 
solvent from the filtrate gave 3.2 g (80%) of a bright, fluorescent 
yellow solid, mp 282-283° dec. Recrystallization from benzene or 
toluene gave yellow crystals of lb: mp 286-289° dec; ir (KBr) 3080 
(w), 3040 (w), 1620 (m), 1520 (m), 1440 (m), 1425 (w), 1330 (m), 
1320 (m), 1245 (w), 1150 (w), 1025 (w), 895 (s), 870 (s), 745 (s), 720 
(s), 705 cm- 1  (m); 100-MHz NMR (benzene-de) 5 5.52 (s, -CH2-),
7.0 (large solvent peak covering part of aromatic absorptions),
7.5-8.5 (several multiplets which integrate for five protons vs. two 
protons for the absorption at 5 5.52); uv (CHCI3) 258 nm (« 83,000), 
320 sh (1700), 337 sh (3800), 354 (7200), 364 sh (9300), 372 
(11,200), 382 (14,000), 392 (12,000), 404 (15,500); mass spectrum 
(70 eV) m /e (rel intensity) 449 (21), 448 (65), 447 (24), 446 (64), 
369 (8), 368 (37), 367 (100), 366 (16), 365 (21), 363 (14), 290 (6 ), 289 
(12), 191 (16), 190 (14), 189 (44), 183 (18), 177 (11), 176 (26).

Anal. Calcd for C29Hi9Br: C, 77.86; H, 4.28. Found: 77.81; H,
4.22.

Bromination of 10-Bromo-9,9'-dianthrylmethane (lb). A
suspension of 1.0 g (0.00224 mol) of 10-bromo-9,9'-dianthryl- 
methane (lb) and one crystal of iodine in 30 ml of dry carbon tet
rachloride was magnetically stirred at reflux under argon. To the 
stirred suspension at reflux was added a solution of 0.36 g (0.00224 
mol) of bromine in 15 ml of carbon tetrachloride over 45 min. The 
mixture was then stirred at reflux for 2 days, cooled to room tem
perature, and filtered. The precipitate was washed with carbon 
tetrachloride, 10% sodium bisulfite, acetone, and finally ether and 
sucked dry to give 0.64 g (54.5%) of a yellow solid which darkened 
at 290-295° but did not melt below 360°. The solid was recrystal
lized from toluene to give 0.5 g (43%) of the dibromo compound lc, 
which darkened at 280-290° and did not melt below 360°. The ir 
(KBr) spectrum matched the spectrum of lc  as described above.

The solvent was removed from the filtrate to give a mixture of 
colored products as evidenced by thin layer chromatography on 
silica gel with benzene as the mobile phase. The mixture was dis
solved in benzene and applied to a column containing 100 g of sili
ca gel in benzene. Elution with benzene gave four bands which 
were collected.

The third component eluted proved to be 0.031 g (3%) of the ke
tone 4 as shown by ir (KBr) and mass spectral comparison with the 
known spectra.

Photocyclization of 9,9'-Dianthrylmethane (la). A solution 
of 0.407 g (0.0011 mol) of 9,9/-dianthrylmethane (la) in 3250 ml of 
benzene (all benzene for the photolysis reactions was washed with 
sulfuric and water and distilled from calcium hydride) was placed 
in a 5-1. flask fitted with a quartz immersion well designed to acco
modate a 450-W Hanovia mercury lamp. The magnetically stirred 
solution was boiled under nitrogen and bubbled with dry nitrogen 
to remove oxygen. The solution was cooled to room temperature 
and the stirred solution was irradiated for 17 hr. The solvent was 
removed in vacuo to leave a pale brown solid. Addition of hexane 
followed by filtration left 0.261 g (63.8%) of a beige solid which 
turned to a yellow solid at 180-210° and melted at 308-317°. Re
crystallization of the solid from benzene-hexane gave 0.156 g 
(38%) of a white solid (6 a) which turned fluorescent yellow at 
180-210° and melted at 311-313° (remelt 311-313°); ir (KBr) 3060 
(w), 3040 (w), 3010 (w), 2920 (w), 1600 (w), 1470 (m), 1450 (s), 1245 
(w), 1130 (m), 765 (s), 745 (w), 675 (m), 640 (m), 595 (m), 500 cm" 1 
(m); 220-MHz NMR (CDC13) 5 2.78 (s, 2, -CH2-), 4.62 (s, 2, bridge
head protons), 6.74-7.05 (two multiplets, 16, aromatic protons); uv 
(CHCI3) 272 nm (t 3000), 281 (2000); mass spectrum (70 eV) essen
tially the same as that of 9,9'-dianthrylmethane (la).

Anal. Calcd for C29H2o: C, 94.53; H, 5.47. Found: C, 94.62; H,
5.52.

Photocyclization of 10-Bromo-9,9'-dianthrylmethane (lb).
A suspension of 2.00 g of 10-bromo-9,9'-dianthrylmethane (lb) in 
3225 ml of benzene was stirred under reflux for 10 min under 
argon. Benzene (150 ml) was distilled off under argon and the solu
tion was cooled to room temperature and sealed under argon. The 
solution was irradiated with a 450-W Hanovia mercury lamp 
(Pyrex filter) for 19 hr at 40°. Removal of the solvent in vacuo left 
a brown solid. Addition of 300 ml of ether and filtration gave a 
creamy white solid which was washed with ether and cold benzene 
to give 1.50 g (75%) of a creamy white solid (6 b), which turned or
ange at about 150°, then fluorescent yellow around 200° and melt
ed at 270-272° dec: ir (KBr) 3070 (m), 3040 (w), 3020 (w), 1475 
(m), 1460 (s), 1285 (w), 1155 (w), 1145 (w), 890 (w), 798 (m), 773 
(s), 750 (m), 685 (s), 650 (s), 620 (m), 520 cm' 1 (m); 100-MHz 
NMR (CDCI3) b 2.74 (s, 2, -CH^), 5.30 (s, 1, bridgehead proton), 
6.60-6.95 (m, 12, aromatic protons), 6.85-7.15 (m, 2, aromatic pro-
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tons), 7.65-7.88 (m, 2 aromatic protons); mass spectrum (70 eV) 
m)e (rel intensity) 449 (3.4), 448 (10), 447 (4.5), 446 (10), 369 (31), 
368 (100), 376 (50), 366 (11), 365 (12), 363 (12), 353 (29), 352 (20), 
351 (15), 291 (10), 290 (9), 289 (11), 191 (29), 190 (25), 189 (48), 184 
(15), 183 (11), 182 (13), 175 (27), 164 (10); uv (CHC13) 271 nm (f 
3340), 281 (2180). Recrystallization from benzene-hexane gave an 
analytical sample.

Anal. Calcd for C29Hi9Br: C, 77.86. Found: C, 77.60; H, 4.47; Br,
17.76.

Removal of solvents from the filtrate and addition of small 
amounts of cold ether and benzene followed by filtration and ben
zene and ethgr washings gave an additional 0.25 g (12.5%) of prod
uct, mp 259-262° dec. The total yield of 6b was 1.75 g (87.5%).

Registry No.—la, 15080-14-5; lb, 15156-60-2; lc, 15080-12-3; 
Id, 55043-36-2; 2, 15080-13-4; 3a, 55043-37-3; 3b, 55043-38-4; 3c, 
55043-39-5; 4, 55043-40-8; 5, 55043-41-9; 6a, 55043-42-0; 6b, 
55043-43-1; anthraquinone, 84-65-1; 9,10-dibromoanthracene, 
523-27-3; 9-chloroanthracine 716-53-0; 9-chloromethylanthracene, 
24463-19-2; bromine, 7726-95-6.
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A structure is proposed for lithospermic acid (C27H22O12, la), the major polyphenolic acid of Lithospermum 
ruderale and several other plant species of the families, Boraginaceae and Labiatae. Chromatography on Sepha- 
dex of aqueous extracts of the plant yields the dipotassium salt of la, together with salts of lesser constituents 
which include (R)-3-(3,4-dihydroxyphenyl)lactic acid (2a), 2-(3,4-dihydroxyphenyl)-3-carboxy-4-(2-carboxy- 
irans-vinyl)-7-hydroxycoumaran (3a), and rosmarinic acid (4a). Structures were deduced from spectral studies of 
the salts, the free acids, and also the methylated derivatives produced by the action of diazomethane on the free 
acids or dimethyl sulfate on the salts.

This paper describes our isolation of lithospermic acid, 
C27H22O12, the principal polyphenolic acid constituent of 

■ roots of the plant Lithospermum ruderale Dougl. ex Lehm. 
(Boraginaceae; common names, gromwell, puccoon) and 
the structure elucidation of this acid and of three closely 
related plant constituents.

Interest in the chemical constituents of Lithospermum 
ruderale was stimulated by the report in 1941 of Train et 
al.2 that certain Indians of Nevada use the plant to make a 
contraceptive tea. Extracts from at least six species of the 
genus Lithospermum have been found tc inactivate gona
dotropins.3 The most readily cultivated of these species, 
Lithospermum officinale L., long known in European her
bal medicine,4’5 has been shown to produce a pituitary hor
mone blocking effect5 both in vitro and in vivo.

The plants Lycopus europaeus and Lycopus virginicus, 
although members of the family Labiatae, were reported to 
have antihormonal activities remarkably similar to those of 
Lithospermum species.6

Lithospermic acid7 has been implicated8’9 in the hor
monal inhibitory mechanisms, presumably as the chemical 
precursor of the active inhibitory substances produced by 
oxidative processes involving air- or enzyme-catalyzed 
reactions. It has been recognized9̂ 11 as a constituent of Ly-

copus europaeus, Lycopus virginicus, Lithospermum ru
derale, Lithospermum officinale, and Symphytum offici
nale (common name, comfrey). More recently, Anchusa of
ficinalis and Echium vulgare were added to the growing 
number of Boraginaceae which have antigonadotropic ac
tivity in animals and also contain lithospermic acid.12 Re
views of contraceptive plant species have been pub
lished.13’14

von Seemann and Grant15 isolated fractions of Lithos
permum ruderale as amorphous powders having antigona
dotropic activity. They characterized the materials as poly
phenolic acid salts, possibly flavanoids, which gave reac
tions characteristic of phlobatannins, and observed that 
the active principle(s) in the plant extract could be precipi
tated by acids and redissolved at pH above 5. A number of 
phytochemical investigations failed to identify the specific 
antihormonal compound(s) of Lithospermum species.16

In 1963, Johnson et al.7 reported the isolation of a poly
phenolic acid from roots of Lithospermum ruderale which 
they named lithospermic acid and assigned the structure 
of 2-hydroxy-2,4-bis(3,4-dihydroxyphenyl)butenoic acid, 
C16H14O7. The amorphous, water-soluble acid was said to 
melt at 130-131° and the structure was supported by anal
yses for several crystalline derivatives, including a “pen-
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tamethyl” derivative. Schmiechen and Gibian17 described 
the synthesis of the 0- methyl derivative corresponding to 
the racemate of the proposed lithospermic acid structure. 
Since their pentamethyl compound behaved very different
ly than the derivative of natural lithospermic acid, it was 
concluded that the proposed structure was not correct. The 
same conclusion was reached by Wagner et al.,9 who isolat
ed lithospermic acid from Lycopus europaeus and Sym
phytum officinale, prepared several of the derivatives re
ported by Johnson et al., and made a direct comparison 
with a specimen of the acid supplied by those workers.

Since we had achieved some concentration of inhibiting 
constituents of L. ruderale11 in earlier column chromatog
raphy on cellulose, we evolved a more effective separation 
procedure involving extracts of the root on columns of Se- 
phadex. On elution with water, polymeric materials, fol
lowed by carbohydrates, preceded the polyphenolic carbox- 
ylate salts responsible for the antihormonal effects. One 
chromatographic fraction contained almost exclusively the 
salts of lithospermic acid in quantities up to 3% of the 
weight of the dry roots.

From a study of the salts, the liberated carboxylic acid, 
and methylated derivatives, we have deduced that litho
spermic acid, the principal polyphenolic acid, is a dicarbox- 
ylic acid having structure la. In addition, L. ruderale con
tains lesser quantities of the two formal hydrolysis prod
ucts of la, (R)-3-(3,4-dihydroxyphenyl)lactic acid (2a) and 
2-(3,4-dihydroxyphenyl)-3-carboxy-4-(2-carboxy-irans- 
vinyl)-7-hydroxycoumaran (3a). Also found in the plant 
was the caffeyl ester of (I?)-2a, rosmarinic acid (4a).

b. R = Me, R' = H
c. R = R' = Me

COOR^
5r

/O R '

R"0^ ''OR'
H

2a. R = R' = R" H
b. R = Me; R' = R'" = H
c. R = R' = Me; R'7 = H
d. R = R' = Me; R'7 = Ac
e. R = R" = H; R' = Me

3a. R =  R' = H
b. R = Me. R' = H
c. R = R' = Me

OR

4a, R = H
b, R = Me

Fractionation o f Polyphenolic Acids. The polyphenol
ic acids of Lithospermum ruderale have been found in 
roots, leaves, seeds, and stems in varying amounts, and are 
extractable with water as nearly neutral salts over a range 
of pH, and as the free carboxylic acids at pH 2. In practice, 
the roots are a much better source of these materials owing 
to the ease with which the extracts may be handled. The 
direct extraction of powdered root materials with water 
under an inert atmosphere gives a solution (pH ~7) con
taining up to 40% of the dry weight of the plant material. If 
these solutions are allowed to stand in air, they darken and 
begin to deposit amorphous materials in a few hours. If 
such solutions are lyophilized immediately, however, the 
resulting dry powders may be stored without significant 
change for years.

Table I
Separation of Whole Root Extracts of 

L. ruderale on Sephadex G-50
Appearance of

Group“ Fractions lyoprnlized powder Wt, g Percent

Insoluble pellet Removed by 0.69 3.5

A 1—6
centrifugation 

Light yellow 0.73 3.6
B 7-8 Brown, crisp 0.73 3.6
C 9-12 Brown, crisp 7.77 38.9
D 13-14 Dark brown, 4.30 21.5

E 15
crisp

Medium brown, 1.41 7.1

F 16-22 (-28)
fluffy

Light yellow, 3.27 16.4
fluffy

Remaining on column 1.10 5.5
Total weight of extract powder 20.06 100

° Representative samples of groups A-E were assayed by 13C 
NMR, and the following conclusions were drawn. That portion of 
A soluble at pH 8.2 and groups B-D are almost exclusively carbo
hydrates. The principal carbohydrate in group C is sucrose. Group 
E contains carbohydrates similar to group D and in addition some 
polyphenols. A chemical separation of group E resulted in Ea, Eb, 
and Ec, the last consisting of the water-soluble carbohydrate. Ea 
consists of polyphenolate salts whose parent acids are precipitated 
in aqueous acid; it appears to be oligomeric material with very 
broad carbon resonances corresponding in chemical shift to the 
resonances observed for la. Fraction Eb contains an unknown ester 
carboxylate salt, ca. 5% of salts of 3a, and a trace of salts of la. 
6 This weight of lyophilized powder represents the total weight ex
tracted in three extractions of approximately 50 g of finely ground 
plant roots.

After much preliminary exploratory work,1 we found 
that reconstituted aqueous extracts could be efficiently 
separated by chromatography on Sephadex G-50 and G-25 
with water as an eluent. While these adsorbents allow en
zymes and carbohydrates to pass rapidly through, they se
lectively adsorb the polyphenolic carboxylates. Smaller 
carbohydrates pass through in intermediate fractions. 
When eluted, the polyphenolic carboxylic acid salts are sta
ble in aqueous solution, apparently as a result of having 
been separated efficiently from plant enzymes which can 
catalyze their chemical transformation.9

The progress of the chromatographic separation on Se
phadex G-50 (Table I) was readily observed in a series of 
colored bands which reproducibly formed on the column. 
The fractions containing the catechol acids (groups E and 
F) were identified by the precipitates formed with lead ace
tate or ferric chloride solutions. Group F of Table I is of 
particular interest as a source of lithospermic acid. It was 
further fractionated on Sephadex G-25 into five fractions 
which are summarized in Table II. Group E was separated 
by chemical methods into three subfractions (Table I, foot
note a). The segregation of these fractions was routinely 
carried out after lyophilization. To aid this process, spot 
tests on filter paper and infrared spectroscopy (Table II) 
were found to be useful criteria. The use of 13C NMR gives, 
however, the clearest fingerprints of the components pres
ent in the individual fractions (see footnote a, Tables I and
II).

The reported15 insolubility of biologically active constit
uents of Lithospermum ruderale in water at low pH was 
followed up by acidification of group E material (Table I), 
centrifugation of the precipitated material, dissolution of 
the separated solid in water at pH 5.8, and lyophilization to 
give Ea as a powder. The acidified aqueous filtrate was ex
tracted with ethyl acetate to give a product containing 
principally an unidentified ester carboxylic acid. This lat-



1806 J. Org. Chem., Vol. 40, No. 12,1975 Kelley, Mahajan, Brooks, Neubert, Breneman, and Carmack

Table II
Fractionation of Polyphenolic Acid Salts (Group F,

Table I) on Sephadex G-25
Fraction0 Wt, g Percent Carbonyl absorption in infrared,

F - l 3.92 19.5 5.78 (s) 5.97 (w) 6.28 (s)
F-2 3.27 16.3 5.78 (s) 5.95 (m) 6.28 (vs)
F-3 8.72 43.5 5.91 (m) 6.28 (vs)
F-4 1 . 2 0 6 .0 5.91 (m) 6.28 (vs)
F -5 0.15 0.7

Remaining on column 2.80 13.9
2 0 .1 1 0 0

“ 13C NMR analysis of representative samples of fractions F1-F4 allowed the following conclusions. Fraction FI was very similar to 
group E material. Fraction F2 was quite complex but contained up to ca. 30% of salts of la and ca. 10% of 3a. Fraction F3 contained 
salts chiefly of la admixed with ca. 10% of 3a. Fraction F4 contained principally salts of la, but it also contained up to ca. 20% of 
salts of 4a and some carbohydrate (15%). 6 Relative intensities: vs, very strong; s, strong; m, medium; w, weak.

ter was dissolved in water, neutralized with base, and ly- 
ophilized to give fraction Eb. Ec consisted of the plant ma
terial still remaining in solution (carbohydrate).

Since the biological actions affecting pituitary hormones 
have always been associated with the phenolic fractions of 
the plant, both in our ownlb-f and others’ reports.8,9 and 
not at all with the large carbohydrate fractions, our atten
tion has been directed to the identification of the constitu
ents of fractions E and F. Experiments with animals in
volving these plant fractions will be reported elsewhere.

Characterization o f Lithospermic Acid. Fraction F3, 
which represents approximately 3% of the dry root weight 
of Lithospermum ruderale, consists principally of the di
potassium salt of la. While the organic anion is not exclu
sively that of la, the contaminants, 3a (ca. 10%) and 4a 
(< 2%), do not interfere with the interpretation of ir and 
NMR data. The liberation of lithospermic acid from its 
salts is readily accomplished by acidification, and the very 
water-soluble la is readily extracted into ethyl acetate. To 
aid in the interpretation of the spectral properties of la, 
authentic rosmarinic acid (4a) was isolated by the proce
dure1®11 of Scarpati and Oriente from Rosmarinus officinal
is. 18b,c

The published7,9 infrared spectra for lithospermic acid 
are virtually identical with the ir spectrum (KBr) of our 
fraction F3 except that the carbonyl region of the latter is 
split, revealing the internal a,/3-unsaturated ester band at 
5.91 n, while the two carboxylate anions have their stretch
ing bands centered at 6.28 and 7.3 ix. The infrared spectrum 
of sodium rosmarinate shows the a,/J-unsaturated ester 
band also at 5.91 n, indicating the structural similarity of 
la  and 4a. In addition, the rest of the ir spectrum of Na-4a 
is virtually identical with that of F3. Further evidence for 
the structural similarity of la and 4a was obtained from 
NMR measurements.

The carbonyl region of the 13C NMR spectrum of Na-4a 
(in D20) showed an «,/i-unsaturated ester carban at 168.6 
ppm and a carboxylate anion at 177.2 ppm. The spectrum 
of F3 showed a similar ester carbon at 168.3 ppm and car
boxylate anions at 176.9 and 178.8 ppm, the laiter arising 
from C-19 (see the numbering system in Table III). That 
the second carboxylate peak is C-19 rather than C-9 (as 
would be required by the alternative structure having the 
dihydroxyphenyllactate group esterified to C-19) was fur
ther established by observing that the carboxylate reso
nance of several model cinnamate salts falls in tie  range of
175.3-176.3 ppm.19 A full analysis of the 13C NMR spec
trum of la, 4a, and the model compounds will be pub
lished.20

The striking similarity of the ’ H NMR spectra of lithos
permic acid (la) and rosmarinic acid (4a) in Table III is 
immediately apparent. Each molecule contains two ben

zene rings bearing three protons in a 1,2,4 relationship. 
This arrangement gives rise to the distinctive 1H NMR 
coupling pattern of two doublets and one doublet of dou
blets for each ring. The resonances were assigned to specif
ic hydrogens on the basis of known ring coupling constants 
{dortho =* 8, Jmeta =  2, J para =* 0  Hz) and on their relative 
chemical shifts. The chemical shifts of H-5, -13, -16, and 
-17 remained almost the same for both compounds. The 
two protons H-2 and H-6 in 4a ortho to the unsaturated 
side chain and deshielded by its anisotropy are in la dimin
ished to only one (further) deshielded proton, H-6, with a 
simplified coupling pattern. This indicates that C-2 is the 
site of fusion of the additional C6-C 3 biogenetic unit in la. 
The protons H-23, -26, and -27 fall at intermediate chemi
cal shifts in la. The only ambiguity in these data arises 
from the almost equal chemical shifts and coupling con
stants of H-13 and H-23 in la, which do not allow them to 
be differentiated.

The aryllactate side chain (H-10 and 11) exhibited simi
lar ABX coupling patterns in compounds la  and 4a, differ
ing only in the overlapping of two of the eight lines in the 
AB portion of the spectrum of la  due to a smaller A5ab- 
The chemical shift of H-10 in esters la and 4a is a full 0.7 
ppm deshielded from the chemical shift of the analogous 
proton in the free aryllactic acid, 2a. This difference allows 
the ready observation of the presence of 2a as a contami
nant of la  or 4a.

The unique coupling constant of 4.8 Hz for H-20 and 
H-21 on the coumaran ring appears in both la and salt F3. 
Early workers pointed out that the proton coupling con
stant in a 2,3-disubstituted coumaran (dihydrobenzo [b ] fu- 
ran) ring is dependent not only on the configuration of the 
protons but also on the nature of the other substituents at 
those positions.21 A more reliable criterion for the assign
ment of stereochemistry in 3-substituted 2-arylcoumarans, 
where the 3 substituent contains hydrogen, is the shielding 
(cis) or lack of shielding (trans) of the protons in the 3 sub
stituent by the aromatic ring.22

Esterification of la  with MeOH-2,2-dimethoxypropane- 
HC1 gave a mixture in approximately 3:1 ratio of two di
methyl esters, lb  and 3b, which were soluble in dilute 
aqueous bicarbonate (apparently through phenolic ioniza
tion). Diester 3b, which apparently arose from transesteri
fication of lb  with the methanol solvent, was identified by 
its NMR spectrum in the mixture and by its parent ion in 
the mass spectrum.

The 7H NMR spectrum (acetone-d6) showed three new 
methyl resonances at ¿> 3.72, 3.69, and 3.65. From the inten
sities of these resonances, it was judged that the major 
diester, lb, has resonances at <5 3.69 and 3.65, while the 
minor diester, 3b, has resonances at d 3.72 and 3.69 (over
lapped by lb). Since none of these resonances is markedly
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Table III
1H NMR Spectra (220 MHz) o f Lithospermic Acid 

and Rosmarinic Acid in Acetone-d6a
OH

Proton &
Lithospermic acid (la) 

6 (multiplicity, J , Hz)
Rosmarinic acid (4a)

6 (multiplicity, J t Hz)

H -ll  (2 H) 3.03 (2 q, 5, 8 , 14) 3.03 (2 q, 5, 8 , 14)
H-20 4.47 (d, 4.8)
H-10 5.15 (dd, 5, 8 ) 5.17 (dd, 5, 8 )
H-21 5.94 (d, 4.8)
H- 8 6.32 (d, 16) 6.23 (d, 16)
H-17 6.61 (dd, 2 , 8 ) 6.60 (dd, 2 , 8 )
H-16 6.69 (d, 8 ) 6.69 (d, 8 )
H-27 6.72 (dd, 2, 8 )
H-26 6.77 (d, 8 )
H-23 6.81c (d, 2 )
H-13 6.82c (d, 2 ) 6.79 (d, 2)
H-5 6.83 (d, 8 ) 6.79 (d, 8 )
H- 6 7.21 (d, 8 ) 6.96 (dd, 2, 8 )
H-2 7.09 (d, 2)
H-7 7.80 (d, 16) 7.50 (d, 16)

a The use of deuterioacetone as a 1H NMR solvent is important in 
obtaining the resolution of the aromatic resonances. The 1H NMR 
spectrum of the salt la (fraction F3) in D2O shows a much more 
compact aromatic proton region in which not even H-6 is resolved. 
b The 18 carbon atoms shared in common in the structure of acids 
la and 4a are numbered in a consecutive sequence of 1-18; atoms 
numbered 19-27 represent the additional phenylpropanoid unit 
contained in lithospermic acid which is condensed as shown in the 
formula. c Overlapping resonances; assignments may be reversed.

shielded, we have assigned a trans configuration to the 
methoxycarbonyl and the aryl substituents on the coumar- 
an ring in lb  and thus in la. The absolute configurations of 
the asymmetric carbons in the coumaran nucleus have not 
yet been determined.

The ultraviolet spectra of the free lithospermic acid were 
in general agreement with those already published,7’9 and 
consistent with the presence of conjugated unsaturation of 
the type contained in la. Quantitative data are presented 
in the Experimental Section. Ultraviolet spectra for the 
salts of la  showed the same major features with some vari
ations in detail.

Further information about the configuration and compo
sition of the polyphenolic acids was obtained on fully meth
ylated derivatives. The total absence of O-methylated com
pounds in the aqueous extracts of L. ruderale (by 1H and 
13C NMR criteria) makes it clear that all of the methyl 
groups subsequently found in the methylated derivatives 
were experimentally introduced into unmethylated natural 
products.

Methylation o f Polyphenolic Acids with Diazo
methane. At the same time that the separations on Sepha- 
dex (Tables I and II) were being carried out, an alternative 
isolation of the polyphenolic acids was undertaken by a 
modification of a published procedure.7 Root powders of L. 
ruderale were extracted with aqueous HC1, and the dis
solved polyphenolic carboxylic acids were taken up in or
ganic solvents. Ethyl acetate was found to be a much more

efficient solvent than ether7 for the removal of polyphenol
ic acids from aqueous solution.

The extracted solutions of these acids were permethylat- 
ed with excess diazomethane. A complicating reaction in 
the use of diazomethane was subsequently shown to be the 
cycloaddition of this reagent to the olefinic bond of the 
substituted cinnamic esters in these mixtures. The cinna- 
mates were principally transformed into the corresponding 
pyrazoline derivatives.26"29 The chemical changes were ac
companied by changes in the ultraviolet absorption spec
tra—in particular, decreases in absorption above 300 nm. 
In spite of the formation of nitrogen heterocycles, this pro
cedure yielded valuable early indications of the nature of 
the polyphenolic acids present in the plant.

The aryllactic acid 2a was converted by diazomethane 
into methyl (fi)-3-(3,4-dimethoxyphenyl)lactate [(R)-2c], 
which was isolated in 3% yield by repeated column chroma
tography. The identity of (R)-2c was established by spec
tral comparison with synthetic (RS)-2c. Subsequently, the 
absolute configuration was established to be R by the un
depressed melting point of the ester mixed with an authen
tic sample18b of (R)-2c prepared as a derivative following 
the saponification of rosmarinic acid.

Methyl aryllactate (/i )-2c was acetylated to (R)-2d, and 
the acetyl derivative was hydrolyzed to the aryllactic acid
(R) -2e. Resolution of (RS)-2e to give (R)-2e was accom
plished. The CD spectra of (R)-2c and (R)-2e are compara
ble in sign and intensity but opposite in sign to spectra of
(S) -3,4-dihydroxyphenylalanine (L-dopa), (S)-3-phenyllac- 
tic acid,30 and methyl (S)-3-phenyllactate.30 The CD spec
trum of (R)-2c from L. ruderale is identical with that of 
the authentic sample18b in confirmation of the previous 
assignment.18c

In the chromatographic separations used to fractionate 
diazomethane-methylated polyphenolic acids, the methyl 
aryllactate (R)-2c was eluted from a Florisil column with 
benzene-ether mixtures. About 70% of the methylated 
product, the material containing nitrogen heterocyclic de
rivatives, was more strongly held on the column and was 
eluted with ether-ethyl acetate mixtures. These latter ma
terials were rechromatographed and were characterized by 
osmometric molecular weights (mol wt) in the range of 
500-1200.

Mass spectra of these fractions show parent ions at m/e 
470 and 472 for which the pyrazoline structures 5b and 6a 
can be written. These are the products expected from 3a 
and 4a under the reaction conditions. At higher tempera
tures in the mass spectrum, a major ion at m/e 650 was ob
served, apparently formed from the molecular ion of 5a 
(m/e 678) by loss of nitrogen.27

b. R = Me («)- 8
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As a model for the diazomethane cycloadditions, the 
reaction of methyl 3,4-dimethoxycinnamate (7b) with dia
zomethane was observed to give in 65% yield a crystalline 
pyrazoline derivative, 6b. The reaction of pentamethyl ros- 
marinate (4b) with diazomethane gave the pyrazoline 6a 
(m/e 472) and further transformation products.31

Saponification of the complex permethyla.ed product 
mixture, separation of the acids, remethylation of the acids 
with diazomethane, and separation by chromatography 
yielded additional amounts of (ft)-2c. Treatment of the 
complex mixture with lithium aluminum hydride produced 
(R ) -3- (3,4-dimethoxyphenyl) -1,2-propanediol f(R)-8],
which was crystallized after chromatography. For identifi
cation, {RS)-8 was synthesized by reduction of ( RS)-2c.

Since 2c and diol 8 have the same origin, their absolute 
configurations should be the same. The CD spectrum of a 
solution of 8 and Ni(acac)2 in CCU has a positive induced 
exciton-split type Cotton effect centered at 306 nm [X° 
(At°) 316 (+3.6) and 297 (—3.6)], establishing the absolute 
configuration as R,33 Moreover, the 1Lb and 1 La bands of 
(i?)-8 are both positive, while in (S)-3-phenyl-2-amino-l- 
propanol both of these bands are negative.30

Base-Catalyzed Méthylation o f Fraction F3. In an
other procedure, fraction F3 (Table II) was permethylated 
in refluxing acetone with dimethyl sulfate and potassium 
carbonate, and the neutral methylated material was chro
matographed on a series of columns (either Florisil or near
ly neutral alumina), with benzene-ether-ethyi acetate as 
increasingly polar eluting solvents. Fractions were moni
tored by TLC. One compound, C35H38O12, was found re
peatedly in the middle fractions and accounted for ca. 25% 
of the weight of methylated products. This substance gave 
clean mass spectral and 1H NMR data, from which the 
structure 9a was deduced.

From the 5H NMR spectrum it is concluded that 9a is an 
octamethyl derivative, where a heptamethyl derivative 
would be expected from the uncomplicated methylation of 
la. Thus, one additional oxygen function which was not al
ready present as a phenol or a carboxyl group in la must 
have been methylated under these basic concitions. The 
anomaly is explained as a consequence of base-catalyzed 
opening of the coumaran ring in la, initiated by abstrac
tion of H-20 (cf. Table III), which generates concomitantly 
a new phenolic function (susceptible to methylation) and a 
new trans-caffeyl functional unit. Since opening of the cou
maran ring is formally an isomerization, we shall refer to 9a 
as octamethyl isolithospermate. The sequence of the meth
ylation reactions under basic conditions is not known, but 
it seems likely that the ring-opening reaction occurs late in 
the sequence. Certainly esterification of carboxylate C-19 
precedes abstraction of the a hydrogen, H-20.

Accompanying 9a, and present chiefly in chromato
graphic fractions immediately preceding it, were minor 
amounts of several other derivatives of la  and 3a. These 
included the heptamethyl derivative, lc , and two deriva
tives, 3c and 9b, lacking the aryllactate group (the latter

being replaced with the methyl ester function). Also pres
ent in very minor amounts was pentamethyl rosmarinate 
(4b). The presence of all of these compounds was first re
vealed by mass spectra; confirmatory XH NMR spectra 
were subsequently obtained for 4b and 9b.

To aid in the interpretation of the array of spectral data 
obtained from chromatographically similar methylated de
rivatives, the synthesis of several model compounds proved 
expedient: 3,4-dimethoxycinnamic acid (7a), its methyl 
ester 7b, and the aryllactates (RS)-2c, (RS)-2e, and (RS)- 
4b. The latter was synthesized by the reaction of 7a with 
p-toluenesulfonyl chloride in pyridine, followed by the ad
dition of (RS)-2c. Two further model compounds, 10 and 
11a, were prepared by the Perkin condensation of appro
priately substituted phenylacetic acids with 3,4-dimethox- 
ybenzaldehyde.34 The ethyl ester l ib  was prepared from 
the acid 11a.

Mass Spectra. Table IV shows the fragmentation pat
terns of the five model compounds, 4b, 7a, 7b, 2e, and 2c.

For pentamethyl rosmarinate (4b), two strong ion inten
sities in the mass spectrum arise from a McLafferty rear
rangement of the molecular ion (m/e 430) into two frag
ments, m/e 222 and 208, according to Scheme I. Other

Scheme I
Mass Spectral Fragmentation o f Pentamethyl 

Rosmarinate (4b)

major fragmentation pathways include cleavage at bond a 
to yield the dimethoxybenzyl cation at m/e 151 and possi
ble cleavage at bond b to produce the acylonium ion at m/e 
191. Alternatively, the latter ion could arise from further 
cleavage of (7a)-+ and (7b)-+ as is observed in the mass 
spectra of their parent compounds (Table IV).

The base peaks of the mass spectrum of octamethyl isoli
thospermate (9a) shown in Table V are produced in a di
rect cleavage of the molecular ion to give the 3,4-dimethox- 
ybenzyl cation (m/e 151) and in a McLafferty rearrange
ment to give the methyl 3,4-dimethoxycinnamate ion, 
(7b)-+ (m/e 222). These same two ions were the dominant 
ones in the mass spectrum of pentamethyl rosmarinate 
(4b), confirming that 9a is an O-acyl derivative of methyl
3-(3,4-dimethoxyphenyl)lactate (2c). The McLafferty rear-
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Table IV
Mass Spectra of Model Compounds

Ion m/e

R el intensities at 70 eV  for m odel compounds11J ,  b

4b 7ac 7bi 2e 2c

430 4.3
399 0.6
240 <1 10.2
226 0 13.7 0
222 100 100 0 1.3
208 23 100 2.0 0.6 0.6
207 4.6 0 16 0 0
191 25 4.9 47 0 0
181 1.7 0 0 1.3 2.6
165 1.1 4.3 1.3 0.5 0.6
163 8.2 3.5 9.4 0 0
151 56 0 0 100 100

“ Determined in a Varian MAT-CH 7 mass spectrometer. * In
tensities expressed as percentage of the strongest ion intensity. 
c Also observed: m/e 193 (19). d For complete mass spectrum, see 
ref 35.

Table V
Mass Spectrum of Octamethyl Isolithospermate (9a)

R el abun-

lonQ m/e dance, ® % Mass found0 Mass ca lcd  - M olecular form ula

650 35 650.251 650.236 C35H38O12
428 31 428.143 428.147 C23H24O8
410 3
396 4
382 13
368 9
351 38 351.121 351.123 C21H19O5
222 100 222.089 222.089 C12H14O4
151 100 151.076 151.076 c ^ a

a Also observed: m/e 337 (4), 324 (5), 323 (4), 309 (6), 298 (8
246 (7), 191 (10), 181 (20). '’ Determined in a Varian CH-7 mass
spectrometer. c Determined in an AEI MS-9 mass spectrometer by 
peak matching technique.

rangement of the parent ion (m/e 650) also gives the m/e 
ion 428 (metastable ion at m/e 282), which decays through 
a series of ions to a stabilized ion at m/e 351. Possible 
structures for these ions are presented in Scheme II.

The apparent loss of the elements of HCOOMe and of 
HCOOH is a characteristic feature of the spectrum of 9a 
which is not observed in the model compounds, and is best 
explained by the postulated cyclization of two ortho-situat
ed unsaturated side chains to form a six-membered ring 
which can extrude small substituents to achieve additional 
stabilization. Such an interaction of side chains can only 
occur with the ortho placement of the vinyl groups of 9a, 
and is one piece of evidence in the assignment of the 2,a- 
bicaffeate structure to 9a. An alternative 5,a structure 
would be ruled out by this logic, as well as from the 'H 
NMR data.

One chromatographic fraction of methylated derivatives 
(31 mg out of 5.8 g taken for the separation) consisted of an 
almost equal mixture of 4b and 9b. The NMR peaks of 9b 
(reported in Table VI) in the spectrum of this sample were 
readily distinguished from those of 4b. The mass spectrum 
of this mixture showed, in addition to the characteristic 
ions of 4b [m/e 430, 222 (100), and 208], the molecular ion 
of 9b [m/e 442 (33)] and two principal daughter ions [m/e 
382 (19) and 351 (40)] in good agreement with the expected 
fragmentation of 9b by the same pathway as 9a (cf. Scheme
II).

Scheme II
Fragmentation Patterns in the Mass Spectrum of 

Octamethyl Isolithospermate (9a)
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'H  NMR Spectra. The 'H NMR spectra of octamethyl 
isolithospermate (9a) and the hexamethyl 2,a-bicaffeate 
(9b) are summarized in Table VI and compared with the 
two synthetic model compounds, 10 and l ib . The methoxy 
region of 9a, reproduced in Figure 1, shows eight distinct
0- methyl groups, six of which appear as doubled reso
nances. We attribute the doubling of these resonances to 
restricted rotation about the bond joining the 2,a positions 
of the bicaffeyl subunit.36 If an approximately equal distri
bution of two rotational forms exists about this bond, the 
presence of the asymmetric center in the aryllactyl ester 
portion of the molecule would mean that 9a is a mixture of 
nearly equal amounts of two diastereoisomers. The dou
bling of the methyl hydrogen resonances disappears upon 
full catalytic hydrogenation of the olefinic unsaturation. It 
is also not characteristic of 9b, which lacks the aryllactate 
asymmetric center and would therefore be a simple racemic 
pair as a consequence of the restricted rotation.

That the caffeyl moiety containing phenyl ring B in es
ters 9a and 9b has the stereochemistry of an o-phenyl- 
trans-cinnamic ester (i.e., that the phenyl rings A and B



1810 J. Org. Chem., Vol. 40, No. 12,1975 Kelley, Mahajan, Brooks, Neubert, Breneman, and Carmack

Table VI
HINM R (HR-220) Spectra of Compounds 9a, 9b, 10, and l ib  in CDCI3

H. H, H. H,

Proton 5a (multiplicity, J )

Ha, Hb

*Me 
Hr 
Hs 
Ht

3.41 (s)
6.17 (d, 16)
6.39 (d, 2)
6.65 (d, 8 )

Hu Obscured by compound 4b 
Hv

6.93Hw
Hw.
Hx
Hy
Hz
CHC1

(d, 8 )

7.44 (d, 8 )
7.48 (d, 16) 
7.93 (s)
7.22 (internal)

CO,Me

5b (multiplicity, J , A5) 
3.02 (m, 2 H)
5.21 (4d, 5, 7, 3)
3.42 (2 s, 0, 3)
6 .2 0  (2 d, 16, 1 )
6.39 (2 d, 2, 4)
6.65 (d, 8 , 0)
Included in Hv multiplet 
6.59-6.80 (m, 4 H)
6.93 (d, 8 , 0)

7.45 (d, 8 , 0)
7.54 (2 d, 16, 1)
7.93 (2 s, 0, 1)
7.21

3.39 (s)

6.50 (d, 2) 
6 .6 6  (d, 8 ) 
6.83 (dd, 2, 8 )

6.71 (dd, 2, 8 ) 
6.90 (dd, 2, 8 ) 
7.03 (t, 8)

7.85 (s)
7.20

5C (multiplicity, J ) ô d (multiplicity, j )

3.29 (s)

6.30 (d, 2)
6.61 (d, 8 )
6.75 (dd, 2, 8 ) 
7.14-7.36 (m, 5 H)

7.71 (s)

“ Other OMe singlet resonances: S 3.59, 3.64, 3.71, and 3.77; one OMe resonance obscured by compound 4b. 6 Other OMe resonances, cf. 
Figure 1; ,5 3.62 (d, AS = 3 Hz), 3.67 (d, AS = 3 Hz), 3.72 (d, AS = 1.5 Hz), 3.79 (d, AS =  1.5 Hz), 3.81 (s), 3.83 (d, AS = 3 Hz), 3.90 (s).c Other 
OMe singlet resonances: S 3.69, 3.77, and 3.81. d Other resonances: S 1.27 (t, J  = 7 Hz, CH2CH3), 3.72 (s, OCH3), 4.17 (q, J  = 7 Hz, 
CH2CH3).

and the connecting double bond comprise a cis-stilbene 
subunit) is established by the chemical shift of vinyl hydro
gen Hz in these compounds as compared with the vinyl pro
ton in model compounds 10 and l ib . Not on y has the a- 
phenyl-frans-cinnamic stereochemistry been established as 
being more thermodynamically stable than the cis,34b>37 but 
the chemical shifts of the vinyl hydrogen have been well 
documented as an unambiguous means of distinguishing 
the trans from the cis series.29

An additional effect of the trans stereochemistry of the 
caffeate subunit created by the opening of the original cou- 
maran ring is the marked shielding of the ortho Hs and the 
meta CH3O resonances in ring B. In the four c impounds in 
Table VI, Hs is shielded by 0.5-0.7 ppm compared with the 
corresponding proton in 4b (H-2; cf. Experimental Sec
tion). Similarly, the meta HURO group in ring B experi
ences a shielding of 0.4-0.6 ppm with reference to a compa
rable CH3O in 4b.

The two ortho hydrogens on ring A (Hx and Hw) exhibit 
a 0.5-ppm difference in their chemical shifts in both com
pounds 9a and 9b. This difference is due in part to the 
deshielding of Hx by the anisotropic effect of the unsatu
rated substituent ortho to it on the ring. The icentity of the 
unsaturated group which deshields Hx was revealed by the 
following hydrogenation experiment.

Octamethyl isolithospermate (9a) rapidly consumed 1 
mol of hydrogen in ethyl acetate at room temp erature over 
10% palladium on carbon catalyst, and only quite slowly 
consumed a second mole of hydrogen. A mass spectrum of 
the product of such a hydrogenated reaction mixture which 
had not yet absorbed 2 mol revealed that a mixture of dihy- 
dro-9a and tetrahydro-9a had been produced (m/e 652:654 
= 3:2). The !H NMR spectrum of this mixed product 
showed that, as expected, the trisubstituted double bond 
conjugated with ring B was the more slowly hydrogenated,

since the protons Hz (5 7.85) and Hs (6 6.42) and the 
shielded meta methoxyl group (starred in Table VI) in di- 
hydro-9a were clearly visible in the 'H  NMR spectrum, 
while the aromatic hydrogens in phenyl ring A (Hx and Hw) 
had shifted completely into the aromatic multiplet at 5
6.6-6.9. The conclusion is that the disubstituted double 
bond which is rapidly and fully hydrogenated must be lo
cated ortho to Hx. That Hx and Hw are ortho to each other 
follows from their coupling constants.

Relationship o f Lithospermum Constituents to 
Known Plant Principles. Since the discovery of rosmar- 
inic acid (4a) in 1958,18bc that compound has become rec
ognized as one of the most widely distributed naturally oc
curring derivatives of caffeic acid.12’38 41 Its biogenesis has 
been recently studied.42

The structure which we have proposed for lithospermic 
acid, la, incorporates a molecule of rosmarinic acid to 
which is condensed a third catecholpropanoid unit. The 
coexistence of la  and 4a in Lithosperum ruderale suggests 
that 4a may be a precursor of la.

The condensation of two p-hydroxyphenylpropenoid 
units to give a 2-aryl-3-substituted coumaran nucleus is a 
well-documented process in plant biochemistry. In the lab
oratory, models of this reaction are found in the oxidative 
coupling of isoeugenol21 to dehydrodiisoeugenol (12a) and 
of coniferyl alcohol43 to 12b. These condensations have 
been cited as models of reactions which occur in lignin for
mation. Typically, the coumarans produced in this way 
have the trans arrangement of the 2,3 substituents on the
2,3-dihydrobenzo[b] furan nucleus.24’44’45

Similar self-condensations of cinnamic acid derivatives 
have also been observed to occur through both chemical 
and enzymatic oxidative coupling reactions. Ferulic acid 
ethyl ester has yielded coumaran 12c,46 and a complex 
amide of p-coumaric acid has been similarly dimerized to
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Figure 1. Proton resonances (220 MHz) of the O-methyl groups in 
octamethyl isolithospermate (9a).

hordatine A (aglucone) (12d), a member of the family of 
optically active antifungal factors isolated from barley cole- 
optiles.47

12a, R = Me; R' = OMe
b, R = CH2OH; R' =  OMe
c, R =  C02Et; R' =  OMe
d, R =  CONHR"; R' =  H

In all of the above oxidative dimerizations, the coumaran 
produced has its unsaturated side chain attached at C-5. 
This is in agreement with the radical coupling mechanisms 
by which the reactions are envisioned to proceed. Only a 
phenolic function para to a vinyl group is mechanistically 
suited to undergo this type of coumaran formation.

If lithospermic acid is formed by conjugation of a ca- 
techolpropanoid unit with rosmarinic acid, then the forma
tion of the coumaran nucleus must in this case involve the 
3-hydroxy (meta) group of the rosmarinate unit and forma
tion of the new carbon-carbon bond occurs at the open 
ortho position, resulting in the placement of the unsatu
rated side chain on C-4 of the product coumaran. Data 
from *H NMR, 13C NMR, and mass spectra are all consis
tent with the assignment of the 2,3,4,7-tetrasubstituted 
coumaran structure to lithospermic acid. Thus, the latter 
appears to be a unique example of a class of natural cou
maran derivatives for which previous oxidative coupling 
mechanisms involving p-hydroxystyrene derivatives can
not be readily adapted.

The ability of lithospermic acid to inhibit or block the 
action of pituitary peptide hormones has been reported to 
require8’9 its prior oxidation by air or phenoloxidases. The

nature of the oxidation and the mechanism (s) of hormone 
blocking are still unknown. One must consider the possibil
ity that o-benzoquinones may be implicated. The oxidative 
coupling of two or more lithospermate units would be a fac
ile process, and probably occurs. We have observed that 
plant fractions E and FI (Tables I and II) contain oligom
eric materials which are insoluble in water at low pH but 
spectroscopically similar to lithospermic acid. Further 
chemical studies are being directed to these materials, 
which have shown inhibitory responses in animal endocrine 
experiments.

