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Cuprous cyanide and cuprous alkoxides (methoxide, ethoxide, isopropoxide, and terf-butoxide) readily under
went substitution reactions with 2-iodoazobenzene to yield 2-cyanoazobenzene and the 2-alkoxyazobenzenes, re
spectively. Similar reactions with the corresponding sodium salts gave either no reaction or reduction of 2-iodo
azobenzene to azobenzene with one exception, sodium methoxide, which gave 2-methoxyazobenzene. The reac
tivities of 2-bromo-, 2-chloro-, 3-iodo-, and 4-iodoazobenzene are contrasted to that of 2-iodoazobenzene. Substi
tution reactions of 2,6-diiodo- and 2,2'-diiodoazobenzene are discussed.

Very few electrophilic substitution reactions of azoben
zene give 2-substituted azobenzenes and when they do the yields are very low.1 Thus to obtain 2-substituted azobenzenes the most convenient method is the condensation of 
an aromatic nitroso compound with an aniline.2 The limitations of such reactions are the availability of the necessary 
two starting materials. In this paper there are described 
nucleophilic substitution reactions of 2-iodoazobenzene 
(2a) that lead to a number of 2-substituted azobenzenes (Scheme I). The 2-iodoazobenzene (2a) can be synthesized by a condensation reaction3 (Scheme I) or through direct4 
(Scheme I) mercuration of azobenzene (1) or through indirect5 formation of the same mercurial and subsequent io- dination of this mercurial. Such reaction sequences can be

Scheme I
X

Y

extended to other azobenzenes where an R group (or groups) is present on the azobenzene. This has been done for two examples in this paper.
Examples of aromatic nucleophilic substitution reactions are numerous in the literature. Substitution is easiest when the ring is activated with an electron-withdrawing group or 

groups in the ortho and/or para position(s) to the leaving group.6 For unactivated aromatics the use of the copper 
salts either as catalysts or in themselves leads to substitution; however, the conditions of reaction are usually rather 
severe.7-9 A few cases of nucleophilic substitution of chlo- rohydroxyazobenzenes are reported in which alkoxides, with cupric salts as catalysts, replace the chlorine.10

Results and Discussion
The results of the substitution reactions on monohalo- 

azobenzenes are listed in Table I. The ratio of nucleophilic reagent to haloazobenzene was always kept large to drive 
the reaction to completion where possible. No difficulty was experienced in isolating the monocyano compounds from the reaction mixtures as other workers have found.9

The cyanide ion is a good nucleophile, but with the sodium ion in methanol, it did not substitute for the iodine of 2-iodoazobenzene (2a). When dimethylformamide was 
used as the solvent and the temperature of the reaction was 100°, then a very small yield of 2-cyanoazobenzene (3a) was obtained. At reflux no product was obtained. However, with the cuprous ion, in methanol, the substitution of 2a with cyanide proceeded smoothly and essentially quantitatively to yield 3a. The reaction of cuprous cyanide with 3-

3a, Y =  CN
b, Y = OMe
c, Y =  OEt
d, Y =  0-i-Pr
e, Y =  0-í-Bu
f, Y =  OH

2421

3a, o-CN 
4a, /n-CN 
5a, p-CN
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Table I
Nucleophilic Substitution Reactions on Haloazobenzenes

Nucleophilic 
reagent (MY)

Haloazo-
benzene

Molar a 
ratio Solvent Method SM % Yield ̂  products

NaCN 2 a 3 Methanol A 10 0 0

NaCN 2 a 3 DMF, 100° c A 50 l
NaCN 2 a 3 DMF, 152° A 0 0 , 1 0  (1 )
CuCN 2 a 3 Methanol A 1 94
CuCN 4 3 Methanol A 95 1

CuCN 4 3 None C 6 52
CuCN 5 3 Methanol A 91 1

CuCN 5 3 None C 33 34
CuCN 2b 4 Methanol A 15 81
CuCN 2 c 4 Methanol A 95 0

NaOMe 2 a 3 Methanol B 3 95
NaOMe 2b 13 Methanol B 94 0

CuOMe 2b 13 Methanol B 32 49
NaOEt 2 a 10 Ethanol B 0 0, 90 (1)
N aO -i-Pr 2 a 13 2-Propanol B 0 0 , 1 0 0  (1 )
NaO-i-Bu 2 a 13 te r t-Butyl alcohol B 70 0
CuOEt 2 a 7 Ethanol B 1 89, 1 (3f)
C uO -i-Pr 2 a 13 2-Propanol B 0 62, 10 (1), 16 (3f)
C uO -i-Pr4 2 a 13 2-Propanol B 0 62, 13 (1), 20 (3f)
CuO-i-Bu 2 a 13 te r t -Butyl alcohol B 2 1 18, 42 (3f)
CuCl 2 a 3 Methanol A 0 10 0

NaOH 2 a 1 2 Methanol A 90 0

CuOH 2 a 3 Methanol B 0 0, 93 (3b)
CuOH 2 a 16 ie r i -Butyl alcohol B 64 1 1

Cu20 2 a 2 Methanol A 70 29 (3b)
Cu20 2 a 2 2-Propanol A 74 3 (3d)

a Ratio of moles of nucleophilic reagent to moles of haloazobenzenes. b The percent recovery of starting material (SM) is given. Under 
products is listed the percent yield of the expected product and then additional products with identification numbers in parentheses. 
c Heated for only 1.5 hr. d Reagent made with a 10% molar excess of cuprous chloride.

iodo- (4) and 4-iodoazobenzene (5) in methanol gave only slight yields of the corresponding cyano compounds (4a and 5a). However, with no solvent and a much higher tem
perature 4 and 5 reacted partially with cuprous cyanide to give 4a and 5a, respectively, along with some apparent decomposition. The substitution of 2-bromoazobenzene (2b) 
was slower than that of 2-iodoazobenzene (2a) and 2-chlo- 
roazobenzene (2c) did not react at all under these conditions.The above results suggest that the essential part of the 
reaction is the chelation of the cuprous ion by an azo nitrogen and by the iodo group as illustrated (6 and 7). The cop

per would then assist in removing the iodine, thus allowing for easy substitution of the cyano group. The sodium ion does not chelate and the 3-iodo- and 4-iodoazobenzenes (4 and 5) cannot form such chelates. If chelation were not fa
vored then the 2-iodo- and 4-iodoazobenzenes should be expected to react at about the same rates.6

The methoxide ion is generally a better nucleophile11 than the cyanide ion and this is seen in the case of the reaction of sodium methoxide with 2a to give a high yield of 2- 
methoxyazobenzene (3b). Reaction between sodium methoxide and 2-bromoazobenzene (2b) did not take place, indicating that possibly this is on the borderline of reactivity. Reaction of sodium ethoxide and sodium isopropoxide gave exclusively reduction of 2a to azobenzene (1). Possible reaction mechanisms are a hydride transfer of the a  hydro

gen of the alkoxide or hydrogen abstraction by aryl radicals or, in copper reactions, copper-associated radicals generat
ed through an electron transfer mechanism to give reduc
tion of 2a and to give a carbonyl compound. The carbonyl compounds, acetaldehyde and acetone, in these reactions 
were not searched for. Under these mild conditions, the sodium terf-butoxide did not undergo the reduction reaction, having no a  hydrogen atom, and did not undergo substitu
tion. Bacon and Rennison13 similarly found that sodium al- koxides, with cuprous oxide as catalyst, gave reduction of
1-bromonaphthalene to naphthalene. In their case, sodium methoxide gave between 5 and 50% substitution and about 
10% reduction. Sodium ethoxide gave 5 to 10% substitution and the rest reduction while sodium isopropoxide gave reduction and no substitution. They also found that sodium 
t e r t -butoxide gave some reduction and no substitution. 
They surmised that, at their conditions of over 100°, copper-associated radicals possibly were involved and these 
can remove /? hydrogens from a t e r t -butyl group for the reduction. They did show that when the sodium salt of benzyl alcohol was used in the reaction that benzaldehyde resulted.Two cuprous alkoxides have recently been described. 
Cuprous methoxide14 was made by the reaction between methylcopper and methanol and the cuprous feri-butox-
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Table II
Nucleophilic Substitution Reactions on Dihaloazobenzenes

% Yield6

Nucleophilic 
reagent (MY)

Dihalo azo- 
benzene Molar a ratio Solvent Method SM Mono- Di-

CuCN 8 l Methanol A l i 75 (9a) 12 (10a)
CuCN 8 7 Methanol A 0 0 94 (10a)
CuCN 1 1 7 Methanol A 3 2 0  (12a) 45 (13a)
NaOMe 8 1 Methanol B 2 0 51 (9b) 2 0  (10b)
NaOMe 8 9 Methanol B 0 1 (9b) 81 (10b)
NaOMe 1 1 15 Methanol B 10 0 0 0
CuOMe 1 1 9 Methanol B 36 15 (12b) 47 (13b)

a Ratio of moles of nucleophilic reagent to moles of dihaloazobenzene. 6 The percent recovery of starting material (SM) is given. Under 
mono- and di- are listed the percent yields of the expected products and in parentheses are the identification numbers.

ide15 was obtained by reaction of lithium tert-butoxide and cuprous chloride. For this work the cuprous alkoxides were made in situ and used immediately. The method of making 
the cuprous alkoxides was to react equal molar amounts of sodium alkoxide with cuprous chloride under reflux for 30 
min. The 30-min reflux period was found to be essential 
since without it no expected products resulted. The reaction of cuprous isopropoxide with 2a seemed to show no 
difference in the ratio of products whether the cuprous iso
propoxide was made with a slight excess of cuprous chloride or a slight excess of sodium alkoxide. Thus it appears that both sodium and cuprous isopropoxide can give reduction.

Since the sodium methoxide reacted completely with 2a, cuprous methoxide was not treated with 2a but was treated 
with 2-bromoazobenzene (2b) to give a fair yield of 2- methoxyazobenzene (3b). Cuprous ethoxide reacted with 
2a to give a good yield of 2-ethoxyazobenzene (3c) and no 
detectable reduction product, azobenzene (1). Reaction between cuprous isopropoxide and 2a gave a fair yield of 2- 
isopropoxyazobenzene (3d) in addition to the reduction product, azobenzene (1), and some 2-hydroxyazobenzene 
(3f). Cuprous fert-butoxide and 2a gave a low yield of 2- 
ferf-butoxyazobenzene (3e) along with recovered 2a and a 
fair yield of 3f.The 2-hydroxyazobenzene (3f) that was observed in the 
case of the reaction between cuprous isopropoxide (or t e r t -  
butoxide) and 2a could be due to the decomposition of 3d (or 3e) or formation directly by substitution with cuprous 
hydroxide. 2-Isopropoxyazobenzene (3d) was refluxed for 22 hr with cuprous isopropoxide. On work-up, no 2-hy- 
droxyazobenzene (3f) was detected, thus suggesting that decomposition of the alkoxyazobenzene is not the path to 
3f. Sodium hydroxide and 2a were refluxed in methanol but no reaction was observed after 22 hr. This is not sur
prising, since the hydroxide ion generally is less nucleophilic than cyanide.12 However, when 1 equiv of cuprous chlo
ride was added to the sodium hydroxide and this refluxed for 30 min, to make cuprous hydroxide, there was obtained on reaction with 2a an excellent yield of 2-methoxyazoben- zene (3b) but no 3f. The reaction of cuprous hydroxide and 
2a in t e r t -butyl alcohol did yield 3f. This suggests that in 
methanol there is an equilibrium between the hydroxide and methoxide ions and that the methoxide reacts faster to form 3b. In t e r t -butyl alcohol the hydroxide ion apparently 
reacts faster than the teri-butoxide ion, giving 3f and no 
3e. The formation of cuprous hydroxide in the cuprous alkoxide reactions could be generated by decomposition of the 
cuprous isopropoxide or t e r t -butoxide into cuprous hydroxide and alkene. Commercial cuprous oxide when treated with 2a in methanol gave a small yield of 3b, and in iso
propyl alcohol a slight amount of 3d.

In Table II are listed the results of substitution reactions on diiodoazobenzenes. 2,6-Diiodoazobenzene (8) with 1 mol of cuprous cyanide gave predominantly the product of 
monosubstitution, 2-cyano-6-iodoazobenzene (9a). When a

8

Y
9a, Y = CN 
b, Y = OMe

Y
10a, Y = CN 

b, Y = OMe

large excess of cyanide was used, then the only product was the disubstituted compound, 2,6-dicyanoazobenzene (10a). 2,2/-Diiodoazobenzene (11) is not as reactive as 8 and even 
with an excess of cuprous cyanide reaction did not proceed completely to the dicyano compound, 2,2/-dicyanoazoben- 
zene (13a), and some 2-cyano-2,-iodoazobenzene (12a) was left. A fair amount of what appeared to be decomposition

12a, Y = CN 13a Y = CN
b, Y = OMe b, Y = OMe

material was observed on working up this reaction. In the reactions of diiodo compounds some loss of cyano compounds resulted if the reaction mixtures were not worked up with the ammonia solution. This is unlike the cases noted earlier in Table I but similar to what others have 
noted.9Reaction between 8 and sodium methoxide proceeded as with cuprous cyanide. In the equal molar case there was, however, obtained more disubstituted product, 2,6-di- methoxyazobenzene (10b), than in the cyanide case, and less monosubstituted product, 2-iodo-6-methoxyazoben- zene (9b). The 2,6-dimethoxyazobenzene (10b) obtained in
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Table III
Properties of the Compounds“

Mp °C ________________ Nmr, 6 values &
Compd Found Lit. Ir „CsN , cm “1 Aromatic regionc Aliphatic region

1 65-67 68“ 8.1-7.3
2a 60-61.5 62® 8.1-7.0'
2b 39-40 36* 8.1-7.3
2c 27-28 33* 8.1-7.3
3a 61.5-63 2210 8.1-7.3
3b 34-36 40* 8.1-6.8 s 4.0‘
3c 130-1351 8.1-6.8 q 4.2 (J s  6) t 1.5 {J s  6)
3d 130-1351 8.2-6.7 sep 4.5 (j s  6) d 1.3 (J  s  6)
3e 62-64 8.1-6.9 s 1.4
3£ 79-80 81" 8.3-6.7 s 12.8*’*
4 69-70 71® 8.0-7.3 d 8.2 ( j s  2) t 7.2 (J s  8)
4a 90.5-91 2210 8.3-7.3
5 105-106 106® 8.1-7.3
5a 120-121 120.5—121.51* 2207 8.2-7.3
8 118-119 118—119̂ 8.2-7.3' t 6.6 (J s  8)
9a 73-74 2206 8.3-7.5 t 7.2 ( j s  8)
9b 63.5-64.5 8.2-7.3 

7.0-6.9
s 3.8

10a 178-179 2210, 2208" 8.3-7.4
10b 113-115 96-97" 8.0-7.0 6.8-6.5

s 3.8*
11 158-159 158—158.5# 8.1-7.O'12a 141.5-143 2207 8.2-7.2
12b 99-100 8.1-6.9 s 4.0
13a 235.5-237 2208 8.2-7.513b 154-155 155* 7.9-6.9 s 4.0*

a Satisfactory analytical data (±0.4% for C, H, N) were reported for all new compounds listed in the table. b Integrations were correct for 
all compounds.c Multiplets unless otherwise specified. <* Reference 21. e Reference 3. f For further elucidation of the NMR spectra see ref 4. 
* Reference 20. h Reference 17. ' These values compare favorably with the values in ref 17. > Boiling points at 0.75 mm. k Hydroxyl proton. 
1 Reference 4. m Shoulder peak. n References 16 and 17. p Reference 22.

this study was found to have a melting point 2 0 ° higher 
than that previously reported. 16’17 An elemental analysis 
shows a formulation consistent with that of 10b. In an ef
fort to prove conclusively the structure, 10b was made by 
an independent route. 2-Nitroresorcinol was dimethyl- 
ated ,18 the nitro group reduced , 19 and the resulting aniline 
condensed with nitrosobenzene to give 10b. The melting 
point o f this 10b was identical with that o f the 10b above 
and a mixture melting point was undepressed. Repeated 
crystallizations from different solvents failed to change the 
melting point. The NM R spectrum is also consistent with 
10b.

2,2'-Diiodoazobenzene (11) gave no methoxy compounds 
when treated with sodium methoxide. Moreover, reduction 
o f one of the iodo groups was sometimes observed although 
this was erratic. Reaction did take place when cuprous 
methoxide was used, but not all o f the starting material was 
used up in the reaction even though a large excess o f cu
prous methoxide was used. These results are consistent 
with those o f reaction with cuprous cyanide. Also a very 
small amount o f reduction was noted in the form of 2 - 
methoxyazobenzene (3b) contaminating the mono product,
2 -iodo-2 '-methoxyazobenzene (12b).

In conclusion, a number o f cuprous salts can be used to 
effect substitution o f ortho iodoazobenzenes in good yield 
under mild conditions.

Experimental Section
NMR spectra were recorded on a Varían T-60 spectrometer in

5-10% CDCI3 solutions with Me¿Si as the internal standard. Ir 
spectra were taken in chloroform solution on a Perkin-Elmer IR- 
257.

The alumina used throughout this work was of activity grade of 
about 3 and was made by shaking 1000 g of neutral, Fisher alumina 
(Alcoa F-20) with 75 ml of water. All solvents used in this work 
were reagent grade and were used without further purification. 
The ligroin used was of boiling range 63-75°. The cuprous chloride 
used was Fisher C-457.

Melting points were taken on a Mel-Temp apparatus and are 
uncorrected. All microanalyses were carried out by the Galbraith 
Laboratories, Inc., Knoxville, Tenn.

Chromatography of all compounds was as follows. Azobenzene 
and all monohaloazobenzenes were eluted with a 9:1 mixture of lig
roin—benzene. Monoalkoxyazobenzenes were eluted with a 1:1 mix
ture of ligroin-benzene, diiodoazobenzenes with a 4:1 mixture of 
ligroin-benzene, monosubstituted diiodoazobenzenes with a 1:1 
mixture of ligroin-benzene, and the dicyano- and dimethoxyazo- 
benzenes with benzene.

All monosubstituted azobenzenes were crystallized from ligroin 
and all disubstituted azobenzenes from benzene.

The concentrations of the reactions were between 0.10 and 0.06 
M  in haloazobenzene.

Method A. 2-Iodoazobenzene (2a, 1.00 g, 3.3 mmol), 1.0 g (11 
mmol) of cuprous cyanide, and 40 ml of methanol were refluxed for 
20 hr. The reaction mixture was then poured into 400 ml of water 
and extracted with ether. The ether was evaporated and the resi
due was taken up in ligroin and chromatographed on 100 g of alu
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mina. Elution with a 9:1 mixture of ligroin-benzene gave 0.01 g 
(1%) of 2-iodoazobenzene. Further elution with a 1:1 mixture of 
ligroin-benzene gave 0.63 g (94%) of 2-cyanoazobenzene (3a). 
Crystallization from Iigroin yielded 0.58 g (87%) of 3a.

Further reactions of this type are listed in Tables I and II. The 
properties of all compounds used and made are listed in Table III.

In experiments on compounds 8 and 11, the reaction mixture 
was poured into 400 ml of 1 IV ammonium hydroxide solution in
stead of 400 ml of water.

Method B. Sodium metal (1.0 g, 43 mmol) was treated with 50 
ml of refluxing iert-butyl alcohol. When all of the sodium was 
reacted 4.0 g (40 mmol) of cuprous chloride was added and reflux
ing was continued for 0.5 hr. Then 1.00 g (3.3 mmol) of 2-iodoazo
benzene (2a) was added and the reaction mixture was refluxed for 
an additional 20 hr. At the end of the reflux period, the reaction 
mixture was poured into 300 ml of water and 200 ml of ether. The 
mixture was made slightly acidic, stirred for 5 min, and filtered to 
remove the black residue. The filtrate was separated and the ether 
was extracted three times with 150-ml portions of 1 N  sodium hy
droxide. The aqueous extracts were combined, acidified, extracted 
with ether, dried over anhydrous sodium sulfate, evaporated, and 
crystallized from Iigroin to yield 0.27 g (42%) of 2-hydroxyazoben- 
zene (3f). The ether layer, after base extractions, was evaporated 
to yield an oil which was dissolved in Iigroin and chromatographed 
on 75 g of alumina. The first band was eluted with a 9:1 mixture of 
ligroin-benzene to yield 0.21 g (21%) of recovered 2-iodoazoben- 
zene (2a). Elution with a 1:1 mixture of ligroin-benzene gave 0.15 g 
(18%) of 2-tert-butoxyazobenzene (3e). Crystallization from Iigroin 
by means of a Dry Ice-acetone bath gave red crystals of 3e.

Further reactions of this type are listed in Tables I and II. The 
properties of all compounds used and made are listed in Table III.

A similar reaction, but without the cuprous chloride, gave only 
recovered 2a.

Method C. 3-Iodoazobenzene (4, 1.00 g, 3.3 mmol) and 1.0 g (11 
mmol) of cuprous cyanide were placed in a Schlenk tube and heat
ed in an oil bath to 188° for 18 hr. Sublimation occurred. At the 
end of the reaction time the reaction mixture was extracted with 
hot chloroform until the extracts were colorless, leaving a black 
residue. The solvent was evaporated and the work-up of the reac
tion then proceeded as in method A.

2,6-Dimethoxyazobenzene (10b). At room temperature were 
mixed 6.1 g (40 mmol) of 2,6-dimethoxyaniline19 in 50 ml of 95% 
ethanol and 5.3 g (50 mmol) of nitrosobenzene in a mixture of 95% 
ethanol and 50 ml of glacial acetic acid. This mixture was allowed 
to stand for 20 hr. It was then poured into 11. of water and extract
ed three times with 200-ml portions of ether which was washed 
three times with 250-ml portions of 2 A  hydrochloric acid and 
three times with 150-ml portions of water. The ether layer was 
dried over anhydrous sodium sulfate and evaporated and the resi
due was taken up in a 3:2 mixture of ligroin-benzene. This was 
placed on a column of 150 g of alumina and elution with a 3:2 mix
ture of ligroin-benzene gave a light yellow colored fraction which 
was discarded. Elution with a 1:4 mixture of ligroin-benzene gave
2.5 g (26%) of an orange compound which after crystallization from 
benzene-ligroin gave 2.3 g (24%) of 10b, mp 113-115°. A mixture

melting point with the 2,6-dimethoxyazobenzene made by méthox
ylation of 8 was 113.5-115.5°,

Anal. Calcd for Ci4H14N202: C, 69.41; H, 5.82; N, 11.56. Found: 
C, 69.06; H, 5.92; N, 11.34.
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p-Nitrobenzenesulfonyl peroxide (I) oxidized benzaldehyde in ethyl acetate solution at 0° in the presence of 
N,lV-diphenylpicrylhydrazyl to give benzoic acid (85%) with a AH l of 22 ±  4 kcal mol-1. No nuclear substitution 
in the aromatic aldehyde was detected. I (1.00) reacts with a mixture of benzene (113) and benzyl alcohol (20) in 
ethyl acetate to give p-nitrofcenzenesulfonic acid (1.19), benzoic acid (0.187), phenyl p-nitrobenzenesulfonate 
(0.206), and isomeric hydroxvmethylphenyl p-nitrobenzenesulfonates (0.378). The orientations of nuclear substi
tution (partial rate factors based upon the competitive nuclear reactivity of 10.5 for benzyl alcohol) are: ortho, 
29.3% (9.2); meta, 9.9 (3.1); para, 60.8 (37.8). The overall kinetics give a AH1 of 15.4 kcal mol-1 and AS1 of —23 cal 
deg-1 mol-1. I (1.00) reacts with a mixture of acetophenone (200) and benzene (12) to give isomeric p-nitroben- 
zenesulfonoxy acetophenones (0.16), phenyl p-nitrobenzenesulfonate (0.056), p-nitrobenzenesulfonic acid (1.16), 
phenacyl p-nitrobenzenesulfonate (0.10), benzoic acid (0.592), and traces of 1,3,5-triphenylbenzene and dypnone 
together with tars which yield methyl iodide (0.15) when treated with hydrogen iodide. The orientations of nucle
ar substitution [partial rate factors based upon the relative reactivity (0.15) for acetophenone] are: ortho, 35.9% 
(0.15); meta, 50.3 (0.22); para, 13.8 (0.12). The overall pseudo-first-order rate constants for the disappearance of 
the peroxide gave Affi of 16.7 kcal mol-1 and AS* of 21.8 cal deg-1 mol-1. These results are all consistent with 
electrophilic ionic reactions.

In the preceding papers of this series it has been found 
that nitrobenzenesulfonyl peroxides are sufficiently stable 
for routine laboratory use2 and that they react with both 
activated and deactivated aromatic nuclei3 by a typical 
electrophilic aromatic substitution to yield aryl sulfonate 
esters.
(02NC6H4S03)2 + CeH5X —

o 2n c 6h4so3c 6h4x  + o 2n c 6h4so3h (1)

Treatment of either styrene or stilbene with sulfonyl 
peroxides results in oxidative addition to the double bonds 
to yield disulfonates.4 However, the side chains of alkyl- 
benzenes are completely unaffected by sulfonyl peroxides 
while the nuclei are undergoing arylsulfonoxylation.1 ’5 
Even the nucleus of anisole undergoes m-nitrobenzenesul- 
fonoxylation without formation o f any other type of oxida
tion product.3 Although the arylsulfor.yl peroxides are very 
reactive reagents for electrophilic substitution, they appar
ently have very limited power as general oxidizing agents.

In the present work it was planned to investigate the 
reactions of p -nitrobenzenesulfonyl peroxide (I) with ben
zyl alcohol, benzaldehyde, and acetophenone to determine 
whether nuclear substitution or oxidation o f the reactive 
side chains would occur. The para peroxide was selected in 
preference to its isomers because preliminary experiments 
disclosed that some needed reference compounds derived 
from o- and m -nitrobenzenesulfonyl peroxides were oils, 
but the p -nitrobenzenesulfonyl analogs were easily purified 
crystalline solids.

Results and Discussion
R eaction o f  I w ith Benzyl A lcohol. Although the com

petitive reaction o f I with a mixture of benzyl alcohol and 
benzene in ethyl acetate (eq 2 ) gave some oxidation of the

I + C6H5CH2OH + CgHg -ethyl >
(1.00) (20.0) (113.0) aCetat"

c 6h 5c o o h  +  />-o 2n c bh 4s o 3h  +

(0.187) (1.19)
¿>-o 2n c 6h4so3c 6h5 + P -02NC6H4S03C6H4CH20H (2)

(0.206) (0.378)

Table I
Relative Reactivities (from Competitive 

Determinations), Orientations, and Partial Rate 
Factors for the p-Nitrophenylsulfonoxylation o f Benzyl 

A lcohol and Acetophenone in Ethyl Acetate at 25°

Quantity measured Benzyl alcohol Acetophenone

^Ar/^B
%  o r th o  ( p a r t ia l  r a te  fa c t o r )  
%  m e ta  ( p a r t ia l  r a te  fa c t o r )  
%  p a r a  ( p a r t ia l  r a te  f a c t o r )

10.5 0.15
29.3 (9.2) 35.9 (0.15)

9.9 (3.1) 50.3 (0.22)
60.8 (37.8) 13.8 (0.12)

alcohol substituent (0.187 mol of benzoic acid per mole of 
peroxide), an overall 59% yield of nuclear substitution of 
the two aromatics included a 38% yield o f arylsulfonoxyla
tion of the alcohol. This is apparently the first reported 
successful nuclear substitution of benzyl alcohol and em
phasizes the low oxidizing power but high electrophilic re
activity of the sulfonyl peroxides. The orientations of sub
stitution and the partial rate factors (Table I) based upon 
the competitive relative reactivity to benzene (10.5) bear 
reasonable resemblance to the relative reactivity (6.48) and 
the orientations (partial rate factors) for the typically elec
trophilic nitration of benzyl methyl ether— ortho, 28.6 
(9.97); meta, 18.1 (1.32); para, 53.3 (16.3)— even though the 
nitration apparently proceeds via the protonated ether.6 
The methylene group of benzyl alcohol is obviously activat
ing and ortho-para directing toward arylsulfonoxylation 
but the inductive effect of the hydroxyl group modifies 
these effects.

The oxidation of the alcohol group, as expected, stoichio- 
metrically consumed 2 mol of the sulfonyl peroxide per 
mole of benzoic acid produced (95.7% of the oxidizing 
power of the peroxide accounted for, but only an 88.7% re
covery of the peroxide fragments). An ionic mechanism for 
the oxidation is probable because the addition of N ,N -di- 
phenylpicrylhydrazyl to the reaction mixture does not 
change the yield of benzoic acid.

Kinetic measurements of the disappearance of the per
oxide in the reaction mixture (Table II) proved the overall 
reaction with benzyl alcohol to be clean first order with re
spect to the peroxide and first order (1.07) with respect to
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the alcohol. The rate of reaction with the alcohol is more rapid than with benzaldehyde and yet no aldehyde can be 
detected in the benzyl alcohol sulfonoxylation products. 
Therefore benzaldehyde cannot be an intermediate in the oxidation of the alcohol because it should accumulate in 
measurable quantities. A possible mechanism consistent with these data involves hydride abstraction (eq 3) as a

H

C6H5CH2OH + (ArS03)2

C6H5—C—OH + ArS03- + ArS03H

fast | ArSOg “

H
C6H5COH c 6h 5c - oh

O OSOjAr

j  h2o

H+ + ArS03CCeH5 

O

fast |(ArS03)2

^  CeH5C OH H

OS02Ar

(3)

Ar =  p - 0 2NC6H4

rate-determining step. The intermediate hydroxy sulfonate 
could be formed instead by a concerted reaction or a free- radical cage process involving a benzyl alcohol-sulfonyl peroxide coordinated species. From the pseudo-first-order rate constants at various temperatures (Table II), AH* for 
the overall reactions was found to be 15.5 ± 0.5 kcal mol-1 and AS* to be — 23 ± 1 cal deg-1 mol-1. The AS1 is certainly characteristic of an ionic process, but, as it is calculated 
from an overall rate, it does not exclude a homolytic process for the side reaction of oxidation.

Reaction of I with Benzaldehyde. The decomposition 
of I in an ethyl acetate solution of a large excess of benzaldehyde with iV,iV-diphenylpicrylhydrazyl (DPPH) present 
(eq 4) gave no detectable amount of substitution in the ring

I + 

( 1 .00)

O
0“ II , %

C6H5CHO gHjCOOH + ArSOgH + ArSAr (4)

O
(33.3) (0.855) (1.69) (0.14)

Ar =  />-02NC8H4

of the aldehyde. In the absence of DPPH or at higher temperatures the yield of benzoic acid decreases to about 60% while the yields of tars and usually the sulfone increase. 
Degassing the solvent also increases the yield of benzoic acid. The oxidation of the aldehyde to benzoic acid thus appears to be an ionic process, probably proceeding via a

H
C6H5C = 0  + I — ► C6H5C = 0  + ArS03H + ArS03'

1
?  (5)

C6H5COOH    C6H5C—O—SAr
H2°  II II

o  o
Ar =  p -0 2NC6H4

hydride abstraction (eq 5). There is a competing homolytic induced decomposition involving the peroxide which pro
duces tars and the sulfone.

Kinetic studies were complicated by the inability to completely exclude oxygen from the system with its consequent formation of stable peroxides via the free-radical oxidation 
of the aldehyde. However, by taking duplicate aliquots of the reaction mixture and quenching the sulfonyl peroxide in one sample with anisole before titration, it was possible to correct for the stable carbon peroxides present. Anisole reacts very rapidly with sulfonyl peroxides at room temper
ature3 but does not react with the carbon peroxides under these conditions. The difference in titration between the quenched and unquenched samples therefore corresponds 
to the residual sulfonyl peroxide. The sulfonyl peroxide 
was found to decompose by first-order kinetics with a AW  of 22 ± 4 kcal/mol. The inaccuracy of this value precludes a calculation of AS1 of reasonable precision.

Reaction of I with Acetophenone. The competitive reaction of I with a mixture of acetophenone and benzene in ethyl acetate solution (eq 6) obviously proceeds via three 
separate pathways: substitution of the aromatic nuclei (22%), substitution in the aceto group (10%), and oxidation 
of the aceto group to benzoic acid (59%).From the relative yields of substitution in the nuclei of 
acetophenone and benzene and the orientations of substitution in acetophenone, the partial rate factors for the aryl- sulfonoxylation of the ketone were calculated (Table I). These partial rate factors are all less than unity with the 
meta value the largest of the three as expected for an electrophilic substitution.

The small yields of triphenylbenzene and dypnone are 
undoubtedly produced from acetophenone by condensations catalyzed by p-nitrobenzenesulfonic acid. These are 
typical aldol products and the competing addition of the sulfonyl peroxide to the olefinic bond of the aldol leads to phenacyl p-nitrobenzenesulfonate. Similar additions to the sulfonyl peroxides to olefins have been reported by Kergo- 
mard.4’7The stoichiometry of the products provides enough oxi
dizing power by the peroxide to produce the benzoic acid only if the methyl group of the acetophenone persists as

I +  c6h5cch3 +  c6h6

0
(1.00) (200) (12)

p-02NC6H4S03

CfftCOH 

(0.592)

^ ) — CCH3 +  p-0,NC6H4S03C6H5 +  p-02NC6H4lS03H 

0
(016) (0.056) (116)

(6)

C6Hs H CH3
X  i i

p-02NC6H4S03CH2— C— C6H5 +  Ì Q Ì  +  C6H=C— C==CC6H5

(0.10) ( tra c e )

O

( tra c e )
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Table II
Temperature and Arom atic Substrate Concentration 

Dependence o f the Pseudo-First-O rder Rate Constants 
for the Disappearance o f p-Nitrobenzenesulfonyl 
Peroxide (0.01 M )  in Ethyl Acetate Solutions of 

Arom atic Substrates

Aromatic
Concn aromatic, M Temp, °C 4 k * - 10 , sec

Benzyl alcohol“ 0 .7 5 9.95 2 .8 6
Benzyl alcohol 0 .7 5 3.95 1.625
Benzyl alcohol 0.565 -2 .20 0.588
Benzyl alcohol 0.75 -2 .20 0.759
Benzyl alcohol 1.00 -2 .20 1.13
Benzyl alcohol 0.75 -7.35 0.476
Benzaldehyde5 0.75 20.0 1.98
Benzaldehyde 0.75 15.0 0.865
Benzaldehyde 0.75 10.0 0.502
Acetophenone“ 0.75 35.15 1.71
Acetophenone 0.75 30.35 1.00
Acetophenone 0.75 25.40 0.681
Acetophenone 0.75 19.65 0.384

' Registry no., 100-51-6. b Registry no. 100-52-7. c Registry
98-86-2,

methyl in the products. No methyl p-nitrobenzenesulfo- 
nate is formed. Partial proof of the fate of the methyl group 
was obtained by treating the reaction mixture with hydro
gen iodide, resulting in a recovery o f 25% o f the lost methyl 
group as methyl iodide. These data are consistent with the 
loss o f the methyl groups as carbonium ions (eq 7) which by

C6H5C— CH3 +  (p-02NC6H4S03)2 — »

0

CH3 o
B . a M  ^  \\

0 — 0 — S— C6H4N0 2 +  p-0 2Nr,H.S<> 

0 

i
P  C6H5C+ +  CH3+ +  p 0 2NC6H4S0 3-

0 /  \
C-alkylation O-alkylation

p-0 2NC6H4S0 3C— C6H5

0
[h,0

(7)

C6H5COOH

direct transfer either alkylate oxygen atoms to yield ether 
systems (which can be cleaved by hydrogen iodide) or alk
ylate unsaturated carbon atoms to produce structures inert 
to hydrogen iodide. The methyl carbonium ion may, of 
course, never have a discrete existence but be transferred 
directly to the species it alkylates. The pseudo-first-order 
rate constants (Table II) for the overall disappearance of 
the peroxide correspond to AH i  o f 16.7 ±  0.5 kcal/mol- 1  
and ASt of —21.8 ±  0.7 cal deg“ 1 mol- -.

Hammett P lot. Most o f the previous arylsulfonoxylation 
studies primarily have involved m-nitrobenzenesulfonyl 
peroxide. However, when isomeric nitrobenzenesulfonyl 
peroxides have been reacted with the same aromatic sub
strate, only very small differences in orientations and par

Table III
M elting Points and Yields o f 

Aryl p-Nitrobenzenesulfonates (O 2NC6H 4SO 3C6H4X)

X Registry no. Mp, °C Yield,

o-Hydroxymethyl“ 55660-61-2 84-86 31
m - Hydr oxy methyl“ 55937-77-4 90-91.5 58
/>-Hydroxymethyl“ 55937-77-4 120-122 53
o-Trim ethylsiloxymethyl“ 55660-63-4 75-76 79
w? - Tb imethylsiloxy methyl“ 55660-64-5 42—43.5 81
/>-Trimethylsiloxymethyl“ 55660-65-6 52-53.5 84
0 - Acetyl“’ b 55660-66-7 117-119 37
m - Acetyl“’ 6 55660-67-8 100-101 39
p - Acetyl“’ 5 55660-68-9 105-105.5 81
/>-Formyl“ 55660-69-0 142-144 50

Analyses for the elements gave maximum deviations from the 
theoretical values as follows: all C values ±0.34; a all i f  values 
±0.26;“ all N values ±0.21.*

tial rate factors were observed with variation o f the perox
ide.3’5 In a Hammett plot, the use of logarithmic values re
duces these differences numerically even more. Previously 
unreported cr+ parameters for the hydroxymethyl (m-, 
+0.11; p-, —0.12) and acetyl (m -, +0.36; p -, +0.41) substit
uents were obtained by extrapolation from the Hammett 
plot previously published3 for the m-nitrophenylsulfonoxy- 
lation of benzene derivatives. The m-acyl <r+ value (+0.36) 
is similar to the corresponding Hammett a value (+0.376) 
as expected for a similar inductive influence.

E xperim ental Section
Materials. Ethyl acetate, benzene, and p-nitrobenzenesulfonyl 

peroxide were prepared2 or purified5 by methods previously de
scribed. Caution, p-nitrobenzenesulfonyl peroxide in high states 
of purity can flash fire i f  rubbed with a spatula. Benzyl alcohol, 
acetophenone, and benzaldehyde were fractionally distilled before 
use. Recrystallization of the following materials from the given sol
vents gave o-hydroxybenzyl alcohol, mp 83-85° (lit.8 mp 86°), 
from benzene-heptane; m-hydroxybenzyl alcohol, mp 70-72° (lit.9 
mp 72-73°), from benzene; p-hydroxybenzyl alcohol, mp 113-114° 
(lit.10 mp 113-114°), from chloroform; m-hydroxyacetophenone, 
mp 95-97° (lit.11 mp 95-96°), from benzene-heptane; and p-hy- 
droxyacetophenone, mp 108-110° (lit.12 mp 107°), from benzene- 
heptane. o-Hydroxyacetophenone was purified by the literature13 
method. Hexamethyldisilazane, p-nitrobenzenesulfonyl chloride, 
and p-hydroxybenzaldehyde were used as received.

Isomeric Aryl p-Nitrobenzenesulfonates (Table III) were 
prepared by the literature14 method. The hydroxymethyl deriva
tives were heated with hexamethyldisilazane to convert them to 
the trimethylsilyl ethers (Table III).

Arylsulfonoxylation of Benzene-Benzyl Alcohol. A solution 
of p-nitrobenzenesulfonyl peroxide5 (0.203 g, 0.5 mmol) in benzyl 
alcohol (1.080 g, 10.0 mmol) and benzene (4.401 g, 56.4 mmol) was 
diluted to 75 ml with ethyl acetate and kept at —2.1° for 92 hr. The 
ethyl acetate solution was washed with ice water (100 ml), the 
water extract was neutralized to pH 5 with 1.0 M  potassium hy
droxide, reduced in volume to 20 ml in vacuo, and chilled to 0°, 
and S-benzylthiouronium chloride (0.19 g, 18 mmol) in water (20 
ml) was added. The S-benzylthiouronium p-nitrobenzenesulfonate 
(0.1802 g) which precipitated, after collection and drying, melted 
at 200-202° (lit.5 mp 203-204°). The ethyl acetate raffinate after 
washing with water was dried with magnesium sulfate and evapo
rated in vacuo at 0°. The residue was refluxed with hexamethyl
disilazane (5 ml, 31 mmol) for 2 hr and m-tolyl m-nitrobenzenesul- 
fonate was added as an internal standard. The mixture was ana
lyzed (Table IV) by GLC for the isomeric p-nitrobenzenesulfon- 
oxybenzyl trimethylsilyl ethers and phenyl p-nitrobenzenesulfo
nate using a column of 5% SE-30 on Chromosorb W (DMCS treat
ed, acid washed). The mixture was also analyzed for trimethylsilyl 
benzoate by GLC on a similar 20% SE-30 column using naphtha
lene as an internal standard. When the sulfonoxylation was carried 
out at room temperature some transesterification with ethyl ace
tate occurred and some p-nitrobenzenesulfonoxybenzyl acetate 
(mp 89-91°) could be isolated by chromatography of the reaction 
mixture on silica using benzene to elute.
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T ab le  IV
R ea ction  o f  p -N itroben zen esu lfon y l P eroxid e  w ith  B en zyl A lcoh o l and A cetoph en one

Benzyl alcohol a Acetophenone b

Compd or quantity Run 1 Run 2 Run 1 Run 2

P eroxide, m m ol 0.5 0.5 0.5 0.5
Benzene, m m ol 56.4 56.4 5.0 5.0
Benzene derivative, m m ol 10.0 10.0 100 100
Ethyl acetate to 75 ml to 75 ml to 75 m l to 75 ml
Sulfonate e sters , % yield 60.4 56.2 21.4 19.4

10.9 10.0 0.141 0.151
ß-N itrobenzenesulfon ic acid, m m ol 0.575 0.610 0.725 0.714
B enzoic acid, m m ol 
A ryl sulfonates, m m ol

0.093 0.094 0.300 0.292

Phenyl 0.104 0.1015 0.028 0.027
o -A ry l 0.0575 0.0525 0.028 0.029
» 7-A ry l 0.0209 0.0167 0.0414 0.0386
p -  A ryl

Isom er distribution, %
0.120 0.110 0.010 0.012

Ortho 29.4 29.3 35.4 36.4
Meta 10.6 9.3 52.3 48.4
Para 60.0 61.6 12.4 15.2

° Temperature, -2.1°. 6 Temperature, 25°. Millimoles of phenacylp-nitrobenzenesulfonate: 0.05, 0.05.

Arylsulfonoxylation of Benzene-Acetophenone. A solution 
of p-nitrobenzenesulfonyl peroxide (0.203 g, 0.5 mmol) in benzene 
(0.390 g, 6 mmol) and acetophenone (12.00 g, 100 mmol) diluted to 
75 ml with ethyl acetate was kept at room temperature for 91 hr. 
The solution was then washed with water (70 ml), the raffinate was 
dried with magnesium sulfate, and the ethyl acetate was removed 
in vacuo at 0°. The volume was further reduced to about 7 ml by 
warming to 30° in vacuo to remove residual acetophenone, m- 
Tolyl m-nitrobenzenesulfonate was added to an aliquot as an in
ternal standard and the isomeric acetylphenyl p-nitrobenzenesul- 
fonates and phenyl p-nitrobenzenesulfonate were analyzed by 
GLC on the 5% SE-30 column previously described. To a second 
aliquot was added hexamethyldisilazane and after refluxing (1.5 
hr) naphthalene was added as an internal standard and trimeth- 
ylsilyl benzoate analyzed for by GLC as previously described. The 
water extract of the original reaction mixture was analyzed for p- 
nitrobenzene sulfonic acid via the thiouronium salt.

Isolation of the reaction products was accomplished from a 
large-scale (1.006 g of I) reaction mixture. After water extraction 
and removal of solvent and remaining acetophenone, the dark resi
due was chromatographed on silica gel using benzene for elution. 
The first fraction to elute yielded a white solid (94 mg, mp 129- 
130°) identified as phenacyl p-nitrobenzenesulfonate by its NMR 
spectrum: a methylene absorption at r 5.12 (2 H) and two aromatic 
absorptions centered at r 7.10 and 7.61 (9 H total). Anal. Calcd for 
CuHnNOeS: C, 52.33; H, 3.39. Found: C, 52.33; H, 3.45. The sec
ond fraction to elute was a mixture of cis- and trans-dypnone 
identified by the mass spectrum (m/e 222) and the NMR and ir 
spectra. Subsequent fractions yielded phenyl p-nitrobenzenesulfo
nate [180 mg, mp 113-114° (lit.16 mp 114°)] and a mixture of the 
isomeric acetylphenyl p-nitrobenzenesulfonates (0.268 mg) which 
gave three peaks via GLC with retention times identical with those 
of authentic isomers as well as an ir spectrum identical with that of 
a mixture of authentic samples.

Zeisel Cleavage of the Products of I with Acetophenone. A
mixture of I (1.00 g, 2.5 mmol) and acetophenone (4.0 g, 33 mmol) 
was stirred at room temperature for 4 days under a nitrogen atmo
sphere. Hydrogen iodide (60 ml) was then added and the mixture 
was refluxed for 1 hr while the nitrogen stream was bubbled 
through toluene (3 ml) in a trap at —80°. The trap contents were 
analyzed for methyl iodide by GLC on a 150-ft SE-30 capillary col
umn. A 2-ml sample of the toluene solution was treated with tri- 
n-propylamine to yield methyl tri-n-propylammonium iodide, mp 
207-208° (lit.17 mp 207-208°).

Reaction of I with Benzaldehyde. Freshly distilled benzalde- 
hyde (2.65 g, 25 mmol) and DPPH (3 mmol) diluted to 75 ml total 
with ethyl acetate was added to I (0.203 g, 0.5 mmol) and the mix
ture was stirred at room temperature for 24 hr. The reaction mix
ture was extracted twice with 0.1 M  potassium hydroxide (20 ml) 
and the alkaline extract, after acidification to pH 5 with hydro

chloric acid, was extracted with three 30-ml portions of ether. 
These ether extracts were combined, dried, evaporated, and ana
lyzed for benzoic acid by the procedure previously described. The 
acidified aqueous solution was analyzed for p-nitrobenzenesulfon- 
ic acid via the S-benzylthiouronium salt. The ethyl acetate raffi
nate was dried with magnesium sulfate and evaporated to dryness 
in vacuo, the gummy residue was triturated with heptane (three 
30-ml portions), and benzene (30 ml) was added to the combined 
heptane extracts. Cooling produced a solid (22 mg) which after re
crystallization from 1:2:2 acetone-benzene-heptane had mp 248- 
250° dec and an ir spectrum identical with that of an authentic 
sample18 of bis(p-nitrophenyl) sulfone. It was then found that the 
sulfone could he quantitatively measured (14%) by GLC on a 5% 
SE-30 on Chromosorb W column Using p-formylphenyl p-nitro
benzenesulfonate as a standard.

Under identical conditions, but either at 25° or in the absence of 
DPPH, the yield of benzoic acid decreases to ca. 60% and the tars 
increase.

Registry No.—I, 6209-72-9; hexamethyldisilazane, 999-97-3;
S-benzylthiouronium chloride, 55660-70-3; p-nitrobenzenesulfo- 
noxybenzylacetate, 55660-71-4; phenacyl p-nitrobenzenesulfonate, 
55660-72-5; crs-dypnone, 54435-79-9; frans-dypnone, 22573-24-6; 
bis(p-nitrophenyl) sulfone, 1156-50-9.
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B eca u se  a ch lor in e  a tom  a d d s  t o  a d o u b ly  b o n d e d  ca rb o n  o f  an  o le fin  m u ch  m ore  rea d ily  th a n  it  a b stra cts  a h y 
d ro g e n  a tom  a tta ch ed  to  an a lly lic  ca rb o n  a tom , th e  p e ro x id e -in d u ce d  re a ctio n  o f  p ro p e n e  w ith  t r ich lo ro e th y le n e  
y ie ld s  l , l ,4 - t r ic h lo r o -3 -m e t h y l- l -b u t e n e  (3 ) as th e  c h ie f  p rim a ry  p ro d u c t  ra th er  th an  l , l -d ic h lo r o - l ,4 -p e n ta d ie n e
(6 )  , th e  p ro d u c t  w h ich  w ou ld  fo rm  i f  th e  a lly lic  h y d ro g e n  a to m  w ere in v o lv e d  in a re a ctio n  an a logou s  t o  th e  fo r m a 
t io n  o f  (3 ,3 -d ich lo ro a lly l)b e n ze n e  b y  th e  p e ro x id e -in d u ce d  co n d e n sa tio n  o f  to lu e n e  an d  tr ich lo ro e th y le n e , a  re a c 
t io n  w h ich  in vo lves  ch lor in e  a b stra ction  o f  a b e n zy lic  h y d ro g e n  a tom . S im ila rly , th e  p rim a ry  p ro d u c ts  o f  th e  c o n 
d e n sa tio n  o f  p ro p e n e  w ith  cis-d ich lo ro e th y le n e  a n d  w ith  te tra ch lo ro e th y le n e  are l ,4 -d ic h lo r o -3 -m e th y l- l-b u te n e
(7 ) a n d  l ,l ,2 ,4 -t e tr a c h lo r o -3 -m e th y l- l -b u te n e  (9 ), re sp e ctiv e ly . B y -p ro d u c ts  co n s is t  ch ie fly  o f  th e  p ro d u c ts  o f  th e  
re a ctio n  o f  m ore  th an  1 m o l o f  on e  o f  th e  rea cta n ts  w ith  1 o r  m ore  m o l o f  th e  o th er . C o rre sp o n d in g  p ro d u c ts  are 
o b ta in e d  w ith  o th er  a lk en es, fo r  ex a m p le , 2 -p e n te n e  or  1 -o cte n e , an d  w ith  cy c lo h e x e n e . T h e  m ech a n ism  o f  th e  
re a ctio n  is d iscu ssed .

The di-ferf-butyl peroxide induced reaction of propene 
with trichloroethylene yields l,l,4-trichloro-3-methyl-l- 
butene (3) as the chief primary product. Its formation ap
parently occurs by the following pathway.

Cl* + CH2= C H C H 3 — -  HC1 + CH2= C H C H 2 

CH2==CHCH2 + C1CH =CC12 — *• CH2= C H C H 2CHC1CC12

4
(CH3)3COOC(CH3)3 --------- *- 2(CH3)3CO

130-140°

(CH3) ,C O  — * (CH3)2C = 0  + CH,-

R- + C1CH =CC1, RCHC1CC1,
[R =  (CH3)3CO- or CH3

4

c h 2= c h c h 3 CH2= C H C H 2CHC1CHC12 +  CH2= C H C H 2 

5
CH2= C H C H 2CH==CC12 + Cl-

6

RCHC1CCL, — * 

Cl- + CH2= C H C H 3

1 + C 1CH =CC 12 -

Cl- + R C H = C C 12

— * C1CH2CHCH3 
1

-► C1CH2CHCHC1CC12
I

c h 3
2

2 — ► Cl- + C1CH2C H C H =C C 12

c h 3
3

The chlorine atom formed in the final step adds to pro
pene to start a new cycle.

It may be concluded that the chain reaction is propagat
ed by a chlorine atom which adds to the double bonds of 
the olefins and which is eliminated from the product of the 
condensation of the resulting radical with the trichloroeth
ylene. In the related reaction of toluene with trichloroeth
ylene, the reaction chain is propagated by hydrogen ab
straction of a benzylic hydrogen atom from the toluene and 
subsequent addition of the so-formed benzyl radical to the 
trichloroethylene, followed by the elimination of a chlorine 
atom, resulting in the formation of (3,3-dichloroallyl)ben- 
zene.2 Abstraction of an allylic hydrogen atom from pro
pene by a chlorine atom does not occur under the reaction 
conditions because addition of a chlorine to the doubly 
bonded carbon atoms of an olefin is a more rapid reaction 
than is abstraction of hydrogen from an allylic carbon 
atom. Thus, the relative rates3 of addition of a chlorine 
atom at —9° to the double bonds of 1-butene, ezs-2-butene, 
and trans-2-butene are 11.7, 12.0, and 11.4, respectively 
(compared to 1.0 for abstraction of a cyclohexane hydro
gen). On the same basis, the relative rates of abstraction of 
allylic hydrogen of atoms at —9° from the butenes are 0.76, 
0.60, and 0.69, respectively. Hence, the rates of addition are 
respectively 15.4, 20.0, and 26.5 times the rates of abstrac
tion. Therefore, the mechanism shown above occurs rather 
than the following.

Abstraction of allylic hydrogen from propene does occur 
during the high-temperature (above 200°) chlorination of 
propene to produce allyl chloride as major product.5

In the toluene reaction, the chlorine atom abstracts a 
benzylic hydrogen2 more readily than it adds to the aro
matic double bond with subsequent loss of a hydrogen 
atom, an addition which would result in nuclear chlorina
tion.

Loss of a chlorine atom from a carbon atom adjacent to 
the electron-deficient carbon atom of a free radical with re
sultant formation of a double bond has been observed in 
many reactions.4

That the primary product of the reaction of propene and 
trichloroethylene was 3 rather than 5 or 6 was suggested by 
carbon-hydrogen analysis and by the MS, ir, and NMR 
data. Mass spectrometric analysis of the compound (calcd 
mol wt 173.5) showed molecular ion peaks at m/e 172, 174, 
176, and 178 in the correct ratios for three chlorine atoms 
in the molecule. The major fragmentation was loss of 
-CH2CI. The ir spectrum indicated the presence of a meth
yl group and of a double bond. More definite information 
was obtained by NMR analysis, utilizing spin decoupling, 
which was in agreement with the structure 3.

A complex mixture of higher molecular weight products 
was also formed by the propene-trichloroethylene reaction; 
about 35-40% of the reaction product was too high boiling 
to be distilled by conventional means. It apparently con
sisted of polycondensation (telomeric) compounds.

When propene and cis-dichloroethylene were heated 
with di-ieri-butyl peroxide at 130-140°, the major product 
was 8, the product of the reaction of two molecules of the 
alkene with one of the dichloroethylene; the primary, 1:1, 
reaction product 7 was formed in minor amount.

Mass spectrographic analysis of material separated from 
a higher boiling fraction (a complex mixture) suggested 
that the product of the reaction of two molecular propor
tions of cis-dichloroethylene with one of propene was also 
formed.
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C1CH=CHC1
-Cl-

c h 2= c h c h 3

C1CH2CH CH =CH C1

c h 3
7

. C1CH=CHC1
C1CH2CHCH2C H ---------------

c h 3 c h 3

est as a method of synthesizing reactive tetrachloroalkenes 
containing an even number of carbon atoms in the mole
cule.

initiator
c c i 2= c c i 2 +  « c h 2= c h 2 -------------------►

(e»g ., t-Bu20 2)

C1(CH2CH2)„C C1=C C12"

c i c h 2c h c h 2c h c h == c h c i

c h 3 c h 3 
8
C 1C H = C  H C  1

1 + C1CH=CHC1 -----**■ C1CH2CHCHC1CHC1----------------►
I -Cl-

CH3

C1CH,CHCHC1CHC1CH=CHC1
I

c h 3

It was also stated that tetrachloroethylene is a less reac
tive carrier of the reaction chain than carbon tetrachloride.

It was obviously believed that, of the polychloroethy
lenes, only tetrachloroethylene could undergo telomeric 
condensation with ethylene because the others (unlike 
tetrachloroethylene) readily polymerizes when treated with 
decomposing peroxide.8 It was suggested that the reaction 
chain involved a sequence analogous to that involved in the 
peroxide-induced reaction of carbon tetrachloride or chlo
roform with ethylene.

The reaction of propene with tetrachloroethylene in the 
presence of decomposing di-ierf-butyl peroxide similarly 
yielded l,l,2,4-tetrachloro-3-methyl-l-butene (9) and
l,l,2,6-tetrachloro-3,5-dimethyl-l-hexene (10), the now-

C1CH2CHCC1=CC12
I

CH3

9

C1CH2CHCH2CHCC1=CC12

c h 3 c h 3 

10

to-be-expected products of the condensation of tetrachlo
roethylene with one and two molar proportions of propene, 
respectively. A high-boiling fraction was shown by MS 
analysis to consist chiefly of CiiHlgCl4, the product of the 
condensation of 3 mol of propene with 1 mol of tetrachlo
roethylene.

The thermal reaction of propene with tetrachloroethy
lene at 590° 6 involved allylic hydrogen abstraction and re
sulted in the formation of l,l,2-trichloro-l,4-pentadiene
(11), formed, it was believed, by the following mechanism.6

C12C = C C 1 2 — C12C = C C 1  +  Cl*

Cl* + CH2= C H C H 3 — *- HC1 + CH2= C H C H 2 

c h 2= c h c h 2 + C12C = C C 1 ► CH2= C H C H 2CC1=CC12

11

The following chain reaction is probably a more plausi
ble mechanism for the formation of 11.

Cl* + CH ,=C H C H 3 — *- HC1 + CH2= C H C H 2 

CH2= C H C H 2 +  C1,C =C C 12 — -  CH2= C H C H 2CC12CC12

l
11 + Cl*

Other olefins reacted in analogous manner with the poly
chloroethylenes. Thus, the reaction of trichloroethylene 
with ethylene in the presence of decomposing di-tert-butyl 
peroxide resulted in the formation of 1,1,4-trichloro-l-bu- 
tene (12) and 1,1,6-trichloro-l-hexene (13) together with 
very much of the higher molecular weight telomers.

The peroxide-induced condensation of ethylene with 
tetrachloroethylene was reported previously.7 The investi
gators state, “ Chloroolefins which cannot polymerize can 
take part in a telomerization reaction with olefins. In this 
process the chloroolefins function as carrier of the chain 
reaction and supply end groups to the molecules of the tel
omers. Among reactions of this type, the telomerization of 
ethylene with tetrachloroethylene is of considerable inter

C12C = C C 1 + CH2= C H 2 — >* C12C =C C 1C H 2CH2 

C12C = C C 12 +  C12C=C C1C H 2CH2 — ►

C12C = C C 1 +  C12C =C C 1C H 2CH2C1

In view of the facts that such a mechanism involves ab
straction of chlorine attached to a vinylic carbon atom and 
that the other polychloroethylenes and other olefins also 
undergo condensation with each other, it may be concluded 
that the reaction chain suggested in this paper is more 
plausible.

Some peroxide-induced reactions, for example the addi
tion of carbon tetrachloride to olefins, occur much more 
readily with 1-alkenes than with alkenes which have inter
nal double bonds. In the present reaction, trichloroethylene 
underwent condensation with 2-pentene under the stan
dard conditions to give a 12 mol % yield of 1,1,4-trichloro-
3-ethyl-l-pentene and l,l,4-trichloro-3-methyl-l-hexene 
(14, see Table I), produced via addition of chlorine atoms 
to 2-pentene to yield two isomeric radicals which reacted to 
form the isomeric trichloroheptenes, the structures of 
which were suggested by the MS and NMR spectra.

The reaction of 1-octene with trichloroethylene under 
the same conditions resulted in a 10 mol % yield of the 1:1 
condensation product believed to be l,l-dichloro-3-(chloro- 
methyl)-l-nonene (15), on the basis of the probable mecha
nism of formation. Compounds formed by condensation of 
2 and 3 mol of octene per mole of trichloroethylene were 
also formed.

1-Octene is sufficiently high boiling to permit carrying 
out its condensation with trichloroethylene under atmo
spheric pressure. Heating the reactants with benzoyl perox
ide (Table II, expt 8) under reflux (93-100°) for 1.5 hr gave 
a liquid product shown by GC to contain 15 in about 8 mol 
% yield. Further heating with two intermittent additions of 
benzoyl peroxide resulted in increase of the yield to 20 mol 
% and finally to 32 mol %.

Condensation of cyclohexene with trichloroethylene in 
the presence of di-ieri-butyl peroxide at 130-140° yielded 
17 mol % of l-(2,2-dichlorovinyl)-2-chlorocyclohexene (16)

Vi ir* .¡J
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Table IProperties of the Polychloroalkenes
Anal., %t

Compd Formula Bp, °C mm

Bp at 
760 mm, 

°c  a

Caled

C H

Found

C H

3 ClCH2CHMeCH=CCl2 59 9 .4 178 34.62 4.07 3 5 .0 1 4.03
7 ClCH2CHMeCH=CHClt: 37-91 41 110-180 43.20 5.80 4 5 .4 7 6.34
8 ClCH2CHMeCH2CHMeCH==CHCl 110-111 41 201-202 53.06 7.79 52.74 7.52
9 ClCH2CHMeCCl=CCl2 79 9.8 202 28.88 2.91 29.52 3.06

10 ClCH2CHMeCH2CHMeCCl==CCl2 66 0.5 244 38.43 4.84 38.85 4.85
12 C1CH2CH2CH=CCL 60-68 14.0 170-179 30.13 3.16 30.80 3.30
13 C1CH2(CH,)3CH=CC12 89-116 12.5 207-238 38.43 4.84 38.26 4.66
14 CH3CHClCHEtCH=CCl2i 81 9.8 207 42.70 5.66 41.71 5.50
15 ClCH2CHHexCH=CCl2 77 0.4 263 49.30 6.98 49.87 7.00
16 C1C6H10CH=CC1, 103 9.3 232 45.00 5.19 46.23 5.20

17 + 18 c6h9c h = c c i2 76 9.8 199 54.26 5.69 54.27 5.78
a C a lcu la te d  from  b o ilin g  p o in t  u n d er red u ced  pressure u sin g  n o m o g ra p h  p rep a red  for  h y d ro ca rb o n  b o ilin g  p o in t  co n v ers ion s : S . B . L ip - 

p in co tt  an d  M . M . L y m a n , Ind. Eng. Chem., 38, 320 (1946). b T h e  an a lysis  o f  severa l o f  the co m p o u n d s  d oes  n o t  agree w ith  the  c a lc u la te d  
va lues b eca u se  th e  c o m p o u n d s  (a s  sh ow n  b y  G C ) are con ta m in a te d  w ith  im p u rities  w h ich  cou ld  n ot read ily  be  se p a ra te d . c S tru ctu re  o f  
sm all sa m p le  iso la ted  b y  p rep arative  G L C  from  fra c tio n  sh ow n  w as d e te rm in e d  b y  M S , N M R , a n d /o r  ir. d M ix e d  w ith  C H 3C H 2C H C 1 C H - 
M e C H = C C l2.

and its dehydrochlorination product, a mixture of l-(2,2- 
dichlorovinyl)cyclohexene (17) and 3-(2,2-dichlorovinyl)- 
cyclohexene (18).

The dichlorovinylcyclohexene mixture consisted (accord
ing to NMR analysis) of about 15% of 17 and 85% of 18. It 
might have been expected that it would contain more 17 
than 18, since the hydrogen atom attached to the tertiary 
allylic carbon atom in 16 would be expected to be more 
readily eliminated to form hydrogen chloride than would a 
hydrogen attached to a secondary carbon atom. Formation 
of more 18 than 17 indicates that abstraction of an allylic 
hydrogen by a chlorine atom competed with the above 
chlorine-addition reaction.

Such allylic hydrogen abstraction occurs with cyclohex
ene (but not with alkenes) because the relative rate (at 
77.8°) for abstraction of an allylic hydrogen by a trichloro- 
methyl radical as compared to addition of the radical to a 
doubly bonded carbon is 0.83 for cyclohexene and only 
0.029 for cis-2-butene.9

As with the 1-octene, heating cyclohexene and trichloro
ethylene under reflux with benzoyl peroxide added in small 
batches resulted in a continuously increasing yield of 16 to 
about 19 mol % after five additions of the peroxide and 13 
hr of reflux.

While 1,2-dichloroethylene reacts with toluene in the 
presence of decomposing peroxides to yield (3-chloroal- 
lyl)benzene,2 the analogous reaction with 1,2-dibromoethy- 
lene does not occur, apparently because the intermediate 
bromine atoms (or bromine-containing intermediate radi
cals) do not abstract hydrogen from the toluene side chain 
to maintain the reaction chain. In the present reaction the 
intermediate chlorine atoms add to double bonds, and it 
therefore seemed possible that bromine atoms formed dur
ing the reaction of polybromoethylenes might maintain the 
chain and yield brominated condensation compounds.

However, very little reaction occurred when either 1,2-di- 
bromoethylene or tribromoethylene was heated with pro- 
pene and di-fert-butyl peroxide at 130-140°. Most of each 
of the polybromoethylenes was recovered unchanged. It 
seems necessary to conclude that steric factors are involved 
which prevent the addition of bromoalkyl radicals to the 
polybromoethylenes.

Experimental Section
T h e  d i-£ e r i-b u ty l p e ro x id e  e x p e r im e n ts  w ere  ca rried  o u t  in  glass 

liners  in  an Ip a t ie f f-ty p e  ro ta tin g  a u to c la v e  o f  850 m l ca p a c ity . 
T h e  n o rm a lly  liq u id  o le fin , th e  p o ly c h lo ro e th y le n e , a n d  th e  p e r o x 
id e  (a m o u n ts  sh ow n  in  T a b le  I I ) w ere  w e ig h ed  in to  th e  g lass  lin er  
w h ich  w as th en  sea led  in to  th e  a u to c la v e  a n d  n itro g e n  w as a d d e d  
t o  a  pressu re  o f  30 atm . C o n d e n s ib le  gaseou s o le fin s  w ere  a d d e d  b y  
v o lu m e  fr o m  a ca lib ra ted  J ergu son  gage b e fo re  a d d in g  th e  n it r o 
gen. T h e  a u to c la v e  w as ro ta te d  an d  h e a te d  at 1 3 0 -1 4 0 °  fo r  4 hr. It  
w as a llow ed  t o  c o o l  to  ro o m  tem p era tu re  o v e rn ig h t, th e  p ressu re  
w as re leased , an d  th e  a u to c la v e  w as o p e n e d . T h e  p ro d u c t  w as 
w ork ed  u p  b y  d istilla t ion  an d  ch a ra cterized  b y  p re p a ra tiv e  gas 
ch ro m a to g ra p h y  (G C ) as d iscu ssed  b e low . W h ile  it  w as o fte n  n o t  
p o ss ib le  to  iso la te  p u re  p ro d u cts  fo r  u ltim a te  (C  a n d  H ) an alysis 
b y  d istilla t ion , p u re  sa m p les fo r  ch a ra cteriza tion  w ere o b ta in e d  b y  
p rep a ra tiv e  G C .

W h e n  b e n zo y l p e ro x id e  w as used , th e  rea cta n ts  w ere h ea ted  
u n d er  re flu x  in  a m ercu ry -sea led  stirred  glass fla sk , th e  p e ro x id e  
b e in g  a d d e d  in te rm itte n tly  (w ith  in term ed ia te  c o o lin g  t o  p e rm it  
G C  an alysis o f  th e  p ro d u c t ) as in d ica te d  in  T a b le  II.

W h ile  th e  id e n t ity  o f  on e  o f  the  p ro d u c ts  (15  fo rm e d  fro m  1 -o c 
ten e  an d  tr ich lo ro e th y le n e ) w as su ggested  o n  th e  basis  o f  th e  
m ech a n ism , th e  stru ctu res o f  th e  rem a in d er  w ere  co n firm e d  b y  ir 
(B e ck m a n  I R -9 ) , N M R  (V a ria n  A -6 0 ), a n d /o r  M S  (C E C , M o d e l 
103C ) an alysis o f  m ateria l sep a ra ted  b y  p re p a ra tiv e  G C  (V arian  
A e ro gra p h  A u to p re p ) .10 T h e  sp e c im e n  w as p assed  th ro u g h  5 - o r
1 0 -ft  co lu m n s  co n ta in in g  20%  C a rb ow a x  2 0 M  on  C h ro m o s o rb  A ; 
th e  in itia l tem p era tu re  w as 70° an d  w as p ro g ra m m e d  to  22 0 ° at 
1 0 ° /m in , u s in g  a h e liu m  flo w  rate  o f  75 m l/m in . In  m a n y  cases 
q u ite  p ure  sa m p les  fo r  ch a ra cteriza tion  w ere iso la ted  b y  fra c t io n a l 
d is tilla t io n  (see  b e low ).

Trichloroethylene and Propene. P ro d u c t  b o ilin g  at 5 9 ° (4 .4  
m m ) was e x a m in ed  b y  ir, M S , a n d  N M R . Ir sh ow ed  th e  p re se n ce  o f  
a m eth y l g rou p  an d  o f  a d o u b le  b o n d . M S  sh ow ed  m o le cu la r  ion  
p eak s at m/e 172, 174, 176, an d  178 in the  co rre c t  ra tios  fo r  th ree  
ch lo r in e  a tom s  in th e  m o le cu le ; th e  m a jor  fra g m en ta tion  in c lu d e d  
m/e 123, 125, an d  127 d u e  t o  loss o f  C H 2CI, an d  m/e 85 a n d  87 d u e  
t o  loss  o f  C H 2CI a n d  HC1. T h e  p resen ce  o f  tra ces  o f  a h igh er h o m o 
lo g  (M  +  42 ) w as a p p aren t. M o re  con c lu s iv e  in fo rm a tio n  w as o b 
ta in ed  b y  N M R  an alysis u tiliz in g  sp in  d e co u p lin g . I t  w as fo u n d  
th a t  th e  d o u b le ts  at 5 3.49 a n d  1.13, even  th o u g h  th e y  e x h ib ite d  
th e  sam e co u p lin g  con sta n t, w ere  n o t  in tera ctin g  w ith  ea ch  oth er . 
T h e  s p in -d e co u p lin g  e x p er im en ts  rev ea led  th a t  th e  d o u b le ts  a t  <5
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Table II
Condensation of Polychloroethylenes with Olefins

Reactants t -BupOp, Chief Products

Chloroethylene Mol Olefin Mol mol Kind 9 Mol %

c 2h2c i26 0 . 9 7 c 3h6 1 . 2 0.05 7 2 ° 0 . 0 1 1
8 8 0.04 7

Higher bp 10
c2h c i3 1.17 c 3h6 1 . 2 0.06 3 32 0.18 16

Higher bp 75
C2C14 0.90 c 3h6 1 . 2 0.06 9 12 0.058 6

10 18 0.072 12
Higher bp 16

C2HC13 1.15 c 2h4 1 . 5 0.06 12 6 0.04 4
13 4 0.02 3

Higher bp 30
c 2h c i3 0.71 2-C5H12 0.82 0.06 14 17 0.085 12

Higher bp 16
c 2h c i3 0.68 i - c 8h16 0.88 0.10 15 17 0.070 10

Higher bp 48°
c 2h c i3 0.38 i - c 8h16 0.22 0.03" 15 17“ 0.070 32
c 2h c i3 1.03 c-C6H10 0.77 0.04 17 + 18 12 0.068 9

16 14 0.060 8
Higher bp 10 0.07 19

c 2h c i3 0.49 c -C6Hf0 0.37 0.05° 16 16“
“ Estimated by GLC; separated and characterized by preparative GLC plus MS, NMR, and/or ir. b cis-Dichloroethylene. c Includes frac

tions boiling at 139-141° (1.1 mm) [326-327° (760 mm)] and 147-151° (1.2 mm) (333-337°), elemental analysis of which suggested that they 
consisted of C18H33CI3 and C26H49CI3, respectively, mixed with minor amounts of other compounds. d Benzoyl peroxide added in three por
tions: 1 g at beginning of experiment; 2 g more after 1.5 hr refluxing; 3 g more after 2.5 hr more refluxing; reflux continued for 3 hr. c Benzoyl 
peroxide added in five portions: 2 g at beginning; 2 g after 12 hr; 2 g after 2 hr; 3 g after 4 hr; and 3 g after 2 hr followed by an additional 3 hr 
heating.

5.80, 3.49, and 1.13 were all coupling with a multiplet centered be
tween (5 2.99 and 2.93. The nature of the multiplet was difficult to 
determine from the spectrum, but knowing the number of protons 
of each type which were coupling and the coupling constants from 
first-order rules, it was concluded that the multiplet was a sextet 
of doublets. The number of protons found were one attached to a 
doubly bonded carbon atom, two attached to a carbon atom hold
ing a chlorine atom, one attached to a saturated tertiary carbon 
atom, and three constituting a methyl group. It was concluded that 
3 was l,l,4-trichloro-3-methyl-l-butene.

cis-Dichloroethylene and Propene. A fraction boiling at 
108-110° (41 mm) showed a major GC peak and two minor peaks. 
The MS of the major peak had molecular ions at m/e 180 and 182. 
Major fragmentation was M — Cl (m/e 145), M -  CH3 (m/e 165), 
and M -  2C1 (m/e 109). These data agree with the structure, 1,6- 
dichloro-3,5-dimethyl-l-hexene, proposed for 8.

One of the minor GC peaks had molecular ion peaks at m/e 138 
and 140 in the ratio for two chlorine atoms per molecule. Major 
fragments were M — Cl (m/e 103, 105), M -  CH3 (m/e 123, 125), 
M — HC1 (m/e 102, 104), and M — CH3CI (m/e 89, 91). A possible 
structure is l,4-dichloro-3-methyl-l-butene (7).

The other minor peak (m/e 256) contained oxygen but no chlo
rine. It was not identified.

Tetrachloroethylene and Propene. The MS of a fraction boil
ing at 79° (9.8 mm) had molecular ion peaks at m/e 206, 208, 210,
212, and 214 in the proper ratio for four chlorine atoms per mole
cule. Major fragment ions were at m/e 157, 159, 161, and 163 (M — 
CH2CI) in the ratio for three chlorine atoms per molecule at m/e 
191,193,195, 197, 199 (M -  CH3) and at m/e 171,173,175,177 (M 
— Cl). These data suggest that 9 is l,l,2,4-tetrachloro-3-methyl-l- 
butene.

The spectrum of the fraction boiling at 66° (0.5 mm) had molec
ular ion peaks at m/e 248, 250, 252, 254, and 256, indicating four 
chlorine atoms per molecules. Fragment ion peaks were at m/e
213, 215, 217, and 219 (M — Cl); they were also seen at M -  CH3, 
M -  CH2CI, and M -  C1C,jH8. It may be concluded that 10 is
l,l,2,6-tetrachloro-3,5-dimethyl-l-hexene.

Trichloroethylene and Ethylene. The product was an unusu
ally complex mixture. One GC peak showed molecular ion peaks at 
m/e 158, 160, 162, and 164, the ratio of the peaks indicating three 
chlorine atoms per molecule. The major fragment ion peaks were 
m/e 109, 111, and 113 (M -  CH2CI). Other fragment and rear

rangement ion peaks were at m/e 121,122,123,124 (M -  Cl and M 
— HC1) and at m/e 96 and 98 (M — CH2CH2CI). The most proba
ble structure suggested by these data is 1,1,4-trichloro-l-butene
(12).

Another GC peak had molecular ion peaks at m/e 186, 188, 190, 
and 192 in the proper ratio for three chlorine atoms per molecule. 
The most intense fragment ion peak was m/e 109 (M — 
CH2CHCH2CI). Rearrangement ion peaks were seen at m/e 122, 
124 (M -  CH2CH2C1) and 96, 98 (CH2CH2CH2CH2C1) and frag
ment ion peaks at m/e 35 and 36 (Cl and HC1). A compound which 
fits these data is 1,1,6-trichloro-l-hexene (13).

Trichloroethylene and 2-Pentene. The mass spectrum of ma
terial boiling at 79-81° (9.8 mm) showed three groups of ion peaks:
(1) m/e 164, 166, 168; (2) m/e 200, 202, 204, 206; and (3) m/e 224, 
226, 228, 230, 232. Each compound lost chlorine to give M — 35.

The compound of m/e 200-206 (14) also lost CH3CH2. It appar
ently was l,l,4-trichloro-3-ethyl-l-pentene mixed with 1,1,4-tri- 
chloro-3-methyl-l-hexene. It underwent dehydrochlorination to 
produce the compounds of m/e 164-168, presumably 1,1-dichloro-
3-ethyl-l,3-pentadiene and the methylhexadiene isomer; it is pos
sible that the dehydrochlorination occurred during the MS analy
sis because of the presence of a hydrogen atom attached to an al- 
lylic tertiary carbon atom which was adjacent to a secondary car
bon atom holding a chlorine atom.

The NMR spectrum of the fraction showed the presence of an 
internal olefinic proton, two different methine protons, two methyl 
groups, and a methylene group. These features are common to 
CH3CHC1CH(C2H5)CH=CC12 and to C2H5CHC1CH(CH3)C H =  
CC12, the structures suggested by MS. No evidence for the chlo- 
roalkadienes suggested by MS was seen by NMR; they may have 
been present in low concentration beyond the detection limit of 
the NMR method, or they may have been formed during the MS 
analysis.

Trichloroethylene and Cyclohexene. The NMR spectrum of 
16 was consistent with the structure of 2-chloro-l-(2,2-dichloro- 
vinyl)cyclohexane. A doublet at & 5.75 confirmed the presence of 
vinylic hydrogen (HC-CH=CC12) and a multiplet at a chemical 
shift of 6 3.65 showed a hydrogen atom in HCC1 while a multiplet 
at 5 3.0-1.0 showed nine hydrogen atoms in the cyclohexane ring. 
The ir spectrum confirmed a cyclohexylalkenyl chloride. Absorp
tions at 700-950 cm-1 indicated a double bond and C-Cl; at 1450 
cm-1, a cyclohexane ring; and at 1625 cm-1, a double bond. The
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absence of a band at 1375 cm-1 showed absence of a methyl radi
cal.

The MS of a lower boiling fraction [76° (9.8 mm)] showed mo
lecular tions at mfe 176, 178, and 180 in the ratios corresponding 
to two chlorine atoms. The data correspond to CsHioCL. The ir 
spectrum showed strong bands at 650-750 cm-1 for C-Cl stretch 
and strong bands at 800-1000 cm-1 for C-Cl stretch and olefin. 
Two bands were observed in thp C=C stretch region. No methyl 
was indicated at 1380 cm-1 while CH2 bonding was observed at 
1450 cm-1. On the assumption that the product consisted of two 
isomers (17 and 18), the NMR integrals were consistent with 18 as 
the major component. NMR spin decoupling revealed that the 
doublet 5 5.75 was coupling with the proton at & 3.18. The integral 
was then found to be consistent with 85% 18 and 15% 17.-

Registry No.—3, 22118-81-6; 7, 52890-15-0; 8, 55681-91-9; 9, 
55681-92-0; 10, 55681-93-1; 12, 17219-57-7; 13, 55681-94-2; 14, 
52026-52-5; 15, 51951-45-2; 16, 55681-95-3; 17, 52026-53-6; 18, 
22024-03-9; eis-dichoroethylene, 156-59-2; trichloroethylene, 79- 
01-6; tetrachloroethylene, 127-18-4; propene, 115-07-1; ethylene,
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110-83-8.
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The photochemical behavior of the vicinally unsymmetrical tetrasubstituted olefins lb -d  in methanol was 
studied. Each olefin afforded a mixture of saturated and unsaturated ethers 5-8 and hydrocarbons 11-13. There 
was no strong dominance in the direction of nucleophilic attack on the excited states from olefins lb -d . Isopropy- 
lidenenorbornane (14) afforded a complex mixture, with the ether 15 and 2-eredo-isopropylnorbornane (16) as the 
major products. Evidence for the presence of ejected electrons was obtained using sulfur hexafluoride as an elec
tron trap.

In contrast to the triplet manifold of simple alkenes, in 
which just one excited state (ir,ir*) is clearly low lying, 
there are two, and possibly three, excited states in the sin
glet manifold which are low lying and close in energy. As
signment of two of these as 7r,7r* and 7r,R(3s) is now widely 
accepted,3 and the presence of a ir,a* state of similar ener
gy has also been proposed.3b Studies in these laboratories 
have been directed toward elucidating the ch em ica l prop
erties of these excited states and the effects of structure 
and environment on their reactivities.

It has recently been reported from these laboratories 
that tri- and, particularly, tetrasubstituted alkenes exhibit 
novel photochemical behavior which appears to involve the 
?r,R(3s) Rydberg excited state.1’4 This state arises from 
promotion of one of the ir electrons to a large molecular or
bital similar in size and shape to a 3s atomic orbital. As de
picted by 2 and 2', this process generates radical cation 
character in the ir core of the molecule. In the case of 2,3- 
dimethyl-2-butene (la) the excited state 2a is trapped nu- 
cleophilically in hydroxylic media to afford a mixture of 
saturated and unsaturated ethers, as exemplified in 
Scheme I.4 This reaction is of mechanistic interest, as it 
represents one of the first observations of the chemical be
havior of the ir,R(3s) excited state in solution. Little is 
known about the 7r,R(3s) state, including the important 
question of whether in vicinally unsymmetrical systems

Scheme I

la, R =  CH3 2
b, R = CH,CH2
c, R, R =  -(C H 2)5-
d, R, R =  -(C H ,)4-

R

e + CH3oA -  
R7 

3

-H  • or +H • |

R

ch3o A ----- /
R7 X

5, saturated
6, unsaturated

-H -  or +H • |

R'

+  y ----- ^ -O C H 3
R
7, saturated
8, unsaturated

there are differences in electron density and, hence, reac
tivity at the two termini of the radical cation core. The ex-
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amples initially reported involved olefins having vicinal 
symmetry about the double bond ;4 in these systems nucleo
philic attack at either end of the bond would afford the 
same radical intermediate (i.e., 3 = 4). We wish now to de
scribe additional insight into the chemical behavior of the 
7r,R(3s) excited state gained by a study of the series o f vici- 
nally unsymmetrical olefins lb-d. Previous studies have 
shown that decreasing the ring size in this series on going 
from acyclic to six-membered to five-membered strongly 
affects the photochemical behavior in nonnucleophilic 
media.5

Results
The results from irradiation o f these olefins in methanol 

are summarized in Table I and Scheme II. Each olefin af-

Scheme II
och 3

" v y  * ,
\  CH/)H X +  “ V ^ O C H ,

lb 5b 0.8 7b 0.7
6b 1.0 8b 0.3

1.8 1.0

och3

/  \ = J  b* >
\ /  \  CH,OH cx +  ( ^ y - ^ - qch3

lc 5c 4.5 7c 1.0
6 c L4 8c 0

5.9 1.0

och3

r v y  . t  ,
k y  \ CH:1OH X +  0 x J -och3

Id 5d 0.6 7d 3.2
6 d 0.4 8 d 2.0

1.0 5.2

forded a mixture of saturated and unsaturated ethers 5-8.
Ethers 5 and 7 in each series were obtained independently
by acid-catalyzed addition o f methanol to the correspond
ing olefin 1. Ethers 5b and 7c were also prepared indepen
dently by methylation o f the corresponding alcohol. The 
remaining ethers were characterized by means o f their 
spectral data, as outlined in the Experimental Section. 
Each olefin also afforded a mixture of saturated (12) and 
unsaturated hydrocarbons (11 and 13), which were identi
fied by spectral data and comparison with authentic speci
mens. It is assumed that 5-8 and 11-13 are all primary

Scheme III

la, R = CH3
b, R = CH3CH2
c, R, R = -(CH,)5-
d, R, R = -(CH2)4-

13

Table I
Irradiation of Alkenes 1 in Methanol“

Yield, #
Alkene Time,

1 hr 1 S 6 7 8 11 12 13

la c 4 6 37 30 16 4
lb 6 31 13 16 1 1 5 1 10 d
lc 16 25 25 7.5 5.5 e 4 1 1
Id 8 10 4 2.5 2 1 13 1 17 5

“ Irra d ia tio n s  were conducted as described in  the E x p e rim e n tal 
Sectio n. 6 D eterm ined b y gas chrom ato graphic a n a lys is  re lative  to 
an in tern a l standard on aliq uo ts rem oved from  the reaction m ix 
ture. c See ref 4. a T ra c e . e N one detectable.

Table II
Irradiation of 2,3-Dimethyl-2-butene (la) in Methanol in 

the Presence of Sulfur Hexafluoride“

C la  ], m ol/1 Time, hr CF ], mol/1

2 .0  x 1 0 - 1 3 2.4 x 10’ 3
2.0 x lO' 1 5 2.9 x lO’ 3
None 3 5.4 x 10' 4
None 5 7.0 x 10‘ 4

“ Irra d ia tio n s  were conducted as described in  the E x p e rim e n tal 
Section.

products, since there was no significant change in their rel
ative amounts during the course o f reaction, except for a 
slow loss of the unsaturated products on extended irradia
tion.

In connection with these and other studies the photo
chemical behavior of isopropylidenenorbornane (14) was 
also examined. On irradiation in methanol 14 afforded a 
complex mixture of hydrocarbon and ether products, of 
which the ether 15 and 2-eredo-isopropylnorbornane (16) 
were identified as principal components.

An important contribution from the present study was 
the observation of the presence o f free electrons during the 
irradiation of olefin la  in methanol obtained using sulfur 
hexafluoride, a highly efficient specific electron scavanger 
which has been widely used in radiochemical and photo
chemical studies.6 Sulfur hexafluoride undergoes decompo
sition to fluoride ions on electron capture in methanolic so
lution, making it a convenient probe for free electrons.7 As 
detailed in Table II, irradiation o f la  in methanol saturat
ed with sulfur hexafluoride resulted in the generation of 
fluoride ions at concentrations substantially greater than 
those generated by the slow light-induced decomposition of 
sulfur hexafluoride under these conditions, in support of 
the presence of free electrons in the irradiation mixture.

Discussion
Ether Products. As can be seen from Scheme II, the ex

cited states of olefins lb-d did not undergo nucleophilic at
tack at either end with equal facility. Moreover, there was a 
change from predominant attack at the ring end for lc, to 
more nearly equal degrees o f attack at both ends for lb, to 
dominant attack at the gem-dimethyl end for Id. This pat
tern does not correlate with the observed regioselectivity of 
acid-catalyzed addition of methanol to these olefins, which 
shifts from a 17:1 predominance of 7b over 5b to a lesser 
4.4:1 predominance of 7c over 5c to a 1.1:1 reversed pre-
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dominance of 5d over 7d. Likewise it is contrary to the in
creasingly preferred photoreaction in nonnucleophilic 
media at the ring end of the double bond in going from lb 
to lc  to Id.5 However, since the photoproduct ratios are 
not large, the transition state energies for attack at either 
end apparently differ by less than 1 kcal/mol. The direc
tion of attack will be controlled by several factors, includ
ing the relative contributions from resonance forms 2 and 
2', differences in steric hindrance, and differences in stabil
ity of the resulting radicals 3 and 4. The low selectivities 
observed suggest that these differences are either small or 
offsetting.

Hydrocarbon Products. Nucleophilic trapping of the 
7t,R (3s) state should be accompanied by ejection of the ex
cited electron, which no longer has a place in the tt system 
to which to return. The present observation of electron 
trapping by sulfur hexafluoride confirms the presence of 
free electrons. In the absence of trapping by sulfur hexaflu
oride the resulting free electron might be trapped by either 
the solvent or unreacted starting olefin. The rate for elec
tron capture is generally greater for olefins8 than metha
nol,9 but this advantage is offset by differences in concen
tration, leaving comparable probabilities for either mode of 
capture. Electron trapping by methanol results in the gen
eration of hydrogen atoms (eq l )9 which, on capture by un-

e -  +  C H 3O H  — *  CH  0  +  H - (1)

reacted starting olefin I, would lead to the hydrocarbon 
photoproducts 11-13 as outlined in Scheme III. Alterna
tively, electron capture by olefin 1 (eq 2) would afford the

1 17

radical anion 17, which on protonation by methanol would 
give rise to the same radical intermediates 9 and 10 and 
thence to the hydrocarbon products 11-13. Both of these 
routes are consistent with the observed incorporation of 
deuterium in products 11a and 12a on irradiation of 2,3- 
dimethyl-2-butene (la) in methanol-O-d.4’10

Work continues in elucidating further the chemical 
properties of the 7t,R(3s) excited states of alkenes.

Experimental Section
Infrared spectra were obtained on carbon tetrachloride solutions 

with a Perkin-Elmer 421 grating spectrophotometer. Gas chroma
tographic analyses were performed on an Aerograph 90-P or a 
Hewlett-Packard 5750 instrument using 10 ft X 0.25 in. columns 
packed with (A) 20% Carbowax 20M, or (B) 20% SE-30 on 60-80 
mesh Chromosorb W, or a 20 ft X 0.25 in. column packed with (C) 
20% /3,d'-oxydipropionitrile on 60-80 mesh Chromosorb P. Nuclear 
magnetic resonance spectra were determined on carbon tetrachlo
ride solutions with a Jeolco C-60HL or Varian XL-100 spectrome
ter, using 0.3% tetramethylsilane as an internal standard. NMR 
data are reported in the following manner: multiplicity (s = sin
glet, d = doublet, t = triplet, q = quartet, and m = unresolved 
multiplet); integration; coupling constant (given in hertz); and as
signment. Mass spectra were obtained using an AEI MS-902 spec
trometer; m/e values reported include the parent ion peak, if de
tectable, and other significantly large peaks appearing above m/e 
55. Unless otherwise indicated, all irradiations were conducted 
using a Hanovia 450-W medium-pressure mercury arc and a water- 
cooled quartz immersion well. The solution was purged with nitro
gen 5-10 min before irradiation. Vigorous stirring during irradia
tion was effected by a magnetic stirring bar. For product isolation 
the solution was added to water semisaturated with sodium chlo
ride and continuously extracted with pentane. After removal of the 
pentane by distillation, the products were isolated gas chromato- 
graphically.

3-Ethyl-2-methyl-2-pentene (lb ). A. Irradiation. A 100-ml 
methanolic solution containing 2.24 g of olefin was irradiated as 
described above for 6 hr. Gas chromatographic analysis (A and C) 
revealed partial recovery of olefin lb  and formation of several hy
drocarbon and four ether products. Isolation by gas chromato
graphic preparative methods afforded 3-ethyl-2-m ethyl-l-pen- 
tene ( l ib )  and 3-ethyl-2-methylpentane (12b), which each had 
spectral properties and gas chromatographic retention times iden
tical with those of commercial samples. The remaining hydrocar
bon products were not isolated.

3-Methoxy-3-ethyl-2-methylpentane (5b) was obtained as a 
colorless liquid: i w  2962, 2938, 2880, 2825,1459,1379, 1170, 1142, 
1070, and 900 cm-1; NMR spectrum r 6.85 (s, 3, CH3O-); MS m/e 
129.1282 (calcd for C8H170 , 129.1280), 115 (83), 101 (100), 83 (25), 
and 59 (58). This material was identical with a specimen prepared 
independently as described below.

Isolation of the major ether product afforded 3-methoxy-3- 
ethyl-2-m ethyl-l-pentene (6b) as a colorless liquid: rmax 3092, 
2971, 2882, 2827, 1640, 1450, 1379, 1161, 1149, 1123, 1082, 1058, 
1029, 936, 919, and 901 cm-1; NMR spectrum t 4.95 and 5.05 (2 m, 
2, CH2= ) ,  6.97 (s, 3, CH3O-), and 9.27 [t, 6, (CH3CH2)2C-]; MS 
m/e 142.1356 (calcd for C9H180, 142.1358), 113 (100), 101 (18), 81
(22), and 55 (23).

2-Methoxy-3-ethyl-2-methylpentane (7b) was obtained as a 
colorless liquid: i/max 2934, 2875, 2825, 1458, 1377, 1361, 1187, 1155, 
1139, 1080, 1061, and 830 cm-1; NMR spectrum r 6.85 (s, 3, 
CH3O-), and 8.93 [s, (CH3)2C-];. MS m/e 129.1277 (calcd for 
CaHivO, 129.1280), 83 (5), 73 (100), 59 (4), and 55 (8). This materi
al was identical in retention time and spectral properties with a 
sample prepared as described below.

A mixture of (E )- and (Z)-4-methoxy-3-ethyl-4-methyl-2- 
pentene (8b) was obtained as a colorless liquid: vmax 3057, 2978, 
2934, 2880, 2824, 1459, 1376,1361, 1168, 1145, 1069, and 894 cm "1; 
NMR spectrum r 4.53 (q, 1, J = 6.5 Hz, CH-3), 7.07 (s, 3, CH3O-),
7.88 (q, 2, J = 7.5 Hz, CHaCHa-), 8.32 (d, 3, J = 6.5, CH3-4), 8.79 
[s, 6, (CH3)2C-], and 8.98 (t, 3, J  = 7.5 Hz, CHgCHa-); MS m/e 
142.1356 (calcd for C9H180, 142.1358), 127 (93), 113 (37), 95 (34), 
73 (100), 69 (26), and 67 (35).

B. Acid-Catalyzed Methanolysis. A solution containing 1 g of 
olefin lb  and 10 drops of concentrated sulfuric acid in 30 ml of 
methanol was allowed to stand at room temperature for 18 days. 
The resulting solution was neutralized with sodium bicarbonate, 
diluted with water, and continuously extracted with pentane. The 
pentane solution was concentrated by distillation. Gas chromato
graphic analysis revealed the formation of two ether products in a 
17:1.0 ratio. Isolation of the major component afforded ether 7b. 
The second component had a retention time identical with that of 
ether 5b.

Independent Synthesis o f 3-Methoxy-3-ethyl-2-methyIpen- 
tane (5b). A solution containing 3.5 g (20 mmol) of 2-methyl-3- 
ethyl-3-pentanol11 in 25 ml of freshly distilled 1,2-dimethoxyeth- 
ane was added dropwise to 1.33 g (20 mmol) of a 50% suspension of 
sodium hydride in oil, which had been washed with pentane, under 
nitrogen with stirring. After 6 hr 4.12 g (29 mmol) of methyl iodide 
was added dropwise to the solution in an ice bath. After addition, 
the mixture was stirred at 30° overnight. After cooling, the solu
tion was diluted with 10 ml of water. The organic layer was collect
ed and concentrated by distillation to afford 1.53 g (10.3 mmol, 
53%) of ether 5b, bp 75-76° (63 mm). This material was identical 
in every respect with that obtained photochemically as described 
above.

Isopropylidenecyclohexane (lc ) . A. Irradiation. A 100-ml 
methanolic solution containing 2.48 g (20 mmol) of olefin l c 12 was 
irradiated as described above for 16 hr. Gas chromatographic anal
ysis (A and C) revealed a partial recovery of olefin lc  and the for
mation of three hydrocarbon products and three ether products. 
Isolation by preparative gas chromatographic techniques (A and 
C) afforded isopropylcyclohexane (12c) which had spectral 
properties and a retention time identical with those of a commer
cial specimen. Isolation of the second component afforded 2-cy- 
clohexylpropene (11c) as a colorless liquid: rmax 3091, 2935, 2860, 
1645, 1453, 1375, 1108, and 891 cm-1 (lit.13 rmax 1650 and 883 
cm-1). The third hydrocarbon was not isolated.

1-M ethoxy-l-isopropylcyclohexane (5c) was obtained as a 
colorless liquid: rmax 2940, 2865, 2829, 1463, 1384, 1367, 1156, 1144, 
1075, 940, 923, 912, and 804 cm-1; NMR spectrum t 6.88 (s, 3, 
CH3O-) and 9.15 [d, 6, J  = 7 Hz, (CH3)2C -]; MS m/e 156.1516 
(calcd for C,oH200, 156.1514), 113 (100), and 81 (47). This material 
was identical in retention time and spectral properties with a sam
ple prepared independently as described below.
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1- M ethoxy-l-(2'-propenyl)cyclohexane (6c) was obtained as 
a colorless liquid: i*max 3090, 2938, 2861, 2825, 1638, 1447, 1148, 
1079, 927, and 901 cm-1; NMR spectrum r 7.08 (s, CH30 -), 5.10 
(d, J = 10 Hz, vinyl); MS m/e 154.1359 (calcd for Ci0Hi8O, 
154.1357), 139 (15), 113 (91), 111 (100), 81 (63), 79 (42), and 67 
(22).

2- M ethoxy-2-cyclohexylpropane (7c) was obtained as a color
less liquid: *mM 2980, 2938, 2859, 2830, 1450, 1379, 1363, 1230, 
1201, 1169, 1146, 1112, 1074, 889, and 854 cm-1; NMR spectrum r
6.87 (s, 3, CH3O-) and 8.95 [s, (CH3)2C-); MS m/e 141.1282 (calcd 
for C9H170, 141.1279), 81 (27), 74 (27), 73 (100), 72 (34), and 59
(31). This material was identical in retention time and spectral 
properties with specimens prepared independently as described 
below.

B. Acid-Catalyzed Methanolysis. A solution containing 1 g of 
olefin lc  and 10 drops of concentrated sulfuric acid in 20 ml of 
methanol was allowed to stand at room temperature for 11 days. 
The resulting solution was neutralized with sodium bicarbonate 
and continuously extracted with pentane. The pentane solution 
was concentrated by distillation. Preparative gas chromatographic 
techniques (C) afforded the two ether products 7c and 5c in a 4.4:
1.0 ratio, each having retention times and spectral properties iden
tical with those given above.

