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C yclohexenone (1) and cyclopentenone (2) have been found to undergo [2 +  2] photochem ical cycloaddition  to 
conjugated dienes with m oderate efficiency when the diene concentration is high, accounting for the erratic re
sults som etim es obtained when certain 1,3-dienes are used as triplet quenchers for such enones. T he products 
are m ixtures o f  cyclobutanes resulting from  [2 +  2] cycloaddition ; in the addition  o f 1 and 2 to cyclopentadiene, 
the ratio o f  head-to-head to head-to-ta il adducts was ~ 3 :2 .  In the case o f furan, a [4 +  2] cycloaddu ct was pro 
duced, as well as the usual [2 +  2] adducts. T he experim ental data are consistent with a m echanism  involving 
attack o f enone triplets on ground-state diene m olecules.

The photochemical annélation of cyclic enones with 
unactivated olefins, developed only within the past dec
ade,2 has been the subject of recent intense interest with 
regard to its scope and mechanism. It is generally agreed 
that the reactive enone excited state is a triplet,2b-3 that 
the annélation is nonconcerted, a radical- or diradical-like 
intermediate being involved, possibly preceded by com
plex formation between enone excited state and ground - 
state olefin.3d’e’4 The reaction is usually limited to five- 
and six-membered cyclic enones, but these may bear cer
tain substituents.4 Such enones have been successfully 
added to olefins possessing a wide variety of either satu
rated or unsaturated substituents. It has been generally 
believed, even though no experimental observations ap
pear to have been published, that enones add to conjugat
ed dienes either not at all, or at best very inefficiently.5 
This seems reasonable, since energy transfer from the 
enone triplet excited states (E r = 66-72 kcal) to a 1,3- 
diene (E t  = 53-60 kcal) should be exothermic by 6-20 
kcal and therefore a rapid diffusion-controlled process, re
sulting in quenching of the enone triplet and production 
of diene triplets. Indeed, a powerful tool in mechanistic 
photochemistry, especially that of enones and dienones, 
has been the use of dienes such as 1,3-pentadiene and
1,3-cyclohexadiene as quantitative quenchers of triplet 
states of Et > 60 kcal.6

Apparent exceptions have appeared. Schenck reported 
several years ago the benzophenone-sensitized addition of 
maleic anhydride (E t  M 72 kcal7) and dimethylmaleic 
anhydride to various dienes and trienes to give mixtures of 
[2 + 2] and [4 + 2] adducts.8 Irradiation of duroquinone 
in the presence of dienes leads to both [2 + 2] and [4 + 2] 
adducts, as well as their products of further transforma
tion;9 however, transfer of triplet energy to the dienes 
should be inefficient here, since the quinone probably has 
Et < 50 kcal. Also pertinent is the observation that satu
rated aldehydes and ketones undergo photoaddition to 
dienes to give vinyl oxetanes.10 However, the evidence 
available implicates the intermediacy of carbonyl com
pound excited singlet states. On the other hand, Barltrop

and Carless have very recently reported the isolation of 
photoadducts (oxetanes) from benzophenone and several
1,3-dienes, including 1,3-butadiene.11 The oxetanes were 
formed inefficiently at the relatively low diene concentra
tions used (4> = 0.0003 in 0.3-0.5 M  diene) but were 
shown to arise from addition of ketone triplets to ground- 
state diene molecules. Finally, eucarvone (a 2,4-cyclohep- 
tadienone) has been reported to form [2 + 2] photoad
ducts with 1,3-dienes via triplet states.12

Results
We report here our observations that 2-cyclohexenone

(1) and 2-cyclopentenone (2) do in fact undergo photo
chemical cycloaddition to several 1,3-dienes, usually in 
the [2 + 2] manner, and in the case of enone 1, with sur
prisingly high efficiency. By use of a large excess of the 
diene (>10-mol excess) it is possible to obtain on a pre
parative scale good yields of most of the adduct mixtures 
under conditions of high conversion. For example, irradia
tion of 0.05 mol of 1 in the presence of a 20-fold excess of
1,3-butadiene gave an isolated yield of 72% of the adduct 
mixture of gross structures 3 and 4. In Table I are listed 
yields of adducts from irradiation of 1 and 2 with several 
representative dienes; these reactions were all run to es
sentially complete consumption of enone. There is usually 
observed concomitant formation of the diene dimers re
sulting from energy transfer from enone triplets to diene.5 
In those cases where this is a fairly efficient process, such 
as with 1 and 1,3-cyclohexadiene, there is a rapid early 
buildup of diene dimer and most of the enone is consumed 
by cycloaddition to the diene dimers.

1 3 4
five isomers

The adduct mixtures from all dienes except furan and 
cyclopentadiene were shown in each case to contain only

3063
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Table I
Registry

no. Diene
Yield of

adducts, %a
Relative

efficiency6
Number of 

adducts Ratio

P h o to a d d it io n s  o f  I e

1 1 0 -8 3 -8 C y c lo h e x e n e 1 .0 0 153
1 0 6 -9 9 -0 1 ,3 -B u ta d ie n e 72 0 .6 5 5 2 4 : 3 8 : 1 7 : 1 6 :5
5 4 2 -9 2 -7 1 ,3 -C y c lo p e n  ta d ien e 47 0 .4 1 4 4 8 :1 6 :2 1 :1 5
5 9 2 -5 7 -4 1 ,3 -C y c lo h e x a d ie n e 16 ~ 0 . 3 - 0 .3 5 ^ 3 6 0 :3 1 :9
5 4 4 -2 5 -2 1 ,3 ,5 -C y c lo h e p ta tr ie n e 30 0 .0 4 2 2 5 :7 5

1 7 0 0 -1 0 -3 1 ,3 -C y c lo o c ta d ie n e 78 0 .5 8 3 1 3 :7 0 :1 7
2 7 1 4 0 -1 3 -2 S p iro  [2 ,4 -h e p ta -2 ,5 -d ie n e  ] 55 0 .5 3

1 1 0 -0 0 -9 F u ra n 63 0 .6 3 4 5 :3 2 :2 3
5 9 2 -4 6 -1 2 ,4 -H e x a d ie n e 40 3:4
1 1 1 -7 8 -4 1 ,5 -C y c lo o c  ta d ien e 66 0 .7 2 2 9 :7 1

P h o to a d d it io n s  o f  2 C

1 ,3 -B u ta d ie n e 32 0 .1 0 3
C y c lo p e n ta d ie n e 27 0 .1 4 2 3 7 :6 3
1 ,3 -C y c lo o c ta d ie n e 56 0 .3 8 3 1 5 :6 2 :2 3
F u ra n 47 ~ 0 .5 2 8 0 :2 0

» S a t is fa c to r y  e lem en ta l a n a ly ses  a n d  m a ss  sp e ctra l m o le cu la r  w e ig h t  d a ta  w ere  o b ta in e d  o n  a ll a d d u c t  m ix tu re s , a n d  o n  
in d iv id u a l c o m p o u n d s  w h e n  th e  m ix tu re s  w ere  re so lv a b le . 6 E ff ic ie n c y  o f  a d d it io n  to  cy c lo h e x e n e  as s ta n d a rd ; t o  o b ta in  
q u a n tu m  y ie ld s  f o r  a d d it io n s  to  d ien es , m u lt ip ly  e ffic ien cies  b y  c y c lo h e x e n e  q u a n tu m  y ie ld  (<t> =  0 .4 5 ) u n d e r  id e n tica l c o n 
d it io n s ; c o m p a r e  r e f  3e. c S ta n d a rd  c o n d it io n s : [e n o n e ] =  0 .2 5  M; [d ien e ] =  5 .0  M. R u n s  w ere  ca rr ied  t o  ^ 8 %  c o m p le t io n .

compounds resulting from [2 + 2] cycloaddition processes 
by the simple procedure of hydrogenation of the adducts 
and comparison of the resulting saturated ketones with 
those obtained by addition of 1 and 2 to the corresponding 
monoolefins. In some cases the individual components 
were isolated before hydrogenation, whereas in others the 
identification was simpler after hydrogenation, since the 
number of isomers was thus reduced by a factor of ap
proximately 2. The composition of all product mixtures 
was checked at varying stages of completion and was 
found to be unchanged throughout the course of the reac
tions.

It would be anticipated that 1,4-addition would be most 
favorable in the case of a planar, cisoid 1,3-diene, such as 
cyclopentadiene or furan. In fact, 2 adds to cyclopenta- 
diene entirely in the [2 + 2] fashion (vide infra) and 1 
adds [2 + 2] to the extent of at least 85%. In the mixture 
from irradiation of 1 and cyclopentadiene, two of the four 
products were converted on hydrogenation to the known38 
cis adduct of 1 and cyclopentene, and a third was reduci
ble to the corresponding trans adduct. The fourth compo
nent of the product mixture, present to the extent of 
~15% and not obtained entirely pure, exhibited nmr data 
[inter alia, signals at r 3.9 (2 H, m) and for bridge methy
lene at 8.6 (2 H, m)], which are consistent with its formu
lation as a norbornene derivative (6). This material was 
not identical with the thermal [4 + 2] adduct of 1 and cy
clopentadiene, prepared in low yield by heating the reac
tant at 170°. However, the thermal adduct is probably the 
isomer with the cyclohexanone ring fused endo,endo to the 
norbornene frame, whereas the photoadduct probably 
arises via a radical route (vide infra) not governed by or
bital symmetry considerations and could have a different 
stereochemistry. Finally, if the adduct is the result of 
thermal addition of cyclopentadiene to a strained, photo- 
chemically produced trans enone, it should be one of the 
two trans-fused exo.endo isomers.13

Irradiation of 1 or 2 in furan resulted in both [2 + 2] 
and [4 + 2] addition. The stereochemistry of the [4 + 2] 
adducts, e.g., 7, is a matter of some interest since a trans 
ring fusion would imply the intermediacy of a strained 
ground-state trans enone via thermal [4 + 2] addition. 
However, the [4 + 2] adducts from 1 and 2 and furan 
proved to be thermally unstable and on attempted gas

7
0 O

chromatographic purification underwent retro Diels-Alder 
reaction, reverting to 1 and 2, respectively, and furan. The 
presence of 7 in the product mixture from 1 and furan was 
clear from the spectral properties of the mixture, the nmr 
signals for 7 at r 3.7 (2 H, A part of A A 'X X '), 5.1 and 5.4 
(1 H each, broad singlets, -CHO-), and 6.5 (2 H, m, 
-CH 2C=0) being clearly separated from those attributable 
to 8a at r 3.6 (1 H, 2 d, J  = 7.4, J' = 4.2 Hz, -OCH-) and
6.7 (2 H, m, -CH2C==0) and to 8b. The major [2 + 2] ad
duct, 8a, obtained pure by gc, was identified by compari
son of the product of its hydrogenation over palladium on 
charcoal with the major photoadduct from 1 and 2,3-dihy- 
drofuran. Similarly, reduction of the major [2 + 2] adduct 
from 2 and furan gave a compound identical with the ad
duct of 2 and 2,3-dihydrofuran.

The addition of 2 to cyclopentadiene gave two products, 
9 and 10, in a 63:37 ratio. That these were [2 + 2] adducts 
differing only in the position of the double bond was 
shown by their conversion upon catalytic hydrogenation to 
the same saturated tricyclic ketone, 11, identical with the 
adduct of 2 and cyclopentene, whose structure has been 
established as being the anti [2 + 2] product.14
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The orientation of the adducts from 2 and cyclopenta- 
diene, and also from 1 and 1,3-cyclohexadiene, was estab
lished by a combination of chemical degradation and syn
thesis. The adduct mixtures were converted to diolefins 
by a three-step sequence of (1) reduction with lithium 
aluminum hydride, (2) conversion to the corresponding 
secondary tosylates, and (3) elimination with tert-butox- 
ide. The individual diolefins 12 and 13 were separated by 
gc and compared with authentic samples prepared by 
similar sequences from the photodimers of 1 and 2 whose 
structures have been rigorously proved.15 In this way it 
was shown that the ratio of “ head-to-head” to “ head-to- 
tail”  adducts from 2 and cyclopentadiene (9 and 10) was 
63:37. Application of this method to the adduct mixture 
from 1 and 1,3-cyclohexadiene resulted in the isolation of 
the two major diolefins from the mixture, which were 
found to be identical with samples produced by degrada
tion of the two major photodimers of l .15b The two major 
adducts from 1 and 1,3-cyclohexadiene were formed in a 
head-to-head:head-to.-tail ratio of 69:31.

The predominance of head-to-head adducts is at first 
somewhat surprising, since the 7r-complex rule of orienta
tions in photochemical cycloadditions would predict that 
in the more favored complex the more electron-rich termi
nal carbon of the diene should lie nearest C-2 of the 
enone, giving rise to head-to-tail adducts. The orienta
tional selectivities observed here are not large in either 
case, and predictive rules appear irrelevant. However, the 
concept of the stability of the presumed biradical inter
mediate may have mechanistic implications here, if not 
predictive power. Since initial bond formation to the 
diene almost certainly takes place at one of the terminal 
diene carbons, it might appear that initial bonding to the 
enone occurs to an appreciable extent at both C-2 and 
C-3, with that at C-3 predominating. The only experimen
tal results yet available having a bearing on the site of ini
tial bonding to enone in photocycloadditions indicate that 
in the case studied (2 to the symmetrical substrate 1,2- 
dichloroethylene) bonding occurs initially entirely at C-
3.16 The quantitative validity of this result has been ques
tioned, however.213 Further, the initial bonding step may 
be reversible, in which case no conclusions can be drawn 
from the orientations observed here.

The product yields and relative quantum yields in the 
photochemical cycloaddition of 1 and 2 to the other dienes 
studied are given in Table I and do not require further 
comment. The facile addition of 1 to 1,3-cyclooctadiene 
was unsurprising and was expected even before the fact, 
since this twisted diene probably has a triplet energy of
70-72 kcal17 and energy transfer from enone triplets 
should be endothermic and thus not favored. The addition 
of 1 and 2 to 1,5-cyclooctadiene was studied in order to 
search for products resulting from 1,5-cyclization of the 
presumed diradical intermediate. 1,5-Cyclooctadiene 
undergoes bridging during the addition of many, but not

all, radicals to yield 2,6-disubstituted bicyclo[3.3.0]oc- 
tanes.18 In fact, the two adducts, formed in a 42:58 ratio 
by photochemical addition of 1 to 1,5-cyclooctadiene, were 
converted upon hydrogenation to two saturated tricyclic 
ketones. These proved to be identical with the two major 
adducts from 1 and cyclooctene itself, and must therefore 
by the cis- and trans-fused isomers of structure 14. Base-
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catalyzed equilibration experiments indicated the major 
(58%) isomer to be that possessing the cis 6:4 ring fusion.

Finally, we studied the behavior of excited 1 toward 
thiophene, 2,5-dimethylthiophene, and N-methylpyrrole, 
and of carbostyril [dffj-2-quinolone, 15] to furan. Irradia
tion of 1 in neat thiophene gave mainly dimers of 1, but 
there could be isolated by repeated fractional distillation 
8% of an adduct whose spectral data indicate it to be the 
result of [2 + 2] addition of 1 to thiophene. The two vinyl 
hydrogens in the adduct’s nmr spectrum appear at r 3.84 
and 4.41. In the spectrum of 2,3-dihydrothiophene itself 
H4 and H5 appear at r 4.52 and 3.94.19a In 2,5-dihydrothi- 
ophenes with almost identical alkyl substituents on C-2 
and C-5, such as 7-thianorbomenes, the vinyl hydrogens 
have almost identical chemical shifts.1913 2,5-Dimethyl- 
thiophene has been reported to be considerably more reac
tive than thiophene itself toward benzophenone triplets.20 
This difference in reactivity extended to excited 1 and we 
were able to isolate 43% of a mixture of [2 + 2] adducts,
17. The orientation of 16 and 17 was not experimentally

i\ U
16, R =  H 18 »
17, R = CH3

determined, but was inferred by analogy with the orienta
tion of 8 and 22, established as described earlier (vide 
supra).

Irradiation of 1 in the presence of Af-methylpyrrole gave 
a mixture of unstable adducts which underwent hydrolysis 
to give material whose ir and nmr spectra exhibited sig
nals characteristic of aldehydic C-H bonds. This would 
appear to indicate the presence of an enamine function 
and, consequently, a [2 + 2] structure such as 18 for at 
least one of the adducts.

Irradiation of carbostyril in ethanol-furan mixtures gave 
the known carbostyril photodimer and a single adduct, 19, 
mp 201-202°; hydrogenation of this adduct gave dihydro- 
19, mp 194-195°. Photochemical addition of carbostyril to
2,3-dihydrofuran gave an adduct, 20, mp 174-175°, whose

20

orientation and stereochemistry were assigned as shown 
by analogy with the known photoproduct from carbostyril 
and ethyl vinyl ether.21 Compound 20 was in every respect
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Table II
Diene concn, 

Ma
Ratio of diene 

dimers/'adductŝ
0.12 0.28
0.25 0.35
0.50 0.48
1.0 0.90
2.0 1.8
4.0 3.2

° Enone concentration in all runs was 0.10 M. b Runs 
were carried to 8% completion.
different from dihydro-19, eliminating from consideration 
the anti, head-to-tail structure for 19. That 19 possesses 
the orientation shown (head-to-head) was deduced from 
examination of its 220-MHz nmr spectrum. Previous 
workers have reported that in the nmr spectra (220 MHz) 
of adducts from carbostyril and several olefins, the signal 
due to H-3 appeared in every case at higher field (0.15-
0.87 ppm) than that due to H4. Consequently, we assign 
the signals at r 6.28 and 6.51 in the spectrum of 19 to H-4 
and H-3, respectively. When the spectrum was scanned 
while simultaneously irradiating the signal at r 4.85, at
tributable only to the proton a to the furan oxygen (H-2' 
in the formula below), the H-3 multiplet collapsed from a 
doublet of multiplets to a single multiplet. This demon
stration that H-2' and H-3 are strongly coupled (J = 7.4 
Hz) leads to the above orientational assignment. In the 
photochemical additions of carbostyril examined by Evan- 
ega and Fabiny in which more than one adduct was isolat
ed, analysis and decoupling experiments invariably indi
cated the major adduct to have the head-to-tail anti stere
ochemistry. One may conclude from this that photoexcit- 
ed carbostyril adds initially at C-3, since excited triplet 
benzophenone adds to furan to give solely the product 
from reaction of the carbonyl oxygen with C-2 of furan.22

Finally, the rates of formation of both adducts and 
diene dimers were measured for the cyclohexenone-buta- 
diene system at several diene concentrations. The data 
(Table II) show that the rate of adduct formation in
creases with increasing diene concentration, and that the 
rate of diene dimer production shows an even greater de
pendence on diene concentration. Interestingly, the ratio 
of these two rates showed an approximately linear depen
dence on diene concentration (Figure 1). Unfortunately, 
we have no quantitative explanation for this behavior. 
Since at least one step in the enone photoannelation pro
cess (and, presumably, in the dimer-forming process) is 
thought to be reversible,23 the kinetics of these systems is 
quite complex. The photoannelation of enones with mo
noolefins is generally regarded as originating v i a  excited 
triplet ketone;2 it seems most likely that the presently ob
served adducts with dienes arise v i a  a similar intermedi
ate. However, a satisfactory analysis which accounts for 
both (a) the success of the adduct-forming process in 
competition with energy transfer to ground-state diene, 
and (b) why cyclopentenone adds more slowly to dienes 
than does cyclohexenone and yet gives diene dimers faster 
than 1 awaits the availability of additional quantitative 
data.

Experimental Section
G eneral. All dienes were the purest grade commercially avail

able and were freshly distilled before use in each case. The enones 
employed, 2 -cyclopentenone and 2 -cyclohexenone, were obtained 
from the Aldrich Chemical Co. and were redistilled under reduced 
pressure and stored at -20°. Gas chromatography indicated each 
to be >98% pure. Analytical gas chromatography was performed 
on the following columns: column A, 5 ft x  0.25 in., 5% SE-30 sil
icone rubber on Chromosorb P; column B, 5 ft x  0.25 in., 5% Car- 
bowax 20M on Chromosorb P; column C, 10 ft X 0.25 in., 10%

2  3  4

[D ], M
F ig u re  1. Plot of data in Table II.

OF-1 fluorosilicone rubber on Chromosorb W; column D, 10 ft X 
0.125 in., 5% Carbowax 20M on Chromosorb W; and column E, 
12 ft X 0.125 in., 5% Apiezon L on Chromosorb P. Preparative gas 
chromatographic separations were accomplished on columns B 
and C, mentioned above, or on column F, 6  ft X 0.375 in., 20% 
SE-30 on Chromosorb P, and column G, 10 ft X 0.375 in., 20% 
Carbowax 20M on Chromosorb P. The instrument was a Varian 
Aerograph Model 202-1B, equipped with a thermal conductivity 
detector. Infrared spectra were obtained on a Beckman IR-8  in
strument, while nuclear magnetic resonance spectra were deter
mined on a Varian A56-60A instrument operating at 47°. Elemen
tal analyses were performed by the Elek Co., Torrance, Calif.

G en eral P roced u re  fo r  E n on e -D ien e  P h otoa d d it ion s . The ap
paratus consisted of a cylindrical Pyrex vessel which surrounded 
a Pyrex immersion well and was fitted by means of side arms to a 
condenser and a small serum bottle cap. Ice water at 5-8° was 
circulated through the annular space of the Pyrex well and also 
through an external bath in which the apparatus was immersed. 
In irradiations involving 1,3-butadiene or cyclopentadiene, cool
ant at -25° was circulated through the immersion well in order to 
prevent loss of 1,3-butadiene by evaporation and to retard ther
mal dimerization of cyclopentadiene. Solutions of 0.02 mol of 
enone, 0 .2- 0 .4 mol of diene, and sufficient benzene to give a total 
volume of ca. 10 0  ml were prepared and flushed with prepurified 
nitrogen for 1 hr. The solutions were then irradiated with a Hano- 
via 450-W medium-pressure mercury arc, under a slight positive 
pressure of nitrogen. The progress of the reactions was monitored 
by gas chromatographic or infrared spectral means. After evapo
ration of the excess diene, the residue was fractionally distilled to 
separate diene dimers and the adducts. In many cases (see below) 
individual components of the adduct mixtures could be isolated 
by preparative gc. Yields of adduct mixtures are given in Table I.

C y cloh ex en on e  and 1 ,3 -B u tad iene. Irradiation of a solution of
2-cyclohexenone (1, 4.0 g, 0.040 mol) and freshly distilled 1,3-bu- 
tadiene (56 g, 1.0 mol) made up to 200 ml in benzene for 4 hr re
sulted in the isolation of 5.4 g of butadiene dimers, bp 40-44° (16 
mm), and the recovery of 0 .6  g of unchanged cyclohexenone (1 ). 
The mixture of [2 + 2] cycloadducts, 3 and 4, was obtained as a 
colorless, sweet-smeliing oil: bp 50-52° (0.3 mm) (3.7 g, 72%); ir 
(film) 1722, 1709 cm - 1 (C = 0 ); nmr (CDC13) f  3.8-4.5 (1 H, X 
parts of A B X ’s); 4.7-5.3 (2 H, AB portions of A B X ’s), and 7.0-8.7 
(11 H, m); mass spectrum m/e, (rel intensity) 150 (parent, 87), 
121 (62), 93 (56), and 78 (100). A n a l .  Calcd for C 10H14 O: C, 80.04; 
H, 9.30. Found: C, 79.82; H, 9.17.

Analysis on column C showed five partially resolved peaks with 
areas in the ratio (in order of increasing retention time) 
21:17:26:30:6.

A solution of the above-described cyclohexenone-butadiene ad
duct mixture (1.5 g, 0.010 mol) in ethyl acetate was shaken with 
1 0 % palladium on charcoal (0 .1 0  g) under 2 atm hydrogen pres
sure until absorption had ceased (20 min). Filtration of the cata
lyst, evaporation of the solvent, and distillation gave the dihydro 
adduct mixture, bp 49-52° (0.3 mm) (1.3 g, 8 8 %). A solution of
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this mixture in ether (50 ml) was stirred with neutral, activity I 
Woelm alumina for 44 hr. Filtration of the mixture and evapora
tion of the ether gave a colorless oil which showed three peaks on 
column D in the ratio 24:55:21.

Irradiation of a solution of 2-cyclohexenone (1 , 1.0 g, 0.01 mol) 
and 1-butene (20 g, 0.50 mol) in benzene (90 ml) for 2 hr, followed 
by distillation of the solvent and excess 1 -butene, gave an adduct 
mixture, bp 52-54° (0.5 mm), ir (film) 1710 cm- 1 , m/e 152 (par
ent), which showed three peaks on columns D and E of the same 
retention times as those mentioned above, in the ratio 35:48:17.

C ycloh exen on e  an d  C y clop en ta d ien e . A solution of 2-cyclo
hexenone (4.0 g, 0.040 mol) and freshly distilled cyclopentadiene 
(6 6  g, 1 .0  mol), made up in benzene to 220  ml, was irradiated at 
-20° for 3 hr. The solvent and excess cyclopentadiene were re
moved by evaporation under reduced pressure, maintaining the 
reaction mixture at 0° or below. Fractional distillation gave the 
following fractions: (A) cyclopentadiene dimers, bp 32-36° (5 
mm), 6.1 g; (B) a mixture of adducts, bp 72-74° (0.3 mm), 4.7 g 
(0.026 mol. 6 6 %); and (C ) a fraction, bp 150-160° (0.2 mm), 0.9 g, 
which appeared to be composed of adducts of 1 with cyclopenta
diene dimers. The 1:1 adduct mixture, fraction B (5 and 6 ), 
showed the following spectral data: ir (film) 1710 (s) and 1601 
cm - 1  (w); nmr (CC14) r 3.9-4.4 (2 H, m), 6.7 (1 H, m), 6.9 (1 H, 
m), and 7.4-8.6  (10 H, m, -C H 2 's); mass spectrum m/e (rel in
tensity) 162 (parent, 24), 106 (27), 97 (100), and 91 (63). Anal. 
Calcd for Ch H m O: C, 81.51; H, 9.63. Found: C, 81.20; H, 9.77.

This material was shown by analysis on column D at 200° to be 
a mixture of four isomers of the following relative areas: 
48:16:21:15.

A sample of the mixture in ethyl acetate (50 ml) was shaken 
under 15 psig hydrogen pressure for 2 hr; filtration and evapora
tion gave a colorless oil which showed two major and one minor 
components on columns B and D, of retention times (column B, 
190°) 10.5 (63%), 12.1 (21%), and 12.5 min (15%). Photoaddition 
of 1 to cyclopentene as described by Corey, et al.,3a gave a mix
ture of the two major components in a 73:27 ratio (the cis- and 
trans-fused compounds, respectively) in our hands. The identity 
of the two saturated tricyclic ketones from the two sources was 
shown by comparison of the infrared spectra of collected samples 
and by identity of retention times on columns A, B, and D. The 
spectral features of the third component were given earlier, in the 
text.

Cyclohexenone and 1,3-Cyclohexadiene. A solution of 1 (5.0 g, 
0.050 mol) and 1,3-cyclohexadiene (30 g, 0.38 mol) in sufficient 
benzene to make 2 2 0  ml of solution was irradiated under the 
standard conditions for 4.5 hr. Distillation gaye first cyclohexa- 
diene dimers (21 g), bp 45-53° (0.4 mm), and then a fraction 
showing carbonyl absorption (3.8 g), bp 60-120° (0.3 mm). Redis
tillation of the second fraction through a wire-spiral column gave 
a mixture of 1:1 adducts: bp 92-94° (0.3 mm) (1.6 g, 0.09 mol, 
18%); ir (film) 1702 c m '1; nmr (CC14) r 4.17 (2 H, s, br) and 
7.0-8.9 (14 H, m); mass spectrum m/e 178 (parent). Anal. Calcd 
for C i 2Hi 60: C, 81.84; H, 9.08. Found: C, 82.29, H, 9.14. The 
mixture showed three poorly resolved peaks on columns C and D, 
of approximate ratio 40:50:10.

C on version  o f  the 1 -C y cloh ex a d ien e  A d d u cts  to T r icy c lo - 
[6 .4 .0 .0 ]dodecad ienes. A solution of the mixture of adducts from 
1 and 1,3-cyclohexadiene (1.5 g) in methanol (30 ml) was added 
slowly to sodium borohydride (2.0 g) in 90% aqueous methanol at 
30-40°. The solution was stirred for an additional 4 hr, after 
which the solvent was evaporated, water was added, and the 
reaction mixture was extracted four times with ether. Drying and 
evaporation of the ether extracts gave the mixture of alcohols (1.3 
g). "max 3450 cm ' 1 (br).

The crude mixture of alcohols thus obtained (1.3 g) was con
verted directly to the corresponding tosylates by treatment with 
p-toluenesulfonyl chloride (2.5 g) in dry ether (50 ml) at 0-5° for 
30 hr. Treatment with ice and water and extraction with ether (4 
X 50 ml), followed by washing of the extracts with dilute hydro
chloric acid solution, dilute sodium bicarbonate, and saturated 
brine, drying, and evaporation of the ether gave the tosylate mix
ture as a colorless oil (2.0 g). This material was dissolved in dry 
dimethyl sulfoxide (10 ml) and treated at 25-35° with a solution 
of freshly sublimed potassium terf-butoxide (0.90 g) in dimethyl 
sulfoxide (15 ml). After the solution has stood at room tempera
ture for 2 hr, it was poured onto an ice-water slurry and the re
sulting mixture was extracted three times with pentane. The 
combined extracts were tricyclic dienes as a colorless oil, bp 46- 
49° (0.4 mm) (0.62 g, 41%). This material was sufficiently well re
solved on a 10 ft X 0.25 in. Apiezon L column to allow collection 
of the two major components, which amounted to 56 and 34% of

the total. These were found to be identical with the independent
ly prepared samples of tricyclo[6 .4.0.02 -7]dodeca-3,11-diene and 
the 3,9-diene, respectively (vide infra).

S yn th esis  o f  A u th en tic  T r icy c lo d o d e ca d ie n e s . A mixture of 
the photodimers of 1 was prepared according to the procedure of 
Hammond, et al, which was stated to give the head-to-head anti, 
the head-to-tail anti, and two other isomers in a ratio of 25:60:15. 
Degradation of this mixture was performed in the same way as 
was the conversion of the individual cyclopentenone photodimers 
to the corresponding diolefins (vide infra). Thus, a solution of 5.0 
g of the dimer mixture in ether (1 0 0  ml) was added to excess lith
ium aluminum hydride, and the solution was refluxed for 2 hr 
and worked up in the fashion described below. Treatment of the 
crude oily mixture of diols with tosyl chloride ( 1 2  g) in dry pyri
dine (50 ml) at 0-5° for 4 hr, dilution with ice water, and repeated 
extraction with ether gave a thick oil. To this oil (6.5 g) in tert- 
butyl alcohol (30 ml) was added freshly sublimed potassium tert- 
butoxide (4.0 g) in portions, with cooling to keep the temperature 
below 25°. The mixture was shaken at 25° for 0.5 hr and then 
poured into ice water. Extraction with pentane, washing several 
times with water, and evaporation of the solvent gave a colorless 
oil, which was distilled to give a diolefin mixture, bp 45-49° (0.4 
mm) (0.9 g). The two major components of the mixture (62 and 
27% of the total) were found to be identical with the two major 
components of the mixture obtained by degradation of cyclohexe- 
none-cyclohexadiene adduct mixture.

P h otoa d d it ion  o f  2 -C y cloh ex en on e  to 1 ,3 ,5 -C ycloh epta trien e . 
A solution of 1 (2.0 g, 0.020 mol) and redistilled cycloheptatriene 
(46 g, 0.50 mol) in sufficient benzene to make 120 ml of solution 
was irradiated for 30 hr under the standard conditions. There was 
obtained 2.6 g of a yellow oil, bp 70-80° (bath) (0.1 mm). Prepar
ative gc on column F gave first a mixture of cycloheptatriene di
mers (30% of total area, two peaks on column C, in the ratio 
28:72): ir (film) 1657 cm ' 1 (m); nmr (CC14) r 4.0-4.7 (8  H, m) 
and 6 .8 - 8 .4 (8  H, m); mass spectrum m/e (rel intensity) 184 (par
ent, 48), 92 (100), and 91 (8 6 ). Anal. Calcd for C i4H i6 : C, 91.34; 
H, 8 .6 6 . Found: C, 91.02; H, 8.31.

The third and fourth peaks (70% of area, 44% yield) were in
completely resolved, but were obviously adducts of 1 and cyclo
heptatriene: ir (film) 1703 cm "1; nmr (CDCI3) t 4.1 (4 H, m) and 
6 .8- 8 .6  (12 H, br, m); mass spectrum m/e (rel intensity) 188 (par
ent, 46), 104 (51), 92 (96), 91 (100); uv (EtOH) 250 nm (e 2300). 
Anal. Calcd for C i 3H i 60: C, 82.13; H, 8.41. Found: C, 82.36; H, 
8.19. Hydrogenation of this adduct mixture (0.50 g) over palladi
um on charcoal in ethyl acetate led to the uptake of 2 equiv of 
hydrogen and gave, after work-up, 0.44 g of a saturated tricyclic 
ketone mixture, "max 1704 cm "1, which showed two peaks on col
umn B at 180°. Their retention times were identical on columns 
A, B, and C, to those of the two components of the ketone mix
ture obtained in 61% yield on photochemical addition of 1 to cy- 
cloheptene. The ir spectra of the collected ketones were superim- 
posable.

P h otoa d d it ion  o f  2 -C ycloh exen on e  to 1 ,3 -C y clooctad ien e . A
solution of 1 (2.0 g, 0.020 mol) and 1,3-cyclooctadiene (43 g, 0.40 
mol) in sufficient benzene to make 125 ml of solution was irra
diated under the standard conditions for 2.5 hr. Evaporation of 
the excess diene under reduced pressure and short-path distilla
tion of the residue gave the adduct mixture, bp 90-95° (bath) (0.2 
mm) (2.35 g, 6 6 %). This material was shown by analysis on col
umn C at 190° to be composed of three isomers, in the ratio 
13:70:17, of retention times 15.5, 17.2, and 18.3 min, respectively. 
The first and second components were collected from column G at 
230°. The first peak, obtained as a colorless oil, showed ir (film) 
1700 cm "1; nmr (CC14) r 4.3 (2 H, br) and 6.9-8.6  (18 H, br); 
mass spectrum m/e (rel intensity) 204 (parent), (41), 175 (33), 
108 (29), 105 (40), and 79 (100). Anal. Calcd for Ci 4H2oO: C, 
82.38; H, 9.80. Found: C, 82.57; H, 9.71.

The second major component was a solid and could be obtained 
pure by direct low-temperature crystallization of the mixture, as 
well as by gc. Recrystallization from 10% chloroform-hexane at 0° 
gave thick white prisms: mp 78.5-79.5°; ir (KBr) 1698 cm "1; nmr 
(CDCI3) r 4.1-4.7 (2 H, m) and 6.9-8.5 (18 H, m, br); mass spec
trum m/e (rel intensity) 204 (parent, 57), 175 (43), 147 (18), 133 
(16), 119 (16), 108 (25), 105 (32), 91 (73) 79 (100), and 67 (54). 
Anal. Found: C, 82.25; H, 9.62.

A solution of the adduct mixture (0.50 g) in ethyl acetate (20 
ml) was shaken for 1 hr over palladium on charcoal under 15 psig 
hydrogen pressure. The colorless oil obtained after filtration of 
the catalyst and evaporation of the solvent showed two peaks on 
columns C and D at 180° in the ratio 87:13. Collection of the 
peaks and infrared analysis showed them to be identical with the
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two major adducts from 1 and cyclooctene. Thus, all three ad
ducts must result from [2 + 2 ] cycloaddition.

P h otoch em ica l C y cload d it ion  o f  1 to 1 ,5 -C y clooctad ien e . A
solution of 1 (2.0 g, 0.020 mol) and freshly distilled 1,5-cycloocta- 
diene (32 g, 0.030 mol) in sufficient benzene to make 130 ml of so
lution was irradiated for 3 hr under the standard conditions. The 
usual work-up gave a colorless oil: bp 116-120° (0.1 mm) (2.9 g, 
64%); ¡»max 1700 cum1; nmr (CCU) r 4.4 (2 H, m) and 7.4-8.7 (18
H, complex m); mass spectrum m / e  (rel intensity) 206 (parent, 
91), 178 (35), 163 (35), 97 (100), 91 (70), 79 (100), and 67 (6 6 ). 
A n a l .  Calcd for C14H20O: C, 82.38; H, 9.80. Found: C, 82.10; H, 
9.59.

Hydrogenation of this ketone mixture (0.70 g) in ethyl acetate 
solution in the presence of 10% palladium on charcoal (50 mg) for 
1 hr led to solvent, and distillation gave 0.62 g (90%) of a colorless 
oil which showed two peaks in the ratio 42:58 (column C at 190°) 
which were identical (ir, retention times) with the two saturated 
ketones obtained in a ratio of 87:13 from reduction of the 1-1,3- 
cyclooctadiene adducts. Photochemical addition of 1 to c i s - c y- 
clooctene (3 hr through Pyrex) gave 6 6 % of a mixture of three sat
urated tricyclic ketones in the ratio 56:40:4. The first two of these 
were identical (ir, gc) with the two saturated ketones obtained 
from reduction of the adducts from 1,3- and 1,5-cyclooctadiene, 
thus showing that bcth adducts from the two dienes resulted from
I , 2 -addition.

Exposure of an ether solution of the adduct mixture from 1 and 
cyclooctene (200 mg in 20 ml) to sodium methoxide (40 mg) for 12 
hr at 25° resulted in isomerization of the first and third compo
nents. After neutralization, pouring into water, and work-up, the 
recovered ketone mixture was found to contain the first and sec
ond components in the ratio 73:27. Apparently the second isomer 
possesses a trans 6-4 ring transfusion.

P h otoa d d it ion  o f  1 to  F u ra n . A solution of 2-cyclohexenone 
(4.0 g, 0.040 mol) in furan (125 ml) was irradiated under the stan
dard conditions for 3 hr. The residue remaining on evaporation of 
the excess furan was evaporatively distilled in a short-path appa
ratus to afford an adduct mixture as a faintly yellow oil, bp 70° 
(bath) (0.08 mm) (4.1 g, 63%). A n a l .  Calcd for C 10H12O2: C, 
73.19; H, 7.30. Found: C, 72.88; H, 7.35. The nmr spectrum of the 
mixture showed, in addition to signals due to 8a and 8b (v id e  
infra),  additional signals for 7 at r 3.72 (2 H, A part of A A 'X X ', 
vinyls), 5.13 (1 H, tr. HCO), 5.40 (1 H, m, HCO), and 6.5 (1 H, 
m, C H C = 0 ). From the respective area ratios, the mixture con
tained ca. 40% of 7. Adduct 7 underwent retro Diels-Alder cleav
age on attempted glc separation. On column A at 180°, three 
peaks were present, of retention times 4.0, 13.7, and 14.5 min, of 
relative areas 40:35:25. The first of these was shown to be 1 by 
comparison of infrared spectra. The second peak was identified as 
the [2 + 2] adduct 8a: nmr (CDCI3) r 3.61 (1 H, 2 d, J  =  2.8, J '  
= 1.4 Hz, C CHOI, 4.80 (1 H, apparent t . J  =  2.8 Hz, - 
O C H -C H C ), 5.01 (1 H, 2 d, J  = 7.4, J '  = 4.2 Hz, -O CH -), 6.7 (2 
H, m, -CH 2C ^ O ), and 7.2-8.6  (7 H, m); ir (film) 1706 (s, C O ). 
1600 cm (s, -O C = C ); mass spectrum m/e (rel intensity) 166 
(parent, 15), 81 (17/, 79 (13), 68  (100), and 55 (28). The third 
peak [ir (film) 1704 cm - 1 ; nmr (CDCI3) r 3,7 (1 H, m), 4.81 (1 H, 
apparent t, J  = 3.0 Hz), 5.24 ( 1  H, 2 d, br, J  = 8.4, J '  =  4.5 Hz), 
and 6 .7-8.2 (9 H, m); mass spectrum m/e (rel intensity) 166 (18), 
68  (1 0 0 )] is assigned structure 8b on the basis of (a) the establish
ment of structure 8 a for the major [2 + 2 ] adduct ( v id e  infra),  
and (b) the nmr spectrum of deuterated adduct 22. 2,4,4,6,6-Pen- 
tadeuterio-2 -cyclohexen-l-one (2 1 ) was prepared by the usual

21 22
base-catalyzed exchange with D2O. Two cycles gave material 
whose nmr spectrum indicated was ~85% deuterated in the 2 po
sition. Irradiation of 21 in the manner described above, distilla
tion of the product, and collection of the minor peak (that of 
longer retention time) from column A gave a colorless oil, whose 
nmr spectrum showed a signal at r 5.2 which had collapsed from 
the pair of doublets in the spectrum of 8b to a single broad dou
blet ( J  s  8  Hz). This signal must be due to H 0 and its appear
ance in the spectrum of the deuterated adduct demonstrates that 
H„ and the proton a  to carbonyl are strongly coupled, and must 
be on adjacent carbon atoms, as in 2 2 .

A sample of the distilled adduct mixture (1.2 g) in ethyl ace
tate was shaken under 15 psig hydrogen pressure with 10% palla
dium on charcoal (50 mg). After 45 min, reduction was complete; 
the catalyst was then filtered and the solvent was evaporated. 
Analysis of the residue on column C at 180° showed three peaks 
at 8.5, 9.2, and 11.0 min, in the ratio of 16:44:40. The second peak 
was collected and found to be identical (ir, gc retention times on 
columns B and C) with the major product of addition to 1 to 2,3- 
dihydrofuran. The minor peaks were not further investigated.

Irra d ia tion  o f  1 w ith  2 ,3 -D ih y d ro fu ra n . A solution of I (2.0 g) 
and 2,3-dihydrofuran24 (35 g) in benzene (80 ml) was irradiated 
under the standard conditions for 3 hr. Distillation of the excess 
olefin and evaporation of the benzene, followed by distillation of 
the residue, gave 2.3 g (64%) of a colorless oil, bp 74-80° (0.1 
mm), ir 1706 cm - 1 . Analysis on column C at 180° showed two 
peaks, of retention times 9.2 and 11.5 min, in the ratio 69:31. The 
major peak was identical with one of the components from the 
hydrogenation of the 1 -furan product mixture ( v id e  su p r a ) .

P h otoch em ica l C y cload d ition  o f  C y clop en ten on e  (2) to C y- 
c lop en tad ien e . A solution of 2 (4.1 g, 0.050 mol) and freshly dis
tilled cyclopentadiene (60 g, 0.90 mol) in sufficient benzene to af
ford 220  ml of solution was irradiated in the usual fashion while 
being cooled externally with an ice-salt bath at -15 °, and with 
chilled glycol-water ( - 2 0 °) being circulated through the immer
sion well. After 3 hr of irradiation, the solvent and excess cyclo
pentadiene were evaporated under reduced pressure, care being 
taken to keep the solution below 5°. Fractional distillation under 
reduced pressure of the residue thus obtained afforded three frac
tions: (a) cyclopentadiene dimers, bp 30-32° (1 mm), 6.1 g; (b) an 
adduct mixture, bp 51-54° (0.3 mm). 2.3 g (37%); and (c) enone- 
dimer adducts, bp 115-130° (0.3 mm), 2.0 g (24%), in addition to 
a tarry residue. Redistillation through a 15-cm Vigreux column of 
fraction b from two such reactions gave the mixture of the ad
ducts 9 and 10 as an almost colorless oil: bp 51-53° (0.3 mm); ir 
(film) 1730 cm - 1 ; nmr (CDCI3) r 3.8-4.6  (2 H, m), 6.9-8.7 (10 H, 
m); mass spectrum m/e (rel intensity) 148 (parent, 27), 106 (36), 
83 (60), 82 (100), and 65 (48). A n a l .  Calcd for C 10H 12O. A solu
tion of the above adduct mixture (2.1 g, 0.015 mol) in methanol 
(2 0  ml) was treated with excess sodium borohydride in methanol, 
with external cooling to keep the temperature below 30°. After 
being stirred for 2 hr further at room temperature, the reaction 
mixture was poured onto an ice-water slurry and extracted with 
ether. The ether extracts were washed exhaustively with water, 
dried (MgSOH, and evaporated to yield the alcohol mixture (1.9 
g). This material, without further purification, was treated in 
pyridine ( 1 0  ml) with p-toluenesulfonyl chloride (2 .8  g) in pyri
dine at 0-4° and stirred at that temperature for 5 hr, then let 
stand overnight in the refrigerator. The reaction mixture was 
poured into ice-cold 1 0 % hydrochloric acid and extracted with 
ether (3 x  15 ml), and the extracts were washed once with cold 
10 % HC1, twice with cold 5% sodium bicarbonate, and then with 
cold water, and dried. Evaporation of the ether gave the tosylate 
mixture as a viscous oil which was dissolved in dry dimethyl sulf
oxide (25 ml) and treated at 20-25°, while being vigorously 
stirred, with freshly sublimed potassium terf-butoxide (2 .2  g). 
After 1 hr, the dark brown reaction mixture was poured into 
water and extracted with pentane (3 x  15 ml). The pentane ex
tracts were washed with water, dried, and evaporated to give a 
colorless oil, bp 35-39° (4 mm) (0.82 g), which was shown by anal
ysis on column A to consist of two components in the ratio 38:62. 
These were collected from column D and were found to be identi
cal with authentic samples of tricyclo[5.3.0.0]deca-3,9- and -3,11- 
diene, respectively (v id e  infra).

The head-to-head and head-to-tail dimers of cyclopentenone, 
mp 65 and 126°, respectively, were prepared as described by Ea
ton.15® A solution of the head-to-head dimer (3.0 g) was dissolved 
in tetrahydrofuran (20 0  ml) and added dropwise to 1 .8  g of lithi
um aluminum hydride in refluxing 1 : 1  ether-tetrahydrofuran (1 0 0  

ml). The reaction mixture was treated successively with water 
(1.8 ml), 10% sodium hydroxide (1.8 ml), and water (6  ml). After 
stirring for an additional 1 hr, the resulting white suspension was 
filtered and the solid was washed twice with tetrahydrofuran. The 
combined filtrates were evaporated to give the product diols as a 
white solid (2.8 g). Recrystallization gave the major isomer as 
white prisms, mp 188-189° (1.8 g). A n a l .  Calcd for C i0H i6O2: C, 
71.47; H, 9.53. Found: C, 71.65; H, 9.71.

The major diol (1.7 g) in dry pyridine (20 ml) was treated with 
p-toluenesulfonyl chloride (3.2 g) in pyridine (20 ml) at 0-5°, and 
stirred at that temperature for 6  hr. The reaction mixture was 
poured into ice water and extracted with ice-cold ether (4 x  15 
ml) and the ether extracts were washed with cold 15% hydrochlo



ric acid (4 X  30 m l), 5% sodium  bicarbonate, and water. Drying 
and evaporation o f the extracts gave the corresponding ditosylate 
as a white solid (2.9 g). A  sam ple had m p 177-178° dec after re
crystallization from tetrahydrofuran. T reatm ent o f the ditosylate 
(2.5 g) in dry dim ethyl sulfoxide (25 m l) w ith freshly sublim ed 
potassium  feri-butox ide (3.0 g) at 40° for 35 m in gave, after pour
ing the reaction water, extraction with pentane, and work-up, 
diene 13, tricyclo[5 .3 .0 .0]deca-3,9-diene, as a clear liquid, bp 42 - 
44° (4 m m ) (0.65 g). T h is diene was identical with the minor 
diene obtained from degradation o f the adduct mixture from 2 
and cyclopentadiene, as shown by the identity o f  their ir spectra 
and gc retention tim es on colum ns A, B, and D .

Sim ilarly, the head-to-head dim er o f cyclopentenone was con 
verted to the corresponding diolefin ; no sharp-m elting diols or di- 
tosylates were obtained during the sequence. T h e diene thus o b 
tained was identical in all respects with the major product from 
degradation o f the adduct m ixture from  2 and cyclopentadiene.

Photochemical Cycloaddition of 2-Cyclopentenone to 1,3- 
Butadiene, 1,3-Cyclooctadiene, and Furan. Irradiation o f 2 (3.5 
g) and 1,3-butadiene (50 g) for 5 hr gave, in addition  to 1.5 g o f 
recovered 2, an adduct m ixture (1.2 g, 37% based on unrecovered 
enone): bp  41-44° (0.3 m m ); ir 1731 c m '1; nm r (C D C I3) r  4 .2-4.4  
(1 H, m ), 5 .1 -5 .3  (2 H , m ), and 6 .6 -8 .5  (9 H , m ); m /e  138. Anal. 
Calcd for C9H 120 :  C, 79.43; H , 8.82. Found: C, 79.20; H , 8 .68.

Irradiation o f  2 and excess o f  1 ,3 -cyclooctadiene for 3 hr gave 
56% o f a colorless oil: bp  105-108° (0.3 m m ); ir 1729 c m - 1 ; nmr 
(CCI4) t 4 .2 -4 .4  (2 H, m ) and 6.7 -8 .3  (14 H , m ); m /e  190 (par
ent). Analysis on colum n C showed three com ponents o f relative 
areas 15:62:23.

Sim ilarly, irradiation for 3 hr o f 2 (3.0 g) and furan (100 m l) 
gave an adduct m ixture, bp 78-80° (0.4 m m ), ir (film ) 1741 cm - 1 , 
which appeared to consist o f both  [2 +  2] and [4 +  2] adducts, as 
shown from  the nmr spectrum  [inter alia, r 3.62 (t, J  =  1.4 Hz, 
vinyl H o f [4 +  2] adduct), 4.80 (t, J  =  2.8 Hz, -C H = C H O -  o f  [2 
+  2] adduct), and 5.0 and 5.1 (s, m, -C H O -  o f [4 +  2] adduct)]. 
As with the products from 1 and furan, the tem perature required 
for gas chrom atographic purification caused cycloreversion o f the 
[4 +  2] adduct and at least partial decom position  o f the [2 +  2] 
adduct(s).

Analysis was feasible, at least, and there appear to be present 
three com ponents, o f  areas ~  5:4:1. Even with partial d ecom posi
tion occurring, enough o f the m ajor [2 +  2] adduct was collected 
for infrared spectral com parison  o f its hydrogenation product with 
the m ajor product from  3 and 2,3-dihydrofuran, with which it 
proved to  be identical, and thus m ust have structure 22. T he sam 
ple obtained in the latter fashion (66% yield ) had ir (film ) 1733 
cm - 1 ; nm r (CDC13) r  3.71 (1 H , t, J  =  2.8 H z), 4.80 (1 H , t, J  =
2.8 H z), 5.1 (1 H, m ), and 6 .8-8.2  (7 H , m ); mass spectrum  m /e  
(rel intensity) 166 (parent, 6.5) and 68 (100). Anal. C alcd for 
C9H10O2: C, 72.04; H, 6.64. Found: C, 71.88; H , 6.50.

Photochemical Reaction of 1 with Thiophene. A solution o f 1 
(1.5 g) in thiophene (110 m l) was irradiated for 10 hr. E vapora
tion o f the excess thiophene and distillation gave 0.42 g o f  m ateri
al, bp  81-90° (0.2 m m ), as well as 0.89 g o f  enone dim ers, bp  115— 
125° (0.2 m m ). T w o fractional distillations o f the first fraction 
through a m icro wire-spiral colum n gave 0.18 g (8% ), bp 85-88° 
(0.2 m m ), o f 16: nm r (CDC13) t 3.84 (1 H , d, J  =  5.4, J ' = 1.6  
H z), 4.40 (1 H , 2 d, J  =  5.4, J ’ =  2.6 H z), 5.73 (1 H, 2 d, J  =  8.0, 
J ' =  5.4 H z), and 6 .8- 8.6 (9 H, m ); ir (film ) 1705 (s) and 1600 (w) 
cm -1 ; mass spectrum  m /e  (rel intensity) 180 (parent, 15), 97 
(20), 84 (100). and 55 (76). Anal. C alcd  for C 10H 12OS: C, 66.70; 
H , 6.62. Found: C, 66.45; H , 6.51.

Photochemical Addition of 1 to 2,5-Dimethylthiophene. A so
lution of 1 (2.0 g) and 2,5-dim ethylthiophene (20 g) in benzene 
(100 m l) was irradiated through Pyrex for 3 hr. Evaporation o f 
the solvent and excess 2 ,5-dim ethylthiophene, follow ed by frac
tional distillation o f the residue, gave crude 17. T w o more distil
lations gave 17 as a colorless oil: bp  112-114° (0.1 m m ) (2 .1  g, 
51% ); ir (film ) 1 69 9  c m - 1 ; nm r (CDCI3) t  4.72 (1 H, m ), 6 .7  (1 
H ), 8.1  (2 H, d, allyl C H 3), 8.50 (3 H , s), 8.50 (s), and 7 .0 -8 .4  (7 H, 
m ); mass spectrum  m /e  (rel intensity) 208 (parent, 16), 193 (35), 
and 110 (100). Anal. C alcd for C 12H i60 2: C, 69.25; H, 7.81. Found: 
C, 69.58; H , 7.55. Analysis on  colum n A showed tw o incom pletely 
resolved peaks in a ratio o f ~  2 : j..

Photochemical Reaction of 1 with 1-Methylpyrrole. A solu
tion o f 1 (3.0 g, 0.03 m ol) and 1-m ethylpyrrole (25 g) in benzene 
(100 g) was irradiated for 5 hr. W ork-up in the usual manner 
gave, besides 1.4 g o f  recovered 1, a golden oil, bp  80-95° (0.1 
m m ) (0.86 g), which darkened on standing in the presence o f air: 
ir (film ) 1700 c m - 1  (s, br); nm r (CCI4) t 3.8 (1 H , m, br), 4.3 (1 
H, m, br), 6.5 (3 H , 2 s, N C H 3), 6 .7-8.3  (8 H , m ).
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Reaction of Carbostyril (15) with Furan. A solution o f car- 
bostyril (2.0 g, 13 m ol) and furan (100 m l) in 95% ethanol (100 
m l) was irradiated through Pyrex for 10 hr. Filtration o f the sus
pension, after evaporation o f  excess furan, gave 47% o f the known 
photodim er o f carbostyril, m p 300-302°. Evaporation  o f the fil
trate under reduced pressure gave a yellow  sem isolid residue 
which was chrom atographed on a 25 X 300 nm colum n o f silica 
gel. E lution with chloroform  (500 m l) and 10:1 ch loroform -ethyl 
acetate (700 m l) gave in the earlier fractions 0.96 g (75 m l each) 
o f adduct 19 as an off-w hite solid, and in the later fractions 48% 
o f unchanged 15. Recrystallization o f the com bined  product frac
tions from  ethyl acetate-hexane gave pure 19 as white prism s: mp 
201-202° (0.43 g, 37% based on unrecovered 15); ir (K B r) 1663 
( C = 0 )  and 1594 cm - 1  (vinyl ether); nmr (C D C I3) r  1.12  (1 H, 
br, N H ), 2.9-3.1  (4 H , m ), 3.60 (1 H, 2 d, J  = 2.7, J ’ =  1.1 H z), 
4.68 (1 H, t , J  = J ' =  2.7 H z), 4.85 (1 H, d o f m, J  =  7.4 H z), 6.28 
(2 H, br, s), 6.51 (1 H , 2 t, J  =  7.4, J ' = 1.5 H z); mass spectrum 
m /e  (rel intensity) 213 (parent, 0.5), 145 (61), 90 (80), and 68 
(100). Anal. C alcd for C i3H n 0 2N : C, 73.24; H, 5.16. Found: C, 
72.95; H , 5.30. Shaking a sam ple o f 19 (0.10 g) in ethyl acetate (40 
m l) with 10% palladium  on charcoal under 1 atm  pressure o f h y 
drogen for 8 hr, follow ed by filtration o f the catalyst and evapora
tion o f  the solvent, gave dihydro-19 as white needles, m p 194-195° 
after recrystallization from  ethyl acetate-hexane: ir 1671 ( C = 0 ,  
s), 1598 c m ' 1 (w ); nm r (C D C I3) r  1.02 (1 H, br), 2 .7 -3 .1  (4 H, m),
4.9 (1 H, m ), 5.48 (2 H , m ), 6.93 (1 H , m ), 7 .0 -7 .8  (5 H , m ).

Photochemical Addition of 15 to 2,3-Dihydrofuran. A solu
tion o f 15 (1.0 g) and 2,3-dihydrofuran (20 g) in ethanol (200 ml) 
was irradiated through Pyrex for 6 hr. Evaporation  o f the ethanol 
and excess olefin gave a sem isolid residue w hich was chrom ato
graphed on silica gel. E lution with 10:1 ch loroform -eth yl acetate 
gave first four fractions containing crude 20 and, later, unchanged 
15 (0.08 g). Recrystallization o f the crude 20 from  ethyl acetate- 
hexane gave the pure m aterial as white leaflets: m p 174-175°; ir 
(K B r) 1660, 1592, 1410 c m '1; nm r (CDC13) r 2 .7 -3 .0  (4 H, m ), 4.8 
(1 H, m ), 5.6 (2 H , m ), 6.4 (1 H, s, br), 6.8 (1 H, m ), and 7.0-7.9  
(5 H , m ). Anal. C alcd for C13H13NO2: C, 72.58; H , 6.04. Found: 
C, 72.69; H, 5.86.
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51567-38-5; 17, 51519-71-2; 18, 51519-72-3; 19, 51519-73-4; dihydro- 
19, 51519-74-5; 20, 51519-75-6; 21, 51519-76-7; 22, 51519-77-8; 2,3- 
dihydrofuran, 1191-99-7; thiophene, 110-02-1; 2 ,5 -d im ethylthio
phene, 638-02-8; 1-m ethylpyrrole, 96-54-8; cycloh exen on e -l,3 -cy - 
clohexadiene adduct A, 51519-78-9; cycloh exen on e-l,3 -cycloh ex a - 
diene adduct B , 51519-79-0; 1,3,5-cycloheptatriene dim er, 31510-
69- 7; cyclohexenone-cycloheptatriene adduct, 51519-81-4; cyclo- 
h exenon e-l,3 -cyclooctad ien e adduct A, 51519-82-5; cyclohexe- 
n on e-l,3 -cyc looctad ien e  adduct B, 51519-83-6; trans-cyclohexe- 
n on e-l,5 -cyc looctad ien e  adduct, 51519-84-7; cis-cycloh exenon e-
1,5-cyclooctadiene adduct, 51607-06-8; 2 -cyclop en ten on e -l,3 -bu ta 
diene adduct A, 51519-85-8; 2 -cyclopen ten one-l,3 -bu tad iene ad
duct B, 51519-86-9.
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Cycloaddition of 1-Azirines with Cyclopentadienones. Formation of 2H- and 
3//-Azepines, and Mechanistic Interpretation1*2
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C yclopentadienones 1 and 1-azirines 2 react in refluxing toluene to  a fford  3/7-azepines 3 directly, w ith loss o f  
CO. Azirines 2 react similarly with l,3 -d iph eny lind en -2 -on e (16) and phencyclone (17) to give 2 /i-azep in es 18 and 
19. T h e ph enanthro-2//-azepines 19 rearrange under basic or therm olytic conditions to  the m ore stable 3H  iso
mers with the ring proton  at the 9 position  o f  the phenanthrene nucleus. A nalogous cycloadditions o f  16 and 17 
with 1,2,3-triphenylcyclopropene (22) lead to  cycloheptatrienes and exo bridging carbonyl com pounds. T h e 
m echanism  o f  azepine form ation is rationalized in term s o f  an endo-2-azatricyclo[3 .2 .1 .02’4]oct-6 -en -8 -one inter
m ediate (13) which extrudes CO with disrotatory ring opening o f  the aziridine C -N  bond, to  a fford prim arily 2H - 
azepines which m ay or may not then rearrange to the 3H  isomers. Analysis o f  the nmr spectra, with particular at
tention to the conform ational preference o f  the azepine ring, is also recorded.

During the last decade 1-azirines have become readily 
available and their synthetic utility has been extensively 
developed.3 Recently the first cycloadditions of these het
erocyclic systems have been reported. These include ther
mal reactions with ketenes,4-5 ketenimines,5 nitrile oxides,6 
cyclopentadienones,2-7 eyclopentadiene,8 diphenylisoben- 
zofuran,9 and diazomethane10 to yield a variety of prod
ucts. 1-Azirines also react photochemically (via the nitrile 
ylide) with themselves,11-13 as well as with various carbon- 
carbon14’15 and hetero double bonds.15’16

The synthesis and chemistry of azepines has likewise 
evolved largely during the last decade.17 Although a num
ber of examples of N-substituted l/Z-azepines are known,17 
attempts to prepare the unsubstituted system have led to 
the formation of 3//-azepines.18 4/7-Azepines rearrange 
under thermal or basic conditions to the 3H isomers.19-22 
No example of the 2i/-azepine was known prior to this 
study.2 This has led to the generalization21 that the relative 
stabilities of the azepine systems are in the order 2H < AH 
< 3H. It has also been calculated23 that for the parent sys
tems, 1//-azepine has a resonance energy of —1.80 kcal 
mol-1, whereas that of the 3/Z-azepine is +0.23.

We report here our detailed findings on the reaction of 
1-azirines with a variety of cyclopentadienones to give 2H- 
and 3//-azepines.

Results and Discussion

O
la, R =  C6H5
b, R  =  CH;,
c, R  =  C,H5

2a, R 1 =  C6H5; R2 =  H
b, R ‘ =  C6H5; R2 = C H ,
c, R 1 =  R2 =  C6H5
d, R 1 =  C6H5; R2 =  CH.OH
e, R ' =  C6H5C H ,;R 2= H

C
C6H5

R
R1 R2

3a, R = R1 = C6H5; R2 = H
b, R = R1 = C6H^R2 = CH3
c, R = R* = R2 = C6H5
d, R = R> =C6H5; R2 = CH2OH
e, R = C6H5; R1 = C6H5CH2; R2 = H
f, R =CH;); R‘ = C6H5;R2=H
g, R = R2 =  CH3;R' = C6H5
h, R = CH3;R' = R2=C6H5 
1 R = CH.,; R1 = C6H5CH2; R2 = H

4 a. R = C6H5 j, R = C2H5; R> = C6H5; R2 = H
b, R = CH, k, R = C2Hr>; R‘ = C6H5; R2 = CH3

Though no reaction occurs between tetracyclone (la) 
and azirine 2b in refluxing benzene overnight, clean con
version into an azepine 3b with loss of CO takes place in re
fluxing toluene after 4 days.2 The structural assignment to

3 //-azepines 3 was facilitated by the use of dimethylcy- 
clone (lb) and 2-phenylazirine (2a) as substrates. The re
sulting azepine 3f, produced in 86% yield, displayed two 
methyl singlets at r 8.24 and 7.72, the latter exhibiting
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homoallylic coupling24’25 (J = 0.8 Hz) to the 7-prcton 
(broad singlet at 3.06), absence of NH absorption and ab
sence of the low-field two-proton multiplet characteristic of 
the P hC =N - system in the tetracyclone adducts. This 
eliminated positions 1, 2, 5, and 7 (in formula 3) as the site 
of attachment for the proton derived from the azirine ring 
(e.g ., 2b). An nmr singlet for the benzylic protons in 3e or 
3i derived from 2-benzylazirine (2e) left for consideration 
only the 3H- azepine structure 3 or an isomeric 4H- azep ne. 
The mass spectral fragmentation pattern of the azepine 
products showed the major pathway as loss of the R C=N  
moiety. When the 2-methyl group was deuterated, this oss 
was represented by CD3C=N, confirming the 3 //-azepine 
(3) assignment.

In addition to the isolation of azepine 3i from the reac
tion of 2-benzyl-1-azirine (2e) and la or lb, minor prod
ucts, shown to be the isomeric 4a and 4b, were also ob
tained. The source of 4a was not phenyl migration in ben
zyl azepine 3i, but the synthetic pathway26’27 used in the 
formation of azirine 2e (Scheme I). We were able to show 
that vinyl azide 8 was produced by base promoted ison er- 
ization of 7 even during the very short (10 min) dehydroio- 
dination of 6 and that its photolysis product 9 reacted vith 
tetracyclone la to afford 4a.

Scheme I

c6h,ch;,ch= ch, c6h5ch2chch2i c6hsch2c= : h .

In subsequent preparative procedures 2-aryl-l-azirkies 
could be generated in situ from the corresponding vinyl 
azides. The vinyl azide was first decomposed in reflu>ing 
toluene and the dienone then added. This technique re
moved the task of preparing and handling the obnoxious 
smelling 1-azirines.

Although no thermally allowed [1,5]-hydrogen shifts 
were observed on the 3//-azepines 3, such a process was de
tected on heating 11 or 12 in xylene. The same equilibrium 
mixture (8:3) was produced on refluxing 1027 with la for 10 
days. The structure of 12 was obvious from its nmr spec-

trum which displayed a triplet at r 5.87 (H-3), and a HaH b 
pattern for the methylene protons of the 2-ethyl grcup, 
which underwent slow exchange with D20  at room temp er- 
ature.

Mechanism. The formation of azepines 3 from azirines 2 
and cyclopentadienones, resulting in the 2 and 3 substitu
ents of the azirine being placed at C-6 and C-7, indicated 
that rupture of the azirine C = N  bond had occurred28 dur
ing cycloaddition and one was therefore dealing with a 
Diels-Alder addition. This is also consistent with the fail
ure of 3,3-dimethyl-2-phenyl-l-azirine29 and 3-carbome- 
thoxy-2-phenyl-l-azirine27’30 to react with la or lb.

If the assumption is made that 1-azirines and cyclopen
tadienones first react in a [4 + 2] fashion to give an endo 
intermediate 13 (see below), then three possible routes are 
available to account for the subsequent formation of 377- 
azepines. Mechanism i involves loss of carbon monoxide

13 13

from 13 through involvement of the C =C  bond to afford 
the azanorcaradiene 14. The latter can either undergo ring 
opening (path a) to give the 3//-azepine 3 or a disrotatory 
electrocyclic rearrangement (path b) to produce the 2H- 
azepine 15 which rearranges via a thermally allowed [1,5] - 
hydrogen shift to give the thermodynamically more stable
3. In mechanism ii, CO is lost via participation of the aziri- 
dine carbon-nitrogen bond to afford 15 which rearranges to 
3 as above. Mechanism iii utilizes a concerted hydrogen mi
gration with loss of carbon monoxide from 13 to yield 3 di
rectly. Acceleration for the analogous process in the decar - 
bonylation of tricyclooctenones is well established.31

Routes i and iii differ from ii inasmuch as they both re
quire participation of the carbon-carbon double bond of 13 
in the primary step for azepine formation. If this double 
bond were rendered less available (i.e., requiring destruc
tion of aromatic resonance), then route ii should be fa
vored. Indeed, when l,3-diphenylinden-2-one 1632 and 
phencyclone 17 32 were chosen as the dienone components, 
in the reaction with azirines 2a-c and 2g in refluxing xy-
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lene33 and toluene, respectively, highly crystalline products 
18a-c and 19a-d were rapidly formed. The reaction times 
of 16 and 17 with azirines indicated that phencyclone had 
comparative reactivity to the dimethylcyclone lb (in tolu
ene) and that the indenone 16 was five to six times as reac
tive as lb (in xylene).

The adducts 19, which showed the expected low-field [r 
(CDCI3) 1.45-1.20] two-proton multiplet attributable to 
the ortho hydrogens on PhC=N, were found to isomerize 
in high yield, on treatment with potassium tert-butoxide in 
refluxing dimethoxyethane or upon thermolysis at ca. 200°.

19a-d

The products 20a-d exhibited a one-proton singlet in the 
region r (CDCI3) 4.35-3.67. The isomeric 3H-formula 21, 
produced by a [1,5]-hydrogen shift of 20, was eliminated by 
the absence of coupling of the ring proton of 20d (R1 = R2 
=  C2H 5) with the ethyl group. Products 2(ra-d all displayed 
a four-proton multiplet at r (CDCI3) 1.70-0.95, tentatively 
ascribed to the ortho protons of the 2- and 5-phenyl groups. 
The latter falls within the deshielding region of the phen- 
anthrene nucleus. Due to the higher resonance energy of a 
benzene ring (as in 18) vs. the center ring of a phenan- 
threne (as in 19), 2/f-azepines 18 did not undergo rear
rangement under similar reaction conditions that effected 
the transformations 19 — 20.

For the reaction 19 — 20 to proceed, it is evident that 
the difference in energy parameters of the 2H- and 3H- 
azepines must be greater than the comparable parameters 
of the center ring of the phenanthrene nucleus. Some sup
port of this proposal is provided by the fact that the cyclo- 
heptatriene 23 [prepared from phencyclone 17 and 1,2,3- 
triphenylcyclopropene (22)] did not isomerize to 24 under 
the basic conditions employed for 19 — 20. In the acecyc- 
lone series34 the analog of 23 was more stable than that of
24.

Additional evidence to substantiate the mechanism of 
azepine formation comes from the cycloaddition of cyclo
propenes to cyclopentadienones. In analogy with previous 
studies,30’35 bridged ketonic intermediate 25 [vmax (KBr) 
1760 cm-1] was isolable on heating 22 with lb in benzene 
for 4 hr. The nmr spectrum of 25 displayed equivalent 
methyl groups at r 9.11 and a one-proton singlet at 7.13.

When 25 was heated under reflux in toluene or xylene, it 
smoothly lost CO and the unsymmetrical cycloheptatriene 
26 was formed (nonequivalent methyl groups at r 8.80 and
8.16 and the ring proton at 5.18). The initial interpreta
tion28 invoked a mechanism similar to ia, but this was re

vised215 since photochemical decarbonylation of 25 pro
duced the symmetrical cycloheptatriene 27 (equivalent 
methyl groups at r 8.25 and the ring proton at 5.00) which 
rearranged on heating to 26.

lb + 22 —

26

It is well established that the presence of a fused endo 
cyclopropane ring in the (3 positions to bridging carbonyl35 
and azo36 compounds greatly accelerates the extrusion of 
carbon monoxide and nitrogen from these molecules, due 
to more efficient orbital overlap in the transition states. 
Hence, we believe that 13 has the endo configuration and 
that the electron pair on the aziridine N facilitates the loss 
of CO. Support for this proposal comes from the isolation 
of the exo ketones 28 and 29 (</max 1776 cm-1) in addition 
to the cycloheptatrienes 30 and 23. The endo ketones 
would be expected to decompose readily to afford 30 and 
23, but the exo isomers 28 and 29 were stable up to 300°.

1 6+22  — *-

Regiochemistry. The regiochemistry of the azirine cy
cloaddition reaction was also examined, using the unsym
metrical dienone 31. Formally the 3//-azepines 32 and 33 
are expected from this reaction, their relative amounts de
pending on the electronic nature of the azirine carbon-ni
trogen double bond and the steric factors involved in the 
addition. The ratios of 32:33 (see Table I) were determined 
by nmr integration of the crude reaction mixture and sepa
ration was accomplished by fractional crystallization and 
chromatography. If the azirine double bond and the di
enone are polarized as shown, then azepines 32 should be 
the predominant products (if steric control is unimpor
tant). This is indeed the case when phenylazirine 2a is em
ployed. The use of p-methoxyphenylazirine 2f causes an 
increase in the ratio of 32:33 as anticipated. However,
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2a-c
f, RL = p-MeOC6H(; R2 = H

Table I
Ratio of 37/-Azepine 32:33 Formed in the 

Cycloaddition of 30 to 2
-32:3 3 -

pOUnd is in fact the 3//-azepine 32c. This is conveniently 
explained by assuming a [l,5]-hydrogen shift of the major 
product of the reaction, namely the 3 //-azepine 3b. As a 
generalization, it should be noted that the observed [7,5]- 
hydrogen shifts in the isom erization o f  azepines always 
proceed ed  in the direction  o f the C = N  rather than in the 
direction  o f the N = C  bond, e.g., 11 <=> 12, 19 —- 20, 3b —► 
32c.

Nmr Spectra. The chemical shifts of the 3Z/-ring proton 
in the azepines studied reveal some interesting trends. The 
3H  in the tetracyclone derived series (r 3.6-3.9 in 3a-e, 5a,
11) is shifted downfield by ca. 65 Hz compared to azepines 
derived from the 2,5-dialkylcyclones lb,c with the same az- 
irines (r 4.7-4.85 in 3f-i, 5b). This is not taken to indicate a 
change of conformation of the azepine ring but a deshield
ing effect of the 2-phenyl group. In a not too dissimilar 
model system 35, the benzhydrilic proton is shifted down- 
field by ca. 56 Hz on changing R = CH337 to R = C6H5.38

a 2 1
b 1 1.4
c 1 6
f 5 1

when the 3-substituted azirines 2b and c were used a rever
sal of the product ratios occurred. The reasons for this were 
not immediately apparent since the changes in azirine sub
stituents do not occur at the reactant centers. It may tenta
tively be ascribed to a “ weighting” effect of the azirine ring 
induced by the 3 substituent, the introduction of which 
causes a decrease in efficiency of the azirine ring to achieve 
coplanarity with the dienone in the endo transition states 
34a and b. This effect manifests itself by a tilting down-

34b

wards of the azirine ring about the C = N  bond, and an in
creased interaction of the azirine 2-aryl substituent with 
the 2 and 5 substituents of the dienone. Clearly if this is the 
case, then 34b will be favored since it involves an aryl- 
methyl interaction compared to the aryl-phenyl one of 34a. 
The observed results support this hypothesis.

Of interest is the fact that the physical properties of 3H- 
azepine 32c (R1 = R2 = C6H5) [pale yellow crystals, mp 
206°; r (CDCI3) 7.76 (s, 3 H), 4.36 (s, 1 H), 3.50-2.50 (m, 25 
H)] are similar to those of an alleged7 4Z/-azepine [pale yel
low crystals, mp 198-201°; r (CDCI3) 7.80 (s, 3 H), 4.39 (s, 1 
H), 3.32-2.67 (m, 25 H)] isolated in minor yield from tetra
cyclone la and 3-methyl-2-phenylazirine (2b). It is pro
posed that the 4H structure is incorrect and that this com

(C6H5)2CHCOR 
35a, R = CH3 

b, R = C8Hs

The mean position of the proton in the series derived 
from the unsymmetrical cyclone 31, compared to the analo
gous 2,5-dimethylazepines, experiences a shift downfield of 
ca. 22 Hz for R1 = CH3 and an upfield shift of ca. 13 Hz 
when R1 = CgHr,. Consequently, the introduction of a 5- 
phenyl substituent on the azepine ring increases the de
shielding mechanisms experienced by the 3H  proton. Fur
thermore the substitution of methyl groups at the 2 and 5 
positions by phenyl groups causes a shift downfield of ca. 
30 Hz of the 7 proton.

Homoallylic coupling, verified by spin decoupling, was 
observed in 3f between the 2-CH3 and the 7-H (J = 0.8 
Hz). This coupling disappeared in the 2-CD3 analog and 
was found to be general for a 2-alkyl group and a 7 proton. 
It was interesting that this occurred through the nitrogen 
atom, since previously observed39’40 homoallylic coupling in 
3//-azepines did not involve the nitrogen atom. Examples 
are known though involving a heteroatom.24’25 In all 2-phe
nyl-substituted azepins, the two ortho protons of the 
P hC =N - system absorb at lower field (ca. 0.5 ppm lower) 
than the other aromatic protons.

The appearance of the methylene protons of the 2-ethyl 
group of 12 as an AB pattern is consistent with restricted 
rotation and proximity to a chiral center (C-3). As expected 
the 3H appeared as a triplet (J = 7.5 Hz). A similar obser
vation has been made for a 2-ethoxy group.39 An unexpect
ed result was the AB pattern (J = 13 Hz) for the methylene 
protons of the -CH2OH group in the 7 position of 3d. 
These were broadened by the -OH, but deuterium ex
change caused the signals to be well resolved.

Similarly we observed an ABX pattern for the parent az
irine 2d (Jab = 12.5 Hz, J ax = 3.0 Hz, J bx  = 4.7 Hz). 
These results probably indicate a preferred conformation 
in solution.

Conformations of Azepines. It is reasonable to assume7 
that of the two possible conformations of the 3//-azepine 
ring 36 and 37, the thermodynamically more stable one, 36,

36
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37

has the 3H proton in the axial position and the 3-phenyl 
group equatorial.

It is significant that in the benzo- and phenanthro-2ii- 
azepines 18a and 19a, the ring protons were coupled (J = 
10 and 9 Hz, respectively), indicating slow ring inversion on 
the nmr time scale. The lower field doublets were as
signed41 to the equatorial proton and the higher doublets 
to the axial proton in conformer 38. When the 2 position

Ha

was substituted by a methyl group (19b and 20b), then the 
higher field signal for the axial ring proton remained at ap
proximately the same chemical shift, indicating that the 
methyl group occupied the equatorial position. A phenyl 
group at position 2 would also be expected to be equatorial. 
When the 2 group was ethyl, then the ring proton exhibited 
a pattern characteristic for X of an ABX system, indicative 
of restricted rotation of the 2-ethyl group and its attach
ment to a chiral center.

The nmr data of the phenanthro-3-ff - azepines 20 display 
the ring proton at approximately the same position as in 
the tetracyclone-derived 3H-azepines. There is consider
able driving force for this proton to occupy the axial posi
tion since in this conformation the planarity of the phenan- 
threne nucleus is maintained, unlike in the other conforma
tion. This substantiates the assumption of 36 as the most 
stable conformation of the simple 3//-azepines.

Experimental Section42
General Procedure for the Preparation of 3H- Azepines43 

from Cyclones la,b,c. The cyclopentadienone (5 mmol) and the 
azirine (6  mmol) were heated under reflux in toluene (15 ml) in an 
atmosphere of nitrogen until tic indicated that all the dienone had 
reacted. (Times are indicated in the text.) The solvent was re
moved in vacuo  and the residue either recrystallized directly or 
chromatographed over Woelm neutral alumina (activity I), as indi
cated in the text.

2,3,4,5,6-Pentaphenyl-3/i-azepine (3a) was isolated from la 
and 2a after 4 days, by recrystallization from ethanol as golden 
yellow crystals (87%): mp 212°; nmr r 2.48 (4-H), 3.62 (3-H).

Anal. Calcd for C 36H27N: C, 91.3; H, 5.75. Found: C, 91.4; H, 5.9.
7-Methyl-2,3,4,5,6-pentaphenyl-3H-azepine (3b) was isolated 

directly from la and 2b after 6  days, by recrystallization from eth
anol as yellow hexagonal plates (65%): mp 212°; nmr r 8.23 (7- 
CH 3), 3.77 (3-H).

Anal. Calcd for C37H29N: C, 91.1; H, 6.0. Found: C, 91.0; H, 6.0.
2,3,4,5,6,7-Hexaphenyl-3/7-azepine (3c) was obtained from la 

and 2c after 1 2  days, by chromatography using ether-petroleum 
(1:3) eluent, as pale yellow crystals from ethanol (61%): mp 227°; 
nmr r 3.62 (3-H).

Anal. Calcd for C 42H31N: C, 91.8; H, 5.7. Found: C, 91.5; H, 5.7.
7-Hydroxymethyl-2,3,4,5,6-pentaphenyl-3ff-azepine (3d) 

was obtained from la and 2d after 6 days as lemon yellow granules 
(55%) from ethanol: mp 213°; nmr r 7.4 (OH), 3.6 (3-H).

Anal. Calcd for C 37H29NO: C, 88.2; H, 5.8. Found: C, 88.0; H, 5.7.
Tetracyclone (la) and 2-Benzyl-l-azirine (2e). After 3 days’

reflux, the residue was chromatographed. Elution with dichloro- 
methane-pentane (1:30) afforded 6-methyl-2,3,4,5,7-pentaphenyl- 
3H-azepine (4a) (5%) as bright yellow needles: mp 177° from hex
ane; nmr r 8 .6  (6 -CH 3), 3.83 (3-H).

Anal. Calcd for C37H29N: C, 91.1; H, 6.0. Found: C, 90.9; H, 6.0.
Continued elution with increasing amounts of dichloromethane 

in pentane afforded 6-benzyl-2,3,4,5-tetraphenyl-3if-azepine (3e) 
(51%) as bright yellow crystals from hexane: mp 161°; nmr r 6.72 
(6 -CH2), 2.74 (4-H), 3.8 (3-H).

Anal. Calcd for C37H29N: C, 91.1; H, 6.0. Found: C, 90.9; H, 6.0.
Tetracyclone (la) and 2,3-Diethylazirine (10). The solvent 

was removed after 1 0  days’ reflux and the residue chromato
graphed. Elution with dichloromethane-hexane (1:2) afforded a 
mixture (85%) of azepines. Two recrystallizations from ethanol af
forded 6,7-diethyl-2,3,4,5-tetraphenyl-3H-azepine (11) as yellow 
needles: mp 151°; nmr r 9.68 (t, J  =  7.5 Hz, 6 -Et), 8.01 (q, J  = 7.5 
Hz, 6 -CH2), 8.9 (t, J  =  7.5 Hz, 7-Et), 7.79 (q, J  =  7.5 Hz, 7-CH2),
3.94 (3-H).

Anal. Calcd for C34H31N: C, 90.0; H, 6.9. Found: C, 90.1; H, 7.0.
Two recrystallizations of the combined filtrate material gave

2.3- diethyl-4,5,6,7-tetraphenyl-3/i-azepine (12) as pale yellow 
flakes: mp 127°; r (CDC13) 9.15-8.70 (m, 6  H), 8.70-8.25 (m, 2 H),
8.03- 7.54 (m, 2 H), 5.87 (t, J  =  7.5 Hz, 1 H), 3.40-2.50 (m, 20 H).

Anal. Calcd for C 34H31N: C, 90.0; H, 6.9. Found: C, 89.9; H, 7.0.
2.5- Dimethyl-3,4,6-triphenyl-3H-azepine (3f) was obtained 

from lb and la after 13 hr by recrystallization from hexane as tan 
crystals (8 6 %): mp 123°; nmr r 7.72 (d, J  = 0.8 Hz, 2 -CH3), 8.24 
(5-CHa), 3.06 (7-H), 4.71 (3-H).

Anal. Calcd for C26H23N: C, 89.4; H, 6 .6 . Found: C, 89.5; H, 6.7.
In a large-scale preparation the vinyl azide (20.0 g, 0.138 mol) 

was first decomposed in toluene (250 ml) under reflux for 2 hr. The 
dienone (30.0 g, 0.115 mol) was added and the mixture heated 
under reflux for an additional 12 hr. Work-up afforded the azepine 
(33.9 g, 85%).

2,5,7-Trimethyl-3,4,6-triphenyl-3//-azepine (3g) was isolated 
from lb and 2b as pale yellow flakes (83%) from ethanol: mp 182°; 
nmr r 7.79 (2 -CH3), 8.42 (5-CH3), 8.48 (7-CHs), 4.82 (3-H).

Anal. Calcd for C27H25N: C, 89.2; H, 6.9. Found: C, 89.5; H, 7.0.
The azepine (8 8%) was also prepared via the vinyl azide as for 

3f.
2.5- Dimethyl-3,4,6,7-tetraphenyl-3H-azepine (3h) was ob

tained from lb and 2c after 3.5 days by recrystallization from eth
anol as pale yellow needles (63%): mp 189°; nmr r 7.72 (2-CH3), 
8.36 (5 -CH3), 4.72 (3-H).

Anal. Calcd for C 32H27N: C, 90.3; H, 6.4. Found: C, 90.6; H, 6.5.
1 b and 2-Benzyl-1 -azirine (2e). After 2 days’ reflux the solvent 

was removed and the residue chromatographed. Ether-pentane 
(1:2) eluted 2,5,6-trimethyl-3,4,7-triphenyl-3//-azepine (4b) as 
pale yellow crystals (6 %) from hexane: mp 181°; nmr r 7.73 (2- 
CH 3)', 7.99 (5-CHa), 8.33 (6 -CH3), 4.85 (3-H).

Anal. Calcd for C27H25N: C, 89.2; H, 6.9. Found: C, 89.4; H, 6.9.
Elution with increasing amounts of ether in pentane afforded 6 - 

benzyl-2,5-dimethyl-3,4-diphenyl-3H-azepine (3i) as pale yellow 
crystals (51%) from hexane: mp 90°; nmr r 7.79 (2-CH3), 8 .1  (5- 
CH3), 6.5 (CH2), 3.17 (7-H), 4.77 (3-H).

Anal. Calcd for C 27H25N: C, 89.2; H, 6.9. Found: C, 89.3, H, 6.7.
2.5- Diethyl-3,4,6-triphenyl-3//-azepine (3j) was obtained 

from lc and 2a after 17 hr by chromatography (ether-hexane, 1:3) 
as a pale yellow oil (90%). The picrate crystallized as bright yellow 
needles from ethanol: mp 169°; nmr r 8 .8  (t, J  = 7.5 Hz, 2-CH3),
9.3 (t, J  = 7.2 Hz, 5-CH3), 7.35-8.04 (m), 2.96 (7-H), 4.78 (3-H).

Anal. Calcd for C34H30N4O7: C, 67.3; H, 5.0; N, 9.2. Found: C, 
67.3; H, 5.0; N, 9.2.

2.5- Diethyl-7-methyl-3,4,6-triphenyl-3H-azepine (3k) was
isolated from lc and 2b as pale yellow crystals (6 6 %): mp 113° 
from ethanol; nmr r 8.76 (t, J  =  7.5 Hz, 2-CH3), 7.59 (q, J  = 7.5 
Hz, 2-CH2).

Anal. Calcd for C29H29N: C, 89.0; H, 7.5. Found: C, 89.0; H, 7.5.
Addition of 2-Methyl-3,4,5-triphenylcyclopentadienone

(31) to Azirines. The general procedure was used and the times 
for reflux given in the text.