Experimental Section
General. Melting points were taken in open glass capillaries in a 

Mel-Temp apparatus and are uncorrected. Analyses were carried 
out by Alfred Bernhardt, Max Planck Institut, Mülheim (Ruhr), 
Germany, or Midwest Microlab Inc., Indianapolis, Ind. Infrared 
(ir) spectra were measured on Perkin-EImer Infracord Models 
137B or 137G. Ultraviolet (uv) and circular dichroism (CD) spectra 
were recorded with a Durrum-Jasco ORD/UV/CD-5 incorporating 
the SS-10 modification. Uv data are represented as Amax (<), sh = 
shoulder, and i = inflection. CD data are represented as AmalI (At) 
where Ai = [0J/33OO. 1H NMR spectra were recorded on Varian 
HR-220, HA-100, A-60, and EM-360 spectrometers. Mass spectra 
(MS) were obtained at 70 eV on a Varian MAT CH-7 mass spec
trometer. Absolute masses were determined on a AEI MS-9 mass 
spectrometer. Optical rotations were measured with a Rudolph po- 
larimeter, Model 80, in a 2-dm cell. Osmometric molecular weights 
were determined in a Mechrolab Model 301A vapor pressure os
mometer in boiling benzene. Anhydrous MgS0 4  was routinely used 
as a drying agent.

Extraction of Water-Soluble Constituents of L i t h o s p e r -  
m u m  r u d e r a l e  Roots. Roots of L. ruderale Dougl. ex Lehm, were 
collected by Mr. J. H. Coleman near Missoula, Mont., in the sum
mer of 1959 and air dried. The woody roots were brushed free of 
soil and were ground in a Wiley Laboratory mill using a 2-mm 
mesh sieve. In a typical extraction, 100 g of the powder was stirred 
vigorously with 1 1. of distilled water under N2 for 30 min, then fil
tered through a heavy cotton towel in a Büchner funnel. The solid 
cake was stirred vigorously with two additional 1 -1. portions of 
water for 30 min each and filtered as before. Since the dark brown, 
opaque filtrates clogged ordinary filters, each of the three solutions 
(812, 881, and 943 ml, respectively) was clarified by centrifugation 
at 2800 rpm for 20 min at 7°. The water was removed by lyophili- 
zation during 3 days, and the dried powder preparations weighed
25,11, and 4 g, respectively.

The powders have a flaky, gold-bronze appearance and a crisp, 
friable texture. They may be stored indefinitely in a thoroughly 
dry state and can be almost completely redissolved in water. Re
constituted solutions should, in general, be centrifuged to ensure 
adequate flow rates through any chromatographic medium.

Separation of Root Extracts on Sephadex G-50. A quantity 
of 20.0 g of lyophilized root-extract powder was dissolved in 100  ml 
of deoxygenated, distilled water and centrifuged for 1 hr at 35,000 
rpm, and the supernatant solution was transferred to a chromato
graphic column (5.5 X 78 cm) containing 200 g of coarse grade Se
phadex G-50 packed and washed according to the manufacturer’s 
directions. The pellet removed by centrifugation weighed 0.7 g. 
Elution with water was followed by the development of colored 
bands; the first solute appeared after 540 ml of water, after which 
fractions of ca. 100 ml were collected, combined, and lyophilized.

The reproducibly colored bands were taken as the principal cri
terion for the combination of fractions into groups A-F. Treat
ment of aliquots of the solutions with neutral lead acetate or 1% 
aqueous ferric chloride gave voluminous precipitates (brown or 
green) only with groups E and F. After lyophilization, ir (KBr) 
spectra show significant aromatic ring stretching bands (6 .6- 6.8  p) 
for groups A, E, and F, but not for groups B, C, and D. Of all the 
groups, only A would not readily redissolve in water; however, 
much of the group A material could be dissolved at pH 8.2.

Fractionation of Polyphenolic Acid Salts on Sephadex 
G-25. Group F material (20.1 g) was dissolved in 400 ml of water 
and chromatographed on 1 kg of Sephadex G-25-course prepared 
in a 8.5 X 80 cm glass column according to the manufacturer’s di
rections. Portions of 100 ml were collected and lyophilized directly. 
Fractions F1-F5 were segregated on the basis of TLC on silica gel 
with terf-butyl alcohol-acetic acid-water (3:1:1) and filter paper
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spot tests. In both assays, fractions F2 and F3 gave a blue-white 
fluorescence under uv light which became blue-green after expo
sure to ammonia vapors. Fractions Fl, F4, and F5 appeared yellow 
under uv light with or without ammonia. Fraction F2 was distin
guished from F3 by the absence of the 5.78-m band in the ir spec
trum of the latter (cf. Table II). Fraction F3 was further character
ized as follows: uv (MeOH) (e calcd using mol wt 614) 335 nm (sh, 
12,700), 309 (14,500), 289 (14,800), 254 (16,400), 230 (i, 22,000); iH 
NMR (100 MHz, D20, internal acetone 5 2.23) 6 3.11 (m, 2 H, H- 
11), 4.25 (d, J  =  4.8 Hz, H-20), 4.7-5.2 (HOD and H-10), 5.86 (d, J  
=  4.8 Hz, H-21), 6.22 (d, J  =  16 Hz, H-8 ), 6.7-7.1 (ra, 8 H, aromat
ic), 7.61 (d, J  =  16 Hz, H-7).

Anal. Calcd for CsvHaoKjOu-HaO: C, 51.26; H, 3.51; K, 12.36; O, 
32.87. Found: C, 51.47, 51.68; H, 4.19, 3.96; K, 10.1, 10.1; O, 34.1, 
34.0.

Fractionation of Group E. Group E powder (2 13 g) was dis
solved in 100 ml of water (pH 6.0), and the pH was lowered to 2 by 
the dropwise addition of 2 IV HC1. Below pH 4, a precipitate ap
peared. This precipitate was collected by centrifugation and was 
resuspended in 75 ml of water with vigorous stirring (pH 3). The 
pH of the solution was adjusted to 5.6 by the addition of 1.49 ml of
1 N  KOH. Lyophilization gave 523 mg of a dark brown powder 
(fraction Ea).

The supernatant from the centrifugation was acidified further 
(pH 1.5) and extracted with four 60-ml portions of ethyl acetate. 
The dried extract was concentrated to an oil which was redissolved 
in 40 ml of water to give a solution of pH 2.7. The pH was adjusted 
to 5.8 by the addition of 1.78 ml of 1 N  KOH, and the solution was 
lyophilized to give 566 mg of a brown powder (fraction Eb): ir 
(KBr) 5.76 (s, ester C =0), 6.3 fi (vs, CO2 - ). Neutralization and ly
ophilization of the aqueous solution remaining after the ethyl ace
tate extraction gave lumpy brown material contain.ng much KC1 
(fraction Ec).

Liberation of Compound la from F3. A solution of F3 (350 
mg) in 20 ml of water (pH 4.9) was acidified to pH 1 6 with 1 ml of
2 N  HC1. A few milligrams of a red-brown precipitate were re
moved by filtration. The clear brown solution was extracted with 
four 20-ml portions of ethyl acetate, and the extract was dried and 
concentrated to a brown film. The film was twice dissolved in 5 ml 
of MeCN and stripped to leave 290 mg of crude la containing a lit
tle residual MeCN (1H NMR in Table III). The sample was dis
solved in 4 ml of water and lyophilized to an off-whi:e, amorphous 
powder: uv (MeOH) (e calcd using mol wt 538) 335 nm (sh, 12,000), 
310 (14,600), 289 (14,700), 255 (15,700), 225-230 (i, 24,000).

Esterification of la. To a solution of 90 mg of la in 2 ml of 
MeOH and 2 ml of 2,2-dimethoxypropane was added 4 drops of 
concentrated HC1, and the solution was stirred at r^om tempera
ture for 3 days. The solvents were removed under reduced pres
sure. The residue was dissolved in ethyl acetate, and the solution 
was washed three times each with water and dilute NaHC03. The 
bright yellow bicarbonate washed solution was immediately added 
to 2 N  HC1 and the gummy precipitate was mostly dissolved dur
ing three extractions with CH2CI2. Concentration of the solvent 
gave a mixture of lb and 3b (ca. 3:1, 50 mg) which wculd not redis
solve in CH2CI2: XH NMR (100 MHz, acetone-de) for lb (partial) <5 
3.65 and 3.69 (2 s, 6 H, C02CH3), 4.50 (d, J  = 5 Hz, H-2 0 ), 5.15 (2 
d, J  =  6 , 7 Hz, H-10), 5.92 (d, J  = 5 Hz, H-21), 6.29 id, J  =  16 Hz, 
H-8), 7.22 (d, J = 8 Hz, H-6), 7.74 (d, J = 16 Hz, H-7); for 3b (par
tial) 3.69 and 3.72 (2 s, 6 H, C02CH3), 4.48 (d, J  = 5 Hz, H-20),
5.89 (d, J  =  5 Hz, H-21), 6.28 (d, J  =  16 Hz, H-8), 7.20 (d, J  = 8 
Hz, H-6 ), 7.70 (d, J  =  16 Hz, H-7).

Polyphenolic Acids. A. Direct Isolation from Roots. Whole 
root powder (100 g) was vigorously stirred with 400 ml of 0.5 N  
HC1 at room temperature for 20 min. The root cake was filtered on 
cotton cloth and saved for separate extraction. The clear filtrate 
was extracted with six portions of 100 ml each of peroxide-free 
ethyl ether. From the dried ether extracts, removal of the solvent 
left 1.86 g of friable brown material (fraction I). The aqueous solu
tion was then extracted with five portions of 100 ml each of ethyl 
acetate, from which removal of the solvent left 1.19 g of straw-col
ored product (fraction II). The root cake was also stirred with 200 
ml of ethyl acetate for 15 min and filtered; a second similar extrac
tion with ethyl acetate was combined with the first. Removal of the 
solvent from the combined root cake extracts left a dark brown, 
friable material weighing 3.33 g (fraction III).

B. Méthylation with Diazomethane. Fraction I (1.26 g) in 15 
ml of ether and 15 ml of MeOH was treated with ethereal diazo
methane prepared48“ from 5.0 g of N-methylnitroso urea and was 
allowed to stand at room temperature for 3.5 hr. Excess diazo
methane was destroyed with dilute HC1. The entire mixture was
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washed with 1 N  NaOH, and ethyl acetate was added to dissolve 
some suspended solid. The dried organic solution yielded 1 .1 2  g of 
friable, brown, methylated product.

In a similar way and in similar proportions but with a 20-hr 
reaction time, fractions II and III materials yielded 4.09 g of neu
tral product. In a larger run, 21.4 g of neutral methylated product 
was obtained from 22.2 g of combined extract fractions II and III.

C. Separation of ( R ) - 2 c .  On a column (3 X 78 cm) containing 
300 g of Florisil (60-100 mesh) packed in benzene was placed 26.0 
g of combined neutral products from the methylation of poly
phenolic acids II and III. Elution with solvent mixtures of steadily 
increasing polarity (benzene-ether-ethyl acetate) allowed nearly 
quantitative recovery of methylated materials.

The initial materials eluted with benzene (1.6 g) were not fur
ther investigated, but the subsequent 6.6  g eluted with ether (and 
increasing amounts of ethyl acetate in ether) gave, after four fur
ther column separations, 0.836 g of a viscous liquid. Distillation at 
100-140° (bath) (0.02 mm) and two recrystallizations .from MeOH 
gave 0.318 g of (R ) -2c, mp 6 6 °, [o]22D —19.6° (c 0.9, 95% EtOH). 
Admixture with authentic18“ (R)-2c showed no depression of melt
ing point: ir, same as literature;18“ uv (hexane) 280 nm (t 2800), 
231 (8650), 200 (78,000); CD (MeOH) 288 (+0.025), 276 (-0.120), 
231 (-2.23), 214 (-1.93), 200 (ca. +9); XH NMR (60 MHz, CDC13) S 
2.96 (d, A6 = 6.5 Hz) and 2.99 (d, AS = 4.5 Hz) (Jgem unobserved, 2 
H, ArCHz), 3.76 (s, C02CH3), 3.84 [s, 6 H, Ar(OCH3)2], 4.40 (2 d, J  
= 4.5, 6.5 Hz, 1 H, CHOH), 6.76 (s, C6H3).

Anal. Calcd for Ci2Hi60 6: C, 59.99; H, 6.71; 0, 33.30; 3CH30, 
38.75; mol wt, 240.3. Found: C, 60.06; H, 6.41; 0, 33.13; CHaO, 
38.28; mol wt, 241.

Further elution of the initial chromatography column with ether 
and ethyl acetate brought off a 12.7-g fraction (mol wt 1055), 50% 
of the material recovered, and two subsequent fractions totaling
4.7 g.

D. Characterization of Pyrazolines. The major (12.7 g) frac
tion from the preceding chromatogram was rechromatographed on 
Florisil; elution with benzene and ether brought off only traces of 
free 2c. Subsequent elution with ethyl acetate gave the major frac
tion, 8.0 g (mol wt 854). The mass spectrum of this material 
changed significantly as the inlet probe temperature of the CH-7 
instrument was increased. At all probe temperatures (137-207°) 
an ion m /e 240 (4.2—5.8) corresponding to 2c and ions m/e 222 
(38-51), 181 (11-38), and 151 (100) were present. At 160-170° par
ent ions m /e 470 (2.9-4.8) and 472 (0.7-0.8) corresponding to 5b 
and 6 a were observed. The former showed a fragment ion m/e 411 
(2.8-4.7), metastable m/e 359.5 (calcd for 470 —*■ 411: m/e 359.5), 
while the latter showed a fragment ion m/e 250 (5.1-8.9, M — 222, 
McLafferty). At temperatures of 171-207° the mass spectrum 
showed a weak parent ion corresponding to 5a, m/e 678 (0.6-0) 
with fragment ions m/e 650 (11-1.2), 636 (0-2.7), 618 (0.5-3.1), 590 
(1.2-6.4), and 351 (24-32). The large fragment ions correspond to 
the loss of 28 (N2), 42 (CH2N2?), 60 (N2 and MeOH, the latter loss 
occurring by the opening of the eoumaran ring with reclosure to a 
lactone), and 88 (N2, MeOH, and C = 0; or N2 and HCOOMe). All 
of these large fragment ions show McLafferty rearrangements to 
ions at F — 222.

E. Saponification of Pyrazolines. A 2.0-g portion of the re
chromatographed fraction (mol wt 854) was refluxed with 2.0 g of 
KOH in 20 ml of 50% aqueous EtOH under N2 for 15 hr. After re
moval of the EtOH under reduced pressure, the alkaline solution 
was extracted with ethyl acetate, acidified with dilute HC1, and 
reextracted with ethyl acetate. The acids were reesterified with di
azomethane and worked up to yield 1.29 g of neutral product. 
Chromatography on Florisil and distillation of the early chroma
tography fractions as before gave, after one recrystallization from 
ether, 340 mg of (I?)-2c, mp 62-63°. Later chromatographic frac
tions were examined by MS and were found to contain some 5b 
(m/e 470.175; exact mass calcd for C26H2eN20s, 470.169), 6 b (m/e 
264, etc.), and other products. Hydrolyzable adducts 5a and 6 a 
were not observed.

F. Reduction of Pyrazolines. Another portion of the rechro
matographed fraction (mol wt 854, 2.0 g) was treated with 0.5 g of 
LiAlHt in 25 ml of THF. After an initial vigorous reaction, the so
lution was refluxed for 5 hr. The cooled reaction mixture was cau
tiously treated with ethyl acetate, water, and dilute HC1. The 
aqueous solution was extracted with three portions of ethyl ace
tate. The dried extract yielded 2.1 g of brown liquid on concentra
tion. Chromatography on Florisil and elution with benzene-ether 
gave early fractions which crystallized from ligroin-ether. Four re
crystallizations from benzene-ether gave shining needles of (R ) - 8 : 
mp 86.5-87°; 4H NMR (60 MHz, CDC13) S 2.66 (d, J = 7 Hz,
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ArCH2), 3.02 (s, broad, 2 OH, moves with D2O), 3.55 (m, 3 H, 
OCHCH2O), 3.84 [s, 6 H, Ar(OCH3)2], 6.76 (s, C6H3).

Anal. Calcd for CuH160 4: C, 62.25; H, 7.60. Found: C, 62.06; H, 
7.38.

Acetylation of (R)-2c. (ft)-2 c (60 mg) was treated in 1 ml of 
pyridine and 2 ml of ether with 0.25 ml of acetyl chloride and 0.30 
ml of acetic anhydride, at first in an ice bath, then at room temper
ature for 5 hr. The product was washed until neutral and distilled 
at 120-130° (bath) (0.02 mm) to yield 54.3 mg of viscous liquid 
(ft)-2d: 4H NMR (60 MHz, CDC13) 6 2.08 (s, COCH3), 3.02 (d, A5 = 
2 Hz) and 3.13 (s) (Jgem unobserved, 2 H, ArCH2), 3.72 (s, 
CO2CH3), 3.86 (s, 6 H, ArOCH3), 5.20 (2 d, J  = 6 , 8 Hz, 1 H, 
CHOAc), 6.76 (s, C6H3).

Anal. Calcd for Ci4H180 6: C, 59.56; H, 6.43. Found: C, 60.11; H, 
6.43.

Saponification of (Jf)-2 d. (ft) 2d (56 mg) was heated under re
flux in an N2 atmosphere for 2 hr with 140 mg of KOH in 2 ml of 
95% EtOH. The mixture was acidified with 2 N  HC1 and extracted 
with ethyl acetate, yielding 44.8 mg of brown gum. Treatment in 
MeOH with charcoal and passage through a short column of alu
mina, followed by crystallization from benzene-hexane, yielded 2 e 
in two crystalline forms: long, colorless needles, mp 93-93.5°, and 
cotton-like material, mp 101.5-102.5°. After standing for 10 years, 
the long needles melted at 101.5-102.5°. The mixture melting 
point with synthetic (ft)-2 e was undepressed with both samples.

Methyl 3-(3,4-Dimethoxyphenyl)lactate [(RS)-2c], Methyl 
3-(3,4-dimethoxyphenyl)glycidate49 ( 34 g, mp 63-64°) was hydro
genated in 300 ml of ethyl acetate over 1.6 g of 5% palladium on 
carbon at 3 atm. After 3 hr the solution was filtered and concen
trated to an oil. The oil was dissolved in 50 ml of ethyl acetate- 
hexane (3:2), and it crystallized slowly after seeding [with crystals 
of (ftS)-2c obtained by methylation of acid (ftS)-2 e with diazo
methane] to give 24.3 g (70%) of (ftS)-2c: mp 46.5-48° (lit.18c mp
54-55°); ir and :H NMR same as those of (ft)-2c.

Methyl 2-Acetoxy-3-(3,4-dimethoxyphenyl)propanoate 
[(BS)-2d], Crude (ftS)-2c from the hydrogenation of 12 .2  g of 
methyl 3-(3,4-dimethoxyphenyl)glycidate was dissolved in 15 ml of 
pyridine and 15 ml of acetic anhydride was added with chilling. 
After standing overnight the solution was concentrated at 10 mm, 
and the residue was dissolved in ether and washed with 2 N  HC1, 
water, saturated NaHCC>3, and water. The oil obtained after 
drying and concentration of the solution crystallized from 18 ml of 
MeOH to give 11.1 g (73%) of (ftS)-2d: mp 57-58°; 4H NMR same 
as that of (ft)-2d; MS m /e (rel intensity) 282 (18), 251 (1 ), 222 
(100), 207 (6 ), 191 (11), 181 (3), 151 (89); exact mass, 282.1102 
(calcd for Ci4Hi80 6, 282.1105).

3-(3,4-Dimethoxyphenyl)lactic Acid [(RS)-2e]. Crude (ftS)- 
2c (25 g) was dissolved in 50 ml of chilled MeOH, and a solution of
5.8 g of NaOH in 100 ml of water was added portionwise with stir
ring. After being stirred overnight at room temperature, the solu
tion was concentrated under reduced pressure, and more water was 
added. The alkaline solution was washed twice with CH2CI2, acidi
fied to pH 1 with concentrated HC1, and extracted three times 
with ethyl acetate. The solvent was removed, and the solid product 
was taken up in a minimum of boiling MeCN. On cooling, (ftS)-2e 
precipitated in large crystals (13 g, 57%): mp 121-123° (lit.18c mp 
123-124°); >H NMR (100 MHz, CDC13) S 3.02 (octet) [2.97 (d, A5 
= 7 Hz) and 3.07 (d, A6 = 4 Hz), J gem =  14 Hz, 2 H, ArCH2], 3.82 
(s, 6 H, ArOCH3), 4.45 (2 d, J  =  4, 7 Hz, CHOH), 6.77 (s, C6H3).

Resolution of 2e. A solution of 5.2 g of (ftS)-2e in 105 ml of 
warm MeCN was treated with 2.8 g of (—)-ff-methylbenzylamine 
(Aldrich). After chilling and rewarming of the solution, crystalliza
tion ensued to give 3 g of the salt, mp 137-141°. Five recrystalliza
tions from MeCN gave 2.03 g of constant-melting crystals, mp 
143-145.5°, [a]26D + 29.4° (c 2.0, MeOH).

The salt (178 mg) was dissolved in dilute HC1, and the solution 
was extracted four times with ethyl acetate. After drying, the sol
vent was removed and the residue was solidified. The chilling of a 
toluene solution gave cottony crystals of (ft)-2e: mp 102-103°; 
[a]26D +29.0° (c 1.3, CHCI3); uv (MeOH) 285 nm (c 2590), 279 
(3100), 230 (10,500); CD (MeOH) 287 (+0.04), 271 (-0.04), 233 
(-1.90), 214 (-1.23), 196 (ca. +14).

Pentamethyl Rosmarinate [(ifS)-4b]. A solution of 5.22 g 
(25.1 mmol) of 7a and 6.08 g (31.9 mmol) of p-toluenesulfonyl 
chloride in 60 ml of dry pyridine under N2 was warmed to 80°. The 
solution colored red-orange on warming, and an orange acylpyridi- 
nium salt precipitated while the temperature was maintained for 3 
hr. The thick slurry was cooled and 0.46 g (6.8  mmol) of imidazole 
was added. After 30 min the temperature was 30°; 4.80 g (20 
mmol) of (R S ) -2c in 15 ml of pyridine was added. After stirring for

19 hr the solution was poured into 250 ml of 2 A  HC1. The mixture 
was extracted four times with ether. The ether layer was washed 
with 2 N  HC1 and water, and was dried, filtered, and concentrated 
to give 8.7 g of brown oil. Crystallization from ether-isopropyl 
ether during 2 days gave 5.48 g of 4b, mp 81-82.5°. A second crop 
from ether (0.99 g) brought the overall yield to 77%. Three recrys
tallizations from ethyl acetate-hexane gave an analytical sample: 
mp 82-83°; ir (KBr) 5.77, 5.84 (C =0), 6.15 n  (C=C); uv (MeOH) 
325 nm (e 22,900), 296 (16,700), 286 (16,100), 260 (5200), 233
(22,000), 217 (21,600); >H NMR (220 MHz, CDCI3) 6 3.15 (m, 
CH2), 3.72, 3.82, and 3.83 (3 s, 9 H, OCH3), 3.88 (s, 6 H, OCH3), 
5.34 (2 d, J  = 5, 8 Hz, CH), 6.30 (d, J  =  16 Hz, H-8), 6.72-6.80 (m, 
H-13, -16, -17), 6.83 (d, J  =  8 Hz, H-5), 7.01 (d, J  =  2 Hz, H-2),
7.06 (dd, J  = 2, 8 Hz, H-6 ), 7.62 (d, J  =  16 Hz, H-7).

Anal. Calcd for C23H2g0 8: C, 64.17; H, 6.09. Found: C, 64.31; H, 
6.17.

3-Methoxycarbonyl-4-(3,4-dimethoxyphenyl)-2-pyrazoline 
(6 b). To a chilled solution of 16 g (67 mmol) of 7b in 100 ml of 
ether was added 175 ml of ca. 0.1 M  ethereal diazomethane48b in 
portions in an ice bath. The reaction flask, fitted with a drying 
tube, was allowed to stand at 0° for 2 hr, and was stored at room 
temperature for 12 hr. The excess diazomethane was destroyed by 
thedropwise addition of 12% acetic acid in ether. The white pre
cipitate was filtered to give 11.6 g (65%] of 6 b: mp 111-114°; ir 
(KBr) 2.95 (s, NH), 5.86 (s, C =0), 6.42 n (m); uv (MeOH) 287 nm 
(r 11,700), 248 (2300), 225 (10,000); 4H NMR (60 MHz, CDC13) S
3.83 (s, CO2CH3), 3.96 (s, 6 H, ArOCH3), 3.9-4.6 (m, 4 H, CHCH2, 
NH), 6.90 (s, CeH3); MS m/e (rel intensity) 264 (81), 236 (16), 205 
(16), 204 (31), 177 (26), 176 (100); exact mass, 264.1117 (calcd for 
Ci3Hi6N20 4, 264.1110).

3-(3,4-Dimethoxyphenyl)-l,2-propanediol [(RS)-8]. A solu
tion of 0.5 g of (ftS)-2c in 18 ml of ether was added dropwise to 
0.20 g of LiAlH4 in 7 ml of ether and the slurry was refluxed for 2 
hr. The reaction mixture was decomposed with wet (NH4)2S04 and 
water, concentrated, extracted three times with ethyl acetate, and 
concentrated to 0.33 g of a viscous liquid. Distillation at 145-155° 
(bath) (0.03 mm) gave a liquid which was chromatographed on alu
mina (III) with ether-ethyl acetate-EtOH. Crystals from later 
chromatographic fractions gave on recrystallization from benzene- 
ether (ftS)-8, mp 63-64°, ir and *H NMR identical with those of
(ft)-8.

Anal. Calcd for CuHi60 4: C, 62.25; H, 7.60. Found: C, 62.25; H,
8.01.

Base-Catalyzed Methylation of F3. Five grams of F3 was 
stirred at reflux in 600 ml of dry acetone with 2 1  ml of freshly dis
tilled dimethyl sulfate and 35 g of anhydrous K2C03. After 18 hr 
the solid F3 had nearly all dissolved, and the solution was filtered. 
The solid was washed with acetone, and the combined filtrate was 
concentrated. The resulting oil was agitated with water at room 
temperature for several hours and extracted with ethyl acetate. 
The extract was washed with NaHC03 solution and with water, 
dried, and then evaporated under reduced pressure to a neutral oil 
(5.8 g). Chromatographic fractionation on Florisil (50 g) with ben
zene-ether-ethyl acetate as eluents was followed by refractiona
tion on both Florisil and alumina (II) columns. Substance 9a was 
found in many of the fractions. A sample of ca. 90% purity by 'H 
NMR criteria had the following spectral properties: ir (KBr) 5.69 
(m) and 5.85 (s, ester C =0), 6.12 ju (w, C=C); uv (MeOH) (e calcd 
using mol wt 650) 315 nm (29,200), 288 (sh, 23,500), 263 (11,100), 
233 (31,500); 4H NMR, see Table VI.

The material, a mixture of disastereomers, is not crystalline, but 
forms a flaky solid on being freed from solvent.

Anal. Calcd for C35H380 i2: C, 64.61; H, 5.89; O, 29.51; mol wt, 
650.7. Found: C, 65.34; H, 5.73; O, 29.02; mol wt, 623, 650.

a-(2,3-Dimethoxyphenyl)-ii-ans-3,4-dimethoxycinnamic 
Acid (10). A solution of 6.33 g (32.6 mmol) of 2,3-dimethoxyphen- 
ylacetic acid and 5.34 g (32.2 mmol) of 3,4-dimethoxybenzaldehyde 
in 12 ml of acetic anhydride-triethylamine (2:1) was refluxed for 7 
hr. The reaction mixture was hydrolyzed with water and concen
trated HC1 and was extracted thoroughly with CH2C12. The com
bined organic extracts were washed three times with 2 N  NaOH 
and the basic solution was washed twice with CH2C12. Acidifica
tion and reextraction into CH2C12 gave after drying and concentra
tion an oil which crystallized spontaneously. Recrystallization 
from 50 ml of MeCN gave, on chilling overnight and partial evapo
ration of the solvent, two crops of 10, 3.52 g (31%), mp 186-190°. 
Several other runs of this condensation in more dilute solutions of 
acetic anhydride gave significantly lower yields of 10. Three re
crystallizations from MeCN gave the analytical sample: mp 189- 
191°; uv (MeOH) 315 nm (t 18,000), 288 (16,700), 218 (sh, 27,000).
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Anal. Calcd for C19H20O6: C, 66.26; H, 5.86. Found: C, 66.33; H,
5.86.

a-Phenyl-traus-3,4-dimethoxycinnamic Acid (11a). After 
being refluxed (ca. 160°) for 15 hr, a solution of 33 g (0.02 mol) of
3,4-dimethoxybenzaldehyde and 40 g (0.29 mol) of phenylacetic 
acid in 125 ml of acetic anhydride-triethylamine (4:1) was cooled 
to 90° while 100 ml of water was added slowly at that temperatu
re.348 The mixture was cooled slowly to room temperature, and the 
precipitate was filtered and washed twice with 80% acetic acid. 
The crude product was boiled in acetic acid (in which it was only 
slightly soluble), filtered, and washed with MeCN to give after air 
drying 36 g (60%) of 11a: mp 229-231° (lit.50 mp 228°); uv (MeOH) 
315 nm (c 18,000), 293 (15,300), 238 (sh, 13,500), 213 (sh, 21,600).

Ethyl a-Phenyl-trans-3,4-dimethoxycinnamate (lib ). A 
mixture of 2.04 g (7.2 mmol) of acid 11a in 3.5 ml of thionyl chlo
ride and 15 ml of CHCI3 was refluxed until all of the solid had dis
solved (3 hr). The volatiles were removed under reduced pressure, 
and 5 ml of EtOH was added. After the exothermic reaction, the 
solution was filtered, chilled, and scratched to give lib , 1 .6 8  g 
(75%), in two crops: mp 86-87.5°; ir (melt) 5.86 (C =0), 6.19 p 
(C=C); exact mass, 312.138 (calcd for C19H20O4, 312.1361).
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The position of N substitution of certain substituted 4-aminopyrazolo[3,4-d]pyrimidine derivatives has been 
studied by chemical and spectroscopic techniques and has resulted in the assignment of structures to the pyrazole 
precursors of these compounds. The more abundant pyrazole resulting from treatment of tetracyanoethylene with 
methylhydrazine [identical with the single pyrazole isomer originally isolated by the same condensation proce
dure, C. L. Dickinson, J. K. Williams, and B. C. McKusick, J. Org. C h em ., 29, 1915 (1964), which was not charac
terized definitively with respect to the position of the N substituent] has thus been assigned as 3-amino-4,5-dicy- 
ano-l-methylpyrazole on the basis of its conversion to a pyrazolo[3,4-d]pyrimidine identical with authentic 4- 
amino-2-methylpyrazolo[3,4-d]pyrmidine, rather than with the authentic 1-methyl isomer. The assigned struc
ture has been verified by X-ray crystallographic determination of 3-amino-4,5-dicyano-l-methylpyrazole. Be
cause 3-amino-4,5-dicyano-l-methylpyrazole would not be expected to be the more abundant pyrazole on the 
basis of previous work, a mechanism is proposed which accounts for its formation. Also studied was the position of 
tautomeric equilibrium in 3-amino-4,5-dicyanopyrazole. A consideration of the 13C NMR spectrum of 3-amino-
4,5-dicyanopyrazole, relative to those of 5-amino-3,4-dicyano-l-methylpyrazole and 3-amino-4,5-dicyano-l-meth- 
ylpyrazole, as well as the N - acetyl derivatives of all three, indicated that the major tautomer was 5-amino-3,4-di- 
cyano-1//-pyrazole. A comparison of the ultraviolet spectrum of this pyrazole with those of the two methylated 
isomers led to the same conclusion.

The considerable biological and medicinal activities of 
substituted pyrazolo [4,3-d] pyrimidines (1) and pyrazolo [3,4- 
djpyrimidines (2) as adenine analogs and antagonists has

1 2
contributed to the interest in the pyrazoles from which 
they are derived synthetically. Of special concern for many 
years has been a description of the position of N substitu
tion in such pyrazoles. This information is usually not 
available by simple consideration of the reaction scheme by 
which a pyrazole is synthesized and appropriate methods 
for differentiation between such isomeric species are fre
quently less than obvious.

The question of the position of tautomeric equilibrium in 
pyrazoles which are not N substituted (e.g., 14a =“  14b) has 
also been the subject of several studies,1-3 as has the exis
tence of individual tautomers as discrete substances.4,5 Al
though the position of tautomeric equilibrium has been de
termined for several compounds by the use of molecular re
fractions or NMR spectroscopy, and the use of ultraviolet 
spectroscopy could be envisioned along similar lines, there 
is no well-established general method for such determina
tions.

This report is concerned with the chemical and spectro
scopic determination of the position of N substitution in 
the isomeric N-methylated 5-amino-3,4-dicyanopyrazoles 
and compounds derived therefrom, as well as with the posi
tion of tautomeric equilibrium in these pyrazoles.

Results and Discussion
The difficulty in assigning correct structures to N -l- or 

N-2-substituted pyrazolo[3,4-d]pyrimidines can be attrib
uted directly to the lack of available structural information 
concerning their pyrazole precursors. Substantial effort 
was expended in early studies in an attempt to prepare and 
characterize pyrazoles of authentic structure, including 
methods involving ring closures,alkylations,8,9 and selec
tive dealkylations.8,10,11 Subsequent studies, however, have 
rendered questionable many of the preparations of “ au
thentic” samples. In addition, although at least three NMR 
studies have dealt with the problem of differentiating be
tween isomeric pyrazoles,2,3,12 the reported methods are 
not applicable in the present case.

A consideration of the mechanistic routes suggested in 
the literature for the formation of related pyrazoles illus
trates the source of structural ambiguity in the formation 
of 3 and 4 from methylhydrazine and tetracyanoethylene. 
One might, for example, envision formation of the com
pound assigned structure 3 by conjugate addition of the 
more nucleophilic substituted nitrogen of methylhydrazine
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the unsubstituted nitrogen of methylhydrazine.14-16 Since 
nucleophilic attack by the unsubstituted nitrogen atom ac
cording to Scheme I or II would afford the isomer opposite 
to that indicated in each case, the observed 2:1 ratio of 3:4 
could ostensibly be due to a combination of initial nucleo
philic 1,2 and 1,4 addition by a single nitrogen in methylhy- 
drazine, or to nucleophilic attack by either nitrogen of 
methylhydrazine in a single type (1,2 or 1,4) of addition, or 
to some combination of these.

One of the earliest verified2 examples of differentiation 
between two isomeric pyrazoles was recorded by von Au- 
wers and Hollmann.6’11 They were able to assign structures 
to l,3-dimethylpyrazole-5-carboxylie acid (7) and 1,5-di- 
methylpyrazole-3-carboxylic acid (8) by virtue of the fact

to tetracyanoethylene, followed by addition of the unsub
stituted nitrogen of the hydrazine to a cyanc group, afford
ing the observed major isomer (Scheme I). Alternatively,

Scheme I

NC CN

oN = C ^  N — CH3
H,N

H„N

addition of the substituted nitrogen of methylhydrazine to 
the cyano group might occur first, followed by conjugate 
addition of the unsubstituted nitrogen to the intermediate 
olefin to afford pyrazole 4 (Scheme II).

Scheme II

CH, CH:,

Moreover, although the substituted nitrogen atom in alk- 
ylhydrazines might be considered the better nucleophile in 
such additions,13 it is also the more hindered nitrogen and 
reports have appeared in which the reaction products seem 
to be derived exclusively from initial nucleophilic attack by

CH,i /N — CH:i 
N
8

that only one of the two respective 4-bromo derivatives 
could be esterified. That derivative was concluded to be re
lated to compound 8. In the present case, it was found that 
treatment of pyrazole 3 or 5-amino-3,4-dicyanopyrazole 
with acetic anhydride or pivaloyl chloride in pyridine at 
room temperature afforded the corresponding N- acetyl or 
Af-pivaloyl derivatives in reasonable yield. Pyrazole 4 
would not form the corresponding derivatives under the 
same conditions, but did form them at 50-60°. By analogy 
with the work of von AuweTs and Hollmann,6’11 this would 
suggest that the structural assignments for 3 and 4 should 
be 3-amino-4,5-dicyano-l-methylpyrazole and 5-amino- 
3,4-dicyano-l-methylpyrazole, respectively, since the 
amino group in the latter would be expected to be more 
hindered and therefore less reactive.

Schmidt and his coworkers14’15 studied the reaction of 
ethyl ethoxymethylenecyanoacetate with the benzylidene 
adduct of methylhydrazine. This condensation must neces
sarily proceed by initial nucleophilic attack of the methyl- 
substituted nitrogen in methylhydrazine. Indeed, the ini
tial adduct resulting from 1,4 addition was isolated and 
characterized, then shown to form 3-amino-4-carboethoxy- 
1-methylpyrazole (9a) when treated with ethanolic hy
drochloric acid. The same reaction was carried out with 
ethoxymethylenemalononitrile to afford authentic 3-

H

H

C2H50

CHjN H N =CH

CN

N
/ \

H,C N

CH

R

CN c2h5oh

HC1

R . H

II,N— 4* XN■N— CH,

amino-4-cyano-l-methylpyrazole (9b). Analogous reaction 
utilizing methylhydrazine afforded, in each case, the iso
meric pyrazoles, assumed to be 5-amino-4-carboethoxy-l-
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Table I
Ultraviolet Spectra of Methylated

4-Aminopyrazolo[3,4-d]pyrimidines

m̂ax
Compd Acid Neutral Base

5° 268 289, 280 (sh), 288, 281 (sh).
266 (sh) 267 (sh)

4-Amino-l-methyl- 259 277, 268, 261 275, 262
pyrazolo[3, 4-d\-
pyrimidine6

4-Amino-2-methyl- 268 287, 270 (sh) 287
pyrazolo[3, 4-d\- 
pyrimidine6

a Spectrum recorded in absolute ethanol.6 Reference 18.

b, R = CN

methylpyrazole (10a) and 5-amino-4-cyano-l-methylpyra- 
zole (10b), respectively. Cyclizations of 9b and 10b were 
carried out14’16 to afford authentic samples of 4-amino-2- 
methylpyrazolo[3,4-c/]pyrimidine (5) and 4-amino- 1-meth- 
ylpyrazolo[3,4-d]pyrimidine (11), respectively. Montgom
ery et al.17 have also reported the syntheses of the 1 - and 
2-/3-D-ribofuranosyl derivatives of 4-aminopyrazolo[3,4- 
ciIpyrimidine, which were assigned structures by compari
son of their ultraviolet spectra with those of 5 and l l .18

Treatment of tetracyanoethylene with methylhydrazine 
was reported to afford one N- methylpyrazole.13 In our 
hands, the reaction afforded both possible N- methyl iso
mers, with the major product (53%) being the same as that 
reported in the literature. The two isomers were separated 
by chromatography on silica gel and the minor isomer was 
treated successively with triethyl orthoformate and ammo
nia,19 thus effecting conversion to 4-amino-3-cyano-l- 
methylpyrazo!o[3,4-c/]pyrimidine (6). Similar ring closure 
of the more abundant pyrazole afforded a compound whose 
elemental analysis was consistent with the formula 
C7H6N6 ■ C2H5OH. The absence of a nitrile absorption in 
the infrared spectrum and the presence of a peak at m/e 
220 in the mass spectrum suggested that this compound 
may have been ethyl 4-amino-2-methylpyrazolo[3,4-d] py
rimidine 3-carboximidate rather than 4-amino-3-cyano-2- 
methylpyrazolo[3,4-d]pyrimidine itself. This species was 
treated with aqueous sodium hydroxide to afford the corre
sponding 3-carboxylate, which was then fused to effect de
carboxylation, thus yielding 4-amino-2-methylpyrazolo- 
[3,4-d]pyrimidine (5). The ultraviolet spectrum of 5 was 
compared with those reported for authentic samples of 4- 
amino-1 -methylpyrazolo[3,4-d]pyrimidine16 and 4-amino- 
2-methylpyrazolo[3,4-d]pyrimidine.14 As shown in Table I, 
the ultraviolet spectrum of 5 closely resembled that of the 
compound believed to be authentic 4-amino-2-methylpyra- 
zolo[3,4-d] pyrimidine, rather than that of the authentic 1- 
methyl isomer. This may be more fully appreciated by a 
comparison of the ultraviolet spectrum of 5 with those of 
ribonucleoside analogs 12 and 13 (Figure 1), which were 
originally prepared by Montgomery et al.17 and assigned 
structures by correlation of their ultraviolet spectra with

210 230 250 270 290 310 330 350 370
Wavelength (nm)

Figure 1. Comparison of the ultraviolet spectra of 4-amino-2- 
methylpyrazolo[3,4-d]pyrimidine (5), 4-amino-l-(/3-D-ribofurano- 
syl)pyrazol°[3,4-d]pyrimidine (12) and 4-amino-2-(/3-D-ribofura- 
nosyljpyrazolo[3,4-d]pyrimidine (13) in water at pH 1, 7, and 12.

HO OH 13
12

those of authentic 5 and l l .20 This suggested strongly that 
the compound assigned structure 5 was best represented as
4-amino-2-methylpyrazolo[3,4-d] pyrimidine and that 3 was
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Figure 2. Relative positions of the nonhydrogen atoms in com
pound 3, as determined by X-ray structure analysis.

3-amino-4,5-dicyano-l-methylpyrazole. The less abundant 
pyrazole was therefore assigned as 5-amino-3,4-dieyano-l- 
methylpyrazole (4) and its corresponding cyclized deriva
tive 6 as 4-amino-3-cyano-l -methylpyrazolo[3,4-d]pyrimi
dine.2'’

To verify the structures determined for the isomeric N- 
methylated pyrazoles, an X-ray structure analysis was car
ried out on the lower melting isomer of Ai-methyl-5-amino-
3,4-dicyanopyrazole, which was identical with that isolated 
previously by Dickinson et al.13 The X-ray structure deter
mination indicated that the compound was 3-amino-4,5- 
dicyano-l-methylpyrazole (Figure 2), in agreement with 
the results obtained from chemical and spectroscopic stud
ies.27

Previous studies of the condensation of monoalkyl and 
aryl hydrazines with ethoxymethylenemalonitrile and ethyl 
ethoxymethylenecyanoacetate indicated in each case the 
formation of pyrazoles identical with those which would 
form if the condensation were initiated by conjugate addi
tion of the unsubstituted nitrogen of the alkyl or aryl hy
drazine.14”16 These findings were inconsistent with the pre
diction that alkyl and aryl hydrazines should afford pyra
zoles of opposite N substitution, derived from initial conju
gate addition by the more nucleophilic substituted and un
substituted nitrogens, respectively.13 The latter prediction 
finds superficial support in the present case, since the for
mation of 3-amino-4,5-dicyano-l-methylpyrazole (3) as the 
major condensation product of tetracyanoethylene and 
methylhydrazine would not be expected by analogy with 
the work of Schmidt et al.14-15 and Cheng and Robins.16

However, the formation of 3 according to Scheme I, as 
indicated by Dickinson et al.,13 would seem even less favor
able than the corresponding additions of methylhydrazine 
to ethyl ethoxymethylenecyanoacetate and ethoxymethy
lenemalonitrile in the sense that the latter two involve ad
ditions to less hindered, more polarized double bonds and 
afford intermediate anions which are less electron defi
cient. That the additions of methylhydrazine to ethyl 
ethoxymethylenecyanoacetate and ethoxymethylenemalo
nitrile do not proceed via initial conjugate addition of the 
substituted nitrogen would seem to exclude the possibility 
that the less favorable addition to tetracyanoethylene can 
occur in this sense. The formation of compound 3 might 
also be thought to proceed by 1,2 addition of the unsubsti
tuted nitrogen of methyl hydrazine to afford species a fol
lowed by cyclization via conjugate addition. Although this 
scheme is certainly plausible, the conjugate addition must

Scheme III

take place in the less favorable sense and the nucleophili- 
city of the methylated nitrogen is diminished by whatever 
tautomerization occurs between forms a and b. What may 
represent a more reasonable pathway to explain the forma
tion of 3 is outlined in Scheme III, in which the condensa
tion is initiated by 1,2 addition of the unsubstituted nitro
gen of methylhydrazine to tetracyanoethylene.

Also of interest for many years has been a description of 
the relationship between pyrazole tautomers (e.g., 14a and 
14b). In the early literature, unsuccessful attempts to iso-

NC CN NC CN

late individual tautomers were reported and these prompt
ed the conclusion that the two forms were indistinguisha
ble. In spite of the work of von Auwers,1 which indicated 
that 15a and 16a were the predominant tautomeric species

and that the 3 and 5 positions were therefore not equiva
lent, the belief that pyrazoles were properly represented as 
species in which the nitrogens were identical continued for 
some time. Hayes and Hunter,4 e.g., indicated that pyra
zoles existed as aggregates over which individual N-bound 
hydrogen atoms were delocalized and Hunter5 later formu
lated this principle in general terms as “ mesohydric tau- 
tomerism” . Although evidence does exist for intermolecular 
hydrogen bonding in pyrazoles,2’4 such bonds would not be 
symmetrical with respect to the heteroatoms to which they 
are attached so that the existence of distinct tautomers is 
possible.

The study of pyrazole tautomerism might in principle be 
facilitated by the use of ultraviolet spectroscopy, providing 
only that the particular isomers of interest have distinctly
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Figure 3. Ultraviolet spectra of 5-amino-3,4-dicyanopyrazole (14), 
5-amino-3,4-dicyano-l-methylpyrazole (4), and 3-amino-4,5-dicy- 
ano-l-methylpyrazole (3). The spectra were determined in aque
ous acid, pH 1, and in 0.01 M  phosphate buffer, pH 6.7.

different spectra. Unfortunately, the differences between 
such isomers have sometimes been inadequate.2 It has also 
been shown that proton magnetic resonance spectroscopy 
can be utilized to identify the major tautomeric species. 
Habraken and Moore,2 e.g., showed that the chemical shift 
differences between the 3(5)-H proton absorption and 
those due to methyl and phenyl resonances in 17 were clos
er in magnitude to the corresponding chemical shift differ
ences in 18 than to those in 19, thus providing evidence 
that 17a was the major tautomeric form of, 17. The original 
assignment of tautomeric preference to several 3(5)-phen- 
ylpyrazoles by von Auwers1 was based on the molecular re
fractions of these pyrazoles as compared with those derived 
from the two N-alkylated derivatives of each 3(5)-phenyl- 
pyrazole.

Table II
Carbon-13 Chemical Shifts

Compd

Carbon atom 14 4 3 2 0 21 22

C-3 128.3 126.5 120.6 128.7 128.3 120.6
C-4 78.5 78.9 84.6 86.7 94.1 92.1
C-5 156.3 155.1 160.3 146.6 145.3 147.3
CN 115.6& 115.l" 111.6" 114.1" 113.4" 108.3"
CN 115.6b 115.16 114.8" 115.1" 114.3" 110.8"
n ch 3 38.8 41.9 40.9 39.6
c o 13c h 3 26.0 25.9 22.3
CO 172.5 172.0 168.8
° Downfield from tetramethylsilane. b No attempt was made to

assign these resonances to a specific CN group.

In the present case the study of the tautomeric equilibri
um was facilitated by the characteristic chromophores as
sociated with the methylated pyrazoles 3 and 4. As shown 
in Figure 3, the ultraviolet spectra of 14 and 4 were essen
tially identical in the position and intensity of absorption 
maxima at pH 1 and 6.7, while that of 3 was different from 
14 and 4 at both measured pH values. The similarity of the 
spectra of 14 and 4 suggested that the major tautomeric 
form of 14 was 14a.