Independent Synthesis o f 2-M ethoxy-2-cyclohexylpropane
(7c). 2-Cyclohexyl-2-propanol was prepared by the addition of 
methyllithium (60 ml of 2.2 M  solution) dropwise to an ice-cold so
lution of cyclohexyl methyl ketone in 25 ml of anhydrous ether 
under nitrogen. After 1 hr of stirring at room temperature, 50 ml of 
water was added dropwise and the solution was stirred for an addi
tional 1 hr. The reaction mixture was then extracted with ether 
and the combined ether extracts were dried over saturated sodium 
chloride solution followed by anhydrous sodium sulfate. Distilla
tion afforded 7.98 g (56%) of 2-cyclohexyl-2-propanol, bp 42° (4 
mm).

A solution containing 2.15 g (15 mmol) of 2-cyclohexyl-2-propa- 
nol in 50 ml of anhydrous ether was added dropwise with stirring 
to 0.81 g of a 50% suspension of sodium hydride in oil, which had 
been washed with pentane, under nitrogen. After 4 hr of stirring 
the solution was cooled in an ice bath and 2.41 g (17 mmol) of 
methyl iodide was added dropwise. After addition, the mixture was 
stirred at room temperature for 24 hr. The mixture was treated 
with 5 ml of water and extracted with three 25-ml portions of 
ether. The combined ether fractions were washed with a saturated 
sodium chloride solution, dried over anhydrous sodium sulfate, 
and concentrated by distillation. Isolation by preparative gas chro
matography (C) afforded a specimen of 7c which had spectral 
properties identical with those described above.

Isopropylidenecyclopentane (Id). A. Irradiation. A 100-ml 
methanolic solution containing 2.2 g of olefin Id was irradiated as 
described above for 8 hr. Gas chromatographic analysis (B and C) 
revealed a partial recovery of olefin Id and the formation of three 
hydrocarbon and four ether products. Isolation by preparative gas 
chromatographic techniques afforded isopropylcyclopentane 
( 12d) which had a retention time and spectral properties identical 
with those of a commercial sample. 1-Isopropyl-l-cyclopentene 
(13d) was obtained as a colorless liquid which had spectral proper
ties identical with those of an authentic sample prepared by treat
ment of 2-cyclopentyl-2-propanol with p-toluenesulfonic acid.14 
2-Cyclopentylpropene ( l id )  was obtained as a colorless liquid, 
i W  3088, 2962, 2875, 1644, 1453, 1377, and 892 cm“ 1 (lit.13 < w  
1650 and 881 cm-1).

1-M ethoxy-l-isopropylcyclopentane (5d) and 2-methoxy-2- 
cyclopentylpropane (7d) were obtained as colorless liquids which 
had the same retention times and spectral properties as the speci
mens prepared independently as described below. 1-M ethoxy-l- 
(2'-propenyl)cyclopentane (6d) was observed as one component 
of a mixture of the four ethers in an NMR spectrum (t 5.10), but 
attempts to isolate the material were unsuccessful. 2-Methoxy-2- 
(l'-cyclopentenyl)propane (8d) was obtained as a colorless liq
uid: vmax 3058, 2981, 2934, 2850, 2823,1462,1442,1372,1359,1258, 
1167, 1143, 1072, 950, and 911 cm-1 ; NMR spectrum r 4.41 (m, 
-C H = ), 6.90 (s, CH3O-), and 8.70 [s, (CHaHC-]; MS m/e 140.1203 
(calcd for C9H160, 140.1201), 125 (100), 109 (18), 95 (15), 93 (40), 
and 67 (20).

B. Acid-Catalyzed Methanolysis. A solution containing 1 ml 
of olefin Id and 6 drops of concentrated sulfuric acid in 10 ml of 
methanol was allowed to stand for 1 day. The solution was neutral
ized with sodium bicarbonate and extracted with pentane. The 
combined pentane extracts were washed with saturated sodium 
chloride solution, dried over anhydrous sodium sulfate, and con

centrated by distillation. Preparative gas chromatographic tech
niques (A) afforded the ethers 5d and 7d in a 1.1:1.0 ratio.

1- M ethoxy-l-isopropylcyclopentane (5d) was obtained as a 
colorless liquid: i/max 2960, 2876, 2826, 1467, 1386, 1368, 1190, and 
1080 cm-1; NMR spectrum r 6.94 (s, 3, CH3O-), 8.39 [m, 9, 
(CH2)4CH~], and 9.12 [d, 6, J  = 6.75 Hz, (CH3)2C-]; MS m/e 
142.1355 (calcd for C9H180, 142.1358), 113 (13), 99 (100), 81 (12), 
69 (16), and 67 (78).

2- Methoxy-2-cyclopentylpropane (7d) was obtained as a col
orless liquid: 2957, 2873, 2830, 1466, 1381, 1363, 1186, 1124,
1079, and 909 cm-1: NMR spectrum r 6.87 (s, 3, CH3O -), 8.55 [m, 
9, (CH2)4CH-|, and 8.93 [s, 6, (CH3)2C-]; MS m/e 127.1120 (calcd 
for C8H150, 127.1124), 95 (72), 69 (50), 67 (100), and 59 (33). The 
infrared spectrum was similar to that previously reported.15

2-Isopropylidenenorbornane (14). A. Irradiation. A 100-ml 
methanolic solution containing 2.72 g of olefin 14, prepared by the 
general method of Kornblum et al.,12-14 was irradiated as described 
above for 7 hr. Gas chromatographic analysis (B) revealed the for
mation of seven ether and several hydrocarbon products. The fol
lowing two principal products were isolated by preparative tech
niques.

2-(2'-M ethoxy-2'-propyl)-2-norbornene (15) was obtained as 
a colorless liquid: rmax 3055, 2971, 2873, 2822, 1442, 1370, 1368, 
1273, 1161, and 1069 cm-1; NMR spectrum r 4.19 (d, J  = 3 Hz, 
olefinic), 6.88 (s, CH30 -) , 7.09 (m, bridgehead), 8.73 (s, CH3-), and
8.75 (s, CH3-); MS m/e 166.1354 (calcd for Cu H180, 166.1357), 151
(40), 123 (100), 108 (15), 107 (20), and 91 (42).

2-endo-IsopropyInorbornane (16) was obtained as a colorless 
liquid: *max 2950, 2869, 1462, 1450, 1381, 1362, and 1310 cm-1; 
NMR spectrum r 7.78 (m, bridgehead). This material was identical 
in retention time and spectral properties with an authentic sample 
obtained as described previously.16

Irradiation of 2,3-Dimethyl-2-butene (la ) in the Presence 
o f Sulfur Hexafluoride. Through a solution containing 1.68 g (20 
mmol) of 2,3-dimethyl-2-butene (la) in 100 ml of methanol was 
bubbled nitrogen (15 min) followed by sulfur hexafluoride (10 
min). Sulfur hexafluoride was slowly bubbled through the solution 
during the irradiation, which was carried out by the general proce
dure described above. After irradiation, 80 ml of the solution was 
diluted to 100 ml with distilled water. Fluoride concentrations 
were then determined from the potential of an Orion fluoride ion 
activity electrode (94-09) vs. a Fischer standard saturated calomel 
electrode with cracked glass junction as measured by a Beckman 
Century SS pH meter on expanded scale. A calibration curve was 
obtained using sodium fluoride in 80:20 methanol-water standard 
solutions. The results are summarized in Table II.
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The synthesis of 2,6-dimethylene[3.3.2]propellane (4) in three steps and 12% overall yield from aliéné dimer 1 is 
reported. The key reaction is the formation of 4 by transannular photochemical ring closure of 1,2,5,6-tetramethy- 
lenecyclooctane (3). A chemical separation of 4 from isomers that are carried through the synthesis is described, 
which makes the purification of the intermediates (1-3) unnecessary. Compound 4 has been converted to the par
ent [3.3.2]propellane (6), which undergoes free-radical addition of bromine across the central bond to give 13.

The synthesis of small-ring propellanes has been an area 
of considerable activity in recent years.2 Theoretical inter
est in [2.2.2]propellane (7)3 has given special stimulus to 
the preparation of this molecule. A derivative of 7 has been 
synthesized by Eaton and his coworkers through two suc
cessive ring contractions of [4.2.2]propellane-2-one.4a This 
key intermediate was prepared from the enol acetate of
1,3-cyclohexanedione by photoaddition of ethylene, base- 
catalyzed elimination of the elements of acetic acid, and 
photoaddition of a second molecule of ethylene.4b Evidence 
for the intermediacy of the parent compound (7) in the 
electrochemical reduction of l,4-dibromobicyclo[2.2.2]oc- 
tane5 and in the mercury-sensitized photolysis of 1,4-di- 
methylenecyclohexane6 has also been reported.

Our route7 to the [2.2.2]propellane ring system took cog
nizance of the fact that photochemical ring closure in 1,4- 
dimethylenecyclohexane provided a formally attractive 
synthesis of 7. However, since the ring in this diene prefers 
a chair conformation,8 we anticipated that ring closure to 7 
might be a rather inefficient process. Moreover, because 
short-wavelength light or a high-energy sensitizer would be 
required to excite the isolated double bonds in 1,4-dimeth- 
ylenecyclohexane, it seemed possible that 7, if formed, 
might undergo photoinitiated opening back to the starting 
material. Finally, were only small amounts of 7 to be 
formed, for either or both of the above reasons, its separa
tion from unreacted starting material would be problemati
cal. Therefore, we explored the route, outlined in Scheme I, 
which circumvented these difficulties by effecting photo
chemical ring closure in 1,2,5,6-tetramethylenecyclooctane
(3).9 Cyclooctane rings readily undergo 1,5-transannular 
reactions;10 and excitation of 3, either direct or sensitized, 
was expected to be easy because of the conjugated diene 
systems present in the molecule. Moreover, the methylene 
groups in the anticipated photocyclization product (4) 
could be ozonized to give 5, a precursor of the parent
[3.3.2]propellane (6) and, more important, a promising in

termediate for the synthesis of 7.11 As indicated in Scheme 
I, a synthesis of 3 can be constructed by noting that 3 is the 
product of cyclobutene ring opening in 2, which is in turn a 
dimer of 1,2 dimethylenecyclobutane (1). Thus our synthe
sis began with attempts to prepare 2 from 1.

1

Scheme I
R

R
4, R =  CH:
5, R =  0
6, R =  H,

R esu lts and D iscu ssion

The simplest route to 1 is through the thermal dimeriza
tion of allene, which also produces about 20% of 1,3-di- 
methylenecyclobutane.12 Since we required large amounts 
of 1, our first task was to improve the literature method for 
its preparation. Allene gas was passed through a tube 
packed with glass balls and heated to 500°. The pyrolysate 
was collected in a flask cooled with Dry Ice. The flask, con
taining unreacted allene, allene dimers, and higher oligom
ers, was then connected to the inlet of the heated tube and 
allowed to warm to room temperature. Only the allene dis
tilled through the tube, and the pyrolysate was trapped in a 
second flask. The two flasks were then interchanged and 
the allene was cycled through the tube again.13 Allene, re
cycled thus ten times, gave yields of dimers on the order of 
25%. With further recycling even higher yields could be 
realized.



Although dimerization of butadiene, catalyzed by com
plexes of Ni°, gives high yields of 1,5-cyclooctadiene,14 ex
periments on the dimerization of 1 to 2 in the presence of 
Ni(PPha)4 were not at all promising. Mixtures of dimers of 
1 were obtained, and substantial amounts of starting mate- 

. rial remained unreacted. We were discouraged from pursu
ing further experiments with different ligands on the Ni° 
catalyst by the finding of Heimbach15 that tris(2-biphenyl 
phosphite)nickel(O), which gives a 97% yield of 1,5-cyclooc
tadiene from butadiene,14 with 2,3-disubstituted buta
dienes produces the corresponding derivatives of 1,5-cy
clooctadiene in only 3-6% yield.

Photosensitized dimerization16 of 1 proved to be a more 
promising method for the preparation of synthetically use
ful quantities of 2. Initial experiments were performed on 
samples of 1 purified by preparative GLC. However, as ex
pected, the presence of 1,3-dimethylenecyclobutane did not 
alter the course of .the reaction; so the mixture of allene di
mers was used for preparative runs. When 1 was irradiated 
in solution in the presence of benzophenone, three photodi
mers were isolated by GLC. They were easily identified by 
NMR as 2, 8, and 9 (Scheme II). Inspection of the NMR

Ring Closure of 1,2,5,6-Tetramethylenecyclooctane

Scheme II
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spectrum of the crude photolysate showed, however, the 
two singlets at <5 2.15 and 2.27, belonging to 2, to be absent. 
Several resonances belonging to neither 8 nor 9 were ob
served; and on refluxing a benzene solution of the photodi
mers of 1, these resonances were found to decrease as those 
belonging to 2 increased in intensity. In analogy with the 
formation of 1,5-cyclooctadiene by Cope rearrangement of 
cis- 1,2-divinylcyclobutane in the sensitized photodimeriza
tion of butadiene,17 the precursor of 2 is almost certainly 
the syn isomer of 8.

The desired dimer (2) could be separated on a prepara
tive scale from its isomers by spinning band distillation, as 
well as by GLC. On pyrolysis in a flow system at 330°, it 
was converted cleanly to 3. At lower temperatures the 
product (10) of opening just one of the cyclobutene rings in 
2 could be isolated. Dimer 9 on pyrolysis at 330° also un
derwent cyclobutene ring opening to give 11. At tempera
tures above 200° 8 gave a mixture of 2, 3, 9, 10, and 11. As 
the pyrolysis temperature was raised, 3 and 11 were isolat
ed in increasing amounts until they became the sole prod
ucts. At 330° 8 gave 3 and 11 in a ratio of 11:9. Presumably, 
at temperatures above 200° the most substituted bond in 
the central cyclobutane ring of 8 is broken, forming a high
ly stabilized biradical that is partitioned between 2 and 9. 
At higher pyrolysis temperatures these compounds under
go cyclobutene ring opening, as discussed above, until at 
330° only 3 and 11 are detected.

Because 8 constitutes 58% of the original photodimer 
mixture, while 2 comprises only 29%, the amount of 3 pro
duced from the mixture of photodimers can be maximized 
by employing the former, as well as the latter, as a source of
3. Although 8 can be separated from 9 by spinning band 
distillation, 11, the pyrolysis product of 9, is also formed 
from 8. Therefore, for experiments in which pure samples 
of 3 were not required the mixture of all three photodimers 
was pyrolyzed at 330° to give a product consisting of 60% 3 
and 40% 11. It was hoped that at higher temperatures 3 and 
11 might be equilibrated (via bond cleavage, reclosure, and 
the intermediacy of 10, or 10, 2, and 9) and that the equi
librium would favor 3. In the event the former expectation 
was realized, but the latter was not. At 500° 2, 3, 8, 9, and 
11 all gave a 50:50 mixture of 3 and 11. Since even at 360° 
there was some equilibration between 3 and 11, pyrolysis of 
the crude photolvsate was carried out at 330° in order to 
maximize the amount of 3 present in the pyrolysate.

Samples of pure 3 could be obtained either by pyrolysis 
of pure 2 or by preparative GLC separation of 3 from 11. 
On direct photolysis 3 was converted to a 1:1 mixture of 2 
and 4. When the photolysis was monitored by GLC, 10 
could be identified as the precursor of 2. Sensitized photol
ysis of 3 was briefly investigated; but while no 2 was 
formed, the 4 that was obtained was contaminated with 
several unidentified photoproducts, and GLC analysis indi
cated a larger loss of volatile material than in the direct 
photolysis. Since it was found that on direct photolysis 11 
only underwent cyclobutene ring closure to 9 and that the 
presence of 9 and 11 did not affect the photochemistry of 3, 
for preparative purposes the crude pyrolysate, containing 
both 3 and 11, was photolyzed. The products then consist
ed of 2, 4, and 9 with smaller amounts of 10 and 11 present 
when, in order to minimize polymer formation, the irradia
tion was not prolonged. From this mixture the desired 
product of transannular bond formation (4) could be isolat
ed by careful preparative GLC.

The three-step synthesis of 4 described above had the 
virtue of not requiring purification of any of the intermedi
ates, since the mixture of allene dimers could be photo- 
lyzed, the photolysate pyrolyzed, and the pyrolysate photo- 
lyzed. However, a tedious GLC separation was required to 
isolate 4; and we sought a way to circumvent it. Crucial to 
the solution of this problem was the discovery that 4 
proved to be quite stable thermally. When it was pyrolyzed 
in our flow system at 330°, GLC analysis indicated no new 
products formed and no appreciable loss of 4. Although the 
central bond in the [3.3.2] propellane skeleton of 4 is adja
cent to two vinyl groups, effective conjugation of them with 
the bridgehead radicals that would result from cleavage of 
this bond is geometrically impeded. This fact is probably 
the origin of the thermal stability of 4, which allowed it to 
remain intact under conditions which led to cyclobutene 
ring opening in 2, 9, and 10. Thus, pyrolysis of the crude 
photolysate, containing 2, 4, 9, 10, and 11, gave a mixture of 
3, 4, and 11. Since 3 and 11 are both conjugated dienes, 
while 4 is not, only the former two compounds underwent 
Diels-Alder reactions. Consequently, treatment of the 
crude pyrolysate, containing 3, 4, and 11, with maleic anhy
dride, followed by chromatography, yielded 4, which was 
found to be 97% pure by GLC. This chemical separation of 
4 from its isomers allowed its preparation by the route 
shown in Scheme II, without purification of any of the in
termediates, in 12% overall yield, based on the weight of al
lene dimer. Since the crude allene dimer mixture contains 
only 80% of 1 and since the maximum yield of 4 possible 
from it by the sequence sensitized photolysis, pyrolysis, di
rect photolysis is 30%, the maximum theoretical yield of
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the synthesis shown in Scheme II is 24%, based on the 
weight of crude dimer. It is somewhat amusing to note that 
all the steps in this synthesis, starting with the dimeriza
tion of allene, require only heat or light; the final purifica
tion step alone requires an additional reagent.

Ozonolysis of 4 in 95% ethanol to the diketone 5 proceed
ed in 80% yield. When the ozonolysis was done in methanol, 
in addition to 5, 20% of another compound (12) was also 
isolated. The mass spectrum and NMR of this second com
pound were consistent with its formulation as the monodi
methyl ketal of 5, to which 12 was hydrolyzed in dilute 
aqueous acid. The structure (5) for the ozonolysis product 
of 4 was supported by analytical and spectral data. In par
ticular, the ir showed a sharp absorption at 1740 cm-1, in
dicating that both carbonyl groups were contained in five- 
membered rings. The rather complex NMR spectrum could 
be greatly simplified by stirring a CCI4 solution of the dike
tone with D20  containing K2CO3. This resulted in the ex
change of four protons and caused the NMR spectrum to 
collapse to an AA'BB' pattern for the protons on the two- 
carbon bridge and a broad singlet for the two nonexchan
geable protons on each of the three-carbon bridges. When 
the exchangeable protons were replaced with bromine by 
adding Br2 to a CC14 solution of the diketone, not only was 
the AA'BB' pattern revealed, but the broad singlet ob
served in the deuterated ketone was also resolved into an 
AB quartet.

The structure (5) for the diketone was confirmed by its 
Wolff-Kishner reduction to the parent hydrocarbon (6), 
whose NMR spectrum displayed a sharp singlet for the 
four equivalent protons on the two-carbon bridge. Subse
quently, we learned18 that [3.3.2]propellane (6) had been 
prepared by a very different route than ours;19 and com
parison of our NMR and ir spectra of G with those kindly 
provided by Professor Cargill showed the compounds pre
pared by the two different routes to be identical. We briefly 
investigated the chemistry of 6 and found that, although it 
was unreactive toward trifluoroacetic acid at 100° for 12 hr 
and toward bromine at room temperature in the dark, 
when a solution of 6 in CCI4 containing Br2 was exposed to 
a fluorescent lamp for 3 days, no starting material re
mained. Two compounds, 13 and 14, were isolated by frac
tional crystallization. Following the reaction by NMR

showed that 14 was a secondary product, formed from 13, 
presumably by the mechanism proposed by Russell and 
Brown for the reaction of tertiary bromides with molecular 
bromine.20 Addition of bromine radicals across the central 
bond of [n.m. 2]propellanes has been previously observed in 
systems where n < 4 and m = 2.4-21 Although this reaction 
is much faster when the propellane contains two four-mem- 
bered rings, our finding that bromine adds to 6 shows that 
in [m.rc.2]propellanes, addition of bromine atoms to the 
central bond occurs for m + n < 6.

Whereas Eaton’s synthesis of a derivative of [2.2.2]pro- 
pellane involved two successive contractions of a cyclohex
anone ring,4 our route from 5 required the simultaneous 
contraction of two cyclopentanone rings. In keeping with 
the spirit of our synthesis of 5, we first tried to convert it 
directly to 7 by gas-phase photodecarbonylation.22 How
ever, from either direct or mercury-sensitized irradiation of

5, no material was isolated that could be unequivocally 
identified as even a decomposition product of 7. An obvious 
route from 5 to a derivative of 7 was through a double 
Wolff rearrangement of the bis(diazo) diketone (17).23 At
tempts to prepare the bis(hydroxymethylene) diketone
(15) for reaction with tosyl azide23 were not fruitful. Syn
thesis of the bis(oximino) diketone (16) by reaction of 5 
with 2 equiv of butyl nitrite24 was successful, but the con
version of 16 to 17 by reaction with chloroamine, generated 
in situ,24 proceeded in yields so low as to be synthetically 
useless. Further studies of ring contraction in 5 were aban
doned when we learned25 of Eaton’s synthesis of [3.2.2]pro- 
pellan-2-one,4b a precursor of a derivative of 7, one carbon
yl less distant than 5.

15, X = CHOH
16, X = NOH
17, X = N2

Although our synthesis of 7 or a derivative thereof was 
abandoned short of the final goal, a number of the com
pounds prepared are of interest as potential intermediates 
in the synthesis of other molecules of theoretical import. 
For instance, 2 undergoes ozonolysis of both double bonds 
to give cyclododecanetetr-l,4,7,10-one in essentially quan
titative yield. This tetraketone has been used in the prepa
ration of a [2.2]pyrrolophane,26 a nitrogen-bridged [12] an- 
nulene,27 and a derivative of tricyclo[6.4.0.04’9]dodecane.28 
We are currently exploring the use of 2, as well as 3 and 13, 
in the synthesis of other interesting molecules.

Experimental Section
Dimerization of Allene. Allene gas (61.3 g) from a lecture bot

tle was passed into a vertical column, 14 in. long and 1 in. in diam
eter, packed with glass beads and heated to 500 ± 10°. The allene 
was passed in at a rate of about 1 g/min. The effluent gases were 
trapped in a 125-ml erlenmeyer flask cooled in Dry Ice-acetone. 
When all the allene had been passed through the column once, the 
collection flask was removed and attached to the inlet of the pyrol
ysis column while a second erlenmeyer flask served as a collector. 
The allene in the filled erlenmeyer flask was allowed to distil into 
the heated column at room temperature. Repeated switching of 
the two flasks13 allowed the accumulation of allene dimers by recy
cling the unpvrolyzed allene. After recycling ten times, the un
reacted allene was allowed to distil off at room temperature. The 
residue was transferred to a round-bottomed flask and distilled at 
room temperature under aspirator vacuum, the distillate being col
lected in a flask cooled in a Dry Ice-acetone bath. The yield of 
dimer (pale yellow in color) was 15.0 g (24%). The allene dimers 
formed a polymer slowly at room temperature and were stored at 
-20° under nitrogen. The allene dimers could be separated by pre
parative GLC at 45° on a 0.375 in. X 20 ft column of 20% 7 - 
methyl-7 -nitropimelonitrile on Chromosorb P.

Benzophenone-Sensitized Photolysis o f Allene Dimers. The 
allene dimers (6.1 g) were dissolved in 150 ml of pentane. Benzo- 
phenone (0.1 g) was added to the solution and the solution was 
placed in an immersion well and degassed by bubbling nitrogen 
through it for 0.5 hr. The solution was photolyzed with a Hanovia 
high-pressure mercury lamp, using a Pyrex filter. Throughout the 
photolysis the solution was kept under a positive pressure of nitro
gen. After 7 hr the photolysis was stopped and the solvent was re
moved under reduced pressure. The yield was 4.6 g of a pale yellow 
liquid. The crude product was chromatographed on 120 g of neu
tral alumina to remove the benzophenone and polymeric material. 
Fractions (100 ml) were taken and the column was eluted with 
pentane. The dienes were eluted in fractions 2-4. The solvent was 
removed, yielding 4.4 g of product (72%). The diene mixture was 
stored under nitrogen at —20°. The three compounds in this mix
ture were easily separable by preparative GLC on a 0.375 in. X 10
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ft column of 20% SE-30 on Chromosorb W at 150°. The propor
tions29 and retention times (He flow rate 180 ml/min) of the three 
compounds were as follows: 8, 58%, 16.6 min; 9, 13%, 25.4 min; 2, 
29%, 39.9 min. Dimer 1 could also be separated from 8 and 9 by 
spinning band distillation of the crude dimer mixture with benzo- 
phenone added as a chaser solvent. A fraction collected at 75-79° 
(30 mm) was found to be pure 8 . Fractions collected between 79 
and 104° proved to be mixtures of 8 , 9, and 2. A fraction collected 
at 104-108° (30 mm) consisted of 93% 2, 6 % 9, and 1 % 8. This frac
tion crystallized, and recrystallization from ethanol afforded pure 
2, mp 41-41.5°. The NMR spectra of these compounds have pre
viously been reported.9

Pyrolysis o f the Photolysis Mixture (2,8 , 9). The mixture (6 .6  

g) from benzophenone-sensitized photolysis of the allene dimers 
was dissolved in 60 ml of hexane and slowly added from a dropping 
funnel (1 drop every 5 sec) to the top of a pyrolysis column 12 in. 
long and 0.5 in. in diameter, packed with glass helices, heated to 
330°, and with nitrogen passing through it at a rate of 5 ml/sec. 
The outlet tube from the pyrolysis column reached to the bottom 
of a volumetric flask that was used as a trap. Several pieces of glass 
wool were packed into the bottom of the trap and a piece was 
wrapped around the outside of the outlet from the pyrolysis col
umn so that the glass wool was also in contact with the inner wall 
of the trap. The glass wool was wetted with hexane before the trap 
was attached to the column. After all the solution had been added 
to the pyrolysis column, the column was washed with 2 0  ml more 
hexane. The solution collected in the trap was evaporated to yield
5.5 g (83%) of a 60:40 mixture of 3 and 11, which could be sepa
rated by preparative GLC on a 0.375 in. X 10 ft column of 20% 
Carbowax 20M on Chromosorb W at 130° with a helium flow of 
180 ml/min. The retention times under these conditions follow: 11, 
20.1 min; 3, 23.3 min. The NMR of 11  (CDCI3) showed b 1.6-1.9 
(m, 4 H), 2.1-2.8 (m, 6  H), 4.6-5.0 (m, 6  H); uv Xmax (hexane) 230 
nm (log e 3.7). The NMR of 3 (CDCI3) showed b 2.40 (s, 8  H), 4.80 
(d, 4 H, J  = 2 Hz), 4.90 (d, 4 H, J  = 2 Hz); uv Xmax 228 nm (log e 
4.0); mass spectrum M+ m / e  160.

Anal. Calcd for C1 2 H16 : C, 89.94; H, 10.06. Found: C, 90.14; H, 
10.33.

Isolation o f 4,5-Dimethylenebicyclo[6.2.0]dec-9-ene (10) 
from Low-Temperature Pyrolysis of 2. When 2 was pyrolyzed 
at 220°, GLC analysis on the SE-30 column showed another prod
uct of longer retention time than 3. This product, which itself gave 
3 on pyrolysis at 250°, was isolated by preparative GLC and identi
fied as 10 on the basis of NMR, (C D C I3) b 2.0-2.5 (m, 12 H), 4.73 
(d, 2 H, J  = 2 Hz), 5.05 (d, 2 H, J  = 2 Hz), and uv, Xmax 232 nm (log 
t 3.7).

Unsensitized Photolysis o f Pyrolysate (3 and 11). The pyro- 
lysate was photolyzed 2 g at a time in 150 ml of pentane with a Ha- 
novia high-pressure mercury lamp. The solution was degassed 
thoroughly by bubbling nitrogen through it for 0.5 hr, and the pho
tolysis was done under a positive pressure of nitrogen. The solu
tion was photolyzed for 7 hr and analyzed by GLC on the Carbo
wax column under the conditions described above. The photolys
ate consisted of (in order of elution) 4, 30%; 11, 10%; 9, 33%; 10, 2%; 
and 2, 25%. After longer periods of photolysis 11 was converted to 
9 and 10 to 2, so that only three components (4, 9, and 2) were pre
sent in the mixture. However, photolysis for longer times also 
caused the formation of more polymeric material, which coated the 
outside of the lamp casing. The NMR (CDCI3) of a sample of 4, 
collected from GLC, showed b 1.4-1.9 (m, 4 H), 1.98 (s, 4 H), 2.3-
2.7 (m, 2 H), 2.7-3.2 (m, 2 H), 4.67 (m, 2 H), and 4.82 (m, 2 H).

Chemical Separation o f 4. The crude photolysate was dis
solved in 60 ml of hexane and pyrolyzed as described before. The 
hexane was evaporated; the pyrolysate was dissolved in 30 ml of 
chloroform, which had been filtered through basic alumina; and 7 g 
of maleic anhydride was added. The mixture was refluxed for 1 hr 
under nitrogen. The chloroform was removed and pentane was 
added to the residue. All of the residue, including the solid maleic 
anhydride adducts, were placed on a column of 1 0 0  g of silica gel. 
The column was eluted with pentane, 100-ml fractions being 
taken. Fractions 3-7 contained the olefin 4. These fractions were 
combined and the solvent was removed. The yield of 4 from 5.5 g 
of the 60:40 mixture of 3 and 11  was 1.1 g, which was found to be 
97% pure by GLC.

Ozonolysis o f 2,6-Dimethylene[3.3.2]propellane (4). To 10 ml
of 95% ethanol was added 0.4 g of 4. The solution was cooled to 
—78° in a Dry Ice-acetone bath, and oxygen rich in ozone was bub
bled into the solution at a rate of 0.05 ft3/min for 12 min until the 
solution turned blue. The solution was allowed to stand for 4 min 
and was then purged of ozone by bubbling nitrogen through it for

15 min. To the solution, still at —78°, was added 0.8 ml of dimethyl 
sulfide. The solution was then kept for 1 hr at —20° in the freezer 
and for an additional 1 hr at room temperature. GLC analysis 
showed only one product. The solvent was then removed under re
duced pressure and the residue was chromatographed on 15 g of 
silica gel to remove the dimethyl sulfoxide. The column was eluted 
with ether, taking 40-ml fractions. The diketone was eluted in frac
tions 2-5. The chromatographed material was crystallized from 
ether-pentane, yielding 0.33 g of material (80%), mp 65-73°. Re
crystallization yielded pure 5, mp 75-76°. The mass spectrum 
showed the parent peak at m / e  164; the NMR exhibited a complex 
pattern between b 1.8 and 3.0.

Anal. Calcd for Ci0H1 2 O2: C, 73.15; H, 7.37. Found: C, 72.97; H,
7.35.

Deuteration of the Diketone 5. The diketone 5 (20 mg) in 0.2
ml of carbon tetrachloride was stirred with 0.1 ml of D20  contain
ing 15 mg of potassium carbonate. After 1 hr NMR showed that 
deuteration was nearly complete. The water layer was removed, 
and a fresh 0.1 ml of D20  containing 15 mg of potassium carbonate 
was added. The mixture was stirred for 1 more hr. The NMR spec
trum (C C I4) was considerably simplified from that o f  the undeu- 
terated material, showing a broad singlet at b 2 . 0  and a symmetri
cal AA'BB' pattern of equal intensity centered at b 2.27. The mass 
spectrum confirmed that four deuterium atoms had been intro
duced.

Bromination o f the Diketone 5. The diketone 5 (5 mg) was 
placed in an NMR tube and 0.1 ml of CCI4 containing 0.004 ml of 
Br2 was added. The color of the Br2 solution began to get lighter 
immediately and hydrogen bromide was evolved. The NMR 
showed a symmetrical AA'BB' multiplet centered at b 2.73 and an 
AB quartet centered at b 3.52 ( J  =  17 Hz).

Reduction o f the Diketone 5 to [3.3.2]Propellane (6). The 
diketone (0.16 g) was placed in a flask, and 1 0  ml of ethylene gly
col, 0.60 g of potassium hydroxide, and 0.60 ml of 95% hydrazine 
were added. The solution was refluxed for 24 hr under nitrogen. At 
the end of this time a thick layer of white solid had collected near 
the bottom of the condenser. The solid was washed out of the con
denser with CDCI3 and an NMR spectrum was recorded. The 
NMR spectrum showed a sharp singlet at b 1.64 (4 H) and multi- 
plets centered at b 1.3 (4 H), 1.6 (4 H), and 2.0 (4 H). GLC analysis 
of this material showed only one peak. Work-up of the ethylene 
glycol reaction mixture showed a negligible amount (< 2 %) of prod
uct present in it. To obtain the parent [3.3.2]propellane (6 ) as a 
solid, it was washed out of the condenser with Freon-114 (bp 3°) in 
a 0° cold room. The solution was filtered through sodium sulfate 
into a Pyrex tube. The Freon-114 was allowed to evaporate at 
room temperature, leaving behind a white solid. A few milligrams 
of potassium carbonate were added to the tube, which was sealed 
under pump vacuum. The propellane was allowed to sublime to 
the tip of the tube by immersing the tube in a water bath at 60°. 
Because of the ease with which 6 sublimed, it was not possible to 
determine its melting point accurately.

Bromination o f [3.3.2]Propellane (6). To an NMR tube con
taining 0.2 ml of carbon tetrachloride, 0.05 ml of methylene chlo
ride (as a standard), and 40 mg of [3.3.2]propellane was added 0.05 
ml of bromine. The NMR tube was allowed to stand at room tem
perature under a fluorescent light. After 1.5 hr a new peak could be 
seen at S 2.58. After 3 days the NMR spectrum showed that no 
starting material remained, and the solvent was evaporated. TLC 
of the residue on silica gel using 5% ether-pentane gave two well- 
separated spots. The residue was dissolved in pentane and allowed 
to crystallize in the freezer at —20°; 44 mg of crystals were collect
ed. The NMR of the crystals and the mother liquor showed that 
the compound with the singlet at b 2.58 was in the mother liquor 
and that the crystals were another compound. The crystals were 
dissolved in pentane and allowed to crystallize again. The com
pound in the mother liquor was also crystallized from pentane. 
From each crystallization 15 mg was obtained. NMR and TLC in
dicated that complete separation of the two compounds had been 
achieved. The faster moving compound on TLC is the one ob
tained from the mother liquor, containing the singlet at b 2.58. The 
NMR (C C I4) of the crystals (13) from the mother liquor exhibited 
a sharp singlet at b 2.58 and multiplets centered at b 1.8 and 2.6. 
The ratio of the integration of the low-field to the high-field reso
nances was 12:4. The mass spectrum of 13 showed no molecular 
ion; the peaks of highest m / e  at 215 and 217 corresponded to M+ — 
Br.

Anal. Calcd for Ci0H16Br2: C, 40.57; H, 5.45. Found: C, 40.80; H,
5.66.

The NMR (C D C I3) o f  the less soluble, slower moving compound
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(14) exhibited b 2.0 (m, 4 H), 2.7 (m, 10 H) and a poorly resolved 
quartet at b 4.86 (1 H, J = 5 and 9 Hz). The mass spectrum of 14 
showed no molecular ion; the peaks with highest m/e at 280, 282, 
and 284 correspond to M+ — Br. Even after three recrystallizations 
the trihromide melted over a broad range (93-99°), suggesting that 
it may be a mixture of stereoisomers.

Anal. Calcd for C10H15Br3: C, 32.03; H, 4.03. Found: C, 31.67; H,
4.01.

Preparation o f Bis(oximino) Diketone (16). The diketone 5 
(0.118 g) was dissolved in 20 ml of dry tert-butyl alcohol and the 
solution was degassed with nitrogen for 15 min. This solution was 
then added to a flask (under nitrogen) containing 2.02 g of potassi
um tert-butoxide monoalcoholate with stirring. After 10 min 0.4 
ml of n-butyl nitrite was added through a serum cap and the solu
tion was stirred under nitrogen overnight. The mixture was then 
diluted with water, extracted four times with ether, acidified with 
acetic acid, and extracted two times with methylene chloride. The 
aqueous layer was then saturated with sodium chloride and ex
tracted eight times with ethyl acetate. The ethyl acetate extracts 
were combined, shaken with saturated sodium chloride solution, 
and dried over sodium sulfate. The solvent was removed under re
duced pressure, and the yellow solid residue was evacuated at 0.2 
mm for 2 hr; the yield was 76 mg (48%). The crude 16 did not crys
tallize readily, and it was purified by washing two times with a 1:4 
methanol-ether solution, which removed almost all of the yellow 
color. The ir of this material showed characteristic absorptions at 
1630, 1735, and 3560 cm-1. The NMR (acetone-dg) showed an 
AA'BB' multiplet centered at <5 2.42 (4 H), an AB quartet centered 
at (5 3.04 (4 H, J = 20 Hz), and a broad peak at b 3.2 (2 H) which 
disappeared upon shaking with D20.

Preparation o f Bis(diazo) Diketone (17). Bis(oximino) dike
tone (16, 48 mg) was added to a flask containing 3 ml of water and 
cooled in an ice-water bath. Sodium hydroxide solution (0.5 ml, 1 
N) was added, and the solution turned bright yellow in color. 0.070 
ml of 15 N  ammonium hydroxide was then added, followed by 1.7 
ml of 5% sodium hypochlorite solution, added dropwise over a pe
riod of 15 min. After 1 hr the ice bath was removed. The mixture 
was allowed to stir at room temperature for 6 hr and then was ex
tracted with five portions of methylene chloride (passed through 
basic alumina). The methylene chloride extracts were combined 
and the solvent was evaporated. The residue was a yellow solid, 2.5 
mg (5% yield). The ir showed characteristic diazo, 2080 cm-1, and 
carbonyl, 1660 cm-1, absorptions. The NMR (CDCI3) exhibited 
(inter alia) an AA'BB' pattern centered at b 2.48 and an AB quar
tet centered at b 3.20 (J = 14 Hz).

Preparation of Cyclododecanetetr-l,4,7,10-one by Ozonol- 
ysis o f 2. The ozonolysis was carried out as described above for 4, 
except that sufficient CH2CI2 was added to keep 2 in solution. An 
essentially quantitative yield of the product was obtained. After 
recrystallization from acetone it had mp 131-132° (lit.26 mp 129- 
130), and its NMR and ir matched those described.26
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The synthesis of 7-oxabicyclo[2.2.1]hept-5-ene-2,3-dione (2a) and its 1-methyl derivative is described. Electro
lytic reduction of 2a gives its radical anion which has a large bridgehead hydrogen coupling of 2.48 G. Using the 
INDO method with a MINDO/2' optimized geometry, spin densities for 2a-" are calculated and partitioned into 
their spin polarization and spin delocalization components. Mechanisms for the interaction of the vinyl and 
bridgehead hydrogens in 2a-" with the unpaired electron are discussed based on the spin partitioning calculation.

There has been considerable interest in studying the de- 
localization of the unpaired electron in rigid, strained sys
tems using semidione,2 semifuraquinone,3 and semiqui- 
none4 radical anions as spin labels. Recently, we reported 
long-range coupling in the radical anion of bicyclo-
[2.2.1]hept-5-ene-2,3-dione (1) and two of its derivatives.5 
Since the hyperfine splitting constants (hfsc’s) of the brid
gehead (Hb) and vinyl hydrogens of these radical anions 
appeared to be somewhat sensitive to changes in geometry, 
we decided to examine what effect the introduction of a he
teroatom at the 7 position would have on these couplings. 
We now report the synthesis of 7-oxabicyclo[2.2.1]hept-5- 
ene-2,3-dione (2a) and its radical anion.

1 2
a, R =  H
b. R =  CH)

Results and Discussion
Synthesis of 2a-" and 2b-". Our method of preparing 2a 

was based on a recent report that hydrolysis of dichloro- 
vinylene carbonate adducts produces o-diketones.6 Thus, a 
4:1 mole ratio of dichlorovinylene carbonate to furan was 
heated at 120° in a sealed glass tube for 20 hr to give a 57% 
yield of the endo and exo furan adducts (3). Hydrolysis of 
these adducts in 50% aqueous p-dioxane gave the dihyd
rate 4, which is surprisingly stable at room temperature. 
Upon heating 4 in p-dioxane at 90° in the presence of 
MgSC>4, the diketone 2a was obtained. When exposed to 
moist air, 2a immediately formed a mixture of its monohy
drate with a small amount of 4. An attempt to prepare the

3 4

sulfur and nitrogen analogs of 2a by the same route was un
successful. Both thiophene and pyrrole failed to give Diels- 
Alder adducts with dichlorovinylene carbonate.

Electrolytic reduction of 2a or 3 (in DMSO with n- 
BU4NCIO4 as supporting electrolyte) produced an ESR

spectrum consisting of a triplet of triplets with aH = 2.48 (2 
H) and 0.81 G (2 H). No signal could be detected 30 sec 
after the current was terminated. Treatment of 2a with a 
DMSO solution of the enolate anion of propiophenone7a 
under flow conditions71* or with a hexamethylphosphoram- 
ide solution of sodium failed to give an ESR spectrum of 
2a-". Methyl labeling was used to assign the splittings in 
2a-". Electrolytic reduction of 2b produced an ESR spec
trum with aH = 2.43 (1 H), 0.75 (2 H), and 0.16 G (3 H), 
which is consistent with the 2.48-G splitting in 2a-" arising 
from the bridgehead hydrogens.

The bridgehead coupling of 2.48 G in 2a-" is considera
bly larger than the 1.04-G coupling observed for the bridge
head hydrogen in l.5 A similar trend has also been reported 
by Nelsen and coworkers for the bridgehead hydrogens in 5 
and 6 where splittings of 3.42 and 0.40 G were found, re-

spectively.3 These authors suggested that the enhanced 
bridgehead splitting in 5 is not simply the result of geomet
rical changes but that significant spin density is present at 
the oxygen.

The Optimized Geometry of 2a-“ . Since there is no ex
perimental structural data available for 2a-", the choice of 
geometry for this radical anion is significant in the evalua
tion of the sign and magnitude of the spin polarization (SP) 
and spin delocalization (SD) contributions to the resultant 
spin density. MINDO/2' 8 (half-electron method9) has been 
quite reliable in predicting the heat of formation and equi
librium geometry of hydrocarbons. We performed the Sim
plex10 optimization to locate the energy-minimized equilib
rium geometry with respect to the heat of formation (see 
Experimental Section for details). The optimized geometry 
of 2a-" is shown in Figure 1.

Owing to the high cost of computer time, we did not opti
mize the geometry of the neutral diketone 2a. It is reason
able to assume that the major geometrical differences be
tween 2a and 2a-" are in the C2-O12 (C3-O13) and C2-C3 
bond lengths.11 A comparison between the HOMO ^2 of 2a 
with the HOMO T 3 of 2a-" leads one to conclude that in 
2a-" the C2-Oi2(C3-Oi3) bond length would be longer and 
the C2-C3 bond length would be shorter.
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Figure 1. MINDO/2' optimized geometry of 2a- . Nonbonded dis
tance 1-4 = 2.130 A. Dihedral angle (8,1,2,12) is 18.46°.
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Although MINDO/2' (half-electron method) tends to un
derestimate the C 1 - O 7  ( C 4- O 7 ) bond length by ~0.05 A and 
the C2-O 1 2  (C3 -O 1 3 ) bond length by ~ 0 . 0 2  A , 1 3  it does indi
cate that the interaction between the ethylenic and semi- 
dione ir systems in 2a--  is slightly greater than the interac
tion between the two ethylenic ir  systems in norbornadiene 
(the bond angle 012 in the optimized geometry of 2a-“ is 
106.78° compared to 115.00° for the same angle in norbor- 
nadiene 4). The C 1 - C 4 nonbonded distance in 2a-_ (Table 
I) is ~0.1 A shorter than its hydrocarbon analog l .15

Table I
Bond Lengths (Â) of 2a- and Norbornadiene

Norbor-
Bond Standard Optimized nadiene^

c 2- c 3 1.460 1.430
12(6-3—013) 1.220 1.256

C; C2’.C3 C4) 1.515 1.534 1.538
C i-C ,«C 4-C 5) 1.515 1.509 1.538
C j~07(,C4~07) 1.430 1.367
C 5- C 6 1.340 1.334 1.339
C ,-C 4° 2.130
c 4- h 9(c , - h 8) 1.090 1.143 1.100
C6-H n (C5-H I0) 1.080 1.102 1.098

° Reference 16. h Reference 14. c Nonbonded distance.

INDO Calculation of Spin Densities for 2a*- . The 
INDO (UHF)17 s-orbital spin density was partitioned into 
spin polarization18 and spin delocalization19 components to 
elucidate the mechanism of hyperfine interaction in the 
open shell system. Previous work in UHF spin partitioning 
has been published by Kato and coworkers.20 The isotropic 
hfsc’s were calculated using the equation

a n s  A npn (1)

where An was evaluated by the direct parametization 
scheme, proposed recently,21 and pn is the INDO s-orbital 
spin density. Based on the MINDO/2' optimized geometry 
(with a slight modification of the C -0  and C = 0  bond 
lengths13), we obtained the values given in Table II.

It is apparent that spin density is transferred to C5 and 
C6 by overlap of the semidione and ethylenic ir systems. 
This 1,3-7t orbital overlap (homohyperconjugation) has 
been previously postulated in unsaturated bicyclic sys
tems.511’22 The interaction places spin density on C5 and C6

Table II
INDO Calculation of Hfsc’s for 2a--

Atom
no. Element Spin density SP, G SD, G Hfsc, C"

1,4 13c -0.0021 -2 .346 + 0.005 -2.341
2 ,3 13c - 0 .0 0 1 1 -1 .417 + 0.218 -1 .199
12,13 170 + 0.0094 -15.537 -0 .002 —15.539s
7 ” 0 + 0.0026 -0.818 -3.415 -4 .233
5 ,6 13c + 0.0026 -4 .024 + 6.895 + 2.871
8 ,9 ‘ h + 0.0034 -0.767 +3.781 +3.014
10, 11 ‘ H -0.0016 -1 .558 +0.126 -1 .432

“ SP + SD .6 Note that A" for 170  in eq 1 is negative.

which can then be transmitted to H10 and H u by spin po
larization. Our spin partitioning calculation fully supports 
this mechanism (+6.895 G contribution); however, spin po
larization to C5 and Cq from C3 and C2, respectively, cannot 
be neglected (—4.024 G contribution).

Although positive spin density is transmitted to O7 by 
both spin polarization and spin delocalization, the latter 
predominates through a homohyperconjugation interac
tion.223’23 One cannot exclude the possibility of overlap of 
the back lobe of an oxygen sp3 orbital with the ethylenic ir

system which would be facilitated by the size of the oxygen 
and its proximity to the ethylenic ir orbitals as is found in
2a-- .

Two mechanisms also appear to be operative in the hfs of 
Hg and H9. Spin polarization induced by the negative spin 
densities at Ci and C4 seems to be less important than 1,2- 
hyperconjugation and l,3-homohyperconjugation5b of the 
spin label with the C-H bond. A comparison of our spin
partitioning calculation for 2a-~ with an equivalent calcula-

tion for 1 and 75b.24 reveals that the spin polarization con
tribution to the hfs’s of the bridgehead hydrogens in these 
radical anions varies little. Since negative spin polarization 
contributions indicate a direct through space interaction
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mechanism, it is apparent that the spin polarization contri
bution from O 7 to H g  and H g  is not very significant. Inter
estingly, the hfs’s of the bridgehead hydrogens of 1 and 7 
are 1.04 and 2.49 G, respectively, which shows that an en
hancement of coupling at this position is possible with a 
change in geometry alone. We conclude, therefore, that the 
large hfs of the bridgehead hydrogens in 2a--  relative to 1 
results primarily from changes in geometry rather than an 
electronic effect of O 7 . It seems likely that this is also true 
for 5 , although the symmetry plane which bisects the 
H O M O  of the spin label is different in 5  than in 2a-- .2

Experimental Section
ESR Spectra. The spectra were recorded in dimethyl sulfoxide 

(distilled from CaH2) using a Varian Associates V-4502 spectrome
ter.

Computational Method. The MO calculation is based on the 
following steps. (A) After inputting the initial geometrical parame
ters, the MINDO/2' 25 wave function is built from monoelectronic 
MO’s obtained by linear combination of a basis set of AO’s 
(LCAO). (B) For n geometrical parameters to be optimized, n — 1 
vertices are constructed and wave functions at each of the n +  1 
vertices are solved for self-consistency (i.e., for the best possible 
LCAO with respect to the total energy). (C) Inherent in the stan
dard direct search Simplex10 method26 is the procedure of reflec
tion, expansion, and contraction (REC) of the initial vertices with 
respect to the centroid (center of gravity) of the remaining verti
ces. (D) The procedure of REC is repeated iteratively until tests 
(mean square deviation of geometrical parameters and the heat of 
atomization) show that the calculation converges to the point 
which represents the true equilibrium geometry. (E) From the set 
of optimized geometrical parameters, spin properties of the mole
cule in question are computed by the INDO method.

Preparation o f 3. A sealed tube containing a solution of 35 g of 
dichlorovinylene carbonate6 and 4.0 g of freshly distilled furan was 
heated at 120° for 20 hr. The resulting solution was cooled and the 
excess carbonate was removed by distillation [60-61° (30 mm)] 
giving a thick paste. Chromatography of this material on silica gel 
followed by elution with benzene-ethyl acetate (95:5) gave a light 
yellow solution of the endo and exo isomers which was decolorized 
with Norit. Removal of solvent in a rotatory evaporator gave 5.72 g 
of a white solid (57% yield of the combined isomers).

Separation of the endo and exo adducts could be achieved by re- 
crystallization from ether. The adduct formed in smaller amounts 
(38%) recrystallized first: mp 177-179°; ir (KBr) 1870 cm-1 
(C = 0 ); NMR (acetone-dg) 6 5.53 (t, 1, J  = 2.3 Hz) and 6.87 (t, 1, J 
= 2.3 Hz); mass spectrum (70 eV) m/e 222 (parent), 154, 68 (base).

Anal. Calcd for C7H4CI2O4: C, 37.70; H, 1.81. Found: C, 37.81; H, 
1.73.

The adduct formed in larger amounts (62%) recrystallized next: 
mp 112-114°; ir (KBr) 1874 cm-1 (C = 0 ); NMR (acetone-d6) h
5.47 (t, 1, J = 2.3 Hz) and 6.70 (t, 1, J  = 2.3 Hz); mass spectrum 
(70 eV) m/e 222 (parent), 154, 68 (base).

Anal. Calcd for C7H4CI2O4: C, 37.70; H, 1.81. Found: C, 37.78; H,
1.84.

Hydrolysis o f  3. A mixture of the endo and exo adducts (2.5 g) 
was added to a solution of 50 ml of H20  and 50 ml of p-dioxane. 
The mixture was heated to 80-85° for 1 hr, during which time the 
solid completely dissolved, giving a light yellow solution. Upon 
cooling in ice-water, the solution became colorless and the pH of 
the solution was then adjusted to —4.5 with the careful addition of 
NaHCC>3. Removal of the solvent under reduced pressure in a rota
tory evaporator gave a white solid consisting of 4 and NaCl which 
was used directly to prepare 2a. Small amounts of pure 4, however, 
could be obtained by adding the mixture of 4 and NaCl to boiling 
acetone, filtering, and cooling to —10°. Colorless crystals of 4 were 
formed: mp 94-95° (crystals turned yellow at ~90°); ir (KBr) 3235 
(OH) and 1084 cm-1 (C-O); NMR (DMSO-d6) 5 6.30 (t, 1, J = 2.0 
Hz), 4.42 (t, 1 ,J  = 2.0 Hz), and 4.6-5.9 (broad s, 2); mass spectrum 
(20 eV) m/e 142 (P -  H20 ), 141,124 (P -  2H20), 123 (base), 68.

Anal. Calcd for CgHgOr,: C, 45.00; H, 5.04. Found: C, 45.25; H,
5.10.

Preparation of 7-Oxabicyclo[2.2.1]hept-5-ene-2,3-dione 
(2a). The above mixture of NaCl and 4 was introduced into a 
Schlenck tube containing 50 ml of p-dioxane (distilled from CaH2) 
and 3 g of MgS04. While stirring the mixture was heated at 80-90° 
for 1 hr, resulting in the formation of a deeply orange solution. The 
mixture was transferred to a second Schlenk tube (fitted with a fil

ter) attached to a simple distillation apparatus which had been 
evacuated and filled with nitrogen several times. The orange solu
tion was then filtered into the distillation apparatus and the p-di
oxane was removed under reduced pressure, giving a red liquid. 
The pressure was further reduced to ~1 mm and 2a distilled at 
~70°, giving 1.15 g of red crystals (82% yield from 3); mp 64-66°; ir 
(CDCI3) 1780 cm“ 1 (0 = 0 ) ;  NMR (CDC13) & 4.94 (t, 2, J = 1.0 Hz) 
and 6.83 (t, 2 ,J  = 1.0 Hz).

Anal. Calcd for C6H4O3: C, 58.07; H, 3.25. Found: C, 58.36; H,
3.68.

It was necessary to keep 2a under a dry atmosphere since expo
sure to moist air resulted in the rapid formation of a white solid 
consisting of its monohydrate and 4.

l-Methyl-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dione (2b) was
prepared by the method described for 2a. Reaction of 2-methylfu- 
ran with dichlorovinylene carbonate gave a 58% yield of endo and 
exo adducts. Only one of these adducts, the one that recrystallized 
first from ether, could be obtained pure: mp 94-96°; ir 1845 cm-1 
(C = 0 ); NMR (CDCI3) 5 1.72 (s, 3), 5.14 (d, 1 ,J  = 2.0 Hz), 6.36 (d, 
1 ,J  = 6.0 Hz), and 6.53 (q, 1 ,J  =  2.0 and 6.0 Hz).

Anal. Calcd for CgHfiCl204: C, 40.54; H, 2.55. Found: C, 40.66; H,
2.80.

Hydrolysis of 3.0 g of a mixture of these adducts in aqueous p- 
dioxane followed by dehydration in p-dioxane and MgSOi gave 2b 
as red crystals: mp 30-33°; ir (CDCI3) 1770 cm-1; NMR (CDCI3) f>
I. 58 (s, 3), 4.93 (d, 1, J  = 2.0 Hz), 6.57 (d, 1, J = 5.5 Hz), and 6.87 
(q, 1, J = 2.0 and 5.5 Hz).

Anal. Calcd for CyHsOg: C, 60.87; H, 4.38. Found: C, 61.32; H, 
4.70.

Acknowledgment. Computer time was generously pro
vided by the University o f Wisconsin— Oshkosh. We wish 
to thank Drs. M. F. Chiu, D. H. Lo, C. A. Ramsden, and M.
J. S. Dewar for assistance on the MO calculation. The au
thors would also like to thank Professor Glen A. Russell for 
communicating some of his unpublished results, and Mr. 
Gregory Kulibert for his assistance in the synthesis o f 3.

Registry No.—2a, 55058-68-9; 2a radical ion, 55058-69-0; 2b, 
55058-70-3; 2b radical ion, 55058-71-4; 2b endo adduct, 55058-72- 
5; 2b exo adduct, 55102-63-1; endo-3, 55058-73-6; exo-3, 55102- 
64-2; 4, 55058-74-7; dichlorovinylene carbonate, 17994-23-9; furan, 
110-00-9; 2-methylfuran, 534-22-5.

References and Notes
(1) Supported in part by grants from the Research Corporation while at 

Wake Forest University and the Duncan Research Fund while at the Uni
versity of Wisconsin— Oshkosh.

(2) G. A. Russell, K. D. Schmitt, and J. Mattox, J. Am. Chem. Soc., 97, 
1882 (1975), and references cited therein.

(3) S. F. Nelsen and E. T. Travecedo, Tetrahedron Lett., 2685 (1969); S. F. 
Nelsen, E. F. Travecedo, and E. D. Seppanen, J. Am. Chem. Soc., 93, 
2913(1971).

(4) D. Kosman and L. M. Stock, J. Am. Chem. Soc., 91, 2011 (1969), and 
references cited therein.

(5) (a) R. L. Blankespoor, J. Am. Chem. Soc., 96, 6196 (1974); (b) G. A. 
Russell, G. W. Holland, K.-Y. Chang, R. G. Keske, J. Mattox, C. S. C. 
Chung, K. Stanley. K. Schmitt, R. L. Blankespoor, and Y. Kosugi, ibid., 
96, 7237 (1974).

(6) H.-D. Scharf, W. Droste, and R. Liebig, Angew. Chem., Int. Ed. Engl., 7, 
215(1968).

(7) (a) G. A. Russell, E. G. Janzen, and E. T. Strom, J. Am. Chem. Soc., 86, 
1807 (1964); (b) G. A. Russell and R. L. Blankespoor, Tetrahedron Lett., 
4573 (1971).

(8) QCPE No. 228, Indiana University, Bloomington, Ind.
(9) M. J. S. Dewar, J. A. Hashmall, and C. G. Venier, J. Am. Chem. Soc., 

90, 1953(1968).
(10) A simplex is an n-dimenslonal analog of a triangle or of a tetrahedron. 

The only properties of simplices required for this optimization procedure 
are that any rt-dimensional simplex has n +  1 vertices and n +  1 (r? —
1 (-dimensional hyperfaces, and that any m-dlmensional hyperface is it
self a m-dimensional simplex. In addition, there are two other properties 
of simplex. First, every simplex has %n (n +  1) edges (There are n -F 1 
vertices, each of which can pair up with one of n others. This counts 
each edge twice, hence the factor of %). Second, given any vertex as 
origin, the set of vectors, Q — Q0 (where Q, and Q0 are vectors corre
sponding to the vertix i and the origin, respectively) form a basis for the 
n-dimensional space in which the simplex lies.

(11) A change in the C2-C 3 bond length from 2a to 2a--  would likely affect 
the amount of strain present and result in a change of the angle 8 .'2 
The hfs's of the vinyl and bridgehead hydrogens are sensitive to 
changes in 8.

(12) Angle between planes C1-C 2-C3-C 4 and Ci-C4-C5-C6-



2446 J. Org. Chem., Vol. 40, No. 17,1975 Press and Shechter

(13) This is one of the artifacts of MINDO/2': unpublished result of G. A. Rus
sell and C. S. C. Chung, 1974, after thorough testing and comparison 
with both experimental structural data and ab initio MO calculations 
[with extended basis set (e.g., 4-31G)]. The optimized geometry of 2a--  
was modified accordingly.

(14) G. Daliinga and L. H. Toneman, Red. Trav. Chim. Pays-Bas, 87, 805 
(1968), and references cited therein.

(15) Based on the MINDO/2' optimized geometry of 1, unpublished results of 
G. A. Russell, C. S. C. Chung, and R. L. Blankespoor, 1974.

(16) J. A. Pople and D. L. Beveridge, "Approximate MO Theory", McGraw- 
Hill, New York, N.Y., 1970.

(17) (a) J. A. Pople and R. K. Nesbet, J. Chem. Phys., 22, 571 (1954); (b) J. 
A. Pople, D. L. Beveridge, and P. A. Dobosh, J. Am. Chem. Soc., 90, 
4201 (1968); QCPE No. 141, Indiana University, Bloomington, Ind.

(18) The definition of spin polarization is the same as suggested by J. P. 
Copia, E. de Boer, D. Lazdins, and M. Karplus, J. Chem. Phys., 47, 3098 
(1967).

(19) G. A. Russell and C. S. C. Chung, Mol. Phys., in preparation.
(20) H. Nakatsuji, H. Kato, and T. Yonezawa, J. Chem. Phys., 51, 3175 

(1969), and references cited therein.
(21) M. F. Chiu, B. C. Gilbert, and B. T. Sutcliffe, J. Phys. Chem., 76, 553

(1972).
(22) (a) G. A. Russell, G. W. Holland, and K.-Y. Chang, J. Am. Chem. Soc., 

89, 6629 (1967); (b) S. F. Nelsen and E. D. Seppanen, ibid., 89, 5740 
(1967); (c) D. Kosman and L. M. Stock, Chem. Commun., 551 (1968).

(23) G. A. Russell, G. W. Holland, K.-Y. Chang, and L. H. Zalkow, Tetrahe
dron Lett., 1955(1967).

(24) G. A. Russell and C. S. C. Chung, to be published.
(25) A. Brown, M. J. S. Dewar, H. Metiu, P. Student, and J. Wasson, Proc. R. 

Soc., London, to be published.
(26) (a) J. A. Nelder and R. Mead, Comput. J., 7, 308 (1964); (b) R. O'Neill, 

Appl. Stat., 20, 338 (1971); (c) private communication with P. W. Dillon 
and G. R. Underwood; (d) W. Boekelheide, J. N. Murrell, and W. Schmidt, 
Tetrahedron Lett., 575 (1972).

The Chemistry of Polyunsaturated Bicyclo[4.2.2]decyl Systems

Jeffery B. Press and Harold Shechter*

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210 

Received October 29,1974

Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1, 50-85%) and spiro[bicyclo[4.2.1]nona-2,4,7-trien-9,2'-oxirane] (6, 15- 
50%) result from reaction of bicyclo[4.2.1]nona-2,4,7-trien-9-one (1) and diazomethane. Bicyclo[4.2.2]deca-2,4,9- 
trien-7-one tosylhydrazone (7) is converted by methyllithium to bicyclo[4.2.2]deca-2,4,7,9-tetraene (8, 78%), cis-
9,10-dihydronaphthalene (9, <1%), and naphthalene (5%). 7-Acetoxy- (10) and 7-pyrrolidinobicyclo[4.2.2]deca-
2,4,7,9-tetraenes (11) are formed in excellent yields from acid-catalyzed reactions of 1 with isopropenyl acetate 
and pyrrolidine, respectively. Bases convert 1 to bicyclo[4.2.2]deca-2,4,9-trien-7-one enolate (2); 2 reacts with 
deuterium oxide to give anfi-8-deuteriobicyclo[4.2.2]deca-2,4,9-trien-7-one (13), which is then converted to 8,8- 
dideuteriobicyclo[4.2.2]deca-2,4,9-trien-7-one (15) upon much longer exposure to the basic deuterating medium. 
Enolate 2 reacts with acetyl chloride to yield 10 (85%) and with trimethylsilyl chloride to form 7-trimethylsiloxy- 
bicyclo[4.2.2]deca-2,4,7,9-tetraene (12, 72%). Methylation of 2 in hexamethylphosphoramide or dimethylformam- 
ide at 0° produces 7-methoxybicyclo[4.2.2]deca-2,4,7,9-tetraene (16, 92%); in glyme 16 (43%) and 8,8-dimethylbi- 
cyclo[4.2.2]deca-2,4,9-trien-7-one (18, 26%) are formed. Enolate 2 rearranges slowly to the /?-tetralone anion and 
probably the anion of cis-9,10-dihydro-2-naphthol; secondary methylation products are 2-methoxy-3,4-dihydro- 
naphthalene (22) and 2-methoxynaphthalene (23). Thermolysis of 16 gives naphthalene (66%) and 23 (33%). Eno
late 2 reacts with isoamyl nitrite to produce bicyclo[4.2.2]deca-2,4,9-triene-7,8-dione monooxime (32, 63%) and 
with methyl formate to yield 8-formylbicyclo[4.2.2]deca-2,4,9-trien-7-one (35, 95%). Oxime 32 is converted to bi- 
cyclo[4.2.2]deca-2,4,9-triene-7,8-dionequinoxaline (33) by o-phenylenediamine; 35 and hydrazine give 3,4-diaza- 
tricyclo[5.4.2.02’6]trideca-2,5,8,10,12-pentaene (36). 8-Diazobicyclo[4.2.2]deca-2,4,9-trien-7-one (37, 55%) forms 
from 35, tosyl azide, and triethylamine. Diazo ketone 37 photolyzes in dioxane-water to bicyclo[4.2.1]nona-2,4,7- 
triene-syra-9-car boxylic acid (39, 61%). Decomposition of 37 by acetic acid and by hydrogen chloride occurs with 
rearrangement to exo- and ercdo-2-acetoxybicyclo[5.2.1]deca-3,5,8-trien-10-ones (43 and 44), and exo-2-chlorobi- 
cyclo[5.2.1]deca-3,5,8-trien-10-one (54, 94%), respectively. Chloride 54 reacts with silver acetate yielding 43 (53%); 
hydrogenolysis of 54 produces bicyclo[5.2.1]decan-10-one (56, 61%). Hydrogenation of 43 gives exo-2-acetoxybicy- 
clo[5.2.1]decan-10-one (50, 73%) which upon saponification and oxidation results in bicyclo[5.2.1]deca-2,10-dione 
(52, ~100%). Acetate 43 and chloride 54 rearrange to endo-6-(cis-2'-acetoxyvinyl)-cis-bicyclo[3.3.0]octa-3,7-dien- 
2-one (58, 93%) and erado-6-(cis-2'-chlorovinyl)-as-bicyclo[3.3.0]octa-3,7-dien-2-one (60, 100%), respectively. 
Lead tetraacetate oxidizes 1 to anti-8-acetoxybicyclo[4.2.2]deca-2,4,9-trien-7-one (64, 100%). Attempted W olff- 
Kishner reductions of bicyclo[4.2.2]deca-2,4,9-trien-7-one hydrazone (66) or the semicarbazone produce 2,3-diaza- 
tricyclo[6.3.1.04-n ]dodeca-l,5,9-triene (70, 47-54%). 3-Methyl-2,3-diazatricyclo[6.3.1.04|11]dodeca-l,5,9-triene (73, 
75%) is formed from 1 and methylhydrazine. Photolysis of 1 leads to tricyclo[3.3.2.02,8]deca-3,6-dien-9(10)-one 
(78, 68%), which reverts to 1 upon treatment with acid.

The properties and interconversions of Cio bicyclo- 
polyunsaturated systems are subjects of intense interest.2 
We now describe the chemistry of bicyclo [4.2.2] deca-2,4,9- 
trien-7-one (1) and its derivatives, and the 8-ketobicyclo-
[4.2.2] deca-2,4,9-trien-7-yl carbanion (2) and carbonium 
ion (3).

1 2 3

Ketone 1 (50-85%) along with spiro[bicyclo[4.2.1]nona-
2,4,7-trien-9,2'-oxirane] (6, 15-50%) are obtained from 
reactions of -bicyclo[4.2.1]nona-2,4,7-trien-9-one (4)3a-c

with diazomethane and lithium chloride3*1 in methanol- 
chloroform-ether at 0°. Ketone 1 and epoxide 6 are pre
sumably formed by nucleophilic approach of diazomethane

b 1

6
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Table I
NMR For Substituted Bicyclo[4.2.2]deca-2,4,7,9-tetraenes

' h  NMR, 6

Substituent h 2,5 h 3,4 h 7 HS h9, 10 h 1,6 Hs°

7-H (8)6 6.12 5.74 5.50 5.50 3.15 5.50
7-O Ac (10)6 6.10 5.69 5.35 5.49 3.23 2.03
7-OSi(CH3)3 (12) 6.15 5.75 4.78 5.50 3.18 0.11
7-OCH3 (16)& 6.10 5.65 4.50 5.48 3.20 3.40
7-N(CH2)4 (11) 6.15 5.80 4.15 5.55 3.40 3.00, 185
7-C H 3llc 6 .4 -5 .7 6 .4 -5 .7 5.28 5.5 3.07 1.74
7 -B r llb 5.9 5.9 5.4 5.9 3.4, 3.1
7 -C 0 2CH3llb 5.8 5.8 6.7 5.8 3.8, 3.3 3.67
7 ,8 -(C O 2CH3)210i 6.18 5.86 5.67 3.70

0  0  ""

3 ’4 - A A
7.55 5.78 5.78 5.78 3.55-3 .8

0  0
6.50 4.75 4,75 4.75 2 .3 -2 .7

0  0  "v
3 ,4 - I  1

x Ti(CH3r s ‘
7.39 5.79 5.79 5.79 3 .5 -3 .7

3,4 - r ° - \ 6.10 5.69 5.69 5.69 3 .1 -3 .3

a Proton resonance of the substituent at C-7. 6 Proton assignments were based on double-irradiation experiments.

from the less hindered anti side of 4, forming the zwitter- 
ionic intermediate 5, which collapses to products (eq 1). 
Ketone 1 was obtained preparatively from the reaction 
mixture by (1) formation and separation of its semicarba- 
zone and regeneration of 1 in pyruvic acid under argon at 
25°, or, more advantageously, by (2) formation of the Gi
rard’s reagent T adduct and hydrolysis of the water-soluble 
intermediate. The structure of 1 was proven by its hydroge
nation to bicyclo[4.2.2.]decan-7 one, which was prepared 
independently by ring expansion of bicyclo[4.2.1]nonan-9- 
one with diazomethane.3b

Ketone 1 is converted readily to bicyclo[4.2.2]deca-
2,4,9-trien-7-one tosylhydrazone (7). Tosylhydrazone 7 is 
decomposed (eq 2) by methyllithium (4 equiv)4 in hexane

at 25° to bicyclo[4.2.2]deca-2,4,7,9-tetraene (8, 78%); cis-
9,10-dihydronaphthalene (9, <1%), and naphthalene (5%) 
are also produced. This preparation of 8 is a more advanta
geous and rapid route than those previously reported.2 Te- 
traenes 8 and 9 were identified by comparison to authentic 
samples.5

Ketone 1 provides a useful entry to 7-substituted bicy- 
clo[4.2.2]deca-2,4,7,9-tetraenes via acid-catalyzed pro
cesses. Isopropenyl acetate reacts with 1 as accelerated by 
p-toluenesulfonic acid to give 7-acetoxybicyclo[4.2.2]deca-
2,4,7,9-tetraene (10). Supportive data for the structure as
signed as 10 include its NMR properties (Table I); dou
ble irradiation of the bridgehead multiplet at 5 3.23 causes 
simplification of the absorbances at b 6.10, 5.49 (to s), and
5.35 (to s). The structure of 10 is confirmed by its acid-cat
alyzed hydrolysis to 1 (~100%).

0
II

10, R =  OCCH3

11, R =  N ^ ]

12, R =  OSi(CH3)3

Acid-catalyzed condensation of 1 with pyrrolidine yields
7-pyrrolidinobicyclo[4.2.2]deca-2,4,7,9-tetraene (11), an ex
tremely hygroscopic enamine. The structure of 11 is re
vealed by its 'H NMR absorptions (Table I) and by its hy
drolysis to 1 (100%).

Various bases convert 1 to its enolate ion (2). Enolate 2 
undergoes facile monodeuteration. Thus treatment of 1 at
25-30° in carbon tetrachloride for 12 hr with deuterium 
oxide containing sodium deuteroxide yields anti-8-deu- 
teriobicyclo[4.2.2]deca-2,4,9-trien-7-one (13, eq 3). The

13 14 15

stereochemical assignment of 13 is based upon deuteration 
from the less hindered anti side of 2. Steric factors allow 
rapid monodeuteration as compared to slow dideuteration 
of 1. Proton removal from 13 and thus deuteration of 13 via 
14 to 15 are hindered processes. However, at relatively long 
exposure times (12 days) and using higher concentrations 
of sodium deuterioxide, 13 undergoes effective dideutera
tion to 8,8-dideuteriobicyclo[4.2.2]deca-2,4,9-trien-7-one
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Table II
Product Distribution froni Reaction of Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with 

Potassium tert-Butoxide and Methyl Fluorosulfonate in Polar Solvents

Potassium 
tert -butoxide, 

contact time,0 0-10° Solvent 16 1

Product percentage 

18 22 23

4 m in6 Hexamethylphosphoramide 92.2 2.5 3.0 0.6 1.5
4 min D im ethylform am ide 93.0 3.1 2.8 0.2 0.9

14 min Hexamethylphosphoramide 91.0 0.8 5.5 1.2 1.0
30 min D im ethylform am ide 82.0 7.1 1.0 5.5 2.6
12 hr Dim ethylform am ide 72.0 1.0 1.0 7.4 16.0
24.5 hr D im ethylform am ide 60.0 3.5 1.5 10.0 12.0

a Typical reaction used 3 equiv of potassium tert-butoxide.6 Average of seven reactions; see Table III.

(15). Dideuterio ketone 15 is prepared much more advanta- min followed by excess methyl fluorosulfonate (Table II),
geously under more forcing conditions involving reaction of 
2  with excess potassium tert-butoxide ( » 2  equiv) in hex
amethylphosphoramide, quenching with deuterium oxide, 
and neutralization with boron trifluoride etherate.

Enolization of 1 in basic media to 2 also allows synthesis 
o f 7-substituted bicyclo[4.2.2]deca-2,4,7,9-tetraenes. Thus 
reaction of 1 with potassium £erf-butoxide (2  equiv) in 
glyme (5 min) at 25° and then acetyl chloride gives ace- 
toxytetraene 10 in 83% yield, recovered 1 (8%), and uniden
tified products (9%). 7-Trimethylsiloxybicyclo[4.2.2]deca- 
2,4,7,9-tetraene (12, 72%) is obtained upon addition of tri- 
methylsilyl chloride to 1 and potassium tert-butoxide in 
glyme. Silyl ether 12 is very sensitive to atmospheric mois
ture and its structure is assigned from its ir and 1H NMR 
absorptions (Table I) and its hydrolysis to 1 (~100%).

A study has been made of méthylation of 2. Reaction of 1 
with excess potassium ier£-butoxide (~3 equiv) in glyme 
for 4 min at 25° and then rapid addition o f methyl fluoro
sulfonate (3 equiv) gives the following products (eq 4) in 
the indicated yields: 7-methoxybicyclo[4.2.2]deca-2,4,7,9- 
tetraene (16, 43%), recovered 1 (9.5%), 8 -methylbicyclo- 
[4.2.2]deca-2,4,9-trien-7-one (17, ~ l% ),6a and 8 ,8 -dimethyl- 
bicyclo[4.2.2]deca-2,4,9-trien-7-one (18, 26%)6b along with 
unidentified components (—20%) of higher retention times. 
All products were separated by preparative GLC .7

Purified methoxytetraene 16 is homogeneous upon GLC 
analysis; it does not rearrange or decompose during GLC 
treatment. The structure of 16 is partly assigned on the 
basis of its 1H NMR absorptions (Table I) along with dou
ble-irradiation experiments; decoupling of bridgehead pro
ton (C -l, -6 ) absorptions at 5 3.20 simplifies the resonances 
at 5 6.10, 5.48 (to s), and 4.50 (to s). The structure and the 
homogeneity of 16 are confirmed by hydrolysis o f the sam
ple to 1 ( 10 0 %).

Methyl ketone 17 is difficult to separate from 1 and its 
presence in 1 is established by mass spectral analysis (m/e 
160). Dimethyl ketone 18 exhibits carbonyl (1700 cm-1) 
and gem-dimethyl (1380 and 1370 cm-1 ) ir absorptions 
along with 1H NMR and mass spectral properties consis
tent with the structural assignment.

Polar solvents enhance the efficiency o f O-methylation 
o f 2 to 16. Thus when 1 is treated with potassium tert-bu
toxide (3 equiv) in hexamethylphosphoramide at 0-5° for 4

methoxytetraene 16 is formed in 92.2% average yield along 
with recovered 1 (2.5%), methyl ketone 17 (trace), dimethyl 
ketone 18 (3.0%), 2-methoxy-3,4-dihydronaphthalene8 (22, 
0.6%), and 2-methoxynaphthalene8 (23, 1.5%). Similar re
sults are obtained when méthylation of 1 is effected in di- 
methylformamide at 0 -5° (Table II). Methoxydihydro- 
naphthalene (2 2 ) presumably results upon conversion o f 1 
to 19, rearrangement to 20, and then isomerization and 
méthylation (eq 5, or/and méthylation and isomerization). 
Oxidation, after rearrangement of 19, in combination with 
méthylation and isomerization accounts for formation of 
23.

.0 "

20

CH.OSO.F
OCH,

22

[ -2 H ]

OCH;,
(5)

After it had been communicated by uslb that 1 (a) 
undergoes efficient base-catalyzed deuterium exchange to 
13 and 15, (b) reacts with potassium tert-butoxide (3 
equiv) in hexamethylphosphoramide at 5° for 4 min and 
then excess methyl fluorosulfonate to give 16 as isolated in 
93-95% yield, and (c) is converted by potassium tert-bu
toxide (3 equiv, 3 min) in glyme at 20° and then acetyl 
chloride to 10 in 83% yield (>90% efficiency), Goldstein 
and Klein9 reported that reaction of 1 with potassium tert- 
butoxide in dimethyl sulfoxide or dimethylformamide at 
0- 1 0 ° and then dimethyl sulfate gives 16 seriously contam
inated with 2 2  as derived by rapid isomerization o f 2  to 2 0  
and its subsequent méthylation. These authors state9 that 
(1 ) méthylation of 1 was effected under “ closely similar 
conditions”  to those communicated by us; (2 ) no evidence 
was provided concerning the homogeneity or the proof of 
structure of the 16 in our prior report;lb (3) if 1 is exposed 
to potassium tert-butoxide at 0- 1 0 ° for as long as 2 0  min 
and then dimethyl sulfate is added, only 2 2  is obtained 
(and thus, presumably, during the basic treatment, 2  is iso- 
merized completely to 20), and (4) their most efficient pre
parative procedure for méthylation of 1 gives 2 2  in only 
40% efficiency even “ under conditions of deliberately in
complete deprotonation of 1 ” .

We should like to emphasize presently that 16 is pro-
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Table III
Product Distribution from Reaction of 

Bicyclo[4.2.2]deca-2,4,9-trien-7-one 
( 1) with Potassium tert-Butoxide and Methyl 

Fluorosulfonate in Hexamethylphosphoramide

Product percentage

Trial 16 1 18 22 23

l 95.0 4.0 1 .0
2 92.0 5.0 1.5 1.5
3 91.0 3.0 2.9 3.1
4 90.0 1.5 6 .1 1.7 1 .0
5 93.0 1 . 0 3.0 1 .0 2 .0
6 92.0 1 .0 5.1 0.7 1 . 2
7 93.0 2.3 1 .8 1 . 1 1 .8

Average 92.2 2.5 3.0 0 .6 1.5

duced in 93-95% yield from 2  as previously communi-
cated.lb The data from which the previous report was made
are summarized in Table III. The yields quoted previous
ly111 and as now repeated are accurate and satisfactorily 
reproducible (also see Experimental Section). Secondly, in 
our publication1*1 it was pointed out explicitly that the 
structure and the homogeneity o f 16 are established from 
its analysis, ir and 'H  NM R spectra, and origins and in par
ticular from its hydrolysis to 1 in “ essentially quantitative 
yield” . It is indeed unfortunate that our report has been 
misrepresented. Thirdly, enolate 2, though generated es
sentially quantitatively, rearranges slowly. When the méth
ylations with methyl fluorosulfonate are run after in
creased contact times o f 1  with potassium te rt-  butoxide, 
there is a decrease in the yield o f methoxytetraene 16 and a 
concomitant increase in the by-products obtained (Table 
II). After contact of 2 with potassium te r t-butoxide for 24.5 
hr at 0 ° and then méthylation, the major product is still te- 
traene 16 (60%) but now significant amounts of methyl 
ether 22 (10%) and methoxynaphthalene 23 (12%) are 
formed. During our study o f the méthylation o f enolate 1, 
22 and 23 were never formed as major reaction products. 
Further, enolate 1, as generated using a twofold excess of 
potassium te r t-butoxide in dimethylformamide at 0 ° for 
0.5 hr, gives ketone 1 (92%) upon quenching with water; no 
/3-tetralone is obtained under conditions where > 2% could 
be detected. Under the conditions o f the preparative exper
iments presently described, rapid rearrangement o f 2  to 2 0  
is not observed.

A subject of particular interest in the present research is 
that the 7-substituted tetraenes 10, 11, 12, and 16 (repre
sented as 24), as prepared initially or upon gas chromatog
raphy at elevated temperatures, might isomerize (rapidly) 
to 3-substituted bicyclo[4.2.2]decatetraenes (26) via inter
nal addition (internal Diels-Alder reaction) to 25 and 
opening (retro Diels-Alder reaction) as do analogous te
traenes10 (eq 6 ). Tetraenes 10, 11, 12, and 16 upon prepara-

26
tion (as previously described) and 1 0 , 1 2 , and 16 after gas 
chromatography at temperatures up to 2 0 0 ° hydrolyze 
quantitatively to 1 , and thus, under the indicated condi
tions, they do not rearrange to their corresponding 3-sub
stituted bicyclo[4.2.2]decatetraenes (eq 6 ) .11

Methoxytetraene 16 displays expected thermal behavior,

however, after extended exposure to elevated tempera
tures. Thus when 16 is heated for 0.5 hr at 200° in hexa
methylphosphoramide, naphthalene (29, 17%) and 2- 
methoxynaphthalene (23, 10%) are obtained along with un
rearranged 16 (73%). Heating 16 neat in a sealed evacuated 
tube for 21 hr at 200° gives methanol, 29 (59%), 23 (30%), 
and recovered 16 ( 1 1 %). Thermolysis of 16 probably occurs 
via allowed internal Diels-Alder reactions (27 and 30, eq 7 
and 8 ) and subsequent disallowed openings to cis-9,10-di- 
hydronaphthalene derivatives (28 and 31) which then aro
matize. The sequence in eq 7 is favored over that in eq 8 by 
about 2 :1 ; the reasons for this difference are not clear.

Base-catalyzed enolization o f 1 provides for further func
tionalization at C-8 . Reaction of potassium ierf-butoxide 
and isoamyl nitrite12 with 1 in te r t-butyl alcohol gives bicy- 
clo[4.2.2]deca-2,4,9-triene-7,8-dione monoxime (32, 63%), 
which is converted by o-phenylenediamine in acetic acid to 
bicyclo[4.2.2]deca-2,4,9-triene-7,8-dionequinoxaline (33).

Quinoxaline 33 is identified by its ir and mass spectral 
properties, proper combustion analysis, and 1H NMR ab
sorptions typical of bicyclo[4.2.2]deca-2,4,7,9-tetraenyl sys
tems.

Comparison of the 1H NM R absorptions of quinoxaline 
33, 7,8-dicarbomethoxybicyclo[4.2.2]deca-2,4,7,9-tetraene 
(34), and bicyclo[4.2.2]deca-2,4,7,9-tetraene (8 ) reveals a 
large effect of the quinoxaline moiety. As expected from 
their similarities in symmetry, 33, 34, and 8 display identi
cal line shape patterns in the NMR of the vinylic region. 
Diester 34, a relatively electron-deficient tetraene, shows 
sizable downfield XH NM R shifts for protons at C -l, -6 , -2, 
-5, -9, and -10 (Table I) relative to parent 8 (A6 0.55, 0.06, 
and 0.17, respectively). Quinoxaline 33 reveals even greater
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downfield shifts for such protons (A8 1.20, 0.35, and 0.52, 
respectively). These shifts probably stem from inductive 
effects, since they fall o ff with distance from the substitu
ent; neither 33 nor 34 shows any noticeable !H NMR shifts 
for their protons at C-3 and -4.

Ketone 1 is also functionalized at C -8  by base-catalyzed 
condensation with excess methyl formate and sodium 
methoxide (4 equiv) in ether to give 8 -formylbicyclo-
[4.2.2]deca-2,4,9-trien-7-one (35), mp 56-57°, in 95% yield. 
Formyl ketone 35 is characterized by spectral means and 
by reaction with hydrazine13 to form 3,4-diazatricy- 
clo[5.4.2.02 '6]trideca-2,5,8,10,12-pentaene (36a,b). The

35 36a 36b
product, a pyrazole derivative, probably exists as a mixture 
o f tautomers 36a and 36b,

Formyl ketone 35 is converted by tosyl azide and trieth- 
ylamine14 to 8-diazobicyclo[4.2.2]deca-2,4,9-trien-7-one 
(37, 55%). Diazo ketone 37 is a yellow solid exhibiting in
tense ir absorptions for a diazo group (2150 cm-1 ) and car
bonyl group stretching (1650 cm-1 ), a mass spectral ion at 
m/e 144 (P — N2), and ’ H NMR absorptions typical for 
trienyl systems. Photolysis o f 37 in dioxane-water results 
in ring contraction (38) and hydration to give bicyclo-
[4.2.1]nona-2,4,7-triene-syn-9-carboxylic acid (39, 61%, eq
9). The syn carboxylic acid (39) is identical (ir, melting

-N ,

37

38

0
II

(9)

point, and 'H  NM R) with that prepared by chromic acid 
oxidation of bicyclo[4.2.1]nona-2,4,7-triene-syrc-9-carbox- 
aldehyde15 and is shown to be homogeneous by reaction 
with diazomethane to give methyl bicyclo[4.2.1]nona-

2,4,7-triene-syn-9-carboxylate (93%). The mechanistic as
pect of interest in the conversion of 37 to 39 (eq 9) is that 
ketene 38 hydrates by a process in which a proton is deliv
ered to C-9 from the anti direction.

Protic decomposition o f 37 results in profound structural 
rearrangement, presumably via a cationic process involving 
isomeric derivatives o f 3. Thus 37 reacts with glacial acetic 
acid at 25° to yield a mixture of exo- and endo-2-acetoxy- 
bicyclo[5.2.1]deca-3,5,8-trien-10-one (43 and 44, eq 10). 
Precision rectification effects removal o f the minor endo 
acetate 44 from 43. The *H NMR of the reaction products 
(43 and 44) reveals immediately that they are not 8 -acetox- 
ybicyclo[4.2.2]deca-2,4,9-trien-7-ones [anii-8 -acetoxybicy- 
clo[4.2.2]deca-2,4,9-trien-7-one (64) has been independent
ly prepared in this research and will be discussed later].

Acid-catalyzed decomposition of 37 with rearrangement 
might be expected to occur by one o f the following se
quences (eq 1 0  and 1 1 ) to give products o f different bicyclic 
structural types. One sequence (eq 10) involves proton de
livery to 37 from the less hindered anti side, loss o f nitro
gen with back-side interaction of the monoene (C-9, -10) 
bridge to 41 with collapse to bishomotropylium ion 42, and 
exchange with acetic acid to produce exo,endo acetoxy ke
tones 43 and 44 as major and minor products, respectively. 
An alternative sequence (eq 11, as analogous to electrophil
ic additions to bicyclo[4.2.2]deca-2,4,7,9-tetraenes16) could 
arise from migration of the diene bridge to C -8  o f 37, reor
ganization of 46 to bishomotropylium ion 47, and conver
sion to exo- and endo-7-acetoxybicyclo[4.3.1]deca-2,4,8- 
trien-10-one (48 and 49) by reaction with acetic acid.

As part o f the evidence that acetoxy ketone 43 forms in
stead o f 48 as the major product of acetolysis o f 37, the ace
tate was hydrogenated (eq 1 2 ) in ethanol with palladium on 
carbon as catalyst to exo-2-acetoxybicyclo[5.2.1]decan- 
2 -one (50, 73%). Saponification o f 50 by sodium hydroxide 
in methanol gave exo-2-hydroxybicyclo[5.2.1]decan-2-one 
(51), which is oxidized quantitatively by chromium trioxide 
in acetone to bicyclo[5.2.1]decane-2,10-dione (52, eq 12). 
Diketone 52 is dissimilar in NM R, ir, and physical prop
erties to bicyclo[4.3.1]decane-7,10-dione (53, the product 
expected from 48 by hydrogenation, saponification, and 
then oxidation with chromium trioxide) as prepared pre
viously via reaction of 1 -morpholinocycloheptene and 
acryloyl chloride. 17

To obtain additional information concerning the acid- 
catalyzed decomposition process o f 37 and as possible fur
ther corroboration that 43 is the major product o f its reac-

48. X = OCCH 
55. X =C1
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Table IV
Double Irradiation of 58a'A

7.50 7.14 6.08 5.80 5.50 4.69 4.14 3.80 3.46
H at C

Irradiation
of H at C -4 -2*

-4 - + - - - - + -
-2 ' - - - - + + - -
-3 + - - - - - + -
-7 - - - + - + - +
-8 - - - + - + - +
-1 ' - + - - - + - -
-6 - + - + + + + +
-5 + - + - - - + +
-1 - - - + + - 4- +

° no effect; +, pattern simplification upon double irradiation. 
6 Shift of CH3C (= 0 )0 -  at 3 2.10.

H243
Pd/C

0 0

(12)

tion with acetic acid, a study was made o f the behavior o f 
37 with hydrogen chloride. Diazo ketone 37 is decomposed 
rapidly in hydrogen chloride to exo-2 -chlorobicyclo-
[5.2.1] deca-3,5,8-trien-10-one (54) in 94% yield. The struc
ture and stereochemistry assigned to 54 are based on its 
spectral properties, transformations, and by extension of 
the mechanistic principles used to account for the forma
tion of 43 from 37.

For proof o f its bicyclic ring system, 54 was hydrogeno- 
lyzed in ethanol over palladium on carbon to bicyelo-
[5.2.1] decan-10-one (56, 61%). The product exhibits car-

0

bonyl absorption at 1730 cm - 1  (lit. 1731 cm“ 1)18® and its 
structure was conclusively established by its conversion 
to bicyclo[5.2.1]decan-10-one 2,4-dinitrophenylhydrazone, 
which melts at 175-176° (lit.18a 176-177.5°) and shows no

melting point depression upon admixture with an authen
tic sample.18b’c

It is also pertinent that chloro ketone 54 reacts with sil
ver acetate in acetic acid to give acetoxy ketones 43 and 44 
in 53% conversion. The spectral properties (ir, 1H NMR, 
and GLC) o f the product show that the ratio o f 43 and 44 
from the silver acetate reaction is essentially the same as 
that from decomposition o f diazo ketone 37 by acetic acid. 
It is thus apparent that the cationic intermediates (42) in 
reactions of 54 with silver acetate-acetic acid and of 37 
with acetic acid are essentially identical.

Attempts to purify acetoxy ketone 43 and chloro ketone 
54 by preparative GLC lead to Cope rearrangements. Thus 
43 rearranges to endo-6-(cis-2/-acetoxyvinyl)-cis-bicy- 
clo[3.3.0]octa-3,7-dien-2-one (58, 93%) at a column temper
ature o f 225° (eq 13) and 54 isomerizes to endo-6 -(cis- 
2'-chlorovinyl)-cis-bicyclo[3.3.0]octa-3,7-dien-2-one (60, 
100%) at column temperatures above 160° (eq 13). The re-

0

43.X = 0 2CCH:t 
54. X = Cl

,H

57, X = ÖCCH;. 
59, X = Cl

0

(13)

58, X = O.CCH
60. X = Cl

active conformations 57 and 59 (eq 13) for Cope rearrange
ments o f 43 and 54 thus lead, in keeping with mechanism 
requirements, to products (58 and 60) containing the more 
stable cis ring junctures and cis stereochemistry for the ex- 
ocyclic olefinic moieties.

The structure of 58 is assigned in part on the basis o f in
frared absorptions for ester carbonyl (1760 cm -1 ) and a,/3- 
unsaturated carbonyl (1695 cm-1 ), by complete analysis of 
its 1H NM R spectrum, and by double-irradiation experi
ments (Table IV). Comparison o f the XH N M R o f 58 to that 
o f bicyclo[3.3.0]oct-3-en-2-one (61)19 supports the assign
ment that 58 contains the bicyclo[3.3.0] system. Assign
ment o f the cis stereochemistry o f the C -l '-C -2 ' olefin o f 58 
is supported by the 1H NM R coupling constant (J  =  6 Hz) 
for the proton absorption of 5 7.14 and 4.69. The J  value is 
well within accepted values for cis olefinic protons20 (J  =
6 - 1 2  Hz) and is too small for trans olefinic protons (J  =
12-18 Hz).

The structure of 58 is further elucidated upon its hydrol
ysis by aqueous trifluoroacetic acid to endo-6 -(l'-oxoethyl)- 
cis-bicyclo[3.3.0]octa-3,7-dien-2-one (62) in 75% yield. The 
structure of 62 is consistent with its exact mass measure-
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ment (m/e 162), infrared absorptions at 1715 and 1700 
cm - 1  for aldehyde and a,/3-unsaturated ketone stretching, 
and 'H  NM R absorptions with coupling constants and 
shifts of C-3 and C-4 protons similar to those of 61.

Chloro ketone 60 is assigned from its infrared carbonyl 
stretching absorption at 1700 cm-1 , mass spectrum (m/e 
180), and ]H NM R absorptions similar to those o f 58, 62, 
and 67. Partial double-irradiation experiments are also 
consistent with the assigned structure of 60.

Ketone 1 has also been functionalized in its C -8  position 
by oxidation with lead tetraacetate ( 1  equiv) in refluxing 
acetic acid to give anti-8-acetoxybicyclo[4.2.2]deca-2,4,9- 
trien-7-one (64, 100%, eq 14). The stereochemistry o f 64 is

tentatively assigned on the basis o f probable reaction 
mechanisms involving carbonyl oxygen coordination with 
lead tetraacetate to produce enol lead(IV) complex 63 and 
acetic acid (eq 14); attack o f 63 by acetic acid and/or ace
tate ion from the less hindered side (anti to the diene 
bridge) or/and collapse o f 63 via a cyclic process occurring 
favorably from the anti direction will give 64. Acetoxy ke
tone 64 shows no evidence of thermal rearrangement.

Attempts to reduce 1 by W olff-Kishner sequences fail to 
produce bicyclo[4.2.2]deca-2,4,7-triene (65), a hydrocarbon 
of interest in these laboratories. Rather ketone 1 reacts 
with hydrazine and potassium hydroxide in ethylene glycol 
at 170-200° to give 2,3-diazatricyclo[6.3.1.04’1 1 ]dodeca-
2.5.9- triene (70, 47%). Similarly 70 is formed (48-54%) from
(1) bicyclo[4.2.2]deca-2,4,9-trien-7-one semicarbazone and 
potassium hydroxide at 200°, and (2) bicyclo[4.2.2]deca-
2.4.9- trien-7-one hydrazone (6 6 )21 and potassium iert-bu- 
toxide in dimethyl sulfoxide at 25-30°. Pyrazoline 70 may 
be produced from 66 via a sequence as in eq 15.

Pyrazoline 70 displays ir azo absorption at 1650 cm-1 ; its 
uv spectrum shows end absorption (Xmax 220 nm, imax 3700) 
and that consistent with a pyrazoline (Xmax 333 nm, fmax 
330).22 Its ’ H NM R reveals resonances consistent with the 
assigned structure. The structure of 70 is delineated by 1H

NM R double irradiation and europium shift reagent ef
fects. Double irradiation at 5 2.80 (H at C-7) simplifies only 
the absorption at 5 6.03 (H at C-9, - 1 0 ); decoupling the 
triplet at 5 4.84 (H at C -l) simplifies the septuplet at 5 1.73 
(H at C-12). Assignments o f the protons at C -l, -4, and -11 
are based on the magnitude o f the shifts caused by euro
pium complexation; protons closest to the azo group com- 
plexed by europium should have the largest shift. The ole- 
finic protons on C-9 and -10 and the exo proton on C - 1 2  are 
the farthest removed from the azo linkage and show the 
least effect in their chemical shifts.

To learn more about its hydrazones, 1 was converted by 
methylhydrazine and 1 ,1 -dimethylhydrazine to bicyclo-
[4.2.2]deca-2,4,9-trien-7-one methylhydrazone (71, 100%) 
and bicyclo[4.2.2]deca-2,4,9-trien-7-one dimethylhydra- 
zone (72, 75%), respectively. Reaction o f 71 and potassium 
hydroxide at 2 0 0 ° or o f 1 , methylhydrazine, and potassium 
hydroxide in ethylene glycol at 200° yields 3-methyl-2,3- 
diazatricyclo[6.3.1.04’n ]dodeca-l,5,9-triene (73, 75%). Di- 
methylhydrazone 72 is not changed by potassium hydrox
ide at these elevated temperatures. Heterocycle 73 exhibits 
proper ir and mass spectra (m/e 174) and appropriate 4H 
N M R absorptions. The *H NM R assignments o f 73 are 
consistent with those of 74.

71, R1 =  H;R2 =  CH3 73
72, R, =  R-2 =  CH:1

5 5.13
Hv „CH,NH,

L' \  5 3.3
ft  H

5 5.03 *  N 5 5.92
74

Ketone 1 responds photochemically; irradiation of 1 in 
acetone through Vycor yields tricyclo[3.3.2.02 ’8]deca-3,6-di- 
en-9(10)-one (78, 68%), along with 1 (10%) and an unidenti
fied isomer.23 Photoisomerization o f 1 using Michler’s ke
tone as sensitizer and Pyrex optics also produces 78 (44%). 
Ketone 78 is identical with an authentic sample24 and it is 
reduced by sodium borohydride to tricyclo[3.3.2.02,8]deca-
3,6-dien-9-ol (79, 88%), a fluctional molecule. Photosensit
ized conversion o f 1 to 78 is rationalizable by a diradicai se
quence as in eq 16.