2-Phenyl-l-azirine (2a) and 31 afforded a 2 :1  mixture of 32a: 
33a after 30 hr. Chromatography with benzene eluent afforded 5 - 
methyl-2,3,4,6-tetraphenyl-3H-azepine (33a) (28%) as bright yel
low granules: mp 170° from ethanol; nmr r 8.2 (5-CH3), 3.83 (3-H).

Anal. Calcd for CsiH^N: C, 90.5; H, 6.1. Found: C, 90.2; H, 6 .2 .
Continued elution using dichloromethane gave 2-methyl-

3,4,5,6-tetraphenyl-3H-azepine (32a) (59%) as pale yellow needles: 
mp 174° from ethanol; nmr t 7.81 (d, J  =  0.9 Hz, 2-CH3), 4.36 (3- 
H).
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A n a l. Calcd for C31H25N: C, 90.5; H, 6.1. Found: C, 90.6; H, 6.0.
3-Methyl-2-phenyl-l-azirine (2b) and 31 gave a 1:1.4 mixture 

of 32b:33b after 4 days. Chromatography using benzene eluent af
forded 5,7-dimethyl-2,3,4,6-tetraphenyl-3.f/-azepine (33b) (53%) 
as lemon yellow crystals from chloroform-ethanol: mp 165°; nmr r
8.38 (5-CH3), 8.36 (7-CH3), 3.94 (3-H).

A n a l. Calcd for C 32H 27N: C, 90.3; H, 6.4. Found: C, 90.3; H, 6.5.
Elution with chloroform then gave colorless needles from etha

nol of 2,7-dimethyl-3,4,5,6-tetraphenyl-3H-azepine (32b): mp 
164°; nmr r 7.8 (2-CHs), 8.29 (7-CH3), 4.49 (3-H).

A n a l. Calcd for C32H27N: C, 90.3; H, 6.4. Found: C, 90.1; H, 6 .6 .
2.3- Diphenyl- 1-azirine (2c) and 31 afforded a 1:6 mixture of 

32c:33c after 7 days. Two recrystallizations of the residue from 
ethanol afforded 5-methyl-2,3,4,6,7-pentaphenyl-3if-azepine (33c) 
(51%) as pale yellow crystals: mp 187°; nmr r 8.32 (5-CH3), 3.83 
(3-H).

A n a l. Calcd for C37H 29N: C, 91.1; H, 6.0. Found: C, 90.8; H, 6.2.
Two recrystallizations of the combined filtrate material afforded

2-methyI-3,4,5,6,7-pentaphenyl-3fi-azepine (32c) (8%) as pale yel
low crystals: mp 206°; nmr r 7.76 (2-CH3), 4.36 (3-H).

A n a l. Calcd for C37H 29N: C, 91.1; H, 6.0. Found: C, 91.3; H, 6.1.
2-p-MethoxyphenyI-1-azirine (2f) (prepared in  s i t u  from the 

vinyl azide) and 31 afforded a 5:1 mixture of 32f:33f after 30 hr. 
Two recrystallizations of the residue from chloroform-ethanol af
forded 6-p-methoxyphenyl-2-methyl-3,4,5-triphenyl-3H-azepine 
(32f) (45%) as pale yellow needles: mp 197°; nmr r 7.82 (d, J  = 0.8 
Hz, 2-CH3), 6.43 (OCH3), 4.38 (3-H).

A n a l. Calcd for C32H27NO: C, 87.0; H, 6.2. Found: C, 86.7; H, 6.1.
Preparative layer chromatography (Si0 2 , ether-petroleum, 1:2) 

of the combined filtrate material afforded 6-p-methoxyphenyl-5- 
methyl-2,3,4-triphenyl-3H-azepine (33f) (9%) as bright yellow 
needles from chloroform-ethanol: mp 192°; nmr r 8.2 (5-CH3),
6 .2 2  (OCH3), 3.86 (3-H).

A n a l. Calcd for C32H27NO: C, 87.0; H, 6.2. Found: C, 8 6 .8 ; H, 6.3.
1.3- Diphenylinden-2-one (16) and Azirines. The dimer of 16 

(2 mmol) and the azirine (3 mmol) were heated under reflux in xy
lene (15 ml). Reaction with azirines 2a and 2b required 3 hr, and 
with azirine 2c the reaction required 10 hr. The solvent was re
moved and the residue dissolved in the minimum amount of ben
zene and then added to a dry column of neutral alumina. Elution 
with ether-pentane (1 :1 ) directly, afforded the following pure ad
ducts.

3.4.7- Triphenylbenz[<?]-2//-azepine (18a)43 recrystallized 
from ethanol as colorless needles (65%): mp 157°; nmr r  5.06 (d, J  
= 10 Hz, eq 2-H), 6.4 (d, J  =  10 Hz, ax 2-H).

A n a l. Calcd for C 28H 21N: C, 90.5; H, 5.7. Found: C, 90.7; H, 5.5.
2-Methyl-3,4,7-triphenylbenz[e]-2H-azepine (18b) recrystal

lized from chloroform-ethanol as colorless crystals (6 8 %): mp 2 0 1 °; 
nmr r 8.55 (d, J  =  6.5 Hz, 2-CH3), 6.4 (q, J  = 6.5 Hz, 2-H).

A n a l. Calcd for C29H 23N: C, 90.35; H, 6.0. Found: C, 90.3; H, 5.9.
When toluene was used as solvent for the reaction, it required 7 

days to reach completion.
2.3.4.7- Tetraphenylbenz[e]-2//-azepine (18c) recrystallized 

from chloroform-hexane as pale yellow crystals (63%): mp 185°; 
nmr r 5.3 (2-H).

A n a l. Calcd for C 34H 25N: C, 91.2; H, 5.6. Found: C, 91.0; H, 5.6.
Phencyclone (17) and azirine cycloadditions were conducted 

by heating 17 (2.6 mmol) and the azirine (2.8 mmol) in toluene (15 
ml) under reflux for 2-3 days. The residue, after removal of the 
solvent, was dissolved in the minimum volume of chloroform and 
added to a dry Woelm neutral alumina column. Elution with chlo
roform afforded the following adducts.

3.4.7- Triphenylphenanthro[9,10-e]-2ff-azepine (19a) crys
tallized from chloroform-hexane as colorless flocculent crystals 
(69%): mp 258°; nmr r 5.09 (d, J  = 9 Hz, eq 2-H), 6.4 (d, J  = 10 Hz, 
ax 2-H).

A n a l. Calcd for C36H25N: C, 91.7; H, 5.3. Found: C, 91.5; H, 5.3.
2-Methyl-3,4,7-triphenylphenanthro[9,10-e]-2H-azepine 

(19b) crystallized from chloroform-hexane as colorless flocculent 
needles (71%): mp 231°; nmr r 8.55 (d, J  = 6.5 Hz, 2-CH3), 5.91 (q, 
J  = 6.5 Hz, 2-H).

A n a l. Calcd for C37H 27N: C, 91.5; H, 5.60. Found: C, 91.3; H, 5.5.
2.3.4.7- TetraphenyIphenanthro[9,10-e]-2H-azepine (19c) 

crystallized from benzene-heptane as pale yellow granules (84%): 
mp 174°; nmr (CgDe) r 4.57 (2-H).

A n a l. Calcd for C42H29N: C, 92.1; H, 5.3. Found C, 91.9; H, 5.6.
2.3- Diethyl-4,7-diphenylphenanthro[9,10-e]-2H-azepine 

(19d) crystallized from chloroform-ethanol as pale yellow crystals 
(90%): mp 215°; nmr r 8.91 (t, J  = 7.5 Hz, 3-Et), 8.99 (t, J  -  7 Hz, 
2-Et), 6.9-8.1 (m, 4), 6.41 (dd, J  = 9 and 9 Hz, 2-H).

A n a l. Calcd for C 34H 29N: C, 90.4; H, 6.5. Found: C, 90.1; H, 6 .6 .
Rearrangements of the Phenanthro-2/i-azepines 19a-d. A

general procedure is given for (1 ) basic and (2 ) thermal rearrange
ment.

(1) B asic. The azepine (0.5 mmol) and potassium fert-butoxide 
(0.6 mmol) were heated under reflux in dry dimethoxyethane (5 
ml) for 10 hr. The solvent was removed and the residue purified by 
ptlc on silica.

(2) Thermal. The azepine (0.5 mmol) was either heated neat or 
in triglyme (5 ml) at ca . 200° for 8  hr. Purification was achieved as 
for (1). The following 3H-azepines were obtained using either of 
these techniques. Yields were 30-90% and chloroform-ethanol was 
used for recrystallization.

2,5,6-Triphenylphenanthro[9,10-c]-3if-azepine (20a) crys
tallized as brilliant yellow crystals: mp 237°; nmr t 3.67 (3-H).

A n a l. Calcd for C36H25N: C, 91.7; H, 5.3. Found: C, 91.4; H, 5.6.
7-Methyl-2,5,6-triphenylphenanthro[9,10-c]-3H-azepine

(20b) crystallized as bright yellow crystals: mp 248°; nmr r 7.87 
(2 -CH3), 3.92 (3-H).

A n a l. Calcd for C37H27N: C, 91.5; H, 5.6. Found: C, 91.4; H, 5.8.
2.5.6.7- Tetraphenylphenanthro[9,10-c]-3if-azepine (20c) 

crystallized as pale yellow crystals: mp 264°; nmr r  3.75 (3-H).
A n a l. Calcd for C 42H 2gN: C, 92.1; H, 5.3. Found: C, 91.8; H, 5.4.
6.7- Diethyl-2,5-diphenylphenanthro[9,10-c]-3if-azepine 

(20d), crystallized as golden needles: mp 211°; nmr r 8.97 (t, J  =  8 

Hz, CH 3), 8.85 (t, J  =  7 Hz, CH3).
A n a l. Calcd for C 34H 29N: C, 90.4; H, 6.5. Found: C, 90.3; H, 6 .6 .
lb and 1,2,3-Triphenylcyclopropene (22). The dienone (2.5 g,

9.6 mmol) and the cyclopropene (2.7 g, 10 mmol) were heated 
under reflux for 4 hr. Removal of the solvent and recrystallization 
of the residue from chloroform-ethanol afforded colorless needles 
(4.7 g, 92%) of 1,5-dimethyl-2,3,4,6,7-pentaphenyltricyclo[3.2.- 
1 i,5o.2,4]0ct-6-en-8-one (25): mp 202° dec; ymax (KBr) 1760 cm-1 ; r 
(CDCI3) 9.11 (s, 6 H), 7.13 (s, 1 H), 3.80-3.50 (m, 2 H), 3.30-2.70 
(m, 23 H).

A n a l. Calcd for C4oH32 0 : C, 90.9; H, 6.1. Found: C, 91.0; H, 6.0.
Photochemical Decarbonylation of 25. The ketone (1.0 g) was

dissolved in dichloromethane (70 ml) and irradiated at 254 nm in a 
Rayonet photochemical reactor for 4.5 hr. Removal of the solvent 
gave a colorless solid (0.95 g, 100%). Rapid recrystallization from 
chloroform-ethanol afforded colorless crystals of 3,6-dimethyl-
1,2,4,5,7-pentaphenylcycloheptatriene (27): mp 188-192°; r
(CDCI3) 8.25 (s, 6  H), 5.00 (s, 1 H), 3.55-3.20 (m, 4 H), 3.20-2.90 
(m, 6  H), 2.90-2.45 (m, 13 H), 2.45-2.15 (m, 2 H).

A n a l. Calcd for C39H22: C, 93.6; H, 6.4. Foupd: C, 93.5; H, 6.5.
Thermolysis of the Symmetrical cycloheptatriene 27. The 

cycloheptatriene (186 mg) was heated under reflux in tetrachlo- 
roethylene (5 ml) and the reaction monitored by nmr spectroscopy. 
The equilibrium did not change much after 5 hr, consisting of 
about 75% of 26 and minor isomers. The solvent was removed after 
17 hr and the residue recrystallized from chloroform-ethanol to 
give 2,6-dimethyl-l,3,4,5,7-pentaphenylcycloheptatriene (26) as 
colorless crystals: mp 189°; r (CDC13) 8.80 (s, 3 H), 8.15 (s, 3 H), 
5.18 (s, 1 H), 3.75-3.45 (m, 2 H), 3.25-2.30 (m, 23 H).

A n a l. Calcd for C 39H32: C, 93.6; H, 6.4. Found: C, 93.3; H, 6.5.
Thermolysis of the Ketone 25. The ketone (180 mg) was heat

ed under reflux in xylene (6  ml) for 20 hr. Removal of the solvent 
and recrystallization of the residue gave pure 26 (110 mg, 64%): mp 
189°.

The Indenone 16 and the Cyclopropene 22. The dienone (500 
mg, 1.77 mmol) and the cyclopropene (475 mg, 1.77 mmol) were 
heated under reflux in toluene (15 ml) for 2 days. The solvent was 
removed and the nmr spectrum of the residue showed it to be a 4:1 
mixture of 30:28. Chromatography on neutral alumina and elution 
with ether-pentane (1:1) afforded l,2,3,4,5-pentaphenyl-3H-ben- 
zocycloheptatriene (30) as pale orange needles from chloroform- 
ethanol: mp 228°; r (CDC13) 4.77 (broadish s, 1 H), 3.25-2.20 (m, 
29 H).

A n a l. Calcd for C41H 30: C, 94.2; H, 5.8. Found: C, 94.2; H, 5.8.
Elution with ether afforded e x o - 1 ,2,3,4,5-pentaphenyltricyclo- 

[3 .2 .1 1 ’5.0 2'4]benzo[/]oct-6 -en-8 -one (28) as colorless plates from 
chloroform-ethanol: mp 249°; rmax (KBr) 1776 cm-1 ; r (CDCI3) 
6.15 (s, 1 H), 3.55-2.15 (m, 29 H).

A n a l. Calcd for C 42H 30O: C, 91.6; H, 5.5. Found: C, 91.5; H, 5.4.
Phencyclone (17) and Cyclopropene 22. The dienone (1.0 g, 

2.62 mmol) and the cyclopropene (0.75 g, 2.8 mmol) were heated 
under reflux in toluene (15 ml) for 10 hr. The mixture was allowed 
to cool and the solid (1.1 g) filtered off. Fractional recrystallization 
from chloroform afforded first 1,2,3,4,5-pentaphenylphenanthro- 
[9,10-g]-3H-cycloheptatriene (23) as colorless crystals: mp 319°.

* d
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Anal. Calcd for C 49H34: C, 94.5; H, 5.5. Found: C, 93.1; H, 5.4.
Secondly, ex o - l,2,3,4,5-pentaphenylphenanthro[9,10-/]tricyclo- 

[3.2.1 l-5.02,4]oct-6-en-8-one (29) crystallized as colorless needles: 
mp 270°; rmax (KBr) 1776 cm-1 .

Anal. Calcd for C50H34O: C, 92.3; H, 5.3. Found: C, 91.1; H, 5.2.

Registry No.— la, 479,33-4; lb, 26307-17-5; le, 51932-77-5; 2a, 
7654-06-0; 2b, 16205-14-4; 2c, 16483-98-0; 2d, 52124-00-2; 2e, 
18709-44-9; 2f, 32687-32-4; 3a, 33070-61-0; 3b, 33070-63-2; 3c, 
33070-66-5; 3d, 52124-01-3; 3e, 33654-83-0; 3f, 33070-60-9; 3g, 
33070-62-1; 3h, 33070-65-4; 3i, 52124-02-4; 3j picrate, 51932-79-7; 
3k, 52124-03-5; 4a, 52124-04-6; 5b, 52124-05-7; 10, 18709-43-8; 11, 
33654-82-9; 12, 33654-81-8; 16, 23414-46-2; 17, 5660-91-3; 18a, 
39934-14-0; 18b, 39934-15-1; 18c, 39934-16-2; 19a, 39934-03-7; 19b, 
39934-04-8; 19c, 52124-06-8; 19d, 52124-07-9; 20a, 52124-08-0; 20b, 
52124-09-1; 20c, 52124-10-4; 20d, 52124-11-5; 22, 16510-49-9; 23, 
52124-12-6; 25, 52154-42-4; 26, 52124-13-7; 27, 52124-14-8; 28, 
52154-43-5; 29, 52124-15-9; 30, 39934-07-1; 31, 33535-80-7; 32a, 
52124-16-0; 32b, 52124-17-1; 32c, 52124-18-2; 32f, 52124-19-3; 33a, 
52124-20-6; 33b, 52124-21-7; 33c, 52124-22-8; 33f, 52124-23-9.
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Reactions of 3R-azepines 3, available from cycloaddition of 1-azirines with cyclopentadienones, were examined 
with a view to producing lH-azepine derivatives. Treatment of 3 with benzoyl chloride resulted in 2-alkylidine- 
TV-benzoyl- 2,3-dihydro-l-azepines (7), which failed to isomerize to the antiaromatic system 5. Photolysis of 7 led 
to 1,3 (N to C) benzoyl transfer. Attempted base-catalyzed deuterium exchange underlined the difficulty of isolat
ing an 8 -7r-electron system. Acid isomerization of 7-unsubstituted azepines 3a-c produced substituted anilines, 
presumably via unstable 1-azepines, while the 7-methyl substrate 19 afforded cyclohexadienone products.

Recently we have developed1-2 a procedure for the prepa
ration of 3H- azepines 3 by cycloaddition of 1-azirines 1 
with cyclopentadienones 2. Such compounds might provide 
an entry into the interesting 8-7r-electron system,3 the 1H- 
azepine 5 or 6. For instance, addition of acid chlorides to 
the ¡mine double bond of 3 may lead directly or via 4 to the

N-substituted lif-azepine 5. Removal of RCO from 5 could 
give the elusive N-unsubstituted lH-azepine 6, which in 
our case should be stabilized by the multiple substitution 
on the ring carbons. Alternatively, 6 might just revert to 3, 
since it has been shown that the 3H-azepine is in general 
the thermodynamically more stable isomer.
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Results and Discussion

Addition of benzoyl chloride to the azepine 3a in ben
zene proceeded fairly rapidly to give a new product. The 
formation of this product was enhanced by the presence of
l,4-diazabicyclo[2.2.2]octane (Dabco) in the solution. Mass 
spectral and elemental analyses showed it to be an HC1 
elimination product of an azepine-benzoyl chloride adduct. 
Infrared showed an amide absorption at 1640 cm-1 while 
nmr demonstrated the loss of one methyl group with the 
concurrent appearance of a methylene (= C H 2) group at ca.
5.0 ppm. These data suggested the exo-methylene structure 
7a. The ethylidene derivative 7b likewise showed nmr ab
sorptions consistent with its structure.

The reaction may involve formation of intermediate 8, or 
benzoylation of the enamine tautomer of the ¡mine 3. Evi
dence supporting this pathway was found in the easy ex
change of the protons of the 2-methyl group in 3a with D20  
in analogy with the D exchange reported for 19.® The acidi
ty of these protons is also apparent from the ease of forma
tion of the benzylidene derivative 9 from 3a with benzalde- 
hyde.5’6 When the 2-methyl group of 3 was replaced by a

7a, R = H 5a, R = H
b, R = CH;, b, R = CH:J

phenyl group as in 3c, there was no reaction with benzoyl 
chloride even under forcing conditions.

Several attempts were made to isomerize the exo-methy- 
lene azepine 7a to the conjugated 1H isomer 5a. With vari
ous bases, either no reaction took place (weak bases) or 
simple debenzoylation took place (strong bases, e.g., KO- 
i-Bu) to regenerate 3a. No exchange of the benzylic 3 pro
ton in 3a was observed even in the presence of potassium 
ierf-butoxide in f-BuOD, in spite of the fact that the 2- 
methyl protons readily exchanged.7 This differential be
havior of the endocyclic vs. the exocyclic protons a to the 
C = N  in 3 and the failure to achieve isomerization to 5 may 
be indicative of the low stability inherent in the anti aro
matic 8-7r-electron 1H- azepines.

Attempted photochemical transformation of 7a to 5 re
sulted only in a benzoyl transfer to give the amino ketone
10. The strong H bonding of the NH to the C = 0  was evi

dent by the low-field (r — 3.05) appearance of the NH. Ad
ditional structure proof came from the fact that the NH 
and the vinylic azepine ring proton were coupled (J = 5 
Hz). This coupling disappeared on exchange with D20. 
This type of transformation, which corresponds to a no
naromatic photo-Fries rearrangement,8® has also been ob
served in the photolysis of 11 to 13, presumably via 12. The 
proposed mechanism may involve a radical pair.8b

When acetic acid was used as an isomerization catalyst 
on 7a, minute quantities of aniline derivatives were detect
ed together with much polymeric and resinous material. In
vestigation of the reaction of 3//-azepine 3a with glacial 
acetic acid revealed that a very clean and efficient isomer
ization to 15a took place within 2 hr at reflux temperature. 
No side products were detected. The presence of an - NH2 
group in 15a was clear from both the nmr and ir spectra. 
An equally facile reaction was observed with the diethyl- 
3//-azepine 3b. The isomerization of the pentaphenyl-3//- 
azepine 3c required a reflux time of 4 days to achieve com
plete conversion to pentaphenylaniline 15c. The reaction 
may be interpreted as involving isomerization of the 3H- 
azepine to its 1H isomer 14, which then undergoes ring con
traction9 to the azanorcaradiene 16 in acid, to give finally 
the aniline 15. N-Substituted 1//-azepines have been 
found10 to rearrange to anilines in the presence of acid. Not 
too dissimilar ring contractions have been reported11 for 
other 3//-azepines (t.e., 17 — 18). The important criterion 
for our observed 3//-azepine - * aniline conversions was the 
presence of the ring proton at the 7 position of the azepine 
nucleus. When this was replaced by a CH3 group as in 19, 
the reaction took a different course inasmuch as the mix-
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3a, R = CH,
b, R = CH3CH2

c, R = Ph

Ph R

15a, R = CH,
b, R = CH,CH,
c, R = Ph

Ph

Ph, ] NH 
À  H
14

R1

I
N— R2

R1

I
N— R2

Ph Ph

Ph

H,C

ture became dark brown and very complex (by tic). How
ever one homogeneous product was isolated (mp 198°) pos
sessing the following spectral properties: mol wt 364, em
pirical formula C27H24O (364) by elemental analysis, vmax 
1656 cm-1. The nmr spectrum was quite unusual, since be
sides 15 aromatic protons, there was a nine-proton singlet 
at r 8.66 in CDCI3. The nine-proton signal appeared as a 
narrowly spaced doublet in C6D6, but addition of Eu(fod)3 
caused the doublet to separate into a three-proton singlet 
and a six-proton singlet. The six-proton singlet experienced 
the greatest downfield shift upon addition of increasing 
amounts of Eu(fod)3. The ir absorption at 1656 cm-1 is 
consistent with an o,/3,7,5-unsaturated carbonyl, and the 
nmr suggested a gem-dimethyl group in closer proximity to 
the carbonyl than the other lone methyl group [Eu(fod)3 
shifts].

Consideration of a possible mechanistic pathway and of 
the spectral data suggests structures 21 or 22. Formation of 
the protonated azanorcaradiene 20 may be postulated in 
analogy to 3 —► 14 —► 16 —* 15. 20 can then open by either 
pathway A or pathway B, both of which involve a [1,2] - 
methyl shift followed by deprotonation and hydrolysis. In 
order to distinguish between regioisomers 21 and 22 we 
compared the LiAlH4 reduction product with that12 from 
hexamethylcyclohexadienone 23 Hmax 1647 cm-1). In the

-H ,0

Ph

-CH, - h 2o

‘ CH ,
Phx

—  CH,

— H

Ph

27

Ph

LiAlH,

Ph

22
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latter the intermediate allylic alcohol was exceedingly un
stable and readily underwent a 1,4-elimination of H20  to 
give the hydrocarbon 25. We could reasonably expect that 
if our isolated ketone had structure 21, than a similar re
duction might lead to the hydrocarbon 27 via the allylic al
cohol 26. On the other hand reduction of 22 should lead to 
the alcohol 28 with little tendency to eliminate H20.

Reduction with LiAlH4 of the dienone, followed by an 
acidic work-up, gave an alcohol stable to dilute HC1 and as
signed structure 28. This was further confirmed by the de- 
hydration-rearrangement of 28 to 29 in acetic acid-sulfuric 
acid. As expected, the methyl protons between the two 
phenyl groups are shielded (r 8.28)13 compared with the 
other two methyl groups (r 7.98). Consequently we have as
signed the cyclohexadienone structure 22 to the product 
isolated from 3//-azepine 19 and acetic acid. It is possible 
that 21 may also be present in the reaction mixture but 
that, owing to the complex nature of the reaction, it was 
not isolated.

Experimental Section
Reaction of 2,5-Dimethyl-3,4,6-triphenyl-3//-azepine (3a) 

with Benzoyl Chloride in the Presence of Dabco. The aze- 
pine2 (5.0 g, 14.3 mmol) was dissolved in benzene (50 ml) and 
Dabco (1.65 g, 14.7 mmol) was added. The mixture was stirred at 
25° and benzoyl chloride (2.5 g, 17.7 mmol) dissolved in benzene 
(10 ml) was added dropwise. The mixture was stirred overnight 
and then poured into water (400 ml). The organic layer was sepa
rated and dried (M gS04). Removal of the solvent gave a pale yel
low solid. Recrystallization from hexane gave pale yellow plates 
(5.4 g, 83%) of l-benzoyl-l//-5-methyl-2-methylene-3,4,6-tripheny 
l-3//-azepine (7a): mp 160°; nmr (CDCI3) r 8.38 (s, CH 3), 5.06 (br 
s, = C H H ), 4.97 (br s, = C H H ), 4.76 (s, CH), 3.73 (s, = C H ), 3.10-
2.30 (m, 20 H); rmax (KBr) 1690, 1640, 1597, 1325, 1250, 870, and 
695 cm-1; mass spectrum m / e  453, 377, 362, 349, 348, 334, 308, 258, 
257, 215,105, 91, 78, 77.

A n a l. Calcd for C33H 21NO: C, 87.4; H, 6.0. Found: C, 87.5; H, 6.1.
Reaction of Phenylazirine with 2,5-Diethyl-3,4-diphenyl- 

cyclopenta-2,4-dienone. a-Styryl azide (1.45 g, 10 mmol) was 
heated under reflux in toluene (25 ml) for 2  hr. The dienone (2.3 g, 
8  mmol) was then added and the mixture was refluxed for 17 hr. 
Removal of the solvent gave a reddish oil. Purification was 
achieved by chromatography over alumina to afford 2,5-diethyl- 
3,4,fi-triphenyl-3//-azepine (3b) as a colorless oil (3.0 g, 99%): 
nmr (CDCI3) r 9.28 (t, J  =  7.5 Hz, 3 H), 8.05-7.25 (m, 4 H), 4.70 (s, 
1 H), 3.00-2.40 (m, 16 H) (possible 1 H singlet at t  2.85). The pic- 
rate was obtained as yellow microneedles from ethanol, mp 169°.

A n a l. Calcd for C34H30N4O7: C, 67.3; H, 5.0; N, 9.2. Found: C, 
67.3; H, 5.0; N, 9.2.

Reaction of the Diethyl-3//-azepine 3b with Benzoyl Chlo
ride in the Presence of Dabco. The azepine (400.mg, 1.06 mmol) 
was dissolved in benzene (25 ml) and Dabco (120 mg, 1.07 mmol) 
was added. Benzoyl chloride (160 mg, 1.14 mmol) was added and 
the mixture was heated under reflux for 6  hr. After cooling, the 
mixture was poured into water (50 ml) and the bright yellow ben
zene layer was separated and dried (M gS04). Removal of the sol
vent gave a yellow-brown oil (450 mg) which crystallized on pro
longed trituration. Recrystallization from hexane gave 1 -benzoyl - 
1 //-2-ethylidene-5-ethyl-3,4,6-triphenyl-3//-azepine (7b) as
bright yellow crystals: mp 6 8 °; nmr (CDCI3) r 9.25 (t, J  =  7.5 Hz, 
CH 3CH 2), 8.47 (d, J  =  7.25 Hz, CH 3CH), 8.22-7.62 (m, CH 3CH 2),
4.63 (br s, CH), 4.32 (q, J  = 7.25 Hz, CHCH3), 3.56 (s, = C H ),
3.10-2.20 (m, 20 H); »max (KBr) 1682, 1594, 1276, 1245, 895, and 
707 cm“ 1.

A n a l. Calcd for C 35H 31NO: C, 87.3; H, 6.5; N, 2.9. Found: C, 87.4; 
H, 6 .6 ; N, 3.0.

Photolysis of the exo-Methylene Azepine 7a. The azepine 
(500 mg, 1.1 mmol) was dissolved with difficulty in dioxane (50 ml) 
in a quartz vessel and irradiated at 254 nm in a Rayonet reactor. 
After 60 hr the solvent was removed to give a brown oil. Chroma
tography (neutral AI2O3) with graduate elution from hexane to 
methylene chloride afforded the major fraction in the more polar 
fractions. Recrystallization from chloroform-hexane gave dark yel
low crystals (145 mg, 29%) of the amino ketone 10: mp 201-205°; 
nmr (CDCI3) r 8.35 (s, 3 H), 5.17 (br s, 1 H), 4.14 (s, 1 H), 3.73 (d, J  
= 5 Hz, 1 H), 3.10-2.40 (m, 18 H), 2.20-1.95 (m, 2 H), -3.05 (v br

d, J  -  5 Hz, 1 H) (addition of D20 caused the r —3.05 signal to dis
appear and the doublet at r 3.73 to collapse to a singlet); rmax 
(KBr) 1560 (vs), 1423, 1395, 1374, 760, and 709 cm-1; mass spec
trum m/e 453, 436, 376, 348, 337, 308, 270, 215.

A n a l. Calcd for C 33H27NO: C, 87.4; H, 6.0. Found: C, 87.4; H, 6.0.
Reaction of 2,5-Dimethyl-3,4,6-triphenyl-3//-azepine (3a) 

with Acetic Acid. The azepine (200 mg, 0.575 mmol) was heated 
under reflux in glacial acetic acid (5 ml) for 2 hr. Removal of the 
solvent gave a buff-colored solid (140 mg, 70%). Recrystallization 
from ethanol gave pale yellow plates of 2,5-dimethyl-3,4,6-tri- 
phenylaniline (15a): mp 241°; nmr (CDCI3) r 8.26 (s, 3 H), 8.07 
(s, 3 H), 6 .1 2  (br s, 2  H, NH2), 3.20-2.80 (m, 1 0  H), 2.70-2.40 (m, 5 
H); ¡/max (KBr) 3460, 3380,1607, 750, and 701 cm-1 ; mass spectrum: 
m /e  349 (100%), 333, 261, 215.

A n a l. Calcd for C 26H23N: C, 89.5; H, 6 .6 . Found: C, 89.2; H, 6.5.
Reaction of 2,5-DiethyI-3,4,6-triphenyl-3//-azepine (3b) 

with Acetic Acid. The azepine (450 mg, 1.19 mmol) was heated 
under reflux in glacial acetic acid (5 ml) for 2.5 hr. Removal of the 
solvent and passage of the residue in ether through a short, dry 
packed column of Merck alumina gave an orange oil which rapidly 
solidified. Recrystallization from chloroform-ethanol gave pale or
ange flakes of 2,5-diethyl-3,4,6-triphenylaniline (15b): mp 191°; 
nmr (CDC13) r 9.35 (t, J  = 7.5 Hz, 3 H), 8.97 (t, J  = 7.5 Hz, 3 H), 
7.80 (q, J  =  7.5 Hz, 2 H), 7.64 (q, J  = 7.5 Hz, 2 H), 6.50 (br s, 2 H, 
NH 2), 2.90 (s, 5 H), 2.88 (s, 5 H), 2.50 (s, 5 H); m̂ax (KBr) 3465, 
3380,1602,1421, 754, and 710 cm -1.

A n a l. Calcd for C 28H27N: C, 89.1; H, 7.2. Found: C, 88.9; H, 7.3.
Reaction of 2,3,4,5,6-Pentaphenyl-3//-azepine (14) with 

Acetic Acid. The azepine2 (226 mg, 0.48 mmol) and acetic acid (8  

ml) were heated under reflux for 4 days, after which time solid 
began to precipitate out of solution. Removal of the solvent and 
washing of the residue with ether gave a pinkish solid (168 mg, 
75%) which was recrystallized from chloroform-ethanol to give col
orless crystals of pentaphenylaniline (15c): mp 263-265°; nmr 
(CDCI3) r 6.85-6.30 (br, 2 H, NH2), 3.22 (s, 5 H), 3.17 (s, 10 H), 
2.82 (s, 10 H); rmax (KBr) 3465, 3375, 1598, 1410, 750, and 704 
cm-1; mass spectrum m /e  473, 395, and 378.

A n a l.  Calcd for C36H 27N: C, 91.3; H, 5.75. Found: C, 91.3; H, 
5.85.

Reaction of 2,5,7-Trimethyl-3,4,6-triphenyl-3Z/-azepine
(19) with Acetic Acid. The azepine2 (3.63 g, 10 mmol) was heated 
under reflux in glacial acetic acid (30 ml) for 4 hr, during which 
time the mixture turned dark brown. Removal of the solvent gave 
a brown oil which was dissolved in chloroform (150 ml) and washed 
with Na2C 0 3 solution. After drying (M gS04), the solvent was re
moved to give a brown, frothy oil (3.6 g). Trituration with ether- 
pentane gave a yellow solid (1.1 g). Chromatography (A120 3) of the 
residue did not yield any homogenous fractions. Two recrystalliza
tions of the solid gave very fine, pale yellow needles (436 mg, 12%) 
of 4,6,6-trimethyl-2,3,5-triphenylcyclohexa-2,4-dienone (22): 
mp 198°; nmr (CDCI3) t 8 .6 6  (s, 9 H), 3.10-2.50 (m, 15 H); rmax 
(KBr) 1656, 1335, 1127, 750, 741, and 700 cm-1; mass spectrum 
m /e  364, 349, 336, 321, 306, 291, 243, 229, and 228.

A n a l. Calcd for C 27H240: C, 89.0; H, 6 .6 . Found: C, 89.2; H, 6.5.
Reduction of the Cyclohexadienone 22 with LiAlH4. The di

enone (200 mg, 0.55 mmol) in anhydrous ether (10 ml) was treated 
with LiAlH 4 (25 mg, 0.66 mmol). The mixture was stirred at 25° 
for 2 hr and then dilute HC1 (15 ml) was added dropwise. Extrac
tion of the organic layer and drying over M gS04 gave a colorless 
foam after removal of the solvent. The foam crystallized on tritu
ration with pentane to give a colorless solid (147 mg, 73%). Recrys
tallization from hexane gave colorless crystals of 4,6,6-trimethyl- 
2,3,5-triphenylcyclohexa-2,4-dienol(28): mp 137°; nmr (CDC13) 
r 9.00 (s, 3 H), 8.70 (s, 6  H), 7.98 (br s, OH), 6.00 (s, 1 H), 
3.00-2.50 (m, 15 H); Vmax (KBr) 3550, 3450, 767, and 709 cm“ 1.

A n a l. Calcd for C27H260: C, 88.5; H, 7.15. Found: C, 88.4; H, 6.9.
Rearrangement of 28 to 29. To 2 ml of glacial acetic acid was 

added 2 1  mg of 28 and 1 drop of concentrated sulfuric acid. The 
mixture was stirred for 24 hr at room temperature, 10 ml of CHC13 

was added, and the mixture was neutralized to pH 8 with 10% 
K 2C 0 3. The organic layer was dried (Na2S 0 4), the solvent was 
evaporated to dryness, and the residue (18 mg) was recrystallized 
from CH Cl3-pentane to afford 13.5 mg (6 6 %) of 28 as a white solid, 
mp 224-226° (lit. mp 223°).13

Deuterium Exchange Studies. A solution of 3a or 3b (100 mg) 
in 1 ml of CDC13 was shaken with 2 drops of D20 (99.8% d2) at 
room temperature and let stand for 1 hr. Nmr indicated a 70% 
diminution of the CH 3 (or CH2, respectively) absorption at r 7.7 
with no change in the intensity of the singlet near r 4.7. Similar re
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suits were found in the presence of potassium tert-butoxide in 
t e r t -  butyl alcohol or if 3a was stirred in dioxane-D20  (30:1) at 82° 
for 24 hr.
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Treatment of ¿V-(trans-styry]sulfonyl)amidines (1) with base affords 5-aryl-5,6-dihydro-4/i-l,2,4-thiadiazine 
1,1-dioxides (2) and/or ¿V-(trans-styryl)amidines (3). Formation of 3 is favored by electron-withdrawing substitu
ents in the styryl aromatic ring and by polar reaction solvents. Possible mechanisms for the formation of 2 and 3 
are discussed. With electron-rich aromatic rings, intramolecular Michael addition occurs predominantly at the 
carbon atom J  to the sulfonyl group to afford the expected product 2. However, with electron-withdrawing sub
stituents in the aromatic ring, we propose that addition occurs a  to the sulfonyl group to afford an unstable 
thiadiazoline intermediate, which gives 3 by loss of S 0 2. This rearrangement of 1 to 3 is analogous to a Smiles 
rearrangement in which intramolecular nucleophilic attack occurs on a vinylic rather than an aromatic carbon.

We recently reported the synthesis of 5-aryl-4//-l,2,4- 
thiadiazine 1,1-dioxides by base-catalyzed, intramolecular 
cyclization of /V-(a-bromostyrylsulfonyl)amidines.2 As an 
approach to the synthesis of 5-aryl-5,6-dihydro-47i-1,2,4-

thiadiazine 1,1-dioxides (2), we treated N -(trans-styrylsul- 
fonyl)amidines (1) with base and obtained dihydrothiadia- 
zines 2 and/or N-(frans-styryl)amidines 3. This paper ex
amines some of the parameters which determine the types

Table I
N -(trans-Styrylsulfonyl)amidines ( 1 )a

H

Compd X R Mp, ° C

la H Me 134.5-137
lb H Ph 192.5-194.5
lc 4 -Cl Me 166.5-169.5
Id 3,4 -Cl2 Me 197.5-198.5
le 3,4 -Cl2 Ph 147-150
If 3 ,4 -C l2 PhCH2 159-161
lg 4-N 02 Me 203-203.5
lh 4-N 02 Ph 171-173
li 2 -N 02 Me 175-178

Yield,
Crystn solvent % Formula

i -PrOAc 76 C10H12N2O2É5
Me2CO 90 Ci5h14n 2o 2s
EtOAc 93 C1oH11C1N20 2S
Me2C 0 - / -P r 20 83 c 10h 10c i2n 2o 2s
MeOH 88 Ci5h12c i2n2o 2s
¿-PrOH 81 Ci6H14Cl2N20 2S
MeCN 92 C10H11N3O4S
¿-PrOH 87 Ci5Hi3N30 4S
Me2C 0 -¿ -P r 20 85 CioHhN30 4S

Satisfactory analytical data (±0.3% for C, H, N) were reported for compounds la-i, 2a-f, and 3a-j: Ed.
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Table II

X R Solvent
2 yield.% 3 yield,

a H Me DMSO 60 3
b H Ph DMSO 84 6.5
c 4 -Cl Me DMSO 27 12
d 3,4 -Cl2 Me DMSO 2 70
e 3,4-Cl2 Ph DMSO 3° 68a’6
f 3,4-Cl2 PhCH2 DMSO 3 41
f 3,4 -Cl2 PhCH2 Me2CO 3 Ie
g 4-N02 Me DMSO 46
h 4-N02 Ph Me2CO 96
i 2-N02 Me Me 2 CO 88
j 2-N02 Ph Me2CO 78*

a Unreacted starting material was recovered (18%). b Compound 
3e was obtained in 49% yield after 30 hr reaction time. c Reaction 
time was 24 hr. d Overall yield from 2 -nitrostyrylsulfonyl chloride. 
The intermediate lj was not isolated.

cm-1, assigned to NH2-deformation modes, and C =N  ab
sorption at 1520-1560 cm-1, typical of the S02N = C - 
group.3“6

The products from base treatment of 1 are shown in 
Table II and their physical properties in Tables III and IV. 
The dihydrothiadiazines have similar infrared and nmr 
spectra to those reported recently.3 The /V-styrylamidine 
salts have typical amidinium absorptions7’8 in their in
frared spectra, with strong bands at ~1675 (C = N +) and 
~3000 cm-1 (NH). In the nmr spectra (DMSO-de) the NH 
protons appear as broad signals, close to 5 10.0 (1 H) and
12.0 (2 H), and they undergo exchange on addition of D20. 
The trans vinylic protons in these compounds appear as 
doublets (J  14.0 Hz) at about <5 6.8 and 8.0. In spectra of 
the /V-styrylamidine free bases, these doublets are shifted 
upfield to about & 6.2 and 7.4, respectively, consistent with 
the values reported by Advani, et al.9

Treatment of the unsubstituted N- (styrylsulfonyl)ami- 
dines la and lb  with NaOH in DMSO for 64 hr at 25° gave 
the expected 5-phenyl-5,6-dihydro-4H- 1,2,4-thiadiazine
1,1-dioxides 2a and 2b in high yields along with small 
amounts of the corresponding N-(trans-styryl)amidines 3a 
and 3b. The monochloro-/V-(styrylsulfonyl)amidine lc  af
forded a relatively larger amount of styrylamidine 3c, 
whereas the 3,4-dichloro derivatives Id and le gave high 
yields of /V-styrylamidines 3d and 3e with only traces of 
the corresponding dihydrothiadiazines 2d and 2e. Some 
unreacted starting material was recovered from these reac
tions even after 64 hr and lower yields of products were ob
tained after shorter reaction times. The phenylacetamidine

Table III
5-Aryl-5,6-dihydro-4H-l,2,4-thiadiazine 1,1-Dioxides (2)

Compd X R Mp, "C Crystn solvent Formula

2a H Me 276.5-278.5 MeCN C ioH i 2N 20 2S
2b H Ph 235.5-236.5 MeCN c ,5h 14n 2o 2s
2c 4 -Cl Me 274.5-277.5 Me2C 0 - / -P r 20 C10Hu C1N2O2S
2d 3 ,4 -Cl2 Me 257-259.5 MeOH C ioH ioC 12N 20 2S
2e 3 ,4 -Cl2 Ph 300-301 MeOH c 15h12c i2n 2o 2s
2 f 3 ,4 -Cl2 PhCH2 282.5-284 MeOH C1gH14C12N20 2S

of products formed by base treatment of 1 and the mecha
nisms of formation of these products.

OH~

2 3
The jV-(irans-styrylsulfonyl)amidines (1, Table I) were 

obtained by reaction of the appropriate amidine with a 
trans-styrylsulfonyl chloride.2 The infrared spectra of 
these compounds show strong absorption at 1635-1655

If also rearranged to a /V-styrylamidine (3f) under these 
conditions, but afforded only the dihydrothiadiazine 2f 
when the reaction was carried out in acetone. Treatment of 
N -(2- or 4-nitrostyrylsulfonyl)amidines lg -j with NaOH in 
DMSO or acetone caused rapid learrangement (<1 hr) to 
/V-styrylamidines 3g-j. It is apparent, therefore, that this 
rearrangement is facilitated by electron-withdrawing aro
matic substituents and by solvents of high polarity.

Likely mechanisms for the formation of dihydrothiadi
azines (2) and N- styrylamidines (3) are shown in Scheme I. 
Base treatment of sulfonylamidine 1 affords an anion 
which may be drawn as the resonance structures 4a and 4b. 
The N anion in 4b may attack the C atom either a or /3 to 
the sulfonyl group to give the carbanion 7 or 5, respectively. 
With an unsubstituted aromatic ring, the carbanion 5 is ap
parently preferred to 7, and a dihydrothiadiazine 2 is the 
major product. However the presence of electron-with- 
drawing substituents in the aromatic ring would stabilize 7
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Table IV
N - (tr ans-Styryl)amidines (3)

H

Coxnpd X R M p,a °C Crystn solvent Formula

3a H Me 167-183 z-PrOH Ci„H13C1N2
3b H Ph 226.5-228 M eO H -z-Pr20 Ci5H15C1N2
3c 4 -Cl Me 228-234.5 MeOH-z -P r20 C ioH i 2C 1 2N 2

3d 3 , 4 - 0 2 Me 215-224 MeOH—z-P r20 C ioH h C 1 3N 2

3e 3,4 -Cl2 Ph 243-248.5 EtOH-MeOH-z -P r20 c 15h13c i3n 2
3f 3 , 4 - 0 2 PhCH2 216-219 i -PrOH c 18h20c i2n 2o 4s 6
3g 4 -N 02 Me 247-247.5 MeOH C ioH i2C lN 30 2

3h 4 -N 02 Ph 255-257 MeCN C1tH19N30 6Sc

3i 2-NOj Me 227-229 EtOH-z -P r20 C ioHi 2C 1 N 30 2

3j 2-NO2 Ph 219.5-221.5 M eO H -z-Pr20 c 15h 14c in 3o 2

0 The crude free bases of the following compounds were isolated as solids: 3c, mp 134-136°; 3d, mp 125- 128°; 3g, mp 142-143°; 3h, mp
160-162°. » Analyses were obtained on the isethionate salt, mp 132.5-134.5° (MeCN). c Analyses were obtained on the isethionate salt, mp

204-206.5° (Me0H-i'-Pr20).

ArCH=CHSO,Cl

NH
II

R— C— NH,

Scheme I

ArCH= CHS02N = C — R

1

ArCH=CHSO->N— C— R

NH
4a

.  A
ArCHCH— N— C— R

II
NH

NH,

ArCH= CHS02N =  C— R

ArCH

4b

I
02S—N

N-
H

0,
■N

X .Ar N R 
H

sor 
I '

ArCH=CHN— C— R
II
NH

-SO, -SO, ArCH=CHNHC— R

N—so;

by delocalization of the negative charge and the intermedi
ate 7 would be preferred over 5. This five-membered heter
ocycle may then break down to afford a A-styrylamidine 3 
by /^-elimination of the SO2 group followed by hydrolysis of 
the resulting IV-sulfonyl intermediate. A somewhat analo
gous intramolecular attack in 4-nitrobenzenesulfonyl guan
idines has been described.10“12 Alternatively, iV-styrylami- 
dines 3 could form from 4a, via a Ramberg-Backlund type 
of intramolecular reaction,13 to afford a three-membered 
ring intermediate 6, which could then undergo ring opening 
and elimination of SO2.

In order to distinguish between these two routes to N- 
styrylamidines, we prepared N-methyl-iV/-(4-nitrostyryl- 
sulfonyl)benzamidine 12 as shown in Scheme II, and stud

ied its rearrangement with base. The chloroimidate 10 was 
obtained by a method similar to that of Lawson and Tink
ler,14 but treatment of 10 with excess methylamine in ace
tone for 2.5 hr gave the dihydrothiadiazine 11 instead of 
the sulfonylamidine 12. Apparently, under these condi
tions, the initially formed 12 underwent cyclization to 11. 
This is the only instance of dihydrothiadiazine formation 
from nitro-substituted N- (styrylsulfonyl)amidines that we 
have observed. When we treated 10 with a limited amount 
of methylamine for a short time, we obtained the desired 
sulfonylamidine 12, which was converted to Ar-methyl-A/- 
(frans-4-nitrostyryl)benzamidine 13 by NaOH in acetone. 
This is the product expected from the route involving a 
five-membered ring intermediate.
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Scheme II

It is distinguishable by nmr and mass spectra from 14, 
the product expected from the alternate three-membered 
intermediate. In the nmr spectrum of 13 in DMSO-de, no 
coupling of the N-methyl protons is observed, in contrast 
to the doublet observed for the /V-methyl protons of 12. 
The major fragments in the mass spectra of 13 and 3 ap
pear to be due to the molecular ions, PhC=N H +, and 4- 
nitrostyrylamine fragments in agreement with the frag
mentation pattern of N- phenylbenzamidines.15 The

H

3, R = H, m /e 267 

13. R = Me, m/e 281

PhC^NH 
m /e 104 

m /e 104

m/e 178

styrylamine fragment with m/e 178 is consistent with that 
expected from 13 but not from 14. The absence of a 
PhC=N +-M e fragment is also consistent with structure 13.

This rearrangement of lV-(irans-styrylsulfonyl)amidines 
is, therefore, analogous to a Smiles arrangement10 in which 
the intramolecular nucleophilic attack occurs on a vinylic 
carbon rather than an aromatic carbon. The scope of the 
reaction may be similar to that of the Smiles rearrange
ment.10

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

point apparatus and are unccrrected. Infrared spectra were record
ed on a Beckman IR-9 spectrophotometer. Nmr data were ob
tained with a Varian A-60A or X L -100 spectrometer with tetra- 
methylsilane as an internal standard. Mass spectra were measured 
on a Varian M AT 311 spectrometer. Microanalytical and spectral 
data were supplied by the Physical Analytical Department of 
Mead Johnson & Co. Satisfactory analytical data (±0.4% for C, H, 
and N) were reported for all new compounds. The styrylsulfonyl 
chlorides used in this work were obtained by previously described 
methods. 2 Phenylacetamidine benzenesulfonate was prepared by 
the method of Oxley and Short. 16 trares-4-Nitrostyrylsulfonamide
(9) was obtained by the method of Bordwell, e t  a l . 11

N-prans-StyrylsulfonyBacetamidine (la). A mixture of acet- 
amidine hydrochloride (14.2 g, 0.15 mol) and 50% aqueous NaOH 
(12.0 g, 0.15 mol) in acetone (200 ml) was stirred vigorously for 10 
min and then cooled to 10° in an ice bath. Finely powdered tr a n s-

styrylsulfonyl chloride (10.1 g, 0.05 mol) was then added, in por
tions, at such a rate as to maintain the reaction temperature at 
about 10°. The mixture was stirred for an additional 10 min and 
then concentrated under reduced pressure. Water (100 ml) was 
added to the residue and the mixture was acidified with 3 N  HC1. 
Insoluble solid was collected by filtration, washed with water, air 
dried, and crystallized from ¿-PrOAc to afford 8.5 g (76%) of la  as 
white crystals: nmr (CDC13) S 7.84 (broad s, 1, NH), 7.64 (d, 2, J  =
15.5 Hz, = C H ), 7.45 (m, 5, ArH), 6.92 (d, 2, J = 15.5 Hz, = C H ),
6.73 (broad s, 1, NH), 2.16 (s, 3, CH3); ir (KBr) 3435, 3335, 3250 
(NH), 1645 (NH2), 1550 (C = N ), 1270,1130 cm “ 1 (S02).

Other N -  (styrylsulfonyl)amidines in Table I were prepared by 
similar procedures. Reaction of t r a n s -2-nitrostyrylsulfonyl chlo
ride with benzamidine, according to this procedure, failed to afford 
a solid product lj. The crude l j  was extracted into CHCI3 and con
verted to 3j by treatment with NaOH in Me2CO (method B 
below).

Base Treatment of A!-(iran.s-Styrylsulfonyl)amidines. A. In 
DMSO. W-Rrans-StyrylsulfonyUbenzamidine (lb) (4.3 g, 0.015 
mol) was added in portions to a stirred mixture of 50% aqueous 
NaOH (1.2 g, 0.015 mol) in DMSO (25 ml). The mixture was 
stirred at 25° for 64 hr, poured into cold water (250 ml), and made 
strongly basic with 5% aqueous NaOH. It was extracted several 
times with ether and the extracts were washed with water and 
dried (K 2C 0 3). Evaporation of the solvent gave a yellow oil that 
formed a salt with ethanolic HC1. The crude salt was triturated 
with acetone and crystallized to afford 0.25 g (6.5%) of N -( tr a n s -  
styryl)benzamidine hydrochloride (3b): nmr (DMSO-d6) 5
12.03 (broad s, 1, NH), 10.33 (broad, 2, NH2), 8.25 (d, 1 , J  = 14.0 
Hz, = C H ), 8.0-7.1 (m, 10, ArH), 6.95 (d, 1, J  =  14.0 Hz, = C H ); ir 
(KBr) -3050 (broad, NH), 1665 cm“ 1 (broad, C = N ).

Acidification of the aqueous alkaline fraction with 3 N  HC1 pre
cipitated a white solid, which was washed with water, air dried, 
and crystallized to afford 2.3 g (84%) of 5,6-dihydro-3,5-diphe- 
nvl-4//-l ,2,4-thiadiazine 1,1-dioxide (2b): nmr (DM SO-dp,) 5 
9.67 (broad s, 1, NH), 7.93 and 7.55 (m, 10, ArH), 5.17 (dd, 1, J  =
5.5, 11.5 Hz, CH), 3.47 (m, 2, CH2); ir (KBr) 3310 (NH), 1550 
(C = N ), 1300 and 1130 cm- 1 (S02).

Compounds 2a-e in Table III and 3 a-f in Table IV were ob
tained in similar procedures.

B. In Acetone. A suspension of N -  (tr a n s  -4-'nitrostyrylsulfon- 
yl)benzamidine (lh, 9.9 g, 0.03 mol) in acetone (100 ml) was stirred 
with 50% aqueous NaOH (8.0 g, 0.1 mol) in water (20 ml) for 1 hr. 
Evaporation of the solvent left an orange-red solid that was stirred 
with water (50 ml), filtered, washed thoroughly with water, and air 
dried. Trituration of the solid with 2-propanol afforded 7.7 g (96%) 
of N-Rrans-J-nitrostyryBbenzamidine (3h): mp 160-162°; nmr 
(DMSO-d6) 5 8.3-7.0 (m, 12, ArH, = C H , NH), 6.40 (d, 1, J  =  14.0 
Hz, = C H ); ir (KBr) 3470, 3315, 3200 (NH), 1625, 1550 (C =N ), 
1505 and 1345 cm- 1  (N 02); mass spectrum m /e  (rel intensity) 267 
(30, M+), 234 (60), 164 (35, M -  P h C = N ), 104 (100, P h C = N H +). 
A portion of this solid, in hot acetonitrile, was acidified with etha- 
nolic HC1. On cooling, the solution 3h separated as yellow crystals: 
nmr (DMSO-d6) 5 11.83 (broad s, 1, NH), 10.17 (broad s, 2, NH2),
8.50 (d, 1, J  = 14.0 Hz, = C H ), 8.24 (d, 2 , J  =  9.0 Hz, ArH), 8.0-7.5 
(m, 5, ArH), 7.70 (d, 2, J  =  9.0 Hz, ArH), 6.97 (d, 1 , J  =  14.0 Hz, 
= C H ); ir (KBr) 3020 (broad, NH), 1670 cm - 1  (broad, C = N ).

The N-st.yrylamidines 3i and 3j in Table IV were obtained in 
similar procedures. The free bases of these compounds were isolat
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ed as oils on evaporation of the reaction solvent. They were ex
tracted into chloroform, washed with water, dried (K 2CO3), and 
converted to hydrochloride salts. By a similar procedure, the dihy- 
drothiadiazine 2f (Table III) was obtained after a 24-hr reaction 
time by extraction of the crude product into ethyl acetate, evapo
ration of the solvent, and trituration of the residue with hot etha
nol.

;V-(£ran,s-4-NitrostyryIsulfonyl)benzamide (9). A mixture of 
irans-4-nitrostyrylsulfonamide (18.2 g, 0.08 mol), benzoyl chloride 
(12.6 g, 0.09 mol), and POCI3 (13.8 g, 0.09 mol) was heated on a 
steam bath for 1.5 hr. The mixture was then diluted with ethyl ac
etate (20 ml), cooled, and filtered to afford 19.0 g (76%) of yellow 
solid 9: mp 192-195° (ethyl acetate-hexane); ir (KBr) 3290 (NH), 
1685 cm- 1  (C = 0 ). A n a l. Calcd for C 15H 12N2O5S: C, 54.21; H, 3.64;
N, 8.43. Found: C, 53.86; H, 3.63; N, 8.28.

A!-(£rans-4-Nitrostyrylsulfonyl)benzimidoyl Chloride (10).
A suspension of 9 (14.9 g, 0.045 mol) in dry benzene (500 ml) was 
refluxed and stirred with PCI5 (10.4 g, 0.05 mol) for 8  hr. The re
sulting solution was allowed to stand overnight at 25° and afforded
8.2 g of pale-yellow solid, mp 158-166°. Concentration of the fil
trate to about 100 ml gave an additional 2.5 g of solid, mp 158- 
161°. Crystallization of the crude product from ethyl acetate gave 
analytically pure 10, mp 168-175°. A n a l. Calcd for 
C 15H 11CIN2O4S: C, 51.36; H, 3.16; N, 7.99. Found: C, 51.46; H, 
3.09; N, 7.79.

5,6-Dihydro-4-methyl-5-(4-nitrophenyl)-3-phenyl-l,2,4- 
thiadiazine 1,1-Dioxide (11). Methylamine was bubbled into a 
solution of 10 (5.25 g, 0.015 mol) in acetone (100 ml) for 2.5 hr. The 
red solution was concentrated under reduced pressure, diluted 
with water (50 ml), and acidified with 3 N  HC1. The mixture was 
stirred for several minutes and insoluble product was collected by 
filtration and air dried. After trituration of the solid with 2-propa
nol (30 ml) and then isopropyl ether, 3.2 g (61%) of 11 was ob
tained as a pink solid: mp 179.5-181° dec after crystallization from 
acetonitrile; nmr (DMSO-d6) 5 8.15 (d, 2, J  = 8.5 Hz, ArH), 7.66 (d, 
2 , J  =  8.5 Hz, ArH), 7.50 (s, 2, = C H ), 5.03 (dd, 1  , J  =  8.5, 6.0 Hz, 
CH), 3.40 (m, 2 , CH2), 3.02 (s, 3, NCH3); ir (KBr) 1530 (broad, 
C = N ) 1315 and 1165 cm - 1  (S02). A n a l. Calcd for C i6H!5N30 4S: 
C, 55.64; H, 4.38; N, 12.17. Found: C, 55.77; H, 4.32; N, 12.23.

Ar-Methyl-jV'-(£rans-4-nitrostyrylsulfonyl)benzamidine 
(12). Methylamine was passed slowly into a solution of 10 (6.3 g,
O. 018 mol) in dry acetone (50 ml) for 5 min at 25°. The mixture 
was stirred for another 25 min at 25° and then concentrated. 
Water (50 ml) and chloroform (150 ml) were added and the mix
ture was shaken vigorously and then filtered. Insoluble material 
was stirred and heated with chloroform (2 0 0  ml) and then cooled. 
Filtration of insoluble material gave 0.6 g of 12. The chloroform fil
trates were combined, washed with water, dried (M gS04), and con
centrated under reduced pressure. Trituration of the residue with 
methanol afforded an additional 3.5 g of 12. A sample crystallized 
from acetonitrile to give analytically pure 12: mp 155.5-157° dec; 
nmr (DMSO-d6) 9.00 (broad s, 1 , NH), 8 .2 1  (d, 2 , J  = 9.0 Hz, 
ArH), 7.85 (d, 2, J =  9.0 Hz, ArH), 7.70-7.25 (m. 6 , ArH and = C H ),
7.12 (d, 1, J  = 15.0 Hz, = C H ), 2.92 (d, 3, J  =  4.0 Hz, NCH3); ir 
(KBr) 3235 (broad, NH), 1550 (broad, C = N ), 1345 and 1120 cm- 1  

(SO2). A n a l. Calcd for C i6H 15N 30 4S: C, 55.64; H, 4.38; N, 12.17. 
Found: C, 55.29; H, 4.24; N, 12.16.

A'-Methyl-A--(£ranx-4-nitrostyryl)benzamidinc Hydrochlo
ride (13). A mixture of 12 (3.45 g, 0.01 mol) and 10% aqueous 
NaOH (25 ml) in acetone (100 ml) was stirred at 25° for 30 min. 
The solvent was removed under reduced pressure and the residue 
was diluted with water and extracted into chloroform. The extract

was washed with water, dried (K2C03), and concentrated to a red 
oil, which formed a salt with ethanolic HC1. Trituration of the 
crude salt with acetone and crystallization from methanol-isopro
pyl ether afforded 2.4 g (75%) of 13 as a pale-yellow solid: mp
247.5-249.5° dec; nmr (DMSO-de) h 10.70 (broad s, 2, NH2), 8.22 
(d, 2, J = 9.0 Hz, ArH), 8.0-7.6 (m, 8, ArH, =CH), 6.90 (d, 1, J =
14.0 Hz, =CH), 3.44 (s, 3, NCH3); ir (KBr) 2940 (broad, NH), 1675 
and 1650 cm“ 1 (C=N). Anal. Calcd for Ci6Hi6C1N30 2: C, 60.47, H, 
5.08; N, 13.22. Found: C, 60.66; H, 5.03; N, 13.35.

A sample of 13 was converted to the free base by 10% aqueous 
NaOH in methanol. The solution was concentrated and the free 
base was extracted into chloroform, washed with water, and dried 
(K2C03). Evaporation of the solvent gave the orange free base of 
13: mp 105-110°; nmr (CDCI3) à 8.01 (d, 2, J = 9.0 Hz, ArH), 7.54 
(d, 1, J = 14.0 Hz, =CH), 7.6-7.3 (m, 6, ArH, NH), 7.14 (d, 2, J = 9 
Hz, ArH), 5.77 (d, 1, J = 14.0 Hz, =CH), 3.32 (s, 3, NCH3); ir 
(KBr) 3315 (NH), 1635, 1590 (C=N), 1505 and 1330 cm“ 1 (N02); 
mass spectrum m/e (rel intensity) 281 (22, M+), 178 (35, M — 
PhC=N), 159 (25), 104 (100, PhG=NH+).

Registry No.—la, 52147-70-3; lb, 52147-71-4; lc, 52196-19-7; 
Id, 52147-72-5; le, 52196-20-0; If, 52147-73-6; lg, 52147-74-7; lh,
52147- 75-8; li, 52147-76-9; 2a, 52148-03-5; 2b, 52148-04-6; 2c,
52148- 05-7; 2d, 52148-06-8; 2e, 52148-07-9; 2f, 52148-08-0; 3a, 
52147-77-0; 3b, 52147-78-1; 3c, 52147-79-2; 3c (free base), 52147-
80-5; 3d, 52147-81-6; 3d (free base), 52147-82-7; 3e, 52147-83-8; 3f, 
52147-85-0; 3g, 52194-04-4; 3g (free base), 52147-86-1; 3h, 52147-
88-3; 3h (free base), 52147-87-2; 3i, 52147-89-4; 3j, 52147-90-7; 8, 
52147-91-8; 9, 52147-92-9; 10, 52147-93-0; 11, 52148-09-1; 12, 
52147-94-1; 13, 52147-95-2; 13 (free base), 52147-96-3; ArCH=CH- 
S02C1 (Ar = Ph), 52147-97-4; ArCH=CHS02Cl (Ar = 4-ClC6H4), 
52147-98-5; ArCH=CHS02Cl (Ar = 3,4-Cl2C6H3), 52147-99-6; Ar- 
CH=CHS02C1 (Ar = 4-N02C6H4), 52148-00-2; ArCH=CHS02Cl 
(Ar = 2-N02C6H4), 52148-01-3; RC(NH)NH2 (R = Me), 143-37-3; 
RC(NH)NH2 (R = Ph), 618-39-3; RC(NH)NH2 (R = PhCH2), 
5504-24-5.
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Kinetics and Mechanism of Tetrazole Formation from 1-Adamantyl 
Arenesulfonates in Acetonitrile Containing Azide Ion1

Dennis N. Kevill* and Chang-Bae Kim

D e p a r t m e n t  o f  C h e m is tr y , N o r th e r n  I l l in o is  U n iv e r s ity , D e K a lb ,  I l l in o is  6 0 1 1 5  

R e c e iv e d  J u n e  2 5 , 19 7 4

The reactions of seven 1-adamantyl arenesulfonates with 0.12-0.48 M  solutions of tetraethylammonium azide 
in acetonitrile give predominantly (>80%) l-(l-adamantyl)-5-methyltetrazole (by solvolysis followed by 1,3-addi
tion of azide ion) and smaller amounts of the direct substitution product, 1-adamantyl azide. The product distri
bution is essentially independent of the identity of the arenesulfonate leaving group and it follows the mathemati
cal form required by competition for an intermediate between azide ion and solvent. The kinetics are, except for 
relatively small salt effects, independent of the concentration of azide ion and the rates, with 0.08 M  tetraeth
ylammonium azide at 25°, are some 5-17 times slower than for corresponding ethanolyses; it is shown that this is 
primarily due to a reduction in the entropy of activation. At 25°, the Hammett p value of 2.34 ± 0.10 is apprecia
bly larger than the 1.76 ± 0.08 for ethanolysis, consistent with the usual magnification of leaving-group effects 
upon going from a protic to an aprotic solvent. As in ethanolysis, there is a deviation from “ normal” behavior in 
that the m-nitro derivative reacts faster than the p-nitro derivative.

In hydroxylic solvents, azide ion has for many years been 
used as a probe for the mechanism of the solvolysis of 
added substrates.2-8 In particular, for reactions proceeding 
via an intermediate carbonium ion or ion pair, the ratios of 
the second-order rate coefficients for capture by either sol
vent or azide ion have been logarithmically plotted against 
the solvolysis rates to give stability-selectivity linear free 
energy correlations.3’4 The more stable carbonium ions 
show both the faster rates of formation and also the greater 
selectivity toward nucleophilic capture.

In hydroxylic solvents, the rapid deprotonation of the 
first formed oxonium ion (to give a relatively stable alcohol 
or ether) by another solvent molecule, by the azide ion, or 
by the leaving group prevents complications which could 
otherwise arise from further reaction of the oxonium ion, as 
in the case of attack by dioxane when such reaction cannot 
operate.6 However, the presence of this acidic proton can 
lead, as pointed out by Ritchie,6 to complications of a dif
ferent type, in that the possibility exists of a general base 
catalysis to the capture of the carbonium ion intermediate 
by the solvent. Ritchie was discussing primarily reactions 
of relatively stable carbonium ions and he concentrated on 
the characteristics of general base catalysis by the trapping 
agent. Harris9’10 has suggested that, for relatively reactive 
carbonium ions formed during solvolysis, the catalyst is 
more likely to be the departing anion, with capture occur
ring at the solvent-separated ion-pair stage. Evidence has 
also been presented that, in the solvolysis of benzhydryl 
derivatives, the intervention by added azide ion can occur 
at the solvent-separated ion-pair stage.7’8’11

Since azide ion incorporation values cannot be taken by 
themselves as an indication of mechanism,3 studies with 1- 
adamantyl and 2-adamantyl derivatives are especially use
ful; bimolecular attack on 1-adamantyl derivatives is pre
vented by the cage structure and steric hindrance to an 
Sn2 transition state for 2-adamantyl derivatives leads to 
Tittle, if any, nucleophilic assistance to its substitution reac
tions.12’13 The more subtle details of the substitution mech
anisms for adamantyl derivatives are not firmly estab
lished, but it is clear that an initial ionization is followed by 
subsequent attack upon a carbonium ion or ion pair; con
troversy exists regarding the importance of ion-pair return 
in these systems and, consequently, as to whether ioniza
tion14 or interconversion of intimate to solvent-separated 
ion pairs15 is rate determining.

A study has been made3 of the influence of azide ion 
upon the solvolysis of 1-adamantyl bromide and 2-ada

mantyl tosylate in 80% ethanol at 75°. In both instances a 
modest rate increase was observed, consistent with a salt 
effect upon a unimolecular solvolysis, and, even with con
centrations of sodium azide as high as 0.06 M, very little 
adamantyl azide was formed. Corresponding studies in di
polar aprotic solvents would be of interest. Hydrogen bond
ing to the departing anion within the solvent-separated ion 
pair (and general base catalysis) would not be operative 
and, since these solvents are usually less nucleophilic than 
hydroxylic solvents and anions dissolved in them are 
(owing to lack of hydrogen-bonded solvation) considerably 
more nucleophilic than in hydroxylic solvents, one would 
predict increased amounts of azide relative to solvolysis 
product.

A semiquantitative study has been made16 with 1-ada
mantyl bromide and sodium azide in dimethyl sulfoxide, 
dimethylformamide, and hexamethylphosohororamide. 
Even after 3 days at 100°, no reaction was detected in the 
latter two solvents but, in dimethyl sulfoxide, a 29.6% yield 
of 1-adamantyl azide was isolated after 2 days and this rose 
only to 35.2% after 14 days; about 30% 1-adamantanol was 
also isolated after water treatment, presumably by hydrol
ysis of the initial solvolysis product,17 1-adamantoxydi- 
methylsulfonium ion (l-AdOSMe2)+. The very slow in
crease in 1-adamantyl azide production after the initial 2- 
day period suggests that it is primarily formed concurrent 
with the solvolysis product rather than, as the authors sug
gested,16 from it.

In a study of the decomposition of 1-adamantyl chloro- 
formate in a variety of solvents, it was found that in aceto
nitrile capture of intermediate 1-adamantyl carbonium 
ions by solvent could compete with collapse to 1-adamantyl 
chloride; addition of water led to the isolation of A/- (1-ada
mantyl) acetamide.18 However, on remaining in solution for 
several days, the solvent-capture product underwent re
placement of acetonitrile by chloride ion to convert to the 
alternate 1-adamantyl chloride.19 The solvolysis product 
could also be captured by 1,3-addition of azide ion to give
l-(l-adamantyl)-5-methyltetrazole.19 Indeed, it has been 
found that even nitrilium cations such as IV-ethylacetoni- 
trilium ion, which could readily undergo Sn2 displacement 
of nitrile by azide ion, preferentially undergo 1,3-addi
tion.20 Azide ion in acetonitrile does therefore represent a 
very useful aprotic system for both kinetic and product 
partitioning studies. The two possible products, alkyl azide 
and l-alkyl-5-methyltetrazole (via solvolysis), both con
sume azide in their production and, since azide is basic to
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resorcinol blue (Lacmoid) in aprotic solvents,21 acid-base 
titration can be used to monitor the overall kinetics of reac
tion. Gas chromatography can be used to determine the 
product ratio. Remaining noncommittal at this stage con
cerning the actual intermediate (or intermediates) which 
are trapped, the situation for an ionization reaction will be 
as in Scheme I.

Scheme I
.  RN,

RX CH..CN
N - R — N— C — CH;1. 

(RNCCH:i>+ n' 0 NN

The substrates employed in the investigation reported at 
this time are 1-adamantyl benzenesulfonate and six para- 
or meta-substituted derivatives. The kinetic studies can be 
compared to parallel ones which were carried out in a hy- 
droxylic solvent, ethanol,22 and the product ratios can be 
compared with those obtained for competition between 
azide ion and solvent for 1-adamantyl bromide and 2-ada- 
mantyl tosylate in 80% ethanol3-23 and related to the mech
anism proposed to explain the nature of the partitioning 
between the two components of the solvent for a series of
2-adamantyl arenesulfonates in aqueous ethanol.9

Results
Kinetics of Reaction of 1-Adamantyl Arenesulfon

ates in Acetonitrile Containing Azide Ion. Acid-base ti
tration was used to follow the disappearance of azide ion21 
and, since the reduction in azide ion concentration is ac
companied by a corresponding reduction in 1-adamantyl 
arenesulfonate concentration, first-order rate coefficients 
(specific rates) for the reaction of 1-adamantyl arenesulfo
nate could be calculated. Within experimental error, these 
coefficients remained constant throughout each run. A 
study was made, at 25.0°, with varying tetraethylammon- 
ium azide concentrations and with 0.1 M  initial concentra
tions of the parent 1-adamantyl benzenesulfonate plus the 
p-methoxy, p-chloro, p-bromo, and p-nitro derivatives; a 
corresponding study was made of the p-methyl derivative 
at 39.6°. A small increase in the specific rate of reaction of 
the 1-adamantyl arenesulfonate (&exPl) was linearly related 
to the increase in the initial tetraethylammonium azide 
concentration and the data were treated according to the 
equation = ko(l + h[NEt4N3]); values for k0 and b are 
reported within Table I.

The b values are of the same order of magnitude as those 
previously reported23 for 2-adamantyl tosylate in 75% 
aqueous dioxane (3.5) and 80% aqueous ethanol (3), values 
which were assumed to reflect salt effects. In order to de
termine whether this explanation applies to the present 
systems, several runs were carried out with 0.1 M  1-ada
mantyl p-toluenesulfonate and 0.08 M  tetraethylammon
ium azide at 39.6°. Addition of either tetraethylammonium 
perchlorate or tetraethylammonium p- toluenesulfonate led 
to rate increments which were, within experimental error, 
identical with those obtained upon adding an identical con
centration increment of tetraethylammonium azide (Table
II), confirming that the acceleration is indeed due to a salt 
effect. The similar behavior of the azide and p-toluenesul- 
fonate salts is consistent with the lack of perturbation 
throughout each run, when azide ion is being replaced by 
arenesulfonate ion.

In view of the relatively small sensitivity of the rate to 
salt concentration, it was decided that, rather than carry

Table I
Kinetic Parameters for'Reaction of 0.1 M  1-Adamantyl 
Arenesulfonates in Acetonitrile, Containing Various 

Concentrations of Azide Ion, at 25.0°

Substituent [NEt4Ng], M 106 feg, sec"1 -1 -1 ab, M sec

p-OM e 0 . 0 8 - 0 . 3 0 1 .4 9  ±  0 .0 7 1 .6  ±  0 .1

p -Me 0 . 0 8 - 0 . 4 0 1 .4  ±  0 . 1 6

None 0 . 0 8 - 0 . 3 0 4 .4 9  ±  0 .1 6 1 .4  ±  0 .1

p - C l 0 . 0 6 - 0 . 3 0 2 0 .2  ±  2 .9 2 . 1  ±  0 .1

p -  B r 0 . 0 8 - 0 . 2 4 2 1 .6  ±  1 .8 2 . 5  ±  0 .2

P-  n o 2 0 . 0 8 - 0 . 3 0 2 3 5  ±  23 4 . 1  ±  0 .2

° From intercept and slope of plots of experimental first-order 
rate coefficients ns. [NEt4N3], with associated standard errors; 
/jexpt = + 6 [NEt4N 3]). b At 39.6° and including some experi
ments with [NEt4N3] = 0.08 M and added NEt„O Ts or N Et4C104; 
calculated according to kexpt = ko( 1 + ¿»[salt]) ; see Table II.

Table II
Influence of Added Tetraethylammonium Salts upon the 

Specific Rate of Reaction of 0.1 M  1-Adamantyl 
p-Toluenesulfonate with 0.080 M Tetraethylammonium 

Azide in Acetonitrile at 39.6° “

[N E t ^ X  ] R e g i s t r y  n o .
(

0 .0 0 0 0 .0 4 0 0 .0 8 0 0 . 1 6 0  0 . 2 4 0 0 .3 2 0

X = OTs 1.59c 1.70 1.71 2.01 2.27 733-44-8
X =  C 10 4 1.59c 1.64 1.74 1.95 2.19 2567-83-1
X =  n 3> 1.59c 1.68 1.71 2.04 993-20-4

a Values are averages of two or more runs; standard error asso
ciated with each run was usually less than 3% of the value. 6 Total 
NEt4N3 concentration minus 0.080 M. c From Table III.

out for each system at each temperature a series of runs at 
several salt concentrations and then extrapolate the specif
ic rates back to very low salt concentration, it would be less 
time consuming and also slightly more accurate (magnifica
tion of errors due to extrapolation avoided) to choose, as a 
standard medium for further kinetic studies, acetonitrile 
containing 0.08 M  tetraethylammonium azide. Values for 
the specific rate of reaction under these standard condi
tions of 1-adamantyl benzenesulfonate and the m-nitro de
rivative at 25° and for the p-methoxy, p-methyl, p-chloro, 
p-bromo, and p-nitro derivatives at several temperatures 
within the range 15-60° are reported within Table III to
gether with activation parameters for those derivatives 
studied over a range of temperatures.

Product Studies of the Reactions of 1-Adamantyl 
Arenesulfonates in Acetonitrile Containing Azide Ion. 
Studies were carried out at 25.0° in acetonitrile solution 
containing 0.12 M  tetraethylammonium azide for the un
substituted 1-adamantyl benzenesulfonate and for the p- 
methoxy, p-methyl, p-chloro, p-bromo, m-nitro, and p- 
nitro derivatives. Studies were also made at higher concen
trations, ranging up to 0.48 M, for the unsubstituted com
pound and for the p-nitro derivative. The reactions were 
allowed to go to completion (3 weeks or less) and the prod
ucts were analyzed by glpc. In all cases, small amounts of
1-adamantanol were found and in several instances it was 
shown that this concentration of 1-adamantanol was pres
ent as an impurity within the initial reaction mixtures. 
Commercial 1-adamantanol and authentic samples of 1- 
adamantyl azide19 and l-(l-adamantyl)-5-methyltetra- 
zole19 were available for calibration purposes.

The product data are reported in Table IV, together with 
values for the competition factor (a), d[l-AdNri]/d[tetra- 
zole] = a[N3“ ]/19.1, relating the second-order rate coeffi
cients for capture of an intermediate by azide ion and by
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Table III
First-Order Rate Coefficients at Various Temperatures0'6 and Enthalpies (AH*) and Entropies (AS*) of 

Activation for Reaction of 0.1 M  1-Adamantyl Arenesulfonates in Acetonitrile Containing 0.0800 M
Tetraethylammonium Azide

Substituent

..R
A//*298’
kcal/mol

*  h
AS 298’ 

eu Registry no.
(

15.0° 25.0° 30.0°
k̂ j sec

35.0° 40.0° 50.0° 58. 6*

p-OM e 0.165 0.670 1.07 3.84 23.2 ± 0.5 -8 .2  ± 1.8 43049-41-8
p -  Me 0.0925e (0.251)tf 0.351e 1.59/ 5.07 12.2 23.0 ± 0.2 -7 .6  ± 0.8 16200-57-0
None 0.470 43049-43-0
p -  Cl 0.492 2.38 9.24 13.4 45.4 23.0 ± 0.5 -2 .4  ± 1.6 43049-45-2
p -  Br 2.57 4.60 14.5 47.5 21.7 ± 0.2 -3 .5  ± 0.8 43049-46-3
m-NC>2 47.9 43049-47 -4
P -  n o 2 10.8* 33.5 105 176 21.0 ± 0.4 -3 .7  ± 1.2 4304S-48-5

a Values are averages of two or more runs; standard error for the first-order rate coefficient associated with each run was less than 4% of its 
value. 6 Using Hammett a values from ref 28, a Hammett p value at 25.0° of 2.34 ± 0.10 was calculated; omitting the point for m-N0 2 , a 
corresponding value of 2.26 ± 0.08 was obtained. c At 18.4°. 0 Interpolated from an Arrhenius plot of data at other temperatures. e At 28.4°. 
r At 39.6°. * At 16.7°. 6 Errors quoted are standard errors.

Table IV
Percentage Composition of Product from Reaction of

0.1 M  1-Adamantyl Arenesulfonates within Acetonitrile 
Containing Tetraethylammonium Azide at 25.0° and 
Calculated Values for a, the “ Competition Factor”

% composition of product
Substituent CNEt4N3 : l-AdO H a l-A dN 3 l-A d -N -C -C H ,

3
\ 0 / N

NT

b, c
Oi

p-OM e 0.12 4.1 2.3 93.6 6.6
p -  Me 0.12 6.4 2.2 91.4 6.3
None 0.12 2.1 2.8 95.1 8.0

0.16 2.9 3.8 93.4 6.8
0.20 1.8 5.1 93.0 6.8
0.24 3.1 6.4 90.6 7.1
0.30 1.5 7.5 91.0 6.3
0.36 2.7 8.9 88.5 6.2

p -C  1 0.12 1.1 2.2 96.7 6.1
p -  Br 0.12 8.2 2.4 89.4 7.2
m -NO 2 0.12 3.2 2.3 94.5 6.5
p -  n o 2 0.12 2.7 2.4 94.9 6.7

0.24 7.0 5.7 87.3 6.5
0.36 9.4 7.9 82.8 5.7
0.48 7.9 10.5 81.6 5.7

a In several instances it was shown, by glpc, that these same per
centages of 1 -adamantanol were present as impurity within the 
initial reaction mixtures. 6 Defined by d[l-AdN 3]/d[tetrazole] = 
«[N3 “ ]/19.1 (see ref 24). c Based on all entries, the average value is 
6 .6  ± 0.6; based on experiments with 0.12 M  NEt,iN3, the average 
value is 6 .8  ± 0 .6 .

the solvent acetonitrile (considered as being 19.1 M). In 
calculating competition factor values, allowance was made 
for consumption of azide ion within both of the competing 
product-formation steps.24

Discussion
The Hammett p values of 2.34 ±  0.10, using all the data 

points, and 2.26 dt 0.08, using only the para-substituted de
rivatives (omitting the m-nitro value), are appreciably larg
er than the corresponding values of 1.76 ±  0.08 and 1.65 ±
0.07 obtained in ethanolysis.22 This provides yet another 
example of the magnification of leaving-group effects ob
served on transfer of a reaction from a protic to an aprotic 
solvent.25'26 As for the ethanolysis,22 the m-nitro derivative

reacted faster than the p-nitro derivative, presumably once 
again owing to a solvent effect upon the substituent con
stants.27 The Hammett a values (substituent constants) 
necessary to place the m-NC>2 and p-NC'2 derivatives upon 
the Hammett plot were calculated as +0.80 and +0.73, 
quite similar to the values of +0.78 and +0.69 obtained in 
ethanol22 and quite different from the generally accepted 
values28 of +0.71 and +0.78.

The actual rates, at 25°, varied from 16.5 times slower 
than in ethanol for the p-methoxy derivative to 4.4 times 
slower than in ethanol for both the m-nitro and p-nitro de
rivatives. A comparison of the activation parameters 
(Table III) with those obtained in ethanol22 shows that, in 
general, the energy of activation values are comparable 
(22.0-23.8 kcal/mol in ethanol), with on the average slight
ly lower values in acetonitrile. Parallel to what was shown 
for the related ionization reactions of ferf-butyl deriva
tives,26 the slower reaction in acetonitrile results from a 
considerable lowering of the entropy of activation; for the
1-adamantyl arenesulfonates considered within Table III, 
the entropies of activation are some 3-8 eu less than for the 
corresponding ethanolyses.

Analysis of the data reported in Table IV shows that a 
reasonably constant value is obtained for the competition 
factor and the production of 1-adamantyl azide and 1-(1- 
adamantyl)-5-methyltetrazole obeys the mathematical 
form predicted for a competition for an intermediate be
tween azide ions and solvent molecules. The competition 
factor has an average value of 6.6 ±  0.6, which can be com
pared to values, for competition between the water compo
nent and azide ion in 80% ethanol at 75%, of 2.5 for 1-ada
mantyl bromide and 1.7 for 2-adamantyl p-toluenesulfon- 
ate.3 It must, however, be borne in mind that, in aqueous 
ethanol, it has been shown that the product partitioning is 
sensitive to the nature of the leaving group9 and especially 
large leaving-group effects upon product partitioning are 
operative if one is comparing arenesulfonates and ha
lides.10’29 There can be no doubt, however, that even with a 
common leaving group all three values would remain very 
small (for substrates producing relatively stable carbonium 
ions, competition factors as large as 103 have been ob
served3). It is somewhat surprising that a change in solvent 
from 80% aqueous ethanol to acetonitrile does not lead to 
an appreciable increase in value. There is evidence that 
both components of 80% ethanol are considerably more nu
cleophilic than acetonitrile8-30 and, in addition, anions have 
their nucleophilicities considerably increased on transfer
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from a protic to an aprotic solvent, presumably owing to 
elimination of hydrogen-bonded solvation.33

The answer to this apparent anomaly may well lie in the 
competition occurring not for free carbonium ions but for 
carbonium ions within a solvent-separated ion pair, in 
which case the mathematical form will parallel that opera
tive for attack on free carbonium ions but, assuming that 
the solvent molecules capturing the carbonium ion are 
from the one or two34 solvent molecules separating the 
ions, the physical significance of the competition factor 
value will be quite different. It was shown several years ago 
that, in the solvolysis of benzhydryl derivatives, capture by 
added azide ions is probably at the solvent-separated ion- 
pair stage,7’8 and, more recently, it has been shown that in 
80% ethanol, 2-adamantyl arenesulfonate solvolysis proba
bly also involves capture of the carbonium ion (to give ei
ther ether or alcohol) at the solvent-separated ion-pair 
stage.9,10 Also, the suggestion that the reactions involve 
rate-determining conversion from the intimate (contact) to 
the solvent-separated ion pair15 would be consistent with 
capture at this stage. It should be pointed out that one oth
erwise attractive scheme, involving either collapse with a 
solvent molecule within the solvent-separated ion pair or 
separation to give a free carbonium ion which is usually 
captured by azide ion, is not consistent with the experi
mental finding of a dependence of the product ratio upon 
azide ion concentration. While several schemes are possi
ble, it is necessary for the azide ion to be actively involved 
in forming 1-adamantyl azide, rather than for it to be pas
sively waiting for the production of an intermediate which 
then prefers to react with azide ion rather than solvent.