Also considered in this context were the 13C NMR spec
tra of compounds 3, 4, 14, and 20-22. The obvious similari
ty of the spectra of pyrazoles 14 and 4 and their acetylated 
derivatives 20 and 21 (Figure 4, Table II), as compared
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Figure 4. [13C] NMR spectra of 5-amino-3,4-dicyanopyrazole (14), 
5-amino-3,4-dicyano-l-methylpyrazole (4), and 3-amino-4,5-dicy- 
ano-l-methylpyrazole (3). The chemical shifts are given with re
spect to external TMS. Positive values represent decreased 
shieldings.

with the spectra of 3 and 22, respectively, supported the 
hypothesis that 14a was the major tautomer. The similarity 
of the spectra, of course, must necessarily be regarded in 
light of the spectral change which one would expect to ac
company the formal N-methylation of a pyrazole.28 For the 
unsubstituted pyrazole case, “ methylation” changed the 
chemical shifts of carbons 3, 4, and 5 by a total of 9.4 ppm 
in absolute terms. This compared somewhat more favor
ably with the observed absolute change in chemical shifts 
accompanying the formal methylation of 14 to give 4 (3.4 
ppm, 4.4 ppm with the cyano groups) than for absolute 
change associated with the formal conversion of 14 to 3 
(17.8 ppm, 22.6 ppm with the cyano groups) and suggested 
that pyrazole 4 was structurally related to the major tau
tomer of 14. A more definitive result was obtained corre
sponding to the formal methylation of 20 to yield 21 (9.1 
ppm, 10.6 ppm with the cyano groups) and 22 (14.2 ppm,
24.3 ppm with the cyano groups), suggesting that 21 was 
structurally related to the major tautomer of 14.

The known chemical shift differences of C-3, C-4, and 
C-5 in the spectra of pyrazole and l-met,hylpyrazole may 
also be used to calculate the spectra of 4 and 3 from the re
corded spectrum of 14. Representation of the major tau
tomer as 14a afforded calculated C-3, C-4, and C-5 values 
for 4 of 133.2, 79.0, and 152.3 ppm (Table II), based on the 
expected chemical shift differences28 of 4.9, 0.5, and —4.0 
ppm, respectively. This would imply that carbons 3, 4, and 
5 in compound 3 must be related to carbons 5, 4, and 3 in 
the major tautomer, so that the calculated values of C-3, 
C-4, and C-5 for 3 (numbered as in 3) would be 124.3, 79.0, 
and 161.2 ppm, based on expected respective shifts of —4.0, 
0.5, and 4.9 ppm. The total difference between these six 
values and the observed values was 19.8 ppm. If, on the 
other hand, it was assumed that 14b was the major tautom
er, the total difference between the observed and calculat
ed values of the six chemical shifts in 4 and 3 was 34.6 ppm. 
The better agreement between observed and calculated 
spectra in the former case again suggested that 14a was the 
major tautomer. The same calculations, when carried out 
on the acetyl derivative 20, afforded a value of 28.1 ppm on 
the assumption that the N-acetyl derivative of 14a was the 
major tautomer and 39.3 ppm if the other tautomer was as
sumed to predominate, consistent with the results obtained 
for compounds 14, 4, and 3.

Elguero et al.29 have recently reported on the 13C NMR 
spectra of a number of azoles, including several pyrazoles,

and concluded that the 13C chemical shifts were of limited 
value in ascertaining the position of tautomeric equilibri
um. Interestingly, when the additivity relationship present
ed here for such determinations was applied to the data re
ported by Elguero et al.,29 a definite tautomeric preference 
was indicated, e.g., for 3(5)-methylpyrazole, 3(5)-phenylpy- 
razole, and 3(5)-methyl-5(3)-phenylpyrazole. The first two 
were predicted to exist as the 3-substituted IH -  pyrazoles 
and the third as 3-phenyl-5-methyl-l//-pyrazole. Although 
no independent verification can be made of the assignment 
of tautomeric preference to 3(5)-methylpyrazole, the latter 
two assignments are consistent with those made by von Au- 
wers,1 who reached the same conclusion by a study of the 
molecular refractions of these two compounds and their 
N - methyl and N -  ethyl derivatives.

Experimental Section
Ultraviolet spectra were recorded on a Cary 15 uv spectropho

tometer; measurements in ethanol at low or high pH were taken 
after the addition of 1 A  aqueous HC1 or 4 N  aqueous NaOH, re
spectively. Infrared spectra were recorded on a Perkin-Elmer 457A 
spectrophotometer and mass spectra on a Perkin-Elmer Hitachi 
RMU-6 spectrometer using a direct inlet. Melting points were de
termined on a Thomas-Hoover apparatus and are corrected. Ele
mental analyses were determined by Chemalytics, Inc., or by Scan
dinavian Microanalytical Laboratory.

:H NMR spectra were recorded on a Varian Associates T-60 
NMR spectrometer. The carbon-13 NMR spectra of 1-6 were ob
tained at 22.63 MHz using a Bruker HFX-90 interfaced with a Di- 
gilab FTS/NMR-3 data system. Either DMSO or DMF was em
ployed as the solvent and the reference.30 The chemical shifts re
ported in Table I are in parts per million with respect to external 
tetramethylsilane (TMS) and were converted from the original 
data using Sdmso = 40.4 or 5dmf = 162.4. Positive values represent 
decreased shieldings.

X-Ray Structure Analysis. A sample suitable for X-ray struc
ture analysis, identical with the pyrazole originally isolated from 
the condensation of tetracyanoethylene with methylhydrazine,13 
was obtained by crystallization of the lower melting A-methylpy- 
razole from 50% aqueous methanol. Preliminary film data indicat
ed the systematic absences hOl, l = 2n + 1, and OkO, k = 2n + 1; 
hence the space group was P 2jc. The cell constants, determined 
from 12 medium angle reflections measured on a Picker automatic 
diffractometer with nickel filtered Cu K « (X = 1.5418 A) radiation, 
were found to be a = 6.199 ±  0.003 A, b = 15.168 ±  0.005 A, c = 
7.646 ±  0.003 A, and 0 = 91.95 ±  0.04°. Complete three-dimen
sional intensity data were collected on the diffractometer up to a 
26 of 128°, employing the 8-26 scan technique. A total of 1062 in
dependent reflections were recorded of which 920 were considered 
observed [/ > 1.5 a (/)] and were used in the structure analysis. 
The structure was solved by employing a combination of direct 
methods, trial and error, and difference Fourier techniques. The R 
value after block-diagonal least-squares refinement using aniso
tropic temperature factors for the nonhydrogen atoms and isotrop
ic temperature factors for the hydrogen atoms was 0.07. The X-ray 
structure conforms to the chemical structure 3-amino-4,5-dicyano- 
1 -methylpyrazole.

3-Amino-4,5-dicyano-l-methyIpyrazole (3) and 5-Amino- 
3,4-dicyano-l-methylpyrazole (4). To a solution of 4.03 g (85.4 
mmol) of methylhydrazine in 160 ml of water was added 10.93 g 
(87.6 mmol) of tetracyanoethylene in one portion. The resulting 
suspension was stirred at 0° for 1 hr and then heated on a steam 
bath for 45 min. The cooled solution was refrigerated for several 
hours and the precipitated solid was separated by filtration and air 
dried. The crude product, containing both 3 and 4, was purified by 
chromatography on silica gel (3 X 9.5 cm) and elution with 9:1 
chloroform-ethyl acetate to remove the major isomer (3) and then 
with ethyl acetate to remove the more polar isomer (4). The major 
isomer, mp 133-134°, was further purified by crystallization from 
water to afford 3 as colorless needles: yield 6.66 g (53%); mp 135- 
135.5° (lit.13 mp 131.5-133°); Xmax (EtOH) (pH 1) 302 nm (f 4700) 
and 239 (9300), Xm;„ 264 (800) and 229 (8100); Xmax (EtOH) (pH 7) 
302 (4700) and 239 (9300), Xmin 263 (800) and 229 (8300); Xmax 
(EtOH) (pH 11) 298 (3700) and 240 (8400), Xmin 267 (2200) and 231 
(7700); MS m/e 147, 122, 121, 120, 119, 104, 77, and 76; ir (Nujol) 
3440, 3350, 3220, 2955, 2920, 2850, 2245, 2225,1630, 1550, and 1520 
cm-1.
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The more polar isomer, mp 238-242°, was further purified by 
preparative TLC on silica gel, elution with ethyl acetate, and final
ly by crystallization from ethanol and from ethyl acetate to afford 
4 as colorless crystals: yield 3.38 g (27%); mp 244-247° (lit.13 mp 
243-245°); Xmax (EtOH) (pH 1) 275 nm (t 4800) and 218 (21,000), 
Amin 246 (2000); Amax (EtOH) (pH 7) 274 (4600) and 218 (21,000), 
Amin 247 (1700); Xmax (EtOH) (pH 11) 275 (4400), Xmi„ 257 (2700); 
MS m/e 147, 121, 120, 119, 104, 77, and 76; ir (Nujol) 3400, 3340, 
3255, 3220, 2960, 2920, 2850, 2255, 2230, 1650, 1585, and 1510 
cm-1.

Anal. Calcd for CeHsNs: C, 48.97; H, 3.42. Found: C, 48.76; H, 
3.58.

4-Amino-2-methylpyrazolo[3,4-d]pyrimidine (5). A solution 
of 1.62 g (10.9 mmol) of 3-amino-4,5-dicyano-l-methylpyrazole (3) 
in 17 ml of triethyl orthoformate was heated to reflux for 7 hr. Ex
cess orthoformate was removed under diminished pressure and the 
crystalline residue was dissolved in 35 ml of absolute ethanol and 
added dropwise at room temperature to a stirred solution of etha
nol previously saturated with ammonia. The reaction mixture was 
stirred for 24 hr and the white precipitate which formed in quanti
tative yield was filtered: mp 238-242° dec; Amax (EtOH) (pH 1) 295 
nm, 281 (sh), and 248, Xmin 256 and 236; Xmax (EtOH) (pH 7) 308, 
280, 269, and 252, Xmin 286, 275, 266, and 239; Xmax (EtOH) (pH 10) 
305, 279, and 248, Amjn 285, 276, and 241 (Figure 2); MS m/e 220, 
174, 158, 147, and 146; ir (Nujol) 3170, 1690, 1640, 1590, 1530, and 
1480 cm-1.

Anal. Calcd for C7H6N6 • C2H6OH: C, 49.07; H, 5.49. Found: C, 
49.03; H, 5.15.

A suspension of this material (84 mg, 0.49 mmol) in 6 ml of 5% 
sodium hydroxide solution was warmed to 50° for 4 hr. Filtration 
afforded a clear solution which was acidified with dilute hydro
chloric acid. After a few hours 4-amino-3-carboxy-2-methylpyrazo- 
lo[3,4-d]pyrimidine separated as colorless crystals: yield 73 mg 
(90%); mp > 300°; Xmax (EtOH) (pH 1) 313 nm, 302, 280 (sh), and 
244, Xmin 310, 258 and 227; Xmax (EtOH) (pH 7) 297 (sh), 290, 280 
(sh), and 240, Xmin 255 and 229, Xraax (EtOH) (pH 10) 302, 270 (sh), 
and 243, Xmm 258 and 233 (Figure 2); MS m/e 193, 149, 133, and 
122.

Anal. Calcd for C7H7N5O2 • H20: C, 39.80; H, 4.29. Found: C, 
40.15; H, 4.35.

A portion of the carboxylic acid was pyrolyzed to afford a dark 
brown residue which was triturated with hot water, treated with 
charcoal to afford a clear solution, and then concentrated to give a 
white solid in 43% yield: mp >300° dec; Xmax (EtOH) (pH 1) 268 
nm, Xmin 242; Xmax (EtOH) (pH 10) 288, 281 (sh), and 267 (sh), Xmin 
242; MS m/e 149, 122, 107, 104, and 94.

4- Amino-3-cyano-l-methylpyrazolo[3,4-d]pyrimidine (6 ). 
Compound 6 was synthesized from 5-amino-3,4-dicyano-l-methyl- 
pyrazole and triethyl orthoformate by analogy with the synthesis 
of 5: yield 75%; mp 309-312°; Xmax (EtOH) (pH 1) 286 nm (sh), 276 
(f 9900), 270 (sh), 241 (sh), 235 (12,000), and 228 (sh), Xmin 250 
(5900) and 218 (10,800), Xmax (EtOH) (pH 7) 293 (sh), 286 (12,600), 
241 (sh), and 237 (9700), Xmin 252 (4300) and 226 (7500); Xmax 
(EtOH) (pH 10) 292 (sh), 283 (11,100), and 243 (10,300), Xmin 258 
(6700) and 226 (8100) (Figure 2); ir (Nujol) 3435, 3320, 3060, 2920, 
2235,1665,1590, 1530, and 1515 cm -1.

Anal. Calcd for C7HeN6: C, 48.25; H, 3.47. Found: C, 48.34; H,
3.19.

5- Acetamido-3,4-dicyanopyrazoIe (20). To a solution of 400 
mg (3.0 mmol) of 5-amino-3,4-dicyanopyrazole (14)13 in 10 ml of 
pyridine was added 8.6 ml of acetic anhydride. The reaction mix
ture was maintained at room temperature for 16 hr, then concen
trated under diminished pressure to afford a solid residue which 
was crystallized from ethanol (decolorization) to give colorless 
crystals of 20: yield 364 mg (69%); mp 266.5-267° dec (lit. 3 mp 
250° dec); Xmas (EtOH) (pH 1) 243 nm and 215, Xmin 231; Xmax 
(EtOH) (pH 7) 243 and 216, Xmin 230; ir (Nujol) 3270, 3120, 3070, 
2960, 2920, 2855, 2250,1710, 1705, 1685, and 1590 c m '1.

5-Acetamido-3,4~dicyano-l-methyIpyrazole (21). To a solu
tion of 147 mg (1.0 mmol) of 5-amino-3,4-dicyano-l-methy)pyra- 
zole (4)13 in 3.4 ml of pyridine was added 2.8 ml of acetic anhy
dride. The reaction mixture was maintained at room temperature 
for 24 hr, which afforded no change, and then at 50° for 14 hr. The 
solution was concentrated under diminished pressure to give a yel
low solid which was decolorized with charcoal and then purified by 
chromatography on silica gel and crystallization from ethanol to 
afford 21 as colorless crystals: yield 127 mg (67%, 84% based on 
consumed starting material); mp 167°; Xmax (EtOH) (pH 10) 258 
nm, Xm;n 250 nm; MS m/e 189, 174, 161, 148, 147, and 146; ir 
(Nujol) 3180, 2960, 2920, 2850, 2245,1685, and 1545 cm -1.

Anal. Calcd for C8H7N50: C, 50.79; H, 3.73. Found: C, 50.53; H, 
3.64.

The isomeric 3-acetamido-4,5-dicyano-l-methylpyrazole (22) 
was obtained from 3-amino-4,5-dicyano-l-methylpyrazo!e (3) as 
above, except that the reaction mixture was maintained at room 
temperature for 24 hr or at 60° for 5 hr. The product was obtained 
as colorless crystals from ethanol (decolorization): yield 41%; mp 
172-173°; Xmax (EtOH) (pH 1) 271 nm and 223, Xmin 257; Xmax 
(EtOH) (pH 7) 271 and 223, Amin 257; Amax (EtOH) (pH 10) 305 
and 237, Xmin 283 and 231; ir (Nujol) 3200, 2960, 2920, 2850, 2235, 
1725,1675,1585, and 1510 cm "1.

3.4- Dicyano-5-trimethylacetamidopyrazole. A solution of 
408 mg (3.06 mmol) of 5-amino-3,4-dicyanopyrazole13 in 10 ml of 
pyridine was added dropwise to a cooled, stirred solution of 406 mg 
(3.35 mmol) of pivaloyl chloride in 5 ml of pyridine. The combined 
solution was stirred at room temperature for 14 hr and then con
centrated under diminished pressure to afford a yellow, crystalline 
product which was recrystallized from ethanol (decolorization) to 
give colorless crystals of the pivaloyl derivative: yield 380 mg 
(66%); mp 199-199.5°; Xmax (EtOH) (pH 1) 298 nm, 262 (sh), and 
256, Amin 272 and 239; Amax (EtOH) (pH 7) 298, 262 (sh), and 256, 
Xmin 272 and 239; Xmax (EtOH) (pH 10) 277 and 246, Xm!n 264 and 
236; ir (Nujol) 3440, 3310, 3235, 3160, 2960, 2920, 2855, 2235, 2230, 
1725, 1715, 1635, 1550, and 1505 cm“ 1.

Anal. Calcd for C10H 11N5O: C, 55.29; H, 5.10. Found: C, 55.23; 
H, 4.93.

3.4- Dicyano-l-methyl-5-trimethylacetamidopyrazole. To a
solution containing 179 mg (1.22 mmol) of 5-amino-3,4-dicyano-l- 
methylpyrazole (4) in 5 ml of pyridine was added dropwise a solu
tion containing 202 mg (1.66 mmol) of pivaloyl chloride in 3 ml of 
pyridine. The reaction mixture was warmed to 50° for 3 hr, which 
afforded no change, and then to 60° for 13 hr. The solution was 
concentrated under diminished pressure to afford a residue which 
was crystallized from ethanol (decolorization) to afford 67 mg of 4. 
The mother liquors were purified by preparative silica TLC and 
elution with ethyl acetate, to afford an additional 20 mg of 4 as 
well as the desired product, which gave colorless crystals from eth
anol: yield 87 mg (31%, 60% based on consumed 4); mp 174,5-176°; 
Amax (EtOH) (pH 10) 262 nm, Amin 252; MS m/e 231, 230, 217, 216, 
203, 202, 188, 187, 174, 173, 172, 148, 147, and 146; NMR (DMSO- 
d6) S 1.33 (s, 9 H) and 3.80 (s, 3 H).

The isomeric 4,5-dicyano-l-methyl-3-trimethvlacetamidopyra- 
zole was obtained from 3-amino-4,5-dicyano-l-methylpyrazole (3) 
as above, except that the reaction mixture was maintained at room 
temperature for 14 hr. The product was obtained as white crystals 
after recrystallization from ethanol (decolorization): yield 80%; mp
174.5-175°; Amax (EtOH) (pH 1) 265 nm and 222, Xmin 258; Amax 
(EtOH) (pH 7) 265 and 222, Amin 258; MS m/e 231, 217, 216, 203, 
189, 188, 174, 160, 148, 147, and 146; NMR (DMSO-d6) 6 1.25 (s, 9 
H) and 4.00 (s, 3 H).

Anal. Calcd for CnHiaNsO: C, 57.13; H, 5.67. Found: C, 56.96; 
H, 5.63.
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A reinvestigation of the structural assignments for the isomeric N -l-  and N- 2-methyl derivatives of 5-amino-
3,4-dicyanopyrazole (1), obtained by direct méthylation, according to the published procedure, has been accom
plished. The higher melting isomer (2, mp 243-245°) was annulated to give 4-amino-3-cyano-l-methylpyrazo- 
lo[3,4-d]pyrimidine (4) and alkaline peroxide converted 4 into 4-amino-l-methylpyrazolo[3,4-d]pyrimidine-3-car- 
boxamide (7a). Hydrolysis of the cyano group of 4 under more vigorous conditions gave 4-amino-1-methylpyra- 
zolo[3,4-d]pyrimidine-3-carhoxylic acid (7b), which was subsequently decarboxylated in hot sulfolane to afford
4-amino-l-methylpyrazolo[3,4-d]pyrimidine (7c) of established structure. This established the structure of the 
N-methylpyrazole (mp 243-245°) as 5-amino-3,4-dicyano-l-methylpyrazole (2) and reversed the structural as
signment previously reported for 2. A similar reaction sequence converted the lower melting isomer (3, mp 128- 
130°) into 4-amino-2-methylpyrazoIo[3,4-d]pyrimidine (8d) and established the structure of 3 as 5-amino-3,4-di- 
cyano-2-methylpyrazole. 13C NMR spectroscopy has furnished additional corroboration for these structural re
assignments.

We have been involved for some time in the synthesis of 
nucleosides which are related to the naturally occurring py- 
razolo[4,3-d]pyrimidine nucleosides2 formycin and formyc- 
in B and the pyrrolo[2,3-d]pyrimidine nucleosides3® tuber - 
cidin, toyocamycin, and sangivamycin. The significant an
titumor activity reported35 for these nucleoside antibiotic 
analogs (vide supra) prompted us to extend our investiga
tion into the pyrazolo[3,4-d] pyrimidine area. It was during 
this phase of our research that we synthesized a ribofura- 
nosyl derivative of 4-amino-3-cyanopyrazolo[3,4-d]pyrimi- 
dine (12).4 This required the preparation of the N -l- and 
N - 2-methyl derivatives of 4-amino-3-cyanopyrazolo[3,4- 
d ]pyrimidine (12) so that an unequivocal assignment for 
the site of ribosylation could be made on the basis of uv 
spectral data.5’6 However, a survey of the literature re

vealed that these N -  methyl derivatives of 12 had not yet 
been reported. The most obvious approach to the synthesis 
of these desired model methyl compounds appeared to be a 
ring closure of the known7 N -l- and N-2-methyl deriva
tives8 of 5-amino-3,4-dicyanopyrazole (2 and 3, respective
ly). However, assignments7 for the actual sites of méthyl
ation for 2 and 3 were found on closer examination to be 
equivocal and this prompted us to initiate the present 
study which was designed to unequivocally establish the 
actual sites of méthylation.5

It was reported that the reaction of methylhydrazine 
with tetracyanoethylene gave a single N-methyl derivative 
of 5-amino-3,4-dicyanopyrazole which was reported7 to be 
the N-l-methyl derivative 2. On the other hand, reaction of
5-amino-3,4-dicyanopyrazole (1) with dimethyl sulfate was
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found7 to yield two N -  methyl derivatives, a lower melting 
isomer (128-130°) that was identical with the product ob
tained from the reaction between methylhydrazine and 
tetracyanoethylene (assigned9 structure 2) and a higher 
melting isomer (mp 243-245°) which was assigned the 
structure 5-amino-3,4-dicyano-2-methylpyrazole (3).

It is of considerable interest that a series of JV-methyl-4- 
alkylaminopyrazolo[3,4-d]pyrimidines was recently pre
pared10 using the IV-methylpyrazole derivative obtained 
from the reaction between methylhydrazine and tetracya
noethylene as the starting material. The authors of this 
work also assigned10 the position of attachment of the 
methyl groups as being at N -l on the basis of the previous 
report.7

We have synthesized the isomeric iV-methyl-5-amino-
3,4-dicyanopyrazoles according to published procedures7 
and have established, through a series of chemical conver
sions, that the original structural assignments are incorrect 
and should be reversed. These structural reassignments 
have been corroborated by carbon-13 nuclear magnetic res
onance spectroscopy.

Chemical Evidence for Structure Assignments.
Reaction of 5-amino-3,4-dicyanopyrazole (1) with dimethyl 
sulfate and aqueous sodium hydroxide yielded a mixture of 
isomers that were separated by fractional crystallization. 
The higher melting isomer (2) (vide infra) had mp 243- 
245° (47% yield) and the lower melting isomer (3) had mp 
128-130° (8% yield). The lower melting isomer was found

1 — *■ A (mp 243-245°) +  B (mp 128-130°)

NCs^ CN
CH.NHNH, +  C = C ^  — »• B (mp 128-130°) 

NC'"’’’ TN

to be identical with the product obtained on reaction of 
methylhydrazine with tetracyanoethylene as had been pre
viously reported.7

Reaction of the higher melting isomer (2) with diethoxy- 
methyl acetate yielded a syrupy ethoxymethylene deriva
tive (5) which was ring closed during treatment with

2, mp 243-245» 3, mp 128-130»

1 I

l l

7 o, R-C0NH2

b, R-COgH

c, R=H

8 a,R»C»NH0CH3

b, R.CONHg

e, R*COjH

d, R-H

methanolic ammonia to yield a compound for which we as
signed thestructure4-amino-3-cyano-l-methylpyrazolo[3,4- 
-d] pyrimidine (4) on the basis of the following: treatment 
of 4 with ammonium hydroxide and hydrogen peroxide re
sulted in the formation of the carboxamide 7a (72% yield); 
alkaline hydrolysis of 4, under more vigorous conditions, 
gave a good yield of the carboxylic acid 7b which was sub
sequently decarboxylated in hot (215-220°) sulfolane11 to 
provide pure 4-amino-l -methylpyrazolo [3,4-d] pyrimidine 
(7c), mp 267-269°. The ir, XH NMR, and uv spectral data 
for 7c were identical with those of an authentic sample of 
7c prepared by a different route12 and a mixture melting 
point was undepressed.

The corresponding series of 2-methyl compounds was 
prepared for comparative purposes. Treatment of the lower 
melting isomer (3, mp 128-130°) with hot diethoxymethyl 
acetate furnished the crystalline ethoxymethylene deriva
tive 6 with mp 98-100.5°, which was the same melting 
point as that previously reported10 for the ethoxymethy
lene derivative of the other isomer “ l-methyl-5-amino-3,4- 
dicyanopyrazole” . Reaction of 3 with N-methylformamide 
at reflux temperature yielded a compound for which we 
have unequivocally assigned the structure 3-cyano-2- 
methyl-4-methylaminopyrazolo[3,4-<i]pyrimidine (10). It is

10

of interest that 10 has a uv spectrum13 and melting point 
identical with those previously reported10 for “ 3-cyano-l- 
methyl-4-methylaminopyrazolo[3,4-d]pyrimidine” . It was 
found that brief (1 hr or less) treatment of the ethoxymeth
ylene derivative 6 with methanolic ammonia did not result 
in the formation of 4-amino-3-cyano-2-methylpyrazolo[3,4- 
-d]pyrimidine (9) as we had expected on the basis of ob
taining 4 from 5 under similar reaction conditions. Instead, 
a product was isolated whose elemental analysis indicated 
that we had obtained the desired heterocycle (9) plus 1 mol 
of methanol (by solvation or covalently bound). The 'H 
NMR spectrum contained peaks at 5 3.94 and 4.25 (sin
glets) which were assigned to methyl groups. In addition, 
the ir spectrum revealed the absence of a band in the 
2237-2222-cm_1 region, which was additional substantia
tion that a reaction had occurred at the cyano group. On 
the basis of the above data, this compound was assigned 
the structure methyl 4-amino-2-methylpyrazolo[3,4-d]py- 
rimidine-3-formimidate (8 a). This prompted us to modify 
our reaction conditions and it was subsequently found that
4-amino-3-cyano-2-methylpyrazolo(3,4-c/] pyrimidine (9)
could be formed in high yield by treating the crystalline 
ethoxymethylene derivative (6) with liquid ammonia at 
room temperature for 16 hr. As would be expected from the 
above observation, the cyano group of 4-amino-3-cyano-2- 
methylpyrazolo(3,4-d]pyrimidine (9) was very reactive and 
a facile conversion of 9 to the corresponding carboxamide 
(8 b) was observed on treatment with alkaline hydrogen 
peroxide. Hydrolysis of the cyano group with aqueous sodi
um hydroxide proceeded smoothly [ca. five times faster 
than the corresponding 1-methyl isomer (4)] to give a high 
yield (91%) of the carboxylic acid 8 c. Decarboxylation of 8 c 
in hot sulfolane was very rapid [approximately 25 times 
faster than the decarboxylation of 4-amino-1-methylpyra- 
zolo[3,4-d]pyrimidine-3-carboxylic acid (7b)] and provided 
a 41% yield of 4-amino-2-methylpyrazolo[3,4-d]pyrimidine 
(8 d), mp 346-348° dec. It was subsequently found that a
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better yield of 8 d could be obtained by sublimation1 4  of 8 c. 
A comparison (uv, ir, mixture melting point) of 8 d with an 
authentic sample1 5  of 4-amino-2-methylpyrazolo[3,4-d]py-

rimidine established that they were identical. This conver
sion of 2 and 3 to compounds of unequivocal structure (7c 
and 8 d, respectively) has unequivocally established the

Table I
Uv Spectral Data for Certain Pyrazoles and Pyrazolo[3,4-d]pyrimidines

pH 1 Methanol pH 11

No. Compd * max * min ^max *min ^max *-mxn

l 5-Amino-3,4-dicyano- 273.0 (5.10)“ 246.0 (2.74) 273.5 (3.83) 246.5 (2.56) 276.5 (6.76) 264.5 (6.22)
pyrazole 245.0 (10.6) 235.0 (9.31)

2 5-Amino-3,4-dicyano-l- 275.0 (5.02) 248.5 (2.28) 275.5 (5.07) 247.0 (2.16) 275.0 (4.90) 248.5 (2.54)
methylpyrazole

265.0 (1.05)3 5-Amino-3,4-dicyano-2- 300.0 (4.66) 262.0 (1.73) 310.0 (4.86)
methylpyrazole 238.0 (9.77) 229.0 (8.76) 240.0 (10.1) 231.0 (9.10)

12 4-Amino-3-cyanopyra- 271.0* 246.0 (7.03) 287.0” 248.0 (4.56) 294.5 (10.5) 260.0 (6.89)
zolo[3,4-d]pyrimidine 264.5 (10.0) 279.0 (10.6) 288.5” 233.0 (11.5)

236.0”
230.5”

238.0” 242.0 (14.4)

4 4-Amino-3-cyano-l- 267.5 (12.5) 249.0 (8.41) 294.0” 251.5 (5.43) 293.0” 252.0 (6.04)
methylpyrazolo[3,4-d]- 233.5 (19.0) 230.5 (1.84) 284.5 (14.4) 226.0 (9.66) 285.0 (14.5) 229.5 (9.21)
pyrimidine 227.0 (19.0) 221.5 (16.9) 242.0” 242.5”

237.0 (11.7) 237.5 (12.1)
9 4-Amino-3-cyano-2- 309.5” 254.0 (8.34) 308.5 (11.2) 282.5 (6.51) 304.5 (10.5) 281.5 (6.24)

methylpyr azolo[3,4-d\- 296.5 (12.7) 225.5 (11.3) 277.0” 260.0 (7.00) 275.0 (6.85) 271.0 (6.44)
pyrimidine 273.5” 267.5 (7.36) 238.0 (9.52) 266.5 (6.81) 257.5 (6.15)

265.5”
241.5 (12.7) 
236.0°

248.0 (10.1) 246.0 (9.54) 236.0 (8.65)

10 3-Cyano-2-methyl-4- 316.0” 300.0 (13.0) 316.0e (10.7) 284.5 (5.20) 312.5 (10.6) 284.5 (5.27)
methylaminopyrazolo- 305.5 (13.5) 258.0 (7.90) 254.0e (9.04) 243.5 (7.46) 278.0” 242.0 (7.22)
[3,4-d]pyrimidine 298.5 (13.2) 237.5 (866) 230.0”,e 268.5”

248.0 (8.85) 253.5 (8.80)
232.5” 234.0”

7a 4-Amino-l-methyl- 265.0 (9.11) 252.5 (8.06) 282.5 (9.21) 256.5 (6.53) 283.5 (9.12) 258.0 (5.95)
pyrazolo[3,4-d]pyrimi - 
dine-3-carb oxam id e

229.0 (15.0) 239.5 (11.1) 242.0 (9.60) 222.0 (4.04)

8b 4-Amino-2-methylpyra- 279.0 (7.55) 251.5 (4.23) 300.0 (7.99) 260.5 (4.84) 296.0 (8.30) 258.0 (5.00)
zolo[3,4-d]pyrimidine- 
3-carboxamide

233.0 (7.34) 244.0 (6.68) 237.0 (6.34) 239.0 (6.34) 235.0 (6.28)

8a Methyl 4-amino-2-methyl- 279.5 (10.1) 255.5 (6.95) 305.0 (9.69) 266.5 (6.60) 302.5 (9.74) 276.0”
pyrazolo[3,4-d]pyrimi- 242.5 (8.65) 228.0 (7.42) 253.0 (8.00) 238.0 (6.10) 247.0 (8.14) 260.0 (6.18)
dine-3-formimidate 235.5 (7.11)

7b 4-Amino-l-methyl- 265.5 (10.5) 250.5 (8.34) 292.0” 252.5 (6.60) 292.0” 252.5 (6.21)
pyrazolo[3,4-d]pyrimi- 231.5 (15.5) 222.5 (14.2) 282.0 (11.4) 236.0 (9.38) 282.5 (11.1) 230.5 (8.61)
dine-3-carboxylic acid 277.0” 276.5”

236.0 (10.4) 238.0 (10.2)
8c 4-Amino-2-methyl- 278.0 (10.5) 252.0 (7.34) 298.0” 256.0 (7.21) 298.0 (10.7) 257.5 (6.04)

pyrazolo[3,4-d]pyrimi- 242.0” 223.5 (10.0) 290.0 (10.3) 228.0 (9.34) 290.5” 231.5 (6.99)
dine-3-carboxylic acid 235.5 (11.8) 279.0” 277.5”

287.0” 240.0 (10.4) 267.0”
242.5 (8.73)

11 4 - Aminopy r azolo- 258.0 (11.3) 238.5 (6.80) 281.0” 235.0 (4.21) 280.0” 239.5 (6.93)
[3,4-d]pyrimidine 271.5 (11.3) 

260.0”
263.0 (10.6)

7c 4-Amino-l-methyl- 258.0 (10.5) 240.5 (7.00) 286.5” 265.0 (9.44) 286.0” 266.0 (10.4)
pyrazolo[3,4-d]pyrimi- 276.5 (11.2) 239.0 (4.25) 276.5 (11.2) 239.0 (5.32)
dine 272.0”

260.5 (10.2)
260.0 (11.1)

8d 4-Amino-2-methyl- 266.5 (11.7) 241.0 (4.81) 298.0” 270.0 (8.62) 296.0” 269.5 (9.16)
pyrazolo[3,4-d]pyrimi- 288.0 (12.9) 242.5 (2.89) 286.5 (12.5) 241.5 (3.70)
dine 281.0” 224.5 (6.99) 279.0”

267.0 (8.70) 266.5 (9.34)
259.5” 258.0”
235.0”
230.0 (7.88)

233.0”

° Values in parentheses are e x 10~3. b Shoulder.c Sample dissolved in ethanol.
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structures for all compounds reported herein and has also 
established that the previous structural assignments7 ’ 10  for 
certain compounds were in error.

From the uv absorption data (Table I) for the methylat
ed pyrazoles and pyrazolo[3,4-d)pyrimidines, it is seen that 
for each pair of isomeric compounds (at all pH ranges) the 
AT-2-methyl isomer shows its principal absorption maxi
mum at a longer wavelength than the N -  1-isomer. This re
lationship has been reported1 6  for various N-substituted 
pyrazolo[3,4-d]pyrimidines. This trend appears to be gen
eral for the pyrazolo[3,4-d]pyrimidines and is most likely 
due to the different type of electronic structures for the two 
isomers. However, in the case of the N-substituted pyra
zoles this difference needs further substantiation which 
precludes the use of this trend as a basis for the unequivo
cal assignment of the site of N-alkylation.

For comparison purposes, the uv spectral data for 5- 
amino-3,4-dicyanopyrazole (1), 4-aminopyrazolo[3,4-d]py- 
rimidine (11), and 4-amino-3-cyanopyrazolo[3,4-d]pyrimi- 
dine (12) have been included in Table I. It is of consider-

U 12

able interest that the positions of uv maxima (pH 1 and 
methanol spectra) for 1 , 1 1 , and 1 2  are very similar to the 
values shown for the corresponding AT-1-methyl derivatives 
(2, 7c, and 4, respectively) and very dissimilar for the corre
sponding N -  2-methyl derivatives (3, 8 d, and 9, respective
ly). Since the uv spectral data for the unsubstituted hetero
cycles more closely resemble the spectral data for the N - 1-

methyl derivatives this would strongly suggest that the no- 
nalkylated heterocycles exist predominantly in the tauto
meric forms shown. 13C NMR spectroscopy also provides 
data to support this assumption (vide infra).

Structure Assignments Based on 13C NMR Spectral 
Data. In order to supplement and corroborate the structur
al assignments based on chemical evidence and presented 
in the previous section, carbon-13 nuclear magnetic reso
nance (13C NMR) spectral data was obtained on com
pounds 4, 7c, 9, 8 d, 11, and 12. The value of 13C NMR spec
troscopy in elucidating molecular structure is well known1 7  

and previous studies carried out in this laboratory, 18 “ 2 5 as 
well as others,26 have demonstrated the value of 13C NMR 
as a tool in determining the site of N substitution in nitro
gen heterocycles. If one compares the 13C NMR spectral 
data of a nitrogen heterocycle with a N-alkylated deriva
tive of this heterocycle (where the N substitution is methyl 
or /J-D-ribofuranosyl), chemical shift changes are observed 
which reflect the replacement of a proton by a substituent 
on a specific nitrogen atom with the concomitant absence 
of tautomeric structures. While the magnitude of the N- 
substituent parameters is affected by the nature of the sub
stituent (i.e., H, CH3 , or ribose) , 2 5  the authors are aware of 
no case where the carbon adjacent (a ) to the site of N sub
stitution fails to move upfield or, conversely, fails to move 
downfield when the substituent is removed. 2 7 Rapid proton 
exchange among the various tautomeric species compli
cates the structural analysis but tautomeric populations 
have now been derived for a number of species including 26 
derivatives of purines and pyrrolo [2 ,3-d] pyrimidines.25®

In order to independently verify the structures of 4 and 9 
we also examined 12 and compared the 13C NMR spectral 
data of these three compounds with 7c, 8 d, and 4-aminopy- 
razolo[3,4-d]pyrimidine (11). The structures for 7c, 8 d, and 
1 1  have been reliably determined by chemical techniques.

Table II
Carbon-13 Chemical Shifts“ for Derivatives of 4-Aminopyrazolo[3,4-d]pyrimidine

Compel &

Carbon position

C -3 C-3a C -4 C -6 C -7a CN CH3

4-APP riboside“ 133.41 100.61 158.16 156.21 154.14
1 1 132.33 99.65 158.18 154.70 154.70
7c 132.23 100.05 158.33 155.24 153.01 32.38
8 d 124.91 102.23 159.28 155.61 160.17 39.45
1 2 115.55 100.45 156.99 156.32 155.10 113.17
4 115.14 100.75 157.19 156.50 153.42 112.38 33.78
9 106.62 104.14 157.69 156.40 159.48 109.21 39.54

a Taken with respect to external Me4Si. Chemical shift values were measured relative to internal dioxane and converted to the Me4Si
scale Using ¿MeaSi — ¿dioxane -  17.5 X  10“ 4T(°C) -  66.32 ppm. » Samples were dissolved in HMPT (200 mg/3.0 ml solvent except 8d, where
the solution was 84 mg/3.0 m l).c See ref 23.

Table III
Changes“ in the Carbon-13 Chemical Shifts (A5)ft for Certain Pyrazolo[3,4-d]pyrimidines

Compds compared A6

i j C -3 C -3a C -4 C -6 C -7a CN

11 7c 0 . 1 0 -0.40 -0.15 -0.54 1.69
1 1  8 d 7.42 -2.58 - 1 . 1 0 -0.91 -5.47
12 4 0.41 -0.30 - 0 . 2 0 -0.18 1.68 +0.79
12 9 8.93e (6.55)tf -3.69 -0.70 -0.08 -4.38 +3.96c (6.34)“
1 1  1 2 16.78 0.80 1.19 -1.62 -0.40

a Negative numbers represent shift changes (in parts per million) to lower field as compared to the chemical shifts observed for the cor
responding positions in the reference compound. b A<5 = oC( — 5Cj. ' Preferred assignment. d Parenthetical numbers are the values obtained 
if the chemical shift values for 0 3  and CN (of 12) are reversed.
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PPM from TMS

Figure 1. Carbon-13 resonance patterns for certain pyrazolo[3,4-d]pyrimidines.

The chemical shifts of 11  are given in Table II and the shift 
assignments were made by a comparison of the shift values 
for 11 with the shift values observed for 4-amino-l -(/j-D- 
ribofuranosyl)pyrazolo[3,4-d]pyrimidine (4-APP ribos
ide) . 23 It is interesting to note that C - 6  has moved 1.5 ppm 
upfield in 11 (compared to 4-APP riboside) and is acciden
tally degenerate with 7a (verified by off-resonance decou
pling). The IV- 1 -methyl derivative of 11 (7c) exhibits only 
minor chemical shift variations when compared to 1 1  (and
4-APP riboside) as shown in the correlation diagram (Fig
ure 1). The chemical shifts of the compound identified as 
8 d exhibits two major chemical shift variations when com
pared to the chemical shifts of 11. The shift changes Art (oC; 
— <5Cj) given in Table III at C-3 and C-7a are in opposite di
rections and are consistent with addition of an «-substitu
ent shift at C-3 and removal of the «-substituent effect at 
C-7a. While the magnitudes of the shift changes noted for 
C-3 and C-7a in Table III (7.42 and —5.47 ppm, respective
ly) are not identical with the +9.64 ppm a  shift observed in 
simple five-member heterocycles,20 the values are qualita
tively correct. By comparing the data for 7c and 8 d with 
that of 1 1 , one can readily conclude that the structure as
signments are correct, since a reversal in structures would 
cause the resonance positions of C-3 and C-7a to move in 
opposite directions to that observed in the data.

Similar comparisons can be made among 12, 4, and 9. 
The resonance positions of C-4, C-6 , C-7a, and C-3a in 1 2  

were determined by off-resonance decoupling (C-6 ) and 
with the aid of the correlation diagram. The assignments of 
C-3 and the cyanocarbon resonance positions could not be 
determined unequivocally and may be reversed. However, 
when comparing the proton coupled and decoupled spectra 
of 1 2 , one observes that one of the resonance lines of the 
pair in question is little affected while the other is signifi

cantly broadened and decreases substantially in intensity 
when the proton decoupler is turned off. The resonance po
sition exhibiting broadening is thus tentatively assigned to 
C-3, since long-range proton-carbon coupling (two-bond 
and three-bond coupling from the labile proton) is more 
likely to occur at C-3 than at the cyano carbon. It is also 
noted that C-3 in 12 is shifted 16.78 ppm to higher field 
than the corresponding position in 1 1 . This shift change is 
consistent with the 16.4 ppm upfield shift for the C-l car
bon in benzonitrile28 (as compared to the resonance peak 
observed for benzene) and is further evidence that the reso
nance peaks for C-3 and -CN of 12 are correctly assigned.

The resonance positions in 4 exhibit little variation from 
12 and the differences, A5, given in Table III are quite simi
lar, position for position, for the 7c, 11 and the 4, 12 pairs 
of compounds. The variations in the resonance positions of 
9 as compared to 12 can also be compared to the variations 
observed for the 8 d, 11 pair (given in Table III). Once again 
the A8 values are comparable between the 8 d, 11 and the 9, 
12 pairs. As observed in the known structures 11 and 8 d, 
comparison of 9 and 12 indicates that the methyl resides at 
N-2 , since C-3 is shifted upfield 8.93 ppm and C-7a moves 
4.38 ppm to lower field. The same qualitative results are 
obtained even if the shift assignments at C-3 and CN are 
reversed. Hence, the 13C NMR spectral data confirms the 
chemical evidence for the structures assigned to 4 and 9.

In Figure 1 , one observes that resonance peaks for the 
methyl carbons fall into two patterns. The methyl carbons, 
of the two N -  1-methyl species, are separated by 1.4 ppm 
and are found upfield from the methyl carbons of the IV-2- 
methyl derivatives which vary by only 0 . 1  ppm in their res
onance positions. The variation in methyl chemical shifts 
apparently reflects the difference in resonance structures 
of the N -l and N-2 methylated compounds, and these reso
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nance effects are transferred in part to the exocyclic group. 
It is also interesting to note that the resonance peak for the 
nitrile carbon moves upfield 0.79 and 3.96 ppm in 4 and 9, 
respectively, as compared to the nitrile carbon of 12. The 
chemical shift change of the nitrile carbon of 9 may like
wise reflect the differences between the resonance struc
tures of 4 and 9.

Conclusions
The work presented herein has established on the basis 

of new chemical evidence and 13C NMR spectral data that 
the original structural assignments for 2 and 3 were re
versed. This dual approach has proven to be very useful in 
complex structure characterization studies in this and 
other laboratories and promises to become even more im
portant in the future as the powerful 13C NMR techniques 
become more widely used.

Experimental Section
Melting points were determined with a Thomas-Hoover melting 

point apparatus and are uncorrected. Proton magnetic resonance 
spectra were obtained with a Varian A-60 spectrometer with DSS 
(sodium 2,2-dimethyl-2-silapentane-5-sulfonate) as internal stan
dard and the chemical shifts are expressed as 5, parts per million, 
from DSS with DMSO-ds as solvent. Carbon-13 nuclear magnetic 
resonance spectra were obtained with a Varian XL-100-15 spec
trometer equipped with a 620-F computer. The infrared spectra 
were determined, utilizing pressed KBr disks, with a Beckman 
IR-8 spectrophotometer; absorptions are given in reciprocal centi
meters and are strong absorptions unless otherwise noted. Ultravi
olet spectra were recorded with a Beckman DK-2 spectrophotome
ter and absorptions are expressed in nanometers. Elemental analy
ses were performed by Heterocyclic Chemical Corp., Harrisonville, 
Mo., and M-H-W Laboratories, Garden City, Mich.

5-Amino-3,4-dicyano-l-methylpyrazole (2) and 5-Amino- 
3,4-dicyano-2-methylpyrazole (3). 5-Amino-3,4-dicyanopyra
zole7 (1, 66.5 g, 0.50 mol) was added with stirring to a solution of 
sodium hydroxide (23.0 g, 0.580 mol) in water (100 ml) to effect a 
clear solution. Dimethyl sulfate (85 g, 0.67 mol) was added imme
diately after 1 had completely dissolved. The reaction mixture was 
stirred at room temperature for 15 min, and the solid that had sep
arated was collected by filtration, washed with cold water (2 X 20 
ml), and dried (25°, 0.5 Torr), yield 45.0 g. The dry material (45 g) 
was added to ethanol (200 ml), the mixture was heated at reflux 
temperature, and the undissolved solid was removed from the hot 
mixture by filtration. The filter cake was recrystallized from diox- 
ane to obtain 5-amino-3,4-dicyano-l-methylpyrazole (2) as color
less needles: mp 241-244° [lit.7 mp 243-245°]; yield 35.0 g (47.5%); 
ir29 3448, 3378, 3247 (NH); 2242 (C=N ); 1647, 1658, 1650, 1433 
cm "1 (NH and C =N ); 7H NMR30 S 3.59 (s, 3 H, CH3), 7.06 (s, 2 H, 
NH2).

The ethanol filtrate, from above, deposited more solid upon 
standing (25°, 1 hr) which was collected by filtration and washed 
with a small amount of cold water. The air-dried filter cake was re
crystallized from ethanol to obtain 5-amino-3,4-dicyano-2-methyl- 
pyrazole (3) as needles: mp 128-130° [lit.7 mp 128-130°); yield 6.0 
g (8.2%); ir 3472, 3367 (NH); 2232 (C =N ); 1621, 1546, 1517 cm“ 1 
(NH and C =N ); JH NMR S 3.78 (s, 3 H, CH3), 6.14 (s, 2 H, NH2).

5-Amino-3,4-dicyano-2-methylpyrazole (3). Tetracyanoethy- 
lene (12.8 g, 0.1 mol) was added slowly to a solution of methyl hy
drazine (4.6 g, 0.1 mol) in water (200 ml) at 0° with efficient stir
ring. After the addition was completed, the reaction mixture was 
stirred for 1 hr at 0° and then heated at reflux temperature for 15 
min. The brown reaction solution was allowed to stand at 5° for 8 
hr and the crystalline solid that separated was collected by filtra
tion and washed several times with ice-cold water. The residue was 
air dried and then recrystallized from ethanol as needles to yield
7.0 g (47.6%) of 3, mp 130-131°. A mixture melting point of this 
product with the sample of 3 obtained from the methylation of 5- 
amino-3,4-dicyanopyrazole was undepressed and their uv spectra 
were found to be identical.