Ketone 78 reacts with dilute trifluoroacetic acid to pro
duce 1 quantitatively. Further, 78 is converted by p- 
tosylhydrazide in ethanol containing hydrochloric acid to 
tosylhydrazone 7. A possible sequence for acid-catalyzed
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78 ~H+

80 81

[4 + 2] 
opening (17)

82

rearrangement o f 78 to 1 is indicated in eq 17. A related 
cationic rearrangement of bullvalene to bicyclo[4.2.2]deca-
2,4,7,9-tetraene (8 ) is known.llb

Refluxing acetoxy ketone 64 in methanol containing p- 
toluenesulfonic acid as catalyst quantitatively produces 
syn- and anti-8-methoxybicyclo[4.2.2]deca-2,4,9-trien-7- 
one (84 and 85, respectively) as a 93:7 mixture. The gross 
structures o f 84 and 85 are assignable on the basis o f their 
spectral properties. The conversion o f 64 to 84 and 85 may 
arise via 7-hydroxy-8-methoxybicyclo[4.2.2]deca-2,4,7,9- 
tetraene (83, as generated by any o f a number o f se
quences). Tautomerization o f enol 83 by proton transfer 
from the less hindered anti side yields 84 as the major 
product; reaction from the syn side gives 85.

83 84 85

Investigations o f the synthesis and chemistry of syn- and 
anti-8-hydroxybicyclo[4.2.2]deca-2,4,9-trien-7-ones as well 
as bicyclo[4.2.2]deca-2,4,9-triene-7,8-dione are presently 
under way in these laboratories. Further, synthesis of 
triene 65 and determination of the properties o f the bicy- 
clo[4.2.2]deca-2,4,9-trien-7-yl radical, carbanion, carboni
um ion, and carbene, respectively, are being studied.

Experimental Section
General. Elemental analyses were performed by Chemalytics, 

Inc., Tempe, Ariz. and Microanalysis, Inc., Wilmington, Del. Melt
ing points (uncorrected) were determined using a Thomas-Hoover 
capillary melting point apparatus. Infrared spectra were obtained 
on Perkin-Elmer Model 137 or 457 recording spectrophotometers. 
Proton magnetic resonance spectra were determined on Varian As
sociates NMR spectrophotometers, Models A-60, A-60A, and HA- 
100. Unless noted otherwise, all spectra were measured in chloro- 
form-d or carbon tetrachloride solutions using tetramethylsilane 
as an internal standard. Ultraviolet spectra were determined using 
a Cary Model 14 recording spectrophotometer. Mass spectra were 
obtained using an AEI Model MS9 spectrometer. GLC analyses 
and separations were performed on an Aerograph instrument, 
Model A-90-C. GLC column A was prepared from 20% SE-30 on 
Chromosorb W (0.25 in. X 12 ft); column B consisted of 15% Car- 
bowax 20M on Chromosorb W (0.25 in. X 10 ft); and column C was 
made of 12% Apiezon J on Chromosorb P (0.125 in. X 10 ft). In the 
Experimental Section, compounds are always listed in their order 
of elution.

Bicyclo[4.2.1]nona-2,4,7-trien-9-one (4). Ketone 4 was pre
pared by the method of Antkowiak3a>b in 49-65% yield from cy- 
clooctatetraene in 99+% purity (GLC, column A).

Reaction o f Bicyclo[4.2.1]nona-2,4,7-trien-9-one (4) and Di
azomethane. Ketone 4 was treated with diazomethane as pre
viously reported311 to produce bicyclo[4.2.2]deca-2,4,9-trien-7-one 
(1) and spiro[bicyclo[4.2.1]nona-2,4,7-trien-9,2'-oxirane] (6). Sepa

ration, analysis, and isolation of the products by GLC (column A) 
gave epoxide 6 (15-50%) and ketone 1 (85-50%).

The spectral properties of 6 follow: ir (neat) 980 (m), 860 (s), and 
745 cm-1 (s); exact mass, calcd, 146.0732; found, 146.0734.

Anal. Calcd for C10Hi0O: C, 82.16; H, 6.89. Found: C, 81.99; H,
6.88.

Ketone 1 has the following properties: ir (neat) 1710 cm-1 (s); uv 
Xma% (EtOH) 202, 258, 265, and 300 nm (fmax 4250, 3070, 2920, and 
373); exact mass, calcd, 146.0732; found, 146.0734.

Anal. Calcd for CI0Hl0O: C, 82.16; H, 6.89. Found: C, 82.20; H, 
6.83.

Bicyclo[4.2.2]deca-2,4,9-trien-7-one Semicarbazone. The
crude mixture from ring expansion of 4 containing ketone 1 (85%) 
and epoxide 6 (15%, 3.15 g, 0.0185 mol) was dissolved in ethanol 
(250 ml)-water (20 ml) and semicarbazide hydrochloride (5 g) and 
sodium acetate (7.5 g) were added. The mixture was warmed for 1 
hr at 75°, concentrated under reduced pressure to half volume, 
and cooled in ice. The crude semicarbazone (3.29 g, 88% based on 
1) was filtered and air dried. Bicyclo[4.2.2]deca-2,4,9-trien-7-one 
semicarbazone was obtained as white crystals, mp 199.5-200.5°, 
from 50% aqueous ethanol: exact mass, calcd, 203.1059; found, 
203.1061.

Anal. Calcd for C11H13N3O: C, 65.00; H, 6.45. Found: C, 64.68; 
H, 6.43.

Preparative Isolation o f Bicyclo[4.2.2]deca-2,4,9-trien-
7-one (1). The previously reported311 separation of ketone 1 from 
the ring-expansion mixture via the Girard’s reagent T adduct was 
used extensively for isolation of ketone 1.

Alternatively, if ketone 1 is stored as its semicarbazone, regener
ation may be effected as follows. Semicarbazone (3.00 g, 0.015 mol) 
was dissolved in pyruvic acid (16 g) and stirred for 30 hr under 
argon. The mixture was diluted with water, neutralized with aque
ous sodium bicarbonate, and extracted with ether. The ether layer 
was washed with brine, dried, and concentrated under reduced 
pressure. Pure 1 was obtained by distillation, bp 83-86° (0.2 mm) 
(0.50 g, 23%). (The efficiency of recovery of 1 by this method is ex
pected to be much greater in larger scale experiments.)

Reaction o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one Tosylhy- 
drazone (7)3b with Methyllithium.4 A suspension of tosylhydra- 
zone 7 (0.200 g, 0.00064 mol) in hexane (5 ml) was flushed with 
argon at 0°. Methyllithium (2.0 ml, 1.45 M, 2.9 mmol) was added 
slowly, the system was warmed to 25°, and the mixture was stirred 
for 3 hr. After addition of water and separation, the water layer 
was extracted with ether. The combined organic layers were 
washed with brine, dried, and concentrated. The residue (72 mg, 
84%) consisted of five components (GLC analysis, column A); the 
three major components (98% of the mixture) were cis-9,10-dihy- 
dronaphthalene (9, 1%), bicyclo[4.2.2]deca-2,4,7,9-tetraene (8, 
94%), and naphthalene (5%). Preparative GLC (column A) provid
ed pure samples of 9, 8, and naphthalene; the retention times and 
spectral properties of each product matched those of authentic 
samples. The 1H NMR of 8 is in Table I.

7-Acetoxybicyclo[4.2.2]deca-2,4,7,9-tetraene (10). Ketone 1 
(0.50 g, 0.0034 mol), isopropenyl acetate (15 ml), and a trace of p- 
toluenesulfonic acid were refluxed for 60 hr. Potassium carbonate 
was added, the solvent was removed under reduced pressure, and 
the residue was distilled, bp 78-79° (0.05 mm). The distillate (0.55 
g, 86%) gave only one GLC peak (column A). Preparative GLC 
yielded pure 10: ir (neat) 1760 (s) and 1210 cm-1 (s); NMR, see 
Table I.

Anal. Calcd for Ci2H120 2: C, 76.57; H, 6.43. Found: C, 76.62; H,
6.35.

Hydrolysis o f 7-Acetoxybicyclo[4.2.2]deca-2,4,7,9-tetraene 
(10). Hydrochloric acid (3 N, 0.25 ml) was added to acetoxytet- 
raene 10 (0.20 g, 0.0011 mol) in hexamethylphosphoramide (3 ml) 
and stirred overnight at 25°. The mixture was poured into water 
and the resultant suspension was extracted with ether. After stan
dard work-up of the organic layer, the resultant oil (0.16 g) was a 
19:1 mixture of ketone 1 and acetate 10 by GLC (column A) and 
'H  NMR analysis.

7-Pyrrolidinobicyclo[4.2.2]deca-2,4,7,9-tetraene (11). A mix
ture of 1 (0.16 g, 0.0011 mol) and pyrrolidine (0.16 g, 0.0022 mol) in 
benzene (10 ml) containing several grains of p-toluenesulfonic acid 
was refluxed for 12 hr making use o f a Dean-Stark water separator. 
The red-brown solution, after concentration in vacuo, produced a 
dark brown residue (0.22 g). After storage under reduced pressure 
for several hours, the highly water sensitive product was trans
ferred in carbon tetrachloride to a NMR tube under argon. 'H 
NMR analysis showed that 11 (ca. 90%) had formed; 1 and benzene 
were slight impurities; *H NMR, see Table I. The sensitivity of 11
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precluded ir or combustion analysis; upon standing in carbon tet
rachloride for 1 day, complete hydrolysis of 11 to 1 and pyrrolidine 
had occurred; exact mass, calcd, 199.1361; found, 199.1359.

Hydrolysis o f 7-Pyrrolidinobicyclo[4.2.2]deca-2,4,7,9-tet- 
raene (11). Enamine 11 in carbon tetrachloride containing 1% 
Me4Si was swirled with hydrochloric acid (3 N, 3 drops) for 15 min 
at 25°. The aqueous layer was removed and the organic layer was 
dried over anhydrous potassium carbonate. The solution, on analy
sis by 1H NMR and GLC (column A), contained ketone 1 exclu
sively.

Reaction o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with 
Potassium terf-Butoxide and Acetyl Chloride in Glyme. Po
tassium tert- butoxide (0.22 g, 0.002 mol) was added all at once to 
ketone 1 (0.10 g, 0.0007 mol) in dry glyme (5 ml) at 25°, and the re
sulting brown slurry was stirred rapidly for 4—5 min. Acetyl chlo
ride (0.16 ml, 0.002 mol) was added and the mixture was stirred for 
5 min. After addition of potassium carbonate (0.2 g) the solvent 
was aspirated, and the residue was dissolved in ether (15 ml), fil
tered, and concentrated. GLC analysis (column A) of the oily resi
due (0.12 gl revealed a three-component mixture: unidentified im
purity (9%), 1 (8%), and 7-acetoxybicyclo[4.2.2)deca-2,4,7,9-te- 
traene (10, 83%). Preparative GLC provided pure 1 and 10.

7-Trimethylsiloxybicyclo[4.2.2]deca-2,4,7,9-tetraene (12). 
Ketone 1 (0.292 g, 0.002 mol) was dissolved in dried glyme (15 ml) 
and potassium terf-butoxide (0.9 g, 0.008 mol) was added. After 
the solution was stirred for 3 min, trimethylsilyl chloride (1.1 g, 
0.010 mol) was added and the mixture was stirred for 5 min. The 
solution was concentrated and the residue was distilled to provide 
a pale yellow oil (0.33 g, 76%), bp 65-67° (0.05 mm). GLC analysis 
(column A) showed the distillate to be a mixture of 12 (overall 
yield 72%) and 1 (7%). Silyl ether 12 has the following properties: ir 
(neat) 1660 (m), 1200 (s), 940 (s), and 840 cm-1 (s); 'H  NMR, see 
Table I; exact mass, calcd, 218.1127; found, 218.1123. Ether 12 hy
drolyzes on standing for only a few hours in the atmosphere.

Base-Catalyzed Mono- and Dideuteration o f B icyclo-
[4.2.2] deca-2,4,9-trien-7-one (1). Deuterium oxide (3 drops) con
taining sodium hydride (57% suspension in mineral oil, 5 grains) 
was added to 1 (50 mg) in carbon tetrachloride (0.5 ml) containing 
1% TMS. The reaction was run in a NMR tube continually tum
bled at 25°; reaction progress was monitored by examining the ab
sorption at 6 2.55 for peak and integration disappearance. After 12 
hr, half of the organic phase was removed, dried (potassium car
bonate), and concentrated to anti-8-deuteriobicyclo[4.2.2]deca-
2,4,9-trien-7-one (13, 25 mg): *H NMR S 5.9 (m, 6 H, H at C-2, -3, 
-4, -5, -9, -10), 3.5 (m, 1 H, H at C-6), 3.0 (m, 1 H, H at C-l), and
2.55 (m, 1 H, H at C-8); exact mass, calcd, 147.0794; found, 
147.0791.

The remaining organic layer was tumbled continually (an addi
tional 8.5 days) at 25° until the methylene absorption disappeared. 
The aqueous layer was removed. The organic layer was worked up 
as above to yield 8,8-dideuteriobicyclo[4.2.2]deca-2,4,9-trien-7-one 
(15, 25 mg): ‘ H NMR 6 5.9 (m, 6 H, H at C-2, -3, -4, -5, -9, -10), 3.5 
(m, 1 H, H at C-6), and 3.0 (m, 1 H, H at C -l); exact mass, calcd, 
148.0857; found, 148.0854.

Reaction o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with 
Potassium tert-Rutoxide and Deuterium Oxide. Ketone 1 (1.0 
g, 0.00685 mol) was added to potassium terf-butoxide (2.50 g, 
0.022 mol) in dry hexamethylphosphoramide (50 ml) at 0-5° and 
stirred for 4 min. Deuterium oxide (5 ml) was added and stirring 
was continued for 4 min. Boron trifluoride etherate was then slow
ly added until the mixture was slightly acidic. After water had 
been added the mixture was extracted with ether. Standard work
up with subsequent distillation yielded 8,8-dideuteriobicyclo-
[4.2.2] deca-2,4,9-trien-7-one (15,0.75 g, 75%), bp 72-76° (0.1 mm).

Reaction o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with
Potassium fert-Butoxide and Water in Dimethylformamide. 
Ketone 1 (0.15 g, 0.001 mol) containing naphthalene (0.13 g, 0.001 
mol) as an internal standard was dissolved in dry dimethylforma
mide (5 ml) and added to potassium terf-butoxide (0.22 g, 0.002 
mol) in dimethylformamide (5 ml) at 0°. The mixture was stirred 
for 0.5 hr, poured into water, neutralized with 3 N  hydrochloric 
acid, and extracted with ether. Standard work-up and concentra
tion gave 0.25 g (92%) of a residue containing 1 and naphthalene 
(GLC analysis, column A). NMR analysis of the product showed 
the ratio of naphthalene to 1 to be 1.0:0.92.

Reaction o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with 
Potassium tert-Butoxide and Methyl Fluorosulfonate in 
Glyme. Ketone 1 (0.10 g, 0.00069 mol) was dissolved in dry glyme 
(5 ml) and potassium terf-butoxide (0.25 g, 0.0022 mol) was added 
at 25°. After the solution was stirred for 4 min, methyl fluorosul

fonate (0.25 g, 0.0022 mol) was added all at. once and the mixture 
was stirred for an additional 1 min. The solvent was removed 
under reduced pressure and the residue was dissolved in chloro
form and analyzed by GLC (column A).

The product mixture contained 7-methoxybicyclo[4.2.2]deca-
2.4.7.9- tetraene (16, 43%), 1 (9.5%), 8-methylbicyclo[4.2.2]deca-
2.4.9- trien-7-one (17, trace), and 8,8-dimethylbicyclo[4.2.2]deca-
2.4.9- trien-7-one (18, 26%), as well as several very minor unidenti
fied components of longer retention times.

Pure dimethyl ketone 18 was obtained by preparative GLC. 18 is 
unstable upon storage in air: 'H NMR 5 5.9 (m, 6 H, H at C-2, -3, 
-4, -5, -9, -10), 3.5 (m, 1 H, H at C-6), 2.6 (m, 1 H, H at C -l), and
1.2 (d, 6 H, methyl C-H); exact mass, calcd, 174.1044; found, 
174.1041.

Mass spectral analysis of ketone 1 as collected by GLC from the 
reaction mixture indicated the presence of methyl ketone 17, m/e 
160. The amount of 17 present was estimated by comparing the 
mass spectral peaks o f 1 and 17.

Reaction o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with 
Potassium tert-Butoxide and Methyl Fluorosulfonate in H ex
amethylphosphoramide. Ketone 1 (0.50 g, 0.0034 mol) was added 
to potassium terf-butoxide (1.25 g, 0.011 mol) in dried hexa
methylphosphoramide (30 ml) at 0-5° under argon and the solu
tion was stirred for 4 min. Methyl fluorosulfonate (1.2 ml, 1.85 g, 
0.016 mol) was added all at once and stirring of the mixture was 
continued for 4 min. The reaction mixture was quenched with 
aqueous sodium bicarbonate and the aqueous layer was washed 
with ether. Standard work-up and concentration yielded a yellow 
oil (0.54 g, 99%) which contained five components by GLC analysis 
(columns A and C). The major product was 7-methoxybicyclo-
[4.2.2]deca-2,4,9-trien-7-one (16) in the percentage shown in Ta
bles II and III. Similar results were obtained using dimethylforma
mide as solvent (see Table II).

Methoxytetraene 16 was collected by preparative GLC: ir (neat) 
1670 (m), 1620 (w), 1210 (s), and 830 cm-1 (s); *H NMR, see Table 
I; exact mass, calcd, 160.0888; found, 160.0886.

Anal. Calcd for C11H12O: C, 82.46; H, 7.55. Found: C, 82.29; H, 
7.74.

Reactions were run varying the contact time of 1 with potassium 
tert-butoxide before quenching with methyl fluorosulfonate; the 
product distribution for base times of 14 min, 30 min, 8 hr, and
24.5 hr are summarized in Table II.

Reaction o f /3-Tetralone with Potassium tert-Butoxide and 
Dimethyl Sulfate in Dimethylformamide. /3-Tetralone (0.58 g, 
0.004 mol) in dry dimethylformamide (10 ml) was treated with po
tassium tert-butoxide (0.55 g, 0.005 mol) in dimethylformamide (5 
ml) for 15 min at 0° and then dimethyl sulfate (0.58 g, 0.005 mol) 
was added. The mixture was stirred for 10 min and poured into 
aqueous sodium bicarbonate. Product work-up in the usual man
ner and distillation of the residue produced a clear liquid (0.44 g), 
bp 144° (11 mm). GLC analysis (column A) showed the product to 
contain /3-tetralone (5.0%), 22 (94%, overall yield 65%), and an uni
dentified component (1%) of mass m/e 172 representing a dimeth- 
ylation product.

Pure 22 was collected by preparative GLC: ir (neat) 1640 cm-1 
(m); *H NMR & 6.9 (m, 4 H, aromatic C-H), 5.5 (s, 1 H, H at C -l),
3.68 (s, 3 H, methyl C-H), 2.9 (m, 2 H, H at C-4), and 2.40 (m, 2 H, 
H at C-3); exact mass, calcd, 160.0888; found, 160.0890.

Hydrolysis o f  7-Methoxybicyclo[4.2.2]deca-2,4,7,9-tetraene
(16). Methoxytetraene 16 (0.07 g, 0.00043 mol) was dissolved in 
chloroform-d (0.5 ml) containing 1% Me,tSi and naphthalene (ca. 
0.11 g) as internal standards. Initial NMR analysis showed an aro- 
matie:olefinic proton ratio of 1.0:0.82. The solution was treated 
with hydrochloric acid (3 N, 0.25 ml) and mixed for 1 hr at 25°. 
The aqueous layer was removed and the organic layer was dried 
over anhydrous potassium carbonate. The product was found to be 
exclusively naphthalene and ketone 1 by NMR and GLC (col
umn A) methods; !H NMR analysis showed the aromatic:olefinic 
proton ratio to be 1.0:0.83, indicating essentially quantitative for
mation of 1.

Thermal Rearrangement o f  7-M ethoxybicyclo[4.2.2]deca-
2.4.7.9- tetraene (16). Method A.7-Methoxybicyclo[4.2.2]deca-2,4- 
,7,9-tetraene (16, 0.25 g, 0.0014 mol) in dry hexamethylphosphora
mide (3 ml) was heated for 0.5 hr at 200°. After cooling to 25°, the 
mixture was poured into aqueous sodium bicarbonate and extract
ed with ether. The ethereal extracts were worked up in the-usual 
way and concentrated to a mixture (0.24 g) (GLC, column A) con
taining three components corresponding in retention times to 
naphthalene (29, 18%), 7-methoxytetraene (16, 72%), and 2- 
methoxynaphthalene (23,10%).
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Method B. 7-Methoxybicyclo[4.2.2]deca-2,4,7,9-tetraene (16, 
0.15 g, 0.0009 mol) was placed in a tube, evacuated to 0.05 mm, and 
sealed at 25°. Ether 16 was then heated to 200° for 21 hr, the tube 
was opened, and the product was analyzed by GLC (column A) and 
preparative GLC followed by 'H  NMR and ir spectral methods. 
The mixture consisted of three major and one minor products: 
methanol, naphthalene (29, 59%), 7-methoxytetraene (16, 11%), 
and 2-methoxynaphthalene (23, 30%).

2-Methoxynaphthalene (23). 2-Naphthol (3.4 g, 0.0237 mol) 
was dissolved in hexamethylphosphoramide (20 ml) and sodium 
hydride (1.05 g, 57% suspension, 0.025 mol) was added at 25° all at 
once. The mixture was stirred for 0.25 hr and methyl iodide (1.55 
ml, 0.025 mol) was added. After 5 min the mixture was worked up 
and concentrated. Crystallization of the residue from ethanol 
yielded 23 (3.32 g, 89%): mp 70-71.5° (reported mp 72°);25 ir (KBr) 
1480 (m), 1030 (m), 840 (m), 820 (m), and 745 cm" 1 (m); XH NMR 
5 7.75-6.9 (m, 7 H, H at C-l, -3, -4, -5, -6, -7, -8) and 3.75 (s, 3 H, 
methyl C-H).

Bicyclo[4.2.2]deca-2,4,9-triene-7,8-dione Monooxime (32).
Ketone 1 (1.02 g, 0.007 mol) and potassium tert-butoxide (7.5 g, 
0.07 mol) were stirred in tert-butyl alcohol (75 ml) for 0.75 hr 
under argon. Isoamyl nitrite (3.0 ml) was added and stirring was 
continued for 1 hr; isoamyl nitrite (2.5 ml) was again added and 
the mixture was stirred for 0.5 hr. The solution was poured into 
ether-ice water and the aqueous layer was extracted with ether. 
The aqueous layer was acidified with acetic acid and reextracted 
with ether. The latter ethereal layers were worked up in the usual 
manner and concentrated in vacuo. Solution of the crude product 
(0.75 g, 63%) in methylene chloride and recrystallization from 1:2 
methylene chloride-cyclohexane produced 32, a yellow powder: mp 
178-178.5°; ir (KBr) 3300 (s), 1710 (s), and 1690 cm" 1 (s); 'H  
NMR 6 5.9 (m, 6 H, H at C-2, -3, -4, -5, -9, -10), 4.3 (dd, 1 H, H at 
C-6), and 3.7 (m, 1 H, H at C-l); exact mass, calcd, 175.0633; 
found, 175.0636.

Anal. Calcd for C10H9NO2: C, 68.56; H, 5.18. Found: C, 68.30; H,
5.30.

Bicyclo[4.2.2]deca-2,4,9-triene-7,8-dionequinoxaline (33). 
Oximino ketone 32 (0.5 g, 0.0029 mol) and o-phenylenediamine 
(0.31 g, 0.0029 mol) were refluxed in ethanol (10 ml)-acetic acid 
(10 ml) for 1 hr. The mixture was cooled and poured into water; 
the product was filtered and air dried (0.30 g, 46%). Recrystalliza
tion from methanol produced 33: mp 194.5-195°; ir (KBr pellet) 
1500 (m), 950 (s), 760 (s), and 730 cm' 1 (s); JH NMR 8 8.02 and
7.67 (two m, 4 H, H on aromatic nucleus), 6.47 (m, 2 H, H at C-2, 
-5), 6.02 (m, 2 H, H at C-9, -10), 5.82 (m, 2 H, H at C-3, -4), and
4.35 (m, 2 H, H at C-l, -6). Proton assignments for 33 are based on 
double irradiation; irradiation of the multiplet at 6 4.35 (H at C-l, 
-6) causes simplification of the multiplet at 5 6.47 and collapse of 
the absorption at 5 6.02 to a singlet; exact mass, calcd, 232.1000; 
found, 252.1004.

Anal. Calcd for Ci6H i2N2: C, 82.73; H, 5.21; N, 12.06. Found: C, 
82.48; H, 5.19; N, 12.10.

8-Formylbicyclo[4.2.2]deca-2,4,9-trien-7-one (35). Ketone 1 
(0.88 g, 0.006 mol) was added to freshly prepared sodium methox- 
ide (1.30 g, 0.024 mol) in dry ether (100 ml). After introduction of 
methyl formate (1.45 g, 0.024 mol), the mixture was stirred for 22 
hr. Cold hydrochloric acid (3 N, 50 ml) was added and the mixture 
was extracted with ether. The combined ethereal washes were 
worked up; concentration of the solution yielded a brown oil (1.00 
g, 95%) which precipitated from pentane as a tan solid. Pure 35 
was prepared by elution through a silica gel column (25% ether- 
75% cyclohexane solvent) and crystallization from pentane at 
-7 8 °: mp 56-57°; ir (KBr pellet) 1660 (s), 1580 (s), and 1120 cm" 1 
(m); NMR 8 8.1 (s, 1 H, aldehydic C-H), 5.9 (m, 7 H, H at C-2, 
-3, -4, -5, -8, -9, -10), and 3.5 (m, 2 H, H at C-l, -6); exact mass, 
calcd, 174.0681; found, 174.0683.

Anal. Calcd for CiiH10O2: C, 75.84; H, 5.79. Found: C, 75.55; H,
5.75.

3,4-Diazatricyclo[5.4.2.02’6]trideca-2,5,8,10,12-pentaene (36). 
Formyl ketone 35 (0.52 g, 0.003 mol) was dissolved in ethanol (1 
ml). Anhydrous hydrazine (0.13 g, 0.004 mol) in ethanol (3 ml) was 
added (precipitation occurred immediately) and the stirred mix
ture was refluxed for 18 hr. The dark solution was cooled, poured 
into water, and extracted with ether. The dark oil (0.52 g) obtained 
from concentration of the organic phase, on elution through a silica 
gel column (ethyl acetate solvent), yielded a difficultly crystalliza- 
ble oil (0.44 g, 86%). Pure 36 was prepared by crystallization from 
benzene-cyclohexane: mp 106-107°; ir (KBr) 3250 cm-1 (s); *H 
NMR 5 9.25 (br s, 1 H, N-H, shift is concentration dependent, dis
appears upon addition of D20), 7.15 (s, 1 H, H at C-5), 5.9 (m, 6 H,

H at C-8, -9, -10, -11, -12, -13), and 4.0 (m, 2 H, H at C -l, -7); exact 
mass, calcd, 170.0844; found, 170.0847.

Anal. Calcd for CnHioN* C, 77.62; H, 5.92. Found: C, 77.35; H,
6.09.

7-Diazobicyclo[4.2.2]deca-2,4,9-trien-8-one (37). Formyl ke
tone 35 (1.0 g, 0.0575 mol) was dissolved in methylene chloride (30 
ml) and triethylamine (1.22 g, 0.12 mol) and tosyl azide (1.1 g, 
0.0575 mol) were added at 25°. The mixture was stirred for 4 hr. 
Potassium hydroxide (5 g) in water (60 ml) was added and the 
mixture was then stirred for 15 min. After layer separation and ex
traction of the aqueous portion with methylene chloride, the com
bined organic phases were washed with water and dried over anhy
drous potassium carbonate. Concentration yielded a dark brown 
oil (0.92 g) which contained 37 and tosyl azide as indicated by 
micro TLC analysis on silica gel G with 1:1 ether-hexane solvent. 
Separation on a silica gel column (1:3 ether-cyclohexane) yielded 
37 as a bright yellow liquid which crystallized at —20° and re
mained solid upon rewarming (0.52 g, 55%) : mass spectrum (P — 
N2) m/e 144; >H NMR S 5.9 (m, 6 H, H at C-2, -3, -4, -5, -9, -10) 
and 3.65 (m, 2 H, H at C - l , -6).

Photolysis o f 7-DiazobicycIo[4.2.2]deca-2,4,9-trien-8-one 
(37) in W ater-Dioxane. Diazo ketone 37 (0.75 g, 0.0044 mol) was 
dissolved in p-dioxane (50 ml) and water (25 ml) and the solution 
was degassed with argon for 0.5 hr. The solution was then irradiat
ed with a 450-W medium-pressure Hanovia lamp in all-quartz 
equipment for 6 hr. Upon completion of the experiment, 37 was 
absent as evidenced by the lack of evolution o f nitrogen upon addi
tion of a drop of concentrated hydrochloric acid to an aliquot of 
the reaction mixture. The solution was concentrated and then the 
residue was triturated with aqueous potassium carbonate and ex
tracted with ether. The aqueous layer was acidified with hydro
chloric acid and extracted with ether. After standard work-up and 
concentration of the organic phase, a single product (0.43 g, 61%) 
as evidenced by micro TLC analysis (1:1 ether-petroleum ether 
solvent) was obtained.

The product was filtered through silica gel and recrystallized 
from ether-petroleum ether at —78° to provide pure bicyclo-
[4.2.1] nona-2,4,7-triene-syrc-9-carboxylic acid (39), mp 173-174.5° 
(lit.16 mp 173-174°), as white crystals: ir (KBr) 3150 (br, s), 1730 
(s), and 1680 cm' 1 (s); XH NMR 5 11.2 (s, 1 H, -COOH, shift is 
concentration dependent), 6.1 (m, 4 H, H at C-2, -3, -4, -5), 5.25 (d, 
2 H, H at C-7, -8), and 3.3 (m, 3 H, H at C-l, -6, -9); exact mass, 
calcd, 162.0681; found, 162.0683.

Methyl Bicyclo[4.2.1]nona-2,4,7-triene-syn-9-carboxylate.
Crude acid 39 (0.35 g, 0.0022 mol) from the preceding photolysis 
was dissolved in ether (50 ml), treated with diazomethane (0.3 M, 
30 ml, excess) at 25°, and stirred for 0.5 hr. Formic acid was added 
to destroy excess diazomethane. The ether layer was extracted 
with aqueous sodium bicarbonate and saturated brine, dried, and 
concentrated to a yellow oil (0.41 g) which was ea. 99% pure by 
GLC analysis (column A). Distillation afforded methyl bicyclo-
[4.2.1] nona-2,4,7-triene-syn-9-carboxylate as a white solid: bp 
66.5° (0.05 mm); mp 27-29° (0.37 g, 93%); ir (neat) 1720 (s), 1220 
(s), and 1205 cm-1 (s); NMR 8 5.9 (m, 4 H, H at C-2, -3, -4, -5),
5.15 (d, 2 H, H at C-7, -8), 3.5 (s, methyl C-H) superimposed on 3.3 
(m, H at C-l, -6, -9. total 6 H); exact mass, calcd, 176.0837; found, 
176.0840.

Anal. Calcd for CnH i20 2: C, 74.98; H, 6.86. Found: C, 75.19; H,
6.90.

exo-2-Acetoxybicyclo[5.2.1]deca-3,5,8-trien-10-one (43). Di
azo ketone 37 (0.88 g, 0.0051 mol) was dissolved in acetic acid (12 
ml) and stirred at 25° for 4 hr. The mixture was concentrated and 
distilled to give 43 (0.87 g, 84%); bp 102-103° (0.1 mm); ir (neat) 
1760 (s), 1740 (s), 1370 (m), and 1230 cm" 1 (s); JH NMR 8 5.9 (m, 6 
H, H at C-3, -4, -5, -6, -8, -9), 5.00 (t, 1 H, H at C-2), 3.24 (m, 1 H, 
H at C-7), 3.05 (dd, 1 H, H at C-l), and 2.11 (s, 3 H, methyl C-H). 
Double irradiation at 0 3.05 simplifies the triplet at 8 5.00; irradia
tion of the triplet causes simplification of the absorption at 8 3.05. 
This decoupling indicates that the proton bound to carbon substi
tuted by acetoxyl is adjacent to a bridgehead proton. Additional 
properties of 43 follow: uv Xmax (EtOH) 200, 225, and 285 nm (<ma, 
6080, 4000, and 600); exact mass, calcd, 204.0786; found, 204.0788.

Anal. Calcd for C12H i203: C, 70.60; H, 5.88. Found: C, 70.80; H, 
5.83.

Attempts to purify 43 by GLC (column A, injector 250°, column 
225°) produced endo-6-( cis-2'-acetoxy vinyl )-cis-bicyclo [3.3.0 j-
octa-3,7-dien-2-one (58) as the major product (93%) as a pale 
yellow solid, mp 69-71°. Rearrangement of 43 was tempera
ture dependent. Only 70% of the rearranged product was formed at
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15 0° ( in je c to r  2 0 0 ° ) w h ile  85%  co n v e rs io n  w as o b se rv e d  a t  180° 
(in je c to r  2 3 0 ° ) : ir (K B r )  1760 (s ) , 1695 (s ) , 1220 (s), a n d  1040 c m " 1 

(s ) ; *H  N M R  co u p lin g  co n s ta n ts  <5 7 .50  (d d , J  = 6 , 3 H z ), 7 .14  (d d , 
J  = 6,1  H z ), 6 .08  (d d , J  =  6 , 1.5 H z ), 4 .69  (d d , J  =  10, 6  H z ), an d
4.14 (t, J  = 10 H z ); u v  Xmax (e th e r ) 208 n m  («max 3 1 ,5 0 0 ); e x a c t  
m ass, ca lcd , 204 .0786 ; fo u n d , 204.0788.

A na l. C a lcd  fo r  C i2H i 20 3: C , 70 .60 ; H , 5 .88. F o u n d : C , 70 .68 ; H ,
5 .90.

endo-6-(l'-O xoethyl)-cis-bicyclo[3.3.0]octa-3,7-dien-2-one
(62). A c e to x y  k e to n e  58 (53 .1  m g, 0 .0 002 6  m o l) in c h lo r o fo r m -d  
(0 .5  m l) w as trea ted  w ith  w ater  (3  d ro p s ) co n ta in in g  tr if lu o r o a ce tic  
a n h y d r id e  ( 1  d ro p ) fo r  6  d ays  w ith  co n t in u o u s  sw irling ; th e  re a c 
t io n  w as m o n ito re d  b y  ’ H  N M R . T h e  a q u e o u s  la yer  w as r e m o v e d ; 
th e  org a n ic  la yer  w as d rie d  (K 2C 0 3) a n d  co n ce n tra te d  t o  a c lear oil 
(3 9 .0  m g) w h ich  co n ta in e d  tw o  m a jo r  co m p o n e n ts  b y  G L C  an alysis 
(c o lu m n  A ). T h e  p ro d u c ts , 62 (80% , o v e ra ll y ie ld  75% ) a n d  58 
(1 5 % ), w ere  c o lle c te d  b y  p rep a ra tiv e  G L C .

K e to  a ld e h y d e  62 w as p u r ifie d  w ith  large loss  t o  y ie ld  8  m g  o f  
p u re  c o m p o u n d : *H N M R  <5 9 .80  (s, 1 H , H  a t  C - l ' ) ,  7 .32  (d d , J  =  6 ,
2 .5  H z , 1 H , H  a t  C -4 ) , 6 .02  (d d , J  =  6.2 H z , 1 H , H  at C -3 ) , 5 .6  (m , 
2 H , H  a t  C -7 , -8 ), 3 .55  (m , 3 H , H  at C - l ,  -5 , -6 ), a n d  2 .6  (b r  d , 2  H , 
H  a t  C -2 ') ;  e x a c t  m ass, ca lcd , 162.0681; fo u n d , 162.0683.

Catalytic Hydrogenation o f exo-2-Acetoxybicyclo[5.2.1]de- 
ca-3,5,8-trien-10-one (43). K e to n e  43 (1 .06  g, 0 .0 052  m o l) w as d is 
so lv e d  in  a b so lu te  e th a n o l ( 1 0 0  m l), 1 0 %  p a lla d iu m  o n  ca rb o n  (0 . 1  

g ) w as a d d e d , an d  th e  m ix tu re  w as p la ce d  in a P a rr  a p p a ra tu s  (50  
lb ) fo r  6  hr. A fte r  th e  m ixtu re  had  b e e n  filte re d  a n d  co n ce n tra te d , 
th e  res id u e  w as ta k en  u p  in  e th er  an d  co n ce n tra te d  (1 .07  g ). T h e  
m a ter ia l w as e lu te d  th ro u g h  silica  gel, f ir s t  w ith  e th e r -c y c lo h e x a n e  
(1 :3 ) an d  th en  w ith  eth er , t o  a c lea r  liq u id  (0 .80  g, 73% ) w h ich  c ry s 
ta llized . e x o -2 -A c e to x y b ic y c I o [5 .2 .l ]d e c a n -1 0 -o n e  (50) w as c o l le c t 
ed  b y  p re p a ra tiv e  G L C  (co lu m n  A ) as a w h ite  so lid : m p  4 7 -4 9 ° ;  ir 
(K B r )  1730 (s), 1370 (m ), 1240 (s ) , an d  1230 c m “ 1 (s ) ; ‘ H  N M R  5
2.05 (s, a c e to x y  m e th y l C -H )  su p e r im p o se d  o n  1.85 (m , a lip h a tic  
C - H ) ;  e x a c t  m ass, ca lcd , 210 .1256 , fo u n d , 210.1260.

A na l. C a lcd  fo r  C i2H 180 3: C , 68 .55 ; H , 8 .63 . F o u n d : C , 68 .28 ; H ,
8.57.

Reaction o f exo-2-Aeetoxybicyclo[5.2.1]decan-10-one (50) 
with Sodium Hydroxide in M ethanol-Water. A c e to x y  k e to n e  50 
(0 .70  g, 0 .0033  m o l) w as d isso lv e d  in h o t  m e th a n o l (1 0  m l) a n d  s o 
d iu m  h y d ro x id e  (1 p e lle t, ca. 0 .004  m o l) d isso lv e d  in  w ater  (1 m l) 
w as a d d e d . T h e  m ix tu re  w as stirred  at 2 5 ° fo r  1 d a y  a n d  p o u re d  
in to  w ater. T h e  a q u e o u s  la yer  w as ex tra c te d  w ith  eth er . T h e  e th er  
e x tra c t  w as p ro ce sse d  in th e  usual m a n n er  to  y ie ld  an o il (0 .52  g) 
w h ich  w as grea ter  th a n  99%  p u re  (G L C , c o lu m n  A ). T h e  m ateria l 
w as e lu ted  th rou g h  silica  ge l (g ra d ie n t e lu tio n  2 0 %  e th e r -c y c lo h e x 
an e, 50%  e th e r -c y c lo h e x a n e , e th er ) t o  p ro d u ce  an o il w h ich  c ry s 
ta llized  fro m  p en ta n e  at - 7 8 °  to  w h ite  e r o -2 -h y d r o x y b ic y c lo -
[5 .2 .1 ]d e ca n -1 0 -o n e  (51): m p  4 7 -4 8 .5 °  (0 .27  g, 50 % ); ir (K B r )  3450 
(s) a n d  1730 c m - 1  (s ); e x a c t  m ass, ca lcd , 168.1150; fo u n d , 168.1153.

Bieyclo[5.2.1]decane-2,10-dione (52). H y d ro x y  k e to n e  51 (0 .20  
g, 0 .0 012  m o l) w as d is so lv e d  in  a ce to n e  (1 0  m l). C h ro m iu m  tr io x id e  
in 25%  su lfu r ic  a c id  (2 .6  M, 1 m l, 0 .0 026  m o l) w as a d d e d  d rop w ise  
an d  th e  m ix tu re  w as stirred  fo r  0 .5  hr. M e th a n o l (0 .15  m l) an d  
th en  w ater  w ere  a d d e d , a n d  th e  m ix tu re  w as e x tra c te d  w ith  ether. 
T h e  a q u eou s  layer  w as a c id ifie d  an d  e x tra c te d  w ith  eth er ; th e  
a q u e o u s  layer w as th en  m a d e  a lk a lin e  a n d  re e x tra c te d  w ith  ether. 
T h e  e th e r  ex tra cts  w ere  p ro ce sse d  a n d  co n ce n tra te d  t o  a liq u id  
(0 .21  g, 100% ) w h ich  co n ta in e d  on e  c o m p o n e n t  b a se d  on  G L C  a n a l
ys is  (co lu m n  A ). T h e  m ateria l w as p u r ifie d  b y  p re p a ra tiv e  G L C  to  
y ie ld  52 as a c lea r  liq u id : ir (n e a t) 1730 (s ) a n d  1700 c m - 1  (s ) ; e x a c t  
m ass, ca lcd , 166.0994; fo u n d , 166.0996. T h e  p ro d u c t  w as d issim ila r  
in  all re sp e cts  t o  b icy c lo [4 .3 .1 ]d e ca n e -7 ,1 0 -d io n e  (53) p re p a re d  
fr o m  1 -m o r p h o lin o c y c lo h e p te n e  a n d  a cry lo y l ch lo r id e .

A na l. C a lcd  fo r  C i0H 14O 2: C , 72 .26 ; H , 8 .49. F o u n d : C , 72 .13 ; H ,
8.53.

exo-2-Chlorobicyclo[5.2.1]deca-3,5,8-trien-10-one (54). D i-
a zo  k e to n e  37 (0 .69  g, 0 .004  m o l) w as d is so lv e d  in  d ry  e th er  (10  m l) 
an d  h y d ro g e n  ch lo r id e  was b u b b le d  th ro u g h  th e  so lu tio n  fo r  15 
m in . T h e  m ixtu re  w as k e p t  fo r  15 m in , th en  d ilu te d  w ith  e th er  an d  
e x tra c te d  w ith  w ater , a q u e o u s  so d iu m  b ica rb o n a te , a n d  sa tu rated  
brin e . T h e  org a n ic  layer  w as d rie d  a n d  co n ce n tra te d  t o  54 , a y e llo w  
liq u id  (0 .68  g , 94% ). T h e  c o m p o u n d  w as e x tre m e ly  lab ile . Its p u r i
fic a t io n  w as u n su ccessfu l: ir (n e a t) 1740 cm - 1  (s ) ; 'H  N M R  <5 5.9 
(m , 7 H , H  at C -2 , -3 , -4, -5 , -6 , - 8 , -9 ) a n d  3.2 (m , 2 H , H  at C - l ,  
-7 ); e x a c t  m ass, ca lcd , 180.0342; fo u n d , 180.0344.

A tte m p ts  to  d istil o r  p re p a ra tiv e ly  G L C  54 led  t o  q u a n 
t ita tiv e  rea rra n g em en t t o  e n d o - 6 - ( 2 ' - c t s - c h lo r o v in y l) -c is -b ic y -  
c lo [3 .3 .0 ]o c ta -3 ,7 -d ie n -2 -o n e  (60) as a y e llo w  liq u id : ir (n e a t) 1700 
c m - ’ (s ) ; 'H  N M R  6 7.5 (d d , 1 H , H  at C -4 ) , 5 .9  (m , 5 H , H  at C -3 ,

-7 , - 8 , -1 ', -2 ') ,  2 .75  (m , 2 H , H  at C -5 , -6 ), a n d  2.5 (m , 1  H , H  at 
C - l ) ;  u v  Xmax (e th er ) 208 nm  (emax 31 .3  X  103); e x a c t  m ass, ca lcd , 
180.0342; fo u n d , 180.0342.

A na l. C a lcd  fo r  C 10H 9CIO : C , 66 .49; H , 5 .02 , F o u n d : C , 66 .14 ; H ,
4.87.

Bicyclo[5.2.1]decan-10-one (56). C h lo ro  k e to n e  54 (0 .48  g, 
0 .0027  m o l) in a b so lu te  e th a n o l c o n ta in in g  10%  p a lla d iu m  o n  c a r 
b o n  (0 .06  g) w as p la ce d  in a P arr a p p a ra tu s  (h y d ro g e n  p ressu re  50 
lb ) fo r  6  hr. T h e  m ixtu re  w as filte re d  an d  th e  res id u e  w as w ash ed  
w ith  ether. T h e  filtra te  w as co n ce n tra te d  an d  th e  res id u e  w as 
ta k en  u p  in  e th er  a n d  p ro ce sse d  t o  a y e llo w  oil (0 .40  g ). M ic r o  T L C  
an a lysis  (1:9 e th y l a ce ta te -p e tro le u m  eth er) o f  th e  o i l  sh o w e d  tw o  
c o m p o n e n ts , Rf v a lu es o f  0 .8  a n d  0.5.

T h e  c ru d e  p r o d u c t  w as e lu ted  th ro u g h  a s ilica  g e l c o lu m n  (5%  
e th y l a c e ta te -p e tr o le u m  e th er  so lv e n t); th e  firs t  m a ter ia l o f f  th e  
co lu m n  (0 .28  g ) w as a m ix tu re  o f  a sa tu ra ted  a n d  u n sa tu ra ted  k e 
to n e  b y  G L C  (co lu m n  A ), ir, a n d  m ass sp ectra l m ea su rem en ts  (m/e 
150, 152).

T h e  k e to n e s  w ere d isso lv e d  in a b so lu te  e th a n o l (3 5  m l) c o n ta in 
ing  10%  p a lla d iu m  on  ca rb o n  (0 .05  g ) a n d  re h y d ro g e n a te d  a t  a tm o 
sp h e r ic  p ressure . H y d ro g e n  u p ta k e  ce a se d  a fter  2 h r  a n d  th e  p r o d 
u c t  w as w ork ed  u p  as b e fo re  t o  an o il (0 .25  g, 61% ) w h ich  w as 
g rea ter  th a n  98%  p ure b y  G L C  an alysis. P u re  56 w as c o lle c te d  b y  
p re p a ra tiv e  G L C  a n d  has sp ectra l p ro p e r tie s  id e n t ica l w ith  th o se  
p re v io u s ly  r e p o r te d :13“ m ass sp e c tru m  m/e 152; lH  N M R  8 2.1 (s ) 
su p e r im p o se d  on  1.9 (m ); e x a c t  m ass, ca lcd , 152 .1201 ; fo u n d , 
152.1204. T h e  ir d iffe re d  from  th a t r e p o r te d  fo r  b ic y c lo [4 .3 .1 ]d e -  
ca n -1 0 -o n e  (S a d tle r  N o . 28 389).

Bicyclo[5.2.1]decan-10-one 2,4-Dinitrophenylhydrazone.
K e to n e  56 (0 .076  g, 0 .0005  m o l) w as trea ted  w ith  2 ,4 -d in it ro p h e n - 
y lh y d ra zo n e  (0 .2  g ) in  c o n ce n tra te d  su lfu r ic  a c id  (2  m l), w a ter  (3 
m l), a n d  m e th a n o l (5  m l) t o  y ie ld  a c ru d e  d e r iv a tiv e  (0 .14  g, 82% ). 
B icy c lo [5 .2 .1 ]d e ca n -1 0 -o n e  d in itro p h e n y lh y d ra z o n e  r e cry sta llize d  
fr o m  e th a n o l as b r ig h t  o ra n ge  p la tes , m p  1 7 5 -1 7 6 °  ( l i t .18“ m p  
1 7 6 -1 7 7 .5 ° ) , m/e 332. A d m ix tu re  w ith  an a u th e n t ic  sa m p le 188 

sh ow ed  n o  m e ltin g  p o in t  d e p re ss io n . B o th  sa m p les  p ossess  id e n t i 
ca l ir sp e c tra l p ro p e r tie s : ir (K B r ) 33 00  (w ), 3100 (w ), 1610 (s ) , an d  
1330 c m - 1  (s ); e x a c t  m ass, ca lcd , 33 2 .14 84 ; fo u n d , 332 .1488 .

exo-2-Acetoxy bicyelo[ 5.2.1 ]deca-3,5,8-trien-10-one (43).
C h lo ro  k e to n e  54 (0 .24  g, 0 .0013  m o l) w as d is so lv e d  in  a c e t ic  a c id  
(5  m l) c o n ta in in g  s ilver  a ce ta te  (0 .43  g, 0 .0 026  m o l)  in  a  fla sk  
w ra p p e d  w ith  a lu m in u m  fo il. T h e  m ix tu re  w as s t irre d  at 2 5 °  fo r  3 
d a y s , d ilu te d  w ith  e th e r  (4 0  m l), a n d  filte re d . T h e  lig h t  ta n  p r e c ip 
ita te  w as w a sh ed  w ith  eth er . T h e  c o m b in e d  filtra te  w as w o rk e d  u p  
a n d  co n ce n tra te d . E v a p o ra tiv e  d is tilla t io n  (0 .0 7 5  m m ) o f  th e  y e l 
lo w  liq u id  (0 .19  g ) p ro v id e d  a liq u id  (0 .16  g ) c o n ta in in g  10%  54 b y  
G L C  an alysis. T h e  m a jo r  c o m p o n e n t  o f  th e  m ix tu re  (8 0% ) w as 43 
(ov era ll y ie ld  47% ) id e n tica l w ith  p re v io u s ly  p re p a re d  43 w h ich  
a lso  rearra n ges t o  58 u p o n  p re p a ra tiv e  G L C  as p re v io u s ly  d e 
scr ib e d .

Attempted W olff-K ishner Reduction o f Bicyelo[4.2.2]deca-
2.4.9- trien-7-one (1). K e to n e  1 (0 .25  g , 0 .0 017  m o l), p o ta ss iu m  h y 
d ro x id e  (0 .75  g ), an d  h y d ra z in e  h y d ra te  (1 .5  m l) w ere  r e flu x e d  in 
e th y len e  g ly co l (4  m l) fo r  2 hr. T h e  m ix tu re  w as c o o le d , p o u re d  
in to  w ater , an d  e x tra c te d  w ith  p en ta n e . T h e  p e n ta n e  so lu tio n  w as 
co n ce n tra te d  t o  an  o ff -w h ite  so lid  (0 .13  g ) w h ich  c o n ta in e d  tw o  
h igh ly  v o la tile  m ateria ls  (5% ) o f  sh o rt  re te n tio n  t im e  a n d  a m a te r i
al (9 5% ) o f  lo n g  r e te n tio n  t im e  b y  G L C  an alysis  (c o lu m n  A ).

2 ,3 -D ia z a tr icy c lo [6 .3 .1 .0 4 ’n ]d o d e ca -2 ,5 ,9 -t r ie n e  (70, o v e ra ll y ie ld  
47% ) w as c o lle c te d  as a w h ite  so lid  b y  p re p a ra tiv e  G L C , m p  1 7 0 -  
17 2 °. A  fre sh  S E -3 0  G L C  co lu m n  w as n e ce ssa ry  fo r  co n s is te n t  
G L C  resu lts : ir (m u ll) 1650 (w ), 1560 (w ), a n d  940 cm - 1  (m ); JH  
N M R  8 6 .03  (m , 2 H , H  a t  C -9 , -1 0 ), 5 .53  (m , 2 H , H  at C -4 , -5 ),
5 .03  (m , 1 H , H  a t  C -6 ), 4 .84  (t, 1 H , H  a t  C - l ) ,  2 .80  (m , 2 H , H  at 
C -7 , - 8 ), 2 .40  (m , 1 H , H  at C - l l ) ,  2 .40  (m , 1  H , H  a t  C - l l ) ,  2 .20  
(d t , 1 H , H  a t  C -1 2 ), a n d  1.73 (se p te t , 1 H , H  at C -1 2 ); e x a c t  m ass, 
ca lcd , 160.1000; fo u n d , 160.1003.

A n a l. C a lcd  fo r  C i0H 1 2 N 2: C , 74 .97 ; H , 7 .55 ; N , 17 .48. F o u n d : C , 
74 .79 ; H , 7 .72; N , 17.57.

Bicyclo[4.2.2]deca-2,4,9-trien-7-one Hydrazone (66). K e to n e  
1 (0 .22  g, 0 .0 015  m o l) a n d  h y d ra z in e  h y d ra te  (1 0  m l) w ere  w a rm ed  
fo r  2 hr a t  7 5 ° . T h e  m ix tu re  w as e x tra c te d  w ith  ch lo r o fo r m . T h e  
c h lo ro fo rm  layers w ere  filte re d  th ro u g h  p o ta ss iu m  ca r b o n a te  an d  
co n ce n tra te d  to  g ive 6 6  as a y e llo w  o il (0 .23  g, 96 % ): ir (n e a t ) 3330 
(m ), 3200 (m ), a n d  1650 c m - 1  (m ); JH  N M R  8 5 .8  (m , 6  H , H  at 
C -2 , -3 , -4 , -5 , -9 , -1 0 ), 4 .75  (b ro a d  s, 2 H , N H , d isa p p e a rs  w ith  
D 20 ) ,  3 .5  (m , 1 H , H  at C - 6 ), 2 .9  (m , 1 H , H  at C - l ) ,  a n d  2 .4 (m , 2 
H , H  a t  C -8 ); e x a c t  m ass, ca lcd , 160.1000; fo u n d , 160.1003.

Attempted W olff-K ishner Reduction o f Bicyclo[4.2.2]deca-
2 .4 .9 - trien-7-one Hydrazone ( 6 6 ) .  P o ta ss iu m  t e r i -b u t o x id e  (0 .15
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g, 0.0014 mol) was dissolved in dry dimethyl sulfoxide (1.5 ml). 
Hydrazone 66 (0.15 g, 0.0009 mol) dissolved in dry dimethyl sulf
oxide (3.0 ml) was added in 5 min. After stirring for 2 hr, the mix
ture was quenched with pentane and water. The aqueous layer was 
then washed with ether and the combined organic layer was con
centrated to a tan solid (0.08 g) which was 92% pyrazoline 70 by 
GLC analysis (overall yield 50%). Two volatile products (combined 
yield 8%) were not identified.

2,3-Diazatricyclo[6.3.1.04'u ]dodeca-2,5,9-triene (70). Bicy- 
clo[4.2.2]deca-2,4,9-trien-7-one semicarbazone (1.54 g, 0.0076 mol) 
and potassium hydroxide (3.5 g) were refluxed in ethylene glycol 
(20 ml) for 2.5 hr. The mixture was cooled and worked up as before 
to yield a tan solid (0.68 g) which was 94% 70 by GLC analysis (col
umn A) (overall yield 54%). Two volatile minor components were 
not identified.

Bicyclo[4.2.2]deca-2,4,9-trien-7-one Methylhydrazone (71).
Ketone 1 (0.12 g, 0.0008 mol) was warmed to 75° with methvlhy- 
drazine (5 ml) for 18 hr. Water was added and the mixture was ex
tracted with chloroform. The organic layer was dried through po
tassium carbonate and concentrated to 71 (0.14 g, 100%): ir (neat) 
3350 (m), 1620 (m), and 1100 cm“ 1 (s); 4H NMR <5 5.75 (m, 6 H, H 
at C-2, -3, -4, -5, -9, -10), 3.9 (m, 1 H, NH, disappears with D2O),
3.35 (quintet, 1 H, H at C-6), 2.8 (d imposed on m, 4 H, H at C-l, 
methyl CH), and 2.4 (m, 2 H, H at C-8); exact mass, calcd, 
174.1157; found, 174.1159.

3-M ethyl-2,3-diazatricyclo[6.3.1.04>11]dodeca-l,5 ,9-triene
(73). Ketone 1 (0.28 g, 0.0019 mol), potassium hydroxide (0.75 g), 
and methylhydrazine (1.5 ml) were refluxed in ethylene glycol (4 
ml) for 2.5 hr. The reaction mixture was worked up as before to 
yield a yellow oil (0.24 g, 74%) which was homogeneous by GLC 
analysis (column A).

Pure 73 was collected by preparative GLC. A fresh SB-30 col
umn was necessary for consistent GLC results: ir (neat) 1640 (w), 
1610 (w), 1600 (w), and 1420 cm-1 (m); 1H NMR 6 6.00 (m, 2 H, H 
at C-9, -10), 5.80 (m, 1 H, H at C-5), 5.36 (m, 1 H, H at C-5), 3.82 
(m, 1 H, H at C-4), 3.49 (m, 2 H, H at C-8, -11), 2.75 (s, 3 H, methyl 
C-H), 2.48 (dd, 1 H, H at C-12), 2.1 (m, 2 H, H at C-7, -12), and
1.64 (dd, 1 H, H at C-7); exact mass, calcd, 174.1157; found, 
174.1159.

Anal. Calcd for C11H14N2: C, 75.82; H, 8.10; N, 17.08. Found: C, 
75.68; H, 8.01; N, 16.77.

Bieyclo[4.2.2]deca-2,4,9-trien-7-one Dimethylhydrazone
(72). Ketone 1 (0.10 g, 0.00063 mol) and dimazine (5 ml) were re
fluxed for 36 hr. The mixture was diluted with water and extracted 
with methylene chloride. The organic layer was concentrated to 72, 
a yellow oil (0.09 g, 75%): ir (neat) 1610 cm-1 (m); 4H NMR 0 5.7 
(m, 6 H, H at C-2, -3, -4, -5, -9, -10), 3.4 (m, 1 H, H at C-6), 2.7 (m, 
3 H, H at C-l, -8), and 2.3 (d, 6 H, methyl CH); exact mass, calcd, 
188.1313; found, 188.1315.

Irradiation o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) in 
Acetone. Ketone 1 (0.50 g, 0.0034 mol) in acetone (150 ml) was de
gassed with argon for 0.5 hr and irradiated with a 450-W Hanovia 
medium-pressure lamp through a Vycor filter for 9 hr in an all
quartz apparatus fitted with a reflux condenser and a stirrer. The 
solvent was removed under reduced pressure. The residue (0.6 g) 
was loaded on a silica gel column (90 g), gradient eluted with 5% 
ethyl acetate-petroleum ether (500 ml) and 35% ethyl acetate-pe
troleum ether (11.), and collected in 12-ml fractions.

Fractions 28-35 contained ketone 1 (0.05 g, 10%). Fractions
38-41 contained a clear oil, isomeric with the starting ketone, and 
homogeneous by GLC (column A) (0.06 g, 12%) of unidentified 
structure: exact mass, calcd, 146.0732; found, 146.0734.

Upon concentrating cuts 43-50, tricyclo[3.3.2.02'8]deca-3,6-dien- 
9(10)-one (78) remained as a clear oil (0.34 g, 68%) homogeneous 
by GLC analysis. Pure 78 was obtained by preparative GLC, mp
40-41° (lit.25 mp 36-37°), and is identical with an authentic sam
ple: ir (neat) 1665 cm-1 (s); ir (CCI4) 1685 cm-1 (lit. 1685 cm-1); 
!H NMR A 5.8 (m, 4 H, H at C-3, -4, -6, -7) and 2.5 [m, 6 H, H at 
C-l, -2, -5, -8, -10 (-9)]; uv Amax (heptane) 200, 290, 300, 312, and 
322 nm Umax 7400, 130, 105, 85, and 61); exact mass, calcd, 
146.0732; found, 146.0734. The NMR of 74 is temperature depen
dent as reported.

Anal. Calcd for C10H10O: C, 82.16; H, 6.89. Found: C, 81.93; H,
7.19.

Irradiation of Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) in 
Ether. Ketone 1 (0.50 g, 0.0034 mol) in anhydrous ether (100 ml) 
was purged with argon for 0.5 hr and irradiated with a 450-W Ha
novia medium-pressure lamp for 9 hr with Pyrex optics. Concen
tration under reduced pressure yielded a yellow oil (0.50 g, 100%) 
which contained (GLC, column A) ketone 1 (25%), unidentified

isomer (27%), and tricyclo[3.3.2.02'8]deca-3,6-dien-9(10)-one (78, 
48%).

Irradiation o f Bicyclo[4.2.2]deca-2,4,9-trien-7-one (1) with 
M ichler’s Ketone as Sensitizer. Ketone 1 (0.25 g, 0.0017 mol) 
and Michler’s ketone (0.50 g) in benzene (100 ml) were degassed 
with argon for 0.5 hr and irradiated with a 450-W Hanovia me
dium-pressure lamp through Pyrex optics for 2.5 hr. The solution 
was filtered, concentrated, and eluted through a silica gel column 
with ether. The residue was sublimed at 50-60° (0.1 mm) to yield 
78 as a white solid (0.11 g, 44%).

Reaction o f Barbaralone with Diazomethane.24 Barbaralone 
was prepared38'5 in 64% yield from bicyclo[4.2.1]nona-2,4,7-trien-
9-one by Michler’s ketone sensitized irradiation: mp 49-51°; 1H 
NMR ò 5.7 (complex t, 2 H, H at C-3, -7), 4.3 (complex t, 4 H, H at 
C-2, -4, -6, -8), and 2.7 (t, 2 H, H at C -l, -5).

Alcoholic ethereal diazomethane (125 ml, 0.33 M, 0.041 mol) was 
added at —5° to barbaralone (0.81 g, 0.0061 mol) in methanol (15 
ml). After 28.5 hr, solvent and excess diazomethane were removed 
under reduced pressure to yield a yellow oil (0.91 g, 100%) consist
ing of 9-aldehydotricyclo[3.3.1.02'8]nona-3,6-diene (54%) and tricy- 
clo[3.3.2.O2'8]deca-3,6-dien-9(10)-one (78, 46%). The aldehyde and 
ketone 78 were purified by preparative GLC (column A); 9-aldehy- 
dotricyclo[3.3.1.02,8]nona-3,6-diene exhibits 'H  NMR absorptions 
at ò 9.5 (d, 1 H, aldehydic CH), 5.7 (t, 2 H, H at C-3, -7), 4.1 (m, 4 
H, H at C-2, -4, -6, -8), 2.8 (m, 2 H, H at C -l, -5), and 2.0 (m, 1 H, 
H at C-9). Ketone 78 is identical with that previously prepared.

Reaction o f TricycIo[3.3.2.02,8]deca-3,6-dien-9-one (78) with 
Tosyl Hydrazide. Ketone 78 (0.20 g, 0.00135 mol), tosyl hydrazide 
(0.25 g, 0.00135 mol), and concentrated hydrochloric acid (1 drop) 
in absolute ethanol (6 ml) were stored for 2 hr at 25° and 10 hr at 
—5°. The mixture was concentrated to ca. 2 ml under reduced 
pressure and stored at —25° and the resulting precipitate was fil
tered (0.28 g, 68%). The white crystalline product is identical with 
7 previously prepared, mp 155-157°. The residue after filtration 
also is exclusively 7 (by 4H NMR analysis).

Reaction o f Tricyclo[3.3.2.02-8]deca-3,6-dien-9-one (78) with 
Dilute Trifluoroacetic Acid. Ketone 78 (ca. 25 mg) in chloro- 
form-d (0.5 ml) was treated with water (3 drops) and trifluoroacet
ic anhydride (1 drop) and swirled overnight at 25°. After the aque
ous layer had been separated, the organic layer was removed, dried 
over anhydrous potassium carbonate, and filtered. TH NMR and 
GLC analysis of the resultant solution revealed the exclusive pres
ence of 1.

Tricyclo[3.3.2.02’8]deca-3,6-dien-9-ol (79). Ketone 78 (0.16 g, 
0.0011 mol) was dissolved in methanol (5 ml) and cooled to 0°. So
dium borohydride (0.20 g, excess) in water (2 ml) and sodium hy
droxide (2 N, 0.4 ml) was added to the ketone solution. The mix
ture was stored at 0° for 15 hr. After vacuum evaporation of the 
methanol, the residue was taken up in ether, worked up in the 
usual fashion, and concentrated to an oil (0.14 g, 88%) which con
tained only one component (GLC, column A).

Alcohol 79 was collected by preparative GLC: ir (neat) 3350 (s), 
1645 (w), and 1620 cm-1 (w); TH NMR S 5.8 (m, 2 H, H at C-3, -7),
5.1 (br t, 2 H, H at C-4, -6), 3.8 (m, 1 H, H at C-9), 2.3 (br m, 6 H, 
H at C-l, -2, -5, -8, -10), and 2.0 (s, 1 H, hydroxylic OH, shift is 
concentration dependent, disappears upon addition of D2O); uv 
Amax (ethanol) 198 and 225 nm Umax 12,100 and 3670); exact mass, 
calcd, 148.0888; found, 148.0891.

Anal. Calcd for C10H12O: C, 81.04; H, 8.16. Found: C, 81.14; H,
8.39.

The infrared data previously reported24 match the observed 
spectrum of 79. The 4H NMR of 79 is temperature dependent.

anti-8-Acetoxybicyclo[4.2.2]deca-2,4,9-trien-7-one (64). Ke
tone 1 (0.50 g, 0.0034 mol) and lead tetraacetate (1.5 g, 0.0034 mol) 
were refluxed in acetic acid (20 ml) for 5 hr. The mixture was 
poured into water and extracted with ether and methylene chlo
ride, and the combined organic extracts were treated in the usual 
manner and concentrated. Upon storage at —20°, the crude prod
uct crystallized (0.70 g, 100%); GLC analysis (column A) showed 
the material to be 99% pure. Distillation afforded 64, pale yellow 
crystals: bp 94-96° (0.04 mm); mp 81-82°; ir (KBr pellet) 1740 (s) 
and 1220 cm-1 (s); *H NMR 6 5.9 (m, 6 H, H at C-2, -3, -4, -5, -9, 
-10), 5.35 (m, 1 H, H at C-8), 3.6 (m, 2 H, H at C -l, -6), and 2.0 (s, 3 
H, methyl CH); exact mass, calcd, 204.0786; found, 204.0783.

Anal. Calcd for C12H12O3: C, 70.60; H, 5.88. Found: C, 70.71; H,
5.67.

Acid-Catalyzed Reaction o f anii-8-A cetoxybicyclo-
[4.2.2]deca-2,4,9-trien-7-one (64) with Methanol. Ketone 64 
(0.20 g, 0.0001 mol) in methanol (10 ml) containing 25 grains of p- 
toluenesulfonic acid was refluxed for 7 hr. The mixture was worked
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up as usual and concentrated to a yellow oil (0.18 g, 100%) which 
was a 93:7 mixture of syn and anti isomers (column A), syn-8- 
Methoxybicyclo[4.2.2]deca-2,4,9-trien-7-one (84) was obtained by 
preparative GLC: ir (neat) 1720 cm-1; *H NMR S 5.8 (m, 6 H, H at 
C-2, -3, -4, -5, -9, -10), 4.05 (dd, 1 H, H at C-8), 3.7 (m, 2 H, H at 
C-l, -6), and 3.35 (s, 3 H, methoxy CH); exact mass, calcd, 
176.0837; found, 176.0835.

Anal. Calcd for CnH^C^: C, 74.98; H, 6.86. Found: C, 75.15; H,
6.89.

Registry No.— 1, 36628-97-4; 1 semicarbazone, 54549-46-1; 4, 
34733-74-9; 6, 36628-98-5; 7, 36629-01-3; 8, 15677-13-1; 10, 36629-
05-7; 11, 36629-06-8; 12, 36629-04-6; 13, 54594-41-1; 15, 36629-00- 
2; 16, 36629-02-4; 18, 36661-61-7; 22, 40815-23-4; 23, 93-04-9; 32, 
54549-47-2; 33, 54549-48-3; 35, 54549-49-4; 36, 54549-50-7; 37, 
54549-51-8; 39, 54549-59-6; 39 Me ester, 54549-60-9; 43, 54549-61- 
0; 50, 54549-62-1; 51, 54549-63-2; 52, 54549-52-9; 54, 54549-64-3; 
56, 4696-15-5; 56 2,4-DNP, 54549-53-0; 58, 54549-65-4; 60, 54549-
66-5; 62, 54549-67-6; 64, 54549-68-7; 66, 54549-54-1; 70, 54618-47- 
2; 71, 54657-23-7; 72, 54549-55-2; 73, 54549-56-3; 78, 15719-09-2; 
79, 54549-57-4; 84, 54549-69-8; 84 2,4-DNP, 54549-70-1; diazo
methane, 334-88-3; semicarbazide hydrochloride, 563-41-0; isopro- 
penyl acetate, 108-22-5; pyrrolidine, 123-75-1; potassium £ert-bu- 
toxide, 865-47-4; acetyl chloride, 75-36-5; trimethylsilyl chloride,
75-77-4; deuterium oxide, 7789-20-0; methyl fluorosulfonate, 421-
20-5; /3-tetralone, 530-93-8; dimethyl sulfate, 77-78-1; 2-naphthol, 
135-19-3; isoamyl nitrite, 110-46-3; o-phenylenediamine, 95-54-5; 
methyl formate, 107-31-3; tosyl azide, 938-10-3; methylhydrazine, 
60-34-4; dimazine, 57-14-7; barbaralone, 6006-24-2; 9-aldehydotri- 
cyclo[3.3.1.02>8]nona-3,6-diene, 54549-58-5; tosyl hydrazide, 1576-
35-8; trifluoroacetic acid, 76-05-1; methanol, 67-56-1.
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Spectral evidence is presented showing the importance of nonbonded interactions in the 9-bicyclo[4.2.1]nona- 
trienyl system when charge is induced at Cg. CNDO/2 calculations were made for the corresponding cation in a 
variety of geometries. The geometric variations were designed such that they are in line with the rearrangement 
process observed in the reactions of these compounds. The implications of the combined results from the spectral 
measurements and the calculations on the solvolytic reactions of these compounds are significant and in general 
emphasize the strong involvement of the four-carbon bridge containing the butadiene moiety.

Recent work by Schweig shows the importance of 
through-space interactions between adjacent chromo- 
phores in the bicyclo[4.2.1]nona-2,4,7-trienyl system .2 The 
photoelectron spectra o f bicyclo[4.2.1]nona-2,4,7-trienone
(I) shows that the compound is not bicycloconjugated3 but 
instead is homoconjugated where the n molecular orbital of 
the ketone group interacts directly with the butadiene moi
ety. These results have a bearing on the nature of the cat
ion formed in solvolyses o f endo-II-OTs4 and exo-II- 
OTs ,5'6 protonation o f 9-exo-methylenehicyclo[4.2.1]nona-

2,4,7-triene,7 and photolysis of bicyclo[4.2.1]nona-2,4,7- 
trien-9-one tosylhydrazone in CHsOH-CH.iONa ,5 or by the 
ionization of endo-II-OSOCl.8 In order to gain a further 
understanding o f the delocalization which occurs when 
charge is induced at or near the 9 carbon of these bicyclic 
structures, we approached the problem using spectroscopic 
measurements and CNDO / 2  calculations.

Spectroscopic Measurements. NM R measurements 
were made on the ketone I under a variety o f conditions in 
order to determine the effect o f positive charge formally in
troduced into the carbonyl carbon. Table I lists chemical 
shifts for the various hydrogens in I as measured on a Var- 
ian HR220. Assignment of the signals is based on the cou
pling constants, which do not vary greatly with the changes 
in conditions. The coupling constants (hertz), J  1 2  and J 1 3 , 
are 7.5 and 1 in C C I 4 , and are ~ 7  and 1.4 in SO2, respective
ly. These values vary by ca. 0.1 Hz with the addition of 
metal salts to the sample solutions.

The spectra of I in C C I 4 containing 2  equiv o f Eu(fod )3 
show all the signals deshielded where the bridgehead hy

drogens feel the greatest effect. The effect on all the olefin- 
ic hydrogens is approximately comparable and considera
bly less than on the bridgehead hydrogens. The signal for 
H 2(5) is shifted more than the signal for H3(4) which in turn 
is shifted only slightly more than that for H7| 8).

The addition o f 4 equiv of SnCU to a solution of I in liq
uid SO2 at —40° produces a burgundy-colored solution 
owing to complex formation (III). The ketone is recovered 
in good yield on quenching o f this solution in methanol 
containing K 2CO3. The recovered material contained 5% of 
another product whose structure was not identified. The 
N M R spectra of the ketone-SnCU complex shows all the 
signals deshielded as a result of the induced positive 
charge, and the shifts are similar to those previously ob 
served for other ketone-SnCl4 complexes.9

The bridgehead hydrogens again experience the largest 
shift. The monoene hydrogens show little effect, while the 
butadiene hydrogens are shifted more significantly. Clearly 
very little charge is delocalized into the olefinic region, but 
to the extent that it occurs, it involves the butadiene x sys
tem primarily. Thus, polarization of the carbonyl group by 
a Lewis acid enhances homoconjugation between the car
bonyl group and the butadiene ir system.

Homoconjugation still prevails in the salts (IV) (Scheme 
I) o f the endo carbinol II-OH, formed by reduction of I. 
The addition o f 2 equiv o f NaH to endo-II-OH in DME 
produces a bright red solution. The visible spectrum of the 
solution shows a broad band with Xmax at 538 nm and e 
equal to 114. However, the NM R spectra of a 1 M  solution 
o f this alkoxide revealed that none o f the olefinic protons

Scheme I

IV
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had shifted relative to those for ercdo-II-OH. The carbinol is recovered quantitatively on quenching with water. In contrast, no color was observed on treatment of a 1 M  solution of exo-II-OH in DME with NaH. Thus, delocalization 
of the charge on the alkoxide oxygen into the it system in 
IV occurs preferentially through the butadiene moiety.The experimental results indicate that homoconjugation between the one-carbon bridge and the butadiene moiety is important with little or no involvement of the other double 
bond. This is the case when the compound is neutral,2 when the carbonyl has an induced positive charge, and when the oxygen of the reduced carbinol is negatively 
charged. While the noninvolvement of the simple double bond may be due to electronic considerations, it might also be attributed to its remoteness and its orientation as a result of the near-planar arrangement of the five-membered 
ring.

CNDO/2 Calculations. The electronic structure of the
9-bicyclo[4.2.1]nona-2,4,7-trienyl cation was analyzed using

Tahle I
Chemical Shifts of Bicyclo[4.2.1]nona-2,4,7-trien-9-one 

at 220 MHz

H

Chemical
shifts, Hz from Me4 Si A6

c cq “ CCI4  with EuffodJj0 Hz Ô

1(6) 655 1068 413 1.88
2(5) 1270 1419 149 0.68
3(4) 1270 1402 132 0.6ft
7(8) 1258 1382 124 0.56

H S0 2!> S02  with SnCq6 Hz 6

1(6) 703 831 128 0.58
2(5) 1292 1303 11 0.05
3(4) 1292 1328 25 0.11
7(8) 1269 1273 4 0.02

“ 2 5 °. 6 -4 0 ° .

Table II
Results of Calculations of the Bicyclo[4.2. l]nona-2,4,7-trienyl Cation

Bond indices Interatomic distances

Bond anqle 
for C2- C i - C y Enercjy, kcal C 1 - C 2 ci-c9 ci-c8 c 2~ c 3

120.0 —44,148.5 0.95 1.07 0.94 1.88
109.3 -44,173.3 0.90 1.11 0.97 1.88
106.9 —44,176.5 0.89 1.11 0.98 1.88
106.0 -44,177.6 0.89 1.11 0.98 1.88
103.5 —44,179.8 0.88 1.11 0.99 1.88
102.0 —44,180.8 0.88 1.11 0.99 1.88
100.0 —44,181.5 0.88 1.10 1.00 1.87
98.0 —44,181.3 0.88 1.10 1.00 1.87

the CNDO/2 method.10,11 The program contained the B IN -
D E X  subroutine for calculating bond indices as previously described by Wiberg.12 The initial geometric parameters were measured directly from a model constructed with 
Drieding models and submitted to the G E O M  subroutine 
which calculated the Cartesian coordinates. The calculations of the energy, electron density, and bond indices (Table II) were then based on this conformation and its 
corresponding coordinates (Figure 1).In the initial calculations for the cation, the C2 to Cg distance was maintained at 2.47 A and the C9 bridge was tipped relative to the other two bridges. There is always a 
small residual bond index between C2 and C5 (0.09). In the undistorted cation the C2-C1-C9 bond angle is 109.30°. 
First, aside from the olefinic sites, the C1-C2 bond is significantly delocalized resulting in a corresponding increase in

C3-C4 o\U1u c 2- c 8 CS -C9 CS_C7 C2-C 9 Cg Cy

1.09 0.05 0.02 0.07 1.88 2.62 2.21
1.09 0.09 0.02 0.03 1.89 2.44 2.26
1.09 0.09 0.02 0.03 1.89 2.40 2.28
1.09 0.10 0.02 0.03 1.89 2.39 2.28
1.08 0.11 0.02 0.03 . 1.89 2.35 2.30
1.08 0.11 0.02 0.02 1.89 2.33 2.31
1.08 0.11 0.02 0.02 1.88 2.30 2.33
1.08 0.12 0.02 0.02 1.88 2.27 2.35
bond indices between Ci(Ce)-C9 and C2(C5)-C9. The inter
actions between C2(C5)-C8(C7) and Cg(C7)-C9 are only slight. Movement of the one-carbon bridge toward the two- 
carbon bridge reduces the degree of delocalization and destabilizes the system. Movement toward the butadiene 
moiety stabilizes the system in a smooth way to a minimum value when the C2-C1-C9 bond angle is 100.00°. The total stabilization gained by this 10° change is 7.2 kcal.

This stabilization is accompanied by a further weakening of the ChlCe)—02(05) bond and an increase in the C2(Cs)- 
C9 interaction. The charges at most of the atoms are hardly affected by this change and are equal to Ci (+0.024), C2 (+0.036), and C3 (+0.008). The observed changes are from 
+0.002 to - 0.001 at C8(C7) and from +0.307 to +0.282 at C9 when the bond angle decreases from 110° to 100.0°, respectively.

The description of the cation which emerges from these calculations indicates that the charge at C9 is slightly dis
persed into carbons Ci(Ce) and (^(Cs) primarily. This results from the delocalization of the a  bonds Ci(C6)-C2(C5), and occurs with little change in the electronic character of 
the monoene and butadiene moieties. Structure VI (Scheme II) shows these interactions.One other variation was attempted in order to further define the nature of the cation. Guided by the molecular 
rearrangements observed under solvolytic conditions,4,6 the tipped cation VI was further distorted in order to reduce the interatomic distance between C2(C5) and C8(C7). This 
was accomplished by rotating the cyclopentenyl substruc
ture (Ci, C9, C6, C7, Cg) about an axis defined by the bridgehead carbons. The general symmetry of the molecule 
is maintained where the only changes are the decrease in the bond angle Cg-Ci-C2 and the corresponding increase in the bond angle C9-C1-C2.
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Table III
Calculations on Cation VI

Bond indices
Bond angle
C2 - C 1 - C 8 Energy, kcal c i —c 2 C 1 - C 9 c l ~ c 8 C2 - C 3 C3 - C 4 C2 - C 9 c 2 - c s c 8—Cg c 7 - c 8

110.6 —44,181.5 0.88 1.10 1.00 1.87 1.08 0.11 0.02 0.02 1.88
107.1 -44,182.7 0.88 1.11 0.99 1.87 1.09 0.11 0.03 0.03 1.87
104.6 -44,183.3 0.87 1.12 0.98 1.86 1.09 0.10 0.04 0.03 1.86
103.7 —44,184.1 0.87 1.13 0.98 1.86 1.10 0.10 0.05 0.03 1.86
101.3 -44,183.8 0.87 1.13 0.97 1.85 1.10 0.10 0.06 0.03 1.84
95.6 —44,183.9 0.86 1.15 0.95 1.83 1.12 0.08 0.10 0.04 1.80
90.6 -44,187.1 0.85 1.17 0.93 1.79 1.14 0.08 0.15 0.05 1.74
86.6 —44,189.1 0.84 1.19 0.91 1.76 1.15 0.07 0.20 0.06 1.67
85.6 —44,189.9 0.84 1.20 0.91 1.75 1.16 0.07 0.21 0.06 1.65
84.6 —44,190.5 0.83 1.20 0.90 1.74 1.16 0.06 0.22 0.06 1.64
82.6 -44,191.6 0.83 1.21 0.89 1.71 1.17 0.06 0.26 0.07 1.59
80.6 -44,192.4 0.82 1.22 0.88 1.69 1.17 0.05 0.29 0.07 1.55
78.6 -44,187.5 0.81 1.23 0.86 1.67 1.18 0.05 0.33 0.08 1.51
75.6 -44,186.2 0.80 1.23 0.85 1.64 1.18 0.04 0.38 0.08 1.43
67.4 -44,175.4 0.80 1.05 0.93 1.62 1.04 0.01 0.46 0.09 1.09

Table IV
Calculations on Cation VI

Charge densities
Bond angle 

c 2- c i - c 8 Cl(C6) c2(cs) c 3(c4) c 7( c s ) C9
Interatomic 0 

distance C2 —Cg,A

110.6 3.976 3.964 3.992 4.001 3.718 2.47
107.1 3.976 3.959 3.995 4.000 3.718 2.41
104.6 3.976 3.995 3.997 3.999 3.720 2.37
103.7 3.977 3.953 3.998 3.998 3.721 2.36
101.3 3.977 3.949 4.000 3.997 3.725 2.32
95.6 3.979 3.937 4.004 3.992 3.740 2.22
90.6 3.983 3.923 4.008 3.987 3.757 2.13
86.6 3.985 3.911 4.010 3.984 3.779 2.06
85.6 3.985 3.908 4.010 .3.983 3.785 2.04
84.6 3.986 3.905 4.010 3.981 3.792 2.02
82.6 3.985 3.898 4.008 3.980 3.809 1.98
80.6 3.987 3.892 4.007 3.976 3.826 1.94
78.6 3.989 3.886 4.005 3.974 3.840 1.90
75.6 3.987 3.878 3.999 3.959 3.884 1.84
67.4 3.960 3.905 3.912 3.874 4.202 1.66

Scheme II
A °°,

V II

As can be seen by the results listed in T able III, this m o
tion further stabilizes the system in a sm ooth way to a m in
imum value when the C8- C 1- C 2 bond angle is 80.6° and the 
C2- C 1—C9 bond angle is 130.0°. T hat is, closing the angle 
30° stabilizes the cation by 10.9 kcal. T h e resulting struc
ture has minimal through-space interactions o f  the olefinic

moieties with the cation center at C9. On the other hand, 
the closer proxim ity o f  C 2(CS) and Cg(C7), 1.94 A, increases 
the interaction between the m onoene and diene where the 
final bond index is 0.29. T he bond indices for the m onoene 
and butadiene moieties are significantly reduced, but the ir 
character o f  the butadiene structure is preserved with the 
central bond (C3- C 4) maintaining a lower bond index.

The other changes occur in the formal a structure, where 
<71,2 and <76,5 are further delocalized, the bonds <71,s and cr6,7 
are also delocalized and the double bond character between 
CilCg) and C9 increases. Accom panying these electronic 
changes is a shift o f  the partial positive charge from  C] (Cs) 
and C9 to C2(C5) (Table IV). T he centers 03 (04) and C 7(Cs) 
continue to feel very little charge.

One final operation which was perform ed, but the results 
are not tabulated, involved elongation o f  the C i(C 6) -C 2(C5) 
bonds at various points down T able III. T h e e ffect o f  bond 
elongation was to  destabilize the system in every case.13

Discussion
Treatm ent o f  ketone I with SnCU in liquid S 0 2 at low 

temperatures successfully induced sufficient charge at C9 
to  perm it observation o f  the shifts o f  the hydrogen signals 
in the N M R  spectra, but not enough to perm it the rear-
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Scheme III

II-X V VIII
1—>- products

rangement process to occur (Scheme III). Delocalization of 
charge away from Cg into the olefinic moieties is probably 
minimal, since it is a tertiary center with an oxygen substit
uent. However, some charge is delocalized and primarily 
into the butadiene. In line with these observations, calcula
tions on the unsubsituted cation (V) reveal that Cg inter
acts to a slight extent with the butadiene moiety, and that 
the cation is substantially stabilized by slight tipping of Cg 
toward the four-carbon bridge.

Regarding the character of the “ tipped” cation (VI), it is 
not simply a 1,2-bishomocyclopentadienyl cation, which is 
antihomoaromatic, since there is a significant delocaliza
tion of the Ci-C2 and C6-C 5 a bonds plus an accompanying 
increased interaction between C2 and C5. Furthermore, 
some level of interaction, although slight, is always main
tained with the monoene.

The unrearranged cation (V) (Scheme IV) described here 
has some interesting implications on the solvolytic behav-

ion pair14’15 which subsequently produces endo-II-OMe, or 
there is no specificity in the steps leading to the generation 
of cation V but the approach of the methoxide anion is 
guided endo by the stabilizing interaction with the butadi
ene moiety or a combination of these effects. The latter 
view is supported by the observed interaction between the 
negative oxygen atom and the butadiene moiety in IV.

In line with this view, the ionization of endo-II-OTs may 
proceed with considerable interaction between the forming 
toluenesulfonate anion and the butadiene moiety. With 
this interaction present, the solvolytic rates of endo-II-OTs 
will have a relatively low solvent sensitivity.6

The stability of cation V was calculated for a variety of 
conformations produced by tipping the one-carbon and the 
four-carbon bridge. Tipping of the one-carbon bridge 
toward the four-carbon bridge and subsequent tipping of 
the four bridge toward the two-carbon bridge produces a 
smooth exothermic change which results in a cation which 
is further stabilized by as much as 18 kcal.

While we do not pretend to know the exact mechanism 
for the ionic rearrangement reaction which results in the 
formation of the bishomotropylium ion (Scheme III), the 
simple operations performed here on cation V prove to be 
energetically very favorable and could possibly resemble 
the initial stages of the rearrangement reaction. It is real
ized that the geometries used in these calculations are at 
best good approximations of the real system, since neither 
vibrations of the cationic system away from the equilibri
um geometry nor solvation were taken into account. How-

Scheme IV

ior of endo-II-OTs4 and exo-II-OTs.5’6 First of all, the rear
rangement of cation V to form VIII competes very effi
ciently with chemical capture. However, to the extent that 
V can be captured, both steric and electronic consider
ations would predict chemical capture at Cg to form exo 
product.

Contrary to this expectation, chemical capture of the 
cation produced in the photolysis of bicyclo[4.2.1]nona-
2,4,7-trien-9-one tosylhydrazone in methanol is reported to 
yield only endo-II-OMe plus the rearranged products and 
no exo-II product.5 Thus, in this reaction either the pro
tonation step to produce exo-II-N2+ is stereospecific where 
the approach of the methanol is endo, generating a tight

ever, the implications of this work are that the initial stages 
of the rearrangement reaction must proceed via an efficient 
exothermic pathway with no significant minimums. Sec
ondly, regarding the character of the cation when C2(Cs) 
migrates from Ci(C6) to Cs(C7), the results in Table III 
show that the process which continues to close the distance 
between C2(Cs) and Cg(C7) with a possible resultant forma
tion of a biscyclopropylcarbinyl cation, X, is energetically 
very costly. That is, reduction of this distance to 1.66 Â 
destabilizes the cation by 17 kcal.

It may well be that all pathways leading from VII to VIII 
will include some endothermic steps, where those involving 
structures like IX will prove less favorable because of the
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steric strain considerations than those involving more delo
calized structures like X.

Experimental Section
exo-Bicyclo[4.2.1]nona-2,4,7-trien-9-ol. A solution containing 

10 g of ketone I,4 50 g of aluminum isopropoxide, freshly distilled 
(131-134°, 4-5 mm), 0.5 ml of acetone, and 500 ml of xylene, dried 
over sodium, was refluxed for 12 hr. To the cooled mass was added 
100 ml of 10% aqueous NaOH and the mixture was extracted with 
ether. After the ethereal extract was washed with water and dried, 
the ether and xylene were removed by distillation at 1 atm. The re
maining residue was chromatographed on 100 g of activity III alu
mina. The pentane fractions contained 6.17 g of endo-II-OH while 
the 50% ether-pentane fractions contained 1.66 g of exo -II-OH.

Analysis of the ethereal extract before distillation by VPC on a 
2-m column containing 2.5% KOH-Carbowax 20M on Chromosorb 
W 80/100 mesh at 120° revealed a mixture of 80% endo-II-OH (4.5 
min) and 20% exo-II-OH (11.0 min). Only 0.1% of another product 
was detected. This endo/exo ROH ratio of 4:1 did not change when 
the reaction mixture was heated for up to 4 days.5

Epimerization of exo-II-OH under the same conditions for 16 hr 
gave a 1:4 endo/exo ROH mixture.

The carbinol, exo-II-OH, was recrystallized from hexanes: mp 
84-85°; ir (KBr) 3250, 3160, 3140, 2960, 2920, 1580 c m '1; 6Me4si 
(CS2) 5.84 (m, 2.04, H2), 5.69 (m, 2.04, H3), 5.13 (d, J = 1.5 Hz,
2.04, H7), 3.77 (s, 0.95, H9), 2.78 (d, J = 7.2 Hz, 2.00, Hi), and ca.
2.8 (broad, 0.94, OH). The exo stereochemistry is indicated by the 
lack of coupling between Hi and Hg.

Preparation of Ketone-SnCH Complex. Sulfur dioxide (0.4 
ml) was distilled into a NMR tube containing 34 mg of ketone I 
under nitrogen at —78°. Excess SnCLj, 2-5 equiv, was added and 
the tube was stoppered. Spectral measurements were made at 
-40 °.

After 0.5 hr, 1 ml of saturated Na2C 03 in methanol was added 
and the mixture was extracted with ether in the usual manner. The 
ketone I was recovered in 25% yield, and was >95% pure. Long

reaction times produced ca. 10% of another ketonic product, not 
identified (¡>c=o 1720 cm-1).

While the recovery from liquid S 0 2 was poor (25%), the recovery 
from a nitromethane solution was good. The ketone was recovered 
in 93% yield along with 5% of an aromatic product.

Preparation of Sodium Alcoholates. To 1 mmol of the carbi
nol in 1 ml of anhydrous DME was added 2 equiv of pentane- 
washed sodium hydride with stirring. Color developed after a few 
minutes with the endo-II-OH. After NMR measurements were 
made at 0°, the solutions were diluted with DME and the uv-visi- 
ble spectra were measured, endo-II-OH had Xmax 538 nm (e 114) 
while exo-II-OH had no spectra. The solutions were quenched 
with wet ether and worked up in the usual way. The recovered 
yield of endo-II-OH was 91%.
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2,4-Dehydro-5-homoadamantanone (5) is readily prepared by a four-step reaction sequence from bicyclo-
[3.3.1]non-6-ene-3-carboxylic acid. Treatment of 5 with lithium in liquid ammonia proceeds by regiospecific 
cleavage of the C-3 to C-4 bond in 5 to give tricyclo[5.3.1.04’9]undecan-2-one (27). In contrast, perchloric acid cat
alyzed acetolysis of 5 leads to regiospecific cleavage of the C-2 to C-4 bond in 5 and formation of 2-exo-acetoxy-5- 
homoadamantanone. Sodium borohydride reduction of 5 occurs stereospecifically to afford 2,4-dehydro-5-endo- 
homoadamantanol (9). Acid-catalyzed isomerization of 9 provides 2-exo-homoadamant-4-enol exclusively which, 
in turn, gives homoadamant-4-en-2-one (14) upon Jones oxidation. Sodium borohydride reductions of enone 14 
and ketone 27 both proceed by stereospecific attack at the exo face of the carbonyl carbon. The stereospecific syn
thesis of both 2-exo- and 2-endo-substituted homoadamantanes is presented. It is also shown that the stereo
chemistry of a 2-monosubstituted homoadamantane can be directly assigned from its characteristic 'H NMR 
spectrum.

Homologation of 8,9-dehydro-2-adamantanone (1), with
out disruption of the conjugated cyclopropyl ketone moi
ety, allows for four “ dehydrohomoadamantanones” , 2-5 
(Scheme I). As 1 has been shown to be a useful precursor

for the synthesis of adamantyl,3-6 protoad amantyl,5 8 and 
isotwistyl8’9 derivatives, cyclopropyl ketones 2-5 offer the 
potential for the synthesis of a variety of variously substi
tuted polycyclic compounds. Recently, we have prepared
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9,10-dehydro-2-homoadamantanone (3).10 We now wish to 
report the synthesis of 2,4-dehydro-5-homoadamantanone
(5) and some of the aspects of its chemistry.11

Results and Discussion
Cyclopropyl ketone 5 is readily obtained from bicyclo-

[3.3.1]non-6-ene-3-endo-carboxylic acid (6).12 Sequential 
treatment of the sodium salt of 6 with oxalyl chloride and 
then diazomethane gives a-diazomethyl ketone 7 which, 
when decomposed in the presence of cupric sulfate in re
fluxing tetrahydrofuran, provides 5 (Scheme II). By this 
route, 5 was obtained in isolated yields of 50-70% from 6. 
The skeletal framework of 5 was established by W olff- 
Kishner reduction of 5 to give the known hydrocarbon 2,4- 
dehydrohomoadamantane (8).13 The carbonyl absorption 
at 1688 cm-1 in 5 is indicative of a conjugated carbonyl.

Scheme II

5

Sodium borohydride reduction of a affords a single alco
hol to which we have assigned the structure of 2,4-dehydro-
5-ercdo-homoadamantanol (9)14 (Scheme III). An examina
tion of molecular models shows that attack at the carbonyl 
carbon in 5 across the face of the seven-membered ring 
(i.e., endo attack) should be significantly impeded by the 
endo hydrogen at C -ll. By contrast, there is no apparent 
steric hindrance to attack at the carbonyl carbon in 5 
across the face of the six-membered ring (i.e., exo attack).

We have shown previously that treatment of 8,9-dehy-

Scheme III

dro-2-adamantanol (10) with dilute perchloric acid in re
fluxing 80% aqueous acetone affords 2-exo-protoadaman- 
tenol ( l l ).5 An analogous cyclopropylcarbinyl-homoallyl

rearrangement in 9 might lead to 2-exo-homoadamant-4- 
enol (12) by cleavage of bond a in 9 and/or to 2-exo-tricy- 
clo[5.3.1.04’9]undec-5-enol (13) by cleavage of bond b in 9. 
Reaction of 9 with 0.005 M  perchloric acid in refluxing 
aqueous acetone gives 12 exclusively. The skeletal frame
work of 12 follows from the conversion of 12 to the known 
hydrocarbon 4-homoadamantene (15).13>15 Jones oxidation 
of 12 gives homoadamant-4-en-2-one (14) and Wolff-Kish- 
ner reduction of 14 provides 15. Furthermore, irradiation of 
an acetone solution of 14 through a Pyrex filter regenerates 
ketone 5 by an oxadi-ir-methane photorearrangement,16 a 
reaction characteristic of d,y-unsaturated ketones.

We have also shown that acid-catalyzed conjugate addi
tions to 1 provide a general route to 2-exo-substituted 5- 
protoadamantanones (16).8 Cyclopropyl ketone 5 under-

< 7 ^
HX

goes an analogous reaction. Perchloric acid catalyzed ace- 
tolysis of 5 affords 2-exo-acetoxy-5-homoadamantanone
(17) in ca. 90% yield (Scheme IV). Thus, conjugate addition 
to 5 also proceeds by the preferential cleavage of bond a. 
The skeletal framework of 17 and the skeletal position and 
stereochemistry of the acetoxy substituent in 17 follow 
from the conversion of 17 to 2-exo-homoadamantanol (19). 
Hydrolysis of 17 gives 2-exo-hydroxy-5-homoadamantan- 
one (18) and Wolff-Kishner reduction of 18 provides 19. 
Catalytic hydrogenation of enol 12 affords an independent



2,4-Dehydro-5-homoadamantanone J. Org. Chem., Vol. 40, No. 17, 1975 2465

b
Scheme IV

12 19 20

route to 19. It might also be noted that Jones oxidation of 
keto alcohol 18 gives 2,5-homoadamantanedione (20).

As expected, Jones oxidation of alcohol 19 gives 2-ho- 
moadamantanone (21) (Scheme V). Although 4-homcada- 
mantanone (26) has been known for some time,15’17 ketone 
21 and 9-homoadamantanone, the other possible “ ho- 
moadamantanones” , have not been reported previously. 
Sodium borohydride reduction of 21 provides a 95:5 mix
ture of 2-endo-homoadamantanol (22) and 19, respectively. 
An examination of molecular models shows that whereas 
there is no apparent steric hindrance to attack at the exo 
face of the carbonyl carbon in 21, the endo hydrogen at C-5 
in 21 appears to create some difficulty for attack at the 
endo face of the carbonyl carbon.

Scheme V

Alcohol 22 has also been independently synthesized. So
dium borohydride reduction of enone 14 gives 2 - e n d o - h o -  
moadamant-4-enol (23) exclusively and catalytic hydroge
nation of 23 provides 22. An examination of molecular 
models shows that attack at the carbonyl carbon of 14 pro
ceeds exclusively at its exo face because the orbitals of the 
tt bond in 14 effectively prevent attack at the endo face. It 
is to be emphasized that the reactions summarized in 
Schemes III V permit the stereospecific synthesis of both 
2-exo- and 2-endo-substituted homoadamantanes.