A competition at the solvent-separated ion-pair stage 
would be expected to be strongly biased in favor of solvoly
sis. Not only are the solvent molecules strategically located 
but additional bias in their favor can result, in the case of 
protic solvents, from general base catalysis to the solvoly
sis6 by the departing anion.9’10 For competition between 
acetonitrile and azide, one can explain our experimental re
sults as in Scheme II. For consistency with the observed 
mathematical form, it is necessary to assume that little col
lapse of the carbonium ion with the solvent occurs in 
R+||N3~ and that this entity usually proceeds to RN3. 
Under these conditions, low values for the competition fac
tor would not be surprising and, indeed, the theoretical 
lower limit of unity3 which would result from competition 
for a free carbonium ion between free azide ions and sol
vent will not apply for a competition of this type and values 
below unity and all the way down to zero could be ob
served.35

RX

Scheme II

R+ l IX — ►  R+l IN3 — R+N,~ —  RN,

(RNCCH:)>+ N/

R — N— C — CH:, 

r Q n

The explanation given9’10 for the variation in product 
ratio between ether and alcohol, upon varying the substitu
ent within a series of para-substituted 2-adamantyl ar- 
enesulfonates, in terms of hydrogen bonding to the anion 
being assisted both by electron-supplying substituents and 
by the presence of two hydrogens in water (cyclic interme
diate) as opposed to only one in ethanol requires that, in a

mixture of two aprotic solvents, a constant value would be 
observed for the ratio. An experiment of this type has not 
yet been performed but the constant product ratio ob
served, in the present study, for competition between an 
aprotic solvent, acetonitrile, and added azide ion is consis
tent with the hydrogen-bonding explanation for variations 
within mixed protic solvents.9’10

Experimental Section
Materials. Acetonitrile was purified as described previously. 36 

The preparation and characterization of the 1-adamantyl aren- 
esulfonates has previously been described.22’37 Samples of 1-ada
mantyl azide and l-(l-adamantyl)-5-methyltetrazole, for use as 
standards, were available from a previous study. 19

Tetraethylammonium azide was prepared from commercially 
available tetraethylammonium hydroxide (15% in water) and a so
lution of hydrazoic acid in either benzene or chloroform .38 The 
aqueous layer was evaporated to dryness under reduced pressure 
and the impure tetraethylammonium azide residue was recrystal
lized from acetone and dried at 100° under vacuum for 12 hr. The 
dried salt was immediately dissolved in acetonitrile and the con
centration of the solution was determined by titration of aliquots, 
in acetone against a standardized solution of methanolic hydrogen 
chloride, using resorcinol blue (Lacmoid) as indicator.21

Kinetic Procedures. Solutions of tetraethylammonium azide in 
acetonitrile of the required concentration were made by appropri
ate dilution of a stock solution and added to weighed amounts (to 
make an approximately 0.1 M  solution) of the appropriate 1-ada
mantyl arenesulfonate, contained within a 25-ml volumetric flask 
and maintained at the desired temperature. After temperature 
equilibration, the reaction was monitored by transfer at conve
nient time intervals of 2 -ml aliquots into acetone and the remain
ing azide ion concentration was determined by titration, as indi
cated above. Changes in azide ion concentration were equated to 
corresponding changes in the concentration of the sulfonate esters 
and rate coefficients for disappearance of the 1 -adamantyl ar
enesulfonate were obtained by use of the standard form for the in
tegrated first-order rate coefficient. Three illustrative runs are 
given in Table V.

Product Studies. These were usually carried out using samples 
of 1 -adamantyl arenesulfonates from which several portions had 
been removed for kinetic studies. Owing to the sensitivity of these 
compounds to moisture, 39 a small amount of acid had developed 
within the samples and they were recrystallized from ether. This 
recrystallization removed the acid but, if anything, the 1 -adaman- 
tanol was concentrated. However, control experiments showed the 
1 -adamantanol concentration to remain unchanged during reac
tion and these samples, all containing less than 1 0 % 1 -adamanta
nol, were acceptable for use in the product studies. In one instance, 
for a reaction of 1 -adamantyl p-chlorobenzenesulfonate, a freshly 
prepared analytically pure sample was used and only 1 .1 % 1 -ada- 
mantanol was detected within the products; this gives an approxi
mate measure of the extent of interaction with moisture during 
preparation of a reaction mixture. Control experiments showed 
that 1-adamantyl azide and l-(l-adamantyl)-5-methyltetrazole do 
not interconvert under the experimental conditions.

The glpc analysis was carried out using a Varian Aerograph Se
ries 1700 instrument, equipped with a thermal conductivity detec
tor and a Sargent Recorder, Model SRG (with disc integrator). A 2 
ft X 0.25 in. column packed with 30% SE-30 on 80 mesh Chromo- 
sorb W was maintained initially at 85° and the instrument was 
temperature programmed so that the column temperature had 
risen to no higher than 225° at the time of elution of the tetrazole 
(at higher temperatures decomposition was observed).

U^e of authentic samples showed that the plausible components 
(in order of elution) were as follows: acetonitrile, 1 -adamantanol, 
1-adamantyl azide, N -  (l-adamantyl)acetamide18’40 (from possible 
capture of the solvolysis product by adventitious moisture), un
reacted 1-adamantyl arenesulfonate, and l-(l-adamantyl)-5-meth- 
yltetrazole. Good peak separation was obtained under the experi
mental conditions. After completion of reaction with excess 
tetraethylammonium azide, only 1 -adamantanol (concentration 
unchanged from that present originally), 1 -adamantyl azide, and 
l-(l-adamantyl)-5-methyItetrazole were detected, in the propor
tions reported in Table IV. In calculating the competition factors, 
the initial concentration of 1 -adamantyl arenesulfonate entered 
into the equation24 was corrected for the 1 -adamantanol impurity.

In a few cases the crude reaction product was isolated by parti-
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Table V

A. Temperature, 39.6°; 2 -ml Aliquots; [Cl0H15OTs], 0.100M; [NEt4N3], 0.080 M;
Titers, M illiliters of 0.0198 M Methanolic HC1

Time, sec 0 7200 10,800 15,900 21,400 26,000
Titer 7.81 6.76 6.40 5.71 5.08 4.65
105 k\, s e c '1 1.60 1.46 1.54 1.56 1.52
Time, sec 34,900 40,800 49,600
Titer 3.74 3.24 2.52
105 klt s e c '1 1.57 1.57 1.60

B. Temperature, 39.6°; 2 -ml Aliquots; [C10H15OTs], 0.100M; [NEt4N3], 0.080 M;
[NEt4C104J, 0.040 M; Titers, M illiliters of 0.0198 M Methanolic HC1

Time, sec 0 7200 10,800 14,900 20,400
Titer 7.76 6.72 6.22 5.68 4.99
105 k\, sec"1 1.60 1.62 1.64 1.67
Time, sec 25,700 35,600 39,800 48,500
Titer 4.47 3.55 3.03 2.27
105 klt sec"1 1.64 1.67 1.70 1.74

C. Temperature, 25.0°; 2 -ml Aliquots; [C10HI5OSO2C8H4-/>-NO2], O.lOOAi; [NEt4N3],
0.080M; Titers, M illiliters of 0.0156 M Methanolic HC1

Time, sec 0 169 390 575 777 1012
Titer 9.58 8.95 8.15 7.59 6.97 6.23
105 k\, s e c '1 31.7 32.0 31.0 31.1 31.8
Time, sec 1212 1423 1607
Titer 5.84 5.28 4.92
105 fcj, sec"1 32.3 32.5 31.8

tion between water and ether and evaporation of the ether. The 
relatively small amounts of l-adamantyl azide (and 1 -adamanta- 
nol?) could be removed by sublimation under reduced pressure at 
40°, to leave a residue of l-(l-adamantyl)-5-methyltetrazole. 19 A l
ternatively, the crude reaction product could be separated by chro
matography on a column containing neutral alumina. The l-ada
mantyl azide16'19 was eluted using benzene, followed by elution of 
the tetrazole19 using 50:50 hexane-benzene or chloroform.
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Hofmann Elimination and Stevens Rearrangement with 
N ,N ,N -Trimethyl-3-homoadamantylammonium Hydroxide.1 

Evidence for 3-Homoadamantene

Benjamin L. Adams2,3 and Peter Kovacic*

D e p a r tm e n t  o f  C h e m is tr y , U n iv e r s ity  o f  W is c o n s in — M ilw a u k e e , M ilw a u k e e , W is c o n s in  5 3 2 0 1

R e c e iv e d  M a y  1 , 19 7 4

Pyrolysis of A,A,A-trimethyl-3-homoadamantylammonium hydroxide provided four dimers of bridgehead ho- 
moadamantene (10%), 4-homoadamantene (0.3%), A.A-dimethyl-S-aminomethylhomoadamantane (43%), ho- 
moadamantane (5%), and Al./V-dimethyl-3-ammohomoadamantane (11%). The cyclobutane structure in the di
mers was established by laser Raman and mass spectral data. Additional evidence for 3-homoadamantene was 
obtained from trapping by 1,3-diphenylisobenzofuran. N,)V-Dimethyl-3-aminomethylhomoadamantane was 
formed by the unusual migration of a tertiary group during Stevens rearrangement.

Considerable interest has been shown recently in delin
eating the limits of Bredt’s rule4-8 and in finding a basis for 
predicting the degree of stability of bridgehead double 
bonds. Hofmann elimination4 and bisdehalogenation of 
vicinal dihalides5 have been used to produce highly 
strained olefins which, in many cases, have been isolated as 
Diels-Alder adducts or [2 + 2] dimers. Most of the prior 
work has been done in the bicyclic series. The isolation of 
dimer has been cited5a,b as evidence for the existence of 
adamantene. This report presents evidence for the forma
tion of 3-homoadamantene as an intermediate in the pyrol
ysis of Ar,Ar,A^-trimethyl-3-homoadamantylammonium hy
droxide (1).

In contrast to Hofmann elimination4 in less strained sys
tems, a Stevens rearrangement product, arising from un
usual migration of a tertiary group, was found in moderate 
yield. Stevens rearrangement9 usually occurs in the ab
sence of a /3 hydrogen, the presence of a rather acidic a hy
drogen, or the involvement of a migrating group capable of 
stabilizing a negative charge or radical.

Results and Discussion
A,Al,./V-Trimethyl-3-homoadamantylammonium hy

droxide (1) was prepared from the known amine10 by stan
dard techniques. Decomposition at 140-175° (1 mm) pro
vided a mixture of dimers of 3-homoadamantene (2, 10%),
4-homoadamantene11,12 (3, 0.3%), A^N-dimethyl-S-ami- 
nomethylhomoadamantane (4, 43%), homoadamantane11 
(5, 5%), and AjAf-dimethyl-S-aminohomoadamantane10 (6, 
11%), eq 1.

Reaction conditions are of particular importance in de
termining the pathway which is followed. If the procedure 
entails heating from room temperature, mostly parent 
amine is obtained. Apparently, much of the quaternary salt

is destroyed by Sn2 attack13 of hydroxide ion before rear
rangement or elimination can take place.

The dimer mixture 2 was isolated as a white solid which 
had sublimed at the higher temperatures to cooler portions 
of the pyrolysis flask. Gas chromatography revealed four 
peaks [a (29%), b (8%), c (3%), and d (60%)]. Components 
2a and 2d were identified as dimers of 3-homoadamantene 
by ir, nmr, laser Raman, and mass spectral data, elemental 
analysis, and comparison to dimers from Cope elimination 
with AlN-dimethyl-S-aminohomoadamantane IV-oxide1 
and from rearrangement of 1-adamantylcarbene.8 No re
port of the use of laser Raman spectroscopy for identifica
tion of this type of structure has been made prior to the 
communications from our1 and Schleyer’s8 laboratories. By 
comparison to previous studies of substituted cyclobu
tanes14’15 as well as to laser Raman spectra of homoadam
antane, adamantane, and adamantene dimer,16 we have as
signed17'18 bands to ring deformations and ring puckering 
in the cyclobutane structure of 2. The low-frequency 
Raman lines are particulary useful since similar bands were 
observed14 in other systems and assigned to ring puckering.

The quaternary hydroxide 1 can eliminate to give, theo
retically, two olefins, 7 and 8. These alkenes could then un-

7

H H

head-to-head (cis 
or trans) from 7

8

2
head-to-tail (cis 
or trans) from 7

dergo cycloaddition resulting in a total of 16 geometric iso
mers. Since only four different dimers were observed by 
glpc analysis and three of these (2a, 2b, and 2d) correspond 
to dimers isolated from the rearrangement o f 1-adamantyl- 
carbene8 which can give only 7, we conclude that decompo
sition of 1 proceeds essentially exclusively to 7. Alternative
ly, 8, if formed, rearranges quickly to 7 via 1,3-hydride 
shift.19 Each of the isomers, 2a, 2b, and 2d, gave the same 
glpc retention time as the corresponding dimer from 1-ada- 
mantylcarbene rearrangement,8 and 2a and 2d were identi
cal with their counterparts from 1-adamantylcarbene ac
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cording to laser Raman spectral data. On the basis of the 
available spectral data, we are unable to assign definite 
structures to the individual dimers. However, we have ten
tatively suggested that major component d has the “ head- 
to-head trans” geometry and that a is the “ head-to-tail cis” 
isomer.17’18’20

The formation of olefin 3 is at variance with results4 
from the bicyclic systems, since this type of product was 
not observed in the earlier work. Wiseman and Chong40 
were able to isolate bicyclo[3.2.2]non-l-ene (9) and bicyclo-
[3.2.2]non-l(7)-ene (10) at Dry Ice temperatures using 
Hofmann elimination at the bridgehead. These olefins 
dimerized fairly rapidly on warming to room temperature, 
but did not isomerize to the more stable 2 isomer. Since 7 is 
more reactive than 9 and 10 and of higher molecular 
weight, it is not able to escape from the reaction mixture 
before dimerization or isomerization.

There are at least three plausible routes which could ac
count for the presence of 3. The intermediate bridgehead 
olefin 7 may undergo base-catalyzed isomerization or 1,3- 
hydride shift.19 A less appealing possibility is that 1,3-elim- 
ination gives rise to 3,5-dehydrohomoadamantane, fol
lowed by 1,2-hydride shift. Since 1,3-dehydroadamantane21 
is an isolable, though reactive, compound, it is likely that 
some of the homoadamantyl analog would, if formed, sur
vive the reaction conditions.

The generation of bridgehead homoadamantene 7 ap
pears to fit Wiseman’s4® generalization that the strain of a 
bridgehead double bond is closely related to the strain "of 
the corresponding irans-cycloalkene. In this case the dou
ble bond is trans in a seven-membered ring and should 
have roughly the same amount of strain as trans-cyclohep- 
tene22 and bridgehead irans-cycloheptenes in the bicyclic 
series.4c’d We have found no example of a strained alkene of 
this ring size in a tricyclic system. The additional bridge in 
the homoadamantyl skeleton produces a more rigid frame
work which would likely increase the strain of a double 
bond at the bridgehead. This appears to be the case with 7.

A comparison of the keto acids 11 and 12 supports the 
thesis that 7 possesses somewhat greater strain than the 
singly bridged t ra ns - cy cl oh ep te n es 9 and 10. The mecha
nism23 of decarboxylation is commonly accepted as involv
ing an enol intermediate. Although both compounds would 
form a bridgehead enol trans in a seven-membered ring, 11 
undergoes decarboxylation24 at 218°, whereas 12 decom
poses at a somewhat higher temperature, 280°.25 A partial 
exchange of the bridgehead proton for deuterium on treat
ment with sodium methoxide in DzO at reflux was found 
for bicyclo[4.2.l]nonan-9-one26 (13). No incorporation27 of

deuterium was observed at the bridgehead of 4-homoada- 
mantanone on exposure to sodium tert- butoxide-fert - 
butyl alcohol-O-d, even though Schleyer and coworkers27 
noted from models that the corresponding enol is not im

possibly strained. Therefore, with these differences in 
mind, Wiseman’s modification of Bredt’s rule also applies 
in the present case.

Several experiments were undertaken in order to trap 
the intermediate bridgehead olefin during pyrolysis. The 
quaternary hydroxide 1 was decomposed in the presence of
1,3-diphenylisobenzofuran (DPIBF), a reagent that has 
been successfully employed in previous, related work.4’22 A 
10% yield of the Diels-Alder adduct 15 was isolated from

the residue in the pyrolysis flask by column chromatogra
phy on alumina, followed by purification via preparative 
thin layer chromatography on silica gel (no more than 10% 
of isomeric adduct could be present). Since the melting 
range is small, the trapped product is probably a single iso
mer. This evidence further supports the contention that 7 
is the preferred product from elimination.

Ethanol and water were also explored as trapping agents 
by sealing the reactants in a glass tube which was immersed 
in an oil bath at 145-150° for 1-2 hr. Additions43’0’6’7® of 
weak Brdnsted acids to bridgehead olefins have been ob
served in bicyclic systems. Bicyclo[3.3.1]non-l-ene,4a>6 9,4c 
and 104c all add acetic acid or ethanol in the presence of 
traces of acid. Adamantene7® was proposed as an interme
diate in a recent study on the basis of presumed capture by 
methanol and methanol-O-d. Reaction in our case afforded 
the ether, 3-ethoxyhomoadamantane28’29 (16, 8%), plus 3- 
hydroxyhomoadamantane30 (17, 8%) from involvement of 
water present in the quaternary hydroxide or generated 
during reaction, in addition to 4 (62%), 5 (2%), and 6 (1%). 
No dimers or 4-homoadamantene (3) were detected in the 
product mixture; note that the combined yield of 16 and 17 
approximates the yield of dimer from the standard system. 
Compound 16 was identified by ir and nmr spectra, as well 
as by comparison to authentic material prepared by reac
tion of the sodium salt of 17 with ethyl iodide. The absence 
of dimer 2 and olefin 3 suggests that 3-homoadamantene 
was successfully trapped before occurrence of dimerization 
or isomerization. On the other hand, 16 and 17 may arise 
from solvolysis. In this type of situation, one might expect 
some rearrangement to the thermodynamically favored29 
adamantylcarbinyl structure (alcohol 18 or ether 19), none 
of which was detected. It might be that solvolyzed material 
exists as a tight ion-molecule pair which is not favorably 
disposed toward rearrangement.

Thermolysis of the quaternary deuteroxide 1 -d in etha- 
nol-O-d did not provide straightforward corroboration of 
Brpnsted acid addition to 7. No C-D stretching vibration 
was observed in the ir spectra of 16 and 17, and the mass
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spectrum indicated an increase of only a few per cent for 
the P + 1 peak. Amines 4 and 6 in the product contained
1-2 atoms of deuterium per molecule on the basis of ir and 
mass spectral data. A possible rationalization of the results 
is that proton-deuterium exchange with the methyl groups 
of 1 -d, eq 2, takes place rapidly compared to elimination, 
giving mostly EtOH, rather than EtOD, eq 3, in the vicinity 
of the forming bridgehead olefin. However, the solvolytic 
mechanism appears more in keeping with these observa
tions.

OH” +  EtOD *=? HOD +  EtCT ^  OD +  EtOH (3)

Precise details of the elimination mechanism for quater
nary salt 1 were not investigated. The impossibility of trans 
elimination and steric blocking of /3 hydrogens by the 
NMe3+ group may favor an E « ^  process as stated by prior 
investigators.13 Evidence for the presence of ylide, involved 
in the Ea'_£ process, was provided by decomposition of the 
quaternary deuteroxide 1 -d, which yielded deuterated 
amines 4 and 6.

The Stevens rearrangement product, 4, was identified by 
comparison to authentic material prepared by independent 
synthesis. 3-Homoadamantanecarboxamide10 was reduced 
with LiAlH4 to give 3-aminomethylhomoadamantane. 
Methylation with formaldehyde and formic acid gave terti
ary amine 4, identical with the product from pyrolysis. 
Very little has been reported31 on this type of rearrange
ment for simple tetraalkylammonium systems, with the ex
ception of the tetramethyl type. Our results represent an 
unusual Stevens rearrangement, since we have found no 
prior examples32 involving migration of a secondary or ter
tiary group.

Two mechanistic possibilities9'33’34 have been advanced 
for the nature of the migrating group in this rearrange
ment, namely carbanion and radical. Base can remove a 
proton from a methyl group to give an ylide. Rearrange
ment then occurs by dissociation to either an ion pair, eq 4, 
or a radical pair, eq 5, followed by recombination. At least

C H ,= N +(CH,)., —  RCH,N(CH,), (4)
. * *

~CH2N +(CH3).. i t

r  '  ^  CH M i  ll . «-*- -CH2N(CH:)), — *■

R- R'
RC1! NtCH (5)

for certain systems, the radical pathway appears to be fa
vored currently.32'34 Migration of the homoadamantyl 
group is in keeping with a radical mechanism, although re
lief of strain may play an important role. A significant 
amount of crowding appears to be present in 1 owing to the 
two adjacent quaternary atoms (bridgehead carbon and ni
trogen). It is pertinent that the analogous 1-ieri-butylada- 
mantane35 has been made only with great difficulty. Pine 
and coworkers33 found that the similar rearrangement in 
the neopentyl system was greatly influenced by steric re
quirements.

Formation of 4 resembles the generation of neopentane 
as a by-product in the Stevens rearrangement of N,N,N- 
trimethylneopentylammonium iodide.33 Apparently the re
active intermediates can separate to some extent with sub

sequent abstraction of a proton33 or hydrogen atom. Al
though bishomoadamantyl, theoretically possible via com
bination of the radical intermediates, was not detected, this 
finding does not rule out the homolytic mechanism, since 
the intermediates may be present in such low concentra
tion that dimerization cannot compete with hydrogen ab
straction.

In contrast to the present results, pyrolysis4 of the 
bridgehead trimethylbicyclononyl and bicyclooctylammon- 
ium hydroxides afforded only the corresponding strained 
olefin, or its dimer, and the parent amine. No Stevens rear
rangement product, isomerized olefin, or parent hydrocar
bon was reported. These differences may be rationalized by 
the apparently greater ease of elimination in the bicyclic 
systems.

A comparison of the results from the adamantyl32 and 
homoadamantyl systems gives an indication of the relative 
strain of adamantene and 3-homoadamantene and also 
shows the limitation of the Hofmann elimination method 
for producing strained olefins. In the decomposition of 1, 
elimination and rearrangement occur at competing rates. 
For the adamantyl system, however, elimination is so unfa
vorable that Stevens rearrangement and Sn 2 attack by hy
droxide ion account for all observed products. Therefore,
3-homoadamantene would appear to be nearing the limit of 
the type of trans-cycloalkene which can be formed by Hof
mann elimination.

Experimental Section
Ir spectra were obtained with a Perkin-Elmer 137 spectropho

tometer (calibrated with the 1601.8-cm--1 band of polystyrene). 
Varian T-60 and HA-100 instruments were used to obtain nmr 
data, which are reported in parts per million (5) (in CCI4) relative 
to tetramethylsilane as internal standard. Laser Raman spectra 
were obtained from a Ramex Spex 1401 spectrophotometer, mea
sured from the green excitation line (19,436 cm-1 ). Microanalyses 
were performed by Baron Consulting Co., Orange, Conn., and Dr. 
R. E. White. Some of the mass spectral data were provided by Drs. 
Michael Kurz and Robert D. Fisher. Glpc analyses were conducted 
on Varian Aerograph 1800, 1700, and 90P instruments with the in
dicated columns: (I) 15% Carbowax 20M on Chromosorb W (45/60 
mesh), 10 ft X 0.25 in., copper; (II) 15% Carbowax 20M and 5% 
NaOH on Chromosorb P (30/60 mesh), 10 ft X 0.25 in., copper;
(III) 15% Carbowax 20M on Chromosorb W (45/60 mesh), 6 ft X 
0.25 in., copper; (IV) 5% Carbowax 20M on Chromosorb W (45/60 
mesh), 5 ft X 0.25 in., copper. Melting points (uncorrect.ed) were 
obtained with a Thomas-Hoover capillary melting point appara
tus.

A.A./V-Trim ethyl-S-hom oadam antylam m onium  Iodide.
Methyl iodide (5.9 g, 0.042 mol) was added to /V,/V-dimethyl-3- 
aminohomoadamantane10 (6 , 4 g, 0.021 mol) in 50 ml of absolute 
ether. A white precipitate formed immediately. After the mixture 
was allowed to stand overnight, the salt was filtered and dried. Re
crystallization from ethanol-ether gave 4.6 g (6 6 % yield), mp 282- 
283° dec.

A n a l. Calcd for C 14H26NI: C, 50.15; H, 7.82. Found: C, 50.02; H, 
7.55.

Ar,A/Ar-Trim ethyI-3-hom oadam antylam m onium  H ydroxide
(1). Silver oxide (5.6 g , 0.024 mol) was added to a mixture of the 
ammonium iodide (5.6 g, 0.017 mol), 30 ml of distilled water, and 
40 ml of ethanol. The mixture was stirred for 5 hr at room temper
ature and then was filtered to remove silver salts. Evaporation of 
solvent and drying under vacuum overnight gave 4.4 g (3.8 g, theo
ry) of a gray-white solid which was extremely hygroscopic. Ele
mental analysis indicated that the crude material was approxi
mately 74% 1.

Pyrolysis o f 1. In a typical run, 1.42 g (0.0045 mol) of 1 was 
placed in a 15-ml, round-bottomed flask connected through a 
short-path distillation head to a 1 0 -ml receiver cooled in an ace- 
tone-Dry Ice bath. Vacuum (1 mm) was applied while the oil bath 
was preheated to 140°. The pyrolysis flask was immersed in the 
bath and heating was continued to 180° over a period of 1.5 hr. 
The distillate (0.86 g) was taken up in ether and extracted with 2 
N  HC1. The ether layer was dried and evaporated to give neutral 
products (0.11 g). Glpc analysis on column I indicated that the



neutral fraction was 35% 5,11 mp 257-258° (sealed tube) (5.4% 
yield), 2% 3,11,12 mp 237-238° (sealed tube) (0.3% yield), and some 
dimeric material (< 1 %).

The acid layer was evaporated to approximately 1 ml and added 
to 50 ml of 20% NaOH. The mixture was extracted with ether. The 
ether solution was dried and evaporated to give 0 .6 8  g of basic 
products. Glpc analysis on column II indicated 60% of 4 (43% 
yield) and 14% of 6 10 (11% yield).

A white solid (0.067 g) sublimed at 180° under vacuum from the 
reaction mixture into the distillation head. Glpc analysis on col
umn IV showed it to be a mixture of four components, 2a (29%), 2b 
(8%), 2c (3%), and 2d (60%).

Samples of 2a and 2d for spectra and microanalysis were collect
ed from column III. Separation was effected on a 6 -ft OV-1 column 
attached to a mass spectrometer.

2a: mp 252-256°; nmr 5 1.3-2.8 (broad m); ir (KBr) 2820, 2600 
(w), 1445, 928, 810 (w), 785 cm- 1  (w); mass spectrum, parent ion, 
m /e  296.

A n a l. Calcd for C 22H32: C, 89.12; H, 10.88. Found: C, 88.89; H, 
10.78.

2b: mass spectrum, parent ion, m /e  296.
2c: mass spectrum, parent ion, m /e  296.
2d: mp 195-200°; nmr f> 1.3-2.8 (broad m); ir (KBr) 2810, 2610 

(w), 1440, 930, 802 (w), 783 cm - 1  (w); mass spectrum* parent ion, 
m /e  296.

A n a l  Calcd for C 22H32: C, 89.12; H, 10.88. Found: C, 88.91; H, 
10.81.

3-Aminomethylhomoadamantane.10 LiAIH4 (1.5 g, 0.039 mol) 
was suspended in 40 ml of dry tetrahydrofuran. After 3-homoada- 
mantanecarboxamide10 (2  g, 0 .0 1 1  mol) in 2 0  ml of dry tetrahydro
furan was added slowly, the mixture was refluxed for 72 hr and 
then was cooled. Water (1.5 ml), 10% NaOH (1.5 ml), and water (3 
ml) were carefully added. The mixture was filtered and the precip
itate was washed with ether. The combined ether layer was dried 
and evaporated to give crude amine (1.7 g).

A fA -D i methyl-,'1-aminome thy I homoadam antane (4). The 
crude 3-aminomethylhomoadamantane from above (1.7 g) was 
added to 97% formic acid (10 ml) and formaldehyde (10 g). The so
lution was heated at 95° for 7 hr and then was cooled. After 10 ml 
of 4 N  HC1 was added, the solution was evaporated to approxi
mately 5 ml. The concentrated solution was added to 60 ml of ice- 
cold, 20% NaOH and the mixture was extracted with ether. The 
ether solution was dried and evaporated to give a reasonably pure 
(95%) sample of 4 (0.95 g). Glpc collection on column II provided 
pure 4: ir (neat) 1430, 1250, 1140, 1027, and 835 cm-1; nmr 6 2.23 
(d, 8  H), 2.1-1.3 (m, 17 H).

A n a l. Calcd for C 14H25N: C, 81.09; H, 12.15; N, 6.76. Found: C, 
81.22; H, 12.26; N, 6.59.

Homoadamantane (5). 4-Homoadamantene11,12 (3, 57 mg) and 
Pd/C (22 mg) were added to 8  ml of absolute ethanol in a Parr ap
paratus. After the mixture was shaken with hydrogen for 20 hr, the 
catalyst was filtered and the filtrate was evaporated to give 5 (19 
mg). Glpc collection on column I provided a pure sample for com
parison to the corresponding product from pyrolysis.

Pyrolysis of 1 with 1,3-Diphenylisobenzofuran (DPIBF). 
The quaternary hydroxide 1 (2 g, 6.7 mmol) and DPIBF (2 g, 9.3 
mmol) were placed in a 25-ml, round-bottomed flask connected 
through a short-path distillation head to a 1 0 -ml receiver cooled in 
an acetone-Dry Ice bath. Vacuum (15 mm) was applied and the 
flask was immersed in an oil bath at 140° for 1.5 hr. At this time 
the vacuum was adjusted to 0 .2  mm in order to remove any volatile 
products present in the reaction flask. After the apparatus had 
cooled, the residue in the pyrolysis flask was taken up in 1 0 0  ml of 
benzene. Maleic anhydride was added to decompose excess 
DPIBF. After 50% NaOH in an equal volume of methanol (25 ml) 
was added to the benzene, the mixture was refluxed for 30 min. 
The organic layer was separated, washed with water, dried, and 
evaporated to yield 0.83 g of yellow solid. Column chromatography 
on alumina (10 cm, elution with benzene) yielded 0.41 g of a yellow 
solid in the third fraction (25 ml). This material contained four im
purities comprising about 20% of the mixture. Preparative-scale tic 
with silica gel-benzene, followed by washing with ether, provided 
pure 15 (10% yield) :36 mp 187-190°; ir (KBr) 3000, 2895, 1595, 
1490, 1445, 995, 785, 748, 701 cm -1; nmr37 d 6.95-7.80 (m, 14 H), 
1.0-2.8 (m, 16 H); mass spectrum, parent ion, m / e  418.

Decomposition of 1 in Ethanol. A homogeneous solution of the 
vacuum-dried quaternary hydroxide [0.089 g consisting of 0.068 g 
(3 mmol) of 1 and 0.021 g (1.2 mmol) of H20] in 0.27 g (5.7 mmol) 
of absolute ethanol was heated in a sealed tube for 2 hr at 140- 
145°. The resultant solution was taken up in ether, followed by ex

N,N, N-Trimethyl-3-homoadamantylammoniurn Hydroxide

traction with 1 N  HC1. Analysis of the ether layer for neutral prod
ucts by glpc on column I indicated the presence of 5 (1.6%), 16 
(7.5%), and 17(7.8%).

After the aqueous acid fraction was added to 25% NaOH, extrac
tion was effected with ether. The ether layer was dried and ana
lyzed by glpc on column II. Basic products 4 (62%) and 6 (1.2%) 
were identified.

The product distribution was found to be sensitive to the 
amount of water present, with increased quantities providing sub
stantially more 17 and 6 .

3-Ethoxyhomoadamantane28,29 (16). Sodium (0.30 g, 13 
mmol) was added to 3-hydroxyhomoadamantane30 (17, 2.0 g, 12 
mmol) in 25 ml of tetrahydrofuran. The mixture was refluxed until 
all of the sodium had reacted, and a fine, white powder (alkoxide) 
was present. After ethyl iodide (3.5 g, 0.024 mol) was added, the 
mixture was refluxed overnight. Glpc analysis on column I indicat
ed a 10% yield of 16: ir (neat) 2900, 1440, 1375, 1150, 1105, 1070, 
1015, and 977 cm-1; nmr 6 3.39 (q, J  =  7 Hz, 2 H), 2.1-1.4 (m, 17 
H), 1.04 (t, J  = 7 Hz, 3 H).

/V,/V,yV-Trimethyl-3-homoadamantylammonium Deuteriox- 
ide. The deuterioxide (1-d) was prepared as described for 1, by use 
of ethanol-O-d and D 20 in place of ethanol and water.

Pyrolysis of 1-d in Ethanol-O-d. Reaction was carried out as 
described for nondeuterated material. The ir spectra of 16-d and 
17-d showed no absorption in the region of 1900-2200 cm-1 . The 
mass spectral parent peaks occurred at m /e  167 and 195 for 16-d 
and 17-d, with increases in P + 1 peaks of 1.7 and 1.3%, respective
ly-
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Rearrangement of o-Hydroxy Aldehydes and Ketones to o-Hydroxy Anilides
by Monoehloroamine1

Roy A. Crochet,23 F. Ryan Sullivan,2b and Peter Kovacic*
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R e c e iv e d  J u n e  3, 19 7 4

o-Hydroxy aldehydes and ketones are converted in good yield to o-hydroxy anilides by reaction with monochlo- 
roamine in base. The reaction was carried out with benzene nuclei containing alkyl, methoxyl, chlorine, and nitro 
substituents, as well as with the naphthalene nucleus. The overall transformation is similar to the Beckmann, 
Schmidt, Theilacker, and Pearson rearrangements. There appears to be mechanistic similarity to the Dakin oxi
dation.

The literature contains a number of rearrangement tech
niques for conversion of aromatic aldehydes and ketones to 
the corresponding anilides, including those of Beckmann,3 
Schmidt,4 Theilacker,0 and Pearson.6 Each of these is char
acterized by certain limitations.

We have found a new method for the preparation of o- 
hydroxy anilides involving reaction of monoehloroamine 
with variously substituted o-hydroxy aldehydes and ke
tones. This simple, one-step rearrangement, which takes 
place under mild conditions, comprises the preferred route 
for certain anilides. The mechanistic aspects were also in
vestigated.

Results and Discussion
2-Acetamidophenol (2a) was obtained in essentially 

quantitative yield from addition of a caustic solution con
taining o-hydroxyacetophenone (la) to aqueous monochlo- 
roamine at about 0°. The infrared spectrum of 2a corre-

la, R =  CH3 2a, R = CH:i
b, R = H b, R = H

sponded to that of authentic material. 2-Formamidophenol 
(2b), which displayed characteristic infrared absorption 
bands for the amide moiety, was obtained in similar man
ner in excellent yield from salicylaldéhyde (lb). The melt
ing points corresponded to the reported values. The struc
tural assignments are also in agreement with the nmr spec
tra.

The reaction pathway, eq 2, conceivably involves nucleo
philic displacement of chloride ion from monoehloroamine 
by the cyclohexadienone (phenoxide) anion (3) to produce

amino ketone 4. Intermediate 4 is then converted to aziri- 
dine 5, which undergoes rearrangement to anilide 2.

Formation of 4 is analogous to the postulate, involving 6, 
advanced by Paquette for conversion of 2,6-disubstituted

R

R

6

phenoxides into dihydroazepinones via ring expansion by 
exposure to monoehloroamine.7 Kornblum and coworkers 
noted that the extent of C-alkylation of phenoxides in
creased in hydroxylic solvent.8

An aziridine intermediate has also been invoked in the 
conversion of A1,Ar-dichloroamines to a-amino ketones.9 
Monoehloroamine has been used10 for amination of malo- 
nic esters, perhaps via a route analogous to the transforma
tion of 3 to 4.

A factor weighing against involvement of dienone 4 is the 
difficulty of forming this type of species, according to the 
prior literature. Thus, it is reported113 that reaction of 7



Rearrangement of o-Hydroxy Aldehydes to o-Hydroxy Anilides J. Org. Chem., Vol. 39, No. 21, 1974 3095

with halogen produces only 8 when R' is electron donating 
(alkyl or methoxymethyl), eq 3. However, with an electron-

O "  0  0

R = alkyl

withdrawing substituent (N 02, CN, CHO, halogen) in the 
para position, the observed product is 9. In addition, we 
were unable to findllb analogs of 8 (R' = electron-with
drawing group) when electrophiles other than halogen were 
used, or compounds of type 10 (R' = electron-withdrawing

O

R

10
R = alkyl

group; X  = electrophile). On the other hand, it is conceiv
able that reaction with NH2C1 may be kinetically con
trolled, whereas certain other cases may reflect thermody
namic control.110

Benzaldehydes are known12 to react with monochlo- 
roamine to produce A'-chloroimines, presumably through 
the intermediacy of iV-chlorocarbinolamines which might 
participate in our case, eq 4. The pathway depicted bears

resemblance to that suggested13 for Dakin oxidation of o- 
hydroxy aldehydes and ketones to dihydroxybenzenes by 
means of alkaline peroxide, in which 15 may be involved.

OQH

Our rearrangement, as well as that of Dakin, might well 
proceed in a concerted manner. A related example14 entails 
transformation of p- HOC6H4GH2CH2Br to spiro[2.5]octa-
l,4-dien-3-one in the presence of base.

The N-chloroimine derivative (16) was given consider
ation as a possible intermediate, eq 5, somewhat similar to

NCI

16 17

the Theilacker rearrangement.5 However, there was no evi
dence for formation of this type of entity. In addition, ace
tophenone was recovered almost quantitatively when 
subjected to the standard procedure. It is significant that 
the Al-chloroimine of acetophenone was stable when ex
posed to the usual conditions. In contrast, hydroxylam- 
monium O-sulfonate combined with salicylaldéhyde to give 
18 which, on exposure to mild base, provided 19,15 eq 6.

C H = N O S O r h co3- 
OH

18

(6)

Further evidence in opposition to 16 derives from the gen
eration of Ar-methyl-2-acetamidophenol from methylmo- 
nochloroamine and o-hydroxyacetophenone in caustic so
lution. This appears to be the first example of an N„N-di- 
substituted amide arising from rearrangement of a carbon
yl compound or its derivative.

Finally, one can visualize the existence of a nitrene,16 
acting as a precursor for 4, from «-elimination involving 
monochloroamine. This approach bears resemblance to the 
synthesis of cyclohexadienones from substituted phenox- 
ides and dichlorocarbene under Reimer-Tiemann condi
tions.17 However, the elimination route appears unlikely 
since 67%. of positive chlorine remained in a caustic solu
tion of monochloroamine after 5 hr at 0°.

When the reaction between monochloroamine and o- 
hydroxyacetophenone was carried out at room tempera
ture, rather than at 0°, 2,2'-dihydroxyacetophenone azine 
was isolated in addition to rearranged product. Apparently, 
under these conditions, hydrazine is formed12 in situ from 
monochloroamine and excess ammonia, and subsequently 
condenses with the carbonyl-containing substrate.

Several experiments were conducted in order to deter
mine the effect of the position of the hydroxyl group in the 
aromatic nucleus. In contrast to the situation with the cor
responding ortho isomers, 4-formamidophenol and 4-aceta- 
midophenol were obtained in only about 10% yield from p- 
hydroxylbenzaldehyde and p-hydroxyacetophenone, re
spectively. The poor results probably reflect the increased 
stability of the p-quinoid (20) us. the corresponding o-qui-

20

noid structure, or preference for an alternate pathway.13 
The importance of carbanion character associated with the 
nuclear carbon a to the carbonyl group (as in 3) is indicated 
by the failure of m- hydroxyacetophenone and o-methoxy- 
acetophenone to give rearranged products. Additional sup
port for the crucial role of the o- hydroxyl group is provided 
by the absence of reaction with acetophenone.

The scope of the reaction was explored in relation to the 
effect of various substituents in the salicylaldéhyde nucle
us. Methoxyl functioned well when situated adjacent to hy
droxyl, providing 2-formamido-6-methoxyphenol in good 
yield. 3-Nitro- and 5-chlorosalicylaldehyde rearranged 
smoothly to the corresponding formamidophenols. Sali
cylaldéhydes derived from naturally occurring thymol and 
carvacrol produced good yields of the corresponding 
formamides, 21 and 22, respectively. Nuclear chlorination12
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accompanied rearrangement with more highly activated ar
omatics, such as 4,6-dimethoxy-2-hydroxybenzaldehyde 
and 4,6-dimethyl-2-hydroxyacetophenone. With 2-hy- 
droxy-l-naphthaldehyde, the corresponding amide,
l-formamido-2-naphthol, was provided. This may well be 
the preferred method for preparation of those products 
containing the methoxyl, chloro, and nitro groups. The ani
lides could then serve as precursors for the corresponding 
amines, as demonstrated in the hydrolysis of 2a to o- ami- 
nophenol.

Variations were made in the nature of the substituents 
attached to the aroyl group in order to obtain further 
mechanistic and synthetic insight. In addition to la and 
lb, o- benzoylphenol was examined, which afforded 2- 
benzamidophenol in 75% yield. More complex compounds 
containing the o-hydroxybenzoyl unit were explored. 1,8- 
Dihydroxyanthraquinone was not affected, possibly be
cause of its low solubility in the medium. Chrysin (23) was 
recovered unchanged, whereas naringenin (24) yielded un
characterized, high-melting material which was difficult to

purify. More drastic changes were made in the nature of 
the organic substrate. Tropolone was not altered and pur- 
purogallin (25) gave unidentified, high-melting product. 
Several rationalizations come to mind concerning the fail
ure of rearrangement in these cases: (1) in some instances a 
more highly strained cyclic amide would ensue, and (2) 
most of the substrates ontained the p -hydroxybenzoyl 
unit, which appears to affect rearrangement adversely (see 
above).

In a further study of reaction scope, related unsaturated 
groups were used in place of the carbonyl moiety. However, 
no rearrangement was observed with o-hydroxybenzoni- 
trile, ethyl salicylate, or IV-phenylsalicylamide. Concerning 
the observed specificity, contributing factors may be ap
propriate resonance stabilization of the carbanion (such as
3) by the unsaturated substituent, and the fact that al
dehydes and ketones are more susceptible to nucleophilic 
attack; see eq 4.

With few exceptions,18 catalysts for Beckmann rear
rangement of aromatic aldoximes produce little or no 
formanilides.3 Thus, rearrangement of salicylaldoxime af
forded only salicylamide in 47% yield with BF3 catalyst.3

Mass spectral studies of several of the hydroxy anilide 
products (2b, 22, and 4-chloro-2-formamidophenol) re
vealed an intense M — 2 peak. This type of behavior has 
been previously reported for 1,4-dihydroxybenzenes.19 In 
our case, iminoquinoid type moieties are presumably gen
erated in the spectrometer. In addition, a strong M — 18 
peak was observed, probably from formation of benzoxa- 
zoles.

Experimental Section
Ir spectra were obtained with KBr pellets. Elemental analyses 

were performed by Baron Consulting Co., Orange, Conn., and Dr. 
R. E. White. Anhydrous sodium sulfate was used for drying.

Preparation of Monochloroamine.12 Cold (about 0°) aqueous 
solutions of 6 % ammonia and 6% sodium hypochlorite were mixed 
in equal (w/w) percentage composition (NH3:NaOCl = 2.8:1 M). 
The product molarity was determined by titration with 0.10 N  so
dium thiosulfate.

Preparation of Methylmonochloroamine.12 A mixture of 
methylamine hydrochloride (0.06 mol) in 6 % sodium hypochlorite 
(50 ml, 0.05 mol) was stirred for 30 min in an ice bath at ca . 0°. 
The product molarity was determined by titration with 0.10 N  so
dium thiosulfate.

G eneral Procedure for R earrangem ent. A solution of the o- 
hydroxy aldehyde or ketone (0.05 mol) in 100 ml of water contain
ing sodium hydroxide (0.05 mol) was slowly added to a vigorously 
stirred solution of monochloroamine (0.05 mol) at about 0°. After 
the reaction mixture was agitated for 4 hr at about 0°, it was ex
tracted with ether. The extract was dried, and solvent was re
moved under vacuum. In general, a negligible amount of residue 
was found. The cold, aqueous solution was acidified with cold 18% 
hydrochloric acid. At this stage either the precipitate was collected 
or the oil was taken up in ether. Removal of solvent from the dried 
extract afforded rearranged product which gave a light tan solid 
after crystallization, except for the nitro compound (yellow).

The indicated molar ratios were used in the individual cases, 
NH 2Cl:substrate: 0.02:0.0004, 1,8-dihydroxyanthraquinone; 0.02: 
0.01, 24; 0.02:0.01, 25; 0.02:0.01, 23; 0.03:0.02, 2-hydroxy-3-me- 
thoxybenzaldehyde; 0 .0 2 :0 .0 2 , 2,4-dimethoxy-6-hydroxybenzal- 
dehyde; 0.02:0.02, 2-hydroxy-3-nitrobenzaldehyde; 0.03:0.02, tro
polone; 0.04:0.02, l-formyl-2-naphthol; 0.01:0.01, o-benzoylphenol; 
0 .0 1 :0 .0 1 , o-thymolaldehyde; 0 .0 1 :0 .0 1 , carvacrolaldehyde; 0 .0 1 : 
0.01, 2-hydroxy-4,6-dimethylacetophenone; 0.01:0.01, 5-chlorosali- 
cylaldehyde.

Since 1 ,8 -dihydroxyanthraquinone was found to be quite insolu
ble in the caustic medium, the quantity of base was doubled with
out apparent appreciable increase in solubility.

When the reaction was performed at 24° with la , a precipitate 
of 2,2'-dihydroxyacetophenone azine was formed which was fil
tered and crystallized from ethanol: 4.6% yield; mp 197-198° 
(lit.20a mp 198°); ir 1608, 1300, 1249, 1158, 842, and 757 cm- 1 ; nmr 
(CDC13) <5 2.56 (s, 6 H), 6.80-7.70 (m, 8 H), and 9.50 (s, 2 H). Ele
mental analyses (C, H, N) were in accord with the formula 
C 16HJ6N 2O2. Rearranged product was obtained in 54% yield.

C haracterization  o f Products. Compound 2a was crystallized 
from a mixture of ether and petroleum ether (bp 35°): 99% yield; 
mp 203-205° (lit.21'22 mp 203-204°); ir 3360, 3030, 1663, 1595, 
1539, 1450, and 770 cm-1; nmr (DMSO-de) 6 2.1 (s, 3 H), 6.9-7.8  

(m, 4 H), 9.3 (s, 1 H), and 9.7 (s, 1 H). Elemental analyses (C, H, 
N) were in accord with the formula C8H9NO2.

Compound 2b was crystallized from a mixture of ether and pe
troleum ether: 87% yield; mp 127-128° (lit.21 mp 129-129.5°); ir 
3250, 2980, 1640, 1437, 1357, 870, 838, 756, and 744 cm“ 1; nmr 
(DMSO-de) <5 6.60-7.15 (m, 4 H), 8.30 (s, 1 H), 9.50 (broad s, 1 H), 
and 9.83 (s, 1 H).

2-Formamido-6-methoxyphenol was crystallized from a mixture 
of ether and petroleum ether: 75% yield; mp 123-124°; ir 3260, • 
3060, 1665, 1470, 1265, 1222, 1068, 903, and 704 c m '1; nmr 
(DMSO-d6) 6 3.87 (s, 3 H), 6.60-6.90 (d, 2 H), 7.6- 7.9 (m, 1 H), and
9.23 (s, 1 H).

A n a l. Calcd for C 8H9N 0 3: C, 57.48; H, 5.43; N, 8.38. Found: C, 
57.56; H, 5.63; N, 8.34.

1- Formamido-2-naphthol was crystallized from a mixture of 
benzene and cyclohexane: about 24% yield; mp 205-206° (lit.20b 
mp 204°); ir 3205, 1665, 1508, 1318, 980, 772, and 760 cm“ 1; nmr 
(DMSO-de) <5 6.99-8.00 (m, 6  H), 8.33 (s, 1 H), and 9.13-10.10 (q, 2 

H).
2- Formamido-6-nitrophenol was crystallized from a mixture of 

benzene and cyclohexane: 99% yield; mp 168-169°; ir 3210, 1670, 
1605, 1527, 1258, 924, and 748 cm“ 1; nmr (DMSO-d6) 5 6.63-7.01 
(t, 1 H), 7.55-7.80 (d, 1 H), 8.42 (broad s, 2 H), 9.97 (br, 1 H), 10.66 
(br, 1 H).

A n a l. Calcd for C 7H6N2O4: C, 46.16; H, 3.32; N, 15.38. Found: C, 
46.01; H, 3.55; N, 15.36.

2- Benzamidophenol was crystallized from a mixture of ether and 
petroleum ether: 75% yield; mp 166.5-167.5° (lit.23 mp 167°); ir 
3320, 2970, 1642, 1532, 1445, 750, 705, and 6 8 8  cm“ 1; nmr (DMSO- 
de) <1 6.70-8.20 (m, 9 H), 9.56 (s, 1 H), and 9.76 (s, 1 H).

N-M ethyl-2 -acetamidophenol was crystallized from a mixture 
of ether and petroleum ether: 19% yield; mp 152-153°; ir 3210, 
1642, 1490, 836, and 765 cm“ 1; nmr (CDCI3) S 1.90 (s, 3 H), 3.24 (s,
3 H), 6.70-7.30 (m, 4 H), and 8.95-9.40 (broad s, 1 H).

A n a l. Calcd for C g H n I ^ :  C, 65.44; H, 6.71; N, 8.48. Found: C, 
65.04; H, 6.67; N, 8.42.

3- Isopropyl-6-methyl-2-formamidophenol (2 2 ) was crystallized 
from a mixture of benzene and petroleum ether: 75% yield; mp 
144-146°; ir 3250, 1630, 1600, 807, and 741 cm“ 1; nmr (acetone-de) 
h 1.12 (d, 6  H), 2.10 (s, 3 H), 2.95 (s, 1 H), 3.00 (m, 1 H), 6.84 (q, 2 
H), 7.88 (s, 1 H), and 8.32 (s, 1 H).

A n a l. Calcd for C n H i5N 0 2: C, 68.37; H, 7.82; N, 7.25. Found: C, 
68.65; H, 7.98; N, 7.22.

6-Isopropyl-3-methyl-2-formamidophenol (2 1 ) was crystallized 
from a mixture of benzene and petroleum ether: 76% yield; mp



Rearrangement of o-Hydroxy Aldehydes to o-Hydroxy Anilides J. Org. Chem., Vol. 39, No. 21, 1974 3097

135-136°; ir 3180, 1670, 1605, 808, and 715 cm nmr (acetone-c^) 
d 1.20 (d, 6  H), 2.24 (s, 3 H), 3.03 (s, 1 H), 3.38 (m, 1 H), 6.87 (q, 2 
H), 8.20 (s, 1 H), and 8.32 (s, 1 H).

A n a l. Calcd for C n H 15N 0 2: C, 68.37; H, 7.82; N, 7.25. Found: C, 
68.51; H, 7.92; N, 7.24.

4-Chloro-2-formamidophenol was crystallized from a mixture of 
benzene and petroleum ether: 74% yield; mp 156-157.5°; ir 3300, 
3025, 1660, 1475,1205,1110, and 803 cm -'; nmr (DMSO-d6) 6 6.73 
(s, 2 H), 8.03 (s, 1 H), 8.20 (s, 1 H), 9.45 (s, 1 H), and 9.83 (broad, 1 
H).

A n a l. Calcd for C 7H6N 0 2C1: C, 49.00; H, 3.53; N, 8.16; Cl, 20.66. 
Found: C, 48.87; H, 3.70; N, 8.20; Cl, 20.77.

4- (or 6 -) chloro-3,5-dimethoxy-2-formamidophenol, from 4,6- 
dimethoxysalicylaldehyde, was crystallized repeatedly from a mix
ture of benzene and cyclohexane: 17% yield; mp 145-146°; ir 3300, 
3060, 1610, 1465, 1120, and 794 cm“ 1; nmr (DMSO-de) S 3.97 (s, 6 

H), 6.50 (s, 1 H), 8.16 (s, 1 H), 8.50 (br, 1  H), and 9.50 (s, 1 H).
A n a l. Calcd for C 9H 10NO4Cl: C, 46.66; H, 4.35; N, 6.05; Cl, 21.15. 

Found: C, 46.86; H, 4.39; N, 6.17; Cl, 20.77.
Elemental analysis and the nmr spectrum of the reaction prod

uct after only two crystallizations indicated the presence of a mix
ture composed of chlorinated product (35%) and 3,5-dimethoxy-2- 
formamidophenol (65%). An attempt to prepare the unchlorinated 
material by use of excess aldehyde (2 :1  molar ratio of aldehyde: 
NH 2C1) gave a mixture of the two products (tic). The chlorinated 
substance was isolated by repeated crystallization, but the other 
component was not cleanly separated.

4- (or 6 -) chloro-3,5-dimethyl-2-acetamidophenol, obtained 
from 4,6-dimethyl-2-hydroxyacetophenone, was crystallized re
peatedly from a mixture of benzene and petroleum ether: 2 2% 
yield; mp 179-181.5°; ir 3300, 3110, 1610, 1485, 1010, and 850 
cm "1; nmr (DMSO-d6) 5 2.00 (s, 3 H), 2.10 (s, 3 H), 2.23 (s, 3 H), 
6.67 (s, 1 H), 8.97 (s, 1 H), and 9.10 (s, 1 H).

A n a l. Calcd for C 10H i2NO2Cl: C, 56.21; H, 5.62; N, 6.55; Cl, 
16.59. Found: C, 56.07; H, 5.71; N, 6.24; Cl, 16.33.

2-Hydroxy-4,6-dimethylacetophenone. A prior procedure24 

was used. Recrystallization from benzene gave a light yellow solid 
(10%), mp 57-57.5° (lit. 24 mp 57-58.5°).

o-Carvacrolaldehyde. A previous method26 was used. Distilla
tion provided a yellow liquid (12%): bp 81-84° (4 mm); nmr <5 12.20 
(s, 1 H), 11.90 (s, 1 H), 7.09 (d, 1 H), 6.52 (d, 1 H), 3.44 (m, 1  H),
2.10 (s, 3 H), and 1.12 (d, 6  H).

o-Thymolaldehyde. A literature procedure25 was used. Distilla
tion gave a yellow liquid (10%): bp 79-80° (4 mm); nmr & 12.20 (s, 1 
H), 11.80 (s, 1 H), 6.43 (d, 1 H), 3.20 (m, 1 H), 2.39 (s, 3 H), 1.10 (d, 
6  H).

5- ChlorosalicyIaldehyde. Use of a published method25 gave 
light yellow crystals (9% yield), mp 96-98° (lit.25 mp 99°), from 
steam distillation.

N -  Chloroacetophenonimine.12 N ,N -  Dichloro-a-methylben- 
zylamine26 (1.9 g, 0.01 mol) was added dropwise to a solution of po
tassium acetate (2.5 g, 0.025 mol) in absolute ethanol (13 ml) at re
flux. The mixture was then refluxed for 30 min, cooled, and poured 
into water. After extraction with ether, the organic solution was 
dried and then freed of solvent, yielding 1 .2  g (80%) of a yellow liq
uid. Titration with sodium thiosulfate indicated a purity of 83%; ir 
3025, 1705, 1620, 1585, 758, and 692 cm“ 1; nmr (CC14) <5 2.47 (s, 3 
H) and 7.20-7.91 (m, 5 H).

Hydrolysis of 2-Acetamidophenol. 2-Acetamidophenol (5 g) 
was heated in concentrated HC1 (50 ml) at reflux for 2 hr. After the 
mixture was cooled and neutralized with NaHCOs, the crystals 
were collected, 1.1 g, mp 170-173° (lit.20c mp 174°). The ir spec
trum was identical with that of an authentic sample of 2 -amino- 
phenol. The residual solution was evaporated to dryness and ex

tracted with methanol. Removal of solvent from the dried solution 
provided 2 g of crude product.
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Chemistry of a-Halo Aldehydes. V .1 Reaction of a-Halo Aldehydes with 
a-Acetylcyclopentanones in the Presence of Base2
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R e c e iv e d  J a n u a r y  3 1 , 19 7 4

Reaction of chloral with 2-acetylcyclopentanone (3a) in the presence of potassium carbonate in tetrahydrofu- 
ran spontaneously yielded 2 -(2 '-chlorovinyl)cyclobutenecarboxylic acid (Ga). The pathway, which involves the 
transient existence of a-(2,2,2-trichloroethybdene)cyclopentanone (4a) followed by the Favorskii-type rearrange
ment, has been postulated for the formation of 6 a. The reaction of chloral with 1 -morpholino-l-cyclopentene (8a) 
gave 2-(2,,2',2,-trichloro-l'-hydroxyethyl)cyclopentanone (9a). The dehydration of 9a with H2S 0 4 led to the for
mation of 2-(2',2'-dichlorovinyl)-2-cyclopentenone (10a). The treatment of 9a with alkali failed to give 6 a. The 
analogous reaction of dichloroacetaldehyde with a-acetylcyclopentanone gave 5-acetyl-7,7-dichloro-5-heptenoic 
acid (14a). The reaction of acetylcyclohexanone with chloral solely resulted in the recovery of the starting materi
al.

We have been studying the chemical properties of a-(2- 
haloalkylidene) ketones. In the previous paper,3 we re
ported that a-(2,2,2-trichloroethylidene)acetone as well as 
the related compounds (1) underwent Favorskii-type rear
rangement as the vinylogs of a-chloroacetone to give 2,4- 
pentadienoic acid derivatives (2). As an extension of previ-

UA-

RCCl,CH=CHCOCH:, ------- ► RCH= CHCH =  CH CO,H
1 2 

ous works,1’3 we were interested in investigating the Favor
skii-type rearrangement of five- and six-membered ring 
systems such as a-(2-chloroalkylidene)cyclopentanone (4) 
and a-(2-chloroalkylidene)cyclohexanone (5) in order to 
find out a new route leading to ring-contracted cycloal- 
kenecarboxylic acids (6). To obtain halogenated alkyli-

X — C— CHCCLR

"(CH,)/

HOX. C H = C H R
base , V __r /

C ON c h ,)/,

4, n = 3 6

5, n — 4

denecycloalkanones 4 and 5, the procedure, which we3’4 de
vised for the preparation of halogenated a-alkylideneace- 
tone 1 has been adapted. It involves the reaction of a-halo 
aldehyde with a-acetylcycloalkanone (3) in the presence of 
potassium carbonate in tetrahydrofuran (THF). The at
tempted reaction of «-acetylcyclohexanone, however, failed 
to afford the desired product (5). Although we were unsuc
cessful in isolating the intermediate a-alkylidenecyclopen- 
tanone 4 in the reaction of a-acetylcyclopentanone with a- 
chloro aldehydes, there are evidences for the fact that a 
crossed aldol condensation has preceded, since the final 
products it gave were apparently those derived by ring 
cleavage or by ring contraction of the appropriate conden
sation products. This paper will describe and discuss the 
results of these reactions. Structures of the products were 
determined principally based on both spectral data and el
emental analysis. Oxidative degradations of the ethylenic 
products were also carried out in order to substantiate the 
structural assignments.

Results and Discussion

It has already been found that the base-catalyzed con
densation of chloral with acetylacetone affords a-(2,2,2-tri- 
chloroethylidene)acetone in good yield.4 In contrast, the 
reaction of a-acetylcyclopentanone (3a) with chloral gave, 
not the expected a-(2,2,2-trichloroethylidene)cyclopentan- 
one (4a), but 2-(2'-chlorovinyl)cyclobutenecarboxylic acid

(6a) in 32% yield.5 An absorption band at 1565 cm-1 in ir 
spectrum of 6a6 and singlet (4 H) at 2.50 ppm in its nmr 
spectrum strongly indicated the presence of cyclobutene 
ring.7 The mass spectrum of 6a showed clear molecular ions 
at m/e 158 with the characteristic chlorine isotope distribu
tion. The fact that Favorskii-type products have never 
been isolated from the basic treatment of a-chlorocyclo- 
pentanones8 prompted us to examine its generality for 
other a-acylcyclopentanone and chloro aldehydes. Thus,
2-acetyl-4-methylcyclopentanone (3b) with chloral afford
ed 2-(2,-chlorovinyl)-4-methylcyclobutenecarboxylic acid 
(6b) in a 21% yield along with a small amount (yield 4%) of
2-(2',2'-dichlorovmyl)-4-methyl-2-cyclopentenone (10b). 
The treatment of 6a with diazomethane yielded its methyl 
ester (7), which gave the correct analysis.9 Undoubtedly, 
the cyclopentenone 10b is considered to have been derived 
from its precursor 4b, which has for the most part under
gone Favorskii-type rearrangement to give 6b. The struc
ture of 6 has been further confirmed by its oxidative degra
dation to succinic acid. For instance, the treatment of 6b 
with aqueous potassium permanganate gave methylsuccin- 
ic acid10 in a 43% yield. Reflecting the chemical properties 
of straight-chained analogs like l,3 the pathway, which in
volves the transient existence of a-ethylidenecyclopenta- 
none 4 followed by the Favorskii-type rearrangement, can 
be reasonably postulated for the formation of 6 as is shown 
in Scheme I. Compound 4, if generated, however, seems to 
be labile at the condition concerned, since several reactions 
attempted for preparing 4 all turned out to be a failure.

The reaction of chloral with 1-morpholino-l-cyclopent
ene (8a) and its 4-methyl derivative (8b) gave 2-(2',2/,2,-tri- 
chloro-T-hydroxyethyl)cyclopentanone (9a) and its 4- 
methyl derivative (9b) in 61 and 53% yields, respectively. 
The dehydration of 9a and 9b with H2SO4 caused a concur
rent dehydrochlorination to yield 2-(2/,2'-dichlorovinyl)-
2-cyclopentenone (10a) and its 4-methyl derivative (10b) 
(Scheme II). The treatment of 9a with SOC1-2 afforded 2- 
(T,2',2',2'-tetrachloroethyl)cyclopentanone (11) in a 13% 
yield. The dehydrochlorination of compound 11 also failed 
to give 4a. While a-hydroxy ketones such as 5,5,5-trichloro-
4-hydroxy-2-pentanone (chloralacetone) and 5,5-dichloro-
4-hydroxy-2-pentanone yielded the appropriate 2,4-penta- 
dienoic acids behaving as precursors of a-(2,2,2-trichlo- 
roethylidene)acetone and a-(2,2-dichloroethylidene)ace- 
tone,3 cyclic hydroxy ketones 9a and 9b only gave an in
tractable, resinous material when they were subjected to 
the treatment with alkali.

The behavior of dichloroacetaldehyde toward 3a was in a 
striking contrast to that of chloral. The base-catalyzed con-
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densation of 3a with dichloroacetaldehyde in THF gave 5- 
acetyl-7,7-dichloro-5-heptenoic acid (14a, yield 36%) in 
place of Favorskii-type product. When the reaction was 
conducted in water, the yield was increased to 59%. The 
acid 14a was converted to methyl ester 14b with diazo
methane in order to facilitate the purification. The ir band 
at 1740 cm-1 supported the presence of unconjugated ester 
carbonyl. The nmr spectrum of 14b in carbon tetrachloride 
showed the signal due to one olefinic proton and one C-7 
methine proton as a singlet (2 H) at 5 6.70 ppm, and that 
due to ester methyl protons as a singlet at 3.66 ppm. The 
signal due to acetyl methyl protons appeared at 2.37 ppm 
as a singlet. The mass spectrum of 14b showed a strong 
peak at m/e 217 (M+ — Cl). The permanganate oxidation of 
14a yielded glutaric acid in a 54% yield together with a 
small amount of succinic acid.11 The reaction sequence for 
the formation of the acid 14a is shown in Scheme III, in

Schem e III

C12C H C H = C —  (CH,),CO,R ------- <
KMnO,

c c h 3

0
14a, R = H 

b, R = CH3

co2r
(Ch 2)3
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which the condensation product 12 undergoes a retro ace- 
toalkanoate reaction.12

The oxy anions 12 and 15, which are produced primarily 
in these reactions, are considered to be of erythro forms,

i.e., less hindered, hence more stable ones. Whether elec
tronic or steric, the polychloromethyl group of these inter
mediates obviously has an effect in determining the prod
uct. While the oxy anion of 12 is readily arranged eclipsed 
to and can attack the ring carbonyl of cyclopentanone to 
form a possible intermediate 13, the bulkiness of trichloro- 
methyl group as compared to dichloromethyl group does 
not allow the oxy anion of 15 to take the same arrangement 
as 12 at the transition state. It can be arranged eclipsed to 
acetyl carbonyl more readily to form the intermediate 16, 
which is then converted to 6.

It was rather surprising that the reaction of a-acetylcy- 
clohexanone with chloral resulted in the recovery of the 
starting material. It may be attributable in part to the hin
drance caused by axial hydrogens of acetylcyclohexanone, 
which disturbs its approach to chloral. As compared to cy-
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clohexanone ring, the carbanion of acetylcyclopentanone 
appears less masked by ring protons.

Experimental Section

Melting points and boiling points are uncorrected. Elemental 
analyses were carried out by Mr. Eiichiro Amano of our laboratory. 
The analytical determinations by glpc were performed on a Hita
chi Model K-53 gas chromatograph (3 mm o.d. X  1 m, 10% Apiezon 
grease L on Chromosorb W column); carrier gas, N 2 (0.5 kg/cm2, 40 
ml/min); detector, FID. The preparative glpc was performed on a 
Yanagimoto Model GCG-550T gas chromatograph (3 mm o.d. X
2.25 m, 10% Apiezon grease L on Chromosorb W column; detector, 
TCD). Analytical thin layer chromatography (tic) was done on sili
ca gel G F254 (E. Merck AG, Darmstadt) with layers of 0.2-mm 
thickness. Preparative tic was done on silica gel P F 254 (E. Merck 
AG, Darmstadt) with plates of 20 X  20 cm2 and 1.0-mm thickness. 
Mass spectra were run on a Hitachi Model RMS-4 mass spectrom
eter and nmr spectra were obtained on a Hitachi Model R-24 spec
trometer (60 MHz). Commercial grade THF, which was purified 
by distillation after being treated with Na2S 0 4 overnight, was 
used.

«-Acetylcyclopentanone (3a) was prepared by the method de
scribed in the literature, 13 using 1 -morpholino-l-cyclopentene (8a) 
and acetyl chloride, bp 80-85° (12 mm) [lit. 14 bp 75° (8  mm)]. «- 
Acetyl-4-methylcyclopentanone (3b) was prepared in a way simi
lar to 3a: yield 64%; bp 61.5° (3 mm); ir (neat) 1738 (C = 0 ), 1705 
(C = 0 ), 1650, and 1610 cm-1; nmr (CDCI3) 6 1 . 1 1  (d, 3, CH3), 1.96 
(s, 3, COCH3), 2.00-3.10 (m, 5, C3, C4, and C 5H), and 3.20-3.80 
ppm (m, 1, C2H).

2-(2 '-C hlorovinyl)cyclobutenecarboxylic A cid (6 a). To a
mixed solution of 1.3 g (0.01 mol) of 3a and 1.5 g (0.01 mol) of chlo
ral in 10 ml of dry TH F was added 1.8 g (0.013 mol) of anhydrous 
potassium carbonate in several portions. After being stirred at 
room temperature for 1 hr and then at 32-34° for 5 hr, the mixture 
was poured into 30 ml of water and acidified with 10% hydrochlo
ric acid. The organic layer was extracted with ether and the ether
eal extract was dried over M gS04. After removal of the solvent, the 
residue was distilled to give 0.5 g of 6 a: yield 32%; bp 116-120° (5 
mm); mp 118-119° (benzene); ir (KBr) 2300-3400 (COOH), 1665 
(C = 0 ), 1630 (C = C ), and 1565 cm- 1  (cyclobutene C = C ); nmr 
(CDCI3) <5 2.50 (s, 4, cyclobutene ring protons), AB quartet cen
tered at 6.62 and 7.03 (2, J  =  14 Hz, -CH =CH C1), 6.50-7.10 ppm 
(broad s, 1, COOH); mass spectrum (70 eV) m/e (rel intensity) 158 
(18, M +, 1 Cl), 123 (100, M+ -  Cl).

Anal. Calcd for C 7H7CIO2: C, 53.02; H, 4.45. Found: C, 52.84; H, 
4.26.

M ethyl 2-(2 '-C hlorovinyl)cyclobutenecarboxylate (7). To a
solution of 0.35 g (0.0022 mol) of 6a in 3 ml of dry ether was added 
an ethereal solution of diazomethane (ca. 0.7 mol/1.) in several por
tions at —30° until evolution of nitrogen ceased. After the mixture 
was allowed to stand for 30 min, distillable material (unreacted di
azomethane and the solvent) was removed in vacuo. Tic analysis15 

of the residue (0.37 g) showed two spots at R f  values of 0.42 and 
0.26, in a ratio of 10:7. The compound with the R f  value of 0.42 was 
collected by preparative tic and identified as 7: yield 57%; ir (neat) 
1690 (C = 0 ), 1610 (C = C ), and 1565 cm- 1  (cyclobutene C = C ); 
nmr (CDCI3) <5 2.47 (broad s, 4, cyclobutene ring protons), 3.97 (s, 
3, COOCH3), AB quartet centered at 6.54 and 6.96 ppm (2, 
-CH =CH C1); mass spectrum (70 eV) m/e (rel intensity) 172 (36, 
M +), 137 (85, M + -  Cl), 95 (100), 87 (42), 65 (52), 52 (34), 43 (6 6 ).

Anal. Calcd for C 8H9C102: C, 55.67; H, 5.25. Found: C, 55.55; H, 
5.25.

The compound with the R f  value of 0.26 was similarly collected 
and analyzed: mp 83.5-84.5°; ir (KBr) 1780, 1705, 1632, and 1574 
cm "1; nmr (CDCI3) <5 2.28 (s), 2.40-2.88 (m), and 6.79 ppm (s); 
mass spectrum (70 eV) m/e (rel intensity) 20 0  (2.4, 1 Cl), 158 (19, 1 

Cl), 123 (100), 87 (6 ), 51 (13), 43 (17).
Anal. Found: C, 53.92; H, 3.97. 16

2-(2'-C hlorovinyl)-4-m ethylcyclobutenecarboxylic A cid 
(6 b). To a mixed solution of 4.0 g (0.028 mol) of 3b and 5.3 g (0.036 
mol) of chloral in 30 ml of dry THF was added 8.3 g (0.06 mol) of 
anhydrous potassium carbonate in several portions. After being 
stirred at room temperature for 1 hr and then at 30-35° for 5 hr, 
the mixture was poured into 100 ml of water. The organic layer 
(neutral portion) was extracted with ether and then the ethereal 
extract was washed with water and dried over M gS04. After re
moval of the solvent, the residue was distilled to give 1 .2  g of oil, 
bp 81-115° (0.1 mm). Tic analysis17 of this oil showed two spots at 
R f  values of 0.34 and 0.60, in a ratio of 4:1. The compound with the

R f  value of 0.34 collected by preparative tic was identified as 6 b: 
yield18 21%; mp 59.5-60.5°; ir (KBr) 2000-3450 (COOH), 1675 
(C = 0 ), 1645 (C = C ), and 1575 cm" 1 (cyclobutene G = C ); nmr 
(CDCI3) 5 1.19 (d, 3, J  = 7.5 Hz, CH 3), 1.98-3.02 (m, 3, cyclobutene 
ring protons), AB quartet centered at 6.57 and 7.00 ppm (2, J  =  14 
Hz, -CH =CH C1), 6.50-7.40 (broad s, 1, COOH); mass spectrum 
(70 eV) m/e (rel intensity) 172 (82, M+), 138 (63), 137 (100, M + -  
C l), 109 (64), 1 0 2  (52), 81 (54), 79 (54), 71 (50), 53 (59).

Anal. Calcd for C8H9C102: C, 55.67; H, 5.25. Found: C, 55.68; H, 
5.32.

The compound with the R f  value of 0.60 was similarly collected 
and identified as 1 0 b: yield 4%; ir (neat) 1710 (C = 0 ), 1620 (C = C ), 
and 1600 cm" 1 (C =C); nmr (CC14) 5 1.28 (d, 3, J  = 7.5 Hz, CH 3), 
1.87 (q, l ,  J  = 18 and 2.5 Hz, C5 H), 3.0 (m, 1 , C4 H), 6.55 (s, 1, -  
C H = C C 12), and 7.93 ppm (d, 1, J  = 3 Hz, C 3 H); mass spectrum 

’ (70 eV) m/e (rel intensity) 190 (20, M +, 2 Cl), 175 (10, M + — CH3), 
155 (100, M + -  Cl), 147 (14), 127 (33), 91 (26), 77 (20).

Anal. Calcd for C8H8C120: C, 50.29; H, 4.22. Found: C, 50.07; H, 
4.23.

Oxidation of 6 b w ith  Potassium Perm anganate. To a solu
tion of 0.494 g (0.0031 mol) of potassium permanganate in 6 .6  ml of 
water was added in one portion a solution of 0.06 g (0.35 mmol) of 
6 b in aqueous potassium hydroxide (0.057 g of KOH, and 1.4 ml of 
water) at 35°. After being stirred for 30 min at 75°, the mixture 
was acidified with dilute sulfuric acid (0.35 ml of concentrated sul
furic acid and 1.07 ml of water) and then heated on a steam bath 
for 15 min to coagulate the manganese dioxide, which was filtered 
while hot. The filtrate was evaporated to a volume of about 2 ml. 
The ethereal extract of the organic layer was washed with brine 
and dried over M gS04. After removal of the solvent the residue 
gave 0.040 g of a solid, which was recrystallized from n-hexane, 
giving 0.020 g (43%) of methylsuccinic acid, mp 107-109° (n-hex- 
ane) (lit. 10 mp 110-111°). Ir and nmr spectra were identical with 
those of an authentic sample. 10

O xidation o f 6a w ith potassium perm anganate was carried 
out in the same way as that of 6 b, and the white crystals obtained 
was identified as succinic acid by comparison of ir and nmr spectra 
with those of an authentic sample.

2-(2 ',2',2 '-Trichloro-l'-hydroxyethyl)cyclopentanone (9a). 
To a solution of 10.7 g (0.07 mol) of 8 a in 35 ml of dry chloroform 
was added a solution of 10.6 g (0.072 mol) of chloral in 15 ml of dry 
chloroform at room temperature over a 1-hr interval. The mixture 
was stirred for 1 hr and then 35 ml of 20% HC1 was added. After 
the mixture was refluxed for 5 hr, it was cooled and the organic 
layer was separated. The aqueous layer was adjusted to a pH of 
about 6  with a 25% aqueous NaOH and then the organic layer was 
extracted with chloroform. The combined extract was washed with 
saturated sodium chloride and dried over M gS04. Removal of the 
solvent left a crude crystalline product which gave 9.8 g (61%) of 
9a: mp 126-127° (benzene); ir (Nujol) 3400 (OH), 1720 (C = 0 ), 
800, and 820 cm "1; nmr (CDC13) <5 1.90-2.50 (m, 6 , C 3, C4, C 5H), 
2.75 (m, 1 , C2 H), 3.47 (s, 1 , OH), and 4.70 ppm (broad d, 1 , J  = 1.6 
Hz, >CHOH).

Anal. Calcd for C 7H9C130 2: C, 36.32; H, 3.92. Found: C, 36.11; H, 
3.58.

2-(2 ',2 ',2 '-Trichloro-l'-hydroxyethyl)-4-m ethylcyclopenta- 
none (9b) was prepared from 8 b (15.8 g, 0.095 mol) and chloral 
(14.7 g, 0.1 mol) in the same way as in the preparation of 9a. The 
crude product was distilled to give 12.1 g (53%) of 9b: bp 120-122° 
(0.2 mm); ir (neat) 3480 (OH), 1742 (C = 0 ), 1160, 1120, 820, and 
740 cm "1; nmr (CDCI3) S 1.08 and 1.26 (2 d , 19 3, J  = 6.5 Hz, CH3), 
1.50-2.70 (m, 5, C3, C4, C5 H), 3.00 (m, 1 , C 2 H), 3.47 (broad s, 1 , 
OH), 4.71 ppm [broad s, 1, >CH(OH)[; mass spectrum (70 eV) m/e 
(rel intensity) 244 (0.4, M+, 3 Cl), 209 (2 1 , M + -  2 Cl), 127 (83), 
109 (100), 8 i  (85).

Anal. Calcd for C8H nCl30 2: C, 39.13; H, 4.52. Found: C, 39.10;
H, 4.40.

After a few days, this fraction gave white crystals:20 mp 98.5-99° 
(from n-hexane); ir (KBr) 3380 (OH), 1726 (C = 0 ), 1160, 1120, 
823, 795, and 734 cm "1; nmr (CDC13) & 1.08 (d, 3 , J  =  6.5 Hz, CH 3),
I. 60-2.70 (m, 5, C 3, C4, C5 H), 2.70-3.26 (m, 1, C2 H), 3.63 (d, 1, J  
-  5.5 Hz, OH), and 4.71 ppm (q, 1, J  =  5.5 and 1.5 Hz, >CHOH).

Anal. Calcd for C8H n C l30 2: C, 39.13; H, 4.52. Found: C, 39.42; 
H, 4.21.

2-(2',2'-Dichlorovm yl)-2-cyclopentenone (10a). To 70 ml of
concentrated H 2S 0 4 was added 7.0 g (0.03 mol) of 9a at 0-5° with 
stirring. After being stirred for 20 hr, the mixture was poured into 
200 ml of ice water. The organic layer was extracted with ether, 
washed with water, and dried over M gS04. Removal of the solvent 
left 3.9 g of a light brown oil which, on distillation, gave 1.2 g (23%)



of 10a: bp 75-82° (3 mm); ir (neat) 1710 (C = 0 ), 1620 (C = C ), 808, 
and 790 cm-1; nmr (CC14) 5 2.25-2.45 (m, 2 , Cs H), 2.60-2.84 (m, 2, 
C4 H), 6.60 (s, 1, CCl2= C H -), and 8.09 ppm (m, 1, C2 H); mass 
spectrum (70 eV) m /e  (rel intensity) 176 (65, M +, 2 Cl), 141 (100, 
M + -  Cl), 120 (51), 113 (58), 99 (43), 85 (39), 77 (54).

A n a l. Calcd for C 7H6CI2O: C, 47.49; H, 3.42. Found: C, 47.24; H, 
3.59.

Synthesis of 10b from 9b. Hydroxy ketone 9b was treated with 
concentrated H 2S 0 4 in a way similar to the case of 10a. It gave a 
43% yield of 10b. Ir and nmr spectra of this sample were identical 
with those of 10b obtained in the preparation of 6b.

5-Acetyl-7,7-dichloro-5-heptenoic Acid (14a). Procedure A. 
To a mixed solution of 1.3 g (0.01 mol) of 3a and 1.7 g (0.015 mol) 
of freshly distilled dichloroacetaldehyde in 7 ml of dry THF was 
added 4.1 g (0.03 mol) of anhydrous potassium carbonate in sever
al portions. After the mixture was stirred for 3 hr at room tempera
ture, it was poured into 30 ml of water, washed with ether to re
move neutral material, and then acidified with 10% HC1. The or
ganic layer was extracted with ether several times, and the com
bined ethereal extract was dried over M gS04. Removal of the sol
vent left 1.44 g (36%21) of a light brown oil (14a of ca . 60% purity 
by thin layer chromatography22). A pure sample of 14a was collect
ed by preparative tic for microanalysis and spectral determina
tions: R f  0.30; ir (neat) 2300-3700 (COOH), 1710 (C = 0 ), 1680 
(C = 0 ), and 1635 cm- 1  (C =C); nmr (CDCI3) 6 1.48-2.00 (m, 2, 
-C H 2CH 2CH 2-), 2.10-2.63 (m, 4, -C H 2CH 2CH 2-), 2.38 (s, 3, 
COCH3), 6.58 and 6.98 (AB quartet, 2 , J  = 10 Hz, =CH CH C12), 
and 9.56 ppm (broad s, 1 , COOH); mass spectrum (70 eV) m /e  (rel 
intensity) 2 0 2  (98, M+ -  HC1, 1 Cl), 185 (39, 1 Cl), 168 (84), 167 
(54), 142 (100), 129 (96), 108 (85), 95 (98), 84 (6 6 ), 43 (72).

A n a l. Calcd for C9H i2C 120 3 : C, 45.20; H, 5.06. Found: C, 44.99; 
H, 5.42.

Procedure B. Water was used as solvent. The procedure was 
analogous to that described in the above experiment. Removal of 
the solvent from the ethereal extract gave nearly pure 14a, yield 
59%. Spectral data (ir, nmr) were identical with those described 
above.

Methyl 5-Acetyl-7,7-dichloro-5-heptenoate (14b). Acid 14a 
(0.41 g, 0.0017 mol) was esterified with diazomethane in the usual 
method. The crude product (0.37 g) was microdistilled to give 0.19 
g of a clean oil which, on tic analysis, 15 showed two spots at R [  
values of 0.4123 and 0.51. The compound with the R [  value of 0.51 
was collected by preparative tic and identified as I4b: yield 28%; ir 
(neat) 1740 (C = 0 ), 1680 (0 = 0 ), and 1640 cm ' 1 (C = C ); nmr 
(CC14) 5 1.40-1.90 (m, 2 , -C H 2CH 2CH2-), 2.37 (s, 3, COCH 3),
2.10-2.60 (m, 4, -C H 2CH 2CH2-), 3.66 (s, 3, COOCH3), and 6.70 
ppm (s, 2, = C H CH C12); mass spectrum (70 eV) m /e  (rel intensity) 
217 (52, M+ -  Cl, 1 Cl), 185 (100, M+ -  Cl -  CH 3OH, 1 Cl), 181 
(60, M+ -  Cl -  HC1), 1 2 1  (80), 95 (60), 79 (82), 43 (84).

A n a l. Calcd for C ioH i4C 120 3 : C, 47.45; H, 5.57. Found: C, 47.08; 
H, 5.53.

Oxidation of 14a with Potassium Permanganate. To a solu
tion of 0.45 g (0.003 mol) of potassium permanganate in 6.1 ml of 
water was added in one portion a solution of 0.14 g (0.59 mmol) of 
14a in aqueous potassium hydroxide (0.053 g of KOH and 1.3 ml of 
water) at 35°. The mixture was stirred at 75° for 30 min, and then 
a solution of 0.32 ml of concentrated sulfuric acid in 0.98 ml of 
water was added. The mixture was heated on a steam bath for 15 
min to coagulate the manganese dioxide, which was filtered while 
hot. The filtrate was evaporated to about 2 ml. The ethereal ex
tract of the organic layer was washed with brine and dried over 
M gS04. After removal of the solvent the residue gave 0.058 g of 
white crystals. Tic analysis24 of this crystals showed two spots at R f  
values of 0.21 and 0.31 in a ratio of 7:12. The compound with the R f  
value of 0 .2 1  was collected by preparative tic and identified as suc
cinic acid by comparison of its ir and nmr spectra with those of an 
authentic sample: mp 184-186° (lit.25 mp 185°).

The compound with the R f  value of 0.31 was also collected by 
preparative tic and identified as glutaric acid by comparison of its 
ir and nmr spectra with those of an authentic sample: yield 54%; 
mp 88-90° (from ether) (lit.26 mp 89.5-91.5°).

Reaction of 2-Acetylcyclohexanone (15) with Chloral. To a 
mixed solution of 14.2 g (0.1 mol) of 15 and 14.7 g (0.1 mol) of chlo
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ral in 50 ml of dry TH F was added 18.0 g (0.13 mol) of anhydrous 
potassium carbonate in several portions. The mixture was stirred 
for 1 2  hr at room temperature and then poured into 2 0 0  ml of 
water. After the mixture was acidified with 10% HC1, the organic 
layer was extracted with ether several times. The combined ether
eal extract was washed with water and dried over M gS04. After re
moval of the solvent, the residue was distilled to give 5.2 g of 15, bp 
62-67° (2 mm) [lit.27 bp 97-98° (11 mm)], and 1.3 g of a fraction of 
bp 80-109° (2 mm). Tic analysis15 of the last fraction showed sev
eral spots and each of the components could not be separated. The 
same reaction was carried out in the similar way as described 
above, using dimethylsulfoxide as solvent. However, only the start
ing material 15 was recovered.

Treatment of 9a with Sodium Methoxide. To a suspension of 
2.1 g (0.039 mol) of sodium methoxide in 20 ml of dry ether was 
added a solution of 1.5 g (0.0065 mol) of 9a in 12 ml of ether at 0° 
with stirring. The color of the solution turned to brown during the 
course of addition, and the temperature rose to 13°. After the com
plete addition, the mixture was stirred for 30 min at room temper
ature and then acidified with 10% HC1. The organic layer was ex
tracted with ether, washed with water, and dried over M gS04. 
After removal of the solvent, there was obtained the residue (0.21 
g) which, on distillation, gave a solid. Its ir spectrum was identical 
with that of the starting material.

Registry No.—3a, 1670-46-8; 3b, 52034-97-6; 6a, 52034-99-8; 
6b, 52035-00-4; 7, 52035-01-5; 8a, 936-52-7; 8b, 52124-24-0; 9a, 
52124-25-1; 9b, 52124-26-2; 10a, 52124-27-3; 10b, 52124-28-4; 14a, 
52124-29-5; 14b, 52124-30-8; 15,874-23-7.
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Alkylation of the a-carbon atom of isobutyraldéhyde (3) was best accomplished by reaction of an alkyl halide 
with the corresponding lithium salt 8a of the imine 7 rather than with the lithium enolate 6 . Reaction of the re
sulting alkylated aldehydes 16 with the ketone lithium enolate 2 0  afforded good yields of the aldols 2 1  which un
derwent acid-catalyzed dehydration to form the enones 22. The enone 22d was cyclized to the cyclopentane deriv
atives 23-25 under very mild conditions.

Our interest in the possible utilization of anion radicals 2 
derived from unsaturated carbonyl compounds 1 as syn
thetic intermediates in carbon-carbon bond forming reac
tions led us to explore synthetic routes to enones of the 
type 1. To examine possible synthetic applications involv
ing intramolecular cyclization, we wanted enones 1 in 
which the y  substituent, Ri, contained unsaturation. Since

c h 3
1

CH3

1
— C — C H = C H —  

I
■ c — r 2 

II
0

R — C— 1

1
c h 3

tnf 
—

0

1 2

earlier studies2 had indicated that relatively stable anion 
radicals 2 could be obtained from enones 1 when no hydro
gen atoms were present at either the 7 position (i.e., Rj ?£ 
H) or the a' position [e.g., R2 = C(CH3)3], we directed our 
attention to the synthesis of a series of enones 1 in which 
Ri was an alkenyl group and R2 was a tert- butyl group. 
This paper describes a satisfactory synthetic route to these 
substances.