4-Amino-3-cyano-l-methylpyrazolo[3,4-cf]pyrimidine (4).
5-Amino-3,4-dicyano-l-methylpyrazole (2, mp 243-245°, 4.0 g) 
was heated in diethoxymethyl acetate (25 ml) for 2.5 hr at reflux 
temperature and under anhydrous conditions. The pale orange so
lution was evaporated (bath temperature 50°) under reduced pres

sure to a syrup. The syrup was dissolved in dry toluene (50 ml) and 
again evaporated in vacuo to a syrup. This process was repeated 
four times to provide the dry, syrupy 5-ethoxymethylene deriva
tive (5). This syrup was dissolved in 200 ml of methanolic ammo
nia (methanol saturated with ammonia at 0°) and allowed to stand 
for 18 hr at room temperature. The solid that had separated was 
collected by filtration, washed with cold (10°) methanol (2 X 10 
ml), and recrystallized from dimethylformamide as microneedles 
to yield 3.5 g (74.0%) of 4: mp 312° dec; ir 3472, 3356 (w) (NH); 
2242 (w) (C=N ); 1621,1538 cm“ 1 (NH, C =N , and C=C ).

.Anal. Calcd for C7H6N6: C, 48.28; H, 3.44; N, 48.28. Found: C, 
47.88; H, 3.67; N, 48.24.

Methyl 4-Amino-2-methylpyrazolo[3,4-d]pyrimidine-3-for- 
mimidate (8a). 5-Amino-3,4-dicyano-2-methylpyrazole (3, mp 
128-130°, 6.0 g) was heated in diethoxymethyl acetate (30 ml) at 
reflux temperature for 3 hr with exclusion of moisture. The dark 
brown solution was evaporated in vacuo (bath temperature 50°) to 
a syrup. The syrup was dissolved in dry toluene (50 ml) and again 
evaporated in vacuo to dryness. This procedure was repeated four 
times to furnish the crystalline 5-ethoxymethylene derivative31 (6), 
which was dissolved in 300 ml of methanolic ammonia and allowed 
to stand at room temperature for 18 hr. The solid that had sepa
rated was collected by filtration and washed with cold (0°) metha
nol (2 X 10 ml) and the filter cake was recrystallized from aqueous 
ethanol as long, colorless needles to yield 5.70 g (80%) of 8a: mp 
280° dec; ir 3195 (NH); 1645, 1590, 1527, 1481 (NH, C =N , and 
C =C ); 'H  NMR <5 3.94 (s, 3 H, NCH3), 4.25 (s, 3 H, OCH3), 7.55 
(br s, 2 H, -N H 2), 8.20 (s, 1 H, H6), 9.06 (s, 1 H, C=NH ).

Anal. Calcd for C8H10N6O: C, 46.60; H, 4.85; N, 40.78. Found: C, 
46.77; H, 4.82; N, 41.02.

4-Ammo-3-cyano-2-methylpyrazolo[3,4-<i] pyrimidine (9).
The crude, crystalline 5-ethoxymethylene derivative, 6 (prepared 
from 6.0 g of 3) was dissolved in liquid ammonia (100 ml) and the 
reaction mixture was allowed to stand at room temperature for 16 
hr in a sealed stainless steel reaction vessel. The reaction mixture 
was then evaporated to dryness in vacuo and the solid was recrys
tallized from dimethylformamide as pale yellow microneedles to 
yield 5.0 g (70.5%) of 9: mp 280° dec; ir 3472 (w), 3356 (NH); 2247 
(m) (C =N ); 1621, 1538 cm "1 (NH, C =N , C =C ); XH NMR S 4.75 
(s, 3 H, CH3), 7.56 (br s, 2 H, NH2), 8.34 (s, 1 H, He).

Anal. Calcd for C7H6N6: C, 48.28; H, 3.44; N, 48.28. Found: C, 
48.42; H, 3.52; N, 48.40.

4-Amino-l-methylpyrazolo[3,4-</]pyrimidine-3-carboxam- 
ide (7a). Hydrogen peroxide (4.0 ml of 30% solution) was added in 
one portion to a stirred suspension of 4 (1 g) in concentrated aque
ous ammonia (20 ml, room temperature). Stirring was continued 
for 2.5 hr, during which time 4 went into solution (0.5 hr), and this 
was soon followed by the appearance of a new white solid (1 hr). 
After 2 hr the solid was collected by filtration, washed well with 
cold water, and then air dried. The solid was recrystallized from 
methanol to yield 0.8 g (72.7%) of 7a as colorless needles: mp 350° 
dec; ir 3390, 3247 (NH); 1639, 1616, 1580, 1471 c m '1 (C = 0 , NH, 
C = N , C=C).

Anal. Calcd for C7H8NeO: C, 43.75; H, 4.16; N, 43.75. Found: C, 
43.90; H, 4.51, N, 43.60.

4-Amino-2-methylpyrazolo[3,4-t/]pyrimidine-3-carboxam- 
ide (8b). Hydrogen peroxide (4 ml of 30% solution) was added in 
one portion to a stirred suspension of 9 (1.0 g) in concentrated 
aqueous ammonium hydroxide (20 ml, room temperature). After 1 
hr the reaction mixture became clear and then a solid began to 
separate from solution. After 4 hr the solid was collected by filtra
tion, washed thoroughly with cold water, and then recrystallized 
from methanol to yield 0.5 g (45.3%) of 8b as needles: mp 310° dec; 
ir 3390, 3012 (NH); 1592, 1473 c m '1 (C = 0 , NH, C =N , C =C ); !H 
NMR 6 4.27 (s, 3 H, CH3), 7.61 (br s, 2 H, NH2), 8.43 (s, 1 H, H6), 
8.44 (br s, 2 H, CONH2).

Anal. Calcd for C7H8N60: C, 43.75; H, 4.16; N, 43.75. Found: C,
43.60, H, 4.32; N, 43.50.

4-Amino-l-methylpyrazolo[3,4-<f]pyrimidine-3-carboxylic 
Acid (7b). Aqueous sodium hydroxide (3.52 ml of 1.25 M  solution,
4.4 mmol) was added to a suspension of 4 (700 mg, 4 mmol) in 15 
ml of water and the suspension was heated at reflux temperature 
for 5 days (ammonia evolution ceased during this time). The solu
tion was cooled to room temperature and 100 mg of white solid 
(mp >360°, insoluble in hot water) was removed by filtration. The 
clear filtrate was acidified by the addition of 4.32 ml of 1.02 M  
aqueous hydrochloric acid. A gelatinous precipitate formed that 
turned to a white powder on further stirring. The solid (610 mg, 
78%) was redissolved (25°) in aqueous sodium hydroxide (3.52 ml 
of 1.25 M  solution) and then reprecipitated by the addition of
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aqueous hydrochloric acid (4.32 ml of 1.02 M  solution). The white 
solid was collected by filtration and washed with cold (0°) water (3 
X  5 ml) to yield 570 mg (73.4%) of 7b: mp 336° dec (and sublimes); 
ir 3356 (NH); 2703-2439 (OH); 1701 (C = 0 ); 1603, 1548 (w), 1513 
cm“ 1 (w) (NH, C=N , C=C).

Anal. Calcd for C7H7N5O2: C, 43.53; H, 3.65; N, 36.26. Found: C, 
43.31; H, 3.93; N, 35.96.

4-Amino-2-methylpyrazolo[3,4-ii]pyrimidine-3-carboxylic 
Acid Hemihydrate (8c). When 9 (700 mg, 4 mmol) was treated as 
above, solution occurred in 3 min followed by the formation of a 
white precipitate in 5 min more which in turn soon dissolved. Am
monia evolution could no longer be detected after 36 hr at reflux 
temperature. Filtration was followed by the addition of aqueous 
hydrochloric acid, which caused 730 mg (91%) of 8c to precipitate 
in the form of a white solid. A portion of the solid was dissolved in 
aqueous base and reprecipitated with aqueous acid to afford an an
alytical sample: mp 320-333° (bubbling, darkening at melting 
point with a change in crystalline form at 266°); ir 3846-2083 (NH, 
OH); 1695,1634 (NH, C=N , C=C).

Anal. Calcd for CyHyNsOs-O.SHaO: C, 41.57; H, 3.99; N, 34.64. 
Found: C, 41.71; H, 4.11; N, 34.39.

4-Amino-l-methylpyrazolo[3,4-<J]pyrimidine (7c). Dry nitro
gen was passed through a suspension of 7b (193 mg, 1 mmol) in 
dry, redistilled sulfolane (15 ml) for 0.5 hr. The flask containing 
the suspension was then lowered into a Woods metal bath preheat
ed to 215-220° and the carbon dioxide evolution was monitored 
(CO2 was led through a connecting tube to an inverted graduated 
cylinder, filled with water, for monitoring purposes). One-third of 
the carbon dioxide (7.6 ml) was evolved in ca. 25 min with the reac
tion being complete in ca. 100 min. No appreciable carbon dioxide 
evolution was observed at temperatures below 210°. Excess sulfo
lane was removed by vacuum distillation (0.1 Torr, oil bath at 
70°). The semisolid residue was triturated with 40 ml of a 1:1 (v/v) 
methylene chloride-diethyl ether mixture, and then recrystallized 
from water (3 ml) to yield 80 mg (56%) of 7c, mp 267-269°. A mix
ture melting point with an authentic sample12 of 7c (mp 266-268°) 
was undepressed. The ir, uv, and XH NMR spectra obtained for our 
product were superimposable with those obtained for an authentic 
sample of 7c: ir 3300 (m), 3086 (NH); 1669, 1595, 1570, 1495 (w) 
(NH, C =N ,.C =C ); 1319 (m), 1190 (w), 1016 (w), 917 (m), 789 (m), 
714 cm-1 (m).

4-Amino-2-methylpyrazolo[3,4-(/]pyrimidine (8d). Method
1. Sublimation (235°, 0.3 mm) of 8c (300 mg, 1.56 mmol) yielded 
190 mg (82%) of 8d, mp 341-343° (vigorous dec, darkens at 330°). 
One recrystallization of 8d from water raised the melting point to 
346-348° (vigorous dec) and a mixture melting point with an au
thentic sample15 of 4-amino-2-methylpyrazolo[3,4-d]pyrimidine 
showed no depression. The ir and uv spectra obtained for our 
product were identical with those obtained for the authentic sam
ple: ir 3311, 3030 (NH); 1661 (w), 1608, 1531 (NH, C =N , C=C ); 
1412 (w), 1342 (m), 1242, 1176 (m), 1034 (m), 990 (m), 909 (m), 872 
(w), 791 cm-1.

Method 2. 4-Amino-2-methylpyrazolo[3,4-d]pyrimidine-3-car- 
boxylic acid (8c, 100 mg, 0.52 mmol) was decarboxylated in 4 ml of 
sulfolane at ca. 215° as described for the preparation of 7c. Carbon 
dioxide evolution was complete (14 ml) in 3 min with one-third of 
the gas being evolved in less than 1 min. The usual work-up fol
lowed by recrystallization from water (3 ml) yielded 31.9 mg (41%) 
of pure 8d.

Acknowledgments. We wish to thank P. Schmidt and 
S. M. Hecht for kindly supplying samples of 8d and 10, re
spectively.

Registry No.—1, 54385-49-8; 2, 50680-85-8; 3, 54385-48-7; 4, 
42204-41-1; 7a, 54814-48-1; 7b, 54814-49-2; 7c, 5334-99-6; 8a, 
54814-50-5; 8b, 54814-51-6; 8c, 54385-54-5; 8d, 21230-48-8; 9, 
54814-52-7; 10, 548f4-53-8; 11, 2380-63-4; 12, 6826-96-6; 4-APP ri
boside, 58-61-7; tetracyanoethylene, 670-54-2; methyl hydrazine,
60-34-4; diethoxymethyl acetate, 14036-06-7.

References and Notes
(1) We wish to acknowledge support for this work by means of a grant 

from Research Resources, National Institutes of Health (RR-0574) and a

research contract from the Division of Cancer Treatment, National Can
cer Institute, National Institutes of Health, Department of Health, Educa
tion, and Welfare (NO1-CM-23710 and NO1-CM-43806).

(2) G. H. Milne and L. B. Townsend, J. Chem. Soc., Perkin Trans. 1, 2677
(1972) .

(3) (a) A. F. Lewis and L. B. Townsend, J. Heterocycl. Chem., 11, 71 
(1974), and references cited therein; (b) K. H. Schram, B. C. Hlnshaw, 
O. Leonoudakls, and L. B. Townsend, Abstracts, 162nd National Meet
ing of the American Chemical Society, Washington, D.C., Sept 1971, 
No. MEDI-15.

(4) R. A. Earl and L. B. Townsend, J. Heterocycl. Chem., 11 (1974).
(5) A preliminary account of certain portions of this work was presented at 

the 157th National Meeting of the American Chemical Society, Minne
apolis, Minn., April 1969, No. MEDI-13.

(6 ) Proof of structure for the nucleoside was subsequently made by a con
version to 4-amino- 1-(/1-D-ribofuranosyi)pyrazoio [3,4-r/j pyrimidine [G. 
R. Revankar and L. B. Townsend, J. Chem. Soc. C, 2440 (1971)] which 
did not require the use of model methyl compounds.

(7) C. L. Dickenson, J. K. Williams, and B. C. McKusick, J. Org. Chem., 29, 
1915 (1964).

(8 ) Although the nomenclature is not systematic, the N-methylated pyra- 
zoles will be named as 1- or 2-methyl derivatives of 5-amino-3,4-dicy- 
anopyrazole in order to simplify the discussion.

(9) The authors7 presented a very unclear and confusing account of their 
research. At one point they rationalized that the initial attack on tetracy
anoethylene by methyl hydrazine would involve "the nitrogen to which 
the methyl is attached”  to yield 1-methyl-5-amino-3,4-dicyanopyrazole
(2 ) and they listed 2  in a table as being the product from this reaction. 
Yet at another point, in their discussion on the products from the meth- 
ylation of 5-amino-3,4-dicyanopyrazole, they appear to reverse this 
structural assignment.

(10) S. M. Hecht and D. Werner, J. Chem. Soc., Perkin Trans. 1, 1903
(1973) .

(11) P. Beak and B. Siegel, J. Am. Chem. Soc., 95, 7919 (1973).
(12) C. C. Cheng and R. K. Robins, J. Org. Chem., 21, 1240 (1956).
(13) An authentic sample of 10, provided by Dr. S. M. Hecht, proved to be 

essentially identical in all respects with the product we obtained using 
his published procedure. It should be noted, however, that owing to what 
we would assume to be a printing error in the original publication, 10 our 
uv spectral data (pH 11, 253 ran) for 10 (see Table i) are different from 
the values (pH 12, 262 nm) previously reported for 10.

(14) It has been previously shown that 4-aminopyrazolo[3,4-d]pyrimidine-3- 
carboxylic acid is decarboxylated during sublimation; see E. C. Taylor 
and A. Abul-Husn, J. Org. Chem., 31, 342 (1966).

(15) P. Schmidt, K. Eichenberger, M. Wiiheim, and D. Druey, Helv. Chim. 
Acta, 43, 763 (1959).

(16) S. Senda, K. Hirota, and G. N. Yang, Chem. Pharm. Bull., 20, 391, 399 
(1972).

(17) See, for instance, J. B. Stothers, “ Carbon-13 NMR Spectroscopy", Ac
ademic Press, New York, N.Y., 1972; G. C. Levy and G. L. Nelson, 
“ Carbon-13 Nuclear Magnetic Resonance for Organic Chemists” , 
Wiley-lnterscience, New York, N.Y., 1972.

(18) R. J. Pugmire, D. M. Grant, L. B. Townsend, and R. K. Robins, J. Am. 
Chem. Soc., 95, 2791 (1973).

(19) R. J. Pugmire and D. M. Grant, J. Am. Chem. Soc., 90, 697 (1968).
(20) R. J. Pugmire and D. M. Grant, J. Am. Chem. Soc., 90, 4232 (1968).
(21) R. J. Pugmire and D. M. Grant, J. Am. Chem. Soc., 93, 1880 (1971).
(22) M. T. Chenon, R. J. Pugmire, D. M. Grant, R. P. Panzica, and L. B. Town

send, J. Heterocycl. Chem., 10, 427 (1973).
(23) M. T. Chenon, R. J. Pugmire, D. M. Grant, R. P. Panzica, and L. B. Town

send, J. Heterocycl. Chem., 10, 431 (1973).
(24) T. C. Thurber, R. J. Pugmire, and L. B. Townsend, J. Heterocycl. Chem., 

11, 645 (1974).
(25) (a) M. T. Chenon, R. J. Pugmire, R. P. Panzica, D. M. Grant, and L. B. 

Townsend, J. Am. Chem. Soc., in press; (b) M. T. Chenon, R. J. Pug
mire, R. P. Panzica, and L. B. Townsend, ibid., in press.

(26) G. P. Kreishman, J. T. Witkowski, R. K. Robins, and M. P. Schweizer, J. 
Am. Chem. Soc., 94, 5894 (1972).

(27) At first glance, it would appear that this statement is contradicted by the 
work of J. Elguero, C. Marzin, and J. D. Roberts, J. Org. Chem., 39, 357
(1974) . These authors studied pyrrole, pyrazole, imidazole, s-triazole, 
v-triazole, tetrazole, and their W-methyl analogs. When comparing the 
free base and the W-methyl base, downfield shifts were noted for both a 
and ¡3 carbons in pyrrole and imidazole. These results, however, simply 
reflect the differences in absolute magnitude of the proton and methyl 
substituent parameters (see ref 25a). The problem is further complicat
ed by inclusion of the various tautomeric structures which exist in the 
di-, tri-, and tetrazoles for which insufficient data has been obtained to 
adequately paramaterize the substituent effects. However, a close ex
amination of the data presented by Elguero et al. clearly demonstrates 
that N-substitution, whether by a proton or a methyl group, consistently 
produces an upfield a  shift. While (3 shifts undoubtedly occur also, their 
magnitude is such (— 1 to — 2  ppm) as to be obscured by structural 
changes and variations in the H/methyl substituent effects.

(28) L. B. Johnson and W. C. Jankowsky, “ Carbon-13 NMR Spectra” , Wiley- 
lnterscience, New York, N.Y., 1972, Spectrum No. 226.

(29) Notation: w =  weak; m =  medium.
(30) Notation: s =  singlet; br s =  broad singlet.
(31) The solid could be recrystallized from toluene to yield colorless crystals 

(80%), mp 98-100.5° (lit. 10 mp 98-99°).



Total Synthesis of Eremophilone J. Org. Chem., Vol. 40, No. 12, 1975 1829

T otal Synthesis o f E rem ophilone

John E. Me Murry,* John H. Musser, Mohammed S. Ahmad, and Larry C. Blaszczak

Thimann Laboratories, University of California, Santa Cruz, California 95064 

Received January 10,1975

A stereoselective total synthesis of (±)-eremophilone (1) is reported starting from the known 7-epinootkatone. 
The synthetic sequence involves reductive deconjugation of 7-epinootkatone to homoallylic alcohol 10. Dehydra
tion of 10 by pyrolysis of its acetate gives triene 18, which can be selectively epoxidized at the more substituted 
double bond to give 19. Mild acid catalyzed rearrangement of this allylic epoxide is effected with lithium perchlo
rate in refluxing benzene, and, after base-catalyzed equilibration of the enone system, a 1:1 mixture of eremophi
lone and its /J,7 -unsaturated isomer, itself a natural product, is produced.

Eremophilone (1) occupies a prominent place in sesquit
erpene chemistry both because of the long and intricate 
history of its structure elucidation, and because of the con
siderable challenge it has provided to synthetic organic 
chemists.2 Eremophilone was isolated in 1932 from the 
wood oil of E rem op h ila  m itch elli, a shrub indigenous to 
Australia, by the great terpene chemist J. L. Simonsen.3 Al
though they proposed an incorrect structure in their initial 
paper, Simonsen and his colleagues continued a series of 
researches through the 1930’s.4 At the suggestion of Robert 
Robinson, Simonsen proposed the correct structure in
1939,5 and eremophilone thus became the first sesquiter
pene found in nature whose structure does not obey the 
biogenetic isoprene rule. Further proof of the correctness of 
the nonisoprenoid structure of eremophilone was added 
over the next two decades,6-8 culminating in 1959 with de
termination of both the relative and the absolute configu
ration.9-12

1

Total synthesis of eremophilone required a further wait 
of 15 years until Ziegler published his successful, though 
nonstereoselective, route in early 1974.13 We wish now to 
report a second, stereoselective, total synthesis of eremo
philone.

General Considerations. The most obvious problems 
one would expect to encounter in a synthesis of eremophi
lone are stereochemical.14 One expected difficulty is in es
tablishing the required cis relationship of the vicinal meth
yl groups, and another is in establishing the isopropenyl 
group in the thermodynamically less favorable stereochem
istry (axial in the chair-chair conformer). Both of these 
stereochemical problems can be overcome immediately, 
however, if one chooses as starting material the Robinson 
annélation product of 2-penten-3-one with 4-isopropenyl- 
2-methylcyclohexanone. Van der Gen and his colleagues 
have studied this reaction in considerable detail, and have 
demonstrated conclusively that the product dimethyliso- 
propenylhexahydronaphthalenone has the desired all-cis 
stereochemistry (7-epinootkatone).15 This result is under
standable if the initial Michael addition occurs axially to 
the methylisopropenylcyclohexanone, and if the pentenone 
is oriented so as to minimize steric interference (i.e., vinyl 
methyl away from ring) and to maximize electrostatic at
tractions (pentenone carbonyl near enolate oxygen).1“-17

With 7-epinootkatone in hand, the problem of eremophi
lone synthesis is then reduced to one of functional group 
interchange.

Results and Discussion
7-Epinootkatone (8) was synthesized from (—)-/3-pinene 

by a modification of Van der Gen’s procedure as outlined in 
Scheme I. Thus d-pinene was ozonized to nopinone (3, 
75%), which was selectively monomethylated in 95% yield 
by treatment with 1.1 equiv of lithium diisopropylamide in 
tetrahydrofuran at —78°, followed by quenching of the eno
late with methyl iodide. Methylnopinone (4) was then 
opened by treatment with aqueous sulfuric acid to give ra
cemic hydroxy ketone 5 (75%). Although we encountered 
considerable difficulty in acetylating this tertiary alcohol 
with acetic anhydride using literature conditions,15 we 
found that 4-A/,Af-dimethylaminopyridine strongly cata
lyzed the reaction,18 and we isolated keto acetate 6 in 95% 
yield. Pyrolysis of this acetate in a stream of nitrogen at 
600° gave 4-isopropenyl-2-methylcyclohexanone (45% 
overall from /3-pinene). Careful reaction of 7 with 2-penten- 
3-one in the presence of sodium amide in liquid ammonia 
then gave 7-epinootkatone. In our hands, annélation pre
cisely according to Van der Gen’s detailed experimental 
procedure gave a rather poor yield of product. If, however, 
we modified the work-up to substitute a chromatographic 
isolation rather than a distillation, a considerably increased 
yield of 7-epinootkatone could be isolated (50% based on 
recovered starting material).

Scheme I

- 8 C0 -
2 Q A
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Scheme II

16

I
13

1

Our original plan for effecting the enone transposition 
necessary to convert 7-epinootkatone into eremophilone 
was to first deconjugate and then remove the carbonyl 
group to generate diene 1 2 . Selective epoxidation of the tri- 
substituted double bond should lead to epoxy olefin 13, 
which we hoped to be able to rearrange to ally lie alcohol 14 
on treatment with strong base. Oxidation would then give 
eremophilone. Both Rickborn19  and Crandall20 have stud
ied the base-induced rearrangement of epoxides and have 
found that the reaction proceeds by syn elimination. In our 
case, however, two different syn eliminations are possible, 
and no suitable examples have been reported to allow us to 
predict one path or the other. Presumably, the epoxide 
bond which breaks is the one which has the better overlap 
with a neighboring syn proton. Models of epoxide 13, how
ever, do not allow a clear prediction to be made in this case. 
We were hopeful, nonetheless, that epoxide 13 might rear
range by breaking the weaker, tertiary, C -0  bond rather 
than the secondary bond. Our plan is summarized in 
Scheme II.

7-Epinootkatone was therefore enol acetylated and re
duced with sodium borohydride according to the usual con
ditions2 1 to give diene alcohol 1 0  (8 8 %) as a 1 : 2  mixture of 
10a and 10b. Although separation of these alcohols could 
be accomplished by high-pressure liquid chromatography 
on Porosil A ,22 we normally used the mixture for our fur
ther reactions. Alcohol 10 was then converted to its 
AfjW.W'jAt'-tetramethylphosphoroamidate, which we at
tempted to hydrogenolyze with lithium in ethylamine ac
cording to Ireland’s procedure.23 The sole reaction product, 
however, was monoolefin 15. Evidently reduction of the 
isolated isopropenyl double bond occurs at a rate similar to

that of phosphorodiamidate hydrogenolysis. Rather than 
immediately turn our attention to solving this problem, we 
decided to epoxidize olefin 15 and use it as a near-perfect 
model to study the projected base-induced epoxide open
ing. When epoxide 16 was prepared and treated with lithi
um di-rc-propylamide in THF, however, epoxide opening 
occurred exclusively in the wrong sense to give tertiary al
cohol 17 rather than the desired secondary alcohol. Spec
tral identification of the product was unequivocal (absence 
of OCH protons, presence of two vinyl protons in the 
NMR). We experimented briefly with the use of other 
bases (e.g., magnesium diisopropylamide) hoping that the 
reaction might take a different course in the presence of a 
Lewis acid cation, since the transition state might now be 
expected to have considerable carbonium ion character, 
thus favoring breakage of the tertiary C -0  bond. These ex
periments were unsuccessful, however.

An alternate method of enone transposition was there
fore necessary, and the homoallylic alcohol 10 which we 
had already obtained seemed a useful starting material, 
since the annular double bond is correctly disposed to allow 
functionalization of the proper positions. We therefore de
hydrated 10 by pyrolysis of the corresponding acetate 
(760°, 51%) and isolated the sensitive triene 18. The conju
gated nature of the two annular double bonds follows from 
the uv spectrum [Amax 237 nm (e 14,200)]. It was our inten
tion to selectively epoxidize the trisubstituted double bond. 
Acid-catalyzed rearrangement should then generate a j3,y- 
unsaturated ketone, which would isomerize to eremophi
lone.

In practice, epoxidation of triene 18 with 1  equiv of m - 
chloroperbenzoic acid at 0° in a methylene chloride-0.5 M  
sodium bicarbonate two-phase system gave a complex mix
ture of products along with recovered starting material. 
High-pressure liquid chromatography on Porosil A22 sepa
rated the product mixture into its components, among 
which we could identify the two epoxides 19 (21%) and 20 
(7%) and the two /8 ,7 ~unsaturated ketones 21 (16%) and 22 
(5%). Fortunately, all four (49% total yield) are useful for 
the synthesis of eremophilone. Evidently the desired epox
ides are partially rearranged even under the mild condi
tions used in their formation. From Dreiding models of 
triene 18, it is clear that peracid should approach the triene 
preferentially from the less hindered a  face, leading to 19 
as the major product.

t
Acid rearrangement would then occur with a 1 ,2 -proton 

migration across the (i face leading to /1 ,7 -unsaturated ke
tone 21. When we treated the two isolated epoxides 19 and 
2 0  with lithium perchlorate in refluxing benzene, 2 4 rear
rangement occurred in near-quantitative yield to give the 
two /1 ,7 -unsaturated ketones 21 and 22, respectively. From 
a preparative standpoint, it was simplest to treat the crude 
epoxidation product with lithium perchlorate directly. 
After so doing, a 3:1 mixture of ketones 21 and 2 2  could be 
isolated in 45% yield. Ketone 2 1 , the major epoxidation- 
rearrangement product, is itself a natural product isolation 
in 1969 from E rem op h ila  m itch e lli , 2 5  Our synthetic se
quence, which presumably results in a cis ring fusion for 
the major isomer, thus further defines the ring junction 
stereochemistry of this minor sesquiterpene.

The total synthesis of eremophilone was completed by
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Scheme III

1

conjugation of ketones 21 and 22 with dilute sodium meth- 
oxide in methanol at room temperature. Our synthetic ere
mophilone was identical with the natural product in all re
spects, including ir, NMR, and mass spectra. Transforma
tions leading to eremophilone are summarized in Scheme
III. Although one might expect a priori that this synthesis 
would result in optically active product, since (+)-/3-pinene 
was used as starting material, this was not the case. Van 
der Gen has shown15 that the acid-catalyzed opening of 
methylnopinone occurs with complete racemization; thus 
(±)-eremophilone results.

Experimental Section
(+) 3-Methylnopinone (4). To a solution of lithium diisopro- 

pylamide, prepared by treating 15 ml of freshly distilled diisopro
pylamine in 100 ml of dry tetrahydrofuran (THF) with n-BuLi (40 
ml of 1.98 M  solution) at —78°, was added a solution of (+)-nopi- 
none15 (10.0 g, 0.072 mol) in 10 ml of THF. After 30 min of stirring 
to form the enolate, the solution was warmed to 0° and 14 ml of 
methyl iodide was added. After stirring for an additional 2 hr, the 
reaction mixture was diluted with water and extracted with ether. 
The combined ethereal extracts were washed with dilute HC1 and 
with saturated brine, then filtered, dried (Na2S04), and concen
trated to give a pale yellow oil [10.4 g, 95%, bp 50° (2 mm)] whose 
physical properties correspond to those reported.16

4-(l'-Acetoxyisopropyl)-2-methylcyclohexanone (6 ). 3-
Methylnopinone was treated with aqueous sulfuric acid exactly as 
reported15 to give 4-(T-hydroxyisopropyl)-2-methylcyclohexanone
(5) in 75% yield. Hydroxy ketone 5 (4.6 g, 0.027 mol), 4-N,N-di- 
methylaminopyridine (0.8 g), and acetic anhydride (8 ml) were dis
solved in 25 ml of freshly distilled triethylamine, and the solution 
was stirred at room temperature for 7 hr. Methanol (10 ml) was 
then added to remove excess anhydride, and the mixture was then 
concentrated at the rotary evaporator. The residue was taken up in 
ether, then washed with water, dilute HC1, dilute sodium bicarbon
ate, and saturated brine. The ethereal solution was then dried 
(Na2S04), filtered, and concentrated to give keto acetate 6 as a 
pale yellow oil with physical properties identical with those re
ported15 (5.4 g, 95%).

7-Epinootkatone (8). Keto acetate 6 was pyrolyzed at 575° as 
reported15 to give 2-methyl-4-isopropenylcyclohexanone (7, 80%), 
and this material was treated with 2-penten-3-one using van der 
Gen’s conditions. Thus a solution of 7 (4.0 g, 0.026 mol) in 10 ml of 
dry dimethoxyethane containing 10 mg of triphenylmethane indi
cator was added over 30 min to a solution of sodium amide in 150 
ml of dry liquid ammonia (0.7 g of sodium, 0.030 mol). After 30 
min of stirring, an additional 30 ml of dry dimethoxyethane was 
added, and the ammonia was allowed to evaporate. A solution of 
2-penten-3-one (2.6 g, 0.030 mol) in 20 ml of dry dimethoxyethane 
was slowly added, and the solution was stirred overnight at ice

temperature. The reaction mixture was then diluted with water 
and extracted with ether. The ethereal extracts were dried 
(Na2S0 4), filtered, and concentrated to a residue which was dis
solved in 50 ml of methanolic sodium hydroxide and refluxed for 7 
hr. After dilution with water, this solution was extracted with 
ether. These extracts were washed with water and with brine, then 
dried (Na2SC>4), filtered, and concentrated. High-pressure liquid 
chromatography (HPLC) on Porasil A22 (16 ft X 0.25 in.) gave 2.8 g 
(50%) of 7-epinootkatone whose physical properties correspond to 
those reported.16

Enol Acetate 9. A solution of 7-epinootkatone (8, 6.47 g, 29.7 
mmol) in 50 ml of dry THF was added to a degreased suspension 
of sodium hydride (2.43 g of 57% dispersion in mineral oil, 38.0 
mmol) in 100 ml of dry THF. Hexamethylphosphoramide (100 ml) 
was added, and the reaction mixture was stirred for 4 hr under ni
trogen at room temperature. Acetic anhydride (6.05 g, 0.059 mol) 
in 50 ml of THF was added, and the mixture was stirred for an ad
ditional 30 min, then diluted with water and extracted with ether. 
The ether extracts were combined, washed with saturated brine, 
dried (Na2S0 4), filtered, and concentrated to yield enol acetate 9 
(7.72 g, 100%): ir (neat) 1765 cm "1; NMR (CC14) 5 0.92 (d, 3 H, J = 
6 Hz), 0.97 (s, 3 H), 1.76 (s, 3 H), 2.13 (s, 3 H), 4.74 (s, 2 H), 5.70 
(broad s, 2 H). This material was used without further purifica
tion.

Homoallylic Alcohol 10. Enol acetate 9 (7.72 g, 0.0297 mol) was 
dissolved in 100 ml of ethanol and, after cooling to 0°, was added 
to a solution of sodium borohydride (3.84 g, 0.081 mol) in 200 ml of 
ethanol. The solution was stirred overnight at 0°, then heated to 
reflux, and 100 ml of 5% aqueous sodium hydroxide was added. 
After concentration at the rotary evaporator, the residue was acidi
fied with dilute HC1 and extracted with ether. The ether extracts 
were combined, washed with water and with brine, then dried 
(Na2S0 4), filtered, and concentrated. Column chromatography of 
the residue on 350 g of silica gel gave alcohol 10 (6.95 g, 88%) as a 
1:2 mixture of 10a and 1 0b after elution with 20:1 hexane-ethyl ac
etate. Alcohol 1 0b had the following properties: ir (neat) 3380 
cm“ 1; NMR (CCU) 5 0.88 (d, 3 H, J  = 6 Hz), 0.93 (s, 3 H), 1.73 (s, 3 
H), 4.67 (s, 2 H), 5.42 broad s, 1 H); mass spectrum m/e (rel inten
sity) 220 (P+, 7.6).

Anal. Calcd for Ci5H240: C, 81.76; H, 10.98. Found: C, 81.81; H, 
11.16.

Triene 18. Homoallylic alcohol 10 (4.16 g, 0.0189 mol), acetic 
anhydride (5.74 g, 0.054 mol), and 4-lV,A-dimethylaminopyridine 
(5 mg) were dissolved in 30 ml of triethylamine, and the resulting 
solution was stirred for 2 days at room temperature. Methanol (10 
ml) was then added, and, after 30 min of stirring, the reaction mix
ture was concentrated at the rotary evaporator. The residue was 
taken up in ether, and the ether solution was washed with dilute 
HC1, with dilute bicarbonate, and with brine, then dried (Na2S0 4) 
and concentrated. The residue was chromatographed on 200 g of 
silica gel to give the desired acetate (2.69 g, 60%) along with recov
ered starting material (1.83 g, 45%). The desired acetate had the 
following spectral properties: ir (neat) 1730 cm-1; NMR (CC14) 5 
0.87 (d, 3 H, J  = 6 Hz), 0.96 (s, 3 H), 1.75 (s, 3 H), 1.98 (s, 3 H),
4.75 (s, 2 H), 5.55 (m, 1 H).

This acetate, corresponding to 10 (0.84 g, 0.0032 mol), was dis
solved in 6 ml of benzene and slowly passed into a quartz pyrolysis 
tube which was heated to 760° and swept by a stream of nitrogen 
as carrier gas (150 ml/min). Upon cooling, the column was rinsed 
with ether, and the ethereal pyrolysate solution was washed with 
dilute bicarbonate and with brine, then dried (Na2S0 4), and con
centrated. The residue was then subjected to HPLC on Porasil A22 
(16 ft X 0.25 in.). After elution of triene 18 (300 mg), a small 
amount of recovered starting material was eluted (70 mg). Triene 
18 had the following properties: ir (neat) 882 cm-1; uv \max 229 nm 
(t 15,200), 237 (14,200), 243 (10,000); NMR (CC14) S 0.85 (d, 3 H, J 
= 6 Hz), 0.90 (s, 3 H), 1.76 (s, 3 H), 4.78 (s, 2 H), 5.44 (m, 1 H), 5.57 
(m, 2 H); mass spectrum m/e (rel intensity) 202 (P+, 22), 119 (100).

Anal. Calcd for C15H22: C, 89.04; H, 10.96. Found: C, 89.16; H,
10.85.

Epoxide 19. Triene 18 (350 mg, 1.73 mmol) was dissolved in 10 
ml of methylene chloride and added to 10 ml of 0.5 M  sodium bi
carbonate at 0°. m-Chloroperbenzoic acid (350 mg, 1.75 mmol) in 
25 ml of methylene chloride was slowly added and the reaction 
mixture was stirred for 2 hr at 0°. The organic phase was then sep
arated, washed with dilute bicarbonate and with brine, then dried 
(Na2S0 4), filtered, and concentrated. HPLC on Porasil A22 then 
gave, in order of elution, recovered triene 18 (80 mg, 0.40 mmol); 
epoxide 19 (60 mg, 21% based on recovered material); epoxide 20 
(20 mg, 7%); ketone 21 (47 mg, 16%); ketone 22 (15 mg, 5%). Epox
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ide 19 had the following spectral properties: ir (neat) 880 cm 1; 
NMR (CCU) S 0.95 (d, 3 H, J = 6 Hz), 1.27 (s, 3 H), 1.72 (s, 3 H), 
4.70 (s, 2 H), 5.60 (m, 2 H); mass spectrum m/e (rel intensity) 218 
(P+, 6), 91 (100).

j5,-y-Unsaturated Ketone 21. Epoxide 19 (140 mg, 0.64 mmol) 
was dissolved in 30 ml of dry benzene and refluxed with 70 mg of 
dry, powdered LiCICL under nitrogen for 1 hr. After cooling, the 
reaction mixture was diluted with ether, and the solution was 
washed with water and with brine, then dried (Na2SO,i), filtered, 
and concentrated. HPLC on Porasil A22 gave recovered epoxide 19 
(23 mg, 0.11 mmol) and /3,7-unsaturated ketone 21 (112 mg, 96% 
based on recovered epoxide): ir (neat) 1710, 885 cm-1 ; NMR 
(CCU) b 0.85 (d, 3 H, J = 6 Hz), 0.98 (s, 3 H), 1.78 (s, 3 H), 4.80 (s, 
2 H), 5.70 (m, 2 H); mass spectrum m/e (rel intensity) 218 (P+, 16), 
93 (100).

The infrared and NMR spectra of this synthetic material were 
identical with those of the natural product.28

Eremophilone (1). A 3:1 mixture of the unsaturated ketones 21 
and 22 (110 mg, 0.50 mmol) was dissolved in 20 ml of methanol to 
which a trace of sodium had been added, and the reaction mixture 
was refluxed for 30 min to isomerize the double bond. Ether wa: 
added, and the solutioniwasiwashed with dilute HC1 and with 
brine, then dried (MgSO-i), filtered, and concentrated. HPLC of 
the residue on Porosil A gave 21 (43 mg, 39%) and eremophilone (1, 
45 mg, 41%). Synthetic eremophilone had the following physical 
properties: ir (CCU) 1685, 1620, 885 cm“ 1; NMR (CC14) b 0.95 (d, 3 
H, J  = 6 Hz), 0.97 (s, 3 H), 1.75 (s, 3 H), 4.75 (s, 2 H), 6.48 (t, 1 H); 
mass spectrum m/e (rel intensity) 218 (P+, 71), 108 (100). The in
frared and NMR spectra of this synthetic material are identical 
with those of the natural product.26

Anal. Calcd for C15H22O: C, 82.52; H, 10.16. Found: C, 82.46; H,
10.37.

Registry No.— 1, 53797-64-1; 4, 27040-88-6; 5, 34182-10-0; 6 , 
34181-38-9; 8, 38906-83-1; 9, 54798-77-5; 10a, 54798-78-6; 10a ace
tate, 54798-79-7; 10b, 54798-80-0; 10b acetate, 54798-81-1; 18, 
54868-33-6; 19, 54798-82-2; 20, 54831-49-1; 21, 54831-50-4; 22, 
54868-34-7; lithium diisopropylamide, 4111-54-0; (+)-nopinone, 
473-60-9.
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Eremophilone (1 ), probably the best known sesquiter
pene because of its unique nonisoprenoid structure,2 -3 has 
only recently been synthesized,4 culminating over 40 years 
of fascinating chemistry. A few years ago we demonstrated 
the cooccurrence of the /j,y-unsaturated isomer of eremo
philone, 7a(H)-eremophila-l ,11 -dien-9-one (2), in the 
ether extract o f the wood o f E rem op h ila  m itch e lli .5 We 
now report the efficient conversion of natural eremophi
lone into 7a(ff)-eremophila-l,ll-dien-9-one by alkaline de
conjugation using potassium iert-butoxide. Thus, an erem- 
ophilone-rich (92% eremophilone, 5% 7a(flj-eremophila-
l,ll-dien-9-one) mixture, on stirring for 1 hr at room tem
perature with 5.6 equiv of potassium ierf-butoxide in te r t -  
butyl alcohol, gave, after quenching with water, a mixture 
containing 8 8 % 7«(//)-eremophila-l,ll-dien-9-one and 6 % 
eremophilone. It is interesting that the equilibrium compo
sition of a mixture of ketones 1  and 2  comprises approxi
mately a 1 : 1  ratio of the two rather than a great preponder
ance of the a,/3-unsaturated ketone as might have been ex
pected. The apparent decreased stability of 1  must arise 
from the increased steric interaction of the C-4 and C-5 
methyl groups in 1 as compared to 2 . As previously men
tioned, this presumably is responsible for the deshielding 
(~0.1 ppm) of the C-4 methyl group in 1  relative to the cor
responding methyl group in 2.5

I  A 1(,0) 3, A 1110' 6 , A 1<10)
2, A 1'"1 4, A9' 101 7, A9,101
5! 10 ß ( H )

When eremophilone was reduced with lithium aluminum 
hydride in the presence of aluminum chloride (1 : 2  molar 
ratio of LiAItLi to A1C13) in ether, a complex mixture of 
products was obtained, which was separated by chromatog
raphy on alumina into a hydrocarbon fraction (42% by 
weight) and a ketone fraction (58%). The hydrocarbon frac
tion was composed of two major components (50 and 30%, 
respectively, by GLC), which were collected by preparative 
GLC. The major hydrocarbon (>98% pure by GLC) ap
peared similar to eremophilene on cursory inspection (ir, 
NMR), but direct comparison with an authentic sample of 
eremophilene (3) showed that, in fact, the two hydrocar
bons differed by GLC and in their ir, NMR, and mass spec
tra. 6 However, under identical conditions both this hydro
carbon and eremophilene were reduced to the same satu
rated hydrocarbon, eremophilane. On the basis of its NMR 
spectrum, in particular the appearance of olefinic protons 
at 5  5.40 (1 , m) and 5 4.78 ( 2  H, br s), its nonidentity with 
eremophilene (3), and its method of preparation, this prod

uct has been assigned the structure 7a(H)-eremophila-
9,11-diene (4). Owing to insufficient material, the second 
hydrocarbon has not been fully characterized, but it is not 
identical with eremophilene and appears to be a rearranged 
product. It has been reported that a 1:2 ratio of L1AIH4 to 
AICI3 leads to preferential shifting of the double bond to 
the original carbonyl carbon. 8

The above-mentioned ketone fraction consisted predom
inantly of one substance (70% by GLC) which was collected 
by preparative GLC and shown to be identical with cis- 
dihydroeremophilone (5) by GLC and ir, NMR, and ORD 
spectral comparisons. The conjugate reduction of a,/3-un
saturated carbonyls with mixed hydrides has previously 
been reported and appears to be sensitive to the LiAlH, to 
AICI3 ratio.9 Attempts to convert eremophilone into eremo
philene via reduction of the thioketal or by Wolff-Kishner 
reduction met with no success. Likewise, plans to convert 
eremophilone into valencene were frustrated when prefer
ential oxidation of the isopropenyl group by the Lemieux 
von Rudloff reagent or by osmium tetroxide failed.

On treatment with m-chloroperbenzoic acid, eremophi
lone gave eremophilone 1 1 -oxide, obtained in pure form 
(>95% by GLC) by chromatography on neutral alumina. 
Reduction of this oxide with lithium aluminum hydride in 
ether gave a complex mixture, the GLC of which showed 
two major components (50 and 30%, respectively). On fur
ther reduction with lithium aluminum hydride-aluminum 
chloride, as described above, this mixture gave a complex 
mixture containing only one major component (52% by 
GLC). Chromatography on alumina gave a pure product 
(>97% by GLC), similar to but distinctly different by ir 
and NMR from eremoligenol (6 ) . 10  In view of its spectral 
properties, in particular the appearance in the NMR of a 
single olefinic proton at <5 5.40, similarity to eremoligenol, 
and the above-mentioned results, this product has been as
signed the structure 7a(//)-eremophila-9-en-ll-ol (7).

Experimental Section 1 1

7a(H)-Eremophila-l,ll-dien-9-one (2). Forty milligrams of 
an eremophilone-rich mixture (92% eremophilone, 5% la (H (-ere
mophila-1,11-dien-9-one by GLC) in 2 ml of dry terf-butyl alcohol 
was added to a solution prepared by adding 40 mg of potassium to 
25 ml of dry ¿erf-butyl alcohol.12 After stirring at room tempera
ture in a nitrogen atmosphere for 1 hr, 100 ml of water was added 
and the solution was extracted with ether. Washing with water, 
drying (sodium sulfate), and removal of the ether gave 37 mg of a 
pale yellow oil, which on GLC analysis (3% SE-30) showed 88% 
7a(/i)-eremophila-l,ll-dien-9-one identified by ir, NMR, and 
ORD comparisons with an authentic sample.

Equilibration of 1 and 2. In an attempt to establish the equi
librium between 1 and 2, 10 mg of a mixture of eremophilone and 
isoeremophilone (57:43) was added to 2 ml of ethanol, and to this 2 
ml of 0.5 N  hydrochloric acid was added and the solution was al
lowed to stand in a nitrogen atmosphere at room temperature. Pe
riodic analysis by GLC (3% SE-30) showed essentially no change in 
composition of the mixture, even after 24 hr. In another experi
ment, to 10 mg of the above-mentioned eremophilone-isoeremo- 
philone mixture in 2 ml of methanol was added a solution contain
ing 1 mg of sodium methoxide in 2 ml of methanol in a nitrogen at
mosphere. After 1 hr at room temperature there was no change in 
the mixture composition. Likewise, there was no change after 2 hr 
of reflux. Use of more concentrated base and more drastic condi
tions resulted in the destruction of 1.

Reduction of Eremophilone with LiAlH(- A!CL. To 0.152 g 
of lithium aluminum hydride in 20 ml of dry ethyl ether was added
1.06 g of anhydrous aluminum chloride followed by 0.218 g of ere-
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mophilone in 5 mi of dry ether. The reaction mixture was stirred 
for 1 hr at room temperature, refluxed for 2 hr, then cooled in an 
ice bath and cold water was added until no further reaction oc
curred. After filtration, the solution was extracted with ether and 
the latter extract was washed with aqueous bicarbonate, then brine 
and finally dried and concentrated to give 0.179 g of a pale yellow, 
mobile liquid. Chromatography of the latter on 10 g of activity I 
neutral alumina gave 0.074 g of a hydrocarbon fraction in the pe
troleum ether eluent and 0.102 g of a ketone fraction in the ethyl 
ether eluent. GLC analysis (5% Carbowax. column) of the hydro
carbon fraction showed two major components (50 and 30%, re
spectively), while GLC analysis of the ketone fraction (3% SE-30) 
showed one major component (70%). Preparative GLC (5% Ucon 
polar) gave 7«(H)-eremophila-9,11-diene (4) as the major compo
nent (>98% purity by GLC): cmax (CC14) 1640, 882 c m '1; 5 (CC14) 
0.94 (3 H, d, J  = 6 Hz), 1.03 (3 H, s), 1.82 (3 H, s), 4.78 (2 H, br s), 
5.40 (1 H, m); ORD (c 0.06, CH3OH), plain negative curve [0]s89 
—80.2°; mol wt by mass spectrometry (peak-to-peak distance mea
surement using 1,2-dichlorooctafluoroeyclohexene-l as reference) 
204.186 (calcd for C15H24, 204.188).