The XH NMR spectra of the compounds generated in 
this study suggest that the stereochemistry of a 2-mono- 
substituted homoadamantane can be directly assigned 
from the characteristic splitting pattern of the C-2 hydro
gen signal. Thus, whereas the !H NMR signals of the endo 
hydrogens at C-2 in 12 and 17-19 all appear as broad sin
glets, the XH NMR signals of the exo hydrogens at C-2 in 22 
and 23 both appear as doublets of doublets. This is also the 
case for 2 - e x o - acetoxyhomoadamantane (24) and 2- e n d o -  
acetoxyhomoadamantane (25) (see Experimental Section).

Reductive cleavage of the cyclopropane ring in conjugat
ed cyclopropyl ketones with lithium in liquid ammonia 
usually proceeds regiospecifically.18 Such a reaction with 
cyclopropyl ketone 5 might lead to 4-homoadamantanone 
(26) by cleavage of bond a in 5 and/or to tricy- 
clo[5.3.1.04'9]undecan-2-one (27) by cleavage of bond b in 5 
(Scheme VI). Treatment of 5 with lithium in refluxing am-

Scheme VI

28 29 30

monia, followed by Jones oxidation of the reaction mixture, 
gives ketone 27 exclusively. As ketone 27 is identical with 
the ketone resulting from the catalytic hydrogenation of 
enone 28,19 the skeletal structure and the skeletal position 
of the carbonyl substituent in 27 are established. T h u s ,  i t  i s  
p o s s i b l e  t o  a c h i e v e  s e l e c t i v e  r e g i o s p e c i f i c  c l e a v a g e  o f  t h e  
C - 2  t o  C - 4  b o n d  (i.e., 5 —* 17) o r  t h e  C - 3  t o  C - 4  b o n d  (i.e., 5 
—► 27) i n  2 , 4 - d e h y d r o - 5 - h o m o a d a m a n t a n o n e .

Sodium borohydride reduction of ketone 27 also pro
ceeds stereospecifically to give 2-endo-tricyclo[5.3.1.04’9]- 
undecanol (29). An examination of molecular models clear
ly shows that attack at the endo face of the carbonyl carbon 
in 27 is prevented by the endo hydrogen at C-6. In contrast, 
reduction of 27 with lithium in liquid ammonia provides a 
ca. 1:1 mixture of 29 and 2-exo-tricyclo[5.3.1.04-9]undecanol
(30). Jones oxidation bf 29 or 30 regenerates 27.

Aspects of the chemistry of 2-homoadamantanone and 
its derivatives are currently under active investigation.21

Experimental Section
All melting points were obtained in sealed capillary tubes using 

a Thomas-Hoover capillary melting point apparatus and are un
corrected. Infrared spectra were obtained on Perkin-Elmer 180 or
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337 spectrophotometers and proton magnetic resonance spectra 
were recorded with Varian A-60A or Perkin-Elmer R-12B 60-MHz 
spectrometers. Apparent splittings are given in all cases. Unless 
noted otherwise, yields were obtained by integration of appropri
ate signals in the ‘ H NMR spectrum of the product(s) vs. the sig
nal of a predetermined amount of added standard (generally tri
chloroethylene) and are regarded as being accurate to ca. ± 10%. 
Elemental analyses were performed by Micro-Analysis, Inc., Wil
mington, Del.

2.4- Dehydro-5-homoadamantanone (5). A slurry of 4.61 g 
(27.7 mmol) of 3-endo-carboxybicyclo[3.3.1]non-6-ene (6)12 in 50 
ml of water was titrated to a phenolphthalein end point with 1 N  
sodium hydroxide. The solvent was evaporated at reduced pres
sure and the residue was heated at 70° (0.1 mm) for 12 hr. The re
sulting dry sodium salt of 6 was treated with 50 ml of anhydrous 
benzene and 4 ml of anhydrous pyridine, cooled to 0°, and stirred 
as 7 ml (82.6 mmol) of oxalyl chloride was added dropwise. After 
addition was complete, the reaction mixture was stirred at 0° for 
15 min and at room temperature for 15 min. The mixture was then 
filtered and the residue was washed several times with benzene. 
Evaporation of the solvent and excess oxalyl chloride provided a 
residue of 3-endo-bicyclo[3.3.1]non-6-enoyl chloride. The crude 
acid chloride was dissolved in 100 ml of anhydrous ether, cooled to 
0°, and a solution of ca. 4.5 g (107.1 mmol) of diazomethane in 400 
ml of anhydrous ether was added rapidly with stirring. The reac
tion mixture was stirred at 0° for 1 hr and at room temperature for 
19 hr. Evaporation of the solvent at reduced pressure gave 3-endo- 
bicyclo[3.3.1]non-6-enyl diazomethyl ketone (7) as a viscous oil.

The unpurified a-diazo ketone 7, dissolved in 100 ml of tetrahy- 
drofuran, and 4.5 g of cupric sulfate were stirred at reflux for 12 hr, 
then cooled and filtered. The solvent was evaporated at reduced 
pressure and the residue was dissolved in 30 ml of water and 50 ml 
of ether. The aqueous and ethereal layers were separated and the 
aqueous layer was extracted with ether (3 X 25 ml). The ether ex
tracts were combined and dried over anhydrous magnesium sul
fate, and the solvent was evaporated at reduced pressure. The resi
due was dissolved in a solution of 50 ml of methanol and 50 ml of 
water, 4.5 g of potassium hydroxide was added, and the mixture 
was refluxed for 4 hr. Evaporation at reduced pressure removed 
the methanol from the reaction mixture and the residue was ex
tracted with ether (3 X 50 ml). The combined ether extracts were 
dried over anhydrous magnesium sulfate and the solvent was evap
orated at reduced pressure. The residue was sublimed (100°, 0.1 
mm), then column chromatographed on silica gel with benzene as 
eluent, and finally resublimed to give 2.29 g (51% yield) of pure 5: 
mp 253-254°; 5Me4si (CDC13) 2.7-1.1 (br m); v (CC14) 3030, 2935, 
2860, 1688, 1460, 1450, 1440, 1350, 1340, 1300, 1250, 1160, 1125, 
1095, 1015, and 1000 cm "1.

Anal. Calcd for Cn H140: C, 81.44; H, 8.70. Found: C, 81.29; H, 
8.49.

2.4- Dehydrohomoadamantane (8). A solution of 209 mg (1.29 
mmol) of 5, 1.0 g of potassium hydroxide, and 1.0 g of 95% hydra
zine in 8 ml of diethylene glycol was heated with stirring at 110° 
for 30 min, and then for 24 hr at 180°. During this time, a white 
solid appeared on the water-cooled condenser. The system was 
cooled and the material on the condenser was dissolved in cyclo
hexane. The pot residue was diluted with water (50 ml) and ex
tracted with cyclohexane (3 X 30 ml). The cyclohexane extracts 
from condenser and pot were combined and dried over anhydrous 
magnesium sulfate. Evaporation of the solvent at reduced pressure 
provided a solid which GLC analysis (5 ft X 0.25 in. Carbowax col
umn, 175°) showed contained a major component of short reten
tion time and a minor component of much longer retention time 
(which was not investigated further). Isolation of the major prod
uct by GLC (above conditions) gave pure 8 which was identified by 
comparison of its ir spectrum with that of an authentic sample 
prepared by an alternative route.13 GLC analysis of the product 
mixture showed that 8 was obtained from 5 in ca. 35% yield.

5-endo-2,4-Dehydrohornoadamantanol (9). A solution of 500 
mg (3.09 mmol) of 5 in 5 ml of methanol was added dropwise to a 
stirred solution of 380 mg (10.0 mmol) of sodium borohydride in 10 
ml of methanol at 0°. The reaction mixture was stirred for 45 min 
at 0° and then for 45 min at room temperature, at which point 10 
ml of water was added. The resulting solution was saturated with 
sodium chloride and then extracted with ether (3 X 50 ml). The 
combined ether extracts were dried over anhydrous magnesium 
sulfate and the solvent was evaporated at reduced pressure. Analy
sis of the residue by 1H NMR indicated that 9 was obtained in ca. 
75% yield. GLC analysis (5 ft X 0.25 in. FFAP column, 170°) 
showed a single component to be present and purification of 9 by

GLC (above conditions) gave a white solid: mp 269-272°; ¿Me4si 
(CDCI3) 4.28 (apparent t, J = 5.5 Hz, 1 H, CHOH) and 2.6-0.6 (br 
m, 15 H); v (CCI4) 3675, 3450 (br), 3050, 2935, 2875, 1440, 1380, 
1345, 1080, 1060 and 1040 cm“ 1.

Anal. Calcd for CnHieO: C, 80.44; H, 9.82. Found: C, 80.66; H,
9.53.

2-exo-Homoadamant-4-enol (12). A solution of 128 mg (0.78 
mmol) of 9 in 15 ml of 80% aqueous acetone which was 0.005 M  in 
perchloric acid was stirred at reflux for 15 hr. The- solution was 
then saturated with sodium chloride and extracted with ether (3 X 
30 ml). The combined ether extracts were dried over anhydrous 
magnesium sulfate and the solvent was evaporated at reduced 
pressure. Analysis of the residue by 3H NMR indicated that 12 was 
obtained in approximately quantitative yield. GLC analysis (10 ft 
X 0.25 in. FFAP column, 200°) showed a single component to be 
present and purification of 12 by GLC (above conditions) gave a 
white solid: mp 265-266°; 6Me4si (CDCI3) 6.24-5.58 (m, 2 H, 
CH=CH), 3.84 (br s, 1 H, CHOH), and 2.8-0.8 (br m, 13 H); * 
(CC14) 3630, 3420 (br), 3025, 2920, 2845, 1440, 1060, and 1020 
cm-1.

Anal. Calcd for CnHieO: C, 80.44; H, 9.82. Found: C, 80.54; H,
9.76.

Homoadamant-4-en-2-one (14). To a stirred solution of 129 
mg (0.78 mmol) of 12 in 15 ml of acetone at 0° was added 600 id of 
a freshly prepared solution of Jones reagent (2.8 g of chromic an
hydride, 4.5 ml of sulfuric acid, and 12 ml of water). The reaction 
mixture was stirred at 0° for 20 min, then 20 ml of water was 
added, and the mixture was stirred at room temperature for an ad
ditional 30 min. The resulting solution was saturated with sodium 
chloride and extracted with ether (3 X 40 ml). The combined ether 
extracts were washed with saturated aqueous sodium bicarbonate 
(3 X 50 ml) and dried over anhydrous magnesium sulfate. The sol
vent was evaporated at reduced pressure and the residue was col
umn chromatographed on silica gel with benzene as eluent and 
then sublimed at 100° (0.5 mm) to afford 114 mg (89% yield) of 14 
as a white solid: mp 252-253°; ¿Me4Si (CDCI3) 6.34-5.64 (m, 2 H, 
CH—CH) and 3.1—1.2 (br m, 12 H); v (CC14) 3065, 2950, 2875, 
1712, 1435,1300, 1255, and 1100 cm“ 1.

Anal. Calcd for Cn Hu O: C, 81.44; H, 8.70. Found: C, 81.31; H, 
8.74.

Homoadamantene (15). By a procedure analogous to that em
ployed for 5 — 8, Wolff-Kishner reduction of 14 provided 15 as 
the only reaction product (GLC analysis) in ca. 40% yield. Olefin 
15 was isolated by GLC (5 ft X 0.25 in. FFAP column, 130°) and 
was identified by comparison of its ir spectrum with that of an au
thentic sample prepared by an alternative route.15

Acetone-Sensitized Photoisomerization of 14. A solution of 
55 mg of 14 in 3 ml of acetone was irradiated through a Pyrex filter 
with a Hanovia L 450-W high-pressure mercury lamp. Monitoring 
the photolysis by GLC (5 ft X 0.25 in. FFAP column, 200°) showed 
a gradual disappearance of 14 and the appearance of a single pho
toproduct of longer retention time. After irradiation for 2.5 hr, no 
starting material remained and only the photoisomer was present. 
The solvent was evaporated at reduced pressure and the residue 
was sublimed to give 26 mg (47% yield) of 5.

2-exo-Acetoxy-5-homoadamantanone (17). A solution con
taining 1.01 g (6.23 mmol) of 5 and 300 nl of 70% perchloric acid in 
30 ml of acetic acid was stirred for 14 hr at 100°, then diluted with 
water (100 ml) and neutralized with solid sodium bicarbonate. The 
resulting mixture was extracted with ether (4 X 50 ml) and the 
combined ether extracts were dried over anhydrous magnesium 
sulfate. Evaporation of the solvent at reduced pressure provided 
an oil which by JH NMR analysis contained a ca. 90% yield of 17. 
GLC analysis (5 ft X 0.25 in. FFAP column, 190°) showed a single 
component to be present and isolation by GLC (above conditions) 
gave 17 as a clear oil: ¿Me4Si (CDCI3) 4.74 (br s, IV1/2 = 5.4 Hz, 1 H, 
CHOCOCH3) and 2.9-1.2 (br m, 17 H, containing CHOCOCH3 
singlet at 5 2.07); v (CC14) 2930, 2865, 1736, 1701, 1445, 1370, 1085, 
and 1025 cm-1.

Anal. Calcd for Ci3H180 3: C, 70.24; H, 8.16. Found: C, 70.14; H,
8.04.

2-exo-Hydroxy-5-homoadamantanone (18). A reaction mix
ture containing 1.095 g (4.93 mmol) of 17, 1 g of potassium hydrox
ide, 25 ml of methanol, and 25 ml of water was refluxed for 4 hr. At 
this point the methanol was evaporated at reduced pressure and 
the residue was saturated with sodium chloride and extracted with 
ether (4 X 50 ml). The combined ether extracts were dried over an
hydrous magnesium sulfate and the solvent was evaporated at re
duced pressure. GLC analysis (5 ft X 0.25 in. Carbowax column, 
220°) of the residue showed a major component of long retention
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time and several very minor components of short retention time 
(which were not investigated further). Analysis of the residue by 
1H NMR indicated that 18 was obtained in ca. 85% yield. Purifica
tion by GLC (above conditions) gave 18 as a white solid: mp
310.5- 312°; 5Me4Si (CDC13) 3.73 (br s, W l/2 = 5 Hz, 1 H, CHOH) 
and 2.8-1.1 (br m, 15 H); v (CC14) 3610, 3460, 2910, 2850, 1698, 
1440, 1350, 1080, and 1030 cm "1.

Anal. Calcd for CnH 160 2: C, 73.30; H, 8.95. Found: C, 73.33; H,
8.71.

2-exo-Homoadamantanol (19). A. A solution of 95 mg of 12 in
50 ml of ethanol was stirred with 400 mg of 5% palladium on char
coal under an atmosphere of hydrogen for 24 hr. The reaction mix
ture was then filtered to remove the catalyst. The catalyst was 
washed several times with methanol and the filtrate and washings 
were combined. Evaporation of the solvent at reduced pressure 
gave a solid residue which by *H NMR analysis contained a ca. 
85% yield of 19. Isolation of the product by GLC (5 ft X 0.25 in. 
Carbowax column, 190°) provided 19 as a white solid: mp 282.5- 
284°; 5Me4Si (CDCD 3.62 (br s, W1/2 = 5 Hz, 1 H, CHOH) and
2.5- 1.0 (br m, 17 H); v (CHCD 3625, 3015, 2910, 1450, 1440, 1055, 
1020, 980, and 945 cm“ 1.

Anal. Calcd for CnHjgO: C, 79.46; H, 10.91. Found: C, 79.32; H,
10.76.

B. By a procedure analogous to that employed for 5 — 8, W olff- 
Kishner reduction of 18 afforded 19 in an isolated yield of ca. 70%.

2,5-Homoadamantanedione (20). Oxidation of 77 mg of 18 
with Jones reagent by the procedure described for 12 —» 14 provid
ed 62 mg of material which was purified by GLC (5 ft X 0.25 in. 
Carbowax column, 235°) to give 20 as a white solid: mp 306.5-307°; 
¿MeiS, (CDCD 3.2-1.5 (br m); v (CCD 2920, 2850, 1702 (br), 1450, 
1285,1165, and 1045 cm“ 1.

Anal. Calcd for CiiHi40 2: C, 74.13; H, 7.92. Found: C, 74.21; H,
7.66.

2-Homoadamantanone (2 1 ). Oxidation of 258 mg of 19 with 
Jones reagent by the procedure described for 12 —• 14 gave 224 mg 
(88% yield) of 21. Isolation by GLC (5 ft X 0.25 in. Carbowax col
umn, 190°) afforded 21 as a white solid: mp 278-279°; 5Me4Si 
(CDCD 3.0-1.0 (br m); v (CC14) 2915, 2860, 1700, 1440, 1220, 1115, 
1070,1000, and 960 cm "1.

Anal. Calcd for CnH 160: C, 80.44; H, 9.82. Found: C, 80.50; H,
9.76.

2-endo-Homoadamant-4-enoI (23). Sodium borohydride re
duction of 14 by the procedure described for 5 —» 9 provided 23. 
Isolation by GLC (5 ft X 0.25 in. Carbowax column, 190°) gave 23 
as a white solid: mp 291.5-292.5°; ¿Me4Si (CDCI3) 6.19 (dd, J  = 10 
and 8 Hz, 1 H, CH =CH  at C-5), 5.67 (dd, J  = 10.5 and 8 Hz, 1 H, 
CH=CH at C-4),20 3.73 (dd, J  = 6 and 5 Hz, 1 H, CHOH), and
2.8-1.1 (br m, 13 H); v (CHCI3) 3580, 3450, 3020, 2915, 2860, 1460, 
1450, 1400,1390, 1090, 1050, and 1040 cm“ 1.

Anal. Calcd for Cn H160: C, 80.44; H, 9.82. Found: C, 80.68; H,
9.53.

Oxidation of 23 with Jones reagent by the procedure described 
for 12 —» 14 regenerated 14.

2-endo-Homoadamantanol (22). Catalytic hydrogenation of 23 
by the procedure described for 12— 19 gave 22. Isolation by GLC 
(5 ft X 0.25 in. Carbowax column, 190°) provided 22 as a white 
solid: mp 283.5-285.5°; 5Me4Si (CDCI3) 3.85 (dd, J  = 5.5 and 4 Hz, 1 
H, CHOH) and 2.5-0.9 (br m, 17 H); v (CHC13) 3625, 3450, 3010, 
2915, 1445, 1060, and 1025 cm“ 1.

Anal. Calcd for Cn HiaO: C, 79.46; H, 10.91. Found: C, 79.52; H,
10.78.

Jones oxidation of 22 by the procedure described for 12 — 14 
gave 21.

2-exo-Acetoxyhomoadamantane (24). To a solution of 262 mg 
(1.58 mmol) of 19 in 6 ml of acetic anhydride was added 0.5 g o f so
dium acetate. The mixture was stirred at 95° for 2 hr, then cooled 
and diluted with water (75 ml). The resulting mixture was neutral
ized with solid sodium bicarbonate and extracted with éther (3 X 
30 ml). The combined ether extracts were dried over anhydrous 
magnesium sulfate and the solvent was evaporated at reduced 
pressure. Analysis of the residue by 'H  NMR indicated that 24 was 
obtained in ca. 90% yield. Isolation by GLC (5 ft X 0.25 in. Car
bowax column, 220°) gave 24 as an oil: ¿Me4si (CDC13) 4.62 (br s, 
W1/2 = 5 Hz, 1 H, CHOCOCH3) and 2.4-1.0 (br m, 19 H, contain
ing CHOCOCH3 singlet at & 2.00); v (CCD 2900, 2850, 1730, 1440, 
1360,1240, 1035, and 985 cm -1.

Anal. Calcd for C13H2o0 2: C, 74.96; H, 9.68. Found: C, 75.07; H,
9.77.

2-endo-Aeetoxyhomoadamantane (25). Treatment of 22 ac
cording to the conditions employed for 19 — 24 provided 25 which

was isolated by GLC (5 ft X 0.25 in. QF-1 column, 175°) as an oil: 
«Me4Si (CDCI3) 4.92 (dd, J = 6 and 4 Hz, 1 H, CHOCOCH3) and
2.7-0.9 (br m, 19 H, containing CHOCOCH3 singlet at & 2.02); u 
(CCD 2910, 2850,1730,1445,1360,1240,1040, and 1025 cm -1.

Anal. Calcd for Ci3H2o02: C, 74.96; H, 9.68. Found: C, 75.21; H,
9.72.

Tricyclo[5.3.1.04,9]undecan-2-one (27). To a mechanically 
stirred slurry of 3.15 g (0.45 mol) o f lithium in ca. 250 ml of reflux
ing ammonia was added dropwise a solution of 1.75 g (10.8 mmol) 
of 5 in 15 ml of anhydrous ether. The reaction mixture was stirred 
at reflux for 4 hr and then 35 g of solid ammonium chloride was 
slowly added. The ammonia was allowed to evaporate, and the re
sulting residue was diluted with water (250 ml) and extracted with 
ether (4 X 200 ml). The combined ether extracts were washed suc
cessively with 5% hydrochloric acid (2 X 100 ml), 5% aqueous sodi
um bicarbonate (100 ml), and saturated sodium chloride, and then 
dried over anhydrous magnesium sulfate. The solvent was evapo
rated at reduced pressure and the residue was oxidized with Jones 
reagent by the procedure described for 12 — 14. Column chroma
tography of the oxidation product on silica gel with benzene as el
uent, followed by sublimation (90°, 0.3 mm), provided 880 mg 
(50% yield) of 27. Final purification by GLC (5 ft X 0.25 in. QF-1 
column, 175°) gave 27 as a white solid: mp 297-298°; ¿Me4Si 
(CDCI3) 3.0-0.5 (br m); v (CC14) 2925, 2865, 1705, 1450, 1440, 1405, 
1260, 1220, 1145,1090, 1080, 1050, and 1030 c m '1.

Anal. Calcd for Cn H160 : C, 80.44; H, 9.82. Found: C, 80.29; H,
9.61.

2-en<fo-Tricyclo[5.3.1.04'9]undecanoI (29). Sodium borohy
dride reduction of 81 mg of 27 by the procedure described for 5 — 
9 afforded 93 mg of material which by 4H NMR analysis contained 
a ca. 85% yield of 29. Isolation by GLC (5 ft X 0.25 in. Carbowax 
column, 190°) gave 29 as a white solid: mp >300°; ¿Me4Si (CDCI3)
4.23 (apparent t, J  = 8.6 Hz, 1 H, CHOH) and 2.5-0.6 (br m, 17 H); 
v (CCD 3630, 3335, 2910, 2855,1460,1445,1100, and 1020 cm“ 1.

Anal. Calcd for CnH 180: C, 79.46; H, 10.91. Found: C, 79.63; H,
10.85.

Jones oxidation of 29 by the procedure described for 12 — 14 
gave 27.

Lithium-Ammonia Reduction of 27. Reduction of 120 mg of 
27 with lithium in liquid ammonia was carried out by the proce
dure described for 5 — 27. GLC (5 ft X 0.25 in. Carbowax column, 
190°) and 4H NMR analysis of the crude reaction mixture suggest
ed the presence of two alcohol products. The residue from the 
reaction was chromatographed on silica gel. Elution with 50:50 
benzene-heptane provided 25 mg of 29 (shorter retention time by 
GLC). Further elution with 75:25 benzene-heptane afforded 25 mg 
of 2-exo-tricyclo[5.3.1.04,9]undecanol (30) which was isolated by 
GLC (above conditions) as a white solid: mp 240-241°; ¿Me4Si 
(CDCI3) 4.08 (apparent t, J = 8.5 Hz, 1 H, CHOH); v (CC14) 3625, 
3350, 2915, 2875, 1465, 1450, 1040, and 985 cm“ 1.

Anal. Calcd for CnHigO: C, 79.46; H, 10.91. Found: C, 79.34; H, 
10.74.

Jones oxidation of 30 by the procedure described for 12 — 14 
gave 27.
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b een  reported: D. P. G. Hamon and G. F. Taylor, Tetrahedron Lett., 155
(1975).
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The synthesis of methyl 4-amino-4,6-dideoxy-«-D-idopyranoside (XI) starting from methyl 4,6-O-benzylidene- 
a-D-altropyranoside (1) is presented. The structure of 11 was confirmed by mass spectral analysis and also by 
degradation of its N -acetate 12 to L-threoninol. Methyl 4-acetamido-2,3-di-0-acetyl-4,6-dideoxy-«-D-idopyranos- 
ide (12) is shown to exist in the Cl conformation (15) in solution by NMR. The preparation of methyl 4,6-dide- 
oxy-4-N,AI-dimethylamino-a-D-idopyranoside is also discussed.

T he synthesis o f  several 4-am ino-4,6-dideoxy hexoses 
and their derivatives o f  potential biological activity were 
reported previously.1,4 The preparation o f the derivatives 
o f  all the eight members o f  this class o f  carbohydrates was 
undertaken in our laboratory with two major objectives in 
mind: (1) to  establish the structures o f  those 4-amino-4,6- 
d ideoxy hexoses such as glucose,5 galactose,6 and man
nose,7 which were isolated from  natural sources and to  pro
vide samples for the identification o f  other mem bers o f 
these am ino sugars and their derivatives which may subse
quently be found to occur in nature and (2) to  investigate 
their im munochem ical and other biological properties. This 
paper describes the synthesis o f  the derivatives o f  4-am ino- 
4,6-dideoxy-D-idose.

Conversion o f  methyl 4,6-O -benzylidene-a-D -altropyra- 
noside ( 1) to its dibenzyl ether, 2, followed by mild acid hy
drolysis provided methyl 2,3-di-O-benzyl-a-D-altropyran- 
oside (3). Treatm ent o f  3 with excess o f  methanesulfonyl 
chloride in pyridine gave the di-O -m ethylsulfonate 4. Se
lective displacem ent o f  the primary m ethylsulfonyl group 
with iodide to give 5 and subsequent reduction with Raney 
nickel yielded the 6-deoxy derivative, 6. Treatm ent o f  6 
with lithium azide in dim ethylform am ide at 150° provided 
the 4-azido sugar, 7, with inversion o f  configuration at C-4. 
Reduction o f 7 with lithium aluminum hydride gave methyl 
4 -am in o-4 ,6 -d ideoxy-2 ,3 -d i-0 -ben zy l-a '-D -idopyran oside  
(8), which was characterized as its TV-acetate, 9. Reductive 
débenzylation o f 9 in the presence o f  10% P d /C  as a cata
lyst under neutral conditions gave 70% o f methyl 4-acet- 
am ido-4,6-dideoxy-a-D -idopyranoside (10). Hydrolysis o f 
10 with barium hydroxide provided methyl 4-amino-4,6- 
dideoxy-a-D -idopyranoside (11) in 84% yield. H ydrogena
tion o f 8 in the presence o f  10% P d /C  and hydrogen ch lo
ride as catalysts also yielded amino sugar 11, which was

2, R = CHAH,

5, R, = I; R , =  CH A H ,
6 , R, =  H; R, = CHAH,

3, R, = H; R, =  CHAH,
4, R, =  Mes; 1C = CHAH,

7, R = CHAH,

8. R, = Cl 1C. H ; r , =  h 13, R = CHAH,
9, R, =  CHAH-,; R, = Ac 14 R = H 

10, R, = H: R, = Ac
11R, =  R,= H 
12, R, =  R, = Ac

further characterized by acetylation with acetic anhydride 
in pyridine to obtain the triacetate 12.

Since 4-Ai,N -dim ethylam ino-4,6-dideoxy-D -glucose oc-
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curs in nature as a component of the antibiotic amice- 
tin,5b’10 the dimethylamino analog of 11 was prepared as 
follows. Treatment of 8 with formaldehyde in the presence 
of formic acid gave the dimethylamino derivative, 13, as an 
oil which on hydrogenolysis in the presence of 10% Pd/C 
and HC1 as catalysts provided methyl 4-/V,7V-dimethylam- 
ino-4,6-dideoxy-a-D-idopyranoside (14).

The structural assignment for the amino sugars de
scribed above is based on previous experience4®’6 that azide 
displacement of the methanesulfonyl group usually occurs 
with inversion of configuration and without carbon skele
ton rearrangement. However, formation of a 5-azido fura- 
nose by the azide displacement of a pyranose-4-methylsul- 
fonate has also been reported.11 The structure of 10 was 
therefore confirmed by the following methods.

Comparison of the mass spectra of several methyl 4-acet- 
amido-4,6-dideoxy hexopyranosides showed that they ex
hibit nearly identical fragmentation patterns with only 
slight variations in relative intensities.12,13 On the other 
hand, similar 5-acetamido sugar derivatives produce a sig
nificantly different fragmentation pattern in their mass 
spectra.11,14 A mass spectrum of 10 clearly showed that it 
belonged to the 4-amino-4,6-dideoxy hexose series as it had 
an intense m/e peak at 74 [CH3CH(OH)CH(NH2)]+, char
acteristic of a 4-acetamido-4,6-dideoxy sugar derivative.12 
In addition, degradation of 10 to L-threoninol by a pre
viously described procedure411,15 confirmed the D-threo 
stereochemistry at C-4 and C-5 as required for a D-idose 
derivative.

An NMR spectrum of methyl 4-acetamido-2,3-di-0-ace- 
tyl-4,6-dideoxy-a-D-idopyranoside (12) in CDCI3 indicates 
that this idose derivative exists as the Cl (d ) conformer, 15

(CA in the Isbell-Tipson system of conformational nomen
clature16 and 4C/, according to the new British-U.S. 
rules17). Although this requires four of the five substituents 
to exist in the axial orientation and only the methyl (6- 
deoxy) group in the equatorial position, similar behavior 
was also observed by Horton and coworkers in the case of 
a-D-iodpyranose pentaacetate.18 The NMR spectrum of 12 
in CDCI3 exhibited a singlet at r 5.4 for the anomeric pro
ton resonance, ruling out a 1C conformation16 16 which 
would require a 1,2-diaxial coupling.19 The other peaks in 
the NMR spectrum of 12 are also consistent with the above 
interpretation. The anomeric proton resonance in the 
NMR spectrum of 10 in CD3OD also appeared at r 5.4.

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

apparatus and are uncorrected. Thin layer chromatography was 
carried out using silica gel H from Brinkmann Instruments on 5 X 
20 glass plates. A solvent system consisting of diethyl ketone, di
isopropyl ketone, and ligroin (6:3:1) was used unless otherwise 
mentioned. The NMR spectra were taken on a Varian A-60 or 
T-60 spectrometer using tetramethylsilane as an internal stan
dard. Infrared spectra were recorded on either a Beckman IR-4 or 
a Perkin-Elmer Infracord instrument. Specific rotations were mea
sured using a Perkin-Elmer 141 polarimeter. The pKa’s were de
termined in 50% aqueous methanol. Elemental analyses were per
formed by Midwest Microlab, Inc., Indianapolis, Ind.

Methyl 2,3-Di- O-benzyl-4,6- O-benzylidene-a-n-altropyra- 
noside (2). A mechanically stirred mixture of 26.6 g (0.095 mol) of 
methyl 4,6-O-benzylidene-a-D-altropyranoside9 (1), 110 g (2.76

mol) of powdered sodium hydroxide, and 250 ml of toluene was 
heated to reflux. Benzyl chloride (104 ml) was added to this reflux
ing mixture in four 26-ml portions at 1-hr intervals. An additional 
27 g of NaOH was then added and the mixture was allowed to re
flux for 1 more hr. The toluene and benzyl chloride were removed 
by steam distillation. The remaining mixture was cooled, and the 
yellow solid was filtered, washed with water, and recrystallized 
twice from ethanol to give 34.0 g (78%) of 2 as white needles, mp
90-91°, [a]26D +38.1° (e 1.0, CHCI3).

Anal. Calcd for C28H3o06: C, 72.70; H, 6.53. Found: C, 72.56; H, 
6.56.

M e t h y l  2 ,3 - D i - O - b e n z y l - a - D - a l t r o p y r a n o s id e  (3 ) .  Concen
trated hydrochloric acid (3.0 ml) was added dropwise to a stirred 
solution of 11.93 g (0.024 mol) of 2 in 250 ml of CH3OH at room 
temperature. Hydrolysis was complete in 1 hr as indicated by 
TLC. The mixture was neutralized with Na2C 03, and steam dis
tilled. The residue was extracted with CHCI3, dried (K2CO3), con
centrated in vacuo, and then dried at 50° (0.5 mm presence) for 5 
hr to give 9.0 g (95%) of 3 as a thick, colorless syrup, homogeneous 
by TLC. A portion of this material was chromatographed twice 
over Woelm grade III alumina using 50% ether-pentane as eluent 
to obtain an analytical sample, [a]26D +71.5° (c 1.1, CHCD-

Anal. Calcd for C2iH2606: C, 67.33; H, 7.00. Found: C, 67.36; H,
7.14.

M e t h y l  2 ,3 - D i - 0 - b e n z y l - 4 ,6 - d i - 0 - m e t h y l s u l f o n y l - « - I ) - a l -  
t r o p y r a n o s id e  (4 ) .  A solution of 8.63 g (0.02 mol) of 3 and 25.0 g 
(0.2 mol) of methanesulfonyl chloride in 100 ml of dry pyridine 
was allowed to stand at 25° for 24 hr. The mixture was poured onto 
water, extracted with CHCI3, dried (Na2SO,i), and concentrated in 
vacuo to a yellow syrup. Column chromatography over alumina 
gave a gum on elution with ether. Drying to constant weight under 
vacuum gave 8.7 g (70%) of 4 which was homogeneous by TLC. A 
small sample was rechromatographed over alumina for analysis.

Anal. Calcd for C23H3oOioS2: C, 52.06; H, 5.70; S, 12.09. Found: 
C, 52.29; H, 5.75; S, 11.97.

M e t h y l  6 - D e o x y - 2 ,3 - d i -  O -b e n z y l - 4 -  O - m e t h y l s u l f o n y l - a - D -  
a l t r o p y r a n o s id e  (6). A solution of 4.0 g (7.0 mmol) of 4 and 1.8 g 
(12.0 mmol) of sodium iodide in 40 ml of 2-butanone was heated 
under reflux with stirring for 11 hr. The mixture was cooled and 
the precipitated sodium methanesulfonate was removed by filtra
tion. The filtrate was evaporated to dryness, and the residue was 
dissolved in CHCI3, washed with 5% sodium thiosulfate solution, 
dried (Na2S04), and concentrated in vacuo to yield 4.01 g (95%) of 
5 as a thick syrup, which did not give satisfactory elemental analy
sis even after a column chromatography over alumina. To a solu
tion of 3.81 g of this material (5) in 150 ml of warm ethanol was 
added an excess (9 teaspoons) of Raney nickel20 with mechanical 
stirring. The mixture was then stirred at room temperature for 1 
hr. Filtration of the catalyst followed by removal of the solvent 
gave a gum which crystallized on addition of cold water. It was re
crystallized from 2-propanol to give 1.54 g (50%) of 6, mp 85-86°,
[a]25D +53.9° (c 1.0, CHCI3).

Anal. Calcd for C22H28O7S: C, 60.53; H, 6.62; S, 7.35. Found: C, 
60.73; H, 6.63; S, 7.54.

M e t h y l  4 - A z i d o - 2 ,3 - d i - 0 - b e n z y l - 4 ,6 - d i d e o x y - a - D - i d o p y r a n -  
o s id e  (7). A solution of 3.0 g (23 mmol) of 6 and 1.2 g (25 mmol) of 
lithium azide was heated under reflux for 5 hr, at which point a 
TLC analysis indicated the reaction to be complete. After cooling, 
the mixture was poured onto water, extracted with petroleum 
ether, and dried (Na2SO,|) and the solvent was removed under vac
uum. The chromatography of the residue over alumina using 
ether-pentane (2:8) as eluent gave 2.51 g (91%) of 7 as a clear liq
uid which was homogeneous by TLC. A small portion of this mate
rial was rechromatographed for analysis, ra26 5D 1.5370, [o ]26D 
+ 17.4° (c 1.0, CHCI3).

Anal. Calcd for C21H25N3O4: C, 65.77; H, 6.57; N, 10.96. Found: 
C, 65.79; H, 6.63; N, 11.01.

M e t h y l  4 - A c e t a m i d o - 2 ,3 - d i - 0 - b e n z y l - 4 ,6 - d i d e o x y - a - D - i d o -  
p y r a n o s id e  (9). A solution of 2.55 g (7.1 mmol) of 7 in 15 ml of dry 
dioxane was added with stirring to a suspension of 0.9 g (24 mmol) 
of LiAlH4 in 40 ml of dioxane. The reaction mixture was heated to 
80° and maintained at that temperature for 1 hr. The mixture was 
cooled and ethyl acetate was added to decompose the excess 
LiAlH4. The solvents were removed under vacuum, the residue was 
suspended in ether, and water was added dropwise with stirring 
until the aluminum salts were converted into a white paste. The 
mixture was then repeatedly extracted with ether, dried (Na2S04), 
and evaporated to dryness to give 2.2 g (93%) of 8 as a gum, pK a =
7.65. This material was dissolved in 15 ml of pyridine, 5 ml of ace
tic anhydride was added, and the mixture was allowed to stand at
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26° for 3 hr. Addition of ice water to the mixture provided a solid 
which was recrystallized twice from ethanol-water to give 1.45 g 
(59%) of 9, mp 102-103°, [a]26D +20.8° (e 1.18, EtOH).

Anal. Calcd for C23H29NO5: C, 69.18; H, 7.32; N, 3.51. Pound: C, 
69.03; H, 7.34; N, 3.57.

M e t h y l  4 - A c e t a m id o - 4 ,6 - d id e o x y - a -D - id o p y r a n o s id e  (10). A 
solution of 550 mg (1.4 mmol) of 9 in 50 ml of CH3OH was hydro
genated in the presence of 200 mg of 10% Pd/C for 17 hr at 25°. 
Filtration of the catalyst followed by evaporation of the solvent 
under vacuum gave a solid which was recrystallized from CHCI3-  
pentane to give 160 mg (70%) of 10; mp 131-133°; [a ]26D +155.8° 
(c 1.0, EtOH); NMR (CD3OD) r 8.9 (d, Jb6 = 8 Hz, 3, CCH3), 8.0 
(s, 3, COCH3), 6.7 (s, 3, OCH3), 5.4 (s, 1, C -l H).

Anal. Calcd for C9H17NO5: C, 49.31; H, 7.82; N, 6.39. Found; C, 
49.54; H, 7.86; N, 6.52.

Degradation of 100 mg (0.455 mmol) of 10 according to a pre
viously described procedure4d’15 gave 18 mg (20% for four steps) of 
L-threoninol hydrogen oxalate, mp 188-189° dec. A mixture melt
ing point with an authentic sample was unchanged.

M e t h y l  4 - A m in o - 4 ,6 - d id e o x y - a - D - id o p y r a n o s id e  (11). A so
lution of 250 mg (1.15 mmol) of 10 and 250 mg of Ba(0 H)2-H20 in 
10 ml of water was heated at 100° for 40 hr. The solution was 
cooled and acidified to pH 3 with H2S 0 4. The inorganic salts were 
filtered off and the filtrate was evaporated to dryness at 26° under 
vacuum. The residue was dissolved in CH3OH and passed over a
5-ml column of Dowex-1 (“ OH form). The solvent was removed in 
vacuo and the residue was triturated with ether to give 170 mg 
(8 4% ) of 11, mp 114-116°. It was recrvstallized from ethanol- 
ether-pentane for analysis, mp 118-119°, [a ]24D +82.2° (c 0.6, 
CH3OH), p / f a = 7.90.

Anal. Calcd for C7H1BN 0 4: C, 47.44; H, 8.53; N, 7.82. Found; C, 
47.43; H, 8.54; N, 8.06.

Compound 11 was also obtained as follows: a solution of 219 mg 
(0.6 mmol) of 8 in 50 ml of methanol was mixed with 4 drops of 
HC1 and 75 mg of 10% Pd/C and hydrogenated at 25° for 12 hr. 
The catalyst was filtered and the filtrate was passed over Dowex-1 
(“ OH form) to remove the acid. The solution was then passed 
through a 4-ml Dowex-50 (H+) column and washed with 50 ml of 
methanol and the basic material was eluted with 100 ml of 6% 
NH4OH in methanol. This solution was evaporated to dryness 
under vacuum and the residue was recrystallized from ethanol- 
ether-pentane to give 28 mg (30%) of 11, mp 118-119°. a mixture 
melting point with the analyzed sample was unchanged.

M e t h y l  4 - A c e t a m id o - 2 ,3 - d i -  0 - a c e t y I - 4 ,6 - d i d e o x y - a - D - i d o -  
pyranoside (1 2 ) . A solution of 102 mg (0.46 mmol) of 10 in 1.0 ml 
of pyridine was acetylated with 0.5 ml of acetic anhydride at room 
temperature for 15 hr. The solvents were removed in vacuo and the 
residue was dissolved in CHCI3 and passed over 10 g of Merck 
acid-washed alumina. Removal of the solvent gave a gum which so
lidified on trituration with petroleum ether. It was recrystallized 
from acetone-pentane to give 119 mg (85%) of 12: mp 97-98°; 
H 26d +65.2° (c 0.90, CH3OH); NMR r 8.9 (d, J 5,s = 8 Hz, 3, 
CCH3), 7.9 (3 s, 9, acetates), 6.65 (s, 3, OCH3), 5.45-6.0 (m, 2, C-4 
H and C-5 H), 5.4 (s , 1, C-l H), 5.2 (broad s, 2, C-2 H and C-3 H).

Anal. Calcd for Ci3H21N 07: C, 51.48; H, 6.98; N, 4.62. Found: C, 
51.70; H, 7.03; N, 4.29.

M e t h y l  4 ,6 -D id e o x y -4 -7 V ,A r -d im e th y la m m o -a -D -id o p y r a n -  
o s id e  (1 4 ) .  A solution of 732 mg (4.1 mmol) of 11 in 4 ml of formic 
acid and 2 ml of 36% formalin was heated on a steam bath for 14 
hr. The solution was evaporated to dryness, redissolved in ether, 
and extracted with 10 ml of 6 N  hydrochloric acid. The acid layer 
was made basic with KOH and the liberated amine was extracted 
with ether, dried (K2CO3), and concentrated under vacuum to give 
700 mg of impure 13 as a yellow oil, pKa = 6.96. This material was 
dissolved in 100 ml of methanol and hydrogenated in the presence 
of 8 drops of HC1 and 300 mg of 10% Pd/C for 29 hr. The catalyst 
was removed by filtration and the filtrate was evaporated to dry
ness. The residue was dissolved in ether and neutralized over 
Dowex-1 (“ OH). The solvent was removed under vacuum to give a 
gum which solidified on addition of petroleum ether. It was recrys

tallized from acetone-pentane to give 183 mg (50%) of 14, mp 86-  
87°, [«]29d +88.1° (c 1.2, CHCI3), pKa = 7.19.

Anal. Calcd for C9H19N 04: C, 52.58; H, 9.46; N, 7.06. Found: C,
52.47; H, 9.57; N, 7.23.
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Methyl 4-amino-4,6-dideoxy-a-D-altropyranoside (8) was synthesized starting from methyl 6-deoxy-2,3-di-0- 
benzyl-4-O-methylsulfonyl-a-D-altropyranoside (1) employing a double inversion sequence at C-4. Preparations 
of several derivatives of 8, including iV-acetate 9, triacetate 10, and the dimethylamino derivative, 12 are dis
cussed. Hydrolysis of 12 with 1 N hydrochloric acid provided the crystalline free sugar hydrochloride, 13. The 
structure of 9 was confirmed by mass spectral analysis and also by its degradation to D-allothreoninol. Methyl
4,6-dideoxy-4-dimethylamino-Q-D-altropyranoside (12) is shown to exist in the Cl conformation in solution by 
NMR.

In view of the potential physiological activity of 4-amino-
4,6-dideoxy hexoses,1’4 the synthesis of several members of 
this class of carbohydrates was necessary both for their 
identification from natural sources and a complete evalua
tion of their biological activity. Here we describe the ste
reospecific synthesis of the derivatives of 4-amino-4,6-dide- 
oxy-D-altrose. The amine function was introduced by util
izing a double inversion sequence5 at carbon 4 of a 6-deoxy- 
D-altrose derivative.

A displacement reaction of methyl 6-deoxy-2,3-di-0- 
benzyl 4-O-methylsulfonyl-a-D-altropyranoside1 (1) with 
sodium benzoate in dimethylformamide to give 2 and sub
sequent hydrolysis of 2 with sodium hydroxide solution 
provided methyl 6-deoxy-2,3-di-0-benzyl-a-D-idopyrano- 
side (3). Treatment of 3 with methanesulfonyl chloride in 
pyridine gave the inverted mesylate, 4. In order to establish 
that no carbon skeleton rearrangement had taken place 
during the benzoate displacement of 1, the methylsulfonyl 
group in 4 was displaced with sodium benzoate, the inter-
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CH3S0 ,0  1 v o c h 3

OR OR
1, R  =  CH2C6H5 2, R =  CH2C6H5; R : =  COC6H5

3, R = CH2C6H5; R, =  H
4, R = CH2C6H5; R, = S0 .CH;

5, R =  CH, C6H5 6, R =  CH2C6H5 ; Rt =  H
7, R =  CH .C..H,; R. =  Ac
8, R =  Rj =  H
9, R =  H; R, =  Ac

10, R =  R, =  Ac

11, R =  CH,C6H5 13
12, R =  H

mediate benzoyl derivative was hydrolyzed, and the result
ing alcohol was treated with methanesulfonyl chloride in 
pyridine. The isolation of the original mesylate, 1, in 60% 
yield for the three steps provided evidence that the benzo
ate displacement reactions took place with inversion of 
configuration and without any structural rearrangement.

Treatment of 4 with sodium azide in dimethylformamide 
gave the azido derivative 5, which was hydrogenated in the 
presence of 10% Pd/C under neutral conditions to give the
4-amino sugar, 6. Compound 6 was also characterized as its 
N -acetate, 7. Hydrogenolysis of 6 in the presence of 10% 
Pd/C and hydrochloric acid as catalysts provided methyl
4-amino-4,6-dideoxy-a:-D-altropyranoside (8). The N- ace
tate 9 was obtained both by the reductive débenzylation of 
7 and by the selective N-acetylation of 8. Aminoglycoside 8 
was further characterized as the triacetate 10 by acetyla
tion with excess of acetic anhydride in pyridine. Attempted 
hydrolysis of 8 to obtain the corresponding free sugar 
under a variety of acid conditions was unsuccessful.

Treatment of 6 with formaldehyde and formic acid 
(Clark-Eschweiler conditions) provided the dimethylamino 
derivative, 11, which was characterized both as its crystal
line hydrochloride and the quaternary salt with methyl io
dide. Débenzylation of 11 by hydrogenation in the presence 
of 10% Pd/C and HC1 as catalysts gave methyl 4,6-dideoxy-
4-(/V,iV-dimethylamino)-a-D-altropyranoside (12). Hydrol
ysis of 12 with 1 N  hydrochloric acid at 100° for 8 hr gave 
the free sugar 13, which was characterized as its crystalline 
hydrochloride. The synthesis of the dimethylamino sugar, 
13, is significant, as an analogous compound, 4,6-dideoxy-
4-(N,N- dimethylamino)-D-glucose, has been isolated from 
the antitumor antibiotic, amicetin.6’7

Although the displacement of a methylsulfonyl group 
with azide anion at position 4 of hexopyranosides has been 
known to proceed with inversion of configuration and with
out carbon skeleton rearrangement,5’6 formation of a 5- 
azido furanose in the displacement of a pyranose-4-mesyl- 
ate has also been reported.9 It was, therefore, necessary to 
confirm the structure of the amino sugar derivatives dis
cussed above by additional means. Degradation of 9 by a 
previously reported procedure10 gave D-allothreoninol, con
firming the D-erythro stereochemistry at C-4 and C-5, as 
required for a D-altrose derivative. Also, a comparison of 
the mass spectrum of 9 with seven other methyl 4-acet- 
amido-4,6-dideoxy-D-hexopyranosides (see Table I) 
showed that the fragmentation pattern was nearly identical 
for all the eight isomeric 4-amino sugar derivatives.11 On 
the other hand, similar 5-acetamido furanose derivatives 
produced a significantly different fragmentation pattern12 
in their mass spectra, thus showing that 9 is indeed a 4- 
amino-4,6-dideoxyhexopyranosyl derivative.
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Table I
Mass Spectra o f Methyl 4-Acetamido-4,6-dideoxy-a-D-hexopyranosides

Rei abundance

mie G lucoa Galacto^ Mannoc Talo4 AUoe Gulc/ Altro Ido^

41 10 13 1 2 15 9 8 1 2 6
42 10 16 1 2 17 6 10 1 0 6
43 73 80 10 0 100 55 94 80 65
44 16 11 44 12 22 10 17 5
45 10 11 13 19 8 15 21 8
56 19 21 23 28 17 23 23 23
57 64 47 71 50 100 67 78 60
58 29 24 25 27 42 28 33 25
59 93 70 99 80 78 88 88 47
60 100 80 95 80 82 100 100 100
61 7 6 6 11 6 8 8 6
70 5 6 4 10 4 4 4 4
71 9 9 6 10 6 9 9 8
72 9 7 7 9 16 9 18 6
73 9 7 8 15 6 14 9 4
74 75 78 72 60 34 49 60 51
75 5 6 5 12 3 8 4 3
82 9 11 7 10 12 8 7 9
84 6 18 7 10 8 4 6 12
85 4 6 2 5 3 6 4 5
86 14 22 11 21 7 11 12 9
87 27 14 20 20 11 19 17 15
98 7 9 7 9 8 8 7 8
99 61 37 66 45 96 98 76 56

100 22 19 19 18 33 32 40 40
101 60 43 46 45 38 43 66 20
102 83 76 60 58 40 52 75 21
114 14 7 7 7 16 13 20 15
115 26 13 13 16 33 28 29 28
128 10 15 11 11 2 7 12 11
142 22 5 11 5 25 11 29 1
146 17 100 16 70 2 9 6 1
159 6 1 1 4 15 2 14 4
170 1 6 6 4 1 3 7 8
188 18 7 4 13 1 2 9 1

“ Reference 5b. 6 Reference 8. c' Reference 10a. d C. L. Stevens, R. P. Glinski, and K. G. Taylor, J. Org. Chem., 33, 1586 (1968). * /3-methyl 
glycoside, ref 4. < J. P. Dickerson, Ph.D. Dissertation, Wayne State University, 1966. * Reference 1.

A NM R analysis of the dimethylamino sugar, 12, in 
CDCI3 showed that the anomeric proton appeared as a dou
blet (J i 2 = 3 Hz) at r 5.4, indicating a diequatorial cou
pling. This means that 12 exists in solution as the Cl(D) 
conformer, 14 (CA in the Isbell-Tipson system o f confor
mational nomenclature13 and 4C 1 according to the new 
British-U.S. rules14) and not as the 1C(D) conformer, 15 
C C 4 ),14 which would require diaxial coupling between C -l 
H and C-2 H. This finding is in total agreement with previ-

ous reports that both a-D-altropyranose pentaacetate15 and 
a-D-idopyranose pentaacetate16 exist in the C l (D) confor
mation in solution. Further, methyl 4-acetamido-2,3-di-0- 
acetyI-4,6-dideoxy-a-D-idopyranoside has also been found 
to exist in solution as the C l (D) conformer. 1

Experim ental Section
Melting points were taken on a Thomas-Hoover capillary melt

ing point apparatus and are uncorrected. Thin layer chromatogra
phy was carried out using silica gel H from Brinkmann Instru
ments on 5 X 20 glass plates. A solvent system consisting of diethyl 
ketone, diisopropyl ketone, and ligroin (6:3:1) was used unless oth
erwise mentioned. The NMR spectra were taken on a Varian A-60 
spectrometer using tetramethylsilane as an internal standard. In
frared spectra were recorded on a Perkin-Elmer Infracord instru
ment. Specific rotations were measured using a Perkin-Elmer 141 
polarimeter. The pK a’s were determined in 50% aqueous methanol. 
Elemental analyses were performed by Midwest Microlab, Inc., In
dianapolis, Ind.

Methyl 4- 0-Benzoyl-6-deoxy-2,3-di- O-benzyl-a-D-idopyra- 
noside (2). A mixture of 34.0 g (0.08 mol) of methyl 6-deoxy-2,3- 
di-O-benzyl-4-O-methylsulfonyl-a-D-altropyranoside1 (1) and 34.0 
g of sodium benzoate in 500 ml of DMF was heated under reflux 
with vigorous stirring for 50 hr. A TLC analysis indicated that the 
reaction was complete. The mixture was poured into 2.5 1. of water 
and extracted with ether (3 X 200 ml), and the ether layer was 
dried (Na2SO<0 and evaporated under vacuum to give 32.8 g 
(91.3%) of 2 as a pale yellow oil. A small portion was evaporatively 
distilled (110°, 10-3 mmHg) for analysis, [<*]24D +78.3° (c 1.6, 
MeOH).

Anal. Calcd for C28H3o06: C, 72.70; H, 6.53. Found: C, 72.88; H, 
6.83.

Methyl 6-Deoxy-2,3-di- O-benzyl-a-D-idopyranoside (3). A



4-Amino-4,6-dideoxy-D-altrose Derivatives J. Org. Chem., Vol. 40, No. 17, 1975 2473

solution of 7.9 g (17 mmol) of 2 in 200 ml of ethanol and 100 ml of 
water containing 16 g (0.4 mol) of NaOH was heated under reflux 
on a steam bath for 8 hr. A TLC analysis showed that the hydroly
sis was complete. Most of the solvents were removed under vacu
um and the residue was diluted with 80 ml of water. The mixture 
was extracted with ether, dried (K2CO3), and evaporated to dry
ness to yield 4.6 g (75.2%) of 3 as an oil. Evaporative distillation 
(100°, 10~3 mmHg) of a small sample gave a colorless liquid for 
analysis, [a]24D +33.6° (c 1.43, MeOH).

Anal. Calcd for C2iH260 5: C, 69.37; H, 7.31. Found: C, 69.45: H, 
7.22.

Methyl 6-Deoxy-2,3-di- O-benzyl-4- O-methylsulfonyl-a-D- 
idopyranoside (4). Methanesulfonyl chloride (5.8 g, 15 mmol) was 
added dropwise to a solution of 4.6 g (12.8 mmol) of 3 in 200 ml of 
pyridine cooled in a Dry Ice bath. After the addition was complete, 
the mixture was allowed to warm up to 0° and then left at that 
temperature for 3 days. The mixture was poured into 1 1. of ice- 
water. An oily layer was formed which crystallized on standing,
4.58 g (82%), mp 82-85°. It was recrystallized from 2-propanol to 
give 4.1 g (74%) of 4: mp 85-86°; NMR (CDCI3) r 8.75 (d, Jb 6 = 7 
Hz, 3, CCH3), 7.20 (s, 3, S 02CH3), 6.55 (s, 3, OCH3), 2.65 (d, 10, ar
omatic); [<*]26D +34.5° (CHC13). A mixture melting point with 1 
was depressed to 67-68°.

Anal. Calcd for C22H280 7S: C, 60.53; H, 6.62; S, 7.35. Found: C, 
60.73; H, 6.66; S, 7.15.

Treatment of 1.3 g (3 mmol) of 4 with sodium benzoate in DMF 
and subsequent hydrolysis of the benzoyl derivative with NaOH 
and mesylation of the alcohol provided 780 mg (60%) of 1, mp 85- 
86°, [o]25d +53.9° (c 1.0, CHCI3).1

Methyl 4-Azido-2,3-di- O-benzyl-4,6-dideoxy-a-D-altropy- 
ranoside (5). A solution of 4.0 g (9.2 mmol) of 4 and 3.0 g (47 
mmol) of NaN3 in 75 ml of DMF was heated under reflux for 2 hr. 
After cooling, the reaction mixture was poured into 375 ml of 
water, extracted with petroleum ether, dried (Na2S04>, and con
centrated in vacuo to yield 3.2 g (91.5%) of a slightly yellow oil. 
Column chromatography over Woelm grade I neutral alumina 
using ether-petroleum ether (1:4) as eluent gave 2.5 g (71.4%) of 5, 
homogeneous by TLC, [a]26D +39.8° (c 1.0, CHCI3), n27D 1.5358.

Anal. Calcd for C2iH25N30 4: C, 65.77; H, 6.57; N, 10.96. Found: 
C, 65.90; H, 6.69; N, 10.69.

Methyl 4-Amino-2,3-di- O-benzyl-4,6-dideoxy-a-D-altropy- 
ranoside (6). A solution of 2.45 g (6.4 mmol) o f 5 in 50 ml of meth
anol was hydrogenated in the presence of 100 mg of 10% Pd/C for 
18 hr at slightly above atmospheric pressure. Filtration of the cata
lyst followed by removal of the solvent under vacuum gave 1.6 g 
(70%) of 6 as a gum, one spot on TLC. A small portion was evapo- 
ratively distilled (100-105°, 10“ 3 mmHg) for analysis: NMR 
(CDCI3) r 8.75 (d, Js.s = 7 Hz, 3, CCH3), 6.65 (s, 3, OCH3), 2.7 (s, 
10, aromatic); [a]26D +64.5° (c 1.4, CH3OH); pK a = 7.65.

Anal. Calcd for C2iH27N 0 4: C, 70.56; H, 7.61; N, 3.92. Found: C, 
70.30; H, 7.84; N, 3.94.

Methyl 4-Acetamido-2,3-di-O-benzyl-4,6-dideoxy-a-D-al-
tropyranoside (7). A solution of 500 mg (1.4 mmol) of 6 in 5 ml of 
pyridine was treated with 5 ml of acetic anhydride overnight. The 
solvents were removed in vacuo, and the residue was partitioned 
between water and CHCI3. The chloroform solution was dried 
(Na2S 04) and evaporated to dryness. The residue which crystal
lized on standing was recrystallized from ethanol-ether to give 338 
mg (60%) of 7, mp 99-100°.

Anal. Calcd for C23H29N 05: C, 69.15; H, 7.32; N, 3.50. Found C, 
69.03; H, 7.45; N, 3.52.

Methyl 4-Amino-4,6-dideoxy-a-D-altropyranoside (8). A so
lution of 500 mg (1.4 mmol) of 6 in 50 ml of methanol was hydroge
nated in the presence of 100 mg of 10% Pd/C and 5 drops of con
centrated HC1 at slightly above atmospheric pressure for 10 hr. 
The catalyst was filtered and the filtrate was passed over a column 
of 4 ml of Dowex-I (“ OH). The solution was then passed over a col
umn of 4 ml of Dowex-50 (H+). The free amine was liberated with 
200 ml of ethanol containing 3% ammonium hydroxide. The sol
vents were removed under vacuum and the residue was triturated 
with ether. The white solid obtained was recrystallized from 1-pro- 
panol-ether to give 161 mg (61%) of 8, mp 116-117°, [a]24D 
+ 128.5° (c 0.85, MeOH).

Anal. Calcd for C7H15N0 4; C, 47.42; H, 8.54; N, 7.91. Found: C, 
47.17; H, 8.46; N, 8.13.

Methyl 4-Acetamido-4,6-dideoxy-a-D-altropyranoside (9). 
A. By Hydrogenation of Compound 7. A solution of 330 mg (0.8 
mmol) of 7 in 50 ml of methanol containing 3 drops of concentrat
ed HC1 was hydrogenated at slightly above atmospheric pressure

with 75 mg of 10% Pd/C as catalyst for 8 hr. The catalyst was re
moved by filtration, the acid was neutralized by passing over 
Dowex-I (OH“ ), and the solution was evaporated to dryness. The 
residue which solidified on trituration was recrystallized from 2- 
propanol-ether to give 102 mg (67%) of 9, mp 151-153°, [a]22D 
+ 198.3° (c 1.0, MeOH).

Anal. Calcd for C9H17NO5: C, 49.31; H, 7.82; N, 6.39. Found: C, 
49.50; H, 7.67; N, 6.13.

B. By Selective Acetylation of 8. A solution of 160 mg (0.74 
mmol) of 8 in 50 ml of MeOH was cooled to 0° and 16 drops of ace
tic anhydride was added 2 drops at a time at 10-min intervals. 
Evaporation of the solvent in vacuo followed by trituration of the 
residue with ether gave a crystalline material which was recrystal
lized from 2-propanol-ether to give 128 mg (7) of 9, mp 151-153°. 
A mixture melting point of this sample with the previously ana
lyzed sample was undepressed.

Degradation of 100 mg (0.45 mmol) of 8 according to a previous
ly reported procedure10 gave 23 mg (26% for four steps) of D-al- 
lothreoninol hydrogen oxalate, mp 172-173° dec. A mixture melt
ing point with an authentic sample was unchanged.

Methyl 4-Acetamido-2,3-di- 0-acetyI-4,6-dideoxy-a-D-al- 
tropyranoside (10). A solution of 120 mg (0.33 mmol) of 6 in 5 ml 
of pyridine was treated with 5 ml of acetic anhydride at room tem
perature for 24 hr. The solvents were removed in vacuo and the 
residue was diluted with 10 ml of ice-water. The mixture was ex
tracted with CHCI3, dried (Na2S04), and evaporated to dryness. 
The residue was recrystallized from 2-propanol-pentane to give 
152 mg (87%) of 30, mp 168-169°, [a]24D +129.2° (c 1.0, CHC13).

Anal. Calcd for Ci3H2iN 07: C, 51.48; H, 6.98; N, 4.62. Found: C, 
51.49; H, 7.12; N, 4.64.

Methyl 2,3-Di- O-benzyl-4,6-dideoxy-4-dimethylamino-a-
D-altropyranoside (11). A solution of 4.0 g (13.2 mmol) of 6 in 15 
ml of 88% formic acid and 2.5 ml of 37% formalin was heated on a 
steam bath for 10 hr. The solvents were removed under vacuum, 
and the residue dissolved in 50 ml of methanol was passed over a 
column of Dowex-I (“ OH). The solution was then passed over a 
column of Dowex-50X2(H+) and the free amine was liberated by 
elution with 100 ml of methanol containing 5 ml of ammonium hy
droxide. The solution was concentrated and the oily residue was 
evaporatively distilled (110-115°, 10“ 3 mmHg) to give 3.6 g (67%) 
of 11 as a colorless oil, [a]26D +76.1° (c 1.3, CH3OH), pK a = 7.25.

Anal. Calcd for C23H3iN 04: C, 71.66; H, 8.11; N, 3.63. Found: C, 
71.42; H, 7.97; N, 3.69.

Treatment of 200 mg of 10 with HC1 in 2-propanol and recrys
tallization from 2-propanol-ether gave 201 mg (88%) of the hydro
chloride salt of 11, mp 154-155°, [a]26D 0.6° (c 1.0, CH3OH).

Anal. Calcd for C23H32C1N04: C, 65.44; H, 7.65; Cl, 8.41; N, 3.32. 
Found: C, 65.37; H, 7.65; Cl, 8.35; N, 3.17.

A small portion of 10 was also converted to the quaternary salt 
by treatment with methyl iodide in methanol. The salt was recrys
tallized from absolute ethanol, mp 159-161°, [a]26D +63.1° (c 1.0, 
CH3OH).

Anal. Calcd for C24H34IN 04: C, 54.65; H, 6.49; I, 24.07; N, 2.66. 
Found: C, 54.39; H, 6.69; I, 24.14; N, 2.86.

Methyl 4,6-Dideoxy-4-dimethylamino-a-D-altropyranoside
(12) . A solution of 550 mg (1.4 mmol) of 11 in 150 ml of methanol 
containing 10 drops of concentrated HC1 was hydrogenated at 
slightly above atmospheric pressure in the presence of 150 mg of 
10% Pd/C. The hydrogenation was complete in 20 hr. The catalyst 
was filtered and the filtrate was passed over Dowex-I (“ OH). The 
solution was evaporated to dryness and the residue which solidi
fied on trituration with petroleum ether was recrystallized from 
ether-petroleum ether to give 188 mg (83%) of 12: mp 110-112°; 
NMR (CDC13) 7.65 (d, J 66 = 7 Hz, 3, CCH3), 7.50 [s, 6, N(CH3)2],
6.55 (s, 3, OCH3), 5.4 (d, J i 2 = 3 Hz, 1, C-l H); pX a = 7.52.

Anal. Calcd for C9H19ND4: C, 52.67; H, 9.33; N, 6.82. Found: C, 
52.74; H, 9.43; N, 6.67.

A small portion of 12 was converted to its hydrochloride salt and 
recrystallized from ethanol-ether, mp 156-158°, [«]26D +132.9° (c
1.0, CH3OH).

Anal. Calcd for CgHaoCINO,,: C, 44.70; H, 8.34; Cl, 14.67; N, 5.79. 
Found: C, 44.47; H, 8.29; Cl, 14.88; N, 5.77.

4,6-Dideoxy-4-dimethylamino-D-altrose Hydrochloride
(13) . A solution of 50 mg of the hydrochloride of 12 in 7.5 ml of 1 N 
HC1 was heated on an oil bath at 95-98° for 8 hr. The solution was 
evaporated to dryness and then repeatedly azeotroped with abso
lute ethanol. The residue was triturated with ether to give 28 mg 
(61%) of 13, mp 174-177°. Recrystallization from 2-propanol-ether 
gave 24 mg of 13, mp 176-177°, [«]2SD +86.8° (initial —43.9°)
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(final, 2.5 hr) (c 1.0, H2O). The material also traveled as a single 
spot on paper chromatography using 2-propanol-water-ammonia 
(7:2:1) and 1-butanol-water-ammonia (7:2:1) systems.

Anal. Calcd for CgHigClN04: C, 42.19; H, 7.97; N, 6.15. Found: 
C, 42.18; H, 8.03; N, 6.40.
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The syntheses of a 4,6-unsaturated sugar derivative, methyl 2,3-di-O-benzyl-4,6-dideoxy-a-D-f/ireo-hex-4-eno- 
pyranoside (5), by a Cope elimination of methyl 2,3-di-O-benzyl-4,6-dideoxy-4-(N,N-dimethylamino)-A7-oxo-a:- 
D-altropyranoside (2) and by a Hofmann elimination of methyl 2,3-di-O-benzyl-4,6-dideoxy-4-(A/,7V-dimethylam- 
ino)-a-D-idopyranoside methiodide (4) are described. Hydroboration of 5 and subsequent oxidation with hydro
gen peroxide yielded methyl 6-deoxy-2,3-di-0-benzyl-n-D-altropyranoside (7), whereas hydroboration of 5 fol
lowed by hydrolysis with acetic acid provided methyl 2,3-di-O-benzyl-4,6-dideoxy-a-D-arabino-hexopyranoside
(8).

Unsaturated sugars, although neglected for a long time, 
are gaining importance recently because of their potential 
value in synthetic carbohydrate chemistry.3 In addition, it 
has been suggested that some unsaturated sugars play sig
nificant biological roles in metabolic pathways.4'5 Unsatu
rated sugars also occur naturally, for example, ascorbic acid 
and the nucleoside antibiotic, blasticidin S.6 We now de
scribe the synthesis o f a 4,5-unsaturated hexose derivative 
and its hydroboration reactions under oxidative and 
nonoxidative conditions.

Treatment o f methyl 2,3-di-0-benzyl-4,6-dideoxy-4- 
(iV,iV-dimethylamino)-a-D-altropyranoside7 (1) with fresh
ly purified m-chloroperbenzoic acid8 afforded the N - oxide 
2, which was characterized as its crystalline hydrochloride. 
Pyrolysis of 2 at 98-100° under reduced pressure (Cope 
elimination) gave the unsaturated sugar, 2,3-di-O- benzyl- 
4, 6-dideoxy-a-D-i/ireo-hex-4-enopyranoside (5), in 72% 
yield. Compound 5 was also prepared by a Hofmann elimi
nation reaction as follows. Conversion of methyl 2,3-di-O-

benzyl-4,6-dideoxy-4-(Al,Al-dimethylam ino)-a-D-idopyra- 
noside9 (3) to the quaternary ammonium iodide (4) fo l
lowed by treatment o f 4 with silver oxide in methanol pro
vided 5 in 52% yield. The structure o f 5 was established by 
its analysis and spectral data.

Attempted synthesis o f 5 by base-catalyzed elimination 
o f methyl 2,3-di-0-benzyl-6-deoxy-4-0-methylsulfonyl-o:- 
D-idopyranoside7’9 (9) and from methyl 2,3-di-0-benzyl-6- 
deoxy-6-iodo-4-0-m ethylsulfonyl-a-D -altropyranoside7
(10) according to the procedure o f Helferich and Himmen10 
were unsuccessful.

Hydroboration of 5 with a mixture o f sodium borohy- 
dride and boron trifluoride etherate and subsequent treat
ment with hydrogen peroxide provided methyl 6-deoxy-
2,3-di-O-benzyl-a-D-altropyranoside (6) in 72% yield. The 
structure o f 6 was confirmed by its conversion to the crys
talline methylsulfonate 7 and its identification with an au
thentic sample.7 The formation o f 6 as the major product in 
this reaction suggests that the addition o f diborane takes
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place almost exclusively from the bottom side of the mole
cule (a-attack) as shown below. No other product was de
tected in the reaction mixture.

Hydroboration o f 5 followed by hydrolysis with acetic 
acid gave methyl 2,3-di-O-benzyl-4,6-dideoxy-a-D-ara- 
bino-hexopyranoside (8). The structure o f 8 was estab
lished as follows. Treatment o f 7 with sodium iodide to 
form a mixture o f epimeric 4-iodo derivatives11 and subse
quent reduction o f this mixture with lithium aluminum hy
dride provided 8 which was shown to be identical with the 
hydroboration product o f 5 by ir, GC, and optical rotation.

Attempted hydrogenation of 5 under a variety of condi
tions was unsuccessful. Thus, 5 appeared to decompose (by 
TLC) during hydrogenation using methanol, ethanol, diox-

ane, and acetic acid as solvents and platinum and Pd/C as 
catalysts.

Experimental Section
Melting points were taken on a Thomas-Hoover capillary melt

ing point apparatus and are uncorrected. Thin layer chromatogra
phy was carried out using silica gel H from Brinkmann Instru
ments on 5 X 20 glass plates. A solvent system consisting of diethyl 
ketone, diisopropyl ketone, and ligroin (6:3:1) was used unless oth
erwise mentioned. The NMR spectra were taken on a Varian A-60 
spectrometer using tetramethylsilane as an internal standard. In
frared spectra were recorded on a Perkin-Elmer Infracord instru
ment. Specific rotations were measured using a Perkin-Elmer 141 
polarimeter. Gas chromatographic analyses were performed on a F 
& M Model 810 instrument fitted with a dual ionization detector. 
Elemental analyses were performed by Midwest Microlab, Inc., In
dianapolis, Ind.

Methyl 2,3-Di-0-benzyl-4,6-dideoxy-4-(7V,Ar-dimethylam- 
in o ) - jV - o x o - a - D - a l t r o p y r a n o s i d e  (2). A solution of 128 mg (0.33 
mmol) of the dimethylamino sugar7 1 in 50 ml of ether and 64 mg 
(0.36 mmol) of 99.9% pure m-chloroperbenzoic acid8 was stirred at 
room temperature for 24 hr. An additional 10 mg of the peracid 
was added and stirring was continued for 1 more hr. The acid was 
neutralized by stirring with 60 mg of NaHCO.j for 1 hr. The inor
ganics were filtered and the filtrate was washed with water. The 
ether extract was dried (MgSCb) and evaporated to dryness to give
104.3 mg (76.8%) of 2 as a colorless gum. A solution of this material 
was treated with HC1 in 2-propanol and the hydrochloride was re- 
crystallized from 2-propanol-ether, 92 mg (81%), mp 171-172°, 
[c*]25d +81.8° (c 0.9, MeOH).

Anal. Calcd for C22H32CINO5: C, 63.07; H, 7.36; Cl, 8.09; N, 3.20. 
Found: C, 63.04; H, 7.49; Cl, 8.10; N, 3.22.

Methyl 2,3-Di-0-benzyl-4,6-dideoxy-4-(lV,IV-dimethylam- 
ino)-a-D-idopyranoside Methiodide (4). A solution of 148 mg 
(0.38 mmol) of methyl 2,3-di-0-benzyl-4,6-dideoxy-4-(7V,Af-di- 
methylamino)-a-D-idopyranoside9 (3) in 10 ml of CH3OH and 5 ml 
of CH3I was heated under reflux on a steam bath for 2.5 hr. Evapo
ration of the solvents in vacuo followed by trituration with ether 
yielded 147 mg (73%) of 4, mp 159-162°. Recrystallization from 
methanol-ether gave pure 4, mp 162-163°, [a]25D +12.6° (c 0.8, 
CH3OH).

Anal. Calcd for C24H34INO4: C, 54.65; H, 6.49; I, 24.07; N, 2.66. 
Found: C, 54.45; H, 6.47; I, 24.16; N, 2.73.

Methyl 2,3-Di- 0-benzyl-4,6-dideoxy-a-D- threo-hex-4-eno- 
pyranoside (5). A. By Cope Elimination of 2. A solution of 100 
mg (0.24 mmol) of the hydrochloride salt of 2 was passed over a 
column of Dowex-1 (HCO3-  form) and eluted with methanol. 
Evaporation of the solution in vacuo yielded 83.4 mg (91%) of 2 as 
a gum. This material was taken up in a sublimation apparatus, de
gassed with N2, and pyrolyzed at 100° (0.1 mmHg). The product 
was recrystallized from methanol-water to give 50 mg (71%) of 5: 
mp 62-62.5°; ir (CHC13) 1675 cm“ 1 (double bond); NMR (CDC13) 
r 2.61 (s, 10, aromatic), 5.15-5.43 (complex m, 6, CH2, H-2, H-3),
5.95 (broad s, 1, H-4), 6.27 (d, J i 2 = 3 Hz, 1, H -l), 6.49 (s, 3, 
OCH3), 8.21 (s, 3, C-CH3); [o]23d  -20.1° (c 1.0, CH3OH).

Anal. Calcd for C21H24O4: C, 74.09; H, 7.11. Found: C, 74.04; H,
7.25.

B. By Hofmann Elimination of 4. A mixture of 96 mg (0.18 
mmol) of 3 in 25 ml of CH3OH and 10 ml of water and silver oxide 
(freshly prepared from 52.3 mg of AgNOa) was heated on an oil 
bath at 60-65° for 20 min. The solvents were removed under vacu
um and the residue was diluted with 10 ml of water and extracted 
with ether. The ether extract was dried (MgS04) and evaporated 
to dryness to give 32.2 mg (52.5%) of 5, mp 59-61°. It was recrys
tallized from methanol-water, mp 62-62.5°, [a]24D —20° (c 1.0, 
CH3OH). A mixture melting point with the analyzed sample from 
A above was unchanged.

Methyl 6-Deoxy-2,3-di-0-benzyl-a-D-altropyranoside (6). A
solution of 340 mg (1 mmol) of 5 and 17 mg (0.5 mmol) of NaBH4 
in 1 ml of diglyme (distilled over LiAlH4 under reduced pressure) 
was stirred at 20° in a cold water bath. A solution of 140 mg (1 
mmol) of boron trifluoride etherate in 0.5 ml of diglyme was added 
dropwise to the stirred mixture in about 20 min. After stirring for 
an additional 1 hr, the reaction mixture was cooled in an ice bath 
and 1 ml of water was added followed by 0.5 ml of 2 N  NaOH solu
tion and 0.5 ml of 30% H2O2. Care was taken to maintain the solu
tion slightly basic, around pH 8. After stirring for 1 hr, the solution 
was poured onto water and extracted thoroughly with ether. The 
combined ether extracts w ye washed with NaHCO.3 solution,
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dried (M gS04), and concentrated under vacuum to give 274 mg 
(77%) of 6 as an oil. Column chromatography over Woelm grade I 
neutral alumina gave 241 mg (67.3%) of 6, homogeneous in several 
TLC systems, [a ]26D +44.7° (c 1.1, CH3OH).

Anal. Calcd for C2iH2605: C, 70.48; H. 7.31. Found: C, 70.71; H,
7.19.

Methyl 6-Deoxy-2,3-di- O-benzyl-4- O-methylsulfonyl-a-D- 
altropyranoside (7). A solution of 72 mg (0.2 mmol) of 6 in pyri
dine was treated with 460 mg of methanesulfonyl chloride at 0° for 
2 days. The mixture was poured onto ice-water, and the solid was 
filtered and recrystallized from 2-propanol to give 72 mg (82%) of 
7, mp 85-86°, [a ]24D +54.0° (c 0.9, CHCI3) [lit.9 mp 85-86°, [a ]25D 
+53.9° (c 1.0,CHC13)].

Methyl 2,3-Di-O-benzyl-4,6-dideoxy-a-D-ara Wno-hexopy- 
ranoside (8). A. By Hydroboration of 5. Compound 5 (170 mg,
0.5 mmol) was subjected to hydroboration as described under the 
preparation of 6 using NaBH4 and boron trifluoride etherate in di- 
glyme. The reaction mixture was decomposed with 45 mg (0.75 
mmol) of glacial acetic acid and the solution was boiled for 2 hr. 
The solvents were evaporated in vacuo and the product was ex
tracted with ether, washed with NaHCOa, dried (MgS04), and 
concentrated under vacuum to give 131 mg (76.6%) of an oil. This 
material was purified by column chromatography on Florisil to 
yield 112 mg of 8 as an oil, n24D 1.5325, [a]23D +74.3° (c 0.9, 
CHCI3), homogeneous on TLC.

Anal. Calcd for C2iH260 4: C, 73.66; H, 7.65. Found: C, 73.78; H,
7.79.

B. From Compound 7. A solution of 150 mg (0.34 mmol) of 7 in 
30 ml of acetonylacetone and 240 mg (1.6 mmol) of sodium iodide 
was heated at 125° for 3.5 hr with mechanical stirring. The mix
ture was cooled, diluted with 5 ml of water, and extracted thor
oughly with petroleum ether (bp 50-70°). The petroleum ether ex
tract was washed with sodium thiosulfate solution followed by 
water, dried (MgS04), and evaporated to dryness to give 123 mg of 
a pale yellow oil showing two major spots on TLC, probably corre
sponding to methyl 2,3-di-O-benzyl-4,6-dideoxy-4-iodo-a-D-altro- 
pyranoside and methyl 2,3-di-O-benzyl-4,6-dideoxy-4-iodo-a-D- 
idopyranoside. This material was further purified by column chro
matography over Woelm grade I alumina to yield 87 mg of a mix
ture of the two iodo derivatives. A solution of 85 mg (0.18 mmol) of 
this mixture in 20 ml of anhydrous ether was treated with 130 mg

of lithium aluminum hydride. The excess hydride was destroyed 
by the careful addition of water. The inorganic salts were removed 
by filtration, the filtrate was washed with water, dried (M gS04), 
and concentrated under vacuum, and the residue (48 mg, 76%) was 
evaporatively distilled to yield 31 mg of 8, n24D 1.5316, [or]24D 
+76.4° (c 1.4, CH3OH). This material was identical with the sam
ple prepared by the hydroboration of 5 as shown by its ir spec
trum, TLC, and GC using a 5-ft 6% ethylene glycol succinate col
umn.
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Ribosylation of the bis(trimethylsilyl) derivative of thiazolo[5,4-d|pyrimidine-5,7-dione has afforded a mixture 
of a- and /3-4-(2,3,5-tri-0-benzoyl-D-ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7-dione. Thiation of the /S anomer 
was followed by methylation to afford 7-methylthio-4-(2,3,5-tri-0-benzoyl-/3-D-ribofuranosyl)thiazolo[5,4-d]pyri- 
midin-5-one, which on treatment with methanolic ammonia was converted to 7-amino-4-(/3-D-ribofuranosyl)thia- 
zolo[5,4-d]pyrimidin-5-one, a cytidine analog. An alternate ribosylation using a Friedel-Crafts catalyst afforded 
the 6-ribosyl derivative. Thiation of thiazolo[5,4-d]pyrimidine-5,7-dione afforded thiazolo[5,4-d]pyrimidin-5-one-
7-thione, which was condensed with l-0-acetyl-2,3,5-tri-0-benzoyl-D-ribofuranose to afford the 4,6-diribosyl de
rivative.

In recent years there has been an increasing interest in 
the synthesis of bicyclic nucleosides with a ribofuranosyl 
moiety residing in the pyrimidine ring. This interest has 
been generated to a large extent by the isolation and iden
tification o f 3-ribosyluric acid from beef blood.2 This inter
est has been directed to a large extent toward 3-ribosyl 
purines3' 5 but other ring systems have also been investi
gated.6,7 These systems have generally afforded, in addi
tion to the desired isomer, substantial amounts o f other 
products. This has been found to be especially true in the

case o f the purines.5 In an effort to improve the selectivity 
o f the ribosylation reaction we have investigated and re
ported on the use of a bulky 8 substituent in the purine se
ries to direct the site o f ribosylation to the 3 position.8-10 
This prompted us to investigate an alternate approach to 
the synthesis o f this type o f pyrimidine analog. We have 
now investigated the use o f the thiazolo[5,4-d] pyrimidine 
ring system in which ribosylation o f the thiazole ring would 
result in the loss of aromaticity in that ring and should, 
therefore, be inhibited.11 Using this approach, the uridine
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Table I
Ultraviolet Spectral Data for Certain Thiazolo[5,4-d]pyrimidine Nucleosides and Model Methyl Derivatives

No. Compd

\

*m a x >  n m

pH 1

£ X 1 0 " 3'm a x ''■max» n rn

pH 11

« m a x  x 10‘ 3

4 4 - ( /3 - d -Ribofuranosyljthiazolo [5,4 -d] - 
pyrimidine-5, 7-dione

257 9.04 264 10.05

5 4 - { a  - d -Ribofuranosyl)thiazolo [5,4 -d] - 
pyrimidine-5,7 -dione

256.5 8.28 265 10.23

9 4 -Methylthiazolo[5,4 -d]pyrimidine - 
5,7-dione

261 9.80 266 10.40

11 6 -Methylthiazolo[5,4 -d]pyrimidine - 
5 ,7 -dione

257 9.15 282 10.94

18 6 -(/3 -D  -Ribofuranosyl )thiazolo [5,4 -d] - 
pyrimidine -5,7 -dione

257 9.60 282.5 8.0

and cytidine analogs of thiazolo[5,4-d]pyrimidine have now 
been prepared. In addition, we found that the use of stan
nic chloride furnished the 6-ribosyl derivative.

The silylation of thiazolo[5,4-d]pyrimidine-5,7-dione12
(1) was accomplished with hexamethyldisilizane (HMDS) 
and a catalytic amount of ammonium sulfate. The silyl de
rivative of 1 was condensed with 2,3,5-tri-O-benzoyl-D-ri- 
bofuranosyl bromide in dimethylformamide at room tem
perature for 3 days to yield a mixture of two nucleosides 
which we assigned the structures 2 and 3 (vide infra) 
(Scheme I). The nucleoside mixture was separated by col-

I

Scheme I

+
BzO OBz

umn chromatography to furnish 2 (46%) and 3 (19%) (based 
on unrecovered 1), which were found to have essentially 
identical ultraviolet spectra. We also obtained very similar 
Rf values for 2 and 3 [0.61 and 0.51, respectively, in chloro
form-acetone (4:1)], which suggested that we had in hand a 
pair of anomers rather than a pair of isomers. This conclu
sion was also supported by the NMR spectra for 2 and 
3, which were found to be essentially identical except for

the different chemical shift values observed for the peaks 
assigned to the anomeric protons.13 A removal of the pro
tecting groups from 2 (methanolic ammonia) and 3 (metha- 
nolic sodium methoxide) afforded the nucleosides 4 and 5, 
respectively, which once again exhibited essentially identi
cal ultraviolet spectra. Treatment of 4 and 5 with sodium 
periodate was followed by a reduction of the resultant dial
dehydes with sodium borohydride to yield compounds 6 
and 7, respectively. If the original nucleosides were indeed 
anomers (diastereoisomers), then 6 and 7 should be enan
tiomers with equal but opposite optical rotations.14 The 
optical rotations of 6 and 7 were determined and found to 
be +73.3 and —75.0, respectively, which confirmed the ano
meric nature of the two compounds.

The actual site of glycosylation for the two nucleosides 
was still undetermined (although we had assumed N-4) and 
prompted us to synthesize the two model methyl com
pounds, 4-methylthiazolo[5,4-d]pyrimidine-5,7-dione (9) 
and 6-methylthiazolo[5,4-d]pyrimidine-5,7-dione (11). The 
synthesis of 9 was achieved by treatment of 3-methyluric 
acid15 with ammonium sulfide to give l-methyl-6-thioura- 
mil16 (8). Ring closure of 8 with formic acid afforded the 
desired 4-methylthiazolo[5,4-d]pyrimidine-5,7-dione (9) 
(Scheme II). The synthesis of 11 was accomplished by

Scheme II

io 11

treatment of ethyl 5-aminothiazolo-4-carboxylate17 (10) 
with methyl isocyanate.18 A comparison of the ultraviolet 
spectra for the deblocked nucleosides 4 and 5 with those of 
the methyl derivatives (Table I) established unequivocally 
that the nucleosides 2 and 3 were both 4-substituted deriv
atives as we had presumed (Scheme I).

The assignment of anomeric configuration for the indi
vidual nucleosides could not be made unequivocally on the 
basis of 1H NMR spectra, since the coupling constants for
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both 4 and 5 (Jy}2' = 6.0 and 2.8 Hz, respectively) were 
greater than 1 Hz.13,19 However, a tentative assignment 
was made using XH NMR spectroscopy on the basis of the 
relative chemical shifts13 observed for the anomeric pro
tons of 4 and 5. The nucleoside with the downfield chemi
cal shift for the anomeric proton was assigned the cis nucle
oside (a) structure, i.e., 5.

This prompted us to initiate a synthesis of the 2,2'-anhy- 
dronucleoside in order to make an unequivocal anomeric 
assignment. Treatment of 4 with diphenyl carbonate and 
sodium bicarbonate in dimethylformamide at 150° for 15 
min20 gave a material which was not isolated, but was pre
sumably the desired anhydronucleoside (12) (Scheme III).

Scheme III

12. 11

Treatment o f 12 with 1.0 N  sodium hydroxide furnished a 
nucleoside with the same ultraviolet spectra as that ob
served for 4 (Table I) but with a different Rf value. Hydrol
ysis of this nucleoside with 2 N  hydrochloric acid and a 
paper chromatographic comparison of the hydrolysate with 
D-ribose, D-arabinose, and D-xylose showed that the sugar 
moiety o f this nucleoside was D-arabinose. This established 
the structure as 4-(/3-D-arabinofuranosyl)thiazolo[5,4-d] py
rimidine-5,7-dione (13), which also established that 4 must 
be the /? anomer, since the intermediate anhydronucleoside 
derivative (12) can only be formed by a d-D-ribonucleoside.

It was necessary to functionalize the 7 position so that 
nucleophilic substitution by ammonia could be used in 
order to prepare the cytidine analog. The reaction of 2 with 
phosphorus pentasulfide proceeded smoothly to yield 14 
(Scheme IV). The direct displacement of a thio group by

Scheme IV

BZOCH2

BzO OBz

/
OBz I

• ö o - r f e
t£J " Ö

HO OH 
19

BzO OBz 
16

ammonia has been reported for pyrimidine nucleosides21 
and 6-azapyrimidine nucleosides;22 however, treatment of 
14 with liquid ammonia at room temperature for 5 days re
sulted in the isolation o f only a very low yield o f the desired
7-amino-4-(/3-D-ribofuranosyl)thiazolo[5,4-d]pyrimidin-5- 
one (15). This prompted us to convert 14 into 7-methyl- 
thio-4-(2,3,5-tri-0-benzoyl-d-D-ribofuranosyl)thiazolo[5,-

4-d]pyrimidin-5-one (16). The site of methylation was es
tablished by 'H NMR spectroscopy13 and was further cor
roborated by the reaction of 16 with methanolic ammonia, 
which not only removed the protecting benzoyl groups but 
also displaced the methylthio group to give the desired cy
tidine analog 15.

We then initiated an alternate route using a different 
condensation method23 for the preparation of the nucleo
side 2 in an effort to eliminate the formation of the a ano
mer. Silylation of thiazolo[5,4-d]pyrimidine-5,7-dione (7) 
with hexamethyldisilizane followed by a reaction with 1-
0 -acetyl-2,3,5-tri-O-benzoyl-D-ribofuranose in 1,2-dichlo- 
roethane in the presence of 1 equiv of stannic chloride gave 
a nucleoside (17), which was different from either 2 or 3. 
Debenzoylation of this nucleoside with sodium methoxide 
afforded a deblocked nucleoside which we assigned the 
structure 18 (Scheme V). A comparison of the ultraviolet

Scheme V

spectral data obtained for 18 with the spectral data for the 
model methyl compounds (9 and 11) established the site of 
ribosylation as N-6 for 17 and 18, with a tentative assign
ment of /3 being assigned on the basis of the J\\n for 18. Al
though this product was unexpected, it is not without prec
edent, since although the reaction between bis(trimethylsi- 
lyl)lumazine and 2,3,5-tri-O-benzoyl-D-ribofuranosyl bro
mide gave primarily l-(/3-D-ribofuranosyl)lumazine (analo
gous to 4), the same reaction in the presence of stannic 
chloride gave6 an appreciable quantity of the 3-ribosyllu- 
mazine derivative (analogous to 17).

In an effort to prepare 7-amino-6-(d-D-ribofuranosyl)th- 
iazolo[5,4-d]pyrimidin-5-one, we attempted to thiate 17 
with phosphorus pentasulfide. However, regardless of the 
temperature or solvent used for this reaction, only starting 
material was isolated. This was very surprising, since a fac
ile thiation of 2 was observed under these same conditions. 
The most apparent explanation is that the presence of the
2,3,5-tri-O-benzoyl-d-D-ribofuranosyl group on the nitro
gen adjacent to the site of reaction may sterically hinder 
the approach of phosphorus pentasulfide at the 7 position.

In order to circumvent this difficulty, thiazolo[5,4-d]py
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rimidine-5,7-dione (1) was thiated to afford thiazolo[5,4- 
d]pyrimidin-5-one-7-thione (19). Silylation of 19 with bis- 
(trimethylsilyl)acetamide followed by ribosylation in the 
presence of stannic chloride yielded a product which, on 
the basis of elemental analysis and proton magnetic reso
nance spectra, was assigned the diriboside structure 20. 
The possibility that the sugar residues were attached to 
N-4 and the exocyclic sulfur was eliminated by a compari
son of the ultraviolet spectral data for 20 with the uv spec
tral data observed for 16, since 16 can be viewed as the 
methyl model of the N- 4,7-S-diriboside. The other possi
bility in which a sugar could be attached to the exocyclic 
sulfur (N-6-7-S) seemed highly unlikely because of the 
presence of an absorption maxima at 350 nm (both pH 1 
and 11) in the ultraviolet spectra of 20. Exclusion of these 
two possibilities leaves the N- 4,N- 6-diriboside as the most 
likely structure for 20.

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

point apparatus and are uncorrected. Proton magnetic resonance 
spectra were obtained with a Varian A56/60 spectrophotometer 
and chemical shifts are reported as 6 (parts per million) relative to 
an internal standard (tetramethylsilane or 2,2-dimethyl-2-silapen- 
tane-5-sulfonate). Ultraviolet spectra were measured with a Beck
man DK-2 spectrophotometer. Thin layer chromatography was 
run on SilicAR 7GF (Mallinckrodt) spread to a thickness of 0.25 
mm on glass plates and column chromatography was run in glass 
columns with sintered glass bottoms dry packed with SilicAR 
CC-7, 200-325 mesh (Mallinckrodt). All solvent proportions are 
given by volume.

4-(2,3,5-Tri-0-benzoyl-/3-D-ribofuranosyl)thiazolo[5,4- 
d]pyrimidine-5,7-dione (2) and 4-(2,3,5-Tri-0-benzoyl-a-D- 
ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7-dione (3). Thia- 
zolo[5,4-d]pyrimidine-5,7-dione (1, 10.0 g) was silylated with hex- 
amethyldisilizane (HMDS, 50 ml) by heating the solution at reflux 
temperature for 15 hr. The excess HMDS was removed by vacuum 
distillation and 2,3,5-tri-O-benzoyl-D-ribofuranosyl bromide8 (pre
pared from 29.8 g of l-0-acetyl-2,3,5-tri-0-benzoyl-/3-D-ribofura- 
nose) which had been dissolved in dimethylformamide (100 ml) 
was added to the residue. The solution was stirred at room temper
ature for 3 days and then poured into methanol (1 1.) containing 
NH4OH (8 ml, 28% aqueous). This mixture, on standing at rcom 
temperature for 24 hr, yielded a solid which was collected by filtra
tion. Heating this solid in a mixture of chloroform-ethanol (1:1, 1 
1.) left an insoluble material which was collected by filtration and 
shown to be unreacted 1 (2.4 g). The filtrate was cooled to room 
temperature and the resulting crystals were collected by filtration 
to provide pure 2 [10.6 g, R f  0.61 in chloroform-acetone (4:1)]. The 
methanol filtrate (from the previous filtration) was evaporated to 
dryness, dissolved in CHCI3 (25 ml), and applied to a dry packed 
column (7 X 21 cm) of SilicAR CC-7. The column was eluted with 
chloroform-acetone (9:1, 1 1.) and fractions containing 2 (15-ml 
fractions, no. 36-50) were evaporated to dryness, dissolved in a 
mixture of chloroform-ethanol (1:1), and allowed to cool, and the 
solid was collected by filtration to yield an additional amount of 2. 
Fractions containing pure 3 [51-75, Rf 0.51 in chloroform-acetone 
(4:1)] were evaporated to dryness to yield a hard foam. The filtrate 
from the work-up of fractions 36-50 was evaporated to dryness, 
dissolved in CHCI3 (15 ml), and applied to a second dry packed 
column of SilicAR CC-7 (4.8 X 20 cm) and eluted as above to yield 
some additional pure 2 and 3. Total yield of 2 ,13.0 g; mp 230-231°; 
!H NMR (DMSO-d6) S 11.9 (s, 1, NH), 6.42 (d, 1, J V2' = 3.0 Hz, 
H -l').

Anal. Calcd for C31H23N3O9S: C, 60.67; H, 3.78; N, 6.85. Found: 
C, 60.87; H, 3.92; N, 7.02.

Total yield of 3, 5.95 g; hard foam; ’ H NMR (DMSO-dg) as 
above except 6 6.89 (d, 1, Jy  2' = 4.0 Hz, H -l').

Anal. Calcd for C31H23N3O9S: C, 60.67; H, 3.78; N, 6.85. Found: 
C, 60.89; H, 4.01; N, 6.68.

4-(j9-D-Ribofuranosyl)thiazolo[5,4-<f]pyrimidine-5,7-dione
(4). The nucleoside 2 (6.2 g) was mixed with methanolic ammonia 
(75 ml, saturated at —5°) in a pressure bottle and allowed to stand 
at room temperature for 4 days. The solution was then evaporated 
to dryness and the residue was extracted with ethyl acetate (100 
ml in four portions), leaving a solid. Recrystallization of the solid 
from MeOH (60 ml) yielded 2.87 g of 4: mp 203-205° (cloudy

melt); >H NMR (DMSO-d6) 5 8.95 (s, 1, H-2) 6.11 (d, 1, Jv 2- = 6.0 
Hz, H -l').

Anal. Calcd for CioHnNsOgS: C, 39.86; H, 3.60; N, 13.94. Found: 
C, 39.72; H, 3.75; N, 13.92.

4-(a-D-Ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7-dione
(5). To a suspension of 3 (1.0 g) in anhydrous MeOH (20 ml) was 
added sodium methoxide (ca. 50 mg). This suspension was pro
tected from moisture and stirred at room temperature for 15 hr. 
The crystals which had formed were collected by filtration to yield 
0.36 g of a solid which was recrystallized from 95% MeOH to yield 
0.3 g of 5: mp 170° slow dec; JH NMR (DMSO-de) 6 8.76 (s, 1, 
H-2), 6.17 (d, 1, J r.2- = 2.8 Hz, H -l').

Anal. Calcd for C10Hn N3O6S: C, 39.86; H, 3.60; N, 13.94. Found: 
C, 39.67; H, 3.61; N, 14.25.

Periodate Oxidation and Sodium Borohydride Reduction of
4-(j5-D-Ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7-dione (4) 
and 4-(a-D-Ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7- 
dione (5). 4-(/3-D-Ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7- 
dione (4, 40 mg) was suspended in 0.1 M sodium periodate solution 
(3.2 ml) in a 5-ml volumetric flask. The suspension was gently 
heated to dissolve the solid material and the solution was then 
stirred for 15 min at room temperature. Sodium borohydride (120 
mg) was added to the solution in small portions and the mixture 
was stirred at room temperature for 30 min. The excess sodium bo
rohydride was destroyed by the addition of 10% acetic acid (added 
dropwise until gas evolution ceased, ~1.4 ml). The solution was di
luted to 5.0 ml, and the optical rotation of this solution was mea
sured and found to be [a]27D +73.3°.

4-(a-D-Ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7-dione (5, 40 
mg) was treated in an identical fashion; the optical rotation was 
measured and found to be [a]27D —75.0°.