Our synthetic plan required the alkylation of isobutyral
déhyde (3) to form the aldehydes 16 (Scheme I) containing 
the desired alkenyl substituent R. Although isobutyral
déhyde (3) has been successfully alkylated in moderate 
yields (15-75%) by treatment with a mixture of an alkyl ha-

RBr

DME,
25°

(CH;,).,CHCH0

3

t-BuNH,, 
—H.O

Scheme I

(CH3)2C = CH O A c +  (CH3)2CHCH(OAc)2 

4 5

JC„.L,

(CH;,),C= CH— 0~Li+

6

(CH3)2CH CH = N — Bu-¿ 

7

/-Pr.NLi 

DME. 
-1 0  to 0°

c h ,==c h c h 2c h ,x

9, X =OH
10, X = Br

(CH3)2C = C H — N _— Bu-¿ M+ 

8 a, M+ = Li 
b  M+ = BrMg

(CH3)2CCH2CH2CH2X

X
11, X =OH

12, X = Br

— O'CH/i. (CH3)2C = C H C H 2CH2Br H2C = C (C H 3)CH2CH2CH2Br

OH 14a 14 b

13

RC(CH3)2C H = N — Bu-f M . H0Al'
25"

15a, R = PhCH2 

b, R = CH2=C H C H ,

Ç, r  = c h 2= c h c h 2c h 2

d, R = (CH3)2C = C H C H 2CH2

RC(CH3)2CHO

16a, R = PhCH2

b, R = C H ,= C H C H 2

c, R = CH,== CHCR.CH,
d, R = (CH3)2C = C H C H 2CH2

e, R = re-CR,

PhCH2C(CH3)2CH2OH

17

CH:,C H = C H  CH2C(CH3)2CH = X

18a, X = i-BuN 
b ,X = 0

CH2= C C H 2CH2CH2C(CH3).,CH=X

19a, X = i-BuN 
b,X = 0
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lide, aqueous 50% NaOH, and a tetrabutylammonium salt, 
this process was satisfactory only with very reactive alkyl 
halides such as methyl iodide or allylic or benzylic halides.3 
With less reactive alkyl halides, competing aldol condensa
tion predominated.3 We expected that competing aldol 
condensation might be minimized or eliminated if the alde
hyde 3 was converted completely to its enolate anion 6 in 
an aprotic solvent before alkylation. Therefore, the lithium 
enolate 6 was generated in 1,2-dimethoxyethane (DME) so
lution either by adding the enol acetate 4 to 2 equiv of 
MeLi or by adding the aldehyde 3 to a cold (0-2°) solution 
of i- Pr2NLi.4 In each case, when the solution of the enolate 
6 was treated with benzyl bromide, the desired alkylated 
product 16a was accompanied by significant amounts of 
the alcohol 17 as well as higher boiling material. Alcohol 
and ester by-products were also produced along with the 
aldehyde 16b when the lithium enolate 6 (from 4) was 
treated with allyl bromide. Thus, we conclude that al
though the lithium enolates of aldehydes (e.g., 6) can be 
prepared in suitable aprotic media, the alkylation of these 
enolates is complicated by reaction of the alkylated alde
hyde products 16 with the various bases (e.g., 6, t- 
BuO~Li+, i- Pr2N“ Li+) present in the reaction mixture to 
give the products of a Cannizzaro or a Tishchenko reac
tion.5

RC(CH3)2CHO RC(CH3)2CH2OH +

16

RC(CH3)2C02~ -I- RC(CH3)2CH2OCOC(CH3)2R

We, therefore, turned our attention to an alternative 
synthesis for the aldehydes 16 in which the imine 7 was

converted to its anion 8 which would serve as the nucleo
phile in alkylation reactions. This alkylation procedure, as 
originally introduced by Stork and Dowd,6 involved reac
tion of imines, such as 7, with EtMgBr to form bromomag- 
nesium salts (e.g., 8b). Subsequently, many workers have 
generated anions analogous to 8 employing various lithium 
salts as bases to form lithium salts such as 8a.7 In the pres
ent study we have compared the ease of converting the 
imine 7 to salt 8b with EtMgBr in THF to the ease of con
verting it to the salt 8a by reaction with i- Pr2NLi in DME. 
The latter procedure, which forms the lithium salt 8a, was 
clearly preferable. In the course of examining the formation 
of solutions of salt 8a we also observed that this lithium 
salt 8a attacks the solvent, DME, at temperatures above 
30° to form the starting imine 7, CH:iOLi, and CH2=  
CHOCH3. This same type of cleavage of DME with i- 
Pr2NLi has been observed in the temperature range 0- 
10°.4 Because of this solvent cleavage, the generation and 
use of the lithium salt 8a was best accomplished by treat
ment of a cold (—10 to 0°) solution of i-Pr2NLi in DME 
with the imine 7 followed by warming the solution to 10- 
20°. During the subsequent addition of alkyl halide the 
temperature of the exothermic reaction mixture was main
tained in the range 20-30° to achieve reasonably rapid al
kylation while avoiding extensive solvent cleavage. When 
the reaction mixture was hydrolyzed by addition of H20, 
the corresponding imines 15 could easily be isolated from 
the aqueous alkaline solutions. The imines 15 were best hy
drolyzed to form the aldehydes 16 by stirring with a mix
ture of hexane and excess aqueous 1 M  HOAc at 25°. The 
conditions, which give an aqueous medium of pH ~4 corre
sponding to the maximum rate of imine hydrolysis,8 are to

f-Bu— COCH,
(i-Pr),NLi

EtO

c r
I

i-Bu— C = C H 2 

20

Li

22d

CH2CH2C H = C (C H 3)2 

(CH3)2C — C H C H = C — Bu-i 

OH

26

Schem e II

RC(CH,<),CHO 

Et.,0, -4 0  to -5 0 °

H,|0+

OH

RC(CH3),CHCH2CO— Bu-i

2 1a, R = PhCH,
b, R =CH 2= C H C H 2

c, r  = c h 2= c h c h 2c h 2

d, R = (CH3)2C = C H C H 2CH2

(CH3)2C

,CH 2CO— Bu-i 

-CH,

CH,

27

TsOH

PhH

c h 2c o

RC(CH3)2 h

H \ l O — Bu-i

22a, R = PhCH,
b, R = C H ,= C H C H ,

c, R = C H 2= C H C H 2CH,
d, R = (CH3),C=CHCH ,CH ,

(CH3)2CH

,CH,CO— Bu-i 

-CH,

CH,

25

CH,==C(CH3)CH2CH,CH2C(CH3)2C H = C H C O — Bu-i 

28
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Reduction of Phenyl Trifluoromethyl Ketone with Halomagnesium 
Alkoxides. An Almost Irreversible Meerwein-Ponndorf-Verley-Type

System
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Phenyl trifluoromethyl ketone is reduced rapidly by both primary and secondary bromomagnesium alkoxides 
to phenyltrifluoromethylcarbinol (as the bromomagnesium salt). Using deuterium-labled alkoxides and chiral al
koxides it was shown that whereas Meerwein-Ponndorf-Verley-type reduction of phenyl trifluoromethyl ketone 
is facile, the alkoxide produced has little tendency to transfer its hydride to acceptor carbonyl compounds present 
in the reaction mixture. The electron-withdrawing inductive effect of the trifluoromethyl group is believed to be 
responsible for this behavior.

Meerwein-Ponndorf-Verley-type reductions (MPV re
ductions) are equilibrium reactions1’2 which show a strong 
preference for the formation of primary alcohólate and ke
tone in equilibria involving primary and secondary alcoho- 
lates3 (eq 1). A few examples of reductions of ketones by

O—  metal

RCHO +  R '— CH— R"

O
II

RCH,0 — metal +  R' —  C —  R" (1)

primary alcoholates have been reported4 but in these cases 
the reaction was forced to completion by distillation of the 
aldehyde as it was formed.

In agreement with the above view of the MPV-type reac
tion we found that treatment of isopropyl phenyl ketone 
with 2-phenyl-l-butoxymagnesium bromide in ether-ben
zene at room temperature for 3 days gave no detectable 
(glpc) amount of isopropylphenylcarbinol after hydrolysis 
(eq 2). In contrast, we found that phenyl trifluoromethyl

O
ll 3 days

Ph—  C— Prr + CH.,CH,CHCH2OMgBr .
"I
Ph

OMgBr
I

Ph— CH— P ri + CH:1CH,CHCHO (2) 

Ph
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ketone was essentially completely reduced in 16 hr by 2- 
phenylbutoxymagnesium bromide in ether-benzene at 
room temperature (eq 3). A similar reaction between 2-

0

Ph— C — CF, +  CH3CH,CHCH,OMgBr 'b h">

I
Ph

OMgBr

Ph— CH —  CF3 +  CH:,CH>CHCHO (3)

100%
methyl-1-butoxymagnesium bromide and phenyl trifluoro- 
methyl ketone was 50% complete in only 1 hr (eq 4). Also

0
II

Ph— C — CF, +  CH,CH»CHCH,OMgBr ---- -

” 1
CH:,

OMgBr

I
Ph — CH— CF, +  CH:)CH2CHCHO (4)

50% CHS

striking was the observation that the bromomagnesium salt 
of methylphenylcarbinol completely reduced phenyl triflu- 
oromethyl ketone in only 1 hr under the same conditions 
(eq 5).

O OMgBr

II I 1 hr
Ph— C — CF, +  CH„— CH— Ph ----- ►

OMgBr O

I II
Ph— CH — CF3 +  C H — C— Ph (5)

100%
A more esoteric test of the reversibility of the magnesium 

alkoxide reduction of phenyl trifluoromethyl ketone was 
also carried out. The bromomagnesium salt of phenyltriflu- 
oromethylcarbinol labeled with deuterium at the carbinol 
carbon was allowed to stand in ether-benzene solution with
2-methylbutanal for 36 hr (eq 6). The solution was then hy- 

OMgBr Me

I I
Ph— CD— CF:i +  E t— CH— CHO __

k r

O Me

Ph —  C — CF, +  Et — CH— CHOMgBr (6 )

D
drolyzed and the phenyltrifluoromethylcarbinol isolated 
was found to contain 95% of the original deuterium. In ad
dition to the driving force toward primary alcohólate the
2-methylbutanal substrate provides a partial “ trap” for any 
deuterium that is transferred from the phenyltrifluo
romethylcarbinol salt by virtue of the isotope effect which 
would favor the loss of hydrogen rather than deuterium 
from the primary alcohólate in the reverse reaction. There
fore, the very small loss of deuterium implies that there is 
little tendency for the phenyltrifluorocarbinol salt to trans
fer its carbinol hydrogen to an aldehyde. Yet, as eq 4 indi
cates, unlabeled 2-methylbutoxymagnesium bromide re
duces phenyl trifluoromethyl ketone rapidly. Thus it is 
clear that kT »  kf, the reduction of phenyl trifluoromethyl 
ketone by primary or secondary bromomagnesium alkox- 
ides is negligibly reversible at room temperature in ether-

benzene solvent for reaction times sufficient to allow ap
preciable reduction of the ketone. In other words, for all 
practical purposes such reductions come close to being 
kinetically controlled.

Additional evidence was provided by experiments with 
salts of optically active alcohols as reducing agents. For ex
ample, when phenyl trifluoromethyl ketone was reduced 
with (S)-2-methyl-l-butoxymagnesium bromide (98% opti
cal purity) the phenyltrifluoromethylcarbinol obtained on 
hydrolysis was enriched in the R enantiomer to the extent 
of 4.9% for a reaction time of 1 hr (eq 7). When the same re-

Et

H

C -«CH,OMgBr

I
Me

1. PhCOCFg

2 . hydrolysis

H H

Ph ►  C —« OH +  E t * ~ C —  CHO (7)

I I
CF;, Me

predominant
enantiomer

duction was allowed to proceed for 26 hr a 5.3% e.e. of the R 
enantiomer was obtained.5 In other words, there was, with
in experimental error, no change in per cent enantiomeric 
excess with an extended reaction time. This is in contrast 
to most asymmetric MPV-type reductions, which tend 
toward racemized product as the reaction time is length
ened owing to the equilibrium nature of the reaction (ther
modynamic control).6

Furthermore, in a study of the reaction of (S)-2-phenyl-
1-butoxymagnesium bromide (90% e.e.) with phenyltrifluo- 
romethyl ketone (eq 8), it was found that the aldehyde by-

H
1. PhCOCF., (1 hr)

P h » - C  —  CH.OMgBr ----------------- *-
| 2. hydrolysis

Et
90% e.e.

H

PhCH(OH)CF„ +  PhCHCHO +  P h * ~ C  —  CR.OH (8 ) 

Et Et
chiral racemic 8 6 % e.e.

(9.7% e.e.«)

product, chiral 2-phenylbutanal, racemized under the reac
tion conditions. However, in an incomplete reaction (ether- 
benzene solvent, 1 hr reaction time) unreacted alcohólate 
was hydrolyzed to 86% e.e. (S)-2-phenyl-l-butanol. The ra
cemized aldehyde by-product could, in principle, revert to 
racemic 2-phenyl-1-butoxymagnesium bromide by a 
MPV-type reaction with the bromomagnesium salt of 
phenyltrifluoromethylcarbinol or by the same type of reac
tion with unreacted, chiral 2-phenyl-l-butoxymagnesium 
bromide. Apparently under the reaction conditions used it 
undergoes neither of these reactions to a significant extent. 
Substantial equilibration by either pathway would be re
flected in a significantly lower per cent enantiomeric excess 
for the recovered 2-phenyl-1-butanol from hydrolysis of the
2-phenyl-l-butoxymagnesium bromide. In fact, the enan
tiomeric purity of recovered 2-phenyl-l-butanol was only 
4% lower than that of the starting material.

The results described in this paper are explicable in 
terms of the mechanism of MPV-type equilibrations and 
the electronic influence of the trifluoromethyl group. Dis-
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parate chemical behavior for carbonyl groups adjacent to 
perfluoroalkyl groups is a recognized phenomenon.7

Compared to the reduction of sterically similar phenyl 
alkyl ketones the reduction of phenyl trifluoromethyl ke
tone with a halomagnesium alkoxide should take place 
more readily, because the strongly electron-withdrawing 
trifluoromethyl group will make the carbonyl carbon rela
tively more positive. This will facilitate a hydride-like 
transfer from the halomagnesium alkoxide, possibly via a 
reduction mode like that represented in eq 9.8 In order for

X
X 1

s ~ f J '

1
-M g

Í 0

/ M g
c r

1
—  CF, —  C —  H +

0

II
c

5 +  C -  >r - N  ,C — R, I / \
' H ^ | Ph R2 R]

CF3 Ph R,

the reverse reaction to occur the halomagnesium salt of 
phenyltrifluoromethylcarbinol would have to undergo loss 
of “ hydride” from the- carbinol carbon. It seems reasonable 
to expect this process to be impeded by the inductive influ
ence of the trifluoromethyl group. Thus the inductive ef
fect rationalizes both the fact that phenyl trifluoromethyl 
ketone is rapidly reduced and the fact that once hydrogen 
is transferred to this ketone it “ sticks.”  Because the MPV- 
type reduction of phenyl trifluoromethyl ketone is so facile 
and is an “ almost irreversible” reaction a quantitative 
stereochemical comparison of a wide variety of chiral halo
magnesium alkoxide reducing agents under “ kinetically 
controlled” conditions is made feasible. With other ketones 
meaningful comparisons of the stereochemical results of 
asymmetric MPV-type reductions with different reducing 
agents, as well as examples of high asymmetric reduction, 
are not readily attainable. In many cases the ketone is not 
readily reduced or partial racemization makes quantitative 
stereochemical comparisons unwarranted, or both factors 
conspire to prevent such investigations. We intend to elab
orate the stereochemical details of asymmetric MPV-type 
reductions of phenyl trifluoromethyl ketone in future pub
lications.

The asymmetric reductions reported in this paper (eq 7 
and 8) involve competitive transfer of diastereotopic hy
drogens from chiral alkoxides to enantiotopic faces of the 
ketone. In terms of the symmetry arguments that apply to 
such systems these reductions are similar to certain asym
metric Grignard reductions that have been described pre
viously.9’10

Experimental Section

2,2,2-Trifluoro-l-phenylethanol-i-ci. The deuterium-labeled 
alcohol was prepared by hydrogenation of trifluoromethyl phenyl 
ketone (10.4 g, 0.060 mol) with deuterium using ethyl acetate (150 
ml) as solvent and predeuterated 5% palladium on carbon as cata
lyst. Deuterium uptake stopped short of the theoretical amount, 
but no attempt was made to complete the reaction because the ke
tone and carbinol are readily separated by distillation. The carbi
nol was isolated as a clear liquid, bp 73-75° (10 mm) (6.0 g, 58% 
yield), shown by integration of its nmr spectrum to contain 2 1 % 
hydrogen at the carbinol position (average of 30 integrations).

(+)-(.S')-2-Phenylbutanoic Acid. 2-Phenylbutanoic acid was 
resolved following the procedure of Levine and coworkers. 11 Race
mic acid ( 1 0 0  g, 0.61 mol) provided, after four recrystallizations of 
the cinchonidine salt from 70% ethanol-water, hydrolysis, and dis
tillation, (+)-(S)-2-phenylbutanoic acid (60.5 g, 0.37 mol) as a 
clear liquid: bp 120-122° (1.0 mm); [a]27D +83.9° )neat); 88% e.e. 
based on a maximum rotation of [a]23D +95.8° (neat) .12

The mother liquors from several cinchonidine resolutions were 
combined-, evaporated, and hydrolyzed to furnish (—)-(R)-2 -phe-

nylbutanoic acid: bp 117-118° (0.4 mm); [a]25D —58.4° (neat); 61%
e.e.

(+)-(S)-2-Phenyl-l -butanol. The S alcohol was prepared by 
the reduction of (+)-(S)-2-phenylbutanoic acid, [a ]27D +83.9° 
(neat), 8 8 % e.e. (25.0 g, 0.152 mol), with LiAlH 4 (7.0 g, 0.18 mol) in 
ether (150 ml). After acid hydrolysis, the alcohol (18.4 g, 81%) was 
isolated as a clear liquid: bp 63-69° (0.4 mm); [a ]25D +14.9° (neat); 
90% e.e., based on a maximum rotation of [a ]25D +16.5° (neat) . 13

Meerwein-Ponndorf-Verley Reductions. A round-bottomed, 
three-necked flask fitted with a magnetic stirrer, pressure-equaliz
ing addition funnel, reflux-distillation head, septum cap, and ni
trogen inlet was flamed dry under a stream of nitrogen. An aliquot 
of a filtered and standardized solution of n-propyl magnesium bro
mide in ether was injected with a nitrogen-flushed syringe. The al
cohol precursor of the magnesium alkoxide was added in benzene 
a n d  t h e  s o lv e n t  c o m p o s it io n  w as a d ju s t e d  b y  d is t i l la t io n  to  a  c o n 
s t a n t  b o il in g  p o in t  o f  5 5 - 5 6 ° .  The ketone to be reduced was then 
added in one portion in a small amount of dry benzene to provide 
clear, homogeneous solutions about 1 M  in alcohólate. The mixture 
was stirred at ambient temperatures for the stated reaction time, 
before being hydrolyzed with ammonium chloride solution. The 
organic layer was separated, combined with two or three ether ex
tracts of the aqueous layer, dried (MgS04), and concentrated. T ri
fluoromethyl phenyl ketone and trifluoromethylphenylcarbinol 
give very characteristic infrared absorptions at 960 and 1270 cm-1 , 
respectively, which allowed a semiquantitative analysis of the ex
tent of reduction to be carried out on the crude products. The car
binol and ketone were partially separated by distillation and the 
trifluoromethylphenylcarbinol was purified by preparative glpc on 
Carbowax 20M (180°) and Apiezon L  (175°) columns. Rotation 
samples of trifluoromethylphenylcarbinol were analyzed by glpc 
and ir and shown to contain less than 1 % of achiral by-products 
and much less than 1% of any chiral impurities. The ir spectra of 
purified products were all identical with that of a carefully purified 
sample of phenyltrifluoromethylcarbinol, and were especially re
vealing in the region of 2800-3000 cm- 1  (aliphatic C-H  stretch). 
Most impurities absorb strongly in this region but phenyltrifluo
romethylcarbinol gives only a weak absorption.

Reduction of 2-Methylbutanal with 2,2,2-Trifluoro-l-phe- 
nylethoxymagnesium Bromide-i-d in Ether-Benzene. The al
cohólate was prepared from 2 ,2 ,2 -trifluoro-l-phenylethanoI-l-d 
(5.00 g, 0.0284 mol) containing 21% hydrogen at the carbinol posi
tion, by reaction with ethereal n -  propylmagnesium bromide (18 
ml, 1.7 N ,  0.030 mol) in dry benzene. The solvent composition was 
adjusted by distillation to 55-56°, 2-methy-l-butanal (4.90 g, 0.057 
mol) in a small amount of dry benzene was added, and the mixture 
was stirred for 36 hr. The ir spectrum of the crude product mixture 
showed that both trifluoromethylphenylcarbinol and 2 -methylbu- 
tanol were present. The work-up gave 4.3 g of liquid, bp 70-76° (10 
mm), which on preparative glpc furnished a sample of trifluo
romethylphenylcarbinol shown by integration of its nmr spectrum 
to contain 25% hydrogen at the carbinol position (average of 30 in
tegrations).

Reduction of Phenyl Trifluoromethyl Ketone. With ( S ) - 2- 
Methyl-l-butoxymagnesium Bromide in Ether-Benzene, 1
Hr. The alcohólate was prepared from an ether solution of n -  pro
pylmagnesium bromide (30 ml, 1.6 N ,  0.048 mol) and (—)-(S)-2- 
methyl-l-butanol, a 26D —4.70° (neat), 98% e.e. (4.40 g, 0.050 mol), 
in dry benzene. Solvent composition was adjusted by distillation to
55-56°. Trifluoromethyl phenyl ketone (8.5 g, 0.048 mol) dissolved 
in a small amount of dry benzene was added, and the mixture was 
stirred for 1 hr. The ir spectrum of the crude product mixture indi
cated that about 50% reduction had occurred. After work-up, dis
tillation gave three fractions: 0.5 g, bp 122-130° (1 atm); 2.8 g, bp 
30-70° (10 mm); and 3.6 g, bp 73-95° (10 mm). Preparative glpc of 
fraction 3 gave trifluoromethylphenylcarbinol: n21D —2.03° (neat,
1 = 1) [lit. 14 a 2 6 D max -41.18 ° (neat, 1 = 1), [a ]26D -31.85°]; 4.9%
e.e.

With (S)-2-Methyl-l-butoxymagnesium Bromide in Ether- 
Benzene, 26 Hr. The alcohólate was prepared from an ether solu
tion of n- propylmagnesium bromide (28 ml, 1.7 N ,  0.048 mol) and 
(—)-(S)-2-methyl-l-butanol, a26D —4.70° (neat), 98% e.e. (4.40 g, 
0.050 mol), in dry benzene. Solvent composition was adjusted by 
distillation to 55-56°. Trifluoromethyl phenyl ketone (7.80 g, 0.045 
mol) was added in a small amount of dry benzene and the mixture 
was stirred for 26 hr. Distillation of the products gave 5.4 g of ma
terial, bp 73-75° (10 mm), a zlD -  2.04° (neat), which on prepara
tive glpc furnished phenyltrifluoromethylcarbinol, a19D —2.20° 
(neat, 1 = 1), 5.3% e.e. 14
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With (S)-2-Phenyl-l-butoxymagnesium Bromide in Ether-
Benzene. 1 Hr. The alcohólate was prepared from an ether solu
tion of n - propylmagnesium bromide (31 ml, 1.6 N ,  0.050 mol), 
(+)-(S)-2-phenyl-l-butanol, a 25D +14.9° (neat), 90% e.e. (8.25 g, 
0.055 mol), in dry benzene. Solvent composition was adjusted by 
distillation to 55-56°. Trifluoromethyl phenyl ketone (8.50 g, 0.048 
mol) dissolved in a small amount of dry benzene was added to pro
vide a clear solution which formed a precipitate while the reaction 
mixture was stirred for 1 hr. Work-up gave four fractions: 2.3 g, bp 
32-70° (10 mm); 3.2 g, bp 70-90° (10 mm); 1.2 g, bp 90-105° (10 
mm); and 3.9 g, bp 86-90° (1 mm). Preparative glpc of the second 
fraction provided trifuloromethylphenylcarbinol, a 26D —4.0° 
(neat, 1 = 1), 9.7% e.e., and a sample of 2-phenylbutanal, a 27D 
0.000° (neat). Preparative glpc of the fourth fraction provided 
(+)-(S)-2-phenyl-l-butanol, [a ]27D +14.25° (neat), 8 6% e.e.
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Preparation and Aluminum Chloride Induced Rearrangement of
Cyclopropylpyridines

John J. Eisch,* Harsh Gopal, and David A. Russo 
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A convenient, two-step preparation of both 2- and 4-cyclopropylpyridines from the corresponding 3-(2- or 4- 
pyridyl)propanols consists of treatment with thionyl chloride and dehydrohalogenation of the resulting chlorides 
with potassium ierf-butoxide. The analogous 3-(3-pyridyl)propanol was converted to trans-3-propenylpyridine 
by a similar procedure. Although the 2- and 4-cyclopropylpyridines were remarkably stable to strong bases, min
eral acids, heat, and ultraviolet radiation, they did decompose at ca. 400° and were especially reactive toward an
hydrous aluminum chloride at 25-45°. Thermally, the 2 isomer yielded 2-picoline, 2-n-propylpyridine, ethylene, 
acetylene, and polymeric material. In the presence of aluminum chloride, both the 2 and 4 isomers gave the corre
sponding tr a n s - propenyl-, isopropenyl-, (2 -chloropropyl)-, and (l-chloro-2 -propyl)pyridines.

the reaction of 4-(3-chloropropyl)pyridine with magnesium 
metal (eq 2). Since the existing syntheses of cyclopropylpy
ridines are limited in number and in scope, the dechloro- 
metalative closure to the cyclopropane, depicted in eq 2, 
seemed worth developing as a new synthetic method. Many 
of the known methods involve more steps or are low yield
ing.3 Another approach, namely, the addition of diazoal
kanes4 or sulfonium methylides5 to vinylpyridines, gives 
good yields and is convenient, if the appropriate pyridine 
starting material is available.

The cyclization of 2- and 4-(3-chloropropyl)pyridines by 
base has proved to be an advantageous route to the respec
tive cyclopropylpyridines, because the conversion of the 
commercially available propanols to the chloropropanes 
and thence to the cyclopropanes requires only two steps 
and gives good overall yields. The enhanced acidity of the 
methylene groups a to the ring permits a facile formation 
of the anionic center needed for ring closure (cf. eq 2). 
With the use of 2 equiv of potassium tert-butoxide these 
reactions could be carried out on the isolated, but unpuri-

A recent study1 of the carbocyclization reactions of pyri
dine derivatives has uncovered two novel reactions of syn
thetic potential: (1) the first formation of carboannulated 
pyridine derivatives by intramolecular nucleophilic attack2 
(eq 1); and (2) the detection of 4-cyclopropylpyridine from
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fied, hydrochloride salts (e.g., 2), thus further simplifying 
the procedure. In fact, for the 2-(3-chloropropyl)pyridine 
preparation, the use of 2 prevents altogether the ready ten
dency of the free pyridine base to undergo intramolecular 
quaternization to the known l,2-dihydro-3ii-pyrrocolini- 
um salt.6

16

The foregoing method would be potentially applicable to 
any 2- or 4-alkylpyridines which could be transformed to 
the requisite propanols by base-catalyzed reaction with 
ethylene oxide. That the method fails with 3-(3-chloropro- 
pyl)pyridine (3) should not be surprising; the lowered acid
ity of the methylene group a to the ring means that a 
straightforward dehydrochlorination can compete readily. 
The observed product, trans-3-( 1 -propenyl)pyridine (21), 
has also been shown to form readily when pure 3-allylpyri- 
dine (22) is treated with this base in THF.7

21

Scheme I

RH = P y— CH '

10

Scheme II
1. A

2. NaHCO,

The ready formation of these cyclopropylpyridines 
raised the converse point, namely, how resistant such rings 
would be to rupture. As in recent work,5 further attempts 
to cleave 10 or 16 by prolonged treatment with potassium 
terf-butoxide led to no nucleophilic rupture. Similarly, at
tempts with strong mineral acids or irradiation at 254 nm 
in benzene or cyclohexane solution showed the ring to be 
inert. Only by heating 2-cyclopropylpyridine in the vicinity 
of 400° could rupture be achieved, but then the decomposi
tion was profound. In addition to a black, polymeric glass, 
the observed products were 2-picoline, 2-n-propylpyridine, 
ethylene, and acetylene, suggestive of a homolytic bond 
rupture8 (Scheme I).

In light of the resistance of 10 and 16 to cleavage, espe
cially by strong acids, it is therefore remarkable that both 
derivatives underwent rapid cyclopropyl ring opening with 
2 equiv of anhydrous aluminum chloride at 25-45°. The 
reaction does not appear to be caused just by adventitious 
hydrogen chloride and catalytic amounts of A1C13, for both 
10 and 16 were recovered unchanged when heated with 1 
equiv of AICI3. The products obtained upon hydrolytic 
work-up were analogous in both cases: the corresponding 
trans-propenyl- and isopropenylpyridines, as well as 
the (2-chloropropyl)- and (l-chloro-2-propyl)pyridines

(Scheme II for 2-cyclopropylpyridine). When the cleavage 
reaction was conducted at 25°, the proportion of the chloro 
compounds (14 and 15) was higher than at 45°. This find
ing suggests that aluminum salts of 14 and 15 are the ini
tially formed reaction products from 10, but that higher 
temperatures cause partial dechloralumination to produce 
12 and 13 (vide supra).

By treating pure 12 with 2 equiv of AICI3 it was shown 
that some 14 could be isolated. It is important to note, 
however, that no formation of 13 or 15 was observed from
12. This experiment rules out the formation of the isopro- 
pylpyridines in a reaction other than the ring opening of 2- 
cyclopropylpyridine. Also pertinent is the behavior of a 
typical allylpyridine, such as the 3 isomer (22), toward an
hydrous aluminum chloride. The observed isomerization 
and addition products are consistent with initial chloralu- 
mination and Lewis acid catalyzed isomerization. The con
version of 22 into 21 and 23 leaves open the possibility that, 
in the isomerization of cyclopropylpyridines, the 2- and 4- 
allylpyridines may actually be precursors to the propylpy- 
ridine derivatives, such as 12 and 14.

With this reservation in mind, then, the following mech
anism (Scheme III) can be formulated in accordance with 
the experimental data: (a) the 1:1 pyridine-AlCl3 complex
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23 precursor

<6)

with a positive polarized a (with 16, y) position undergoes 
chloralumination; (b) rupture occurs principally at bond a, 
followed rapidly by a 1,2-hydride shift to yield the more 
stable carbonium ion, which is a to an enamine group;9 (c) 
nucleophilic attack of chloride leads to the precursor of 14; 
(d) a competing, minor, ring opening (bond b) leading to 24 
could again be followed by a 1,2-hydride shift to yield a 
spiro cyclopropyl cation 25, which could open up10 to give a 
precursor to 15. A precedent for such a cleavage of the cy
clopropyl ring by anhydrous aluminum chloride is seen in 
the side-reaction cleavage of cyclopropylbenzene during an 
attempted Friedel-Crafts acylation.11 In the case reported, 
however, hydrogen chloride may well have been a partici
pant and, furthermore, no isopropyl products (analogous to 
13 and 15) were detected.12

Scheme III
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Just as haloboration has begun to prove valuable in ring 
contraction and stereospecific hydrohalogenation reac
tions13’14 so this facile chloralumination of strained carbon- 
carbon bonds deserves further study as a potentially useful 
synthetic reaction.

Experimental Section
All melting points were determined on a Thomas-Hoover, oil- 

bath, capillary apparatus and are uncorrected. Infrared spectra (ir) 
were recorded on Perkin-Elmer spectrophotometers, either Model 
137 or Model 457. Proton magnetic resonance spectra (pmr) were 
obtained with Varian spectrometers, either Model A-60 or Model 
3521A (100 MHz), on neat samples or on 10% solutions in pure sol
vents containing tetramethylsilane as an internal standard. Signals 
are reported on the 5 scale in parts per million, followed by the rel
ative proton intensities and the coupling constants (J) in hertz. 
Vapor phase chromatographic analysis (vpc) and isolations were 
carried out on an F & M chromatograph, Model 720, equipped

with 12 ft X 0.25 in. dual columns of 10% silicone rubber (UC- 
W98) or Carbowax 20M on 60-80 mesh acid-washed firebrick. Mass 
spectra were recorded at Cornell University, Ithaca, N. Y., either 
on an AEI-MS-902 or on a Perkin-Elmer 270 spectrometer. Ele
mental analyses were performed by the Spang Microanalytical 
Laboratory, Ann Arbor, Mich.

All preparations and reactions involving air- or moisture-sensi
tive organometallic or heterocyclic intermediates were conducted 
under an atmosphere of dry, oxygen-free nitrogen, with adherence 
to published techniques. 15  The petroleum ether had a boiling 
range of 30-60°; the tetrahydrofuran was made absolute just be
fore use; and the chloroform and methylene chloride used in the 
aluminum chloride reactions were dried over anhydrous CaCl2 and 
then distilled.

Fractional distillations were performed with Nester-Faust spin
ning-band columns, of the 6 -mm (i.d.) semimicro type, of either a
6 -in. or 18-in. length, equipped with a Teflon spinning band and 
vacuum jacketing.

General Procedure for the Preparation of the 2-, 3-, and 4- 
(3-ChloropropyI)pyridines. To a stirred solution of 3-(3- or 4- 
pyridyl)-l-propanol (7 and 8 ) or 3-(2-pyridyl)-l-propanol hydro
chloride (6 ) (0.50 mol) in 250 ml of dry chloroform was added, 
dropwise, 1.5 equiv of thionyl chloride (90.1 g, 0.76 mol) over a 30- 
min period (corrosive gas evolved). The dark solution was then re
fluxed for 1 hr (for the 2-subst.ituted pyridine hydrochloride, 3 hr), 
cooled, and finally poured onto ice. The chilled biphasic system for 
7 and 8  was made basic to litmus with an ice-cooled 50% solution of 
aqueous KOH. (C/. below for 6 .) The organic layer was separated, 
the aqueous layer was extracted with 500 ml of CHCI3 , and the 
combined organic fractions were dried over anhydrous Ca2S04.

A. 2-(3-Chloropropyl)pyridine (1). The reaction of thionyl 
chloride with 3-(2-pyridyl)-l-propanol (5), in accordance with the 
foregoing procedure, does yield 2-(3-chloropropyl)pyridine (1), if 
the work-up is prompt. The nmr spectrum (CDC13) of the undis
tilled, but fairly pure, product was clean: h 9.73 (d, 1, Hs-Py), 
8.00-8.97 (m, H3 -, H4-, Hs-Py), 5.16 (t, 2 , -CH 2C1), 3.82 (t, 2 , Py- 
CH2-) and 2.63 (q, 2, -CH2-). Soon, however, crystalline 1,2-dihy- 
dro-3/i-pyrrocolinium chloride (9) 6  began to precipitate.

For further use of the chloride, it was best prepared and isolated 
as its hydrochloride. Thus, gaseous HC1 was first passed into a 
CHCI3 solution of 5 and the resulting partial solution of 6  was 
treated with thionyl chloride.

The work-up involved the evaporative removal of the solvent 
under reduced pressure to leave a light brown paste of 2 , which was 
then washed with dry benzene. The hygroscopic powder (~100%) 
could be stored under nitrogen until use: nmr (CDCI3 ) of the Py- 
CH2CH2CH2CI, 6 3.65 (t), 2.65 (q), and 3.85 (t), respectively, for 
the hydrochloride salt.

B. 3-(3-Chloropropyl)pyridine (3). A 74% yield of this com
pound was obtained: bp 60-61° (0.4 mm); n2 4  6D 1.5243; ir (neat) 
1580 (m), 1420 (s), 1310 (m), 1290 (m), 1030 (s), 975 (m), 795 (s), 
and 718 cm- 1  (s); nmr (neat) for Py-CH 2CH2CH2C1, 5 2.77 (t), 2.00 
(m), and 3.58, respectively; picrate mp 126-128° (platelets, EtOH).

Anal. Calcd for C8Hi0C1N: C, 61.74; H, 6.48. Found: C, 61.83; H, 
6.44.

C. 4-(3-Chloropropyl)pyridine (4). An 80% yield was ob
tained: bp 64-66° (0.4 mm); ra23-2D 1.5250; ir (neat) 1600 (s), 1410 
(s), 1300 (m), 1220 (m), 1065 (m), 990 (s), 875 (m), 833 (s), 795 (s), 
758 (s), and 722 cm- 1  (m) . 16

Reactions of the x-(3-Chloropropyl)pyridines with Potassi
um fert-Butoxide. To a solution of potassium teri-butoxide (5.88 
g, 0.052 mol) in 100 ml of absolute tetrahydrofuran, which was 
chilled in an ice bath, was added a solution of 3- or 4-(3-chloropro- 
pyl)pyridine (7.78 g, 0.050 mol) in 50 ml of the solvent over a 20- 
min period. (In the case of the 2-substituted derivative, a slurry of 
2 in THF was introduced and 2.5 equiv of potassium fert-butoxide 
was used.) The resulting mixtures were stirred at 25° under a ni
trogen atmosphere for 24-36 hr. The reaction mixture was treated 
with 200 ml of water and extracted repeatedly with CHC13. The 
combined extracts were dried over anhydrous MgS04 and the sol
vent was carefully evaporated at 40° under reduced pressure.

A. 2-Cyclopropylpyridine (10).1 7  Distillation of the product 
from 2 (bp 57-58°, 4.5 mm) yielded 7.3 g (63%) of colorless prod
uct: ir (neat) 3003 (s), 1599 (s), 1478 (s), 1454 (s), 1434 (s), 1214 (s), 
1148 (s), 1102 (s), 1022 (s), 990 (s), 903 (s), 818 (s), 774 (s), and 747 
cm- 1  (s); nmr (neat) S 8.43 (m, H6 -Py), 7.40 (m, H4 -Py), 6.93 (m, 
H3- and Hs-Py), 1.95 (m, -CH of C3H5 ), and 1.00 (m, C2 H4 of 
C3 H5 ); picrate mp 130-132° (needles, EtOH).

The methiodide (11) was a colorless solid: mp 120-121° (EtOH); 
nmr (CF3 C02H) a 8.73 (br d, H6 -Py), 8.37 (br d, H4 -Py), 7.42 (br t,



Ha- and Hs-Py), 4.55 (s, CH3), 2.03-2.57 (m, CH of C 3H5), and 
1.73-1.90 (m, C 2H4 of C 3H5).

A n a l. Calcd for C 9H 12IN: C, 41.39; H, 4.63; N, 5.36. Found: C, 
41.37; H, 4.53; N, 5.32.

B. 3-(frares-l-Propenyl)pyridine (21). By dehalogenation of 3, 
2 1  was the only product detected by nmr and vpc analyses, as the 
mixture was monitored at 1, 2, 5, 8 , 18, and 24 hr of reaction. Dis- 
tillative work-up provided a 75% yield: bp 70-72° (5.8 mm); ir 
(neat) 3005 (s), 1570 (s), 1475 (s), 1395 (s), 1115 (m), 1028 (s), 965 
(s), 825 (m), 774 (s), and 703 cm- 1  (s); nmr (neat) 5 6.26 (m, 
CH =CH ) and 1.74 (m, 3, CH3); picrate mp 156-157° (needles, 
EtOH).

C. 4-CyclopropyIpyridine (16). This product was isolated from 
4 in 72% yield: bp 61-62° (3.9 mm); ir (neat) 3012 (m), 1605 (s), 
1492 (m), 1457 (m), 1407 (s), 1215 (m), 1048 (m), 1025 (m), 995 (s), 
906 (s), and 810 cm- 1  (s); nmr (CDCI3) <5 8.78 (m, H2- and H6-Py),
1.85 (m, CH of C3H5), and 0.92 (m, C 2H 4 of C3H5); picrate mp 
158-160° (needles, EtOH ) .3

Reactions of 2- and 4-Chloropropylpyridines with Anhy
drous Aluminum Chloride. When either of the cyclopropylpyri
dines (465 mg, 3.9 mmol) was heated at reflux for 12 hr with 1 
equiv of anhydrous aluminum chloride (freshly sublimed, 520 mg,
3.9 mmol) in 20 ml of pure methylene chloride, usual hydrolytic 
work-up yielded the unchanged cyclopropylpyridine (nmr and vpc 
analyses) in >90% recovery.

On the other hand, when each of the cyclopropylpyridines (3.64 
g, 30.6 mmol) was treated with 2 equiv of anhydrous aluminum 
chloride (8.15 g, 61.1 mmol) a vigorous reaction took place. After’a
12-hr reflux period the solution was poured into aqueous NaH C03 

solution and the resulting suspension was filtered. The separated 
aqueous layer was extracted with three 25-ml portions of CH 2C12, 
the organic fractions were combined and dried over anhydrous 
MgSC>4, and the solvent was removed on a rotary evaporator. The 
product residue amounted to 3.3-3.4 g and was shown by vpc anal
ysis to contain ~5% of the cyclopropylpyridine and four new com
ponents.

A. 2-Cyclopropylpyridine. By a combination of nmr and vpc 
analyses this mixture was shown to consist of 77% frans-2-propen- 
ylpyridine (12), 9% 2-isopropenylpyridine (13), 6% 2-(2-chloropro- 
pyl)pyridine (14), 2% 2-(l-chloro-2-propyl)pyridine (15), and 5%
10.

In another run conducted for 12 hr at 25° there was 20% of re
maining 10 and the ratio of 12:13:14:15 was now 4:~0:2:1. Thus, the 
proportion of chloro derivatives isolated was higher than at 45°.

The products were separated by chromatography on a silica gel 
column (2.8 X 98 cm) prepared with petroleum ether. The eluting 
solvent was varied from petroleum ether through mixtures with 
benzene and finally CH 2C12, as 470 25-ml fractions were collected 
automatically (Instrumentation Specialties Co.). The sequence of 
elution was 13, 15, 12, and 14. Identification follows from these 
data.

tr a n s -2 -  Propenylpyridine (12): bp 194-195°; ir (neat) 1585 (s), 
1562 (m), 1472 (s), 1443 (m), 1438 (m), 972 (s), and 772 cm- 1  (s); 
nmr (neat) 6 8.57 (m of d, H6-Py), 7.30-7.65 (m, H4-Py), 6.37-7.26 
(m, H3- and Hs-Py, CH = C H ), and 1.80 (d, CH3, J  = 5.8 Hz).

2-Isopropenylpyridine (13): nmr (neat) <5 8.62 (m of d, He-Py), 
6.96-7.80 (m, H3-, H4-, and Hs-Py), 5.88 (m, P y -C = C -H , cis to 
Py), 5.31 (m, P y -C = C -H , trans to Py), and 2.23 (m, CH3). Weak 
couplings (0.5-1.5 Hz) were noted between geminal vinylic protons 
and between the vinylic and methyl protons.

A sample of 2-isopropenylpyridine (13) was prepared by heating 
2-isopropylpyridine (5.63 g, 46.6 mmol) with TV-bromosuccinimide 
(9.3 g, 46.6 mmol) in CC14 until complete consumption of the NBS. 
Filtration of the suspension and removal of the solvent and re
maining 2 -isopropyl pyridine ( in  v a c u o ) from the filtrate gave the 
crude bromo derivative, which was dissolved in anhydrous THF 
and treated with 1 equiv of potassium iert-butoxide at 0°. Usual 
work-up, according to that employed for the dehydrohalogenation 
of the x-(3-chloropropyl)pyridines, provided 13.

2-(2-Chloropropyl)pyridine (14): Since 14 was contaminated 
with some 12, only the saturated CH signals are pertinent: nmr S 
4.60 (sextet, -CH C1-, J  = 6 .8  Hz), 3.10 (d, -C H 2-, J  = 6 .8  Hz), and
1.47 (d, -C H 3, J  =  6 .8  Hz).

Treatment of a sample of 14 with potassium tert-butoxide in 
TH F (v id e  s u p r a  for procedure) yielded only 12.

2-(l-Chloro-2-propyl)pyridine (15): Although 15 was ad
mixed with some 13, the saturated CH signals served for identifi
cation: nmr 5 3.82 (q, -C H 2C1, J  =  6 .8  Hz), 3.17 (sextet, CH, J  =  
6 .8  Hz), and 1.33 (d, -C H 3, J  = 6 .8  Hz). That the diastereotopic 
methylene protons appear as a quartet is understandable; however,
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the diastereotopic methylene protons in 14 appear as a doublet. 
Nevertheless, the chemical shifts observed for the protons in 15 
and in 14 correspond rather closely to calculated CH shifts for 1 - 
chloro-2 -phenylpropane and 2 -chloro-l-phenylpropane, respec
tively. The calculated shifts were based upon values derived from 
known phenyl derivatives. 18

B. 4-Cyclopropylpyridine (16). The reaction products from 16 
and aluminum chloride had a marked tendency to change into a 
water-soluble gummy mass, so the exact proportion of components 
could not be obtained. However, analogous to 10, the preponderant 
product was frans-4-propenylpyridine (17) and the minor prod
ucts were the 4-isopropenyl-(18) and the corresponding 4-(chloro- 
propyl)pyridine derivatives: irans-4-propenylpyridine, nmr 5 6.30 
(m, P y-C H = C H -), 1.77 (d, CH3, J  = 5.0 Hz); 4-isopropenyIpyri- 
dine (trace); 4-(2-chloropropyl)pyridine (19), nmr S 4.27 (sextet, 
-CH C1-, J  =  7.0 Hz), 2.90 (d, Py-C H 2-, J  = 7.0 Hz), and 1.43 (d, 
CH3, J  = 7.0 Hz); 4-(l-chloro-2-propyl)pyridine (20), nmr <5 3.67 
(d, -C H 2C1), 2.90 (sextet, -C H -), and 1.24 (d, CH 3, J  = 7.0 Hz).

Reaction of ircm.s-2-Propenylpyridine with Anhydrous Afu- 
minum Chloride. A solution of 12 (325 mg, 3.73 mmol) and anhy
drous aluminum chloride (728 mg, 7.46 mmol) in 20 ml of CH2C12 

was refluxed for 1 2  hr and worked up in the manner described for 
the cyclopropylpyridine-aluminum chloride reactions. By nmr 
analysis the product was shown to be a 9:1 mixture of starting ma
terial and 2-(2-chloropropyl)pyridine(14).

In contrast, passing dry HC1 gas into a solution of 1 2  in CH 2C12 

for 2 hr or treating 12 with 12 N  HC1 led upon treatment with 
aqueous NaH C03 solution to unchanged 12.

Attempted Cleavage Reactions of 2-Cyclopropylpyridine. 
The cyclopropane ring in 10 was inert to (a) treatment with 12 N  

HC1 at 25° for 12 hr; (b) treatment with 36 N  H2S 0 4 at 25° for 3 
hr; (c) irradiation in dry benzene at 254 nm (low-pressure mercury 
lamps) for 40 hr or in cyclohexane for 20 hr; and (d) heating under 
nitrogen in a sealed tube at 315° for 12 hr.

2-Cyclopropylpyridine methiodide was thermally inert at 200° 
after 12 hr; at 300° it dissociated into 10 and CH3I.

At 400° 2-cyclopropylpyridine underwent deep-seated decompo
sition after 3 hr to yield acetylene and ethylene (mass spectrum), 
2 -picoline, 2 -rc-propylpyridine, and a brittle, shiny black solid that 
contained nitrogen (by combustion, a C i2HvN ratio) and was insol
uble in CHCI3, EtOH, or CF3COOH. The 2-picoline and 2-n-pro- 
pylpyridine19 were identified by nmr and vpc comparisons with 
authentic samples.

By comparison, 4-cyclopropylpyridine darkened after a 2-hr 
heating period to 400°, but no new gaseous or liquid component 
was detected. Spectral and chromatographic analyses showed only 
unchanged 16.

Reaction of 3-Allylpyridine (22) with Anhydrous Aluminum 
Chloride. A solution of 22 (1.6 g, 13.5 mmol, distilled from barium 
oxide) and anhydrous aluminum chloride (3.6 g, 27 mmol) in 50 ml 
of CH2C12 was refluxed for 12 hr and worked up in the usual way. 
The 1.8 g of sweet-smelling liquid was shown by nmr analysis to be 
a mixture of tr a n s - 3-propenylpyridine (21) and 3-(2-ehloropro- 
pybpyridine (23), nmr (neat) d 4.21 (sextet, -CH C1-, J  = 6.5 Hz), 
2.90 (d, -C H 2, J  =  6.5 Hz), and 1.39 (d, -C H 3, J  = 6.5 Hz), in a 
1.64:1.0 ratio.

Acknowledgment. The authors express their gratitude 
to the National Cancer Institute of the U.S. Public Health 
Service for support of this research under Grant CA-10743.

Registry No.— 1, 52225-85-1; 2, 17944-57-9; 3, 21011-66-5; 3 
picrate, 52225-86-2; 4, 5264-02-8; 5, 2859-68-9; 6, 52225-87-3; 7, 
2859-67-8; 8 , 2629-72-3; 10, 20797-87-9; 10 picrate, 41764-98-1; 11, 
52225-88-4; 12, 52248-74-5; 13, 6515-13-5; 14, 52225-89-5; 15, 
52225-90-8; 16, 4904-21-6; 16 picrate, 21011-78-9; 17, 52248-75-6; 
18, 17755-30-5; 19, 52225-91-9; 20, 52225-92-0; 21, 52248-76-7; 21 
picrate, 52248-77-8; 22, 7300-28-9; 23, 52225-93-1; A1CI3, 7446-70- 
0 .

References and Notes
(1) J. J. Eisch and D. A. Russo, J. Organometal. Chem., 14, P13 (1968).
(2) Subsequent to our work, H. Pines, et at., J. Org. Chem., 36, 2304, 2308 

(1971), encountered such intramolecular cyclizations in the reactions of 
alkenylpyridines with alkali metal catalysts.

(3) A. P. Gray and H. Kraus, J. Org. Chem., 31, 399 (1966).
(4) A. Burger, D. G. Markees, W. R. Nes, and W. L. Yost, J. Amer. Chem. 

Soc.,T\, 3307 (1949).
(5) R. Levine and G. R. Patrick, J. Org. Chem., 38, 3942 (1973).
(6) O. G. Lowe and L. C. King, J. Org. Chem., 24, 1200 (1959),

J. Org. Chem., Vol. 39, No. 21, 1974 3113



3114 J. Org. Chem., Vol. 39, No. 21, 1974 Polazzi, Leland, and Kotick

(7) J. J. Eisch and D. A. Russo, unpublished studies.
(8) R. G. Bergman and W. L. Carter, J. Amer. Chem. Soc.. 91, 7411 (1969).
(9) R. Damico and C. D. Broaddus, J. Org. Chem., 31, 1607 (1966).

(10) P. S. Skell and S. R. Sandler, J. Amer. Chem. Soc., 80, 2024 (1958).
(11) H. Hart and R. H. Schlosberg, J. Amer. Chem. Soc., 88, 5030 (1966).
(12) H. Hart, R. H. Schlosberg, and R. K. Murray, Jr., J. Org. Chem., 33, 

3800(1968).
(13) F. Joy, M. F. Lappert, and B. Prokai, J. Organometal. Chem., 5, 506 

(1966).
(14) J. J. Eisch and L. J. Gonsior, J. Organometal. Chem., 8, 53 (1967).

(15) J. J. Eisch and W. C. Kaska, J. Amer. Chem. Soc., 88, 2213, 2976 
(1966).

(16) K. C. Kennard and D. M. Burness, J. Org. Chem., 24, 464 (1959).
(17) R. P. Mariella and K. H. Brown, J. Org. Chem., 34, 3191 (1969).
(18) L. M. Jackman, "Applications of Nuclear Magnetic Resonance Spec

troscopy In Organic Chemistry,” Pergamon Press, Oxford, 1959, pp 
53-58.

(19) In a modification of the procedure of K. Ziegler and H. Zelser [Justus 
Liebigs Ann. Chem., 485, 174 (1931)], 2-plcolylllthium In ethyl ether was 
allowed to react with ethyl iodide.

Rearrangement of Anhydropyrimidine Nucleosides in Liquid Hydrogen 
Fluoride. Mechanism, Scope, and Synthetic Studies
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In contrast to the reaction of 2,2'-anhydro-l-/3-D-arabinofuranosyluracil (1) with HF in dioxane which yields 
2 '-fluoro-2 '-deoxyuridine (2 ), liquid hydrogen fluoride treatment of 1 resulted in rearrangement of the nucleosidic 
bond from N -l to N-3. The mechanism proposed to account for the formation of 2,2'-anhydro-3-/3-D-arabinofur- 
anosyluracil (4) involves N -l-C -P  bond cleavage of the protonated anhydro nucleoside with the formation of a 
resonance-stabilized carbonium ion in the carbohydrate portion of the molecule. Re formation of the nucleosidic 
bond by electrophilic attack yields the thermodynamically more stable N-3 isomer. Other 2,2'-anhydropyrimidine 
nucleosides underwent similar rearrangement in liquid hydrogen fluoride, but 2,3' and 2,5'-anhydro compounds 
were cleaved to the heterocyclic base. Cleavage of the anhydro bond of the rearranged nucleoside by aqueous base 
treatment yielded 3-d-D-arabinofuranosylpyrimidines. The di-O-benzoyl derivative of 4 (20b) served as a useful 
intermediate for the preparation of 3-d-D-ribofuranosyluracil (21) and 2'-deoxy-3-j3-D-ribofuranosyluracil (24).

Aqueous acid or base hydrolysis of 2,2'-anhydropyrimi- 
dine nucleosides results in cleavage of the anhydro bond at 
C-2 of the pyrimidine nucleus with the formation of arabi- 
nosyl nucleosides.1 In contrast, treatment of 2,2'-anhydro 
nucleosides under anhydrous conditions with hydrogen ha
lides yields 2'-halogeno-2,-deoxyribofuranosylpyrimidine 
nucleosides. In this manner, 2'-chloro- and 2'-bromo-2/- 
deoxyuridine2 have been obtained by reaction of 2,2'-anhy- 
drouridine (1) with HC1 in dioxane or HBr in trifluoroacet- 
ic acid, respectively. 2'-Chloro- and 2'-bromo-2,-deoxycyti- 
dine have been prepared from 2,2'-anhydrocytidine by 
reaction with hydrogen halides in DMF.3 Treatment of 1 
with hydrogen fluoride in dioxane solution gives 2'-fluoro- 
2'-deoxyuridine (2) in moderate yield.2’4 Conflicting re
ports3’5 exist as to the applicability of the HF -dioxane 
method for the preparation of the 2,-fluoro-2'-deoxy analog 
of cytidine from 2,2'-anhydrocytidine. The preparation of 
2,-fluoro-2'-deoxycytidine from 2 by standard synthetic se
quences has been reported.4

Fluorinated nucleoside 2 is desired in our laboratory as a 
precursor for the preparation of the corresponding 2'-fluo- 
rinated pyrimidine polynucleotides.6’7 However, our large- 
scale preparations of 2, which are carried out essentially as 
reported,2’4 contain a 3:2 ratio of 2 and l-/3-D-arabinofura- 
nosyluracil (3). Nucleoside 3 is derived from 1 by hydrolyt
ic cleavage, presumably from traces of moisture which are 
introduced into the mixture of 1 and dioxane during the 
addition of liquid hydrogen fluoride. Although 2 can readi
ly be separated from 3 by acetylation4 of the reaction prod
ucts, our attempts to improve the yield of 2 were not suc
cessful. We therefore explored the reaction of 1 with neat 
liquid hydrogen fluoride (LHF) (Scheme I).

Treatment of I with LHF at elevated temperatures 
unexpectedly resulted in rearrangement of the nucleosidic 
linkage from N-l of the uracil ring to N-3, with retention of 
the anhydro bond, to yield 2,2'-anhydro-3-/?-D-arabinofur- 
anosyluracil (4). We have previously reported the proof of

structure of this novel pyrimidine anhydro nucleoside.8 
The analogous rearrangement of 2,2'-anhydro-l-/S-D-arabi-
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nofuranosyluracil-6-carboxamide(5) to the N-3 isomer 6, 
on treatment with trifluoroacetic acid saturated with HBr, 
has also been reported.9 In view of the novelty of the
2,2,anhydro-N-3-pyrimidine nucleosides prepared by this 
rearrangement, we have further studied the mechanism 
and scope of the LHF-induced rearrangement as well -as 
some synthetic transformations in this series of pyrimidine 
nucleosides. This report is concerned with the results of 
these studies.

Mechanism. The mechanism by which 1 rearranges to 4 
in superacid media10’11 is of interest in view of the reported 
facile cleavage of nucleosidic bonds in LHF.12 Upon disso
lution of 1 in LHF, protonation of the uracil nucleus occurs 
to give 7 (Scheme II). Pyrimidine anhydro nucleosides are 
known to be protonated, even by such weak acids as benzo
ic acid,13 and cations of uracil and its alkylated derivatives 
have been observed in superacid solution.14 Migration of 
the free electron pair in protonated anhydro nucleoside 7, 
from N-l into the heterocyclic ring, takes place with con
current cleavage of the nucleosidic bond. Scission of the 
N -l-C -T  bond gives rise to resonance-stabilized oxocar- 
bonium ion 8. A similar mechanism has been proposed for 
the aqueous acid catalyzed hydrolysis of the nucleosidic 
bond in pyrimidine nucleosides15’16 and may also be the 
mechanism operative in the LHF-induced degradation of 
nucleosides and polynucleotides. Rotational equilibration 
about the LHF-stable 0-2-C-2' imino ester bond17 then 
takes place. Re-formation of the nucleosidic bond from in
termediates 8 occurs on cooling of the reaction mixture to 
give the thermodynamically more stable N-3 anhydro nu
cleoside 4.

Scheme II

8a 8b

It should be noted that this mechanism differs from that 
proposed18 by Tolman and coworkers for the rearrange
ment of 5 in HBr-CF3COOH. In LHF, the poor nucleophil- 
icity of fluoride ion makes displacement of the nucleosidic 
bond by F_ to form a glycosyl fluoride unlikely. Formation 
of a stabilized C-T carbonium ion followed by electrophilic 
attack of the neighboring heterocyclic ring is thus the more 
favored mechanism for the observed rearrangement in 
LHF. The uniqueness of HF-dioxane as a selective agent 
for the nucleophilic displacement of the anhydro bond in 1 
to give 2, in contrast to the rearrangement of 1 in LHF, is 
not readily apparent.

The preferential rearrangement of 1 to 4 cannot be ex
plained on the basis of steric hindrance. An inspection of 
molecular models indicates that there is less steric hin
drance in intermediate 8a than in 8b owing to the 4-oxo 
function. Reasons for re-formation of the nucleosidic bond 
from intermediate 8b at the more hindered N-3 position, to 
give 4 as the major reaction product, are not evident. It has, 
however, been reported that diazomethane treatment of 2- 
methoxy-4-pyrimidone, a compound similar to cleaved in
termediates 8, results in preferential introduction of the 
second methyl group in the more hindered N-3 position.19

Thermodynamic control of the product distribution in 
the rearrangement of 1 to 4 has been shown by equilibra
tion experiments (see Experimental Section for details). 
Treatment of either anhydro nucleoside 1 or 4, with LHF 
at 80° for 18 hr, resulted in approximately the same N -l-  
N-3 product distribution with the N-3 isomer predominat
ing by a ratio of approximately 7:2. It should be noted that 
only traces of uracil, resulting from cleavage of both the 
nucleosidic and anhydro bonds, were detected in these 
reactions. No other products could be demonstrated by tic 
methods.

Scope. We have further investigated the rearrangement 
of some other pyrimidine anhydro nucleosides in LHF. 
Treatment of 2,2'-anhydro-l-/3-D-arabinofuranosyl-5- 
methyluracil (9)2 with LHF under standard conditions 
yielded the corresponding N-3 isomer 10 (Scheme III), in

Scheme III

0

13 14

addition to traces of 5-methyluracil and unreacted starting 
material. The nmr spectrum of 10 clearly indicated H -l' as 
a doublet with Jy y = 5.5 Hz, indicative of the cis relation
ship between H-l'- H-2'. Allylic coupling (•/ = 1.5 Hz) was 
observed between H-6 (5 7.55) and the 5-methyl protons.

Thin layer chromatographic evidence indicated that
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Scheme IV

16
2,2'-anhydro-l-d-D-arabinofuranosylcytosine hydrochlo
ride5 (11) underwent reaction in LHF. However, attempts 
to isolate the rearranged N-3 product were unsuccessful 
owing to slow hydrolysis of the 4-amino group as indicated 
by a change in tic migration of the reaction product. Com
plete hydrolysis of both the amino and anhydro functions 
was accomplished by ammonium hydroxide treatment. 
Acetylation of this crude mixture with acetic anhydride- 
pyridine yielded an approximately equimolar mixture of 
tetraacetyl-l-/3-D-arabinofuranosylcytosine and triacetyl-
3-/3-D-arabinofuranosyluracil (17a) as the only nucleosidic 
products.

Treatment of 2,3'-anhydro-l-(2'-deoxy-/3-D-lyxofura- 
nosyl)thymine (12)I3a or 2',3'-0-isopropylidene-2,5'-anhy- 
dro-l-/?-D-ribofuranosyluraciI (13)20 with LHF at 80° for 
18 hr resulted in cleavage of both the anhydro and nu
cleosidic bonds. The free pyrimidine base was isolated from 
these reaction mixtures in nearly quantitative yield. Poly
merization of the carbohydrate portion of the molecule was 
indicated by the formation of a dark, water-insoluble resi
due. Attempts were also made to rearrange 12 and 13 under 
milder temperatures and/or shorter periods of time. In 
cases where extensive degradation of the parent anhydro 
nucleoside to free base did not occur, conversion of 12 or 13 
to products was minimal. The nucleosidic bond in anhydro 
nucleosides 12 (six-membered anhydro ring) and 13 (seven- 
membered anhydro ring) is apparently cleaved in LHF in 
an analogous manner to the nucleosidic bond in the 2,2'- 
anhydro nucleosides (five-membered anhydro ring). How
ever, the distance from the C -l' carbonium ion to the het
erocyclic ring nitrogens is of sufficient length to prevent re
formation of the nucleosidic bond at either N-l or N-3. 
Further hydrolysis of the cleaved intermediates liberates 
the free base. 6,2'-Anhydro-l-d-D-ribofuranosyluracil 
(14)21 was isolated unchanged upon treatment with 
LHF under the usual reaction conditions. This anhydro nu
cleoside is reported to be relatively stable in strong acid so
lution.21

Synthetic Transformations. The anhydro bond of the 
2,2'-anhydro N-3 nucleosides, 4 and 10, was rapidly cleaved 
by treatment with aqueous base to yield the N-3 nucleos
ides, 15 and 16 (Scheme IV). The large bathochromic shift 
observed for 15 and 16 in alkaline solution confirm the site 
of the nucleosidic bond at N-3 of the uracil chromophore.22 
The assignment of the arabino configuration for 15, and 
thus of 4, was made on the basis of nmr spectroscopy. The 
large coupling constant (8 Hz), together with the observed 
downfield shift (~0.4<5)23 of the anomeric proton from that

reported24 for the corresponding ribo nucleoside (see also 
below), substantiate a cis arrangement of protons at H -l '-  
H-2'. It is noteworthy that the anomeric proton of 15 in 
DMSO-c/g-D-iO solution appears as an unsymmetrical dou
blet as a result of virtual coupling25 between H -l' and H- 
2,-H-3/. In D2O solution, the anomeric proton appeared as 
the expected doublet.

Although arabino nucleoside 15 could be isolated in crys
talline form, it was more convenient to convert the syrupy 
hydrolysis product to crystalline acyl derivatives 17 for fur
ther synthetic transformations. Thiation of tribenzoate 17b 
was smoothly effected by treatment with P2S5 in dioxane. 
Assignment of the thio group to the 4 position in 18 rests 
on analogy with the thiation of 3-methyluracil26 and tri-O- 
benzoyl-3-/3-D-ribofuranosyl-6-methyluracil.27 Removal of 
the blocking groups by base-catalyzed methanolysis yield
ed the readily crystalline thioxo nucleoside 19. The H -l' 
proton signal for 19 (5 7.51) was considerably shifted down- 
field from the H -l' signal (5 6.65) of the parent oxo nucleo
side as a reflection of the magnetic anisotropy of the thione 
group.28

Conversion of thione 19 to a 4-amino derivative was at
tempted by reaction with methanolic or liquid ammonia 
under a variety of temperature conditions, or by oxidation 
of the thione to the sulfonate followed by reaction with 
aqueous ammonia.29 Under conditions where reaction of 19 
occurred (loss of starting material by tic and uv), further 
work-up of these reactions resulted in regeneration of the
2,4-dioxo-N-3-substituted uracil chromophore. The inabili
ty to isolate a 4-amino compound is probably due to partic
ipation at C-4 by the 2'-arabino-hydroxyl group.30 These 
results mirror those obtained upon rearrangement of 11 in 
LHF.

Reaction of 4 with acetic anhydride or benzoyl chloride 
in pyridine solution yielded the di-O-acylated derivatives 
20 (Scheme V). Anhydro ring opening, with benzoyl partic
ipation, was effected by treatment of 20b with boron tri
fluoride etherate31 in refluxing methanol. The mixture of 
2'(3')-riho-hydroxy benzoates thus obtained was further 
hydrolyzed to give 3-/3-D-ribofuranosyluracil (21)24 in mod
erate overall yield. It should be noted that whereas both 
the arabino nucleoside 15 and the ribo nucleoside 21 had 
the same tic migration in chloroform-methanol solvents, 
these compounds were readily distinguishable by nmr and 
chemical means. The H -l' proton of 21 (5 6.26) exhibited a 
small H -l'-H -2 ' coupling (3.5 Hz) which was further di
minished upon the formation of an isopropylidene deriva
tive.

Anhydro nucleoside 4 was converted to 2'-deoxy-3-/3-D- 
ribofuranosyluracil (24) by the series of reactions described 
by Holy.32 Anhydrous hydrogen chloride treatment of di
benzoate 20b in DMF solution resulted in cleavage of the 
anhydro bond by nucleophilic displacement to give the 2'- 
chloro-2'-deoxyribo derivative 22b as an' analytically pure 
foam. The nmr spectrum of 22b, in CDC13 solution, showed 
H -l' (8 6.82) as a doublet with J v^  = 3.5 Hz, in contrast to 
the larger coupling constant (J r>2' = 6.0 Hz) observed for 
the H -l' proton (5 6.65) of 20b, indicating inversion at C-2' 
to the ribo configuration. In addition, the C-2' proton (8 
5.42) was observed as an unsymmetrical quartet with J 2',3' 
= 7.0 Hz. Hydrogenolysis of the 2'-chloro function in 22b 
was smoothly effected by use of tri-n-butyltin hydride in 
refluxing benzene solution in the presence of a free-radical 
initiator to give the 2'-deoxy benzoylated nucleoside 23b in 
pure crystalline form after chromatography. The H -l' pro
ton of 23b was observed in CDCI3 as an unsymmetrical 
quartet (8 6.93, J = 4 and 8 Hz, Wi/2 = 13.5 Hz) in 
contrast to the expected pseudo-triplet.33 Similar excep-
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22, X =  Cl

23, X = H

a series, R = COCH3 

b series, R = COC6H5

tions to the general rule for the assignment of anomeric 
configuration in 2/-deoxynucleosides have been observed.34

Débenzoylation of crude 23b was smoothly accomplished 
by treatment with methanolic sodium methoxide. After pu
rification by column chromatography, 2'-deoxy-3-l3-D-ribo- 
furanosyluracil (24) was obtained as a crystalline solid 
which could not be obtained in a solvent-free state with 
melting point comparable to that previously reported for 
this compound.35 Several recrystallizations from 2-propa
nol, the reported crystallization solvent, did not give ana
lytically pure material, although our product migrated as a 
single spot on tic and had the reported spectroscopic char
acteristics.

It should be noted that attempts to apply the LHF-in- 
duced migration of nucleosidic bonds to the more acid-la
bile purine series were unsuccessful. Treatment of 8,2'- 
anhydro-8-oxo-9-/3-D-arabinofuranosyladenosine with 
LHF resulted in a nearly quantitative recovery of 8-ox- 
oadenine.

Experimental Section
General Procedures. Melting points were determined with a 

Thomas-Hoover apparatus (capillary method) and are uneorrect- 
ed. Ultraviolet spectra were recorded on a Cary Model 15 spec
trometer using previously reported procedures6“ and nuclear mag

netic resonance spectra were measured with a Varían A-60D (Sad- 
tler Laboratories, Philadelphia, Pa.) or a Varian T-60A spectrome
ter in the solvents indicated with TM S or DSS as an internal stan
dard. Values given for coupling constants (hertz) and chemical 
shifts (á) are first order. Thin layer chromatographic separations 
were carried out on microscope slides (1 X 3 or 2 X 3 in.) coated 
with thin layers (0.25 mm) of silica gel GF-254 (EM reagents). Ma
terials were detected with uv light and/or charring after spraying 
with 20% sulfuric acid in ethanol. Preparative column chromato
graphic separations were carried out over silica gel G (EM re
agents) by a described method. 36 Evaporations were carried out 
under reduced pressure with bath temperatures below 45°. Mi
croanalyses were performed by Research Division Analytical Ser
vices, Miles Laboratories, and by Galbraith Laboratories, Inc., 
Knoxville, Tenn.

General Procedures for Reactions with Liquid Hydrogen 
Fluoride. The hydrogen fluoride utilized in these experiments was 
obtained from Matheson Gas Products and was 99.9% minimum 
liquid phase purity. The desired amount of LHF was poured out of 
an inverted tank as directed37 into plastic cylinders and then 
poured into a precooled (5°) Monel (40 ml) or stainless steel (200 
ml) autoclave. The sealed autoclave was heated in a thermostated 
oil bath for the indicated time period. After cooling in ice, the au
toclave was opened and the dark contents were poured into a plas
tic beaker. With magnetic stirring, the LHF was evaporated with 
the aid of a stream of warm air from a blower. The dark residue 
was dissolved in water and the solution was neutralized by the ad
dition of solid calcium carbonate. Ethanol was added at intervals 
to control the foaming. The resulting neutral suspension was treat
ed with charcoal, warmed on the steam bath, and filtered through 
Celite. The filtrate was further processed as described below.

2,2'-Anhydro-3-/J-D-arabinofuranosyIuracil (4). A mixture 
of l 38 (10.0 g, 44.6 mmol) and LHF (100 ml) was heated at 80° for 
18 hr. The aqueous filtrate, obtained after neutralization of the 
reaction mixture, was evaporated to a thick syrup which was not 
allowed to crystallize, but was dissolved in chloroform-methanol 
and chromatographed on silica gel (1 kg) using 5:1 chloroform- 
methanol as the eluent. Fractions containing the desired product 
were combined, evaporated, and azeotroped with ethanol to give a 
foam. Crystallization of the foam was effected from a small 
amount of methanol with the addition of chloroform. After cooling 
overnight, the crystals were collected, washed with methanol-chlo
roform followed by chloroform, and dried at 60° to give 3.76 g of 4, 
mp 144-146°. A second crop of material (1.57 g) with mp 144-146° 
was obtained by further processing of the mother liquor. The over
all yield of 4 was 5.33 g (53%).

Material prepared in another reaction was recrystallized from 
methanol-chloroform to give an analytical sample of 2 ,2 '-anhydro-
3-/3-D-arabinofuranosyluracil (4): mp 144-146°; Amax (pH 2, 7) 271 
nm (< 6900), Amin (pH 2, 7) 233 (900), Amax (pH 12) 272 (6800), Amin 
(pH 12) 235 (1100); nmr (DMSO-d6) á 7.73 (1 H, d, H-6 ), 6.48 (1 H, 
d, H-T), 6.02 (1 H, d, H-5, Jg-s = 7 Hz), 5.82 (1 H, d, 3'-OH, 
Jy-s'OH = 4.5 Hz, exchanges with D2O), 5.21 (1 H, d, H-2', J y - 2 ' =
5.5 Hz), 4.86 (1 H, t, 5'-OH, c/s'a-s'B-s'-oh = 5.5 Hz, exchanges with 
D 20), 4.47 ( 1  H, m, H-3'), 4.12 (1 , m, H-4'), 3.35 (2  H, m, H-5'A, 
-5'B, changes to d with J  = 4.5 Hz on D20 addition).

A n a l. Caled for C9H 10N 2O5: C, 47.79; H, 4.46; N, 12.38. Found: 
C, 47.72; H, 4.36; N, 12.25.

Equilibration Experiments. The appropriate anhydro nucleo
side, 1 or 4 (0.10 g), was treated with LHF (10 ml) at 80° for 18 hr. 
After work-up in the usual manner, the resulting aqueous solution 
was evaporated to a syrup which dissolved in methanol. A portion 
of this methanolic solution was applied to 2 X 3 in. thin layer slides 
and the slides were developed with 6:1 chloroform-methanol. In 
this system, the products were cleanly separated and have the fol
lowing R f  values: uracil (0.6), 4 (0.5), 1 (0.3). The uv-absorbing 
bands were scraped from the plates and eluted from the gel with 
water. The absorbance was determined us. an appropriate blank 
portion of the plate. The percentage distribution of the products, 
averaged from two plates, was determined by ultraviolet spectros
copy using the reported extinction coefficients.

(—Product distribution, %---^
Starting Material 1 4 Uracil

l 20 74 6
4 22 73 5

2,2'-Anhydro-3-/l-D-arabinofuranosyl-5-methyluracil (10).
A mixture of 9 (1.80 g, 7.5 mmol) and LHF (25 ml) was heated in a 
Monel autoclave for 18 hr at 85°. The mixture was worked up as
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described above to give a syrup which was chromatographed on sil
ica gel (200 g) using 5:1 chloroform-methanol as the developing 
solvent. The fractions containing the desired product were com
bined and evaporated to give crystalline 10 (0.80 g, 44%). Recrys
tallization from ethapol gave an analytical sample of 1 0 : mp 180- 
181°; Amax (pH 2 , 7) 274 nm (e 6900), Amin (pH 2 , 7) 238 (1300), 
Amax (pH 12) 275 (6900), Amin (pH 1 2 ) 239 (1500); nmr (DMSO-d6) 
5 7.55 (1 H, d, H-6 , J  = 1.5 Hz, coupled to CH 3), 6.39 (1 H, d, H- 
T), 5.69 (1 H, d, OH-3', J 3'-oh- 3'-H = 4.5 Hz, exchanges on addition 
of D20), 5.15 (1 H, d, H-2', J y_*  = 5.5 Hz), 4.85 (1 H, t, OH-5', 
J 5 '-OH-5 'A-5 'B = 5.5 Hz, exchanges on addition of D 20), 4.37 (1 H, 
m, H-3'), 4.04 (1 H, m, H-4'), 3.28 (2 H, m, H-5'A, -5'B, changes to 
d with J  = 5 Hz on addition of D 20), 1.87 (3 H, s with shoulder, 
methyl protons).

A n a l. Calcd for C 10H 12N 2O5: C, 50.00; H, 5.04; N, 11.66. Found: 
C, 50.18; H, 4.93; N, 11.64.

3-(S-D-Arabinofuranosyluracil (15). A solution of 4 (2.00 g, 8 .8  

mmol) in 1 N  sodium hydroxide (40 ml) was stirred at room tem
perature for 30 min and then deionized by the addition of Dowex- 
50 H +. After removal of the resin by filtration, the filtrate was 
evaporated and the residue was azeotroped with ethanol until a 
foam was obtained. The foam was taken up in boiling ethyl acetate 
(250 ml) with the addition of ethanol (25 ml). Storage of this solu
tion in the cold overnight gave crystalline 15 (1.32 g, mp 172- 
174°). An additional crop (0.61 g, mp 172-174°) was obtained on 
evaporation of the mother liquor to give 15 in 90% overall yield. 
Recrystallization from ethyl acetate-ethanol gave analytically pure 
15: mp 172.5-174°; Amax (pH 2) 263 nm (t 7600), Amin (pH 2) 231 
(1700), Amax (pH 12) 292 (10,400), Amin (pH 12) 247 (700); nmr 
(D20) <5 1 A 1  (1 H, d, H-6 ), 6.65 (1 H, unsymmetrical d, H-T, J y_2- 
=  8.0 Hz), 5.80 (1 H, d, H-5, J^_e =  8.0 Hz), 4.70 (4 H, s, exchanga- 
ble protons), 4.70-4.40 (2 H, m, H-2', H-3'), 4.04-3.74 (3 H, m, H- 
4', H-5'A, -5'B).

A n a l. Calcd for C 9H i2N 20 6: C, 44.27; H, 4.95; N, 11.47. Found: 
C, 44.31; H, 4.88; N, 11.26.

3-/3-D-Arabinofuranosyl-5-methyluracil (16). A solution of 
10 (413 mg, 1.7 mmol) in 1 N  sodium hydroxide (10 ml) was stirred 
at room temperature for 75 min and then deionized by the addi
tion of Dowex-50 H +. After filtration from the resin, the filtrate 
was evaporated to a syrup and azeotroped with ethanol to give a 
foam (426 mg). The foam was dissolved in hot ethyl acetate and 
the solution was decanted from some insoluble material. The ethyl 
acetate solution, on cooling overnight, gave crystals of 16 (261 mg, 
59%), sinters at 105°, melts at 216-218°. Recrystallization from 
ethyl acetate gave pure 16: mp 215-216.5°; Amax (pH 2) 269 nm (e 
7100), Amin (pH 2) 241 (1600), Amax (pH 7) 269 (7100), Amin (pH 7) 
236 (1600), Amax (pH 12) 299 (9400), Amin (pH 12) 251 (700); nmr 
(D20) 5 7.30 (1 H, d, H-6 , J 6-CH3 = 1.5 Hz), 6 .6 6  (1 H, unsymmetri
cal d, H -l', J i'_2' = 8  Hz), 4.94-4.26 (6  H, m, H-2', H-3' and ex
changeable protons), 3.87 (3 H, m, H-4', 5'A, -5'B), 1.81 (3 H, nar
row d, methyl protons).

A n a l. Calcd for C 10H 14N 2O6: C, 46.51; H, 5.46; N, 10.85. Found: 
C, 46.56; H, 5.55; N, 10.59.

2',3',5'-Tri-0-acetyl-3-|3-D-arabinofuranosyluraeil (17a). 
From 15. A Mixture of 15 (489 mg, 2 mmol) and acetic anhydride 
(0.7 ml, 7 mmol) in dry pyridine (10 ml) was stirred overnight at 
room temperature. The mixture was evaporated and azeotroped 
with aqueous ethanol followed by ethanol until crystals formed. 
The crystals were collected to give 17a (574 mg, 78%), mp 165- 
166.5°.

From 4. Anhydro nucleoside 4 (1.00 g, 4.4 mmol) was hydro
lyzed in 1 N  sodium hydroxide (20 ml) for 30 min. The solution 
was deionized by the addition of Dowex-50 H+ and, after filtration 
from the resin, evaporated to a foam. The foam was azeotroped 
several times with dry pyridine and finally dissolved in dry pyri
dine (20 ml) and treated with acetic anhydride (1.8 ml, 19 mmol) 
overnight at room temperature. Work-up as above gave 17a as a 
crystalline solid (1.34 g, 82%), mp 164-166°. Recrystallization from 
ethanol gave analytically pure 17a: mp 166-167°; Amax (pH 2) 263 
nm (« 7300), Amin (pH 2) 231 (1300), Amax (pH 12) 294 (10,100), Amin 
(pH 12) 247 (500); nmr (DMSO-d6) 5 10.75 (1 H, broad s, NH, ex
changes on addition of D 20), 7.48 (1 H, m, H-6 , on addition of D 20 
becomes a doublet, J 6_s = 7.5 Hz), 6.78 (1 H, d, H -l', J r - v  = 7.5 
Hz), 6.03-5.40 (3 H, complex m, H-2', H-3', H-5; after D20  addi
tion, H-5 is a doublet at 5.65), 4.40-4.00 (3 H, complex m, H-4', 
-5'A, -5'B), 2.12-1.86 (9 H, three sharp singlets for acetate pro
tons).

A n a l. Calcd for C i5HigN20 9 : C, 48.65; H, 4.90; N, 7.56. Found: C, 
48.83; H, 4.98; N, 7.36.

2',3',5'-Tri-0-benzoyl-3-d-D-arabinofuranosyluracil (17b).

The foam resulting from the hydrolysis of 15 (5.00 g, 22 mmol) was 
azeotroped with portions of dry pyridine and finally dissolved in 
pyridine (75 ml), cooled, and treated dropwise with benzoyl chlo
ride (12.4 g, 8 8  mmol). Stirring was continued overnight at room 
temperature. Addition of ice was followed by evaporation of the 
pyridine and dilution of the residue with methylene chloride. The 
methylene chloride solution was washed successively with water, 
sodium bicarbonate solution, water, 2 N  HC1, and water. After 
drying (M gS04), the organic solution was evaporated to a foam 
which crystallized on trituration with benzene. The crystals were 
collected to give 17b (11.55 g, 82%), mp 108-111°. The benzene sol
vate of 17b, mp 112-114°, was obtained on recrystallization from 
benzene: nmr (DMSO-dg) 5 8.12-7.21 (2 2  H, complex, benzoyl H ’s, 
benzene, H-6 ), 7.08 (1 H, d, H -l', JV_2' = 8  Hz), 6.64-6.02 (2 H, 
complex, H-2', H-3'), 5.61 (1 H, d, H-5, J 5 -6  = 7-5 Hz), 4.85-4.53 (3 
H, m, H-4', 5'A, -5'B).

A n a l. Calcd for C 3oH24N 20 9 -C6H6: C, 68.13; H, 4.76; N, 4.41. 
Found: C, 67.80; H, 4.73; N, 4.42.

2',3',5'-Tri-0-benzoyl-3-)?-D-arabinofuranosyl-4-thiouracil 
(18b). To a solution of 17b (11.00 g, 17 mmol) in warm dioxane 
(200 ml) was added phosphorus pentasulfide (8.9 g, 40 mmol) and 
the mixture was refluxed for 3.5 hr. The hot solution was filtered 
through glass wool and the filtrate was evaporated to a syrup. The 
residual syrup was triturated with water and finally dissolved in 
chloroform. After washing of the organic solution three times with 
brine, the dried (M gS04) chloroform solution was evaporated to a 
syrup and dissolved in methanol. The crystals which formed were 
collected to give a quantitive yield of 18b, mp 180-186°, which mi
grated as a single spot on tic. Several recrystallizations of a portion 
of this material gave the hemimethanolate (presence of methanol 
confirmed by nmr) of 18b as yellow plates: mp 195-197°; nmr 
(DMSO-de) <5 1 1 . 6 6  ( 1  H, broad s, NH, exchanges on addition of 
D 20), 8.20-7.16 (17 H, benzoyl H’s, H-6 , H -l'), 6.54-6.13 (3 H, H- 
5, H-2', H-3'), 4.94-^1.50 (3 H, m, H-4', -5'A, -5'B), 4.02 (CH3OH).

A n a l. Calcd for C3oH24N 20 8S-0 .5 CH 3 0 H: C, 62.26; H, 4.45; N, 
4.76. Found: C, 62.27; H, 4.15; N, 4.66.

3-/3-I)-Arabinofuranosyl-4-thiouracil (19). A suspension of 
18b (1.20 g, 2.0 mmol) in methanol (20 ml) was adjusted to pH 
~  12 (moist pH paper) by the addition of 1 M  sodium methoxide 
in methanol. The clear yellow solution which resulted was stirred 
for 1 hr, after which the reaction mixture was deionized by the ad
dition of Dowex-50 H +. Removal of the resin followed by evapora
tion of the filtrate gave a syrup which was azeotroped extensively, 
with ethanol until a crystalline residue formed. The crystals were 
dissolved in hot ethanol and filtered and the solution was evapo
rated to a small volume. The crystals which formed on cooling 
were collected to give analytically pure 19 (0.29 g, 55%): mp 166- 
167°; Amax (pH 2) 334 nm (e 11,700),'Amin (pH 2) 286 (3000), Amax 
(pH 12) 348 (13,600), Amin (pH 12) 282 (2200); nmr (DMSO-d6 

with D20) <5 7.51 (1 H, d, H -l', J v = 8  Hz), 7.23 (1 H, d, H-6 ),
6.48 (1 H, d, H-5, J S-e = 7.5 Hz), 4.60-3.40 (9 H).

A n a l. Calcd for C9H12N2O5S: C, 41.54; H, 4.65; N, 10.77. Found: 
C, 41.52; H, 4.74; N, 10.75.