Anal. Calcd for CisH24: C, 88.16; H, 11.84. Found: C, 88.00; H, 
11.90.

A comparison of the ir and NMR spectra of 7a(H)-eremophila- 
9-11 -diene (4) with those of eremophilene (3) showed that they 
were nut identical and a dhect comparison with an authentic sam
ple of eremophilene by GLC showed their nonidentity (5% Car- 
bowax column).6 However, hydrogenation (Pt, EtOH) of both 
dienes gave the same saturated hydrocarbon as determined by 
GLC (5% Carbowax column) and mass spectral analysis. The 
major component of the ketone fraction was collected by prepara
tive GLC (3% SE-30 column) and was identified as cis-dihydroere- 
mophilone7 by GLC, ir, ORD, and NMR: 5 (CC14) 0.93 (d, J  = 5 
Hz). 1.15 (3 H, s), 1.87 (3 H, s), 4.85 (2 H, br s).

7 a ( i / ) - E r c m o p h i l- 9 - e n - l  l - o l  (7 ). To 0.436 g of eremophilone 
(containing ~15% isoeremophilone) in 15 m l of anhydrous ether, 
0.406 g of m-chloroperbenzoic acid (85% active) was added and the 
solution was stirred at room temperature for 24 hr. After addition 
of water, the solution was extracted with ether and the combined 
ether extracts were washed with aqueous sodium bicarbonate, then 
brine and finally concentrated to give 0.45 g of a colorless liquid. 
GLC analysis (3% SE-30 column) showed one major peak (80%). 
No starting material remained. Chromatography on neutral alumi
na (activity II—III) gave eremophilone 11-oxide (95% purity by 
GLC) in the benzene eluent: 5 (CC14) 0.97 (3 H, s), 0.99 (3 H, d, J = 
5.5 Hz), 1.27 (3 H, s), 6.46 (1 H, t, J  = 3.8 Hz); complete disappear
ance of band at 896 cm-1 in ir.

To 50 mg of lithium aluminum hydride in 20 ml of anhydrous 
ether was added a solution of 400 mg of eremophilone 11-oxide in 5 
ml of dry ether and the solution was stirred at room temperature 
for 1 hr and then refluxed for 2 hr. The solution was then cooled, 
moist ether was added, and, after filtration, the ether layer was 
dried and concentrated to give 0.375 g of a colorless, viscous liquid, 
the GLC (3% SE-30) of which showed a complex mixture contain
ing two major components (50:30). This crude product (0.242 g) 
was dissolved in 10 ml of anhydrous etheT containing 0.133 g of an
hydrous aluminum chloride and this was added to a solution of 
0.076 g of lithium aluminum hydride and 0.399 g of anhydrous alu
minum chloride in 15 ml of anhydrous ether. The reaction mixture 
was stirred at room temperature for 1 hr and then refluxed for 2 
hr. After the usual work-up, 0.201 g of a viscous liquid was ob
tained, the GLC (3% SE-30) of which showed a complex mixture 
with one component (51%). Chromatography on 10 g of neutral 
alumina (activity II—III) gave in the benzene-ether (96:4) eluent 16 
mg of 7a(H)-eremophil-9-en-ll-ol (7, 97% by GLC on 3% SE-30 
and 15% Carbowax 2014 columns). This product was not identical, 
by ir and NMR comparisons, with eremoligenol (6):10 (CC14)
3600, 3460, 1665 cm-1; 5 (CC14) 0.93 (unresolved doublet, J  ^  6 
Hz), 1.04 (3 H, s), 1.22 (3 H, s), 1.27 (3 H, s), 5.40 (1 H, m); mol wt 
by mass spectrometry (peak-to-peak distance measurement using 
1,2-dichlorooctafluorocyclohex.ene-l) 222.187 (calcd for C15H26O, 
222.198).

R e g is t r y  N o .— 1, 562-23-2; 2, 22489-11-8; 4, 54868-40-5; 5, 
54814-46-9; 7, 54832-19-8; eremophilone 11-oxide, 54814-47-0; 
LiAlH4, 16853-85-3.
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We wish to report a new, mild conversion of ketones to 
the corresponding methylene derivatives. The conversion 
involves the reduction of tosylhydrazones with catecholbor- 
ane followed by decomposition of the reduction product 
(Scheme I).
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The conversion of carbonyl compounds to their corre
sponding methylene derivatives is one of the key transfor
mations in organic synthesis. Not surprisingly, a great deal 
of literature exists concerning this transformation.1 The re
duction procedures that are generally employed utilize 
strong acids or bases which preclude the presence of sensi
tive functional substituents.2 The more recently reported 
reduction procedures involve the less reactive hydride re
agents and carbonyl derivatives.3,4 However, these new 
procedures involve the utilization of large excesses of hy
dride.3 We felt that the reduction of tosylhydrazones with 
catecholborane would be an ideal way to achieve the reduc
tion of carbonyl compounds. The tosylhydrazones are read
ily prepared, requiring no acid or base catalysis.3® Further
more, the use of the mild, commercially available (Aldrich) 
catecholborane negates the need for excess hydride, which
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should permit the reduction of functionally substituted 
carbonyl compounds.5’6

A reasonable mechanism for the reduction is outlined in 
Scheme II and is based on analogy to known reactions. 
Thus, it has long been recognized that organoboranes 
which contain an electronegative substituent /? to the boron 
atom are prone to elimination, especially in the presence of 
nucleophiles.7,8 Furthermore, diazenes are unstable and de
compose to yield alkanes in the presence of proton 
sources.9*10

The reaction appears to be a general one, producing good 
yields of the reduction products. It depends only on the 
availability and stability of the tosylhydrazone derivative. 
Owing to the mildness of the reaction, we feel that it should 
be applicable to a variety of substituted ketones.6

Our results are summarized in Table I.

Table I
Conversion of Ketones to the Corresponding 

Methylene Derivatives“

Ketone û Registry no. Product^ R egistry no. Y ie ld , %c

2-Octanone 111-13-7 Octane 111-65-9 91 (SI)4
Isophorone 78-59-1 3,5,5-Tri- 933-12-0 41

methyl-
cyclo
hexene'1

Cyclohexa- 108-94-1 Cyclo- 110-82-7 92
none hexane

2-Methyl- 583-60-8 Methyl- 108-87-2 64
cyclo- cyclo-
hexanone hexane

Norborna- 497-38-1 Norbor- 279-23-2 63
none nane

Table II
Melting Points of the Tosylhydrazones Utilized

Ketone
o

Registry no. Mp, C

2 -Odanone 
Isophorone 
Cyclohexanone 
2 -Methylcyclohexanone 
Norbornanone

54798-76-4 96.5-98 
21195-62-0 142-144 
4545-18-0 155-158 

52826-41-2 112-114 
38397-34-1 194-196

90.8% yield of octane with no evidence for alkene formation. The 
product was distilled from the reaction mixture, bp 124-127°. The 
yield of octane was 4.78 g (81%).

Acknowledgment. We wish to thank the Research Cor
poration for support of this study.

References and Notes
(1) See, for example, (a) W. Reusch, “ Reduction” , R. L. Augustine, Ed., 

Marcel Dekker, New York, N.Y., 1968, pp 171-211; (b) H. O. House, 
“ Modern Synthetic Reactions” , 2nd ed, W. A. Benjamin, Menlo Park, 
Calif., 1972, Chapter 4.

(2) For example the strongly basic conditions required in the Woiff-Kishner 
reductions preclude the incorporation of functionality such as amide, 
ester, cyano, halogen, etc. A similar situation holds for the Clemmensen 
reduction.

(3) See, for example, (a) R. 0. Hutchins, C. Milewski, and B. Maryanoff, J. 
Am. Chem. Soc.. 95, 3662 (1973); (b) L. Caglioti, Tetrahedron, 22, 487
(1966).

(4) Another useful route involves the reduction of the ketone to the corre
sponding alcohol, transformation of the alcohol to a suitable leaving 
group, and displacement of that group with hydride reagents: C. W. Jef- 
ford, D. Kirkpatrick, and F. Daley, J. Am. Chem. Soc., 94, 8905 (1972).

(5) Control experiments indicated that catecholborane did not react with n- 
octyl bromide and acetonitrile after 2  hr under the conditions reported. 
Even more surprising, 1-octene was not hydroborated after 4 hr by ca
techolborane at 0° in CHCI3 .

(6 ) Boron hydrides react extremely rapidly with carbonyl groups and their 
derivatives. See H. C. Brown, “ Boranes in Organic Chemistry” , Cornell 
University Press, Ithaca, N.Y., 1972, pp 227-251.

(7) D. J. Pasto and R. Snyder, J. Org. Chem., 31, 2777 (1966).
(8 ) H. C. Brown and R. M. Gallivan, J. Am. Chem. Soc., 90, 2906 (1968).
(9) C. E. McKenna and T. G. Traylor, J. Am. Chem. Soc., 93, 2313 (1971).

(10) It should be noted that the reduction of isophorone occurs with migration 
of the double bond. This phenomenon has been cited as evidence 
against a mechanism involving carbanion formation. See, for example, 
ref 3a.

(11) Melting points and boiling points are uncorrected. NMR spectra were ob
tained using a Varian Associates A-60 instrument.

(12) Methylene chloride gives similar results.
(13) Sodium acetate induces the decomposition of the intermediate 2. The 

product is obtained in lower yields if no acetate is added.
(14) The product may also be obtained in an identical yield by stirring the 

mixture at room temperature for 24 hr.

Reaction o f o-Chlorotoluene with Alkali Amides. 
A Study o f the Metal Effect in Benzyne Reactions
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“ The ketones were first converted to the corresponding tosyl
hydrazones. b Products exhibited physical and spectral parameters 
in agreement with those of authentic samples. c GLC analysis. 
d Isolated yield. e Reduction occurs with migration of the double 
bond.

Experimental Section 11

Materials. The tosylhydrazones (Table II) were prepared ac
cording to the method described by Hutchins et al.3a

General Procedure for Reductions. The reduction of 2-octa- 
none is representative. The tosylhydrazone of 2-octanone (52.7 
mmol, 15.64 g) was dissolved in 105 ml of chloroform at —10°.12 
Catecholborane (58 mmol, 6.31 ml) was added and the hydrobora- 
tion was allowed to proceed for 20 min. Sodium acetate trihyd
rate13 (155 mmol, 21.1 g) was then added and the reaction mixture 
was brought to a gentle reflux for 1 hr.14 GLC analysis indicated a

Received June 12, 1974

Since the pioneering work by Wittig1 and Roberts2 on 
the chemistry of arynes, extensive research has been done 
in this area. A monograph which summarizes much of this 
work has appeared.3 Roberts4 and coworkers have observed 
that th e  r ea c tio n  o f  o -ch lo ro to lu en e  w ith  p o ta ss iu m  am ide  
y ie ld s  o- and  m -to lu id in e  in  a p p r o x im a te ly  equ al 
a m ou n ts. This result is surprising, since one would expect 
the inductive effect of the methyl group to operate in such 
a way as to make the amount of the ortho isomer which is 
formed much greater than that of the meta isomer. For ex
ample, treatment of p-chlorotoluene with potassium amide 
in liquid ammonia yields m - and p-toluidine in a 3:2 ratio,
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meta to para, respectively. Roberts suggested that the low 
yield of the ortho isomer may be due to the operation of a 
steric factor. It is conceivable that the methyl group offers 
some steric hindrance to the attacking species, be it ammo
nia or amide ion. Additionally, Roberts et al.4 have ob
served that th e  r ea c tio n  o f  o -ch lo ro to lu en e  w ith  sod ium  
a m id e in liqu id  am m onia  y ie ld s  o- and  m -to lu id in e  in  a 
ra tio  o f  2:1. If one is to argue that steric hindrance of the 
methyl group makes it difficult for the carbon atom which 
is ortho to be attacked by amide ion or ammonia, it is hard 
to offer a reasonable explanation for the difference in the 
isomer distribution which is obtained by the action of sodi
um and potassium amide with o-chlorotoluene in liquid 
ammonia.

The change in isomer distribution may be linked to the 
amide’s counterion. With this in mind, three experiments 
were conducted, viz., the reaction of o-chlorotoluene with 
lithium, sodium, and potassium amide. The results are list
ed in Table I.

Table I
Reactions of o-Chlorotoluene with Alkali Amides, MNH2

M % o-toluidine 1Yo m -toluidine Ratio, 0 - :  m-

Li 73 27 ~3:1
Na 67 33 2:1
K 54 46 ~1:1

In this study the isomer distributions were determined 
by vapor phase chromatography. Reference to Table I 
shows that as the metal is varied from lithium to sodium to 
potassium, the percentage of o-toluidine decreases in this 
order. A possible explanation for this trend follows. It is 
probable that the metal cation-amide anion bond has some 
degree of covalency. The extent of covalent bonding should 
increase as the metal cation is varied from potassium to so
dium to lithium since the ionic radii of the metal cations 
are as follows: Li+, 0.6 A; Na+, 0.95 A; and K+, 1.22 A.5 
Thus lithium ion, having a greater concentration of charge, 
would have an inherently greater polarizing effect upon the 
amide ion than would sodium or potassium. This would 
lead to greater covalent bonding in lithium amide than in 
sodium or potassium amide.

The differences in the basicities of the alkali amides is 
also a basis for the contention that there are differences in 
covalent bonding in alkali amides. Leake6 found that the 
reaction of sodium and potassium amide with chloroben
zene gives fair yields of aniline whereas the same reaction 
with lithium amide gives no aniline and results in a high re
covery of chlorobenzene. Since Roberts and coworkers4 
have been able to show that the rate-determining step of 
the benzyne reaction is the abstraction of a benzenoid hy
drogen atom by a strong base, it is possible that Leake’s re
sults may be due to differences of basicity of the alkali am
ides. It is likely that the degree of covalency in the alkali 
amide series is related to their basicity. The more the elec
tron pair of the basic nitrogen is called on for bond forma
tion, the less it will be available for acid-base reactions. 
Thus lithium amide would be the least basic, since it prob
ably has the highest degree of covalency.

If the assumption is made that the alkali amides have 
different degrees of covalency in liquid ammonia, then the 
results become intelligible on the basis of steric repulsion 
in the transition state. The transition state is pictured as 
involving the bond formation between the 2-toluyne and 
the lone pair of electrons on the nitrogen atom of the alkali 
amide. The geometry of the metal amide is dependent 
upon the degree of covalency of the metal-nitrogen bond.

The more covalent the metal-nitrogen bond is, the more 
sp3 character it will have. Conversely, the less covalent 
character the metal-nitrogen bond has, the more sp charac
ter it will have. The proposed transition state of the addi
tion of lithium amide to the toluyne is represented by 1. It

CH,

cT
1

is seen that there is very little steric repulsion between the 
methyl group of 2-toluyne and the hydrogen atoms of the 
amide ion because the geometry of the amide ion is proba
bly much closer to a tetrahedron (sp3 hybridization) than 
to a linear molecule (sp hybridization) owing to the in
creased covalency of the lithium amide species. Thus, the 
ortho isomer can be formed without much difficulty, since 
there is little interaction between the methyl group and the 
hydrogen atoms of the amide ion.

However, since potassium amide is not as covalent a 
compound as lithium amide, it probably has a larger degree 
of sp character and thus there will be steric repulsion be
tween the methyl group and the amide ion hydrogen atoms. 
The proposed transition state for the addition of potassium 
amide to 2-toluyne is shown in 2.

Thus, it appears likely that the metal associated with the 
alkali amide makes an important contribution to the ob
served results. The ability of the metal to coordinate with 
the amide ion in varying degrees probably controls the ge
ometry of the transition state. It should also be pointed out 
that the nucleophilicity (because of basicity and solvation 
effects) increases in the order LiNH2 < NaNH2 < KNH2. 
Furthermore, it is known7 that the species of greatest nu
cleophilicity (KNH2 is this case) results in the least selec
tivity, which in the present experiments would oppose the 
steric effect and would agree with the results reported in 
Table I.

Experimental Section
Vapor Phase Chromatography. The isomer distribution anal

yses were performed with a Kromo-Tog K-2 vapor phase chroma
tograph. Good resolution of the o- and m-toluidine mixture (reten
tion times: o-toluidine, 26.5 min; m-toluidine, 30.5 min) was ob
tained by use of a column containing 10% UCON HB-2000 on Fluro- 
pak-80 using helium as the carrier gas at a flow rate of 80 ml/min, a 
detector voltage of 170 mA, and a temperature of 130°.

Reaction of o-Chlorotoluene with Sodium Amide in Liquid 
Ammonia. Liquid ammonia (500 ml) and a few crystals of ferric 
nitrate were added to a 1-L, three-neck, round-bottom flask 
equipped with a slip-seal stirrer, Dry Ice condenser, and a glass 
plug. Sodium (4.6 g, 0.2 mol) was added over a 10-min period. 
After the discharge of the blue color 12.7 g (0.1 mol) of o-chloroto
luene was added dropwise over a 15-min period. The reaction was 
allowed to continue for 15 min. Then 13.5 g (0.25 mol) of ammoni
um chloride was added. The Dry Ice condenser was replaced by a 
West condenser, 150 ml of ether was added, and the ammonia was 
removed by heating on a water bath. The reaction mixture was 
poured onto an ice-hydrochloric acid slurry and was extracted 
with three 100-ml portions of ether. The residual aqueous phase 
was made basic with sodium carbonate and extracted with three 
100-ml portions of ether. The combined ether extracts were dried 
over sodium sulfate. After evaporation of the solvent, a liquid resi-
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due (6.4 g, 60%) containing a mixture of o- and m-toluidine was 
obtained. The mixture consisted of 67% o-toluidine and 33% m- 
toluidine as determined by vapor phase chromatographic analysis. 
In addition 4.0 g (31.5%) of o-chlorotoluene, bp 157-159° (760 
mm), was recovered.

Reaction of o-Chlorotoluene with Lithium Amide in Liquid 
Ammonia. Using the same procedure as that which was employed 
with sodium amide and o-chlorotoluene, the reaction of lithium 
amide (0.2 mol) and o-chlorotoluene (12.7 g, 0.1 mol) gave upon 
the removal of the solvent 0.5 g (2%) of a mixture containing 73% 
o-toluidine and 27% m-toluidine. In addition, 11.5 g (90.5) of o- 
chlorotoluene, bp 157-159° (760 mm), was recovered.

Reaction of Potassium Amide and o-Chlorotoluene in Liq
uid Ammonia. The reaction of potassium amide (0.20 mol) and o- 
chlorotoluene (12.7 g, 0.10 mol) gave upon removal of the solvent
6.7 g (63%) of a mixture containing 54% o-toluidine and 46% m-to
luidine. Also, 3.9 g (30.7%) of o-chlorotoluene, bp 156.5-159° (760 
mm), was recovered.

Registry No.— Lithium amide, 7782-89-0; sodium amide, 7782-
92-5; potassium amide, 17242-52-3; o-toluidine, 95-53-4; m-tolui- 
dene, 108-44-1; o-chlorotoluene, 95-49-8.
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Spectral,1’2 NMR,3 and potentiometric4 studies have 
shown the formation in solution of 1-imidazolemethanol (1) 
from the reaction of imidazole and formaldehyde, although 
1 was not isolated. These studies show that only one nitro
gen is involved in methylol formation in basic media.3’4 In 
an acid medium,3-4 both ring nitrogens may be hydroxym- 
ethylated. Jones5 has shown that 1-benzylimidazole forms 
the 2-hydroxymethyl derivative in nearly quantitative yield 
in a sealed tube reaction between formaldehyde and 1-ben
zylimidazole.

From a sealed tube reaction between imidazole and 
formaldehyde at 120-130°, a liquid fraction was isolated by 
chromatography of the crude product. This material gave a

Scheme I

O' l  CH,0

—
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1
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6

picrate derivative (6) corresponding to that of a methylo- 
lated imidazole. NMR data on the methylolated imidazole 
indicates the presence of the -NCH 2O - protons by a singlet 
at & 5.39 (in D2O), in agreement with the values reported by 
Dunlop, Marini, Fales, Sokoloski, and Martin3 (5 5.40 in 
D2O). Boiling this material in water yields imidazole. These 
data indicate that the liquid is 1-imidazolemethanol (2).

From this same reaction there was obtained a white, 
crystalline solid (mp 126-127°) which appears to be 1,2- 
bis(hydroxymethyl)imidazole (3). NMR data on this mate
rial also show the presence of an NCH2O - methylene group 
(NMR peak at 8 5.47 in D2O) as well as a methylene group 
(NMR peak at 5 4.75 in D2O) at the 2 position.

A small amount of a second white, crystalline material 
(mp 158-159°) was also isolated. Elemental analysis and 
NMR data indicate that the material is 2,4,5-tris(hydroxy- 
methyl)imidazole (5).

Table I summarizes the NMR data on the products of 
this reaction.7 Scheme I summarizes the principal reac
tions.

Experimental Section
Ir spectra were obtained using a Beckman Model 10 grating ir 

spectrophotometer with potassium bromide cells. Solids were 
pressed into 1% KBr pellets. NMR spectra, graciously run by Dr.

Table I
Proton Chemical Shifts for Imidazole Derivatives“^

Proton bands, ppm

Compd Cz - n c h 2o  - - c c h 2o

2 - ImidazolemethanoU
1,2-B is (hydroxymethyl)-

imidazolec
1-Imidazolemethanolc 7.70 (bs)
2 ,4 ,5 -T ris (hydroxymethyl)- 

imidazolec,<!
“ Legend to symbols: s, singlet; bs. broad singlet. 6 All chemical 

solvent.

7.06 (s) 4.64 (s)

7.05 (bs) 5.47 (s) 4.75 (s)
7.07 (bs) 5.39 (s)

4.57 (bs),c 
4.50,4 .30"

shifts are reported in parts per million (¿). c D2O solvent. a CH3OD
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James Woodyard, were recorded with a Varian A-60 spectropho
tometer. The elemental analyses were performed by Galbraith 
Laboratories, Knoxville, Tenn. Melting points were taken on a 
Mel-Temp capillary melting point apparatus and are uncorrected. 
All chromatographic columns were prepared by pouring Merck re
agent grade aluminum oxide, previously dried for 2 hr at 100°, 
onto a column filled with chloroform (reagent grade). The elutant 
from the column was analyzed by thin layer chromatography using 
microslides prepared by the method of Peifer6 from silica gel G 
(according to Stahl), 1:1 ether-methanol as developing solvent, 
and iodine vapor for visualization of spots.

Sealed Tube Reaction between Imidazole and Formalde
hyde. A solution of 13.6 g (0.20 mol) of imidazole (Sigma Chemical 
Co.) and 50 g of 37% aqueous formaldehyde solution in sealed 
Pyrex tubes was heated for 15 hr in an oil bath at 120-130° and 
was then evaporated in vacuo to give 17.8 g of colorless, viscous 
syrup. A drop of crude product treated with picric acid gave a res
inous picrate derivative. The syrup was extracted with a hot mix
ture of 140 ml of acetone, 15 ml of methanol, and 15 ml of chloro
form. After cooling, the supernatant was decanted from an insolu
ble syrup. This syrup was dissolved in a small volume of methanol 
and 35 ml of a 1:1 mixture of chloroform-acetone was added. After 
cooling overnight at 10° the supernatant was decanted from about
1.5 g of insoluble syrup. The solvents were evaporated from the 
two extracts, leaving syrupy residues: 10 g of more soluble materi
al; 6 g of less soluble material. These two fractions were separately 
chromatographed on alumina.

1,2-Dihydroxymethylimidazole. The 10 g of more soluble ma
terial was dissolved in an acetone-chloroform mixture, placed on a
15.5 X 4 cm column, and eluted with six 25-ml portions of 3:1 chlo
roform-acetone, four 24-ml portions of chloroform-acetone mix
ture plus 1 ml of methanol, and three fractions with increasing 
amounts of methanol. By digesting the first nine fractions with ac
etone a total of 3.25 g of white, crystalline solid was obtained. 
Melting points of the different fractions ranged from 90-115° to 
121-125° but all gave identical ir spectra. A sample for analysis re
crystallized twice from acetone melted at 126-127°. The NMR 
spectrum and analysis indicated this material to be l,2-bis(hy- 
droxymethyl)imidazole.

Anal. Calcd for C5H8N2O2: C, 46.87; H, 6.29; N, 21.86. Found: C, 
46.79; H, 6.16; N, 22.03.

2-Imidazolemethanol was prepared by the method of Jones;5 pu
rification by chromatography yielded a white, crystalline solid, mp
112-112.5° (lit.7 mp 114-115°). The NMR sample of the 1,2-dihy- 
droxymethylimidazole (0.1413 g) was repeatedly digested with 
water to remove deuterium. The final residue (72 mg after one re
crystallization from acetone) melted at 108-109° and gave an ir 
spectrum identical with that of 2-imidazolemethanol.

The syrupy residues (2.4 g) from recrystallizations of different 
fractions of 1,2-dihydroxymethylimidazole were combined, boiled 
with water, and chromatographed, yielding 0.25 g of imidazole, mp 
91-92° (identified by ir), and 1.5 g of crude 2-imidazolemethanol 
(identified by ir).

2,4,5-Trihydroxymethylimidazole. After fractions 10-13 were 
extracted from the above chromatography with acetone, the com
bined acetone-insoluble residues were dissolved in methanol. 
White, crystalline solid slowly separated from solution and after 
cooling overnight at 10°, 0.2 g of solid, mp 154-155°, was separated 
by filtration. After one recrystallization from methanol-acetone, a 
sample for analysis melted at 158-159°.

Anal. Calcd for C6H10N2O3: C, 45.57; H, 6.37; N, 17.71. Found: 
C, 46.14, 45.99; H, 6.52, 6.60; N, 18.26,18.16.

A sample (50 mg) for NMR analysis was dissolved in 0.3 ml of 
D20 . Only two adsorptions occurred at 5 4.81 (HOD) and 4.57. The 
integration data showed a ratio of HOD to -CH 2 of 1:1.48. The re
covered sample, after boiling with water to remove deuterium, was 
identical in melting point and mixture melting point with the orig
inal sample and gave an identical ir spectrum. This indicates this 
material to be 2,4,5-trihydroxymethylimidazole.

The remaining materials from this column were divided into 6.5 
g of an acetone-soluble residue and a small amount of acetone-in
soluble syrup residue.

1-Imidazolemethanol. The above acetone-soluble residue was 
rechromatographed. The first eight fractions, eluted with 3:1 chlo
roform-acetone, showed only one component on TLC slides with 
the major amounts in fractions 2 and 3. The residue from fractions 
2-4 (identical ir spectra) weighed 5.2 g and was a colorless liquid. 
The NMR spectrum of this material in D20  solution indicates it is
1-imidazolemethanol. No attempt was made to purify this materi
al. Treatment of 0.5 g of this liquid with a saturated alcoholic solu

tion of picric acid yielded 0.49 g of crystalline picrate (6), mp 201- 
202°. A sample recrystallized for analysis from absolute alcohol 
melted at 202-203°.

Anal. Calcd for CmHgNsOs: C, 36.71; H, 2.77; N, 21.40. Found: 
C, 36.57; H, 2.64; N, 21.47.

Fractions 9 and 10 contained 1.35 g of the proposed 1,2-dihy
droxymethylimidazole.

From chromatography of the 6 g of less soluble material from 
the second extraction of the original reaction mixture only 0.3 g of
1,2-dihydroxymethylimidazole and 0.34 g of 2,4,5-trihydroxym- 
ethylimidazole were obtained and the remainder of the material 
from the column remained unresolved.

Action of Water on 1-Imidazolemethanol. 1-Imidazolemetha- 
nol (0.5 g) was digested repeatedly with water. After the final 
evaporation of water, the residue, a syrup (0.3625 g), was dissolved 
in acetone and chromatographed, yielding 0.1834 g of imidazole 
(identified by ir), mp 79-85°.
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1-Methylnaphthalenes via Ring Expansion 

of 1-Methylindenes1

J. Samuel Gillespie, Jr.,* Satya Prakash Acharya, 
and Dwight A. Shamblee

Virginia Institute for Scientific Research,
Richmond, Virginia 23229

Received January 15, 1975

Specifically substituted 3-aryl-l-methylnaphthalenes 
and their derivatives can be synthesized by a convenient 
and productive reaction sequence,2 which, however, is suit
able for 3-aryl substitution only. A different approach, now 
reported, was required for the preparation of naphthalenes 
with other 3 substituents.

Since specifically substituted 1-methylindenes could be 
prepared easily from 3-arylbutanoic acids, ring expansion 
to the title compounds offered a convenient route. Parham 
and his group3 obtained only 2-chloro-l-methylnaphth- 
alene from attempts to prepare 3-chloro-l-methylnaphth- 
alene by treating 1-methylindene with potassium feri-bu- 
toxide and chloroform, and they doubted the stability of 
the indene. Others4“8 showed that 1-methylindene is stable 
under neutral or mild acidic conditions at room tempera
ture and that it isomerized rapidly to 3-methylindene in 
base. We confirmed the stability of 4,6-dichloro-l-methyl - 
indene (6b) at room temperature under acidic conditions 
and isomerized it to 5,7-dichloro-3-methylindene (8 b) by 
exposure to a small amount of pyridine.9

Carried out under neutral conditions, e.g., by carbene 
generation from phenyl(tribromomethyl)mercury,10 ring 
expansion yielded the desired 3-bromo-l-methylnaphth- 
alenes; e.g., 4,6-dichloro-l-methylindene (6 b) gave 3- 
bromo-5,7-dichloro-l-methylnaphthalene (7b) (Scheme I
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Table I
3-Substituted 1-Methylnaphthalenes and Precursors“

Compd Method^ Yield, % Mp or bp, °C (mm) Solvent of crystn Molecular formula

lb C 85 105 (0.2) C12H14CI2O3

2 a d 97 77 (0.5) C14H19C10
3a d 8 8 90-93 MeOH- CioHnClOj

A 87 petroleum ether
3b A 83 100-103 Petroleum ether C10Hi0C12O2
4a B 74 65 (0.07) c 10h9cio
4b B 8 6 59-61 Petroleum ether CioH8C120
5a e 1 0 0 78-79 E t,0 — C ioHhCIO

petroleum ether
6 a/ c 80 60 (1 ) C10H9C1
6 b c 90 65 (0.02) CioH8C12
7a E 40 56-57 MeOH CjjHgBrCl
7b E 55 169-171 Acetone CnH7BrCl2
9a F 16 53-54 MeOH Cj(H8BrCl

a Satisfactory analytical data (±0.4% for C, H, Cl, etc.) were reported for all compounds listed in the table. * The capital letter refers to 
the general procedure described in the Experimental Section.c Prepared by Reformatsky reaction.12 a Prepared according to ref 2. e Pre
pared by reduction of 4a with LiAHR.13 < NMR (CCU) h 7.12 (3 H, broad m, phenyl), 6.58 (1 H, d of d, J12 = 2 Hz, = C H ), 6.40 (1 H, d of d, 
J23 = 6 Hz, = C H ), 3.33 (1 H, broad q, J1CH3 = 8 Hz, CH3CH), 1.23 (3 H, d, J13 = 2 Hz, CH3).

We developed a new method to prepare phenyl(tribro- 
momethyl)mercury by mixing phenylmercuric chloride, so
dium hydride, and bromoform in benzene and initiating 
the reaction with methanol. Although the yields by this 
method were somewhat lower than those reported by Sey- 
ferth,11 it is a very convenient procedure.

Experimental Section
Melting points were determined with a Thomas-Hoover capil

lary melting point apparatus and are uncorrected. Boiling points 
are also uncorrected. NMR spectra were obtained on a Varian 
A-60 spectrometer. Microanalyses were performed by Microanaly
sis, Inc., Wilmington, Del.

A. 3-Arylbutanoic Acids (3). A mixture of 1 (0.2 mol), red 
phosphorus (1 mol), and HI (57%, 240 g) was refluxed for 18 hr and 
then cooled and diluted with an equal volume of water. The aque
ous layer was decanted, and the red gum was extracted with dilute 
NaOH. The extract was filtered and acidified. The oil that sepa
rated was extracted with Et20. The ethereal solution was dried 
(Na2S 04), ether was removed, and the product was crystallized. 
This procedure is based on the work of Spring.14

B. 3-MethyIindanones (4). 3 (0.01 mol) was added, with good 
agitation, to hot (115°) polyphosphoric acid (250 g). The reaction 
mixture was stirred at this temperature for 30 min, cooled, and 
poured into ice-water. The product was extracted with ether. The 
ethereal solution was washed with NaHC03 and dried (Na2SO,t), 
and ether was removed.

C. 1-Methylindenes (6). 5 (1 mol) was heated to 100° with stir
ring. P2O5 (5 g) was added quickly in one lot, and the mixture was 
immediately distilled under vacuum. The receiving flask was 
cooled with a Dry Ice-acetone bath, so that the product and water 
were collected together. The distillate was dissolved in ether and 
dried (Na2S04) and ether was removed.

D. Phenyl(tribromomethyl)mercury. NaH (13 g of 56% dis
persion in oil, washed with benzene), phenylmercuric chloride (50 
g), bromoform (80 g), and benzene (800 ml) were mixed with rapid 
stirring and cooled in ice-water. The reaction was initiated with 
MeOH (0.5 ml), and the rate was maintained if necessary by addi
tional drops of MeOH. After 1 hr the cooling bath was removed. As 
the reaction progressed, the thick white reaction mixture changed 
into a thin gray slurry. The mixture was stirred at room tempera
ture overnight. Benzene was removed from the filtered solution 
using rotary evaporation with a bath temperature of 40° and cool
ing the trap in a Dry Ice-acetone bath. The heavy white solid resi
due was washed with petroleum ether and dried in air, yield 50 g. 
On melting it decomposed at about 120° and was sufficiently pure 
for use.

E. 3 -Bromo-l-methylnaphthalenes (7). A mixture of 6 (0.3 
mol), phenyl(tribromomethyl)mercury (0.4 mol), and benzene (600 
ml) was refluxed for 4 hr. The solid dissolved at first, and then a 
precipitate appeared. Benzene was evaporated from the cooled, fil-

Scheme I

J© - 1

OH

■CCHCOOEt

0

CH, 
la, X =  4-C1
b, X =  3,5-Cb

X
CHCH2CC(CH:1) ,

c r ,
2a, X =  4-C1

X'
CHCH2COOH 

CH,
3a, X =  4-C1 

b, X =  3,5-Ch

LiAlH,

4a, X =  6-C1 
b, X =  5,7-Ch P,ov

CH,

5a, X =  6-C1 
b, X =  5,7-C1,

b ,X =  5,7-Cl,

and Table I), which showed only meta couplings in NMR. 
Repetition of the method of Parham et al.2 with 5-chloro- 
1-methylindene (6a) gave the expected product from the 
rearranged indene, 2-bromo-6-chloro-l-methylnaphthalene 
(9a).
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tered solution, and the residue was extracted with boiling acetone, 
from which on cooling the product crystallized.

F. 2-Bromo-6-chloro-l-methylnaphthalene (9a). K (1 g) was 
dissolved in t-BuOH (25 ml), and the solution was cooled in ice- 
water. Ga (4 g) was added followed by bromoform (8 g). The solu
tion was stirred in the cold for 2 hr and diluted with water. The 
precipitated solid was collected, yield 1 g.
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Synthetic methods available for the construction of rings 
fused to heterocyclic molecules are limited owing to the 
vulnerability of the heteroatom to the well-established con
ditions of carbocyclic chemistry. Acid-mediated cycliza- 
tions of ylidenemalononitriles1 ,2  to form fused keto amides 
appeared to present a valuable potential for this problem. 
This has now proven successful in the thiophene series.

The thiophene ylidenemalononitriles (1) were readily ob
tained by a Knoevenagel reaction between the correspond
ing precursor3 and malononitrile.

R !

Treatment of 1 (R = C2H5) and 1 (R = ¿-C3H7 ) with po- 
lyphosphoric acid produced the ring-cyclized products 2 . 
The structural assignments for 2  were based on spectral 
data. The ir spectrum (KBr) of 2 (R' = H) has NH absorp
tion at 3.00 and 3.L5 g, ketone carbonyl at 5.91 g, and

0

4

amide carbonyl at 6.02 g, while 2 (R' = CH3 ) has similar 
peaks at 2.98, 3.14, 5.90, and 6.02 a which is in agreement 
with similar ring systems in the benzene series. 6 The NMR 
spectrum (DMSO-de) also supports structure 2  by display
ing a simple two-proton thiophene absorption with dou
blets at 5 7.19 (J = 5 Hz) and 7.70 (J = 5 Hz), methine 
(proton a  to amide and ketone carbonyls) absorption at 8 
4.32, vinyl quartet absorption (for 2, R' = H) at 8 5.75 (J  = 
7 Hz), and methyl singlets at 8 1.80 and 1.97 for 2 (R' = 
CH3) and a methyl doublet at 8 1.93 (J  = 7 Hz) for 2  (R' = 
H). The above data is clearly in accord with the bicyclic 
systems 2  possessing the exocyclic double bond .7

On the other hand, when 1 (R = t-C^Hg) was subjected 
to polyphosphoric acid the anticipated endocyclic fused 
system (3) resulted. The structural assignment for 3 was 
based on the ir spectrum (KBr) (nitrile absorption at 4.52 g 
and a carbonyl band at 5.80 g) and the NMR spectrum 
(DMSO-de) [two-proton thiophene doublets at 5 7.20 (J = 
5 Hz) and 7.62 (J = 5 Hz) and a nine-proton methyl singlet 
at 8 1.54], Thus far it has not been possible to hydrolyze the 
nitrile functionality of 3 to the corresponding carboxamido 
group.

To complete the series, 1 (R = H and CH3 ) was studied 
under the cyclization conditions and found to yield only 
(by TLC) 4. Confirmation of the product formation was ob
tained when products identical (by melting point and TLC) 
with 4 were realized from the reactions of thiophenecarbox- 
aldehyde and methyl 2 -thienyl ketone with cyanoacetam- 
ide. 1 ,8

These results suggest that the fusion of a functionalized 
five-membered ring to a thiophene ring is possible via yli
denemalononitriles which possess at least a secondary 7  

carbon. 9 If the 7  carbon possesses at least one hydrogen the 
exocyclic products (2 ) are realized as a means of relieving 
the steric strain which would result with the endocyclic iso
mer. When the 7  carbon is quaternary, the endocyclic iso
mer (3) is the only structure possible and it forms, but in 
considerably diminished yields compared to 2 .

Experimental Section10
Preparation of the Ylidenemalononitriles. A solution of 0.3 

mol of the carbonyl agent,3 0.5 mol of malononitrile, 12.0 g of am
monium acetate, and 24 ml of glacial acetic acid in 200 ml of tolu
ene was refluxed with the aid of a Dean-Stark trap until the 
amount of water collected in the trap remained constant (4-24 hr, 
the sterically hindered ketones requiring the longer reflux time). 
Following the reflux period, the solution was cooled and decanted 
from a malononitrile polymer. The polymeric gum was washed 
with toluene (50 ml) and the combined toluene fractions were 
washed with water (2 X 50 ml), dried over anhydrous magnesium 
sulfate, and concentrated to yield the crude product, whose prop
erties are listed in Table I. In the case of 1 (R = ¿-C3H7) and 1 (R 
= i-CbHg) it was necessary to remove the unreacted ketone (via 
vacuum distillation) from the crude product mixture to realize the 
desired ylidenemalononitrile.

Treatment of Ylidenemalononitriles (1) with Polyphospho
ric Acid. After 200 g of polyphosphoric acid was warmed to the 
temperature required for reaction, 2.0 g of 1 was added slowly
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Table I
Properties of Thiophene Ylidenemalononitriles

CN

R

Purification Ir G cN b
Registry no. R Yield, % Mp, °C method0»̂ Anal, caled (found), % cm"^ Proton NMR, c ~ e 6 ppm

28162-32-5 86 95-96 S, C, A C, 59.98 (60.15) 
H, 2.52 (2.77) 2 2 2 0

7.38 (t, 4-H)
7.85 (m, =CH, 3-H and* 5-H)

10432-44-7 ch3 77 85 S, C C, 62.05 (62.23) 
H, 3.47 (3.56) 2215 2.74 (s, CHg) 

7.26 (t, 4-H)
7.83 (d of d, 5-H) 
8.03 (d of d, 3-H)

54688-90-3 c 2h5 44 31 A C, 63.82 (63.77) 
H, 4.26 (4.30) 2220

1.35 (t, CH3)
3.04 (q, CH2)
7.36 (t, 4-H)
7.98 (d of d, 5-H) 
8.18 (d of d, 3-H)

54688-91-4 ¿-c 3h7 25 56 E C, 65.32 (65.18) 
H, 4.98 (5.12) 2220 1.34 (d, 2 CH3)

3.50 (sp, CH)
7.08 (t, 4-H)
7.70 (d, 3-H and 5-H)

54688-92-5 f-C4H9 14 103-104 A C, 66.63 (66.43) 
H, 5.59 (5.46) 2230 1.36 (s, 3 CH3)

7.00 (m, 4-H and 3-H or 5-H)
7.45 (d of d, 3-H or 5-H)

a S = sublimation in vacuo; C = chloroform-hexane; A = aqueous ethanol; E = 95% ethanol. 6 All ylidenemalononitriles reported herein 
are colorless. c All spectra were recorded in CDCI3. Chemical shifts are in parts per million from internal .\le4Si. d Multiplicity indicated 
parenthetically by the following abbreviations: s, singlet; d, doublet; t, triplet; sp, septuplet; m, multiplet. e Assignments based on spectral 
integrations. 1 K. Friedrich and W. Ertel [German Patent 1,936,047; C h em  A b s tr ., 74,76197 (1971)] report this compound but make no men
tion of its properties.

Table II
Products from Acid Treatment of Thiophene Ylidenemalononitriles

Registry no. Compd Yield, % Mp, °C

Purification

method0 Anal, caled (found), %

54738-97-5 2 (R' = H)6 58 210-211 E C, 57.95 (58.04) 
H, 4.38 (4.24)

54688-93-6 2 (R' = C H / 59 221-223 E C, 59.73 (59.52) 
H, 4.98 (5.12)

54688-94-7 3° 33 142-144 A C, 66.33 (65.96) 
H, 5.10 (5.39)

54688-95-8 4 (R = HY 'f 93 166 D C, 53.92 (53.80) 
H, 3.39 (3.51)

54688-96-9 4 (R =  c n 3)e’e 86 150-151 C C, 56.23 (55.97) 
H, 4.19 (4.11)

°E  = 95% ethanol; A = aqueous ethanol; D = dimethyl sulfoxide-water; C = chloroform-hexane. b Colorless crystals. ‘'Red crystals. 
d Light gray crystals. e Tan crystals. f 1H NMR (dimethyl sulfoxide-dg) 5 4.50 (br, NH2), 7.24 (t, 4-H), 7.89 (m, 3-H and 5-H), 8.39 (s, =CH). 
* iH NMR (dimethyl sulfoxide-d6) 5 2.58 (s, CH3), 7.23 (t, 4-H), 8.00 (m, 3-H and 5-H); no NH2 could be discerned.

under mechanical stirring. The resulting mixture was heated at 
85-95° for 3 hr (R = H), 85° for 2 hr (R = CH3), 50° for 2 hr (R = 
C2H5), 90° for 3 hr (R = ¿-C3H7), and 90° for 6 hr (R = i-Ĉ iHg) 
and then cooled and poured over 500 ml of ice water with vigorous 
stirring. After standing overnight the aqueous solution was filtered 
and the isolated product was air dried and purified to yield the 
products summarized in Table II.

Condensation of Thiophenecarboxaldehyde and Methyl 2- 
Thienyl Ketone with Cyanoacetamide. A 100-ml absolute etha- 
nolic solution of 0.2 mol of the alkehyde or ketone, 0.2 mol of cy-

anoacetamide, 0.5 g of ammonium acetate, and 2.0 g of glacial ace
tic acid was refluxed for 6 hr. Upon cooling the cyanoacetamide (4) 
precipitated and was purified by recrystallization (R = H, 93% 
yield; R = CH3, 86% yield). These products were identical (by mix
ture melting point and TLC in chloroform) with that obtained 
from the polyphosphoric acid treatment of 1 (R = H and CH3) as 
characterized in Table II.
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At elevated temperatures, simple sulfolanes (tetrahydro- 
thiophene 1 ,1 -dioxides) are pyrolyzed to sulfur dioxide and 
olefins (eq 1: R, R', R" = H; R = CH3, R', R " = H; R' =

RCH=CHR' +  S02 +  CH2=CH R" + ...
( 1)

CH3, R, R" = H; R', R " = CH3, R = H; R, R " = CH3, R ' = 
H, etc) . 1 We have now examined the stereochemistry of 
this reaction (R, R ' = CH3; R " = H), with a view to detect
ing possible concertedness.

Results
The requisite sulfones were obtained (eq 2 ) via 2,3-di- 

methylsulfolene (adduct from 3-methyl-l,3-pent,adiene 
plus SO2 ) . 2 Catalytic hydrogenation (Pt02) gave an insepa
rable mixture of sulfolanes (ca. 95:5) of which the major 
isomer was assigned the cis configuration ( 1 ) on the basis of 
steric considerations and subsequent results. Epimeriza- 
tion of this mixture with potassium ieri-butylate in te r t-  
butyl alcohol (eq 2) gave a new mixture (ca. 10:90), en-

1 2

riched in the trans isomer (2). Isomer ratios were estimated 
by NMR analysis.

Thermolyses were carried out by injection of the en
riched mixtures of 1 and 2 into a hot (>500°) bed of silicon 
carbide chips. The effluent gases were collected in a cold 
trap, and the butenes were subsequently analyzed by GLC. 
The results are summarized in eq 3.

1 (95% cis) 36 ±  6%
2 (90% trans) 51 ±  6%

+ /  \  +  minor
CH3 CH3 unidentified

53 ±  3% 9 ±  6%
40 ±  3% 9 ±  6%

(3)

In the appropriate control experiments, it was found that 
from a partial pyrolysis 1  could be recovered unchanged 
(no appreciable epimerization to 2). Furthermore, authen
tic c is - 2 -butene when passed through the reactor suffered 
less than 2% isomerization to tra n s -2-butene. In view of the 
substantial crossover in the thermolysis of 1  and 2  it was 
felt that attempts to refine the experiment by further puri
fication of 1 and 2 or by improving the GLC resolution of 
the products were unwarranted.