4-Methylthiazolo[5,4-J]pyrimidine-5,7-dione (9). Ammo
nium hydroxide (28%, 75 ml) cooled in an ice bath with stirring 
was saturated with hydrogen sulfide gas to afford a solution of am
monium sulfide. The solution was added to a mixture of 3-meth- 
yluric acid15 (5.2 g) and 2% NH4OH (30 ml). The resulting suspen
sion was stirred and then heated in a sealed container at 160° for 6 
hr. The resulting solution was evaporated to dryness to yield a 
solid residue16 (8, 4.0 g) which could be recrystallized from water. 
The crude solid was suspended in formic acid (85%, 70 ml) and 
heated at reflux temperature for 12 hr to yield 3.6 g of crude prod
uct. This solid was reprecipitated twice from dilute NH4OH with 1 
N  HC1 to yield an analytical sample of 9, mp 350°.

Anal. Calcd for C6H5N3O2S: C, 39.33; H, 2.75; N, 22.95. Found: 
C, 39.41; H, 2.95; N, 23.20.

6-Methylthiazolo[5,4-J]pyrimidine-5,7-dione (11). Ethyl 5- 
aminothiazole-4-carboxylate (10, 2.0 g) and methyl isocyanate (1.5 
ml) were added to pyridine (4 ml) and the suspension was heated 
at reflux temperature for 1 hr and then cooled to room tempera
ture. A mixture of EtOH (5 ml) and diethyl ether (150 ml) was 
added to yield a solid which was collected by filtration (2.5 g). The 
solid (2.5 g) was added to 5% aqueous NH4OH (40 ml) at reflux 
temperature and the solution was heated for 5 min. This solution 
was acidified with acetic acid to furnish a solid. The suspension 
was cooled to room temperature, and the solid was collected by fil
tration and recrystallized from water to yield 11, 0.55 g, mp 348- 
350°.

Anal. Calcd for C6H5N3O2S: C, 39.35; H, 2.75; N, 22.95. Found: 
C, 39.00; H, 2.81; N, 22.72.

4-(d-D-Arabinofuranosyl)thiazolo[5,4-d]pyrimidine-5,7- 
dione (13). A mixture of 4 (1.0 g), diphenyl carbonate (0.88 g), and 
NaHCOs (0.016 g) in DMF (5 ml) was heated for 30 min in an oil 
bath at 150°. The suspension was poured into ether (100 ml) with 
stirring, and the resulting solid was collected by filtration and 
washed with an additional quantity of ether (50 ml). This solid 
[5,2'-0-anhydro-4-(d-D-arabinofuranosyl) thiazolo [5,4-d] pyrimi
dine-5,7-dione (12, 0.95 g)] was air dried, suspended in 1 A  
NH4OH (10 ml), and stirred at room temperature for 2 hr. The so
lution was adjusted to pH 7.0 with 1 N HC1 to yield crystals which 
were collected by filtration and washed with water (5 ml). The 
solid was recrystallized from water to yield 0.67 of 13: mp over 
245° slow dec; :H NMR (DMSO-d6) <5 8.81 (s, 1, H-2), 6.15 (d, 1, 
J i -2' = 3.0 Hz, H -l'); uv Xmax (c X 10-3), pH 1, sh 275 nm (7.1), 
258.5 (8.2); pH 11, 265 (8.6).

Anal. Calcd for C,0H „N 3O6S-0.5H2O: C, 38.70; H, 3.89; N, 13.59. 
Found: C, 38.89; H, 4.07; N, 13.36.

Hydrolysis of 4-(/3-D-arabinofuranosyl)thiazolo[5,4-rf]pyri- 
midine-5,7-dione. 4-03-D-Arabinofuranosyl)thiazolo[5,4-d]pyri- 
midine-5,7-dione (13, 10 mg) was heated in a 2 A  HC1 solution (2 
ml) on a steam bath for 3 hr and the solution was then filtered.
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The filtrate was adjusted to pH 7.0 with 1 N  NaOH and then con
centrated to 1 ml. Solutions of D-arabinose, D-ribose, and D-xylose 
were similarly treated. The concentrated filtrates were spotted on 
Whatman No. 1 chromatography paper and chromatographed with 
1-butanol-acetic acid-water (3:1:1). The chromatograms were 
sprayed with aniline-phthalic acid reagent.24 The hydrolysis solu
tion gave a spot at R f 0.33, which corresponded to the Rf value for 
D-arabinose (R f values for ribose and xylose were 0.43 and 0.39, re
spectively), thus establishing that the carbohydrate moiety of 13 
was indeed D-arabinose.

4 -(2 ,3 ,5 -T ri-0 -ben zoy l-/S -D -ribofu ren osy l)th iazolo [5 ,4 - 
cf]pyrimidin-5-one-7-thione (14). The nucleoside 2 (10.0 g) was 
dissolved in pyridine (125 ml) and PüSs (3.6 g, 1 equiv) was then 
added. The solution was heated at reflux temperature for 6 hr, at 
which time an additional 1 equiv of PaSs (3.6 g) was added. Heat
ing was continued for an additional b hr, at which time the solution 
was evaporated to near dryness and water (200 ml) was added. 
This mixture was heated on a steam bath for 30 min with stirring, 
and the solid material was collected by filtration, washed with 
water (100 ml), and air dried. This solid was dissolved in chloro
form (200 ml) and the chloroform solution was extracted with 0.1 
N  HC1 (4 X 100 ml), saturated aqueous NaHCOs (4 X 100 ml), and 
water (2 X 100 ml). The CHC1» solution was then dried over 
Na2SC>4. The Na2S0 4 was removed by filtration and washed with 
CHCI3 and the filtrate and wash were evaporated to dryness. The 
residue was dissolved in CHCI3 (20'ml), applied to a dry packed 
column of SilicAR CC-7 (7 X 25 cm), and eluted with chloroform- 
acetone (19:1, 1 1.) to remove the impurities which remained on the 
column. The eluent was evaporated to dryness, and the residue 
was dissolved in CHCI3 (20 ml), applied to a second column of Sili
cAR CC-7 (7 X 20 cm), and eluted with chloroform-acetone (19:1). 
Fractions of 20 ml were collected, and fractions 24-75 contained 
pure 14, which was crystallized from chloroform-ethanol (1:9) to 
yield 5.8 g of product. All other fractions containing 14 were com
bined, evaporated to dryness, dissolved in CHCI3 (10 ml), and ap
plied to a third column of SilicAR CC-7 (4.5 X 23 cm). Eluted as 
above, fractions 12-24 contained pure 14 (1.5 g) for a total yield of
7.3 g: mp 188.5-189.5°; 'H NMR (CDC13) ¿ 8.52 (s, 1, 2); uv Xmax (f 
X 10"3), pH 1, 362 nm (18.9), sh 277 (19.5), 244 (33.7); pH 11, 326
(24.5), 275 (19.8).

Anal. Caled for C3iH23N30sS2: C, 59.12; H, 3.68; N, 6.67. Found: 
C, 59.25; H, 3.69; N, 6.56.

7-M ethyIthio-4-(2,3,5-tri-0-benzoyl-j8-D-ribefuranosyl)thi- 
azolo[5,4-d]pyrimidin-5-one (16). The nucleoside 14 (0.63 g) was 
added to sodium hydride (0.024 g) in DMF (5 ml) and the suspen
sion was stirred at room temperature until bubbling had ceased 
(ca. 15 min). Methyl iodide (0.23 g, 0.1 ml) was added and the solu
tion was stirred for an additional 1 hr. This solution was evapo
rated to dryness, then xylene (5 ml) was added and the suspension 
was again evaporated to dryness. The residue was dissolved in 
CHC13 (30 ml), and the CHCI3 solution was extracted with water (4 
X 15 ml) and then dried over Na2S04. The Na2S04 was removed 
by filtration and washed with CHCI3 (20 ml), and the combined fíl
trate and wash were evaporated to dryness, dissolved in CHCI3 (2 
ml), and applied to a dry packed column of SilicAR CC-7 (2.5 X  25 
cm) and eluted with chloroform-acetone (19:1). Fractions of 20 ml 
were collected and fractions 6-8 contained pure 16. These fractions 
were evaporated to dryness to yield a hard foam which on tritura
tion with ether gave a solid: yield 0.60 g; :H NMR (CDCI3) ó 8.37 
(s, 1, H-2), 2.65 (s, 3, -SCH3); uv Xmax (< X 10-3) pH 1, 327 nm 
(16.8), sh 285 (23.8), 274 (24.5), 244 (35.0); pH 11, 324 (17.1), sh 
285 (25.4), 270 (26.4), 244 (40.6).

Anal. Caled for C32H25N30 8S2: C, 59.72; H, 3.92; N, 6.53. Found: 
C, 59.90; H, 4.20; N, 6.24.

7-Amino-4-(/3-D-ribofuranosyl)thiazolo[5,4-</|pyrimidin-5- 
one (15). Method A. The nucleoside 14 (1.0 g) was suspended in 
liquid ammonia (5 ml) and the reaction mixture was allowed to 
stand at room temperature in a sealed pressure vessel for 5 days. 
The excess ammonia was allowed to evaporate and the residue was 
extracted with ether (4 X 10 ml). Crystallization of the solid resi
due from water (20 ml) yielded ca. 50 mg of 15: mp 201° slow dec; 
'H NMR (DMSO-d6) 6 8.87 (s, 1, H-2), 7.90 (br m, 2, NH2), 6.08 
(d, 1, J r  2- = 6.0 Hz, H-T); uv Xmax (< X lfT3) pH 1, 294 nm (10.1), 
259 (7.6); pH 11, sh 281 (8.2), 266 (9.9),229 (17.2).

Anal. Caled for CioHiaNíOsS-HsO: C, 37.74; H, 4.42; N, 17.61. 
Found: C, 37.91; H, 4.45; N, 17.40.

Method B. The nucleoside 16 (1.5 g) was suspended in MeOH 
saturated with ammonia (50 ml, saturated at 0°) and the mixture 
was allowed to stand in a pressure bottle at room temperature for 
96 hr. The crystals which had formed were collected by filtration

and washed with MeOH (20 ml) to yield 15 (0.55 g). The filtrate 
was evaporated to dryness and the residue was extracted with car
bon tetrachloride (4 X 20 ml), then recrystallized from water to 
yield some additional 15 for a total yield of 0.60 g; this material 
was shown to be identical with that obtained by method A by thin 
layer chromatography in chloroform-methanol (7:3) and by a com
parison of ultraviolet spectra.

6-(2,3,5-Tri-0-benzoyl-jS-D-ribofuranosyl)thiazolo[5,4- 
d]pyrimidine-5,7-dione (17). Thiazolo[5,4-d]pyrimidine-5,7- 
dione (1, 1.0 g) was silylated with hexamethyldisilazane (15 ml), as 
before, and the bis(trimethylsilyl) derivative was dissolved in 1,2- 
dichloroethane (100 ml). To this solution was added 1-O-acetyl-
2,3,5-tri-O-benzoyl-d-D-ribofuranose (2.7 g) followed by stannic 
chloride (1.5 g, 0.69 ml) and the mixture was stirred for 4 hr at 
room temperature. Pyridine (1 ml) was then added and the precip
itate which formed was collected by filtration and washed with 
CHCI3 (50 ml). The filtrate and wash were combined and extracted 
with 0.1 N  HC1 (3 X 35 ml), saturated aqueous NaHC03 (3 X 35 
ml), and water (2 X 50 ml). The CHCI3 solution was dried over 
Na2S 04 and filtered, the Na2S04 was washed with CHC13 (50 ml), 
and the filtrate and wash were evaporated to dryness. The result
ing syrup was dissolved in a minimum volume of CHC13 (2 ml), ap
plied to a dry packed SilicAR CC-7 column (3.5 X 20 cm), and 
eluted with chloroform-acetone (4:1). The fractions containing 17 
[R f 0.53, chloroform-acetone (4:1)] were combined and evaporated 
to dryness, and the residue was recrystallized from ethanol-chloro
form (15:1) to yield 2.0 g of product: mp 234-235°; mmp with 2 
205-215°; 3H NMR (CDC13) h 8.46 (s, 1, H-2); uv Xmax (c X 10~3) 
pH 1, sh 277 nm (17.5), 236 (32.5); pH 11, sh 295 (13.2), 277 (15.9), 
230 (47.5).

Anal. Calcd for C3iH23N309S: C, 60.67; H, 3.78; N, 6.85. Found 
C, 60.61; H, 3.77; N, 6.91.

6-(|8-D-Ribofuranosyl)thiazolo[5,4-d]pyrimidine-5,7-dione 
(18). Sodium methoxide (125 mg) was added to 17 (1.0 g) suspend
ed in MeOH (20 ml). The mixture was stirred at room temperature 
for 15 hr, and the precipitate was collected by filtration, washed 
with MeOH (5 ml), and air dried (0.47 g). The filtrate and wash 
were neutralized with Amberlite CG-50 ion exchange resin (H+ 
form), the suspension was filtered, and the resin was washed with 
hot MeOH (10 ml). The filtrate and wash were combined and 
evaporated to dryness and the residue was extracted with ether (4 
X 10 ml). The solid which remained was dissolved in hot water (5 
ml) by the addition of a minimum volume of concentrated NH4OH 
and reprecipitated by adjusting the pH of the solution to 6.0 with 1 
N  HC1 to yield some additional 18 for a total yield of 0.14 g: mp 
294-296° dec; 3H NMR (DMSO-d6) 5 7.95 (s, 1, H-2), 6.23 (d, 1, 
J i',2' = 3.5 Hz, H-10.

Anal. Calcd for Ci0H nN 3O6S-0.5H2O: C, 38.70; H, 3.90; N, 13.54. 
Found: C, 38.74; H, 3.89; N, 13.40.

Thiazolo[5,4-i/]pyrimidin-5-one-7-thione (19). Thiazolo[5,4- 
d]pyrimidine-5,7-dione (1, 10.0 g) and P2S5 (13.2 g) were added to 
pyridine (80 ml) and the mixture was heated at reflux temperature 
for 6 hr. An additional 1 equiv of P2S5 (13.2 g) was then added and 
the heating was continued for an additional 6 hr. The resulting so
lution was evaporated to dryness, water (150 ml) was added, and 
the suspension was heated on a steam bath with stirring for 1 hr. 
The resulting solid was collected by filtration and reprecipitated 
from hot 0.5 N  NaOH (400 ml) with 1 N  HC1. After cooling, the 
precipitate was collected by filtration, washed with water (50 ml), 
and dissolved in 0.1 N  NaOH (400 ml). This solution was applied 
to a 2.0-cm column (diameter) containing 50 ml (wet volume) of 
Amberlite IRA-400 CP ion exchange resin (strong base, Cl-  form). 
The column was washed with 0.1 N  NaOH (100 ml) and then 19 
was eluted with 1.5 N  NaCl which was 0.01 N  in NaOH (1.5 1.). 
Acidification (pH 2) of the eluent with 1 N  HC1 yielded 5.75 g of 
product: mp 360°; uv Xmax (< X 10-3) pH 1, 342 nm (18.4), 333
(19.2), 270 (7.5); pH 11, 351 (18.5), 291 (7.8), 267 (8.2).

Anal. Calcd for C5H3N3OS2: C, 32.42; H, 1.63; N, 22.69. Found: 
C, 32.42; H, 1.62; N, 22.61.

Ribosylation of Thiazolo[5,4-d]pyrimidin-5-one-7-thione.
Thiazolo[5,4-d]pyrimidin-5-one-7-thione (19, 2.5 g) was silylated 
with bis(trimethylsilyl)acetamide (9.5 ml) in 1,2-dichloroethane 
(25 ml) at 50° for 15 min. The solvent and excess BSA were re
moved by distillation and the resulting solid residue was combined 
with l-0-acetyl-2,3,5-tri-0-benzoyl-d-D-ribofuranose (6.8 g) in
1,2-dichloroethane (30 ml). Stannic chloride (4.5 g, 2.0 ml) was 
added and the solution was stirred at room temperature for 15 hr. 
Pyridine (2.2 ml, 2 equiv) was added to the solution, and the re
sulting precipitate was removed by filtration and washed with 
CHCI3 (100 ml). The combined filtrate and wash were extracted
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with 0.1 N  HC1 (4 X 50 ml), saturated aqueous NaHCC>3 (4 X 50 
ml), and water (2 X 50 ml). The organic phase was dried over 
Na2SC>4, the NaaSCq was removed by filtration and washed with 
CHCI3 (30 ml) and the combined filtrate and wash were evapo
rated to dryness. The resulting syrup was dissolved in CHCI3, ap
plied to a dry packed column of SilicAR CC-7 (7 X 18 cm), and 
eluted with chloroform-acetone (19:1). Fractions containing the 
major band \R[ 0.73, chloroform-acetone (19:1), fraction no. 7-23,
20-ml fractions] were concentrated and applied to another SilicAR 
CC-7 (4.6 X 20 cm) column. Fractions 3-10 (20-ml fractions) from 
the second column contained pure 20. These fractions were com
bined and evaporated to a hard foam and then triturated with 
ether (100 ml) to give 3.9 g of solid: mp 119-122°; *H NMR 
(CDCI3) & 8.46 (s, 1, H-2), 8.33-7.33 (m, ca. 30, -COC6Hs); uv \m„  
(e X 10-3) pH 1, 350 nm (14.4), sh 275 (19.5), 238 (45.3); pH 11, 350
(15.7), sh 275 (26.1), 237 (91.0).

Anal. Calcd for C.:,7H43N3O[5S2■ 2H^0: C, 61.68; H, 4.26; N, 3.78. 
Found: C, 61.59; H, 4.45; N, 3.68.

Registry No.— 1, 5082-82-6; 2, 35867-92-6; 3, 55520-41-7; 4, 
35867-91-5; 5, 35867-90-4; 8, 55520-42-8; 9, 55520-43-9; 10, 18903- 
18-9; 11, 55520-44-0; 12, 55520-45-1; 13, 35867-89-1; 14, 55520-46- 
2; 15, 55520-47-3; 16, 55520-48-4; 17, 55520-49-5; 18, 55520-50-8; 
19, 55520-51-9; 20, 55520-52-0; 2,3,5-tri-O-benzoyl-D-ribofuranosyl 
bromide 22860-91-9; 1-O-acetyl-2,3,5-tri-O-benzoyl-/J-D-ribofura- 
nose, 6974-32-9.
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C-Glycosyl Nucleosides. VII.1 Synthesis of Some
3-/3-D-Ribofuranosyl-l,2,4-oxadiazoles and 3-/3-D-Ribofuranosylpyrazoles
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Two syntheses of 2,5-anhydro-3,4,6-tri-0-benzoyl-D-allonamidoxime (2a) are described via either addition of 
hydroxylamine to 2,3,5-tri-O-benzoyl-J-D-ribofuranosyl cyanide or chlorination and amination of 2,5-anhydro-
3,4,6-tri-O-benzoyl-D-allose oxime. Reactions of 2a with acetic anhydride and ethyl acetoacetate give rise to 5- 
substituted 3-/3-D-ribofuranosyl-l,2,4-oxadiazoles, while acetaldehyde gives the related A2-l,2,4-oxadiazoline. The 
condensation of both 0 -benzoyl and 0-benzyl derivatives of 2,5-anhydro-D-allose with 1-chloroacetonylidenetri- 
phenylphosphorane gives unsaturated chloro ketones that can be cyclized with hydrazine to 5-methyl-3-/S-D-ribo- 
furanosylpyrazoles. A potential route for the synthesis of pyrazoles is explored via addition of ethyl glyoxylate hy- 
drazone to nitroolefins followed by chlorination and base-catalyzed cyclization. This has required the synthesis of 
a C-glycosyl nitroolefin via addition of nitromethane to 2,5-anhydro-3,4,6-tri-0-benzyl-D-allose followed by dehy
dration. While pyrazole synthesis was achieved in a model system, the carbohydrate derivative failed to cyclize.

The natural occurrence of a number of C-glycosyl nu
cleosides, many of which possess antibacterial or antitumor 
activity,2 has prompted considerable activity directed 
toward the synthesis of this type of compound.3 Our gener
al approach has been based upon the development of a fac
ile synthetic route for the preparation of variously pro
tected derivatives of 2,5-anhydro-D-allose.4 The latter com
pounds, which already include the critical C-glycosyl car
bon-carbon bond, contain a reactive aldehyde function 
that can be elaborated into a variety of heterocyclic sys
tems. We have, for example, described the use of these key 
intermediates in syntheses of 2-^-D-ribofuranosylmaleim- 
ide (showdomycin),5 of variously substituted 4-/S-D-ribofu- 
ranosylpyrazoles,6 and of both 3- and 5-/3-D-ribofuranosyli- 
soxazoles.1 In the present paper we further extend those 
studies and describe routes for the synthesis of several 3- 
j3-D-ribofuranosyl-l,2,4-oxadiazoles and 3-/3-D-ribofurano- 
sylpyr azoles.

The most frequently encountered route for the synthesis 
of substituted 1,2,4-oxadiazoles involves the acylation and 
subsequent cyclization of amidoximes. This procedure was 
originally developed by Tiemann7 some 90 years ago and 
has recently been reexamined by Moussebois et al.8 The 
chemistry of amidoximes has been reviewed9 and it can be 
seen that the most common route for their synthesis in
volves the condensation of nitriles with hydroxylamine.10 
For our purposes the key intermediate would be 2,5-anhy- 
dro-3,4,6-tri-0-benzoyl-D-allonamidoxime (2a), and this 
compound could be obtained by the reaction of the readily 
available 2,3,5-tri-O-benzoyl-d-D-ribofuranosyl cyanide
( l ) i i ,4 with hydroxylamine in methanol at 50°. Under these 
conditions 2a was obtained in only 34% yield and it was 
necessary to effect purification by chromatography on silic
ic acid in order to remove several more polar by-products 
arising, presumably, from partial débenzoylation. While 
amidoximes have been prepared as substituents upon the
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heterocyclic rings o f several nucleosides,12 2a is, to the best 
of our knowledge, the first example of a carbohydrate ami- 
doxime. Debenzoylation o f 2a by treatment with methanol- 
ic ammonia gave free 2,5-anhydro-D-allonamidoxime (2b) 
in high yield. The rather low yield o f 2a obtained directly 
from the nitrile 1 could be much improved by use of an al
ternate synthetic route.13 We have previously described the 
synthesis o f the chloro oxime 4, or its nitroso tautomer, via 
low-temperature chlorination of 2,5-anhydro-3,4,6-tri-0- 
benzoyl-D-allose oxime (3).1 Without purification 4 was 
treated with ammonia in ether at 0° to give pure 2a in al
most quantitative yield. The entire process is extremely ef
ficient and the overall yield of 2a from the diphenylimida- 
zolidine derivative o f 2,5-anhydro-3,4,6-tri-0-benzoyl-D- 
allose4 is 89% without the necessity of any chromatography.

BzOCH;

OR OR 
2a, R =  Bz 

b. R = H

“ K P "  ”

c i

o  I•0 "- C=N OH

OBz OBz 
3

OBz OBz 
4

The amidoxime 2a was then subjected to several types of 
ring closure reactions. First o f all, it was treated with acetic 
anhydride under reflux, giving, presumably via the 0 - ace
tyl intermediate, 3-(2,3,5-tri-0-benzoyl-/?-D-ribofuranosyl)-
5-methyl-l,2,4-oxadiazole (5a) in 48% yield. Typical o f 
most o f the compounds in the present work, 5a was ob
tained as a homogeneous foam following chromatography 
on silicic acid. While 5a, and many other compounds in this 
series, have eluded crystallization, its purity was assured by 
elemental analysis and NM R spectroscopy. Debenzoylation 
o f 5a was readily achieved using methanolic ammonia giv
ing 5-methyl-3-(|3-D-ribofuranosyl)-l,2,4-oxadiazole (5b) in 
70% yield. As has been seen quite frequently in other per- 
benzoylated C- glycosides that we have examined,1'6 the 
NM R spectrum of 5a shows overlapping signals for C2'H 
and C3'H and also for C,t'H and C.yFD. The purity o f the 
samples is nevertheless apparent from other sharp signals 
due to Ci'H, heterocyclic protons, and ring substituents. 
Following debenzoylation, however, there is excellent reso
lution of all the sugar protons, especially in spectra run in 
pyridine-d5. The spectrum of 5b, for example, is readily 
amenable to first-order analysis.

Amidoximes are also known to react with aldehydes giv
ing A2-l,2,4-oxadiazolines.14 Thus a solution o f 2a and ac
etaldehyde in aqueous ethanol reacted slowly at room tem
perature over 3 days, giving a 47% yield o f 3-(2,3,5-tri-0- 
benzoyl-/3-D-ribofuranosyl)-5-methyl-A2- l ,2,4-oxadiazoline 
(6). While 6 was analytically pure, its N M R spectrum clear
ly showed it to be the expected mixture o f diastereoisom- 
ers. Brief treatment o f 6 with chlorine in carbon tetrachlo
ride led to rapid and complete dehydrogenation giving 5a 
identical with that from the acetic anhydride reaction. We 
have previously found chlorine to be a particularly effective 
reagent for the dehydrogenation o f pyrazolines to pyra- 
zoles.6

While amidoximes do not readily react with simple es
ters, they are known to condense with /3-keto esters.14“'15 In 
our case 2a underwent a fairly clean condensation with

ethyl acetoacetate in toluene under reflux giving 5-ace- 
tonyl-3-(2,3,5-tri-0-benzoyl-d-D-ribofuranosyl)-l,2,4-ox- 
adiazole (7) in 61% yield. This structure is quite in accord

H

b, R = H
0
II

7
with the proposals o f the early German workers14“’15 and is 
confirmed by N M R spectroscopy, which shows the pres
ence of an acetonyl function and the absence o f heterocy
clic protons. It should be noted that the reactions described 
above are basically prototypes o f ones that could be used to 
introduce more highly functionalized substituents onto the 
heterocyclic ring o f 1,2,4-oxadiazole-C-glycosides. This 
must, however, await further study.

In an earlier paper we have described several methods 
for the preparation o f functionally substituted 4-(/3-D-ribo- 
furanosyl)pyrazoles.6 It was also o f interest to explore 
routes to 3-(/3-D-ribofuranosyl)pyrazoles, especially since 
the antibiotic pyrazomycin fits into this class.2 While our 
approaches to the synthesis o f pyazomycin itself will main
ly be described elsewhere,17 we now describe some simple 
routes to the basic heterocyclic system. O f the various 
methods for the synthesis of 3,5-disubstituted pyrazoles,18 
the one best suited to the starting materials at hand ap
peared to be the condensation o f an a-chlorovinyl ketone 
with hydrazine.19 T o this end 2,5-anhydro-3,4,6-tri-0-ben- 
zoyl-D-allose (8a) was freshly regenerated as previously de
scribed from its diphenylimidazolidine derivative4 and 
treated with 1-chloroacetonylidenetriphenylphosphorane
(9)20 in methylene chloride. Following chromatography on 
silicic acid 5,8-anhydro-6,7,9-tri-0-benzoyl-3-chloro-l,3,4-

R O C H j / O ^  CHO 0
II

Ph3P = C — COE
i r
OR OR

1
Cl

8a, R =  benzoyl 9
b, R =  benzyl

10a, R =  benzoyl 
b, R = benzyl

11a, R =  benzoyl
b, R =  H
c, R = benzyl
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trideoxy-D-a//o-non-3-eneulose (10a) was obtained as a ho
mogeneous foam in 78% yield. The NMR spectrum of 10a 
was well resolved and clearly indicated the presence of only 
a single geometrical isomer. In the absence of the other iso
mer it is difficult to make a direct assignment of configura
tion. As will be seen below, however, we have isolated both 
the Z and E isomers of the closely related benzyl ethers 
(10b and E isomer), which show chemical shifts for C4H of 
6.80 and 6.30 ppm, respectively. The chemical shift of C4H 
(6.86 ppm) in 10a strongly suggests that this compound has 
the Z configuration.

Treatment of 10a with hydrazine hydrate in acetic acid 
under reflux led, presumably via initial hydrazone forma
tion followed by intramolecular cyclization and dehydroha- 
logenation,18 to 3-(2,3,5-tri-0-benzoyl-|3-D-ribofuranosyl)-
5-methylpyrazole (11a), which was isolated in 69% yield by 
chromatography on silicic acid. Under these conditions loss 
of benzoyl groups did not appear to be a serious side reac

tion. Attempted débenzoylation of 11a using methanolic 
sodium methoxide at room temperature led to the forma
tion of the desired triol (lib) as a major product accompa
nied by several by-products that were difficult to remove. 
Débenzoylation using methanolic ammonia was considera
bly cleaner, but even here it was necessary to use ion ex
change chromatography on a column of AG-1-X2 resin 
with a gradient of methanol in water21 in order to fully pur
ify the product. In this way 5-methyl-3-(/8-D-ribofuranosyl- 
)pyrazole (lib) was isolated as a spectroscopically and ana
lytically pure amorphous solid in 30% yield.

In an effort to improve the yield of lib we have also ex
amined the use of benzyl ethers as the triol protecting 
group. Thus 2,5-anhydro-3,4,6-tri-0-benzyl-D-allose (8b) 
was liberated from its diphenylimidazolidine derivative4 
and directly treated with the chloro ylide 9 at room tem
perature, giving a 4:1 mixture of the Z (10b) and E isomers 
of the desired unsaturated chloro ketone in a combined 
yield of 87%. While the mixture was entirely satisfactory 
for the next step, a portion of the mixture was separated by 
preparative TLC and the pure isomers were characterized 
by their NMR spectra. These assignments of configuration 
were based upon the expected deshielding of C4H in the Z 
isomer (10b) by the C2 carbonyl group and are supported, 
to a lesser degree, by a deshielding of C5H in the E isomer.

Treatment of the mixture of 10b and its E isomer with 
hydrazine in acetic acid as above for 10a gave the desired 
pyrazole 11c in 56% yield following preparative TLC. At
tempted débenzylation of 11c by catalytic hydrogenolysis 
in the presence of palladium catalysts seemed capricious 
and usually gave a mixture of products even after several 
changes of catalyst. The use of sodium in liquid ammonia, 
however, led to rapid débenzylation and gave lib, identical 
with that from the benzoate, in 83% yield. In this case only 
desalting with Dowex 50(H+) resin and preparative TLC 
were necessary for purification of the product. Our subse
quent experience with débenzylations using boron trichlo
ride5 suggest that this might provide a convenient alternate 
route.

A slightly different approach to the synthesis of lib was 
also attempted without ultimate success. Thus the conden
sation of 8b with acetonylidenetriphenylphosphorane20 led 
to the isolation of 5,8-anhydro-6,7,9-tri-0-benzyl-l,3,4-tri- 
deoxy-D-ai/o -non-3-eneulose (12) as a syrup in 85% yield. 
The formation of only a single geometrical isomer was ap
parent from the NMR spectrum, and the large vicinal vinyl 
coupling (J34 = 16 Hz) allowed assignment of the E config
uration (12).22 The reaction of 12 with hydrazine hydrate in 
acetic acid proceeded quite rapidly and led to the isolation 
of a crystalline, roughly equal mixture of two diastereomer-

0

ic pyrazolines in 74% yield. The NMR spectrum of this ma
terial, however, showed the presence of an extraneous 
three-proton singlet at 1.86 ppm. In addition, its infrared 
spectra showed a strong absorption at 1645 cm-1’ typical of 
a tertiary amide, and the absence of any NH stretching 
bands near 3300 cm-1. The elemental analysis also con
firmed the presence of an acetyl group and we consider this 
product to be 7V’-acetyl-3-(2,3,5-tri-0-benzyl-/3-D-ribofura- 
nosyl)-5-methyl-A5-pyrazoline (13). We can offer no con
vincing argument as to the mechanistic origin of the N- ace
tyl function, and the formation of this type of product does 
not appear to have been previously observed.18 We have 
been unsuccessful in our attempts to cleave the N- acetyl 
group by treatment with methanolic ammonia, sodium 
methoxide, and hydrogen chloride and equally unsuccess
ful in various attempts to dehydrogenate 13 with chlorine, 
bromine, and 2,3-dichloro-5,6-dicyano-l,4-benzoquinone. 
In view of the successful syntheses of lib via the chloro ke
tones (10a,b), this route has not been explored further.

In an effort to introduce some reactive functionality into 
the pyrazole ring several approaches have been briefly ex
plored. The reaction of 1 la with a small excess of bromine 
in chloroform readily gave the 4-bromo derivative 14 in 
87% yield,23 as shown by the disappearance of the reso
nance due to C4H in the NMR spectrum. The nitration of 
11a under several conditions, however, led only to unreact
ed starting material or to the formation of nitrobenzoyl de
rivatives.

We have also considered an alternative route for the 
preparation of nitropyrazoles via cyclization of an appro
priate nitroolefin. To test the concept we initially exam
ined a model system based upon commercially available (3- 
nitrostyrene (15). This nitroolefin underwent facile reac
tion with (E )-ethylglyoxylate hydrazone (16),24 giving crys
talline ethyl N 2- (2-nitro-1 -phenylethyljglyoxylate hydra
zone (17a) in 39% yield. The chlorination of hydrazones has

HNV ,CH,NO,
"CH

I
OHr,

17a. X =  H
b, X = C !

H,N— N=CHOO_,Et 

16

N = C — CO,Et N = C — CO, Et 
H N ,^ C H N O ,

C„H,
18

CO, Et
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been known for many years25 and reaction of 17a with 
about 5 molar equiv of chlorine at —70° gave the crystalline 
chlorohydrazone 17b in 70% yield. Care had to be taken to 
remove the excess chlorine at a low temperature, however, 
and an attempted chlorination using a large excess of chlo
rine and allowing the reaction to warm to room tempera
ture led to the gradual formation of a second yellow prod
uct with a TLC mobility just greater than that of 17b. The 
two substances could be separated by preparative TLC and 
the new product, which was obtained as yellow crystals in 
22% yield, was shown by NMR and mass spectra to be ethyl 
AT2- (2-nitro-1 -phenylvinyl) -2-chloroglyoxylate hydrazone
(18), which presumably arose by benzylic chlorination and 
dehydrohalogenation of 17b.

It was hoped that generation of a nitro-stabilized carban- 
ion from 17b would lead to intramolecular displacement of 
chlorine by either a direct Sn2 process or, more likely, via 
an intermediate nitrilimine.26 Treatment of 17b with tri- 
ethylamine in tetrahydrofuran led to complete disappear
ance of the starting material and formation of several new 
products which were separated by preparative TLC. From 
the major band a crystalline product was isolated in 14% 
yield and shown to be the known 3-ethoxycarbonyl-5-phen- 
ylpyrazole (19).27 The formation of 19 shows that the de
sired cyclization of 17b to a nitropyrazoline did occur but 
was followed by loss of nitrous acid giving the pyrazole. 
Other examples of the loss of nitrous acid from nitropyra- 
zolines are to be found in the literature.28

In the hope that the spontaneous loss of nitrous acid 
might be avoided under appropriate conditions, we reacted 
the sugar aldehyde lib with nitromethane in the presence 
of sodium methoxide and obtained a crystalline nitro alco
hol in 74% yield. This compound gave an ORD spectrum 
with a positive Cotton effect centered about 284 nm and on 
the basis of the empirical rules developed by Satoh et al.29 
is considered to be 3,6-anhydro-4,5,7-tri-0-benzyl-l-deoxy-
l-nitro-D-g(ycero-D-aZfro-heptitol (20). Dehydration of 20 
was readily accomplished by treatment with acetic anhy
dride and pyridine in benzene, giving (£)-3,6-anhydro-
4,5,7-tri-0-benzyl-l,2-dideoxy-l-nitro-D-a/Zo-hept-l-enitol 
(21) in 84% yield. While both vinyl protons in 21 were

b. X =  Cl
masked by the aromatic resonances, the absence of any 
vinyl signal near 6.0 ppm strongly suggests that the prod
uct has the E configuration.30

The nitroolefin 21 reacted readily with 16 to form a mix
ture of diastereomeric nitro esters (22a) in 59% yield. While 
both diastereomers are suitable for subsequent steps, the 
major, more polar one could be isolated in crystalline form. 
We are not able to assign specific stereochemistry to the

crystalline isomer at this time. As was the case with the 
model compound 17a, careful low-temperature chlorina
tion of 22a led to the chlorohydrazone 22b, which was iso
lated as an analytically pure syrup by preparative TLC in 
84% yield. If, however, the chlorination reaction mixture 
was allowed to warm up before excess chlorine was re
moved, the crystalline nitroolefin 23 was isolated as a major 
product. Unfortunately, we have been unable to effect cy
clization of 22b by treatment with triethylamine or with 
other tertiary bases such diisopropylethylamine and 1,5- 
diazabicyclo[4.3.0]non-5-ene. Using these bases in different 
solvents and at various temperatures 22b either remained 
unchanged or underwent extensive decomposition. It would 
thus appear that this route is not well suited for the prepa
ration of the desired nitropyrazole C-glycosides.

Forthcoming papers in this series will describe our work 
on totally different routes toward the synthesis of pyra- 
zomycin17 and of purine-related C-glycosides.

Experimental Section
The general analytical methods used are similar to those de

scribed previously.5 We are particularly grateful to Dr. M. L. Mad
dox and Mrs. J. Nelson for their continuous help with NMR spec
troscopy.

2.5- Anhydro-3,4,6-tri-0-benzoyl-D-allonamidoxime (2a). A.
A solution of 2,3,5-tri-0-benzoyl-/S-D-ribofuranosylcyanide (1, 500 
mg, 1.06 mmol)114 and free base hydroxylamine [from 100 mg (1.4 
mmol) of the hydrochloride]31 in methanol (40 ml) was heated at 
50° for 12 hr. The solvent was then evaporated and the residue was 
purified by preparative TLC using benzene-acetone (9:1), which 
separated one principal product from several more polar by-prod
ucts. Elution of the major band gave 180 mg (34%) of 2a as a 
TLC-homogeneous syrup: \mal (MeOH) 229 nm (e 39,600), 274 
(2900), 281 (2400); [o]23d  -17.9° (c 0.6, CHCD; NMR (acetone- 
df,) 4.70 ppm (m, 3, C5H, C6H2), 4.77 (d, 1, J 2 3 = 5 Hz, C2H), 5.20 
(br s, 2, NH2), 5.87 (dd, 1, J3 4 = 5, J4 5 = 10 Hz, C4H), 6.00 (dd, 1, 
C3H), 7.5 (m, 9, Ar), 8.0 (m, 6, Ar).

Anal. Calcd for C27H24N2O8 (504.48): C, 64.28; H, 4.80; N, 5.55. 
Found: C, 64.52; H, 4.89; N, 5.44.

B. A solution of 8a [regenerated from 10.0 g (15 mmol) of the di- 
phenylimidazolidine derivative as previously described4] and hy
droxylamine hydrochloride (5.0 g, 75 mmol) in ethanol (125 ml) 
and pyridine (125 ml) was heated under reflux for 2 hr and then 
evaporated to dryness. The residue was dissolved in chloroform 
(600 ml), washed with 5% aqueous sodium bisulfate, aqueous sodi
um bicarbonate, and water, dried (MgS04), and evaporated, leav
ing 7.0 g (97%) of oxime 3 that was identical by TLC (ether-hex
ane, 2:1) with an authentic sample.1 This material was dissolved in 
ether (100 ml), cooled to —70°, and treated with a stream of chlo
rine gas for 10 min. After a further 10 min at —70° the solvent was 
evaporated in vacuo and the residue was coevaporated with ben
zene. The resulting chloro oxime (4)1 was dissolved in ether (200 
ml) and added to a saturated solution of ammonia in ether (1 1.) at 
0°. After 12 hr at 0° the solvent was evaporated and the residue 
was dissolved in ether, washed twice with water, dried (MgS04), 
and evaporated, leaving 6.74 g (92% from 3) of 2a that was homo
geneous by TLC and NMR analysis.

2.5- Anhydro-D-allonamidoxime (2b). A solution of 2a (1.0 g, 
1.98 mmol) is saturated methanolic ammonia was stored overnight 
at room temperature and then evaporated to dryness. The residue 
was purified by chromatography on a column of silicic acid (100 g) 
using chloroform-methanol (7:3), giving 350 mg (92%) of homoge
neous 2b as a clear syrup. Attempted crystallization from 2-propa
nol gave 2b only as an amorphous, very hygroscopic solid: [«|23D 
—30.8° (c 0.3, MeOH); NMR (pyridine-d5-D 20 ) 4.00 (dd, 1, Jgem 
=  13, J 5,6a =  2.5 Hz, C6aH), 4.15 (dd, 1, J s,6b =  3 Hz, C6bH), 4.43 
(m, 1, C5H), 4.74 (m, 2, C3H and C4H), 4.94 ppm (d, 1, J 2 3 =  3 Hz, 
C2H).

Anal. Calcd for C6H12N2O5 (192.18): C, 37.50; H, 6.30; N, 14.58. 
Found: C, 37.78; H, 6.31; N, 13.94.

3-(2,3,5-Tri-0-benzoyl-/3-D-ribofuranosyl)-5-methyl-l,2,4- 
oxadiazole (5a). A solution of 2a (3.0 g, 5.9 mmol) in acetic anhy
dride (70 ml) was heated under reflux and in the dark for 12 hr in a 
nitrogen atmosphere. Evaporation of the solvent left a dark syrup 
that was coevaporated several times with dioxane and then chro
matographed on a column of silicic acid using benzene-acetone
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(98:2). The major product was 1.5 g (48%) of 5a, which was ob
tained as a homogeneous foam: Amnx (MeOH) 229 nm (c 37,500), 
274 (2900), 281 (2300); [a]23D -22.8° (c 0.6, CHC13); NMR (CDC13)
2.48 (s, 3, C5Me), 4.7 (m, 3, C4'H, C5'H2), 5.42 (d, 1, = 3 Hz,
CrH), 5.98 (narrow m, 2, C2'H, C3H), 7.4 (m, 9, Ar), 8.0 ppm (m, 6, 
Ar).

Anal. Calcd for C29H24N20 8 (528.50); C, 65.90; H, 4.58; N. 5.30. 
Found: C, 65.79; H, 4.71; N, 5.29.

5-Methyl-3-(d-D-ribofuranosyl)-l,2,4-oxadiazole (5b). A so
lution of 5a (280 mg, 0.53 mmol) in methanol (10 ml) was mixed 
with saturated methanolic ammonia (5 ml) and stored at room 
temperature for 48 hr. Following evaporation of the solvent the 
residue was chromatographed on a column of Merck silica gel G 
(50 g) using chloroform-methanol (19:1), giving 80 mg (70%) of 5b 
as a homogeneous, clear syrup: uv (MeOH) only end absorption; 
[a]23D —30.9° (c 0.2, MeOH); NMR (pyridine-ds) 2.29 (s, 3, C3Me),
4.09 (dd, 1, e/gem = 14, J4',5'a = 4 Hz, C.5 aH), 4.20 (dd, 1, J r*/h = 4 
Hz, Cs-bH), 4.66 (ddd, 1, Jy r  = 4 Hz, Gt-H), 4.81 (dd, Ju y  = 4 Hz, 
C3-H), 4.97 (dd, 1, J r ,2’ = 5 Hz, C2>H), 5.52 ppm (d, 1, Cx H).

Anal. Calcd for C8H i2N20 6 (216.19): C, 44.44; H, 5.60; N, 12.96. 
Found: C, 44.18; H, 5.63; N, 12.98.

3-(2,3,5-Tri-0-benzoyl-jS-D-ribofuranosyl)-5-methyl-A2-
1.2.4- oxadiazoline (6). A solution of 2a (150 mg, 0.3 mmol) and 
acetaldehyde (2.5 ml) in ethanol (5 ml) and water (2.5 ml) was 
stored at room temperature for 3 days. The mixture was then 
evaporated to dryness and the residue, which still contained 2a, 
was purified by preparative TLC using benzene-acetone (9:1), giv
ing 75 mg (47%) of 6 as a syrupy, diastereomeric mixture: Xmax 
(MeOH) 230 nm (e 31,400), 273 (3200), 281 (2500); [a]23D -79.2° (c 
0.4, CHC13); the NMR spectrum (CDC13) was complex owing to the 
presence of two diastereomers.

Anal. Calcd for C29H26N20 8 (530.51): C, 65.65; H, 4.94; N, 5.28. 
Found: C, 65.29; H, 4.92; N, 5.28.

Treatment of 6 (10 mg) with ~1 M  chlorine in carbon tetrachlo
ride (1 ml) in the dark for 10 min led to complete dehydrogenation, 
giving 5a. Following isolation by TLC the ir and NMR spectra of 
the latter were identical with those of 5a prepared using acetic an
hydride as above.

5-Acetonyl-3-(2,3,5-tri-0-benzoyl-|8-D-ribofuranosyl)-
1.2.4- oxadiazole (7). A solution of 2a (100 mg, 0.2 mmol) and 
ethyl acetoacetate (400 mg, 3.1 mmol) in toluene (50 ml) was heat
ed under reflux for 48 hr. The solvent was then evaporated and the 
residue was purified by preparative TLC using benzene-acetone 
(9:1), giving 70 mg (61%) of 7 as a homogeneous syrup: Xmax 
(MeOH) 230 nm (e 38,900), 274 (5400); [a]23D -41.6° (c 0.3, 
CHC13); NMR (CDC13) 2.22 (s, 3. COCH3), 3.91 (s, 2, CH2CO), 4.75 
(m, 3, C4'H, CyH2), 5.46 (d, 1, J r ,2- = 3 Hz, Cr H), 6.00 (m, 2, C2H, 
C3 H), 7.4 (m, 9, Ar), 8.0 ppm (m, 6, Ar).

Anal. Calcd for C3iH26N20 9 (570.54): C, 65.26; H, 4.59; N, 4.91. 
Found: C, 65.06; H, 4.45; N, 4.83.

(Z)-5,8-Anhydro-6,7,9-tri-0-benzoyl-3-chloro-l,3,4-tride- 
oxy-D-al/o-non-3-eneulose (10a). 2,5-Anhydro-3,4,6-tri-0-ben- 
zoyl-D-allose (8a) was regenerated from its diphenylimidazolidine 
derivative (8.25 g, 12.35 mmol) as previously described.4 The di
rectly obtained aldehyde was dissolved together with 1-chloroace- 
tonylidenetriphenylphosphorane (12.0 g, 34 mmol)20 in methylene 
chloride (500 ml) and stirred at room temperature for 18 hr. The 
solution was then washed with water, dried (MgSCL), and evapo
rated. The residue was chromatographed on a column of silicic 
acid using ether-hexane (2:1), giving 5.30 g (78%) of 10a as a foam 
that contained a single geometric isomer: Xmnx (MeOH) 230 nm (t 
49,100), 274 (3300), 281 (2600); [a]23D -36.9° (c 0.3, CHC13); NMR 
(CDCls) 2.33 (s, 3, COCH3), 4.54 (dd, 1, J gem = 13, J 8,9a = 3.5 Hz, 
C9aH), 4.6-4.8 (m, 2, CgH, C9bH), 5.30 (dd, 1, J 4,5 = 7.5, J 5,g = 6 
Hz, C5H), 5.59 (dd, 1, Je,7 = 6 Hz, CGH), 5.73 (dd, 1, J 7,s = 9 Hz, 
C7H), 6.86 (d, 1, C4H), 7.4 (m, 9, Ar), 8.0 (m, 6, Ar).

Anal. Calcd for C30H25O8CI (548.96): C, 65.63; H, 4.59; Cl, 6.46. 
Found: C, 65.79; H, 4.74; Cl, 6.05.

5,8-Anhydro-6,7,9-tri-0-benzyl-3-chloro-l,3,4-trideoxy-D- 
aflo-non-3-eneulose (10b). 2,5-Anhydro-3,4,6-tri-0-benzyl-D-al- 
lose (8b) was regenerated from its diphenylimidazolidine deriva
tive (1.30 g, 2.07 mmol) as previously described.4 The crude alde
hyde was then treated with 1.5 g (4.2 mmol) of 9 in methylene 
chloride (100 ml) at room temperature for 14 hr. The mixture was 
washed with water, evaporated, and purified by chromatography 
on a column of silicic acid using ether-hexane (2:1), giving 910 mg 
(87%) of 10b as a roughly 4:1 mixture of geometrical isomers, Xmax 
(MeOH) 244 nm (e 10,300).

Anal. Calcd for C30H31O5CI (507.01): C, 71.06; H, 6.16. Found: C, 
70.96; H, 6.08.

In a separate experiment a sample of this mixture was separated 
into its geometric isomers by preparative TLC using ether-hexane 
(9:1). The NMR spectrum of the major, more polar Z isomer (10b) 
in CDC13 showed 2.06 (s, 3, COCH3), 3.51 (dd, 1, J gem = 11, J 89a = 
3 Hz, C9aH), 3.70 (dd, 1, J 89b = 2.5 Hz, C9bH), 3.88 (dd, 1, J56= 3, 
J 67 = 4.5 Hz, C6H), 4.04 (dd, 1, Jla  = 7 Hz, C7H), 4.28 (m, 1, 
C8H), 4.45-4.7 (m, 6, OCH2Ar), 5.07 (dd, 1, J 4,5 = 7 Hz, C6H), 6.80 
(d, 1, C4H), 7.3 ppm (m, 15, Ar).

The NMR spectrum of the less polar E isomer (CDC13) showed
3.50 (dd, 1, J gem = 11, Jg,9a = 3 Hz, C9aH), 3.70 (dd, 1, J 89b = 2.5 
Hz, C9bH, 3.81 (dd, 1, J 5,e = 2, J6,7 = 4.5 Hz, CgH), 4.00 (dd, 1, J 7 8 
= 8 Hz, C7H), 4.24 (m, 1, C8H), 4.30, 4.42, 4.49, 4.58, 4.74, and 4.91 
(d, 1, J gem = 12-13 Hz, CH2Ar), 5.20 (dd, 1, J 4,s = 8 Hz, C5H), 6.30 
(d, 1, C4H), 7.30 ppm (m, 15, Ar).

3-(2,3,5-Tri-0-benzoyl-d-D-ribofuranosyl)-5-methylpyra- 
zole (11a). A solution of 10a (5.30 g, 9.65 mmol) and 85% hydra
zine hydrate (5.0 ml, ~100 mmol) in glacial acetic acid (250 ml) 
was heated under reflux for 18 hr. The cooled solution was evapo
rated to dryness and the residue was triturated with ethyl acetate 
(500 ml) and filtered. The filtrate was washed with aqueous sodi
um bicarbonate, dried, and evaporated, leaving a residue that was 
purified by chromatography on a column of silicic acid using ben
zene-ether (2:3). Evaporation of the major product left 3.50 g 
(69%) of 11a as a syrup: Xmax (MeOH) 229 nm (t 41,400), 274 
(3900), 279 (sh, 3100); [<*]23d -3 .2 ° (c 0.2, CHC13); NMR (CDC13)
2.21 (s, 3, CH3), 4.69 (m, 3, C4'H, CsTL), 5.36 (m, 1, virtually cou
pled to C3'H, CrH), 5.80 (m, 2, C2H, C3-H), 6.05 (s, 1, C4H), 7.3 (m, 
9, Ar), 7.9 (m, 6, Ar), 8.90 ppm (br s, 1, NH).

Anal. Calcd for C3oH26N20 7 (526.53): C, 68.48; H, 4.98; N, 5.32. 
Found: C, 68.10; H, 4.96; N, 5.15.

5-Methyl-3-()3-D-ribofuranosyl)pyrazole. (lib). A. A solu
tion of 11a (1.0 g, 1.9 mmol) in saturated methanolic ammonia 
(100 ml) was kept at room temperature for 12 hr and then evapo
rated to dryness. The residue was partitioned between ethyl ace
tate and water and the aqueous phase was evaporated to a syrup. 
The latter was dissolved in water (3 ml) and applied to a 1 X 15 cm 
column of freshly regenerated Bio-Rad AG-1-X2 resin. After a 
water wash the column was eluted with a gradient of 10-50% meth
anol in water, the elution being followed by TLC using chloroform- 
methanol (7:3). Evaporation of the pooled major peak gave 120 mg 
(30%) of lib  as an amorphous solid that was homogeneous by 
NMR: Xmax (MeOH) 216 nm (r 5100); [a]23D -37.7° (c 0.3, H20); 
ORD (MeOH) [$]226 (tr) —1300°, [4>]2oo 0°; NMR (pyridine-dj)
2.22 (s, 3, CH3), 4.12 (dd, 1, J gem = 12, J 4',5-a = 3.5 Hz, C6'aH), 4.28 
(dd, 1, J4' 5'b = 3.5 Hz, CB'bH), 4.63 (m, 1,’ C4 H), 4.81 (m, 2, C2H, 
C3-H), 5.55 (d, 1, J i',2' = 4.5 Hz, Cr H), 6.26 ppm (s, 1, C4H).

Anal. Calcd for C9Hi4N20 4 (214.22): C, 50.46; H, 6.59; N, 13.08. 
Found: C, 50.54; H, 6.78; N, 12.99.

B . A solution of 11c (100 mg, 0.20 mmol) in tetrahydrofuran (3 
ml) was added to liquid ammonia (50 ml) and then small pieces of 
freshly cut sodium were added until a blue color persisted. The 
mixture was kept for an additional 10 min and then solid ammo
nium chloride (1 g) was added. The solvent was evaporated with a 
stream of argon and a solution of the resulting white residue in 
water was passed through a column (30 ml) of Dowex 50 (H+) 
resin. The resin was washed with water and then eluted with dilute 
ammonia, giving a material that still retained some salt. This was 
purified by preparative TLC using chloroform-methanol (7:3) giv
ing 35 mg (83%) of lib that was homogeneous by TLC and identi
cal with that from A above.

C. Attempted «debenzoylation of 1 la using methanolic sodium 
methoxide at room temperature overnight led to lib that was con
taminated with some very close-moving impurities that were diffi
cult to remove by preparative TLC.

3- (2,3,5-Tri- O-benzyl-0-D-ribofuranosyl )-5-methylpyrazole 
(11c). A solution of 10b (800 mg, 1.6 mmol) and 85% hydrazine hy
drate (1 ml) in glacial acetic acid (50 ml) was heated under reflux 
for 12 hr and then worked up as above for 11a. Preparative TLC 
using two developments with benzene-ether (3:2) gave 430 mg 
(56%) of 11c as a syrup: Xmax (MeOH) 252 nm (t 700), 259 (800), 
264 (600), 268 (500); [a]23D 9.9° (c 0.08, CHC13); NMR (CDC13)
2.22 (s, 3, CH3), 3.52 (dd, 1, =7gem = 11, J r ,5'a = 3 Hz, C5aH), 3.75 
(dd, 1, J4' 5'b = 3.5 Hz, C5 bH), 3.96 (dd, 1, Jr,2' — 3.5, J9',3' = 4.5 
Hz, C2'H), 4.08 (dd, 1, J3',r = 6.5 Hz, C3-H), 4.26 (m, 1, C4-H), 4.38, 
4.42, 4.47, 4.63 (d, 1, Jgem = 12 Hz, OCH2Ar), 4.61 (s, 2, C60 - 
CH2Ar), 5.15 (d, 1, Cr H), 5.86 (s, 1, C4H), 7.25 ppm (m, 15, Ar).

Anal. Calcd for C3oH32N20 4 (484.57): C, 74.35; H, 6.66; N, 5.78. 
Found: C, 74.37; H, 6.60; N, 5.89.

(E)-5,8-Anhydro-6,7,9-tri-0-benzyl-l,3,4-trideoxy-D-aIio- 
non-3-eneulose (12). A solution of 8b [regenerated, as above, from
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4.05 g (6.5 mmol) of the diphenylimidazolidine derivative]4 and 
acetonylidenetriphenylphosphorane (4.2 g, 13 mmol) were allowed 
to react in methylene chloride (500 ml) at room temperature for 16 
hr. The solution was washed with water, evaporated to dryness, 
and chromatographed on a column of silicic acid using ether-hex
ane (2:1), giving 2.6 g (85%) of a single geometrical isomer (12) as a 
syrup: Xmax (MeOH) 225 nm (sh, c 9400); [a]23D —14.6° (c 0.2, 
CHClg); NMR (CDCI3) 2.10 (s, 3, COCH3), 3.51 (d, 1 , JB,9 = 4 Hz, 
C9H2), 3.70 (dd, 1, J5,e = 6.5, J6.7 = 5 Hz, CSH), 3.91 (dd, 1 , J7,s = 
4 Hz, C7H), 4.24 (dt, 1, CgH), 4.45-4.6 (m, 6, CH2Ar), 4.6 (under 
CH2Ar, 1, C5H), 6.27 (dd, 1, J3,4 = 16, J3,5 = 1 Hz, C3H), 6.62 (dd, 
1, Ji 5 = 5 Hz, C4H), 7.3 ppm (m, 15, Ar).

Anal. Calcd for C3oH3205 (472.56); C, 76.24; H, 6.83. Pound: C, 
75.87; H, 6.86.

JV-Acetyl-3-(2,3,5-tri-0-benzyl-/S-D-ribofuranosyI)-5-meth- 
ylpyrazoline (13). A solution of 12 (2.6 g, 5.5 mmol) and 90% hy
drazine hydrate (2.5 g, ~50 mmol) in glacial acetic acid (200 ml) 
was heated at 100° for 1.5 hr. After evaporation of the cooled solu
tion the residue was dissolved in chloroform, washed with aqueous 
sodium bicarbonate and water, dried, and evaporated. The residue 
was chromatographed on a column of silicic acid (200 g) using 
chloroform-ethyl acetate (10:3). Crystallization of the major prod
uct from ethyl acetate-hexane gave 2.15 g (74%) of a roughly equal 
mixture of diastereomers of 13 with mp 114-116°: Amax (MeOH) 
238 nm (e 11,700); [a]23D 129.9° (c 1.0, CHCI3); ir (KBr) 1645 cm" 1 
(NAc), no NH or amide II: NMR (CDCI3) 1.86 (s, 3, COCH3), 2.13 
and 2.19 (s, total 3, CH3), 2.70 ppm (m, 2 , C4H2), other sugar pro
tons appearing as doubled signals in the expected regions.

Anal. Calcd for C32H36N2O5 (528.62): C, 72.70; H, 6.86; N, 5.30. 
Found: C, 72.38; H, 6.79; N, 5.30.

4-Bromo-5-methyl-3-(2,3,5-tri-0-benzoyI-|8-D-ribofurano- 
syl)pyrazole (14). Bromine (0.25 ml) was added to a solution of 
11a (100 mg, 0.19 mmol) in chloroform (20 ml) and the mixture 
was heated under reflux for 1.5 hr. The mixture was diluted with 
chloroform, washed with aqueous bicarbonate and water, dried 
(MgS04), and evaporated, leaving a solid residue. The latter was 
purified by preparative TLC using benzene-ether (3:2), giving 100 
mg (87%) of 14 as a homogeneous foam: Amalt (MeOH) 230 nm (t
42.300) , 275 (3100), 282 (2500); [a]23D -27.1° (c 0.2, CHCI3); NMR 
(CDCI3) 2.21 (s, 3, CH3), 4.70 (apparent s, 3, C4-H, C5-H2), 5.42 (d, 
1, Jr,2' = 4.5 Hz, CrH), 5.98 (m, 2, C2-H, C3'H), 7.35 (m, 9, Ar).
7.95 ppm (m, 6, Ar).

Anal. Calcd for C3oH25N207Br (605.44): C, 59.51; H, 4.16; N,
4.63. Found: C, 59.45; H, 4.27; N, 4.79.

Ethyl N2-(2-Nitro-l-phenylethyl)glyoxylate Hydrazone 
(17a). A solution of /3-nitrostyrene (7.7 g, 52 mmol) and (E)-ethyl 
glyoxylate hydrazone (16, 6.0 g, 52 mmol)32 in tetrahydrofuran 
(200 ml) was heated under reflux for 48 hr. Following evaporation 
of the solvent the residue was chromatographed on a column of si
licic acid using ether-hexane (2 :1 ) and the major product was crys
tallized from chloroform-hexane, giving 5.0 g (36%) of 17a with mp
93-94°: Xm„  (MeOH) 280 nm (e 16,600); NMR (CDC13) 1.28 (t, 3, 
CH3), 4.21 (q, 2, OCH2), 4.67 (dd, 1 , Jgem = 13, <7™ = 5 Hz, 
N 0 2CH), 5.01 (dd, 1, Jvic = 7.5 Hz, N 02CH), 5.23 (m, 1, ArCH), 
6.84 (s, 1, N=CH), 7.04 (d, 1, NH), 7.30 ppm (s, 5, Ar).

Anal. Calcd for Ci2Hi5N30 4 (265.26): C, 54.33; H, 5.70; N, 15.84. 
Found: C, 53.94; H, 5.67; N, 15.58.

Ethyl Ar2-(2-Nitro-l-phenylethyl)-2-chloroglyoxylate Hy
drazone (17b). A solution of chlorine in carbon tetrachloride (13.2 
ml of 1.36 M, 18.5 mmol) was added dropwise over 30 min to a 
stirred solution of 17a (1.0 g, 3.8 mmol) in methylene chloride (30 
ml) at —70°. The solvent was then evaporated in vacuo (below 0°) 
and the residue was crystallized from chloroform-hexane, giving 
790 mg (70%) of 17b with mp 77-78°: Xmax (MeOH) 276 nm (X
17.300) ; ir (KBr) 1710 (CO), 1550 cm- 1  (N02); mass spectrum (70 
eV) m/e 299, 301 (M+), 252, 254, (M -  HN02), 239, 241 (M -  
CH2NO2), 104 (ArCH=CH2); NMR (CDC13) 1.32 (t, 3, CH3), 4.28 
(q, 2, OCH2), 4.67 (dd, 1, Jgem = 12.5, Jvic = 5 Hz, CHN02), 5.08 
(dd, 1, Jvic = 8 Hz, CHNOa), 5.33 (ddd, 1, Jh.nh = 4 Hz, ArCH),
6.91 (d, 1, NH), 7.32 ppm (s, 5, Ar).

Anal. Calcd for Ci2H]4N30 4C1 (299.75): C, 48.09; H, 4.71; N,
14.02. Found: C, 47.95; H, 4.58; N, 13.87.

Ethyl AP-(2-Nitro-l-phenyIvinyl)-2-chloroglyoxylate Hy
drazone (18). A reaction similar to that for preparation of 17b was 
conducted on 320 mg (1.2 mmol) of 17a but using a large excess of 
chlorine and allowing the mixture to gradually warm to room tem
perature during the addition. Under these conditions a new yellow 
spot with an R/ just greater than that of 17b was gradually formed. 
Following evaporation of the solvent the residue was purified by 
preparative TLC using two developments with ether-hexane (1:1).

Elution of the slower of the resulting two bands gave 100 mg (30%) 
of 17b identical with that above while the faster band gave 80 mg 
(22%) of 18 with mp 124-125° from chloroform-hexane: Amax 
(MeOH) 220 nm (c 8600), 273 (10,600), 370 (18,400); ir (KBr) 1725 
(CO), 1615 (Ar), 1565 (N02), 1500 cm- 1  (Ar); mass spectrum (70 
eV) m/e 297, 299 (M+), 251, 253, (M -  EtOH), 216 (m/e 251 -  Cl), 
103, 77 (C6H5); NMR (CDC13) 1.26 (t, 3, CH3), 4.28 (q, 2, OCH2), 
6.80 (s, 1, C=CH N 02), 7.50 ppm (s, 5, Ar).

Anal. Calcd for Ci2H1230 4C1 (297.75): C, 48.41; H, 4.06; N, 14.11. 
Found: C, 48.26; H, 4.18; N, 13.71.

3-Ethoxycarbonyl-5-phenylpyrazole (19). A solution of 17b 
(100 mg) in triethylamine (1 ml) and tetrahydrofuran (10  ml) was 
heated under reflux overnight. The solvent was evaporated and the 
residue was partitioned between chloroform and water. The dried 
organic phase was purified by preparative TLC using ether-hex
ane (2:1). Elution of the major band and crystallization from ether- 
hexane gave 10 mg (14%) of 19 with mp 139-141° (reported27 mp 
140°): mass spectrum (70 eV) m/e 216 (M+), 170 (M — EtOH), 142 
(m/e 170 -  CO); NMR (CDCI3) 1.25 (t, 3, CH3), 4.23 (q, 2, OCH2), 
7.00 (s, 1, C4H), 7.35 (m, 3, Ar), 7.70 ppm (m, 2, Ar).

3,6-Anhydro-4,5,7-tri- O-benzyl-1 -deoxy-1 -nitro-D-gTyeero- 
D-a/tro-heptitol (20). A solution of 8b [regenerated from 4.0 g 
(6.40 mmol) of the diphenylimidazolidine derivative4] in a mixture 
of methanol (200 ml) and nitromethane (20 ml) was stirred at 0° 
while methanolic sodium methoxide (10 ml of 0.48 M) was added 
dropwise. After an additional 1 hr at 0° the mixture was neutral
ized with Dowex 50 (H+) resin, filtered, and evaporated. The resi
due was partitioned between chloroform and water, the dried or
ganic phase was evaporated and the residue was crystallized from 
ether-hexane, giving 2.35 g (74%) of 20 with mp 42-44°: Amax 
(MeOH) 207 nm (c 31,500), 247 (500), 252 (600), 258 (750), 264 
(600), 267 (400); [«]23d -12.4° (c 0.18, CHCI3); ORD (MeOH) 
[4>]320 (pk) 1100°, [$ ]284 0°, [$ ]229 (tr) -3000°, [<I>]220 0°; i w  
(KBr) 1555 cmT1 (N02); NMR (CDC13) 3.19 (br s, 1, C2OH), 3.38 
(dd, 1, e/gem — 10.5, J6.7a = 3 Hz, C7aH), 3.58 (dd, 1, Je.ib ~ 3 Hz, 
C7bH), 4.00 (s, 2, C4H, CsH), 4.17 (m, 1, CeH), 4.3~4.6 (m, 10, CiH2, 
C2H, C3H, and CH2Ar), 7.27 ppm (m, 15, Ar).

Anal. Calcd for C28H3iN07 (493.54): C, 68.14; H, 6.33; N, 2.84. 
Found: C, 68.00; H, 6.54; N, 2.98.

(E)-3,6- Anhydro-4,5,7-tri- O-benzyl-1,2-dideoxy-1 -nitro-D- 
ai/o-hept-l-eneitol (21). A solution of acetic anhydride (1 ml) 
and pyridine (2 ml) in benzene (5 ml) was added to a stirred solu
tion of 20 (1.5 g, 3.0 mmol) in benzene at 0°. After storage over
night at 4° the solvent was evaporated and the residue was dis
solved in chloroform and washed with aqueous sodium bicarbonate 
and water. The dried organic phase was evaporated and purified 
by preparative TLC using ether-hexane (2:1 ). Elution of the major 
band gave 1.20 g (84%) of 21 as a syrup: Xmax (MeOH) 245 nm (sh, t 
4100), 250 (sh, 4050), 257 (sh, 3800); [a]23D -17.6° (c 0.3, CHCls); 
NMR (CDCla) 3.44 (dd, 1 , Jgem = 1 1 , J67a = 3.5 Hz, C7aH), 3.56 
(dd, 1, J6i7b = 3.5 Hz, C7bH), 3.76 (dd, 1, J3 4 = 6.5 Hz, C4H), 3.95 
(dd, 1, J4S = 4.5 Hz, C5H), 4.23 (dt, 1 , J5 6 = 3.5 Hz, C6H), 4.35-
4.7 (m, 7, C3H and CH2Ar), 7.1-7.35 ppm (m, 17, CrH, C2H, and 
Ar).

Anal. Calcd for C2sH29N 06 (475.52): C, 70.20; H, 6.15; N, 2.95. 
Found: C, 70.42; H, 6.31; N, 2.69.

2-(2,3,5-Tri-0-benzyl-j3-D-ribofuranosyl)-2-(2-carboethox- 
ymethylenehydrazino)-l-nitroethane (22a). A solution of 21 
(3.0 g, 6.3 mmol) and 16 (4 g, 34 mmol)32 in tetrahydrofuran (100 
ml) was stored at room temperature for 48 hr. Following evapora
tion of the solvent the residue was purified by preparative TLC 
using CCL-ethyl acetate (4:1), giving 2.2 g (59%) of 22a as a mix
ture of isomers suitable for direct use in the next step. A portion of 
this material was separated into its diastereomers by further pre
parative TLC using two developments with chloroform-ethyl ace
tate (10:1). The major, more polar isomer was then crystallized 
from ethyl acetate-hexane with mp 83-87°: Xmax (MeOH) 283 nm 
U 12,400); [a]23D 36.7° (c 0.1, CHC13); NMR (CDC13) 1.28 (t, 3, 
CH3), 3.37 (dd, 1 , Jiem = 10.5, J4-5'a = 3 Hz, CSaH), 3.54 (dd, 1 , 
Jv.s'b = 3.5 Hz, C5 bH), 3.93 (m, 1 , C2-H), 4.22 (q, 2 , OCH2CH3),
4.1-4.8 (m, 12, CH2CH, CrH, C3'H, C4-H, OCH2Ar), 6.68 (s, 1, 
N=CH), 7.25 ppm (m, 15, Ar).

Anal. Calcd for C32H37N30 8 (590.63): C, 65.07; H, 6.14; N, 7.11. 
Found: C, 65.27; H, 6.28; N, 6.93.

Chlorination of the Hydrazone 22a. A. A 7.3% solution of 
chlorine in carbon tetrachloride (3 ml) was added dropwise to a 
stirred solution of 22a (250 mg, 0.42 mmol) in tetrahydrofuran at 
—65°. After 15 min TLC using carbon tetrachloride-ethyl acetate 
(4:1) showed complete conversion of 22a to a faster spot and excess 
chlorine was removed with a stream of nitrogen at —60°. The sol
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vent was then evaporated in vacuo below 0° and the resulting 
syrup was purified by preparative TLC using CCU-ethyl acetate 
(4:1). Elution of the major band gave 220 mg (84%) of the chlo- 
rohydrazone 22b as a very pale yellow oil: Xmax (MeOH) 274 nm (c 
13,700); [a]23D -0 .7 ° (e 0.7, CHCI3); NMR (CDCI3) 1.31 (t, 3, 
CH3), 3.37 (dd, 1, Jgem = 12, el4' 5'fl = 3 Hz, Cs'aH), 3.52 (dd, 1, 
J4',5'b = 3.5 Hz, Cs'bH), 3.8-4.7 (m, 13), 4.30 (q, 2, OCH2), 7.3 ppm 
(m, 15, Ar); mass spectrum (70 eV) m/e 626, 628 (M+).

Anal. Calcd for C32H36N3O8CI (626.12): C, 61.39; H, 5.80; N,
6.71. Found: C, 61.17; H, 5.69; N, 6.43.

Elution of the faster yellow band gave 10 mg (4%) of crystalline 
23 (see below).

B. The hydrazone 22a (100 mg) was treated with chlorine in car
bon tetrachloride (2 ml of 7.3%) at -6 0 °  as above in A, giving es
sentially a single spot of 22b. The solvent was directly evaporated 
at room temperature and the residue was purified by preparative 
TLC using CCU-ethyl acetate (4:1), giving two well-resolved 
bands. Elution of the slower band gave 60 mg (57%) of 22b identi
cal with that above. Elution of the faster band gave 50 mg (46%) of 
the nitroolefin 23 that crystallized spontaneously. Recrystalliza
tion from ethyl acetate-hexane at —15° gave 23 as fine white nee
dles with mp 107-108°: Xma,  (MeOH) 263 nm (e 9400), 366
(21,600); [a]23D 69.6° (c 0.5, CHCI3); NMR (CDC13) 1.24 (t, 3, 
CH3), 3.60 (dd, 1, J gem = 11, J4' s'a = 2.5 HZ, C5'aH), 3.88 (dd, 1, 
J4' 5'b = 1.5 Hz, C5'bH), 4.05-5.05'(m, 11, C2-H, C3H, C„'H, OCH2),
5.47 (s, Jailylic ^  1 Hz, Ci-H), 7.3 (m, 15, Ar), 7.55 (d, 1, J aiiyiic =* 1 
Hz, N 02CH =C), 12.1 ppm (s, 1, NH).

Anal. Calcd for C32H34N3O8CI (624.10): C, 61.58; H, 5.49; N,
6.73. Found: C, 61.46; H, 5.65; N, 6.58.

Registry No.— 1, 23316-67-8; 2a, 55428-60-9; 2b, 55428-61-0; 3, 
50720-88-2; 4, 50720-94-0; 5a, 55428-62-1; 5b, 55428-63-2; (S)-6, 
55428-64-3; (R)-6, 55515-13-4; 7, 55428-65-4; 8a, 39037-99-5; 8b, 
37699-02-8; 9, 6161-37-1; 10a, 55428-66-5; 10b, 55428-67-6; (£ )- 
10b, 55428-68-7; 11a, 55428-69-8; lib, 55428-70-1; 11c, 55428-71-2; 
12, 55428-72-3; (S)-13, 55428-73-4; (R)-13, 55428-74-5; 14, 55428-
75-6; 16, 55428-76-7; 17a, 55428-77-8; 17b, 55428-78-9; 18, 55428- 
79-0; 19, 5932-30-9; 20, 55428-80-3; 21, 55428-81-4; (S)-22a, 
55428-82-5; (fl)-22a, 55515-14-5; (S)-22b, 55428-83-6; (R)-22b, 
55428-84-7; 23, 55428-85-8; hydroxylamine, 7803-49-8; bromine, 
7726-95-6; (J-nitrostyrene, 102-96-5; chlorine, 7782-50-5.
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In our search for the specific structural features necessary for the observed differences in certain physicochemi
cal properties of a- and /3-pseudouridines, we have synthesized the title compound, 1. Two alternative syntheses 
of the key cis-3-hydroxymethylcyclopentaneacetic acid lactone (16) from norbornylene were investigated. In each 
instance the cis stereochemistry of 16 and thus that of 5-(cis-3-hydroxymethylcyclopentane)uracil (1) was assured 
by the cyclic nature of the intermediates. The lactone 16 was obtained by Baeyer-Villiger oxidation of the bicy- 
c!o[3.2.1]octan-3-one 15, and it could be formylated to the sodium enolate derivative 19. Base-catalyzed condensa
tion with thiourea yielded 5-(cis-3-hydroxymethylcyclopentane)-2-thiouracil (20), which was converted to 1 by 
treatment with aqueous chloroacetic acid. From ir and uv spectral studies of 1, it can be inferred that there is an 
interaction between the hydroxy group on the side chain and the pyrimidine ring, but it appears that such an in
teraction cannot alone be the cause of the differences in the uv spectral properties and equilibrium between the 
tautomeric monoanionic species in the anomeric pseudouridines. A specific role for the “ glycosyl”  ring oxygen in 
the pseudouridines is proposed.

Certain physicochemical properties of pseudouridine, a 
nucleoside from transfer RNA’s, have been the subject of 
studies in a number of laboratories during the past several 
years. Since the early reports2,3 on the different ratio of the 
two tautomers A and B (Figure 1) in the a- and /S-pseu- 
douridine monoanion, reflected in the uv spectral shifts of 
these compounds at pH ~11—12, several explanations have 
been offered, and promptly challenged, in an attempt to 
correlate this phenomenon with specific structural features 
and intramolecular interactions.

Chambers2 originally suggested that an intramolecular H 
bond from the C-5' hydroxyl to the C-4 carbonyl group (D, 
Figure 1) was stabilizing the N -l over the N-3 anion (A and 
B respectively, Figure 1) in the /3 isomer. Implicitly this 
proposal postulates the predominance of the syn conformer 
in aqueous solution.

In earlier reports on the synthesis4,5 and ir spectra5 o f 
various 5-lhydroxycyclopentane)pyrimidines that bear 
structural similarities to pseudonucleosides, we suggested 
that a weak intramolecular hydrogen bond to the 7r-elec- 
tron orbitals o f the pyrimidine ring could explain the dif
ference in the equilibrium of monoanionic species observed 
in a - and /3-pseudouridines. Corollary to these interpreta
tions is the predominance of the anti rotamer population o f 
/3-pseudouridine, since the C-5' hydroxy group is stereo- 
chemically the most likely intramolecular H-bonding donor 
to the ring r  system (C, Figure 1).

More recently the uv absorption properties of /3-pseu
douridine were carefully reexamined by Dugaiczyk.6 The 
only observed difference between the spectra of the respec
tive ionic species of /3-pseudouridine and its 2',3'-isopropyl- 
idene and 5'-0-acetyl-2',3'-0-isopropylidene derivatives 
was a small (1 and 0.5 nm respectively) hypsochromic shift 
in the latter two. The spectrum of the uracil monoanion 
represents the combined contribution of the two tautomer
ic species each of which is characterized by a different pKa. 
Paradoxically the (280/260 ratio at pH 11.2-12.2, which is 
taken as a quantitative measure of the relative proportions 
of the two monoanionic forms, varied from 2.22 for the par
ent compound to 2.40 for the 2',3'-0-isopropylidene and 
2.58 for the 5'-0-acetyl-2',3/-isopropylidene derivatives, 
but the pKa’s of all three compounds were reported to be 
the same, i.e., 9.10.6 Of course, the possibility cannot be ex
cluded that with each progressive substitution on the 
“ sugar” ring, the individual p /fa’s at N -l and N-3 of the

pyrimidine are proportionally modified so that there is no 
net change in the observed pK a. Also the conformational 
change(s) affecting the interrelationship(s) of the various 
structural entities of the pseudonucleoside, induced by the 
additional substitution, have not been considered. It has 
been experimentally confirmed, for example, that in uri
dine derivatives a 2',3'-0-isopropylidene group facilitates 
interaction between the 5' position and the aglycon.7 In ad
dition, a 5'-acetoxy group should be expected to have an ef
fect upon the conformation of the exocyclic CH2OH group 
and upon the sugar-base torsion angle. Extrapolation of 
these effects to the pseudouridine series is reasonable be
cause it has been shown (NMR) that the ribose conforma
tions of pseudouridine and uridine are very similar.8

Elaborate discussions of 4H NMR (proton magnetic reso
nance), NOE (nuclear Overhauser effect) data,8-10 and mo
lecular orbital calculations10 of pseudouridine led to the 
contradicting conclusions that in the /3 isomer an intramo
lecular bond between C-5' hydroxyl and C-4 carbonyl is un
likely because even though the gauche-gauche rotamer of 
the 5'-hydroxymethyl group is favored a substantial frac
tion of the molecules exist in the anti conformation,9 that 
both syn and anti conformations coexist in rapid equilibri
um in roughly equal populations, and that the syn confor
mation is stabilized by the existence of a hydrogen bond 
between the C-5' hydroxyl and C-4 carbonyl groups.10 
Whatever conclusions are made, however, are dependent 
upon the somewhat arbitrary selection of the factors em
ployed in the theoretical calculations. For example, the as
sumption that the 2' and 3' hydroxyl groups do not come in 
proximity to either the base or the 5'-hydroxymethyl group 
led to calculations in which the 2' and 3' hydroxyl groups 
were replaced by hydrogen atoms. That assumption and 
the corollary calculations may not be valid. By analogy to 
the molecule of uridine, intramolecular interaction between 
C-2' hydroxyl and the C-4 carbonyl group in the /3-pseu- 
douridine is to be considered.118 Also the range of concen
tration (0.1 M) at which the NOE measurements were con
ducted are not unequivocally regarded as precluding inter- 
molecular associations.12 Indeed, ir studies indicate that 
5'-0-acetyl-2'-3'-0-isopropylidene /3-pseudouridine at con
centrations 10-2 M  or below (CDCI3) self-associates to a 
considerable extent.13 It should be noted that different 
types of self-associations are probably involved, depending 
upon the nature of the solvent; i.e., in water the mode of as-



Pseudonucleoside Analogs J. Org. C h em ., Voi. 40, N o . 17, 1975 2489

H N ^N H

HO OH

0
HN-^NH

HO OH

C D
Figure 1.
sociation would be by vertical stacking of the bases while in 
apolar solvents it would be by horizontal hydrogen bon- 
ding.llb

Clearly the factors involved in the equilibrium of the mo
noanionic species of the “ anomeric” pseudouridines merit 
further study. An inspection shows that various uracils 
carrying a substituent at position 5 fall into two distinct 
spectral groups based on the relative predominance of the 
N -l over the N-3 monoanion (Figure 2). While the balance 
between the mesomeric and inductive effects among the 
side groups may vary,22 those derivatives in which the C-5 
substituents are joined to C-5 by carbon-carbon linkages 
are directly comparable. Among these, it is apparent that 
the presence of an allylic oxygen on the side-side chain fa
vors the formation of the N -l monoanion.

Intramolecular hydrogen bonding potentials, inductive, 
mesomeric, and electrostatic through-space effects, as well 
as interactions with the solvent, are all pertinent factors. It 
is recognized that more than one of these factors may be 
operative at any one time on the total molecule and may 
contribute to the apparent net effect.

In the a- and /3-pseudouridines the C-2', C-3', and C-5' 
hydroxyl groups are potential donors to an intramolecular 
hydrogen bond linking the substituent on C-5 to the pyrim
idine. In addition, the inductive, mesomeric, and electro
static effects of the tetrahydrofuran ring of the furanose 
must be taken into account. Substitution of the cyclopen
tane ring for the furanose ring of pseudouridines retains 
the stereochemical arrangement of the individual groups, 
essentially unchanged, with the exception of the allylic 
ether oxygen. In both ring systems (tetrahydrofuran and 
cyclopentane) the angle of maximum puckering rotates 
without substantial change in potential energy, but the 
presence of one or more endocyclic or exocyclic substitu
ents gives rise to induced potential energy barriers oppos
ing pseudorotation.23 It is reasonable to assume that partic
ular substituents impose analogous restrictions upon either 
the cyclopentane pseudonucleoside analogs or the parent 
tetrahydrofuran compounds. Thus they allow the forma
tion of analogous conformational species for either of the 
ring systems in the C-5 substituent.

In our systematic attempt to develop model systems 
which would help to elucidate this problem, we have syn
thesized some additional appropriately substituted cyclo
pentane analogs of pseudouridine that will hopefully pro
vide additional insight into the character and influence of 
the intramolecular hydrogen bonding. Moreover, the com-

H N ^ N H

R
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r = - c h2oh 14

- ch2or 14

-N 02 16 ,2 0

-CHO 14 , 1 5
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Figure 2. (a) The N -l monoanion predominates in this series, (b) 
The N -l and N-3 monoanions exist in approximately equal con
centrations.

parison of their physicochemical properties to those of 
analogous tetrahydrofuran derivatives, such as the ones de
picted in Figure 2, should also allow definitive conclusions 
regarding the chemical reactivity and its effect on these 
properties of the “ allylic” ether oxygen of the “ sugar” ring 
in the pseudonucleosides. One illustration of the impor
tance of the ether function is its reversible cleavage on ei
ther acid or base solutions,2 leading in either case to inter
mediates susceptible to the addition of nucleophiles.

In this report we discuss the synthesis of 5-(ci.s-3-hy- 
droxymethylcyclopentane)uracil (1, Figure 3) and its uv 
and ir spectral properties. Some conclusions are reached re
garding the possible role of the C-5' hydroxyl group and the 
“ glycosyl”  ring oxygen in effecting the equilibrium of the 
tautomeric monoanions of the pseudouridines. This model 
compound, 1, incorporates the aglycon moiety and the ste
reochemical features at the C-5' of /3-pseudouridine (3), but 
it lacks the allylic cyclic ether oxygen and hydroxyls at the 
C-2' and C-3' positions. Molecules of 1 should possess 
greater freedom of rotation around the C-5 and C -l' bond. 
This reduced restriction upon the range of the torsion 
angle should enhance the intramolecular hydrogen bonding 
potential of the C-5' hydroxyl group, and any effect that 
this may have upon the spectral and ionization properties 
of the pyrimidine moiety.

0 u
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0 
L i

HN NH

0
X

HN NH
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Figure 3.



2490 J. Org. Chem., Vol. 40, No. 17,1975 Playtis and Fissekis

Scheme I

22, R" =  (CH ,)3Si

8, R =  R' =  Ts
9, R =  H, R' =  Ts

10, R =  R' =  Tr
11, R = H ,R ' =  Tr
12, R =  Tr, R' =  Ts 

12a, R =  Tr, R' =  Ms

The pathways investigated for the synthesis of the cyclo
pentane analog, 1, are shown in Scheme I. Two alternative 
syntheses of the key lactone, 16, from norbornylene were 
investigated. In each instance the cis stereochemistry of 16, 
and thus that of 1, was assured by the cyclic nature of the 
intermediates.

The preparation of the cis- 1,3-cyclopentanedicarboxylic 
acid (5) by oxidation of bicyclo[2.2.1]heptene-2 (norbornyl
ene) with sodium permanganate,25 and more recently with 
NaI04 in the presence of RuC>2,26 has been reported. In our 
hands the oxidation of norbornylene in 100-g quantity with 
NaMn04, as described,25 gave inconsistent results. When 
heptane and KM n04 were substituted for 2,2,4-trimethyl- 
pentane and NaMn04,27 the yield of the crude dicarboxylic 
acid, 5, was 59%. The modified method of Shealy and Clay
ton28 for the oxidation of exo-cis-norbornylene-2,3-diol 
consistently gave high yields, 90%. The published method29 
for the preparation of the diethyl ester of 5 was considered 
too cumbersome. The simpler general method of Clinton 
and Laskowski30 also gave comparable yields, 78%, but the 
procedure of choice that gave high average yields, 96%, was 
based on that of Radin et al., employing 2,2-dimethoxypro- 
pane (DNP).31

Reaction of the diol, 7, with 1 equiv of p-toluenesulfonyl 
chloride in pyridine produced a mixture of the di- and mo- 
notosylates, 8 and 9, in a ratio of ~1:4. These tosylated de
rivatives were readily resolved on a silica gel column.

Substitution of the sulfonyloxy group of 9 by CN-  led to 
the eis-3-hydroxymethylcyclopentaneacetonitrile (17), 
which was hydrolyzed to cis-3-hydroxymethylcyclopen- 
taneacetic acid (18). In order to improve the overall yield of 
17 from the diol 7, the latter was tritylated. It was hoped 
that the first trityl group to be introduced would sterically 
inhibit further reaction at that stage. Yet a mixture of the 
di- and monotrityl derivatives, 10 and 11, was obtained.

The combined yield of these products was somewhat higher 
than that of the tosyl derivatives, 8 and 9, but the ratio be
tween the mono- and disubstituted trityl derivatives was 
1:1.75. Although the sulfonates, 12 and 12a, were obtained 
in almost quantitative yield, 95%, from 11, the use of the 
trityl derivatives does not offer any particular advantage 
over the direct tosylation of 7. The cis-3-hydroxymethylcy- 
clopentaneacetonitrile (17) was obtained from the monoto- 
sylate 9 with KCN in DMF.32 Hydrolysis of that nitrile 
gave the corresponding carboxylic acid, 18. A small analyti
cal sample was obtained by high vacuum distillation in a 
molecular still, but that operation was accompanied by ex
tensive polymerization. A product was isolated from the 
residue of that distillation in crystalline form. Its NMR 
spectrum was very similar to that of the acid 18, except for 
the absence of the OH signal. Also, in its ir spectrum the 
OH band was greatly attenuated and the carbonyl band 
was broadened and shifted (25 cm-1) to higher frequency. 
Unfortunately, an accurate molecular formula could not be 
derived from elemental analysis for C and H only. It was 
presumed to be an oligomer of 18.

Various attempts to effect the cyclization of the hydroxy 
acid 18 to the lactone 16 resulted in only traces of the de
sired product. Recent investigations on the kinetics of cy
clization of u-halogenocarboxylic acids to medium-ring 
(8-11 membered) lactones and on the stability of these 
products offer an explanation for the failure of the acid 18 
to cyclize. Cyclization to 16 would involve the formation of 
a bicyclic ring structure with a newly formed eight-mem- 
bered lactone ring, but measurements of the tendency for 
lactone formation compared with ring size reveal a reactivi
ty minimum lying at the eight- and nine-membered rings.33 
Another factor is the stability of the lactone structure. It 
was found, for example, that eight-membered rings with a 
cis ester function hydrolyze 103—105 times as fast as the
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Figure 4. The bands of the 0 -H  and N -H  are depicted at 5 X and 
those of the C = 0  at 1 X scale.

higher homologs.34 This property has been related to the 
transition state intermediate involved in lactone formation, 
which has been presumed to be ring shaped and to possess 
the same less stable cis conformation of the ester func
tion.33’35

The desired lactone, 1G, was prepared satisfactorily by 
Baeyer-Villiger oxidation of the bicyclo[3.2.1]octan-3-one 
15, which in turn was obtained by known methods from 
norbornylene (4) as illustrated in Scheme I.36 The ketone 
15 was oxidized to cis-3-hydroxymethylcyclopentaneacetic 
acid lactone (16). As anticipated,37 that lactone proved to 
be unstable in both acid and basic media, and when heated 
was converted to polymeric products.

The formylation of the lactone 16 with methyl formate in 
the presence of CH.-jONa gave a preparation of the sodium 
derivative, 19. From the condensation of that material with 
thiourea in sodium ethoxide-ethanol, 5-(cis-3-hydroxy- 
methylcyclopentane)-2-thiouracil (20) was obtained and 
was converted quantitatively to the corresponding uracil, 1.

Spectral Studies. Intramolecular interaction between 
an OH group and the ir electrons in aromatic or olefinic 
systems has been extensively investigated by ir spectrosco
py. Such studies have shown clearly that the frequency 
separation between the free and the bonded OH bands (Aid 
is a measure of the enthalpy of the interaction.38’39 In the 
neutral species of the 5-(cis-3-hydroxymethylcyclopen- 
tane)uracil 1, there are two potential acceptor sites for a 
hydrogen bond, i.e., the region of the C-4 carbonyl group, 
including both the n and ir orbitals, and the C-5-C-6 dou
ble bond. Of these, the double bond is the weaker base. Be
cause of the extremely low solubility of the pyrimidine 1 in 
carbon tetrachloride, it was necessary to carry out the 
present hydrogen-bonding spectral study with the corre
sponding N -l methyl derivative, 23. That methylation does 
not impair the extrapolation of the results obtained to the 
parent compound. A comparison of the frequencies of some 
principal ir bands in the anion of N -l and N-3 monomethyl 
thymines with the corresponding bands in the equilibrium 
mixture of the two tautomeric anions of thymine itself has 
shown that the introduction of a methyl group at either 
N -l or N-3 causes only a small ~5-cm-1 shift.20 The meth
yl group exerts both a mesomeric and an inductive effect,40 
but the An values attributable to its electronic effects 
should be of the order of only ~10 cm-1 based on the in
creased hydrogen bond basicity upon alkylation of aromat
ic hydrocarbons.41

Part of the ir spectrum of 23 is illustrated in Figure 4. 
The band at ~3640 cm-1 can be assigned to the coh of the 
free hydroxyl group. However, it appears to be unsymme- 
trical with a shoulder at -'■'3620 cm-1. This second unre

solved band at the lower frequency must be derived from 
the hydroxyl group interacting with the pyrimidine ring. 
Thus it seems that in solution in an inert solvent and suffi
ciently dilute (<5 X 10-4 M ) to prevent intermolecular as
sociations, 1 displays two partially unresolved, concentra
tion-independent bands in the O-H stretching region. The 
data indicate that, in carbon tetrachloride at least, a signif
icant proportion of the population of 1 exists as an intra- 
molecularly associated species. The small An (~20 cm-1) 
value between the band of the nonbonded OH group at 
3640 cm“ 1 and that at 3620 cm-1 must be attributed to a 
weak interaction analogous to an ordinary hydrogen bond, 
but one that depends on the overlap between the occupied 
ir orbitals in the electron donor (i.e., C-5-C-6 double bond 
of the pyrimidine ring) and the vacant O-H antibonding 
orbital.42 The band at 3410 cm-1 is assigned to the ring 
N-H. The absence of any other band in this region that 
theoretically could be attributed to a strong hydrogen bond 
of the side chain hydroxyl to the C-4 carbonyl group is 
noteworthy. The lack of an interaction involving a carbonyl 
group is also substantiated by the high frequency, cc=o. of 
the two carbonyl bands (1685 and 1715 cm-1), as well as by 
the narrowness and symmetry of these bands.43 These ir 
spectra in carbon tetrachloride demonstrate that the intra
molecular interaction is, at the very least, stereochemically 
permissible, but direct examination of such interactions in 
an aqueous environment remains impractical. Some infor
mation regarding that problem can be derived from a com
parison of the pKa’s and of the uv spectra of the com
pounds studied.

In the uracil18 and thymine19 series, introduction’ of a 
methyl group at N -l raises the pK a by ~0.2 to 0.4 pK  units. 
In some other uracil derivatives where the C-5 substituent 
exerts a resonance effect upon the N -l of the pyrimidine,44 
methylation at that center causes an even greater increase 
of about 0.7 pK  units. The 5-nitrouracil is an extreme case 
where methylation at N -l causes an increase in the pKa 
from 5.55 ±  0.0345 to 7.20 ±  0.02.46 From this and the ex
amples shown in Figure 2 which illustrate the results of the 
inductive effect of various C-5 substituents on the ioniza
tion of N -l, it appears reasonable to assume that the great
er the increase in the pKa upon methylation at N -l in a 
particular uracil derivative the lower the proportion of the 
N-3 monoanion (B, Figure 1) in the equilibrium mixture of 
the tautomeric species A and B of the unmethylated pyrim
idine. As there is virtually no difference between the pKa’s 
of 1 (10.22 ±  0.05) and its N -l monomethyl derivative, 23 
(10.34 ±  0.05), it is probable that in the equilibrium mix
ture of the tautomeric monoanions of 1 species B predomi
nates over species A. Certainly the prominent shoulder at 
270 nm in the uv absorption curve of the “ monoanion(s)” 
of 1 at pH ~12 is strong support for the relative abundance 
of the anionic species B.47 This could be the result of a sup-

Table I
Uv Spectral Properties

Xmax» nm Xmin» nm Apparent
Compd Charge (e  X 1 0 “ 3 ) (E X 1 0 ' 3 ) p * i ’s <*)

20 0 279 (18.75) 242 (2.25)
- l 310 (8.70) 292 (7.4)

262 (13.85) 
237 (12.15)

245 (11.00)

1 0 266 (7.65) 236 (2.10) 10.22 (0.05)
- l 290 (5.6) 

265-270 sh
245 (2.10)

23 0 273 (4.5) 239 (0.9) 10.34 (0.06)
-1 270 (3.25) 246 (1.45)
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pression of the ionization from N -l, as might be expected 
from the inductive effect o f the 5 substituent. There is no 
obvious reason to support the alternative o f an enhance
ment of the ionization from N-3.

Other evidence on the issue of intramolecular interac
tions in aqueous solutions of 23 is obtained from a detailed 
study of its uv spectra in the strongly alkaline pH region. It 
shows a minor but distinct shift in the spectrum between 
pH 12.4, at which there must be complete conversion o f the 
pyrimidine to the corresponding monoanion, and pH 15, a 
pH range over which the ionization of the hydroxy function 
at the 5 substituent should occur. This evidence o f an in
tramolecular interaction between the hydroxy group in the 
side chain and a region o f the pyrimidine is in analogy to 
the spectral differences between the ribosyl and the deoxy- 
ribosyl nucleosides at high alkaline pH, which are related 
to the ionization of the 2'-OH group.48’49 It is confirmatory 
o f the conclusions from the ir studies o f 23.

In summary, with regard to the uv spectral properties 
and ratio of monoanionic species at equilibrium of the 
“ anomeric”  uracil pseudonucleosides and some analogous 
cyclopentane isosteres, the following points emerge: The 
hydroxy group at the 5' terminal of the pseudonucleosides 
alone does not exert a substantial influence. Similar con
clusions can now be drawn for the 2'- and 3'-hydroxyl 
groups from our previous studies.5 On the other hand, the 
allylic oxygen function in the “ sugar”  moiety o f the pseu
donucleosides, or in simpler tetrahydrofuran analogs, such 
as the ones illustrated in Figure 2, is sufficient for the mod
ification o f the equilibrium of the monoanionic species. 
This may be attributed to the field effect o f that lone pair 
o f oxygen electrons which possesses tt character.50 Thus the 
problem related to the differences in spectra and equilibri
um of monoanionic tautomeric species in the a- and fi- 
pseudouridines can be now focused on the identification 
and mode of interaction o f the single or the combination of 
structural features that, particularly in the a anomer, inter
fere with the effect of the allylic oxygen o f the “ sugar” .