3'.5'-Di-0-acetvl-2,2'-anhydro-3-d-D-arabinofuranosylura- 
cil (20a). A solution of 4 (500 mg, 2.2 mmol) in dry pyridine (10 
ml) was treated with acetic anhydride (0.56 ml, 5.6 mmol) for 18 hr 
at room temperature. After the addition of ethanol, the solvents 
were removed and the residue was azeotroped with aqueous etha
nol, followed by ethanol, until crystals formed. The crystals were 
collected and recrystallized from ethanol to give 20a (528 mg, 
7796): mp 112-115°; Amax (pH 7) 270 nm (« 6700), Amin (pH 7) 233 
(950); nmr (DMSO-dg) b 7.80 (1 H, d, H-6 ), 6.52 (1 H, d, H -l'), 
6.08 (1 H, d, H-5, J s_« = 7.0 Hz), 5.50 (1 H, d, H-2', J v  2- = 5.5 
Hz), 5.34 (1 H, d, H-3'), 4.56 (1 H, m, H-4'), 4.08 (2 H, m, H-5'A, - 
5'B), 2.13 (3 H, s, acetate CH3), 1.92 (3 H, s, acetate CH3).

A n a l. Calcd for C i3H i4N 20 7: C, 50.33; H. 4.55; N, 9.06. Found: C, 
50.44; H, 4.49; N, 9.05.

3',5'-Di-0-benzoyl-2,2'-anhydro-3-/3-D-arabinofuranosyl- 
uracil (20b). A. By Use of Benzoyl Chloride. A solution of 4 
(500 mg) in dry pyridine (25 ml) was treated with benzoyl chloride 
(0.75 ml, 6.4 mmol) at room temperature for 5 hr. After the addi
tion of water ( 1 0  ml), the reaction mixture was evaporated to a 
thick syrup. The syrup was dissolved in chloroform and the chloro
form solution was washed with water, saturated sodium bicarbon
ate solution, water, 2 N  HC1, and water. The organic layer was 
dried (M gS04), filtered from salts, and evaporated to a crystalline 
residue. The crystals were collected and washed with ethanol to 
give 1.04 g of 20b with mp 136-140°, homogeneous by tic. Recrys
tallization from ethanol gave 740 mg (77%) of analytically pure 
20b, mp 156.5-157.5°.
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B. By Use of Benzoyl Cyanide.39 To a mixture of 4 (4.5 g, 20 
mmol) and benzoyl cyanide (5.8 g, 44 mmol) in dimethylformam- 
ide (25 ml) was added tri-n-butylamine (0.2 ml). After stirring for 
30 min, methanol (10 ml) was added and the reaction mixture was 
concentrated to a thick syrup under high vacuum. Crystallization 
of the syrup from ethanol followed by recrystallization of the crude 
product gave 20b (6.8 g, 79%): mp 156.5-157.5°; nmr (DMSO-d6) b 
8.27-7.30 (11 H, complex, benzoyl H’s, H-6), 6.65 (1 H, d, H-T, 
J y - 2- = 6.0 Hz), 6.09 (1 H, d, H-5, J M  = 7.5 Hz), 5.83-5.66 (2 H, 
m, H-2', H-3'), 5.04-4.72 (1 H, m, H-4'), 4.60-4.33 (2 H, m, H-5'A, 
-5'B).

A n a l. Calcd for C 23H 18N20 7 : C, 63.59; H, 4.18; N, 6.45. Found: C, 
63.53; H, 4.10; N, 6.31.

3-d-D-Ribofuranosyluracil (21). A mixture of 20b (2.10 g, 4.8 
mmol) and freshly distilled boron trifluoride etherate (1.1 ml, 8.7 
mmol) in dry methanol (50 ml) was refluxed with the exclusion of 
atmospheric moisture for 2 hr. The cooled reaction mixture was 
evaporated to a syrup and dissolved in chloroform. After washing 
of the chloroform solution with saturated sodium bicarbonate fol
lowed by water, the organic layer was dried (MgS0 4 ), filtered, and 
evaporated to a syrup. The syrup was azeotroped several times 
with ethanol, dissolved in methanol (25 ml), and stirred with 1 M  
sodium methoxide in methanol (7 ml) at room temperature for 5 
hr. After deionization with Dowex-50 H+, the solution was evapo
rated to a semicrystalline residue. The residue was triturated with 
ether and the crystalline material was collected to give 21 (570 mg, 
48%), homogeneous by thin layer chromatography. Recrystalliza
tion from ethanol-ether gave pure 21 (412 mg): mp 197-198° (lit.24 
mp 200-202°); nmr (D20) b 7.48 (1 H, d, H-6), 6.26 (1 H, d, H -l', 
J i'_2' = 3.5 Hz), 5.83 (1 H, d, H-5, J 5-« = 8.0 Hz), 4.90-4.60 (1 H, m, 
H-2'), 4.55-4.29 (1 H, t, W i n  = 12.0 Hz, H-3', J y - r  = 6.0 Hz),
4.06-3.52 (3 H, complex, H-4', H-5'A, -5'B).

A n a l. Calcd for C 9H i2N 20 6: C, 44.27; H, 4.95; N, 11.47. Found: 
C, 44.19; H, 4.98; N, 11.47

3',5'-Di-0-benzoyl-2'-chloro-2'-deoxy-3/j-l)-ribofuranosyl- 
uracil (22b). A solution of 20b (1.00 g, 2.3 mmol) in dimethyl- 
formamide (20 ml) containing HC1 (1 g) was heated at 100° for 30 
min. The reaction mixture was poured into water (500 ml), and the 
solid precipitate which formed was collected and washed well with 
water. The collected insoluble material was chromatographed on 
silica gel (100 g) using 15:1 chloroform-methanol as the eluent. 
Fractions containing the desired product were evaporated to give 
22b (750 mg, 69%) as a foam, homogeneous by tic, which could not 
be induced to crystallize: nmr (CDC1.0 b 10.03 (1 H, broad d, NH, 
J n h -6 -  6.5 Hz, exchanges on addition of D20), 8.20-7.12 (11 H, 
complex, benzoyl H’s, H-6), 6.82 (1 H, d, H -l'), 5.97 (1 H, complex, 
H-3'), 5.76 (1 H, unsymmetrical d, H-5, J e -s  = 8.0 Hz), 5.42 (1 H, 
unsymmetrical, H-2', J y - y  = 3.5, J 2'-3' = 7.0 Hz), 4.74-4.50 (3 H, 
m, H-4', -5'A, -5'B).

A n a l. Calcd for C 23H i9C 1N 20 7 : C, 58.67; N, 4.07; N, 5.95. Found: 
58.53; H, 3.85; N, 5.85.

3',5 '-D i-0-benzoyl-2'-deoxy-3-d-D -ribofuranosyluracil 
(23b). A solution of 22b (2.00 g, 4.25 mmol), tri-n-butyltin hydride 
(4 ml), and 2,2'-azobis(2-methylproprionitrile) (40 mg) in dry ben
zene (50 ml) was refluxed under a nitrogen atmosphere for 3.5 hr. 
The reaction mixture was evaporated to dryness and the residue 
was triturated several times with light petroleum ether. Crystalli
zation of the residue from benzene-hexane gave 1.64 g (8 8 %) of 
crystalline material, mp 110-115°. Chromatography of a portion 
(1 .0 0  g) of this material over silica gel yielded 680 mg of pure crys
talline 23b: mp 115-120°; nmr (CDC12) b 10.13 (1 H, broad s, NH, 
exchanges with D 20), 8.20-7.16 (11 H, complex, benzoyl H’s and 
H-6 ), 6.93 (1 H, d of doublets, H -l', J i-_2'a = 4, Ji'_2'B = 8  Hz, 
W 1/2 = 13.5 Hz), 6.08-5.63 (1 H, complex, H-3'), 5.73 (1 H, d, H-5, 

J e - 5 = 8  Hz), 4.82-4.42 (3 H, m, H-4', -5'A, -5'B), 3.58-2.92 ( 1  H, 
complex, H-2'A), 2.77-2.17 (complex, H-2'B).

A n a l. Calcd for C 23H20N2O7: C, 63.30; H, 4.62; N, 6.42. Found: C, 
63.62; H, 4.65; N, 6.08.

2'-Deoxy-3-/3-D-ribofuranosyluracil (24). A solution of 23b 
(2.00 g, 4.6 mmol) in methanol (25 ml) was made basic by the addi
tion of 1 M  sodium methoxide in methanol. The solution was 
stirred at room temperature for 6 hr, then deionized by the addi
tion of methanol-washed Dowex-50 H+ and filtered from the resin. 
The filtrate was evaporated to dryness, dissolved with water, and 
extracted several times with chloroform. Evaporation of the aque
ous solution was followed by azeotropic distillation with ethanol to 
give crystalline 24 (778 mg, 74%), contaminated with traces of im
purities as determined by tic. This material was column chromato
graphed to give 495 mg of chromatographically pure 24, mp 97- 
105°. Recrystallization from hot 2-propanol gave the hemi-2-pro-

panolate of 24: mp 82-90° (lit.35 mp 169-170°); Amax (pH 2) 262 
nm (t 7000), Xmin (pH 2) 231 (1600), Xmnx (pH 7) 263 (6800), Xmin 
(pH 7) 232 (1500), Xmax (pH 12) 292 (9900), Xmin (pH 12) 248 (600). 
The presence of 2-propanol in this sample was confirmed by nmr 
spectroscopy (D20): b 7.43 (1 H, d, H-5), 6.68 (1 H, unsymmetrical 
q, H -l', J y - 2 'A = 3.0, J y - 2 ’b  = 8.5 Hz, W m  = 16.0 Hz), 5.77 (1 H, d, 
H-6, c/6-5 = 7-5 Hz), 3.13-2.65 and 2.47-1.94 (2 H, complex m, H- 
2'A, 2'B). All attempts to remove the 2-propanol by gradual heat
ing under reduced pressure yielded a foam which did not give a 
satisfactory analysis.

A n a l. Calcd for C9H i2N 2O5-0.5C3H8O: C, 48.68; H, 6.15; N,
11.00. Found: C, 48.70; H, 6.27; N, 11.22.

Registry No.— 1, 3736-77-4; 4, 50664-09-0; 9, 22423-26-3; 10, 
52259-53-7;. 15, 52305-37-0; 16, 52259-54-8; 17a, 50664-11-4; 17b, 
52259-55-9; 18b, 52259-56-0; 19, 52259-57-1; 20a, 50664-10-3; 2Gb, 
52259-58-2; 21, 6745-33-1; 22b, 52259-59-3; 23b, 52259-60-6; 24, 
29031-49-0.
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Bromide Ion Induced Debromination of the 5,5-Dibromo Derivatives of 
“4,6-Dihydroxypyrimidine” and 6-Methyluracil

Sujit Banerjee and Oswald S. Tee*

D e p a r tm e n t  o f  C h e m is tr y , S i r  G e o r g e  W illia m s  U n iv e r s ity , M o n tr e a l  H 3 G  1M 8 , Q u e b e c , C a n a d a

R e c e iv e d  F e b r u a r y  1 , 19 7 4

In aqueous solutions “4,6-dihydroxypyrimidine” and 6 -methyluracil undergo rapid reaction with 2 molar equiv 
of bromine, to yield firstly their corresponding 5-bromo compounds, and secondly their 5,5-dibromo derivatives. 
Under acidic conditions, these latter compounds are acted upon by bromide ion to yield their monobromo deriva
tives and bromine. The liberated bromine is consumed in the presence of unreacted substrate to give a second 
equivalent of the 5-bromopyrimidinedione. The kinetics of debromination have been measured, and probable 
mechanisms for these processes are discussed with reference to previous studies on the dehalogenation of similar 
derivatives.

In an earlier study1 we concluded that in aqueous sulfu
ric acid solutions the bromination at the 5 position of 2- 
pyrimidinone (1) proceeds by an addition-elimination 
mechanism 1 -»• 2  - * •  3 , in which acid-catalyzed deprotona
tion of the 5 position of 2 is the rate-determining step.1 
Similar mechanisms appear to be operative in the bromina
tion of other pyrimidines bearing oxo and/or amino substit
uents at the 2 and/or 4 positions.2 For example, 1,3-di- 
methyluracil ( 4 )  adds “ HOBr” to yield the adduct 5 ,2-4 
which subsequently rearomatizes to the 5-bromouracil 6 by 
a slow acid-catalyzed dehydration.2 In the presence of bro
mine 5-bromo-l,3-dimethyluracil (6) forms the 5,5-dibro
mo derivative 7.

7
We now find that, in an analogous manner, 6-methylura

cil (11) reacts rapidly with bromine to give, successively, 12, 
1 3 , and 1 4  (Scheme I).5 Similarly, the reaction of “ 4,6-dihy
droxypyrimidine” (8) with bromine yields a 5,5-dibromo 
derivative 1 0  via the 5-bromopyrimidine 9 (see Scheme II). 
We attempted to follow the kinetics of the brominations 8 
—► 9 —► 1 0 , but obtained curious results. Subsequent experi
mentation revealed that these processes occur very rapidly, 
and that in fact the reaction we were following was the re
verse reaction 1 0  - * •  9 . Similar behavior was exhibited by
6-methyluracil (11), and in this paper we report a kinetic 
study of the debrominations 1 0  —*  9 and 1 4  —► 1 3 .

Results and Discussion
Although the major tautomeric component of “ 4,6-dihy

droxypyrimidine” (8) in aqueous solutions is not known 
with certainty,6 a pmr study in DM S0-d6/D 20  solutions
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suggested that it exists predominantly in the enol-oxo form 
8a, with a small contribution from the dioxo form 8b.7 In 
this medium, the 5 hydrogen shows slow exchange at ambi
ent temperatures, but the rate is greatly increased by the 
addition of acids or bases.7 Similar isotopic exchange oc
curs with the betaine 15 in acidic D20  solutions.8

Since the acid-catalyzed exchange at the 5 position of 8 
occurs more easily than that of 2-pyrimidinone ( l)9 or 1,3- 
dimethyluracil (4),10 it might be anticipated that the analo
gous bromination of 8 would also be faster than that of 1 or
4. Upon addition of 2 molar equiv of bromine to a solution 
of “ 4,6-dihydroxypyrimidine” (8) in aqueous sulfuric 
acid,11 the uv absorption appropriate to 8 (Xmax 253 nm)12 
is removed, and the resulting solution has Xmax below 210 
nm, with a significant tail end absorption extending be
yond 240 nm. With stepwise addition of bromine, the de
crease in absorbance due to 8 is accompanied by shifts to 
longer wavelengths, suggesting the intermediate formation 
of the 5-bromo derivative 9 which has Xmax at 261 nm. 
Spectrophotometric titration of 9 with bromine shows that 
1 molar equiv of bromine is required for complete reaction, 
with isosbestic points being obtained at 215 and 240 nm.
6-Methyluracil (11) behaves similarly on titration with bro
mine, in that 2 molar equiv of bromine is required for com
plete removal of the absorption maximum at 261 nm,13 and 
the absorbance decrease is accompanied by bathochromic 
shifts. Furthermore, the 5-bromo derivative 13 reacts 
smoothly with 1 molar equiv of bromine, as suggested by 
the elimination of its maximum at 276 nm and the presence 
of an isosbestic point at 211 nm.

Under synthetic conditions, 8 reacts with equivalent 
quantities of bromine in water,14 acetic acid,14 or methanol 
to give 5-bromo-“ 4,6-dihydroxypyrimidine” (9). Addition 
of 2 molar equiv of bromine to a methanolic suspension of 8 
yields the 5,5-dibromo derivative 10 (R = Me). Attempts to 
isolate a similar dibromo derivative 10 (R = H) from water 
failed, the reaction being accompanied by extensive evolu
tion of carbon dioxide.15 However, pmr spectra of solutions 
obtained by the addition of excess bromine to a D20  sus
pension of 8 or 9 show a signal at 5 6.08 attributable to the
2-H of 10 (R = H). This signal gradually decays with the 
appearance of other signals which are attributed to decom
position products.15 Similar spectra were obtained on 
treatment of the monobromo derivative 9 with bromine. 
These observations, and the spectrophotometric titration 
data, suggest the rapid formation of the 5,5-dibromo deriv
ative 10 (R = H). The compound 10 (R = Me) liberates io
dine from solutions of potassium iodide, and in the pres
ence of bromide ion and acid it converts 8 to the monobro- 
mopyrimidine 9, during the course of which 10 itself is also 
converted to 9. The reactivity of 5,5-dibromopyrimidine 
derivatives is well established, as illustrated by the facile 
debromination of the uracil adduct 16 (R = Br), the thy
mine adduct 16 (R = Me), and 5,5-dibromobarbituric acid
(17).17 Recently we have found that similar reversals occur 
from monobromo adducts of the type 16 (R = H), as well as 
those obtained from other oxo- and aminopyrimidines.2

15 16 17 20

Treatment of 6-methyluracil (11) with 2 molar equiv of 
bromine leads to the adduct 14. The behavior of 14 toward 
halide ions is similar to that exhibited by 10, to the extent 
that it liberates iodine from solutions of potassium iodide,

Table I
Variation of the Rate of Appearance of

5-Bromo-“ 4,0-dihydroxypyrimidine” (9) with 
[Br ] in 1.00 A H 2S 0 4a'6

[Br'f [KBr] Total [Br"] *obsd
* 104, M X 104. .1/ x 104, U x lO"5, sec’ 1

2.55 2.55 7.43
2.91 2.91 8.81
3.52 3.52 10.1
5.06 5.06 14.0
5.56 5.56 14.5
5.65 5.65 15.8
5.88 5.88 15.6
6.61 6.61 17.7
6.73 6.73 16.9
8.37 8.37 20.9
8.61 8.61 22.1

10.8 10.8 27.1
11.2 11.2 28.8
12.3 12.3 28.4
16.4 16.4 36.9

5.71 4.91 10.6 26.2
4.83 10.3 15.2 35.2
5.26 13.6 18.9 41.9
4.62 19.7 24.3 54.9
4.87 20.9 25.8 59.3
4.53 27.3 31.8 69.9
4.43 28.3 32.7 67.0
a At this acidity, [H3CT] = 0.511 M  (ref 1 ). " [8 ] = 1.5 x  10~ 3 

to 6.0 x  10~ 3 M . c Derived from initial bromine concentration.

and in the presence of bromide ion and acid it converts 11 
to 13, and is itself converted to 13.

The reaction of 6-methyluracil (11) and “ 4,6-dihydroxy
pyrimidine” (8) with bromine thus appears to involve rapid 
formation of the monobromo derivatives, which in turn also 
react rapidly with bromine to give the corresponding 5,5- 
dibromopyrimidine derivatives. These subsequently react 
with substrate to yield the monobromo products. The ki
netics of the latter processes were measured spectrophoto- 
metrically by monitoring the appearance of 5-bromo prod
ucts at fixed wavelengths. The initial bromination steps 
were found to be too fast to be followed by conventional 
spectrophotometric methods.

Under conditions where the concentrations of 8 and bro
mine are comparable, complex kinetic behavior is encoun
tered. However, linear first-order plots are obtained when 
the concentration of 8 exceeds that of bromine by a factor 
of 4 or more. First-order rate constants obtained in 1.00 N  
sulfuric acid solutions are independent of substrate con
centration, but appear to be linearly dependent on bro
mine. Since the reaction of 8 with bromine is rapid in com
parison to the rate of appearance of 9, this apparent depen
dence on bromine may be interpreted as arising from the 
bromide ion formed in the reaction sequence 8 —► 9 10.
This was confirmed by experiments in which bromine was 
added to mixtures of potassium bromide and 8 in solution, 
where plots of log &obsd us. ([KBr] + initial [Br2]) yielded 
the same second-order rate constant (19.8 ±  1.04 M-1 
sec-1) as that obtained in the absence of potassium bro
mide (21.6 ±  0.6 M -1 sec-1). Kinetic data for these pro
cesses are summarized in Table I, those for other acidities 
being listed in Table II and plotted against bromide ion 
concentration in Figure 1.



3122 J. Org. Chem., Vol 39, No. 21, 1974 Banerjee and Tee

Table II3
Variation of the Rate of Appearance of 5-Bromo-“ 4,(>-dihydroxypyrimidine”  (9) with [Br~]ft and [H30 + ]

CH2S04], n 0.100 0.300 0.500 0.700
[H30 + ], m 0.059 0. 160 0.261 0.361

[Br"] k x 103, [Br"] k x 103, [Br- ] k x 103, [Br- ] k x 103
x 104, M sec ^ x 104, M sec-4 x 104, M sec-4 0X sec-4

4.51 2.21 6.25 5.63 3 .40 5.30 4 .96 8 .72
4 .84 2.37 7 .18 6.60 5.68 7.81 6.16 11.1
5.74 2.52 9.14 7 .65 5.96 8.79 8.04 13.5
8.61 3 .10 13.7 9.27 6 .48 8.35 9.47 15.0
9.19 3.34 13.7 10.4 10.8 13.4 11.8 18.4

11.0 3.63 17.5 11.4 11.4 13.3 15.3 22 .7

“ These data, together with part of that from Table I, are plotted in Figure 1.h Derived from initial bromine concentration.

Table III“
Variation of the Second-Order Rate Constant k for the 
Appearance of 5-Bromo-“ 4,(i-dihydroxypyrimidine”  (9) 

with[H30  + ]

CH2S04]f n [H30+], m k, A/“4 sec

0 .100 0 .059 2 .16
0 .300 0 .160 5.00
0 .500 0.261 10.2
0 .700 0.361 13.2
1.00 0.511 21.6
1.00 0.511 1 9 .8b

“ Plotted in Figure 2. “ Rates were measured in the presence of 
KBr.

Second-order rate constants which include the bromide 
ion catalytic coefficient are linearly dependent on acidity. 
These values are summarized in Table III and plotted in 
Figure 2. Thus, the conversion of 10 to the 5-bromo deriva
tive 9 seems to be subject to catalysis by bromide ion18 as 
well as by hydronium ion.19 A small contribution from a 
water reaction on 10 (R = H) is also suggested by the non
zero intercepts in Figure 1.

Kinetics were also measured for the reaction of the isola- 
ble dibromo derivative 10 (R = Me) with 8 in acidic solu
tions and in the presence of bromide ion, as well as for the 
reaction of 10 (R = H) (generated by the addition of bro
mine to the 5-bromo compound 9) with 8. In all cases the 
rate constants obtained were identical within experimental 
error with those listed in Tables I and II.

These findings may be rationalized by the sequence out
lined in Scheme II, and by using the following analysis.21

*1
8  + B r, — ►  9 + H+ + Br" (1)L fast

9 + B r, — *• 10 + FT + Br" (2)fast

ks
10 + FT + B r ’ - — 9 ■ B r 2 (3)slow

Upon mixing of the substrate 8 and bromine there is 
rapid formation of both 9 and 10 (eq 1 and 2) and also of 
bromide ion up to a concentration essentially equal to that 
of the initial bromine. Only after essentially all of the bro
mine has been consumed by 8 and 9 does the slow back- 
reaction 10 —* 9 (eq 3) become apparent. Moreover, since 8 
is in excess, and probably k\ > k%, any bromine produced 
by the ks step is scavenged by 8 and converted to 9. That is, 
during the slow later stages of the reaction, bromine is 
present only in steady-state amounts. The overall result of

the reaction is thus that all of the bromine is converted to 9 
(and HBr), since 8 is always in excess.

At any time the rate of formation of 9 is

^  = (fet[8] -  fc2[9 ])[Br2] + fe3[1 0 ][H+][Br'] (4 )

and that of bromine is

- ^ ] =  fe3[1 0 ][H+][Br-] -  (fet[8] + fe2[9 ])[Br2] (5 )

During the latter stages of the reaction, bromine is pres
ent in steady-state amounts, since both of the processes (eq 
1 and 2) which consume bromine are very much faster than 
that (eq 3) which produces it. Setting eq 5 = 0 gives

[Br*] f e J lO lM B r - ]  
fei[8] + fe2[9]

and substitution into eq 4 yields

d[9 ] _  2 fe<fe,[8 l[1 0 lfHl[Br-] 
d t ~  fej[8] + fe2[9]

Under the conditions of our experiments [8] »  [9], and 
since almost certainly ki > k 2, eq 6 simplifies to

-dy  -  2 fe3[1 0 ][H+][Br-] (7 )

We believe, therefore, that the slow appearance of 9 
which follows an initial rapid increase in absorbance due to 
9 arises from the bromide ion induced debromination of 10 
via 18. This reaction (eq 3), is, of course, the microscopic 
reverse of the bromination of 9 (eq 2), and its rate should 
be dependent upon both acid and bromide ion concentra
tion (eq 7) as observed.

If, during our experiments, 8 were not in excess with re
spect to initial bromine, the concentration of 9 might ex
ceed that of 8 during the reaction and give rise to a break
down of the inequality &i[8] »  &2[9]. Under these particu
lar circumstances eq 6 would give rise to more complex ki
netic behavior, as we have observed.

Similar kinetic behavior was obtained for the reaction of
6-methyluracil with bromine, in that the observed first- 
order rate constants were linearly dependent on acid 
strength as well as on bromide ion concentration. However, 
pseudo-first-order behavior resulted even under conditions 
where substrate and bromine were of comparable concen
trations. Kinetic data for this reaction compare well with 
those obtained from the reaction of 14 with 6-methyluracil 
in acidic solutions in the presence of potassium bromide, 
and imply that 13 is formed from a protonated species such 
as 19 derived from the dibromo adduct 14, as illustrated in 
Scheme I. Rate results are tabulated in Table IV, and the
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Figure 1. Variation of the rate of appearance of 5-bromo-“ 4,6- 
dihydroxypyrimidine” (9) with [Br~] in sulfuric acid solutions of 
the following normalities: □= [/]] N ;  v, 0.700 N ;  +, 0.500 N ; 0 , 
0.300 N ;  A, 0.100 N .

Table IV
Variation of the Rate of Appearance of
5-Bromo-6-methyluracil (13) with the 

Acidity Function H 0

c h 2s o 4 ],

N *0
fe0ted/[Br'Ja 

X 102, Ai'1 sec'1 108 U'obsd/®'

1.00 0.10 0.450 -2.3468
1.20 0.01 0.495c -2.3054
2.006 -0 .3 0 1.53 -1.8163
2.806 -0 .5 5 2.33 -1.6320
3.00 -0 .61 2.92" -1.5351
4.00 -0 .8 9 6.33 -1.1984
5.00* -1 .1 6 14.4 -0.8416

0 Average of two determinations; plotted in Figure 3. 6 Rate data 
refer to the reaction of 14 with 1 1  in the presence of KBr. c Single 
determination.

dependence of log (&0bsd/[Br~] with the acidity function H(i 
is shown in Figure 3.22 

Analysis of the sequence

11 + Br, — ► 13 + H* + B r'1 fast 

k2
13 + B r, — ► 14 + H+ + B r'L fast

H
14 + H* + Br" — ► 13 + Br2s lo w  A

along the lines outlined for the “ 4,6-dihydroxypyrimidine” 
-bromine reaction yields

^  =  2 fe3 [1 4 ][H+][Br-] (8)

for the slow appearance of 13 during the latter stages of the 
reaction of 11 with bromine. The derivation of eq 8 is de
pendent upon the validity of the inequality fejfll] »  
^2 [13]. Since we observe that it is not necessary to have a
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Figure 2. Variation of the second-order rate constant k for the ap
pearance of 5-bromo-“ 4,6-dihydroxypyrimidine” (9) with [H30 +].

Figure 3. Variation of the rate of appearance of 5-bromo-6-meth- 
yluracil (13) with the acidity function H o' □, from the reaction of 
11 with bromine; ■ , from the reaction of 14 with 11 in the presence 
of KBr.

large excess of 6-methyluracil (11) over bromine to obtain 
good pseudo-first-order kinetics, it would appear that k x »  
&2,' i.e., the bromination of 6-methyluracil (11) is very 
much faster than that of 5-bromo-6-methyluracil (13). The 
correspondence between our analysis of Scheme I and our 
experimental observations again leads us to believe that 
the reaction followed was an acid-catalyzed bromide ion in
duced debromination, namely 14 —► 13.

Dehalogenation reactions similar to those of 10 and 14 
appear to be of significance in biological processes. Dus-
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chinsky, et a l , 23 have prepared a series of 5,6-substituted
5-fluorodihydrouracils and their corresponding 2'-deoxyri- 
bonucleosides 20 (X = Br, Cl; Ri = H, Me, Et, f-Bu, etc; R2 
= H, 2'-deoxyribosyl), and have shown that a qualitative 
correlation exists between the stability of 20 toward re
duced glutathione and its activity against mouse leukemia 
B82A. Such activity was presumed to arise from the release 
of 5-fluorouracil or 5-fluorouridine from the dihalogeno ad
ducts 20. Garrett, et a l . ,24 have also observed dehalogena- 
tion processes in the hydrolysis of 5-iodouridine 21 (X = I; 
R = 2/-deoxyribosyl). Under acidic conditions, the nucleo
side is converted to 5-iodouracil, and deiodination of the 
latter was postulated to occur via an addition-elimination 
mechanism involving loss of iodonium ion from the adduct 
22 (X = I; R = OH). More recently it has been shown that 
the 5-halouracils 21 (X = Cl, Br, I; R = H) dehalogenate in 
the presence of sodium bisulfite,25 and it was suggested 
that loss of halonium ion occurs from the bisulfite adduct 
22 (X = Cl, Br, I; R = 0 S 0 2H).

In conclusion we point out the similarities between the 
debromination reactions of 10 and 14 and the dehydration 
process 23 —► 25. For the latter, measured isotope effects2

Br

HY * .

HyHO Rj 
23

Rl = H, Me; Rj = H, Me

suggest that the cleavage of the C5-H bond (24 -*• 25) is 
rate determining. Therefore, again consistent with the ki
netic results presented above, one would expect the break
ing of the Cs-Br bonds of 18 (Scheme II) and 19 (Scheme I) 
to be the rate-determining steps in the conversion of 10 — 
9 and 14 -*■ 13, respectively.

Experimental Section
The melting points given below are uncorrected. Uv measure

ments were made on a Cary 14 instrument, pmr spectra were ob
tained from a Varian A-60 spectrometer, and the mass spectrum26 

was run on a Perkin-Elmer Hitachi RMU-6 E spectrometer. Ele
mental analyses were performed by Galbraith Laboratories, Inc., 
Knoxville, Tenn.

“4,6-Dihydroxypyrinridine” (8 ) from Aldrich was recrystal
lized from water before use.

The following were prepared according to literature methods:
5-bromo-G-methyluracil27 (13) and 5,5-dibromo-6-hydroxy-6- 
methyldihydrouracil28 (14).

5-Bromo-“4,6-dihydroxypyrimidine” (9). This compound has 
previously been synthesized by the bromination of 8  in acetic 
acid14 or warm water, 14 but it may be prepared in higher yield by 
bromination in methanol.

Bromine (1.6 g, 0.01 mol) in 10 ml of absolute methanol was 
added to a suspension of “ 4,6-dihydroxypyrimidine” (8 , 1 . 1 2  g, 
0.01 mol) in 10 ml of absolute methanol. Removal of methanol 
under reduced pressure and recrystallization of the residue from 
water gave 1.6 g (84%) of 9: mp 261-263° dec (lit. 14 mp 263-264° 
dec); pmr (DMSO-d6) 5 7.82 (broad s, 2 ), 8.50 (s, 1); uv (1.00 N  
H 2SO4) Amax (log () 204 (4.36), 261 (4.05).

5,5-Dibromo-4,6-dioxo-2-methoxyhexahydropyrimidine 
(10, R = Me). Bromine was added dropwise with stirring to a sus
pension of 8 (0.56 g, 0.005 mol) in 5 ml of absolute methanol until 
the color persisted. Refrigeration of the mixture and filtration af

forded a pale yellow material which was found to contain some of 
the starting material 8 . The bromination process was repeated to 
give 1.23 g (82%) of the dibromo derivative 10 (R = Me) as white 
crystals which were recrystallized from acetone-ligroin (bp 30- 
60°). The compound melted at 176-178° with strong effervescence, 
resolidified to a yellow material which darkened above 2 2 0 °, and 
melted with decomposition at 232-240°: pmr (DMSO-dg) 5 3.23 (s,
3), 5.47 (t, 1), 9.76 (d, 2) (J = 3.1 Hz). Addition of D20  led to the 
collapse of the low-field signals to a singlet. The mass spectrum 
(run at a source temperature of 170°)26 did not show a molecular 
ion peak corresponding to m /e  302, but showed triplets of intensity 
ratio 1:2:1 at m/e 273, 271, and 269 and at 272, 270, and 268.

A n a l. Calcd for C 5H6N 20 3 Br2: C, 19.89; H, 2.00; N, 9.28; Br, 
52.93. Found: C, 19.97; H, 1.90; N, 9.29; Br, 52.92.

Kinetic Procedures. Sulfuric acid and sodium thiosulfate were 
prepared from commercial standard volumetric concentrates. So
lutions of bromine in aqueous sulfuric acid were estimated by ti
tration against sodium thiosulfate. The concentration of hydro- 
nium ion in dilute sulfuric acid was calculated as described ear4 

lier. 1 For solutions of stronger acidity, “ weight per cent H 2SO 4“ 
was converted to normality using appropriate density values,29 and 
corresponding H a  values for the latter30 were fitted to a power se
ries, which then allowed direct conversion of normality to H 0 for 
any value of normality.

Rates of product formation were measured by monitoring a suit
able wavelength in the 300-340-nm region using a Cary 14 spectro
photometer. Temperature control was maintained by circulating 
water through the cell holders from a Neslab TE9 constant-tem
perature bath kept at 30.00 ± 0 .0 2 °. Solutions of substrate were pi
petted directly into the cell, and the reaction was started after 
temperature equilibration by adding 0 .1  or 0 .2  ml of the reactant 
solution. Measurements were normally taken over at least 3 half- 
lives for the faster runs fj/2 < 2 0  min) and 2  half-lives for the slow
er runs. The rate constants reported were obtained from first- 
order rate plots whose correlation coefficients exceeded 0.9998 for 
the slower and 0.9996 for the faster runs.
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Three-Membered Rings. VII. Solvent Control of the Cis-Trans Isomer Ratio 
in the Preparation of a Phosphonate Substituted Cyclopropane1

Eckhard W. Hellmuth, John A. Kaczynski, James Low, and Layton L. McCoy*

D e p a r t m e n t  o f  C h e m is tr y , U n iv e r s ity  o f  M is s o u r i— K a n s a s  C ity , K a n s a s  C ity , M is s o u r i  6 4 1 1 0

R e c e iv e d  M a r c h  12 , 19 7 4

Dimethyl 2-methyl-2-carbomethoxycyclopropylphosphonate was prepared by the reaction of methyl methacry
late with dimethyl chloromethylphosphonate and sodium hydride in solvent mixtures varying from pure benzene 
through benzene-dimethylformamide to pure dimethylformamjde. Two isomers were observed in all solvents. 
The stereochemistry proposed for them is based on analysis of their nuclear magnetic resonance spectra. The 
ratio of trans isomer to cis isomer was determined by gas chromatographic analysis and confirmed by nuclear 
magnetic resonance spectral analysis. Although log (trans isomer/cis isomer) produces a linear relationship when 
plotted against the Kirkwood -Onsager term, (e — l)/(2 t  + 1), for solvent polarity, the correlation is the inverse of 
nearly all such cases previously reported, i.e ., the cis isomer predominates in the polar solvent dimethylformam- 
ide and the trans isomer predominates in the nonpolar solvent benzene.

A general procedure for the preparation of polysubstitut- 
ed cyclopropanes has been examined in earlier papers of 
this series2 and in work reported by others.3 The procedure 
involves treatment of an «-halo compound with an «,/3-un- 
saturated compound in the presence of a base and solvent. 
All of the groups reported to “ activate” the «-halogen com
pound and the olefinic compound might be termed carbon 
functional groups, i.e., functional groups with a central car
bon such as esters, amides, nitriles, and ketones. Cyclopro
pane products thus formed are at least difunctional. The 
functional groups, the “ activating” groups, are on adjacent 
positions of the cyclopropane ring, oriented cis or trans. It 
has been observed that the cis/trans isomer ratio is depen
dent on the solvent: when the solvent is nonpolar, e.g., ben
zene, the cis isomer predominates, while when the solvent 
is polar, e.g., dimethylformamide, the cis/trans isomer ratio 
decreases, usually leading to a preponderance of the trans 
isomer.2b The present report gives an extension of the pre
vious work to include a heteroatom functional group, the 
phosphonate moiety, and an examination of the solvent ef
fect in this system.

The dimethyl phosphonate group was used to activate ei
ther the a halo group or the olefinic group as shown in 
Scheme I.4 Although a variety of conditions for the prepa-

Scheme I
Cl O
I II

(CH30)2P,0)CH=CH2 + CH3CHCOCH3

CH2=CCOCH3 + (CH,0)2P(0)CH,C1 

CH:,

ration of compound 1 were used, no systematic study to op
timize the yield was attempted. Gas chromatographic anal

ysis showed the presence of two isomers as expected. Com
plete separation of these isomers was not accomplished in 
either analytical or preparative scale gas chromatography, 
but separation was sufficient to determine isomer ratios 
(confirmed by integrated peak ratios in the nmr spectra of 
mixtures), to obtain the nmr spectra of each isomer, and to 
give enriched materials for subsequent saponification. The 
first isomer eluted in these separations is designated as iso
mer A, the second isomer B. Control experiments showed 
that these isomers do not interconvert under the prepara
tive reaction conditions.

Preparation of compound 1 in solvents varying from 
lV,AT-dimethylformamide (DMF) through mixtures of DMF 
with benzene to benzene produced changes in the ratio iso
mer B/isomer A, as seen in Table I. Although these studies

Table I
Solvent Composition, Kirkwood-Onsager Term Values, 

Yields, and Isomer Ratios for the Preparation of 
Dimethyl 2-Methyl-2-carbomethoxycyclo- 

propylphosphonate

Solvent ratio 
HC^OJNîv^-.CgHô (£ - I)/(2e + 1)

Yield of 
phosphonate, %

B/A
(trans/ cis)

Log
(trans/cis)

1 0 : 0 0.4803 18 0.19 -0 .7 2
9:1 0.4631 19 0.23 -0 .6 4
8 : 2 0.4446 38 0.27 -0 .5 7
7:3 0.4246 37 0.42 -0 .3 8
6:4 0.4034 26 0.56 -0 .2 5
5:5 0.3803 35 0.87 -0 .0 6
4:6 0.3555 1 2 1.27 + 0 . 1 0

3:7 0.3284 16 1.75 + 0.24
2 : 8 0.2984 8 2.9 + 0.46
1:9 0.2627 17 7.9 +0.90
0 : 1 0 0.2302 6 14.8 + 1 .17

of the effect of solvent used the dimethyl chloromethyl
phosphonate pathway, the dimethyl vinylphosphonate 
pathway did show the same isomer preference in the non
polar solvent benzene (the polar solvent dimethylformam 
ide was not examined). In similar studies of isomer ratio- 
solvent relationships in the preparation of some cyclopro-
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(e—7)/(2e+l)
Figure 1. Correlation of isomer ratio [log (trans/cis)] with solvent 
polarity [(« — l)/(2f + 1)] in the preparation of dimethyl 2-methyl- 
2-carbomethoxycyclopropylphosphonate.

panedicarboxylic esters, Inouye5’6 showed that such rela
tionships were consistent with the Kirkwood theory for the 
effect of the dielectric constant of the media on the reac
tion rate.7 Thus, a plot of log (isomer B/isomer A) against 
the function (« — 1)/(2e + 1) where e is the dielectric con
stant of solvent gives the result seen in Figure 1.

The proposed stereochemistry of the two isomers is 
based primarily on nmr studies. There are only minor dif
ferences in chemical shifts and coupling of the ring hydro
gens and the carbomethoxy hydrogens of the two isomers. 
However, the C-methyl hydrogens and the phosphorus me- 
thoxy hydrogens in the two isomers are quite different. In 
isomer A, the C-methyl hydrogens appear as a singlet (5
1.50) while in isomer B they appear as a doublet (6 1.38, 
Jp-H — 2.3 Hz). On the basis of work by several groups8 it 
appears that P-H coupling through two (or three) carbon 
atoms varies with the dihedral angle as in the Karplus rela
tionship.9 In the two possible isomers, the C-C-methyl and 
C-C-phosphorus dihedral angles were estimated at 0 and 
105° from models. The largest coupling would occur at 0° 
and this would be expected to produce an observable dou
blet. Thus, in isomer B the C-methyl would be cis to the 
phosphonate group or on the basis of the previous discus
sion would be called the trans isomer (phosphonate and 
carbomethoxy groups trans). This assignment is consistent 
with the upfield shift of the doublet arising from through- 
space shielding of the methyl group by the phosphonate 
group cis to it.10 In a somewhat different way, the P 0- 
methyl hydrogens confirm this assignment. For isomer A 
these hydrogens appear as two sets of doublets (o 3.72, Jp H 
= 11.2 Hz; ô 3.73, Jp_n = 11.0 Hz) while in isomer B they 
occur as one doublet (5 3.67, Jp_h = 11.2 Hz). P-H coupling 
will result in the doublets observed, while the appearance 
of two sets of doublets might be diastereotopic or due to re
stricted rotation of the phosphonate group. Models suggest 
that a cis arrangement of the two functional groups pro
duces very severe crowding and possible hindrance to rota
tion of the phosphonate group; a trans arrangement leaves 
the phosphonate group much less restricted. Examination 
of the nmr spectra of isomer A at elevated temperatures 
(up to 180°) showed no change in the set of doublets, but 
examination of isomer B at low temperature (down to 
—70°) changes its nmr spectrum to give a set of doublets

very similar to those observed for isomer A. This is consis
tent with the idea of hindered rotation for the phosphonate 
group, and the cis relationship of the two bulky functional 
groups in isomer A.11

Saponification of isomer B produced a triacid in which 
the C-methyl produces a doublet (5 1.40, Jp_H = 1.8 Hz) in 
its nmr spectra. Saponification of isomer A was more diffi
cult and a pure acid was not obtained. However, the nmr 
spectrum (in D2O) of the crude acid isolated showed the 
C-methyl singlet at 5 1.47 and that one phosphonate meth
yl group (<) 3.70, d, Jp _H = 11 Hz) was still present, i.e., un
saponified, possibly owing to the marked steric hindrance 
and charge concentration with the two functional groups 
oriented cis.

Thus, we propose that isomer A is the cis isomer and iso
mer B is the trans isomer. This leads to the interesting ob
servation (Figure 1, Table I) that the effect of solvent on 
isomer formation apparently is the reverse of that observed 
previously,2'3’5,6 i.e. , the cis isomer predominates in the 
polar solvent while the trans isomer predominates in the 
nonpolar solvent. Although unexpected, this result is not 
surprising. Application of the Kirkwood theory of solvent 
effects on reaction rates to the reactions studied here leads 
to the equation

In k jk c =
C0 -  1/kT-U -  l)/(2 e + lMp,*7 r,*:i -  /q*7 rt*3)

where Co, k, and T are constants for the present discus
sion, Mi* is the dipole for the transition state of the i reac
tion, r;* is the radius of the same transition state, and e is 
the dielectric constant for the solvent. Clearly, the slope of 
the line produced by plotting In K J kc vs. (« — l)/(2e + 1) is 
determined by the relative dipoles and sizes of the transi
tion states for the cis and trans reactions. Values for these 
dipoles and sizes can be estimated so as to rationalize ob
served results,5 but it is unlikely that sufficiently precise 
values can be determined a priori so as to give reliable pre
dictions. Nearly all previous studies have involved “ nonac
tivating” substituents, i.e., substituents other than the 
ester, nitrile, or keto functions defining the stereochemis
try, which are alkyl groups, and in these cases the generali
zation of nonpolar solvent-cis isomer, polar solvent-trans 
isomer is consistent. However, it should be noted that when 
chlorine is one of the “nonactivating” substituents, al
though the solvent-isomer ratio trend is still present, the 
cis isomer predominates in both polar and nonpolar sol
vents.25 Further, more recently and subsequent to the com
pletion of this work, Ducher, Sudre, and Vessiere12 have re
ported a similar inversion of the solvent-isomer ratio rela
tion. Thus for

Cl

with Y = COOCH3 and Z = COOCH3 or CN, only the cis 
isomer is formed independant of the solvent used (PhCH3 
or [(CH3)2N]3PO) and with Y = CN the per cent of cis iso
mer in the isolated product is as follows,

Z = COOCH3 Z = CN 
PhCH3 35 30
[(CH.ANIPO 62 74

i.e., the cis isomer predominates in the more polar solvent. 
Thus, the solvent polarity-isomer ratio relation established 
for systems having alkyl substituents and ester or nitrile 
activating groups appears not necessarily to be applicable
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with other types of polar substituents and activating 
groups. The present work is consistent with and supports 
the general concept of stereochemical control by transition 
state dipole-solvent polarity interaction proposed by In- 
ouye.5 However, in terms of the expression derived from 
the Kirkwood theory, it is not possible in the general case 
to make valid, reliable predictions as to the nature of the 
solvent-isomer ratio relation, i.e., which isomer will pre
dominate in which type of solvent, or even if there will be a 
change in isomer in going from one solvent to another.

Experimental Section
General. Nuclear magnetic resonance spectra were taken on a 

Varían T-60 spectrometer, or a JEOL JNM-4H-100 spectrometer; 
the esters were observed in carbon tetrachloride solution and the 
acids in D 2O unless otherwise mentioned. Gas-liquid chromato
graphic analyses were carried out on a Varian Aerograph A-90-P 
gas chromatograph. 13

Preparation of Dimethyl 2-Methyl-2-carbomethoxycy- 
clopropylphosphonate. A. Dimethyl Chloromethylphospho- 
nate.14 The general conditions are essentially those of Inouye, e t  

a l .6 Pertinent results are shown in Table I.
B. Dimethyl Vinylphosphonate.15 General procedure A 2b 

modified so as to filter out the sodium chloride rather than wash it 
out with water was used; a 57% yield of cyclopropane ester mixture 
was obtained (bp 122-129°, 1.8 mm).

Products from runs in solvent ratios of 5:5, 4:6, and 3:7 (Table I) 
were combined and distilled (bp 85-86°, 0.4-0.5 mm). Chromato
graphic analysis showed only the two isomer peaks in the ratio 51% 
trans, 49% cis (nmr analysis showed 49% trans). The sample was 
analyzed. A n a l. Caled, for CgHisPOs: C; 43.25; H, 6.81; P, 13.94. 
Found: C, 43.13; H, 7.30; P, 13.59.

Saponification of Dimethyl 2-Methyl-2-carbomethoxycy- 
clopropylphosphonate. A. Saponification of an ester mixture 
containing a preponderance (90%) of trans ester occurred readily 
with aqueous methanolic sodium hydroxide upon slight warming. 
Concentration of the solution and then addition of concentrated 
hydrochloric acid precipitated most of the sodium chloride, which 
was removed. Concentration of the acid solution, solution of the 
concentrate in acetonitrile, and storage in a refrigerator produced 
a crystalline acid after a few days. Recrystallization from acetic 
acid containing a few drops of acetic anhydride resulted in the 
trans triacid, mp 159.5-160.5°. A n a l. Caled for C5H9O5P: C, 33.35; 
H, 5.04; P, 17.20. Found: C, 33.24; H, 4.92; P, 17.12. The mother li
quors from the trans triacid produced no further crystalline mate
rial. However, both the trans triacid and the mother liquors on 
treatment with diazomethane produced the triesters, the trans 
triacid giving pure trans triester and the mother liquors giving a 
mixture of triesters containing about 75% cis isomer.

B. Triester (76% cis) was saponified under the same conditions. 
A crystalline acid, mp 120-124°, was isolated; although a variety of 
solvents were used, the melting point could not be narrowed. An 
nmr spectrum of this material in dimethyl sulfoxide showed acidic 
protons at 5 8.43, with the area of this peak being two-thirds the 
area of the P(0 )(OCH3) doublet (5 3.55) or the ring methyl group 
singlet (S 1.35).

Isomerization Control Experiments. A sample of the triester 
(65% cis) treated with sodium hydride for 74 hr at temperatures

ranging from 25 to 85° showed no change in isomer ratio. Similar
ly, another sample (50% cis) refluxed with sodium methoxide in 
methanol for 48 hr showed no change in isomer composition. In 
several preparations of the triester, samples were removed while 
reaction was occurring; in all cases, the isomer ratios were essen
tially the same at all stages of reaction.

Nmr Temperature Studies. These studies were carried out 
with the JEOL instrument. The low-temperature studies (trans 
isomer) were carried out in (CD3)2CO (15% v/v) with 1-5% tetra- 
methylsilane added as an internal reference. The sample was 
cooled slowly by cold nitrogen vapor; below —80° the mixture be
came too viscous for study. Dimethyl sulfoxide was used for the 
high temperature, the solvent protons acting as reference (<5 2.5). 
The mixture was heated slowly to the boiling point (189°). For 
both the hot and cold studies, spectra were taken at room temper
ature and several intermediate temperatures.

Registry No.—cis-1, 52176-07-05; trans-1, 52176-08-6; trans-1 
triacid, 52176-09-7; dimethyl vinylphosphonate, 4645-32-3; di
methyl chloromethylphosphonate, 6346-15-2; methyl 2-chloropro- 
panoate, 17639-93-9; methyl methacrylate, 80-62-6.
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A t pH  > 2  the decom position  o f  ethyl, re-butyl, and re-octyl xanthate ion to the alcohol and C S2 is inhibited by 
cation ic m icelles o f  cetyltrim ethylam m onium  brom ide (C T A B r) and catalyzed by anionic m icelles o f  sodium  lau- 
ryl sulfate (N aLS) and nonionic m icelles o f  T riton  X -100 . These effects can be rationalized in term s o f  m icellar 
effects upon the protonation  o f  the xanthate ion, and this rationalization is supported by m icellar e ffects upon  the 
apparent dissociation constants o f  the alkylxanthic acids. A t low  pH  C T A B r catalyzes the reaction in part b e 
cause it decreases protonation  o f  the xanthic acid to  its unreactive conjugate acid; whereas under these conditions 
N aLS inhibits reaction, but the nonion ic surfactant Brij 58 has no effect.

Monoalkyl xanthates (I) are rapidly hydrolyzed in dilute 
acid,2 and the rate-limiting step is a spontaneous heteroly
sis of the undissociated acid (II).4' 6 The zwitterion (III) 
may be an intermediate formed in low concentration, or a 
proton transfer from sulfur to oxygen could be concerted 
with C -0  bond breaking.

RO— CS2" + H* 

I

ROCS2H

n

[ROCS2H2]

IV

R— Ò— CS2"
I

H
III

alow ^

ROH + CS2

The protonated ester (IV) is formed at low pH and is un
reactive, unless the group R can be eliminated readily as a 
carbocation.6

The use of monoalkyl xanthates in ore flotation and cel
lulose processing stimulated work on their hydrolysis under 
homogeneous conditions,3' 6 but it seemed that synthetic 
surfactants might provide useful models for hydrolysis 
under industrial conditions because reaction in the pres
ence of micellized surfactants could mimic that in the pres
ence of colloids or larger sized particles. In addition alkyl- 
xanthate hydrolysis is often an undesired reaction which 
wastes material, so that its micellar inhibition could be use
ful.7

Experimental Section
Materials. T h e m onoalkyl xanthates were com m ercial samples 

or were prepared, as the potassium  salts, by standard m eth 
od s .3“5,11 T h e  ion ic surfactants, cetyltrim ethylam m onium  brom ide 
(Ci&H33N M e 3Br, C T A B r) and sodium  lauryl sulfate (C 12H 25O SO - 
3Na, N aLS), were purified by repeated recrystallizations, and the 
nonion ic surfactants, T riton  X -100  and Brij 58 (polyoxyethylene-
20-cetyl ether) were used w ithout further purification. D eionized 
and redistilled water was used to  prepare the solutions.

Kinetics. T h e reaction was follow ed spectrophotom etrica lly  at 
25.0° using m ethods already described .6 T h e  reactions at low  pH , 
where the substrate is present as the xanthic acid, were follow ed at 
270 nm , and Triton , which absorbs at this wavelength, cou ld  not be 
used under these conditions, so Brij was then used as a nonionic 
surfactant. R eaction  at high pH  was follow ed at 301 nm. Acetate 
buffer (0.02 M ) was generally used to control the pH , and dilute 
HC1 was used at low pH .

T h e products were the alcohol and C S 2, as in the absence o f  sur
factants ,3-45 and trace m etal effects were unim portant, as shown by 
the absence o f  any e ffect by  added E D T A . T h e  pH  o f  the reaction 
solutions was m easured in the presence o f  the surfactants. T h e o b 
served first-order rate constants, k$, are in reciprocal seconds, and 
the concentration  o f  surfactant (detergent) is denoted as Cp.

T h e decom positions o f  ethyl and n -bu tyl xanthate have been ex 
am ined over a wide pH  range in the absence o f  surfactants .4“ 6 T h e

Table I
Effect of pH on the Hydrolysis of n-Qctyl Xanthate“

103 c HC1, u PH6 10̂  kÿ, sec"l log ké - log CH*C

5.40 0.016 0.60
4.50 0.11 0.53
3.55 0.94 0.32

1.0 3.33 0.52
2.0 6.13 0.49
3.1 9.50 0.44
5.0 16.6 0.51

10.0 26.0 0.42
20.0 35.9 0.26
50.0 54.7 0.05

“ In dilute HC1 at 25.0° except where specified . 6 In buffer. c Log 
k'$ +  pH  for reactions done in buffered solutions.

results for n -octyl xanthate show that its decom position  follow s a 
pattern similar to that o f  the other alkyl xanthates. A  p lot o f  log 
against pH  has a slope o f  —1, and the rate levels o f f  at low  pH  
(T able  I) for  reaction in the absence o f  added surfactant.

Determination of Apparent Dissociation Constant. T h e  a b 
sorbance at 301 nm o f  a solution o f  n -bu tyl xanthate at various pH  
in water or the appropriate surfactant was determ ined at various 
times, the absorbances were extrapolated back to the tim e o f  m ix 
ing, and the absorbances o f  an equim olar solution o f  n -bu tyl xan 
thate were m easured under the same conditions. These experi
m ents were repeated in solutions o f  various pH . T h e apparent d is
sociation  constant “ K a"  was calculated using eq 1, where A  and A x

¿ x  =  K a +  1
ex(Ax -  A ) aH + a  a

are respectively the absorbances at a chosen pH  and in alkaline so
lution, ex is the extinction  coeffic ient o f  n -b u ty l xanthate in the 
surfactant solution, a is the d ifference betw een the extinction  coe f
ficients o f  xanthate ion and xanthic acid, and o h + =  —log pH  in 
the presence o f  surfactant. T h e  pH  range for these experim ents 
was 1 .5 -2 .8, and the value o f  a  for all the experim ents was approxi
m ately 16,500.

Results and Discussion
Micelles could change the reaction rate in several ways: 

by affecting (1) conversion of xanthate ion (I) into the reac
tive xanthic acid (II), or (2) protonation of xanthic acid
(II), giving the unreactive conjugate acid (IV), and (3) the 
rate of decomposition of xanthic acid (II) to products.

The simplest approach to this problem was to examine 
the micellar effects either at low pH (<1) where xanthate 
ion is absent or at higher pH (~3) where xanthic acid is 
fully ionized.12 We also measured the apparent values of 
pKa, and as expected we found that the acid dissociation of
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Figure 1. Effect of cationic micelles on the decomposition of n- 
alkyl xanthates at pH 3.65: •, Et; ■, n-Bu; ♦, n-octyl.

xanthic acid was increased by CTABr and decreased by 
Triton X-100 and NaLS; and these effects seem to be of 
key importance in determining the effects on reaction rate 
at pH > 3. Under all conditions the effects of micellized 
surfactants increase with increasing length of the n-alkyl 
group of the xanthate, as is generally found for micellar ca
talysis and inhibition.8”10

(1) At high pH where xanthate ion (I) is the bulk species, 
anionic micelles should increase the amount of reactive 
xanthic acid (II) present, and cationic micelles should have 
the opposite effect. (2) At low pH cationic micelles should 
decrease protonation of the reactive xanthic acid (II) which 
gives the unreactive conjugate acid (IV), and anionic mi
celles should have the opposite effect. (3) If we accept that 
the transition state is akin to the zwitterion (III) we would 
expect that incorporation of the substrate deeply into the 
micelle might hinder decomposition of the reactive xanthic 
acid by making it difficult for water molecules to hydrogen 
bond to the hydroxyl group of III, or to transfer a proton 
from sulfur to oxygen. However, there might be offsetting 
Coulombic interactions between the ionic head groups of 
the micelle and the anionic sulfur atoms, and evidence 
from reaction at pH 0 suggests that the decomposition step 
is slightly assisted by CTABr and hindered by NaLS.

Reaction at pH > 3. At this pH the xanthate ion is the 
bulk species, and because anionic micelles increase and cat
ionic micelles decrease the reaction rate (Table II and Fig
ure 1) their most important effect is to change the protona
tion equilibrium I ^  II, and effects on the rate of decompo
sition of alkylxanthic acid (II) seem to be less important.

The results at any given pH13 are relatively simple. Cat
ionic micelles of CTABr inhibit the reactions both in ace
tate buffer (Figure 1) and in lO“ 3 M  HC1 (Table III). The 
micellar inhibition increases sharply with increasing length 
of the n-alkyl group of the xanthate (Figure 1). The con
centration of CTABr (C1/2) required to halve' the reaction 
rate (Table IV) gives an approximate indication of the 
strength of substrate-micelle bonding and shows the im-

Table II
Rate Enhancement by NaLSa

m 3 c NaLS, m
r
Et n-Bu

\
rc-Octyl

7.7 7.1 6.8
1 7.93 7.20
5 7.16 8.73 32.2

10 7.75 10.1 73.5
15 12.6
20 7.65 14.0
25 15.7 120
50 7.34 23.6 130
75 8.86 123

100 11.9 30.6 129
400 58

0 Values of 104 k sec” 1, at 25.0° ;and pH 3.7.

Table III
Effect of CTABr on the Hydrolysis of n-Butyl Xanthate“

IO3 CD , U 1 0 3  s e e "! 103 CD , M 1 0 3  , sec- *

3.69 8.0 1.51
1.0 3.61 16.0 0.35
3.0 3.02 30.0 0.16

60.0 0.17
0 In IO-3 M HC1.

Table IV
Surfactant Concentrations for Half Rate Enhancement

or Inhibition“
f' r . .

f  : \
Alkyl xanthate CTABr b NaLSc Triton0

Et 8 x IO'4
n -Bu 3 x IO'4 -0..1 5 x IO'3
n -Octyl 4 x 10'5 8 x 10’ 3 1.3 x IO'3
a Molarity of surfactant for 50% effect. 6 At pH 3.65.c At pH 3.7.

portance of the hydrophobic n-alkyl group. Because the 
relation between rate constant and surfactant concentra
tion depends on pH, these values in Table IV apply only at 
the pH specified.

Anionic micelles of NaLS and nonionic micelles of Tri
ton catalyze the decomposition of n-alkyl xanthates at pH 
> 3 (Tables II and V). The catalysis increases, as expected, 
with increasing length of the n-alkyl group of the xanthate, 
and the concentration of surfactant needed for half rate en
hancement similarly decreases (Table IV). The values of 
C1/2 for n-butyl xanthate are approximate because we 
would have to go to very high surfactant concentrations to 
obtain rate plateaux.

Inhibition is observed with very low concentrations of 
CTABr, but much higher concentrations of NaLS are need
ed for rate enhancement, showing that the strongest inter
actions are between cationic micelles and alkyl xanthate 
ion (I).

Triton is as effective as NaLS in speeding the reaction 
(Tables II and V), and its nonionic micelles are effective in 
low concentration, showing the importance of hydrophobic 
as compared with Coulombic interactions.

The approximate maximum observed rate enhancements 
in micelles of NaLS at pH 3.7 follow: Et, 1.5-fold; n-Bu, 8- 
fold; n-octyl, 19-fold. With Triton they follow: Et, 2.5-fold; 
n-Bu, 7-fold; n-octyl, 16-fold (Tables II and V). However, it 
should be noted that these rate enhancements apply only
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Table V
Rate Enhancement by Triton“

Alkyl group---------------------------

10̂  ^Triton» M Et rc-Bu n-Octyl

7.7 7.1 6.8
0.2 7.98 7.99 12.1
0.5 8.49 8.66 26.9
1.0 9.29 10.1 49.4
2.0 9.60 13.3 78.9
4.0 11.4 19.3 101
6.0 16.3 34.2 108
8.0 19.3 47.2 111

10.0 19.5 50.8 110
a Values of 104 kj,, sec-1, at 25.0° and pH 3.7.

Table VI
Effect of pH on the Hydrolysis of n-Octyl Xanthate 

in NaLS“

11,3 CNaLS’ «
^ - 310 ó M HC1 pH 2 . 9

>
pH 3 .3

33.0 45.7 18.4
1 33.5 16.3
3 40.6
5 66.6
6 50.1

10 158 122 99.1
15 186
20 238
25 277 158 144
40 299
50 194 126 127
75 114 124

100 118 128
°  Values o f 104 kj,, sec- 1 .

for the specified pH. The results in Table VI, for example, 
show that the rate enhancements decrease with decreasing 
pH, and at these lower pH values we observe rate maxima 
in plots of k̂ , against CD rather than plateaux.

The increasing protonation of the alkyl xanthate ion (I) 
in the presence of anionic micelles is easily understandable 
in terms of electrostatic interactions. There are no Coulom- 
bic interactions with nonionic micelles of Triton, but this 
surfactant should stabilize an undissociated alkylxanthic 
acid (II) relative to the more hydrophilic xanthate ion (I).

In the absence of surfactants plots of log k  ̂ against pH 
are linear with slopes of —1 for decomposition of alkyl xan- 
thates at pH > 2.5, but we do not observe this behavior in 
the presence of high concentrations of surfactants where 
these plots are curved, especially for CTABr and Triton 
(Figures 2-4). These experiments were carried out using 
relatively high surfactant concentrations, so that all the 
substrate should be taken up into the micelles.

There could be several reasons for this behavior. (1) Mi
celles affect the pH of buffered solutions by changing the 
acid dissociation constants,14 and the substrates and buffer 
species will be distributed between the aqueous and micel
lar phases.8-10 An uncharged alkylxanthic acid could be in
corporated into a micelle, irrespective of its charge, espe
cially if the alkyl group is hydrophobic, and the relatively 
hydrophobic n-octyl xanthate ion could be incorporated in 
anionic micelles of NaLS despite the electrostatic repul
sions. (2) Micelles may change the rate of decomposition of

Figure 2. Variation o f  rate constant with pH in cationic m icelles 
o f  C T A B R : • , ethyl xanthate in 5 X 10-3  M  C T A B r; ■ , re-butyl 
xanthate in 2 X 10-3  M  C T A B r; ♦, re-octyl xanthate in 10-3  M  
C TA B r.

pH

Figure 3. V ariation o f  rate constant with pH in anionic m icelles o f  
0.1 M  NaLS: • , ethyl xanthate; ■ , re-butyl xanthate.

the xanthic acid (II). (3) There is a finite rate of reaction at 
high pH even in high concentrations of CTABr15 (Figures 1 
and 2), and when reaction is carried out in the presence of 
nonionic micelles of Triton X-100 the rates actually in
crease slightly at high pH (Figure 4). These observations 
are consistent with the appearance of a new reaction mech
anism at high pH under these conditions. This reaction 
could be decomposition of the xanthate ion, which would 
generally be too slow to be observed but could be subject to 
catalysis by cationic and possibly nonionic micelles. How-

R O C S 2 — ► R O  +  C S 2

ever, anionic micelles should be ineffective in this role and 
we see no increase of reaction rate at high pH with micelles 
of NaLS (Figure 3).

An additional problem arises from the difficulty of 
knowing the pH on the micellar surface as compared with
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Figure 4. Variations o f  rate constant with pH  in nonionic micelles 
o f  Triton : • , ethyl xanthate; □  ■ , n -bu tyl xanthate; ♦, re-octyl xan- 
thate. T h e  open  points are for 5 X 10-4  M  T riton  and the solid 
points are for 10~2 M  Triton .

that in the body of the solution,16 and this problem is relat
ed to the appearance of rate maxima as shown in Table VI.

Micellar inhibition can generally be treated in terms of a 
partitioning of the substrate between the aqueous and mi
cellar pseudophases,8“10’17 and this treatment can occasion
ally be applied to micellar-catalyzed reactions.18 However, 
these quantitative treatments cannot be applied to these 
xanthate reactions, in part for the reasons discussed above, 
but also because they require the assumption that changes 
in the critical micelle concentration (cmc) are small relative 
to the surfactant concentration. This approximation is a 
very dubious one for these reactions, because the relatively 
hydrophobic xanthic acid or xanthate ion could themselves 
promote micellization.

One major problem in studying micellar effects lies in 
deciding whether the micelles are acting by taking up the 
reactants, as is generally assumed, or whether they are 
merely affecting the properties of the solvent. With this in 
mind we observed that added sodium chloride in relatively 
high concentration decreases the inhibition by CTABr of 
the decomposition of n- butyl xanthate (Table VII) and in
creasing the concentration of acetate buffer has the same 
effect (Table VIII).19 In the absence of surfactant the rate 
is almost unaffected by 10-2 M  tetraethylammonium bro
mide. The salt effects upon the micellar inhibition could be 
caused either by exclusion of the substrate from the mi
celle, or by changes in micellar structure. The first explana
tion is generally applied to salt effects upon micellar catal
ysis and inhibition,8“10 but changes in micellar structure 
are important in decarboxylations.20

Reaction at Low pH. An alkyl xanthate ion should be 
wholly protonated at pH < 1, so that micelles should affect 
the reaction rate only by changing the rate of decomposi
tion of an alkylxanthic acid either directly, or indirectly by 
increasing the amount of the unreactive conjugate acid 
(IV). It is difficult to separate these factors, but decomposi
tion of the xanthic acid is probably playing a role because 
in 0.1 M  HC1 anionic micelles of NaLS retard decomposi
tion of n-butyl xanthate, and in 1 M  HC1, where there 
should be some protonation of the xanthic acid,21 reaction 
is also inhibited by NaLS. Nonionic micelles of Brij 58 have 
no effect on the reaction rate, which is consistent with this 
qualitative explanation, because they should not assist pro
tonation of an alkylxanthic acid or its decomposition. How
ever, CTABr slightly hinders reaction in 0.1 M HC1, 
suggesting that some n-butyl xanthate is then formed, but 
it catalyzes the reaction in 1 M  HC1 (Table IX) although

Table VII
Effect of Sodium Chloride on the Reaction of re-Butyl 

Xanthate in CTABr“

c N aC l’ u 1 0 3  k^, sec“* c N aC l’ M 1 0 3  kfr sec~*

0.033 0.10 0.31
0 .0 0 1 0.051 0.15 0.42
0.005 0.063 0.20 0.51
0.01 0.076 0.50 0.92
0.025 0.11 1.00 1.40
0.05 0.20

0 A t 25.0° 
buffer.

in pH  3.89, 2 x  10“ 3 M  C T A B r and 0.02 M  acetate

Table VIII
Effect of Sodium Acetate on the Reaction of n-Butyl 

Xanthate in CTABr“

c NaOAc, M 1 0 3 ft s e c "l

0.0069 0.026
0.020 0.033
0.028 0.041

“ A t 25.0°, pH  3.89, and 2 x  1 0 -3 M  C TA B r.

Table IX
Effect of Surfactants on the Acid Hydrolysis of n-Butyl 

Xanthate0

r--------NaLS-------- ^  , CTABr— ^ , -----------B rij---------
(------------------------'  CHC1’ M------------------------- \

103 CD , 14
r

0 . 1 1 . 0

H C l ’
0 . 1  1 . 0 0 . 1

---------\
1 . 0

98.0 96.0 98.0 96.0 98.0 96.0
1 82.0 82.0 93.0
3 76.0 69.7 80.0 260 100 99.0
6 41.2
8 41.2 80.7 302 103 103

16 26.0 80.5
20 94.0 90.0
25 25.8
30 83.0
60 85.0
0 Values o f 103 k se c -1 , at 25.3°.

Table X
Reaction of n-Octyl Xanthate in CTABr and 0.1 M HCl“

lo 3 c CTABr. 1 0 3 V  sec' 1 1 0 3 c CTABr 1 0 3 * * . sec ' 1

34.9 16 62.7
3 39.2 30 67.2
8 53.3 60 72.2

“ A t 25.0°.

the enhancement is relatively small (less than threefold). 
This rate enhancement is understandable if the transition 
state is between the zwitterion (III) and product, with fa
vorable Coulombic interactions between the micelle and 
the CS2-  group, and such a transition state should be des
tabilized by NaLS. Some support is given for this hypothe
sis by the rate enhancement of the reaction of the relatively 
hydrophobic n-octyl xanthate by CTABr, even in 0.1 M 
HC1, where in the absence of surfactants protonation of the 
xanthate ion should be almost complete, but there should 
be no protonation of the xanthic acid (Table X).
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Table XI
Micellar Effects upon the Apparent Dissociation 

Constants of n-Butylxanthic Acid in Water

Surfactant (< p S u r f a c t a n t  (( pK ”

1.54 5 x 10' 2 M NaLS 2.45
2 x 10' 3 M CTABr 1.01 KT2 M Triton 1.92

Micellized alkyl sulfates are readily hydrolyzed in mod
erately concentrated acid; therefore we did not use highly 
acidic solutions in these experiments, and freshly made so
lutions were always used.

Apparent Dissociation Constants. Micellar effects 
upon the rates at pH > 3 can be explained qualitatively in 
terms of changes in the acid dissociation of the alkylxan- 
thic acid. Similar observations have been made on a num
ber of micellar catalyzed or inhibited reactions.8“10’14*3 We 
have calculated the apparent dissociation constant of n- 
butylxanthic acid in the presence of micelles by rapidly de
termining the total concentration of xanthate ion. (The 
values are apparent because we do not know the distribu
tion of xanthic acid or xanthate and hydronium ions be
tween water and the micellar pseudophase.16)

Micelles change the dissociation constant in the expected 
directions (Table XI). Cationic micelles of CTABr should 
stabilize the xanthate ion relative to xanthic acid, and they 
increase the dissociation constant, whereas anionic micelles 
of NaLS and nonionic micelles of Triton should stabilize 
xanthic acid relative to its anion, and they decrease the dis
sociation constant.

Registry No.—Ethyl xanthate, 151-01-9; n-butyl xan
thate, 110-50-9; rc-octyl xanthate, 6253-37-8; CTABr, 57-
09-0; NaLS, 151-21-3; Triton X-100, 9002-93-1.
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T h e kinetics o f  condensation o f  N - m ethyl-4-picolin ium  iodide and p -d im eth ylam inoben za ldeh yde in 78.2% 
(v:v) aqueous alcoholic sodium  hydroxide were determ ined at 25° spectrophotom etrica lly  by follow ing the ap 
pearance o f  p -d im ethylam ino-4-styrylpyrid in ium  m ethiodide at 470 nm. T h e  reaction was first order in m eth- 
iodide, aldehyde, and hydroxide with a th ird-order rate constant o f  1.67 X 10“ 2 M ~ 2 sec“ 1. T h e  kinetics o f  the 
proton  exchanges o f  TV-m ethyl-4-picolinium  iodide in m ethan ol-d4-m e th o x id e -d 3 were determ ined b y  nm r at 
35°. T h e  second -order rate constants for exchange o f  N -m ethyl, 2,6-, and C -m ethyl protons were 2.2 X 10“ 5, 1.62 
X 10“ 4, and 7.5 X 10“ 2 M ~ l sec-1 , respectively. T h e  second -order rate constant for the N -m ethyl proton  ex 
change o f  N -m ethylpyridinium  iodide was 16 X 10“ 5 sec“ 1. T h e  kinetic data are in accord with a con den sa
tion m ecnanism  in which the rate-determ ining step is carbon -carbon  bon d  form ation  b y  reaction o f  the m ethy
lene base with the aldehyde. N itrogen  decoupling experim ents showed the f) protons o f  the TV-m ethylpyridinium 
iodide to be coupled to nitrogen. Furtherm ore, the TV-methyl group showed a positive nuclear Overhauser e ffect 
upon irradiation o f  nitrogen.

In conjunction with a study of the detection of alkyl ha
lides by reaction with 4-picoline we have examined the rate 
of the 78.2% (v:v) aqueous alcoholic base induced conden
sation of TV-methyl-4-picolinium iodide (1) with p-dimeth- 
ylaminobenzaldehyde (2) to yield the highly colored p- 
dimethylamino-4-styrylpyridinium methiodide (3) (eq 1).

Phillips1 has reported the analogous piperidine-induced 
condensation of Ar-methyl-2-picolinium iodide with 2.

The objective of the kinetic experiments was to deter
mine the reaction mechanism sufficiently to define the op
timum conditions for alkyl halide detection. The central 
mechanistic questions were (1) the role of the conjugate
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base of the quaternary ammonium ion (i.e., the methylene 
base); (2) the role of the dimer of the methylene base; and
(3) the identification of the rate-determining step of dye 
production, whether it is carbon-carbon bond formation or

CHO

3

(1)

elimination to form the final conjugated system. In ancil
lary experiments we have measured the rates of exchange 
of the protons of 1 in methanol-d4-methoxide-d3.

Mills and Raper2 suggested methylene base 4 as an inter
mediate in the piperidine-catalyzed reaction of 1-ethylqui- 
naldinium iodide with 2 (eq 2).

Et
4

Et r

Although Mastagli, Larive, and Etevenon3 presented evi
dence that methylene base 6 is not necessarily an interme
diate in the condensation (eq 3) in neutral and acidic 
media, Brooker4 invoked methylene base 6 to account for 
his observations on the condensation of 2-methyl-3-alkyl- 
benzothiazolium iodide (5) with 2. The latter system intro

duces a complication in that 6 has been shown to form 7 
and this dimer can serve as a source of monomeric methy
lene base 6. The dimer apparently forms by reaction of 
methylene base with quaternary salt.5 In elegant experi
ments Owen6 isolated the monomeric methylene base 6. 
This isolation made possible a study of the monomer- 
dimer equilibrium. Although no data were presented on the 
rate of approach to equilibrium in solution, the monomer 
(presumably neat) dimerized within 2 hr at 0° under nitro
gen. Spectra of the monomer could be determined without 
interference from dimerization.5

Owen5 also studied the rate of condensation of methy
lene base 6 with l,3-diethyl-5-(IV,7V-dimethylaminomethy- 
lene)-2-thiobarbituric acid (8) in acetonitrile containing 
triethylamine (eq 4).5 He concluded that carbon-carbon

Et

R =  Me, Et

bond formation (eq 4, step a) was rate determining because 
the condensation rate was independent of the concentra
tion of excess triethylamine presumably necessary for step
b. Furthermore, the rate of formation of 9 from quaternary 
salt 5 in the presence of a 1000-fold excess of 8 and a
10,000-fold excess of triethylamine was identical within ex
perimental error with the rate of formation of 9 using 
methylene base 6. This result would suggest that quater
nary salt is converted completely to methylene base by tri
ethylamine in a step that is not rate controlling. It seems 
safe to conclude that dimerization of methylene base is not 
kinetically significant under Owen’s conditions; otherwise 
the reaction would approach one-half order, instead of the 
observed first order in methylene base.

While the above-mentioned studies provide an informa
tive guide to the individual steps that might be involved in 
the condensation in aqueous ethanol, they are at best only 
suggestive regarding the rate-determining step. We, there
fore, have examined the kinetic form of the condensation 
reaction along with the rates of proton exchange of N- 
methyl-4-picolinium iodide (1) in methanol-d4-methoxide- 
¿3 to estimate the rate of formation of methylene base de
rived from 1.

Results
Kinetics of Condensation. The product of the conden

sation of 1 and 2  in 78.2% (v:v) aqueous ethanolic sodium 
hydroxide was 3 . This structural assignment was based on 
melting point comparison (mp 256-258°, lit. mp 255° )6 and 
nmr spectral data. Compound 3 showed resonances at 8
4.28 (s, 3 H, N+CH3) and 3.2 [s, 6 H, N(CH3)2], and com
plex absorptions at 8 6-7. There were no resonances at 
higher field than 5 3.2 in the product 3 , indicating the ab
sence of an aromatic methyl group. The N- methyl-4-picoli- 
nium iodide showed resonances at 8 1.9 (s, 3 H, CCH3) and
3.6 (s, 3 H, N+CHs). Nitrogen decoupling experiments 
showed that it was the signal of the (i protons of 1 that was 
broadened considerably by nitrogen coupling. This broad
ening, which is characteristic of IV-alkylpyridinium salts, is 
absent in the free basis. Irradiation of the nitrogen shows a 
nuclear Overhauser effect for the NCH3 group, the methyl 
intensity increasing about 13%. Thus, the nmr spectrum of



3134 J. Org. C h em ., Vol. 39, N o. 21, 1974 Kramer, Bisauta, Bato, and Murr

Table I
Initial Rate Studies of Reaction Order and the Derived 

Third-Order Rate Constants for the Base-Catalyzed 
Condensation of iV-Methyl-4-picolinium Iodide and 

p-Dimethylaminobenzaldehyde at 25°, 78.2% 
Aqueous Ethanol (v: v)

[Methiodide \ 
4

1 0  M

d(OD)a/d  t,

min * [OH ]

1 0 ^ [aldehyde], 

M

2  & 
1 0 ¿ fe3 ,

- 2  - 1  
M sec

0.2 0.013 1.0 2.0 1.63
0.5 0.031 1.0 2.0 1.55
1.0 0.058 1.0 2.0 1.46
1.5 0.080 1.0 2.0 1.33
2.0 0.114 1.0 2.0 1.43
1.0 0.013 1.0 0.5 1.31
1.0 0.028 1.0 1.0 1.41
1.0 0.042 1.0 1.5 1.41
1.0 0.060 1.0 2.0 1.51
2.0 0.026 0.25 2.0 1.30
2.0 0.044 0.375 2.0 1.47
2.0 0.062 0.5 2.0 1.55
2.0 0.119 1.0 2.0 1.49

Average 1.46 ± 0.15
a Initial slope of the trace of optical density v s . time. 6 Using an

extinction  for dye 3 o f 3.32 X 104 M - 1 cm  1.

3 was consistent with condensation at the 4-methyl group 
and clearly inconsistent with condensation at the /V-methyl 
group.

The kinetic order of each factor in the base-catalyzed 
condensation of I and 2 in aqueous ethanol was determined 
spectrophotometrically by following the rate of appearance 
of the 470-nm band of 3. The initial slope of the trace of 
optical density us. time was divided by the extinction coef
ficient for 3 (e 3.32 X 104 M -1 cm-1) to obtain the initial 
rate of formation of 3. In any given run the concentration 
of base was constant. The concentration of 2 was always at 
least 50 times that of 1, and thus its concentration re
mained constant. From the behavior of the initial rates as a 
function of the concentrations of base, aldehyde, and meth- 
iodide, the reaction was shown to be first order within ex
perimental error in each of these reagents. The third-order 
rate constants derived from the initial rates are shown in 
Table I. The average value of the third-order rate constant 
from the initial rate data was 1.46 X 10-2 M ~ 2 sec-1-

The reaction was also followed through 1 half-life (or a 
portion thereof at higher concentrations of 1). Values of op
tical density and time were read from the trace and optical 
densities at infinite time were obtained by dilution. Point- 
by-point pseudo-first-order rate constants were calculated 
from eq 5 where (OD„ — OD0) is proportional to the initial 
methiodide concentration and (OD„ — ODi) is proportion-

al to methiodide at time t. The pseudo-first-order rate con
stants were divided by the appropriate hydroxide and alde
hyde concentrations to obtain third-order rate constants. 
Comparison of the third-order rate constants from initial 
rate studies (Table I) and those from point-by-point deter
minations (Table II) shows satisfactory agreement.

Proton Exchange of iV-Methyl-4-picolinium Iodide. 
For convenience the rates of proton exchange of N- methyl-
4-picolinium iodide (1) were determined in methanol-d4 
containing methoxide-d3. the rates were followed by ob
serving the decay of the nmr signal characteristic of a par-

Tablell
Point-by-Point Pseudo-First-Order Rate Constants and 

Derived Third-Order Rate Constants for the Base- 
Catalyzed Condensation of Af-Methyl-4-picolinium 
Iodide and p-Dimethylaminobenzaldehyde at 25°

[Methiodide], [Aldehyde], 1 q 4  feobsd> 1 0 2 fe3,

1 0 4  M 1 0 2  M sec“* U ~2  sec -1

2 2 3.42 1.72
2 2 3.27 1.63
1 1 1.75 1.75
1 1 1.58 1.59

Average 1.67 ± 0.08
“ [OH-] = 1.0 M in all runs; solvent 78.2% ethanol (v:v).

ticular proton. All protons in 1 were exchangeable. The ex
tent of exchange was determined by integration of the par
ticular signal relative to the carbon-bound proton impurity 
in methanol-d4 as a standard. The exchange measurements 
were carried out at 35°.

The 4-methyl proton of 1 exchanged too rapidly to mea
sure in 1.47 M  methoxide-d 3 in methanol-d4. Under these 
conditions the N- methyl protons (6 4.40) exchanged with a 
pseudo-first-order rate constant of 3.3 X 10-5 sec-1 corre
sponding to a second-order rate constant of 2.2 X 10-5 M-1 
sec-1. The rate constant o£ AT-methylpyridinium iodide de
termined similarly was 16 X 10-5 M -1 sec-1. The induc
tive effect of the 4-methyl group retards the rate almost 
eightfold. The rate of exchange of the 2,6 protons of 1 was 
about ten times faster than that of its N- methyl protons, 
showing a second-order rate constant of 1.62 X 10-4 M -1 
sec-1 in 0.8 M  methoxide-d3-methanol-d4. The 4-methyl 
protons exchanged with a second-order rate constant of 7.5 
X 10- 2 M -1 sec-1 in 1.47 X 10- 4 M methoxide-d3-metha- 
nol-d4.

Discussion
The simplest mechanism that is consistent with the ki

netic data is shown in Scheme I in which k -2 «  Us- The ap
pearance of the aldehyde in the rate expression suggests

Scheme I
CH, CH,

OC
ch, r

+ OH k~,
fast

+ H,0
vN"

CH,

k2
k-2

(1)

(Ch3)2n— ( ^ 0 ) c— ch2—< ^ N +—  CH3 (2)

H
k3
fast

11

several steps
(CH,)^— < ^ ^ C H = C H - ^ ) N  — CH3

(3)
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that proton transfer (step 1) cannot be rate determining. 
This conclusion was confirmed by the nmr exchange exper
iments, that showed that the 4-methyl protons of N- 
methyl-4-picolinium iodide exchanged much faster than 
the formation of product 3. The first-order dependence of 
the condensation rate on base shows that the equilibrium 
constant for step 1 must be small; i.e., an inappreciable 
amount of N- methyl-4-picolinium iodide is converted to 
methylene base. In the extreme case, if all picolinium io
dide were converted to methylene base, then an increase in 
the concentration of base would not increase the rate. The 
conclusion was checked by showing that the uv spectrum of 
Af-methyl-4-picolinium iodide was the same in the presence 
and absence of 1 M  base. Thus, all of the evidence is consis
tent with a rapid proton-transfer equilibrium, with step 2 
rate determining. Methylene base dimer is not a kinetically 
significant intermediate.

Another mechanism can be shown to be consistent with 
the kinetic data if step 3 (Scheme I) is expanded to include 
the individual steps involved (Scheme II). Thus, if steps 1, 
2 (Scheme I), and 4 are rapid and reversible and step 5 
(Scheme II) is rate determining, third-order kinetics would 
result. This mechanism is analogous to that of the conden
sation of acetophenone with benzaldehyde in ethoxide-eth- 
anol, where it has been shown that the keto alcohol is de
graded to acetophenone and benzaldehyde more rapidly 
than it is converted to benzalacetophenone.7 To probe this 
possibility we prepared the alcohol 13 by reaction of the 
lithium salt of 4-methylpyridine with p-dimethylamino- 
benzaldehyde.8 Reaction of 13 with methyl iodide failed to

CH*Li +  Me2N

CH2CH— NMe, 

13
produce 12 in pure form. However, treatment of the solu
tion prepared from 13 and methyl iodide with base gave 
10% 3 (based on 13) but less than 1% 2, which was the limit 
of spectrophotometric detectability of 2. Thus, the balance 
of the evidence suggests that condensation step 2 is rate de
termining and not the dehydration step.

Scheme II

Me2N-— CH— CH2— ( ^ ¡ N  — CH3 + H20

11
OH
I

HO” + MeN— CHCH +—CH; (4)

12

Me.

OH
I

;N— 1CH— CH2— —  CH3 + OH'

OH" +  Me2N - H ^ ) — C H = C H -^ ^ jN +— CH3 (5)

+
h2o

Our results show that the condensation reaction is sub
stantially faster than the alkylation of 4-picoline by methyl 
iodide.

Experimental Section

Melting points were taken on a Thomas-Hoover capillary appa
ratus and are uncorrected. Infrared spectra were recorded on a 
Perkin-Elmer Model 257 in potassium bromide. Routine nmr spec
tra were determined on a Varian A-60D instrument. Ultraviolet 
spectra were run on a Cary Model 14 spectrophotometer or a Beck 
man DB spectrophotometer.