Discussion
It has previously been demonstrated that pericyclic [ff2s 

+ „2a + ff2s] fragmentation in the strained system 3 (eq 4)

(4)

proceeds concertedly by tests of stereospecificity and ki
netic facility. 3 Although equivalent thermolysis of simple 
sulfolanes requires temperatures more than 2 0 0 ° higher 
than for 3, it was considered plausible that 1 and 2 might 
dissociate with retention of methyl group stereochemistry 
in view of the fully synchronous nature of the su lfo len e  
reaction. 4 The experimental results indicate otherwise. 
From either sulfolane (1 or 2) mixtures of 2-butenes were 
obtained (uncorrected trans/cis ratios 0.7 E:1.0 Z  and 1.0 
E :0.8 Z, respectively). We suggest that the results are best 
accommodated by a multistep mechanism, in which diradi
cai (or zwitterionic) intermediates exist for appreciable 
lifetimes. It is sufficient that internal rotation within such 
an intermediate (4) be competitive with bond scission. In

4

spite of our control experiments the possibility cannot rig
orously be excluded that fragmentation is in fact concerted, 
but that isomerization occurs subsequently (S0 2 catalysis). 
However, it is difficult to envision such a latter mechanism 
which would not in actuality be available to the incipient 
reaction products in the primary step.

The low residual stereospecificity is reminiscent of other 
recently reported extrusion reactions. 5  We would only com
ment that concepts of diradicai chemistry should be adjust
ed to accommodate what appears to be a pattern of partial 
stereochemical retention.
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Experimental Section
Synthesis. 2,3-Dimethylsulfolene was prepared essentially as 

previously described.2 The crude product was purified by column 
chromatography (silicic acid, benzene eluent) rather than distilla
tion, in order to avoid decomposition. Of several hydrogenation 
catalysts tried, platinum oxide (Adams) in ethyl acetate afforded 
the greatest stereoselectivity (ca. 95%) for the reduction to 1. Re
fluxing a f-BuOK-i-BuOH solution of 1 for several hours followed 
by work-up yielded a mixture enriched in 2 (ratio 2:1 9:1). Isomer 
percentages were estimated from resolved NMR resonances in the 
methyl region (CDCI3 solution).

Anal, (for enriched 1). Calcd for C6H12O2S: C, 48.64; H, 8.16. 
Found: C, 48.54; H, 8.25.

Thermolysis. As previously indicated, ca. 0.5-g portions of 1 or 
2 were injected slowly via syringe into a heated reservoir (SiC chips 
at >500°) connected to a cold trap. Some refluxing was noted. 
Subsequently, the butenes were allowed to vaporize and were sam
pled by GLC [column, 15 ft of 25% AgNOs-propylene glycol (1:2) 
on Chromosorb W, 25°]. Comparison was made to authentic 2-bu- 
tenes. A minor, unidentified pyrolysate component was eluted 
shortly after (and overlapping) trans-butene. It has previously 
been asserted that sulfolane thermolysis affords 9-19% of “ saturat
ed hydrocarbon” .1 In the present case a complete analysis of prod
uct balance was not undertaken, since our interest only extended 
to alkene geometry.
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The literature records no total resolutions of heterocyclic 
phosphonium salts containing an asymmetric phosphorus 
atom. We report herein the first such instance, the com
plete resolution of racemic cis-l-benzyl-3-methyl-l-phen
ylphospholanium iodide (1) with the aid of silver (+)-10- 
camphorsulfonate. Compounds 2,1 3,2 and 43 have been 
partially resolved, although the resolution of 2 could not be 
reproduced and details of the resolution of 4 have not yet 
been disclosed. The spiro salt (5), which has been totally 
resolved, owes its optical activity to molecular dissymmetry 
rather than to an asymmetric phosphorus atom of the 
R1R2R3R4P+X _ type.4

Ph Y 
(and enantiom er)

1, Y =  CH2Ph; X =  I
6, Y =  0 “ ; X =  nil
7, Y =  CHoPh; X =  (+)■-10- 

camp horsulfonate
8, Y =  lone pair; X =  nil
9, Y =  CH2Ph; X =  Br 

12, Y =  OMe; X =  PF6

11

With the optically active phosphonium salts (1) avail
able, we wished to verify earlier conclusions5'6 that hydrox
ide cleavage of 1 occurs with complete retention of configu
ration at phosphorus. The NMR analyses leading to these 
conclusions were possibly subject to considerable error, al
though predominant retention had been rigorously proved. 
Within experimental error, the results shown in Scheme I 
are compatible with complete retention of configuration for 
base cleavage and phenylsilane reduction as previously re
ported.5’6 This is true only if the oxide epimeric at phos
phorus, produced by inversion of configuration at phospho
rus, does not have a rotation comparable to that for the (+)

Scheme Ia
1.0 -V NaOH6a 94'% 9a

7a 0.05 M  Nal 
acetone 

90%
la 1.0 N NaOH 

92%

PhSiH 
6a---------*- 8a

(48%

PhCH_.Br, 74% 

Me ;C()OH
100%.

6a

Compd Mp or bp, °C (mm) laC^E, d‘-9 (c)

7a 244-246 + 28.09 ± 0.49 (2.980, EtOH)
la 184.5-185.5 +2.16 ± 0.09 (15.57, CDC13)
6a 130 (0.5) +23.52 ± 0.67 (7.590, CDC13)
8a 90 (0.5) + 22.18 ± 0.42 (6.710, MeOH)
6a' 132 (0.6) + 22.53 ± 0.59 (7.395, CDC13)
6a” 135 (0.6) + 22.59 ± 0.63 (6.505, CDC13)

“ 9a was not recrystallized prior to cleavage, tert-Butyl hydro
peroxide oxidations of ’phosphines occur with retention of con
figuration: D. B. Denney and J. W. Hanifin, Jr., Tetrahedron Lett., 
2177 (1963). Phenylsilane has been found to reduce phosphine 
oxides with retention of configuration: K. L. Marsi, J. Org. Chem., 
39, 265 (1974). Distillations were accomplished by use of a Kugel- 
rohr.
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enantiomer of 6 , since two chiral centers are present. How
ever, the NMR spectra of both enantiomers, la and lb, and 
6 a gave no indication whatsoever of the presence of diaste- 
reomeric material.

Resolution was accomplished by treatment of the race
mic bromide salt (9) 7 with silver (+)-10-camphorsulfonate 
and recrystallization of the diastereomeric salts utilizing a 
triangular scheme of recrystallization.8 The head fraction 
was recrystallized to give 7a of constant rotation and melt
ing point (cf. Scheme I). 7a was metathesized with sodium 
iodide in boiling acetone to provide la, which was also re
crystallized to constant rotation and melting point (cf. 
Scheme I). The tail fractions, enriched in 7b, were com
bined and similarly converted to the optically impure io
dide (lb), which was recrystallized from acetone to a con
stant rotation of [a]22D —2.14 ±  0.11° (c 16.22, CDCI3) and 
melting point of 184-185°. Because of the greater solubility 
of the racemic mixture in acetone, it was likewise possible 
to obtain optically pure la as the less soluble fraction from 
mixtures of la and lb, enriched in la, by simple recrystalli
zation from acetone.

Preparation of only one other simple five-membered ring 
phosphine oxide in optically active form has been reported 
previously. 10 was partially resolved with (+ )-9-camphor- 
sulfonic acid to afford the levorotatory isomer.9

Reduction of (+)-6a with phenylsilane yielded optically 
pure dextrorotatory phosphine 8a. The optical purity of 
the phosphine is attested to by its conversion to the (+) ox
ides 6a' and 6a", both of which showed, within experimen
tal error, the same rotation as the dextrorotatory parent 
phosphine oxide 6a. This is the first report of the prepara
tion of an optically active saturated heterocyclic phos
phine. It should be noted that two optically unstable iso
mers of the phosphorus heterocycle 1 1 10  have been pre
pared by lithium aluminum hydride reduction of the corre
sponding optically active oxides, but that the activity of 1 1  

may be due to molecular dissymmetry. 1 1  Optically active 
analogs of the oxides of 1 1  fail to undergo lithium alumi
num hydride reduction to produce optically active phos
phines1 2  but fragment instead.

We have recently shown that alkoxyphospholanium salts 
( 1 2 ) experience nucleophilic displacement at phosphorus to 
yield a mixture of oxides of inverted and retained configu
ration at phosphorus. 13  This observation leads us to believe 
that the preparation of optically pure phospholane oxides 
such as 6  by Mislow’s method, 1 4  so useful for the synthesis 
of optically active acyclic phosphine oxides, would proba
bly not be successful. Our resolution thus provides ready 
access to both optically isomeric phospholane oxides and 
phospholanes useful for stereochemical studies. The opti
cally active phosphines may have additional value in the 
preparation of chiral phosphine-metal complexes. 15

Experimental Section
(+) -1 -Benzyl-3-methyl-1 -phenylphospholanium Camphor- 

sulfonate (7a). To 80.52 g of 96 dissolved in 500 ml of ethanol was 
added 78.24 g of silver (+)-10-camphorsulfonate. Silver bromide 
was removed by filtration and the filtrate was further clarified by 
filtration through diatomaceous earth. The filtrate was evaporated 
to dryness and the residue was redissolved in a minimum amount 
of hot ethanol to which ethyl acetate was added dropwise to the 
cloud point. Triangular recrystallization,8 carried out in this man
ner, gave a head fraction of constant melting point and rotation 
(cf. Scheme I).

Anal. Calcd for C28H37O4PS: C, 67.18; H, 7.45. Found: C, 66.91; 
H, 7.40.

(+) -1  -Benzyl-3-methyl-1-phenylphospholanium Iodide
(la ). To 61 ml of 0.05 M sodium iodide in acetone was added 1.542 
g of optically pure 7 and the mixture was stirred under gentle re
flux for 45 min. Precipitated sodium camphorsulfonate was recov
ered in quantitative yield by filtration of the cooled reaction mix

ture. Crude la, obtained after evaporation of the filtrate, was re- 
crystallized from acetone to constant rotation and melting point 
(cf. Scheme I).

Anal. Calcd for C18H22IP: C, 54.56; H, 5.60. Found: C, 54.61; H, 
5.55; S, 0.00.

It was discovered that head fractions of optically impure cam
phorsulfonate (7a) could be similarly converted to the optically 
impure iodide (la) and the iodide conveniently recrystallized from 
acetone to the optically pure dextrorotatory form. Likewise, tail 
fractions concentrated in the more soluble diastereomeric cam
phorsulfonate, when treated as described above, produced the op
tically pure levorotatory isomer of mp 184.0-185.0°, [a]22D —2.14 
±  0.11° (c 16.220, CDCI3).

Anal. Calcd for Ci8H22IP: C, 54.56; H, 5.60. Found: C, 54.44; H,
5.76.

Hydroxide Cleavage of la and Recovery of Product. The
procedure followed was essentially as described elsewhere for the 
racemic bromide salt.6

Acknowledgment. The authors are indebted to the Na
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GP-38756.
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In the course of a previous study1 of the Friedel-Crafts 
reactions of some unsaturated carboxylic acids on benzene, 
we observed the presence of an unexpected saturated ke
tone 4, which could possibly arise from the reaction of the 
saturated counterpart 2  of the starting material 1  (Scheme 
I, pathway a). An alternative route (Scheme I, pathway b) 
was of course possible. 2 The finding that even a poor hy
dride donor like 4,4-dimethyltetralone, one of the reaction 
products, was able to perform the hydrogenation of 1  in the 
presence of aluminum chloride led us to investigate better 
hydrogen donors for the reduction, also in view of the great 
practical importance of the hydrogenation of fatty acids.

Alkanes were the obvious first choice. It should be men
tioned that hydrogen transfer to unsaturated carboxylic 
acids was reported previously only in the particular case of
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Scheme I
0

a highly hindered double bond during attempted Friedel- 
Crafts alkylation of benzene with aluminum chloride.3

Our preliminary experiments show that hydrogen can be 
transferred from alkanes to unsaturated fatty acids by 
means of aluminum chloride. 4-MethyI-3-pentenoic acid
(1), 4-methyl-2-pentenoic acid (5), 3-methyl-2-butenoic 
acid (6), and cinnamic acid (7) underwent reduction to dif
ferent extents to the corresponding saturated compounds 
2, 2, 9 and 10 with n -hexane or ligroin (Table I).

Table I
Reactions o f  Some Unsaturated Carboxylic Acids 

with Alkanes and AlCl3a
Unsaturated acid Alkane Acid product(s) Yield, %

4 -M ethyl-3 - n -Hexane 4 -M ethylpentanoic 89
pentenoic (1) (2)

4 -M ethyl-2 - L igroin 4 -M ethylpentanoic 22
pentenoic (5) (2)

3 -M ethyl-2 - n -Hexane 3 -Methylbutanoic 72
butenoic (6) 0 )

2 -Butenoic n -Hexane Butanoic (8) T race
(14) or  lig ro in

Cinnamic Ligroin H ydrocin - 19
namic (10)

p -P h en y len e- 11
dipropanoic (12)

° Experimental details are recorded in the Experimental Section.

The results show some correlation of the yields with the 
structural possibilities of producing, directly or by hydride 
shift, a relatively stable intermediate carbonium ion, say 
11. This observation leads us to offer the mechanistic hy
pothesis shown in Scheme II.

Scheme II
\ __ /  A1C ! 3
/  \  (HC1)

11

+ + RH
H transfer

H +  R+

olefins, RH, 
i-RH , and polymers

An analogy to this behavior is presented by the reduction 
of some alkyl halides by hydrocarbon in the presence of 
Friedel-Crafts reagents,4 where the initial carbonium ion 
interacts with the hydrocarbon, which may eventually 
transfer a hydride ion.

Cinnamic acid (7) underwent hydrogenation to 19% hy- 
drocinnamic acid ( 10) and 11% p-phenylenedipropanoic 
acid (12); a third less separated peak in the GLC profile of

the methyl esters of the acidic fraction from the reaction 
mixture was not identified. Disproportionation in Friedel- 
Crafts reactions of alkyl-substituted aromatics is very com
mon. It seems quite reasonable that 10 underwent such a 
reaction to 12 and benzene (13).

Experimental Section
Materials. 4-Methyl-3-pentenoic acid (1), 4-methyl-2-pentenoic 

acid (5), and their saturated counterpart 2 were prepared as pre
viously described.1 2-Butenoic acid (14), cinnamic acid (7), and 
their saturated analogs were obtained from Erba (Milan, Italy) 
and 3-methyl-2-butenoic acid (6) from Schuchardt; they were used 
as such after preliminary purity checks by GLC on the correspond
ing methyl esters prepared by treatment with ethereal diazo
methane of the free acids, n-Hexane and ligroin (bp 100-110°) 
were dried with sodium before use.

Analyses. The reaction mixtures from the interaction o f the un
saturated acids with hydrocarbons in the presence of aluminum 
chloride were poured into crushed ice-hydrochloric acid. The ether 
extracts were treated with aqueous sodium hydroxide (10%); the 
acids were recovered by acidification with concentrated hydrochlo
ric acid and ether from the aqueous solution. The ether solution of 
the acidic material was directly chromatographed (GLC), when 
suitable, or pretreated with diazomethane and chromatographed 
(GLC). A suitable column for the free acids was a 2 m X 0.25 mm 
column packed with 1% FFAP-10% phosphoric acid on Chromo- 
sorb W (80-100 mesh). A 2 m X 0.25 mm column packed with GAL 
(10%) on Chromosorb W washed with acid (60-80 mesh) was used 
for the quantitative determination of the methyl esters. Yields 
were evaluated with the internal standard method with prelimi
nary weight-area response calibration. Glc analyses were per
formed with a Perkin-Elmer 900 gas chromatograph equipped with 
a flame ionization detector. Identification of the GLC peaks was 
secured by the enhancement technique, mass spectrometry (gas 
chromatograph-mass spectrometer, Perkin-Elmer 270), and ir and 
NMR techniques on separated samples, when deemed necessary.6

4-Methyl-3-pentenoic Acid (1 ), n-Hexane, and AICI3. The 
acid 1 (20 mmol), n-hexane (25 ml), and aluminum chloride (40 
mmol) were stirred at room temperature during 8 hr and left 
standing during 46 days. The obtained acid material did not react 
with bromine in carbon tetrachloride and showed no olefinic bond/ 
absorption in the ir: bp 61° (1 Torr); GLC homogeneous; yield 
86%. Its properties (ir, GLC retention time, mass spectrum) were 
identical with those of an authentic sample of 4-methylpentanoic 
acid (2). A similar yield of 2 (89%) was obtained in a shorter time 
(4 hr) by refluxing 1 (20 mmol) with n-hexane (25 ml) and alumi
num chloride. /

4-Methyl-2-pentenoic Acid (5), Alkanes, and AICI3. A. The 
acid 5 (20 mmol), n-hexane (25 ml), and aluminum chloride (40 
mmol) were kept at reflux during 4 hr. Usual work-up gave an acid 
residue (2.12 g); GLC analyses showed the presence of 4-methyl
pentanoic acid (2) and unreacted 5 in a 1:2 ratio.

B. When hexane was substituted by ligroin (bp 100-110°), 24% 
hydrogenated acid 2 was present with no more starting acid 5 left.

3-Methyl-2-butenoic Acid (6), n-Hexane, and A1C13. The 
acid 6 (20 mmol), n-hexane (25 ml), and aluminum chloride (40 
mmol) were refluxed during 4 hr to give 3-methylbutanoic acid (9), 
yield 72%. No starting material was present in the final acidic part 
of the reaction mixture.
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2-Butenoic Acid (14), Alkanes, and AICI3. The acid 14 (20 
mmol), n-hexane or ligroin (25 ml), and aluminum chloride (40 
mmol) were refluxed during 4 hr to yield only a small transforma
tion into butanoic acid (8). Most of the starting material did not 
react.

Cinnamic Acid (7), Ligroin, and AICI3. The acid 7 (20 mmol), 
ligroin (25 ml), and aluminum chloride (40 mmol) were refluxed 
during 4 hr to yield 1.99 g of acid material from which crystals of 
p-phenylenedipropanoic acid (12) separated on cooling. The re
crystallized (water) solid showed mp 230° (lit. mp 230°,6 224° 7); ir 
(KBr) 3030 m, 2924 m, 2858 m, 2728 w, 2649 w, 1703 s, 1520 w, 
1434 s, 1405 m, 1362 w, 1312 m, 1275 m, 1222 s, 1189 m, 1133 w, 
945 w, and 830 cm-1 m. Its methyl ester 15, mp 120° (methanol) 
(lit.7 mp 117-118°), was obtained by treatment with diazomethane 
in ether: ir (KBr) 3024 w, 2929 m, 2894 w, 2838 w, 1728 s, 1520 m, 
1434 s, 1368 s, 1303 s, 1272 m, 1193 s, 1180 s, 1141 s, 1105 w, 1050 
m, 1000 w, 976 m, 900 w, 838 s, and 793 cm-1 w; mass spectrum (80 
eV) m /e  (rel abundance) 117 (100), 91 (28), 130 (28), 190 (28), 131
(19), 115 (19), 77 (13), 176 (12), 118 (12), 59 (11), 250 (M+, 11), and 
39 (9); metastable ions m /e  144.5, 113.5, and 89; doubly charged 
ions (at half integer masses) m /e  95.5® and 88.5; 1H NMR (60 
MHz, CDCI3, TMS) 5 2.74 (AA'BB7 multiplet, 8 H), 3.67 (singlet, 6 
H), and 7.13 ppm (singlet, 4 H). GLC quantitative analysis showed 
12 to be present in 11% yield and 10 in 19% yield together with 
other unidentified materials. None of the starting acid 7 survived 
the treatment.

Registry No.— 1, 504-85-8; 5, 10321-71-8; 6 , 541-47-9; 7, 621-
82-9; 12, 4251-21-2; 14, 3724-65-0; 15, 5312-03-8; AICI3, 7446-70-0; 
hexane, 110-54-3.
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sawa. 6 The eventual solution, which was discovered by the 
Japanese workers,6 involved the use of the 3-ketoglutaryl 
system, 3 (X = 0 ; R = CCLEt). The added acidity con
ferred by the /3-keto ester linkage allowed for smooth dehy
dration.
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The synthesis of the tricyclic lactam 1 in 75% yield from 
2 -oxobutyric acid and o-aminobenzaldéhyde has been de
scribed. 2 ' 3 Its ready availability made it an attractive sub
strate for studying lactam annélation reactions with a view 
toward the syntheses of camptothecin and analog struc
tures. 4 ’6 The strategy was based on acylation of the lactam 
nitrogen, followed by cyciization of a nucleophilic center in 
the side chain with the lactam carbonyl group.

Our original efforts were addressed to the acetoacetyl de
rivative 2 (X = O; R = H). This compound, mp 242-245°, 
was prepared (55%) by the reaction of 1 with n-butyllith- 
ium followed by diketene. In our hands, compound 2 could 
not be induced to undergo cyclodehydration in the sense 
indicated, under a variety of catalytic situations. Under 
mild conditions (e.g., boron trifluoride etherate or sodium 
acetate-acetic anhydride), 2  was recovered in high yield. 
Under more severe conditions (sodium ethoxide or potassi
um fert-butoxide) deacylation, leading to a high recovery 
of 1 , resulted. Parallel results have been reported by Suga-

2, X =  0; R =  H
3, X =  0; R =  COoEt
4, X =  H2; R = H

4a, R =  H 9
b, R = CChMe

In the light of the serious competing reaction of deacyla
tion in the case of 2 , we investigated the preparation and 
reactions of the /3-acetoethyl derivative 4 (X = H2 ; R = H). 
Lactam 1 was alkylated with l,3-dichloro-2-butene to give 
5, mp 202-203°, in 57% yield. The chloroolefin linkage was 
smoothly cleaved (8 6 %) with concentrated H2SO4  to give 4, 
mp 184-185°.

Treatment of 4 with triethylamine resulted in high re
covery of starting material. However, reaction of 4 with 
pyrrolidine gave (71%) lactam 1. Presumably this transfor
mation occurs by reversible formation of the trisubstituted 
enamine which suffers retro-Michael type elimination of 1. 
Substantial ^-elimination was also observed in the reaction 
of 4 with potassium t e r t -butoxide.

Treatment of 4 with sodium methoxide-methanol gave, 
in 2% yield, a yellow, crystalline product, mp 283-284°, 
whose mass spectrum and combustion analysis define it to 
be a dehydration product. The NMR spectrum of this com
pound establishes it to be pyrrolizidinone derivative 7 rath
er than the desired (and expected) dehydration product, 6 . 
Clearly, 7 arises by deprotonation of a benzylic carbon fol
lowed by internal aldolization. It will be seen that this de
protonation produces an extensively delocalized anion, one 
resonance form of which is drawn as 4a.

In an effort to influence the course of cyclodehydration 
in the direction of compound 6 , lactam 4 was treated with 
magnesium methyl carbonate (MMC) in methanol. 7 - 9  The 
high tendency of MMC to effect specific carboxylation of 
the methyl group of methyl alkyl ketones is well known. 10  

The hope was that such a carboxylation would increase the 
likelihood of Knoevenagel-type attack toward the carbonyl 
group of the lactam function.

We were thus surprised to find that reaction of 4 with 
MMC in methanol turned out to be the best way we have 
yet devised (65-75%) to effect its transformation to 7. Ini
tially it was assumed that carboxylation would occur at the
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methyl group. In an effort to produce compound 6 the 
product of the MMC reaction was heated with potassium 
te r t -  butoxide. Instead compound 7 was obtained in 67% 
yield. Subsequently it was shown that the base treatment is 
not necessary, i.e. that compound 7 was produced by the 
MMC treatment alone.

That this reaction is not due to a special catalytic effect 
of magnesium methoxide was shown by treatment of 4 with 
methanolic magnesium methoxide under reflux. These con
ditions gave largely (75%) recovered 4 and some retro-Mi- 
chael product, 1.

The simplest interpretation of the remarkable effect of 
the MMC is that carboxylation occurs at the benzylic posi
tion, thus facilitating formation of deprotonated system 4b. 
This is followed by aldolization, decarboxylation, and de
hydration.

A crucial element in this formulation is the feasibility of 
carboxylation at the benzylic center a  to the lactam nitro
gen. A test of this proposal involved attempted carboxyla
tion of the N -methyl lactam, 9. This compound, mp 260- 
262°, was obtained by bromination (NBS-CCU) of 2-carbo- 
methoxy-3-methylquinoline (8)3 followed by reaction of the 
intermediate 3-bromomethyl compound with methanolic 
methylamine.

Compound 9 was subjected to the action of MMC in 
methanol under reflux for 48 hr. Upon acidification, it was 
recovered to the extent of 98%. While we cannot rule out 
the possibility of carboxylation to a very slight extent, or 
the occurrence of decarboxylation under our conditions of 
work-up, no positive evidence favoring carboxylation of the 
pyrrolo system under the influence of MMC could be ob
tained. Accordingly, the mechanism for the MMC-induced 
transformation of 2 —► 3 is, at this time, not understood. 
Nevertheless, this work suggests that MMC may be useful 
in catalyzing a greater variety of processes than has been 
supposed.

Experimental Section11
Acetoacetylation of Lactam 1. Formation of Imide 2. To a

suspension of quinoline lactam 1 (1.302 g, 7.1 mmol) in 50 ml of 
dry monoglyme was added n-butyllithium (8 mmol) in hexane 
under nitrogen. After 30 min, a solution of diketene (0.660 g, 7.9 
mmol) in 20 ml of dry monoglyme was added dropwise. The reac
tion mixture was heated under reflux for 10 hr.12 The solution was 
made weakly acidic with dilute HC1 and reduced in volume to 10 
ml. A solid which separated was filtered and recrystallized from 
chloroform to give imide 2, mp 242-245°.

Anal. Calcd for C15H12N2O3: C, 67.16; H, 4.51; N, 10.44. Found: 
C, 66.95; H, 4.55; N, 10.35.

Xmax (Nujol) 5.73, 5.82, and 5.90 M; 5 (CF3C 02H) 2.57 (s, 3), 4.56 
(s, 2), 5.46 (s, 2), 8-9 (m, 4); 9.84 (s, 1); MS m/e 268 (parent), 184 
(base peak).

Alkylation of Lactam 1 with l,3-Dichloro-2-butene. Forma
tion of 5. Lactam 1 (2.25 g, 0.012 mol) was suspended in 100 ml of 
dry DMF. Sodium hydride (0.61 g of 57% oil suspension, or 0.015 
mol) was added and the mixture was heated at 35° for 23 hr. After 
cooling to room temperature, freshly distilled l,3-dichloro-2-bu- 
tene (4.10 g, 0.032 mol) was added, dropwise, over a 15-min period. 
The mixture was heated at 50-60° for 4 hr. Water (50 ml) was 
added, the solution was extracted with methylene chloride, and 
the organic phase was dried over MgSCL. The volatiles were evapo
rated at the water pump and the residue was recrystallized from 
THF to afford 1.89 g (57%) of 5, mp 202-203°.

Anal. Calcd for Ci5Hi3N2OC1: C, 66.06; H, 4.80; N, 10.27. Found: 
C, 66.26; H, 4.66; N, 10.35.

Xmax (Nujol) 5.93, 6.00 X (CDCI3) 2.16 (s, 3), 4.3-4.7 (m, 4),
5.6-5.8 (m, 1), 7.3-8.5 (m, 5); MS m/e 272 (parent), 184 (base 
peak).

Hydrolysis of 5. Formation of Acetoethylated Lactam 4. A
solution of compound 5 (2.48 g, 9.1 mmol) in 20 ml of concentrated 
H2SO4 was kept at 0° for 3.5 hr. After dilution with 10 ml of water 
the system was cautiously neutralized with aqueous sodium hy
droxide and extracted with methylene chloride. The organic layer

was dried over MgSCb and the volatiles were evaporated at the 
water pump. The solid residue was recrystallized from THF to give 
1.96 g (86%) of 4, mp 184-185°.

Anal. Calcd for Ci5Hi4N20 2: C, 70.85; H, 5.55; N, 11.02. Found: 
C, 71.02; H, 5.64; N, 10.91.

Xmax (CHCls) 5.88 m; Xmas (EtOH) 305 mu (t 9600), 317 sh, 328 
sh; b (CDCI3) 2.2-3.0 (m, containing s at 2.17, 5), 3.9 (t, 2), 4.6 (s,
2), 7.3-8.6 (m, 5).

Cyclization of Keto Lactam 4 with Magnesium Methyl Car
bonate. Formation of 7. A. With Added Base. A solution of keto 
lactam 4 (1.18 g, 4.7 mmol) was treated with a 16-fold excess of 

methanolic MMC13 (based on 0.75 mol of magnesium). After 65 hr, 
12 ml of a solution of potassium tert-butox:de-ieri-butyl alcohol 
(0.4 M) was added. Refluxing was continued for an additional 54 
hr. The reaction mixture was poured into 100 ml of 15% HC1 and 
stirred for 30 min. The aqueous solution was made weakly basic 
with aqueous sodium bicarbonate and extracted with methylene 
chloride. Evaporation of the volatiles at the water pump left a resi
due which upon recrystallization from chloroform gave 73.4 mg 
(71%) of7 ,m p  280-284°.

Anal. Calcd for Ci6H i2N20: C, 76.25; H, 5.12; N, 11.86. Found: 
C, 76.11; H, 5.11; N, 11.63.

Xmax (Nujol) 5.82, 5.92, and 5.95 X (CF3C 02H) 2.57 (s, 3), 3.5 
(s, 2), 4.35 (s, 2), 8-10 (m, 5, containing s at 9.6); MS m/e 236 (par
ent).

B. Without Added Base. The keto lactam (200 mg, 0.78 mmol) 
was added to 11.2 mmol of MMC13 in 25 ml of methanol. The solu
tion was heated under reflux for 48 hr. An aliquot14 of 10 ml was 
withdrawn and added to 5 ml of saturated methanolic HC1. This 
was added to 25 ml of water and extracted with 50 ml of methylene 
chloride. Evaporation of the volatiles left a residue of 71 mg of a 
yellow solid (crude compound 7). Another aliquot15 of 8 ml was 
withdrawn and added to 5 ml of aqueous HC1. Extraction with 
methylene chloride and evaporation left 61 mg of a yellow solid 
(crude compound 7). Recrystallization of the combined solids gave 
compound 7, mp 278-282°, in 71% yield.

Preparation of 2-Methyl-3-oxopyrrolo[3,4-fe]quinoline. To 
a solution of 2-carbomethoxy-3-methylquinoline (0.69 g, 3.4 mmol) 
in 20 ml of CCI4 was added N-bromosuccinimide (0.68 g, 3.8 mmol) 
and dibenzoyl peroxide (5 mg, 0.02 mmol). The mixture was heat
ed under reflux for 24 hr. The reaction mixture was cooled and fil
tered. The filtrate was concentrated at the water pump, leaving an 
oily residue (2-carbomethoxy-3-bromomethylquinoline) which was 
dissolved in 50 ml of anhydrous methanol. A stream of methyl- 
amine was passed through the solution, which was heated under 
reflux for 2 hr. After the reaction mixture was cooled to room tem
perature, a white solid compound, 9 (332 mg), was obtained by 
crystallization. A second crop (200 mg) was obtained by concentra
tion of the filtrate. The combined solid (77%) was recrystallized 
from methylene chloride-ether to give an analytical sample of 9, 
mp 260-262°.

Anal. Calcd for Ci2H i0N2O: C, 72.72; H, 5.05; N, 14.14. Found: 
C, 72.54; H, 5.15; N, 13.96.

Amax (CHCI3) 5.87 M; 0 (CDC13-CF3C 02H) 3.47 (s, 3), 5.00 (s, 2),
8.0-8.3 (m, 4), 9.98 (s, 1); MS m/e 198 (parent).
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Although the direct observation of cyclopropenes from 
dehydrochlorination of chlorocyclopropanes has been re
ported,2 usually isomerization products3 or adducts with 
nucleophiles4 are obtained. We report here an unusual ex
ample of cyclopropene formation from dehydrochlorination 
which we observed while attempting to prepare 1, a poten
tially interesting receptor of singlet oxygen.5

Thus addition of KO-f-Bu (2.36 equiv) in dimethyl sulf
oxide (DMSO) to a solution of 2 (eq 1) in DMSO did not

give the expected 1; however, the reaction was reproducible 
and gave a single major product (decomposition occurred 
on GLC columns) whose NMR, ir, and mass spectrum al
lowed assignment of structure 3. The mass spectrum re-

vealed the absence of chlorine and showed a parent ion at 
m/e 172. The NMR spectrum showed methoxyl signals at 8 
3.27, 3.37, and 3.92. The dimethyl acetal proton appeared 
as a singlet at 6 5.1, in good agreement with the one at 8 5.0 
in c is -2-pentenal dimethyl acetal. A triplet at 8 0.9 (3 H) 
and a multiplet at 8 1.4 (2 H) showed that the ethyl group 
was undisturbed. A strong  ̂broad ir band at 1880 cm-1 was 
so unusual that it was relatively simple to assign it to the 
C = C  stretch of a disubstituted cyclopropene.6 These data 
and the absence of olefinic protons in the NMR spectrum 
showed that the ethyl, dimethyl acetal, and methoxyl were 
bound to different cyclopropene carbons. The collapse of 
the triplet at 8 2.25 upon irradiation of the methylene 
group identified the methine carbon of the cyclopropene.

A plausible mechanism for the formation of 3 is shown in 
Scheme I. The failure of product 3 (or 4) to undergo dou
ble-bond isomerization3 to the exocyclic position is unprec
edented; we conclude, on the basis of a study by Davis and 
Brown,7 that the cause was steric hindrance of the ap
proach of i-BuO-  to the acetal methine proton.

Experimental Section
Infrared spectra were run on a Beckman IR-8 instrument and 

NMR spectra were recorded on a Varian A-56/60 spectrometer. 
The mass specta were recorded on a CEC 21-110B instrument. All 
reactions were conducted in a nitrogen atmosphere.

cis-2-Pentenal Dimethyl Acetal (5). Ethylmagnesium bro
mide (2 mol) in THF was prepared by the method of Skatteb0l, 
Jones, and Whiting.8 The flask was then equipped with a Dry Ice- 
acetone condenser and 1-butyne (Farchan Research Laboratories, 
100 g, 1.85 mol) was added dropwise over a 7-hr period at 25° with 
evolution of ethane. The solution was allowed to stand for 15 hr 
and trimethyl orthoformate (244 g, 2.3 mol) was added. The result
ing brown transparent solution was heated with stirring to about 
50° for 5 days and then 1 1. of THF was removed by distillation. 
CuCl (1%) was then added and the reaction mixture was refluxed 
for 11 hr. The remaining THF was distilled until the stillhead tem
perature reached 95°. The black reaction mixture was cooled and 
diluted with 500 ml of ether and the magnesium salts were filtered 
and washed with an additional 50 ml of ether. A 38% solution of 
NH4CI was used to destroy any remaining Grignard. The ethereal 
solution was decanted, dried through a cone of M gS04, and stored 
over NasSCq. Distillation provided 122.4 g (50%) of alkyne, bp 
77-78° (47 mm).

Reduction to the olefin was carried out as follows. The alkyne 
(40 g, 0.312 mols), quinoline (800 mg, 2% by wt), 5% Pd/CaC03 
(800 mg, 2% by wt), and 200 ml of pentane were shaken in a Parr 
apparatus under H2 (5 lb) until 1 equiv was absorbed. The product 
was then filtered through Celite and the pentane removed in 
vacuo. The light-yellow product, containing the quinoline, weighed
40.8 g (99% yield). GLC on a 10 ft X 0.25 in. 10% Apiezon J on 80- 
100 mesh Chromosorb W (acid washed) column at 100° showed 
only a single peak. Spectra: NMR 8 9.0 (t, J  = 7 Hz, 3 H), 2.15 
(quintet, J = 7 Hz, 2 H), 3.2 (s, 6 H), 5.0 (d, J  = 5 Hz, 1 H), 5.15-
5.9 (m, 2 H); ir 3040, 2830, 1665, 1190, 1112, and 1050 cm“ 1. Spec
tral properties match reported values.9

cis-2,2-Dichloro-3-ethylcyclopropanecarboxaldehyde Di
methyl Acetal (2). The olefin 5 (40.8 g, 0.314 mol, 1 equiv) and 
ethanol-free CHCI3 (94 g, 0.785 mol, 0.015 equiv) were stirred rap
idly in a 1-1. Morton flask, after which 50% aqueous NaOH was 
added. The reaction mixture quickly warmed to 60° and turned 
black. More NaOH was added when the reaction mixture had 
cooled to 50° until a total of 110 g (1.37 mol, 4.38 equiv) was 
added. When the reaction mixture had cooled to 45°, about 2 hr, it 
was poured into a separatory funnel and extracted with ether, and 
the ethereal solution was washed three times with water. The eth
ereal solution was then washed with saturated sodium chloride so
lution and dried over sodium sulfate. After removal of pentane in 
vacuo, distillation afforded first a reaction weighing 10.5 g, bp 50° 
(40 mm), followed by 2, bp 60° (4 mm) (12.9 g, 19.3%). The prod
uct gave a single GC peak on the Apiezon J column described 
above. Spectra: NMR 5 1.09 (t, J  = 5 Hz, 3 H), 1.3-1.9 (m, 4 H), 
3.27 (s, 3 H), 3.37 (s, 3 H), 4.18 (d, J = 7 Hz, 1 H); ir 2980, 1450, 
1195, 1142, 1110, 1065, and 810 cm-1. The mass spectrum had no 
parent ion but showed peaks at m/e 211 (M -  1) and 181 (M — 
OCH3); exact m/e caled for C7HnOCl2 (M -  OCH3), 181.0186; 
found, 181.0188.

2-Methoxy-3-ethylcyclopr op-1 -enecarboxaldehyde Di
methyl Acetal (3). The cyclopropane 2 (1 g, 4.96 mmol, 1 equiv) 
and DMSO (7 ml) were placed in a 50-ml flask equipped with a 
magnetic stirring bar and pressure-equalizing addition funnel.
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KO-f-Bu (1.2 g, 10.7 mmol, 2.16 equiv) dissolved in 10 ml of 
DMSO was then added dropwise over 2.3 hr at 25°. The resulting 
dark solution was stirred for an additional 1 hr, poured into water, 
and extracted with pentane. The aqueous layer was saturated with 
NaCl to break the emulsion. The pentane extracts were washed 
twice with water and twice with saturated sodium chloride solu
tion. Removal of pentane in vacuo gave nearly pure 3 (330 mg, 
3896): mass spectrum parent ion m/e 172; exact m/e calcd for 
C9H160 3, 172.1099; found, 172.1094.
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Kinetic studies of the solvolysis of a-ferrocenylcarbinyl 
derivatives and actual isolation of stable salts demonstrate 
the remarkable stability of a-ferrocenylcarbenium ions. 2 

Although extensive work has been done in the past, the na
ture of ferrocenyl-stabilized carbocations is still under dis
pute. 3 Carbon-13 nuclear magnetic resonance spectroscopy

provides an understanding of distribution of positive 
charge in carbocations, in a more quantitative way than 
does the proton NMR. This is also indicated by several ear
lier investigations on ferrocenylcarbenium ions.3 ,4  Inter
ested in the nature of these ions, we wish to report our fur
ther 13C NMR spectroscopic investigation of a series of a -  
ferrocenylcarbenium ions.

Results and Discussion
Cations 1-4 were prepared in sulfuric acid solution at 0° 

from their corresponding alcohols. 5  The proton NMR spec-

1, R j - f o - i H
2, R, = H; R, = CH3

3, Rj = Rj = CH3
4, R1|=CH3;R2j = CH2CH3

tra of a-ferrocenylcarbenium ions were in accordance with 
those previously reported. 6 The carbon-13 NMR spectra of 
the cations were obtained by the Fourier-transform meth
od. Carbon shifts (5 1 3 C, in parts per million from external 
Me4Si), multiplicities, and coupling constants ( J c h , in  
hertz) are summarized in Table I. The assignments of the 
carbon resonances were made with the aid of either off-res
onance or proton-coupled spectra.

The present results reveal several interesting features of 
the carbon-13 NMR spectra of a-ferrocenylcarbenium ions. 
First of all, the carbocationic centers in these ions are un
usually shielded, instead of being deshielded as observed in 
conventional carbenium ions. Secondly, the replacement of 
a hydrogen atom in primary ion 1  by a methyl group causes 
about 30 ppm deshielding of the carbenium center. Further 
replacement of the second hydrogen by a methyl group 
causes additional deshielding of about 37 ppm. Ethyl sub
stitution causes about 43 ppm deshielding from 3 to 4. 
Thirdly, consecutive methylation at carbenium centers 
from primary to tertiary ions causes slight shielding at Ci, 
C2 , and C3 , while C4 (and C5 ) and C6  (cyclopentadienyl car
bons) are almost unaffected. A deshielding of 5 ppm at car
bons (Ci) adjacent to the carbenium center is observed for 
substitution of each methyl going from primary to tertiary 
ions.

It is also interesting to see that C3 (and C4 ) are more 
deshielded than the carbenium center (C+) in the primary

Table I
Carbon-13 NMR Parameters of a-Ferrocenylcarbenium Ions in Sulfuric Acid Solution“

Ion c+ Cl C2 c3 C4 C5 c6 V “ 26

1 87.8 110.6 84.8 94.5 94.5 84.8 82.4 +22.8 9.7
(t, 168.9) (s) (d, 188.0) (d, 183.7) (d, 183.7) (d, 188.0) (dt, 184.1, 6.0)

2C 117.9 105.6 81 ,0s 93.9s 94 .2“ 81.8s 82.3 -1 2 .3 11.9
(d, 164.9) (s) (d, 187.6) (d, 183.0) (d, 183.0) (d, 190.0) (dt, 182.9, 6.0)

3C 155.1 100.1 78.3 93.6 93.6 78.3 82.2 -5 5 .0 15.3

(s) (s) (dd, 187.5, 5.0) (d, 185.0) (d, 185.0) (as C 2) (dt, 180.0, 6.0)
4f 160.6 100.3 78.9s 93.8s 94.0s 78.4s 82.2 -6 0 .3 15.1

(s) (s) (d, 178.2) (d, 183.3) (d, 183.3) (d, 180.9) (dt, 182.5, 6.0)

“ Carbon shifts (S 13C) are in parts per million from external Me4Si (capillary). Multiplicities and coupling constants (JCh, in hertz) are 
given in parentheses; d, doublet; dt, doublet of triplets; t, triplet; dd, doublet of doublets; s, singlet; and q, quartet. b Ai = 6 i3Ci — S 13C+, 
A2 = d 13C3 -  6 13C2. c 5ch3 = 19-8 (q, 129.8). d Interchangeable values. e ¿ch3=26.6 (q, 127.5). 1 5ch3 = 25.7 (q, 129.5), 5ch3 =  16.6 (q, 129.1), 
and <5ch2 = 35.9 (t, 131.0).
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cation 1 , and less so or even shielded in the secondary and 
tertiary ions. Despite the change in carbon shifts at carbo- 
cationic centers going from primary to tertiary ions (about 
80 ppm), C3 and C4  show almost no change. The lack of 
variation of deshielded cyclopentadienyl carbons, C3 and 
C4 , not only indicates positive charge delocalization into 
the ferrocenyl moiety at these positions, but also shows 
that the interaction between the iron atom and the carbo- 
cationic center is reduced going from primary to tertiary 
ions. One also finds that carbon-hydrogen coupling con
stants (J ch , in hertz) at the carbenium centers are smaller 
than those in the cyclopentadienyl moiety, presumably 
caused by some interaction between iron and the carben
ium center. The magnitude of J ch is significantly different 
from those in, for example, dimethyl- and diphenylcarben- 
ium ions (J ch  = 169 and 164 Hz, respectively).

The observed diastereotropism of the carbon pairs (C2 

and C5 , and C3 and C4 ) in the unsymmetrically substituted 
a-ferrocenylcarbenium ions (2 and 4) undoubtedly indi
cates slow rotation about the exocyclic C+-Cj bond, which 
could arise from either the double bond character between 
C+ and Ci or the direct interaction between iron and the 
carbocationic center.

The present 13C NMR studies demonstrate that ct-ferro- 
cenylcarbenium ions indeed have the positive charge sub
stantially delocalized into the metallocenyl moiety. Al
though the detailed mechanism for the interaction between 
the iron nucleus and the neighboring carbenium center is 
not yet clear, such interaction seems to be weaker in terti
ary than in primary or secondary species.

Experimental Section
Materials. All a-ferrocenylcarbinols were prepared according to 

literature procedures.5
Carbon-13 NMR Spectra. A Varian Associates Model XL-100 

NMR spectrometer equipped with a Fourier transform accessory, 
a spin decoupler, and a variable-temperature probe was used to 
obtain the carbon-13 NMR spectra. Carbon shifts were referred to 
external Me4Si (capillary).

Preparation of the Ions. a-Ferrocenylcarbenium ions were 
prepared from corresponding alcohols in cold sulfuric acid solution 
at —10° and carefully transferred to NMR tubes for study.

Acknowledgment. Support of our work by the National 
Science Foundation is gratefully acknowledged.
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of 6,7-Benzomorphans, Morphine, and Codeine
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The N-demethylation of tertiary methylamines has been 
accomplished in several ways. The classic von Braun reac
tion, 1 using cyanogen bromide, was improved upon for 
many amines by the use of benzyl or ethyl chloroformate. 2 

Further improvement involved the use of phenyl chlorofor
mate;2 ’3 the intermediate carbamate formed with this re
agent proved easier to hydrolyze. Ethyl azodicarboxylate 
has been used4 to demethylate thebaine and various 6 -ester 
derivatives of morphine and codeine in reasonable yield. 
However, this procedure gave only ca. 40% yields of an A- 
nor-6,7-benzomorphan. 5 Recently, 2,2,2-trichloroethyl 
chloroformate6 has been found to give a carbamate inter
mediate which could be cleaved by zinc in acetic acid or 
methanol. These reagents N-demethylated morphine in 
75% yield. However, in our hands, the trichloroethyl chlo
roformate procedure gave poor yields (<40%) of the N -  nor 
product from 2,-hydroxy-2,5-dimethyl-9«-propyl-6,7-ben- 
zomorphan (lb).

la, R =  H K
b, R =  CH:1 2a, R =  R' =  H

b. R = CH:i; R' = H
c. R = H; R' = CH,
d. R = R' = CH:;

We utilized a modified phenyl chloroformate procedure 
to produce an intermediate carbamate, and have found 
that the carbamate can be easily cleaved with a 1 : 1  mixture 
of 64 and 95% hydrazine. The method has been applied to 
morphine (2 b), codeine (2 d), and 6,7-benzomorphans to 
give the N -  nor compounds in excellent yield. Hydrazine 
has, of course, been used in the past to cleave amides in 
peptides and other compounds. 7

The procedure of Abdel-Monem and Portoghese3 for the 
preparation of A-normorphine involved the hydrolysis of 
A,3,6-tricarbophenoxynormorphine to A-carbophenoxy- 
normorphine, its chromatography and crystallization, fol
lowed by cleavage with ethanolic KOH, in an overall yield 
of ca. 40%. We found it unnecessary in our procedure to iso
late and purify the intermediate carbamate and, with the 
benzomorphan, the A-nor product precipitated from the 
hydrazine reaction mixture; washing and drying gave ana
lytically pure product in 95% overall yield. A-Normorphine
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and iV-norcodeine were obtained in overall yields of 84 and 
89%, respectively.

Care should be exercised in the preparation of the carba
mate to ensure continuous, efficient stirring, especially in 
larger scale preparations. Inefficient mixing could be re
sponsible for localized acid formation which might promote 
the formation of acid-catalyzed by-products from the N -  
normorphine and codeine carbamates to give, possibly, the 
epimeric 6 -hydroxyl (6 -iso) or 8 -hydroxyl (from allylic 
rearrangement) N -normorphine (or codeine). Efficient stir
ring and an increased (over the former procedure3) amount 
of base tended to eliminate by-products.

A further precaution involved the use of 64% hydrazine 
in the hydrazine mixture which ensured the presence of hy
drazine hydrate in the vapor of the refluxed mixture, rather 
than the air-sensitive (explosive) anhydrous hydrazine; 
safety shields should also be employed.