E x p erim en ta l S ection

Melting points were determined with a Mel-Temp apparatus 
and are uncorrected. The [H NMR spectra were obtained using a 
Varian A-60 spectrometer with tetramethylsilane as an internal 
reference. Routine uv (H2O) and infrared spectra were determined 
with Unicam SP800 and Perkin-Elmer Infracord spectrophotome
ters. Accurate t values in the uv were measured with a Beckman 
DU. For the ir studies of hydrogen bonding a long-path (25 mm) 
cell with NaCl windows and spectrograde CCI4 freshly distilled 
from P2O5 were used. The concentration of the examined material 
in solution was less than 5 X 10-3 M. A matched cell filled with the 
same solvent served as a reference, and the spectra were recorded 
with a Perkin-Elmer 221 spectrophotometer. All solvents were re
moved in a Buchler flask evaporator under reduced pressure un
less otherwise indicated. All solids were dried under reduced pres
sure over P2O5 at suitable temperature. An Eastman chromagram 
silica gel sheet was used for TLC and developed as indicated. Com
position and homogeneity of liquid samples were monitored by a 
Varian Aerograph 2440 gas chromatograph using a column (5 ft X 
% in.) packed with 1.5% OV-101 on 100/120 Chromosorb H/P. Sili
ca gel for column chromatography was grade 923, 100-200 mesh 
from Grace-Davison Chemical, unless otherwise specified.

cJs-l,3-Cyclopentanedicarboxylic Acid (5). A solution of 66.6 
g (0.34 mol) of Ma\ln().;-3H¿O in 500 ml of H2O was added drop- 
wise and with continuing vigorous stirring over a period of ~3 hr to 
a mixture of 10.34 g (0.11 mol) of norbornylene in 580 ml of 2,2,4- 
trimethylpentane and 730 ml of H2O into which was bubbled a 
constant stream of CO2. Throughout the addition of the perman
ganate solution, the temperature of the mixture was maintained at
10-15° and vigorous CO2 sparging was continued. Immediately 
after the addition was completed the resulting mixture was decol
orized with SO2 at <20°, then concentrated to about 400 ml, fil
tered, and the filtrate was cooled in an ice bath and acidified with

30 ml of concentrated HC1. The resulting salts were removed by 
filtration, washed well with ether, and the washings were saved. 
The aqueous filtrate was extracted with ether (3 X 200 ml) and the 
combined ether extract and washings were dried with Na2S04. 
Evaporation of the solvent gave a white solid which, without fur
ther purification, was used in the next step. The average yield was 
90% and the melting point of each batch varied over a 2° range be
tween 116 and 121°. A sample purified by recrystallization from 
ether melted at 123-124° (lit. mp 119.9-120.60);25 NMR (CDCI3) r
6.8-8.5 (envelope, 2, CH2), 7.5-8.5 (envelope, 4, CH2CH2); ir Xmax 
(KBr) 1680 cm-1 Uco)-

Dimethyl cis-Cyclopentane-l,3-dicarboxylate (6). A. The di-
carboxylic acid 5 (15.8 g, 0.1 mol) was combined with 60 ml of eth
ylene dichloride, 25 ml of CH3OH, and 3 ml of concentrated 
H2SO4, and the solution was heated at reflux overnight. The mix
ture was then washed successively with 100 ml each of water, a sat
urated solution of NaHCOs, and water again, and then dried with 
Na2S04. Concentration of the dry solution and distillation of the 
residue gave 14.6 g (78%) of the dimethyl ester: bp 78-80° (1-2 
Torr); NMR (CDCI3) r 6.32 (s, 6, 2 OCH3), 6.9-7.6 (envelope, 2, 
CH2), 7.6-8.3 (envelope, 4, CH2CH2); ir Xmax (neat) 3000, 1740 
(vco), 1435 (das OCH3), 1365 (os OCH3), four partially resolved 
bands at 1265, 1250, 1200, and 1183, and broad bands centered at 
1040, 1008, and 920 cm-1.

Anal. Calcd for C9H14O4: C, 58.05; H, 7.57. Found: C, 58.27; H,
7.60.

B. The same quantity of the acid was dissolved in 117 ml of 
CH3OH and to the solution were added 11.76 ml of concentrated 
HC1 and 294 ml of 2,2-dimethoxypropane. The container was stop
pered, and the reaction mixture was stirred at room temperature 
for 1 hr, then concentrated to ~200 ml and added (with the aid of a 
small volume of benzene for rinsing) to 400 ml of CH2CI2. The re
sulting solution was washed with saturated NaHCCb solution 
twice, then water, and dried over Na2S04. After evaporation of the 
solvent the residue was distilled, and the product (17.9 g, 96%) was 
collected at 77-79° (1-2 Torr). Combined preparations were dis
tilled on a spinning band column. The pure product distilled at 
79° (1.2 Torr).

cis-l,3-Bis(hydroxymethyl)cyclopentane (7) was prepared 
by the reduction of the dimethyl ester 6 with LiAlH4, using a mod
ification of the procedure of Birch and Dean.29 To a suspension of
2.8 g of LiAlFLj in 400 ml of dry ether was added dropwise a solu
tion of 13.7 g (0.074 mol) in 100 ml of ether. The mixture was al
lowed to stir overnight at room temperature under nitrogen, then 
was cooled in an ice bath, and the reaction was quenched by the 
successive addition of 2.8 ml of H2O, 2.8 ml of NaOH (15%), and 9 
ml of H2O. The salts were removed by filtration and continuously 
extracted (Soxhlet) with ether. The combined filtrate and extract 
was dried over Na2S04, then concentrated, and the residue was 
distilled to give 9.27 g (96.5%) of the product, boiling at 78-79° 
(0.040 Torr) [lit. bp 118° (0.5 Torr)):29 NMR (Me2SO-d6) t 5.62 (t, 
2, 2 OH, J  = 5.5 Hz), 6.71 (pair of d, 4, JX = J2 = 5.5 Hz, 2 CH20), 
7.65-9.5 (envelope, 8); ir Xmax (neat) 3400 (broad, voh). 3900, 3800, 
1450,1380,1060,1020, 950 cm“ 1.

c/s-l,3-Bis(hydroxymethyl)cyclopentane Ditosylate (8) and 
Monotosylate (9). cis-l,3-Bis(hydroxymethyl)cyclopentane (7, 
17.20 g, 0.132 mol) was dissolved in 75 ml of dry pyridine, and the 
solution was cooled in an ice bath. A solution of 27.7 g (0.145 mol) 
of p-toluenesulfonyl chloride in ~100 ml of dry ether was added 
dropwise with mechanical stirring. Upon completion of the addi
tion, the mixture was allowed to stand at 0-5° for 3 days and then 
poured with efficient stirring into 150 ml of ice water. Stirring was 
continued until the ice had melted, and then the mixture was ex
tracted with benzene (6 X 80 ml). The extract was then washed 
successively with 2 X 100 ml of 3 N  HC1 and 100 ml of saturated 
NaHCC>3 solution, then dried over Na2S04 and concentrated to a 
viscous oil which was charged directly onto a silica gel column (500 
g, 7 X 23 cm). The two tosylated derivatives were eluted with a 4:1 
mixture of benzene-ether (ditosylate, 8, 8.67 g, 0.0198 mol, 15%) 
followed by ether (monotosylate, 9, 19.64 g, 0.069 mol, 52.5%). The 
elution was monitored by TLC (benzene).

Analytically pure material of the monotosylate 9 could be ob
tained by dissolving the crude product in petroleum ether (bp 40- 
60°), treating the resulting solution with Norit, filtering, evaporat
ing the solvent, and holding the clear viscous residue under high 
vacuum for at least 12 hr:51 NMR (Me-^SO-de) r 5.58 (s, 1, OH),
6.08 (d, 2, J = 6.5 Hz, CH2OTs), 6.72 (d, 2, J  = 6 Hz, CH2OH),
7.58 (s, 3, CH3PI1); ir Xmax (neat) 3400 (broad, koh), 1350 (i>m S 0 2), 
1170 cm- 1 („„S 02).
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Anal. Calcd for C14H20O4S (9): C, 59.13; H, 7.08; S, 11.27. Found: 
C, 59.09; H, 7.19; S, 11.20.

The crude ditosylate 8 was dissolved in ~200 ml of hot ether by 
gradually adding a little methanol. Several crops of pure material 
were collected as white needles, mp 105-107° (lit. mp 108.5- 
109°),29 by adding petroleum ether and cooling; NMR (h^SO -de) 
r 6.09 (d, 4, J  = 6.5 Hz, 2 CH20). 7.57 (s, 3, CH3Ph); ir Xmax (KBr) 
3000, 1600, 1350, 1195, 1175, 1100, 1020, 960, 943, 930, 880, 835, 
825, 798, 710, 675 cm“ 1.

Anal. Calcd for C21H26OeS2 (8): C, 57.51; H, 5.97; S, 14.62. 
Found: C, 57.58; H, 6.01; S, 14.68.

eis-l,3-Bis(hydroxymethyl)cyclopentane Ditrityl (10) and 
Monotrityl (11) Derivatives. A solution of the dimethanol 7 (3.9 
g, 0.03 mol) in ~50 ml of dry pyridine was cooled to about 7° and 
trityl chloride (9.17 g, 0.033 mol) was added in one portion. The re
action mixture was stirred in the cold for 72 hr, then the bulk of 
the solvent was removed in vacuo at below 30°. The viscous resi
due was treated with 500 ml of crushed ice, and, when the ice melt
ed, the supernatant solution was discarded and the gummy residue 
was dissolved in benzene. The resulting solution was washed twice 
with aqueous saturated NaCl solution, dried over Na2S04, and 
concentrated to a small volume which was charged on a silica gel 
column (4 X 50 cm). The products were eluted with benzene-ether 
(8:2). Homogeneous fractions [TLC, CeH6-EtOEt (8:2)] were 
pooled and evaporated to dryness. The ditrityl derivative 10 was 
recrystallized from petroleum ether (bp 30-60°) to yield 4.98 g 
(0.00811 mol) of product: mp 129-131°; NMR (CDCI3) r 2.32-2.90 
(envelope, 30), 7.03 (d, 4, J = 6.5 Hz, 2 CHsO); ir Xmax (KBr) 3040, 
2910, 2850, 1590, 1480, 1440, 1205, 1070, 1055, 900, 775, 763, 748, 
705 cm“ 1 (broad).

Anal. Calcd for C45H420 2 (10): C, 87.90; H, 6.88. Found: C, 87.95; 
H, 6.85.

The monotrityl derivative 11 was recrystallized from ether-pe
troleum ether (bp 30-60°). Three crops were obtained, totaling
5.30 g (0.0142 mol) of product: mp 127-128°; NMR (CDC13) r
2.45-3.0 (envelope, 15), 6.63 (d, 2, J = 6 Hz, CH2OH), 7.03 (d, 2, J 
= 6 Hz, CH2OTr); ir Xmax (KBr) 3400 (broad), 3050, 2910, 2880, 
1590,1480,1440,1210,1030, 900, 776, 768,754, 710, 698 cm“ 1.

Anal. Calcd for C26H280 2 (11): C, 83.83; H, 7.57. Found: C, 83.90; 
H, 7.63. The combined yield of the two trityl derivatives 10 and 11 
was 74%.

0-Trityl-e/s-l,3-bis(hydroxymethyl)cyclopentane p-To- 
luenesulfonate (12 ) and Methanesulfonate (12a). The mono
trityl derivative 11 (1 g, 0.0027 mol) was dissolved in 5 ml of dry 
pyridine, and to that solution was added an excess of p-toluenesul- 
fonyl or methanesulfonyl chloride. The mixture was stirred at 
room temperature overnight, then poured into ice water with stir
ring, and the product was extracted with chloroform. The extracts 
were washed with aqueous saturated NaCl solution and dried over 
Na2SC>4. Evaporation of the solvent gave a gummy or oily residue 
which was chromatographed on a silica gel column (l 25 cm). The 
product was eluted with benzene-ether (4:1). Removal of the sol
vent and vacuum drying gave a quantitative yield of a pale yellow 
oil.

p-Toluenesulfonate 12: NMR (CDC13) t  6.22 (d, 2, J  = 6.5 Hz, 
CH2OTs), 7.13 (d, 2 ,J  = 6.5 Hz, CH2OTr), 7.69 (1, 3, CH3Ph).

Anal. Calcd for C33H3404S: C, 75.25; H, 6.51; S, 6.09. Found: C, 
75.41; H, 6.56; S, 6.12.

Methanesulfonate 12a. The oil solidified to a waxy material 
after several weeks: NMR (CDC13) r 6.0 (d, 2, J  = 6.5 Hz, 
CH2OMs), 7.05 (d, 2, J = 5.0 Hz, CH2OTr), 7.12 (s, 3, CH3S 02); ir 
Xmax (neat) 3030, 2930, 2850, 1590, 1480, 1440, 1350, 1170, 1070, 
900 (broad), 825 (broad), 765, 750, 710 cm-1.

Anal. Calcd for C27H3o04S: C, 71.91; H, 6.71; S, 7.11. Found: C, 
71.94; H, 6.71; S, 7.00.

cis-3-Hydroxymethylcyclopentaneacetonitrile (17). A
stirred solution of 16.90 g (0.0595 mol) of cis-l,3-bis(hydroxymeth- 
yUcyclopentane monotosylate (9), 0.18 g (1.43 mmol) of iodine, 
and 5.65 g (0.087 mol) of potassium cyanide in a mixture of 43.5 ml 
of dimethylformamide and 25.5 ml of water was kept in a stop
pered flask at 60° for 3 days. It was poured with stirring into 120 
ml of ice water, and, after the ice had melted, the mixture was ex
tracted with CH2C12 (5 X 90 ml). The combined extracts were 
dried with Na2S04 and concentrated, and the viscous residue was 
first fractionated in vacuo (5 Torr) through a short Vigreux col
umn with an oil bath at 50°. The distillate, collected between 32 
and 43°, consisted of the bulk of DMF and a trace of the product. 
When this distillation ceased, the remaining liquid was transferred 
into a smaller flask, and the product (5.0 g, 60%) was distilled at

86-90° (0.015-0.017 Torr):32 NMR (CDCI3) r 6.46 (s, 1, OH), 6.56 
(s, 2, CH20), 7.6 (s, 2, CH2CN); ir Xmax (neat) 3400, 2960, 2890, 
2250 (</CN), 1450,1420,1050,1009 cm "1.

Anal. Calcd for CsH i3NO: C, 69.03; H, 9.41; N, 10.06. Found: C, 
69.27; H, 9.47; N, 10.00.

cis-3-Hydroxymethylcyclopentaneacetic Acid (18). A solu
tion of the nitrile 17 (4.70 g, 0.0338 mol) in a mixture of 50 ml of 
ethanol, 12.5 ml of water, and 6.0 g of KOH was heated to reflux 
under nitrogen for 6 days. The ethanol was removed by distilla
tion, while the volume of the reaction mixture was maintained at 
~50 ml by successive addition of small volumes of water. The re
sulting mixture of the aqueous solution and a small amount of 
solid was continuously extracted with ether for 24 hr, then cooled, 
acidified with 9 ml of concentrated HC1, and again continuously 
extracted with a fresh volume of ether for an additional 24 hr. The 
latter extract was dried with Na2S 04 and concentrated to a yellow
ish oil. The bulk of the product was purified (as indicated by GLC) 
by filtration through a pad (d 1 cm, / 1 cm) of Norit, yield 4.2 g 
(78%). An analytical sample was obtained by high vacuum (0.013 
Torr) distillation in a molecular still:52 NMR (CDCI3) r 3.04 (s, 2, 2 
OH), 6.42 (d, 2, J  = 6 Hz, CH20), 7.6 (s, 2, CH2CO); ir Xmax (neat) 
3400 (sh), 2950, 2600 (sh), 1700,1400,1020,1005 cm“ 1.

Anal. Calcd for C8Hi40 3: C, 60.73, H, 8.92. Found: C, 60.76; H,
8.88.

CJS-3-Hydroxyraethylcyclopentaneacetic Acid Lactone (16).
A mixture of 15 g (0.121 mol) of the ketone 15, 35 g of purified m- 
chloroperbenzoic acid,53 and 21.0 g (0.25 mol) of sodium bicarbon
ate in 500 ml of CHCI3 (freed of ethanol by passing over basic alu
mina) was mechanically stirred in a sealed flask and in the dark for 
1 week. During that time, the built-up pressure was periodically 
released. The mixture was filtered and the solids were washed well 
with CHC13. The combined filtrates were washed several times 
with small volumes of cold 10% sodium sulfite solution until it gave 
a negative test with starch-iodide paper (■—-350 ml of the sulfite so
lution is required), then with cold NaHC03 solution and dried over 
Na2S04. After the solvent was removed the remaining oil was chro
matographed on a silica gel column (250 g) developed with a mix
ture of petroleum ether (bp 30-60°)-CHCl3 (4:1). Two components 
identified (ir and !H NMR) as m-chlorobenzoic acid [recrystallized 
from ether-petroleum ether (bp 30-60°), mp 156-157°] and start
ing material (purified by sublimation) were eluted first. The com
position of the eluent was then changed to 1:1, and fractions con
taining the lactone 16 were pooled and concentrated, leaving an oil 
that on drying in vacuo became a waxy solid. Recrystallization54 
from petroleum ether (bp 30-60°), including treatment with Norit, 
gave a total of 10.4 g (61%) of product: mp 125-129°; NMR 
(CDCI3) r 5.81 (d, 2, J = 3 Hz, CH20), 6.9-7.8 (envelope), 7.8-8.6 
(envelope); ir Xmax (KBr) 2980, 1725 GCo), 1460, 1420, 1390, 1340, 
1320, 1260, 1215, 1160, 1090, 1040, 990, 970, 935, 875, 852, 780, 700 
cm-1.

Anal. Calcd for C8H i20 2: C, 68.54; H, 8.63. Found: C, 68.35; H,
8.52.

a-H ydroxym ethylene-(cis-3-hydroxym ethyl)cyclopentane- 
acetic Acid Sodium Salt (19). To a cooled (ice bath) stirred sus
pension of 1.62 g (0.03 mol) of sodium methylate in 60 ml of dry 
ether, a mixture of 4.20 g (0.03 mol) of the lactone 16 and 3.6 g 
(3.85 ml, 0.06 mol) of methyl formate was added dropwise. The ice 
was allowed to melt and the mixture was stirred for 4 days. The 
solvent was decanted from the precipitated gum, which was re
peatedly triturated with dry ether to give a granular, brownish 
solid, collected and dried in vacuo, yield 3.150 g. In aqueous solu
tion the solid showed a strong absorption at 277 nm which was 
eliminated upon acidification.

5-(cfs-3-Hydroxymethylcyclopentane)-2-thiouracil (20). In
a representative experiment, the sodium enolate 19 (3.04 g) was 
added to a solution of thiourea (2.43 g, 0.032 mol) in 250 ml of dry 
EtOH containing 736 mg (0.032 mol) of sodium, and the mixture 
was heated at reflux for 6 hr. It was acidified with an excess of gla
cial acetic acid and the solvent was removed. The residue was 
chromatographed on a Dowex 50 (H+, 200-400 mesh) column (l 50 
cm) which was washed with water. The fraction containing the 
product was evaporated to dryness, the residue was dissolved in 
methanol, and the solution was treated with Norit and filtered. 
Water (~20 ml) was added to the filtrate, which was then concen
trated. Upon removal of the methanol, an aqueous suspension of 
the product was obtained. After overnight cooling the product was 
collected, washed once with water, and dried in vacuo at 80° (365 
mg, mp 211-212°): NMR (Me2SO-ds) r -0.90 (broad, 2, 2 NH),
2.87 (s, 1, H C =), 5.56 (poorly resolved triplet, OH), 6.69 (t, 2, J =
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5 Hz, CH20), 7.28 (broad, 1), 6.58-8.65 (envelope, 7); ir Amal (KBr) 
3400, 3200, 2980, 2900, 1660, 1560, 1470, 1210 (broad), 1120, 1050, 
1000,915 cm- 1  (broad).

Anal. Calcd for Ci0H,4N20 2S: C, 53.07; H, 6.23; N, 12.38; S,
14.17. Found: C, 53.05; H, 6.24; N, 12.27; S, 14.11.

5-(cis-3-Hydroxymethylcyclopentane)uracil (1). A mixture 
of 362 mg (0.0016 mol) of the thiouracil 20 and ~15 ml of water 
containing 198 mg (0.002 ml) of CICH2COOH was heated at gentle 
reflux. Within 30 min a clear yellow solution resulted. After ~18 
hr, 0.7 ml of concentrated HC1 was added to the solution, and the 
refluxing was continued for a total of 30 hr. Upon cooling a solid 
separated and was collected by filtration, washed with a small vol
ume of cold water, and dried. The combined filtrates were chroma
tographed on a Dowex 50 (H+, 200-400 mesh) column (l 50 cm) 
and washed with water. After evaporation of the appropriate frac
tion, an additional small amount of material was recovered. The 
crude product was dissolved in 40 ml of methanol, the solution was 
decolorized with Norit and filtered, and the filtrate was concen
trated on the steam bath until it became turbid. After cooling (5°) 
overnight the product was collected, washed once with a small vol
ume of cold methanol and then with ether, and dried in vacuo (280 
mg, mp 274-275°). An additional 37 mg was recovered from the 
mother liquors, total yield 94%: NMR (MejSO-de) r —0.96 (s, 1, 
N-3 H), -0.61 (d, 1, J = 3 Hz, N-l H), 2.88 (d, 1, J = 3 Hz, HC=),
5.55 (t, 1, J = 5 Hz, OH), 6.70 (t, 2, J = 5 Hz, collapses to a doublet 
with D2O, J = 6 Hz, CH20), 7.26 (multiplet, 1), 7.69-9.08 (enve
lope, 7); ir Xmax (KBr) 3500 (sh), 3250, 3100, 2950,1740,1670,1460, 
1420,1245,1208,1060,1015, 945, 920, 850 (broad), 780, 775 cm“ 1.

Anal. Calcd for CioH14N20 3 : C, 57.13; H, 6.71; N, 13.32. Found: 
C, 57.13; H, 6.65; N, 13.29.

5-(cis-3-Hydroxymethylcyclopentane)-l-methyluracil (23). 
A mixture of the uracil derivative 1 (210 mg, 0.001 mol), 7 ml of 
hexamethyldisilazane, and 0.4 ml of trimethylchlorosilane was 
heated in a bath at 150-160° for ~20 hr. The solvents were re
moved by distillation in vacuo by maintaining the temperature of 
the bath at 50° while gradually reducing the pressure to 0.050 
Torr. To the viscous residue, 22, was added 10 ml of CH3I and the 
solution was heated under reflux overnight. The solvent was then 
evaporated by boiling, the residue was dissolved in ~ 1 0  ml of 
EtOH, and the solution was heated under reflux for 12  hr. After re
moval of the solvent the residue was chromatographed on a silica 
gel 60 (E. Merck) column (4 X 16 cm) which was washed with 
C6H6-CH3OH (8:2). Fractions containing the product (TLC) were 
pooled, the solvent was removed, and the viscous residue was dried 
in vacuo and then dissolved in EtOH. The solution was treated 
with Norit and again the solvent was removed. Upon the addition 
of a few milliliters of dry ether and standing at room temperature 
for several hours, the residue solidified. The solvent was then de
canted, and the solid was dissolved in 2-3 drops of ethanol. Addi
tion of an excess of dry ether induced crystallization (rosettes). 
After standing overnight at room temperature the product was col
lected, washed with dry ether, and recrystallized once more, as 
above, with Norit treatment. The pure product was collected, 
washed with ether, and dried under high vacuum at room tempera
ture: yield 150 mg (67%); mp, shrinks at 127° and melts at 147- 
148°, NMR (Me2SO-d6) t -1.12 (s, 1, N-3 H), 2.59 (s, 1, HC=), 
5.54 (t, 1, J = 5 Hz, OH), 6.68 (t, 2, J = 6 Hz, CH20), 6.78 (s, 3, 
CH3N), 7.25 (broad, 1), 7.77-9.11 (envelope, 7); ir \max (KBr) 3400 
(sh), 3200, 3050, 2920, 2850, 1715, 1685, 1450, 1320, 1180-1210 
(three partially resolved bands), 1100, 1045, 1000, 930, 900, 840, 
760 cm"1.

Anal. Calcd for CiiH16N20 3: C, 58.91; H, 7.19; N, 12.49. Found: 
C, 58.91; H, 7.15; N, 12.47.
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Acylation of peptides in which the side chain of an aspartyl residue is unprotected can result in the formation 
of succinimide derivatives. The presence of base enhances the formation of such by-products: the carboxylate at
tacks the carbonyl of active esters and forms a reactive intermediate, probably a mixed anhydride, that in turn 
acylates the adjacent amide. This is a particularly serious side reaction in acylation with activated derivatives of 
glycine. The observation that substituted phenols liberated in active ester reactions can combine with tertiary 
bases and thus liberate the free side-chain carboxyl groups from their salts is also reported.

In our continued effort toward the total synthesis of the 
gastrointestinal hormone cholecystokinin,2 synthesis of the 
N-terminal octapeptide was reported earlier.3 Preparation 
of peptides corresponding to C-terminal sequences of this 
hormone was also undertaken and involved several inter
mediates that were used in synthesis of gastrin4’5 and caer- 
ulein,6 peptides which have C-terminal sequences closely 
related to that of cholecystokinin, and also in the synthesis 
of a biologically active dodecapeptide portion of cholecys
tokinin.7 The initial steps of our synthesis are summarized 
in Scheme I. The aspartyl residue in the penultimate posi
tion was incorporated as the /3-benzyl ester, but the side- 
chain protection was removed from the resulting dipeptide 
amide. Thus, from there on the synthesis was continued 
with amino components in which the carboxyl group of the 
aspartyl residue remained unprotected. This approach, ap-

Scheme I
Synthesis of the Protected Pentapeptide VI

Z -P h e-O N P

NHj

Z -P h e-N H 2 (D

1. H2/Pd
2. Z-Asp(BzI)ONP

Z -  ( Bz 1) Asp- Phe- NH2 (ID

H2/Pd

A sp-P he-N H 2 (111)

Boc-Met-ONP

B oc-M et- A sp-P he-N H 2 (IV)
1. TFA
2. Boc-Trp-ONP

B o c-T rp -M e t-A sp -P h e -N H 2 (V)

1. TFA
2. Boc-Gly-ONP

B o c -G ly -T rp -M e t- Asp- Phe-NH2 (VD

plied also in other laboratories,4’7 seemed to offer certain 
advantages. Protection of a side-chain carboxyl in the form 
of tert-butyl ester requires prolonged acidolysis at the de
protection stage; this was undesirable because of the pres
ence of several acid-sensitive residues (tryptophan, tyro
sine O-sulfate) in cholecystokinin. Benzyl ester protection 
was also considered but the presence of methionines in the 
sequence made it questionable whether or not hydrogenol- 
ysis can be applied for deblocking.8 Last, but not least, a 
free carboxyl was thought to be less likely to lead to ami- 
nosuccinimide derivatives9 (Chart I) than ¡3 esters of aspar
tic acid. Early removal of the benzyl ester protection, prior 
to the incorporation of the first methionine residue, was ex
pected to circumvent these difficulties.

Chart I
Formation of Succinimide Derivatives from Aspartyl 

Peptides

C H -C 0 0 R  CH2- ^ Q )  _H0Hi 

— HN— CH— CO— NH— CH— CONH,

CH—CO
\ j — CH— CONH, 
/

— NH— CH— CO

In the synthesis of the protected tetrapeptide amide V 
and the protected pentapeptide amide VI, the formation of 
several by-products was observed. Most of these by-prod
ucts represented only minor impurities. The presence of 
slow moving, polar materials on thin layer plates was at
tributed to air oxidation, producing peptides in which the 
methionine residues were oxidized to sulfoxides or sulfones. 
These impurities could be readily removed by recrystalliza
tion of the crude products. On the other hand, some less 
readily explained by-products could also be detected in the 
protected tetra- and pentapeptide derivatives. These prod
ucts seemed to be less polar, since they moved faster on the 
chromatograms than the desired intermediates. In the step 
leading from the tetrapeptide derivatives to the protected
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Chart II
Structure of the Succinimide Derivative VII Formed from the Protected Pentapeptide VI

CH,—CO
ch3
ICH3— Ç— 0 — CO— NH— CH,— CO— NH— ÇH— CO— NH— ÇH— CO— NH— .CH— CO ¿ H

\
N— CH— C0NH2

(  L ,
■2

ch3 C J -CH, CH,
I
CH2
Is
I

ch3

VII
pentapeptide amide VI, a faster moving impurity was 
present in significant quantity, in some experiments ex
ceeding the amount of the desired product. Therefore, an 
examination of this by-product (VII) became necessary.

Isolation of the major by-product VII by countercurrent 
distribution and further purification by chromatography 
on a silica gel column provided a homogeneous material 
that had the same amino acid composition as the (pro
tected) pentapeptide amide VI. Their uv and NMR spectra 
also were quite similar; thus only some subtle difference 
could exist between the two compounds. In the ir spectrum 
of VII, a weak but definite carbonyl band at 1790 cm-1 sug
gested that a succinimide derivative10 was at hand. Indeed, 
the ring could be opened by the action of ammonia or of al
kali in alcohol. The values of elemental analysis and the 
electrophoretic mobility of the deblocked peptide substan
tiated the assignment of structure VII (Chart II) to this 
material.

The unexpected ring closure prompted a series of experi
ments aimed at the clarification of the reasons for this side 
reaction. These experiments (Table I) demonstrated that 
compound VII was present as a minor product if 1 mol of 
base was added to the tetrapeptide amide trifluoroacetate, 
an amount enough to liberate the amine from its salt, but 
not to form a salt with the carboxyl. With 2 mol of base, the 
formation of VII is enhanced. The effect of tert-butyloxy- 
carbonylglycine active esters was similar. An excess of ac
tive ester was found to be harmful independently of wheth
er p-nitrophenyl,11 o-nitrophenyl,12 or 2,4,5-trichlorophen- 
yl13 esters were used. We had to assume that the carboxyl- 
ate as a nucleophile attacks the electrophilic carbonyl of 
the active ester and the resulting mixed anhydride inter
mediate acylates the amide group. A competition between 
amino groups and carboxylates for the carbonyl of active 
esters resulting in undesired acylation (e.g., acetylation) 
products was noted earlier.14 The presence of base en
hances this side reaction by increasing the concentration of 
carboxylate. Excess active ester has similar influence on 
the outcome of the two competing reactions. Also, when 
compound VI was treated with equimolar amounts of diiso- 
propylethylamine and tert-butyloxycarbonylglycine p-ni- 
trophenyl ester, the formation of significant amounts of the 
succinimide derivative VII was clearly visible on thin layer 
chromatograms. The observation that succinimide deriva
tives formed only to a minor extent in the incorporation of 
tryptophan, but tdvat the side reaction became a major con
tributor when active esters of tert-butyloxycarbonylglycine 
were used for acylation, suggests that the side chain of the 
amino acids hinders the attack of carboxylate on the active 
ester carbonyl. In glycine, the absence of a side chain allows 
a more ready approach of the nucleophile, the carboxylate 
group. In the continuation of the chain lengthening, incor
poration of methionine, tyrosine, and aspartic acid fi-tert-

butyl ester was accompanied with the formation of nonpo
lar by-products, but only to a small extent. In subsequent 
preparations of the protected pentapeptide VI, only 1 mol 
of tertiary base was applied and only a slight excess of ac
tive ester, the latter being added slowly in several portions. 
The yield and the quality of the product were superior to 
those experienced earlier.

Table I
The Effect of the Amount of Tertiary Base and 

of Excess Active Ester on the Formation of 
Succinimide Derivative VII

Tube
no.

DIEA
(0.4Ai), ml

Boc-
Gly-ONP
% excess

Yield 
of crude 

product, g Mp, °C
Ratio of 
VI: VII

l 0.5 20 0.14 163—167 5:1
2 1.0 20 0.13 140-150 5:2
3 1.0 20 0.12 138-145 5:4
4 1.0 100 0.11 128-135 1:5
5 0.5 100 0.14 130-145 5:3

In the synthesis shown in Scheme I, an additional obser
vation was made. After deblocking with trifluoroacetic 
acid, the trifluoroacetates of the tripeptide and tetrapep
tide amides were treated with 2 mol of tertiary base (diiso- 
propylethylamine15). One mole was added for the libera
tion of the free amine from the trifluoroacetate salt, the 
second for the purpose of converting the free carboxyl 
group of the aspartyl residue to a carboxylate. After com
pletion of the acylation, the products were isolated by re
moval of the solvent in vacuo and trituration of the residue 
with ether, then with ethyl acetate and ether. No acids 
were applied in the process and yet the products were not 
the expected diisopropylethylammonium salts of protected 
peptides, but essentially the free acids. This was shown by 
melting points, comparisons with authentic samples, and 
particularly by NMR spectra. We had to assume that the 
phenols (p-nitrophenol, 2,4,5-trichlorophenol) liberated 
from the active esters are responsible for this “ acidifica
tion” . The acidities of p-nitrophenol and of 2,4,5-trichloro
phenol are too weak to account for such an effect. A satis
factory explanation was suggested by an earlier observa
tion16’17 of the formation of a crystalline complex from p- 
nitrophenol and pyridine. Indeed, an examination of wash
ings from the crude products revealed complexes of p-ni
trophenol with diisopropylethylamine and of 2,4,5-trichlo
rophenol and diisopropylethylamine. With triethylamine, 
similar complexes were formed. Treatment with p-nitro
phenol removed diisopropylethylamine from the salt of 
compound VI, prepared from the components. The com
plexes could be identified on thin layer plates by their uv 
absorption and, in the case of p-nitrophenol, by their 
bright yellow color. From a practical point of view, these
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observations raise the question whether or not it was neces
sary to add tertiary base to the reaction mixture with the 
intention to convert the carboxyl group to a carboxylate. 
During the acylation process, the gradually appearing sub
stituted phenol at least partially liberated the free carboxyl 
group from the carboxylate, and still the reactions proceed
ed to completion. Thus, the free carboxyl of the aspartyl 
side chain did not prevent— by protonation—the acylation 
of the amine. Indeed, in a subsequent experiment, the pro
tected tripeptide amide IV (Scheme I) was successfully 
prepared from the L-aspartyl-L-phenylalanine amide (III) 
by acylation with protected methionine active ester, with
out the addition of any tertiary base. Similarly, when in the 
preparation of the pentapeptide amide VI only 1 mol of 
base was used, enough to liberate the amine from its triflu- 
oroacetate salt, but no base was added because of the pres
ence of a free carboxyl in the amino component, the results 
were quite satisfactory. Thus the addition of tertiary amine 
for the neutralization of the free side chain carboxyl group 
of an aspartyl residue is not only unnecessary, but in fact 
disadvantageous.

The results of these studies necessitate a reconsideration 
of the use of unprotected side-chain carboxyls in peptide 
synthesis. They also show that by avoiding an excess on ac
tive esters and by using tertiary base only for the liberation 
of the amine from its salts, the formation of succinimide 
derivatives can be kept at a minimum.

Experimental Section18
C a p illa r y  m eltin g  po ints are reported uncorrected. O n th in  la ye r 

chrom atogram s, the protected peptides were revealed b y  t e r t -  
b u ty l h y p o c h lo r it e -K I reagents19  and b y ch a rrin g . 20  T ry p to p h a n - 
co n ta in in g  peptides were detected b y E h r lic h  reagent. P e ro x id e - 
free ether was used; reagent-grade D M F  was d ried  over a m olecu
la r  sieve (L in d e  T y p e  4 A ). F o r  am in o  a c id  a n alys is , sam ples were 
hydrolyzed w ith  constant b o ilin g  H C 1  in  evacuated, sealed a m 
poules at 1 1 0 °  for 16  h r  and analyzed  b y the S p a c k m a n -S t e in - 
M oore m ethod . 2 1

Benzyloxycarbonyl-L-phenylalanine Amide (I). B e n zy lo x y - 
ca rb o n y l-L -p h e n y la la n in e  p -n it ro p h e n y l ester2 2  (8.4 g, 20 m m ol) 
was d issolved in  te tra hyd ro fu ra n  (50 m l). A m m o n ia  was passed 
over the stirred  so lutio n  for 2 hr. T h e  solvent was rem oved in  
vacuo, and the residue was tr itu ra te d  w ith  ether, filte re d , and 
d rie d  in  vacuo. T h e  am ide weighed 5.5 g (9 2 % ), m p 1 6 3 -1 6 4 °  ( l it .5 

m p 1 6 1 - 1 6 2 ° ,  l i t . 4 m p 1 6 4 -16 5 ) , [a]26D - 6 . 3 °  (c 2, D M F ) .
Benzyloxycarbonyl-(|8-benzyl)-L-aspartyl-L-phenylalanine 

Amide (II). A  sam ple of I  (9.0 g, 30 m m ol) was d issolved in  9 5 %  
ethano l (450 m l) b y gentle w arm ing. A fte r cooling, 1  N  H C 1  (30 m l) 
was added, and the m ix tu re  was hydrogenated in  the presence of 
1 0 %  P d  on charco al ca ta ly st (1.8  g). T h e  ca ta lyst was rem oved b y 
filtra t io n  and the solvents b y evaporation in  vacuo. T h e  residue 
was d issolved in  D M F  (69 m l) a n d  D I E A  (4.8 m l, 30 m m ol) was 
added, follow ed b y b e n zy lo x yca rb o n yl-/3 -b e n zy l-L -a sp a rtic  a c id  p -  
n itro p h e n yl ester2 3  (15 .8  g, 33 m m ol). N e x t d a y  the n in h y d r in  re 
action was negative. T h e  solvent was rem oved in  vacuo, and the 
residue was tritu ra te d  w ith  e th y l acetate (10 0  m l) and filtered. T h e  
so lid  was suspended in  w ater (200 m l), stirred  for 15  m in , filtered , 
and dried: y ie ld  14 .7  g (9 7 % ); m p 1 7 0 - 1 7 1 °  ( l it . 5 m p 1 7 0 - 1 7 1 ° ) ;  
[a]25D - 2 2 . 6 °  (c 2, D M F )  [ lit . 5 - 2 5 . 9 °  (c 1 ,  D M F )] .

In  a second experim ent, the corresponding o -n itro p h e n y l ester24 

was used w ith  s im ila r  results.
tert-Butyloxycarbonyl-L-methionyl-L-aspartyl-L-phenyl- 

alanine Amide (IV). A. C o m p o u n d  I I  (14 .5  g, 29 m m ol) was d is 
solved in  9 5 %  aqueous acetic a c id  (240 m l) a n d  hydrogenated in  
the presence of 1 0 %  P d  on charco al ca ta ly st (3 g) for 6  hr. T h e  so
lu tio n  was filtered  thro ugh a filte r  precoated w ith  C e lite  (3.0 g) 
and charco al (1 . 0  g), evaporated in  vacuo, and reevaporated w ith  a 
sm a ll q u a n tity  of w ater (5 m l). T h is  was repeated three m ore 
tim es. T h e  resu ltin g  a sp a rty lp h e n y la la n in e  am id e  ( I I I )  was used 
w ithout p u rifica tio n . I t  was suspended in  D M F  (200 m l), and 
D I E A  (4.8 m l) was added. ie r f -B u ty lo x y c a rb o n y l-L -m e th io n y l p -  
n itro p h e n yl ester2 5  (12 .0  g, 32.4  m m ol) was added to the susp en 
sion; soon a clear so lutio n  form ed. A fte r about 16 hr, the n in h y d r in  
reaction becam e negative. T h e  solvent was evaporated in  vacuo, 
and the residue was th o ro u g hly  tr itu ra te d  w ith  e th yl acetate ( 2 0

m l) and ether (250 m l), stirre d  for 20 m in  w ith  th is  solvent m ix 
ture, filtered , and d rie d  to give 10 .75  g (7 0 % ), m p 2 0 6 -2 0 8 ° dec. A  
sam ple was re crysta llize d  from  E t O H , m p 2 1 1 - 2 1 2 °  dec ( l it . 5 m p 
2 0 9 -2 1 0 °  dec), [a ]25D - 4 1 . 9  (c 2.0, D M F )  [ lit .5 - 3 9 . 3 °  (c 1 , D M F )] .

B. C o m p o und  I I I  (prepared from  375 m g of com pound I I  as de
scribed above) was suspended in  D M F  ( 6  m l), and B o c -M e t-O N P  
(0.33 g) was added to the stirre d  suspension. G r a d u a lly  a clear so
lu tio n  form ed. A fte r about 48 h r, the so lvent was rem oved in  vacuo 
and the residue was tr itu ra te d  w ith  ether. T h e  protected tr ip e p 
tid e  am ide I V  (0.32 g, 8 5 % ) m elted at 2 0 6 -2 0 8 ° and was hom oge
neous on T L C .

■ZV-terf-Butyloxycarbonyl-L-tryptophyl-L-methionyl-L- 
aspartyl-L-phenylalanine Amide ( V ) .  A  sam ple of the protected 
trip e p tid e  am id e  I V  (8.3 g, 16 .3 m m ol) was d issolved in  d ist ille d  
T F A  co n tain in g  5 %  an iso le  (30 m l). A fte r 30 m in  in  an  ice bath, 
under N 2 , the T F A  was evaporated in  vacuo, and the resid ue  was 
tritu ra te d  w ith  ether, f ilte re d , w ashed w ith  ether, a n d  d rie d  to 
y ie ld  the trip e p tid e  am ide trifluo ro acetate  (8.3 g). T h is  was d is 
solved in  D M F  (90 m l), and D I E A  (5 m l) was added, follow ed b y 
t e r t - b u ty lo x y c a rb o n y l-L -try p to p h a n  p -n it ro p h e n y l ester26  (8.0 g,
18.8 m m ol). 1-H y d ro x y b e n zo tria zo le 2 7  (2 .3  g) was added to the 
suspension; a fu rth e r 10  m l of D M F  was used for the r in s in g . T h e  
stirred  reaction m ix tu re  becam e clear in  abo ut 5 m in . A fte r 2 hr, 
the n in h y d r in  reaction was negative. (W ith o u t the ca ta lyst, the re 
action req uired  72  hr.) T h e  solvents were rem oved in  vacuo, and 
the residue was tritu ra te d  w ith  e th y l acetate ( 2 0  m l) and ether 
(250 m l), filtered , w ashed w ith  ether, and d ried , 10 .2  g (9 0 .2 % ), m p 
1 9 4 -1 9 5 °  dec. A  sam ple was crysta llize d  from  ethano l, m p 2 1 2 — 
2 1 3 °  ( l it .5 m p 2 0 9 -2 1 0 °  dec, [a ]25D - 3 5 . 0 °  (c  2.0, D M F )  [ lit .5  

—3 5 .7 ° (c 1 ,  D M F )] . A m in o  a cid  a n a lys is : A sp , 1.05; M et, 1.0; P he, 
0.98.

A n a l. C a lc d  for C 3 4H 4 4N 6O 8S : C ,  58.6; H ,  6.4; N , 1 2 .1 .  F o u n d : C , 
58.4; H , 6.2; N , 11 .8 .

W ith  ie r i-b u ty lo x y c a rb o n y l-L -t ry p h o p h a n  2 ,4 ,5 -tric h lo ro p h e n yl 
ester, s im ila r  resu lts were obtained.

N-iert-Butyloxycarbonylglycyl-L-tryptophyl-L-methionyl- 
L-aspartyl-L-phenylalanine Amide (VI). A. T h e  t e r t - b u ty lo x y - 
ca rbo nyl group was rem oved from  com pound V  (0.70 g, 1 m m ol) 
w ith  T F A  (2 m l, co n ta in in g  5 %  anisole) as described in  the p re v i
ous experim ent. T h e  trifluo ro acetate  sa lt was d isso lved  in  D M F  ( 8  

m l) and D I E A  (0.32 m l, 2 m m ol) was added, follow ed b y  t e r t - b u ty - 
lo x yca rb o n ylg lycin e  p -n it ro p h e n y l ester28  (0.33 g, 1 . 1  m m ol). T h e  
solution  was kep t o vern ig ht at room  tem perature, w hen the n in h y 
d r in  and fluo rescam ine 29  reactions becam e negative. T h e  solvents 
were evaporated in  vacuo, the resid ue  was th o ro u g hly  tritu ra te d  
w ith  ether (30 m l), and the sup e rn atan t was decanted. T h e  residue 
was tr itu ra te d  w ith  e th y l acetate (5 m l) and then ether (30 m l) was 
added. T h e  suspension was stirred  for 10  m in  and filtered . T h e  
so lid  was resuspended in  e th y l acetate ( 1 0  m l), stirre d  for 1 0  m in , 
and filtered , y ie ld  0.60 g. C ry s ta lliz a t io n  from  ethano l y ie ld ed  com 
pound V I ,  w hich  on T L C  s t ill  showed a few m in o r spots, m p  1 8 7 -  
19 0 ° dec. T h e  y ie ld  of th is  reactio n  was fo und to be v a ria b le , som e
tim es as low as 4 0 % . T h e  p u rific a tio n  of the pro d uct was d iffic u lt : 
it  form ed gels in  several solvents.

B. T o  a sam ple of the tetrapep tide am id e  trifluo ro acetate  (0.71 
g, 1  m m ol) in  D M F  ( 8  m l), D I E A  (0 .16  m l) was added. T h e  active 
ester, B o c -G ly -O N P  (0.36 g, 1 .2  m m o l), was added in  five  portions 
at 9 0 -m in  in terva ls, the f irs t  fo ur portio ns 0.25 m m ol each, the 
f in a l a d d it io n  0.20 m m ol. Befo re each a d d it io n , a sam p le (0.1 m l) 
was rem oved and d ilu te d  w ith  ether, a n d  the p re c ip ita te  was sepa
rated b y  centrifugatio n  and exam ined on T L C .  A fte r the la st a d d i
tio n  of active ester, the m ix tu re  was allow ed to stand  overn ig ht 
an d  w orked up as described in  the p revious experim ents. T h e  
p ro duct (0.72 g) had m p 1 7 8 -1 8 0 °  dec. A fte r tr itu ra tio n  w ith eth yl 
acetate ( 6  m l), the pro d uct (0.67 g, 9 3 %  corrected for sam ple) m elt
ed at 1 8 5 -1 8 6 ° dec. T h e  fo rm atio n  of o n ly  s lig h t am o unts of V I I  
could be detected both d u rin g  the reactio n  and in  the crude p ro d 
uct.

Preparation of the Diisopropylethylammonium Salt of VI.
A  crude sam ple of V I  (1.7  g) was d isso lved  in  a 1 :1  m ix tu re  of ch lo 
roform  and ethanol (50 m l), and D I E A  (0.48 m l) was added. T h e  
solution  was d is t in c t ly  a lk a lin e . T h e  solvents were rem oved b y a 
stream  of N 2  and the residue was d rie d  in  a dessiccator. I t  was d is 
trib u te d  through 46 transfers in  a C ra ig  a pp aratu s w ith  1 0  m l 
up p er an d  1 0  m l low er phases of the system  ch lo ro fo rm -m e th a n o l- 
w ater (3 :2 :1). O n e xam in atio n  on T L C ,  tubes 1 8 -2 6  showed the 

, presence of the d iiso p ro p yle th y la m m o n iu m  sa lt of V I  as a single 
e n tity . T h e se  fractio ns were pooled, the solvents were rem oved, 
and the residue was d ried  to y ie ld  0.94 g. T h e  N M R  spectrum  of 
th is  com pound revealed th is  to be the D I E A  sa lt of V I ,  m p 1 2 5 -
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1 3 4 °  dec. A m in o  a cid  an alys is : A sp , 1.0 ; G ly , 1 .14 ; M et, 0.97; P he,
1.0.

A n a l. C a lc d  for C i-iH e e N sO sS : C ,  59.9; H , 7.5; N , 12 .7 . C a lcd  for 
C 44 H 66N 8 0 9S -2 H 2 0 : C , 57.5; H , 7.7; N , 12 .2 . F o u n d : C ,  57.5; H , 7.3; 
N , 12 .2 .

Conversion of the Diisopropylethylammonium Salt of VI to 
the Free Acid VI by p-Nitrophenol. A  sam ple of the E I E A  sa lt 
of V I  (7 mg) was suspended in  ether (2 m l), follow ed b y the a d d i
tio n  of p -n itro p h e n o l (3 mg). T h e  ether so lutio n  was cecanted, 
concentrated, and a pp lied  to a th in  la ye r p late of s ilic a  gel. E th e r  
was used for elution. T h e  p -n it r o p h e n o l-D IE A  com plex was id e n 
tif ie d  by com parison w ith an au th entic sam ple. T h e  e th e r-in so lu 
ble m ateria l m elted at 1 9 5 -1 9 7 °  dec and was s im ila r ly  id en tifie d  as
V I .

Isolation of the Succinimide Derivative VII. T h e  e th yl ace
tate soluble portions obtained from  the crude reaction pro ducts of 
V I  from  several experim ents (3.45 g) were d istrib u ted  in  a 60-tube 
C ra ig  apparatus w ith 10 -m l phases in  the solvent system  chloro
fo rm -m e th a n o l-w a te r (3 :2 :1). A fte r 80 transfers, on the basis of 
T L C  chrom atogram s, fractions 0 -3  (1.9  g), 4 -6  (0.9 g), 7 - 1 0  (0.14 
g), and 1 1 - 2 2  (0.35 g) were pooled. F ra ctio n s  4 -6  contained the 
su cc in im id e  w ith some im p u ritie s. T h is  m ateria l was chrom ato
graphed on a colum n of s ilic a  gel (20 g). F ir s t , chloroform  was used 
for elution; 6 -m l fractions were collected. A fte r 25 fractions, the e l
uent was changed to a m ixture of 2 %  m ethanol in  chloroform . P u 
r if ie d  V I I  was detected in  fractions 7 5 -14 9 . T h e se  fractions were 
com bined and solvents rem oved to leave a residue (553 mg) of 
com pound V I I  in  hom ogeneous ( T L C )  form , m p 1 3 1 - 1 3 6 °  dec, 
[cy]25d  - 7 6 . 2 °  (c 2, D M F  contain ing  1 %  A c O H ). O n T L C  in  
C H C l 3-M e O H  (9:1) R f  0.38, in  E t O A C - p y r id in e -H O A C -H 20  (60: 
2 0 :6 :11) R f 0.8. A m in o  acid  a n alysis: A sp , 1 .0 1 ; Gly, 0.96; M et, 1 .0 1; 
P he, 1.0.

A n a l. C a lc d  for C seH isN vO gS : C ,  58.8; H , 6.2; N , 13 .3 . F o u n d  C , 
58.5; H , 6 .1; N , 13 .1 .

F ra ctio n s  1 1 - 2 2  of the countercurrent d istr ib u t io n  yie ld ed  t -B o c  
pentapeptide am ide V I  (0.35 g) in  hom ogeneous form ; m p 2 0 1 -  
2 0 2 ° dec ( l it .4 m p 2 0 0 -2 0 2 ° dec, l i t .6 m p 19 6 °) , [a ]26D - 3 2 . 2 °  (c 2, 
D M F  co n tain in g  1 %  A c O H ) [lit .4 - 2 7 . 7  (c 2, D M F ) , l it . 6 - 2 7  (c 1, 
D M F )] . A m in o  acid  an alys is : A sp , 1 .1 5 ; G ly ,  0.89; M et, 1.0; P he,
1.0.

A n a l. C a lc d  for C 36H 4 7N 7 O 9S: C , 57.4; H , 6.3; N , 13.0 . Fo un d : C , 
5 7 .1 ; H , 6.4; N , 13 .3 .

Studies on the Formation of VII. A. The Effect of Different 
A c t iv e  Esters. In  three p a ra lle l experim ents, the prep aratio n  of 
V I  was carried  out under id en tica l conditions: 1  m m ol of am ino 
com ponent, 2 m m ol of D I E A , and 1 .1  m m o l of a ctive  ester in  8  m l 
of D M F  w ith 2 ,4 ,5 -trich lo ro p h e n yl ester, 0 -n itro p h e n y 1 ester, and 
p -n itro p h e n y l ester of t e r t -b u ty lo x y c a rb o n y l g lyc in e  as acyla ting  
agents. T h e  crude products were stirred  w ith E t O A C  (5 m l), sepa
rated b y centrifugation, d ried , and weighed. T h e  resu lts are shown 
in  T a b le  I I .

Table II
The Influence of Different Active Esters 

on the Formation of Compound VII
With

Boc-Gly-ONO
With

Boc-Gly-OCP
With

Boc-Gly-ONP

Wt of crude 
product, g

0.64 0 .6 6 0.60

Mp of crude 
product, °C

100-125 100-125 140-150

Wt of purified 
m aterial, g

0.35 0.38 0.39

Mp of purified 
m aterial, °C

177-180 177-178 181-184

B. The Effect of the Amount of Base and of the Excess of
E s t e r .  F iv e  aliq uo ts (1  m l each) of a 0.2 M  D M F  so lutio n  of the 
trifluoroacetate, obtained by deprotection of the protected te tra- 
peptide am ide V I  in  D M F , were placed in  4 0 -m l centrifuge tubes 
equipped w ith a 24/40 standard  tapered jo in t .30  A  0.4 M  solution 
of D I E A  in  D M F  was added in  am ounts shown in  T a b le  I  T o  keep 
the concentration of the am ino  com ponent id e n tica l in  each exper
im en t, D M F  (0.5 m l) was added to tubes 1 and 5. T h e  am o unt of 
active  ester used (B o c -G ly -O N P )  is shown in  T a b le  I. T h e  reaction 
was allow ed to proceed overnight. T h e  solvent was rem oved in  
vacuo, each residue was tritu ra te d  w ith ether ( 15  m l), the sem isolid  
pro ducts were separated b y centrifugation  and decantation and

triturated with ethyl acetate (3 ml), and the mixture was diluted 
with ether (15 ml). The crude products were separated again by 
centrifugation. Their weights and melting points are shown in 
Table I, and also their content on compounds VI and VII as esti
mated from the intensities of the respective spots on TLC.

C. Reaction of Boc-Gly-ONP and Boc-Met-ONP with VI in 
the Presence of DIEA. Compound VI (38 mg) was added to a 
0.025 M solution (0.2 ml) of DIEA in DMF. This was divided into 
two equal portions. To one portion Boc-Gly-ONP (7.5 mg) was 
added, to the other Boc-Met-ONP (9.5 mg); DMF (0.1 ml) was 
used in each tube for rinsing. The solutions were kept overnight. 
The solvent was removed by a stream of nitrogen. The residues 
were triturated with ether (2 ml) and centrifuged and the ether so
lution was decanted. The remaining residues were examined on 
TLC. The formation of VII was observed in both cases, but was 
more pronounced in the experiment with Boc-Gly-ONP.

D. Opening of the Succinimide Ring. A sample (0.05 mmol) of 
compound VII was dissolved in 95% ethanol (2 ml). A 0.2 N NaOH 
solution (0.25 ml) was added, and the mixture was kept at room 
temperature for 90 min and then acidified with 0.2 N HC1 (0.25 
ml). Examination on TLC [silica gel, EtOAc-pyridine-AcOH-H20  
(60:20:6:11)] showed the disappearance of VII (Rf 0.80), the forma
tion of VI (R/ 0.46), and an even larger amount of a new derivative 
with R f  0.33, presumably the pentapeptide derivative containing a 
/3-aspartyl residue.

A sample of VII (5 mg) was dissolved in MeOH (3 ml) and NH3 
was passed over the solution for 1 hr. After 2 days at room temper
ature, examination on TLC in the system described above revealed 
the disappearance of VII and the formation of two new com
pounds, with R f  values 0.68 and 0.63.

E. Electrophoresis. Samples of compounds VI and VII (40 mg 
each) were treated with TFA (0.5 ml) containing 5% anisole for 30 
min at ice-bath temperature under a blanket of nitrogen. The TFA 
was removed in vacuo, the residues were triturated with ether, and 
trifluoroacetates were isolated by centrifugation. Samples were 
dissolved in 1 N AcOH and applied to Whatman No. 3 MM paper. 
Electrophoresis was carried out with the Savant flat plate appara
tus, in a buffer of pyridine (300 ml), AcOH (11.5 ml), and H20  
(2700 ml) at 30 V/cm for 2.5 hr. After drying, the spots were re
vealed with ninhydrin; the pentapeptide amide corresponding to
VI moved slightly toward the cathode, while the spot of deblocked
VII moved further away from the origin, with about 40% of the mo
bility of lysine.

Acknowledgments. This study was supported by a 
grant from the U.S. Public Health Service (NIH AM- 
12473). Amino acid analyses were carried out by Mrs. De- 
lores J. Gaut, elemental analyses by the Baron Consulting 
Co., Orange, Conn.

Registry No.—I, 4801-80-3; II, 5241-68-9; III, 5241-71-4; IV, 
5920-14-9; V, 5235-21-2; V trifluoroacetate, 5908-10-1; VI, 5915- 
71-9; VI diisopropylethylammonium salt, 55701-83-2; VII, 55701- 
84-3; benzyloxycarbonyl-L-phenylalanine p-nitrophenyl ester, 
2578-84-9; DIEA, 7087-68-5; benzyloxycarbonyl-/3-benzyl-L-as- 
partic acid p-nitrophenyl ester, 55723-11-0; benzyloxycarbonyl-d- 
benzyl-L-aspartic acid o-nitrophenyl ester, 55701-85-4; tert-butyl- 
oxycarbonyl-L-methionyl p-nitrophenyl ester, 2488-18-8; Boc- 
Met-ONP, 41120-66-5; Boc-Trp p-nitrophenyl ester, 15160-31-3; 
Boc-Trp 2,4,5-trichlorophenyl ester, 15160-30-2; Boc-Gly p-nitro
phenyl ester, 3655-05-8; Boc-Gly-ONP, 38606-09-6; p-nitrophenol, 
100-02-7; Boc-Gly 2,4,5-trichlorophenyl ester, 7536-61-0.
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The 13C NMR spectra of several types of quassinoid terpenic substances are presented and all chemical shifts 
assigned. The data are used for the corroboration of the structure of a new quassinoid principle.

The bitter principles of the plant family Simaroubaceae 
are a group of structurally complex, highly oxygenated, tri- 
terpene degradation products which have attracted atten
tion especially since the advent of 4H NMR spectroscopy.3 
The latter and mass spectroscopy have been the major 
tools of structure analysis in this field of terpene chemistry 
in recent times. In view of the diagnostic power of 13C 
NMR spectroscopy this new analytical method now has 
been utilized for the analysis of quassinoid compounds of 
several structure types and the data applied to the confir
mation of the structure of a new substance from Perriera 
orientalis Courchet.

The 13C NMR investigation was initiated by an inspec
tion of the proton-decoupled as well as single-frequency, 
off-resonance decoupled spectra of ailanthone (1), chapar- 
rinone (2), and glaucarubinone (3a), three compounds dif
fering from each other only in rings C and D.

The chemical shifts of the carbonyl carbons of 1, 2, and 
3a are deduced from known 13C NMR parameters of 2-cy- 
clohexenones, 5-lactones, and branched esters.1'4'5 Similar
ly, the olefinic carbon shifts are derived from those of 2- 
cyclohexenone and methylenecyclohexane models. The 
methyl shifts of the three compounds are based on the dif
ferentiation of the 4- and 10-methyl groups of 1 by the use 
of 1-methylcyclohexene as a model, and 13-methyl group of 
2 being recognized by default and the two methyl groups of 
the side chain of 3a differing from each other by their being 
the equivalent of neopentyl and homoneopentyl carbons. 
The 2.3-ppm difference of the chemical shift of C(18) in 2 
vs. 3a is a reflection of the 5 effect6 exerted by the interac
tion of the peri C(13) and C(15) substituents. As a compari
son of the high-field C(19) shifts of compounds 1-3 with

those of substances possessing an 8/1-methyl group instead 
of the oxymethylene bridge (vide infra) indicates, shielding 
of up to 2 ppm is due to the heterocycle spanning C(8) and 
C (ll).

The methylene shifts of ailanthone (1) and chaparrinone
(2) are distinguished easily from each other in view of one 
being associated with an expectedly low-field oxymethy
lene, another with a ketomethylene and, finally, one with 
an unsubstituted, upfield methylene function. In accord 
with conformations 4 and 5 for ailanthone and chaparri
none, respectively, one of the ketomethylene hydrogens, 
H(15/3), experiences a peri interaction with C(18) in the lat-
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Table I
Carbon Chemical Shifts“

1 2 3a 3b

C(l) 82.5 82.5 82.6 82.6
C(2) 197.2 197.1 196.8 71.3
C(3) 125.0 124.7 124.8 125.7
C (4 ) 162.5 162.3 162.5 133.8
C(5) 43.3 43.1 43.9 40.1
C(6) 25.1 25.0 24.7 24.9
C(7) 77.7 77.6" 77.4 77.9
C(8) 44.5 44.9C 46.8 46.7
C(9) 46.1 41.1 41.1 40.9
C(10) 44.5 44.3" 44.5 44.1"
C(U) 108.9 108.9 108.9 109.1
C(12) 79.1 77.9^ 78.4 78.5
C(13) 146.6 30.4 31.4 31.4
C (14) 41.1 41.1 44.5 44.6"
C(15) 34.3 29.4 69.8 69.5
C(16) 169.1 167.6 166.8 167.1
C(18) 119.7 12.5 14.8 14.8
C(19) 9.5 9.4 9.9 1 0 .1
C(30) 71.2 70.1 70.0 70.1
4-Me 2 2 .2 2 2 .1 2 2 .1 20.9
C (l') 174.4 174.4
C(2') 73.9 73.9
C(3 ') 32.5 32.6
C(4') 7.6 7.7
C(5') 24.7 24.9

0 The i values are in parts per million downfield from Me4Si:
<5(Me4Si) = <5(Me2SO-d6) + 39.5 ppm. b~a Signals within any verti
cal column may be reversed.

ter but not in the former. This phenomenon is reflected by 
a difference of 4.9 ppm of the C(15) shifts, chaparrinone (5)

being more shielded. The ketomethylene signal is replaced 
in glaucarubinone (3a) by one for its side chain methylene 
group.

Differentiation of the oxymethines of compounds 1, 2, 
and 3a is founded on the C(l) and C(7) shifts being con
stant and C(l) being deshielded by its a-keto group. The 
assignment of the C(l) shift and its distinction from the 
C(7) shift is confirmed by the C(l) shift perturbation on 
acetylation (vide infra). The extra oxymethine signal of 3a 
is that of C(15). The designation of the nonoxygenated

methine shifts is more difficult. The appearance of an extra 
methine signal in the spectra of 2 and 3a in comparison 
with the spectrum of 1 reveals the C(13) resonance in the 
former. Since the change of stereochemistry of the 12-hy
droxy group from 1 to 2 or 3a imposes a 1,3-diaxial interac
tion and hence a y effect of up to 7 ppm on C(9) in the lat
ter two substances, only the 46.1-ppm shift can be assigned 
to C(9) of 1 and the 41.1-ppm shift to the same carbon of 2 
and 3a. Furthermore, since C(5) is least affected by the ring 
C changes, the constant 43-44-ppm shift can be related to 
it. This leaves the C(14) shift by default. Its identity in 1 
and 2 is in conformity with the known minimal difference 
of the shift of a cyclohexyl methine vicinal to an exo meth
ylene vs. equatorial methyl group7 and the lower field posi
tion of C(14) in 3a as contrasted to 2 is related to the added 
/3 and y  effects of the C(15) substituent of the former. 
Among the nonprotonated, saturated sites of the three sub
stances the oxy carbon of the side chain of 3a is unique. 
Dioxygenated C (ll)  shows a constant downfield signal. 
Carbon 10 exhibits similar shift constancy, leaving C(8) by 
default. All carbon shifts of ailanthone (1), chaparrinone
(2), and glaucarubinone (3a) are listed in Table I.

13C NMR analysis of glaucarubin (3b), a simaroubaceous 
substance differing from the aforementioned glaucarubi
none (3a) only by the replacement of the 2-keto group by 
an equatorial hydroxy function, had to be based on solely a 
proton-decoupled spectrum because of the low sample size. 
This limitation necessitated, inter alia, differentiation of 
the trigonal carbons 3 and 4 by line width characteristics,
i.e., the C(4) signal being considerably slimmer than the 
C(3) line in view of the slower relaxation of C(4) and the 
absence of one-bond, carbon-hydrogen residual coupling in 
its signal. All carbon shifts of glaucarubin (3b) are nearly 
identical with those of glaucarubinone (3a) except those of 
carbons 2, 3, 4, and 5 and the 4-methyl shift. The difference 
of the olefinic carbon shifts of the ketone and alcohol are 
reminiscent of the A<5 values of related carbons of 2-cyclo- 
hexenone (6)8 and 2-cyclohexenol (7).9 Carbon 5, whose

OH

» > 2
38.0 1 3 0 3 1| |32'°
22.6 129.5 * \ _ / *  19.3

25.8 2 5 1

6 7

equivalent site in the models is unperturbed, is shielded in 
the alcohol (3b). This shift change affects also the 4-methyl 
group and may reflect subtle conformational modification 
of ring A perhaps due to greater ring puckering in the com
pound of fewer trigonal carbon sites.

Samaderine B (8) is a C19 quassinoid product whose ring 
A retains the substitution pattern of compounds I, 2, and 
3a, C(7) has the lactone oxygen terminus replaced by a 
double-bonded oxygen, and whose remaining skeleton is 
modified drastically. The ring A identity is reflected in the 
shift similarity of C(l), C(2), C(3), C(4), and the 4-methyl 
group. The 10-methyl group is also unaffected, even though 
the two-atom bridge across ring C now is at a different 
location. The assignment of the shifts of C (ll)  and C(12) is 
based on the shifts of the same oxymethines of the bru- 
ceines (vide infra) and the expected deshielding of C(12) 
when part of a lactone ring. It is worth noting that the 
C(18) signal is diagnostic for the samaderine B ring system 
in view of the C(13) attachment of the oxymethylene 
bridge foisting a fl effect upon C(18) and thus strongly de
shielding this methyl group. All chemical shifts of samader
ine B are denoted on formula 8.10

In contrast to the quassinoid substances described thus
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far, quassin (9) possesses two 2-methoxy-2-cyclohexenone 
chromophores. Hence one major task is the differentiation 
of the trigonal carbon shifts. The lactone carbonyl shift is 
nearly the same as that of ailanthone (1), while the two 
other carbonyl groups differ from each other and from the 
carbonyl shift of model 10 by C (l) being deshielded (i.e., a 
|8 effect) by the neighboring angular methyl group and 
C (ll) being shielded (i.e., y  effects) by the angular methyl 
functions. The olefinic oxy carbons, C(2) and C(12), are 
distinguishable by the former being characterized by the 
oxy carbon shift of model 10 to which is added a mildly 
shielding y  effect by C(19) and C(12) experiencing stronger 
shielding from its vicinal, olefinic methyl group. Carbon 3 
is a unique olefinic center and the C(13) signal was ob
scured. While the shift of the 2-methoxy group is normal, 
when compared with the methoxy shift of model 10, the
12-methoxy group is deshielded by ca. 4 ppm, reminiscent 
of the deshielding effect on the methoxy shift of anisoles by 
two ortho substituents,7’11

The four C-methyl groups of quassin (9) can be recog
nized in the following manner. The 4-methyl unit can be 
expected to exhibit a shift similar to that of the like car
bons in compounds 1-3. The C(18) shift differs from that 
of the 4-methyl group by the addition of a strong shielding 
component due to the neighboring methoxy group. This 
added shift must be of a magnitude between the ca. 6-ppm 
difference of the C-methyl shifts of toluene and o-cresyl 
methyl ether and the ca. 9-ppm difference for the 2-methyl 
group of o -xylene and 2,3-dimethylanisole.4 The added y 
effect is predictably closer to the smaller A5 value, since 
C(18) experiences less compression from its methoxy 
neighbor and C(15) in a C/D cis ring system than the meth
yl group of a 2,6-disubstituted toluene. While no direct evi
dence can be brought to bear upon the distinction of C(19) 
and C(30), only a minimal shift change can be expected for 
C(19) from the <5 value of the angular methyl group of com
pounds 1-3 and 8. Being an olefinic methyl group, C(18)

can be differentiated from the other methyl functions by a 
simple single-frequency, off-resonance decoupling tech
nique. Since the C(18) hydrogens are downfield from those 
of the remaining methyl groups in the XH NMR spectrum, 
the residual one-bond, carbon-hydrogen coupling of C(18) 
is distinctly larger than that of the other methyl groups, 
when the decoupling frequency is placed at the far upfield 
end of the XH NMR spectral range. This simple confirma
tion of the C(18) shift was applied also to the corroboration 
of the 4-methyl shifts of compounds 1, 2, 3a, and 8.

The removal of the d effect due to the oxygen bridge on 
the one-carbon unit attached to C(8) in the previous com
pounds shields this quaternary carbon in quassin (9). The 
C(5) shift can be selected on the assumption of its invarian- 
cy throughout the quassinoid series alongside the constan
cy of the 4-methyl, C(6), and C(10) shifts and is confirmed 
by smaller residual coupling in the single frequency off-res- 
onance decoupled (sford) spectrum. The remaining nonox- 
ygenated methine signals of quassin (9) consist of one up
field and two nearly identical, downfield peaks. Since the 
difference between the two allylic methines, C(4) and 
C(14), lies in the former feeling a y  effect from C(19) and 
the latter experiencing no such shielding influence but 
strong deshielding by at least its neighboring methyl 
groups, C(4) is represented by the upfield signal and C(9) 
and C(14) by the indistinguishable downfield peaks. All 
chemical shifts of quassin are delineated on formula 9.

Brucein B (13a) and brucein C (14a) are simaroubaceous 
compounds whose oxymethylene bridge is samaderine-like,

OR

b, R = Ac 
OR

b, R = Ac

whose ring D is of the glaucarubinone (3a) type, and whose 
C(18) is in the high oxidation state of a carboxylic ester. 
Their 13C NMR analysis was undertaken with the use of 
their triacetates, 13b and 14b, respectively, and 2-oxy-2- 
cyclohexenones 11 and 12 acting as models. While brucein 
B (13a) and its triacetate (13b) were run in hexadeuteriodi- 
methyl sulfoxide and brucein C (14a) and its triacetate 
(14b) in deuteriochloroform solution, respectively, the sol
vent-induced shift changes were minimal and the sford 
spectra in both solvents useful for facilitating the interpre
tation of multiplets under solvent signals. Since the differ
ence between the two bruceins is limited to the C(15) side 
chain, the 13C NMR analysis of brucein C (14a) is a simple 
extension of the interpretation of the spectra of brucein B 
(13a). All 5 values of 13a, 13b, 14a, and 14b are listed in 
Table II.

All carbonyl shifts of the bruceins and their acetates are
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Table II
Carbon Chemical Shifts

Table III
Carbon Chemical Shifts“

13a “ 13b a 14a6 14b b’ c

C(l) 48.7 49.9 47.8‘ 49.9
C(2) 192.9 188.6 193.0 188.3
C(3) 144.1 140.7 144.3 141.6
C(4) 128.3 148.3 129.4 146.0
C (5) 39.9" 39.5s 42.1" 42.0*
C (6) 28.7 27.6 29.1 28.2
C (7) 82.8 81.4 83.2 82.3
C(8) 44.7 43.9 45.5 44.8
C(9) 40.4" 41.4s 41.6" 40.5*
C(10) 40.9 38.4 41.1 40.0
C (ll) 71.4 68.2 71.2 69.0
C(12) 74.7 70.9 75.4 71.0
C(13) 81.4 79.0 81.6 79.8
C(14) 48.7 48.8 49.7‘ 51.6
C(15) 67.3 66.4 66.7 65.3
C(16) 167.0 166.5 168.0 168.1
C(18) 169.9 168.8/ 168.0 168.1
C (19) 15.0 14.8 15.2 15.6
C(30) 72.3 73.1 73.6 73.7
4-Me 13.3 14.0 13.1 14.5
OMe 52.3 52.4 52.7 52.7
C (l') 168.7 168.6/ 165.9 164.9
C(2') 20.4 20.0 111.5 111.0
C(3 ') 171.3 166.6’"
C (4 ') 73.6 73.7
C(5') 27.9 28.2
C(6') 27.9 28.2
C(7') 15.2 15.6
3-OAc 167.5, 21.O" 167.4, 21.5'

11-OAc 168.1," 20.0* 168.1; 20.2'
12-OAc 168.3/ 20.0* 168.1, 20.8'

a The 6 values are in parts per million downfield from Me4Si. In
Me2SO-c¿6 solution; ¿(Me4Si) = á(Me2SO-cÍ6) + 39.5 ppm. * In
CDCI3 solution; ¿(Me4Si) = ¿(CDCU) + 76.9 ppm. c Some CD3OD 
was added for dissolution of the compound. d~l Signals within any 
vertical column may be reversed. m This signal may be inter
changed with the signal of one of the acetyl carbonyl groups.

based on comparisons among the four compounds, glau- 
carubinone (3a) and models 11 and 12 and the carbon 
shifts of the C(15) side chain of 14a and 14b rely on calcu
lations from models.4 As the shift distribution of the enol- 
one chromophore of 11 and 12 indicates, acetylation of a 
cyclic a-diketone monoenol shields mildly the olefinic oxy 
carbon and more strongly the carbonyl group, while exert
ing a powerful deshielding influence on the nonoxygenated, 
olefinic site. This phenomenon permits the shift assign
ment of C(2), C(3), and C(4) in compounds 13 and 14. The 
nuclear methyl groups, C(19) and the 4-methyl group, in 
the bruceins and their acetates are differentiatable by the 
size of the residual coupling in their sford spectra. Carbon 
19 of brucein B (13a) is 5.6 ppm downfield of the same car
bon of chaparrinone (2) in view of the removal of at least a 
7 effect of the latter’s 1-hydroxy group. The 4-methyl 
group, on the other hand, is shielded by 8.9 ppm wnen com
pared with that of chaparrinone (2). This influence of the
3-hydroxy function on its neighboring methyl group is rem
iniscent of and greater than the impact of the 12-methoxy 
group on its vicinal methyl function in quassin (9) (vide 
supra). The increased size of this shielding effect in brucein 
B (13a) must be due to the greater compression felt by the 
methyl group from the 3-hydroxy unit and equatorial C(6) 
(with respect to ring A).

The oxymethines can be characterized as those impervi-

15 16 17a 17b

C(l) 83.3 83.2 83.2 79.1
C (2) 191.3 191.7 191.2 72.9
C(3) 125.1 124.7 124.7 119.3
C(4) 162.6 162.3 162,3 138.2
C(5) 40.8” 40.6 39.2 38.6
C(6) 24.0 24.5 24.1 23.5
C(7) 78.4s 76.9 76.5 76.7
C(8) 41.3 43.4 46.7 46.6
C(9) 49.7 46.4 46.4 47.7
C(10) 43.6 43.4 43.7 41.9
C (ll) 201.8 204.8 204.6 204.5
C(12) 75.0s 81.3 81.8 80.7
C(13) 140.7 33.6" 30.4s 30.0
C(14) 39.5” 34.8" 34.1 34.1
C (15) 30.5 27.8 70.1 69.8
C (16) 170.1 170.0 170.5' 170.4"
C (18) 115.5 12.8 14.6 14.5
C(19) 10.4 11.0 11.5 11.2
C(30) 63.9 60.9 60.5 60.9
4-Me 21.7 21.9 21.8 20.4 ± 0.2"
C (l') 166.2" 166 y
C(2') 80.0 80.0
C(3') 30.6s 30.0
C(4') 7.0 7.0
C(5') 20.4 ± 0.2" 20.4 ± 0.2"
a The & values are in parts per million downfield from Me4Si; 

5(Me4Si) = 6(Me2SO-d6) + 39.5 ppm. b~e Signals within any verti
cal column may be reversed. ' Any of these signals may be inter
changed with an acetate carbonyl signal. e This signal cannot be 
differentiated from that of an acetate methyl group.

ous to acetylation and those experiencing shielding. The 
former group is composed of C(7) and C(15), whose shifts 
are similar to those of the same carbons in glaucarubinone 
(3a), while the latter category is made up of C (ll)  and 
C(12). The C (ll) shift of the bruceins is similar to that of 
C (ll)  of samaderine B (8), while the C(12) shift can be cal
culated approximately from the 5 value of C(12) in chapar
rinone (2) by the substitution of an equatorial, oxygen /3 ef
fect by one of an axial variety. Being under the influence of 
a large number of /3 effects and minimal number of 7 ef
fects, C(14) can be expected to be downfield of the remain
ing, undifferentiatable methines, C(5) and C(9). Quater
nary centers C(8) and C(10) are shielded relative to glau
carubinone (3a), but C(10) more so in view of the lack of a 
d effect from a 1-hydroxy group.

Acetylation of ailanthone (1), chaparrinone (2), glau
carubinone (3a), and glaucarubin (3b) unravels their hemi- 
acetals liberating 11-keto compounds 15, 16, 17a, and 17b, 
respectively. Their 13C NMR spectra were analyzed, only

OÁc OAc

the proton-decoupled spectrum having been inspected in 
the case of 17a, and the chemical shifts are listed in Table
III. All acetate methyl and carbonyl shifts fall into the 
range of 20.4 ±  0.2 and 169.4 ±  0.3 ppm, respectively.
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OAc

b, Y = a-0Ac,/3-H

Shift assignment of the methyl and methylene groups, 
olefinic centers, and carbonyl groups, except for the diffi
cult differentiation of C(16) from C(l'), can be made on the 
basis of all the arguments made thus far. Recognition of the 
individual quaternary carbon shifts is based on the expec
tation of the 5 values of 15 and 16 reflecting minimal struc
tural change in the C(10) environment and the quaternary 
carbon shifts of 17a and 17b showing the same relationship 
for C(8). Comparison of the oxymethine shifts of the four 
compounds reveals the C(7) shift of 16, 17a, and 17b to be 
nearly identical, the C(15) shifts to be associated only with 
17a and 17b and to be the same as those of the natural 
products, 3a and 3b, respectively, themselves, and the C(2) 
shift of glaucarubin pentaacetate (17b) to be unique. Dis
tinction of the a-keto oxymethines, C(l) and C(12), de
pends on the expected invariance of the C(l) shift of 15, 16 
and 17a and of the C(12) shift of 16, 17a and 17b. The C(7) 
and C(12) shifts of ailanthone triacetate (15) are difficult to 
distinguish. Among the nonoxygenated methine signals 
that of the a-ketomethine, i.e., C(9), is recognized readily 
because of its downfield position and its ca. 3-ppm upfield 
move on experiencing an added 7 effect by the C(12) inver
sion of an equatorial acetoxy group in 15 to an axial sub
stituent in the other compounds. The next low-field signal 
is that of C(5), its position being similar to its location in 
the spectra of the natural products. Finally, a distinction of 
the ¿(13) and C(14) shifts is made on the basis of C(14) 
being expected to undergo a shift change on the introduc
tion of the C(15) side chain into compounds 17a and 17b. It 
is noteworthy that acetylation of glaucarubin (3b) produces 
ring A shift changes previously associated with allyl alcohol 
to allyl acetate conversions.12 Thus C(3) and C(4) of glau
carubin pentaacetate (17b) are shielded and deshielded 
strongly, respectively.

Recently there was isolated a new quassinoid substance 
from the simaroubaceous plant Perriera orientalis Cour- 
chet whose infrared, ultraviolet, 1H NMR, and mass spec
tral analyses showed it to be the 15/3-hydroxy derivative of 
klaineanone (18a).3,13 Structure 18b of the new natural 
substance was revealed also by comparison of the 1H NMR 
spectra of its derivative 19 and the 15-deoxy equivalent de
rived from klaineanone (18a).13 A 13C NMR analysis of

18a, the new quassinoid principle, and compound 19 now 
was undertaken. While the usual two spectra could be run 
on 15/3-hydroxyklaineanone (18b), the investigation was

limited solely to proton-decoupled spectra of klaineanone 
(18a) and compound 19 owing to the availability of only 
small quantities of material.

Comparison of the 13C NMR spectra of 18a and 18b re
veals all except two signals to be nearly identical. Since the 
sford spectrum of 18b exhibits the carbon type of each sig
nal and since the nonidentical signals can be associated 
with a methine and an oxymethine unit, changes expected 
for the modification of the C(15) environment, the correla
tion of the klaineanone (18a) signals and its carbon types 
can be considered established. A spectral comparison of 
klaineanone (18a) with chaparrinone (2) shows strong shift 
alteration, especially in ring C, some of which are readily 
explicable. Thus C(8) .and C(12) of klaineanone (18a) are 
shielded owing to missing (3 effects, C(14) is deshielded in 
view of a missing 7 effect, the C(13) shift is modified as a 
consequence of alteration of the groups exerting 7 effects, 
and C (ll) and C(30) are shifted dramatically owing to their 
different substitution pattern. A comparison of the carbon 
shifts of klaineanone (18a) and 15/3-hydroxyklaineanone 
(18b) reveals the influence of the new hydroxy group in the 
form of a 36.8-ppm a effect on C(15) and a 9.8-ppm /3 effect 
on C(14). This is in full accord with the previously pro
posed structure for 15/3-hydroxyklaineanone (18b).3-13 Fur
thermore, confirmation of the structure is revealed by com
parison of the 13C NMR spectra of 19 and glaucarubinone 
tetraacetate (17a). All shifts are nearly the same except 
those of C(7) and C(30). Both shift changes are due to the 
removal of the 30-acetoxy group in 19 and suggest a retain
er population preference of this group in 17a favoring a 
gauche interaction with H(7). The carbon shifts of the ace
tyl groups of 19 are within the range cited for 17a (vide 
supra). All shifts for compounds 18a, 18b, and 19 are listed 
on formulas 20, 21, and 19, respectively.10
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In view of the ease of detection of nonprotonated carbon 
sites in structurally complex organic compounds by appli
cation of the noise off-resonance decoupling technique 
(nord)14'15 it is possible to obtain directly the C(8) and 
C(10) shifts and to analyze them in terms of a specific 
quassinoid structure type. The above shift determinations 
of the naturally occurring substances reveal three diagnos
tically distinct shift patterns. All compounds exhibit a sig
nal within the 40-50-ppm range. Those showing the other 
signal within the same range represent the 7,30-dioxy 
structure type, those with 5-10-ppm upfield signal the 7- 
oxy-30-deoxy type, and those with a 10-15-ppm downfield 
signal the 7-oxo-30-oxy type. In view of there being an oxy
gen bridge emanating from C(30) in the first and third 
kinds of natural quassinoid substances, the oxycarbon sig
nal in the nord spectrum differentiates the C (ll)  from the 
C(13) terminus of this bridge.

Experimental Section
The carbon shifts denoted on various formulas and in Tables

I—III were recorded on a Varian DP-60 spectrometer operating at
15.08 MHz or a Varian XL-100-15 spectrometer functioning at
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25.20 MHz. All spectra were obtained with the use of Fourier 
transform techniques. The 6 values portrayed on formulas 8, 9, 19, 
20, and 21 refer to Me2SO-d6 solutions, those on formulas 6 and 7 
to deuteriochloroform solutions, and those on formulas 10, 11 and 
12 imply chloroform [5 (Me.|Si) = ¿(CHCI3) + 77.2 ppm] as solvent.

Registry N o— 1, 981-15-7; 2, 22611-34-3; 3, 1259-86-5; 3a, 
1448-23-3; 13a, 25514-29-8; 13b, 37746-38-6; 14a, 25514-30-1; 14b, 
55606-57-0; 15, 990-35-2; 16, 990-33-0; 17a, 55658-68-9; 17b, 
55606-58-1.
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A group of a-phenyl-A'-benzylnitrones bearing one of the substituents nitro (o-, m-, or p-), chloro (o- or p-1, 
methyl (p-), methoxy (0-, m - ,  p - ) ,  as well as the p-methoxy-p-nitro derivative and a,a-diphenyl-A/-benzylnitrone, 
were made to undergo Behrend rearrangement to the isomeric nitrone resulting from 1,3-prototropic shift by 
treatment with sodium methoxide in refluxing ethanol. It was demonstrated that an equilibrium mixture was ob
tained in each case by approaching the equilibrium from either side. Equilibrium compositions were determined 
by NMR spectroscopy. All para substituents favored the isomer with substituent on the a-phenyl group, m-Me
thoxy as a substituent was almost without effect on the equilibrium, and a m-nitro group slightly favored the iso
mer with the substituent on the N-benzyl group. The ortho substituents strongly favored the isomer with the sub
stituent on the N-benzyl group, presumably for steric reasons. a-Phenyl-N-benzhydrylnitrone was favored over 
its isomer, a,a-diphenyl-(V-benzylnitrone (K = 0.57). The results with the para substituents are consistent with 
an electronically amphoteric capability of the nitrone group for conjugation.

Isomerization of nitrones by a 1,3-prototropic shift has 
been called the Behrend rearrangement after its discover
er2 (eq 1). The closely related isomerization of imines has

O O
t t

RCH — N = C H R ' — ► R C H =N —CH2R ' (1)

been extensively studied, owing to its importance in biolog
ical transamination,3 but the Behrend rearrangement has 
received only casual attention.

The initial work on the Behrend rearrangement was es
sentially qualitative,2’4-6 directed mainly to the question of 
whether or not a given nitrone would rearrange. Neubauer4 
investigated a number of substituted a-phenyl-N-benzylni- 
trones, examining the products by fractional crystalliza
tion. According to his work and that of Behrend, two such 
systems (p-chloro and p-nitro) underwent the 1,3-prototro
pic shift reversibly, one of them (a-m-nitrophenyl) under
went irreversible rearrangement, and many (p-methoxy, 
p-hydroxy, o-hydroxy, o-chloro, o-nitro) were inert to at
tempted rearrangement catalyzed by alcoholic sodium eth- 
oxide. The confusing inconsistency of the observations was 
noted much later by Lamchen.7

The Behrend rearrangement may occur during the prep

aration or isolation of nitrones, as first noticed by Behrend 
and König.2 Cope and Haven prepared8 a,a-diphenyl-lV- 
benzylnitrone (2) successfully from benzophenone imine 
and iV-benzylhydroxylamine hydrochloride when they used 
ammonia as the base, but use of sodium ethoxide brought 
about isomerization to a-phenyl-N-benzhydrylnitrone (1).

0  O
t t

PhCH =N — CHPh2 PhCHj—N = C P H 2 (2)
1 2

Smith and Robertson9 encountered rearrangement of cer
tain nitrones during a study of the site of alkylation of 
oxime anions. The collected reports point to catalysis by 
strong base, an unelucidated dependence of both the ease 
and direction of rearrangement on structure, and a suscep
tibility to rearrangement equal to or greater than that of 
imines. The mechanism is presumed to involve abstraction 
of a proton to form a delocalized carbanion (eq 3).7’9

R,CH—N = C R  
1
O

R ,C = N — CH R,'
4
o

(3)
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Table I
o

R - C 6H4CH2-N =C H C 6H 4-R '

<*-Phenyl’- Y - b e n z y l n i t r o n e s

N —- O

I r ,  cm
C = N

N M R

N = * C H

1 PP m

nch2N i t r o n e R R' Yield, % M p ,  ° C

5a p -n o 2 H 7 1 1 1 2 - 1 1 3 a 1 1 5 0 1 6 1 5 , 1 6 0 5 ,  1 5 9 0 ( ~ 7 . 5 ) 6 5 . 0 6

5b p -C  1 H 86 1 2 4 - 1 2 5 = 1 1 7 5 1 5 9 5 ( ~ 7 . 3 ) 6 4 . 9 1

5c p - C H 3 H 9 2 8 2 - 8 3 1 1 6 0 1 5 8 0 ( ~ 7 . 3 ) 6 4 . 9 4

5d />-c h 3o H 9 9 1 0 8 - 1 0 9 1 1 5 0 1 6 1 5 M . 3 ) b 4 . 9 2

5e o -N 0 2 H 5 8 1 0 4 . 5 - 1 0 5 . 5 " 1 1 4 0 1 6 1 5 , 1 5 8 0 > 7 . 1 " 5 . 4

5f o - C l H 9 6 . 5 7 3 . 5 - 7 5 = 1 1 5 0 1 6 0 0 , 1 5 9 0 > 7 . 1 6 5 . 1 1

5g 0 - C H 3C) H 3 0 9 0 - 9 2 1 1 4 5 1 6 0 5 , 1 5 9 5 ,  1 5 8 0 > 6 . 8 " 5 . 1 0

5h m  - N 0 2 H 6 2 1 1 6 - 1 1 7 ' 1 5 9 0 > 7 . 3 6 5 . 1 5

5i m  - C H 30 H 5 8 9 5 . 5 - 9 7 1 1 5 0 1 5 9 0 > 6 . 8 6 5 . 0

5j P -C H 3O p - n o 2 7 7 . 5 1 4 0 - 1 4 1 1 1 6 0 1 6 1 5 , 1 6 0 5 > 7 . 3 5 6 5 . 0 5

6 a H p - n o 2 7 5 . 5 1 1 8 - 1 1 9 * 1 1 5 5 1 6 0 0 7 . 4 4 4 . 9 7

6 b H p - C  1 93 121—1 2  2 A 1 1 5 0 1 5 8 5 ( - 7 . 3 ) ' ’ 4 . 9 3

6 c H P - C H 3 9 0 m - i i s * 1 1 5 0 1 5 9 5 (—7 . 3  ) 6 4 . 9 2

6 d H P - C H 3O 8 9 1 0 8 - 1 0 9 ' 1 1 5 0 1 6 0 5 ( ~ 7 . 4 ) 6 4 . 9 4

6 e H o -N 0 2 7 9 1 2 7 - 1 2 8 * 1 1 7 5 1 6 1 5 , 1 6 9 5 ,  1 5 8 5 > 7 . 1 6 5 . 0 1

6 f H o - C l 8 1 . 5 8 7 . 5 - 8 8 . 5 ' 1 1 5 5 1 5 7 5 > 7 . 1 6 5 . 0 1

6 g H 0 - C H 3O 6 9 8 3 . 5 - 8 5 1 1 6 0 1 6 0 0 > 6 . 7 ” 4 . 9 8

6 h H m  - N 0 2 8 9 . 5 1 4 9 - 1 5 0 " 1 1 6 0 1 5 9 0 > 7 . 2 5 * 5 . 0 8

6 i H m  - C H 3O 7 0 7 6 - 7 7 1 1 5 5 . 1 6 0 0 , 1 5 8 5 > 6 . 8 * 5 . 0 2

6 j p - n o 2 P - C H 3O 4 5 . 5 1 5 1 . 5 - 1 5 2 . 5 ' 1 6 1 0 , 1 5 8 5 > 7 . 3 6 5 . 1 1

0 L it .  m p 1 1 3 . 5 - 1 1 4 . 5 ° : R. B ehrend and E. K ö n ig , B er., 2 3 ,  2 7 5 1  ( 1 8 9 0 ) .  6 S ig n a l incorporated in  ph en yl m u ltip le t. c L it . 4 m p 12 5 -12 6 °.
d L it .  m p 1 0 4 - 1 0 5 ° :  C . K je l l in  and K. G . K u z le n stje n a , B er.. 3 0 ,  1 8 9 8  ( 1 8 9 7 ) . e L it .  m p 7 5 - 7 7 ° :  F . W egener, J u stu s  L ieb ig s  A n n . C h em .,  3 1 4 ,

2 3 5  ( 1 9 0 0 ) . f L i t . 2  m p 1 1 4 - 1 1 5 ° .  « L i t . 14 m p 1 1 8 ° .  hL it . 4 m p 1 2 1 ° .  ‘ L it .  mp1 1 1 9 ° :  :P. G ra m m a tic a k is , C  R. A ca d . S ci., 2 2 4 ,  1 5 6 8  ( 1 9 4 7 ) .

•' Lit. mp 109°: E. Beckmann, B er., 23, 1690 (1890). * Lit. mp 124°: E. Beckmann, J u stu s  L ieb ig s  A n n . C h em ., 367, 273 (1909). 1 Lit. 4 mp 
8 6 °. m Lit. mp 148-150°: H. Goldschmidt, B er., 23, 2174 (1890).

The present study was undertaken in order to obtain 
systematic data on the Behrend rearrangement. Apart from 
the lack of consistency of the previous reports with expec
tations based on accepted effects of substituents,7 there is 
also the interesting aspect that the nitrone function should 
be electronically amphoteric in its interaction with at
tached aryl groups (cf. structures 3 and 4). We also wished

- 0 , N = ^ ) = C H — N— R CH,Q=^ ^ = C H — N— R

o  cr
3 4

to have information on the position of equilibrium of pairs 
of nitrones for interpreting the results of oxidation of the 
corresponding hydroxylamines, which would form the same 
pairs of isomeric nitrones.10

Results and Discussion
This study required a series of a-phenyl-TV-benzylni- 

trones (N-benzylbenzaldimine AT-oxides) of unambiguous 
structures (5 and 6). These were prepared by condensation

O O
t t

r c sh 4 c h — n = c h c 6h 5 r c gh4 c h = n—c h 2c 6h 5

5 6
of benzaldehydes with N-benzylhydroxylamines without 
added base, under which conditions it could be demon
strated spectroscopically that rearrangement did not occur. 
The required N-benzylhydroxylamines were obtained in ei
ther of two ways: benzaldoximes were reduced with dibo- 
rane, or N,N -dibenzylhydroxylamines (obtained from ben
zyl halides and hydroxylamines) were oxidized to the corre
sponding nitrone and then hydrolyzed (eq 4). The nitrones

Na2C 03 (O)
ArCHjX + NH2OH-HCl---------*• (ArCH,)2NOH — ►

HX
ArCH2—N=CHAr — ► ArCH2NHOH • HX + ArCHO (4)

t h2°o
prepared are listed in Table I. a-Phenyl-N-benzhydrylni- 
trone and a,a-diphenyl-iV-benzylnitrone were prepared as 
reported by Cope and Haven.9 Their infrared spectra 
showed one or more bands in the 1580-1615-cm_1 region, 
attributable to N —► O stretching. The NMR signals of the 
benzylic hydrogens appeared in the range 8 4.91-5.40; the 
“ aldehydic” , N =CH  signals fell in among the phenyl mul
tiplets, in the region 8 6.8-7.8 ppm, and could not be unam
biguously identified. The nitrones were presumed to have 
been obtained in the configurations with the phenyl and 
benzyl groups trans, which would be the more stable for 
steric reasons; in general, this assumption was supported 
by their spectra (the benzylic methylene group always 
showed a sharp NMR singlet, which was not altered by 
subjection to equilibrating conditions). The signals for 
ortho hydrogens of the a-phenyl groups appeared about 0.8 
ppm downfield of the other hydrogens (generally about 8 
8.0-8.2).

The composition of the mixtures of isomeric nitrones ob
tained by the Behrend rearrangement was determined by 
NMR. The signals of the benzylic protons of the pairs of 
isomers 1-2, 5a-6a through 5h-6h, and 5j-6j were suffi
ciently differentiated to allow independent integration. For
5i-6i mixtures, in which the benzylic proton signals were 
not clearly resolved, it was necessary to compare the 
strength of the total benzylic signal with that of the ortho 
protons furthest downfield, making use of the fact that 5i 
has two ortho protons in the region 8 8.15-8.3 ppm, where-
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Table II
Equilibrium Values

RC6H4CH2NCHC6H4R' ^  RC6H4CH=NCH2C6H4R'
1 I
0 o
5 6

Substituents

R r ' Start 6, % K, 5/6 Time, hr

p -n o 2 H 5a 54.9 0.82 1
53.3 0.88 2

6a 49.7 1.01 1
50.5 0.98 3

p-Cl H 5b 62.8 0.59 1
63.3 0.58 6

6b 62.2 0.61 1
59.3 0.69 5

p-CH3 H 5c 60.2 0.66 1
61.9 0.62 3

6c 61.4 0.63 1
63.4 0.58 3

p -  ch3o H 5d 75.3 0.33 2
74.8 0.34 3

6d 75.3 0.33 2
74.5 0.34 5

o -N02 H 6e 8.2 11.2 3
10.0 9.0 25

o-Cl H 5f 19.3 4.18 1
18.5 4.41 3

6f 17.6 4.68 1
18.5 4.41 3

o-CH30 H 5g 30.7 2.25 5
32.8 2.04 7.5

6g 33.6 1.98 1.5
33.5 1.99 3

m -NOj H 5h 46.4 1.16 1
46.9 1.13 3

6h 44.8 1.23 1
44.7 1.24 3

m - CHsO H 5i 53.8 0.86 3
6i 51.5 0.94 1

49.5 1.01 3
p-CHsO p -  n o2 5j 72.8 0.36 1

72.3 0.37 3
6j 75.0 0.33 1

72.1 0.39 3

as 6i has only one (the proton that is ortho to both the me- 
thoxy group and the azomethine group has its signal at 
higher field). For every pair of isomers, the reliability of the 
method was tested on mixtures of known composition. The 
percentage of each isomer in the known mixtures differed 
among separate determinations in most instances by less 
than one percent unit. Duplicate determinations were 
made for all unknown mixtures, and in many cases, dupli
cate experiments were performed.

The analytical spectra were taken in deuteriochloroform 
solution. We found that unanticipated signals sometimes 
appeared as a result of disproportionation of the nitrones 
(eq 5), apparently catalyzed by traces of HC1 in the solvent.

2RCnH|CH=N—CH2CeHjR' ^

O
RCnH,CH=N—CH2C(iH1R + R'CfH4= N —CH2CGH4R' (5)

o o

The addition of a small amount of triethylamine to the sol
vent before preparing the solutions for analysis completely 
suppressed disproportionation, even after standing for 24 
hr. In untreated deuteriochloroform, mixtures of 5d and 6d 
rapidly developed four distinct peaks in the benzylic pro
ton region, and solutions of Va and Via developed three 
benzylic peaks and formed a precipitate of a-p-nitrophe- 
nyl-iV-p -nitrobenzylnitrone.