TV-MethyI-4-picolinium methiodide was obtained by refluxing 
equimolar quantities of 4-picoline (Eastman) and methyl iodide in 
ethanol for 24 hr in the dark. Recrystallization from ethanol af
forded material with mp 152° (lit. mp 152°).9

p-Dimethylamino-4-styrylpyridinium methiodide was pre
pared by refluxing 2.34 g (0.01 mol) of lV-methyl-4-picolinium io
dide and 1.5 g (0.01 mol) of dimethylaminobenzaldehyde (East
man) in ethanol containing 0.03 mol of sodium ethoxide for 1 hr. 
Upon cooling red needles separated, which were crystallized from 
ethanol, mp 256-258°. Anal. Calcd for C i6HigN2l: C, 52.46; H, 
5.19; N, 7.65; I, 34.7. Found: C, 52.48; H, 5.17; N, 7.37; I, 34.8. The 
nmr, ir, and uv-visible spectral data were in accord with the as
signed structure. The extinction coefficient for the styryl meth
iodide in 95% ethanol was 5.16 X 104 A/-1 cm-1 at 470 nm.

l-(4-Dimethylaminophenyl)-2-(4-pyridyl)ethanol (13) was 
prepared by a modification of Villani’s method8 using n-butyllith- 
ium in tetrahydrofuran instead of sodium amide. T o 15 ml of a 
22% hexane solution of n-butyllithium (0.035 mol) at 4° was added 
dropwise 3.3 g (0.036 mol) of 4-picoline in 20 ml of tetrahydrofur 
an. After 30 min 4.5 g (0.03 mol) of p-dimethylaminobenzaldehyde 
in 20 ml was added dropwise at 5°. The clear yellow solution was 
allowed to stand for 18 hr after which time 50 ml of water was 
added. The solution was extracted with benzene. The resulting so
lution was dried with magnesium sulfate and the solvent was re
moved by rotary evaporation. The residue was recrystallized twice 
from benzene. The product (1 g) had mp 166-168° (lit. mp 165- 
167).8

Kinetics. Stock solutions of lV-methyl-4-picolinium iodide and 
p-dimethylaminobenzaldehyde were prepared in absolute ethanol. 
Stock solution of potassium hydroxide were prepared in distilled 
water. The concentrations of the stock solutions were adjusted so 
that combination of 0.9 ml of the iodide and aldehyde solutions 
with 0.5 ml of the aqueous base gave the final concentration of 
reactants shown in Tables I and II. A run was initiated by addition 
of temperature-equilibrated base to a cuvette containing iodide 
and aldehyde. The resulting solution was shaken vigorously and 
placed in the thermostated compartment of the spectrophotome
ter.

The initial rate studies (Table I) were carried out on a Beckman 
DB instrument. Tangents were drawn to the curve and the slopes 
were determined in the usual way. Corrections were applied where 
necessary for any reaction that had occurred before the optical 
density traces could be started. The correction was determined 
from the initial optical density, the extinction coefficient of the 
dye, and the stoichiometric concentrations. The experiments were 
done several times. The results in Table I are representative.

Point-by-point rate data were determined on a Cary 14 instru
ment. The procedure for preparation and mixing of stock solutions 
was the same as that for the initial rate studies. The trace of opti
cal density against time was followed from 10 min to 1 hr. The so
lutions were incubated for 8-10 half-lives before the final optical 
density reading was taken. Pseudo-first-order rate constants were 
reproducible to ±5%.

Proton Exchange of N -  Methyl-4-picolinium Iodide with 
Methanol-d4-Methoxide-d3. Sodium metal (67.7 mg, 3 mmol) 
was dissolved in 2 ml of m ethanol-^ (E & M Laboratories, Inc., 
99% D, 98.5% CD3) to give a 1.5 M  solution. Addition of 35.5 mg 
(0.15 mmol) of N -  methyl-4-picolinium iodide to 0.5 ml of the basic 
methanol-di solution produced a dark green solution. The nmr 
spectrum showed complete loss of 2,6 aromatic resonance at <5 8.81 
(doublet, 2 H) and the high-field methyl resonance at 5 3.68 (sin
glet, 3 H). The high-field aromatic doublet at 8 7.95 had collapsed 
to a broad singlet. The exchanged protons appeared in the solvent 
peak at 8 6.13.

The low-field methyl resonance at 8 4.40 exchanged slowly. The 
rate was determined by periodic integration of the peak using the 
carbon-bound proton impurity in methanol-d4 as a standard. The 
3 and 5 protons also exchanged but more slowly. The rate of ex
change of the 2,6 protons was determined similarly in 0.8 M  meth- 
oxide. For comparison the rate of exchange of the A/-methyl pro
tons in Af-methylpyridinium iodide was determined in a similar 
manner.
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The rate of exchange of 4-methyl protons was determined in 
1.47 X  10-4 M base by integration of the singlet at 5 3.68 using the 
iV-methyl signal as standard.
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Our studies on the chromous chloride promoted addition 
of IV-chlorocarbamates to olefins2 led us to devise a conve
nient method for the preparation of iV-monochlorocarbam- 
ates in high yield, free from the JV.A'-dichloro derivatives. 
This method was also applied to the preparation of N- 
monochlorocarboxamides and of IV-monobromocarbamates 
and -carboxamides needed for the chromous chloride pro
moted addition studies20 and some photochemical work.3 
The recent publication of Swern and coworkers4 on the 
preparation of ethyl and methyl AT-chlorocarbamates 
prompted us to report our results.

The method consists of the formation of the sodium salt 
of the monohalo derivative followed by careful neutraliza
tion. The salt is prepared by treating a slight excess (Ô.5- 
2%) of the amide with sodium hypochlorite or hypobro- 
mite5 (5-6% solution) at ca. 0° (eq 1). After the addition of

Z C O N H j +  N a O X  — ► Z C O N X N a  +  H20  (1 )

Z C O N X N a  +  H sO + — ► Z C O N H X  +  H 20  +  N a + (2)
methylene chloride, dilute (1-2 N) sulfuric acid is added 
slowly until the sodium salt (eq 2) and the excess sodium 
hydroxyde are neutralized (an excess of acid must be avoid
ed). The solvent is removed at reduced pressure at 20-25°. 
The results are recorded in Table I.

iV-Chloroearbamates. The yields of the N-monochloro- 
carbamates 1-67 are excellent (86-98%) with the purity of 
the crude reaction products being satisfactory for use in 
reactions without further purification. The method is thus 
very efficient.

TV-Chlorocarboxamides. The JV-monochlorocarboxam- 
ides 8-16 were obtained in good yield, the purity of the

crude reaction products being satisfactory for use in reac
tions. The method was not successful with the sterieally 
hindered 2,2-dimethylpropionamide nor was it convenient 
for the preparation of the water-soluble iV-chloroformam- 
ide (7). Beckwith and Goodrich8 have prepared /V-mono- 
chlorocarboxamides in good yield by the bromine-catalyzed 
reaction of primary carboxamides with teri-butyl hypo
chlorite.

TV-Bromocarbamates. We have studied the bromina- 
tion of ethyl, 2,2,2-trichloroethyl, and benzyl carbamates 
(17, 18, and 19) and, to our knowledge, this is the first re
ported preparation of N- bromocarbamates. It appears that 
the disproportionation of the N- bromocarbamates 17 and 
18 (eq 3) does occur to a significant extent (K eC)- ~  0.08 and

2 R O C O N H B r R O C O N H 2 +  R O C O N B r 2 (3 )

0.1, respectively, at ca. 31°). Indeed, although both the io- 
dometric and neutralization analyses of the crude N- bro
mocarbamates 17 and 18 indicated a purity of 100%, their ir 
and nmr spectra showed the presence of nonbrominated 
carbamate. A careful examination of the integration for the 
various protons of the nmr spectra indicated clearly the 
presence of a third product, most probably the N,N- dibro- 
mocarbamate, the aliphatic protons of which had the same 
chemical shift as those of the N- monobromocarbamate, the 
molar ratio being approximately equal to that of the non
brominated carbamate (see Experimental Section for de
tails).

The crude benzyl N- bromocarbamate (19) was found to 
decompose rapidly under reduced pressure, as evidenced 
by continuous evolution of gas within the oily product, the 
loss of active bromine, and reduction in weight of material 
(the yield and active bromine content reported in Table I 
refer to a crude product kept under reduced pressure for 10 
min after evaporation to dryness). The crude N-bromocar
bamates 17, 18, and 19 could be stored in the refrigerator 
for several days without any loss of active bromine.

N-Bromocarboxamides. Kergomard6 has prepared N- 
bromoacetamide by adding a sodium hypobromite solu
tion5 to a solution of acetamide in acetic acid. iV-Bromo- 
benzamides have been prepared by using bromine in aque
ous alkaline solution with subsequent rapid acidification
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Table I
Preparation of iV-Haloamides

tf-Halo amide (No.) Yield, “ 96
/ ——'Purity, 
Iodometric

% starting 
amide Reqistry no.Neutralization

r
Crude Purified0

A
Lit.

C H 3CH 2O C O N H C l (1) 98 99 1 00 1 7 -1 9 9" 5 1 -7 9 - 6
C H 3C H 2C H 2O C O N H C l (2) 86 98 O il
C H 3O C H 2C H 2O C O N H C l (3 ) 93 96 OU
C lC H 2C H 2O C O N H C l (4) 91 96 98 5 3 -5 5 5 6 .5 - 5 7 .5 42®
C l3C C H 2O C O N H C l (5) 92 98 99 6 1 - 6 3 6 3 - 6 3 .5
C 6H5C H 2O C O N H C l (6) 98 98 99 2 7 - 2 9 6 2 1 -8 4 -1
HCONHC1 (7) 50 86 O il 7 5 -1 2 - 7
C H gC O N H C l (8) 10f 100 1 0 9 -1 1 0 n o * 6 0 -3 5 -5
C H 3C H 2C O N H C l (9) 78 94 95 O il 7 9 -0 5 - 0
C lC H 2C H 2C O N H C l (10) 88 96 6 9 - 7 4 7 4 - 7 4 .5 5 8 7 5 -2 4 -1
B r C H 2C O N H C l (11) 80 101 6 7 - 6 8 6 8 .5 - 6 9 6 8 3 -5 7 - 8
C IC H jC O N H C l (12) 83 98 100 6 6 - 6 8 6 8 - 6 9 .5 7 9 -0 7 - 2
F C H 2C O N H C l (13) 79 101 9 8 .5 - 1 0 0 1 0 0 .5 -1 0 1 6 4 0 -1 9 -7
C l2C H C O N H C l (14) 81 101 7 0 - 7 1 7 0 - 7 1 6 8 3 -7 2 -7
C l3C C O N H C l (15) 85 99 1 2 0 -1 2 2 1 2 2 -1 2 3 5 9 4 -6 5 - 0
F jC C O N H C l (16 ) 63 99 O il* 3 5 4 -3 8 -1
C H 3C H 2O C O N H B r (17) 85 100 101 ~10 O il
C l3C C H 2O C O N H B r (18) 92 100 101 ~ 1 3 O il
C 6H5C H 2O C O N H B r (19) 79 83 ~ 1 5 O il
C H 3C H 2C O N H B r (20) 87 100 100 7 4 - 7 5 7 6 - 7 7
C H 3C H 2C H 2C H 2C O N H B r (21) 80 94 96 O il 6 2 6 -9 7 -1
C lC H 2C H 2C O N H B r (22) 89 97 8 7 - 8 8 8 9 - 9 0
B r C H 2C O N H B r (23) 78 99 100 1 0 3 -1 0 4 .5
C lC H 2C O N H B r (24) 79 98 98 ~ 4 7 4 - 7 6 7 7 - 7 8 7 5 '
F C H 2C O N H B r (25) 65 99 ~ 6 8 2 -8 3 8 3 .5 - 8 4
C l2C H C O N H B r (26) 57 83 ~ 1 8 7 3 - 7 7 9 4 .5 - 9 5 .5 96*
C l3C C O N H B r (27) 45 77 9 5 - 9 7 1 1 2 5 '
F jC C O N H B r (28) 19 52 62*

a O f active halogen com pound before purification, based on the am ide. b Starting am ide present in the crude product as determ ined by 
nmr. c B y recrystallization from  m ethylene chloride or m ethylene ch loride-hexane mixtures (iodom etric purity > 99% ). d D . Saika and D. 
Swern, J. Org. Chem., 33, 4548 (1968). e P . Chabrier, C. R. Acad. Sci., 214, 353 (1942). > O f recrystallized product. « K . J. P. Orton and A . 
E. Bradfield, J. Chem. Soc.. 986 (1927). h Crystalline in the refrigerator. * Reference 10. - 'T h e  active brom ine content was not significantly 
increased b y  recrystallization: 82%, m p 96-98°.

using acetic acid.9 Our procedure gave better yields for the 
preparation of iV-bromopropionamide (20) and A'-bromo- 
pentanamide (21) and we have used it successfully also to 
prepare the N- bromocarboxamides 22-25. The method is 
not convenient for the N-bromination of the dichloro-, tri- 
chloro-, and trifluoroacetamides (26, 27, and 28), the yield 
and the purity of the crude product decreasing in the order 
26 > 27 > 28. Park, et al.,10 has used bromine and silver 
oxide in anhydrous trifluoroacetic acid to prepare N- 
bromo-a-haloacetamides in good yield and Beebe and 
Wolfe11 have obtained TV-bromotrifluoroacetamide (26) in 
high yield using acetyl hypobromite.

In comparison to the ¿V-bromocarbamates, the A'-bromo- 
carboxamides have much less tendency to undergo dispro
portionation into the carboxamide and the iV,/V-dibromo 
derivative. In the ir and nmr spectra of the pure (>99%) 
samples of the /V-bromo-a-haloacetamides 23-26, there is a 
small but detectable amount (2-4%) of nonbrominated car
boxamide.12

Experimental Section14
M elting points were determ ined on a Büchi apparatus and are 

uncorrected. Ir spectra were recorded on a Perkin-E lm er spectro
photom eter, M od el 257. N m r spectra were determ ined on a Varian 
A-60 spectrom eter using T M S  as internal standard. T h e  sodium  
hypochlorite solution was obtained from  A nachem ia Chem icals 
L td .15 and contained between 5.0 and 5.7% active chlorine (0.67— 
0.77 m m ol/m l) and excess sodium  hydroxide (̂—0.15 m m ol/m l). 
T h e carbam ates and carboxam ides, unless specified  otherwise, 
were obtained from  A ldrich  Chem ical Co.

Iodometric Analyses. T h e samples (about 1 m m ol accurately

weighed) were dissolved in 50 ml o f  a 50:50 m ixture o f  m ethanol 
and water. An excess o f  potassium  iodide dissolved in water (5 ml) 
was added follow ed by sulfuric acid (1 m l o f  a 4 IV solution). T he 
solution was then titrated with 0.1 N  sodium  thiosulfate.

Neutralization Analyses. T h e samples (about 1 m m ol accu
rately weighed) were dissolved in a 10:40 m ixture o f  m ethanol and 
water. T h e solution was cooled  in an ice bath and titrated with 0.1 
N  N aO H  using a p H  meter.

Preparation of ra-Propyl, 2-Methoxyethyl, 2-ChIoroethyl, 
and 2,2,2-Trichloroethyl Carbamate (29, 30, 31, and 32). These 
com pounds were prepared from  the corresponding alcohols a ccord 
ing to the procedure described by Loev and K orm endy:16 29, 65% 
yield (crude), m p 4 9 -52° (lit.17 m p 52 .5°); 30, 55% yield (crude), 
m p 4 4 -4 6 ° (lit.18 m p 46 .8°); 31, 33% y ield  (crude), m p 7 1 -73° (lit.19 
m p 7 7 °); 32, 40% yield  (recrystallized), m p 6 3 -6 4 °, ir (CH CI3) 
3540, 3430, 2940, 1750, 1585, 1385, 1325, 1115, and 1050 c m " 1, nm r 
(CD Cls) 5 4.70 (s, 2 H ), 5.62 (broad s, 2 H ).

Anal. Calcd for C 3H 4CI3N O 2: Cl, 55.25. Found: Cl, 54.88.
2,2,2-Trichloroacetamide (31) was prepared by treating the 

acid ch loride with concentrated N H 4OH : 76% yield; m p 141-142.5° 
(lit.20 m p 137°).

Typical Procedure for the Monochlorination of Carba
mates and Carboxamides. Preparation of Ethyl N -Chlorocar- 
bamate (1). T o  35.6 g (400 m m ol) o f  ethyl carbam ate in a 2-1. con i
cal flask cooled in an ice bath was added 545 ml o f  yellow  NaOCl 
solution (0.73 m m ol/m l, 398 m m ol). T h e m ixture was stirred until 
it becam e colorless (15 m in). M ethylene ch loride (300 ml) was 
added. T hen  241 m l (482 m equiv) o f  2 A  H 2SO 4 was added drop- 
wise with vigorous stirring. T h e addition  took  2 hr. T h e  organic 
phase was decanted and the aqueous layer was extracted with 
m ethylene ch loride (4 X 100 m l). T h e com bined  extracts were 
dried (N a2SC>4) and the solvent was rem oved on the rotatory evap
orator at ca. 25° to  yield 49.0 g o f  1 as a pale yellow  oil which crys
tallized upon cooling (see T able  I): ir (CCI4) 3400, 3300 (broad), 
1770, 1730, 1700, 1380, 1330, 1310, 1200, and 1060 cm “ 1; nmr
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(CDCI3) 6 1.30 (t, J  =  7 Hz, 3 H), 4.28 (q, J  = 7 Hz, 2 H), and 6.63 
(broad s, 1 H).

The other ¿V-chloroamides listed in Table I were prepared in the 
same way but on a smaller scale (from 1 0  to 10 0  mmol), the excess 
of amide varying from 1 to 2%. With amides very insoluble in 
water, a larger reaction time was needed (up to 30 min) with a few 
milliliters of methylene chloride being added to speed up the reac
tion. When working on a 10-40-mmol scale, acidifications were 
carried out with 1  N  H 2SO4. Because of the higher solubility of N - 
chlorocarboxamides in water, four to ten extractions with methy
lene chloride were performed. The ir spectra (CCI4) of the IV-chlo- 
rocarbamates 2 - 6  are quite similar to that of ethyl iV-chlorocarba- 
mate (1) and they all show a band in the following regions: 3400 
(free NH), 3200-3180 (broad, associated NH), 1770 (C = 0 ), 1740- 
1730 (C = 0 ), 1710-1700 (C = 0 ), 1410-1380, 1350-1330, 1200 
(ester), and 1080-1000 cm- 1  (ester).

Typical Procedure for the Monobromination of Carba
mates and Carboxamides. Preparation of Ethyl iV-Rromocar- 
bamate (17). To 4.43 g (43 mmol) of NaBr was added 53.4 ml of 
NaOCl solution (0.75 mmol/ml, 40 mmol). The mixture was stirred 
for 15 min at room temperature. The deep yellow hypobromite so
lution was cooled in an ice bath and 3.60 g (40.4 mmol) of ethyl 
carbamate was added. The reaction mixture was stirred until it be
came pale yellow (almost colorless). Methylene chloride (50 ml) 
was added followed by the dropwise addition of 41 ml (47 mequiv) 
of 1.15 N  H2SO4 with vigorous stirring. The addition took 1.5 hr. 
The reddish organic phase was decanted and the aqueous layer 
was extracted with methylene chloride (3 X 15 ml). The combined 
extracts were dried (Na2SC>4) and the solvent was removed on the 
rotatory evaporator to yield 5.71 g of 17 as a yellow oil (see Table 
I): :r (CCI4) 3400, 3200 (broad), 1720 (broad, strong), 1415, 1375, 
1330, 1220, 1190 (shoulder), and 1065 cm-1 , and weak bands at 
3500 and 1590 cm- 1  due to the presence of ethyl carbamate; nmr 
(CCI4) 5 1.28 (t, J  =  7 Hz, carbamate CH3) and 1.33 (t, J  =  7 Hz, 
iV-bromo- and iV,W-dibromocarbamate CH 3), 4.17 (q, J  = 7 Hz, 
carbamate CH2) and 4.28 (q, J  = 7 Hz, IV-bromo- and IV,IV-dibro- 
mocarbamate CH 2), 5.41 (broad s, carbamate NH2), and 6.55 
(broad s, N -  bromocarbamate NH) with the following relative inte
grations— 7.7 (the two overlapping triplets), 5.0 (the two overlap
ping quadruplets), 1 .0 , and 1 .6 .

The other IV-bromoamides listed in Table I were prepared in ex
actly the same way except that for water-insoluble amides, longer 
reaction time was needed (up to 30 min) for the reaction with 
NaOBr. The ir and nmr absorptions of the crude IV-bromocarbam- 
ates 18 and 19 are given below.

Crude 18: ir (CHCI3) 3400, 3200 (broad), 1745 (broad, strong), 
1390, 1325, 1230, 1185, 1110, and 1045, and weak bands at 3530 
and 1585 cm- 1  (nonbrominated carbamate); nmr (CC14) 5 4.75 (s, 
carbamate CH2), 4.81 (s, IV-bromo- and IV,IV-dibromocarbamate 
CH2), 5.60 (broad s, carbamate NH2), 6.40 (broad s, IV-bromocar- 
bamate NH) with a relative integration of 1.9:8.7:1.0:4.6.

Crude 19: ir (CCI4) 3400, 3240 (broad), 1720 (broad, strong), 
1395, 1325, 1210, 1180 (shoulder), and 1050, and weaker bands at 
3500 and 1590 cm- 1  (nonbrominated carbamate); nmr (CCI4) 5
5.05 (s, carbamate CH2), 5.85 (s, IV-bromocarbamate CH2), 5.35 
(broad s, carbamate NH2), 6.48 (broad s, IV-bromocarbamate NH),
7.30 and 7.33 (s, aromatic H of the carbamate and the IV-bromo de
rivative) with a relative integration of 1.0:2.3:1.1:1.2:7.7.

Registry No.— 1, 16844-21-6; 2, 52175-97-0; 3, 52175-98-1; 4, 
30830-84-3; 5, 30830-85-4; 6, 30830-47-8; 7, 52175-99-2; 8 , 598-49-2; 
9, 36448-95-0; 10, 52176-00-8; 11, 35070-76-9; 12, 35070-77-0; 13, 
35077-08-8; 14, 35077-09-9; 15, 35077-10-2; 16, 52176-01-9; 17, 
52176-02-0; 18, 52176-03-1; 19, 52176-04-2; 20, 3699-17-0; 21, 
3699-20-5; 22, 52176-05-3; 23, 52176-06-4; 24, 35077-11-3; 25, 
36015-63-1; 26, 52259-82-2; 27, 35077-12-4; 28, 359-45-5; 29, 627-
12-3; 30, 1616-88-2; 31, 2114-18-3; 32, 107-69-7; sodium hypochlo
rite, 7681-52-9; sodium hypobromite, 13824-96-9.

Supplementary Material Available. Characteristic ir absorp
tions (position of the NH and C = 0  bands) of the iV-chlorocarbox- 
amides 9-16 and of the IV-bromocarboxamides 20-26, and the nmr 
absorptions of these IV-haloamides and of the IV-chlorocarbamates
2-6 will appear in Table II (ir) and Table III (nmr) following these 
pages in the microfilm edition of this volume of the journal. Photo
copies of the supplementary material from this paper only or mi
crofiche (105 X 148 mm, 24X reduction, negatives) containing all 
of the supplementary material for the papers in this issue may be 
obtained from the Journals Department, American Chemical Soci
ety, 1155 16th St., N.W., Washington, D. C. 20036. Remit check or
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Liquid Crystals. V. Molecular Structural Effects on 
the Mesomorphism of Phenylene Esters1

D. W. Bristol and J. P. Schroeder*

D ep a rtm en t o f  C hem istry, T he U niversity  o f  N orth  Carolina at 
G reensboro, G reensboro, N orth  Carolina 27412

R eceived  A pril 3 ,1974

In an earlier paper,lb we reported the effects on the me
somorphism (liquid crystallinity)2̂ 4 of terminally substi
tuted p-phenylene dibenzoates (1) caused by changing the

0 0
1

end groups. It was shown that this molecular system has a 
marked tendency to exhibit nematic mesomorphism, which 
survives major variations of Y and Z. Since then, we have 
investigated the effects of more drastic alterations in struc
ture: halogen and methyl substituents on the central phe
nylene ring, methyl substituents in the 3 and 5 positions of 
the benzoyl groups, replacement of the central p-phenylene 
with m-phenylene and of benzoyl with cinnamyl, and the 
combination of central chloro substitution with dissimilar 
acyl groups.

The esters that were prepared have the following struc
tures.
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2

3a, R  =  Me; Y =  Me
b, R = M e ; Y  =  C1
c, R  =  Me; Y =  Br
d, R  =  n-C6H 13; Y =  Cl

- © - f - Ô - ' t - ® -
n Y n

OMe

RCO
II
O

OCR

0

5a, R  =  3,4-Me2C6H3
b, R  =  3,5-Me2C6H 3
c, R  =  4-MeOC6H4C H = C H

n-C6H 130 — CO— ( Q ) —  OCR

O
Cl

6a, R  =  4-n-C4H9C6H4
b, R  =  4-n-C8H 17OC6H4
c, R  =  3,5-Me2C6H3
d, R  =  4-MeOC6H4C H = C H

Esters with two identical acyl groups (2-5) were synthe
sized by the process shown in eq 1, and esters of type 6 by 
the process shown in eq 2 and 3.

2RCC1 +  HOArOH — >- RCOArOCR +  2HC1 

0 0 0

n -C A a O — ( Q ) ^ C :C1 +  HO— ( Q ) —  OH — -  

0  Cl

n - Q H ^ — < ^ > —  CO OH +  HC1

(1)

(2)

Cl

7 +  RCC1 —  6  +  HCI (3 )
II
0

Experimental Section
Substituted Benzoic and Cinnamic Acids. 4-n- H exyloxy-, 4- 

n -octy lox y - (Frinton), 3 ,4-dim ethyl- (Eastm an), and 3,5-dim ethyl- 
benzoic acid (A ldrich) and trans- 4 -m ethoxycinnam ic acid (A l
drich) were purchased. 4 -n -B utylbenzoic acid was prepared by hy
drolysis o f  the corresponding nitrile with N aO H  in E t 0 H -H 20 .  
A fter recrystallization from  E t 0 H -H 20 ,  the product had m p 98°, 
N -I  poin t6 112° (lit. 98°, 1120;6 102°, 112° 7). 4-rc-Butylbenzoni- 
trile was obtained by the Sandm eyer m ethod8 from  4-n-butylani- 
line (Eastman).

Acyl Chlorides. 4-A nisoyl ch loride was a com m ercial product

Table I
Phenylene Diesters“

Compel
Recrystn
solvent

Yield,
%

Melting 
range, °C

N-I point, 
°C

2 EtOH 92 137-138 C
3a EtOH-acetone 96 169-170 250 d
3b EtOAc 97 165-166.5 254 8
3c EtOAc 94 162.5- 164,

168.5- 170'
249.5d

3d EtOH-dioxane 47 89-90 169.5
4 Dioxane 94 234.5-236 (215) f
5a Acetone 16 207-208 c
5b EtOH

Cyclohexane
73 156-158.5

170.5-172.5'
c

5c Dioxane 64 209-214 >337»
6a Pentane 8 70-78 158
6b Hexane 52 75-77 161.5
6c MeOH 30 96.5-102.5 c
6d 90-120° petro

leum ether
49 119-167 238

“ Satisfactory analytical data (±0.4%  for C and H) were 
reported for all compounds in the table. b 5c and 6a-d  are 
believed to be mixtures of isomers. “ Not mesomorphic. 
d These compounds exhibit monotropic nematic-smectic 
transitions at 126 (3a), 127.5 (3b), and 130° (3c). 'P o ly 
morphic. < Monotropic transition. « Decomposition begins 
at this temperature.

(Eastm an). T h e others were m ade from  the corresponding acids by  
treatm ent with S0C 12 at reflux in the presence o f  pyridine. Excess 
S0C 12 was distilled to  give the acid chlorides as residues.

Diphenols. H ydroquinone (M atheson Colem an and B ell), resor
cinol (Fisher), and m ethyl-, ch loro-, and 2 ,5 -d ichlorohydroquinone 
(Eastm an) were purchased. B rom ohydroquinone, m p 112° (lit.9 
m p 111°), was synthesized by brom ination o f  hydroquinone with 
dioxane d ibrom ide9 when attem pts to purify a com m ercial m ateri
al (Eastm an, practical grade) were unsuccessful.

2- and 3-Chloro-4-hydroxyphenyl 4-ra-HexyIoxybenzoate
(7 ). A  m ixture o f  these isomers was prepared by overnight reaction 
o f  ch lorohydroquinone (0.10 m ol) and 4-ra-hexyloxybenzoyl ch lo 
ride (0.017 m ol) in 90 m l o f  dry pyridine at room  tem perature. T h e 
resulting m ixture was poured into 300 m l o f  2 A7 aqueous HC1. An 
oil separated which was washed with aqueous N a H C 0 3 and then 
H 2O. Extraction with 95% EtOH  left by -prod u ct 3d as the residue. 
Crude 7 was recovered from  the extract by  precipitation  w ith H 20 . 
T h e precipitate was dissolved in ether, and the solution was 
washed with aqueous NaH CCb and treated with N orit. R ecrystalli
zation from  90-120° petroleum  ether gave a 53% yield o f  7, m p 
109-112°. Anal. Calcd for C 19H 2i 0 4Cl: C, 65.41; H , 6.08. Found: C, 
65.43; H, 5.94.

Phenylene Diesters. T ypically, for the preparation o f  type 2 -5  
esters, 1 molar equiv o f  diphenol and 4 molar equiv o f  acyl chloride 
were allowed to react overnight in dry pyridine at room  tem pera
ture. T h e m ixture was then poured into a large volum e o f  H 20 . 
T h e precipitate was rem oved by filtration, washed with H 20  and 
aqueous NaHCCH, and recrystallized from  a suitable solvent after 
treatm ent with Norit. T h e procedure for preparing 6 a -d  was gen
erally similar, using 7 instead o f  a diphenol. T h e  exception  was the 
reaction o f  7 and 4-m ethoxycinnam yl ch loride, which gave a highly 
colored  product by this m ethod, and so was run in benzene rather 
than pyridine solution. Excess acyl ch loride can be recovered (as 
the acid) by acidification o f  the alkaline filtrate and /or aqueous 
NaHCCH wash liquor with hydrochloric acid.

T h e results are sum m arized in T able  I.
Apparatus. Transition  tem peratures were determ ined with a 

R eichert T herm opan polarizing m icroscope equipped with a K o- 
fler m icro h ot stage. T h e instrum ent was calibrated against pure 
com pounds having known m elting points. Som e o f  the transitions 
were checked by means o f  a Perkin-E lm er differential scanning 
calorim eter, M odel D SC -1B .

Analyses. Elem ental m icroanalyses were perform ed by G al
braith Laboratories, Inc., Knoxville, Tenn.

Results and Discussion
As mentioned above, system 1 shows a remarkable pro

pensity toward nematic mesomorphism.lb Among esters of 
type 1, the di-p-anisoate (8) displays one of the most stable
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nematic mesophases (nematic range, 222-300°)10 and, 
therefore, in studying the effects of altering the central 
phenylene ring on the mesomorphism of system 1, 8 was se
lected as the reference compound.

The molecular structural criteria for mesomorphism are 
linearity, rigidity, and polarity. In 2, the central p-phenyl- 
ene of 8 is replaced by m-phenylene. No significant changes 
in rigidity or polarity should result and, while less linear, 
the molecule 2 is capable of adopting a configuration that 
must certainly be considered rod-shaped. Yet 2 melts 84° 
below 8 and is not liquid crystalline, so that the N-I point 
has been depressed at least 162°. By contrast, replacement 
of the central p-phenylene in 8 by l,4-bicyclo[2.2.2]octyl- 
ene and irons-1,4-cyclohexylene only lowers the melting 
point 37 and 25°, and the N-I point 31 and 105°, respec
tively.11 The alicyclic units are less polarizable than phe
nylene and cyclohexylene is less rigid, but they preserve 
linearity. These comparisons constitute a striking example 
of the effects of molecular symmetry on melting point and 
of molecular linearity on mesomorphism.

Substituents on the central p-phenylene were also ex
plored. Arora, et a l.}2 showed that a methyl group in this 
position lowers both the melting and N-I point about 40° 
in the n-hexyloxy and higher homologs of 8. Our results for 
a similarly placed chloro substituent in the n- hexyloxy (3d) 
and n-hexyloxy-rc- octyloxy (6b) homologs are much the 
same. For a methyl (3a), chloro (3b), or bromo (3c) group 
in 8 itself, the lowering of the transition temperatures is 
greater (about 50°). Two chloro groups in the 2 and 5 posi
tions of the central ring of 8 (4) lower the N -I point almost 
twice as much as one (85 vs. 46°), indicating that the effect 
is additive.3 However, the melting point of 4 is 14° higher 
than that of 8, probably because of increased polarity and 
molecular weight with little sacrifice in molecular symme
try.

The lower thermal stability of the nematic mesophase 
produced by substituents on the central ring seems to be a 
steric effect, the bulky groups preventing close lateral ap
proach of adjoining parallel molecules and thereby dimin
ishing intermolecular attractive forces.3 The same effect 
should also lower smectic mesophase stability and, indeed, 
Arora, et a l.}2 found this to be true. It is well known that 
smectic behavior is usually enhanced by long n-alkyl end 
groups.3 For the rc-hexyloxy and higher homologs of 8, 
these workers first encountered smectic mesomorphism in 
the heptyloxy ester (N-Sm point 110°) on ascending the 
series. For the analogous esters with a methyl on the cen
tral ring, a smectic mesophase did not appear until the un- 
decyloxy compound (N-Sm point 74°). The situation for 
chloro substitution is similar. The ester 1 (Y = n-C6Hi30, 
Z = n-CsHnO)13 is smectic (Sm-N point 107°) whereas its 
chloro-substituted counterpart (6b), mp 77°, is not. Fur
thermore, the n-hexyloxy homolog with the central chloro 
group (3d) is not smectic even when supercooled to 54°. 
Therefore, our observation of smectic mesomorphism, and 
at fairly high temperatures (126-130°), in the methoxy es
ters with methyl (3a), chloro (3b), and bromo (3c) groups 
in the central p-phenylene ring came as a surprise.

We can only speculate as to the reason for this unusual 
behavior. Compound 8 and its homologs are compatible 
structurally with smectic mesomorphism, having the strong 
dipoles crosswise to the molecular long axis associated with 
ester linkages, which are often present in smectic com

pounds.14 In 3a-c, these are buttressed by the additional 
crosswise dipole produced by the substituent on the central 
ring. Thus, although unexpected, the appearance of a smec
tic mesophase is not illogical, n- Alkyl end groups of inter
mediate length would further enhance lateral attraction if 
forced into parallel, extended configurations by close ap
proach of adjacent molecules, but this is hindered by the 
bulky substituent. In fact, such alkyl groups seem to exert a 
deleterious effect on smectic mesomorphism, perhaps by 
assuming random configurations and thus decreasing mo
lecular linearity. For terminal n-alkyl chains of great 
length, the natural extended configuration (as in linear 
polyethylene) appears to be reachieved and a smectic me
sophase is again observed. If this view is correct, the N-Sm 
point should decrease at first as the homologous series 
starting with 3a-c is ascended, then pass through a mini
mum value, and finally rise again. We intend to prepare the 
presently missing members of the three series in order to 
test the hypothesis.

Turning next to variations of the acyl groups in system 1, 
in 5a these are 3,4-dimethylbenzoyl, so that there are two 
terminal and two lateral methyl substituents. It is conve
nient to compare nonmesomorphic 5a, mp 208°, and the 
corresponding ester without the lateral methyls (1, Y = Z = 
Me), mp 231.5°, N -I point 236°.lb Introduction of the side 
groups lowers the melting point 23.5° and the N-I point at 
least 28°. In 5b, the acyl groups are 3,5-dimethylbenzoyl;
i.e., there are four lateral methyl substituents. This com
pound exhibits polymorphism, melting at 158.5° when re
crystallized from ethanol and at 172.5° when recrystallized 
from cyclohexane.15 It is not mesomorphic so, relative to 1 
(Y = Z = Me), the N-I point is lower by at least 77.5°. The 
decrease in transition temperatures with increasing lateral 
substitution exemplified by 5a and 5b is in accord with 
generally accepted theory. Bulky side groups inhibit close 
approach of neighboring molecules and, therefore, diminish 
intermolecular attraction. In addition, they make the mole
cule less rod-shaped. In 5c, mp 209-214°, N -I point >337°, 
the acyl groups are 4-methoxycinnamyl. This compound is 
best compared with 8, from which it differs by insertion of 
CH=CH between the benzene ring and carbonyl in the 
acyl groups. The resulting increased molecular length and 
polarizability are consistent with the significant increase in 
the N-I point. For the same reasons, one would expect a 
higher melting point also. The fact that 5c melts 8° lower 
than 8, and over a temperature range, leads us to believe 
that it is a mixture of geometric isomers, three of which 
(trans,trans, cis.trans, and cis,cis) are possible, trans- 4- 
Methoxycinnamic acid was used in preparing 5c, but some 
isomerization could have occurred during the synthesis. 
Any cis geometry would decrease molecular linearity and, 
therefore, nematic mesophase stability. In consideration 
of the high N-I point, it appears that 5c is mainly the 
trans,trans isomer.

The remaining materials (6a-d) represent attempts to 
prepare low-melting nematic esters of type 1. Four factors 
known to contribute to low melting points were employed: 
mixtures, molecular dissymmetry, a bulky lateral substitu
ent, and a long chain n-alkoxy end group. In each instance, 
the starting material was the phenolic ester 7, prepared by 
nucleophilic displacement of chlorine from p-n-hexyloxy - 
benzoyl chloride by chlorohydroquinone (eq 2). Either of 
the OH groups in the latter may serve as the nucleophilic 
center, so that two isomeric products (7a and 7b) are possi
ble. The generally broad melting ranges of 6a-d suggest 
that 7 is a mixture of 7a and 7b, and that this position 
isomerism is carried forward into the final products which, 
as a result, are mixtures. For 6d, there is the additional
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possibility of cis-trans isomerism. The ester molecules are 
dissymmetric because of the chloro substituent and the two 
different acyl groups.

Three of the four materials are nematic. The exception is 
6c, demonstrating again the powerful deleterious effect of 
bulky lateral substituents on mesomorphism. The high 
melting and N-I points of 6d, although it is obviously a 
mixture, suggest that the main components are the trans-
4-methoxycinnamates of 7a and 7b. 6a and 6b are the low-

7a

7b
est melting examples of type 1 esters to date. This is consis
tent with their being mixtures and with their structures. 
The combination of a chloro substituent on the central p- 
phenylene ring with terminal n- alkyl or n- alkoxy groups in 
a very closely related system (9) has been shown16 to result

o  o
9

in low-melting (39-70°) (nematic) compounds. The rela
tively low melting point of 3d is also consistent with this.

<j j ° H D ) - 0H
0 Cl

co—(Cy 0H
ci
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From an examination of his collection of data concerning 
the hydrogen chloride catalyzed esterification rates in 
methanol of various aliphatic acids, Newman concluded 
“ . . .  substitution of methyl groups for hydrogen causes a 
greater decrease in rate when at the beta-carbon than when 
at the alpha- or gamma-carbon.” 1 Essentially the same 
conclusion was reached by Taft, “ In each case methyl sub
stitution is more effective in the beta than in the alpha po
sition,” 2 and by Schulte and Kirschner, “ . . .  the influence 
of the methyl group in the beta position is somewhat great
er than in the alpha position.” 3 This general conclusion has 
been widely accepted.4

However, by looking at the effect of a- and /3-methyl 
substitution in a much simpler scheme, one not generally 
carried out by the authors cited, the opposite effect is ob
served, namely that an a-methyl substitution decreases the 
rate more than a /3-methyl substitution. This simple and 
direct scheme consists of the comparison of the rates of sets 
of two isomeric acids, differing only in the a or /3 placement
of a methyl group.

H CH3 
| ch3 h 1 1

— C— C— COOH 
| 1

vs. Rj— C— C— COOH 
1 1

R2 R3
1 1
R;‘ R3

a-methyl acid yff-methyl acid

The results from ten such sets are given in Table I. Five 
of the sets of data are from Newman’s collection; the re
mainder were obtained from gas chromatographic analysis 
of partly esterified mixtures of acids. Details of the gas 
chromatographic method used for sets 8 and 9 are given in 
the experimental section. Data in Table II show that this 
method is capable of considerable precision.

Because of branching, an a-methyl acid may have two 
/3-methyl acids for comparison of rates. In all cases except 
example number 10 of Table I, the /3-methyl acid of the set 
esterifies faster than the a-methyl isomer. The average for 
the kp/ka ratios in examples 1-9 is 1.8 ±  0.5. Example 
number 10 consists of a set of much more sterically hin
dered acids than the others and appears to be the only case 
where Newman made use of the comparison of such iso
mers to demonstrate his conclusion. No actual numerical 
ratio was established by Newman between the rates of 
these two acids since the rate for the /3-methyl acid was 
considered to be too slow for measurement.

Yufit has apparently taken Newman’s data (without 
crediting him) and developed an empirical method for cal
culating the esterification rates of the aliphatic acids from 
their structures.7 Unfortunately, his calculations for the 
various acids do not always seem to follow his method as 
stated; however, for the simple case of placing a methyl 
group in the a or /3 position of a normal acid, it can be 
shown that the general prediction is that the /3-methyl acid 
will esterify (presumably at 40°) ~1.4 times as fast as the 
a-methyl acid. Thus, from exactly the same body of data 
entirely different conclusions were reached by the methods 
of Yufit and Newman.

From an examination of the data in Table I, it seems rea-
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Table I
Relative Esterification Rates in Methanol of «-Methyl- and /f-Methyl-Substituted Aliphatic Acids

No.
a-Methyl acid,

(Ri) (R2)CHC(R3) (CH3)COOH
/3-Methyl acid,

(Ri) (R2) (CH3)CCH(R3)COOH k ß / k a Temp, °C Ref

l (CH3)2CHCOOH c h 3c h 2c h 2c o o h 1.5 40 1
2 CH3CH2CH (CH3) c o o h CH3CH (CH3) c h 2c o o h 1.2 (1.1) 40 1 (3)
3 (CH3)3CCOOH CH3CH2CH (CH,) c o o h 2.7 40 1
4 c h 3c h 2c h 2c h  (CH,) c o o h CH3CH2CH (CH,) c h 2c o o h 1.2 65 5
5 CH3CH2C(CH3)2COOH CH3CH (CHs) CH (CH3) c o o h 2.3 65 5
6 CH3CH2C (CH3) 2c o o h CH3CH2CH(C2H5)COOH 2.3 65 5
7 (CH3) 2CHCH (CH3) c o o h (CH3)3CCH2COOH 1.5 (1.6) 15-20 (65) 1 (5)
8 CH3CH2CH,CH2C (CH3) 2c o o h CH3CH2CH2CH2CH (C2H6) c o o h 1.6 50 This report
9 (CH3)2CHCH2C (CH3)2COOH (c h ,) 2c h c h 2c h  (c 2h 6) c o o h 2.2 50 This report

10 (CH3)3CC(CH3)2COOH (CHs) 3CCH (C2Hs) c o o h <16 40 1

Table II
Determination of Relative Esterification Rates in 

Methanol at 50° of «-Methyl- and /3-Methyl- 
Substituted Aliphatic Acids

--------------- Fraction remaining after partial esterification-------------
a-Methyl acid (A) /3-Methyl acid (B)
2,2,4-Trimethyl- 2-Ethyl-4-methyl-
pentanoic acid“ pentanoic acidb Log B /log A

0.6622 0.4150 2.13
0.6413 0.4014 2.05
0.5428 0.2589 2.21
0.5503 0.2621 2.24
0.4704 0.1775 2.29
0.4553 0.1731 2.23

2,2-Dimethyl- 2-Ethyl-
hexanoic aeidc hexanoic acidd Log B /log A

0.8118 0.7208 1.57
0.6714 0.5319 1.58
0.5054 0.3298 1.63
0.3272 0.1750 1.56
0.1791 0.0731 1.52

a Registry number, 866-72-8. 6 Registry number, 108-81-6. 
c Registry number, 813-72-9. d Registry number, 149-57-5.

sonable to put forth the following generalization: a /3- 
methyl-substituted saturated aliphatic acid esterifies with 
methanol at a greater rate (~1.8 times as fast at 40°) than 
the corresponding «-methyl acid.

Although the above statement deals only with certain 
isomeric pairs of acids, it certainly presents a multitude of 
“ exceptions” to the generally accepted conclusion that a 
methyl substitution at the ft carbon is more effective in re
ducing the esterification rate than a methyl substitution at 
the a carbon. How the conclusion developed in this present 
report can be employed to predict more satisfactorily the 
effect of structure on esterification rates will be the topic of 
a forthcoming paper.

Experimental Section
Materials. Purity o f  the acids was indicated by  the neutraliza

tion equivalent (144.2 calcd ) and the per cent area by glc under the 
conditions described in the next section.

2-E thylhexanoic acid, neut equiv 144.6, glc per cent area 99.8, 
was obtained from  Baker Chem ical Co.

2-E thyl-4-m ethyIpentanoic acid, neut equiv 144.8, glc per cent 
area 99.1, was obtained from  Pfaltz and Bauer.

2 ,2-D im ethylhexanoic acid, neut equiv 145.1, glc per cent area
95.7, was prepared by alkaline perm anganate oxidation  o f  2,2-di- 
m eth y l-l-h exan ol obtained from  K  & K  Laboratories.

2 ,2 ,4-Trim ethylpentanoic acid, neut equiv 146.5, glc per cent 
area 98.6, was prepared by alkaline perm anganate oxidation  o f
2 ,2 ,4-trim ethyl-l-pen tan ol obtained from  Pfaltz and Bauer.

M ethyl m yristate, g lc per cent area 99.8, was obtained from  La- 
chat Chem icals Inc.

Gas-Liquid Chromatography. C hrom atography was carried 
ou t with a Beckm an GC 4 chrom atograph equ ip ped  with a flam e 
ion ization  detector w hich was interfaced with a Perkin-E lm er

P E P -1  data processer. T h e  colum n was 6 ft  b y  % in. stainless steel 
packed with 20% diethylene glycol adipate polyester and 3% p h os
phoric acid on 60/80 mesh Gas-Chrom  P. Colum n tem perature was 
150°, in let tem perature was 200°, and helium  flow  was 25 cc/m in .

Determination of the Relative Esterification Rates. T h e 
reaction m ixture was com posed  o f  20 m l o f  m ethyl alcohol, 2 drops 
o f  each o f  the tw o acids whose esterification rates are to  be deter
m ined, and 2 drops o f  m ethyl m yristate, the internal standard. It 
is, o f  course, necessary that all three com ponents are adequately 
resolved by the chrom atographic m ethod. S ix drops o f  con centrat
ed hydroch loric acid was added; the m ixture was d iv ided  up into a 
num ber o f  sm all screw -cap tubes and heated in an alum inum  block  
at 50 ±  0 .5°. Sam ples were analyzed at various tim es over a 4-hr 
heating period. R eadouts from  the data processer were given as 
fraction  rem aining o f  each o f  the acids. T h e  relative esterification 
rate was calculated from  the equation

feg-methyiacid_ log fraction remaining of /3-methyl acid 
h a-methyi acid "  log fraction remaining of a-methyl acid

R eadouts and the calculated relative esterification rates are given 
in T able II.
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Rate enhancements by cationic micelles have been ob
served in the base-catalyzed hydrolysis of several carboxyl
ic esters having good leaving groups.1 With simple alkyl es
ters rate retardations have been observed; they have been
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Table I
Hydrolysis of Methyl and Hexyl Salicylate at 25° “

[ E s t e r ] ,  M [ C T A B  ] ,  M pH k x 105 , s e c " 1

HT3 M  methyl 
salicylate

IO'3 M  hexyl 
salicylate

9.26 1.59 ± 0.02
9.26 1.69 ± 0.03

0.00497 9.26 1.12 ± 0.05
0.00500 9.2* 0.605i ± 0.036
0.0505 9.2s 0.281. ± 0.009

10.0C 1.95 ± 0.09
10.0C 3.24 ± 0.09
10.0C 1.88 ± 0.09
10.0C 3.66 ± 0.15

0.00500 10.0C 1.67 ± 0.05
0.00500 10.0e 2.60 ± 0.34

10.254 1.69 ± 0.09
10.254 5.49 ± 0.08
10.25* 4.94 ± 0.48

0.00501 10.25* 2.16 ± 0.09
0.00497 10.25* 2.20 ± 0.12
0.00501 10.25* 2.40 ± 0.05
0.00503 9.2b 0.132 ± 0.005
0.00111 10.0C 0.143 ± 0.006
0.00348 10.0* 0.206 ± 0.006
0.00454 1 0 . oc 0.221 ± 0.004
0.00500 1 0 . oc 0.192 ± 0.004
0.00551 10.0° 0.237 ± 0.002
0.00654 1 0 . o* 0.188 ± 0.008
0.01000 1 0 . o* 0.187 ± 0.007
0.00501 10.25* 0.226 ± 0.006

° All solutions contain 0.02 M  NaCl. 6 0.02 M  borax buffer. c 0.02 
M  carbonate buffer, 50% base. a 0.03 M  carbonate buffer, 75% 
base.

attributed to solubilization of the esters in the micellar 
core.2 This explanation does not seem adequate; why are 
not the esters with good leaving groups also solubilized in 
the micellar core?

Phenols are known to be solubilized in the outer portions 
of both nonionic and ionic micelles;3’4 since salicylate esters 
have a phenolic hydroxyl group, they are good candidates 
for this type of solubilization. As a result of our thermody
namic studies on the binding of organic solutes to micelles 
of hexadecyltrimethylammonium bromide (CTAB),5 it oc
curred to us that hydrolysis of salicylate esters might be ef
fectively catalyzed by CTAB. Methyl salicylate has a small 
negative enthalpy of transfer (AHtrans) from H2O to 0.1 M  
CTAB solutions, but salicylic acid, one of its hydrolysis 
products, interacts very favorably with CTAB micelles 
(AHtrans = —9.25 kcal/mol, AGtrans = —2.06 kcal/mol). If 
this interaction were important in the rate-determining 
step for salicylate ester hydrolysis, a rate acceleration in 
the presence of CTAB could be expected.

Table I presents pseudo-first-order rate constants for the 
hydrolysis of methyl and hexyl salicylate in CTAB. Be
cause of the low solubility of hexyl salicylate in water, rates 
for its hydrolysis in the absence of CTAB were not ob
tained. The collected data do not show good reproducibili
ty, but they are of sufficient quality for our purposes. The 
poor reproducibility is thought to be a consequence of the 
colorimetric method’s sensitivity to pH. Also salicylate es
ters may form complexes with boric acid.6

The presence of CTAB makes little if any difference in 
the rate of hydrolysis of the salicylate esters, indicating 
that the CTAB micelle’s favorable interaction with salicylic 
acid is not felt in the rate-determining step.

We would like to suggest an explanation for the differ
ence in sensitivity of esters with good compared to poor 
leaving groups to micellar catalysis. We will limit our dis
cussion of good leaving groups to the p-nitrophenoxide ion, 
because p-nitrophenyl esters have been used so extensive
ly1 in work on micellar catalysis.

For alkaline hydrolysis of p-nitrophenyl esters formation 
(and reversion to reactants) of the tetrahedral intermediate 
is clearly rate determining. This is not true for simple alkyl 
esters. Since hydroxide ion is involved in this step, the ef
fect of a positively charged micellar surface on its activity 
will be important; if the micellar surface facilitates OH-  at
tack (by some mechanism other than simple approximation 
of reactants) on esters, the p-nitrophenyl ester hydrolyses 
will be accelerated.

For simple alkyl esters, the availability of water or some 
other proton donor is important in the rate-determining 
step (expulsion of alcohol from the tetrahedral intermedi
ate). This results in alkaline hydrolysis of these esters 
being less favorable at or near the micelle surface than in 
bulk solution. Lapinte, et al.,7 has also observed rate retar
dations in CTAB solutions for reactions where water is in
volved as a proton donor; CTAB solutions are regarded as 
being similar to DMSO in this respect.

The explanation in the preceding paragraph assumes 
that expulsion of alkoxide ion from the tetrahedral inter
mediate in hydrolysis of simple alkyl esters does no7 occur. 
This is contrary to the work of Jencks8 on tetrahedral addi
tion compounds formed from the N,0- trimethylenephthal- 
imidium cation and aliphatic alcohols. For salicylate esters 
water can also be involved in the formation of the tetrahe
dral intermediate, since these compounds are known to be 
subject to intramolecular general base catalysis.9 If forma
tion of the tetrahedral intermediate is in fact rate deter
mining for the salicylate esters (as it is for p-nitrcphenyl 
esters) the observed effect of CTAB on their hydrolysis can 
still be rationalized.

Experimental Section
Esters. Methyl salicylate (Fisher Scientific, U. S. P.) was used 

as received. n-Hexyl salicylate was prepared from salicylic acid 
and 1 -hexanol using p-toluenesulfonic acid and p-toluenesulfonyl 
chloride as catalysts. 10 Following work-up, distillation at reduced 
pressure through a glass helices packed column removed most of 
the unreacted 1-hexanol. Two cuts, bp 90-93° (0.05 mm), con
tained about 8 8% ester (1 2 % 1 -hexanol) and were used in the ki
netic studies.

Hexadecyltrimethylammonium Bromide (CTAB). The
C T A B  (City Chemical Corp.) was recrystallized from CCI4, then 
dried in vacuo for at least 24 hr at 60°. Titration of the CTAB 
using AgNOa gave a molecular weight of 363 (actual 364.5); its cmc 
(bromide ion selective electrode) was 9.1 X 10-4 M.

Kinetic Studies. All buffer components were reagent grade; the 
water for the buffer solutions was boiled prior to use. The increase 
in salicylic acid concentration during the hydrolysis reactions (at 
24.95 ± 0.06°) was followed by monitoring the absorbance of its 
FeCl.a complex11 at 532 nm using a Beckman DU spectrophotome
ter. The blank used contained FeCU in acidic solution. The pres
ence of C TA B did cause a decrease in extinction coefficient, but 
Beer’s law still was obeyed. The A ,, values were determined after 
1 0  half-lives, and they are the average of at least two determina
tions. Some difficulty in obtaining consistent color development 
(formation of the complex) was encountered. This is thought to be 
due to the sensitivity of the salicylic acid-ferric ion reaction to the 
pH of the solution.
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Several years ago there was reported a new and im
proved synthesis of several esters of the important bio
molecule d-ketoadipic acid (I).1 The starting materials em
ployed were alkyl tert -butyl malonate and /3-carboalkoxy- 
propionyl chloride (eq 1). We report here an improvement
ROOCCH2COO-(-Bu +  C10CCH2CH2,C 00R '

0
ROOC

COOR'
I (1)

f-BuOOC
in the preparation that (a) avoids the problem of synthesis 
of the starting materials above and (b) employs cheap levu- 
linic acid as starting material.

Carboxylation of levulinic acid by the procedure of Fink- 
beiner and Wagner2 followed by Fischer esterification of 
the crude product affords a 92% isolated yield of dimethyl 
/3-ketoadipate. There was no evidence for formation of the 
isomeric dimethyl acetylsuccinate or products from multi
ple carboxylation (eq 2). The near-quantitative yield of this

COOH

0
MgfOMelOCOJIH, 

DMF ’

preparation requires use of a large (tenfold) excess of the 
carboxylating agent methylmagnesium carbonate. The reg- 
ioselective nature of this reaction is consistent with the 
findings of Crombie, et al., in an analogous case.3

Dimethyl d-Ketoadipate. A solution of 10.6 g (91.4 
mmol) of levulinic acid (Eastman Technical) in 360 ml (920

mmol) of 2.56 M  methylmagnesium carbonate in dimethyl- 
formamide (DMF)2 was heated at 135° for 24 hr. The DMF 
was removed by distillation under vacuum at 60°. Tritura
tion of the residue with ether gave after filtration and air 
drying of 136 g of yellow solid. The solid was suspended in 
820 ml of methanol in a 3-1., three-necked, round-bottom 
flask equipped with a mechanical stirrer, a condenser, and 
a gas inlet tube. After cooling to —10°, hydrogen chloride 
was passed over the mixture until saturation had occurred. 
After standing overnight and warming to 25°, the mixture 
was concentrated at 40° under reduced pressure. The syru
py residue was poured on ice and the aqueous solution was 
extracted four times with chloroform. The organic extracts 
were washed with saturated bicarbonate solution and water 
and dried over anhydrous sodium sulfate. Distillation 
through an 1-in. Vigreux column gave 15.8 g (92% yield) of 
dimethyl /3-ketoadipate as a colorless liquid: bp 94-96° 
(0.35 mm) [lit.1 bp 110-111° (0.25 mm)]; nmr (CDC13) 8
2.70 (4 H, A2B2 multiplet), 3.49 (2 H, singlet), 3.62 (3 H, 
singlet), and 3.67 (3 H, singlet).

Registry No.—Dimethyl /3-ketoadipate, 5457-44-3; levulinic 
acid, 123-76-2.
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Crown ethers are of interest because of their ability to 
form complexes with sodium chloride and related salts. 
Following Pedersen’s papers1 there has been considerable 
development of this area. A comprehensive summary2 has 
appeared recently. It lists 107 references, most of which are 
selected from the past decade. The area is diverse, and in
cludes carbohydrates, for example. One obtains C12H22O11 • 
2CH3COOK when ether is added to a 0.02 M  solution of 
sucrose3 in ethanol that contains 0.4 M  potassium acetate. 
Again, Sidgwick and Brewer4 reported that the dihydrate 
of sodio-l-phenyl-l,3-butanedione was soluble in toluene 
whereas the anhydrous sodio derivative was insoluble. This 
observation was confirmed and extended by Bright, Mil- 
burn, and Truter.4

Nonactin is a neutral antibiotic, C40H64O12, obtainable 
from actinomyces. It is a macrocyclic ester that yields four 
molecules of hydroxy acid A on saponification. Nonactin5

CH3CHCH2— k  _ J —  CHCOOH
I °  I

OH CH3
A

binds KCNS to form a complex wherein K+ is surrounded
by eight oxygens, four coming from the four ether oxygens
and four from the four ester carbonyls. Also there are acidic
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antibiotics2 that complex with Na+ or K+, as monensin, 
nigericin, or dianemycin, which are open-chain rather than 
macrocyclic. Although the structures of these compounds 
show linear arrays of O-heterocyclic rings, the oxygens are 
so positioned as to surround the Na+, thus resembling the 
macrocyclic esters and the crown ethers. There are but a 
few of the examples which have stimulated present inter
est.

In view of this activity, therefore, it may be helpful to 
those working in this field to call attention to a related but 
obscure observation of ours6 which was reported in a differ
ent context 25 years ago. We observed a beautifully crystal
line complex from methanol that involved 2 mol of phena- 
cyl kojate and 1 mol of sodium halide, 2C14H12O5 • NaX. 
The NaX was removable by treating the complex with 
water.

In phenacyl kojate (I) all oxygen atoms are separated by 
two carbon atoms, a feature which also holds for the con-

HOCH,

O

OCH2CC6H5

I

ventional crown ethers. Structure II is proposed for the 
complex, by selecting OCCO sequences in phenacyl kojate 
that show cis relationships for the oxygens. This structure 
shows a striking similarity to III, the complex of a crown 
ether with NaX.

Ph— CL

X '

CHdOH

There are two important differences, however, between 
II and III. In the first place, all oxygens in III classify as 
ether oxygens whereas in II four of the six participating 
oxygens are from carbonyl groups and the remaining two 
are more properly classified as ester oxygens than ether 
oxygens. This suggests that many other compounds that 
possess properly positioned nonether oxygens may also dis
play complexing tendencies toward Na+, K+, or NH4+. 
Secondly, in III a single organic molecule holds all of the 
oxygens, whereas in II a pair of organic molecules are in
volved.

Registry No.—I, 49864-67-7.
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Compared to the wealth of information published on the 
photochemical behavior of oxiranes,1 their thermochemis
try has been particularly neglected. One puzzling question 
in this area concerns the requirements leading to the spe
cific breaking of either the carbon-carbon or one of the car
bon-oxygen bonds. In all the thermal 1,3-cycloaddition 
reactions of oxiranes published to date, there was cleavage 
of either the carbon-carbon bond2 or one of the carbon- 
oxygen bonds,3 but no competition between these two pro
cesses has been reported. This may have reflected either 
very different bond strengths in the oxirane or, in the case 
of comparable bond strengths, kinetic or thermodynamic 
factors in the product formation. In the cases of cycloaddi
tion reactions with carbonyl dipolarophiles hitherto de
scribed, the products resulting from C-C or C -0  bond 
breaking would have been chemically different and the ef
fect of the latter factors could therefore have prevailed.

It was interesting to seek an example where the same 
structure would be obtained by either C-C or C -0  bond 
breaking, and to use a label to determine the course of the 
cycloaddition reaction. We came across such a system, and 
recently described the photochemical cycloaddition reac
tion of ethyl 2-methyl-3-phenylglycidate (la) with benzal
dehyde (2) to give 2,5-diphenyl-4-methyl-4-carboethoxyl-
1,3-dioxolane (3).4 We proved by carbon-14 as well as by

C
/ \

C6H5— CR— C— COOC2H5 + C6H5CRO — -
I 2 a, R = H
CH3 b, R = D

la, R  =  H 
b, R  =  D

R, C6H5
\ /

(X '?>0
L -ICeHs— C-— J-C— COOC2H5

r , c h 3

3 a, R, = R, = H
b, Rj =  D; Ro =  H
c, R, =  H; R2 =  D

deuterium5 labeling experiments that 2a had added to an 
oxirane in which the C-C and at least one C -0  bond had 
cleaved competitively.

The cycloaddition of la with 2a to produce 3a proceeded 
smoothly in a sealed tube at 235-280°. The treatment of la 
with deuterated benzaldehyde (2b) in this temperature 
range yielded 3c exclusively, the product of C-C bond 
cleavage in the oxirane. This was determined by nmr analy
sis, where the signal corresponding to H-4 was absent, and 
where the integration of the signal for H-2 represented a 
full proton. No alternate cycloaddition to 3b followed by 
exchange of the acetal deuterium had taken place, since the 
thermal condensation of the deuterated glycidic ester lb 
and 2a yielded 3b, in which the signal for H-2 was absent, 
and where H-4 integrated for one full proton.
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If we assume that, as in the photochemistry of l,4 the 
trapping of a carbon-oxygen-cleaved species by 2 would 
have been observed, we must conclude that within the sen
sitivity of the nmr technique the 1,3-cycloaddition reaction 
of 1 and 2 proceeds from exclusive carbon-carbon bond 
cleavage in the oxirane to the carbonyl ylide 4.

Extensive decomposition prevented the study of the cy
cloaddition reaction above 280°. When pyrolyzed alone, 
however, 3a was more stable and yielded two unidentified 
minor products at 300° for 30 min, in addition to unreacted 
starting material (50%), 2a (25%), and ethyl (£)-2-methyl- 
cinnamate (5, 25%), which was not detected in the thermol
ysis of la. A radical participation in the thermal decompo
sition of 1,3-dioxolanes has been recognized,6 and such a 
mechanism would account for the formation of 5. Benzoic

C A

X :
,  A O f No

(R) C6H5— CH—M?— COOCA

CH3

fission of the carbonyl ylide had occurred thermally, in 
contrast to Huisgen’s experience with other carbonyl ylides 
at slightly lower temperatures. 2s Probably each diast-

O
A A \-

trans-la 5=* CAs— CH C— COOC2H5 ;<=t cis-la

CH3

CACHO + CH3— C— COOCA
ereoisomer of la yielded a different carbonyl ylide, and 
these interconverted thermally, but no information on the 
stereochemistry of the oxirane ring opening could be de
duced from these experiments.

The synthesis of 1,4-dioxanes by condensation of oxi- 
ranes or glycols is well known.8 Consequently, the benzal- 
dehyde required for the direct conversion of la  to 3a did 
not necessarily come from the direct fission of the carbonyl 
ylide, but could have been formed by fragmentation of a di- 
oxane such as 9, 10, or 11, obtained by the dimerization of

c a  ch3
^ C = C  + [CACOO]

H COOCA
5

acid, stilbene, ethyl pyruvate, or la were not detected, and 
the isomerization of 3a into a benzoate such as 6 or 7, fol-

X Y

C A — CH— C— COOCA 

CH3
6, X = OCOCA; Y = H
7. X = H; Y = OCOC A

lowed by decomposition to 5, is held to be unlikely, since 
the pyrolysis of benzoates to olefins is known to yield ben
zoic acid quantitatively.7

The fragmentation of 3a, on the other hand, could have 
given two carbonyls and one carbene in three different 
manners. The formation of 5 by coupling of phenylcarbene 
and carboethoxylmethylcarbene8 from the competition of 
at least two such processes is ruled out by the absence of 
the expected accompanying products. A cycloreversion 
reaction is required, however, for explaining the formation 
of 2a, and the most reasonable hypothesis is for the process 
giving 2 mol of 2a and 1 mol of 6, the latter yielding poly
meric products following a hydrogen shift to ethyl acrylate.

C A
C A -

CAOOC'

C A H C ^ V chC A
CAcxH -  l^-CH3 

A  -
CAOOC cr

9
-CA

....p... I COOCA 
:C ^ 0*CHCA

10

COOCA

- C A
C A H C '/X :

~~]... ] ^CO O CA
CAHC\^vC— CAO COOCA

11
la or 4. These fragmentation reactions would also have 
generated at least one of the following: 5 (E or Z), ethyl 
pyruvate, diethyl dimethylmaleate, or diethyl dimethylfu- 
marate. Although not visible on the nmr spectrum of the 
mixture obtained in the thermolysis of 1, both diastereoiso- 
mers of 5 were detected by glc and gc-mass spectroscopy. 
None of the other products expected from the decomposi
tion of 10 or 11 were observed.

Ethyl pyruvate was not stable under the conditions of 
the thermolysis, as shown by a control experiment in which 
a mixture with la was pyrolyzed for 2 hr at 275°. Conse
quently, it is not possible at this time to tell whether 5 orig
inated with the decomposition of 3 or with that of 9, and 
whether or not the thermolysis of 1 produced 2 by fission of 
a carbonyl ylide remains to be determined.

Experimental Section

C A

\ CH
o -^ ^ o

C A — C- -C— COOCA

CA

2 CACHO + CA— C— COOCA 
8

The photolysis of la had yielded 3a directly, resulting 
from the fission of two bonds to 2a (with the probable for
mation of 8, which we did not succeed in trapping), fol
lowed by cycloaddition of la and 2a. It is not known 
whether the cleavage of both bonds occurred simultaneous
ly or not, and in this case whether or not the fission of the 
C -0  bond preceded that of the C-C bond.

The thermolysis of la at 235° also led to the direct for
mation of 3a in low yield, in addition to cis-trans isomer
ization in the starting material. This result suggested that

Ethyl 2-Methyl-3-deuterio-3-phenylglycidate (lb). A sodi
um ethoxide solution (from 1.1 g of Na in 50 ml of absolute EtOH) 
was added over 1.5 hr under N2 to a solution of 5 g of 2b and 8.5 g 
of ethyl 2-bromopropionate in 10 ml of absolute EtOH with stir
ring in an ice bath. After stirring for 1 hr, 100 ml of H2O was added 
and the solution was extracted with three 30-ml portions of ether 
which were combined, dried over MgSO,t, and evaporated. The yel
low residue was distilled and yielded 4.1 g of lb: bp 120-125° (3 
Torr); nmr (CDCI3) cis isomer at 0.9 (t, J = 7 Hz, 3 H), 1.77 (s, 3 
H), 3.9 (q, J = 7 Hz, 2 H), and 7.28 ppm (s, 5 H), trans isomer at
1.3 (s, 3 H), 1.3 (t, J = 7 Hz, 3 H), 4.25 (q, J = 7 Hz, 2 H), and 7.28 
ppm (s, 5 H).

Ethyl trans -2-MethyI-3-phenylglycidate (trans -la), trans- 
a- Methylcinnamic acid (10.0 g) was treated with EtOH and 
H2SO4 at reflux and yielded 9.2 g of ester: nmr (CDCI3) 1.25 (d, J 
= 7.5 Hz, 3 H), 2.05 (d, J = 1.5 Hz, 3 H), 4.15 (d, J = 7.5 Hz, 2 H),
7.23 (s, 5 H), and 7.6 ppm (q, J = 1.5 Hz, 1 H). This was epoxid- 
ized with m- chloroperoxybenzoic acid in CHC13 at reflux for 16 hr. 
After work-up, there was obtained 6.5 g of trans- la: bp 121-123° 
(3 Torr); nmr (CDC13) 1.26 (s, 3 H), 1.29 (t, J = 7 Hz, 3 H), 4.20 (q, 
<7 = 7 Hz, 2 H), 4.29 (s, 1 H), and 7.27 ppm (s, 5 H).
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Ethyl cis-2-Methyl-3-phenylglycidate ( c is -la). A m ixture o f 
g lycidic esters from  the Darzens reaction which contained 53% o f  
the cis isom er was saponified with 0.5 equiv o f  K O H  in absolute 
EtO H  with stirring at room  tem perature for 3 min. A fter filtration 
o f  the pure trans salt, the solution was diluted with water and ex 
tracted with ether. T h e  extract was dried, concentrated, and dis
tilled at 9 7 -99° (0.5 T orr) to  yield 6 g o f  a m ixture which was 94% 
cis- and 6% trans-la.. Pure cis-la m ay be obtained by using 1.1 
equiv o f  base with respect to  the trans ester in the mixture.

Thermolysis of la. General Procedure. T h e Pyrex tubes were 
thoroughly washed with 6 N  N aOH , water, and acetone and flam e 
dried. A fter either the ester la or an equim olar m ixture o f  1 and 2 
was introduced, the tube was sealed and placed in a sand bath. 
Identical results were obtained when soft glass washed as d e 
scribed above was used instead o f  Pyrex, or when the tubes were 
washed with concentrated HC1, water, and acetone and flam e 
dried. Just before use, 2 was washed with aqueous N a H C 0 3 and 
distilled from  Zn dust. T h e sam ple o f  2b was prepared according to 
Burgstahler, et al.,9 and was pure from  nmr.

A . A  250-m g sam ple o f  trans- la  was heated at 230° for 17 hr. 
Over 90% o f  the starting material was still present, but as a m ix
ture o f  84% trans and 16% cis isomers. Som e 2a and 3a were also 
identified by glc and nmr.

B. A  250-m g sam ple o f  la containing 94% o f  the cis isom er was 
heated for 3.5 hr at 270°. Over 90% o f  la containing 60% o f  the 
trans isom er was recovered, in addition  to small am ounts o f  2a, 3a, 
and 5.

C. A  m ixture o f  la (200 mg, ca. 50% trans) and 2a (100 mg) pro 
duced 16% conversion to  3a when heated at 235° for 2 hr, and 60% 
conversion to 3a when heated at 280° for 2 hr. However, d ecom p o
sition took  place, and no 3a cou ld  be isolated above 300°. T h e iso
mer o f  3a obtained in these experim ents was the same as that o b 
tained photochem ically, with nm r (CCI4) at 0.90 =  l  Hz, 3 H ),
1.75 (s, 3 H ), 3.65 (q, J  =  7 Hz, 2 H ), 4.95 (s, 1 H ), 6.00 (s, 1 H ), and 
7.25-7.90 ppm  (10 H ) .10 T h e  sam ple o f  3c obtained by therm olysis 
o f  la and 2b was identical, except for the absence o f  the 4.95-ppm  
signal, while the signal at 6.00 was missing in 3b from  the therm ol
ysis o f  lb and 2a.

Thermal Stability of Ethyl Pyruvate. A  m ixture o f  0.169 o f 
ethyl pyruvate and 0.200 g o f  la (60% cis) was heated as above for 
2 hr at 275°. N m r and gc-m ass spectra show ed that no ethyl pyr
uvate was present in this reaction mixture.

Thermolysis of 3a. A  crystalline sam ple o f  3a did n ot show any 
change when heated in a sealed tube at 250° for 2 hr. A fter 0.5 hr 
at 300°, the nmr integration showed 50% 3a, 25% 2a, and 25% ethyl 
(E )-a -m ethylcinnam ate. T h e  assignm ents were confirm ed by glc 
and glc-m ass spectra against authentic sam ples. N either la nor 
benzoic acid was detected.
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thermal reactions of oxiranes could have no practical appli
cations since most laboratories are not equipped for per
forming reactions at the temperatures herein reported, and 
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As part of a study on the mechanism of the migration of 
an ethoxycarbonyl group to an electron-deficient center,1 
the dehydrochlorination of ethyl 2-hydroxy-3-chloro-3- 
phenylbutyrate (1) at 132° was investigated. Surprisingly, 
acetophenone (2) was a major product.

The shortest pathway from 1 to 2 involved the epoxide 3 
obtained by dehydrochlorination, in which an oxygen atom 
was at the required position. While 3 was found to be con
verted into 2 under the acidic reaction conditions, nmr 
showed that both 1 and 3 initially yielded the allylic alcohol 
4, which further isomerized into the keto ester 5 in the 
presence of an excess of acid. This product was the actual 
precursor to 2, and also yielded carbon monoxide, carbon 
dioxide, ethanol, and monoethyl oxalate at 132°. The con
version was accelerated by bubbling air through the solu
tion, and was completely suppressed in the absence of oxy
gen. There was no oxidation with singlet oxygen, generated 
photochemically with rose Bengal as sensitizer, or obtained 
from the triphenyl phosphite-ozonide adduct.

Cl OH
I I A

CfiH^C— CHCOOC,H; or C„H-,C —  CHCOOC.H — ►
I ' I

CII CH..
1 3

OH O
I II

C„H,CCHCOOC,H, — ► C A C H C C O O C .H , — *

HOOC— COOCJI, +  CO, +  CO +  C „ H ,« ’H.

6 2
A mechanism patterned after the well-known cumene 

oxidation to phenol and acetone was considered, in which a 
hydroperoxide is decomposed with acid, and undergoes a 
phenyl migration from carbon to oxygen.2 The correspond
ing rearrangement in 7 with either phenyl or methyl migra
tion could not possibly give 2, and needs no further consid
eration.

The migration of the acyl moiety from carbon to oxygen3 
in the decomposition of 7 would produce a tertiary, oxygen- 
stabilized, benzylic cation intermediate 8.

Subsequent decomposition as shown in Scheme I, incor
porating the molecule of water produced in the conversion 
of 7 to 8, would account for the observed products. For the 
sake of convenience, this decomposition is written as pro-
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R

I
C6HsCCOCOOC2H5 c 6h 5c o c o c o o c 2h 5 

c h 3 c h 3

7. R  =  0 0 H  8
10, R  =  Br
11, R =  OH

ceeding from the attack of water onto the carbonyl group 
which leads to 3 and 6, the latter further decomposing to 
carbon monoxide, carbon dioxide, and ethanol. Alterna
tively, attack onto the other carbonyl with displacement of 
ethanol, and decarboxylation-decarbonylation, could also 
take place, but not as the exclusive pathway since it would 
not account for the presence of 6. The process expressed in 
Scheme I may also be slightly modified to involve the cyclic 
intermediate 9 (Scheme II). In this case, competition with 
at least one other scheme producing 6 is also required. Fi
nally, another hypothesis is that fragmentation occurred 
directly from 7 without prior group migration (Scheme III). 
Control experiments showed that the oxalate was only par
tially stable under the reaction conditions, and an exact de
termination of its contribution to the formation of carbon 
monoxide, carbon dioxide, and ethanol could not be ob
tained.

Scheme I

0  0

C sH-.— C - Q —  c — c —  o c , h ,
I t

CH, HOH

Scheme II

0
II

o > fV c = o
8 —  C6H5— C—i—6  +  C,H,OH

I '
CHj

Scheme III

H +

0 — OH

h
C„H,— C — COCOOCoH,

I
c h 3

The synthesis of 7 was attempted, by alkaline 90% hy
drogen peroxide treatment of the bromide 10. We did not 
succeed in isolating the desired product down to —40°, and 
the formation of 2 was observed as soon as any reaction of 
10 was detected. Although the nucleophile could either dis
place the bromide or attack one carbonyl, the former was 
suggested by the isolation of the substitution product 11 
when water was substituted for hydrogen peroxide in this 
experiment. No reaction took place when this treatment of 
10 was performed in acidic or neutral medium.

The mechanism for the conversion of 7 to 2 in basic solu
tion need not be identical with that in acidic medium. Here 
the only reaction products were carbon monoxide, carbon 
dioxide, and ethanol. The often proposed mechanism for 
the degradation of a-hydroperoxy carbonyl compounds in 
neutral or alkaline medium does not apply,4 since, as shown 
in Scheme IV, a dioxetanol intermediate would have pro
duced monoethyl oxalate, which was proved to be stable 
under the reaction conditions.

Scheme IV

0-1-0
i : i

7 C6H5— C - j-C — COOC2H5 — ► 2 +  6

CH3 OH

A mechanism which accounts for all the experimental 
facts in the base-catalyzed autoxidation of 5 involves cycli- 
zation of the presumed hydroperoxide intermediate 7 onto 
the ester carbonyl, giving an «-ketoperlactone 12 (Scheme
V).

Scheme V

0 * 0 ^

CA—C-hQV
c h 3

12

+  C2H5OH 2 +  CO +  CO,

Although perlactones have been known since 1966,5 and 
some have even been formed from /3-hydroperoxy esters,6 
there is no record of any with an «-carbonyl, and this work 
suggests their thermal lability.

The mode of fragmentation proposed for 12 is analogous 
to one pathway observed in the thermolysis of simple per
lactones7 where a carbene must have been generated beside 
the ketone and carbon dioxide and which, understandably, 
required a much higher temperature than for the elimina
tion of the stable carbon monoxide fragment. The extent to 
which the mechanisms expressed in Schemes IV and V con
tribute to the formation of 2 in the thermolysis of 1 or in 
the autoxidation of 5 in addition to those suggested in 
Schemes I—III is unknown.

Two reports of unexpected formation of acetophenone 
came to our attention. House and Blaker found that sodi
um /3-phenyl-/3-methyIglycidate (13) yielded 2 beside the 
expected 2-phenylpropionaldehyde (14) when heated in 
aqueous solution.8 The amount of 2 was considerably re
duced (from 32 to less than 2%) when the salt was acidified 
at 0°. The difference was attributed to the intervention of a 
base-catalyzed retro-aldol reaction following opening of the 
epoxide. No explanation was provided for the formation of 
2 in the acid-catalyzed reaction.

70 OH
0 N 1 ^

C— CHC00“
I —  C6H5C— CH-— C== 0 

V /  1
c h 3

1 v - y  
CHj O"

13

/C T
2 +  HOCH— - CC

\

While the retro-aldol cleavage of /3-hydroxy esters occurs 
either in base9 or in acid,lc that of /3-hydroxy acids is only 
known in acid medium.10 The enolate ion of a carboxylic 
acid is only formed with great difficulty, and is therefore 
not expected to be a good leaving group. The autoxidation 
of 14 provides a more reasonable explanation for the pres
ence of 2 in House and Blaker’s experiments. The base-cat
alyzed treatment of 13 was repeated as described, with a 
control solution treated identically, but under nitrogen. 
The amount of 2 was found to be small in both cases (less 
than 3%), but the latter had about one-sixth the amount of 
2 found in the former (nmr determination just following 
immediate work-up). As expected, the yield of 2 increased
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markedly when the sample of 14 was allowed to stand in 
the presence of base without nitrogen protection.

The warning by House and Blaker8 that any procedure 
involving heating a glycidic ester with aqueous alkali as 
part of the degradation to a carbonyl compound was unde
sirable is no longer justified. To the extent that saponifica
tion precedes glyceric ester formation (we know of no ex
ception) the real problem rests with the protection of the 
initially formed carbonyl product from further autoxida- 
tion, easily solved by running the reaction under nitrogen.

Thummel and Rickborn reported the unexpected forma
tion of 2 in the base-induced rearrangement of 1-methyl -
2-phenyloxirane (15, 94% trans), and commented on the 
absence of analogy for the production of this material in 
the literature.11

A similar treatment of trans- 1,2-diphenyloxirane had 
been reported to yield diphenylacetaldehyde,12 and 14 was 
therefore expected from 15. Its absence, and the failure by 
the authors to mention any protection from oxygen in the 
base-catalyzed treatment of 15, point to the autoxidation of 
14 as the most satisfactory explanation for the formation of 
2 in these experiments.

Experimental Section
threo- and erythro-Ethyl 2-Hydroxy-3-chIoro-3-phenyl- 

butyrate (1 ). Ether saturated with HC1 (100 ml) was added to  10 g 
o f  3 13 frozen in liquid nitrogen. T h e m ixture was stirred while 
being allowed to melt, and was then kept in a refrigerator for 23 hr. 
A fter concentration  under vacuum , the residue crystallized from  
petroleum  ether. It was recrystallized to yield 10.55 g o f  1, m p 5 3 - 
59°.

Anal. Calcd for C i 2H I50 3C1: C, 59.42; H , 6.22; Cl, 14.60. Found: 
C, 59.44; H , 6.22; Cl, 14.59.

Ethyl 2-Hydroxy-3-phenyl-3-butenoic Acid (4 ). A  solution o f  
5 g o f  3 in 25 m l o f  C(;Hr,Cl was refluxed for 16.5 hr after HC1 had 
been bubbled through for 5 min. T h e solvent was rem oved and 
nmr showed the crude product to  be 4, at least 90% pure. It was 
distilled bu lb -to-bu lb  at 70° (0.07 T orr): nm r (CD CI3) 0.95 (t, J  =  
7 Hz, 3 H ), 4.07 (q, J  =  6.75 H z), and 4.08 (q, J  =  7 Hz, total 2 H ), 
4.57 (s, 1 H , exchanges with D 20 ) ,  5.28 (s, 1 H ), 5.56 (s, 1 H ), 5.60 
(s, 1 H ), 7.30 (m, 3 H ), and 7.55 ppm  (m, 2 H ).

Anal. C alcd for C i2H i40 3: C, 69.85; H , 6.84. Found: C, 69.61; H, 
7.11.

Ethyl 2-Oxo-3-phenylbutyrate (5 ). A  solution o f  10 g o f  4 and 
0.6 g o f  p -toluen esu lfon ic acid in 60 ml o f  CfiH5Cl was refluxed for 
30 hr. T h e  solvent was rem oved under vacuum , and the residue 
was dissolved in ether, extracted with aqueous N a H C 0 3, and dried 
over M g S 0 4. T h e  product, over 90% pure by nmr, was distilled and 
yielded 5: bp  65° (0.07 T orr); nmr (CDCI3) 1.13 (t, J  =  7 Hz, 3 H ), 
1.80 (d, J  = 7 Hz, 3 H ), 4.07 (q, J  =  7 Hz, 2 H ), 4.38 (q, J  =  7 Hz, 1 
H ), and 7.18 ppm  (s, 5 H ).

Anal. Calcd for C 12H i40 3: C, 69.88; H, 6.84. Found: C, 69.92; H, 
6.95.

Ethyl 2-Oxo-3-bromo-3-phenylbutyrate (10). T o  a refluxing 
solution o f  7.50 g o f  5 and 8.1 g o f  A l-brom osuccin im ide in 190 ml 
o f  CCI4, 0.30 g o f  benzoyl peroxide was added over 3 hr. A fter an
other 18-hr reflux, the m ixture was cooled , filtered, and con cen 
trated under vacuum . T h e  crude product was over 90% pure: bp 
145° (3.5 T orr); nmr (CDC13) 1.15 (t, J  =  7 Hz, 3 H ), 2.22 (s, 3 H ),
3.02 (q, J  =  7 Hz, 2 H ), and 7.33 ppm  (m, 5 H ).

Decomposition of 1. T h e  bottom  o f  a nmr tube containing 
about 0.20 g o f  1 was im m ersed in refluxing C 6H 4C1, contained in a 
flask fitted  with a condenser which also cooled  the top  o f  the nmr 
tube. T h e progress o f  the reaction at 132° was m onitored by nmr 
between 15 m in and 54 hr. 2 was identified by com parison with an 
authentic sam ple (nm r, tic, and glc), and 3, 4, and 5 were also d e 
tected by nmr.

Decomposition of 3. A  sam ple o f  1 containing a trace o f  HC1 
was heated as above. A fter 1.25 hr at 132°, 4 was form ed in over 
90% yield. In another experim ent, the nm r tube containing 0.10 g 
o f  3 and 0.01 g o f  1 was sealed. A fter 63 hr at 132°, 5 had been 
form ed in over 90% yield. In both  cases 2 was detected by its char
acteristic signals at 2.5 and near 7.9 ppm  in the nmr.

Decomposition of 5. T h e air used for the oxidation  was purified 
through P d C l2 in 0.005 M  HC1, follow ed by  solid N aO H  and L inde 
m olecular sieves. T h e  sam ple o f  5 was heated to  132 or 155° for 16

hr in the presence o f  a stream o f  air, which was then run into a trap 
cooled  in liquid nitrogen. A fter reaction, this trap was allowed to 
warm up, and the gases released were passed through successive 
traps containing (a) N aO H  and m olecular sieves, (b ) concentrated 
H 2S 0 4, (c) saturated B a (O H )2, (d) aqueous P b (O A c)2, and (e) 
P dC l2 in 0.005 M  HC1.14 T h e  on ly  p rodu ct le ft in the reaction ves
sel was 2, while C 0 2 and CO were detected in traps c and e, respec
tively, and the nongaseous products left in the first trap were 
E tO H , m onoethyl oxalate, and 2.

Treatment of 5 with Singlet Oxygen. A. Ozone was bubbled 
through a solution o f  1.5 g o f  triphenyl phosphite in 40 m l o f  
C H 2C12 at —78° until the blue color persisted. T h e  excess o f  O 3 was 
rem oved by a stream o f  N 2, 1.0 g o f  5 was added, and the solution 
was allowed to  warm slowly to room  tem perature .15 N m r o f  the 
m ixture after rem oval o f  the solvent showed that no reaction had 
taken place.

B. Air was bubbled through a solution o f  0.479 g o f  5 and 0.034 g 
o f  rose Bengal in 250 ml o f  C H 3C N  during its irradiation at 350 nm 
for 2 hr in a R ayonet reactor. A fter rem oval o f  the solvent, nmr 
showed that on ly  a trace am ount o f  2 had been form ed.