Experimental Section
Melting points were determined in open capillary tubes using a 

Thomas-Hoover apparatus and are corrected. Microanalyses were 
performed by the Laboratory’s Section on Microanalytical Ser
vices and Instrumentation. Ir (Perkin-Elmer 21), NMR (Varian 
A-60 or HR-220), and mass (Hitachi Perkin-Elmer RMU 6E) spec
tra were consistent with the assigned structures.

(±)-5-M ethyl-2'-hydroxy-9a-propyl-6,7-benzom orphan 
(la). In a modification of the usual procedure,3 phenyl chlorofor- 
mate (26.0 g, 166 mmol) was added to a slurry of (±)-2,5-dimethyl- 
2'-hydroxy-9o;-propyl-6,7-benzomorphan (lb, 5.0 g, 19.3 mmol) in 
CHCI3 (500 ml). After stirring for several minutes the reaction 
mixture became homogenous and KHCO3 (34.0 g, 340 mmol) was 
added. The mixture was refluxed for 48 hr and cooled and water 
(200 ml) was added. When the inorganic material had dissolved, 
the CHCI3 was separated and washed with 1 N  HC1 (50 ml) and 
water (100 ml). The CHCI3 was evaporated in vacuo and to the res
idue was added MeOH (310 ml) and a solution of KOH (14.5 g, 220 
mmol) and KHCO3 (22 g, 220 mmol) in H2O (220 ml). After stir
ring at 25° overnight, the solution was acidified with 37% HC1 and 
concentrated in vacuo until KC1 separated. The aqueous suspen
sion was washed with Et20 and the combined extracts were dried 
(M gS04) and solvent was removed. The major portion of the resid
ual phenol by-product was removed by distillation under high vac
uum (bath 100- 120°), to give a gum which was dissolved in Et20 
and filtered through a layer of silica gel (70-230 mesh). The silica 
gel was washed with Et20 and the combined filtrate and washings 
were evaporated to yield the crude N-carbophencxy derivative of 
la (9.6 g) as a yellow foam that resisted crystallization from a vari
ety of solvents and which still contained some phenol. To this ma
terial was added 64% hydrazine (35 ml) and 95% hydrazine (35 ml). 
The mixture was stirred (under N2), and refluxed (behind a safety 
shield) for 1.5 hr. Crystalline la separated from the reaction mix
ture. After an additional 18 hr of refluxing, the reaction mixture 
was cooled. The white solid was filtered and washed well with H2O 
and then Et20 (20 ml). The resulting white solid was dried in 
vacuo at 65° to yield 4.52 g (95.5%) of analytically pure la directly, 
as small, irregular prisms, mp 248.5-250.5°.

Anal. Calcd for Ci6H23NO: C, 78.32; H, 9.45; N, 5.71. Found: C, 
78.07; H, 9.25; N, 5.73.

Normorphine (2a). To a suspension of anhydrous morphine 
(2b, 2.50 g, 8.76 mmol) and finely divided KHCO3 (15.0 g, 150 
mmol) in CHCI3 (250 ml) was added phenyl chloroformate (11.5 g,
73.4 mmol). The reaction mixture was vigorously stirred, refluxed 
for 60 hr, and cooled, most of the CHCI3 was decanted, and the re
maining inorganic material was dissolved in H2O (100 ml). This so
lution was added to the decanted CHCI3 and after shaking well the 
CHCI3 was separated and washed with H2O (50 ml) and then with 
1 N  HC1 (50 ml). The CHCI3 was dried (MgS04) and evaporated in 
vacuo, and most of the phenol was evaporated from the residue 
under high vacuum (bath 100-110°). To the residue was added 
64% hydrazine (20 ml) and 95% hydrazine (20 ml) and the solution 
was refluxed (safety shield) under N2 for 60 hr. The mixture was 
cooled, H20  (100 ml) was added, and the solvent was removed in 
vacuo. The phenol remaining was evaporated under high vacuum 
(bath 100-120°), H20  (20 ml) was added, and 37% HC1 was added 
to pH 2.0 (Hydrion paper). The solutions was filtered, and the fil
trate was made alkaline with NH4OH. When crystallization (at 5°)

was complete, the solid was filtered, washed with cold H2O, and 
dried to give 2a-2H20  (2.24 g, 84%), mp 275-277° dec (lit.8 mp 
276-277°).

Anal. Calcd for Ci6H17N03-2H30 : C, 62.52; H, 6.89; N, 4.56. 
Found: C, 62.45; H, 6.77; N, 4.60.

Norcodeine (2c). To a solution of codeine (2d, 2.99 g, 10 mmol) 
in CHCI3 (250 ml) was added NaHC03 (21.0 g, 250 mmol) and phe
nyl chloroformate (11.5 g, 73.4 mmol). The reaction mixture was 
refluxed with efficient stirring for 18 hr, cooled, filtered, and evap
orated. To the resulting syrup (14.1 g) was slowly added 95% hy
drazine (5 ml). When the strongly exothermic reaction was over, 
additional 95% hydrazine (10 ml) and 64% hydrazine (10 ml) were 
added. The solution, under N2, was refluxed (safety shield) for 24 
hr and cooled, and H2O was added and then removed (twice, 100 
ml each) in vacuo. Most of the remaining phenol was removed 
(high vacuum, bath 100- 120°) to give a semisolid which was dis
solved in a mixture of CHCI3 (150 ml) and H20  (75 ml). The aque
ous phase was made alkaline with NH4OH, and the C H C I 3  was 
separated and extracted with sufficient 10% KOH to remove the 
remaining phenol. The CHCI3 solution was washed with H2O (50 
ml), dried (Na2S 04), and evaporated to give 2.54 g (89%) of norco
deine (2c), mp 183.5-185° (lit.9 mp 185°).

Registry No.— la, 55058-87-2; lb , 55058-88-3; 2a, 466-97-7; 2b, 
57-27-2; 2c, 467-15-2; 2d, 76-57-3; phenyl chloroformate, 1885-14- 
9.
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The new gem-dinitrates 1 ,1 -dinitratoethane, CH-jCHfO- 
N 0 2h , and l,l,l-trifluoro-2 ,2 -dinitratoethane, CFsCH(0 - 
N 0 2)2, have been synthesized by the reaction between dini
trogen pentoxide and acetaldehyde and trifluoroacetal
dehyde. The combination of the aldehydes and N2O5 in a 
1 : 1  mole ratio can be explained by the heterolytic cleavage 
of the latter involving a nucleophilic oxygen atom attack, 
i.e.

R = CH,. CF:J

although the reaction need not be concerted.2 This route is 
also similar to that for perchlorate formation reported by
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Table I
Vibrational Spectra of CFsCHjONC^R

Infrared

Frequency, cm Intensity Tentative assignments
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536 ) 13 566
5 2 5 } dp 14

CF3 group bending

381 sh 17 and rocking
356 
343 sh

32 deformations

262 100 ®CON

Baum3 and to that for acylal formation by reaction of an al
dehyde with an acid anhydride.4

The chemical and physical properties, as well as the syn
thetic stoichiometry, match the proposed structure for 
both compounds and appear to favor it over other possibili
ties. On standing at room temperature or above, CFsCH(0- 
N0 2 ) 2  appears to decompose to the initial reactants, dini- 
trogen pentoxide or the elements thereof and trifluoroace- 
taldehyde. The former is inferred via its decomposition 
product, NO2 . Nitrogen dioxide is also a thermal decompo
sition product of alkyl nitrates.5 The mass spectrum, too, 
substantiates this result because, upon excitation from 
electron impact, the compound shows many fragmentation 
ions com m on  to  nitrogen oxides and trifluoroacetaldehyde. 
The compound hydrolyzes in alkali by a similar path, i.e., 
by loss of N2O5 , present in the form of nitrate ion, to give 
trifluoroacetaldehyde, witnessed by its hydrolysis product, 
fluoroform .6  A small amount of nitrite is formed and its

CF3CH(0N02), + 20H- — ►
CF3C(0)H* aq + 2N03‘  + H20

^ f l u o r o f o r m

presence is puzzling; however, it is known that covalent ni
trates can produce both nitrate and nitrite ions upon hy
drolysis, although nitrate ion is commonly the major prod
uct. 5  The thermal disintegration of CHsCFKONC^k is 
strikingly different than that of the trifluoro derivative not 
only because it disappears at a much faster rate but also 
because acetaldehyde is not a main product while both

HNO3 and NO2 are major products. The small amount of 
CH3COOH monomer is present owing to oxidation of 
CH3 CHO by HNO3 . This reaction also explains the pres
ence of N2O. Analogous to CF3CH(0 N0 2 )2 , however, 1,1- 
dinitratoethane yields acetaldehyde and nitrate from base 
hydrolysis. Refer to the Experimental Section.

The infrared spectrum of CFsCH(0 N0 2 ) 2  is interpreted 
in terms of the tentative assignments in Table I that are 
the best choices for the more diagnostic absorption 
bands.5 ’7 ’8 Also, to further substantiate the nitrogen-oxy
gen and carbon-oxygen vibrational assignments, tagged 
1 7 0  dinitrogen pentoxide was prepared by the glow dis
charge of nitrogen and isotopically enriched oxygen. If the 
mechanism is correctly described above, then the tagging 
should appear in the following way.

*o n *o 2

c f 3ch
I

o n *o 2

That is, only one oxygen, from the original carbonyl 
group, should not be labeled. Consequently, all the X -160  
frequencies should become diminished in intensity and 
bands due to the heavier oxygen atom should appear at 
lower frequencies. This indeed has been found to be the 
case. The frequencies ascribed to the NO2 group stretching 
and bending motions as well as the N -0  and C -0  stretch
ing frequencies all show the predicted changes.9 Further
more, the splitting of the C -0  stretching band at 912 cm“ 1 

agrees with the labeled structure and justifies the assign
ment. Also, all six of the -ONO 2 group fundamental 
frequencies have been assigned.
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The infrared spectrum of CH3CH(0 N0 2 ) 2  in the 2.7- 
15-n region shows nitrate absorptions at 1722, 1300, 859, 
810, and 680 cm-1. The intensities and frequencies are 
close to those measured for the CF3CH(0 N0 2 ) 2  congener. 
A band at 910 cm “ 1 near the 906-cm-1 absorption in 
CF3CH(0 N0 2 )2 , assigned to the C -0  stretching vibration, 
is also present. Bands in the C-H stretching10 and bend
ing1 1  regions are also present.

The NMR spectra of these compounds are also consis
tent with their formulation (Table II). For CF3CH(0 N0 2 )2 ,

Table II 
NMR Spectra

Com pd O b H c  A rea  ratios

CH3CH(0N02)2 81.3 340, 6.2 1:4.0 (170)
430

CF3CH(ON02)2 0.37, 2.99:1.0 (‘h)
6.0“

a <t>* relative to CCI3F. 6 Relative to H2170 . c Relative to Me4Si. 
d The resonance at 0.37 is a doublet and the one at 6.0 is a quartet, 
J =  6 Hz.

the 170  spectrum is of particular interest. It shows two ab
sorptions, at 340 and 430 ppm in a 1:4 area ratio and as
signed to the ONO2 and ONO2 oxygen nuclei, respectively. 
These chemical shifts compare favorably with those ob
tained from our measurements on other nitrates, e.g., 
CH3C(0 )0 N0 2  at 360 (ONO2) and 485 ppm (ONO2) and 
N2O5  at 331 (NON) and 469 ppm (ONO2). Furthermore, 
the area ratio is expected from the structural formula, 
above, that shows the positions of the tagged oxygen atoms. 
The XH spectrum of the hydrocarbon derivative shows the 
predicted two resonances, one for the methyl and the other 
for the CH group, having proper area ratio and coupling 
constant.

The mass spectra of the dinitratoetnanes are similar to a 
large degree since there are many analogous fragment ions 
predicted from their assumed structure. In both cases the 
most abundant ions are NC>2+, CHO+ and NO+. Also, both 
show the molecule ion less a NO3 group. Only CF3CH(0- 
N0 2 ) 2  exhibits a molecule ion.

Experimental Section
General Procedures. Trifluoroacetaldehyde was prepared by 

the slow addition of trifluoroacetaldehyde ethyl hemiacetal to a 
large excess of a 50% by weight mixture of 85% orthophosphoric 
acid and phosphorus pentoxide, polyphosphoric acid, at 170°. The 
volatile products were passed through traps set at -8 0  and -126°. 
The latter contained the trifluoroacetaldehyde and the former un
reacted hemiacetal. The dinitrogen pentoxide was made by com
bining excess ozone with dinitrogen tetroxide within the reactor 
for the dinitrate synthesis. Enriched 170  (14%) oxygen was pur
chased from Yeda R & D Co., Ltd.. Divison of Miles Laboratories, 
Inc.

A standard Pyrex-glass vacuum apparatus with an attached pre
parative gas chromatograph was used to manipulate and purify 
volatile chemicals. The ozone was generally prepared using a Wels- 
bach Corp. ozonator and collected in a flow-through Pyrex bulb 
and then separated from the unconverted oxygen by passage 
through a trap maintained at —196°. Vapor pressures were deter
mined using a diaphragm pointer gauge described for Foord.12 A 
cathetometer was employed to observe the null on the pointer, and 
pressures were monitored with a Wallace and Tiernan Series 1500 
gauge, A water bath with an immersion heater was used for tem
perature control.

Infrared spectra were recorded with a Perkin-Elmer 21 infrared 
spectrometer. Gas samples were placed in 10-cm path length cells, 
either Pyrex or Monel, with sodium chloride or silver chloride win
dows. The spectrum of CH3C H (0N 02)2 was recorded at pressures 
up to 15 Torr and that of CH3CH (0N 02)2 at about 2-3 Torr.

Raman spectra of liquid samples were obtained with a Spectra- 
Physics Model 125 helium-neon laser and a Spex Model 1401 dou
ble monochrometer. Samples were sealed in Pyrex tubes and excit
ed by the 6328-A laser line. Table I shows the infrared and Raman 
spectra of CF3CH(0 N0 2)2. The *H NMR spectra were taken with 
a Varian Model A-60D NMR spectrometer at 56.4 and 8.13 MHz, 
respectively. Samples were placed in 5-mm o.d. tubes and all spec
tra were measured between 0 and —30°. External standards were 
used. See Table II. A Hitachi Perkin-Elmer RMU-6D mass spec
trometer operating at 10-70 eV was used to obtain the mass spec
tra, and the inlet system was at room temperature.

Synthesis and Properties of CFsCHlONCLH. Dinitrogen te
troxide (1.2 mmol, corrected for monomer) and an excess of ozone, 
but added in increments, were distilled at —196° into a 100-ml 
Pyrex reactor. The reactor was allowed to warm very slowly to 
about —80° and then recooled to —196°. This process was repeated 
several times until the blue color of liquid ozone no longer ap
peared on recooling. More ozone was added and the procedure was 
repeated until the blue color permanently remained. The N20 4 
was thus completely converted to N2Og. The excess ozone was 
pumped out and then CF3CHO (1.2 mmol) was distilled into the 
reactor at —196°. The reactor was brought to —80° and then al
lowed to warm slowly to —30° over a 4-hr period. The reaction had 
terminated within this period and the products were slowly dis
tilled through cold traps at —64 and -196°.

The CF3CH (0N 02)2 (1.1 mmol, 92% recovery) was retained at 
—64°, and a trace of the dinitrate as well as small quantities of 
N 02 and H N 03 were collected in the latter. The contents of the 
—64° trap were then passed through the preparative GC consisting 
of a 5-ft Pyrex column containing KEL-F grease on Fluoropak 80 
at a 60 ml/min helium flow rate; retention time of CF3C H (0N 02)2
9.5 min; gas density molecular weight 208 g/GMV (theory 206); 
glasses, flow point at —116°; vapor pressures, reported as P(Torr) 
(temp, °C) 18.2 (0.0), 25.7 (6.2), 32.0 (11.2), 41.5 (15.9), 52.4 (20.9),
80.7 (30.4), 100.7 (33.4), 113.2 (35,4), 145.4 (42.1), 153.3 (44.1),
187.0 (49.9). Decomposition at higher temperatures was too rapid 
for meaningful measurements. The boiling point (extrapolated) 
was 85.7°; latent heat and entropy of vaporization 8.392 keal/mol 
and 23.3 eu, respectively; vapor pressure equation in the above in
dicated temperature range log P(toi-r) = — 1834/T + 7.966; mass 
spectrum N 02+, CHO+, NO+, CF3+, C 02+, CO+, 0 2+, CHF2+, 
CF2+, CF3CHO+, CF+, CF3CH+, CF2CH+, CF3C H (0N 02)+, 
CF3CO+, and molecular ion (very low intensity) in the order of de
creasing intensity.

Anal. Calcd for C2HF3N206: C, 11.65; H, 0.485; N, 13.59. Found: 
C, 11.66; H, 0.57; N, 13.50.

Synthesis and Properties of CH3CII (ONO2) 2. A similar pro
cedure (vide ante) was used to prepare this compound. Dinitrogen 
tetroxide (1.18 mmol) was introduced into the same reactor and 
was converted to N2O5. Acetaldehyde (0.75 mmol) in a 1:10 mole 
ratio with dry nitrogen was added into the reactor at —45° in very 
small aliquots over a several-hour period. When all the aldehyde 
was placed into the reactor, it was cooled to —196° and the nitro
gen was pumped out, and then the mixture was allowed to warm 
very slowly to approximately 0°. The product was purified by dis
tillation through traps kept at —18 and —196°.

The CH3CH(0 N02)2 (0.62 mmol, 83% recovery) remained in the 
former while the excess N2O5, along with traces of N 02 and H N03 
(0.45 mmol total), was held In the latter. The CH3C H (0N 02)2 is a 
colorless liquid, mp —45.7 ±  0.7°, and has several Torr vapor pres
sure at 24°: ir spectrum 3040 (w), 2990 (w), 1722 (vs), 1455 (w), 
1395 (w), 1350 (w), 1300 (ms), 1098 (m, br), 1076 (sh), 928 (sh), 910 
(m), 859 (ms), 810 (s), 743 (w) (possibly due to N2O5 trace impuri
ty) and 680 cm-1 (m, br); mass spectrum, given in the order of de
creasing ion intensity, N 02+, NO+, CHO+, C 02+ and CH3CHO+, 
CH3CO+, CH3+, CO+ and CH3CH+, CH2+ and N+, CH3CH(0- 
N 02)+, CH2CO+, C2H2+, CH+, CHCO+, C+, C2H3+, 0 2+, and 
HN03+.

Anal. Calcd for C2H4N20 6: C, 15.79; N, 18.42; H, 2.63. Found: C, 
16.32; N, 18.32; H, 2.82.

Caution: The direct combination of CH3CHO and N2O5 (neat) 
at —196° leads to a violent explosion. In one elementary analysis 
trial a sample exploded upon being placed in the hot zone o f the C, 
H, N analyzer.

Synthesis of 170-Enriched N2O5 . Oxygen-17 enriched N2O5 in 
each oxygen position was prepared in a Pyrex-glass glow-discharge 
apparatus in the following way. Equal amounts of nitrogen and la
beled oxygen were placed in the discharge at —80° to form N170, 
which was then allowed to react with excess enriched oxygen to 
form N2170 4. Ozone was prepared by subjecting 170 2 to a discharge
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at —196°. The N2170 r, was finally obtained from the reaction of 
N2170 4 with ozone in the manner illustrated previously.

Aging and Hydrolysis. The ir cell described above was loaded 
with CF3CH(0 N0 2)2 to 10 Torr pressure and allowed to stand at 
ambient temperature while the ir spectrum was recorded periodi
cally. After 1.5 hr a small amount of decomposition took place and 
CF3CHO and NO2 were the observed products. Upon more pro
longed standing, much smaller amounts of CF3COOH and HNO3 
were found. The decomposition was only partial after 24 hr. A 
sample of CF3CH(0 N02)2 (0.75 mmol) was dissolved in 10% 
NaOH solution and after standing for several hours at ambient 
temperature an ir spectrum of the volatile substances over the 
aqueous solution revealed that fluoroform was produced. Spectro- 
photometric analysis13 for nitrate and nitrite, mutually present, in
dicated N 03”  (0.93 mmol) and N 0 2"  (0.33 mmol).

The CH3CH (0N 02)2 is less thermally stable. At ambient tem
perature the liquid immediately evolved H N 03 and NO2 and a vis
cous liquid residue remained. The decomposition of a gaseous sam
ple of this compound at room temperature produced N 02> HNO3, 
N20, CH3CHO, and probably CH3COOH monomer, a minor prod
uct, according to ir analysis. Initially, N 02 and H N 03 were appar
ent, and CH3CHO grew in slowly but reached a maximum after a 
few hours. The H N 03 also attained its maximum concentration 
within this period but decreased as time progressed and a new 
species believed to be CH3COOH was observed, and N2O also ap
peared. Acetaldehyde was a minor product, and within 18 hr no 
CH3CH(0 N02)2 remained. Hydrolysis was accomplished by add
ing excess base, described above, to a 0.23-mmol sample. An emul
sion formed which slowly dissipated within 1 hr of gentle warming 
and stirring. The odor of acetaldehyde was apparent and the solu
tion turned yellow. Because of the acetaldehyde carbonyl group 
absorption, Xmax 283 nm, that interferes with the spectrophoto- 
metric measurements of NO3"  and NO2- , an alternate procedure14 
was used: N 03"  (0.38 mmol), N 02"  (ca. 0.05 mmol).
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Investigation of the thermal decomposition of carbam- 
oyl-substituted azo compounds has been limited to N ,N '-  
diphenyldiazenedicarboxamide,2 2 -cyano-2 -propylazofor- 
mamide, 3 and, most recently, diazenedicarboxamide (la) 
and Ar,Ar'-diethyldiazenedicarboxamide (lb).4 In the latter 
study, Fantazier and Herweh convincingly demonstrated 
that the thermal decomposition of la involves two compet
itive processes: cyclization of c i s -1 a to the unstable triazo
line (2a) and thermal decomposition of la to produce nitro
gen and formamoyl radicals. These authors reported that 
the thermolysis of lb in dimethyl sulfoxide (DMSO) af
fords 4-ethylurazole (3a) and a product that was tentative
ly identified as tris(Af-ethylcarbamoyl)hydrazine (4a).

RNHCON=NCONHR 
la ,R  =  H
b, R =  Et
c, R =  Me

N = N

Ö ^ N ^ o
R

2a,R =  H
b, R = Me
c, R =  Ph

HN— NR,

3a, R, =  H; R2 =  Et
b, R, =  H; R:, =  Me
c. R, =  CONHMe; R2 =  Me

This note reports the results of our study of the thermol
ysis of iV.jV'-dimethyldiazenedicarboxamide (lc). Neat 
thermolysis of lc at 176° resulted in rapid, exothermic de
composition yielding 1,3-dimethylurea (47%), 4-methylura- 
zole (3b, 37%), and small amounts of 1-methylcarbamoyl-
4-methylurazole (3c). The volatile components of the reac
tion were identified as nitrogen (28%), carbon monoxide 
(8 %), and an undetermined quantity of methyl isocyanate. 
Thermolysis of lc in DMSO (120°) gave 36% of 4-methylu- 
razole and unidentified dark oils.

When the thermolysis of lc was conducted in refluxing
o-dichlorobenzene, a very small quantity of 1,3-dimethylu
rea was formed and no 4-methylurazole could be isolated. 
Under these conditions, the major product is N ,N '-d i-  
methyl-l,2-hydrazinedicarboxamide (5a, 41%). Small
quantities (6 % each) of 3c and 3,7-dimethyl-2,4,6 ,8 -tetra- 
oxo-l,3,5,7-tetraazabicyclo[3.3.0]octane (6 ) were isolated.

(RNHCO)2NNHCONHR RNHCONHNHCONHR 
4a, R =  Et 5a, R =  Me
b, R =  Me b, R =  Et

6

Under these conditions, 31% of water-insoluble gases (as
sumed to be nitrogen and carbon monoxide) were obtained. 

Thermolysis of N,IV'-diethyldiazenedicarboxamide (lb)
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in refluxing o-dichlorobenzene gave N,iV'-diethyl-l,2-hy- 
drazinedicarboxamide (5b) in 53% yield.

The products obtained from the thermal decomposition 
of lc may be accounted for by assuming that the azo com
pound initially decomposes by pathways analogous to those 
proposed for diazenedicarboxamide (la),4 i.e., trans —- cis 
isomerization followed by cyclization to 4-methyl-3//-
l,2,4-triazole-3,5(4//)-dione (2b) and, competitively, ther
mal decomposition of lc to produce nitrogen and methyl- 
carbamoyl radicals. We have conducted control experi
ments that implicate the triazoline 2b as an intermediate 
leading to the formation of both 3c and 6.

The reaction of equimolar quantities of lc and 2b5 in re
fluxing o -dichlorobenzene gave 3c in 54% yield. This exper
iment supports the formation of 3c via addition of methyl- 
carbamoyl radicals to the N = N  bond of 2b. We have desig
nated lc as a probable hydrogen donor in the addition 
reaction. The bicyclic product 6 is apparently formed by 
thermal decomposition of 2b, since thermolysis of 2b in re
fluxing o-dichlorobenzene afforded a tarry reaction mix
ture from which it was possible to isolate 6. The latter reac
tion finds precedence in the previously reported conversion 
of 2c to the diphenyl analog of 6.®

Me

0 Y N- f °
N----- N +  ?

Me

N = N

o M oMe

2b M e N H C C P

•N----- NCONHMe

Me

■N— NCONHMe
+  MeNHCON=NCONHMe —

Me
HN-----NH
^ N - A * n  +  MeNCO +  N, +  MeNHCO- 

°  Me °
3b

The formation of AT,N '- dimethyl- 1,2-hydrazinedicarbox- 
amide (5a) may be accounted for by addition of methylcar- 
bamoyl radicals to lc to give thermally unstable trisLV- 
methylcarbamoyl)hydrazine (4b), which is converted to 5a 
by elimination of methyl isocyanate. The latter pathway is 
analogous to that proposed to account for the formation of 
biurea from thermal decomposition of la.4

When lc is thermally decomposed in the absence of sol
vent by heating at 173°, the temperature of the reaction 
mixture was observed to rise to 259°. Under these condi
tions, 4-methylurazole may be formed by either cyclization 
of IV.AC-dimethylhydrazinedicarboxamide (5a)7 or by elim-

HN-----NCONHMe

HN— NH
( ) ^ NA * o

3b

ination of methyl isocyanate from l-methylcarbamoyl-4- 
methylurazole (3c), since both 5a and 3c are quantitatively 
converted to 4-methylurazole when heated at 245 and 230°, 
respectively.

However, control experiments indicate that neither 3c 
nor 5b are reasonable precursors of 4-methylurazole and
4-ethylurazole, respectively, when the thermolysis reac
tions are conducted in DMSO. DMSO solutions of 3c and 
5b gave unchanged starting material when heated at 115— 
120° for 24 hr. Reduction of the triazoline 2b by methyl- 
amine8 may serve as the source of 4-methylurazole under 
these conditions.

The formation of 1,3-dimethylurea is most reasonably 
explained by reaction of methyl isocyanate with either me- 
thylamine or moisture.

The formation of 8% carbon monoxide from the neat 
thermolysis of lc suggests an additional pathway for the 
decomposition of the intermediate triazoline 2b, i.e., ther
mal decomposition to methyl isocyanate, carbon monoxide, 
and nitrogen.9

2b — *- CO +  N2 + MeNCO

Methyl isocyanate was detected by odor and mass spec
trometry and was chemically identified among the volatile 
products by conversion to l-methyl-3-phenylurea and tri
methyl isocyanurate. Methylamine could not be chemically 
detected among the volatile thermolysis products. How
ever, the complex mass spectrum of the thermolysis prod
ucts (200°) displayed a low-intensity methylamine molecu
lar ion (m/e 31) and an M — 1 peak of approximately twice 
the intensity of the molecular ion, which is characteristic of 
the reported methylamine spectrum.10

Experimental Section
Melting points are uncorrected and were determined with a 

Mel-Temp apparatus. NMR spectra were determined on a Perkin- 
Elmer R-20 spectrometer utilizing hexamethyldisiloxane as the in
ternal standard. Thin layer chromatography (TLC) was carried 
out on microscope slides coated with silica gel. Iodine vapor was 
employed as a visualizing agent. Unless otherwise indicated, chro
matograms were developed with ethyl acetate-methanol (5:1).

Neat Thermolysis of N.N'-DimethyJdiazenediearboxamide 
(lc). The azo compound11 (12.0 g) was placed in a 100-ml flask fit
ted with an air condenser and heated at 176° for 5 min. A vigorous, 
exothermic reaction was observed. In a separate experiment, the 
temperature of the reaction mixture was observed to rise to 259°. 
The pungent odor of methyl isocyanate was apparent in the gases 
evolved. The semisolid residue (9.1 g) was digested with 80 ml of 
boiling chloroform. Filtration of the cooled suspension afforded 3.6 
g (37%) of crude 4-methylurazole (3b), mp 215-235°. Recrystalliza
tion from water gave white needles, mp 233-235°. Identity was es
tablished by elemental analysis and by comparison of the ir spec
trum and Rf value (TLC) with data from an authentic sample, mp 
235-237° (lit.7 mp 233°).

Evaporation of the chloroform solution afforded a hygroscopic 
yellow oil. NMR and TLC revealed a complex mixture with 1,3- 
dimethylurea as the major component. The 1,3-dimethylurea com
ponent of the mixture could be visualized on the TLC plate only 
after prolonged exposure to iodine vapor.

The oil obtained above was partitioned between 30 ml of chloro
form and 30 ml of water. Evaporation of the aqueous solution in 
vacuo gave an oil which on trjturation with 10 ml of ethanol gave
0.29 g of a white solid, mp 150-162° (two components by TLC). 
Similar treatment of the chloroform residue gave 0.15 g of white 
solid, mp 195-205°, which was not further investigated. Recrystal
lization of the material obtained from the aqueous residue from 
ethanol afforded l-methylcarbamoyl-4-methylurazole (3c) as 
white crystals: mp 203-206°; ir (KBr) 1700 (s), 1780 cm 1 (m); 
mass spectrum m/e 172 (molecular ion); NMR (DMSO-de) 5 2.68 
(d, ca. 3, J  = 5 Hz, slowly converted to a singlet on addition of 
D2O), 2.80 (s, ca. 3), 7.2-7.8 (broad NH, slow exchange, ca. 2). A 
low-intensity singlet was observed at & 2.91 which was also present 
after D20  exchange was complete. It is felt that this signal may be 
due to an additional CH3NHCO signal caused by restricted rota
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tion about the C-N bond. The other component of the expected 
doublet could be obscured by the b 2.80 singlet. Identical results 
were observed with highly purified 3c obtained from the reaction 
of lc  with 2b.

Anal. Calcd for C5H8N4O3: C, 34.9; H, 4.7; N, 32.6. Found: C, 
35.1; H, 4.8; N, 32.7.

In a separate experiment, 10 g of the azo compound afforded 6.1 
g of chloroform-soluble oil and 2.2 g of crude 4-methylurazole, mp 
210-220°. A 0.50-g portion of the oil was distilled at 140° (0.1 mm) 
in a Kugelrohr distillation apparatus to give 0.23 g of colorless dis
tillate which partially crystallized on standing. NMR and TLC es
tablished the material to be 1,3-dimethylurea: NMR b 2.50 (d, J  = 
4 Hz), 5.8 (broad, NH). Several minor impurity peaks (<10%) were 
noted between b 2.9 and 3.4. The extrapolated yield of distilled
1,3-dimethylurea from this experiment is 47%.

Decomposition of 0.25 g (1.7 mmol) of the azo compound at 180° 
in a flask connected to a gas buret gave 0.61 mmol (36%) of a mix
ture of CO and N2. The mixture was determined to consist of 80% 
N2 and 20% CO by comparison of peak heights in the high-resolu
tion mass spectrum.

The presence of methyl isocyanate was detected in the gaseous 
products by carrying out the thermolysis of 1.0 g of lc  in small 
portions and leading the effluent gases into a solution of 1.5 g of 
aniline in benzene. The benzene was evaporated and the residue 
was treated with 10 ml of 6 IV HC1. The acid solution was extracted 
with chloroform. Evaporation of the chloroform gave a gummy res
idue that separated into two components with TLC. These compo
nents had the same Rf values as l-methyl-3-phenylurea and tri
methyl isocyanurate.

The complex mass spectrum of the thermolysis products (70 eV, 
200°) included the following significant peaks: m/e (rel intensity, 
assignment) 198 (5, 7-+), 115 (14, 4-+), 88 (5, CH3NHCONH- 
CH3-+), 57 (50, CH3NCO-+), 31 (5, CH3NH2-+), 30 (10), 28 (100).

Thermolysis of A'.JV'-Dimethyldiazenediearboxamide (lc) 
in o-Dichlorobenzene. The azo compound (15 g) was suspended 
in 300 ml of o-dichlorobenzene and the suspension was stirred and 
heated under reflux for 1.5 hr. Filtration of the hot suspension af
forded 6.1 g (41%) of crude N,lV'-dimethyl-l,2-hydrazinedicarbox- 
amide (5a), mp 227-232°. Identity was established by comparison 
of the ir spectrum and Rf values (TLC) with data from an authen
tic sample, mp 256° (lit.7 mp 260°).

The cooled dichlorobenzene filtrate afforded a solid that was 
suspended in 30 ml of boiling ethanol. Filtration of the hot suspen
sion gave 0.63 g (6%) of 3,7-dimethyl-2,4,6,8-tetraoxo-l,3,5,7- 
tetraazabicyclo[3.3.0]octane (6), mp 300-303°. Recrystallization 
from aqueous JV.JV-dimethylformamide gave white crystals: mp 
303-304°; ir (KBr) 1760 cm-1; mass spectrum m/e 198 (molecular 
ion); NMR (DMSO-dg) b 2.88 (s).

Anal. Calcd for C6H6N404: C, 36.4; H, 3.1; N, 28.3. Found: C, 
36.5; H, 3.0; N, 28.5.

The cooled ethanol filtrate deposited 0.51 g (6%) of crude 1- 
methylcarbamoyI-4-methylurazole (3c), mp 176-182°. After re
crystallization from ethanol, white crystals, mp 196-198°, were ob
tained. Identity was established by comparison of the ir spectrum 
with that of an authentic sample.

In a separate experiment, 3.0 g of the azo compound was decom
posed as described above, giving 1.43 g of solid material which was 
insoluble in o-dichlorobenzene. The filtrate was evaporated in 
vacuo to give 0.42 g of an oil which partially crystallized on stand
ing. The NMR spectrum of this material revealed it to be a com
plex mixture with 1,3-dimethylurea as the major component.

Decomposition of 0.50 g (35 mmol) as described above resulted 
in the evolution of 11 mmol (31%) of water-insoluble gases.

Preparation of l-Methylcarbamoyl-4-methylurazole (3c). A 
solution containing 2.15 g (0.019 mol) of 2b5 and 2.74 g (0.019 mol) 
of lc  in 100 ml of 0 -dichlorobenzene was heated and stirred under 
reflux for 2 hr. After decantation of the hot solution from a small 
amount of tarry material the cooled solution deposited 1.78 g 
(54%) of crude product (mp 164-185°) which on recrystallization 
from ethanol afforded 0.82 g of white crystals, mp 200-203°. An 
additional recrystallization raised the melting point to 204-206°. 
The NMR spectrum of the product was identical with that of the 
material isolated from the thermolysis of lc.

When heated at 230° for 12 hr, 3c evolved methyl isocyanate 
and was quantitatively converted to 4-methylurazole, mp 225- 
228°.

Thermal Decomposition of 4-Methyl-3/f-l,2,4-triazole- 
3,5(4H)-dione (2b). The triazoline5 (0.5 g) was suspended in 5 ml 
of o-dichlorobenzene and heated under reflux with stirring for 2 
hr. The solution was decanted from tarry material and allowed to

evaporate. A yellow powder (0.2 g), mp 240-260°, was obtained 
which was identified as 6 from its NMR and ir spectra (no impuri
ty peaks were noted in the NMR spectrum).

Thermolysis of JV,JV'-Dimethyldiazenedicarboxamide (lc ) 
in Dimethyl Sulfoxide. A solution of 2.0 g of lc  in 30 ml of di
methyl sulfoxide was heated at 120° for 22 hr. The solvent was re
moved in vacuo and the dark residue was treated with 10 ml of 
chloroform. Filtration yielded 0.55 g (36%) of crude 4-methylura
zole (identified by ir and TLC), mp 195-203°. The filtrate deposit
ed 60 mg of unidentified material, mp 225-228°. Evaporation of 
the chloroform gave a dark oil.

Thermolysis of JV,JV'-Diethyldiazenedicarboxamidc (lb) in 
o-Dichlorobenzene. The azo compound12 (1.5 g) was suspended 
in 30 ml of o-dichlorobenzene and heated under reflux with stir
ring for 1 hr. Stirring was continued at room temperature over
night. Filtration afforded 0.8 g of crude N,AT'-diethylhydrazinedi- 
carboxamide (5b), mp 230-235°. Identity was established by com
parison of the ir spectrum with that obtained from an authentic 
sample,18 mp 247-249°. Evaporation of the filtrate gave an un
characterized oil.
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The present study was prompted by an internal need to 
develop a facile blocking-deblocking sequence of the 
-CO NH - moiety in uridine (1) and guanosine (3) so that 
the corresponding (blocked) intermediates would be ame
nable to purification via anion exchange chromatography.
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To this end, benzylation-debenzylation procedures were 
reexamined.

The benzylation of 1 with benzyl bromide and sodium 
hydride in either DMSO or DMF leads in low yield to a 
mixture of A/3-benzyluridine (2) and dibenzyl uri
dine,1 although the latter can be hydrogenolyzed to 2. By 
contrast, 2 itself is resistant to hydrogenolysis in the pres
ence of either Pd/C or Pd/BaSO,}.1

In the purine series, the monobenzylation of inosine can 
be accomplished with benzyl chloride in DMF containing 
sodium bicarbonate to give iV1-benzylinosine in 50% yield.2 
Only partial catalytic hydrogenolysis has been effected.2

The use of IV,IV-dimethylformamide acetals as alkylating 
agents of the acidic amide group of heterocyclic bases3-6 
and as esterifying agents for carboxylic acids7’8 has been 
well documented. In cases of the neopentyl acetal, which is 
too hindered sterically to serve as an alkylating agent, in
tramolecular cyclization9 and decarboxylative elimination 
of uronic acids8’10 are observed.

It was found that uridine (1) is quantitatively converted 
into 2 by heating with iV,iV-dimethylformamide dibenzyl 
acetal in DMF for 3 hr at 80°, as indicated by TLC and 
paper chromatography; crystallization from THF gave an 
85% yield of 2 (Scheme I).

Guanosine (3), treated under nearly identical conditions, 
gave the /V-dimethylaminomethylene derivative 4 [uv Amax 
(water) 315 nm] which was readily converted into N l-ben- 
zylguanosine (5) by action of methanolic ammonia. The de
blocked derivative 5 was chromatographically homoge
neous, and crystallization from water gave N 1-benzyl gua
nosine (5) in 76% yield (Scheme II). This product was as
signed structure 5 on the basis of a comparison of its uv 
data at several pH values with the uv data of other alkyl 
( N 1-, N 7-, and O6-) guanosine derivatives11 together with 
the known alkylating properties of iV,iV-dimethylformam- 
ide acetals.

It is of interest to note that while uridine and inosine are 
readily N-methylated with A/,1V-dimethylformamide di
methyl acetal in DMF, guanosine (3) is not.12 The fact that 
guanosine, by contrast, is readily benzylated can be ex
plained by the increased reactivity of the dibenzyl acetal 
relative to that of the dimethyl derivative.

Sodium naphthalene has been used for the reductive 
cleavage of toluenesulfonates to regenerate the correspond
ing alcohols,13 and more recently for the reduction of syn 
and anti oxime benzoates while maintaining the stereo
chemistry of the oxime.14 We have found that sodium 
naphthalene in THF readily reduces both A^-benzyluri- 
dine and ¿V1-benzyl guanosine in good yield to give the par
ent compounds 1 and 3. Debenzylation of 2 was accom
plished by treatment with an excess of sodium naphthalene 
in THF for 3 hr to give 1 in 84% yield after crystallization 
from water-methanol (Scheme II), and AP-benzylgua- 
nosine (5) was similarly converted to guanosine in 76% 
yield (Scheme II).

N 3-Benzyluridine (2) and iV'-benzylguanosine (5) could 
readily be eluted from a Dekker column (Dowex-1, OH- ) 
by 50% methanol-water and 70% methanol-water, respec
tively, contrary to the behavior of uridine and guanosine,15 
indicating the absence of acidic protons (-CONH-) on the

Scheme II
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base and thus supporting the structural assignments of 2 
and 5. Uridine and guanosine derivatives that are modified 
in the sugar moiety should readily be separable via this 
high-yielding benzylation-debenzylation procedure.

Experimental Section
General Methods. Evaporations were carried out in a Buchi ro

tary evaporator in vacuo. Melting points were determined on a 
Thomas-Hoover Unimelt capillary melting point apparatus and 
are uncorrected. Microanalyses were performed by M-H-W Lab
oratories, Garden City, Mich. Thin layer chromatography (TLC) 
in chloroform-methanol (9:1) was performed on 6 X 2 cm, precoat
ed, silica gel F-254 aluminum foils (Merck, Darmstadt, Germany). 
Paper chromatograms were run by the descending method in iso
propyl alcohol-ammonium hydroxide-water (7:1:2). Paper electro
phoresis was conducted on a Savant electrophoresis flat plate 
using 0.02 M  disodium hydrogen phosphate (pH 7.5) as a buffer on 
Whatman No. 1 paper at 40 V/cm for 1 hr. Uv-absorbing com
pounds were detected using a Mineralight lamp. Optical rotations 
were determined with a Perkin-Elmer Model 141 polarimeter. Uv 
spectra were measured on a Cary Model 11 spectrophotometer. 
N,N- Dimethylformamide was dried with Linde molecular sieves, 
4A. N,N- Dimethylformamide dibenzyl acetal was a product of 
Fluka, Switzerland.

Sodium Naphthalene. Sodium chips (0.9 g, 40 mmol) and 
naphthalene (5.24 g, 41 mmol) were placed in a flask under a nitro
gen atmosphere, and dry THF (100 ml) was added with a syringe. 
The mixture, which began to turn green immed ately indicating 
the presence of the radical anion, was magnetically stirred (glass- 
covered stir bar) for 12 hr to ensure complete dissolution of the so
dium. The solution was stored under a nitrogen atmosphere and 
was assumed to have a concentration of 0.35 M. Aliquots were re
moved under nitrogen by syringe and added to the reaction 
mixtures under nitrogen.

N3-Benzyl uridine (2). Uridine (1, 1.0 g, 4.1 mmol) was coeva
porated with DMF (2 X 10 ml) to remove traces of water, and 
DMF (30 ml) and N,N- dimethylformamide dibenzyl acetal (5.2 
ml, 20 mmol) were added. The reaction mixture was heated at 80° 
for 3 hr and evaporated, and the resulting syrup was kept in water 
(20 ml) for 1 hr at room temperature to destroy any 2',3'-orthoam- 
ide formed. The aqueous solution was evaporated and the semi
solid was crystallized from THF: yield 1.2 g (85%); mp 172-173° 
(lit.1 mp 175.5-176.5); [a]25D +20° (c 0.5, water); Amas (pH 1) 263 
nm (e 8300), Amin 235 nm (e 2700); Ama* (pH 11) 263 nm (e 7300), 
Amin 234 nm (f 2400); NMR (DMSO-de + D2O) <5 3.47 (m), 3.83 (m, 
2, H-3',4'), 4.98 (s, 2, CH2C6H5), 5.72 (m, 2, H -l' + H-5), 7.14 
(broad s, 5, CH2C6H5), 7.78 (d, 1, H-6, J 5.6 = 8 Hz). The compound 
was homogeneous by TLC, paper chromatography, and paper elec
trophoresis.

JV1-Benzylguanosine (5). Guanosine (3, 1.0 g, 3.5 mmol) was 
evaporated with DMF (2 X 10 ml) to remove traces of water, and 
DMF (25 ml) and N,N- dimethylformamide dibenzyl acetal (4.7 
ml, 18 mmol) were added. The reaction mixture was heated for 5 
hr at 80° and then evaporated to a pale yellow syrup. This syrup 
was taken up in water (50 ml) and kept for 1 hr at room tempera
ture to destroy any 2',3'-orthoamide formed; the aqueous solution 
was evaporated to give a yellow syrup whose uv spectrum showed a 
strong absorption at 315 nm, indicating that the N-dimethylami- 
nomethylene derivative 4 had been formed. The syrup was kept in 
MeOH-NH3 (saturated at 0°) for 24 hr at ambient temperature, 
after which time the peak at 315 nm disappeared completely. The
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solution was evaporated to dryness and crystallized from water to 
give 0.99 g (76%) of 5: mp 149-150°; [a]25D -3 6 ° (c 0.5, water); 
Xma* (pH 1) 258 nm (e 12,000); Amin 231 nm (c 3700), 280 s (7100); 
Xmax (pH 11) 256 nm (e 14,000), Amin 229 nm (e 4200), 280 s (7900); 
NMR (DMSO-dg + D20 ) 6 3.5-4.4 (broad m), 5.18 (s, 2, 
CH2C6H5), 5.68 (d, 1, H -l', J v,v = 6.0 Hz), 7.18 (broad s, 5, 
CH2C6H5), 7.89 (s, 1, H-8). The compound was homogeneous by 
TLC, paper chromatography, and paper electrophoresis.

Anal. Calcd for C17H19N5O5: C, 54.68; H, 5.13; N, 18.76. Pound: 
C, 54.37; H, 5.34; N, 18.34.

Debenzylation of A^-Benzyluridine (2). Sodium naphthalene 
in dioxane (7.7 ml, 2.7 mmol) was added to 2 (100 mg, 0.30 mmol) 
in dioxane (20 ml) under nitrogen, and the mixture was stirred for 
3 hr, after which time TLC indicated complete disappearance of 2. 
The solution was left open to the atmosphere until the green color 
disappeared and then evaporated to dryness. The solid was washed 
with diethyl ether (3 X 10 ml) to remove the naphthalene and then 
taken up in water and treated with Amberlite IR 120 (H+) to re
move the sodium ions. The resin was removed by filtration and 
washed with water (10 ml), and the combined filtrates were evapo
rated to a solid that was recrystallized from water-methanol to 
give 2 (78 mg, 84%) which was identical in all respects with uridine.

Debenzylation of AT*-Benzylguanosine (5). The debenzyl
ation of 5 (50 mg, 0.13 mmol) in THF (20 ml) with sodium naph
thalene in THF (3.3 ml, 1.2 mmol) was carried out as described for 
N3-benzyl uridine (2) except that sodium ions were removed with 
Dowex 50 (pyridinium), yield 28 mg (76%).

Ion-Exchange Chromatography. Samples of N 3-benzyluri- 
dine (2, 5 mg) and Ad-benzylguanosine (5, 5 mg) were applied to 
analytical ion-exchange (Dowex 1, OH- ) columns as described by 
Dekker.16 IV3- Benzyluridine was readily eluted in 50% methanol- 
water and N'-benzylguanosine in 70% methanol-water.
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It was previously reported that a ,/3-epoxy esters with 
simple alkyl substituents were rearranged to the corre

sponding /3-keto esters when they were irradiated in an 
aprotic solvent such as diethyl ether and carbon tetrachlo
ride.1 These transformations have been also reported in 
various types of «,/i-epoxy ketones, and the mechanism in
volved may well be a homolytic fission of a  carbon-oxygen 
bond followed by a transfer of d-alkyl substituent.2 The 
present investigation was undertaken to determine wheth
er homolytic fission of the epoxy ring would preferentially 
occur even when irradiated in a protic solvent.