Behrend rearrangement was brought about by means of 
sodium methoxide in refluxing ethanol. In every case, equi
librium was reached within 1 hr; determinations made after 
3 hr did not differ significantly from the earlier ones. For 
every isomeric pair, equilibrium was approached from each 
side. Use of triethylamine in place of sodium methoxide did 
not bring about rearrangement. The results are recorded in 
Table II.

For one pair of nitrones only, equilibrium was not unam
biguously achieved. The pair with o-nitro groups (5e-6e) 
formed a precipitate of a sodium salt when treated with al
coholic sodium methoxide; it was identical (spectrum and 
melting point) regardless of the isomer used. When a molar 
amount of the base was used instead of the usual catalytic 
amount, a ca. 60% yield of this product was isolated. The 
infrared band at 1355 cm-1, characteristic of the nitro 
group, was absent. Acidification, even when carried out 
cautiously, produced only an intractable tar. Analysis for 
sodium gave variable results, but was qualitatively consis
tent with a monosodium salt; it seems most likely that a 
benzylic proton was lost, with the formation of a nitronate 
salt or a heterocyclic system. This substance was not fur
ther investigated.

Our results eliminate the inconsistencies in previous re
ports2,4’7 and show that a straightforward thermodynamic 
equilibrium is reached with only a catalytic amount of 
strong base. Earlier reports that certain of the nitrones in
cluded in Table II did not rearrange must have resulted 
from inability to detect the minor isomer. The conditions 
required to bring about equilibration were similar to those 
that have been used for isomerization of the corresponding 
imines catalyzed by simple bases, although the time re
quired may have been somewhat less.

All para substituents studied favored formation of the 
para-substituted benzylidene derivative (6), although the 
effect of the p-nitro group was very small. Such a situation 
may be explained if electron-donating substituents favor 
this isomer by combined inductive and mesomeric effects, 
but the effect of electron-withdrawing substituents is more 
than counterbalanced by enhanced conjugation, as in 3. 
This interpretation is supported by the facts that a m-nitro 
group, in contrast, disfavors the substituted benzylidene 
isomer, and that the effect of a methoxy group drops sharp
ly in going from the para to the meta position. The two 
ortho substituents for which results were obtained, chloro 
and methoxy, both strongly disfavored the substituted ben
zylidene isomer; presumably this fact is a result of steric in
terference by the ortho substituent with conjugation.

The system 1-2 had an equilibrium constant of 0.57, con
sistent with the report of Cope and Haven8 that 2 easily 
isomerized to 1 in the presence of strong base. The fact that 
the a-monophenyl isomer is more stable than the o ,«-d i
phenyl isomer is presumably a steric phenomenon.

Experimental Section
In fra re d  sp e c tra  w ere d e te rm in e d  as N u jo l m u lls  o n  a P e rk in - 

E lm e r  M o d e l 237B  in stru m en t, a n d  N M R  sp e c tra  w ere  d e te r 
m in e d  in  d e u te r io ch lo ro fo rm  so lu tio n  w ith  te tra m e th y ls ila n e  as in 
tern a l re fe re n ce , o n  a V a r ia n  A -6 0  in s tru m e n t, u n less  o th e rw ise  in 
d ica te d . M e lt in g  p o in ts  are  u n co rre c te d . E le m e n ta l an a lyses  w ere  
m a d e  b y  S p a n g  M icro a n a ly tica l L a b o ra to ry , A n n  A r b o r , M ich .



Hydroxylamines. B e n z y lh y d ro x y la m in e  w as p re p a re d  from  
b e n zy l ch lo r id e  a c co rd in g  t o  th e  m e th o d  o f  S n e e d  a n d  J o n e s , 1 1  in 
w h ich  J V ,N -d ib e n zy lh yd ro x y la m in e  is firs t  p re p a re d  b y  re a ctio n  
w ith  h y d ro x y la m in e , an d  is th en  o x id iz e d  t o  a n itro n e  b y  m e rcu r ic  
o x id e  an d  th e n  h y d ro ly z e d . o -N itro b e n z y lh y d r o x y la m in e , 12  o - c h lo -  
r o b e n z y lh y d ro x y la m in e , 1 3  m -n it r o b e n z y lh y d r o x y la m in e ,2 m -  

m e th o x y b e n zy lh y d ro x y la m in e , a n d  p -n it r o b e n z y lh y d r o x y la m in e 14 

w ere p re p a re d  a n a log ou sly . N ,A /-B is (m -M e th o x y b e n z y l)h y d r o x y l-  
am ine w as o b ta in e d  in  72 .5%  y ie ld  b y  re flu x in g  a so lu tio n  o f  16.0 g 
(8 0  m m o l) o f  m -m e th o x y b e n z y l b ro m id e , 2 .73  g  (4 0  m m o l) o f  h y 
d rox y la m in e  h y d ro ch lo r id e , a n d  13.3 g (1 2 0  m m o l) o f  so d iu m  ca r 
b on a te  in a m ix tu re  o f  125 m l o f  90%  e th a n o l a n d  50  m l o f  w ater 
fo r  4  hr, a n d  d ilu t in g  th e  c o o le d  re a c tio n  m ix tu re  w ith  300 m l o f  
w ater  to  in d u ce  c ry sta lliza tio n ; m p  8 6 - 8 8 °  a fte r  recry sta lliza tion  
from  cy c lo h e x a n e ; ir 3 1 0 0 -3 3 5 0  (O H ), 3040, 1 6 0 5 ,1 6 0 0 ,1 5 9 0 ,1 2 6 0 , 
1170, 1040, 785, 745, a n d  695 cm “ 1; N M R  b 3.67 a n d  3.74  (s in g lets , 
to ta l 10 H , C H 3O  a n d  C H 2 ) a n d  6 .6 4 -7 .3 5  p p m  (m , 9 H , aryl C H  
p lu s O H ).

A na l. C a lcd  fo r  C m H igN O s: C , 70 .31 ; H , 7 .01 ; N , 5 .13. F o u n d : C , 
70 .49 ; H , 7 .04 ; N , 5 .03.

O x id a tio n  w ith  m e rcu r ic  o x id e  p ro d u c e d  an o il th a t  c o u ld  n o t  be  
c ry sta llized  or  d is tille d ; its  N M R  sp e c tru m , b 3 .7 8  (s , 6  H , C H 3O ), 
5 .0  (s, 2  H , C H 2), 6 .7 7 -7 .6 2  (m , 8  H , ary l C H  p lu s  N = C H ) ,  a n d
8 .1 5 -8 .2 5  (m , 1 H , 6 -H  o f  a -m -m e th o x y p h e n y l) ,  w as co n s is te n t  
w ith  th e  e x p e c te d  a -m -m e th o x y p h e n y l-N -m -m e th o x y b e n z y ln i-  
tron e . H y d ro ly s is  o f  th e  fo r e g o in g  o il b y  s tea m  d is t illa t io n  fr o m  10 
g o f  c o n ce n tra te d  h y d r o ch lo r ic  a c id  t o  re m o v e  th e  m -a n isa ld e h y d e  
fo rm e d , fo llo w e d  b y  b a s ifica t io n  o f  th e  res id u a l so lu tio n  w ith  e x 
cess  so d iu m  ca rb o n a te  so lu tio n  a n d  e x tra c t io n  w ith  eth er , d ry in g  
(M g S C b ), a n d  co n ce n tra tin g , p ro d u c e d  m -m e th o x y b e n z y lh y d r o x y - 
lam in e  as an  o il  w h ich  res isted  a tte m p ts  at c ry sta lliza tio n . T h e  e n 
tire  a m o u n t w as a llo w e d  t o  s ta n d  fo r  1 2  h r  a t  a m b ie n t  te m p e ra tu re  
w ith  0 .715 g  (6 .75  m m o l) o f  b e n za ld e h y d e  in  a  sm a ll a m o u n t  o f  
e th an ol. C o n ce n tra t io n  o f  th e  m ix tu re  ga ve  0 .9 4  g  (3 9% ) o f  a -p h e -  
n y l-N -m -m e th o x y b e n z y ln it ro n e : m p  9 5 .5 -9 7 ° ;  ir 3040, 1590, 1485, 
1295, 1260, 1150, 1045, 950, 875 , 765, 755 , a n d  695 cm “ 1; N M R  b
3.77 (s , 3 H , C H 30 ) ,  5 .0  (s, 2 H , C H 2), 6 .8 -7 .7  (m , 8  H , ary l C H  p lu s 
N = C H ) ,  a n d  8 .1 5 -8 .3  p p m  (m , 2 H , o -H  o f  a -p h e n y l) .

A n a l. C a lcd  fo r  C is H i5 N 0 2: C , 74 .66 ; H , 6 .2 7 ; N , 5 .81. F o u n d : C , 
74 .53 ; H , 6 .30 ; N , 5 .65.

Bis(m-nitrobenzyl)hydroxylamine, re q u ire d  fo r  p rep a r in g  
p rev iou s ly  k n ow n  m -n itro b e n z y lh y d ro x y la m in e ,2 w as p re p a re d  in 
38%  y ie ld  fr o m  m -n itro b e n z y l b ro m id e  in  a m a n n er  a n a log ou s  t o  
th a t  u sed  fo r  b is (m -m e th o x y b e n z y l)h y d ro x y la m in e . I t  h ad  m p
1 0 6 -1 0 8 ° ; N M R  b 4.0  (s, 4 H , C H 2) a n d  7 .3 -8 .3 4  p p m  (m , 9 H ).

A n a l. C a lcd  fo r  C14H13N3O5: C , 55 .45 ; H , 4 .32. F o u n d : C , 55 .62 ; 
H , 4 .40.

p -N itr o b e n z y lh y d r o x y la m in e 14  (3 5%  y ie ld ) , p -c h lo r o b e n z y lh y -  
d ro x y la m in e 4 (2 9%  y ie ld ) , p -m e th y lb e n z y lh y d ro x y la m in e  (23%  
y ie ld ) , p -m e th o x y b e n z y lh y d r o x y la m in e 16  (24%  y ie ld ) , a n d  o- 
m e th o x y b e n z y lh y d ro x y la m in e 16  (3 8%  y ie ld ) w ere  p re p a re d  b y  r e 
d u c t io n  o f  th e  c o rre sp o n d in g  b e n za ld o x in e s  w ith  d ib o ra n e  in  te tra - 
h y d ro fu ra n  b y  th e  m e th o d  o f  F eu er , V in ce n t , a n d  B a r tte ll . 17  In  
severa l in s ta n ces , a  su b sta n tia l a m o u n t  o f  th e  c o rre sp o n d in g  b e n - 
zy la m in e  w as a lso  fo rm e d ; it  c o u ld  b e  re m o v e d  b y  p re fe re n tia l p re 
c ip ita t io n  as th e  h y d ro ch lo r id e  w h en  d ry  HC1 w as p a ssed  in to  an 
e th erea l so lu tio n  o f  th e  r e d u ct io n  p ro d u c ts , p ro v id in g  th a t  th e  r e 
su ltin g  m ix tu re  w as filte re d  fo rth w ith .

Nitrones. T h e  re q u ire d  u n sy m m e tr ica lly  su b s t itu te d  n itron es  
w ere  p re p a re d  b y  d isso lv in g  e q u im o la r  a m o u n ts  o f  a h y d r o x y l
a m in e  a n d  an a ld e h y d e  in  a m in im a l v o lu m e  o f  e th a n o l a n d  a llo w 
in g  th e  m ix tu re  t o  sta n d  a t  a m b ie n t  te m p e ra tu re  fo r  a b o u t  1 2  hr. 
T h e  p re c ip ita te d  p ro d u c ts  w ere  th e n  re cry sta llized  fr o m  b e n ze n e  
o r  e th a n o l. T h e  d a ta  are c o lle c te d  in  T a b le  I. N itro n e s  1 a n d  2 w ere  
p re p a re d  as d e sc r ib e d  b y  C o p e  a n d  H a v e n .8

Isomerization of Nitrones. T h e  in sta n ce  o f  a -p h e n y l -N -o -  
c h lo ro b e n z y ln itro n e  (5f) p ro v id e s  a  re p re se n ta tiv e  e x a m p le . T o  a 
so lu tio n  o f  0 .3  g (1 .22  m m o l) o f  5f in  5 m l o f  a b so lu te  e th a n o l w as 
a d d e d  2 d ro p s  o f  a  s to ck  so lu tio n  p re p a re d  fr o m  0 .6 4  g  (1 1 .8  m m o l) 
o f  so d iu m  m e th o x id e  a n d  2 g o f  e th a n o l. T h e  resu ltin g  so lu tio n  was 
h e a te d  a t  re flu x , a n d  sa m p les  w ere  re m o v e d  a fte r  1 a n d  3 hr. E a ch  
sa m p le  w as e v a p o ra te d  t o  d ryn ess  in  a strea m  o f  n itrogen , a n d  th e  
res id u e  w as d is so lv e d  in  50  m l o f  e th er  a n d  w a sh ed  w ith  w ater. T h e  
e th erea l so lu tio n  w as d r ie d  (M gSC U ), filte re d , a n d  th en  e v a p o ra te d  
t o  d ryn ess  u n d e r  a sp ira tor  v a cu u m ; th e  res id u e  w as d isso lv e d  in  
d e u te r io ch lo ro fo rm  to  w h ich  s u ffic ie n t  tr ie th y la m in e  h a d  been  
a d d e d  to  g ive a  b a s ic  re a ctio n , a n d  th e  so lu tio n  w as e x a m in e d  b y  
N M R  s p e c tro s co p y . C o m p a r iso n  o f  th e  in te g ra te d  in ten s it ies  o f  
th e  signals o f  th e  m e th y le n e  g ro u p s  o f  5f a n d  its isom er  6f gave th e  
fo llo w in g  va lu es fo r  th e  p e rce n t  o f  6f: a fte r  1 hr, 17.7 an d  17.5;
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a fte r  3 hr, 20 .5 a n d  20.0. In  a s e co n d  e x p e r im e n t, th e  va lu es w ere: 
a fte r  1 hr, 16.4 a n d  18.7; a fte r  3 hr, 16.7 an d  16.9. T h e  average o f  
all va lu es w as 18 .05%  6f an d  81 .95%  5f, co rre sp o n d in g  to  an  e q u i
lib r iu m  co n s ta n t  5f/6f o f  4.54.

T h e  averaged  eq u ilib r iu m  d ata  o b ta in e d  fr o m  ea ch  o f  th e  n i
tro n e s  are  lis ted  in T a b le  II. A g re e m e n t  o f  va lues w ith in  each  s e 
ries w as sim ilar to  th e  e x a m p le  o f  6f, a n d  in m o s t  cases b e tte r  (th e  
o u ts id e  lim it  fo r  va ria tion  o f  d e te rm in e d  c o m p o s it io n  w as 3 .9  p e r 
c e n t  u n its ), an d  n o t  s ig n ifica n tly  d iffe re n t  fr o m  th e  va r ia tion  o f  
d e te rm in e d  co m p o s it io n s  o f  k n ow n  m ixtures.

R e lia b ility  o f  th e  d e te rm in a tio n s  w as es ta b lish ed  b y  m a k in g  u p  
m ix tu res  o f  pairs o f  n itron es  o f  k n ow n  c o m p o s it io n  b y  w eigh t, and  
p e r fo rm in g  d u p lica te  N M R  an alyses on  th em . F o r  each  p a ir, a 
k n ow n  co m p o s it io n  a p p ro x im a tin g  th e  eq u ilib r iu m  co m p o s it io n  
w as used ; fo r  severa l pa irs, a range o f  d iffe re n t  kn ow n  c o m p o s i
t io n s  was used . T h e  system  5f-6f p ro v id e s  a rep resen ta tiv e  e x a m 
p le : m ix tu re  1 (33 .4%  5f, 6 6 .6 %  6f), fo u n d  33 .0 :67 .0 ; m ix tu re  2 
(6 7 .2%  5f, 32 .8%  6f), fo u n d  66 .6 :33 .4 , 67 .6 :32 .4 .

Attempted Equilibration of the o-Nitro System (5f-6f). 
T re a tm e n t  o f  a -p h e n y l-/V -o -n itro b e n z .y ln itro n e  (5e) in th e  n orm al 
m a n n er  resu lted  in  fo rm a tio n  o f  a sm all p re c ip ita te , w h ich  w as c o l 
le c te d  a fte r  3 hr o f  re flu x in g : ir 3 1 5 0 -3 6 0 0 , 3130, 3060 , 1625, 1520, 
1505, 1290, 1215, 1175, 1100, 770, 750, 740, 725, an d  685 c m “ 1. T h e  
filtra te  w as e x a m in ed  in th e  cu s to m a ry  m a n n er, an d  gave n o  e v i
d e n ce  o f  rearra n gem en t, even  a fter  th e  re a c tio n  m ix tu re  h a d  been  
re flu x e d  fo r  6 hr. S im ila r  tre a tm e n t o f  th e  isom er, 6e, p ro d u ce d  a 
p re c ip ita te  w ith  su p e r im p o sa b le  ir sp e c tru m . S p e c tr o s co p ic  e x a m i
n a tio n  o f  th e  filtra te  a fter  1  hr o f  re flu x in g  sh ow ed  n o  rearra n ge
m en t. A fte r  3 hr o f  re flu x in g , th e  fo llo w in g  ra tios  o f  5e:6e w ere 
fo u n d : 6 .8 :93 .2 ; 8 .8 :91 .2 ; 9 .0 :91 .0 . A fte r  25 hr o f  re flu x in g , ra tios  o f  
9 .9 5 :90 .05  a n d  10 .0 :90 .0  w ere  o b ta in e d .

A  so lu tio n  o f  1.024 g o f  5e  a n d  0 .208  g o f  so d iu m  m e th o x id e  in  12 
m l o f  a b so lu te  e th a n o l w as r e flu x e d  fo r  15 m in  a n d  th e n  filte red  
w h ile  h o t. T h e  p re c ip ita te  w as w a sh ed  w ith  e th er  a n d  d ried : w t 
0 .7 0  g; m p  26 7 ° d ec . It  was in so lu b le  in  c h lo ro fo rm  or  e th er , b u t  
d is so lv e d  in  w ater  w ith  gas e v o lu tion . C o n ta c t  w ith  c o n ce n tra te d  
H2SO4 ca u se d  an e x p lo s io n  w ith  a  fla sh  o f  fire . E x tra c t io n  o f  a 
w a ter  so lu tio n  o f  th e  sa lt  w ith  e th er  p ro d u ce d  n o th in g ; a d d it io n  o f  
tr ib e n zy la m m o n iu m  b ro m id e , in  an a tte m p t  t o  lib era te  a n y  w eak  
a c id  fro m  its sa lt, lik ew ise  p ro d u ce d  n oth in g  ex tra c ta b le . A c id if ic a 
t io n  w ith  su lfu r ic  a c id , h ow ever, a llow ed  a  y e llo w  su b sta n ce  t o  b e  
e x tra c te d  in to  e th er , b u t  c o n ce n tra tio n  o f  th e  d rie d  e th er  so lu tio n  
p ro d u ce d  o n ly  a  d ark  tar w ith  in co n c lu s ive  ir a n d  N M R  sp ectra .

T h e  in it ia l p re c ip ita te  had  an ir sp e c tru m  su p e r im p o sa b le  on  
th o se  o f  p re v io u s  sam p les, b u t  it  c o u ld  n o t  be  p u r ifie d . A n a lys is  for  
s o d iu m  b y  re p e a te d  e v a p o ra tio n  t o  d ryn ess  w ith  su lfu r ic  a c id  p r o 
d u ce d  res id u es  o f  so d iu m  su lfa te  th a t  co rre s p o n d e d  t o  v a lu es fo r  
s o d iu m  co n te n t  o f  4 .0 -1 1 .0 %  a m o n g  d if fe r e n t  p re p a ra tio n s  (ca lcd  
fo r  a m o n o so d iu m  sa lt C i4H n N 20 3 N a, 8 .3 % ). T h e  m ateria l w as n ot 
fu rth er  in vestiga ted .

Registry No.— 5a, 22 6 6 1 -2 8 -5 ; 5b, 5 5 6 0 6 -3 3 -2 ; 5c, 55 6 0 6 -3 4 -3 ; 
5d, 55 6 0 6 -3 5 -4 ; 5e, 2 2 6 6 1 -2 7 -4 ; 5f, 5 5 6 0 6 -3 6 -5 ; 5g, 5 5 6 0 6 -3 7 -6 ; 5h, 
5 5 6 0 6 -3 8 -7 ; 5i, 55 6 0 6 -3 9 -8 ; 5j, 5 5 6 0 6 -4 0 -1 ; 6a, 2 2 6 6 1 -2 3 -0 ; 6b, 
22 6 8 7 -0 9 -8 ; 6c, 55 6 0 6 -4 1 -2 ; 6d, 3 2 1 1 4 -4 1 -3 ; 6e, 2 2 6 6 1 -2 2 -9 ; 6f, 
22 6 8 7 -0 7 -6 ; 6g, 55 6 0 6 -4 2 -3 ; 6h, 5 3 6 7 -2 1 -5 ; 6i, 5 5 6 0 6 -4 3 -4 ; 6j, 
55 6 0 6 -4 4 -5 ; p -n it r o b e n z y lh y d ro x y la m in e , 2 9 1 2 -9 7 -2 ; p -c h lo r o b e n -  
z y lh y d ro x y la m in e , 51 3 0 7 -6 8 -7 ; p -m e th y lb e n z y lh y d ro x y la m in e , 
1 6 814 -17 -8 ; p -m e th o x y lb e n z y lh y d r o x y la m in e , 5 1 3 0 7 -5 9 -6 ; o -n itr o -  
b e n zy lh y d ro x y la m in e , 37 5 5 8 -7 7 -3 ; o -ch lo ro b e n z y lh y d ro x y la m in e , 
55 6 0 6 -4 5 -6 ; o -m e th o x y b e n z y lh y d ro x y la m in e , 5 5 6 0 6 -4 6 -7 ; m -n it r o 
b e n zy lh y d ro x y la m in e , 5 5 6 0 6 -4 7 -8 ; m -m e th o x y b e n z y lh y d ro x y la m - 
in e , 55 6 0 6 -4 8 -9 ; b e n zy lh y d ro x y la m in e , 6 2 2 -3 0 -0 ; b e n za ld e h y d e , 
1 0 0 -5 2 -7 ; p -m e th o x y b e n z a ld e h y d e , 1 2 3 -1 1 -5 ; p -n it r o b e n z a l-  
d e h y d e , 5 5 5 -1 6 -8 ; p -c h lo r o b e n z a ld e h y d e , 1 0 4 -88 -1 ; p -m e th y lb e n -  
z a ld e h y d e , 104-87 -0 ; m -m e th o x y b e n z a ld e h y d e , 591-31 -1 ; o -n itro - 
b e n za ld e h y d e , 5 5 2 -8 9 -6 ; o -c h lo r o b e n z a ld e h y d e , 8 9 -9 8 -5 ; o -m e th y l-  
b e n za ld e h y d e , 1 3 5 -02 -4 ; m -n itr o b e n z a ld e h y d e , 9 9 -6 1 -6 ; b is - (m - 
n it r o b e n z y l)h y d ro x y la m in e , 5 5 6 0 6 -4 9 -0 ; m -n it r o b e n z y l b ro m id e , 
3 9 5 8 -5 7 -4 ; N,N- b is - (m -m e th o x y b e n z y l)h y d r o x y la m in e , 5 5 606 -50 - 
3; m -m e th o x y b e n z y l b ro m id e , 8 7 4 -9 8 -6 ; a -m -m e th o x y p h e n y l-iV - 
m -m e th o x y b e n z y ln it r o n e , 5 5 606 -51 -4 .
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O x id a t io n  o f  D ib e n z y lh y d r o x y la m in e s  to  N it r o n e s . E f f e c t s  o f  

S t r u c t u r e  a n d  O x id iz in g  A g e n t  o n  C o m p o s it io n  o f  th e  P r o d u c t s

Peter A. S. Smith* and Stewart E. Gloyer1 

D e p a r tm e n t  o f  C h em is try , U n iv e r s ity  o f  M ich ig a n , A n n  A rb o r , M ich ig a n  48104  

R e c e iv e d  M a rch  3, 1975

A  g ro u p  o f  d ib e n z y lh y d ro x y la m in e s  bea rin g  a p ara  su b st itu e n t  (n itro , c h lo r o , m e th y l, m e th o x y ) , a m eta  s u b s t it 
u e n t (n itr o , m e th o x y ) , o r  an o r th o  su b st itu e n t  (n itro , ch lo r o , m e th o x y ) as w ell as th e  p -m e th o x y -p '-n i t r o  d e r iv a 
t ive , a n d  th e  « -p h e n y l  d eriv a tiv e , w as tre a te d  w ith  th e  o x id iz in g  a g en ts  JV -b rom osu cc in im id e , (d ia c e to x y io -  
d o )b e n z e n e , m e rcu r ic  o x id e , io d in e , t e r f -b u ty l  h y d ro p e ro x id e , o r  ce r ic  a m m o n iu m  n itra te . T h e  p ro d u c ts  w ere  
pa irs  o f  iso m e ric  su b stitu te d  iV -b e n z y l-a -p h e n y ln itr o n e s ; th e  c o m p o s it io n s  w ere  d e te rm in e d  b y  N M R . T h e  isom er 
ra tios  d iffe r e d  fro m  th e  k n ow n  eq u ilib r iu m  ra tios , in  m o s t  cases o n ly  m o d e ra te ly , b u t  m a rk e d ly  w ith  th e  p - m e 
t h o x y -p '-n i t r o  an d  th e  « -p h e n y l  ex a m p le s ; th ese  fa cts  im p ly  k in e t ic  c o n tro l  o f  p r o d u c t  co m p o s it io n . Isom er  ra tios  
g en era lly  v a r ied  w ith  th e  o x id iz in g  a g en t u sed  fro m  s lig h tly  t o  m o d e ra te ly , a c ircu m sta n ce  n o t  a lto g e th e r  c o n s is 
te n t  w ith  a c o m m o n  p ro d u c t -d e te rm in in g  s tep , su ch  as d is p r o p o r t io n a t io n  o f  an  in te rm e d ia te  n itro x id e . O x id a  
t io n s  w ith  m e rcu r ic  o x id e  d iffe r e d  n o t ic e a b ly  fro m  th o se  w ith  th e  o th e r  o x id iz in g  agen ts , e sp e c ia lly  in th e  cases 
w ith  o r th o  su b stitu en ts . V a r ia tio n  a m o n g  o x id iz in g  a gen ts  w as m a rk ed  w ith  th e  a -p h e n y l d eriv a tiv e . A lte rn a tiv e  
p ro d u c t -d e te rm in in g  step s , n o t  in v o lv in g  n itr o x id e  d is p ro p o r t io n a t io n , a p p e a r  t o  b e  in v o lv ed .

Oxidation of N,N-disubstituted hydroxylamines to ni
trones (eq 1) has long been known, and occurs easily with a 
variety of oxidizing agents and in good yields. Although no

(O)
( R 2C H )2N O H  — ► r 2c = n —  c h r 2 (1 )

o
general study of this reaction has been reported,2 it has 
generally been presumed to proceed by a one-electron oxi
dation to an intermediate nitroxide radical. Support for 
this view is to be found in the work of Sheina and Gallai,3 
who observed a one-electron stage in the electrolytic oxida
tion of TV-phenyl-iV-benzylhydroxylamine, and that of 
Gutch and Waters,4 who observed ESR signals correspond
ing to nitroxides during oxidation of several hydroxylamine 
derivatives with ceric ion or ferricyanide.

Oxidation of dibenzylhydroxylamine by oxygen in basic 
solution has been studied kinetically by Cowley and Wa
ters,5 who followed the appearance of the ESR signal of di
benzyl nitroxide. The second stage in the reaction was pre
sumed to be disproportionation of the nitroxide into benz- 
aldehyde iV-phenylnitrone and dibenzylhydroxylamine (eq
2), but it was not specifically investigated.

°2
( P h C H 2) 2N O H  ( P h C H 2) 2N O *

2 ( P h C H 2) 2N O • — *  P h C H = N — C H 2P h  +  ( P h C H 2) 2N O H

O (2)
Oxidation of hydroxylamines bearing two different N 

substituents appears not to have been studied, except for 
the work of Johnson, Rodgers, and Trappe6 on the autox- 
idation of /V-methyl-/V-ethyl- and IV-methyl-lV-propylhy- 
droxylamine, and certain cases where only one of the sub
stituents bore an a hydrogen, and was thus oxidizable. If

both substituents have a hydrogens, one would expect a 
pair of isomeric nitrones to be formed. If the ratio of iso
mers is thermodynamically determined, it would be identi
cal with that determined from experiments on the equili
bration of nitrones, modified slightly by any necessary dif
ferences in experimental conditions (i.e., temperature and 
solvent), but if the ratios are kinetically controlled, some 
differences from the equilibrium ratios might be found. If 
disproportionation of an intermediate nitroxide is the 
product-forming stage in the oxidation, the isomer ratios 
obtained would be the same, regardless of the oxidizing 
agent, even if kinetically determined. However, if the oxi
dizing agent is involved in the product-forming step, the 
isomer ratios might be sensitive to the nature of the oxidiz
ing agent, presuming kinetic control.

We have undertaken a study of the ratios of isomeric ni
trones produced from substituted dibenzylhydroxylamines, 
using a variety of oxidizing agents. We anticipated that the 
results would clarify some of the features of the mecha
nism, and would also have some practical value for the pre
diction of the major product to be expected where two are 
possible.

Results
A series of Af,./V-dibenzylhydroxylamines was prepared 

by treatment of monobenzylhydroxylamines7 with benzyl 
halides in the presence of sodium carbonate. The yields 
and properties are reported in Table I. a-Phenyldi- 
benzylhydroxylamine (N- benzyl-lV-benzhydrylhydroxyl- 
amine) was prepared by the reaction of phenylmagnesium 
bromide with benzaldehyde-AI-phenylnitrone.

Oxidations were carried out with AT-bromosuccinimide in 
chloroform in the presence of pyridine or other amine, with 
(diacetoxyiodo)benzene (phenyliodoso acetate) in meth
ylene chloride in the presence of cyclohexylamine, with
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Table I
Dibenzylhydroxylamines“ YC6H4CH2N(OH)CH2C6H4Z from YC6H4CH2NHOH and ZC6H4CH2X

_____ Source_____
Registry no. Substituent Y Z X Yield, % » Mp, °C NMR, 6

55648-93-6 p - n o 2 H Br 79 127-128® 3.79 (s, 4 H)
55648-94-7 p-Cl H Cl 56 105-106 2.60 (s, 2 H), 2.66 (s, 2 H)
55648-95-8 P-c h 3 H Cl 54 96-99 2.26 (s, 3 H), 3.64 (s, 4 H)
55648-96-9 p-C H jO H Br 27 95-96.5 3.66 (s, 3 H), 3.68 (s, 4 H)
55648-97-0 m -N 02 H Br 30 97.5-100 3.78, 3.80 (singlets, 4 H total)
55648-98-1 » 7-C H 3O H Br 47 58-59 3.64, 3.66, 3.72 (singlets, 7 H total)
55648-99-2 o-N 0 2 H Br 49 93-95 3.79 (s, 2 H), 4.12 (s, 2 H)
55649-00-8 o -C l o -C l Cl 75 91-92.5 3.64 (s, 2 H), 3.76 (s, 2 H)
55649-01-9 o -C H sO H Br 39 121-123 3.54, 3.64, 3.68 (singlets, 7 H total)
55649-02-0 0 -C H 3O p - n o 2 Br 29.5 118-119 3.84 (s, 4 H), 3.76 (s, 3 H)

“  S a t is fa c to ry  a n a lyses fo r  C , H , an d  N  (± 0 .2 5 % )  w ere o b ta in e d  for  all n ew  co m p o u n d s . 6 A fter  on e  or m ore  re cry sta lliza tio n s ; y ie ld s  o f  
cru d e  p ro d u c t  w ere in  m ost  cases  n ea rly  tw ice  as g r e a t .c L it .30  m p  12 5 .5 -1 2 6 .5 °.

Table II
Ratios of Isomeric Nitrones Obtained by Oxidation of Dibenzylhydroxylamines YCsH4CH2N(OH)CH2C6H4Z

A  =  Y C 6H 4C H 2 N (— 0 ) = C H C 6H 4 Z ; B  =  Y C 6 H 4C H = N ( ^ 0 ) C H 2 C 6 H 4Z

Oxidizing agents
Hydroxy lamine,

substituents NBS PhI(OAc)2 HgO I2 f-BuOOH Registry no.

Y z % B A/B % B A/B % B A/B % B A/B % B A/B % B A/B A B

p- NO, H 58.5 0.71 66.5 0.50 68.5 0.46 62.0 0.61 62.5 0.60 g  22661-28-5 22661-23-0
p-C 1 H 54.5 0.83 59.0 0.69 62.0 0.61 61.5 0.63 58.5 0.71 57.0 0.75 55606-33-2 22687-09-8
p-c h 3 H 48.0* 1.09 4 9 .56 1 . 0 2 56.56 0.77 55606-34-3 55606-41-2
p-CH jO H 51.5 0.94 50.5 0.98 52.5 0.90 55.5 0.80 54.5 0.83 55606-35-4 32114-41-3
w -N 0 2 H 56.0 0.79 61.1 0.64 66.5 0.50 59.5 0 .6 8 55606-38-7 5367-21-5
» 2-C H 3O H 48.0 1.09 49.5 1 . 0 2 55.5 0.80 55606-39-8 55606-43-4
o-N 0 2 H 56.6 0.77 51.5 0.94 45.0 1 . 2 2 22661-27-4 22661-22-9
o -C l H 55.0 0.82 49.0 1.04 44.0 1.27 55606-36-5 22687-07-6
0 -C H 3O H 28.0 2.56 37.5 1.67 33.5 2 . 0 0 55606-37-6 55606-42-3
ft-CH ,0 P'-n o 2 34.0 1.92 32.5 2.08 27.0 2.70 26.5 2.78 55606-40-1 55606-44-5
Ph2CHNCH2Ph '1 89.0® 0 . 1 2 71.0 0.41 50.5 0.98 72.0 0.39 i 3376-29-2 3376-27-0

82.5* 0.21 
84.5® 0.18 
8 6 .0 '  0.16

a T h e  figures in  th e  c o lu m n s  are averages o f  d u p lica te  d e te rm in a t io n s  m a d e  on  th e  resu lts  o f  d u p lica te  e x p e r im e n ts . 6 O n e  d e te rm in a tio n  
o n ly . c In  p resen ce  o f  p y r id in e . d In p resen ce  o f  c y c lo h e x y la m in e . e In p resen ce  o f  2 ,6 -lu tid in e . f In p resen ce  o f  tr ie th y la m in e . « E x ten s iv e  
h y d ro lys is  v it ia te d  th e  resu lts . h A  =  o ,a -d ip h e n y l-iV -b e n z .y ln itro n e ; B  =  a -p h e n y l-lV -b e n z h y d ry ln itro n e . 1 D id  n o t  react.

mercuric oxide suspended in ether, with iodine in chloro
form in the presence of pyridine, with tert-butyl hydroper
oxide in benzene, and with ceric ammonium nitrate in 
water overlaid with ether. The progress of the reactions was 
followed by TLC, and when no more hydroxylamine re
mained, the unwanted substances were removed and the 
mixtures of nitrones were analyzed by NMR in the manner 
previously described. In general, duplicate experiments 
were carried out for each situation, and duplicate determi
nations were made for each experiment. The results are re
ported in Table II in two forms: the percent of the isomer 
derived from the substituted benzaldehyde, and the ratio 
of the two isomers. The total yields of nitrones, determined 
by weighing the isolated products before analysis, were in 
all cases between 90 and 99%.

With three of the oxidizing agents that required base 
[NBS, PhI(OAc)2,12], the effect of changing from pyridine 
to cyclohexylamine, involving a difference of five powers of 
ten in base strength, was examined in the oxidation of N- 
benzyl-N-benzhydrylhydroxylamine. There was no signifi
cant difference in product ratio with the latter two oxidiz
ing agents, but with NBS, an increase in the proportion of 
isomer B from 82.5 to 89% was observed, reproducible in

three independent experiments. However, 2,6-lutidine did 
not show this effect, and l,4-diazabicyclo[2.2.2]octane 
(triethylenediamine) showed a difference of only 3.5%, 
close to the limit of reliability of the determinations.

The effect of degree of completion of oxidation on the 
product ratio was investigated with mercuric oxide oxida
tion of p-nitro- and p-chlorodibenzylhydroxylamine and 
with oxidation of p-methoxydibenzylhydroxylamine oxi
dizing by tert-butyl hydroperoxide. The values were con
stant from 13 to 100% of completion, within the reliability 
of the determinations. A wider selection of experiments 
was not feasible for technical reasons. Table III shows the 
results with mercuric oxide.

The possibility that nitrone, once formed, might be slow
ly isomerized toward the equilibrium ratio was examined 
extensively, by conducting oxidations of hydroxylamines to 
which a known amount of one of the nitrones had been 
added. With NBS (eight different hydroxylamines), (diace- 
toxyiodo)benzene (seven hydroxylamines), mercuric oxide 
(seven hydroxylamines), and iodine (four hydroxylamines), 
the ratios of isomeric nitrones observed at completion were 
identical, within the estimated experimental error, with the 
ratios calculated from those of simple oxidations and the



2510 J. Org. C h em ., Vol. 40, N o . 17, 1975 Smith and Gloyer

Table III
Effect of Degree of Completion of Oxidation on 

Product Ratios
% of B in nitrones produced

Extent of
reaction, % Y = £-N02 Y -  £-Cl

13 64.2
46.5 60.1
67.5 68.2

100 68.5 62 .0

Table IV
Effect of Added Nitrone on Product Ratios in 

Oxidation of Dibenzylhydroxylamines by Iodine
YC7H6N(OH)CH2C6H5 —+■

YC7H6N ( - 0 )= C H C 6H5 (A) andYC7H5= N ( -0 ) C H 2C6H5(B)

% of B in product

Y Hydroxyl - 
amine, g

Nitrone 
added, g Calcd Found

/>-NOi 0.2 B (0.1) 74.6 76.8. 77.6
p - c  1 0.2 B (0.1) 74.0 73.6 , 74.1
p - C  h ,o 0.2 B (0.1) 70.6 70.2 , 69.2
a - C 6H5 0.2 B (0.1) 48.1 49 .0 , 49.0

assumption that the added nitrone remained unaltered 
throughout. The results obtained in the case of iodine oxi
dations are representative, and are presented in Table IV. 
In other experiments, pure nitrones were treated with oxi
dizing agents under the same experimental conditions; the 
recovered nitrones had not been isomerized.

Discussion
The foregoing results are best considered in the context 

of what is known about the oxidation of tertiary amines in 
general, of which N,N-disubstituted hydroxylamines con
stitute a special case. Two types of mechanism have been 
proposed, differing according to the initial (presumably 
rate-determining) step: removal of an electron frcm nitro
gen to form an aminium cation radical, R3N-+, or abstrac
tion of hydride from an a carbon to form an aminocarbon- 
ium ion (immonium ion), R2N+=C H R '. In the former, the 
initial step is not product determining, but in the latter it 
is.

Abstraction of hydride has been considered principally 
in connection with oxidation by aqueous bromine8 or tri- 
phenylmethyl carbonium ions.8’9 For TV-methyldibenzyl- 
amines with a substituent on one benzyl group, Hammett 
regression constants of —0.84 (aqueous Bra) and —2.0 
(Ph3C+) for oxidation to immonium ions were reported. 
This selectivity for different a hydrogens is consistent with 
the results of hydride extraction from other classes of sub
strate; electron-withdrawing substitution retards hydride 
abstraction, and electron donation facilitates it. This be
havior is opposite to our experimental results whh diben
zylhydroxylamines with nitro substituents. It can therefore 
be concluded that hydride abstraction is not the major 
pathway for oxidation of any of the oxidizing agents used in 
this study. (Hull et al.10 have presented evidence that hy
dride abstraction may compete as a minor pathway with 
electron abstraction by CIO2 as oxidizing agent for tertiary 
amines.)

Formation of an aminium cation radical as the first step 
in oxidation of tertiary amines has been demonstrated for a 
variety of oxidizing conditions, and the rates have been cor
related with the ionization potentials of the amines. Ferri- 
cyanide ion,11 cupric ion,12 dibenzoyl peroxide,1- chlorine

dioxide,13 and electrolytic oxidation13’14 are among the 
means studied. Product distribution from such oxidations 
of unsymmetrical tertiary amines has been less extensively 
studied, but investigations with substituted benzyldi- 
methylamines conform to the generalization that factors 
that increase the acidity of an a hydrogen favor oxidation 
of that site to an alkylidene moiety (eq 3).11’15’16 It should

(O)
A t C H 2N ( C H 3) 2 — ►  A r C H = N * ( C H 3) 2 and A r C H j N ^ C H j

C H 3 (3)

be noted that this is the opposite of the effect with hydride 
abstraction.

Audeh and Smith11 have proposed that the product-de
termining step is loss of a proton from an a carbon of the 
aminium cation radical, a step that they expressed as an ir
reversible reaction, followed by oxidation of the resulting 
a-aminoalkyl radical to an immonium ion (eq 4). In the

-H r (O)
( R C H 2) 3f r -  — ►  ( R C H 2) 2N — C H R  — ►  ( R C H 2) 2N = C H R  (4)

case of AT.AT-dialkylhydroxylamines, the hydroxyl group 
bears the most eminently acidic hydrogen, loss of which to 
form a nitroxide should predominate overwhelmingly over 
deprotonation from an a carbon. Such a step would not, 
however, be product determining; instead, the succeeding 
oxidation step to convert the nitroxide to a nitrone would 
fulfill that role.

If the assumption of Cowley and Waters6 is correct that 
in the oxidation of hydroxylamines to nitrones, conversion 
of intermediate nitroxides to nitrones takes place by dis
proportionation, the product-determining step would be 
the same, regardless of the oxidizing agent used (cf. eq 2). 
Two other pathways deserve consideration. One of these 
assumes that deprotonation of hydroxylaminium cation 
radicals is actually reversible, and that the nitroxide or its 
conjugate acid may also be deprotonated at carbon, albeit 
very slowly (eq 5, 6). The product-determining step would

H+ *
( R C H 2) 2N — O -  ( R C H 2) 2N — O H  — * R C H 2N ( O H ) C H R

-H+
(5)

(°)
R C H ,N ( O H ) C H R  — ►  R C H 2N ( - 0 ) = C H R  (6)

then be the same as that for oxidation of tertiary amines. 
The product distribution would be determined largely by 
the relative acidities of the a hydrogens and would also be 
independent of the oxidizing agent used so long as the last 
oxidation step is faster than reprotonation of the carbon 
radical to reform the hydroxylaminium cation radical. This 
mechanism was invoked by Johnson, Rodgers, and Trappe 
to explain their observation that autoxidation appeared to 
involve only the methyl group of Af-methyl-IV-alkyl hy
droxylamines in basic medium.6

An alternative is that the nitroxide (or its conjugate acid) 
is attacked by more oxidizing agent, in effect removing H-, 
and thereby forming nitrone directly (eq 7). With such a

(O)
(r c h 2) 2n — o  — *  R C H 2N ( - 0 ) = C H R  (7)

mechanism, the product distribution would show some sen
sitivity to the oxidizing agent used. The results shown in 
Table II show that such a dependence, varying from slight 
to moderate, does exist. It may be presumed to involve 
both the electronic demand of the oxidizing agent and its 
steric requirements. Mercuric oxide deviates more than the 
other oxidizing agents, a circumstance that must be con
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nected with the fact it is the only one of the group in which 
oxidation takes place on a solid surface.

Observation of a dependence of product distribution on 
oxidizing agent limits the mechanisms of eq 2, 5, and 6 to a 
minor role in the oxidation of hydroxylamines in compari
son with eq 7. However, it does not preclude a minor com
petitive role for the deprotonation pathway of eq 6. For sit
uations in which the rates of the two pathways are not ex
tremely different, their relative importance might be in
fluenced by changes in basicity of the reaction medium in 
such a way as to be reflected in observable changes in prod
uct ratio. The observations of the effect of different bases 
on oxidation by NBS may perhaps be due to an effect of 
this sort.

Some incidental observations on the effect of degree of 
completion of oxidation on product ratios provide further 
evidence against a significant role for the disproportiona
tion path (eq 2); the reaction is second order in nitroxide in 
eq 2 but first order in eq 7. If the concentration of nitroxide 
varies in proportion to concentration of the hydroxylamine 
from which it is produced, the disproportionation path 
would contribute less toward the end of the reaction, so 
long as a substantial excess of oxidizing agent is present. 
The product distribution would thus vary with the stage of 
completion of the oxidation if the two pathways indepen
dently resulted in different product ratios. No dependence 
on degree of completion was observed in a limited variety 
of experiments (Table III). This evidence does not rigor
ously exclude disproportionation as a contributing path
way, but it does mean that either its contribution must be 
small, or the product distributions from the two paths are 
not substantially different.

We had originally considered that eq 7 might in some in
stances be sufficiently reversible to provide a path for the 
isomerization of unsymmetrical nitrones, alternative to the 
base-catalyzed prototropy examined in the accompanying 
paper. However, the fact that our oxidations produced mix
tures of kinetically determined composition demonstrates 
that the reduced forms of the oxidizing agents used do not 
promote isomerization significantly. In addition, we at
tempted to equilibrate a-(o-chlorophenyl) -N-benzylnitro- 
ne by treatment with ferrous sulfate in ethanol, but no 
isomerization could be detected after 18 hr. Equation 7 is 
evidently not significantly reversible under the conditions 
of our experiments; eq 6, however, could be reversible with
out effecting equilibration of isomers.

In summary, the whole evidence points to the fact that in 
the oxidation of hydroxylamines to nitrones, the distribu
tion of isomeric nitrones is determined kinetically, primari
ly by a step in which an intermediate nitroxide reacts with 
a second equivalent of oxidizing agent; alternative path
ways may compete under certain circumstances, but their 
contribution remains essentially secondary. It is possible to 
influence the product distribution by choice of oxidizing 
agent; the effect is generally small among substrates with 
only electronic differences at the site of oxidation, some
what larger where steric differences are involved. Iodine 
and mercuric oxide are somewhat more selective than NBS 
or (diacetoxyiodo)benzene.

Experimental Section
N M R  sp e c tra  w ere  d e te rm in e d  o n  a V a ria n  A -6 0  in stru m en t, or, 

w h ere  sp e c if ie d , an  A -1 0 0  in stru m en t, u s in g  C D C I3 s o lu tio n s  w ith  
te tra m eth y ls ila n e  as in tern a l re feren ce . M e lt in g  p o in ts  are  u n co r 
rected . T h in  layer  ch ro m a to g ra m s w ere  p re p a re d  w ith  E astm an  
C h rom a gra m  T y p e  60 60  sh eets  (s ilica  ge l w ith  flu o re s ce n t  in d ica 
to r ) u s in g  c h lo ro fo rm  o r  e th a n o l-c h lo r o fo r m  m ix tu res  fo r  d e v e lo p 
m en t. A n a lyses  are b y  S p a n g  M icro a n a ly tica l L a b o ra to ry , A n n  
A rb o r , M ich .

Dibenzylhydroxylamines. T h e  N ,N -d is u b s t itu te d  h y d r o x y 
lam in es w ere  p re p a re d  b y  trea tin g  (V -b e n z y lh y d ro x y la m in e s7 w ith  
th e  a p p ro p r ia te  b e n zy l h a lid e  in th e  p re se n ce  o f  so d iu m  ca rb on a te , 
a c co rd in g  to  th e  gen era l d ire c t io n s  o f  B e h re n d  a n d  L e u ch s . 17  T h e  
p re p a ra tio n  o f  N -p -m e th y lb e n z y l-iV -b e n zy lh y d ro x y la m in e  is r e p 
resen ta tive .

A  m ixtu re  o f  4 .0  g (3 2 .5  m m o l) o f  N -b e n z y lh y d ro x y la m in e  and
4 .55  g (3 2 .5  m m o l) o f  p -m e th y lb e n z y l c h lo r id e  in 25 m l o f  70%  e th 
an ol w ith  3.46  g (32 .5  m m o l) o f  s o d iu m  ca rb o n a te  w as re flu xed  
w ith  stirr in g  fo r  4 hr. C o o lin g  an d  d ilu t io n  w ith  200 m l o f  ic e -w a te r  
ca u sed  an o il to  sep a ra te , w h ich  w as e x tra c te d  w ith  2 0 0  m l o f  e ther. 
E v a p o ra tio n  o f  th e  d r ie d  (M g S 0 4) e x tra c t  le ft  6 .08  g (8 2 .5% ) o f  
c ru d e  p ro d u c t . R e cry sta lliz a tio n  fr o m  a q u e o u s  e th a n o l gave 3.94  g 
(5 4% ) o f  iV -p -m e th y lb e n z y l- iV -b e n zy lh y d ro x y la m in e , m p  9 2 -9 8 ° ; 
an  an a ly tica l sam p le , m p  9 6 -9 9 ° ,  w as p re p a re d  b y  recry sta lliza tion  
fro m  lig ro in  (b p  9 0 -1 0 0 ° ) ;  ir (N u jo l  m u ll) 3 0 2 5 -3 1 5 0 , 1520, 1500, 
1360, 1105, 1080, 1035, 850, 815, 755, a n d  710 c m “ 1: N M R  6 2 .26  (s, 
3 H ) , 3.64 (s , 4  H ), 7 .16  a n d  7.04  (m , to ta l 9 H ).

T h e  resu lts are re co rd e d  in T a b le  I (th e  ir sp ectra , n o t  b e in g  
p a rticu la rly  in fo rm a tiv e , are  o m itte d ) .

Oxidations. F o r  a g iv en  o x id iz in g  agen t, th e  p ro ce d u re  w as e s 
sen tia lly  th e  sam e fo r  ea ch  h y d ro xy la m in e . A  re p re se n ta tiv e  e x a m 
p le  fo r  ea ch  o x id iz in g  agen t is d e scr ib e d .

(V-Bromosuccinimide Oxidations. A  so lu tio n  o f  0 .30  g  (1 .17  
m m o l) o f  N -o -n itr o b e n z y l-iV -b e n z y lh y d ro x y la m in e  in 2 0  m l o f  
c h lo ro fo rm  w as a d d e d  t o  a stirred , c o o le d  so lu tio n  o f  0 .2 808  g (1 .17  
m m o l) o f  N -b ro m o s u c c in im id e  an d  0 .09  g (1 .17  m m o l) o f  p y r id in e  
in  30 m l o f  ch lo ro fo rm . T h e  m ix tu re  w as stirred  fo r  10 m in  and  
th en  w ash ed  w ith  50 m l o f  w ater. E v a p o ra tio n  o f  th e  d ried  
(M g S 0 4) a n d  filte re d  c h lo ro fo rm  layer  u n d e r  asp ira tor  v a cu u m  le ft  
0.281 g  (9 4% ) o f  m ixe d  n itron es.

Diacetoxyiodobenzene Oxidations. A  so lu tio n  o f  0 .3 78  g (1 .17  
m m o l) o f  d ia ce to x y io d o b e n z e n e  (p h e n y lio d o s o  a ce ta te ) in  2 0  m l o f  
m e th y le n e  ch lo r id e  w as a d d e d  d ro p w ise  to  a c o o le d  so lu tio n  o f  0.30  
g (1 .7  m m o l) o f  N -o -n itr o b e n z y l-iV -b e n z y lh y d ro x y la m in e  a n d  0.23 
g  (2 .34  m m o l) o f  cy c lo h e x y la m in e  in  30 m l o f  m e th y le n e  ch lor id e . 
T h e  m ix tu re  w as th en  stirred  fo r  1 -5  hr, w a sh ed  w ith  tw o  5 0 -m l 
p o rt io n s , d r ie d  (M g S 0 4), a n d  filte re d . E v a p o ra tio n  o f  th e  so lv e n t 
u n d er  asp ira tor  v a cu u m  le ft  a m ix tu re  o f  n itro n e s  w ith  som e  io d o - 
ben zen e , w h ich  d id  n o t  in ter fere  w ith  N M R  an alysis  an d  was n o t  
rem ov ed .

Mercuric Oxide Oxidations. A  su sp e n s io n  o f  1.0 g o f  m ercu r ic  
o x id e  in 30 m l o f  e th er  c o n ta in in g  0 .20  g (0 .775  m m o l) o f  N -o-ni- 
tro b e n z y l-N -b e n z y lh y d ro x y la m in e  w as stirred  fo r  3 hr a t  a m b ie n t 
te m p e ra tu re . M o n ito r in g  b y  T L C  an alysis  sh ow ed  in co m p le te  r e 
a ct ion . A  fu rth er  1.0 g o f  m e rcu r ic  o x id e  w as a d d e d  a n d  th e  m ix 
tu re  w as stirred  fo r  3 m o re  hr, b u t  T L C  still sh o w e d  in co m p le te  re 
a c t io n . A  th ird  1 .0 -g  p o r t io n  o f  m e rcu r ic  o x id e  w as a d d e d  a n d  the 
m ix tu re  w as stirred  fo r  2 hr a n d  th e n  filte re d . E v a p o ra tio n  le ft  
0.181 g (9 1% ) o f  m ix e d  n itron es.

Iodine Oxidations. A  so lu tio n  o f  0 .207  g (0 .83  m m o l) o f  io d in e  
in  ch lo r o fo r m  w as a d d e d  o v e r  a p e r io d  o f  0 .5  hr to  a so lu tio n  o f  
0 .2 0  g (0 .82  m m o l) o f  N -p -m e th o x y b e n z y l-N -b e n z y l  h y d ro x y la m 
ine a n d  0 .13  g (1 .64  m m o l) o f  p y r id in e  in  50  m l o f  c h lo r o fo r m , and  
th e  m ix tu re  w as stirred  fo r  0 .5  hr. W a sh in g  w ith  th ree  5 0 -m l p o r 
t io n s  o f  w ater  re m o v e d  th e  sm all a m o u n t  o f  p re c ip ita te  th a t  had 
fo rm e d . E v a p o ra tio n  o f  th e  d rie d  ( M g S 0 4) a n d  filte re d  so lu tion  
u n d er  asp ira tor  va cu u m  le ft  0 .1 98  g (9 9% ) o f  m ix e d  n itron es .

Oxidations by tert-Butyl Hydroperoxide. A  so lu tio n  o f  0 .30  g 
( 1 . 2 1  m m o l) o f  iV -p -ch lo ro b e n z y l-iV -b e n z y lh y d ro x y la m in e  and  
0 .117 g (1 .3  m m o l) o f  te r t -b u ty l h y d r o p e r o x id e  in  5 m l o f  b e n ze n e  
w as h ea ted  a t  5 5 ° fo r  3 hr a n d  th en  at g e n tle  re flu x  fo r  21 hr (T L C  
sh ow ed  th a t  re a ctio n  w as co m p le te  a t  th a t  t im e ). T h e  so lv e n t  was 
re m o v e d  u n d er  asp ira tor  v a cu u m , a n d  th e  resid u e  w as u sed  d ir e c t 
ly  fo r  N M R  assay.

Oxidation by Ceric Ammonium Nitrate. A  so lu tio n  o f  0 .2  g 
(0 .81  m m o l) o f  J V -p -c h lo ro b e n z y l-N -b e n z y lh y d ro x y la m in e  in 40 m l 
o f  e th e r  w as sh ak en  fo r  5 m in  w ith  a so lu tio n  o f  0 .89  g (1 .62  m m o l) 
o f  ce r ic  a m m o n iu m  n itra te  in  40  m l o f  w ater. T h e  e th er  la yer  was 
sep a ra ted , w ashed  w ith  50  m l o f  d ilu te  so d iu m  ca rb o n a te  so lu tio n , 
d r ie d  (M g S 0 4), an d  filte red . R e m o v a l o f  th e  s o lv e n t  u n d er  a sp ira 
to r  v a cu u m  le ft  0 .184  g (9 3% ) o f  m ix e d  n itron es.

NMR Analysis. T h e  m ix tu res  o f  n itron es  w ere  d is so lv e d  in 
C D C I3  co n ta in in g  a tra ce  o f  tr ie th y la m in e , an d  an a ly zed  a c c o rd in g  
t o  th e  m e th o d  in  th e  p re ce d in g  p ap er.

Registry No.— N -p -N it ro b e n z y lh y d r o x y la m in e , 2 9 1 2 -9 7 -2 ; N- 
p -c h lo r o b e n z y lh y d ro x y la m in e , 5 1 3 0 7 -6 8 -7 ; /V -p -m e th y l ben zy l h y 
d ro x y la m in e , 16 814 -17 -8 ; (V -p -m e th o x y b e n z y lh y d ro x y la m in e , 
5 1 3 0 7 -5 9 -6 ; N -m -n itro b e n z y lh y d ro x y la m in e , 5 5 6 0 6 -4 7 -8 ; N-m-
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m e th o x y b e n z y lh y d ro x y la m in e , 5 5 6 0 6 -4 8 -9 ; N -o -m tr o b e n z y lh y -  
d ro x y la m in e , 3 7 5 5 8 -7 7 -3 ; N -o -c h lo r o b e n z y lh y d r o x y  lam ine,
5 5 6 0 6 -4 5 -6 ; N -o -m e th o x y b e n z y lh y d ro x y la m in e , 5 5 6 0 6 -4 6 -7 ; a -b r o -  
m o to lu e n e , 1 0 0 -39 -0 ; a -ch lo ro to lu e n e , 1 0 0 -44 -7 ; p -n it r o -a -b r o m o -  
to lu e n e , 1 0 0 -11 -8 ; N -b e n z y lh y d r o x y la m in e , 6 2 2 -3 0 -0 ; p -m e th y l-  
b e n zy l ch lo r id e , 104-82 -5 ; /V -b ro m o su cc in im id e , 128-08 -5 ; p h e - 
n y lio d o so  a ce ta te , 32 40-3 4-4 ; m e rcu r ic  o x id e , 21 908-53-2 ; iod in e , 
7 5 5 3 -5 6 -2 ; ce r ic  a m m o n iu m  n itra te , 16 774 -21 -3 .
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T h e  k in e tics  a n d  m e ch a n ism  o f  th e  th e rm a l d e ca y  o f  th e  p h o to co lo r e d  fo rm  l a  o f  sa licy la ld e h y d e  2 -q u in o ly lh y - 
d ra zo n e  (1 ) are  re p o r te d . T w o  iso m e riz a t io n  re a c tio n s , v iz ., a - im in o -  t o  a -a m in o q u in o lin e  an d  Z - »  E h y d ra zo n e , 
are in v o lv e d . T h e  first  c o n v e rs io n  o ccu rs  v ia  an in tra m o le cu la r  tra n sfer  o f  th e  p h e n o lic  h y d ro g e n  t o  th e  a - im in o  
g rou p . T h is  is d e d u ce d  o n  th e  ba sis  o f  m e d iu m  e ffe c t , c o n ce n tra tio n  e f fe c t , a n d  b a se  in h ib it io n  stu d ies . T h e  d e ca y  
o f  th e  8 -n itr o  c o lo re d  fo rm  2 a  co n firm s  th is  a n d  im p lica te s  th e  q u in o lin e  N H  as th e  sou rce  o f  th e  p h e n o lic  h y d r o 
gen  o f  th e  u n co lo re d  fo rm . T h e  o v e ra ll d eu teriu m  is o to p e  e f fe c t  o f  1.84 d e n o te s  th e  n o n -ra te -d e te rm in in g  n a tu re  
o f  th e  p a r tic ip a tio n  o f  th e  O H  a n d  N H . S in ce  p lo ts  o f  th e  lo g a r ith m  o f  th e  d e ca y  rate co n s ta n t  k vs. s o lv e n t  Z o r  
£ t  (30 ) v a lu es sh ow  linear re la tio n sh ip  a n d  large n eg a tiv e  A S 1 v a lu es a c co m p a n y  th e  d e ca y  p ro ce ss , a ro ta tio n  
m e ch a n ism  is p o stu la te d  fo r  th e  Z —*• E h y d ra zo n e  iso m e riza tio n . A lso , a c id  ca ta lys is  su b sta n tia tes  th e  m e ch a n is 
t ic  s ch e m e  p ro p o s e d  fo r  th e  d e ca y  p rocess .

The photochromie phenomena of anils2 and hydrazones3 
are generally observed only in a solid matrix. The instabili
ty of these colored forms in solution is typified by the N- 
salicylidene anil in the trans-quinonoid structure,4 which 
showed a half-life of 1 msec at 30° in ethanol.5® The tran
sient hydrazone photocolored species remains elusive. By 
contrast, the photochromism of salicylaldehyde 2-quinol- 
ylhydrazone (1) has been shown as follows (Scheme I).1

Scheme I

The quinolylhydrazone 1 in ethanol is readily converted to 
the colored form la when irradiated in the uv region of 
250-400 nm at room temperature. This colored species has 
shown remarkable stability in both protic and aprotic sol
vents at room temperature. The availability and stability of 
la thus afforded us an opportunity to investigate the rela
tively unexplored isomerization of a-heterocyclic imines 
and Z hydrazones. While E,Z isomerizations of the azom- 
ethine double bond in aldimines5 and ketimines6 have been

the subjects of intensive studies, there is as yet no reported 
mechanism for the interconversions of hydrazones. This ar
ticle details the kinetics and mechanisms of these isomer
izations. The sequence of events reported herein also repre
sents the first elucidated thermal decay process of the hy
drazone photochromism.

Results and Discussion
Intramolecular Hydrogen Transfer. In the isomeriza

tion of la to 1, involving imine —► amine and Z  — 2? hydra
zone conversions, one or more hydrogen transfer steps 
must intervene. They may occur inter- or intramolecularly 
as shown in Scheme II. Scheme Ila supposes a hydrogen 
transfer between la and a protic solvent. That this is not 
generally applicable is shown by (1) the instant conversion 
of la to 1 when the colored form is heated to its melting 
point at 152° in an evacuated sealed tube, and (2) the 
decay constant of la to 1 at 25° in an aprotic medium such 
as dimethyl sulfoxide (1.2 X 10-6 sec-1) is similar to that in 
ethanol (3.0 X 10-6 sec-1). Scheme lib assumes intermolec- 
ular transfer between adjacent molecules of la. Such a 
mechanism should be facilitated by increasing concentra
tions of la. However, when the decay of la was followed in 
ethanol at 25°, varying the concentration of la from 4 X
10-5 M  to 20 X  10-5 M  caused only negligible change in the 
first-order rate constant (k, 10-6 sec-1, 2.11 and 2.0, re
spectively). A corollary observation was made in methylcy- 
clohexane, a solvent which facilitates aggregation of solute 
molecules. In this case, the decay constant k (10—6 sec-1, 
25°) actually decreased from 2.56 at 0.5 X  10-5 M  to 1.25 at
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Scheme II

H- -N

ten times the concentration. While the concentration effect 
is insignificant, indicating the inoperation of Scheme lib, 
the addition of 1 equiv of pyridine suppressed the rate of 
decay of la in benzene (5.13 X 10~5 M, 25°) by a factor of 
50. These rate data are therefore suggestive of the free phe
nolic proton being involved in an intramolecular protona
tion of the a-imine (cf. Scheme lie). Further elucidation of 
the role of the phenolic proton was derived from the isom
erization of the 8-nitro colored form 2a. A KBr pellet of 2a 
(1% by weight) was heated at 100° and monitored by ir 
spectroscopy. The sharp band at 3295 cm-1, assignable 
only to the stretching mode of the unchelated phenolic OH, 
diminished gradually in intensity with a concomitant in
crease of a new sharp band at 3345 cm-1 for the exocyclic 
amino hydrogen of the uncolored form 2. These assign
ments are firm since the quinoline NH in 2a and the phe
nol OH in 2 are strongly chelated and should appear as 
broad, indistinct bands.7 Furthermore, this 8-nitro photo- 
chromic pair also lends insight into the participation of the 
quinoline N hydrogen of the colored form in the decay pro
cess. Thus, the presence of the 8-nitro group in 2a retarded 
the rate of decay by a factor of 5 compared to that of the 
parent colored form la in ethanol at 79°. This may be at
tributed to the intramolecular chelation of the quinoline N 
hydrogen in 2a, thus inhibiting its transfer to the adjacent 
hydrazone nitrogen which would labilize the carbon nitro
gen double bond (Scheme III). Evidence of such internal

Scheme III

NH, OD, or ND, OH, could not be secured owing to deute
rium scrambling even in aprotic solvents. In their place was 
prepared the N,0-dideuterated derivative of la. By treat
ing the 83% N,N,N'-trideuterated a-quinolylhydrazine 
with the 82% O-deuterated salicylaldehyde in benzene, a 
70% N,0-dideuterated derivative of 1 was prepared, which, 
upon irradiation at 365 nm, was converted to la. The per
centage deuteration was made by 'H NMR analysis. The 
decay rate constant k (10-3  min-1, 56°) of the 70% 0,N- 
dideuterated colored form in cyclohexane at 7.6 X 10-5  M 
was 7.54 ±  1.08 compared to 9.69 ±  0.88 for the undeuter- 
ated la under the same conditions. These rate data trans
late to an overall kinetic isotope effect of 1.84. This is far 
short of the primary deuterium isotope effect of 9 for the 
tautomerization involving ND or 11 involving OD deduced 
by Hine.9 Plausible interpretations of such weak isotope ef
fect are (1) these hydrogen transfer steps are not rate de
termining, implying that the Z —* E hydrazone isomeriza
tion is, and (2) the O-H and N-H bonds in la are already 
stretched prior to the transfer steps (Scheme IV).

Scheme IV

\ / 11 (V

Rotation of the Z  Hydrazone. In addition to the intra
molecular hydrogen transfer steps deduced above, the sali
cylaldehyde hydrazone azomethine double bond must un
dergo Z —1► E isomerization to complete the decay of the 
colored form. Three potential mechanisms for such isomer
ization are shown as follows (Schemes V-VII).10 Scheme V

Scheme V

-N> - v  -  / ^ V  -  > - ;
/

Scheme VI

N— Z\ = N ^ >  — - \ = N - l z  —.  )— N

Scheme VII

îQ . n

chelation is that the v(asym,sym)8 of the 8-nitro group in 2 
at 1530 and 1352 cm-1, respectively, are reduced to a weak 
band at 1530 cm-1 in 2a.

The net effects of these two intramolecular hydrogen 
transfers during the isomerization of the colored to the un
colored form are that (1) the a-amino hydrogen of 1 is de
rived from the phenolic proton of la and (2) the ring N hy
drogen of la becomes the salicylidene hydrogen of 1. It ap
pears that specific isotope effect on the rate of decay of the 
colored form la would detail the rate-determining nature 
of these steps. Specifically deuterated colored form la, e.g.,

involves homolytic cleavage of the carbon-nitrogen double 
bond and closely parallels the rotational trans <=> cis isom
erization of alkenes or azo compounds. This mechanism is 
usually dismissed because of the large activation energy in
volved in alkene isomerization ranging from 36 to 60 kcal 
mol-1 while that of azo compounds is even higher.10 
Scheme VI, the so-called “ lateral shift”  or inversion mech
anism, is related to the inversion known for amino com
pounds.11 The inversion mechanism is the preferred one to 
account for the low activation energy observed for aldi- 
mines and ketimines.10 The third mechanism, Scheme VII,
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Table I
Kinetic and Activation Parameters for the Decay of la at 25°“

Solvent k  x 107, sec A f f t ,  kcal mol * A S* eu AG? kcal mol- *

1 Ethanol 30.20 (± 0.0) 12.15 (± 1.3) -42 .2  (±4 .5 ) 24.7
2 Dimethyl sulfoxide 12.10 (± 2.7) 5.9 (± 1.8) -62 .8  (± 5.2) 24.6
3 M ethylcyclohexane 10.85 (±3 .6 ) 9.0 (± 1.6) -53.1 (±4 .9 ) 24.8
4 D im ethylform am ide 6.8 (± 0.6) 15.5 (± 1.2) -33 .0  (±3 .1 ) 25.3
5 H exam ethylphos- 3.1 (±0 .7 ) 17.1 (±1 .1 ) -28 .5  (±2 .9 ) 25.6

phoram ide 
6 Dioxane 2.7 (±0 .6 ) 14.6 (±1 .3 ) -37 .5  (±1 .6 ) 25.8
7 Toluene 2.4 (± 0.1) 15.4 (±0 .4 ) -34 .0  (±1 .2 ) 25.5
8 tert -Butylbenzene 2.1 (±0 .4 ) 10.9 (± 0.9) -49 .9  (±2 .7 ) 25.8
9 Benzene 1.1 (±0 .0 ) 15.7 (± 2.6) -35 .6  (±4 .1 ) 26.3

a F rom  a c o m p u te r -a ss is te d  lea st-sq u a re  rou tin e . T h e  c o n ce n tra tio n  o f  la  w as ~ 4 . 3  X  1 0 ~ 5 M  fo r  a ll so lven ts .

known as rotation, involves polarization of the carbon-ni
trogen double bond.11 Unlike the nonionic inversion in 
Scheme VI, the rotation mechanism is particularly suscep
tible to solvent effects.11 We therefore undertook a study of 
the kinetics and activation energies of the isomerization of 
la  as a function of the solvent medium.

Table I summarizes the first-order rate constants k, 
AW , AS1, and AG1 obtained in nine different solvents of 
various types (i.e., protic, aprotic-dipolar, nonpolar, and 
aromatic). Attempts to correlate the solvent effect with 
rate in terms of the dielectric constant of the solvent re
sulted in a random distribution of points. This in itself 
does not indicate a nonpolar reaction, since Wiberg12 has 
shown that the dielectric constant may not be useful in de
scribing the solvent effect on a dipolar species. Further
more, Frost and Pearson13 contended that the correlation 
of rate with gross dielectric constant is very misleading, 
since the interaction of an ion or dipole with a nonpolar sol
vent is much greater than would be expected, this being 
particularly true of aromatic solvents, which are sometimes 
good for ionic reactions despite their low dielectric con
stant. Thus, other solvent polarity parameters, e.g., the Z 
values compiled by Kosower14 and the Et (30) proposed by 
Dimroth,15 were employed. The Z values arise from the 
sensitivity of the charge transfer band of 1-alkylpyridinium 
iodides to solvent polarity.14 The Et (30) is based on sol
vent effect on the charge transfer transition energy of the 
pyridinium phenol betaines.15 Both of the Z and Et (30) 
vs. log k plots for the decay of the colored form la  in these 
solvents at 25° give a linear relationship as shown in Figure

30 «> 50 60 70 E (30)(kcal mol'1)

Figure 1. P lo ts  of log k  vs. so lvent p o la rity  param eters [Z ,14 E t  
(30)16] for the decay of la. N u m b e rs refer to so lvent system s in  
T a b le  I . [N o Z  or  E t  (30) values are reported for m e th ylcyclo h e x - 
ane (solvent 3)].

1. This linear correlation is indicative of a polar transition 
state for the rate-determining step, implicating the rota
tion scheme VII for the Z —1► E hydrazone isomerization.

Further inspection of Table I reveals a uniformly high 
negative entropy of activation for the decay reaction re
gardless of solvent types. This large negative AS* is conso
nant with the polar rotation mechanism as depicted in 
Scheme VII. The substantial variation (29-63 eu) of the 
negative AS* in the various solvents is worthy of note. Ac
cording to Leffler,16 large variations in ASt and AH t do not 
necessarily indicate a change in mechanism as long as there 
is a linear relationship between AS1 and AHi from one sol
vent to the next. The linear relationship, known as the 
compensation law or the isokinetic relationship, is indeed 
observed as shown in Figure 2.

Comparison of these decay data with those reported for 
the Z  -*■ E isomerization of salicylaldehydephenylhydra- 
zone17 and jV-salicylideneaniline5® is shown in Table II. It 
is seen that the rate constant and the activation energies 
for the a-quinolylimino-(Z)-hydrazone (la ) are quite com
parable to those for the phenylhydrazone. However, the an
iline anil, which isomerized about 100,000 times faster with 
one-third of the ASi loss, is in a class by itself. Since anils

Figure 2. Iso k in e tic  p lo t for the d ecay o f la in  n in e  so lven t s y s 
tem s. N u m b e rs  refer to solvent system s in  T a b le  I.
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Table IIComparison of Kinetic and Activation Parameters of Z — E  Isomerization
Compd Solvent kf sec- * (°C) ¿a* AS* ac*

la Ethanol 3.7 x 10'6 (32) 12 -42 25
Salicylaldehyde - 

phenylhydrazone0
Ethanol-cyclohexane

(3:1)
1.15 x 10‘ 5 (37) 14 -34 24

IV-Salicylidene - Ethanol 1.67 (30) 14 -11 17
aniline6

°  Reference 17. 6 Reference 5a.

have been shown to undergo Z —►  E  isomerization by inversion (Scheme VI),50 it appears most likely that the Z —► E  
isomerization of la and the phenylhydrazone proceeds via rotation (Scheme VII).

Decay Mechanism of the Colored Form la. Given the two intramolecular hydrogen transfers and the rotation 
mechanism of the Z hydrazone, the sequence of events can be arranged as shown in Scheme VIII. Thus, electron delo
calization in la affords the mesomeric forms i and ii. These dipolar structures allow the transfer of the quinoline N hy
drogen to the Z-hydrazone nitrogen to form iii, thereby facilitating its rotational isomerization to iv. It then follows 
that the intramolecular migration of the phenolic proton to the a-imino nitrogen should precede the hydrazone double

Scheme VIII

iii

bond rotation. The reverse order would necessitate a most awkward intramolecular hydrogen rearrangement. The acid catalysis provides credence to this reaction sequence. Thus, the presence of 0.8 equiv of acetic acid in a 1 X 10-4 
M solution of la in ethanol at 32° increased the decay rate 
by a factor of 5. The probable site of protonation in la is the a-imino nitrogen. The added proton source therefore 
obviates the need of the phenolic hydrogen transfer via the strained seven-membered ring to the a-imino nitrogen.

Experimental Section18
Salicylaldehyde 2-Quinolylhydrazone ( 1 ) .  A  m ix tu re  of 1.5 9  g 

(10  m m ol) of 2 -h y d ra z in o q u in o lin e  (E a stm a n , recrysta llized ) and
1.2 2  g (10  m m ol) of sa licy la ld e h yd e  in  15 0  m l of 9 5 %  ethano l was 
refluxed for 5  hr. T h e  solution  was concentrated, the crysta llin e  
p re c ip itate  was collected, and re crysta llize d  twice from  ethanol, 
y ie ld in g  1.44 g (5 5 % ) of 1: m p 2 0 3 °; u v  Xmax (E t O H ) (log e) 358 nm  
(4.387), 3 10  s (4.230), and 237 (4.406); N M R  (M e2S O -d 6) 8 1 1 . 1 0  (s,
2), 8.50 (s, 1) , and 8 .2 7 -6 .8 2  (m , 10).

A n a l. C a lc d  for C i 6H 13N 30 : C , 72.98, H , 4.98; N , 15.96. Fo un d : 
C ,  73.36; H , 5 .1 1 ;  N , 16 .13 .

Colored Form la .  A  so lutio n  of 0 .1 g (0.4 m m ol) of s a lic y la l
dehyde 2 -q u in o ly lh yd ra zo n e  (1) in  12 5  m l of 9 5 %  ethano l was ir r a 
d iated  w ith  a S y lv a n ia  B la c k  L a m p  B lu e  (366 nm ) for 14  days. T h e  
so lu tio n  was evaporated to dryness, the resid ue  was d issolved in  25 
m l of ether, and the latter was chrom atographed on s ilic a  gel G  
p rep a ra tive  plates of 1 m m  in  th ickn ess w ith chloroform  as eluent. 
T h e  uv fluorescent band nearest to the solvent was eluted w ith 
ether, and 0.09 g (9 0 % ) of the orange-colored form  la was isolated: 
m p 1 5 2 ° ;  u v  Xmax (E t O H ) (log t) 400 nm  (4.220), 298 (4 .176 ), 289 
(4.204), and 247 (4.344); N M R  ( C D C 1 3) 8 1 1 .3 0  (s, 1) and 7.99 -6 .65 
(m , 12).

A n a l. C a lc d  for C i 6H i 3N 30 : C ,  72.98; H , 4.98; N , 15.96. Fo u n d : 
C ,  72.89; H , 5.07; N , 15 .73.

Salicylaldehyde 2-(8-Nitro)quinolylhydrazone (2). A  m ix 
ture  of 2.04 g (10  m m ol) of 2 -h y d ra z in e -8 -n itro q u in o lin e  (prepared 
from  2 -ch lo ro -8 -n itro q u in o lin e 19) and 1 .2 2  g (10  m m ol) of s a lic y la l
dehyde in  150  m l of 2 -p ro p a n o l was refluxed  for 5 hr. T h e  solution  
was concentrated, and the cry sta llin e  p re c ip itate  was recrysta llize d  
tw ice from  2-p ro pa n o l, g iv in g  1.85 g (6 0 %) of 2: m p 2 0 4 -2 0 6 °; uv 
Xmax (E t O H ) (log 0  440 s nm  (3.878), 370 (4 .18 2), 335 (4.279), 302 
(4.369), and 240 (4.450); N M R  (M e2S O -d 6) 8 12 .0 2  (s, 1) , 10.78 (s, 
1) , 8.77 (s, 1) , and 8 .5 3 -6 .9 3  (m , 9).

A n a l. C a lc d  for C i 6H 12N 40 3: C ,  62.33; H , 3.92; N , 18 .17 . Fo un d : 
C ,  61.90; H , 3.76; N , 18.07.

Colored Form 2a. A solution  o f 0 .1 g (0.3 m m ol) of 2 in  12 5  m l 
of an acetone-w ater (9:1) m ix tu re  was irra d ia te d  w ith a S y lv a n ia  
B la c k  L a m p  B lu e  (366 nm ) for 14  days. U p o n  stand in g  and slow 
evaporation, 0.06 g (6 0 %) of the colored form  2a was obtained as 
red crysta l: m p 2 0 6 -2 0 8 °; uv Xmax ( E t O H ) (log <) 442 nm  (4.164), 
358 s (4 .0 21), 295 (4 .4 15 ), and 238 (4.433).

A n a l. C a lc d  for C i 6H i 2N 40 3: C ,  62.33; H , 3.92; N , 18 .17 . Fo u n d : 
C ,  6 2.32; H , 4 .2 1; N , 17.94.

Kinetic Measurements. T h e  rate stud ies were ca rried  out in  
1 -c m  q u a rtz cuvettes w hich  could be sealed w ith  ground glass stop
pers. T h e  tem peratures em ployed in  the stu d y  were va rie d  from  
room  tem perature to some tem perature below the b o ilin g  p o in t of 
the solvent em ployed b y m eans of a co n stan t-tem p eratu re  bath. 
T h e  absorbance of the colored species was determ ined in  the v a r i
ous solvents using a C a ry  14  spectrophotom eter at zero tim e  and at 
reg ular in terva ls  after being placed in  the co nstant-tem p erature 
bath. In  a ll cases, four readings were m ade for each sam ple, and at 
least three d ifferen t tem peratures were used for each solvent sy s-



tern . T h e  fir s t -o rd e r  ra te  co n s ta n t, k, w as o b ta in e d  fro m  th e  
s tra ig h t  lin e  p lo t  o f  lo g  A  vs. t im e . T h e  th e rm o d y n a m ic  va lues, 
A 7 /* , A S *, a n d  A G *, as w ell as th e  ra te  co n s ta n t, w ere d e te r 
m in e d  b y  s ta n d a rd  m e th o d s .20 T h e  a c t iv a tio n  p a ra m eters  w ere d e 
te rm in e d  b y  a co m p u te r -a ss is te d  lea st-sq u a re  cu rv e  fit  o f  p lo ts  o f  
log  k vs. 1  IT. S ta n d a rd  d e v ia tio n s  w ere  o b ta in e d  fro m  th e  e q u a 
t io n

S -  X f / n -  n !/2

N,0-Dideuterated Derivative of la and the Isotope Effect.
A  m ix tu re  o f  34 .5  g (283 m m o l) o f  sa licy la ld e h y d e  a n d  11.0 g (611 
m m o l)  o f  D 2O  (99 .8%  D ) in  25 m l o f  a n h y d ro u s  d io x a n e  w as h ea ted  
a t  re flu x  fo r  1 2  hr fo llo w e d  b y  d is t illa t io n  to  re m o v e  th e  so lv en ts . 
T h e  p ro ce ss  w as r e p e a te d  an d  th e  sa licy la ld e h y d e -O -d  w as d is 
t ille d , b p  6 3 °  (3  m m ), 82%  d e u te ra tio n  b y  N M R  in teg ra tion  o f  the  
res id u a l O H  reson a n ce : (n e a t) 5 11.07 s (0 .18  H ) , 9 .7  s (1 H ), 7.3 m  
(2  H ) , 6 .8  m  (2  H ).

A  m ix tu re  o f  0 .69  g (4  m m o l) o f  2 -h y d ra z in o q u in o lin e  a n d  10 g 
(5 5 6  m m o l) o f  D 2O  (99 .8%  D ) in 25 m l o f  a n h y d ro u s  d io x a n e  was 
re flu x e d  u n d e r  a d ry  n itro g e n  a tm o s p h e re  fo r  72 hr. T h e  so lv e n t  
w as re m o v e d  b y  d is t illa t io n  a n d  th e  p ro ce ss  w as r e p e a te d . T h e  r e 
su ltin g  N ,N ,N '-tr id e u te ra te d  2 -h y d ra z in o q u in o lin e  w as re cry sta l
l iz e d  fro m  lig ro in , 83%  d e u te ra tio n  b y  N M R  in teg ra tion : 1C D C I3) S 
7 .7 8 -6 .6 2  m  (6  H ) , 4 .87  s (0 .5  H ).

A  m ix tu re  o f  0 .1 23  g (1 m m o l) o f  sa licy la ld e h y d e -O -d  a n d  0 .162  
g (1 m m o l) o f  N ,N ,N '-tr id e u te ra te d  2 -q u in o ly lh y d ra z in e  in  5 m l o f  
a n h y d ro u s  b e n ze n e  w as h e a te d  at re flu x  fo r  4  hr. T h e  so lu tio n  w as 
c o n c e n tr a te d  a n d  th e  cry sta llin e  p re c ip ita te  w as c o lle c te d  a n d  re- 
c ry s ta lliz e d  tw ice  fr o m  b e n ze n e  t o  y ie ld  th e  N ,0 -d id e u te r a te d  1, 
70%  d e u te ra tio n , d e te r m in e d  b y  N M R : (M e 2S O -d e )  & 11.1 b ro a d  s 
(0 .6  H ) , 8 .5  s (1 H ) , 8 .2 7 -6 .8 2  (1 0  H ).

T h e  u n co lo re d , N ,0 -d id e u te r a te d  sa licy la ld e h y d e -2 -q u in o ly lh y - 
d ra zo n e  ( 1 ) ( 2  m g ) w as p la ce d  in  a  1 0 0 -m l v o lu m e tr ic  fla sk  a n d  d is 
s o lv e d  in  d is tille d , d rie d  cy c lo h e x a n e . T h e  resu ltin g  so lu tio n  w as 
irra d ia ted  t o  th e  p h o to s ta tio n a ry  state . T h e  a b so rb a n ce  a t  400 nm  
w as r e co rd e d  on  a C ary  14 s p e c tr o p h o to m e te r  a n d  sa m p les  o f  th e  
s o lu tio n  w ere  p la ce d  in  a co n s ta n t-te m p e ra tu re  b a th  m a in ta in e d  a t  
5 6 °  fo r  V arious len g th s  o f  t im e , w ith  th e  a b so rb a n ce  b e in g  re co rd e d  
p e r io d ica lly . F ro m  a p lo t  o f  log  A vs. t im e  th e  ra te  co n s ta n t  ky> w as 
d e te rm in e d  t o  b e  7.54  ±  1.08 X  10- 3  m in - 1 . T h e  e n tire  p ro ce ss  w as 
r e p e a te d  fo r  th e  u n d e u te ra te d  1  a n d  th e  ra te  co n s ta n t  ku  w as 
fo u n d  to  b e  9 .69  ±  0 .8 8  X  10~ 3 m in .- 1  T h e  ra tio  k n /k n  w as fo u n d  
to  b e  1.84 a fte r  c o rr e c t io n  fo r  th e  p e rce n ta g e  d e u te r iu m  in  th e  
sa m p le  b y  d iv id in g  b y  0 .70 .
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A  d e ta ile d  p ro ce d u re  fo r  th e  la rg e -sca le  sy n th es is  o f  d ia m m o n iu m  a ce ty l p h o sp h a te  (1 ) is p resen ted . K e te n e  is 
u sed  to  a cy la te  1 0 0 %  p h o s p h o r ic  a c id  in  e th y l a ce ta te  at —1 0 ° ,  an d  th e  resu lt in g  m ix tu re  o f  m o n o -  a n d  p o ly a ce ty l  
p h o s p h o r ic  a c id s  c o n v e r te d  t o  1 b y  tre a tm e n t  w ith  a n h y d ro u s  a m m o n ia  in  e th y l a c e ta te -m e th a n o l a t  —10 °. T h e  
p r o d u c t  is o b ta in e d  as an ea s ily  filte re d , cry sta llin e  so lid  in  ca . 90%  y ie ld  a n d  ca . 90%  p u rity .

One limitation to the use of enzymatic catalysis in large- 
scale organic synthesis has been the expense of many of the 
common cofactors. As part of an effort to devise techniques 
that would make enzymatically catalyzed reactions requir
ing adenosine triphosphate (ATP) useful in practical syn
thesis, we have developed the reaction sequence outlined in 
eq 1 and 2 as a method for regenerating ATP from AMP 
and/or ADP.2

adenylate
A T P  +  A M P  * 2 A D P  (1)kinase '  '

2 A D P  +  2 A c P  acctate> 2 A T P  +  2 A c  (2)kinase

ADP is produced from ATP and AMP by phosphoryl 
transfer catalyzed by adenylate kinase. ADP is converted 
to ATP by reaction with acetyl phosphate (AcP) catalyzed 
by acetate kinase. Acetyl phosphate, the ultimate phospho- 
rylating agent in this sequence, had been synthesized pre
viously from phosphoric acid by acylation with acetyl chlo
ride,3 ketene,4 isopropenyl acetate,5 and acetic anhy
dride,6,7 and isolated as the lithium or silver salts.8 All of 
these procedures contain difficult work-up and isolation se
quences. None are suitable for the preparation of acetyl 
phosphate in large quantity. Here we report a synthesis of 
diammonium acetyl phosphate from phosphoric acid, ke-
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tene, and ammonia, which yields product in easily isolated 
form. This synthesis provides the most practical method 
available for synthesizing large quantities of acetyl phos
phate.

Results
The reaction of ketene with phosphoric acid in an inert 

solvent yields mono-, di-, and (presumably) triacetylphos- phoric acids. The relative amount of monoacetylphosphoric 
acid produced depends on the ratio of reactants used and 
on the extent of hydration of the phosphoric acid: water that is present is converted to acetic acid and acetic anhydride. Dilution of the reaction mixture obtained from ketene and phosphoric acid with methanol, and treatment of the resulting solution with anhydrous ammonia at —10°, yields diammonium acetyl phosphate (1) as an easily fil
tered, crystalline solid.
C H 2 = C = 0  +  H 3 P O 4 [ +  H 20 ]  --------

- 10°
o  o
II II

C H 3 C O P O 3 H , +  (C H 3 C 0 ) 2 P 0 2H +

o  0 0

, II II II NH,
(C H 3 C O ) 3P O  [ +  C H 3 C O ,H  +  C H 3 C O C C H ,l  -------

CH,OH
-10°

0 0  o  o
H II II II

C H 3 C 0 P ( 0 - N H 4 * ) 2 +  C H 3 C N H 2 [ +  C H 3 C O 'N H 4*] (3)
1

Isolation of acetyl phosphate as its diammonium salt has 
a number of advantages over other isolation procedures. 
First, 1 is sparingly soluble in methanolic solutions, and precipitates as a crystalline, easily filterable solid. Ammonium acetate and acetamide are soluble in methanol and 
can be separated on the basis of solubilities. Previous procedures have involved neutralization of the acetylphospho- ric acid in aqueous solutions, and have required either the use of silver(I) salts to effect precipitation or the filtration 
of the phosphate “slimes” generated by neutralization with 
lithium acetate, carbonate, or hydroxides, followed by precipitation with ethanol. In addition, removal of water from 
the dilithium acetyl phosphate required a time-consuming and not always successful lyophilization or related proce
dure. Second, ammonia is expected to attack the acetyl moiety of diacetyl phosphate more rapidly than that of monoacetyl phosphate.9 This appears to underlie the unexpec
tedly high yields (>90%) of 1 obtained by this procedure. Although we have not studied the reactions that occur dur
ing introduction of ammonia into the initial reaction mix
tures in any detail, it seems that the excess of ammonia present at the conclusion of this stage must convert di- and triacetyl phosphates to 1. Third, 1 is very soluble in water, 
and ammonium ion is innocuous to most (although not all) enzymes.10 Thus 1 can be used directly in the regeneration of ATP. Ammonia is inexpensive compared with lithium 
and silver salts. Finally 1 has adequate storage and solution stability (vide infra).

The number of products that can be formed by reaction of ketene with phosphoric acid containing some water is 
large. This complexity, combined with uncertainties concerning the details of this reaction and of the subsequent 
reaction of the product mixture with ammonia, make it difficult to define a priori the number of equivalents of ketene 
required to maximize conversion of phosphoric acid to di
ammonium acetyl phosphate. In this work, the ratio of added ketene to phosphoric acid originally present has sim
ply been varied, and the yield of 1 determined. Results of

this study are summarized in Figure 1 for acylations of 
both 85 and 100% phosphoric acid. These data establish 
that the maximum conversion (90-95%) of 100% phosphoric acid to 1 occurs for molar ratios of ketene to phosphoric 
acid of approximately 1.7. The decrease in yield observed

Figure 1. Yields of diammonium acetyl phosphate obtained fol
lowing reaction of ketene with 100% phosphoric acid (•) and 85% 
phosphoric acid (■). Reactions were carried out in ethyl acetate 
solution at —10°, and the reaction mixtures were allowed to equili
brate for 2 hr at -10° before diluting with methanol and adding 
ammonia. The quantity (CH2=C=0/H3P04) is the number of 
moles of ketene added, divided by the total number of moles of 
phosphoric acid originally present. In 85% phosphoric acid, 1 mol 
of water is present for each mole of phosphoric acid. Yields are 
based on phosphoric acid. The numbers associated with each 
point represent the purity of the 1 isolated at that point; the major 
part of the impurity is ammonium phosphate in most instances.

for ratios greater than 2 reflects the fact that addition of 
ammonia to these reactions yields thick, difficultly filtered suspensions. The use of 85% phosphoric acid gave lower 
yields, apparently for the same reason. The effects of sol
vent, phosphoric acid water content, and temperature on yields of 1 were examined briefly: 100% phosphoric acid, prepared by dehydration of 85% phosphoric acid,11 gave higher yields than dioxane diphosphate or 85% phosphoric acid; ethyl acetate was superior as a solvent to DMF, DME, di-n-butyl ether, and n-butyl acetate; raising the tempera
ture above —10° during addition of ketene and equilibration resulted in lower yields.

The detailed course of the acylation of phosphoric acid with ketene has not been established.12 In particular, it is not clear how rapidly intermolecular acyl or acetyl group transfer occurs. A qualitative observation made during this 
work does, however, suggest that intermolecular equilibration between diacetyl phosphoric acid and phosphoric acid occurs under the reaction conditions. A sample of 100% 
phosphoric acid was allowed to absorb 2 molar equiv of ketene. The resulting sample was treated with 1 additional equiv of phosphoric acid, allowed to equilibrate at —10° for 2 hr, and then worked up by the usual procedure, yielding 1 in 72% yield based on the t o t a l  phosphoric acid involved in 
the mixture. Since the initial reaction mixture would have yielded ca. 45% of 1 (90%/2) on this basis had equilibration 
not occurred, the higher yield—which is also that obtained by direct reaction of 2 equiv of ketene with 2 equiv of phos
phoric acid—suggests intermolecular equilibration.
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O O
(CH3C0)2P02H + h3p o , 2CH3COP03H3 xi 2 (4)

Ammonium ion, although normally innocuous as a com
ponent of an enzymatic reaction mixture, does occasionally 
reduce enzymatic activity,10 and might interfere with other 
aspects of a synthetic sequence catalyzed by enzymes. It is 
possible to convert 1 to disodium acetyl phosphate by 
treatment with an ion exchange resin in water, although 
the yield is only moderate by the procedure we employed. 
It is also possible to use other amines (e.g., aniline) to neu
tralize the initial reaction mixture. The salts resulting from 
these reactions are less crystalline and more soluble in 
methanol, and this type of work-up offers no obvious ad
vantages.

Compound 1 does contain a potential nucleophile (am
monia) in the presence of a reactive carbonyl group, and it 
was important to examine its stability. Solid 1 could be 
stored for extended periods at 4° without decomposition so 
long as it was protected from atmospheric moisture: no de
crease in the purity of 1 in a desiccator was observed over 2 
months at 4°. Storage in a desiccator for 1 month at 25° re
sulted in a 30% decrease in acetyl phosphate content. The 
solution stability of acetyl phosphate has been extensively 
studied.9-13-1'* In the region between pH 5.5 and 9.5, hydrol
ysis of dilithium acetyl phosphate takes place by P -0  bond 
cleavage, apparently by a process involving metaphosphate 
anion.15 Direct reaction with free amines does occur. The

0  0  0 0
II II / O -  H II

C H . C O P ^  — -  C H 3C C T  +  P — 0  (5)

0 -  I
0"

rate of addition of ammonia in equilibrium with ammo
nium ion would not, however, be expected to be competi
tive with the rate of reaction 5 at pH 6-8.9 To check this 
prediction, the stability of 1 in buffered solutions at 39° 
was determined by observing its disappearance with time 
by means of the enzymatic assay. The hydrolysis o f 1, fol
lowed to greater than 75% reaction, obeyed first-order ki
netics from pH 5.83 to pH 9.30. At pH 6.9, the half-life was 
found to be 3 hr. The rate constants obtained in thi3 work 
are in excellent agreement with those reported by Kosh- 
land for hydrolysis of dilithium acetyl phosphate.13

Experimental Section
General. All chemicals were reagent grade and were not further 

purified. Enzymes used in the assay of 1—acetate kinase (EC
2.7.2.1) and a commercial mixture of glucose 6-phosphate dehydro
genase (EC 1.1.1.49)/hexokinase (EC 2.7.1.1)—were obtained from 
Sigma Chemical Co. Authentic acetyl phosphate (Li, K salt), ADP 
(Na salt), and NADP+ (Na salt) were also obtained from Sigma. 
Anhydrous ammonia was obtained from Matheson, and was used 
directly from the tank without purification. Phosphoric acid 
(100%) was made by the slow addition of 191.5 g of phosphorus 
pentoxide to 500 g of stirred 85% phosphoric acid at —10° (ice-ace- 
tone bath).11 The final solution spontaneously crystallized after 
standing at room temperature for 48 hr. Ketene was produced by 
thermal cracking of acetone in a conventional apparatus similar to 
that described by Williams and Hurd.18 The rate of generation, de
termined17 by bubbling the output of the ketene generator through 
50 ml of a cooled (0°), stirred solution of ethanolamine (3.184 N) 
in 2-propanol for 30 min and then titrating excess amine with 
standardized 1.0 JV hydrochloric acid (Methyl Red as indicator), 
was found to be 0.198 ± 0.014 mol/hr under conditions used repro- 
ducibly throughout this work.. Water used in enzymatic assays was 
distilled twice, the second time using a Corning Model AG-lb dis
tillation apparatus. Small-volume aliquots for these assays were 
obtained using a Clay-Adams suction apparatus (obtained from 
Bectin Dickerson) and calibrated disposable micropipettes Ultra
violet absorbance was measured using a Gilford Model 220 spec
trophotometer. A Varian Model T-60 spectrometer was used for

NMR assays. A Radiometer Model PHM 62 pH meter was used to 
determine pH values. Microanalysis were obtained by Midwest 
Microlab, Ltd., Indianapolis, Ind.