Attempted Synthesis of Ethyl 2-Oxo-3-phenyl-3-hydroper- 
oxybutyrate (7 ). A  solution o f  0.552 g o f  10 and 0.32 m l o f  90% 
H 20 2 in 5 ml o f  acetone was stirred for 50 min after the addition  o f  
0.145 g o f  K 2C 0 3. T h e gas evolved was shown to  contain  CO  with 
P d C l2 in HC1. A fter standing for another 105 m in, the m ixture was 
filtered and the filtrate was concentrated to yield pure 2. T h e solid 
obtained had no CH  bonds as shown by nm r in D 20 . C ontrol ex
perim ents indicated that 2, 5, and 616 were all stable under the 
reaction conditions. T h e  same results were obtained when the 
reaction was run at 5° in H 20  with N aO H , 24° in dioxane with 
K 2C 0 3, and —40° in T H F  with K 2C0 3 . A  similar result was also 
observed at 5° in ether with K 2C 0 3, bu t unreacted 10 was still 
present. A t 24° in T H F  with HCI, no reaction took  place. W hen 
the reaction in acetone with K 2C 0 3 was run with H 20  rather than 
H 20 2, it y ielded ethyl 2 -oxo-3-phenyl-3 -hydroxybutyrate w ithout 
decom position .

2-Phenylpropionaldehyde (14) from 3. T h e  published proce 
dure was follow ed exactly ,8 with the exception  that no stirring was 
used. A  control reaction under N 2 was also perform ed. N m r analy
sis showed that the am ount o f  2 was about 3% in the form er and 
less than 0.5% in the latter. T h e crude reaction product was treat
ed with 2,4-dinitrophenylhydrazine, and yielded the derivative 
from  14, m p 135°.

Air Oxidation of 14. A ir was bubbled for  1 hr through a solu 
tion  o f  1.25 g o f  14 and 0.15 g o f  K O -i-B u  in 30 ml o f  t-B uO H . 
A fter concentration  under vacuum , the nmr o f  the C C l4-soluble 
fraction  o f  the residue showed that over 50% o f  14 had been ox i
dized to 2 .
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The Woodward-Hoffmann rules1 dictate that [4s + 2s] 
concerted photocycloadditions are symmetry-forbidden 
reactions. According to such a formulation, the photocy
cloaddition of a diene and an olefin is expected to proceed 
via the symmetry-allowed least-motion [2s + 2s] pathway 
or the non-least-motion symmetry-allowed [4s + 2a] or [4a 
+ 2s] pathway. The Woodward-Hoffmann analysis was 
carried out on the basis of nonpolar models and we recently 
proposed that there is a dichotomy between the stere
oselectivities of nonpolar and polar photocycloadditions 
owing to the different types of orbital interactions ob
taining in these two general classes of photoreactions.2 Cor
relation diagrams can be used fruitfully to analyze the ster
eoselectivity and mechanism of nonpolar and polar photo
cycloadditions. In this note, we confine our attention to the 
case of the photochemical [4 + 2] (Diels-Alder) cycloaddi
tion.

In a photocycloaddition reaction, one can define the 
donor (D) and the acceptor (A) cycloaddend by reference 
to their ground-state properties. There are two general 
photocycloaddition mechanisms.3 Mechanism 1 constitutes 
an example of an adiabatic transformation and mechanism 
2 an example of a diabatic transformation.4 Mechanism 2 is 
the one most often encountered in photochemical reac
tions, in general. Now, we can distinguish between nonpo-

D *  +  A  „
o r  — »■ [ c o m p le x ]  — *• P *  — *- P  (1)

D  +  A *

D * +  A
o r  — *■ [ c o m p le x ]*  — ► P  (2)

D  +  A *

lar and polar [2 + 2] cycloadditions and between semipolar 
and polar [4 + 2] cycloadditions.5 A typical semipolar [4 +
2] cycloaddition is that of butadiene and ethylene. The cor
relation diagram for the photochemical cycloaddition of 
butadiene and ethylene is shown in Figure 1. It is assumed 
that one photoexcited cycloaddend attacks the other one in 
its ground state. The correlation diagram shows that the 
lowest excited state of the complex does not correlate with 
either the lowest excited state of the product or directly 
with the ground state of the product. Hence, [4s + 2s] pho
tocycloaddition is forbidden to occur via mechanisms 1 or
2.

A typical polar [4 + 2] cycloaddition involves a butadiene 
substituted by electron donor groups and an ethylene sub
stituted by electron acceptor groups. Electron donating 
groups raise the energy of both the HOMO and the LUMO 
of butadiene, the former more than the latter, and electron 
accepting groups act principally by lowering the energy of 
the ethylene LUMO while leaving the energy of the ethyl
ene HOMO relatively unchanged. As a result, in polar [4 +
2] cycloadditions, the HOMO of the diene has higher ener
gy than the HOMO of the dienophile, a situation similar to 
the one which obtains in semipolar cycloadditions. On the 
other hand, the LUMO of the diene has also higher energy 
than the LUMO of the dienophile, a situation which is op
posite to the one which obtains in semipolar cycloaddi-

■ T i r -

* T T S-

/ T \

s— »' Cu+ X3<t>3-u;L<t>;L) 

A— -̂--  cj2(<K + X„7ï*)

Figure 1. Correlation diagram for a semipolar [4s + 2s] photocy
cloaddition in which the reaction complex correlates only with a 
higher excited state a^a îr'^as1, of the product as indicated on the 
diagram. The butadiene MO’s are designated 0i, 02, 03, and 04 and 
the ethylene MO’s are ir and w*.

A 04
S a3

Figure 2. Correlation diagram for a polar [4s + 2s] photocycload
dition. The reaction complex correlates either with a higher excit
ed state of the product, oToTn-'2?r*'1, or the ground state of the 
product, oToTir'2. The latter correlation is shown on the diagram. 
R = electron-releasing group, W = electron-withdrawing group. 
Only the butadienic and olefinic MO’s are shown and the MO cor
relations are intended correlations.

tions. The correlation diagram for polar [4 + 2] photocy
cloaddition is shown in Figure 2 and a major difference be
tween semipolar and polar [4 + 2] photocycloadditions is 
revealed. Specifically, the lowest excited state of the reac
tion complex is a locally excited complex in the former 
case but an excited charge-transfer complex in the latter 
case. Furthermore, the correlation diagram shows that the 
excited charge-transfer complex does not correlate with the 
lowest excited state of the product but it does correlate 
with the ground state of the product. This implies that [4s
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F ig u re  3. Correlation diagram for the [4s +  2s] ph otocycloadd ition  
o f  anthracene and ethylene. T h e  reaction com plex correlates with 
a higher excited state o f  the product as shown in the diagram. T h e 
M O correlations are intended correlations.

+ 2s] cycloaddition is photochemically allowed to occur via 
mechanism 2. Similar conclusions are reached when buta
diene is substituted by electron acceptor groups and ethyl-

D* + A
or — ► [D*A']* — »- P

D + A*

ene by electron donor groups. Direct spectroscopic observa
tions6 indicate that the conversion of D* and A or D and A* 
to the excited charge-transfer complex is allowed and cor
relation diagrams reveal that the conversion of the latter 
complex to ground-state product is also allowed. In short, 
photochemical polar [4s + 2s] cycloadditions can indeed be 
very favorable.

Although the intricacies of correlation diagrams were 
fully discussed in the original work of Woodward and Hoff
mann, it may be appropriate to stress some points. Thus 
the correlation diagram for the photoaddition of butadiene 
and ethylene involves crossing of levels of different symme
try and, thus, either a MO correlation diagram or a state 
correlation diagram provide a fully satisfactory depiction of 
the transformation. On the other hand, the correlation di
agram for the photoaddition of a donor butadiene and an 
acceptor ethylene constitutes a simplified description of 
the transformation. Thus, if all the MO’s of the two reac
tants were drawn, crossing of levels of the same symmetry 
would occur. However, this violation of the noncrossing 
rule could have been alleviated by the construction of state 
correlation diagrams which would have provided an ade
quate theoretical description of the transformation. None
theless, it is much simpler to construct MO correlation di
agrams for systems where crossing of levels of the same 
symmetry occurs and discuss the so-called intended corre

F ig u re  4. Interaction diagram for a sem ipolar [4 +  2] cycload d i
tion. T h e locally excited state is the lowest energy excited state. 
Energy levels from  a C N D O /2  calculation.

lations of MO’s. Hence, the correlation diagrams for the 
polar [4 + 2] photocycloadditions are perfectly adequate 
for our qualitative discussions.

The [4 + 2] photocycloadditions are not restricted to 
acyclic dienes and olefins. For example, aromatic mole
cules, like naphthalene, anthracene, etc., can potentially 
act as the diene component in photochemical [4 + 2] cy
cloadditions. The MO correlation diagram for the [4 + 2] 
photocycloaddition of anthracene and ethylene is shown in 
Figure 3. The intended MO correlations make it unambig
uously clear that the situation is identical with that en
countered in the case of the butadiene-ethylene photocy
cloaddition. A MO correlation diagram for the [4 + 2] pho
tocycloaddition of donor anthracene-acceptor ethylene can 
be constructed and the conclusion drawn will be identical 
with those arrived at on the basis of the correlation di
agrams for the photocycloaddition of donor butadiene-ac
ceptor olefin.

We have sought to provide some kind of quantitative 
support for these ideas and we have calculated various 
diene-dienophile pairs in order to determine whether the 
locally excited or excited charge-transfer state will consti
tute the lowest excited state of the reactants to be correlat
ed with the various states of the product. The calculation 
results shown in Figures 4-8 demonstrate clearly that in 
typical semipolar cycloadditions (Figures 4 and 7) the lo
cally excited state is the lowest excited state, while in typi
cal polar cycloadditions (Figures 5, 6, and 8) the excited 
charge-transfer state is the lowest excited state. The num
bers in Figures 4, 5, and 6 were obtained by simple subtrac
tion of CNDO/2 orbital energies and, thus, two electron 
correction terms are neglected in the calculation of the en
ergy difference between a ground state and an excited state 
complex. A similar procedure is followed in Figures 7 and 8 
where the orbital energies are eigenvalues of an effective 
one-electron Hamiltonian. We feel that the qualitative 
trends revealed by such an approach will not be altered sig
nificantly when electron interaction is incorporated in the
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Figure 5. Interaction diagram for a typical polar [4 +  2] cycload d i
tion between an electron-deficient diene and an electron-rich  o le 
fin. T h e  excited charge-transfer state is lower in energy than the 
locally excited state. Energy levels from  a C N D O /2  calculation.

Figure 6. Interaction diagram  for a polar cycloaddition  between 
an electron-rich  diene and an electron-deficient dienophile. The 
charge-transfer excited state is the lowest energy excited state. E n 
ergy levels from  a C N D O /2  calculation.

theoretical treatment. Such an approach is discussed else
where.7

Our analysis is consistent with the following interesting

Figure 7. Interaction diagram for the cycloaddition  o f  anthracene 
and butadiene. T h e  locally excited state is lower in energy than the 
charge-transfer excited state. Energy levels from  a W olfsb erg - 
H elm h oltz-M u lliken  calculation.

Figure 8. Interaction diagram for the cycloaddition  o f  9 ,10-dicy- 
anoanthracene and 1,4-dihydroxybutadiene. T h e  charge-transfer 
excited state is the lowest excited state. E nergy levels from  a 
W olfsberg-H elm h oltz-M u lliken  calculation.

experimental facts.
(1) Anthracene adds to dienes stereospecifically in a [4s 

+ 4s] manner, but 9-cyanoanthracene adds to dienes 
stereospecifically in a [4s + 2s] manner.8

(2) Retrograde homo-Diels-Alder reactions of azo com
pounds exhibit the same [4s + 2s] stereoselectivity under 
both thermal and photochemical conditions.9

(3) Maleic anhydride adds photochemically to benzene, a 
poor electron donor aromatic (ionization potential = 9.25 
eV)10 in a [2 + 2] manner.11 On the other hand, it adds pho
tochemically to anthracene, a good electron donor aromatic 
(ionization potential = 7.55 eV)10 in a [4 + 2] m an n er.12'13

We suggest that polar [4 + 2] photocycloadditions can be 
useful synthetic reactions and that the orbital symmetry
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approach14 can be used in connection with many photo
chemical problems such as the effect of substituents on the 
mechanism and stereochemistry of photochemical pericy- 
clic reactions.

Acknowledgment is made to the Donors of the Petrole
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cal Society, for the partial support of this research.
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sis of the /z0—fluidity dependence in terms of fraction re
combination. Pryor and coworkers4 have used essentially 
the same scheme and proposed extrapolation of l/k0 us. r)a 
to zero viscosity as a means of estimating the value of l/ky 
An alternative is to measure the rate constant for scram
bling of carbonyl-180  (ks). Under the assumption above, 
the sum of k a + k s (ki)  should be constant.

These sums were not constant for either of the two cases 
which we investigated3 (Table I, Scheme I; R = Ph, CHS; R' 
= f-Bu). We wish to point out that the positive activation 
volumes determined by the external pressure variation1 
imply that k\ could only fortuitously be constant over the 
range of solvents investigated because of differences in in
ternal solvent pressure.5

It is possible to circumvent the problems of calculating 
internal pressures by defining an empirical set of differen
tial solvent pressures (DSP) from a reaction of known acti
vation volume. This is analogous to the definition of Ham
mett10 substituent constants from an arbitrary reaction. 
The apparent activation volume for ierf-butyl perbenzoate 
is reported11 to be +10.4 cc/mol in cumene and +12.9 cc/ 
mol in chlorobenzene. Assuming that the activation volume 
in the hydrocarbon solvents which we have used is similar12 
and that the differential solvation energy is zero, the rela
tive rates (Table I) can be used to determine the differen
tial solvent pressures for the solvent series at 130° (Figure 
1, Table I). A plot of In (ka + ks) for the peracetate, also at 
130°, us. the DSP values is linear, giving an activation vol
ume of +5 cc/mol (Figure 1), which is in agreement with

The Activation Volume for Single-Bond Homolysis 
From Empirical Internal Solvent Pressure

J. Owens* and T. Koenig
Department of Chemistry, University of Oregon,

Eugene, Oregon 97403

Received April 22,1974

Neuman and coworkers1 have measured apparent acti
vation volumes for a number of free-radical initiators. 
These parameters (AVe*) were small for peresters pre
viously proposed2 to undergo concerted (C-C and O-O) de
composition and large for tert-butyl perbenzoate. The acti
vation volumes were thus considered an additional criteri
on of mechanism. We,3 as well as others,4 have examined 
viscosity effects on overall rates of decomposition of perox
ides. We have used Scheme I as a general one in analyzing 
the results quantitatively. Equations 1 and 2 (where k Q and 
k3 are observables) give the predictions of this scheme for 
overall disappearance of initiators.

Assuming kj  is the only viscosity-sensitive (interpretive) 
rate constant and knowing the value of k\ allows the analy-

Figure 1. Activation volumes from empirical differential solvent 
pressures.
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Table I
Rate Constants“ for Decomposition and lsO Scrambling at 130°

RCC>3-f-Bu

Solvent *o <R = CH3> (R = CH3) *o+ M R = ch3) A0 (R=Ph) ks (R - Ph) kar As (R = Ph) DSP,6 atm

Hexane 50.8 13.1 63.9 3.72 0.16 3.88 0
Isooctane 3.36 0.20 3.56 288
Dodecane 3.08 (0.24) 3.42 534
60% hexane oil 44.3 16.6 60.9 3.39 (0.28) 3.67 263
30% hexane oil 38.0 19.3 57.1 3.04 (0.36) 3.40 571
Paraffin oil 31.3 20.8 52.1 2.33 (0.50) 2.83 1320

° X 105 sec"1; values in parentheses are interpolated from Figure 1, ref 3b. 0 !Empirical differential solvent pressures from Figure 1 of
this work.

Table II
Activation Volumes from DSP for RC03-t-Bu

R Rate constant A V*j3£p, cc/mola A V * ex(., ce/mol k Registry no.

c 6h 5 k 3bK O (+12.00) + 10.4, +12.911 614-45-9
CbH5 ko + V b + 8.0
c h 3 k0 + ks^ + 5.0 (+5)1'* 107-71-1
c h 3o c 6h4c h 2 k 13O + 3.0 +3.116 27396-21-0
Q H 5c h , k 13 0 -2 .0 + 1.711 3377-89-7
(CHj)*'CH k 14Ko -1 .0 + 1.615 109-13-7

a Using the em pirical differential solvent pressures derived here. 6 Using external pressure variation. liT1he value for a sim ple on e-b on d  
process.

expectations from the external pressure studies of Neu
man.1

It is possible to estimate the ks values for the perben- 
zoate by comparison with the corresponding hyponitrite 
(ref 3b, Figure 1). These values, summed with the appro
priate k a, give an activation volume of +8 cc/mol for the
0 - 0  bond homolysis of the perbenzoate. Table II contains 
the activation volumes for all the compounds for which we 
have data. The agreement with external pressure measure
ments is quite good if the sign inversions for the phenyl- 
acetyl11-13 and isobutyryl14 compounds are attributed to 
differential solvation. Solvation effects have similarly been 
invoked to explain the nonlinearity of the external pressure 
plots for these systems.15

Finally, we note that the apparent activation volume for 
the ieri-butyl p-nitrophenylperacetate, as estimated from 
cohesive energy densities of the hydrocarbon solvents and 
the rate data of Pryor and Smith,4® is very large (+15 cc/ 
mol). This reinforces their suggestion that this compound 
may be in part a one-bond initiator. A large value of AV* is 
an indication of reversibility and not of intrinsic differ
ences in transition state structures for the one-bond com
pared to two-bond process. The k j k s method of estimating 
fraction return is not subject to the complications of vari
able hi. Ruling out 1,3-sigmatropism,14-16 they give the best 
estimate of reversibility in peroxide decomposition.
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Intramolecular carbene insertions and cycloaddition 
reactions constitute a favorite route to small-ring polycyclic
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structures. Yet there is little information available from the 
literature concerning circumstances favorable to such ap
proaches. This report deals with the behavior of A3-cyclo- 
pentenylmethylcarbene (1), which bears upon this prob
lem.

In the concerted cycloaddition of a singlet carbene to a 
double bond, to form a cyclopropane ring system, the p or
bital of the carbene overlaps in a a manner with one end of 
the 7r bond.1 If the structure of the molecule is such that 
this requisite geometry cannot be attained, then a thermal
ly generated singlet carbene cannot partake in such a reac
tion. A case in point is the report3 of the reactions of 2, the 
precursor to a carbene which incorporates the same struc
tural features as 1 in a bicyclic framework. Failure of ther
molysis of 2 to give any of the desired addition product, 3, 
was ascribed to the inability of the strained framework to 
accede to the geometry required. Photolysis, however, pro
vided 3 and 4 in about 2:1 ratio.

In the absence of the steric constraint inherent in the bi
cyclic framework of 2, thermally generated singlet 1 might 
be expected to provide a route to tricyclo[2.2.0.02’6]hexane
(5). Instead, the carbene, thermally generated from the tos- 
ylhydrazone 6, afforded 74 and 85 in a 70:30 ratio, plus an 
unidentified, more volatile trace component.

5

6 1 7  8

Photochemical decomposition of 6, moreover, again af
forded only 7 and 8 in a 70:30 ratio and again without any 
detectable amount6 of 5. These results differ substantially 
not only from those reported for 2, but also from those re
ported7 for 9, the carbene from which is the A2 analog of 1.

We therefore conclude that neither singlet nor triplet 
carbene 1 can assume the requisite geometry for intramo
lecular cycloaddition and it follows that it is not the con
straint inherent in the bicyclic framework which prevented 
thermal formation of 3 from 2.

These results reinforce the suggestion of Trost and Cory3 
that the intermediate responsible for the formation of the 
cycloaddition product 3 is probably the 1,3-dipolar adduct 
12 and an analogous process8 may well account for the for
mation of 11. The exaggerated puckering of the cyclopen- 
tene ring in the case of 2 places the diazo group closer to 
the double bond than is the case in the decomposition of 6.

12

One further comment seems apropos. Photolysis of 9 is 
reported7 to favor the formation of the 1,2-insertion prod
uct, 10, over the 1,3-insertion product, 7, by a factor of 4, as 
is normally the case. In the case of 1, however, the prefer
ence is reversed, as 7 predominates over 8 by a 2.5:1 ratio. 
This difference in behavior may owe its origin to a hydro
gen radical abstraction pathway for the 1,3-insertion, which 
in 1 leads to a stabilized allylic radical.9 The same factor 
would favor the production of 10 from 9. A similar process 
in 2, leading to 1,3-insertion, is obviously ruled out by ge
ometry of 2.

In conclusion, preexisting strain, as in 2, is not necessari
ly a deterrent to a formal intramolecular cycloaddition via 
carbenoid species and may indeed aid in achieving the req
uisite geometry for formation of the internal 1,3-dipolar 
adduct, a likely intermediate from photolytic decomposi
tion of appropriate diazo compounds.

Experimental Section
Preparation of A3-Cyclopentenecarboxaldehyde Tosylhy- 

drazone ( 6 ). A3-C yclopentenecarboxaldehyde was prepared as 
previously reported10 and was isolated and purified by preparative 
vapor phase chrom atography (F & M  M odel 776 equipped with an 
8 ft X 0.75 in. colum n packed with 20% T riton  X -305  on Chrom o- 
sorb P). T h e tosylhydrazone, 6, was obtained quantitatively by  ad 
dition  o f  tosylhydrazine to  an equim olar am ount o f  the aldehyde 
dissolved in cold  benzene. A ddition  o f  excess pentane precipitated 
the desired derivative. T h e tosylhydrazone proved surprisingly un
stable and becam e tacky, with perceptible darkening, upon  at
tem pted recrystallization or drying. Consequently a freshly precip 
itated sam ple was subjected to analysis (Spang M icroanalytical 
Laboratories, Ann A rbor, M ich .), m p 83 -86°.

Anal. Calcd for C 13H 16N 2O 2S: C, 59.06; H, 6.10. Found: C, 58.86; 
H, 6.05.

Thermal and Photolytic Decomposition of Tosylhydrazone
6. Carbonium  ion processes were avoided by use o f  “ aprotic”  con 
d ition s,11 i.e., freshly prepared NaOCFL and purified diglym e, and 
the participation o f  any such pathways is ruled out by  the com 
plete absence o f  any m ethoxy derivatives or any other products 
n ot ascribable to carbene insertions. A  m ixture o f  6 with an excess 
o f  NaOCHa was heated, in diglym e, at 150-155° while the reaction 
vessel was vented with a stream o f  dry nitrogen which was then 
passed through a trap cooled  with liquid nitrogen. T h e condensate 
consisted o f  m ethanol and a 35% yield o f  a 70:30 m ixture (vpc, 10- 
ft colum n, 5% A piezon on Chrom osorp P) o f  b icyclo[3 .1 .0]hex-2- 
ene4 (7), and 4-m ethylenecyclopentene5 (8), which were identified 
by their characteristic nm r spectra. Photolysis was carried out on a 
similar m ixture, with a 275-W  sun lamp, while the m ixture was 
m aintained at room  tem perature. Prior to  irradiation, the mixture 
was deoxygenated by sweeping it with a stream o f  dry nitrogen for 
a prolonged period. Irradiation was discontinued after evolution  o f 
nitrogen ceased and the rem aining brown m ixture was again 
flushed with nitrogen. T h e effluent, condensed in a trap cooled 
with liquid nitrogen, consisted o f  the same com position  as that o b 
tained from  pyrolysis. T h at the observed reaction was indeed a 
photolysis, proceeding via the triplet carbene, is indicated by the 
fact that no visible reaction occurred when the deoxygenation  step 
was om itted. T h e  stability o f  products 7 and 8, under these reac
tion conditions, was established by the fact that continued irradia
tion or heating, prior to flushing w ith nitrogen, failed to  alter the 
product ratio or the am ount produced.
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The acid-catalyzed hydrolysis of enol (a./j-unsaturated) 
ethers has widely been studied in recent years in the inter
est in its reaction mechanism.2 It has been proved that the 
proton transfer to the unsaturated carbon is rate determin
ing. This may be considered as a typical electrophilic addi
tion reaction of the compounds of this class.

/ OR I + / OR
C = C  + HA — >- H— C— C + A ’  (1)

/  \  | '

We already carried out kinetic studies on the hydrolysis 
and the cationic polymerization of a variety of a,/3-unsatu- 
rated ethers from the viewpoint of the structure-reactivity 
relationship. It was found that the cis isomers of alkenyl 
alkyl ethers are generally more reactive than the corre
sponding trans isomers.3“6 The greater reactivity of the for
mer isomers was at first considered to be due to its lower 
stability in the ground state.3’4 Similar discussion has been 
made to interpret the relative reactivity of cis and trans 
alkenes in terms of the strain relief on reaction.7-8

Later on, however, we have found that the cis isomers of 
/3-chloro- and /'i-alkoxyvinyl ethers, which are more stable 
than the trans counterparts,10 are also more reactive.5’6 Ex
planation of these specific cases was made in terms of the 
polar nature of the reacting molecule; more polar cis iso
mers should more readily be attacked by an electrophile.5-6

One example of this trend appearing in the earlier litera
ture is the chlorination of a polar olefin, 1,2-dichloroethy- 
lene, in which the stable cis isomer11 is more reactive.12

Nevertheless, we still feel it necessary to confirm the 
generality of the greater reactivity of cis olefins toward 
electrophiles. The most desirable for this purpose is to ob
tain reactivity data for a series of olefins structurally simi
lar to each other but thermochemically different in terms 
of their geometrical stability. As such a class of olefins, we 
have chosen in the present study alkyl propenyl ethers; 
methyl and primary alkyl ethers are more stable in their 
trans form than in the cis form, while the reverse is the case 
for secondary and tertiary alkyl ethers.10 The acid-cata
lyzed hydrolysis was studied as a typical reaction of these 
ethers. All the cis isomers were found to be more reactive 
than their trans counterparts, irrespective of the ground- 
state stability.

Results
The acid-catalyzed hydrolysis of unsaturated ethers was 

carried out in acidic 80% aqueous dioxane ([HC1] = 0.01-
0.02 M ). The reaction was followed by the gas chromato
graphic determination of ether concentrations.3 Although 
ether was subjected to the kinetic measurements as an iso
meric mixture, each geometric isomer showed excellent 
first-order decay separately, indicating the absence of con
current geometrical isomerization of reactant isomers.3 The 
reaction was first order in acid and an ether.

rate =  fe2[H Cl][ether] (2)

The rate measurements for methyl propenyl sulfide (8) 
was undertaken in the same way in 80% aqueous tetrahy- 
drofuran. The kinetic features observed were much the 
same as those found for ethers.

Rate constants so obtained are summarized in Table I, 
together with some earlier results. The activation parame
ters, AH* and AS*, were calculated in the usual way (by 
plotting log k?/T against 1/T) and included in Table I. The 
final two columns of Table I give the thermodynamic data, 
AH0 and AS°, for the cis-trans isomerization equilibria.10 
Negative values of AH0 indicate greater thermochemical 
stability of the cis isomer in the liquid phase.

The data given in Table I show that the cis isomers are 
more reactive than the trans isomers for all the ethers stud
ied here. The activation enthalpies, AH*, of the former iso
mers are smaller than those for the latter, irrespective of 
their AH° values for the isomerization equilibria.

Discussion
Substituent Effects on the Reactivity. The reactivity 

of alkyl propenyl ethers increases in the order CH3 < C2H5 
< ¿-C3H7 < ¿-C4H9 for both the cis and trans isomers. The 
same order of the reactivity regarding the a-alkoxy group 
was previously observed with alkyl vinyl ethers13-14 and 
alkyl ethynyl ethers.15 This reactivity order of alkyl vinyl 
ethers is opposite to that expected from the electron densi
ty on the ¿9-car bon atom of the vinyl group, which is de
duced from the nmr data.16-18 Undoubtedly, the reactivity 
should be accounted for from the stability of the transition 
state. The transition state of the reaction of the present 
concern resembles an intermediate carbonium ion,3 which 
would be stabilized by the inductive electron donation by 
an alkyl group.

The reactivity of methyl propenyl sulfide (8) is about 
one-thousandth that of methyl propenyl ether (1), though 
the reaction medium is somewhat different. The same 
order of reactivity difference between S and O analogs was
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Table I
Kinetic Data for the Acid-Catalyzed Hydrolysis“ of a,/3-Unsaturated Ethers

b/  N R>

Compd R1 r2 R3

6 ,.-i -1
A H*,° 

kcal/mol
* d AS f 

eu
A it  * 

kcal/mol
AS° ,6 

eu
r

15°
10 *2
25° 35° 45°

lc H c h 3 c h 3o 32.3 106 358 20.8 1.8
0.91 1.5

I t c h 3 H c h 3o 8.10 27.9 122 23.5 8.3
2c/ H c h 3 c 2h5o 84.0 293 909 20.4 2.9

0.37 1.9
2tf c h 3 H c 2h5o 22.6 90.3 299 22.2 6.5
3c H c h 3 ¿ -c 3h 7o 171 576 1720 19.9 2.4

-0 .57 0.1
3t c h 3 H i - c 3h7o 60.0 195 605 20.0 1.1
4c H c h 3 t -c 4h 9o 303 870 2210 17.1 -5 .8

-0 .6 8 0.1
4t c h 3 H / - c 4h 9o 144 399 1080 17.3 -7 .2
5c* H c 2h5o c 2h5o 3.23 11.1 36.0 20.7 -5 .4

[5c]./[5t] e ~ 4
5tf c 2h 5o H c 2h5o 0.82 2.87 9.82 22.8 -0 .9
6c H Cl c 2h5o 0.68 2.37 7.03 21.6 -5 .2

-0 .66 0.8
6t Cl H c 2h5o 0.22 0.89 3.59 25.5 5.8
7c H Br c 2h5o 2.38 7.72 21.5 20.1 -7 .9
7t Br H c 2h5o 0.72 2.85 8.78 23.0 -0 .3
8ch'' H c h 3 c h 3s 0.361 1.82 25.7 4.6
8th-* c h 3 H c h 3s 0.249 1.50 28.4 12.7

a In 80% aqueous dioxane. 6 Given as an average of at least two measurements. c Accurate to within ±0.2 kcal/mol. d Accurate to within
±0.5 eu. e Values for the equilibrium t r a n s c is .  Data were taken from ref 10. < Kinetic data were taken from ref 3. * Kinetic data were taken 
from ref 6. h Hydrolysis was carried out in 80% aqueous THF. ‘ ki = 4.92 X  10“ 4 M  1 sec“ 1 at 55° .1 fe2 = 4.45 X  10 4 M  1 sec-1 at 55°.

previously observed for the acetylenic ethers.15'19 These 
differences will be ascribable to the diminished electron- 
donating conjugation ability of the thio group with 3p or
bitals in the reactant and/or intermediate carbonium ion as 
compared with that of alkoxy group.

/3-Alkoxy- and d-halogenovinyl ethers are less reactive 
than the propenyl ethers by a factor of 10-3 to 10-4. In this 
case, the conjugative stability of the ground state due to 
the lone-pair electrons of a d substituent might be respon
sible for the reduced reactivity.

Relative Cis/Trans Reactivity. The results given in 
Table I show that all the cis isomers are more reactive than 
the corresponding trans isomers. The activation enthalpies, 
AH*, are correspondingly greater for the trans isomers, ir
respective of the relative cis/trans ground-state stability. 
That is, the greater reactivity of the cis isomers is enthalpy 
controlled in the ordinary temperature region. Similar ten
dency of the cis/trans reactivity was previously observed in 
the cationic polymerization of unsaturated ethers.4“6’20“22

It might safely be concluded that the greater reactivity of 
the cis isomers is quite general in electrophilic additions to 
olefins. Various kinetic results available in the literature23 
conform to this generalization. Some available examples 
which clearly do not fall in this generalization should be ex
plained by certain other factors. For instance, hydrochlori
nation of cis- 1-phenylpropene was concluded to be affected 
by the adverse steric effects arising from its nonplanar 
structure; if it were planar in structure, it would be (elec
tronically) more reactive than the trans isomer.24

On the whole, the relative cis/trans reactivities in elec

trophilic addition reactions of olefins cannot be accounted 
for only by the ground-state properties of olefins. Some in
trinsic electronic factor that operates on going from the 
ground to the transition state may control these reactivi
ties. A theoretical molecular orbital calculation indeed 
demonstrates this point, which will be fully described else
where.25 In brief, the Coulombic term of the interaction en
ergy between an electrophile and an olefin at the transition 
state generally favors the cis structure of olefinic moiety. 
This Coulombic interaction must be a major factor contrib
uting to the greater reactivity of the cis olefins in electro
philic additions.

On the contrary, in homolytic addition reactions where 
the Coulombic contribution is small, the charge-transfer 
interaction predominates and the trans isomers whose ion
ization potential is smaller are more reactive.25 The charge- 
transfer interaction could well predominate even in electro
philic additions for exceptional cases, such as an olefin of 
low ionization potential plus an electrophile of low electron 
affinity. Such a case was actually encountered in sulfenyl 
chloride addition to 1-arylpropenes, in which the trans iso
mer was electronically more reactive.26

In conclusion, the cis olefins are generally more reactive 
in electrophilic addition reactions than the corresponding 
trans isomers, because of the favorable Coulombic interac
tion energy in the transition state.

Experimental Section
Materials, cis- and trans- Propenyl isopropyl ether (3c and 

3t)21 and cis- and trans -(¡-chlorovinyl ethyl ether (Gc and 6t)6
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were obtained as described previously, cis- and trans-propenyl 
methyl ether (lc and It) were prepared in the same way as before;3 
cis/trans ~1.5, bp 45-46° (lit.27 lc, 45.0° and It, 48.5°). cis- and 
trans-propenyl tert-butyl ether (4c and 4t) were prepared by the 
alcohol exchange from propenyl ethyl ether (a mixture of 2c and 
2t).28 The yield of a mixture of 4c and 4t (~4:1) was about 20%, bp 
101- 102° (lit.29 4c, 101°).

cis- and trans-/5-bromovinyl ethyl ether (7c and 7t) were pre
pared from paraldehyde and bromine by the method of Jacobs, et 
al.30 The isomeric composition (cis/trans) was ~3.5, bp 44-52° (20 
mm) [lit.30 41-44° (19 mm)).

cis- and trans- propenyl methyl sulfide (8c and 8t) were ob
tained by the rearrangement of allyl methyl sulfide,31 bp 102-103° 
(lit.32 102°).

Geometrical structure of the ethers was assigned by pmr spectra.
Kinetic Measurements. The reaction of unsaturated ethers 

was carried out in 80% aqueous dioxane and the rates were mea
sured gas chromatographically by the method described previous
ly.3 The hydrolysis of 8c and 8t was carried out in 80% aqueous te- 
trahydrofuran. In most cases a mixture of cis and trans isomers 
was subjected to hydrolysis but analyzed separately.
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1-Phenylcycloalkanecarboxylic Acids1
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The skeletal rearrangement of a-halo ketones having an 
a' hydrogen atom on treatment with certain nucleophiles 
such as hydroxides, alkoxides, or amines to give carboxylic 
acid salts, esters, or amides, respectively (Favorskii reac
tion) is well known and has been extensively investi
gated.3’4 a-Halo ketones which do not have an a' hydrogen 
atom5’6 and certain «-halo ketones with a' hydrogen at
tached to a bridgehead carbon atom7’8 also undergo similar 
rearrangement, although by a different (“ semibenzilic” ) 
mechanism, and may be called the “ quasi-Favorskii reac
tion.” Stevens and Farkas5 and later Kirmann and Jos- 
chek9 suggested that heterogeneous conditions are required 
for this rearrangement, as homogeneous conditions re
sulted in the direct replacement of the a halogen by the nu
cleophile. We now report a quasi-Favorskii rearrangement 
of a-halo ketones by the lithium salt of aromatic primary 
amines under homogeneous conditions. The resulting am
ides were hydrolyzed to the corresponding carboxylic acids, 
some of which are very difficultly obtained by other meth
ods.

The reaction of a-bromo ketones with lithium anilide 
was investigated as a general method for the synthesis of 
a-anilino ketones. Although treatment of 1-benzoyl-l-bro- 
mocyclopentane10 (la) with lithium anilide in ether pro
vided 87% of the amino ketone 2, 1-benzoyl-l-bromocyclo- 
hexane5a (4a) under the same conditions gave only 30% of 
the corresponding amino ketone, 6. The major product 
(55%) was 1-phenylcyclohexanecarboxanilide11 (5), formed 
by a quasi-Favorskii rearrangement. When the «-chloro ke
tone,58 4b, was used in the place of 4a, the proportion of 
the anilide6 formed was increased to 62% at the expense of 
the anilino ketone, 6 (21%). This result is in agreement with 
an earlier observation58 in the rearrangement studies under 
heterogeneous conditions. Amino ketones 2 and 6 were fur
ther characterized by their reduction with sodium borohy- 
dride to the amino alcohols 3 and 7, respectively.

O OH
Il / ' ~ ~ 1 CgH.NHLi II / - - - .  NaBH, |

ÄC- 7 < J ^ r *  c a c t O  —  CACHi O
Br
la

X
4a, X = B r  
b, X=C1

N H CA 
2

NHCJt,

0

n h c 6h 5

8b
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It was observed earlier that in the case of a-chloroiso- 
butyraldehyde, rearrangement was more effective using so
dium ieri-butoxide instead of sodium methoxide under 
heterogeneous conditions.9 In order to find out whether 
this apparent steric influence was operative in homoge
neous media as well, lithium anilide was replaced by lithi
um salts of o-toluidine and 2,6-dimethylaniline. The yields 
of the o-toluidide, 8a, and 2,6-dimethylanilide, 8b, were 70 
and 72%, respectively (the amounts of amino ketones 
formed in these reactions were too small to be isolated). 
Also, bromo ketone la, which did not rearrange at all with 
lithium anilide, gave 59% of the rearrangement product 9a 
with lithium o-toluidide.

In order to study the effects of substituents on the phe
nyl group of the halo ketone, lithium o-toluidide was treat
ed with halo ketones la -e  and the results are summarized 
in Table I. It may be noted that the increase in the yield of

Table I
Reaction of Lithium o-Toluidide with Substituted 

1 -Benzoyl-1 -halocy clopentanes

x
la, R =  H; X =  Br
b, R =  H; X =  C1
c, R =  m-Cl; X =  Br
d, R =  p-OCH ' X =  Br

10a, R =  H 
b, R=m-Cl

NHLi

!
R

9a, R =  H
b, R =  ra-Cl
c, R =  p-0CH3

“ -Halo ketone (ref)

la (10) 
lb (12) 
lc  (13)
Id (13)

Rearranged amide (

9a (59) 
9a (68) 
9b (13) 
9c (80)

deld, %) Am: 3 ketone (yield, %)

10a (20)
10a (10)
10b (50)
None

the rearranged product, p-methoxyphenyl > phenyl > m- 
chlorophenyl, is qualitatively in agreement with the rela
tive migratory aptitudes of the three groups in pinacol-type 
rearrangements.14

Because of the significant difference in the yields of the 
rearranged amides from cyclohexyl and cyclopentyl ring 
systems, it was decided to study the influence of the ring 
size on the rearrangement. For this purpose, «-bromo ke
tones with seven- and eight-membered rings were synthe
sized as follows. Cycloheptyl phenyl ketone15 (11) was pre
pared in 73% yield by treating phenylmagnesium bromide 
with cycloheptanecarbonitrile followed by acid hydrolysis. 
Bromination of 11 with bromine in carbon tetrachloride 
provided the required 1-benzoyl-l-bromocycloheptane
(12). Similarly, conversion of cyclooctyl chloride16 to the 
Grignard reagent followed by treatment with benzonitrile 
and hydrolysis gave cyclooctyl phenyl ketone (13) which 
was subsequently brominated to bromo ketone (14).

O

Rearrangements of bromo ketones with five- and six- 
membered rings have been discussed previously. Treat
ment of 1-benzoyl-l-bromocyclobutane17 (15) with lithium
o-toluidide gave only 19% of the rearranged amide, 16. Sev
eral by-products formed in this reaction were not identi
fied. Bromo ketones 12 and 14 yielded 62 and 48% of the
o-toluidides, 17 and 18, respectively. The formation of 
these rearranged amides in good yields from the «-bromo 
ketones could serve as an attractive synthetic pathway for 
the preparation of 1-phenylcycloalkanecarboxylic acids, 
some of which are very difficultly synthesized by alternate 
methods.18’19 Because of the extremely hindered position of 
the amide carbonyl in the molecule, hydrolysis to the car
boxylic acid was difficult. However, heating the toluidide 
with concentrated hydrochloric acid in a sealed tube at a 
temperature higher than its melting point offered a satis
factory method for the cleavage of the amide linkage in 
most cases. Results of these experiments are summarized in 
Table II.

Table II
Conversion of «-Bromo Ketones to Carboxylic Acids

/ C 6H5
(CH2)„C \ coti

19a—e

n “ -Bromo ketone o -Toluidide (yield, 96) Carboxylic acid (yield, %) Ref

3 15 16 (19) 19a (79) 18
4 la 9a (59) 19b (73) 18
5 4a 8a (70) 19c (66) 5
6 12 17 (62) 19d (85) 19
7 14 18 (48) 19e (50)

The availability of exo-2-bromo-endo-2-benzoylnorbor- 
nane20 (20) made it possible to carry out the rearrangement 
with lithium anilide on a bromo ketone of known stereo
chemistry. Only one anilide,endo-2-phenylnorbornane- 
exo-2-carboxanilide (21), was obtained (67%), as might be 
expected from a concerted “ semibenzilic rearrangement” 
mechanism.21 Traces of amino ketone 22 were also formed.
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Table III
Physical Properties of «-Amino Ketones and a-Amino Alcohols

Compd Mp, "C
Molecular

formula
/------------ ------------- A n a l., % ------------ F d \
'  c H N ^ r  c °if N A

2 147 c 18h19n o 81.48 7.22 5.28 81.55 7.12 5.48“
3 (HCl) 208 dec c 18h22c in o 71.18 7.31 4.61 71.27 7.23 4.46
6 139-140 Ci9H21NO 81.68 7.58 5.05 81.64 7.64 5.046
7 (HCl) 200 dec c 19h24c in o 71.68 7.61 4.41 71.70 7.61 4.45
10a 120-121 C i9H21NO 81.68 7.58 5.05 81.52 7.75 5.07
10b 99-100 c 19h20c in o 72.73 6.42 4.46 72.59 6.18 4.41e
22 200-201 c 20h21n o 82.44 7.26 4.81 82.66 7.52 5.10*

° Uv Xmax 285 nm (e 2650), 248 (22,850); ir (CHC13) 3356 (NH), 1665 cm- 1 (C = 0 ). & Uv Xmax 287 nm (c 2950), 248 (23,500); ir (CHC13) 
3390 (NH), 1670 cm - 1 ( C = 0 ) .c Calcd: Cl, 11.30. Found: Cl, 11.27. <* Uv Xmax 285 nm (« 2820), 248.5 (23,300).

Table IV
Physical Properties of the Rearranged Amides

Compd M p /C
Molecular
formula

r --------------------- -A n a l., %------------------- A

r  c ~ T r N A r c H N ^

8a 138 £ 2 0 ^ 2 3 ^ 0 81.87 7.90 4.77 82.08 7.86 4.87
8b 246-247 C2iH25NO 82.04 8.20 4.56 82.28 8.24 4.57
9a 129-130 c 19h21n o 81.68 7.58 5.05 81.79 7.55 5.12
9b 129-130 c 19h 20c in o 72.73 6.42 4.46 72.55 6.39 4.56“
9c 111-112 C2oH28N 02 77.64 7.49 4.53 77.84 7.47 4.60
16 131-132 c 18h 19n o 81.48 7.22 5.28 81.43 7.17 5.41
17 82-83 c 21h 25n o 82.04 8.20 4.56 82.22 8.44 4.85
18 126-127 c 22h 27n o 82.20 8.47 4.36 82.39 8.67 4.56
21 144-145 c 20h 21n o 82.44 7.26 4.81 82.70 7.07 4.94
“ Calcd: Cl, 11.30. Found: Cl, 11.22.

The structure of 21 was proved by its hydrolysis to the 
known endo-2-phenylnorbornane-exo-2-carboxylic acid22
(23) and conversion of 23 back to 21 by standard proce
dures.

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

apparatus and are uncorrected. Thin layer chromatography was 
performed on 5 X 15 cm glass plates coated with silica gel H from 
Brinkmann Instruments using a hexane-ether (1 :1 ) solvent system 
for developing unless otherwise mentioned. Compounds were de

tected by iodine vapor. Gas chromatographic analyses were per
formed on an F & M Model 810 instrument fitted with a flame ion
ization detector. A 3 ft X 0.25 in. 3% Carbowax 20M on Chromo- 
sorb W column was used. Nmr spectra were obtained in CDCI3 
using a Varian A-60 spectrometer with TMS as an internal stan
dard. Infrared spectra were determined on a Perkin-Elmer Model 
237B grating spectrophotometer. Ultraviolet spectra were obtained 
with a Cary Model 14 spectrophotometer in absolute ethanol. Ele
mental analyses were performed by Midwest Microlabs, Inc., Indi
anapolis, Ind.

General Procedure for the Reaction of a-Halo Ketones 
with the Lithium Salt of Aromatic Primary Amines. A solution 
of 20 mmol of the freshly distilled amine in 30 ml of anhydrous 
ether was stirred at room temperature under a nitrogen atmo
sphere and 20 mmol (12.5 ml of a 1.6 M  solution) of butyllithium 
in hexane was added drop by drop. This homogeneous solution of 
the lithium salt of the amine was cooled to room temperature and 
a solution of 10 mmol of the bromo ketone in 20 ml of anhydrous 
ether was added dropwise with stirring. In most cases the reaction 
mixture remained homogeneous and the reaction was complete in 
30 min as shown by tic. The mixture was poured into cold water 
and extracted with ether. The ether layer was washed with 0.5 N  
HC1 to remove the unreacted amine. If the ether solution showed 
only one product (either amino ketone or amide) by tic, it was 
washed with water, dried (Na2S04), and evaporated to dryness to 
give that single compound. If tic indicated two products, the ether 
solution was washed repeatedly with 6 N  HC1 until all the amino 
ketone was separated from the amide. The ether layer was then 
washed with water, dried (Na2S 04), and evaporated to dryness to 
obtain the rearranged amide. The 6 N  HC1 solution was diluted 
with water and neutralized with NaHC03, the liberated amino ke
tone was extracted with ether and dried (Na2S04), and the solvent 
was removed. The products were usually recrystallized from hex
ane for analysis. The melting points and analytical data of the 
amino ketones are given in Table III and those of the amides in 
Table IV.

Reduction of Amino Ketones to Amino Alcohols. A solution 
of 100 mg of 2 in 10 ml of CH3OH was stirred with 200 mg of 
NaBH4 for 12 hr at room temperature. The solvent was removed 
under reduced pressure, water was added, and the mixture was ex
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tracted with ether. The ether solution was dried (K2CO3) and 
evaporated to dryness and the gummy residue as redissolved in 
ether and treated with HC1 in isopropyl alcohol. The product was 
recrystallized from ethanol-ether to give 90 mg (78%) of 3 as its 
HC1 salt. Similarly 100 mg of 6 was converted to 110 mg (95%) of 7, 
also characterized as its HC1 salt. The physical properties of 3 and 
7 are included in Table III.

General Procedure for the Hydrolysis of the Rearranged 
Amide. A mixture of 500 mg of the amide and 20 ml of concentrat
ed HC1 was heated in a sealed tube at 130-150° (about 10° above 
the melting point of the amide) for 24 hr. The reaction mixture 
was diluted with water and extracted several times with ether. The 
ether layer was extracted with a saturated solution of NaHC03. 
The bicarbonate solution was acidified with HC1, reextracted with 
ether, dried (Na2SO,i), and evaporated to dryness. The residue was 
usually recrystallized from hexane to give the carboxylic acid in 
good yield. (See Table II.)

Cycloheptyl Phenyl Ketone (11). Freshly distilled bromoben- 
zene (157 g, 1.0 mol) was converted to phenylmagnesium bromide 
using 24.0 g of magnesium. A solution of 61.5 g (0.5 mol) of cyclo- 
heptanecarbonitrile in 250 ml of dry ether was added drop by drop 
to the Grignard reagent while the mixture was mechanically 
stirred. After the addition was complete, the mixture was heated 
under reflux for 36 hr. It was cooled and 125 ml of 4 N  HC1 was 
carefully added followed by 250 ml of 4 N  H2SO4. The ether was 
expelled by warming the mixture on a steam bath and the residue 
was heated under reflux with stirring for 24 hr. The cooled mixture 
was extracted with ether, washed with water followed by NaHC03 
solution, and dried (Na2SC>4) and the solvent was removed in 
vacuo. The residue was fractionated at 0.1 mm. The fraction boil
ing at 100-110° (86 g) showed 3% impurities by gc. It was refrac
tionated to give 75.2 g (75%) of 11: bp 97-100° (0.05 mm); n24D 
1.5410; 2,4-dinitrophenylhydrazone, mp 168-170° [lit.15 bp 115- 
117° (0.2 mm); n 25D 1.5405; 2,4-dinitrophenylhydrazone, mp 
170-171°].

1-Benzoyl-l-bromocycloheptane (12). A solution of 3.2 g (20
mmol) of bromine in 25 ml of CC14 was added dropwise to a mag
netically stirred solution of 4.04 g (20 mmol) of 11 in 25 ml of CCI4. 
After the addition of bromine, stirring was continued for 2 hr. The 
solvent was removed in vacuo and the residue was evaporatively 
distilled (bath temperature 75°, 0.0005 mm) to give 5.06 g (90%) of 
12, n 24D 1.5718, Amax 251.5 nm (e 7660).

Anal. Calcd for Cj4H i7BrO: C, 60.02; H, 6.12; Br, 28.53. Found: 
C, 60.04; H, 6.06; Br, 28.47.

Cyclooctyl Phenyl Ketone (13). Cyclooctyl chloride16 (103.5 g, 
0.7 mol) was converted to cyclooctylmagnesium chloride in ether 
using 17.0 g of magnesium. A solution of 51.5 g (0.5 mol) of benzo- 
nitrile in 200 ml of ether was added dropwise and the mixture was 
stirred at room temperature for 3 hr and then heated under reflux 
for 12 hr. The mixture was cooled and 100 ml of 6 N  H2SO4 was 
added carefully. The ether was boiled off and the residue was heat
ed on a steam bath with stirring for 8 hr. The cooled mixture was 
extracted with ether, the ether layer was washed with water fol
lowed by NaHC03 solution and dried (Na2SC>4), and the solvent 
was removed. The residue was fractionated at 0.02 mm. The frac
tion boiling at 112-115° (46.2 g) showed 2% impurities by gc. It 
was refractionated to give 30.3 g (28%) of 13, bp 102° (0.01 mm). A 
sample was evaporatively distilled for analysis, re25D 1.5438.

Anal. Calcd for C15H20O: C, 83.29; H, 9.32. Found: C, 83.51; H,
9.38.

A portion of 13 was converted to its semicarbazone, mp 136- 
137°.

Anal. Calcd for C16H23N3O: C, 70.30; H, 8.48; N, 15.37. Found: 
C, 70.03; H, 8.76; N, 15.48.

1-Benzoyl-l-bromocyclooctane (14). Ketone 13 (4.32 g, 20 
mmol) was brominated as described for the preparation of 12. The 
product was evaporatively distilled (bath temperature 110°, 0.01 
mm) to give 4.7 g (80%) of 14, rc25D 1.5699.

Anal. Calcd for CisHigBrO: C, 61.05; H, 6.49; Br, 27.07. Found: 
C, 60.76; H, 6.62; Br, 26.66.

1-PhenylcycIooctanecarboxylic Acid (19e). A mixture of 500 
mg of 18 and 10 ml of concentrated HC1 was heated in a sealed 
tube at 110° for 12 hr and then at 135-140° for 12 hr. The mixture 
was diluted with water and extracted with ether. The ether layer 
was extracted with NaHC03 solution. From the neutral ether solu
tion was isolated 210 mg (42%) of the starting amide, 18. The bi
carbonate solution was acidified with concentrated HC1, reextract
ed with ether, and dried (Na2SC>4) and the solvent was removed. 
The residue was recrystallized from hexane to give 105 mg (50% 
based on the hydrolyzed amide) of 19e, mp 103°.

Anal. Calcd for C15H2o02: C, 77.55; H, 8.68. Found: C, 77.39; H,
8.63.
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Although the sulfur analogs of biuret (1), namely 2-thio- 
biuret (2)1 and 2,4-dithiobiuret (3),2 were prepared in 1886 
and 1945, respectively, the only selenium analog of 1 which 
is known is 2-seleno-4-thiobiuret (4) ,3 the synthesis of 
which was reported comparatively recently from this labo-
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X Y
Il II

h 2n—  c — n h — c — n h 2

Table I
1H Nmr Chemical Shifts at 60 MHz of Biuret Analogs“

Compd 6 , -N H 6 , -C -N H 2 6 , -C -N H 2

1, X =  Y =  O 8.67 (s) 6.85 (s) b
2, X =  S; Y =  O 8.72 (br s) 9.52 (br s), 9.77 (s)c 6.58 (s)
3, X =  Y =  S 11.00 (s) 9.37 (br s) 9.83 (br s)
4, X =  Se; Y =  S 9.90 (br s) 10.85 (s) 8.95 (br s), 9.03 (br s)c
5, X = Se; Y = O 9.45 (br s) 10.00 (br s) 6.67 (br s)
6, X =  Y m Se 11.60 (br s) 10.33 (br s) 10.70 (br s)

“ All spectra were measured in DM SO-£¿6 using TMS as an internal standard except that of 6, in which TMS was used as an external stan
dard. 6 The four -NH2 protons are equivalent. c Each of the two -NH2 protons is nonequivalent.

ratory. We report here the preparation of the remaining 
two possible selenium analogs of 1, i.e., 2-selenobiuret (5) 
and 2,4-diselenobiuret (6).

X Y
II II

H,N— C—  NH— C— NH2
1, X = Y = 0
2, X = S; Y = 0
3, X = Y = S
4, X = Se; Y = S
5, X = Se; Y = 0
6, X = Y = Se

The first, 2-selenobiuret (5), was prepared from 2-thiobi- 
uret (2) via its S-methylated derivative (7), which was 
treated with sodium hydrogen selenide, causing displace
ment of the methylthio group by the hydrogen selenide 
anion.4

( sch3 0

HN=C—  NH— C— NH, — ► 5 + CH3S“

HSe-
7

2.4- Diselenobiuret (6) was synthesized from 2,4-di- 
methyl-2,4-dithiopseudobiuret (8) by treatment with 2.5 
equiv of sodium hydrogen selenide, causing displacement 
of both methylthio groups.

sch3 sch3
I I

HN=C— NH— C=NH + 2HSe~ — ► 6 + 2CH3S~
8

2.4- Dimethyl-2,4-dithiopseudobiuret (8) was derived 
from 2,4-dithiobiuret (3) by a stepwise S,S-dimethylation 
with iodomethane to give the hydriodide of 8.

sch3 s

CH,I I II L OH-
3 ---- ► HN=C— NH— C— NH,'HI-------*- 8HI

2. CH3I 
9

The sodium hydrogen selenide utilized in the prepara
tion of 6 was generated conveniently in anhydrous ethanol 
from 2.5 equiv of selenium and 2.5 equiv of sodium borohy- 
dride, a procedure recently reported by us.5 However, this 
simplified method for the formation of sodium hydrogen

selenide was not used in the synthesis of 2-selenobiuret (5) 
because the water-solubility characteristics of 5 and of the 
by-product of the selenium-borohydride reaction, namely 
boric acid, were sufficiently similar to cause difficulties in 
the isolation of 5. Therefore, in this case the sodium hydro
gen selenide was formed by passing gaseous hydrogen sele
nide6 into an aqueous ethanolic solution of sodium bicar
bonate.

The monoseleno analogs of biuret, i.e., 4 and 5, are white 
or off-white compounds, whereas the diseleno analog 6 is 
yellow. All of the selenium analogs of biuret are air sensi
tive, the last being the most sensitive of the three. As with 
selenoureas,3 the presence of the selenocarbonyl group was 
confirmed by the precipitation of red elemental selenium 
from an ethanolic solution of a selenobiuret to which 1-2 
drops of 5% hydrogen peroxide had been added.

Nmr Spectra o f Selenobiurets. The imidic -NH  pro
tons of the selenium analogs of biuret can be assigned on 
the basis of integration of peak areas. Using biuret (1), 2,4- 
dithiobiuret (3), and 2,4-diselenobiuret (6) as models, the 
chemical shifts of the -CONH2, -CSNH2, and -CSeNH2 
protons may be seen to appear in the ranges 8 6-7, 9-10, 
and 10-11, respectively (Table I). Therefore, in 2-seleno-4- 
thiobiuret (4), the peaks at about 8 9.00 are assigned to 
-CSNH2 and the peak at 8 10.85 to -CSeNH2. In 2-seleno
biuret (5), the peak at 8 6.67 is attributed to -CONH2 and 
that at 8 10.00 to -CSeNH2. Also consistent are the chemi
cal shifts in 2-thiobiuret (2), where the singlet at 8 6.58 is 
due to -CONH2 and the two singlets at 8 9.52 and 9.77 to 
the nonequivalent -CSNH2 protons. There is clear evi
dence of increased deshielding of the -CXN H 2 protons as 
X  varies from oxygen to sulfur to selenium. This phenome
non may be attributed to decreased electron density on ni
trogen, indicating a greater contribution from resonance 
structure B, which has a positive charge on nitrogen. In

X x -
II I +

— c — nh2 -<-»■ — c= nh2
A B

agreement with this postulate, Shine7 has recently summa
rized evidence indicating that there is a decreased tendency 
to form a C = X  double bond in amides as X  goes from oxy
gen to sulfur to selenium.

The nonequivalence of the -N H 2 groups at room temper
ature in 2,4-diselenobiuret (6) suggests hindered rotation 
about the internal C-N bonds. Magnetic nonequivalence of 
groups attached to nitrogen has been detected by nmr
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studies and has been attributed to hindered rotation about 
the C-N bond in selenoamides8’9 and in selenoureas.10 As 
the heteroatom X  ranges from oxygen to selenium, the bar
riers to rotation in amides, RCXNR'2, were observed to in
crease in the same order.8’9’11 The barriers to rotation in 
thiourea and in selenourea, which are similar in value, were 
found to be greater than seen in urea.10 The results ob
tained by us (Table I) are consistent with the effects allud
ed to above, since the four -N H 2 protons in biuret (1) ap
pear as a singlet, whereas in 2,4-dithiobiuret (3) and in
2,4-diselenobiuret (6) the two sets of -N H 2 peaks appear 
separated. In 2-thiobiuret (2) and, to some, extent in 2-sel- 
eno-4-thiobiuret (4), each of the -CSNH2 protons appear 
separated as broadened singlets, indicating nonequivalence 
and hindered rotation about the external C(S)-N bond. 
This effect would be expected to be operative in the other 
analogs in the series but is apparently not observable owing 
to nitrogen quadrupole broadening.

Experimental Section
Unless otherwise indicated, melting points were determined on a 

Fisher-Johns melting point apparatus and are uncorrected. Mi
croanalyses were performed by Mr. Joseph F. Alicino, New Hope, 
Pa., and by Dr. Harry Agahigian of the Baron Consulting Co., Or
ange, Conn. Infrared spectra were determined in KBr on a Beck
man IR-5 spectrophotometer. Nmr spectra were taken in DMSO- 
de on a Varían A-60 using TMS as an internal standard unless oth
erwise indicated. Mass spectra were obtained on a Hewlett-Pack
ard 5390A quadrupole mass spectrometer at 70 eV with sample in
troduction via a variably heated direct insertion probe.12 For the 
selenium-containing ions, only those peaks corresponding to the 
most abundant selenium isotope, i.e., 80, are reported. In all cases, 
the relative intensity patterns of the molecular ion clusters com
pare favorably with those expected from the selenium natural 
abundances.13

To prevent oxidation, all selenium-containing products were 
handled in an inert atmosphere.

2-SeIeno-4-thiobiuret (4). This compound was prepared by a 
procedure similar to that previously reported.3 However, an im
provement in the method of generating the sodium hydrogen sele- 
nide resulted in doubling the yield of 4.

To a solution of sodium hydrogen selenide (0.015 mol), obtained 
from 1.16 g (0.015 mol) of selenium and 0.62 g (0.016 mol) of sodi
um borohydride in 75 ml of ethanol under argon,5 was added 2.0 g 
(0.013 mol) of 2-methyl-2,4-dithiopseudobiuret (9) (free base) in 
150 ml of ethanol. Stirring and heating at 45° was continued for ca. 
14 hr until evolution of methyl mercaptan ceased. After cooling the 
solution to room temperature, 40 ml of deoxygenated water was 
added followed by a dropwise addition of 3 IV hydrochloric acid 
until the pH was about 5. The mixture was purged with argon to 
remove excess hydrogen selenide which was trapped in a 5% aque
ous lead acetate solution. The elemental selenium present in the 
mixture was removed by filtration and the filtrate was concentrat
ed to about 40 ml. 2-Seleno-4-thiobiuret (1.0 g, 41%), separated at 
room temperature as tiny, white needles with a pink tinge: mp 
171-174° dec (capillary, Thomas-Hoover melting point appara
tus); ir (KBr) 3135 (broad, NH), 1615 and 1550 cm-1 (amide II); 
nmr (DMSO-de) S 10.85 (2), 9.90 (1), 9.03 (1), 8.85 (1), all broad
ened singlets; mass spectrum (70 eV) m/e (rel intensity) 183 (M ■ +, 
66), 156 (20), 135 (35), 124 (18), 103 (36), 80 (14), 76 (18), 60 (62), 
43 (100). The infrared spectrum of 4 was identical with that of an 
authentic sample.

2-SeIenobiuret (5). Sodium hydrogen selenide solution, pre
pared by passing hydrogen selenide6 into 8.2 g (0.1 mol) of sodium 
bicarbonate dissolved in 100 ml of ethanol and 300 ml of water at 
0°, was added to a solution of 13.05 g (0.05 mol) of 2-methyl-2- 
thiopseudobiuret (7) hydriodide in 35 ml of ethanol. This was im
mediately followed by the addition of 4.2 g (0.05 mol) of sodium bi
carbonate in 20 ml of water. When the evolution of carbon dioxide 
ceased, the flask was stoppered and allowed to stand at room tem
perature for ca. 15 hr. The solution was then purged with nitrogen 
to remove methyl mercaptan, acidified with glacial acetic acid, and 
concentrated, causing separation of 6.9 g (83%) of 2-selenobiuret 
(5) as a cream-colored solid. The analytical sample was recrystal
lized in an argon atmosphere from chloroform-acetonitrile to give 
white crystals which sublimed and then melted at 185-187° dec: ir

(KBr) 3400, 3165 (NH), 1695,1675 (amide I), and 1597,1525 cm“ 1 
(amide II); nmr (DMSO-de) i  10.00 (2), 9.45 (1 ), 6.67 (2), all broad
ened singlets; mass spectrum (70 eV) m/e (rel intensity) 167 (M • +, 
70), 124 (30), 80 (14), 43 (100).

Anal. Calcd for C2H5N3OSe: C, 14.47; H, 3.04; N, 25.31; Se, 
47.56. Found: C, 14.53; H, 3.05; N, 25.22; Se, 47.73.

2.4- Diselenobiuret (6). To a solution of sodium hydrogen sele
nide (0.026 mol), prepared as previously described5 from 2.04 g 
(0.026 mol) of selenium and 1.08 g (0.028 mol) o f sodium borohy
dride in 80 ml of ethanol under argon, was added 2,4-dimethyl-
2,4-dithiopseudobiuret (8) (free base) in 30 ml of ethanol. The 
reaction mixture was stirred and heated at 50° for 20 hr until evo
lution of methyl mercaptan virtually ceased. The solution was aci
dified with 30 ml of deoxygenated hydrochloric acid and purged 
with argon to remove excess hydrogen selenide which was trapped. 
The reaction mixture was filtered to remove the trace of Se which 
separated, concentrated to about 30 ml, and cooled, causing sepa
ration of 1.5 g (63%) of 2,4-diselenobiuret (6) as a yellow, crystal
line material which was analytically pure: mp 165° dec; ir (KBr) 
3120 (NH) and 1610,1540 cm-1 (amide II); nmr (DMSO-d6, exter
nal TMS) 5 11.60 (1), 10.70 (2), 10.33 (2), all broadened singlets; 
mass spectrum (70 eV) m/e (rel intensity) 231 (M • +, 9), 124 (62), 
and 80. The m/e 124 peak was observed to intensify with increas
ing sample time in the probe, suggesting possible thermal decom
position of 6.

Anal. Calcd for C2HsN3Se2: C, 10.49; H, 2.20; N, 18.35; Se, 68.96. 
Found: C, 10.49; H, 2.13; N, 18.20; Se, 68.77.

2.4- Dimethyl-2,4-dithiopseudobiuret (8) Hydriodide. To 
10.4 g (0.037 mol) of 2-methyl-2,4-dithiopseudobiuret (9) hydrio
dide3 dissolved in 90 ml of water was added slowly 3.1 g (0.037 
mol) of sodium bicarbonate in 24 ml of water. The thick white pre
cipitate which formed was collected, suspended in acetonitrile, and 
treated with 8.5 g (0.06 mol) of iodomethane. The mixture was 
heated under reflux for 1 hr and concentrated, causing separation 
of 7.7 g (72% of 2,4-dimethyl-2,4-dithiopseudobiuret (8) hydrio
dide as cream-colored crystals which were analytically pure: mp 
170-171° dec; ir (KBr) 3225 (NH), 3096 (CH), 1613 (C =N ), and 
1567 cm" 1 (NH).

Anal. Calcd for C4Hi0N3S2I: C, 16.50; H, 3.46; N, 14.43; S, 22.02; 
I, 43.58. Found: C, 16.36; H, 3.38; N, 14.44; S, 21.94; I, 43.26.

2.4- Dimethyl-2,4-dithiopseudobiuret (8) was prepared by 
suspending 1.5 g (0.005 mol) of 8 hydriodide in 20 ml of chloroform 
followed by the addition of 1.0 g (0.007 mol) of potassium carbon
ate in 20 ml of water. After the two phases were stirred for 15 min, 
the chloroform layer was separated, dried, and evaporated, yield
ing a colorless oil which crystallized upon standing. The 2,4-di- 
methyl-2,4-dithiopseudobiuret (8), after washing with hexane, was 
analytically pure, mp 92-93°. The compound has a strong odor of 
methyl mercaptan indicative of slow decomposition and was gener
ally used immediately after preparation.

Anal. Calcd for C4H9N3S2: C, 29.43; H, 5.56; N, 25.74; S, 39.28. 
Found: C, 29.38; H, 5.68; N, 25.72; S, 38.72.

Registry No.— 1, 108-19-0; 2, 23228-74-2; 3, 541-53-7; 4, 21347- 
30-8; 5, 52216-82-7; 6, 52175-64-1; 7 HI, 34277-75-3; 8, 15013-75-9; 
8 HI, 52175-65-2; 9, 40056-40-4; 9 HI, 21347-31-9; sodium hydro
gen selenide, 12195-50-5.
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In order to determine the role played by oxygen coordi
nation in the metalation of anisole, Slocum and Koonsvit- 
sky1 recently investigated the lithiation of o-tert-butylani- 
sole (1). Metalation of 1 with n-butyllithium in ether sol
vent gave only a 7.5% yield upon carbonation, whereas ani
sole2 itself gave a 65% yield of ortho metalation under simi
lar conditions. When 1 equiv of N,IV,iV',.iV'-tetramethyleth- 
ylenediamine (TMEDA) was added, a 30% yield of ortho 
metalation of 1 was observed. These results were attributed 
to the steric interference of the ferf-butyl group reducing 
the possibility for n-butyllithium coordination with the 
ether oxygen of 1 compared to that with anisole. The high
er yield of metalation with n-butyllithium-TMEDA was 
attributed to the higher reactivity of this reagent.

Results and Discussion
Recent investigations in this laboratory do not support 

the above conclusions. The metalation of a similar sub
strate, o-methylanisole (2), has been studied in hydrocar
bon solvent under various conditions and compared to sim
ilar metalations of anisole. Letsinger and Schnizer3 pre
viously studied the metalation of 2 with n-butyllithium. 
These workers isolated the carboxylic acid products by 
fractional crystallization and reported the products to con
sist of approximately equal amounts of 3 and 4. The same

2

products were obtained in our investigations but the rela
tive percentages of each varied according to the reaction 
conditions The product distribution was determined in 
each case by gas chromatographic analysis of the corre
sponding methyl esters.

Metalation of 2 with n-butyllithium in refluxing cyclo
hexane for 10 hr followed by carbonation gave a 57% yield 
of carboxylic acid products. Analysis of the product compo
sition revealed that one-third of these products, or 19%, re
sulted from ortho metalation. Under similar conditions, an
isole was converted to the ortho acid in 40% yield. When 2 
was metalated with feri-butyllithium for 10 hr in refluxing 
cyclohexane-pentane, an 81% yield was found of which 34% 
was ortho metalation product. Anisole was metalated under 
similar conditions to give a 51% yield of ortho metalation4 
product. When the metalation of 2 was carried out for 10 hr 
at room temperature with n-butyllithium-TMEDA in cy
clohexane solvent, a 72% yield of acidic product was ob
tained including 54% of the ortho metalation product. Ani-

* E. I. du Pont de Nemours and Co., Chattanooga, Tenn. 37401.

sole was metalated to give only 54% yield of the ortho acid 
with n-butyllithium-TMEDA under these conditions.5

In order to compare the relative amounts of ortho meta
lation obtained in the reactions with anisole and 2 as indi
cated above, a statistical factor must be applied to the ani
sole results, since there are two ortho positions available for 
metalation vs. one ortho position in 2. Therefore metala
tion of anisole with n-butyllithium, terf-butyllithium, and 
n-butyllithium-TMEDA resulted in 20, 26, and 27% yields 
of metalation per ortho position compared to the 19, 34, 
and 54% yields of ortho metalation observed with 2. These 
results indicate that the methyl group does not reduce the 
ortho metalation reactivity of 2 compared with anisole and 
that any steric hindrance to alkyllithium coordination in 2 
is not an important factor.

Complexation of n-butyllithium with donor molecules 
has been shown to produce an upfield shift in the nmr sig
nal of the a-methylene protons of n-butyllithium. The 
magnitude of these shifts is taken as a measure of the de
gree of complexation. Thus, the coordination of ethyl ether 
and n-butyllithium in hexane produced a 9.0-Hz upfield 
shift for the methylene protons a to lithium.6 Ellison and 
Kotsonis7 obtained evidence for a 1:1 complex with anisole 
and n-butyllithium by observing a maximum upfield shift 
of 4.0 Hz at this mole ratio. The metalation of 1 was carried 
out by Slocum and Koonsvitsky1 in ethyl ether solvent, as 
was the metalation of anisole2 to which they referred. In 
such an excess of ether, it appears unlikely that complexa
tion of n-butyllithium with 1 or anisole would be important 
in determining the rate and yield of metalation of these 
substrates. Certainly when TMEDA8 is present, very little 
if any complexation of the n-butyllithium with the anisole 
substrate occurs. The above authors correctly stated that 
the reactive n-butyllithium-TMEDA species need not form 
a complex with oxygen of 1 to effect metalation.

A recent investigation9 of the metalation of 3-alkyl- and
3,5-dialkylanisoles as well as other substrates has pointed 
to the importance of the oligomer size of the attacking al
kyllithium species and the steric environment of the ortho 
hydrogens of each substrate in determining the yield and 
position of metalation. We believe that the results of Slo
cum and Koonsvitsky1 can be interpreted using these same 
concepts. In hydrocarbon solvent n-butyllithium is known 
to be hexameric10 and n-butyllithium-TMEDA is mono
meric.8 n-Butyllithium exists as a tetramer10 in ethyl ether. 
It is reasonable to assume that the steric requirement of 
the reactive n-butyllithium oligomer is greater than that of 
the n-butyllithium-TMEDA monomer. Owing to the steric 
effect of the o-terf-butyl group, the conformation of 1 
would be fixed as shown in 5. The large n-butyllithium oli-

5, R = ie r i-butyl
6, R = methyl

gomer would be sterically hindered from attacking the 
ortho hydrogen of 5, whereas no such steric interference 
would occur with anisole. This steric effect plus the deacti
vating inductive effect11 of the ierf-butyl group would ac
count for the rate and yield difference in the metalation of 
these substrates noted by Slocum and Koonsvitsky.1 Fur
thermore, in the metalation of 1 with the monomeric n- 
butyllithium-TMEDA, the lower steric requirement of this 
metalation reagent would be expected to lead to a higher 
yield as was observed.1
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C ite CHj. C ite
0  ^ 0  0

Interesting product distribution shifts were observed in
the above metalations of 2 with n-butyllithium, ferf-butyl-
lithium, and rc-butyllithium-TMEDA as indicated below.

ra-BuLi f-BuLi ra-BuLi-TMEDA

The numbers indicate the percentage of total metalation 
observed at each position. These results are also explain
able in terms of the steric environment of the ortho hydro
gens and the oligomer size of the alkyllithium reagent. The 
expected stable conformation of 2 would also be 6.12 Since 
iert-butyllithium is tetrameric10 in hydrocarbon, the oli
gomer size of the metalation reagents would be expected to 
decrease in the order n-BuLi > f-BuLi > rc-BuLi- TMEDA. 
The product distributions observed in these metalation 
reactions of 2 are consistent with the concept of the alkyl
lithium reagent with the least steric requirement effecting 
the largest amount of metalation at the hindered ortho po
sition.

These product distribution results may also be rational
ized in terms of the base strength of the reagents, which in
creases in the order n-BuLi < f-BuLi < n-BuLi- 
TMEDA.8’13 A correlation is observed which indicates that 
the ratio of ring to lateral metalation increases with the 
base strength of the metalation reagent. The same conclu
sion was reached by Broaddus5 concerning the metalation 
of toluene with n-butyllithium-TMEDA. He believed that 
the metalation reaction was controlled by proton abstrac
tion processes and compared his data to the results of base- 
catalyzed isotopic exchange reactions of toluene. These re
sults revealed a decreasing reactivity of benzylic positions 
relative to ring positions with increasing base strength. 
Broaddus rationalized his results in terms of the principle14 
that the C-H bond will be broken to the largest extent in 
the transition state involving the weakest base. Therefore, 
it may be reasonably proposed that electron delocalization 
stabilizing factors will also be largest with the weakest 
base. When more charge is developed on carbon, delocali
zation is a more important factor and thus reaction is fa
vored at benzylic positions relative to ring positions.5

In any case the degree of complexation of the alkyl
lithium reagent with the oxygen of 2 does not appear to be 
the predominant factor in determining the yield or position 
of metalation. This argument seems even clearer for the 
metalations of anisole2 and l 1 in ether solvent, where the 
coordination between n- butyllithium and the anisole sub
strates would be negligible based on the cited nmr data.6-7

Experimental Section
A. General Considerations. Solutions of ra-BuLi in cyclohex

ane and i-BuLi in pentane were obtained from Foote Mineral Co. 
The concentration of the organolithium reagents used was deter
mined by the method of Gilman and Cartledge.15 Cyclohexane was 
refluxed for several hours over lithium aluminum hydride, dis
tilled, and stored over freshly cut sodium. TMEDA (Aldrich 
Chemical Co.) was distilled from LiAlH4 and stored over Linde 
MS-4A molecular sieve. o-Cresol was obtained from Eastman 
Chemical Co. and used without further purification.

B. Metalation of o-Methylanisole. o-Methylanisole was pre
pared from o-cresol with sodium hydroxide and dimethyl sulfate 
using the standard procedure.16 Following fractional distillation in 
vacuo no impurities were detected by gc analysis and an nmr spec
trum was consistent with expectation.

The general apparatus and procedure for the metalation reac
tions, carbonation, and conversion of the products to their methyl 
esters has been previously described.9 The product methyl esters

were analyzed on a Varian Aerograph 711 using an FFAP column 
at 210° and a carrier gas flow rate of 400 cc/min. All of the chro
matograms exhibited two peaks with retention times of 22.3 and 
29.1 min which varied in size according to the reaction conditions. 
The components responsible for these peaks were isolated by pre
parative scale gc and identified by their nmr spectra. The nmr 
spectrum of the component with the retention time of 22.3 min 
showed a singlet of three protons at b 2.28, a singlet of three pro
tons at b 3.77, a singlet of three protons at <5 3.84, and a complex 
multiplet of three protons at b 6.74-7.65. This spectrum is clearly 
representative of methyl 2-methoxy-3-methylbenzoate, the prod
uct of metalation ortho to the methoxy group. The nmr spectrum 
of the component appearing at 29.1 min exhibited a singlet of two 
protons at b 3.54, a singlet of three protons at b 3.62, a singlet of 
three protons at b 3.79, and a complex multiplet of four protons at 
b 6.62-7.36. This spectrum is interpretable only for methyl o- 
methoxyphenylacetate, the product of metalation of the methyl 
group.

The product composition of these reactions was determined by 
the relative peak areas of the chromatograms as measured by a 
Disc integrator.

Registry No.—2, 578-58-5; 3 methyl ester, 52239-62-0; 4 methyl 
ester, 27798-60-3.
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During the course of other work it became necessary to 
prepare 2,6-dinitro-IV- (2-imidazolyl)-p- toluidine (3) for 
biological screening. This preparation could not be 
achieved by the direct displacement of chloride ion from
4-chloro-3,5-dinitrotoluene (1) by 2-aminoimidazole. Al
though such a displacement by aliphatic and aromatic 
amines1’2 as well as alkoxide ions3 is well known, our initial 
few attempts to condense 1 with 2-aminoimidazole, and an
other more stable heterocyclic amine, were not successful. 
For example, heating 1 with 2-aminoimidazole in dimethyl- 
formamide at 135° for 7 hr gave an intractable mixture of 
at least four major components. On the other hand, when 
the same reactants were heated under reflux in ethanol for 
8 hr, nearly all 1 was recovered unchanged. Treating 1 with
2-aminopyrimidine (1:2 molar ratio) in glycol at 135° for 24 
hr resulted in little change. Unexpectedly, at higher tem
peratures 1 reacted completely to afford 2,6-dinitro-p-tolu
idine (1 —*• 5) and a substantial amount of ter. A possible
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course of this reaction was subsequently traced to an attack 
of glycol on 2-aminopyrimidine accompanied by evolution 
of ammonia. The latter reacted with 1 to give 5. The reac
tion of 1 with heterocyclic amines was not investigated fur
ther. A second route toward 3 (1 —► 6 —► 2 — 3) was also 
abandoned because 6 could not be converted to 2 by alkyla
tion with chloroacetaldehyde diethyl acetal.

Cl nh2

ch3 ch3
4 8

The synthesis of 3 was then achieved by building up the 
imidazole moiety in the following manner. Heating IV-(2,2- 
diethoxyethyl) guanidine4 with 1 in methanol gave 2 (61%) 
along with a lesser amount of 3,5-dinitro-4-methoxytoluene 
from the reaction of 1 with the solvent. The nmr spectrum 
of 2 was in accord with the assigned structure. The signals 
for the adjacent CH2 and NH protons appeared as triplets 
at 3.28 and 6.16 ppm, respectively, while those of the other 
two NH protons formed a sharp singlet at 5.78 ppm. Upon 
deuteration all NH peaks exchanged, and the methylene 
triplet collapsed into a doublet, establishing firmly the NH 
positions and those of the aliphatic portion of the molecule.

Ring closure of 2 was carried out in concentrated hydro
chloric acid5 to yield a yellow substance which, conceivably, 
could be one of two products from two different reaction 
paths. According to one of the possible paths, the aldehyde 
moiety generated through acidic hydrolysis condenses with

the imino group of 2 to give 3. Alternatively, condensation 
with the secondary aromatic NH leads to the isomeric 
structure 7. In addition, structures 3 and 7 could exist in 
the form of their tautomeric counterparts 4 and 8. Ir spec
tra did not permit an unambiguous distinction among the 
four possible structures. Thus, dilute solutions of the con
densation product in chloroform showed two peaks of me
dium intensity at 3430 and 3250 cm-1, respectively. These 
could be attributed to the and rs modes of the primary 
amine group of 7 or the two secondary i>(NH) vibrations of 
the imidazole6 and amino groups of 3. Intramolecular hy
drogen bondings between NH and NO2 and the imidazole 
ring polymers6 were also evident because the lower fre
quency band was rather broad with shoulders. Structures 4 
and 8 are not consistent with the absorption at 3430 cm“ 1, 
since they possess only secondary NH groups and are de
void of the imidazole aromatic ring. Convincing evidence 
against 7 and 8 and in support of 3 was provided by the 
nmr spectrum of the cyclization product, which in addition 
to the methyl frequency at 2.4 ppm exhibited only two very 
sharp signals in the aromatic region. The signal at 8.1 ppm 
was assigned to the phenyl protons in agreement with the 
same signals at 7.88 and 7.84 ppm for 2 and 6, respectively. 
The second sharp signal at 6.67 ppm is in accord with the 
magnetic equivalency7 of the two CH protons of the imid
azole ring of 3. Although the peaks for the two NH protons 
of 3 were too broad to be detected,8 deuteration confirmed 
the presence of the two exchangeable hydrogens. Struc
tures 7 and 8 were excluded on the basis that their imidaz
ole CH protons are nonequivalent and should exhibit two 
signals9 instead of the observed one. Consequently, struc
ture 3 was assigned to the ring closure product.

Finally, evidence against a completely planar 3 was 
found in the uv-visible spectra of 2, 3, 5, and 6, which 
showed that considerable changes of the higher wavelength 
absorption occurred. Compound 5 absorbed at 438 nm, 
whereas 2 and 6 absorbed at 349 and 343 nm for a hypso- 
chromic shift of 89 and 85 nm, respectively. The e value 
also decreased by approximately 70%, from 7300 for 5 to 
2400 for 2. These significant changes of \max and e in going 
from an amino to a guanidino group are indicative of the 
substantial decrease in overlap between the phenyl 7r elec
trons and the lone pair of the nitrogen atom adjacent to it. 
The “ freeze” of this nitrogen electron pair should be due to 
its engagement into resonance within the quanidino moi
ety, which is opposed to the resonance with the phenyl 
ring. With the formation of the imidazole ring (3), the reso
nance within the guanidino group is suppressed, since two 
of its nitrogen atoms now participate in the resonance of 
the imidazole ring. Actually, the two rings and the connect
ing nitrogen should be expected to interact2 and compound 
3 should absorb at a wavelength higher than 438 nm. The 
fact that 3 absorbed at 411 nm can be attributed to steric 
hindrance which forces the two rings at an angle with re
spect to each other. In a similar structure, /V-picryl-p-io- 
doaniline for example, the two aryl groups have been re
ported10 to be tilted by 65° relative to each other.

Experimental Section11
Ar-(2,2-Diethoxyethyl)guanidine Sulfate. The compound was 

prepared as described previously4 in 80% yield, mp 154-156° (lit.4 
mp 148-152°).

Al-(2,2-Diethoxyethyl)-lV, -(2,6-dinitro-4-methylphenyl)- 
guanidine (2). To a solution of sodium hydroxide (2 g, 0.05 mol) 
in methanol (200 ml), N- (2,2-diethoxyethyl)guanidine sulfate 
(12.3 g, 0.0275 mol) was added and the mixture was stirred for 30 
min. After the addition of 3,5-dinitro-4-chlorotoluene (1, 5.4 g,
0.025 mol) the reaction mixture was refluxed for 28 hr and filtered, 
and the filtrate was evaporated to dryness under vacuum to yield 
an oily residue. The residue was triturated with water (three 30-ml



Notes J. Org. Chem., Vol. 39, No. 21, 1974 3167

portions) and crystallized from ethanol to give crude 2 (4 g), which 
was purified by four recrystallizations from benzene: yellow crys
tals, mp 139-140°; yield 1.6 g (18%); nmr (DMF-d6) 5 1.15 (t, 6, 
OCH2CH3), 2.38 (s, 3, aromatic CH3), 3.28 (t, 2, HNCH2CH), 3.6 
(m, 4, OCH2CH3), 4.65 (t, 1, HNCH2CH), 5.78 (s, 2, 
-C (= N H )N H -), 6.16 (t, 1, NHCH2CH), 7.88 (s, 2, aromatic H); 
Xmax (MeOH) 218 nm (e 21,000), ~240 sh (15,000), 349 (2400).

Anal. Calcd for CuH2iN50 6: C, 47.32; H, 5.96; N, 19.71; O,
27.01. Found: C, 47.12; H. 5.95; N, 19.69; O, 27.14.

The filtrates from the ethanol and benzene crystallizations were 
combined and evaporated to dryness under vacuum to yield a 
gummy residue (7 g) which was dissolved in benzene and chroma
tographed on alumina. Elutions with benzene gave 1.2 g of 3,5-di- 
nitro-4-methoxytoluene, mp 121-123° (lit.3 mp 123-124°). Further 
elutions with benzene and benzene-chloroform solutions of in
creased polarity yielded additional pure 2 (3.8 g, mp 139-140°). 
Total yield was 5.4 g (61%).

2,6-Dinitro-N-(2-imidazolyl)-p-toluidine (3). Intermediate 2 
(1.4 g, 4 mmol) in concentrated hydrochloric acid (6.5 ml) was 
heated on a steam bath for 1 hr. The reaction mixture was diluted 
with water (25 ml), boiled to remove hydrochloric acid, decolorized 
with charcoal, cooled, and neutralized with ammonium hydroxide. 
The precipitated red crude 3 was purified by crystallization from 
ethanol (mp 219-221°, yield 0.4 g, 39%). An additional recrystalli
zation from ethanol gave pure 3: mp 220-221.5°; nmr (DMF-d$) 8
2.4 (s, 3, CH3), 6.67 (s, 2, imidazole H), 8.1 (s, 2, aromatic H); Xmax 
(MeOH) 241 nm (e 17,500), 411 (4000).