R1\
V : — CHC02Et —

R2 \ /  Fxf>

R2

R'CCHCO, Et
II
0

Irradiation of ethyl l-oxaspiro[2,4]heptane-2-carboxy- 
late (1) in methanol with 253.7-nm light produced «-hy
droxy ester 4a in a 67% yield. The structure of 4a was de
termined by NMR spectroscopy and an oxidation reaction. 
The NMR spectrum of 4a in DMSO-ds exhibits a doublet 
at 5 5.47 (J = 5.8 Hz) attributable to the hydroxyl proton, 
which indicates the presence of a secondary hydroxyl 
group.3 Oxidation with chromium trioxide-pyridine com
plex yielded a-keto ester 7a. Acid-catalyzed thermal reac
tion of 1 in methanol produced 4a and ethyl 2-hydroxy-2- 
(l-cyclopentenyl)acetate. From these results it is concluded 
that the alternative product (8) is not produced in this 
reaction. Dark reaction of 1 in methanol for 15 days was 
confirmed not to provide a detectable amount of 4a. Irra
diation of 1 with a high-pressure mercury vapor lamp pro
duced only a small amount of 4a because of the secondary 
photolytic decomposition of the product.

4a, R =  CH, d, R =  C(CH,), 
b. R =  C JT e, R=COCH;, 
C, R =  CH(CH;|)2

|ci'0 — Py

8 7
Irradiation of 1 in several protic solvents produced the 

corresponding a-hydroxy esters (4a-e). These results are 
summarized in Table I. Dark reaction in acetic acid under 
the same conditions produced a 75% yield of 4e in a 31% 
conversion. The lower yield of 4e in the photochemical 
reaction is due to the fast photolytic decomposition of the 
product. On the other hand, the lower yields of 4c and 4d4 
are probably due to the weak nucleophilicities of 2-propa
nol and 2-methyl-2-propanol, because the acid-catalyzed 
thermal reactions in both solvents produced low yields of 
4c and 4d.

Ethyl l-oxaspiro[2,5]octane-2-carboxylate (2) and ethyl 
3-methyl-3-ethyl glycidate (3) also produced the corre
sponding a-hydroxy-d-methoxy esters 5a (26%) and 6a 
(34%) in 66 and 96% conversions, respectively, when irra-

R1
:C-------CHC02EtV
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Table I
Photochemical Reaction of Ethyl 

1 -Oxaspiro [2,4]heptane-2-carboxylate in 
Various Solvents0

Solvent Product
Conver
sion, % Yield, % b

Methanol 4a 72 67
Ethanol 4b 30 57
2-Propanol 4c 10 Trace
2-Methyl-2-propanol 4d 18 Trace
Acetic acid 4e 47 30

“ Irradiated for 74 hr. 6 Based upon epoxy ester consumed.

R1.

R2'
X C-------CHC02Et kv »

MeOHV
1-3

R1

I
R2— C--------CHC02 Et

i I
och3 oh

4a-6a
1,4a, R1 =  R2 =  -(CH2)4-  
2,5a,R1 = R2 =  -(CH2)5-  
3,6a, R1 = C2H5; R2 = CH3

diated in methanol with 253.7-nm light. The product 6a in
volved nearly equal amounts of diastereomers.

Although some reports concerning a photochemical ionic 
reaction of an oxirane ring are available,5-7 the exact nat
ures of these reactions are unknown. Photolysis of metha
nol in the presence of oxygen was reported to yield an acid
ic substrate, which initiated the ionic reaction.7 However, 
irradiation of 1 in methanol under nitrogen, oxygen atmo
sphere, or vacuum (1 X 10-4 mm) produced almost the 
same yields of 4a with similar conversions. Rather than the 
effect of oxygen, some acidic substrate produced photo- 
chemically probably plays an important role in these reac
tions. Irradiation of 1 in the presence of sodium carbonate 
in methanol was confirmed not to yield 4a. Consequently, 
although it is unknown as to what the nature of the acidic 
substrate is, heterolytic cleavage of the /3 carbon-oxygen 
bond to give 4-6 with no detectable formation of the alter
native product such as 8 indicates that these reactions prob
ably proceed via a photochemical protonation and not via 
an excitation of ester carbonyl followed by homolytic fis
sion of the a  carbon-oxygen bond.

Although the photochemical transformation of c*,/3-epoxy 
ester to /3-keto ester was quenched by a triplet quencher,1 
the photochemical ionic reaction of 1 to give 4 was not af
fected by an addition of piperylene, benzene, and naphtha
lene in concentrations ranging from 0.02 to 0.2 M .

the irradiation. The products were separated by distillation and 
preparative GLC, and identified from ir, NMR, and mass spectral 
data.

Ethyl 2-hydroxy-2-(l-methoxycyclopentyl)acetate (4a) had 
n26D 1.4576; ir (CC14) 3510,1725,1100 cm-1; NMR (CC14) b 1.28 (t,
3), 1.68 (m), 3.15 (s, 3), 4.17 (q, 2), 2.76 (s, 1, OH), 3.95 (s, 1); NMR 
(DMSO-d6) b 1.18 (t, 3), 1.60 (m, 8), 3.10 (s, 3), 4.06 (q, 2), 5.47 (d, 
1, OH, J  = 5.8 Hz), 4.16 (d, 1, J  = 5.8 Hz); mass spectrum m/e (rel 
intensity) 129 (21), 99 (100), 67 (72). Anal. Calcd for Ci0Hi8O4: C, 
59.38; H, 8.97. Found: C, 59.33; H, 9.12.

Oxidation of 4a with the mixture of chromium trioxide and pyri
dine9 produced ethyl (l-methoxycyclopentyl)glyoxalate (7a): 
bp 110-111° (11.5 mm); ir (CC14) 1745, 1725 cm-1; NMR (CC14) 5 
1.36 (t, 3), 1.75 (m, 4), 1.92 (m, 4), 3.18 (s, 3), 4.29 (q, 2); mass spec
trum m/e 200 (M+), 99, 67, 55, 45, 41. Anal. Calcd for Ci0H16O4: C, 
59.98; H, 8.05. Found: C, 59.76; H, 7.94.

Ethyl 2-hydroxy-2-(l-ethoxycyclopentyl)acetate (4b) had 
n25D 1.4530; ir (CC14) 3500,1722,1112 cm-1; NMR (CC14) b 1.07 (t,
3), 1.32 (t, 3), 1.71 (s, 8), 3.46 (q, 2), 4.23 (q, 2), 2.93 (s, 1, OH), 4.01 
(s, 1); mass spectrum m/e (rel intensity)’ 143 (17), 113 (100), 85 
(95), 67 (76). Anal. Calcd for Cn H2o0 4; C, 61.09; H, 9.32. Found: C, 
61.07; H, 9.29.

Ethyl 2-hydroxy-2-(l-acetoxycyclopentyl)acetate (4e) had 
n20D 1.4530; ir (CCD 3580, 3500, 1720, 1745, 1230 cm-1; NMR 
(CC14) 5 1.30 (t, 3), 2.12 (s, 3), 1.70 (s, 8), 4.21 (q, 2), 2.80 (s, 1, OH), 
4.82 (s, 1); mass spectrum m/e (rel intensity) 188 (11), 170 (5), 104 
(100), 97 (53), 85 (36), 76 (36). Anal. Calcd for CnHi80 5: C, 57.38; 
H, 7.88. Found: C, 57.29; H, 7.90.

Ethyl 2-hydroxy-2-(l-methoxycyclohexyl)acetate (5a) had 
n 20D 1.4664; ir (CC14) 3520,1725,1087 cm-1; NMR (CC14) b 1.32 (t,
3), 3.20 (s, 3), 1.50 (s, 10), 4.23 (q, 2), 2.90 (s, 1, OH), 3.93 (s, 1); 
mass spectrum m/e (rel intensity) 113 (100), 81 (83). Anal. Calcd 
for CnH20O4: C, 61.09; H, 9.32. Found: C, 60.82; H, 9.24.

Ethyl 2-hydroxy-3-methoxy-3-methyl valerate (6 a) had 
ra20D 1.4383; ir (CC14) 3515,1720,1095 cm-1 ; NMR (CCD b 0.88 (t, 
3), 1.30 (t, 3), 1.15 and 1.09 (s, 3, diastereomer), 3.17 (s, 3), 4.22 (q, 
2), 1.60 (m, 2), 2.90 (s, 1, OH), 3.91 (s, 1); mass spectrum m/e (rel 
intensity) 161 (4), 87 (100), 55 (58). Anal. Calcd for C9H18CL: C, 
56.82; H, 9.54. Found: C, 56.60; H, 9.66.

Thermal Reaction of 1 in Methanol. A solution of 0.63 g of 1 
in 40 ml of methanol was refluxed with 25 pi of concentrated HC1 
for 1 hr. The resulting mixture was treated in the usual way. GLC 
analysis of the ethereal solution (Carbowax 20M, 190°) indicated 
the presence of 1, 4a, and ethyl 2-hydroxy-2-(l-cyclopentenyl)ace- 
tate in a ratio of 10:81:9. Preparative GLC gave ethyl 2-hydroxy- 
2-(l-cyclopentenyl)acetate: ir (CCL) 3515, 3045, 1733 cm-1; NMR 
(CC14) b 1.28 (t, 3), 1.93 (m, 2), 2.27 (m, 4), 4.22 (q, 2), 5.70 (s, 1),
3.15 (s, 1), 4.60 (s, 1); mass spectrum m/e (rel intensity) 170 (M+, 
65), 124 (55), 97 (100), 79 (66), 67 (69). Anal. Calcd for C9H140 3: C, 
63.51; H, 8.29. Found: C, 63.20; H, 8.50.

Spectral data of 4a isolated from a thermal reaction were com
pletely identical with those of the photochemical one.

Registry No.— 1, 6975-15-1; 2, 6975-17-3; 3, 3647-33-4; 4a, 
55043-44-2; 4b, 55043-45-3; 4e, 55043-46-4; 5a, 55043-47-5; 6 a di
astereomer a, 55043-18-0; 6 b diastereomer b, 55043-19-1; 7a, 
55043-48-6; ethyl 2-hydroxy-2-(l-cyclopentenyl)acetate, 33487- 
18-2.
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Organic peracids are versatile reagents capable of oxidiz
ing a variety of functional groups under generally mild con
ditions.1 Peracids react with olefins,2 amines,3 ketones,4 
sulfides,5 and a number of other functional groups.1’6 In ad
dition, their solubility in organic solvents, ease of handling, 
and commercial availability make these reagents particu
larly attractive for the oxidation of organic compounds.

While an alcohol functionality can influence the stereo
chemistry of peracid epoxidations, alcohols themselves are 
generally inert to these reagents.7 The observation that 
keto nitroxide 1 is produced in the peracid oxidation of 
amino alcohol 28 suggests a nitroxide-induced oxidation of 
alcohols by peracids. Indeed, addition of m-chloroperben- 
zoic acid to a solution of phenyl-2-propanol and a catalytic 
amount of 2,2,6,6-tetramethylpiperidine-l-oxyl (3) in

0  OH

0 0 0
1 2 3

methylene chloride at room temperature results in nearly 
quantitative conversion of the alcohol to phenyl-2-propa- 
none after 1 hr. The reaction requires 1 equiv of peracid, 
though, in practice, a slight excess is employed to offset the 
simultaneous nitroxide-catalyzed decomposition of the per
acid (vide infra). The reaction is also catalyzed by mineral 
acids;9 hence the overall oxidation is described by eq 1.

3 , H +
R,R,CHOH + m-ClPhC03H ----*-

R,R2CO + w-CIPhCOjH -  HjO (1)

The nitroxide catalyst can be conveniently generated in 
situ by reaction of the corresponding amine, 2,2,6,6-tetra- 
methylpiperidine (TMP), or its hydrochloride (TMP-HCl) 
with m-chloroperbenzoic acid.3c (Use of TMP-HCl also 
satisfies the requirement for acid catalysis.11) The reaction 
can be conducted in methylene chloride, chloroform, or 
ether. Results of oxidation of a number of representative 
alcohols by this procedure are presented in Table I. These 
results clearly demonstrate the efficiency of this method 
for the conversion of secondary alcohols to ketones. Pri
mary alcohols generally yield carboxylic acids, although in 
some cases the reaction stops at the aldehyde stage (see 
Table I).12

It is noteworthy that except for the case of cyclohexanol, 
little or no Baeyer-Villiger reaction of the ketonic products 
is encountered under the reaction conditions. This is not 
surprising, since the Baeyer-Villiger reaction generally re
quires longer reaction times or higher temperatures and 
employs stronger peracids than are necessary for the alco
hol oxidation.40 Cyclohexanol (a notable exception) is con
siderably more reactive than its cyclic congeners in the 
Baeyer-Villiger reaction.46’13 With reactive ketones, such 
as cyclohexanone, it is possible to suppress or enhance the 
Baeyer-Villiger reaction by proper choice of reaction con
ditions. In general, Baeyer-Villiger reaction of the ketonic 
products can be avoided by conducting the reaction under 
mild conditions (see Table II).

Although no detailed mechanistic studies of this reaction 
have been undertaken, a number of observations pertinent 
to a possible mechanism are noteworthy. First, stable radi
cals other than the piperidine nitroxides, such as galvinoxyl 
or the pyrrolidine nitroxides,14 neither catalyze nor retard 
the oxidation. Inhibitors, such as 2,6-di-ferf- butyl-4-meth- 
ylphenol (BHT) or ethyl crotonate, likewise have no effect 
on the reaction. Second, addition of nitroxide 3 to an acidi
fied solution of m-chloroperbenzoic acid in methylene chlo
ride produces an intense yellow color which persists for 
several hours and then slowly fades if no alcohol is present. 
In the absence of mineral acid, the yellow color appears 
gradually. (Alcohols are oxidized more slowly in the latter 
solutions.) Finally, nitroxide 3 catalyzes the decomposition 
of m-chloroperbenzoic acid in methylene chloride and this 
decomposition is accelerated by alcohols.15 Figure 1 eom-

Table I
Nitroxide-Catalyzed Oxidation of Alcohols with m-Chloroperbenzoic Acid“

Alcohol Registry no. Product(s) Registry no. Yield, %b

Cyclopentanol 96-41-3 Cyclopentanone 120-92-3 77

Cyclohexanol 108-93-0
a ” * a "

108-94-1 (4) 
502-44-3 (5) See Table

Cycloheptanol 502-41-0
4  5

Cycloheptanone 502-42-1 81
Phenyl- 2-pr opanol 698-87-3 Phenyl- 2-pr opanone 103-79-7 87
2-Octanol 123-96-6 2-Octanone 111-13-7 94
Borneol 507-70-0 Camphor 76-22-2 94
Norborneol 1632-68-4 Norcamphor 497-38-1 95
Cyclopropylmethyl- 765-42-4 Cyclopropyl methyl 765-43-5 81

tiarbinol ketone
Benzyl alcohol 100-51-6 Benzaldehyde 100-52-7 761-pentanol 71-41-0 Pentanoic acid 109-52-4 90c
Isopentyl alcohol 123-51-3 3-Methylbutyric acid 503-74-2 85°1-Heptanol 111-70-6 Heptanal 111-71-7 40 c ' d
3,5-Dimethoxy- 705-76-0 3,5-Dimethoxy- 65-85-0 60c

benzyl alcohol benzoic acid
“ Representative procedure is given in the Experimental Section. b Yields are those of pure, distilled products unless otherwise indicated. 

c Yield determined by gas chromatography. a Heptanoic acid was also produced in ca. 40% yield.
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Table II
Nitroxide-Catalyzed Oxidation of Cyclohexanol“

4 5
Equiv of peracid

(per mol Conen of
•Run cyclohexanol) peracid, % 4 a % 50

l 1.0 0.25 97 3
2 1.5 0.25 94 6
3" 2.0 0.13 91 9
4 2.0 0.13 81 19
5 2.0 0.25 76 24
6 3.0 0.25 44 56
V 2.0 0.25 29 71

a Product ratios were determined by gas chromatography. Re
actions were allowed to proceed for 2 hr prior to work-up. Except 
for run 1, less than 10% of the starting material remained at the 
time of analysis. The concentration of nitroxide was ca. 0.002 M. 
'’ Peracid was added over a 1-hr period. c Reaction was buffered
with solid sodium bicarbonate.

pares the rate of decomposition of m-chloroperbenzoic acid 
by 3 in the presence and absence of mineral acid and in the 
presence of alcohol.

These observations suggest a reversible, acid-catalyzed 
complex formation between peracid and nitroxide. This 
complex could decompose reversibly to starting materials 
or irreversibly by reaction with solvent or alcohol (Scheme
I). A likely structure for this complex is radical cation 6,

Scheme I

+  m-ClPhCO,H +  H,0

I!
0
7

7 +  R.RiCIIOH — - R,R,CO +  H+

the formal result of a carbonyl addition to the protonated 
peracid by the nitroxide. Complex 6 could dissociate re
versibly via electron transfer to produce cation 7, m-chloro- 
benzoic acid, and water. Cationic species like 7 have been 
postulated as intermediates in a number of reactions of ni- 
troxides.16 Indeed, stable oxoammonium salts related to 7 
have been isolated and on treatment with alcohols yielded 
the corresponding ketones.17 In the absence of further in
formation, the exact nature of the reactive intermediate in 
this reaction can only be speculative; however, it is clear, 
since we are dealing with a free-radical species, that a one- 
electron transfer must be involved at some stage of the 
reaction.

While this method is limited to those alcohols which do 
not bear functional groups reactive toward peracids, the

Figure 1. Nitroxide-catalyzed decomposition of m-chloroperben
zoic acid in methylene chloride. Plot of percent decomposition of 
0.2 M  m-chloroperbenzoic acid vs. time in minutes for peracid so
lutions containing: A, no additives; B, TMP (0.002 M); C, TMP- 
HC1 (0.002M); D, TMP-HC1 (0.002 M) plus cycloheptanol (0.2M). 
See Experimental Section for details.

possibility of effecting multistage oxidations by this meth
od is attractive. For example, the epoxidation-oxidation of 
an olefinic alcohol can avoid the complex product mixtures 
resulting from epoxidations of olefinic ketones.18 Attempt
ed preparation of epoxy ketone 9, by epoxidation of keto 
olefin 8, yielded only a rearranged Baeyer-Villiger prod
uct.19 The desired compound was finally prepared in a 
three-step sequence, the last step (chromium trioxide-pyri
dine oxidation of epoxy alcohol 10) of which occurred in 
only 31% yield.20 We have achieved a one-pot preparation 
of 9 in 86% yield by epoxidation of olefinic alcohol 11 with 1

f t r “
11

equiv of m-chloroperbenzoic acid in methylene chloride 
followed by addition of a second 1 equiv of peracid and a 
catalytic amount of TMP-HC1 to effect oxidation of the al
cohol. Clearly, this one-pot sequence is the method of 
choice for this type of transformation. Combined with the 
versatile oxidizing properties of peracids, this unique meth
od for alcohol oxidation can provide many novel approach
es to multiple oxidations of polyfunctional molecules.

Experimental Section21
The alcohols used in this study were obtained from commercial 

sources. 2,2,6,6-Tetramethylpiperidine hydrochloride was pre
pared by passing dry hydrogen chloride into an ethereal solution of 
TMP (Aldrich). The resulting hygroscopic solid was stored in a 
desiccator or in methylene chloride solutions (approximately 0.2 
M) containing 1-2% ethanol.

Representative Procedure for Oxidation o f Alcohols. To a
stirred solution of 2.28 g (20 mmol) of cycloheptanol and 1 ml (0.2 
mmol) of a 0.2 M  solution of TMP-HC1 in methylene chloride was 
added, over 15 min, a solution of 6.0 g (30 mmol) of 85% m-chloro
perbenzoic acid (Aldrich) in 50 ml of methylene chloride. The re
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suiting mixture was stirred at ambient temperature for 1.5 hr and 
then transferred to a separatory funnel. The usual work-up21 af
forded a pale yellow residue which was distilled at reduced pres
sure to yield 1.85 g (81%) of cycloheptanone.

exo-5,6-Epoxy-2-norbornanone (9). To a stirred, ice-chilled 
solution of 2.20 g (20 mmol) of 5-norbornen-2-ol (11) in 5 ml of 
methylene chloride was added a solution of 4.3 g (21 mmol) of 85% 
m-chloroperbenzoic acid in 50 ml of methylene chloride. Analysis 
of the reaction mixture after 2 hr revealed that all o f the starting 
material had reacted. To the resultant mixture was added 1 ml (0.2 
mmol) o f a 0.2 M  solution of TMP-HCI in methylene chloride fol
lowed by an additional 5.1 g (25 mmol) of m-chloroperbenzoic acid 
in 50 ml of methylene chloride. After 1.5 hr, the mixture was trans
ferred to a separatory funnel and worked up as usual. The residue, 
a mixture of epoxy ketone 9 and nitroxide 3, was sublimed to af
ford 2.1 g (86%) of pure 9 whose melting point and infrared spec- 
tTum correlate with those reported:20 mass spectrum m/e (rel in
tensity) 124 (M + , 24.4), 106 (2.6), 96 (24.0), 95 (43.0), 82 (77.6), 81 
(100), 68 (52.8), 67 (57.1), 41 (38.9), 39 (56.4).

Nitroxide-Catalyzed Decomposition of ra-Chloroperben- 
zoic Acid. A stock solution of 0.2 M  m-chloroperbenzoic acid in 
methylene chloride was divided into four equal portions designat
ed A-D. Solution A was a control. To solutions B-D  were added 
respectively TMP (final concentration 0.002 M ), TMP-HCI (final 
concentration 0.002 M), and TMP-HC1 (0.002 M) plus cyclohepta- 
nol (final concentration 0.2 M). Aliquots were withdrawn at timed 
intervals and the concentration of peracid was determined iodome- 
trically using the standard procedure.22 The decomposition was 
followed for a 2-hr period (approximate time required for comple
tion of the alcohol oxidation). The results are plotted as percent 
decomposition of peracid vs. time in Figure 1.

Registry No.—3, 2564-83-2; 9, 55044-07-0; 11, 13080-90-5; 
TMP-HCI, 935-22-8.
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Communications

Benzimidazole Chemistry. II. Alkyl Migration of 
JV-Alkyl-4-trifluoromethyl-2,6-dinitroanilines 

on Reduction with Tin

S u m m a ry: In reductions of certain IV-alkyl-4-trifluoro- 
methyl-2,6-dinitroanilines, migration of the alkyl group oc
curs simultaneously with formation of the triamines, prob
ably by formation of a radical from the N -  alkyl group fol
lowed by rearrangement.

Sir: A study of the syntheses of benzimidazoles1 was ini
tiated to provide compounds for comparison with the prod
ucts of bacterial and atmospheric changes of the 2,6-dini- 
troaniline, agricultural chemicals.2 The preparation of 1- 
propyl-7-amino-2-methyl-5-trifluoromethylbenzimidazole
(lc) was required. The synthetic route that was chosen fol
lowed the method of preparation of the 5-methyl analog
(2);1 however, the intermediate triamine formed by the re
duction of the 2,6-dinitroaniline (3c) with tin and hydro
chloric acid was obviously not the expected symmetrical 
compound (5c), but the unsymmetrical triamine (4c). The 
unsymmetrical structure was evident from the nonidentity 
of the aromatic hydrogens in the NMR spectrum.

la, R =  S-C4H9
b, R =  n-C4H9
c, R =  n-CjH-

RNH

■NHR H,N-

3a, R =  s-C4H9
b, R =  n-C4H9
c ,  R =  n-C3H7
d, R =  i-Bu

4 a, R =  s-C4H9
b, R =  re-C4H9
c, R =  n-C:.H7

CF3
5 a, R =  s-C4H9 

c, R =  n-C3H7 
g , R =  H 
f, R =  C6H5

e , R=PhCHCH3

f, R =  C6H5
g, R =  H

The structure of the triamine, 4c, was confirmed by con
version via diazotization and the Sandmeyer reaction to the 
same alkyl nitrobenzimidazole (7c) formed by the alkyla
tion of 2-methyl-7-nitro-5-trifluorobenzimidazole (8). The

Table I
Results of Tin and Acid Reduction of 

lV-Alkyl-4-trifluoromethyl-2,6-dinitroanilines
%

3 5a 4” Sg° Total yield

a 33 67 50
b 5 95 Quant
c 100 Quant
d 100 74
e 100 73
f 100 71
a The yields were determined by NMR analysis of the total 

product mixture.

alkylation of such benzimidazoles as 8 has been shown to 
give the l-alkyl-4-nitrobenzimidazole.1 Thus 7 must have 
the structure l-alkyl-2-methyl-4-nitro-6-trifluoromethyl- 
benzimidazole. The symmetrical triamines (5) could be 
prepared by catalytic hydrogenation. Cyclization gave the
l-alkyl-7-amino-2-methyl-5-trifhioromethylbenzimidazoles
(1) which were isomeric with the products of cyclization of 
the amines formed by the rearrangement.

The sam!e rearrangement was observed during the reduc
tion of the dinitroanilines 3a (R = s-butyl), 3b (R = n- 
butyl), and 3c, (R = n -propyl) to give the corresponding 
triamine 4. With the A-alkyl groups which are easily elimi
nated such as terf-butyl (3d) or «-phenethyl (3e), reduc
tion with tin gave the unsubstituted triamine, 5g (R = H). 
When the substituent was phenyl no rearrangement or 
elimination was observed, and the product was 2,6-di- 
amine-l-anilino-4-trifluoromethylbenzene (5f). See Table I 
for a summary of these data.

To determine whether the migration occurred by an in
ternal nucleophile displacement or some intermediate, 3a 
([a]20D +22.0°) was prepared with S-sec-butylamine. The 
reduction, however, gave N-sec-butyl-2,3-diamino-5-tri- 
fluoromethylaniline (4a) with no optical activity. For com
parison the reduction of 3a was accomplished with catalyt
ic hydrogenation over platinum to give 5a ([a]19D —25.3°). 
These data suggested that the chiral carbon was converted 
to a carbonium ion2d or a radical2®-0 during the reduction.

There are reported rearrangement of groups from one 
ortho nitrogen to another. In all previous cases, however, 
the group is unsaturated and an obvious intermediate het
erocycle can be envisioned.3 No previous migration of a sat
urated group, such as an alkyl group, between adjacent ni
trogens has been reported, and for identification this reac
tion was called the UNH4 rearrangement.

A consideration of the experimental data suggests that 
the reduction of the nitro function with tin produces a radi
cal5 which abstracts a hydrogen from the N - alkyl group 
and cyclization then occurs. Carbonium ions have also been 
proposed for these reductions2d and cannot be eliminated 
by this study. Radicals formed from the nitro group by 
photochemical reactions give benzimidazoles;2 however, if 
the nitro group is reduced to the nitroso function prior to 
alkyl radical formation (Scheme I), the dihydro benzimid
azole should be formed. Reduction of this intermediate oc
curs with C-N bond cleavage to form the symmetrical tri
amine or with formation of the unsymmetrically substitut
ed triamine 4 giving the UNH4 rearrangement (see Table I
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Scheme I

for relative importance of these two pathways). Similar 
mechanisms have been proposed for the formation of benz
imidazoles by the reductive photolysis of dinitroanilines; 
however, no rearrangement of the alkyl group has been re
ported. It is probable, however, that such rearrangement 
products may be formed but not previously detected.
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9-Borabicyclo[3.3.1]nonane as A Highly Selective 
Reducing Agent for the Facile Conversion of 

a,d-Unsaturated Aldehydes and Ketones to the 
Corresponding Allylic Alcohols in the 
Presence of Other Functional Groups1

S u m m a ry: Reduction of a,/3-unsaturated aldehydes and 
ketones with 9-borabicyclo[3.3.1]nonane proceeds selec
tively and cleanly to the corresponding allylic alcohols in 
excellent yield in the presence of many other functional 
groups.

Sir: 9-Borabicyclo[3.3.1]nonane (9-BBN) is an exceptional
ly stable bicyclic dialkylborane2 and hydroborates olefins 
with very high regio- and stereoselectivity, far greater than 
those observed with borane and other dialkylboranes.3 
These remarkable characteristics and its commercial avail
ability4 prompted us to examine the behavior of 9-BBN as 
a reducing agent toward representative organic functional 
groups in tetrahydrofuran5 (THF).

In the course of this investigation we found that 9-BBN 
reduces aldehydes and ketones rapidly and cleanly (to alco
hols) even faster than it hydroborates olefins. For example, 
k  cyclo h ex an o n e  A  c y d o p e n te n e  was found to be 37 in competition 
experiments. Thus, the reaction of 2-cyclohexenone with 4 
molar equiv of 9-BBN at 25° proceeds rapidly, using 1 
equiv of 9-BBN in 10 min, while the uptake of the second 
equivalent requires 3 days. GLC analysis of the reaction 
mixture, following hydrolysis at the end of 10 min, indicat
ed the presence of 2-cyclohexenol in 100% yield. Conse
quently, the reaction involves a rapid initial reduction of 
the carbonyl group followed by very sluggish subsequent 
hydroboration. The clean reduction of a,/j-unsaturated al
dehydes and ketones by hydride reagents has offered con
siderable difficulty.6,7 Accordingly, it appeared desirable to 
examine this reaction in detail.

The reductions were carried out by the dropwise addi
tion of an essentially stoichiometric quantity of 9-BBN so
lution in THF (3-5% excess) to the ketone in THF solution 
at 0°. The reaction mixtures were stirred for 2-4 hr at 0° 
and 1 hr at 25°.

Two procedures can be used to isolate the product. The 
reaction mixture can be treated with alkaline hydrogen 
peroxide to oxidize the 9-BBN moiety and the allylic alco
hol separated by distillation from the 1,5-cyclooctanediol. 
More conveniently, the THF can be removed under vacu
um from the reaction mixture and then pentane added. Ad
dition of 1 mol of ethanolamine then precipitates 9-BBN as 
the adduct. Distillation of the pentane solution then pro
vides the products8 (eq 1). This serves as an excellent neu-

( J ^ B — OR +  H2NCH2CH2OH ~ ntane>

ROH + I (1)

tral work-up procedure for compounds containing acid- 
and base-sensitive groups.

Simple conjugated aldehydes, such as crotonaldehyde 
and cinnamaldéhyde, are converted into crotyl alcohol and 
cinnamyl alcohol in yields of 98 and 99%, respectively (eq 
2).

CH=CHCHO 9-BBN,THF 
2 hr at 0°, 1 hr at 25°

CH=CHCH,OH (2)

R ece iv ed  M a rch  19 ,1 9 7 5 99%
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Table I
Reduction of 2-Cyclopentenone with 

Various Reducing Agents

Product com position,0 %

Reagent

0

à

OH

6

O

Ò

OH

Ó

LiAlH4, THF, O06 0.0 14.0 2.5 83.5
L iA lH (0 -fe r i -B u)3, 

THF, 0 ° ”

0.0 0.0 11.2 88.8

NaBH4, EtOH, 780i> 0.0 0.0 0.0 100.0
AiHg, t h f , 006 0.0 90.0 6.1 3.9
¿-BujAlH, c 6h 6,

QOC

9-BBN, THF, O0*

0.5 99.0 0.0 0.5

0.0 100.0 0.0 0.0
a Analysis by GLC.6Reference 7. c Reference 9a. d Present work.

2-Cyclohexenone is converted to 2-cyclohexenol in quan
titative yield (eq 3).

0
9-BBN .TH F 

2 h r a t 0°, l h r  a t  25°

100% (84% isolated)
Even 2-cyclopentenone, known for it’s susceptibility to 

undergo conjugate addition with hydride reducing agents,7 
is cleanly converted to the desired 2-cyclopentenol in es
sentially quantitative yield (eq 4).

O
9-BBN ,TH F 

4 h r a t  0°,2hr a t  25°

100% (85% isolated)
Results summarized in Table I clearly reveals the superi

ority of 9-BBN over previously available reagents, such as 
lithium aluminum hydride, lithium tri-tert-butoxyalumi- 
nohydride, sodium borohydride, and aluminum hydride.

Further, the results of the competition experiments in
volving 2-cyclohexenone and organic compounds contain
ing representative functional groups toward 9-BBN and of 
other research underway5 indicate that the present reac
tion can tolerate the presence of a large variety of function
al groups, such as nitro, halogen, epoxide, carboxylic acid, 
ester, amide, nitrile, sulfide, disulfide, sulfoxide, sulfone, 
tosylate, azo, etc. This is a major advantage of 9-BBN over 
other reagents such as diisobutylaluminum hydride.9 The 
remarkable utility of 9-BBN for such selective reductions 
involving polyfunctional substrates is confirmed by the se
lective conversion of 4-carbethoxy-3-methyl-2-cyclohexe- 
none to 4-carbethoxy-3-methyl-2-cyclohexenol and o-nitro- 
cinnamaldehyde to o-nitrocinnamyl alcohol in yields of 95 
and 76%, respectively (eq 5).

9-BBN, TH F 

3 hr at 0°, lh r  a t  25°

COOC2H6
95% (86% isolated)

The following preparative procedure for the reduction of 
2-cyclopentenone to 2-cyclopentenol is representative. An 
oven-dried 500-ml three-necked flask, equipped with a side 
arm fitted with a silicone rubber stopple, egg-shaped stir

ring bar, and pressure equalizing dropping funnel con
nected to a mercury bubbler through a connecting tube, 
was flame dried and cooled to room temperature under a 
dry stream of nitrogen. The flask was charged with 25 ml of 
dry THF and 8.35 ml (8.21 g, 100 mmol) of 2-cyclopenten- 
one ( n 2 0 D  1.4814) and cooled to 0° with an ice bath. Then,
171.7 ml (103 mmol) of a 0.6 M  9-BBN solution in THF 
was added dropwise over a period of 2 hr with vigorous stir
ring. After 4 hr at 0°, the solution-was stirred for 2 hr at 
25°. Then 0.5 ml of methanol was added to destroy excess 
9-BBN. THF was removed under reduced pressure and dry 
n -pentane (100 ml) added, followed by 6.4 ml (6.3 g, 103 
mmol) of 2-aminoethanol. Immediately the ethanolamine 
derivative of 9-BBN precipitated. The mixture was centri
fuged and the clean pentane layer decanted. The precipi
tate was washed with three 30-ml portions of n -pentane 
and centrifuged, and the decantates were added to the 
main fraction. Pentane was distilled off and the residue on 
vacuum distillation gave 7.12 g (85%) of 2-cyclopentenol as 
a colorless liquid, bp 78° (59 mm), n 2 0 D  1.4716 [lit.10 bp 
52° (12 mm), n 2 0 D  1.4717], >99% pure by GLC.

In conclusion, it should be pointed out that 9-BBN pos
sesses certain major advantages over other reagents for this 
transformation. It reduces 2-enones, normally highly sus
ceptible to conjugate reduction, cleanly to the allylic alco
hols. Yet it is a very mild reducing agent, similar to sodium 
borohydride and lithium tri-tert-butoxyaluminohydride in 
its selectivity.
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Photoannelations with «-Formyl Ketones.
Enol Specificity in the Reaction of Acyclic 

a-Formyl Ketones with Alkenes1

S u m m a ry : The irradiation of several acyclic a-formyl ke
tones in the presence of alkenes gives rise to photoproducts 
derived exclusively from that tautomer enolized toward the 
aldehyde carbonyl, which can then be cyclized to provide a 
new cyclohexenone annélation sequence.

S ir: The photochemical cycloaddition of fl diketones to alk- 
enes2a’b is well documented and has been adequately re
viewed.3®  ̂ In general this reaction can be viewed as pro-
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ceeding through one of two possible enols to give a substi
tuted 2-acylcyclobutanol which then suffers ring fragmen
tation yielding a 1,5 diketone. Subsequent aldol cyclization 
of the photoproduct affords various eyclohexenones. Al

though the material yields are generally good, the consider
able synthetic potential of this two-step sequence has not 
been totally realized. In significant measure this is due to 
the large number of products which often results. For ex
ample, the reaction between an u n sym m etr ica l diketone 
and an u n sym m etr ica l alkene followed by aldolization can 
give eight' structurally different eyclohexenones, neglecting 
stereoisomers. This multiplicity arises because there are (a) 
tw o  reactive enol tautomers per diketone, (b) tw o  alkene 
orientations per enol, and (c) tw o  aldol products per photo
product. Such mixtures have often restricted the prepara
tive value of the process.3f

We now wish to report that the analogous reaction with 
a-formyl ketones leads to a significant reduction in product 
complexity and renders the process generally useful.

It occurred to us some time ago that acyclic a-formyl ke
tones might be attractive partners in photochemical anne- 
lations. We reasoned that their use could result in signifi
cant simplification of the photochemical annelation se
quence, as compared to /3 diketones. For instance, a twofold 
simplification arises directly because the ketoaldehyde 
photoproduct can only undergo a single aldol cyclization. 
We hoped that additional simplification would result if the 
two enol tautomers were sufficiently different, either in re
activity or concentration, to permit preferential reaction of 
one tautomer in the photochemical cycloaddition step. It is 
the purpose of this paper to report that our preliminary 
findings are in complete accord with these expectations 
and that a potentially general and useful annelation pro
cess has emerged. To date there have been no reports of 
such reactions with a-formyl ketones, although two groups 
have employed a dialdehyde in ingenious syntheses of loga- 
nin.4

0

R,

la, R] = R, = IT"'1’
b, R, = H, R, = ¿-C;1H75c
c. Rj = R, = CH:15d

The NMR spectra of various acyclic a-formyl ketones 
clearly indicate that they are totally enolized and that 
there is an appreciable concentration of both enols in all 
cases.6’7 In fact the relative amounts of the two enols are

rather insensitive to substitution patterns, in contrast to 
the formyl derivatives of cyclic ketones.®3 It was thus some
what surprising when irradiation of various symmetrical 
alkenes with a-formyl ketones provided products which 
were exclusively derived from tautomer A. For instance 
formylacetone and tetramethylethylene afforded keto alde
hyde 3a in quantitative yield. Particularly diagnostic was 
the aldehyde singlet at 9.64. There was no trace of an addi
tional aldehyde proton absorption (triplet) for the alterna
tive photoproduct 5a, ruling out the intervention of tau
tomer B in the photocycloaddition. Acid-catalyzed cycliza
tion of 3a then yielded cyclohexenone 4a (69%)8 as a single 
homogeneous substance.9 Similar results were obtained 
with 4-isopropylformylacetone (lb ) which was smoothly 
converted to keto aldehyde 3b.8 In no instance were we able 
to detect even trace quantities of 5b which would arise 
from the alternate enol tautomer B.

7a, b,c 8a, b, c

la-8a, R, =  R2 =  H; lb-8b, R: = H, R2 =  
lc -8 c , R, =  R, =  CH3

We have also caused formyl ketones la -c  to react with 
cyclohexene and again the results indicate a specific reac
tion with tautomer A. For example, formylacetone (la) 
reacted with cyclohexene at —20° to —30° to give ketoal
dehyde 7a which was then directly cyclized to octalone 8a 
(mixture of stereoisomers).8’10 In a similar fashion, formyl 
ketones lb  and lc  were specifically converted to the substi
tuted octalones 8b and 8c8,11

An explanation for the selective enol reactivity observed 
in this study is difficult to advance at this time. We have 
made the q u a lita tiv e  observation that formyl ketone lb  af
fords more product than does acetylacetone in a competi
tive reaction for excess cyclohexene. However, the revers
ible formation of intermediates in this reaction12 does not 
permit us to determine the relative rates of reaction.

Taken together, the experiments that we have reported 
here indicate that alkenes can be expected to react prefer
entially, if not exclusively, with that tautomer of a simple
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acyclic a-formyl ketone which is enolized toward the alde
hyde carbonyl. Because the photoproducts can only under
go aldolization in a single sense, a fourfold simplification in 
the overall annelation sequence has resulted, compared 
with the analogous reactions with f3 diketones. In terms of 
net structural change, the reaction can be summarized by 
the following equation.

OHC

The single remaining point of ambiguity, orientation of 
the photoaddition with unsymmetrical alkenes, is currently 
under investigation. Based on preliminary findings we ex
pect our studies to result in a general cyclohexenone syn
thesis which complements existing methods.13
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Indirect Bromination 
by Reaction of Aniline Hydrobromide 

with Dimethyl Sulfoxide

S u m m a ry : Indirect bromination of aniline can be achieved 
by reaction of the aniline hydrobromide salt with dimethyl 
sulfoxide to afford p-bromoaniline and o-bromoaniline in a 
12:1 ratio. This simple indirect bromination proceeds with 
a high degree of regiospecificity to afford predominantly 
p-bromoaniline.

S ir: Fletcher and coworkers1 have reported that 2-amino- 
3-bromofluorenone is obtained from the reaction of te r t-  
butyl bromide and 2-aminofluorenone in dimethyl sulfox
ide and from the reaction of 2-aminofluorenone with 48% 
HBr in dimethyl sulfoxide. We wish to report that the reac
tion of aniline hydrobromide with dimethyl sulfoxide at an 
elevated temperature (refluxed for 45 min) afforded pre
dominantly the p-bromoaniline in 74% yield and only 6%
o-bromoaniline. This indirect bromination process is sum
marized in Scheme I which depicts the DMSO-Br2 adduct2 
II as the active brominating species.

Scheme I

C6H5NH3 +  Br“  +  DMSO

C6H5NH2 +  HOSMe, +  Br“  
I

HOSMe2 +  Br“  HBr +  DMSO

2HBr +  DMSO — » H20  4- Me2S +  Br27 

DMSO +  Br, DMSO-Br,
II

74% 6%

The process depicted in Scheme I illustrates the selective 
indirect bromination of aniline by way of its hydrobromide 
salt to yield almost exclusively p-bromoaniline.3 This re
sult is somewhat surprising since direct bromination3b of 
aniline in most instances yields di- and trisubstituted de
rivatives.

Although the DMSO-Br2 adduct has been depicted in 
Scheme I as the brominating species we have no direct evi
dence of its constitution. A second possible brominating 
agent is the Me2S-Rr2 adduct;4 dimethyl sulfide formed in 
the oxidation of hydrogen bromide could complex with free 
bromine. However the formation of both of the bromine 
adducts would be expected to be reversible processes, and 
it would be anticipated that the reaction conditions would 
favor the formation of the DMSO-Br2  adduct (provided 
that the thermodynamic stabilities of the two adducts are 
not vastly different), since the reaction is normally carried 
out in the presence of a large excess of DMSO.

p -  and o-Bromoaniline. Aniline hydrobromide (13.05 g, 0.075 
mol) was added to 100 ml of dimethyl sulfoxide5 and the resulting 
mixture was refluxed for 45 min. The reaction was allowed to cool 
to room temperature and poured into a dilute solution of sodium
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hydroxide (3.0 g in 750 ml of H2O). The resulting mixture was ex
tracted with two 150-ml portions of a 5:1 Skelly B:ethyl ether solu
tion. The extracts were combined, washed with 100 ml of H2O, 
dried over anhydrous sodium sulfate, and filtered. Concentration 
of the organic phase and distillation of the resulting oil afforded
10.1 g (80%) of a semisolid, bp 76-80° (0.5 mm); GLC analysis 
showed that the mixture consisted of ~74% p-bromoaniline and 
6% o-bromoaniline. Recrystallization of the semisolid from aque
ous ethanol afforded 8.7 g (67%) of pure p-bromoaniline, mp
62.4-64° (lit.3a-6 mp 66-66.5°).

References and Notes
(1) T. L. Fletcher, M. J. Namkung, and Hsl-Lung Pan, Chem. Ind. (London), 

660 (1957).

(2) For an analogous DMSO-Cb adduct see E. J. Corey and C. U. Kim, Tet
rahedron Lett., 919(1973).

(3) For other examples of p-bromination see (a) G. M. Kosolapoff, J. Am. 
Chem. Soc., 75, 3596 (1953), and (b) V. Calo, F. Ciminale, L. Lopez, and
P. E. Todesco, J. Chem. Soc., 21, 3652 (1971), and references within.

(4) T. L. Fletcher and Hsi-Lung Pan, J. Am. Chem. Soc., 78, 4812 (1956).
(5) Dried over calcium hydride and distilled at a reduced pressure.
(6 ) p-Bromoaniline, mp 62-64°, from the Aldrich Chemical Co.
(7) I. M. Hunsberger and J. M. Tien, Chem. Ind. (London), 88 (1967).
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Organolithium Reagents
• E x t r e m e l y  s t r o n g  b a s e s  

• P o w e r f u l  n u c l e o p h i l e s

Alkyl and aryllithium reagents have assumed an extremely impor
tant place in organic synthesis mainly because o f their high 
nucleophilicity and powerful basicity. The structures and numerous 
synthetic applications of organolithium compounds have been 
reviewed recently.1-2 Other reviews describe their use in metallation3 
and ketone synthesis from carboxylic acid salts.4 The preparation 
and use of lithium organocopper compounds have also been 
reviewed.5 A few of the many applications o: organolithium reagents 
are highlighted below.
Addition Reactions

The reactions of organolithium reagents with aldehydes and 
ketones have been investigated from a synthetic viewpoint.6-7
Alkylation of Halides

Halides can be alkylated using organocopper compounds which 
are readily prepared from organolithium reagents.8

2 MeLi + Cui —•» Me2CuLi

n \  /■"
C = C

t-K  s Br

Ph H
+ Me2C uLi-----  c  = c '  81%

fK  Me

The reaction of lithium dialkylcopper compounds (as in the exam
ple above) utilizes only one of the alkyl groups and frequently re
quires a large excess of the reagent.In the alkylation of halides and 
conjugate addition to «./i-unsaturated ketones, mixed organo
copper compounds, such as lithium phenylthio(alkyl)cuprates, nor
mally give higher yields.9

PhSH + n-BuLi — - PhSLi ^  PhSCu

f-BuLi + PhSCu — ► PhS(t-Bu)CuLi

n'C 8H17l + PhS(f-Bu)Culi -----  n-C8H17-f-Bu 98%

Alkylation of a,/3-linsaturated Ketones
Lithium organocopper compounds undergo conjugate addition 

with a,(?-unsaturated ketones with high regiospecificity. This impor
tant reaction has been used successfully in the synthesis of natural 
products including prostaglandins.10

¿ N*(CH2)6C02Me + LiCu(r o ^
nw J L  ,(CH2)6C02Me

A »
H,0

Alkylation via Dialkylamides
Lithium dialkylamides are powerful bases yet are weak 

nucleophiles. As a result, they are used in the formation of car- 
banions of acids" and esters.12 The o-carbanions, are stable with

respect to self-condensation and react with alkyl halides, acid 
chlorides and ketones. One widely used reagent is lithium 
diisopropylamide (LDA) which can be prepared from diisopropyl
amine and n-butyllithium.11

r7-C5H „CH 2C 0 2H ^  n-CsH^CHCOjH
Bu

0 93%

CH3C 02-/-8u
0

H°  CH2c ° 2-f-Bu

—  —  r i  100%

n i )

(12)

Alkylation via Masked Carbonyl Systems
Organolithium compounds may be used in the formation of 

anions of masked carbonyl systems.13 For example, LDA is used in 
the synthesis of chiral acids by the stepwise alkylation of(45,55X-)- 
4-methoxymethyl-2-methyl-5-phenyl-2-oxazoline (A) followed by 
hydrolysis14 to give the (+ ) acid of 70% optical purity.

(-) CH:

Ph/ta
V I n-Bul
N —\

LDA
PhCHjCI

(S)-(+)-PhCH2CH-C02Ht
n-Bu

(A)
CH2OMe
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