Anal. Calcd for CioH9N60 4: C, 45.63; H, 3.45; N, 26.61; 0 , 24.31. 
Found: C, 45.61; H, 3.45; N, 26.40; O, 24.08.

3,5-Dinitro-4-guanidinotoluene (6). Guanidine hydrochloride 
(4.8 g, 0.05 mol) was added to a solution of sodium hydroxide (2 g, 
0.05 mol) in methanol (50 ml) at 10-12°. The mixture was stirred 
for 5 min, the precipitated sodium chloride was filtered off, and 
the methanolic guanidine so obtained was added to a solution of 1 
(5.4 g, 0.025 mol) in methanol (150 ml). The reaction mixture was 
refluxed for 20 hr, cooled, clarified by gravity filtration, and evapo
rated to dryness under vacuum to give a semisolid dark residue. 
The residue was stirred in water (100 ml) for 15 min, filtered off, 
and recrystallized from acetone-methanol. The crude product ob
tained was refluxed in benzene (100 ml) for 1 hr, filtered off, and 
recrystallized from methanol to give pure 5: mp 235-236°; yield 1.1 
g (18%); nmr (DMF-d6) 5 2.37 (s, 3, CHa), 5.84 (s, 4, 
NHC(=NH)NH 2), 7.84 (s, 2, aromatic H); Xmax (MeOH) 216 nm (c
19,000), ~240 sh (~  15,000), 343 (2500).

Anal. Calcd for C8H9N504: C, 40.17; H, 3.79; N, 29.28. Found: C, 
40.08; H, 3.84; N, 29.47.

The aforementioned benzene solution was concentrated and 
cooled to yield 3,5-dinitro-4-methoxytoluene (2.1 g) formecFby the 
concurrent reaction of 1 with the solvent methanol, mp 123° (lit.3 
mp 123-124°).

Reaction o f 4-Chloro-3,5-dmitrotoluene with 2-Aminopyri- 
midine. 2,6-Dinitro-p-toluidine (5). A solution of 1 (54.2 g, 0.25 
mol) and 2-aminopyrimidine (52.3 g, 0.55 mol) in glycol (125 ml) 
was stirred at 195-200° for 3 hr, cooled, and filtered. The black 
solid obtained was dissolved in acetone (500 ml) and filtered from 
undissolved tar, and the filtrate was brought to dryness under vac
uum to yield an orange solid. This solid was purified by crystalliza
tion from methylene chloride-ethanol, mp 167-171°, yield 19.4 g 
(39%). Two additional recrystallizations from chloroform-metha
nol and benzene gave pure 5, mp 170-171° (lit.12 mp 172°). The 
compound was identified by ir spectrum and mixture melting 
point with an authentic sample: Amax (MeOH) 224 nm (e 16,000), 
252 (7300), 438 (7300).

Anal. Calcd for C7H7N3O4: N, 21.31. Found: N, 21.58.

Registry No.— 1, 5264-65-3; 2, 52225-72-6; 3, 52225-71-5; 5, 
6393-42-6; 6, 52322-50-6; N -(2,2-diethoxyethyl)guanidine sulfate, 
52225-73-7; guanidine hydrochloride, 50-01-1; 2-aminopyrimidine,
109-12-6.
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Several methods for the preparation of trans-a-(tetrahy- 
dro-2-furylidene)acetates 1 have been reported in the liter
ature.1’2 We wish now to report the successful preparation 
of the thermodynamically less stable cis-methyl a-(tet- 
rahydro-2-furylidene)acetate (2) by stereospecific displace-

C02CH3
7 8

2

ment of iodide ion in irons-methyl 3-iodo-6-hydroxy-2- 
hexenoate (4).

frares-Methyl 3-iodo-6-hydroxy-2-hexenoate (4) was ob
tained by hydrolysis of irans-methyl 3-iodo-6-trifluoroace- 
toxy-2-hexenoate (3)3 with 1 equiv of potassium carbonate 
in water-methanol-THF (10:1:2). Treatment of 4 with sil-

1 equiv
k2co3

0

3

2

ver oxide (excess) in ethyl ether gave a 1:1 mixture of the 
cis isomer 2 and the starting alcohol which could be sepa
rated by rapid partial distillation at reduced pressure. 
However, slow distillation at reduced pressure converts the 
cis isomer quantitatively into the trans isomer (l).4 At 
room temperature the cis isomer slowly (several days) iso- 
merizes to 1. This latter isomerization (2 to 1) limited the 
reaction time that could be used for the conversion of io
dide 4 to furylidene 2. The cis isomer (2) could be stored 
for up to 4 months at —10° without detectable changes in 
structure.

Under more vigorous cyclization conditions the iodo al
cohol 4 could be completely converted to a furylidene 
structure; however, the products thus formed were 
mixtures of geometric isomers. For example, treatment of 4
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Table I
Spectral Data of cis- and traras-Methyl 

a-(Tetrahydro-2-furylidene)acetate
c i s -  t r a n s -

Ir, Xmal (film ) 
Pm r, ôTMS (CC14)

Cm r, ppm (TMS, 
CDC13)

1702, 1644 cm ' 1 
C-3 H’ s (2.64, m) 
0 4  H’ s (2.00, m) 
C -5  H’ s (4.30, t,

J =  6.5 Hz)
C -6 H (4.64, t,

J  =  1.2 Hz)
C -8 H’ s (3.53, s) 
C -2  (172.26)
C -3 (32.18)
C -4 (23.28)
C -5 (74.42)
C -6 (87.79)
C -7 (166.41)
C -8 (50.62)

1701, 1641 cm ' 1 
C -3 H’ s (3.03, m) 
C -4  H’ s (2.02, m) 
C -5  H’ s (4.13, t,

J =  7 Hz)
C -6 H (5.11, t,

J =  1.5 Hz)
C -8 H’ s (3.54, s) 
C -2  (176.99)
C -3 (30.33)
C -4 (23.92)
C -5 (71.90)
C -6 (89.12)
C -7 (168.88)
C -8 (50.52)

with sodium hydride in THF or sodium methoxide in 
methanol resulted in the formation of a mixture of cis and 
trans isomers in ratios of 23:77 and 21:79, respectively. We 
note also that treatment of the trifluoroacetoxy compound 
3 with thallous ethoxide in ethyl ether gave a similar mix
ture of cis and trans isomers in a ratio of 28:72.

Stereochemical assignments are based on (a) ir, pmr, and 
cmr data (see Table I), (b) the observed ease of conversion 
of the cis isomer into the trans isomer, and (c) nmr shift re
agent studies using tris(dipivalomethanato)europium(III) 
or EulDPMbj.1 With Eu(DPM)3 larger deshielding effects 
were observed for the C-3 hydrogens in the trans isomer 1, 
where these allylic hydrogens are close to the carbonyl 
group, than in the cis isomer 2, where the corresponding 
methylene hydrogens are well removed from the carbonyl 
group.

Experimental Section
Preparation of trans-Methyl 3-Iodo-6-hydroxy-2-hexeno- 

ate. To a solution of trans -methyl 3-iodo-6-trifluoroacetoxy-2- 
hexenoate (3.66 g, 10 mmol) in 2.5 ml of methanol and 5 ml of te- 
trahydrofuran was added a solution of potassium carbonate (1.38 
g, 10 mmol) in 25 ml of water. The resulting mixture was stirred 
for 4 hr at room temperature and then extracted with ethyl ether 
(3 X 25 ml). The combined ether extracts were washed with water 
(25 ml) and saturated sodium chloride solution and dried 
(Na2S0 4). The solvent was removed in vacuo to give 2.56 g of a 
pale yellow oil which was distilled (Kugelrohr oven, 150°, 0.9 mm) 
to yield 2.48 g (92%) of trans-methyl 3-iodo-6-hydroxy-2-hexeno- 
ate: Xmax (film) 3400, 1720, 1620, 1180 cm -1; pmr §Tms (CC14) 6.37, 
(s, 1, C-2 H), 3.62 (m, 6, C-6, C-7 H’s, OH), 2.80 (m, 2, C-4 H’s), 
1.78 (m, 2, C-3 H’s).

Preparation of cis-Methyl «-(Tetrahydro-2-furylidene)ac- 
etate. To a suspension of silver oxide (0.765 g, 3.3 mmol) in ethyl 
ether (10 ml, distilled from sodium) was added frares-methyl 3- 
iodo-6-hydroxy-2-hexenoate (0.81 g, 3 mmol). The mixture was 
stirred under nitrogen at room temperature overnight and then fil
tered through a pad of Celite to remove the silver salts. The sol
vent was removed in vacuo to give 0.60 g of a light yellow oil which 
was a 1:1 mixture of starting material and desired product (deter
mined by nmr). The oil was partially distilled6 (Kugelrohr oven, 
107°, 0.6 mm) and then partially redistilled (Kugelrohr oven, 107° 
0.6 mm) to afford a sample of ci's-methyl a-(tetrahydro-2-furyli- 
dene)acetate pure enough for spectral analysis: mass spectrum 
m/e 142 (see Table I for other spectral data).
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Recently we reported a convenient route to benzocyclo- 
butene (2) in which the novel step was the dissolving metal 
reduction of benzocyclobutenyl acetate (l).2 Although this

1

reductive cleavage was patterned after a similar reaction of 
allylic acetates,3 the above reaction was to our knowledge 
its first application to a benzylic system. The benzyl moiety 
is frequently employed as a protecting or activating group 
because its subsequent removal can be effected by hydroge- 
nolysis4 or hydrostannolysis.5 The latter procedure, how
ever, failed to bring about the conversion of 1 to 2.2 In view 
of such a difference, it seemed desirable to define the scope 
of this dissolving metal reductive cleavage. In order to in
vestigate the effect of the ester group six benzylic com
pounds were selected: acetate (3), benzoate (4), carbamate
(5), formate (6), trifluoroacetate (7), and thioacetate (8). 
The choice was based on availability, ease of preparation 
for new applications, and possible biochemical utility.6

Two standardized procedures were developed. Method A 
involved the addition of a solution of the ester and tert- 
butyl alcohol in tetrahydrofuran (THF) to a solution of 
lithium in liquid ammonia. Method B involved the addi
tion of lithium to a solution of the ester and ferf-butyl alco
hol in liquid ammonia-THF until the color of the reaction 
solution persisted blue. In both cases, after a standard 
work-up, the yield of toluene was determined by quantita
tive gas-liquid chromatography (glc). Since the conditions 
used (Li, NH3, f-BuOH) can also reduce aromatic rings, it 
was necessary to consider product contamination by dihy
dro and tetrahydro derivatives of toluene. The absence of 
further reduced products was established by two proce
dures. A mixture of authentic samples of toluene, 1- 
methyl-l,4-cyclohexadiene, and 1-methylcyclohexene was 
cleanly resolved by glc analysis, and peaks corresponding to 
the latter two compounds were absent in the reaction mix
ture. Also, the hydrocarbon product from the reduction of 
benzyl acetate by method A was isolated by preparative glc; 
its nmr spectrum confirmed the presence of toluene exclu
sively.

The results are summarized in Table I. Method A was 
developed using a 20% excess of lithium based on the stoi
chiometry of 2 equiv of lithium per equivalent of ester. 
Under these conditions only the reductions of 3, 5, and 6 
proceeded with preservation of the blue color throughout
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Table I
Reduction of Benzylic Esters (YCHfePh) by 

Lithium in Liquid Ammonia

Toluene, % a

Compd Y Method A ^ Method B Li“ ,

3 c h 3c o 2- 72 77 25
4 c 6h 5c o 2- 30 45 43
5 h2n c o 2- 77 74 24
6 h c o 2- 67 66 28
7 c f 3c o 2- 51 57 29
8 CH3COS- 26 83 43
“ Average value (±2%) of duplicate runs. b Ester (10 mmol) 

added to lithium (24 mg-atoms). “ Milligram-atoms of lithium 
added to ester (10 mmol) in order to generate blue reaction solu
tion in method B.

the addition of ester. After attempts to dissolve sufficient 
lithium for 4, 7, and 8 proved unpredictable, method B was 
employed. This inverse addition procedure proved to be 
the method of choice for the ease by which appropriate 
amounts of lithium could be regulated. A further advantage 
of method B was evident in the smooth and controllable re
duction of 5; this same reaction by method A was exceed
ingly vigorous. The tabulated data show that method B was 
equal or superior to method A in all cases studied.

Since no mechanistic studies have been reported for the 
dissolving metal reductions of allylic or benzylic esters, a 
few exploratory reactions were included in the present 
work. Three pathways for the reductive cleavage are possi
ble. The first two routes proceed via anion radical 9, which

o or
II Li I

PhChL— 0— C— R ---- > PhCFL— 0— C— R — -

9

PhCH20~ + R— 6 = 0  (1)

10

9  * PhCH +  R « V  (2a)

cr
Ph— CH2— O— C— R  * 11 + ROOT (2b)

0 I
PhCH2— O— C— R — ►  CH2— 0 — C— R — ►

12

PhCH,- +  R C O f (3)

13
can cleave to generate either alkoxide ion 10 (eq 1), the ini
tial phase of the acyloin condensation,7 or carbanion 11 (eq 
2a), the route postulated by Henbest, et al.,3 for allylic ace
tates. The dianion in eq 2b represents an alternate precur
sor of 11. Initial reduction of the aromatic ring (eq 3) can 
generate an anion radical suitable for fragmentation to rad
ical 13 which, in turn, would be rapidly reduced to 11. The 
chief distinction among these routes centers on whether the 
key intermediate is an alkoxide ion (10) or a carbanion
(11). In the presence of a proton donor (t-BuOH) the gen

eration of 10 would lead to benzyl alcohol (14), which can 
be reduced to toluene.7 In a separate experiment under the 
conditions of method A 14 as reactant was converted to tol
uene in 89% yield. An attempt was made to differentiate 
between eq 1 and eq 2 or 3 by omitting the feri-butyl alco
hol and quenching with sodium benzoate or ammonium 
chloride.8 The use of sodium benzoate was designed to 
quench excess lithium and to preserve a benzylic alkoxide 
in the absence of an external proton source.9 When applied 
to 3 this procedure afforded both toluene (14%) and 14 
(8%) in low yield. A similar reduction (without added t- 
BuOH) of 3 when quenched with ammonium chloride also 
produced toluene (30%) and 14 (5%). These results are am
biguous and do not permit a single pathway to be deduced. 
The production of toluene in the absence of ieri-butyl alco
hol, regardless of the quenching reagent, is consistent with 
a carbanion intermediate. Alternatively, 10 could be pro- 
tonated and the resulting 14 reduced to toluene before all 
of the excess lithium was quenched.9 Finally, the low yields 
of toluene in the absence of added ieri-butyl alcohol sup
port initial ring reduction. It is possible, of course, that not 
all six esters follow the same pathway. Since the present 
work was carried out to establish the utility of dissolving 
metal reductions for the reductive cleavage of benzylic es
ters, no further studies are planned on the mechanistic as
pects.

Experimental Section
Boiling points are uncorrected. Nmr spectra were recorded on a 

Perkin-Elmer R12B spectrometer, with CCU as solvent and tetra- 
methylsilane as internal standard. Preparative glc separations 
were performed on an Aerograph A-90-P instrument, fitted with” a 
0.375 in. X 20 ft column of 20% DC-710 on Chromosorb G.

Materials. Lithium wire (Alfa, 99.9%, 3.2 mm diameter) was 
stored under anhydrous benzene. Tetrahydrofuran (THF) was dis
tilled from lithium aluminum hydride; a middle fraction was col
lected and stored under a nitrogen atmosphere. Commercial sam
ples of 3, 4, and 6 were distilled in vacuo and middle fractions were 
collected; 5 was used as received. Esters 7 and 8 were prepared by 
published procedures: 710 (81%), bp 72.3-73.0° (11 mm) [lit.11 bp 
50-52° (5 mm)]; 812 (51%), bp 110-112° (8 mm) [lit.13 bp 109° (5 
mm)]. Samples of l-methyl-l,4-cyclohexadiene and 1-methylcy- 
clohexene (both 99%) were obtained from Chemical Samples Co.

Dissolving Metal Reduction. Method A. A 50-ml three-neck 
flask fitted with a Dry Ice-acetone condenser, mechanical stirrer, 
and gas inlet tube was flushed with argon and immersed in a Dry 
Ice-acetone bath. Gaseous ammonia was passed through a tower of 
potassium hydroxide pellets and ca. 20 ml was condensed in the 
flask. To a stirred solution of lithium (0.165 g, 24 mmol, washed 
and cut under anhydrous diethyl ether) in liquid ammonia was 
added dropwise from an argon-swept addition funnel a solution of 
the ester (10 mmol) and ieri-butyl alcohol (0.74 g, 10 mmol) in 
THF (5 ml). After the addition was complete (ca. 10 min) the dark 
blue reaction solution was stirred for an additional 30 min, the ex
cess lithium was quenched with solid ammonium chloride, the Dry 
Ice-acetone bath was removed, and the reaction mixture was al
lowed to warm to room temperature. After evaporation of the am
monia the flask was chilled in an ice bath, water (5 ml) was added, 
and the mixture was transferred to a separatory funnel and ex
tracted twice with 7-ml portions of chloroform. The combined ex
tract was washed once with 2 N  hydrochloric acid and twice with 
saturated sodium chloride solution, dried over sodium sulfate, fil
tered into a 25-ml volumetric flask, and diluted to the mark with 
chloroform. This solution was analyzed by glc.

Method B. A 50-ml three-neck flask fitted as above was flushed 
with argon and immersed in a Dry Ice-acetone bath. To liquid am
monia (ca. 20 ml, condensed as above) was added a solution of the 
ester (10 mmol) and ieri-butyl alcohol (0.74 g, 10 mmol) in THF (5 
ml). To the stirred reaction solution was added lithium (ca. 4-mm 
lengths of wire washed and cut under diethyl ether) from an argon- 
swept 10-ml erlenmeyer flask connected to a side arm of the flask 
by Gooch tubing. Excess lithium was initially placed in the erlen
meyer flask and the actual amount used was determined by differ
ence after sufficient lithium was added slowly (ca. 90 min) to gen
erate a persistent dark blue solution. The color was discharged by
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the addition of solid ammonium chloride, and the subsequent 
work-up procedure was the same as above.

Glc Analysis. Analysis of the chloroform solutions of toluene 
(prepared in 25-ml volumetric flasks) was conducted on a Varian 
1420 instrument with a 0.125 in. X  10 ft column of 10% Dow Cor
ning 710 on Chromosorb W, helium flow rate of 30 ml/min, and 
column temperature of 100°. The following retention times (in 
minutes) were observed: 1-methylcyclohexene, 3.7; toluene, 4.6; 1- 
methyl-l,4-cyclohexadiene, 5.2; benzyl alcohol, 37. Each product 
solution was analyzed in triplicate using a fixed-volume injection 
and the average peak height was related to millimoles of toluene 
by a least-squares computer plot of peak heights vs. known con
centrations of toluene. The precision of this method was ±1%. 
Each reduction was carried out at least twice and the data in Table 
I are average values (± 2%).

A control experiment in which a solution of toluene (10 mmol) 
and ierf-butyl alcohol (10 mmol) in THF was added to a solution 
of lithium (3 mg-atoms) in liquid ammonia and the reaction solu
tion was subjected to the standard work-up and glc analysis estab
lished that 90% of the toluene was recovered.
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We wish to report a convenient procedure for synthesiz
ing thiophenyl malonate, the active ester of choice for

forming malonyl coenzyme A, based upon the reaction of 
malonic acid monochloride with thiophenol. We were led to 
develop this synthesis when we discovered that scaling up 
the normal procedure of Trams and Brady,1’2 which in
volves coupling malonic acid with thiophenol using dicyclo- 
hexylcarbodiimide, produced no thiophenyl malonate but 
only a bright orange crystalline side product. In addition 
we had observed that some preparations of malonyl coen
zyme A obtained from thiophenyl malonate synthesized by 
the Trams and Brady procedure were inexplicably one-half 
to one-third as active as others when used as substrate in 
enzymatic synthesis of fatty acids, indicative of the possi
ble presence of inhibitory by-products.

The thiol ester obtained in low (13%) yield from the reac
tion of acid chloride with thiophenol is a colorless, stable 
solid. Using this material, a 10-mg sample of coenzyme A 
(approximately 10 pmol) yields about 8 gmol of malonyl 
coenzyme A.1 The malonyl coenzyme A produced is fully 
active in reactions catalyzed by pigeon liver and rabbit 
mammary fatty acid synthetases as assayed spectrophoto- 
metrically in the presence of acetyl coenzyme A and 
NADPH.

Malonic Acid Monochloride. Malonic acid (15.6 g, 0.15 
mol) and thionyl chloride (18 g, 0.15 mol) in 60 ml of ether 
were heated under reflux for 6 hr with stirring in a flask 
surmounted with a condenser and drying tube. During the 
reflux period, evolution of hydrogen chloride was observed. 
The solvent was then removed on a rotary evaporator 
under vacuum, and the remaining solid was triturated at 
40° with ten 30-ml portions of a 1:2 mixture of chloroform- 
hexane. The combined extract was cooled to —15° and al
lowed to crystallize. The yellow crystals (5.27 g, 28.7%) of 
malonic acid monochloride were washed with hexane and 
dried overnight under vacuum, mp 58-61° (lit.3 mp 63- 
65°).

Thiophenyl Malonate (Shirley’s Ester). Thiophenol 
(1.9 g, 0.017 mol) was added dropwise to a stirred solution 
of 2.1 g (0.015 mol) of malonic acid monochloride in 25 ml 
of ether under an atmosphere of dry argon. The reaction 
was allowed to continue for 3 hr, after which time the sol
vent was removed on a rotary evaporator, leaving a moist 
solid which was placed under a vacuum of 0.1 mm until no 
more yellowish oil (thiophenol) could be observed. The ma
jority of the solid was then dissolved in a minimum amount 
of chloroform and filtered to provide a clear yellow solu
tion. Addition of hexane to the cloud point and subsequent 
cooling resulted in crystallization, providing a yellow solid, 
mp 57-68°. Dissolution in chloroform, decolorization with 
carbon, addition of hexane, and cooling in a Dry Ice-ace
tone bath provided 0.37 g (13%) of colorless crystals of thio
phenyl malonate, mp 69-71° (lit.2 mp 72-73°), which were 
collected and dried under vacuum: nmr (CDC13) 8 3.70 (s, 2 
H), 7.42 (s, 5 H), 10.73 (s, 1 H); mass spectrum (80 eV) m/e 
(rel intensity) 196 (0.1, M+), 152 (1.4, M+ -  C 02), 110 (100, 
PhSH+); ir (KBr) 1690 (0=C S), 1718 cm“ 1 (0=C O ).

Anal. Calcd for CgHgOaS: C, 55.09; H, 4.11; S, 16.34. 
Found: C, 54.79; H, 4.30; S, 16.6L

Registry No.— Malonic acid monochloride, 51932-41-3; malonic 
acid, 141-82-2; thionyl chloride, 7719-09-7; thiophenyl malonate, 
4279-77-0; thiophenol, 108-98-5.
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Preparation of Dichlorocyclopropane Derivatives
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Dihalocarbenes are considered synthetically useful 
species for cyclopropane ring formation. The preparation 
of dichlorocyclopropane derivatives with concentrated 
aqueous sodium hydroxide and chloroform in the presence 
of quaternary ammonium or phosphonium salts was re
cently reported.1-3 On the other hand, it is said that terti
ary amines have catalytic effect for some reactions between 
aqueous and organic layers.4’5

We now report the catalytic effect of tertiary amines for 
the preparation of dichlorocyclopropane derivatives by the 
reaction of olefins with concentrated aqueous sodium hy
droxide and chloroform.

The reaction was carried out using cyclohexene or 2- 
methyl-l-pentene with tertiary amines as the catalyst to 
give dichloronorcarane (1) and 1-methyl-l-ra-propyl-2,2- 
dichlorocyclopropane (2), respectively. As tertiary amines,

CHCI3 , NaOH

catalyst

X — € \

< /  \ i
c h 3

c h 3c h 2c h 2c -— c h 2

c X ,
trialkylamines (C2-C6, Cs, and C10), N-ri-butylpiperidine, 
IV,IV- diethylaniline, and triethanolamine were used. Pri
mary amines, secondary amines, tertiary amine hydrogen

halides, and tetraalkylammonium halides were used, in 
order to study the catalytic effect of other amines or qua
ternary ammonium salts. The results of catalytic effects of 
some amines and ammonium salts in the formation of di
chloronorcarane are given in Table I.

We found that trialkylamines, their hydrogen halides, 
and the corresponding tetraalkylammonium halides 
showed significant catalytic effects, but the primary and 
secondary amines did not. Trialkylamines exhibited the 
same effects as trialkylamine hydrogen halides and tetraal
kylammonium halides. For example, tri-n-butylamine gave 
1 in 75% yield, and in the cases of tri-n- butylamine hydro
gen chloride and tetra-n- butylammonium bromide, the 
yields of 1 were 77 and 76%, respectively. In addition, tri
alkylamines having the alkyl groups of C4 and C5 showed 
better effects than other trialkylamines.

The catalytic effects of tertiary amines in the formation 
of 2 by the addition of a dichlorocarbene to 2-methyl-1- 
pentene were similar to those observed in the formation of 
1. The amines or ammonium salts (yield of 2) follow: N-n- 
butylpiperidine (83%), N-rt- butylpiperidine hydrogen bro
mide (86%), N,N- di-n- butylpiperidinium iodide (86%).

Thus, we found that trialkylamine was able to form a di
chlorocarbene from chloroform and to give dichlorocyclo
propane derivatives. An experiment using stoichiometric 
quantities of olefin (44 mmol) and trialkylamine (44 mmol) 
in chloroform (11 ml, 135 mmol) without aqueous sodium 
hydroxide at 50° for 2 hr failed to form dichlorocyclopro
pane derivatives. Therefore, it seems likely that trialkylam
ine does not react directly with chloroform; the sodium hy
droxide appears to be essential for the formation of dichlo
rocarbene.

It is very interesting that trialkylamine is effective in 
this phase transfer catalysis reaction.

Experimental Section
Melting points are uncorrected. Mass spectra were run on a Hi

tachi RMU-6E mass spectrometer. Infrared spectra were recorded 
on a Hitachi Model 215 infrared spectrophotometer. Gas chroma
tographic analyses were performed on a Hitachi Model 063 gas 
chromatograph using a 3 mm X  1 m column of Silicone SE-30 on

Table I
Catalytic Effects of Amines and Quaternary Ammonium Salts in the Formation of Dichloronorcarane

Amine or quaternary 
ammonium salt

Yield of 
dichloro

norcarane, %
Amine or quaternary 

ammonium salt

Yield of 
dichloro

norcarane, %

None <1 T ri -n -decylamine 45
Triethylamine 33 n -Laurylamine <1
Triethylamine 35 Piperidine <1

hydrogen chloride N-n -Butylpiperidine 73
Tetraethylammonium 31 N~n -Butylpiperidine 76

chloride hydrogen bromide
T r i -n  -propylamine 67 N,N -Di - n -butylpiperidinium 75
n -Butylamine <1 iodide
tert -Butylamine 4 Piperazine <1
Di - n -butylamine <1 Pyridine <1
T r i -n  -butylamine 75 N -n  -Butylpyridinium <1
T ri-w  -butylamine 77 bromide

hydrogen chloride N -n  -Hexadecylpyridinium <1
Tetra-w  -butyl- 76 bromide

ammonium bromide Aniline <1
Tri - n -amylamine 73 A-Ethylaniline <1
Triisoamylamine 79 iV, N -Diethylaniline <1
T ri-w  -hexy lamine 65 Triethanolamine <1
T ri-w  -octylamine 65
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Chromosorb W AW (80-100 mesh). Elemental analyses were done 
on a Hitachi Model 026 CHN analyzer.

Reagents. Cyclohexene, 2-methyl-l-pentene, amines, and qua
ternary ammonium salts, except for some compounds described 
below, were commercial reagents and purified by distillation or re
crystallization. Chloroform was commercial reagent and distilled 
twice.

Tri -n-butylamine hydrogen chloride was prepared by treat
ment of tri-re- butylamine with dry hydrogen chloride.6

N-n- Butylpyridinium bromide was prepared from pyridine 
and re- butyl bromide by the method reported earlier.7

N-n- Butylpiperidine was prepared from piperidine and re
butyl bromide by the method reported earlier.8

N -n-Butylpiperidine Hydrogen Bromide. A solution of 2.4 g 
(25 mmol) of piperidine and 3.4 g (25 mmol) of re-butyl bromide in 
20 ml of ethanol was refluxed for 2 hr. The reaction mixture was 
cooled and ethanol was removed. Dry ether was added to the resi
due and the mixture was stirred. A white solid was precipitated. 
The solid was washed with dry ether several times. It was recrys
tallized from absolute ethanol-ether (9:1) as white needles, mp 
220-222°.

Anal. Calcd for Cg^oNBr: C, 48.66; H, 9.07; N, 6.30. Found: C, 
48.88; H, 9.41; N, 6.37.

N,N  -Di-re- butylpiperidinium Iodide. A solution of 2.4 g (25
mmol) of piperidine and 9.2 g (50 mmol) of re- butyl iodide in 20 ml 
of ethanol was refluxed for 0.5 hr. The reaction mixture was cooled 
and ethanol was removed. Dry ether was added to the residue and 
the mixture was stirred. A light yellow solid was precipitated. The 
solid obtained was collected by filtration and washed several times 
with dry ether. It was recrystallized from absolute ethanol-re- hex
ane (9:1) as light yellow needles, mp 222-223°.

Anal. Calcd for C13H28NI: C, 48.00; H, 8.68; N, 4.31. Found: C, 
48.37; H, 8.87; N, 3.90.

Preparation of Dichlorocyclopropane Derivatives. A mix
ture of olefin (44 mmol), chloroform (11 ml, 135 mmol), and amine 
or quaternary ammonium salt (0.44 mmol) was stirred at 50°. An 
aqueous solution prepared from 13.5 g of sodium hydroxide and 27 
ml of water was added during 15 min. After 2 hr of stirring the 
mixture was acidified with 10% sulfuric acid and extracted five 
times with 30-ml portions of ether. The combined ether extract 
was dried over calcium chloride, allowed to stand overnight, and 
evaporated to an oily liquid. The liquid was distilled and identified

by mass spectrography. The yield of the product was determined 
by gas chromatography.

Dichloronorcarane (1). This compound was obtained from cy
clohexene: bp 79-81° (15 mm) [lit.9 bp 79-80° (15 mm)]; mass 
spectrum m/e 164 (P), 166 (P + 2); the P:(P + 2) ratio of relative 
intensity was ca. 3:2 (2 Cl). This material had an infrared spec
trum identical with that of authentic dichloronorcarane.10

I-Methyl-l-re-propyl-2,2-dichlorocyclopropane (2). This 
compound was obtained from 2-methyl-l-pentene: bp 163-165°; 
mass spectrum m/e 166 (P), 168 (P + 2); the P:(P +  2) ratio of rel
ative intensity was ca. 3:2 (2 Cl).

Acknowledgment. We thank Dr. S. Nakanishi for help
ing to obtain the mass spectra.
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Communications

Arylation of Arenethiolate Ions by the SrnI 
Mechanism. A Convenient Synthesis of Diaryl 

Sulfides.

Summary: Aryl iodides react with arenethiolate ions in liq
uid ammonia under irradiation by Pyrex-filtered light to 
form diaryl sulfides in good yields, probably by the SrnI 
mechanism.

Sir: The recently recognized SrnI mechanism of aromatic 
substitution1 involves radical and radical anion intermedi
ates and electron-transfer steps. Heretofore it has been ob
served with nitranion (NH2“ , PhNH~)1>2b and several kinds 
of carbanion nucleophiles.2“’0-6'3 Arenethiolate ion nucleo
philes are, however, known to participate in SrnI reactions 
at saturated carbon sites4 and in the 4 position of the iso
quinoline system.5 We now report conditions in which ar
enethiolate ions react very satisfactorily at benzene ring 
sites, probably by the SrnI mechanism.

When solutions of an aryl iodide and an arenethiolate 
ion in refluxing liquid ammonia (—33°) under nitrogen are 
irradiated with Pyrex-filtered light, reaction occurs to form 
a diaryl sulfide, according to Chart I. The arenethiolate ion 
can be supplied with sodium or potassium gegenion or, 
more conveniently, by dissolving the arenethiol in ammo
nia with which it undergoes an acid-base reaction. Several 
reactions of this type are summarized in Table I.

Chart I

Ari +  Ar'S" ArSAr' +  I"
n h 3

Preparatively, this procedure is attractive for prepara
tion of diaryl sulfides on about a 10-g scale. The procedure

is simple and conditions are mild. The aryl iodide is simply 
mixed with thiophenol and ammonia is condensed. Photo
stimulation in a 350-nm photochemical reactor leads to a 
facile substitution reaction. Despite the low solubility of 
certain aryl iodides in liquid ammonia, reaction still occurs. 
Upon completion of the reaction, the ammonia is allowed 
to evaporate. An aqueous work-up followed by simple dis
tillation or recrystallization affords the diaryl sulfide in 
high purity. Other methods for the preparation of diaryl 
sulfides mostly involve long periods of heating at tempera
tures of 175° or higher, or explosive intermediates, or other 
unwelcome features.6

Aryl bromides also react, but much more slowly than aryl 
iodides.

The presumed mechanism is sketched in Chart II. This is 
the standard SrnI mechanism1 adapted to the immediate 
case. Photons probably stimulate electron transfer from 
thiolate ion to aryl iodide (eq 1), and thus are involved in
initiation of a chain mechanism.

Chart II

Ar'S“  +  Arl Ar'S- + '[A rI ]-“  (1)

[Arl]-“  — > Ar- +  1“  (2)

Ar +  Ar'S“  — ► [ArSAr']-“  (3)
[ArSAr']-“  +  Arl — *- ArSAr' +  [Arl]-“  (4)

termination steps (5)

The low yield of sulfide from 2-iodo-m-xylene is due in 
part to a substantial fraction of the 2,6-dimethylphenyl 
radicals being diverted to m-xylene. Combination of thio- 
phenoxide ion with that radical is apparently hindered sig
nificantly by the ortho methyl groups. In contrast, a pair of

Table I
Photoinitiated Reaction of Aryl Iodides with Thiophenoxide in Liquid Ammonia

Reaction time, b
no. Substrate min Sulfide product % yield Other products

1 Phi 70 PhSPh 94°
2 1 -Iodonaphthalene 75 l-PhSC10H7 85* Naphthalene
3 o-CH 3OC6H4I 90 o-M eOC6H4SPh 91" Anisóle
4 m-MeOC6H4I 90 m -MeOC6H4SPh CO 00 0. Anisóle
5 p -MeOC6H4I 30 p -MeOC6H4SPh 76° Anisóle
6 o -CH3C6H4I 165 0 -CH3CGH4SPh 68/ Toluene, PhSSPh
7 m-CH3C6H4I 135 m-CH3CGH4SPh 81° Toluene
8 p - c h 3c 6h 4i 360 p -CH3CGH4SPh 72* Toluene, PhSSPh
9 2 -iod o-m-xylene 140 2 -PhS- m-xylene 19e-A m-xylene (28%)° 

PhSSPh (36%)*
10 m -FC6H4I 100 m -FC6H4SPh 96
11 p -IC6H4OPh 120 p -PhSC6H4OPh 92 PhOPh, PhSPh
12 m-IC6H4CF3 170 w-PhSCGH4CF3 7 U m-PhSCGH4CF2SPh (16%)
13 PhBr 120 PhSPh 23J
14 C5H5FeC5H4I 60 C5H5FeC5H5 (15%)° 

PhSSPh (17%)°

O Isolated yield unless otherwise indicated. b Trace amounts unless otherwise indicated. c Yield by gc. d Trace of unreacted starting ma
terial remaining. 6 Approximately 10% unreacted aryl iodide remaining. f 18% unreacted o-iodotoluene. g 14% unreacted p-iodotoluene. 
h 39% unreacted 2-iodo-m-xylene.c 1 Yield based on 2-iodo-m-xylene. > Based on bromide titration; mostly unreacted bromobenzene re
covered.
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ortho methyl groups does not appear to affect combination 
of an aryl radical with the amide ion2b or with picolyl an
ions.315 Formation of m-xylene from its 2-iodo derivative 
represents reduction; the concomitant product of oxidation 
is diphenyl disulfide.

A companion experiment to run 5, Table I, was reaction 
of iodobenzene with p-methoxybenzenethiolate ion (120 
min) to form phenyl p-methoxyphenyl sulfide in 71% yield. 
It is significant that no trace of bis(p-methoxyphenyl) sul
fide was found as a product. Alkali metal cleavage of phe
nyl p-methoxyphenyl sulfide in ammonia or methylamine 
affords thiophenol and anisole,7 indicating that its radical 
anion undergoes fission as shown in eq 6.2e If p-methoxy
phenyl radical were formed in the presence of p-methoxy- 
bsnzenethiolate ion, some bis(p-methoxyphenyl) sulfide 
should be formed. We conclude that in this system the phe
nyl p-methoxyphenyl sulfide radical anion transfers an 
electron to iodobenzene (eq 4) faster than it splits as in eq
6 .
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by the National Science Foundation.
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The Addition of Organocopper(I) Reagents to 
rr,/3-Acetylenic Sulfoxides1"2

Summary: Monoalkylcopper(I) reagents (2) add to «,((- 
acetylenic sulfoxides (1) with almost exclusive cis stereo
selectivity to form /(-alkylated a,/3-ethylenic sulfoxides (3) 
in high yield.

Sir: Organocopper(I) reagents add to a variety of rv/i-un- 
saturated compounds,3 including «,/1-ethylenic sulfones4 
and a,(¡-acetylenic esters5 and acids.60-6 Our continuing in
terest in nucleophilic additions to activated acetylenes,7 
and in the ability of organosulfur functionalities to activate 
the triple bond toward conjugate addition, prompted an in
vestigation of the reaction of organocopper(I) reagents with 
a,(¡-acetylenic sulfur compounds.

We have found that a,(¡-acetylenic sulfoxides (l)8 react 
readily with monoalkylcopper(I) reagents (2) to produce,

after work-up, high yields of the corresponding /(-alkylated 
«.((-ethylenic sulfoxides (3). Furthermore, the addition 
reaction was shown to be highly stereoselective, producing 
the product of cis addition to the triple bond almost exclu
sively.

R‘C = C S (0 )C 2H5 -f 
la, R1 =  CH3 
b, R1 =  n-C4H3

THF
R2Cu ------- 4

-78°
2a, R2 =  CH3

b, R2 =  n-C4H9

m-ClC6H4C03H

3 --------------------
CHCl,, 0°, 24 hr

R1 S(0)C2H5
C= G

R2 H

R‘ S02C2H5
c = c

R2 H

(1)

(2)

a, R‘ =  R2 =  CH3
b, R1 = R2 =  n-C4H9
c, R1 =  CH3; R2 = « -C 4H9
d, R1 =  R2 =  CH3

The following procedures are representative. Into a 50- 
ml flask, equipped with a stopple-covered side arm, an 
adapter tube with stopcock connected to a mercury bub
bler, and a magnetic stirring bar, is weighed 0.727 g (3.82 
mmol, 2% in excess of the alkyllithium reagent to be used) 
of cuprous iodide. After oven drying, the flask is cooled 
while flushing with nitrogen, 12.9 ml of dry THF is inject
ed, and to the resulting suspension at 0° is added 2.1 ml 
(3.74 mmol) of a 1.78 M  solution of methyllithium in di
ethyl ether over a 2-min period. The resulting suspension 
of methylcopper(I) (25% excess) is cooled to —78° for 15 
min and a solution of 0.473 g (2.99 mmol) of ethyl 1-hexyn- 
yl sulfoxide (lb) in 12.0 ml (~0.25 M) of dry THF, pre
cooled to —78°, is injected rapidly. After stirring for 1.5 hr 
at —78° the reaction mixture is quenched by injecting 5 ml 
of methanol precooled to —78° and then pouring into 25 ml 
of saturated aqueous ammonium chloride solution. Extrac
tion with dichloromethane (3 X  25 ml), drying over MgS04, 
and evaporation in vacuo gives 0.549 g (>100%) of 3d. In a 
similar manner the reaction of 3.87 mmol (25% excess) of 
n-butylcopper(I) in THF (~0.25 M) with 0.360 g (3.1 
mmol) of ethyl 1-propynyl sulfoxide (la) in 12.4 ml of dry 
THF for 2 hr at —78° followed by quenching with pre
cooled methanol and work-up gives 0.531 g (98%) of the 
other geometrical isomer, 3c.

It was also shown that the a ,/(-ethylenic sulfoxides 3 can 
be oxidized almost quantitatively to the corresponding sul
fones 4 (with no evidence of isomerization about the double 
bond) by treatment with 1 equiv of m-chloroperbenzoic 
acid in chloroform at 0° for 24 hr.10

The cis stereoselectivity of the organocopper(I) addition 
to « ,(¡-acetylenic sulfoxides was established unambiguous
ly11 by an alternate stereospecific synthesis of sulfone 4c. 
The reaction of the iodovinyl sulfone 5 with 2.5 equiv of n- 
butylcopper-bis(diisopropyl sulfide) complex12-13 in dry

CH3 SC

, / c = c - „

n “Ĉ HgCll ‘ T/-}-]
---------------------- ► Ac 3c (3)

THF, -78°

c h 3c= ch  +  C2H5SOJ (4)
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THF at -7 8 ° for 5 hr gives an 88% yield of 4c with 97.5% 
stereospecificity. Compound 5 is in turn obtained via the 
known stereoselective addition of a sulfonyl iodide to an 
acetylene,14 in 56% isolated yield.

It is interesting to note that, while monoalkylcopper(I) 
reagents add cleanly to a,/3-acetylenic sulfoxides, lithium 
dialkylcuprates may also give a product resulting from the 
cleavage of the acetylenic sulfoxide. While lithium dimeth- 
ylcuprate adds normally to la (83%) and lb (97.5%, >96% 
cis addition), the more reactive lithium di-n-butylcuprate 
reacts to give appreciable quantities of n-butyl ethyl sulf
oxide (6) as well, apparently arising from attack by the or- 
ganocopper(I) reagent at sulfur rather than on the triple 
bond.

THF
1 +  (n-C4H9)2CuLi ------ * n-C4H<3(0)C2H5 +  3 (5)

6

Like results have been observed for additions of organo- 
copper(I) reagents to « ,(¡-acetylenic sulfones,8 ethyl 1-pro- 
pynyl sulfone giving an 81% yield of adduct with lithium 
di-n-butylcuprate and a 90% yield with n-butylcopper. 
However, here a difference between the two types of organ- 
ocopper(I) reagents is manifest in the stereochemistry of 
the product, n-butylcopper giving 92% cis addition while 
di-n-butylcuprate gives, on work-up, 81% of the product, 
which would correspond to overall trans addition.15
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A New and Efficient Approach to Functionalized 
Hydroazulenes via 2-Methylcyclopentenone

3-DimethylsuIfoxonium Methylide1

Summary: A three-step sequence for the construction of 
functionalized hydroazulenes 5 is described starting from 
the novel cyclopentenone ylide 2. The preparation of 2, its 
reactions with Michael acceptors to produce vinyl cyclopro
panes such as 3, and the use of the divinylcyclopropane 
rearrangement to generate the bicyclo[5.3.0]decadienone 
system are described.

Sir: Recently, many sesquiterpenes possessing a hydroazu- 
lene skeleton have been isolated,2 some of which have ex
hibited significant medicinal properties.3 Despite the many 
efforts in the area of hydroazulene synthesis,4 there are a 
very limited number of approaches which could accommo
date a multitude of sensitive oxygen functionality. Our in
terest in sesquiterpene lactones possessing the guaiane and 
pseudoguaiane skeletons has resulted in the development 
of the synthetic scheme described in this communication. 
We have recently reported on the reactions and synthetic 
applications of carbonyl stabilized allyl sulfoxonium yl- 
ides.5 In this communication we wish to report on the prep
aration of 2-methylcyclopentenone 3-dimethylsulfoxonium 
methylide (2), its reactions with several Michael acceptors, 
and its utility in the synthesis of functionalized hydroazu
lenes.

Sulfoxonium ylide 2 was prepared in at least 50% overall 
yield from the commercially available 2-methyl-l,3-cyclo- 
pentanedione. The 1,3-dione was treated with excess oxalyl 
chloride to produce the 3-chloro-2-methyl-2-cyclopenten- 
one (l) .6 Treatment of the vinyl chloride 1 with 2 equiv of 
dimethylsulfoxonium methylide in tetrahydrofuran re
sulted in the formation of the crystalline ylide 2 (mp 170- 
173°).7,8

This new allyl ylide reacted cleanly with Michael accep
tors such as acrolein, crotonaldehyde, and methyl vinyl ke
tone to produce vinyl cyclopropanes 3a-c (see Table I).5a

Table I

Ri R2
React 

temp, °C
React 

tim e, hr Yield, %

3a CHO H R .T . 3 70
3b CHO c h 3 56 8 50
3c COCH3 H 56 4 75

Department of Chemistry William E. Truce*
Purdue University Michael J. Lusch16
West Lafayette, Indiana 47907

Received July 17, 1974

Usually the reaction was carried out using 1.5 to 2.0 equiv 
of the Michael acceptor in acetonitrile. Cyclopropanes 3a-c 
were isolated in a very pure state by evaporation of the ace
tonitrile and washing the ethyl acetate solution of the resi
due with water. Cyclopropane 3a consisted of a 7:1 mixture
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Table II
Yield b of 4 + 5, Olefin stereochemistry

Ra % of 4

4a -C 0 2Et 90 100% trans
4b - S C 6H5 67 50:50 trans:cis
4c - s o c 6h 5 81 100% cis
4d - s o 2c 6h 5 80 100% trans

a The carbethoxy group was introduced as the phosphonium
Wittig reagent, while the sulfur groups were introduced via the 
lithio phosphonates. All reactions were performed in tetrahydro- 
furan under standard conditions. 6 These are isolated yields which 
have not yet been maximized. c Wittig-type reagents which contain 
an a-carbanion-stabilizing group usually give predominately trans 
stereoisomers. The exclusive cis stereochemistry for the phenyl 
sulfinyl case (4c) is quite dramatic and surprising. We are currently 
investigating the generality of cis stereochemistry from phenyl- 
sulfinylmethyl phosphonate carbanions.

Since the Cope rearrangement of substituted divinylcy- 
clopropanes has been shown by Baldwin12 and others to be 
stereospecific and since only one stereoisomeric hydroazu- 
lene is produced in our systems, we have assigned the rela
tive stereochemistry of the angular methyl and the R group 
as being trans.13

In summary, our approach to functionalized hydroazu- 
lenes not only utilizes mild reaction conditions and pro
vides for flexibility in substitution patterns, but its final 
step furnishes a crowning touch of stereospecificity. We be
lieve that the above synthetic scheme, because of its effi
ciency and high overall yields, will be invaluable for the 
total synthesis of guaianolides and pseudoguaianolides.

Acknowledgement is made to the Donors of the Petro
leum Research Fund, administered by the American Chem
ical Society, for the support of this research.

of trans:cis isomers while the methyl vinyl ketone adduct 
3c was exclusively the trans cyclopropane. Nmr analysis of 
the crotonaldehyde adduct 3b indicated a mixture of three 
cyclopropanes9 in a ratio of 3:3:1.

The cyclopropane 3a derived from acrolein can serve as 
an important relay compound in the synthesis of hydroazu- 
lenes containing an angular methyl group. To this end, se
lective Wittig reactions were carried out at the aldehyde 
carbonyl in order to construct divinylcyclopropane systems 
(eq 3). Treatment of 3a with various monosubstituted Wit

tig-type reagents at room temperature or below resulted in 
the production of a trans divinylcyclopropane 4 and a rear
ranged product 5 (see Table II). The hydroazulene system 
5 is formed directly from the cis cyclopropane aldehyde 3, 
while the more stable trans divinylcyclopropanes 4 survive 
the reaction conditions. When the trans cyclopropanes, 
which also contain a trans olefin (4a,b,d), are heated at
100-140° in a sealed tube (chloroform), they smoothly 
rearrange to the corresponding hydroazulene isomers 5, in 
quantitative yield.

The stereochemical prerequisites for the divinylcyclo
propane rearrangement were clearly manifested in the 
thermal behavior of the various sulfur-substituted divinyl
cyclopropanes 4b-d. When an approximately 1:1 mixture 
of transxis alkenes of 4b was heated at 100°, the trans al- 
kene rearranged to 5b in 50 hr, while the cis alkene re
mained unchanged.11 The cis vinyl sulfoxide 4c did not 
cleanly rearrange to the hydroazulene but instead gave a 
complex mixture when heated at 135° for 30 hr. The dif
ficulties in the rearrangements of the cis alkenes 4b and 4c 
are presumably due to steric hindrance in the transition 
states.12 The pure trans alkenes 4a and 4d quantitatively 
rearranged to the corresponding hydroazulenes below 140°, 
thus affording the latter systems in overall yields of 60% or 
better starting from ylide 2.
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A General Synthesis of
l-Alkyl-l-cyclopentene-cis-3,5-diols.

Useful Intermediates in Prostaglandin Synthesis

Summary: A simple one-step conversion of sulfoxides 2a or 
2b to cis diols of general structure 1 is reported.

Sir: Advances in prostaglandin synthesis have resulted in
the development of some highly ingenious approaches to
this class of hormones.1-2 Several years ago we initiated
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Table I
l-Alkyl-l-cyclopentene-c/s-3,5-diols l5-7

R—X Q % yield 2 b Mp (bp), °Cc

i (c h 2)5c h 3
/ °

I(CH2)6CH
O

16,17

l(CH2)6C 0 2-f-B u 18
BrCH2C = C  (CH2)3C 0 2-f-B u 19
BrCH2C6H5
BrCH2C H =C H C 6H5

50-60 (70-77) (75, 5 x 1(T3 mm)

54 (63) 51 -52 .5

45 (57) 
33 (48) 
50 
(64)

(110, 0. 01 mm) 
(60, 5, x 10"3 mm) 
95-96. 5 
103-105

° See reference for mode of synthesis. 6 Yields in parentheses determined by nmr; all others are of purified product.c Values in parentheses 
are conditions employed for molecular distillation.

work on a general approach to the synthesis of allylic alco
hols which would be amenable to the stereoselective syn
thesis of l-alkyl-l-cyclopentene-cis-3,5-diols l.3 Various 
derivatives of 1 may be readily perceived to be useful pre
cursors to prostaglandins of both the E and F type.4 This 
communication outlines a general approach to the stereo
selective synthesis of cis-cyclopentenediols 1 which em
ploys the hydroxy sulfoxides 2a or 2b as complementary
precursors.

0 0
OH ?H  f ? H f

^ R ,SPh

O ' < rSPh
ÔH

2a 2b

1

Synthesis of both the cis- and trans-hydroxy sulfoxides 
2a and 2b was readily accomplished by the two routes out
lined in Scheme I.5 The cis isomer 2a was prepared by

? H

OH
3

Scheme I

1. n-C,HJ,i
2. PhSCl 55-70%

ÔSPh.
4

PhSH/EtjN 

96%
5 6

2a

2b

treatment of a 0.25 M  solution of 36 in dry tetrahydrofuran 
(THF) with 1 equiv of n-butyllithium (hexane) at —60° fol
lowed by titration with phenylsulfenyl chloride (—1.25 
equiv) until the persistence of a yellow color. The resulting 
sulfenate ester 4 was allowed to rearrange to the cis-hy- 
droxy sulfoxide 2a at -2 0  to +5° over a 1.5-hr period. Sub
limation of the product (95°, 0.05 mm) afforded 2a, mp
102-112°, in 55-70% yield.7"8 The relatively slow rate of 
rearrangement of 4 as compared to the analogous rear
rangement of noncyclic sulfenate esters3’9 is noteworthy. 
Synthesis of the irons-hydroxy sulfoxide 2b was accom
plished, in two steps in an overall yield of 91% starting 
from epoxycyclopentene (5).10 Treatment of a 2.5 M  solu
tion of 5 in dry benzene at 0° with 1 equiv each of thiophe-

nol and triethylamine followed by stirring at 25° for 4 hr 
afforded exclusively the irans-hydroxy sulfide as a homog
enous liquid (molecular distillation; 90°, 0.05 mm) in 96% 
yield.7 The observed regiospecific cleavage of epoxide 5 
with a variety of mercaptide nucleophiles appears to be 
general. This result is in marked contrast to the capricious 
behavior of 5, as well as other a,/3-unsaturated epoxides, 
toward other nucleophiles.10’11 Oxidation of 6 to the irans- 
hydroxy sulfoxide 2b was carried out with m-chloroperben- 
zoic acid (CH2CI2, 0°) in 95% yield.5 Sublimation (90°, 10-5 
mm) afforded a nicely crystalline solid, mp 96-113°.7’8 
Since both 2a and 2b are hygroscopic, care must be exer
cised in handling these compounds in subsequent experi
ments requiring anhydrous conditions.

The general approach for the conversion of either the 
cis- or irans-hydroxy sulfoxides 2a or 2b to the substituted 
cis diols 1 (Scheme II) deserves comment. A priori it was 
not known whether 2a and 2b would produce the same 
carbanion 7 upon metalation since some controversy exists 
in the literature on the pyramidal stability of «-sulfinyl 
carbanions.12 Since the stereochemical course of the alkyla
tion step (cf. 7 ->-8) could be influenced not only by sub
strate steric factors but also by carbanion geometry, it is in
teresting to note that alkylation appears to proceed only to 
give 8 and thus the cis diol 1. These results suggest that the 
a-sulfinyl carbanion 7 is either planar or is undergoing py
ramidal inversion prior to alkylation. On the other hand ki
netic protonation of 7 results in the formation of irans- 
hydroxy sulfoxide 2b. The observed high regioselectivity 
toward alkylation a to the phenylsulfinyl moiety (cf. 7 —► 8) 
appears to be characteristic of other phenylsulfinyl cycloal
kenyl carbanions as well.3’13

Scheme II
O

OH f

< y ph
2a or 2b

Li

OH
: r

OHp I 
• *JSPh

OSPh
9
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The following general procedure is representative for the 
transformation of 2a or 2b to the substituted cis diols 1. To 
a cooled (—40°) solution of 3.3 mmol of lithium diethylam
ide (from butyllithium and diethylamine) in 10 ml of dry 
THF under nitrogen is added 1-1.5 ml of dry hexamethyl- 
phosphoramide followed by 1.5 mmol of 2a or 2b in 4 ml of 
THF with stirring. The deep red solution of anion 7 is 
stirred for 30 min at which time the alkyl halide, R -X  (1.6 
mmol), is added either as a neat liquid or in a minimum 
volume of THF. Stirring is continued for an additional 30 
min at —40° and 2 ml of a 50% aqueous solution of dieth
ylamine is added to the reaction. The cold bath is removed 
and the reaction mixture is allowed to warm to room tem
perature and stirred ~2 hr to effect rearrangement and 
cleavage of 8 to the cis diol 1. The cis diols 1 listed in Table 
I are purified by chromatography on neutral alumina (ac
tivity III).5’7 The cis-diol stereochemistry is readily as
signed by examination of the *H nmr chemical shifts and 
splitting patterns of the C-4 methylene protons.14

This approach to substituted, dioxygenated cyclopen- 
tenes differs from the alternate synthesis of such deriva
tives obtained via singlet oxidation of alkylcyclopenta- 
dienes15 in one significant aspect. The inherent design of 
this reaction sequence affords the possibility of obtaining 
chiral cyclopentenediols 1 from precursors that may be 
chemically resolved. We are presently engaged in executing 
this idea and are developing methods for the elaboration of 
1 to optically active prostanoids in the E and F series.

the C-4 protons (CDCI3) are at 5 2.60 (five-line multiplet) and 1.58 (dou
blet of triplets). The corresponding protons in 3 appear at d 2.66 and 
1.51.
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yield).

(17) D. E. Ames, R. E. Bowman, and R. G. Mason, J. Chem. Soc., 174 
(1950).
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Singlet Oxygen Oxidation of Phosphites to 
Phosphates1

Summary: Singlet oxygen is shown (by means of Stern- 
Volmer analysis using /3-carotene) to oxidize trialkyl phos
phites to trialkyl phosphates in quantitative yield; relative 
rates of reaction are given for several phosphites.

Sir: We wish to report the dye-sensitized photooxidation of 
several trialkyl phosphites and the compelling evidence 
that the active oxidizing agent is singlet molecular oxygen.

Several trialkyl phosphites were irradiated with visible 
light2 in acetone solution in the presence of Rose Bengal 
(RB)3 while oxygen was bubbled through the solution con
tinuously. In each case, the phosphate was formed in good 
yield as the only detectable product; the results are sum
marized in Table I. No reaction occurred in the dark or in 
the absence of dye.

Table I
Compound Yield,“ % ^rel6 k l, 1. mol“  ̂sec“-

(MeO)3P 85.4 0.65 1.52 x 107
(EtO)jP 87.9 1.00 2.45 x 107
(¿-PrO)3P 66.2
(m-BuO)3P 82.4 0.78
(c-C BHnO)3P 83.0 0.60
(c h 2= c h c h 2o )3p 69.5

a Products isolated by distillation or chromatography and 
crystallization, and identified by boiling point or melting point and 
ir comparison to authentic samples. 6 Determined by parallel irra
diations using RB in acetone. c Determined by means of Stern- 
Volmer plot, employing MB, /3-carotene, and benzene-methanol, 
4:1 (v:v).

Although phosphites can be oxidized by ground-state 
oxygen in a photoinitiated free radical chain process,4 the 
dye-sensitized photooxidation was only slightly retarded by
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Figure 1. Stern-Volmer plot of /J-carotene quenching of the pho
tooxidation of trimethyl phosphite, 0.051 M  in benzene-methanol 
(4:1 by volume) using Methylene Blue sensitizer.

the addition of hydroquinone, as expected for a singlet oxy
gen oxidation.5 The intermediacy of singlet molecular oxy
gen in dye-sensitized photooxidations has frequently been 
inferred from competition between the substrate and 
known singlet oxygen acceptors, or from the observation of 
an identical reaction brought about by singlet oxygen 
formed by nonphotochemical means.6 Such methods are 
inapplicable in this case, since phosphites are oxidized by 
the oxidation products (hydroperoxides and endoperox- 
ides) of the usual singlet oxygen acceptors and also by the 
reactants (hydrogen peroxide, phosphite ozonides) usually 
used to prepare singlet oxygen in the dark.7 Therefore we 
turned to the specific quenching by energy transfer of sin
glet oxygen by fl-carotene and by l,4-diazabicyclo[2.2.2]oc- 
tane (Dabco).5>6 Phosphate formation was quenched clean
ly by both quenchers, and linear Stern-Volmer plots (see 
Figure 1) were observed in every case attempted. Singlet 
oxygen is thus confirmed as the oxidizing agent in this 
reaction.

The most attractive reaction mechanism is shown in 
Scheme I. The lack of reversibility of step 4 was shown by a 
linear plot of relative 4>~l (phosphate) vs. [phosphite]-1, 
but the possibility of quenching by phosphite cannot be 
eliminated. Since k¿ for singlet oxygen and the rate con
stants for /ii-carotene quenching of singlet oxygen are 
known for the solvent used, the rates of step 4 can be ob
tained from the slopes of the Stern-Volmer plots and are 
included in Table I. These rates are comparable to the 
rates of reaction of singlet oxygen with tetrasubstituted 
olefins and correlate with the electron-releasing ability of 
the alkoxy groups.

Scheme I
Rate

1 'RB +  hv — > 'RB* h
2. 'RB* — *  3RB* k[sc
3. 3RB* +  30 2 —*  'RB„ +  'O, ks
4. (RO)3P +  '0 2 — ► (R0)3P-0, (1) kl

5. 1 +  (RO)3P — ► 2(RO)3PO ko

The structure of the intermediate 1 cannot be deduced 
from the information available at this time. An intermedi
ate of the same stoichiometry was proposed for the direct

oxidation of phosphites and phosphines by phosphite ozon
ides,8’9 and similar intermediates were proposed for the 
singlet oxygen oxidations of disulfides10 and sulfides.11 In 
the latter case, a zwitterionic structure (R2S+- 0 - 0 - ) was 
suggested based on solvent effects. A similar intermediate 
may be expected in the photooxidation of phosphites.

We are continuing to explore the scope of this reaction 
and seeking evidence for the structure of the intermediate.
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Nonstereospecific Diels-Alder Reactions. I. Reaction 
of Hexachlorocyclopentadiene with 1,2-Disubstituted 

Ethylenes

Summary: The Diels-Alder reaction of hexachlorocyclo
pentadiene and related dienes with a variety of trans-sub- 
stituted ethylenes takes place with partial to extensive, de 
facto violation of the cis principle, including in one in
stance the loss of the structural integrity of the dienophile; 
two concurrent mechanisms, one involving concerted cy
cloaddition and the other biradical intermediates, are con
sidered for the products.

Sir: The immense success of the Diels-Alder reaction in 
synthesis is due to a great extent to its stereospecificity 
whereby the steric integrity of the reactants is preserved in 
the adducts. This behavior, known as the cis rule, is consid
ered to be the cardinal stereochemical principle of the 
Diels-Alder reaction.1 We wish to report now on an exten
sive series of Diels-Alder reactions of hexachlorocyclopen
tadiene (1) in which the steric integrity of the dienophile 
was lost in the adduct, often extensively, in a clear, de facto 
violation of the cis rule.

To develop a rationale for the failure of 1 to form a Diels- 
Alder dimer on heating,2 a possible result of steric hin
drance between the chlorines of the incipient bridge and 
the exo positions, we investigated the reaction of 1 with 
trans -1,2-dichloroethylene (2). Heating the pure reactants
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Cl

1

Cl

+

2

v-min or 1 (2 + 4)

4

S ch e m e  I

in equimolar proportions in a stirred, closed glass container 
for 67 hr at 163-165° yielded in 47% conversion an adduct 
which consisted of 95%: of ¡cis-eredo-octachloronorbornene 
(3, mp 190—192°)3 and 5% of the trans isomer (4).3 The un
reacted olefin contained 39% of cis -dichloroethylene (5).4’5

Heating 1 with equimolar amount of 5 at 163-165° for 62 
hr gave in 62% conversion a product which consisted of 
99.9% of 3 and 0.1% of cis-exo- octachloronorbornene (mp
96-98°).3a’b The unreacted olefin contained only the 
amount of 2 that was originally present (2%) in 5.

Control experiments with neat 2, 3, 4, and 5 showed that, 
when heated separately, neither of them underwent any 
isomerization under the above conditions. Even in the pres
ence of HC1 gas, a possible by-product and catalyst, 2 failed 
to yield any 5 at all at 165°. Since 2 underwent isomeriza
tion only in the presence of 1, it is tempting to postulate 
that the two reactants formed a biradical intermediate akin 
to the free radicals invoked in the neat7 or iodine8 and ben
zoyl peroxide8c catalyzed isomerization of 2 and 5.9 Scheme 
I is proposed to account for the products.

While in Scheme I 3 can most simply be derived from 1 
and 5 by the (2 + 4) cycloaddition process, the diastereo- 
meric biradical 6b, whose intermediacy is necessary for the 
isomerization of the olefin,10 could also conceivably yield 3 
directly by a simple coupling mechanism.13 Although our 
present data do not allow a gauging of the energy require
ments of the various steps (concerted 2 + 4 addition, birad
ical formation, radical epimerization, /? scission, and ring 
closure), the latter three processes certainly have consider
ably lower energy requirements than the first two, and at 
the relatively high temperature of the reaction they readily 
could occur. The formation of 3 by a dual pathway thus ap
pears permissible. However, competition between the facile 
steps of 6b still could yield preferentially the ¡3 scission 
rather than coupling product.14 The data also suggest that 
steric repulsion is the major underlying cause for the loss of 
the stereochemical integrity of the dienophile in the adduc
tion process.16’17 This view is supported by examples in 
which steric hindrance is reduced. Thus 2 yielded with 5,5- 
dimethoxytetrachlorocyclopentadiene (7) and tetrachloro- 
furan (8) only 10 and 5% of cis adducts, respectively, while 
with cyclopentadiene 2 yields only the trans adduct.13a-21 
Consonant with these results, 1, 7, and 8 produced with 5 
increasingly more exo-cis adducts, 0.1, 2.0 and 9.4%, respec
tively, further confirming the effect of the incipient norbor- 
nene bridge on the stereochemistry of the adducts.

The loss of the stereochemical integrity of the dienophile 
in the formation of thermal adducts with 1 was encoun
tered in various degrees with a multitude of other olefins

Table I
Distribution of Isomers in Adducts of 1 with 

Trans Olefins

Composition of adducts, %
X Y  A ' B C

CN CN 57 43
COOCH3 COOCH3 73 27
COCI COCI 84 16
Ph Ph 71 29
c h 3 c h 3 -100 - 0
c h 3 COOCH3 84 4 12
c h 3 Ph 74 20 6
c h 3 COCI 23 3 74
c h 3 CN 12 31 57
c h 3 Cl 30 13 57
c h 2ci Cl 13 38“
Ph Cl 5 14 81

“ Adduct contained also 49% of 1,2,3,4,7 7-hexachloro-5-endo
(dichloromethyl)norbornene.

(Table I), with 5-methylpentachlorocyclopentadiene and, 
to a lesser extent, with 7 and 8 as the dienes as well.

With allylic trans olefins as dienophiles, not only their 
stereochemical but also their structural integrity may be 
lost in the adduction process. Thus, while trans-1-chloro- 
propene (9) and 1 yielded adducts differing only in stereo
chemistry, the adducts of 1 and trans 1,3-dichloropropene
(10) contained structurally isomeric products as well 
(Table I). Neither 9 nor 10 showed any sign of isomeriza
tion when heated separately at the same temperature range 
in control experiments. A scheme analogous to that out
lined above can account both for the stereochemical and 
structural isomerization of the olefins, and, consequently, 
for the structure of the adducts as well.
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Nonstereospecific Dieis-Alder Reaction. II. Reaction 
of Hexachlorocyclopentadiene with 1,1-Disubstituted 

and Monosubstituted Ethylenes

Summary: The major epimers in the adducts of hexachlo
rocyclopentadiene, and related dienes, with unsymmetrical
1,1-disubstituted ethylenes are those in which the bulkier 
substituents are endo, irrespective of secondary orbital in
teraction considerations; similar results obtain with mono
substituted ethylenes as well, where the cyano and aldehy- 
do substituents yield significant proportions of the novel 
exo adducts.

Sir: In the preceding communication we described the 
Dieis-Alder reaction of hexachlorocyclopentadiene (1) with 
a variety of 1,2-disubstituted ethylenes, which takes place 
with a de facto violation of the cis principle, and suggested 
that steric hindrance may be the main underlying cause for 
the anomalous behavior.1 To gain a better insight into the 
role of various substituents in these reactions, we examined 
the behavior of 1,1-disubstituted olefins as well.

The experiments were carried out by heating 1 with the 
olefin in a stirred and sealed, all glass system at the lowest 
temperature at which the reaction proceeded at a conve
nient rate and quantitatively analyzing the crude product 
by proton nmr before any subsequent separation, purifica
tion, and identification steps. To facilitate structure assign
ment, adducts of 1 with symmetrically 1,1-disubstituted 
ethylenes have also been prepared as model compounds; 
the pertinent 1,2,3,4,7,7-hexachloronorbornenes yielded 
the following nmr parameters: 5,5-dimethyl- (2) 5, Hexo 
2.499, Hendo 1-963 (Jgem = -13.0 Hz), CH3,exo 1-50, CH3iend0
1.02; 5,5-diphenyl- (3), Hexo 3.633, Hendo 3.158 (J sem = 
—13.6 Hz); 5,5-dichloro- (4), Hexo 3.497, Hendo 3.114, (J  = 
—14.7 Hz), CDC13 solution. Isomer distribution data in ad
ducts of representative, 1,1-dissimilarly substituted ethy
lenes are shown in Table I.

The results of these kinetically controlled2 experiments 
indicate the following competitive relationships for the less 
hindered endo position.

(CH3)2CH >  c h 3c h 2 >  h 3c  

CHgOOC ~  C l ~ Ph »  H3C ~  C1CH2 ~  CHO >  CN 

C l »  CH3OCH2 >  H3C

While the alkyl series underlines the role of size in the 
competition, and it apparently can be extended to include 
the aldehydo and cyano substituents, several of the cases 
reflect the results of opposing forces. Thus, while secondary 
orbital interaction3 between the it system of 1 and the di- 
enophile can be invoked with phenyl, methoxycarbonyl, 
and perhaps even chlorine,4 to rationalize their endo selec
tivity, it cannot account for the preferentially exo pattern 
of the aldehydo and cyano substituents.5 However, size and 
secondary attractive forces, when considered jointly, seem 
to accommodate the results. When in competition, size ap
pears to dominate over secondary interactions (methyl vs. 
the planar aldehydo and the linear nitrile substituents) 
and, expectedly, the two effects reinforce each other when 
not in opposition (phenyl vs. methyl).6

The results of the reaction of 1 with a-methylstyrene (5) 
differ from literature data in two respects.

(a) The structure assigned7 to the crystalline adduct8 
(6A) of 1 and 5 had the phenyl group exo and was derived 
from the nmr spectrum of its deuterium-labeled analog 
based on the assumption that the exo proton resonates 
downfield from the endo proton. Exact repetition of the 
reaction conditions7 yielded in our hands a crystalline ad-
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Table I
Distribution of Isomers in Adducts of 1 with 

Unsymmetrically 1,1,-Disubstituted Ethylenes0

H

Y ^ ^endo/^exo

c h 3 CH3CH2 64 1.8
c h 3 (c h 3)2c h 85 5.7
c h 3 c ic h 2 45 0.8
c h 3 c h 3o c h 2 70 2.3
c h 3 c 6h5 89 8.1
c h 3 OHC 48 0.9
c h 3 NC 24" 0.3
c h 3 c h 3o o c 92 11.5
c h 3 Cl 90° 9.0
CgH5 C1CH2 10. 0.1
c 6h 5 Cl 55id 1.2
c h 3o c h 2 Cl 81 4.3
NC Cl 97 32.3
CHgOOC Cl 60 1.5
BrCH2 Br 86 6.1

° The numerical values are the extent of the given isomers
present in the adduct; hence they are not necessarily yield data.
The other epimers are present in complementary percentages.

In the corresponding adducts of 7 the analogous epimer is 
present in 30, 89, and 56%, respectively.

duct as the major product, mp 67-69°, 6A, whose nmr anal
ysis, in CDCI3, showed the methylene doublets (6 2.67 and
3.15, J -  —13.9 Hz), the methyl singlet (5 1.88), and the 
closely bunched aromatic protons (8 7.24). A comparison of 
these parameters with those of model compounds 2 and 3 
indicates that the downfield doublet of 6A coincides well 
with the upfield (endo) doublet of 3, and the upfield dou
blet of 6A matches closely the downfield (exo) doublet of 2. 
The converse matching for the epimeric adduct 6B (5 Hexo 
3.495, Hendo 2.125, J  = -13.2 Hz, CH3 1.375, Ph 7.1-7.4 
and 7.5-7.66, multiplets) plus the fact that the methyl peak 
of 6A is more deshielded than that of 6B, indicate that in 
the major adduct, 6A, the methyl group is exo9 (Figure 1).

(b) The reaction of 5 with 1 yields not one, but two epim
eric adducts. As such, it is not exo/endo stereospecific, as is 
neither its reaction with 5,5-dimethoxytetrachlorocyclo- 
pentadiene (7) and tetrachlorofuran (8), which yield 88 and 
80%, respectively, of the analogs of 6A. In fact, none of the 
reactions of Table I are completely stereospecific.10

The data of Table I suggest that the sterieally least de
manding aldehydo and cyano substituents are forced in the 
sterieally unfavored exo position when they are in competi
tion with bulkier substituents. To evaluate them against 
the smallest of substituents, several monosubstituted ethy- 
lenes were allowed to react with 1 and the adducts analyzed 
for isomeric composition.

As anticipated, the halogens and bulky carbon substitu
ents, such as tert-butyl, phenyl, and methoxycarbonyl 
yielded endo adducts only, but propylene, acrolein, and ac
rylonitrile produced 5, 14, and 14%, respectively, of the exo 
products as well. With 1, 7, and 8, acrylonitrile yielded in
creasingly more exo adducts, 14, 17 and 38%, respectively, 
providing thus additional support for the steric argument 
and suggesting again the relatively subordinated role of 
secondary orbital interaction in these reactions.

Figure 1. Pmr spectrum of the methylene protons in 2, 3, 6A, and 
6B.
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Singlet Oxygen Scavenger Method for the 
Determination o f Ketone Peroxide Kinetics

Summary: The rate of decomposition of dicyclohexylidene 
diperoxide (I) has been monitored spectrophotometrically 
by use of the colored singlet oxygen scavenger “ tetracy- 
clone” (III) (tetraphenylcyclopentadienone). The rate con
stants determined for I are in good agreement with those 
determined iodometrically.

Sir: In 1967 Story and coworkers1 found that the thermal 
and photochemical decomposition of cyclic ketone perox
ides such as I and II produced macrocyclic hydrocarbons 
and lactones (eq 1 and 2). About 5-10% ketone was also 
produced. Story suggested that the ketone was produced 
with the evolution of singlet oxygen.

The detection of singlet oxygen in liquid phases is re
stricted almost entirely to chemical methods which might 
be misleading (but several methods are available).2̂ 1 In 
order to determine the singlet oxygen in a liquid phase, one 
may decompose the precursor in the presence of an appro
priate singlet oxygen acceptor.5
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For example, Murray and coworkers used tetracyclone to 
measure the per cent of singlet oxygen evolved from ozone 
adducts of isopropyl alcohol and isopropyl ether (eq 3).6 In 
our laboratory Brennan used tetracyclone to scavenge sin
glet oxygen from phosphorus ozone adducts.7

Ill +  ‘02

c6h6

c6h5 \
> = 0

c6H5 /1 = 0

c 6H5
IV

+ CO (3)

It occurred to us that this highly colored compound 
might be used (if thermally stable) to measure the singlet 
oxygen evolved from peroxide precursors. The extinction 
coefficient of this compound is high ft a  1250 l./(mol cm)], 
thus allowing the singlet oxygen yields to be determined on 
dilute peroxide solutions with the aid of a spectrophotome
ter.

The stable free radical technique for the determination 
of free radical initiator kinetics had been so successful for 
the determination of the kinetics and free radical efficien
cies of diacyl peroxides that we decided to apply the same 
technique to peroxides which might give singlet oxygen on 
decomposition.8

The advantages are (a) the solution of peroxide is dilute 
enough so that induced decomposition is negligible; (b) the 
rate constant and the efficiency of singlet oxygen produc
tion (the fraction of singlet oxygen per mole of peroxide 
which reacts with the scavenger) may be determined in a 
single experiment.

The rate data for the decomposition of cyclohexanone di
peroxide obtained by monitoring the disappearance of the 
colored band at 510 mg in tetracyclone were calculated 
from eq 4 and are presented in Table I (see ref 8 for deriva
tion of a similar equation). The rate data are in good agree
ment with that obtained by following the rate iodometri
cally in all solvents except cyclohexane.9 The reason for 
this discrepancy has not been completely resolved.

In (A -  A .)  = -k t  + In eP0es (4)10

The values of e s for I range from 0.05 to O.Uz in the sol
vents studied, and it appears that the peroxide is not an ef
ficient source of singlet oxygen. The yield of cyclohexanone 
varies from 0.10 to 0.20 mol/mol of peroxide; so the maxi
mum available singlet oxygen is 5 to 10% (0.05 to 0.10 for 
e s). Furthermore, it is likely that the values of es recorded 
in Table I are too high since it is possible for the fading of
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Table I
Kinetics and Singlet Oxygen Efficiencies for Dicyclohexylidene Diperoxide in Some Solvents“

Solvent 103 P0, m o l/1 .6 t " , c 105'fc (± std dev), sec * *1/2. min *1/2. m in°

Toluene 10.0 170.1 96.3 (±4.6) 12.0 13.2 0.038
10.6 170.1 99.1 (±4.0) 11.6 0.035
5.00 170.1 84.0 (±6.2) 13.7 0.039
8.46 160.1 27.9 (±1.3) 41.4 39.6 0.048

10.0 160.1 31.2 (±1.2) 37.0 0.035
10.0 160.1 25.8 (±0.7) 44.7 0.044
10.1 160.1 29.3 (±4.0) 39.4 0.035

Cyclohexane 10.0 160.1 23.5 (±1.3) 30.0 41.6 0.038
10.0 155.1 14.6 (±0.7) 61.4 86.8 0.043

Chlorobenzene 10.0 155.1 27.4 (±2.8) 42.1 45.0 0.050
Bromobenzene 13.5 160.1 45.5 (±0.4) 25.4 26.2 0.046

13.5 155.1 27.0 (±0.8) 42.8 45.0 0.049
o -Dichlorobenzene 10.0 160.1 36.0 (±1.9) 32.0 0.022

10.0 155.1 27.3 (±1.4) 42.3 0.026
10.0 150.0 18.0 (±2.0) 64.3 0.019

Acetophenone 10.0 155.1 27.8 (±0.6) 41.6 37.3 0.043
“ The initial scavenger concentration (So) was 8.00 X 10' 4 M. 6 Initial peroxide concentration in moles per liter. c The half-life in this 

column came from iodometric rate studies (Po s  0.02 mol/1.).

the tetracyclone to be caused by addition of radicals to the 
double bonds (eq 5).

R- + III — *- R -  III- — *- colorless products (5)

When III was heated with di-fert -butyl peroxide in de
gassed chlorobenzene solution at 160°, fading occurred. 
This is presumably due to radical addition to the double 
bonds of III. No product studies were done however.

Table II shows the yield of cis -dibenzoylstilbene deter
mined by vpc analysis. The yield is higher here than the 
yield determined spectrophotometrically.

It was observed in the vpc trace that there were several 
unidentified peaks with a retention time higher than those 
of cis-dibenzoylstilbene and tetracyclone. These peaks 
were shown to be absent when the peroxide was thermo- 
lyzed in the absence of tetracyclone. The products which 
give rise to the unidentified peaks are presumed to be radi
cal addition products of tetracyclone.

It is likely that the oxygen which is generated in the 
thermal decomposition of ketone peroxides enters into a 
chain reaction11 if it does not add to tetracyclone as singlet 
oxygen. For example, the following free radical chain pro
cess is reasonable.

R- + 02 —*• R— O— 0- (7)

R—-O— O- (R-) + tetracyclone —► radical adduct (8)

R 0 — -O- +  R O O’ — *■ nonradical products (9)

The termination reaction 9 has been shown for the auto
oxidation of ethylbenzene to give the products in eq 10.12 
This type of termination is well known for secondary per- 
oxy radicals.12-15

CH., 0
I II

2C,;H5CH— O— O- — »-CiiHr.C— CH, +

C6H5CH(OH)—  CH3 +  ‘0 2 (10)

The point to be made by eq 6 through 10 is that fading of 
the tetracyclone may be caused by radical addition (eq 8) 
or singlet oxygen generated via paths such as eq 9.

Table II
Per Cent Yield of cts-Dibenzoylstilbene

Solvent T° 9 C
p0. .

m ol/l.G
so>

m ol/1. 6
4 sc *3*

Cyclohexane 160 0.1 =¿0.05 0.053 0.038
170 0.1 =¿0.05 0.078

n -Decane 150 0.1 =¿0.05 0.034
160 0.1 =¿0.05 0.074

Toluene 150 0.1 =¿0.05 0.058
160 0.1 =¿0.05 0.078 0.035-0.048
170 0.1 =¿0.05 0.099 0.035-0.039

Chlorobenzene 140 0.1 =¿0.05 0.059
150 0.1 =¿0.05 0.055 0.046
160 0.1 =¿0.05 0.055
165 0.1 =¿0.05 0.053

° Initial peroxide concentration in moles per liter. 4 Initial 
scavenger concentration in moles per liter. c Yield of cis-dibenzoyl- 
stilbene determined by vpc analysis. d Singlet oxygen efficiency. 
determined by spectrophotometry on dilute solutions (P0 = 0.01, 
So = 0.0008 mol/1.).

Despite the number of interferences, the method pre
sented above appears to be useful for determination of the 
rate of decomposition of peroxides such as I which are po
tential singlet oxygen precursors. Indeed, the above is only 
a fair demonstration of the method. Furthermore, very lit
tle was learned about that portion of the decomposition of I 
which gives cyclohexanone plus oxygen. However, the tech
nique should be very useful for the determination of rates 
of decomposition and singlet oxygen efficiencies (es) in sys
tems which give higher yields of singlet oxygen without the 
interference encountered in the study of I.
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Heteroatom-Direeted Photoarylation. A New Method 
for Introduction of Angular Carbon-Carbon Bonds

Summary: Photocyclization-rearrangement of cyclic 2- 
thioaryloxyenones to annelated dihydrothiophenes and 
subsequent desulfurization give 3-arylcycloalkanones in 
high overall yield.

Sir: Introduction of an aryl substituent at a carbon atom f} 
to a carbonyl group by conjugate addition of organocopper 
reagents to «,/3-unsaturated carbonyl substrates has re
ceived considerable attention, e.g., 1 —► 2.1 Unfortunately, 
copper catalyzed reactions of arylmagnesium halides with 
a,/3-unsaturated ketones usually give mixtures of 1,2- and
1,4-addition products. Conjugate addition may be more ef
fectively performed by use of stoichiometric organocopper 
reagents prepared from an aryllithium and cuprous iodide;

however, the required aryllithium may not always be ob
tainable. Furthermore, a two- or threefold excess of organo
copper reagent is normally required for satisfactory conju
gate addition and significant quantities of dimeric by-prod
ucts may arise from coupling of the organocopper reagent.

In this paper, we report new methodology for the effi
cient and experimentally simple introduction of an aromat
ic nucleus ¡3 to a carbonyl group. The key step in the pro
cess involves the photocyclization-rearrangement of 2- 
thioaryloxyenones to dihydrothiophenes, e.g., 3 —«• 5.

Cyclic 2-thioaryloxyenones 3 were prepared2 in 92-98% 
yields by the potassium hydroxide catalyzed reaction of 1 
equiv of aryl mercaptan with 2,3-epoxy-3,5,5-trimethyl- 
cyclohexanone.3 Pyrex-filtered irradiation of 3 in benzene- 
methanol solution (3:1) in a conventional preparative pho
toreactor gave dihydrothiophenes 5 in excellent yield, 
Table I. This process presumably occurs by • conrotatory

Table I
Photocyclization of 2-Thioaryloxyenones 3 to 
Dihydrothiophenes 5 and Desulfurization to

3-Arylcyclohexanones 2
2 - % yield % yield

Thioaryloxyenone Dihydrothiophene 5 formed o f 5 a o i 2 a

a Represents isolated yield of distilled or crystallized product. 
b Ratio of isomers is 70:30.c Product identical with that obtained by 
desulfurization of 5b.

photocyclization4 in the excited state of 3 to give the inter
mediate thiocarbonyl ylide 4, which suffers 1,4-hydrogen 
migration to give dihydrothiophene 5.5

The conversion 3 —*• 5 in all cases examined except 3c is 
completely regioselective and is applicable to large-scale

O

3a, Ar = phenyl
b, Aj = o-tolyl
c, Ar = m-tolyl
d, Ar = p -tolyl
e, Ar = p-hydroxyphenyl
f, Ar = 2-naphthyl

synthesis. The following procedure for preparation of 5a is 
representative. A solution of 3a (70.4 g) in benzene (1500 
ml) and methanol (500 ml) was placed in a photoreactor 
fitted with a water-cooled immersion well containing a 
450-W high-pressure mercury arc lamp. Dry argon was
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passed into the solution for 30 min prior to and during irra
diation, and, after 20 hr, <0.5% 3a was present in the near
ly colorless reaction mixture (vpc analysis). Evaporation of 
solvent and crystallization from ether-petroleum ether 
gave 5a (63.7 g, mp 80-82°).

Conversions of 5 to substituted 3-arylcyclohexanones 2 
were best accomplished by desulfurization with freshly pre
pared Raney nickel in refluxing ethanol solution. While 
partial to complete hydrogenation of the carbonyl group in 
5 accompanied desulfurization, treatment of the crude 
desulfurization product with Jones reagent gave ketone 2 
in good overall yield, Table I.

No reduction of the aromatic ring occurred in 5a-e; how
ever, desulfurization of 5f with Raney nickel or nickel bo
ride6 resulted in extensive reduction of the naphthalene 
ring. Refluxing the desulfurized ketone with excess dichlo- 
rodicyanobenzoquinone in benzene solution gave 3-(a- 
naphthyl)-3,5,5-trimethylcyclohexanone (2f) in moderate 
yield.

An advantage of photoarylation is demonstrated by the 
conversion of phenol 3e to 2e in 70% overall yield. This re
sult is interesting because conjugate addition of organocop- 
per reagents derived from m-bromophenol has not been 
successful.7

The stereochemical control possible with photoarylation 
is exceptionally high as demonstrated by conversion of 2- 
thiophenoxyoctalone 6 to dihydrothiophene 7. Pyrex-fil-

H

tered irradiation of 6 in benzene-methanol solution gave a 
single dihydrothiophene 7 (nmr, tic, and vpc analysis) iso
lated as an oil in >95% yield. When desulfurized, 7 gave 
only cis -9-phenyldecalone-2 in high yield, which was iden
tified by comparison with the product previously charac
terized from addition of lithiumdiphenylcuprate to Z\1(9)- 
octalone-2.8 Exclusive formation of cis-decalone 7 in the 
photocyclization of 6 may be the result of preferential cy- 
clization from the least hindered face of the enone system 
in 6. This hypothesis is being tested in other fused-ring sys
tems.
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