Diammonium Acetyl Phosphate (1). A 2-1. three-necked flask 
was fitted with a thermometer, a gas inlet tube, and an overhead 
stirrer. The stirrer shaft entered the flask through a fitting 
equipped with a side arm which served as a gas outlet. Ethyl ace
tate (750 ml) and 100% phosphoric acid (100 g, 1.02 mol) were 
transferred into the flask, and the resulting solution was cooled to 
—10° using an ethylene glycol-acetone-Dry Ice bath. Ketene was 
bubbled through the stirred solution for 10 hr (1.98 mol), after 
which 750 ml of methanol, precooled to —10°, was added. Anhy
drous ammonia, directly from the tank, was passed through alumi
num coils immersed in the cooling bath, then over the surface of 
the rapidly stirred solution, and finally out through a bubbler 
linked to the flask through the gas outlet on the stirrer. This addi
tion was continued for 1.5 hr at a rate such that bubbles passed 
through the outlet bubbler at a rate of approximately one per sec
ond. During this time, the internal temperature of the solution 
gradually rose to —7° and then fell to -10°, signalling the end of 
the reaction. A total of 65 g of ammonia (3.82 mol) was used (as de
termined by weighing the tank before and after reaction), although 
not all was consumed by the reaction mixture. The fine solid which 
filled the flask was collected by suction filtration on a Buchner 
funnel. It was washed with 200 ml of methanol and 200 ml of anhy
drous ether and transferred to a 1000-ml erlenmeyer flask. Metha
nol (350 ml) was added, and the resulting suspension was magneti
cally stirred for 10 min at room temperature. The solid was filtered 
as before and washed in succession with 150 ml of methanol and 
500 ml of anhydrous ether. It was dried by covering the funnel 
with a piece of neoprene rubber, through which protruded a drying 
tube containing Drierite, and drawing air through it. Final drying 
to constant weight under vacuum gave 180.2 g of solid. Enzymatic 
assay (vide infra) showed that the solid contained 89% 1 by weight, 
corresponding to a 91% yield based on phosphoric acid. A NMR 
assay (vide infra) indicated a composition ratio of 91% 1, 4.4% 
acetamide, and 4.4% ammonium acetate. The sample was stored at 
4° in a desiccator.

Anal. Calcd for C2HnN20 5P: C, 13.80; H, 6.37; N, 16.09. Found: 
C, 12.37; H, 6.56; N, 16.21.

Solvent was evaporated from the filtrate and the residue was 
dissolved in acetone. Filtration of this solution gave 266 mg of 
solid. Concentration of the filtrate and addition of ether gave 34.2 
g (0.58 mol) of acetamide, mp 80-81.5 (lit. mp 81). Removal of sol
vent from the filtrate left 11.0 g of yellow oil of undetermined com
position. The 1 and diammonium phosphate account for 100% of 
the phosphoric acid used originally. Diammonium acetyl phos
phate, ammonium acetate, and acetamide collectively account for 
80% of the ketene and 71% of the ammonia used.

Enzymatic Assay for 1. The enzymatic assay used to determine 
the yield and purity of 1 is based on three coupled enzymatic steps: 
reaction of adenosine diphosphate (ADP) and acetyl phosphate 
yielding adenosine triphosphate (ATP) catalyzed by acetate ki
nase; conversion of glucose to glucose 6-phosphate using this ATP 
catalyzed by hexokinase; and reduction of nicotinamide adenine 
dinucleotide phosphate (NADP+) to NADPH by this glucose 6- 
phosphate catalyzed by glucose 6-phosphate dehydrogenase.

acetate kinase
1 + ADP --------------- ATP + CH3C02- (6)

ATP + D-glucose
hexokinase

ADP + D-glucose 6-phosphate (7)

D-Glucose 6-phosphate + NADP*
glucose

6 - phosphate 
dehydrogenase

6-phospho-D-gluconic acid + NADPH (8)
The conditions used in the assay are such that the equilibrium 

constants for each reaction lie far to the right. Under these condi
tions, the number of equivalents of NADPH produced (measured 
spectrophotometrically at 340 nm) is equal to the number of equiv
alents of 1 added originally. This general assay scheme has been 
used previously.18 The following standard solutions were prepared. 
Solution 1. To 300 mg of D-glucose and a mixture of 500 units of 
hexokinase and 250 units of D-glucose 6-phosphate dehydrogenase 
was added enough triethanolamine buffer (0.2 M, pH 7.6) contain
ing magnesium chloride (0.03 M) to give 200 ml of solution. Solu
tion 2. Water was added to 250 mg of ADP (Na salt) to give 1.0 ml
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of solution. Solution 3. Water was added to 30 mg of NADP+ (Na 
salt) to yield 1.0 ml of solution. Just prior to the assay, approxi
mately 70 mg of 1 was brought to 10.0 ml with water (solution 4). 
To 5.0 ml of solution 1 was added 0.05 ml of solution 2, a 0.01-ml 
aliquot (ca. 8.5 units) of a suspension of acetate kinase in 3.2 M 
ammonium sulfate solution (supplied at 850 units/ml), and 0.05 ml 
of solution 3. The solution was allowed to incubate at 25° until its 
absorbance (measured at 340 nm using a 1-cm cell) had reached a 
plateau (ca. 3 min), and this absorbance (Ai) recorded. Another 
solution was prepared as above, but to this solution was added 0.01 
ml of solution 4. The absorbance of this second solution (A 2) was 
then determined at 340 nm after a similar incubation. The absorb
ance Ai corrects for the small amount of ATP present as a contam
inant in the ADP, any NADPH contaminant in NADP+, as well as 
other species which may have absorbance at 340 nm. For absorb
ances obtained using 1-cm cells, the following equation relates the 
difference, (A2 — Ax), to the numbers of moles of diammonium 
acetyl phosphate present in solution 4.

, , , total volume of assay solutionmoles of 1 =  ---------------------------------i--------------  x
e NADPH

103(A2 -  Aj) =  8.20 x 10-4(A2 -  A {)

NMR Assay for 1. Approximately 130 mg of the reaction prod
uct was dissolved in 0.4 ml of D20, and to this solution was added
0.01 ml of dioxane. The solution was stirred for 10 sec on a vortex- 
mixer, then transferred to an NMR tube, and the spectrum was re
corded. The acetyl protons of 1 fall 1.63 ppm upfield from the di
oxane protons, and are split into a doublet by coupling to phospho
rus (J c- 1.2 Hz). Acetyl protons from acetamide present in the 
sample are found 1.75 ppm upfield from dioxane, while those from 

-ammonium acetate are found 1.83 ppm upfield from dioxane. Inte
gration of the dioxane peak and of the peaks due to 1 acetamide 
and ammonium acetate allows calculations of the percentages of 
these compounds found in the reaction mixtures.

Dianilinium Acetyl Phosphate. To 150 ml of ethyl acetate was 
added 20 g (0.204 mol) of 100% phosphoric acid, the solution was 
cooled to —10°, and ketene was bubbled through the stirred solu
tion for 2 hr. A 75-ml portion of this solution was withdrawn, and 
to the remainder was added 125 ml of precooled methanol, fol
lowed by the dropwise addition of 30 g of aniline (2.5-fold excess) 
over a period of 10 min. During this time, the internal temperature 
of the solution remained at —10°. The resulting crystalline solid 
was collected by suction filtration on a sintered glass funnel, 
washed with 75 ml of acetone and 150 ml of ether, and dried by 
covering the funnel with a piece of neoprene rubber through which 
protruded a drying tube containing Drierite, and drawing air 
through the product. Enzymatic assay showed it to be 89.9% diani
linium acetyl phosphate. An NMR spectrum (DMSO-dg) with di
oxane as internal standard showed a broad multiplet (aromatic 
protons, 10 H, 3-4.2 ppm downfield from dioxane) and a doublet 
[acetyl protons, 3 H, 1.53 ppm upfield from dioxane {J cr 2 Hz)].

Anal. Calcd for C14H19N2O5P: C, 51.53; H, 5.87; N, 8.59. Found: 
C, 50.71; H, 5.95; N, 8.37.

Studies of the Rate of Hydrolysis of 1. Sodium phosphate- 
disodium phosphate buffers (0.2 M in total phosphate) were pre
pared with pH’s 5.83, 6.90, and 8.00. A fourth solution (pH 9.30) 
was prepared from sodium carbonate-bicarbonate (0.2 M). The 
buffers were brought to 39°, and 50 ml of each was added to one of 
four 125-ml flasks containing ca. 70 mg of 1. The initial concentra
tion of 1 in these solutions (ca. 8 mM) was determined by with
drawing a 50-̂ 1 aliquot and assaying enzymatically (vide supra).

The decrease in concentration of 1 at 39° was followed until less 
than 25% remained. At least seven points were taken for each solu
tion. The disappearance of 1 followed first-order kinetics, and led 
to these rate constants te0bsd (XO3 sec-1) (pH): 4.33 (5.83); 3.78 
(6.90); 3.78 (8.00); 4.35 (9.30).

Disodium Acetyl Phosphate. A 2 X 30 cm chromatography col
umn (Pharmacia) was filled with 40 ml of the washed Bio-Rad AG 
MP-50 ion exchange resin (H+ form, 100-200 mesh, 1 . 8 6  mequiv/ 
ml) resin, and 100 ml of sodium hydroxide (1.0 N )  was slowly (1 
ml/min) passed through it. This neutralization was followed by 
washing with 250 ml of water. The column was equilibrated for 2 
hr at 4°. Doubly distilled water was added to 1.0 g of 1 to make 4.0 
ml of solution, and this solution was placed on the ion exchange 
column. Doubly distilled water was passed through the column at 1 

ml/min, and 2.5-ml fractions were collected. These fractions were 
tested for the presence of acetyl phosphate by the hydroxylamine- 
ferric chloride test. 19 Fractions 1-6, pH 4.5, were devoid of acetyl 
phosphate; fractions 7-14, pH 5.5, contained acetyl phosphate. 
These fractions, when combined, were found to contain 85% of the 
initial acetyl phosphate by enzymatic assay.

Registry No.— 1, 55660-58-7; ethyl acetate, 141-76-8; phosphor
ic acid, 7664-38-2; ketene, 463-51-4; ammonia, 7664-41-7; dianil
inium acetyl phosphate, 55660-59-8; aniline, 62-53-3; disodium 
acetyl phosphate, 55660-60-1.
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T h e  e ffe c t  o f  o r th o  su b stitu e n ts  o n  th e  a lk a lin e  h y d ro ly s is  o f  su b s t itu te d  p h e n y l esters o f  a ce t ic  a c id , N ,N - d i- 
m e th y lca rb a m ic  a c id , d ie th y lp h o s p h o r ic  a c id , an d  A f-m e th y lca rb a m ic  a c id  w as an a lyzed  u sin g  ou r  re ce n tly  d e v e l
o p in g  m e th o d  t o  corre la te  re a c tiv ity  d a ta  o f  a se t  o f  o r th o - , m e ta -, an d  p a ra -su b s t itu te d  d eriva tives . T h e  lo g a r ith 
m ic  va lue o f  th e  s e co n d -o rd e r  rate c o n s ta n t  w as e x ce lle n tly  co rre la te d  u s in g  log  k  =  pa0im>p +  &ES + f F  + c, w h ere  
E 3 an d  F  are th e  T a f t -K u t t e r -H a n s c h  ste r ic  an d  th e  S w a in -L u p to n -H a n s c h  fie ld  e f fe c t  c o n sta n ts  o f  o r th o  s u b 
st itu en ts , re sp e ctiv e ly . B y  m ean s o f  th e  re sp e ctiv e  su s ce p t ib il ity  co n sta n ts , p, 6, a n d  f ,  th e  ro le  o f  o r th o  s u b s t itu 
en ts  in th e  h y d ro ly s is  re a ctio n  co u rse  was an a lyzed  q u a n tita tiv e ly .

Analyses of structure-reactivity relationships of hydro
lytic reaction of phenyl phosphates and phenyl carbamates 
are important in order to gain better insight into their reac
tivities with acetylcholinesterase (AChE), which is believed 
to be the target for insecticidal action of these classes of 
compounds. A number of studies have been performed with 
the use of Hammett a constants and related parameters.1-7 
Sometimes, the nature and site of the rate-determining 
process of the overall hydrolytic reaction sequence can be 
inferred from the value of the reaction constant p.4-7 This 
approach is, however, only applicable to meta- and para- 
substituted derivatives. Since some ortho-subs~ituted de
rivatives have been shown to be highly reactive with 
AChE,8 it seems of significance to analyze the effect of 
ortho substituents and to know the role of “ ortho effect” in 
the hydrolytic reaction course.

Recently, we have found that the logarithmic value of 
the alkaline catalyzed hydrolysis rate constant or substitut
ed phenyl IV-methylcarbamates is linearly related with the 
log K a value of the corresponding phenols including ortho 
derivatives." The effect of ortho substituents on the alka
line hydrolysis can be simulated by that on the acid disso
ciation of ortho-substituted phenols. However, the same 
procedure does not apply to other reactions. More recently, 
we have developed eq 1

log k = pa ortho + <5£s + fF + c (1)

to correlate reactivity data of a set of ortho-substituted de
rivatives including the unsubstituted parent compound.9 In 
this equation, k is either the rate or equilibrium constant, 
Es and F are the Taft-Kutter-Hansch steric10’11 and 
Swain-Lupton field effect constants,12 respectively, and p , 
5, /, and c are susceptibility constants and the intercept 
which are determined by the method of least squares. It is 
assumed that (1) the total effect of ortho substituents is 
composed of ordinary polar, steric, and proximity polar ef
fects, (2) the ordinary polar effect is equal to that of the 
corresponding para substituents, i.e., <r0rtho =  0para, (3) the 
steric effect is represented by the Es constant, and (4) the 
proximity polar effect is factored by the F constant. By 
mutual comparisons among eq 1, the corresponding Ham
mett equation (eq 2) and the combined equation (eq 3) for 
ortho-, meta-, and para-substituted derivatives, it has been 
shown that the proximity polar and steric effects of ortho 
substituents are excellently separable from the ordinary 
polar effect for a number of existing reactivity data.

log k = pom,p + c (2)

log k = p<T0jmiP + l5.Esortho + / F ortho + c (3)

In this paper, we have applied eq 1, 2, and 3 to the alka
line hydrolysis data of ortho-, meta-, and para-substituted

phenyl diethyl phosphates, phenyl N-methylcarbamates, 
and phenyl iV,iV-dimethylearbamates to analyze the ortho 
substituent effect on the hydrolytic reaction course. We 
have included, for comparison, a similar data set for substi
tuted phenyl acetates. Phenyl acetates have been exten
sively used to delineate mechanisms of ester hydrolysis 
under various conditions13-15 as well as with a-chymotryp- 
sin.16

Materials and Method
Syntheses of Compounds. The phenyl acetates used are 

shown in Table I. Appropriate substituted phenol (0.1 mol) 
was stirred with acetyl chloride (0.2 mol) for 2 hr at room 
temperature and for 1 hr at 100°. The reaction mixture was 
poured onto ice and the oil which separated was extracted 
with ether, washed twice with saturated NaCl, dried over 
Na2S04, and concentrated. The residual crude sample was 
purified either by repeated vacuum distillations or by re
crystallizations from ethanol. The substituted phenyl di- 
methylcarbamates shown in Table I were synthesized as 
follows. To a solution of phosgene (0.12-0.15 mol) in anhy
drous toluene (150 ml), an appropriate phenol (0.1 mol) in 
toluene (50 ml) was added dropwise with stirring at 0-5°. 
Subsequently anhydrous pyridine (0.11 mol) was added at
5-10°. Pyridine hydrochloride was filtered off and the fil
trate was evacuated to remove excess phosgene. To the re
sulting toluene solution of the substituted phenyl chloro- 
formate, 40% aqueous dimethylamine (22.5 g, 0.2 mol) was 
added at 10-15°. After the addition was complete, the tolu
ene layer was washed three times with saturated NaCl, 
dried over Na2SC>4, and evaporated in vacuo to give a crude 
sample of dimethylcarbamate which was purified either by 
repeated vacuum distillation or by recrystallizations from 
benzene-hexane. The ortho substituents were selected so 
that the simple correlation between F  and Es values is as 
low as possible. Some of compounds used which had not 
been previously reported were confirmed by elementary 
analysis for C and H.Rate of Alkaline Hydrolysis. The reaction rate was fol
lowed spectrally using a Shimazu UV-200 double-beam 
spectrophotometer equipped with a thermostated cell at
25.0 ±  0.2°. The rate for phenyl acetates was measured at 
pH 9.14 ±  0.20 with 0.1 M  Atkins-Pantin buffer (a mixture 
of 0.1 M  Na2CO,3 and 0.1 M  H3BO3-KCI in a ratio (v/v) of 
3.7:6.3), while that for dimethylcarbamates was at pH 13.95 
±  0.20 with 0.9 N  NaOH. The initial concentration of sub
strate in the reaction mixture was 10-3-10-4 M. Because of 
limited solubility of compounds, a certain amount of etha
nol was contained in the reaction mixture: 10 vol % for di
methylcarbamates and 3 vol % for acetates. The pseudo- 
first-order rate constant, fehyd in min-1, was calculated 
from the initial rate of increase in the absorbance due to
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Table I
Phenyl Esters of Acetic Acids and Dimethylcarbamic Acids“

Phenol
substituents

Acetates mp 
or bp (mm), ° C

Carbamates mp 
or bp (mm), ° C

Phenol
substituents

Acetates mp
o

or bp (mm), C
Carbamates mp 

or bp (mm), ° C

H 81-82 (12 )& 4 4 -4 9 ' m -M e 92-93 (13)' 129 (7)
o -F 79-80 (13) 113-114 (7) m -E t 110-112 (19)'
o -C l 100 ( 9)c 130-131 (6) m -O M e 127-128 (13)fe
o -B r 110-111 (13 Y 148-149 (8) m -N 0 2 55' 62
o-I 126-127 (13)ä 163-164 (7) m -C N 58’” 6 3 - 6 4

o-M e 87-88 (13)e 123-124 (7) m -COM e 169-171 (7)
o -E t 105-106 (13) P - F 81-82 (13)"
o -z -P r 103 (9) p - Cl 109 (13)° 1 1 5  ( 0 .3 ) '

o -s e c -B u 131-132 (8) p - Br 120 (13)'
o -f -B u 112 (13) 107 p -  M e 94 (14)° 52'
o-C F 3 46-47 p - E t 105-106 (13)r
o-O M e 115 (13)' 142 (2) p - t - Bu 119 ( 9)' 9 3 - 9 4

o-N 0 2 41* 58 p-OWle 122 (14)' 6 6 '

o-C N 143-144 (22)a P -n o 2 79' 107-108'
m -F 77-78 (13) p - CN 56' 67'
m - Cl 125-127 (4) p -  COMe 53s 123
ra-B r 142 (34)c

a A ll new  c o m p o u n d s  p ro v id e d  a c c e p ta b le  e le m e n ta l a n a lyses. b “ H a n d b o o k  o f  T a b le  for  O rg a n ic  C o m p o u n d  I d e n t if ica t io n ” , 3rd  ed .
C h e m ica l R u b b e r  P u b lish in g  C o ., C le v e la n d . O h io , 1967, p 258. c W . J . W o h lle b e n , Ber., 42 , 4369 (1 909 ). S . B u ch a n  and H . M c C o m b ie .
J. Chem. Soc., 137 (1 931 ). e K . M a ts u m o to  an d  K . H a n , Bull. Chem . Soc. Jpn., 8 , 333 ( 1 9 3 3 ) . '  F . M isa n i and  M . T . B ogert, J. Org. Chem.,
10, 347 (1 945 ). e F . D . C h a tta w a y , J. Chem. Soc. , 2495 (1 931 ). h B . L a ch , Chem. Ber., 17, 1501 (1 884 ). ' K . O n o  an d  M . Im o to , Bull. Chem.
Soc. Jpn., 11, 127 (1 9 3 6 ). J R . L . V a n  E tten , J . F . S e b a s tia n , G . A . C low es, a n d  M . L . B en d er, J. Am. Chem. Soc.. 89, 3242 (1 967 ). * F.
M a u th n er , J. Prakt. Chem., 136, 205 (1 9 3 3 ). 'T . C . B ru ice  a n d  G . !L. S ch m ir , J. Am. Chem. Soc., 79 , 1663 (1 9 5 7 ). m A . C le m m , Ber., 24,
826 (1 891 ). » C . M . S uter, E . J . L o w so n , an d  P . G . S m ith , J . Am. Chem. Soc., 61 , 161 (1 939 ). °  E . K la rm a n n , V . A . S h te rn o v , and  L . W .
G ates , ibid., 55 , 2576 (1 9 3 3 ). p W . A u te n r ie th  an d  P . M ü h lin g h a u s , Ber.. 40 , 744 (1 909 ). Q J . M e ise n h e im e r  an d  L .-H . C h en . Justus Liebigs 
Ann. Chem., 539, 78 (1 9 3 6 ). r W . S . E m e rso n , J . W . H e y d , V . E . L u ca s , W . B . C ook , G . R . O w en s, a n d  R . W . S h o tr id g e , J. Am. Chem. Soe., 
6 8 , 1665 (1 946 ). s J . A . K in g  an d  F . H . M c M illa n , ibid.. 6 8 , 2335 (1 946 ). ' R . D . O ’B rien , B . D . H ilton , and  L . G ilm o u r . Mol. Pharmacol. 
2 ,5 9 3 (1 9 6 6 ) .

Table II
Second-Order Rate Constant for the Alkaline Hydrolysis of Substituted Phenyl Acetates and

lV,JV-Dimethylcarbamates

Substituent

Acetatesc 
10"2 k,a 

M * min *

Carbamates'* 
103 k b

»/-l • _1M mm Substituent

Acetates^ 
10"2fe,a 

M min ^

Carbamates/ 
103 k,b 

M  ̂min ^

H 1.65 2.30 m -M e 1.45 2.00
o -F 4.63 3.18 m -E t 1.50
o -C l 3.35 2.06 m -O M e 2.22 2.57
o -B r 3.69 1.78 m -N 0 2 12.2 14.7
o -I 3.30 1.30 m -C N 9.73 11.9
o-M e 0.74 0.64 m -COM e 5.62
o-E t 0.67 P-F 2.52
o-z '-P r 0.61 p -Cl 3.64 5.88
o -se c -B u 0.38 p-Yir 3.33
o -i-B u 0.32 0.33 p -  Me 1.45 1.89
o -C F j 3.25 p -Et 1.21
o-O M e 1.20 1.15 p -t -Bu 1.14 1.64
o-N 0 2 13.1 4.51 p -OMe 1.43 2.11
o-C N 20.2 P- n o 2 18.6 25.0
m-F 4.66 p -CN 11.9 15.3
m -Cl 6.76 p -COMe 5.99 10.7
m -B r  4.70

0 0.1 M  A tk in s -P a n tin  (N a 2 C 0 3 ~ H 3 BC>3 ) bu ffer , 3%  e th a n o l, 25°, b 0 .9  N  N a O H , 10%  e th a n o l, 25°. c R eg istry  no. are, resp e ctiv e ly , 122-
79-2, 29650-44-0 , 4525-75-1 , 1829-37-4 , 32865-61-5 , 533-18 -6 , 3056-59-5 , 1608-68-0 , 3245-25-8 , 613-70 -7 , 61 0 -69 -5 ,"5715-02-6 . 7 0 1 -83 -7 , 35065- 
86 -2 . "  R eg istry  n o . are, r e sp e ct iv e ly , 69 69-9 0-0 , 55682-12-7 , 7305-01-3 , 7305-04-6 , 55682-13-8 , 7305-06-8 , 55379-70-9 , 55682-14-9 . 55682-15-0 . 
55682-16-1 , 33 73-8 6-2 , 73 05-0 2-4 . c R eg istry  n o . are, r e sp e ct iv e ly , 122-46 -3 , 3056-60-8 , 5451-83-2 , 1523-06-4 , 55682-11-6 . 40 5 -51 -6 . 876-27 -7 . 
1927-95-3 , 140-39-6 , 32 45 -2 3 -6 , 3056-64-2 , 1200-06-2 , 83 0 -03 -5 , 13031-41-9, 13031-43-1. '  R eg istry  n o . are. re sp e ct iv e ly , 73 05-0 7-9 . 7305-09-1 . 
7304-99-6 , 55682-17-2 , 2689-47-6 , 7305-03-5 , 7305-08-0 , 5461-74-5 , 7305-10-4 , 7244-70-4 , 14100-44-8, 52916-82-2 .

the formation of phenoxide. The decrease in the substrate 
concentration was negligible and the rate of phenoxide for
mation was almost constant at least for the first 5 min 
under the present conditions. The second-order rate con
stant, &oh. was estimated from khyd and pH values. The 
rate experiments were performed at least three times with

different substrate concentrations. The average standard 
deviation in koH values is estimated as being 4%. kon 
values of phenyl acetates and dimethylcarbamates are list
ed in Table II. The rate constants of substituted phenyl di
ethyl phosphates are taken from the work of van Hooidonk 
and Ginjaar.5 Those of phenyl Al-methylcarbamates are
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Table III

Log k Values Used in Correlations of Phenyl Diethyl 
Phosphates and Phenyl IV-Methylcarbamates

Substituent and log fe> M * min *

Phosphates2 H: -1.56, o-Cl: -0.81, o-Br: -0.85,
o-I: -0.94, o-C2H5: -1.94, o - i -  
C3H7: -1.99, o-OCH3: -1.66,
o-N0 2: 0.12, m-Cl: -1.03, 
m -Br: -1.00, w-CH3: -1.67, 
m-OCH3: -1.43, ot-N02: -0.42, 
p - Cl: -1.16, p - B r :  -1.12. 
p - 1: -1.11, p-C2H5: -1.71, p - i -  
C3H7: -1.70, p-OCH3: -1.78, 
p-SCH3: -1.35, p -NH2: -1.84, 
/>-COCH3: -0.71, p - CN: -0.42, 
p - N02: -0.18

N-Methyl- H: 2.38, o-F : 3.89, o-Cl: 3.92,
carbamates6 o-Br: 4.10, o-I: 4.01, o-CH3: 1.67,

o - C 2H 5: 1.67, o - i - C3H7: 1.69,
o - C 3H 7: 1.66, o-sec-C 4Hci: 0.33,
o -f-C 4H9: 0.83, o-OCH3: 2.53, 
o - O C 2H 5: 2.48, o - z - C 3H 7: 2.35,
o-CN: 5.44, o-N02: 5.79, 
m - F: 3.30, m-Cl: 3.26, 
m-Br: 3.54, w-CH3: 2.28, 
m-OCH3: 2.55, m-CN: 4.10, 
m-N02: 4.44, m-N(CH3)2: 2.15, 
p - F: 2.40, p - Cl: 3.00, p-Br: 3.10,

• p-CH3: 1.98, p-OCH3: 1.79, 
p-CN: 5.00, p-N02: 5.66, 3,4- 
(CH3)2: 1.80

“ F rom  C . v a n  H o o id o n k  an d  L . G in ja a r , Reel. Trau. Chim. 
Pays-Bas, 8 6 , 449 (1 967 ). “ F rom  T . F u jita , K . K a m o sh ita , T . 
N ish iok a , an d  M . N a k a jim a , Agric. Biol. Chem., 38 , 1521 (1974).

previously reported values.7 Their logarithm values are in 
Table III.

Substituent Parameters. The E s value used in this 
work is not Taft E a° for the aromatic ortho substituents 
but the one for the aliphatic system,10 which is a space-fill
ing parameter as demonstrated by Charton.17 For hetero
atom substituents, the E a value was estimated by eq 4

E a = 3.484 -  1.839 rv (4)

where rv is the average van der Waals radius according to 
Kutter and Hansch.11 For the OR, SR, and NHR substitu
ents, the values were calculated using oxygen, sulfur, and 
nitrogen radius only. For unsymmetrical top-type 0 -NO2 

group, two values of E s were calculated corresponding to 
the group being either coplanar with or perpendicular to 
the reaction site by substituting the value of half-width or 
half-thickness of the group for rv in eq 4. However, for re
action in this work, the value with the maximum dimension 
for the coplanar orientation gave much better correlations 
than the other. For these original E a values, the point of 
reference is the methyl group, i.e., Es(Me) = 0. In this 
work, however, the reference group is shifted to hydrogen 
for the sake of simplicity. The F  values were first defined 
by Swain and Lupton,12 but recently improved and extend
ed by Hansch and coworkers.18 The scale of the original set 
was not correct. The Taft <ti constants19 show rather small 
differences from the corresponding F  values. The correla
tions using crj have been shown to be almost equivalent to 
or slightly poorer than those with eq 1 and 3 for various 
sets of reactivity data.9 While we have selected here to use 
the Swain-Lupton-Hansch F  constants, this does not nec
essarily mean that the Taft o\ constants are not applicable

to the current analyses. The relevant sets of substituent pa
rameters are shown in Table IV.

Results
The three types of correlation, cor 1, 2, and 3, derived 

using eq 1, 2, and 3, respectively, are shown in Table V with 
some statistical values. The levels of significance of all the 
correlations presented in Table V are better than 99.5% as 
examined by the F  test. Each term is justified above the 
99% level by t test and represents a significant improve
ment above the 99% level over the corresponding equation 
minus that variable by F  test, except for the E a term in cor 
1 of set 3, which is justified at the 97.5% level by t test and 
the 98.5% level by F  test.

For phenyl acetates (set 1) and dimethylcarbamates (set
2), ct° for the “ insulated” substituent effect20 is used to give 
correlations which are much better than those with ct and 
ct~.20 For meta- and para-substituted phenyl phosphates, a 
modified Yukawa-Tsuno equation21 (eq 5)

log k = p o °  + 5Act + c ; Acr = ct~ — 0 ° (5)

(considering to a certain extent the through-resonance ef
fect of para substituents) gives an excellent result (set 3, 
cor 2). The b Acr term is also statistically significant in cor 3 
where the same effect is allowed for the corresponding 
ortho substituents. The ordinary polar effect of ortho sub
stituents is expressed as 0 ° + b(<r — o°)/p  in this case. 
However, in cor 1 for unsubstituted and ortho-substituted 
derivatives only, this term is statistically not significant. In 
this correlation, the 0 -NO2 and o-OMe derivatives are 
those for which the values of ct and ct° of substituent are 
different as apparent from Table IV. The value of Act for 
the other six compounds is zero. The variation in the Act 
value is so small that the contribution of this term cannot 
be established with statistical confidence.

The rate constants of meta- and para-substituted phenyl 
iV-methylcarbamates are well correlated with ct~ (set 4, cor
2) . However, when those of ortho-substituted derivatives 
are analyzed by assuming that CTortho = ctp~, the correlations 
give only poor results. If CTortho values are taken as ctp in
stead of CTp—, the correlations are excellent (set 4, cor 1 and
3) where a #  (sigma mixed) is a set of <r0rtho (= o-p), o m, and 
ctp-.

It is immediately apparent that, for each of the sets in 
Table V, p and c  values of the usual Hammett equation for 
meta- and para-substituted derivatives (cor 2) are practi
cally identical with those for ortho-substituted derivatives 
(cor 1) and for the combined data set (cor 3). The terms, 
&ES and fF , in cor 1 correspond very well with those in cor
3. Thus, the assumptions which eq 1 is based upon hold 
generally only with a slight modification in the case of IV- 
methylcarbamates.

Discussion
The hydrolysis of esters is generally regarded as fol

lowing the addition intermediate path.6-22 For the alkaline 
hydrolysis of phenyl esters, it is shown as Scheme I. Under 
conditions where a steady state is maintained for the addi-

Scheme I
0"

II A,[0H-] I l

Ar— 0— Y— Z ~  Ar— 0 — Y— Z

OH

Ar— O-  +  “ 0— Y— Z
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Table IVSubstituent Parameters Used for Correlations“
Substituent “ra6 dpft °moC (TpO C <7p-C Esi F e

H OO

0.0 0.0 0.0
Me -0.07 -0.17 -0.12 -1.24 -0.04
Et -0.07 -0.15 -0.13 -1.31 -0.05
¿-Pr -0.0 7' -0.15 -0.16 -1.71 -0.05
n-Pr -0.15* -1.60 -0.06
scc-Bu -0.15* -0.16 -2.37 -0.05*
i-Bu -0.10 -0.20 -0.17 -2.78 -0.07
OMe 0.12 -0.27 0.06 -0.16 -0.20/ -0.55 0.26
OEt 0.07/ -0.24 0.04* -0.14* -0.55 0.22
O -i-Pr -0.45 -0.55 0.30
F 0.34 0.06 0.35 0.17 -0.02/ -0.49 0.43
Cl 0.37 0.23 0.37 0.27 -0.97 0.41
Br 0.39 0.23 0.38 0.26 -1.16 0.44
I 0.35 0.18 0.35 0.27 -1.40 0.40
c f 3 0.43 0.54 0.65 -2.40 0.38
COMe 0.38 0.50 0.38/ 0.46 0.87'
CN 0.56 0.66 0.62 0.69 0.90 -0.51 0.51
NO, 0.71 0.78 0.70 0.82 1.24/ -1.01* 0.67

-2.52*
nh2 -0.16 -0.66 -0.14 -0.38 -0.15
NMe2 -0.21/ -0.44 -0.61 0.10
SMe 0.15 0.0 0.08

°  V a lu e s  used in  th is  w ork are liste d . W hen a n ~ va lu e  is taken as <7,,° for su bstitu en ts w hich  do not undergo e lectro n -w ith d raw in g  through- 
resonance, it  is  not shown. L ik e w ise , i f  a m° va lu e  is  equal to <rm, it  is  not n ecessa rily  liste d . b F ro m  the c o m p ila tio n  of D . H . M c D a n ie l and
H . C . Brow n, J. Org. Chem., 23, 420 (1958), unless otherw ise n o te d .c Fro m  ref 20 unless otherwise noted. d F ro m  ref 10 and 1 1 ;  the point of 
reference is  shifted  to E ,  of H ; see text. e F ro m  ref 18. < Fro m  the co m p ila tio n  of M . S . T u te , Adv. Drug Res., 6. 68 (19 7 1) . * E s t im a te d  from 
values of clo se ly  related substitu en ts. * F o r the m in im u m  steric effect of the p erp e n d icu lar d im en sio n . ' F o r the m a x im u m  steric  effect of 
the co p lanar d im ensio n.

tion intermediate, the overall second-order rate constant 
fesec is expressed by the rate constants of elementary steps 
as eq 6. There are two extreme cases depending on the loca
tion of the rate-determining step.

kBec = k ik ^ /ik -i + k2) (6)
If the rate-determining step is the nucleophilic attack of 

OH~ on the carbonyl carbon and the phenoxide splitting 
occurs quickly, ksec is reduced to k x, since k2 »  f e - i  in eq 6.
Since the site of reaction center in the rate-determining 
step is located at the second atom from the benzene ring, 
the rate constant ksec is susceptible to the aromatic substit
uent effect probably to a degree similar to the acid disso
ciation of substituted benzoic acids (p = 1.0).23 In fact, the 
p values for phenyl acetates and dimethylcarbamates are
I. 18 and 1.16, respectively. Thus, for hydrolysis of these 
two series of esters, the hydroxide attack is rate limiting.
The correlations with a° indicate that the conjugation of 
the acyloxy group in phenyl acetates and dimethylcarbam
ates with the benzene ring occurs in neither initial nor in
termediate state. Recently, Cohen and Takahashi15 have 
shown evidence which supports the lack of the electron-at
tracting through-resonance effect of para substituents such 
as P-NO2, -CN, and -COCH3 on the phenoxy oxygen lone 
pair electrons in the hydrolysis of phenyl acetates. The ste
ric inhibition of the conjugation of acyloxy group due to 
ortho substituents need not be considered.

The other extreme is the case where the addition occurs 
in a rapid equilibrium and the phenoxide splitting is rate 
limiting. Then, the overall second-order rate constant is ex
pressed as fe8ec = k2ki/k-x, since k2 «  fe-i in eq 6. In this 
case the reaction constant p will reflect the sum of those for 
steps k i/k - i and. k2. The p value for the preequilibrium 
step, k i/k -i, is expected to be around 1.0. The step k2 can 
be considered to possess a p value about 2.0, similar to that 
for the dissociation of phenols.23 Since the phenoxide split

ting step, k2, will be facilitated by the electron-attracting 
through-resonance effect and since it is more susceptible to 
the aromatic substituent effect than the preequilibrium in
termediate formation, the rate constant is probably better 
correlated with a~.

The correlation for phenyl phosphates falls between the 
above described two extreme cases. Correlation 3 of set 3 
indicates that the polar effect is best illustrated as a linear 
combination of a° and a~: 1.42<r° + 0.45(«r-  — <r°) = 1.42 
(0.68<r° +  0.32(t_). The fact that the polar effect contains 
about 70% cr° character and the p value (1.42) is rather 
close to 1.0 suggests that the overall rate is mostly con
trolled by the step of hydroxide attack.

The p value for N -methylcarbamates (set 4) is close to 
what is expected for rate-determining phenoxide splitting 
mechanism with the use of a~ for through-resonating para 
substituents. Unlike the above-described cases, however, 
the hydrolysis does not occur through the addition inter
mediate but via a quick preequilibrium deprotonation as 
shown in Scheme II.4’7 Thus, the overall reaction constant,

Scheme II

Ar—0—C—N *,[OH~

'Me
Ar—0—c—n:

'Me

Ai—O—C=N\
MeJ

Ar— CT -I- 0 = C — N,
\ Me

p = 2.5, corresponds to the sum of those for the two consec
utive steps. The deprotonation equilibrium seems to have a 
p value around 0.5, similar to the one for the acid dissocia
tion of phenylacetic acids.23 The fact that the correlations 
including ortho-substituted derivatives (cor 1 and 3) are
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Table V
Correlation of Hydrolysis Data with Eq 1, 2, and 3° 

log k = pa + dEs + fF  + bAa +  c

Set
no. Esters and condition

Cor&
no. P 6 f b C nc "o‘ se rf F*

1 1.234(7° 0.185 0.482* 2.263 12 12 0.052 0.997 414.2
(±0.234) (±0.045) (±0.295) (±0.085)1 Acetates 2 1.174ff° 2.258 18 0 0.037 0.996 1921.5

3% EtOH-H20, 25° (±0.057) (±0.022)(lu^ k h — 2.22} 3 1.180(7° 0.185 0.538 2.258 29 12 0.041 0.997 1203.3
(±0.054) (±0.023) (±0.094) (±0.021)

1 1.144a° 0.232 -2.684 11 11 0.128 0.956 42.2
(±0.305) (±0.102) (±0.168)

2 Dimethylcarbamates 2 1.145(7° -2.591 14 0 0.056 0.991 681.2
10% EtOH-HjO, 25° (±0.096) (±0.041)
(log k H =  -2.64) 3 1.164(7° 0.271 -2.610 24 11 0.095 0.983 302.0

(±0.121) (±0.043) (±0.057)
1 1.63 9ct° 0.090* 0.840 -1.553 8 8 0.034 0.999 1063.6

(±0.252) (±0.060) (±0.281) (±0.089)
3 Diethyl phosphates 2 1.405cr° 0A721 -1.508 17 0 0.052 0.996 785.3

2% i -PrOH-H20, 25° (±0.090) (±0.207) (±0.033)
(log kH = -1.56) 3 1.420a° 0.134 0.950 0.445-* -1.510 24 8 0.051 0.997 732.0

(±0.083) (±0.047) (±0.178) (±0.181) (±0.028)
1 2.216(7 0.244 3.233 2.477 16 16 0.133 0.997 605.9

(±0.349) (±0.103) (±0.471) (±0.200)4 Methylcarbamates 2 2.690a" 2.440 17 0 0.128 0.994 1262.8
10% EtOH—H20, 38° (±0.161) (±0.077)
(log feH = 2.38) 3 2.541a# 0.241 2.989 2.501 32 16 0.148 0.994 802.1

(±0.144) (±0.069) (±0.285) (±0.073)
“  U n less  oth erw ise  n o te d , th e  va lu e  o f  p, 5, f, a n d  b are ju s t ifie d  b y  t te st at b e tte r  th a n  th e  99 .5%  level o f  s ig n ifica n ce . T h e  fig u res  in  p a r 

en th eses are the- 95%  c o n fid e n ce  in terva ls . 6 C orre la tion  n u m b e r; see te x t . c T h e  n u m b e r  o f  d a ta  u sed  in  th e  co rre la tio n . d T h e  n u m b e r  o f  
d a ta  o f  o r th o -su b s t itu te d  d eriv a tiv es  in c lu d in g  th e  u n su b stitu te d  ester. e S ta n d a rd  d e v ia tio n . < M u lt ip le  corre la tion  co e ffic ie n t . * F  v a lu e  o f  
the co rre la tio n . h J u stifie d  at a leve l b e tw een  99 .5  a n d  99% .1 J u stifie d  a t  a leve l b e tw een  99 a n d  9 7 .5 % .1 Aa = a~ — a

excellent, only when <rOTtho is taken as <7para but not as <r~para 
indicates that the overlapping of phenoxy oxygen lone pair 
electrons with those of the benzene ring is seriously limited 
by ortho substituents and the electron-attracting through- 
resonance effect of ortho substituents is almost inhibited at 
the rate-limiting phenoxide splitting step.

It is interesting to compare correlations of set 4 with cor
responding ones for log K a of substituted phenols (eq 7-9). 
The ortho-substituted phenols are correlated with the use 
of <r and the whole set compounds are with <r# for the ordi
nary polar effect of substituents.9 It is apparent that the 
correlations are quite similar to those for the iV-methylcar- 
bamate hydrolysis. In particular, the coefficients of three 
terms of eq 7 and 9 are nearly proportional to correspond
ing ones of cor 1 and 3 of set 4. The fact that the log K a 
value of phenols is approximately linearly related with the 
log k value of phenyl N-methylcarbamate hydrolysis in
cluding ortho-substituted derivatives can be understood on 
this basis.

For ortho derivatives:
log X A = 2.196 (±0.749) a + 0.199 (±0.148) Ea +

2.173 (±0.930) F  -  9.727 (±0.308)
n = 14 s = 0.203 r = 0.990 (7) 

For meta and para derivatives:
log Ka = 2.061 (±0.099) a~ -  9.836 (±0.055)

n = 27 s = 0.097 r = 0.993 (8) 
For ortho, meta, and para derivatives: 

log Ka = 2.036 (±0.118) <r# ±  0.167 (±0.060) EB +
2.395 (±0.260) F  -  9.814 (±0.065)

n = 40S = 0.134 r = 0.932 (9)

The 5 values for sets 1 and 2 are positive and close to 
each other (0.22 ±  0.03) indicating that the space-filling ef
fect of ortho substituents is inhibitive of the reactivity and 
is similar between these two sets of phenyl esters. The ster- 
ically critical rate-determining step of these reactions is lo
cated at a quite similar geometrical position relative to the 
benzene ring. Since the steric inhibition of resonance does 
not seem to be important, the ortho substituents probably 
hinder the approach of nucleophile to the reaction site and/ 
or prevent the formation of space-requiring tetrahedral ad
dition intermediate according to their space-filling dimen
sions. Recently, the magnitude of 5 values has been de
duced to be a function of the distance between ortho sub
stituent and the reaction site from 44 sets of analyses.9 
Nearly constant 5 values have been found for eight benzoyl 
transfer (0.63 ±  0 .14) and three phenylacetyl transfer (0.39 
±  0.01) reactions.9

The transition state of phenyl phosphates is more ad
vanced on the reaction coordinate than that of the above 
esters as suggested by the polar effect of substituents being 
expressed as a linear combination of <r° and a~. Thus, their 
phenoxy-oxygen-phosphorus bond seems to be weakened 
and extended more than the corresponding bond of the 
above esters. However, this bond extension does not signifi
cantly modify the steric course of the hydrolysis, resulting 
in only slightly smaller & value.

The 5 value for set 4 for iV-methylcarbamates is similar 
to values for sets 1 and 2. However, differing in the reaction 
mechanism from these systems, it probably indicates the 
susceptibility of critical phenoxide formation to the steric 
effect of ortho substituents. In fact, it may be taken as 
rather similar to the values in eq 7 and 9 for log K a of phe
nols. The steric effect on the preequilibrium deprotonation
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occurring at the third atom from the benzene ring does not 
seem to be involved in this S value.

In the present correlations, the steric effect of 0-NO2 
group is fit best with the Ea value for its maximum dimen
sion. In the sterically critical step of hydrolysis reactions, 
the 0-NO2 group seems to remain coplanar with the ben
zene ring. The conjugation of the 0-NO2 group is not inhib
ited, while the intergroup through-resonance between
0-NO2 and acyloxy groups is not significant.

Substituent effects on the hydrolytic reaction course of 
phenyl acetates and dimethylcarbamates are very similar 
to each other including ortho-substituted derivatives as far 
as the ordinary polar and steric effects are concerned. How
ever, the proximity polar effect of ortho substituents signif
icantly differs between these two series. A distinct proximi
ty effect appears to be involved for the ortho-substituted 
phenyl acetates (set 1, cor 1 and 3) while not significant for 
the ortho-substituted dimethylcarbamates (set 2, cor 1 and
3). As suggested in our recent analyses, the magnitude of f  
may be subject not only to the distance between reaction 
site and the benzene ring but also to the side chain struc
ture to some extent.9 Even though the geometrical location 
of the rate-limiting reaction site is similar to the above 
cases, the negative /  value (—0.29 ±  0.05) has been found 
for three phenylacetyl transfer reactions.9

The large /  value (3.0) for set 4 should come mostly from 
a high susceptibility of the rate-determining phenoxide for
mation step to the electron-withdrawing proximity polar 
effect of ortho substituents, which can be compared with 
that for the dissociation of phenols, 2.4 in eq 7 and 9. The 
difference may be attributed to the effect of ortho substitu
ents on the preequilibrium deprotonation step. The /  value, 
0.90 ±  0.04, for set 3 is larger than that for set 1 of phenyl 
acetates. It may be mostly attributed to the step of addi
tion intermediate formation, containing in part a compo
nent due to the phenoxide splitting.

The above work indicates that the ortho effect on the al
kaline hydrolysis of phenyl esters can be analyzed quanti
tatively by means of b and f  terms of component effects

overlapping on the ordinary polar effect of ortho substitu
ents. The component effects participate in the total effect 
of ortho substituents generally to varying degrees accord
ing to reaction systems. We must be careful in discussing 
mechanism of reactions of these classes of compounds in
cluding ortho derivatives with enzyme systems so as to se
lect reference reaction systems and conditions as close as 
possible to those of the enzymatic reactions.
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A simple method for the preparation of the title compounds 4 is described and demonstrated on a variety of in
doles (1) and ketones (2). Some reactions of these new derivatives are discussed.

Reactions of indoles with ketones under acidic condi
tions are well documented.1 The general course is electro
philic attack by the carbonyl carbon at the indole 3 posi
tion, leading via 3-methyleneindolenines or indolyl-3-carbi- 
nols to diindolylmethanes (Scheme I).

We found that cyclic ketones (2), contrary to this general 
observation, give 1:1 reaction products with 3-unsubsti- 
tuted indoles (1). This reaction proceeds with a wide vari
ety of cyclic ketones in excellent yields, affording indole de
rivatives of the general formula 4, hitherto little known2’3 
and accessible only via tedious de novo syntheses. Obvious
ly, the intermediates 3 stabilize by water elimination.

The scope of this reaction was investigated using 1,2-

y  - r

R
1
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Scheme I

“ 0

dimethylindole and a number of cyclic ketones (Table I) 
and secondly by combining iV-methyl-4-piperidone with a 
number of indoles (Table II).

The variety of ketones leading to cycloalkenylindoles can 
be seen from Table I. The reaction did not proceed with 
the following cyclic ketones: tetrahydrofuranone, cvclopen- 
tanone, and adamantanone.

Some ketones were selected with the expectation to find 
biologically interesting compounds; e.g. 6 and 7 (4o) and 
their hydrogenation product 8 are cyclic tryptamines.

The same concept governed our choice of indoles in 
Table II, giving some preference to 5-substituted indoles.

Some reactions with unsymmetrically substituted ke
tones produced the expected mixture of isomers.

The product 4d, obtained from 1,2-dimethylindole and 
ethyl cyclohexanone-2-carboxylate and subsequent saponi
fication, is a mixture of the 1- and 2-unsaturated isomers, 
as shown by their NMR spectrum.

A similar mixture was detected by TLC in the case of 
4m. A small part of the «,/I-unsaturated ester could be sep
arated by column chromatography. The remaining mixture 
crystallized as hydrochlorides and showed an NMR spec
trum indicative for a ratio of a,d:d,Y-unsaturated esters of 
3:1.

The reaction of AT-ethyl-3-piperidone with 1,2-dimethyl- 
indole resulted in three compounds which could be sepa
rated on silica: the dimer (5), the 2,3-piperideine (6), and 
the 3,4-piperideine (7).

CH,

Hydrogenation of either 6 or 7 gave the indolylpiperidine
8.

The 1,2,3-unsubstituted indoles gave under these condi
tions a considerable amount of the bisindolylcycloalkanes, 
9 and 10, in addition to the main products 4q and 4r.

9, R =  H
10, R = 0 C H  j

Ethyl l-methylindole-2-carboxylate (11), 1-methylin- 
dole-2-carboxamide (12), and l-methyl-2-aminomethylin- 
dole (13) failed to react with cyclohexanone and iV-methyl-
4-piperidone. We were especially interested in this reaction 
and succeeded finally with l-methyl-2-formylaminometh- 
ylindole (14) and cyclohexanone (Scheme II). The resulting

Scheme II

12, R=CO N H 2
13, R =  CH,NH2
14,R =  CH2NH-CHO

19 20, X = 0
21, X = NH

product (15), after hydrolysis and hydrogenation, smoothly 
underwent the chromium trioxide oxidation-rearrange
ment of Yamamoto et al.4 to the benzodiazepine 18. Under



3-Cycloalkenylindoles J. Org. Chem., Vol. 40, No. 17,1975 2527

Table P

4 R Ketone 2 time Temp, °C % Mp,°C Empirical formula Found C, % H, % N, %

40 min 60-70 89 109 c 16h 19n 85.28 8.50 6.22
85.54 8.35 6.30

4 hr 90 75 1616

4 hr 60 85 165-168 c 16h 17no 80.30 7.16 5.85
80.10 7.34 5.87

1 hr 75 69* 153-155 Ci7Hi9NC>2 75.81 7.11 5.20
75.76 7.05 5.28

90 min 75 30" 168-171 C18H19NO2 76.84 6.81 4.98
76.82 6.89 5.08

6 hr 70 97 118 C15H17NS 74.05 7.04 5.76
73.99 6.89 5.82

30 min 60 95 79 c 16h 20n 2- hci 69.40 7.66 10.11
270-275* 69.07 7.55 9.89

2 hr 60 85 246* C22H24N2 -HC1 74.87 - 7.14 7.93
74.67 7.67 7.93

60 min 60 87 76 C15H18N2-HC1 68.56 7.29 10.66
255-265* 68.64 7.45 10.57

90 min 80 82 112 C19H26N2 80.80 9.28 9.92
80.45 9.31 9.97

3 hr 20 95 199 0 as 0 76.08 7.51 10.43
76.02 7.52 10.37

7 hr 110 67* 197' C13H24N20 2 • HC1 65.41 7.22 8.03
65.66 6.94 8.10

23 hr 60 85 118 C18H2,N2 -HC1 71.38 7.65 9.25
260* 71.26 7.51 9.14

90 min 75 k

13 hr . 80 40 148 C2oH24N2C)2 74.04 7.46 8.64
73.98 7.58 8.68

COOHd 6 -

HOOC-

f  o

O “0
/ 0H

b -
COOC.H,

ç>°
0

CH,
COOC,Hs

O = o
CH— N( ^ y ~  CR,— f / ^ - C

CH,— CH,— IvT

* « 0 “ O '
CH;, CH,

CH,—/ - x  
k HN / -  

C H ,-\^  
CH,

0*

ch, - A
HN ) = 0

ch3—
CH,

1 CH,CO— t / ^ y —  CH,CO— l / ^ —0

m
ch ,— n y —

COOC.H, C00C,Hs

CH,— l / ^ = 0

n h :h, N—-CH,V=0Ĥ =0

« Q ~
C,H.

- R
C00C,Hs

0 = 0

I
OH,-HCl

P
COOC,H,

“ Satisfactory analytical data (±0.4% for C, H, N) were reported for all new compounds listed in this table. 6 See also literature.5 - Or from 
3-ethoxy-2-cyclohexen-l-one. d The crude ester was saponified with KOH-ethanol to give this yield of crystalline acid, a mixture of two 
isomers. See text. e The crude ester was saponified, overall yield. f Hydrochloride. * 4-Piperidone monohydrate hydrochloride. h Mixture of 
both isomers. ‘ l,2-Dimethyl-3-[4-(l-methyl-3-ethoxycarbonyl-l,2,5,6-tetrahydropyridyl)]indole hydrochloride. k See text.

the same conditions, the unsaturated intermediate 16 cy- 
clized and dehydrogenated to the carboline 19, which we 
synthesized independently from the indolocoumarin 205 
via 21 as indicated in Scheme II.

The structures of 4 were verified by elemental analyses,

spectral evidence (all show the characteristic vinyl proton 
at 5 5.8), and subsequent reactions. Hydrogenation, wher
ever attempted, yielded smoothly the cycloalkylindoles, as 
shown for 8. Dehydrogenation of 4e under the usual condi
tions afforded the expected substituted phenylindole 22.
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4

CH3

Table IP

Reaction

time, Calcd

hr Temp, °C Y ield , % Mp, °C Empirical formula Found C , % H, % N, % Registry no.

“ Satisfactory analytical data (±0.4% for C, H, N) were reported 
chloride.

120-72-9

c  i5h 18n 2o 74.34 7.48 11.56 1006-94-6
74.24 7.63 11.60

0 K CD 2 79.60 8.02 12.38 95 -20 -5
79.53 7.89 12.48

O » 2 O 74.96 7.86 10.93 1076-74-0
74.87 7.72 11.03

C 17H22N2O 75.52 8.20 10.36 17591-06 -9
75.49 8.00 10.04

C 15H17C1N2 69.08 6.57 10.74 1075-35-0
68.89 6.65 10.69

c 16h 19c i n 2 69.93 6.96 10.19 55556-49-5
69.84 7.02 10.07

c 21h 22n 2 83.40
83.76

7.33
7.42

9.26
9.15

3558-24-5

c 22h 23c i n 2o - h c i 65.50
66.09

5.99
6.34

6.94
6.89

55556-50-8

for all new compunds listed in this table. 6 See literature.3 c Hydro-

Experimental Section9

General Procedure for the Preparation of 3-Cycloalkenyl- 
indoles (4). The appropriate indole derivative (20 g) was dissolved 
in 400 ml of glacial acetic acid. When the temperature stated in 
Table I or II was reached, 100 ml of 2 N  phosphoric acid and an
1.5-3 molar excess of the appropriate ketone was added. The mix
ture was stirred at this temperature for the time indicated. In some 
cases the end product was collected by fdtration after cooling; in 
many cases the mixture was poured on ice-ammonia and the reac
tion products were extracted, mainly with ethyl acetate and 
worked up as usual. A typical7 uv spectrum (4g): Xmax 230 nm (e 
24,000), 285 (6200).

3-( l,2-Dimethyl-3-indolyl)-lV-ethyltetrahydropyridines (6
and 7). 1,2-Dimethylindole (10 g, 69 mmol) and l-ethyl-3-piperi- 
done hydrochloride (15 g, 91 mmol) were allowed to react as shown 
in the general procedure for 4o. The resulting oil was separated on 
silica [20 cm column, 8 cm diameter, eluent chloroform-methanol
(97:3)].

The first (6) of the three main reaction products (TLC) was an 
oil, 4.7 g, which gave a crystalline hydrochloride from ethanol- 
ether: mp 95-100°; 3.3 g (17%); NMR (D20 ) & 8.4 (s, 1), 7.5-7.1 (m,
4), 4.2-3.8 (m, 4), 3.7 (s, 3), 2.5 (s, 3), 2.5-1.9 (m, 4), 1.6 (t, 3, J = 7 
Hz).

Anal. Calcd for Ci7H22N2-HC1: C, 70.18; H, 7.98; N, 9.63. Found: 
C, 70.34; H, 7.76; N, 9.32.

The second fraction crystallized from ethanol and appeared to 
be 3,3-bis(l,2-dimethyl-3-indolyl)-l-ethylpiperidine (5): yield 2.2 g 
(16%); mp 182°; NMR (CDC13) 6 8.4-8.2 (m, 1), 8.3-7.8 (m, 1),

7.2-6.9 (m, 6), 4.0-1.5 (m, 10), 3.25 (s, 3), 3.20 (s, 3), 1.35 (s, 3), 1.30 
(s, 3), 0.9 (t,3, J =  7 Hz).

Anal. Calcd for C27H33N3: C, 81.15; H, 8.32; N, 10.51. Found: C, 
80.91; H, 8.45; N, 10.31.

The major component eluted last from the column (7) yielding
9.8 g (56%) of a clear oil. It crystallized as the picrate from ethanol: 
mp 172°; NMR (DMSO-d6) S 9.6 (s, 1), 8.6 (s, 2), 7.6-6.9 (m, 4), 5.8 
(s, broad, 1), 4.0 (s, 2), 3.7 (s, 3), 3.7-2.3 (m, 6), 2.4 (s, 3), 1.3 (t, 3, J 
= 7 Hz).

Anal. Calcd for Ci7H22N2-C6H3N307: C, 57.13; H, 5.21; N, 14.49. 
Found: C, 57.44; H, 5.24; N, 14.75.

3-(l,2-Dimethyl-3-indolyl)-JV-ethylpiperidine Hydrochlo
ride (8). Hydrogenation of either 6 or 7 in ethanol at room temper
ature and 50 psi over palladium on charcoal and subsequent treat
ment with hydrochloric acid afforded the title compound in almost 
quantitative yield: mp 250°; NMR (CDCI3) 5 12.1 (s, 1), 7.8-6.9 (m,
4), 4.2-1.7 (m, 11), 3.6 (s, 3), 2.4 (s, 3), 1.4 (t, 3, J  = 7 Hz).

Anal. Calcd for Ci7H24N2-HC1: C, 69.69; H, 8.60; N, 9.56. Found: 
C, 69.80; H, 8.71; N, 9.68.

4.4- Di(3-indolyl)-l-methylpiperidine (9). The reaction mix
ture from indole and a twofold excess of l-methyl-4-piperidone 
(see general procedure for 4q) was chromatographed on silica with 
chloroform-methanol-ammonia (70:29:1). The main fraction leav
ing the column first was compound 4q (see Table II). The second 
fraction (30%) crystallized from methanol: mp 295-300°; NMR 
(DMSO-de) « 10.8 (s, 2), 7.6-6.5 (m, 10), 2.8-2.3 (m, 8), 2.2 (s, 3).

Anal. Calcd for C22H23N3: C, 80.20; H, 7.03; N, 12.75. Found: C, 
80.14; H, 7.12; N, 12.67.

4.4- Bis(5-methoxy-3-indolyl)-l-methylpiperidine (10). This
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compound was obtained analogously to 9, as a by-product in the 
preparation of 4r: mp 275-280° dec from ethyl acetate; yield 35%; 
NMR (DMSO-de) 6 10.6 (s, 2), 7.5-6.5 (m, 8), 3.6 (s, 6), 2.7-2.4 (m, 
8), 2.2 (s, 3).

Anal. Calcd for C24H27N3O2: C, 74.00; H, 6.98; N, 10.78. Found: 
C, 73.86; H, 7.15; N, 10.75.

l-Methyl-2-formylaminomethylindole (14). l-Methyl-2-ami- 
nomethylindole (136 1.8 g, 11 mmol) was heated to reflux for 6 hr 
in 20 ml of ethyl formate. The residue after evaporation was re
crystallized from ethyl acetate-petroleum ether: yield 1.6 g (75%); 
mp 110-112°; NMR (CDCI3) S 8.0 (s, 1), 7.6-6.9 (m, 4), 6.3 (s, 2),
4.4 (d, 2, J =  6 Hz), 3.5 (s, 3).

Anal. Calcd for CnH 12N20: C, 70.18; H, 6.43; N, 14.88. Found: 
C, 70.61; H, 6.65; N, 15.28.

l-Methyl-2-formylaminomethyl-3-cyclohexen(l)ylindole
(15). A mixture of 14 (10 g, 50 mmol), cyclohexanone (20 ml, 190 
mmol), glacial acetic acid (200 ml), and 4 N  phosphoric acid (100 
ml) was heated under stirring at 70° for 7 hr. After cooling to room 
temperature, water (40 ml) was added and the mixture was kept at 
5° overnight. The crystalline reaction product was collected, 
washed with water, and recrystallized from ethanol: yield 5.9 g 
(42%); mp 178°; NMR (CDCI3) 6 8.1 (s, 1), 7.7-6.9 (m, 4), 5.9 (s, 1),
5.6 (s, 1), 4.6 (d, 2, J  = 6 Hz), 3.6 (s, 3), 2.5-2.0 (m. 4), 2.0-1.6 (m,
4).

Anal. Calcd for C17H20N2O: C, 76.08; H, 7.51; N, 10.44. Found: 
C, 76.54; H, 7.31; N, 10.73.

l-Methyl-2-aminomethyl-3-cyclohexen(l)ylindole (16). A
solution of the above formyl compound (15,17.3 g, 65 mmol) in 300 
ml of ethanol and 15 ml of 30% sodium hydroxide was heated to re
flux for 5 hr. The solution was filtered, concentrated in vacuo, and 
extracted with ether. The ether extracts were washed, dried, and 
evaporated. The solid residue (15.2 g, 97%) was used as such for 
the next step. A sample was crystallized from petroleum ether: mp 
56°; NMR (CDC13) 5 7.6-6.8 (m, 4), 5.6 (s, 1), 3.9 (s, 2), 3.6 (s, 3),
2.5-2.0 (m, 4), 1.9-1.4 (m, 4), 1.2 (s, 2, NH2).

Anal. Calcd for Ci6H20N2: C, 79.95; H, 8.39; N, 11.66. Found: C, 
80.28; H, 8.50; N, 11.70.

1- Methyl-2-aminomethyl-3-cyclohexylindole (17). The 
above described unsaturated compound 16 (5.8 g, 24 mmol) was 
dissolved in 200 ml of ethanol and shaken with 0.5 g of palladium 
on charcoal (10%) at room temperature and about 40 psi hydrogen 
pressure for 3 days. The residue after filtration and evaporation 
was a light oil (5.8 g, 100%). Aside from the NMR spectrum, no at
tempt was made to characterize it. The spectrum was essentially 
unchanged from the one of the starting material; only the vinyl 
proton signal at 6 5.6 was missing and the cyclohexyl portion was 
more complex.

2- Oxo-l-methyl-5-cyclohexyl-2,3-dihydro-lH-l,4-benzodi
azepine (18). The crude cyclohexylindole 17 (5.5 g, 23 mmol) was 
dissolved in 30 ml of glacial acetic acid and cooled to 15°. A solu
tion of chromium trioxide (5 g) in 5 ml of water was added under 
stirring in such a way that the temperature remained between 15 
and 18°. When the addition was completed, the mixture was al
lowed to stand at room temperature for 2 hr. It was poured on ice- 
ammonium hydroxide and the reaction products were extracted 
with ethyl acetate. The residue after washing, drying, and evapora
tion (3.8 g) was chromatographed on silica with chloroform-meth
anol (97:3).

The main fraction (Rf 0.7 on TLC) was dissolved in ether; a hy
drochloride was precipitated with dry HC1, which was recrystal
lized from ethanol-ether. From this, the free base was liberated 
with sodium carbonate, which crystallized from ether: yield 0.9 g 
(16%); mp 98-100°; NMR (CDC13) S 7.7-7.0 (m, 4), 4.5 (d, 1, J  = 11 
Hz), 3.5 (d, 1, J  = 11 Hz),8 3.3 (s, 3), 3.0-0.6 (m, 11).

Anal. Calcd for Ci6H2oN20: C, 74.96; H, 7.86; N, 10.93. Found: 
C, 74.53; H, 7.94; N, 10.45.

7-Methyl-6-oxo-l,2,3,4,5,6-hexahydroindolo[2,3-c]quinoline
(21). 7-Methyl-l,2,3,4-tetrahydroindolo[2,3-c]coumarin (20, 4 g, 16 
mmol)5 was heated in 50 ml of ethanol, saturated with ammonia,

for 7 days at 180° in a steel pressure vessel. The residue after evap
oration was crystallized from ethanol by extraction from a Soxhlet 
apparatus: yield 3 g (75%); mp 280° dec; NMR (CF3COOD) & 8.2-
7.3 (m, 4), 4.1 (s, 3), 3.3-2.7 (m, 4), 2.2-1.9 (m, 4).

Anal. Calcd for Ci6H 16N20: C, 76.16; H, 6.39; N, 11.10. Found: 
C, 76.29; H, 6.34; N, 11.03.

7 - M e t h y l - l ,2 ,3 ,4 - t e t r a h y d r o in d o lo [ 2 ,3 - c ] q u in o l in e  (1 9 ) . A .
F r o m  21. A  mixture of the above compound 21 (3 g, 12 mmol), 
L iA fflU  (2 g, 53 mmol), and 100 ml of anhydrous toluene was heat
ed to reflux for 7 hours. The residue after the usual work-up was 
chromatographed on silica [chloroform-methanol (97:3)]. The 
m ain  fraction (Rf 0.5) was the title compound. It crystallized as hy
drochloride from ethanol-ether: yield 1.6 g (49%); mp 320-323°; 
NMR (CDCI3) of the free base 5 8.4 (s, 1), 8.1- 6.9 (m, 4), 3.6 (s, 3), 
3.3-2.8 (m , 4 ), 2.1-1.7 (m , 4 ).

Anal. Calcd for Ci6H16N2-HC1: C, 70.45; H, 6.28; N, 10.27; Cl,
13.00. Found: C, 69.98; H, 6.35; N, 10.34; Cl, 12.70.

B . F r o m  16. l-Methyl-2-aminomethyl-3-cyclohexen(l)ylindole 
(1 6 , 7 g, 29 mmol) was dissolved in glacial acetic acid (100 ml). The 
solution was cooled to 15° and chromium trioxide (6 g) in water (7 
ml) was added slowly with stirring. The mixture was worked up 
after 2 hr as described under 18. The main fraction from column 
chromatography [silica, chloroform-methanol (97:3)] (2 g, 28%) 
was converted to the hydrochloride and was found identical with 
the above preparation.

4 - ( l ,2 - D i m e t h y l - 3 - i n d o l y l ) - 2 - m e t h y l b e n z o i c  Acid (22). The 
cyclohexadiene derivative 4 e  (0.4 g, 14 mmol) was heated to reflux 
in mesitylene (25 ml) under C 02 with 0.3 g of palladium on char
coal (5%) for 2 hr. The residue after filtration and evaporation was 
recrystallized from ethanol: yield 0.2 g (50%); mp 205-207°; NMR 
(DMSO-de) 5 8.2-7.0 (m, 7), 3.8 (s, 3), 2.7 (s, 3), 2.5 (s, 3).

Anal. Calcd for C18H n N 02: C, 77.39; H, 6.13; N, 5.01. Found: C, 
77.46; H , 6.22; N, 5.02.
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2 m , 25012-72-0; 2 n , 532-24-1; 2 o , 41361-28-8; 2 p , 34286-16-3; 4a, 
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Reductions of Conjugated Carbonyl Compounds
with Cyanoborohydride in Acidic Media

The reductions of a variety of conjugated aldehydes and ketones with NaBH3CN in acidic methanol and hex- 
amethylphosphortriamide (HMPT) have been investigated. Alicyclic carbonyl compounds afforded principally 
the corresponding allylic alcohols in both solvents with methyl ethers as side products in methanol. The introduc
tion of additional conjugation often resulted in reduction to allylic hydrocarbons, presumably via acid-induced 
ionization and hydride trapping. Formation of saturated alcohols was not observed in any alicyclic cases studied. 
Cyclic enones, on the other hand, gave mixtures of allylic and saturated alcohols resulting from competing 1,2 and
1,4 addition of cyanoborohydride.

The problems often encountered in the reduction of a,j3- 
unsaturated carbonyl systems with hydride reagents are le
gion.1 In addition to affording the corresponding allylic al
cohols, the reductions are often accompanied by such side 
reactions as concomitant reduction of the double bonds 
leading to saturated alcohols or, less commonly, reduction 
to enols which eventually give the saturated ketones. Such 
divergence in reduction products has been attributed to 
competing 1,2 vs. 1,4 attack by hydride, but predictions 
concerning the mode of attack for a particular substrate are 
difficult. In general, 1,4 addition competes favorably when 
the double bond is further conjugated with an aromatic 
ring,2 contained in a five- or six-membered ring,lb’3 or, at 
least with NaBH4, conjugated with an additional carboxyl, 
cyano, or ester group.4

Our interest in the reducing capabilities of cyanoborohy
dride anion coupled with the unique (among metal hy
drides) acid stability of the reagent prompted an explora
tion of its synthetic utility for effecting reductions of conju
gated carbonyl systems. This article presents the results of 
such reductions with a variety of structurally different ex
amples in two media, the polar protic solvent methanol and 
the polar aprotic solvent hexamethylphosphortriamide 
(HMPT).

Reductions in Acidic Methanol. As previously noted,5 
the carbonyl reducing capabilities of cyanoborohydride 
vary greatly with pH. Thus, in basic or neutral media, al
dehydes and ketones are practically inert toward the re
agent and adequate reduction rates are only obtained 
under acidic conditions where the carbonyl carbon is ren
dered more electrophilic by protonation. This was conve
niently accomplished using Methyl Orange indicator and 2 
N HC1 to maintain the pH at about 3. Under these condi
tions most aldehydes and ketones are readily reduced at 
room temperature in 1-3 hr. Table I presents the reduction 
results for a selection of compounds chosen to determine 
the synthetic effectiveness and scope available in metha
nol. Both sodium and tetrabutylammonium5b cyanobo
rohydride were employed, but the latter displayed no ad
vantage (entries 4, 7, 8).

Several features of the reductive results are noteworthy. 
First, the reduction of both alicyclic and /3-aryl «,/3-unsatu- 
rated carbonyls (entries 1-4, 6-9) gave products resulting 
only from 1,2 attack with no production of saturated alco
hol observed. This qualitatively resembles previous investi
gations with NaBH4 in methanol,3b although cyanoborohy
dride appears more discriminate toward carbonyl attack.6

Unlike analogous reductions with borohydride, reduc
tions in acidic methanol often afforded the corresponding 
methyl ethers in addition to the allylic alcohols. Ostensibly, 
these side products arise from protonation and ionization

of the initially produced alcohol followed by solvent cap
ture. The increase in the yields of such products with in
creasing conjugation is consistent with this interpretation. 
Thus, chalcone (entry 5) afforded only the corresponding 
methyl ether and the allylic hydrocarbon 1,3-diphenylpro- 
pene, this latter product apparently produced by hydride 
capture of the intermediate carbonium ion or displacement 
of the protonated alcohol. Indeed, treatment of the allylic 
alcohol chalcol with NaBH3CN in acidic methanol afforded 
the same two products. However, the formation of small 
amounts of methyl ethers from compounds containing less 
conjugation (entries 1, 6-8,10) appears more complex than 
simple ionization of the intermediate allylic alcohols and 
subsequent solvent capture, since the alcohols were recov
ered unchanged when subjected to the reaction conditions. 
We envisioned that one possibility might involve an acid- 
induced reduction of initially generated acetals to methyl 
ethers in a similar fashion obtained in the reduction of ace
tals by mixed hydrides.8 However, attempts to reduce 3- 
nitrobenzaldehyde dimethyl acetal with NaBH3CN in acid
ic methanol afforded only starting material. Other possibil
ities include the direct reduction of some allylic species 
(not the alcohol) or hydride trapping of an ion generated 
from an intermediate hemiacetal as shown below. This lat-

O

R— C H =C H C —R '

OCH,
I

R—C H =C H C — R ' 

OH

4 “ 113̂ " I
R— C H =C H C —R ' ---------► R—C H =C H C — R '

¿ c h 3 ¿ c h 3

ter interpretation would also explain the absence of allylic 
hydrocarbon formation.

The reductions of cyclic ketones with NaBH3CN are 
considerably more prone to conjugate attack than the alicy
clic analogs (entries 10 and 11), affording substantial or 
major amounts of the saturated alcohols. This parallels the 
situation in general for metal hydrides which provide hy
dride anion3a’9 and is in agreement with previous reports of 
reductions of cyclic enones with NaBH3CN in acidic 
THF.10

Reductions in Acidic Hexamethylphosphortriamide 
(HMPT). The reductions of a variety of conjugated car
bonyl compounds in acidic HMPT are presented in Table
II. In general, the products paralleled those obtained in 
methanol with the exception that the nonnucleophilic 
HMPT precluded the formation of products stemming 
from solvent involvement. Thus, with alicyclic carbonyls 
(entries 23-27) and a,/S-unsaturated /3-aryl systems (entries
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Table I
Reduction of Conjugated Carbonyl Compounds with Cyanoborohydride in Acidic Methanol

Entry

1
2
3
4
5
6
7

8

9

10

11

Compd

c 6h5ch= chcoch3
c 6h5c ^ ccoch3
c 6h5c = ccoch3
c 6h5c = ccoch3
c 6h5ch= chcoc6h5
c 6h5ch= chcho
C6HsCH=CHCHO

Registry no.
Reagent® (ratio 
hydride/com pd) T im e, hr

A lly lic
alcohol

A lly lic
hydrocarbon

A lly lic
ether

Saturated Starting 
alcohol material

1 2 2 - 5 7 - 6 NaBHgCN (2) 1 . 5 7 7 1 1

1817-57-8 NaBHgCN (1) 1.25 70 15
NaBH3CN (2) 1 . 5 89
TBAC (2) 1 . 5 80

94-41-7 NaBH3CN (3) 2 . 5 48 26 12
104-55-2 NaBH3CN (2) 1 . 5 80 8

TBAC (2) 1 . 5 58 10

5392-40-5 TBAC (2) 2 . 0 69c 12

127-41-3 NaBH3CN (2) 2 . 0 88

78-59-1 NaBHgCN (2) 1.5 15 9 34

99-49-0 NaBH3CN (2) 1.5 64 31

° Solutions were acidified w ith  2 N  HC1 un til the color change of M ethyl Orange to red (ca. pH 3). 6 Overall yields were determined by 
isolation; relative percentages of mixture components were determined by G LC .c Composed of a mixture of geraniol and nerol.

12-15) exclusive 1,2 attack was observed and respectable yields of allylic alcohols obtained.11 Likewise, the incorpo
ration of further conjugation resulted in lower amounts (or absence) of allylic alcohols with a concurrent increase in 
the yields of allylic hydrocarbons (entries 16-22). As in 
methanol solvent, the allylic products from these highly conjugated systems most probably arise from hydride trap
ping of carbonium ions produced by protonation of initially formed alcohols. Thus, the relative yields of allylic alcohols and hydrocarbons were acid strength dependent with NaBH.-iCN (entries 19 and 20) and l-(p-methoxyphenyl)-
l-buten-3-one afforded both rearranged and unrearranged 
alkenes (entries 19-24). Unlike alicyclic systems, cyclic en- ones afforded substantial (entries 30-32) or exclusive 
(entries 28, 29) yields of the corresponding saturated alcohols resulting from 1,4 attack, again in analogy to the situation in methanol and THF.10

In summary, cyanoborohydride in acidic media provides 
a synthetically useful reagent system for the reduction of e*,d-unsaturated carbonyls to the allylic alcohols provided 
that further conjugation is not present or the system is not 
a cyclic enone. In view of the general functional group selectivity possible with cyanoborohydride,5 applications 
should be particularly attractive when other, normally sensitive, groups are present. Thus, although both aluminum hydride12 and diisobutylaluminum hydride (DBAH)13 are 
effective for reductions of conjugated systems to allylic alcohols, both are relatively powerful reducing reagents 
which would not tolerate the presence of many other functional groups in the molecule. For instance, DBAH readily reduces most common moieties13*5 including acids, esters, amides, epoxides, acetals, nitriles, and alkynes while cyanoborohydride leaves all of the above unmolested.5 Alumi
num hydride also shows poor discrimination among functional groups.14

Experimental Section
A ll melting points and boiling points are uncorrected. Infrared 

spectra were taken on a Perkin-Elmer Model 457 spectrometer.

Proton nuclear magnetic resonance spectra were obtained on Var
ían A-60 spectrometer typically as 10-20% solutions using tetra- 
methylsilane (MeiSi) as an internal reference. Microanalyses were 
performed by Chemanalytics Inc., Tempe, Ariz. Gas chromato
graphic (GLC) analyses of product mixtures and purified samples 
were performed on a Hewlett-Packard Model 5250B instrument 
coupled to an L  &  N Model W recorder equipped w ith a disk inte
grator. A ll analyses were carried out on either a 6 f t  X 0.125 in. or 
10 f t  X 0.125 in. stainless steel column packed w ith  10% OV-1 or 
20% Carbowax 20M on 80/100 mesh Chromosorb W (DMCS). Or
ganic solvents were dried over anhydrous magnesium sulfate. Sodi
um cyanoborohydride, obtained from ALFA Inorganics, was pu ri
fied by decolorizing w ith alkaline N orit-A  in hot tetrahydrofuran 
(THF) followed by solvent removal at reduced pressure. A ll the 
other chemicals used were either commercially available or pre
pared by standard procedures. Hexamethylphosphortriamide 
(HM PT), obtained from Fisher Scientific Co., was distilled over 
CaH2 and stored over 13 A molecular sieves. Authentic samples of 
products were either obtained commercially or prepared by stan
dard procedures and compared w ith  literature preparations: 4- 
phenyl-3-buten-2-ol and the methyl ether;15® l-phenyl-l-bu tyn-3 - 
ol;15b cinnamyl alcohol methyl ether;15c 3,7-dimethyl-2,6-octadien-
l-o l methyl ether;15d l,3-d iphenyl-l-propen-3-ol15e and the methyl 
ether;151 isophorol;15® dihydrocarveol.15h

T e t r a b u t y la m m o n iu m  C y a n o b o r o h y d r i d e  (T B A C ). The re
agent was prepared in a sim ilar manner as described for the corre
sponding borohydride.16 Thus 33.95 g (0.10 mol) tetrabutylammo
nium hydrogen sulfate suspended in 50 m l of water was treated at 
room temperature w ith 35 ml of 5 N  NaOH and a solution of 6.93 g 
(0.11 mol) o f NaBH3CN in 40 m l of water. A fte r 15 min, the m ix
ture was extracted three times w ith methylene chloride, and the 
organic solution was washed w ith  water and dried (K 2CO3). The 
methylene chloride layer was then decolorized w ith  carbon and 
concentrated at reduced pressure to afford 22.2 g (78%) of white, 
crystalline product. This material was pure enough for use in a re
duction; the analytical sample was obtained by recrystallization 
from ethyl acetate, mp 144-145°.

Anal. Caled for C17H 39N 2B: C, 72.32; H, 13.92; Found: C, 72.18; 
H, 13.94.

G e n e r a l  R e d u c t i o n  P r o c e d u r e  f o r  a , /3 -U n s a t u r a t e d  C a r 
b o n y l  C o m p o u n d s  w i t h  N a B H 3C N  o r  T B A C .  M e t h a n o l  S o l 
v e n t .  The procedure was similar to tha t described by Borch and 
coworkers for T H F .10a A ll reductions were carried out at pH 3. 
Five millimoles of the carbonyl compound and 10 mmol of the re
ducing agent were dissolved in 10 m l of solvent containing a trace
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Table II
Reduction of Conjugated Carbonyl Compounds with C.yanoborohydride in Acidic HMPT

Entry Compd

Sat-
Reaqent (ratio Allylic Allylic hy- urated Starting

hydride/compd) Acidity, ¡A Time, hr alcohol drocarbon alcohol material

12 C6H5CH=CHCOCH3
13 CgH5CH=CHCOCH3
14 C6H5C=CCOCH3
15 C6H5C=CCOCH3
16 C6H5CH=CHCOC6H5
17
18 C6H5CH=CHCOC6H5
19 />-CH3OC6H4CH=CHCOCH3
20 
21 
22

31 Cholest-4-en-3-one
32

NaBHjCN (4) 1.9
TBAC (4) 1.9
NaBH3CN (4) 1.9
TBAC (4) 1.9
NaBH3CN (4) 0.75

TBAC (4) 0.75
943-88-4 NaBH3CN (4) 0.25

0.84
TBAC (4) 0.25
TBAC (4) 0.84

NaBHjCN (4) 1.9
TBAC (4) 1.9

645-62-5 NaBHjCN (4) 0.5

NaBHjCN (4) 1.9

TBAC (4) 1.9

NaBH3CN (4) 1.9

TBAC (4) 1.9

43205-82-9 NaBH3CN (4) 1.9

601-57-0 NaBH3CN (4) 1.1
TBAC (4) 0.75

1.0 58
1.0 65
1.0 71
1.0 64
1.0 53" 161
10.0 61"
1.0 46l> 12‘
1.25 20 59c 2
1.25 82"
1.25 41 34e 4
1.25 41 36/ 2

1.5 79
1.5 76

1.5 82

1.5 60

1.5 63

1.0 57

1.0 56

1.0 18 48

1.0 16 77
1.0 14 80

a Overall yields were determined by isolation; unless specified otherwise relative percentages of mixture components were determined by 
GLC. "Yields determined by GLC using internal standards. "Mixture of l-(p-methoxyphenyl)butene (27%) and l-(p-methoxyphenyl)-2- 
butene (32%). d Mixture of l-(p-methoxyphenyl)butene (44%) and l-(p-methoxyphenyl)-2-butene (38%). "Mixture of l-(p-methoxy- 
phenyljbutene (15%) and l-(p-methoxyphenyl)-2-butene (19%). < Mixture of l-(p-methoxyphenyl)butene (18%) and l-(p-methoxyphenyl)-
2-butene (18%).

amount of Methyl Orange indicator. A solution of 2 N  HCl-solvent 
was added dropwise in order to maintain the red color. After stir
ring for the appropriate length of time (no more change in red 
color) the solvent was evaporated in vacuo. The residue was taken 
up in water (8 ml) and extracted with ether (3 X 25 ml) and the 
ether layer was dried and concentrated to obtain the product.

HMPT S o lv e n t .  To cold (0°) HMPT (10-15 ml) was added suf
ficient sulfuric acid to bring the acidity to the appropriate value 
listed in Table II for ketones or for aldehydes, followed by the ad
dition of 5 mmol of the carbonyl compound and 20 mmol of the re
ducing agent (NaBH3CN or TBAC). The reaction mixture was 
stirred at 25° for the appropriate length of time (Table II). Water 
was added and stirring was continued for an additional 1 hr. The 
reaction mixture was extracted with ether, which was washed with 
water, dried, and concentrated on a rotary evaporator. The residue 
was analyzed by GLC on a 20% Carbowax 20M column and the 
products were identified by ir, NMR, or by comparison with au
thentic samples. In some cases the residue was further purified by 
using a short alumina column. The procedures are presented as 
representative examples below.

R e d u c t i o n  o f  B e n z a la c e t o n e  with TBAC. The reduction of 
0.92 g (6.3 mmol) of the ketone with 25 mmol (7.05 g) of TBAC in 
25 ml of H M P T  containing 15 equiv of sulfuric acid for 1.25 hr at 
room temperature gave, after the usual work-up. 0.91 g of residue. 
T h e  residue on distillation from a Kugelrohr apparatus gave 0.8 g 
(86%) of liquid which by GLC and NMR was identified as 4-phe- 
nyl-3-buten-2-ol by comparison with an authentic sample.

R e d u c t i o n  o f  B e n z a la c e t o p h e n o n e  w i t h  N a B H jC N  in  M e t h 

a n o l  (2 .5  h r ) .  Following the general procedure, the reduction of
1.03 g (5 mmol) of the ketone with 0.95 g (15 mmol) of NaBH3CN 
in 10 ml of methanol at pH 3 for 2.5 hr gave, after the usual work
up, 0.88 g (86%) of residue. Analysis by GLC (6 ft 10% OV-1 col
umn) indicated the presence of 48% 1,3-diphenyi-l-propene, 26%
1,3-diphenylallyl methyl ether, and 12% starting material. No alco
hol was detected in the product mixture.

I s o p h o r o l  M e t h y l  E th e r .  To a cold (0°), stirred solution of 2.8 
g (20 mmol) of isophorol in 20 ml of HMPT was added 0.96 g (40 
mmol) of NaH. After 30 min, 5.7 g(40 mmol) of methyl iodide was 
added slowly and the stirring was continued for an additional 2 hr. 
Wa'.er was then added, the mixture was extracted with ether (3 X 
25 ml), and the ether solution was washed with water, dried, and 
concentrated. Distillation of the residue afforded 1.8 g (59%) of 
product: bp 46° (0.9 mm); n25D 1.4568; ir (neat) 2900 (s), 1670 (m), 
1450 (s), 1380, 1370 (s), 1360 (vs), 1265 (w), 1200 (m), 1160, 1140 
(w), 1125 (s), 1090 (vs), 1000 (w), 960, 940 (s), 810 cm“ 1 (m); NMR 
(CDCls) S 0.95 (d, 6 H, gem-dimethyl), 1.1-1.85 (m, 4 H, -CHa-),
I. 65 (s, 3 H, vinylic methyl), 3.32 (s, 3 H, -OCH3), 3.73 (m, 1 H, 
-CHOCH3), 5.48 (broad, 1 H, vinylic).

Anal. Calcd Ci0H18O: C, 77.87, H, 11.76. Found: C, 78.36; H,
II. 95.

R e g is t r y  N o .— NaBH3CN, 25895-60-7; TBAC, 43064-96-6; tet- 
rabutylammonium hydrogen sulfate, 32503-27-8; methanol, 67- 
56-1; HMPT, 680-31-9; isophorol methyl ether, 50987-46-7; iso
phorol, 470-99-5; methyl iodide, 74-88-4.
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The reduction of conformationally mobile 2-alkylcyelo- 
hexanones by complex metal hydrides can, in principle, 
occur through two conformations: one with the alkyl group 
equatorial and the other with the alkyl group axial. Thus it 
is possible that both cis and trans alcohols may arise via 
two different routes, i.e., axial or equatorial attack on a 
given conformation (Scheme I).

From the point of view of investigating the origin of the 
stereoselectivity in reductions of cyclohexanones by com
plex metal hydrides, the question of just how each alcohol 
is formed is a vital one, and in a previous study1 we demon
strated, by analysis of the relative magnitudes of activation 
enthalpies, that the trans alcohol 2 is derived almost exclu
sively from conformation le. However, we were unable to 
determine whether the cis alcohol was derived from confor
mation la, le, or both, owing to experimentally indistin
guishable values of NHi for the two possible processes. 
Since we know, however, that conformation la does not

Scheme I
Reduction of 2-Methylcyclohexanone

2a

2e
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give rise to the trans alcohol,1’2 a very simple experiment is 
possible that clarifies the origin of the cis alcohol. 2,4,4-Tri- 
methylcyclohexanone (4) serves as a model for conforma-

4e 4a

tion le of 2-methylcyclohexanone, conformation 4a being 
virtually forbidden by virtue of the 1,3-diaxial interaction 
of the methyl groups. Thus the stereochemical product 
ratio from reduction of 4 represents to a good approxima
tion that from the equatorial conformation of 2-methylcy
clohexanone (le), and a deviation from this of the ob
served product ratio of 2-methylcyclohexanone (1) is a 
measure of the contribution of the axial conformation (la).

2,4,4-Trimethylcyclohexanone3 is obtainable by ketone 
transposition of isophorone,4’5 the penultimate intermedi
ate providing an authentic sample of trans-2,4,4-trimethyl- 
cyclohexanol. Reduction of 2-methylcyclohexanone and
2,4,4-trimethylcyclohexanone under identical conditions by 
sodium borohydride gave 31 and 18%, respectively, of the 
cis isomer.

Regarding the rate of formation of the trans alcohol from
2-methylcyclohexanone as a single term E \  (that from con
formation le), but the rate of formation of the cis alcohol 
as the sum of two terms Ee and A a arising from the confor
mations with equatorial and axial methyl groups respec
tively, the stereochemical product ratio (cis:trans) can be 
written as

tor for peak area determination. Reductions were performed in 
quadruplicate, and product ratios, which were determined both 
mechanically and electronically, were found to be reproducible 
within ± 1%.

R e g is t r y  N o .— 1, 583-60-8; 2, 7443-52-9; 3 , 7443-70-1; 4 , 2230- 
70-8; 4 2,4-dinitrophenylhydrazone, 2522-10-3; trans-2,4,4-tri- 
methylcyclohexanol, 2518-25-4; sodium borohydride, 16940-66-2.
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Effects of a Substitution on the Rate of 
Chloromercuriolactonization of Esters of 

7 ,¿-Unsaturated Acids1

A. T. do Amaral,2 O. A. El Seoud,2 and Luciano do Amaral*

(Aa + jEe)/E a = 31.69

Similarly, for reduction of 2,4,4-trimethylcyclohexanone6 

Ee/E a = 18/82

From these equations it follows that Ap, = 1 .0 5 E e  or, ex
pressing Aa and E e as percentages of the total reaction 
leading to cis- 2-methylcyclohexanol, 51% of this product 
arises from axial attack on la while 49% of the product is 
derived by equatorial attack on the more stable conforma
tion le. This result is in sharp contrast with formation of 
trans- 2-methylcyclohexanol, which is derived almost ex
clusively from le .1

Conclusions
While some doubt must exist on the exactitude of the 

above figures (see ref 6), it appears that the less stable con
formation of 2-alkylcyclohexanones plays at least a sub
stantial role in the reduction to the cis alcohol. Any ration
alization of stereochemical product ratio arising from re
duction of these ketones should be consistent with this 
fact.

Experimental Section
2 ,4 ,4 -T r im e t h y lc y c lo h e x a n o n e  (4 )  was prepared by oxidation5 

of trans- 2,4,4-trimethylcyclohexanol, which was obtained by re
duction and hydroboration of isophorone:4 bp 191° [lit.3 bp 191°]; 
n 21D 1.4485 (lit. n20D 1.44933); 2,4-dinitrophenylhydrazone mp 
149-150° (lit.9 mp 151.5° 2). Ir and NMR spectra were in accord 
with published data.9

R e d u c t i o n  P r o c e d u r e s .  Reductions were carried to completion 
in 2-propanol at 25° with a twofold molar excess of sodium bor
ohydride as previously described.1'10 GLC analyses were per
formed both on a Perkin-Elmer 990 gas chromatograph using a 
50-ft S.C.O.T. TCEP column and on a Hewlett-Packard F & M 
Scientific 402 high efficiency gas chromatograph using a dual- 
packed column of Carbowax and TCEP, which gave base line sepa
ration of diastereomeric alcohols and ketone.11 Both chromato
graphs were attached to an Infotronics CRS-208 electronic integra-

Instituto de Química da Universidade de Sao Paulo, 
Caixa Postal 20780, Sao Paulo, SP, Brasil

Receiued December 10,1974

The chloromercuriolactonization of 7,5-unsaturated 
acids and esters in aqueous ethanol has been studied by 
Rowland et al.3 and do Amaral et al.4 A mechanism for the 
reaction was proposed.4
HgCl, + CH2=C H ----- CH2

V CR,

-cr
T “
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Recently do Amaral and Melo studied the effect caused 
by substituents in the a position of the 7,0-unsaturated 
acids on the rate of iodolactonization.5

In the present work, a kinetic investigation was under
taken in order to obtain rate information pertinent to the 
chloromercuriolactonization of esters of 7,5-unsaturated 
acids referring specifically to effects caused by substituents 
on the a position of the esters.

Experimental Section
Materials. 4-Pentenoic acid was obtained from the Chemical 

Procurement Laboratories; 2-phenyl-2-pentenoic acid and 2,2-di- 
phenyl-4-pentenoic acid were synthesized according to known pro
cedures.4 Phenyl allylacetate (I), phenyl allylphenylacetate (II), 
and phenyl allyldiphenylacetate (III) were prepared according to 
known procedures.4 All other chemicals were reagent grade and 
were used without further purification.

Product Analysis. The products of the reaction of the esters 
with mercuric chloride were prepared according to known proce
dures,4 and identified as 5-chlcromercuri-y-lactones:4 from ester I, 
mp 81-82° (lit.3’4 mp 81-82°); from ester II, mp 173° (lit.4 mp
172.5-173.5°); from ester III, mp 203-204° (lit.4 mp 203-204°).

Kinetic Measurements were carried out spectrophotometrical- 
ly with the aid of a Zeiss PM QII spectrophotometer equipped with 
a cell holder through which water from a thermostated bath was 
continuously circulated. The required reaction temperature was 
measured inside the cell with an accuracy o f ±0.05°. Reagent solu
tions were prepared in 50% aqueous ethanol (v/v) and had the fol
lowing concentrations: ester solution, 4.0 X 10-4 M; mercuric chlo
ride, 3.0 X 10-1 M; and sodium perchlorate, 1.0 M. Kinetic runs 
were carried out as follows. All reagents, except the ester solution, 
were pipetted into a reaction tube, mixed, and left in the water 
bath for 30 min for thermal equilibration. An ionic strength of 0.10 
was obtained by addition of calculated volumes of sodium perchlo
rate solution. At zero time, a measured quantity of the ester solu
tion was added to the mixture, which was then shaken and trans
ferred rapidly to the reaction cell. The reaction kinetics were mon
itored by following the appearance of the liberated phenol at the 
appropriate wavelength until a constant reading was reached. In 
all cases a sufficient excess of mercuric chloride was used to ensure 
pseudo-first-order kinetic behavior. Observed first-order rate con
stants, feobsd, were evaluated from plots of log (OD„ — OD() 
against time and the expression &„bsd = 0.693/ti/2, and expressed 
in min-1. Second-order rate constants, kz, were determined by di
viding fc0bsd by the mercuric chloride concentration, and expressed 
in M~l * III min-1.

Results and Discussion
Rate measurements have indicated that the reaction of 

esters of 7,5-unsaturated acids and mercuric chloride to 
yield chloromercuriolactones is second order, first order in 
both ester and mercuric chloride.4

Rate constants for the reaction of phenyl allylacetate (I), 
phenyl allylphenylacetate (II), and phenyl allyldiphenyl
acetate (III) with mercuric chloride in aqueous ethanol 
were measured at three temperatures. Results are present
ed in Table I. From Table I it can be seen that a-phenyl 
groups increase the rate of the reaction at the three tem
peratures studied. This increase is more pronounced for

Table I
Second-Order Rate Constants Multiplied by 103,

Expressed in M - * min-  3, for the Reaction of Phenyl
Allylacetate (I), Phenyl Allylphenylacetate (II), and 

Phenyl Allyldiphenylacetate (III) with Mercuric 
Chloride in Ethanol-Water (50% v/v) and 

Ionic Strength 0.10

Ester 25° 35° 45°

I 1.4 3.6 8.3
IT  6.3 15.8 35
III 120 200 350
° From ref 4.

PROGRESS OF THE R EA C TIO N

Figure 1. Potential energy profile for step 5 of the reaction path 
for the reactions of phenyl allylacetate (I) and phenyl allyldiphen
ylacetate (III) with mercuric chloride.

ester III than for ester II. This observation is in accordance 
with the Thorpe-Ingold considerations about the effects 
exerted by substituents on the ease of ring formation.6

Arrhenius plots of log ^  vs 1/T for the reaction of esters 
I, II, and III with mercuric chloride gave reasonably 
straight lines from which the activation energy, E a, was de
termined by least-squares analysis (Table II). The enthalpy 
of activation, AS*, was calculated from the formula given 
by Schaleger and Long.7 The activation parameters are 
shown in Table II. One notices from Table II that the 
values of entropy of activation become more negative with 
increasing degree of substitution at the a position of the 
ester substrate, and the values of the enthalpy of activation 
decrease in the same order.

Table II
Activation Parameters for the Reaction of Esters 

I, II, and III with Mercuric Chloride in 
Ethanol-Water (50% v/v) and Ionic Strength 0.10

£ a, a h \

AS'*,
AC* ,

kcal kcal kcal
Ester mol * m ol- * eu mol ^

I 18.0 17.4 -2 1 .9 23.9
ii 15.5 14.9 —27.3“ 23 .01
in 10.4 9.8 -3 8 .5 21.3
“ Calculated from data in ref 4.

These results can be discussed in terms of the effect of 
the a-phenyl groups on the free energy of activation, AG*. 
The polar effect of the a-phenyl groups will be small be
cause they are not directly attached to the carbonyl group. 
On the basis of a purely polar effect, one would expect a 
slight decrease in the rate going from ester III to ester I 
owing to the small electron-attracting properties of the 
phenyl group relative to hydrogen. We are left, therefore, 
with the possibility that these groups increase the reaction 
rate predominantly through a steric effect; that is, the more 
bulky the groups attached to the a carbon atom, the great
er the reaction rate.

We have previously proposed that step 5, in which the 
phenol departs, is the rate-determining step for chloromer
curiolactonization.4 in the ground state for this reaction the 
conformational strain that results from the nearly 
eclipsed groups on the a and central carbon atom is greater 
in ester III than in ester I. In the transition state, the phe
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nol molecule starts to depart, and the central carbon-oxy
gen bond begins to acquire more sp2 character.8 As a result 
of this sp3 —* sp2 change,9 bonds will spread out and there 
will be a relief from the eclipsing strain mentioned above.10 
The magnitude of such relief will depend on its original 
value in the ground state and is, of course, much greater for 
ester III than for ester I. In summary, this represents a 
higher initial energy and a lower energy difference, AJEa, 
between the ground and transition states of ester III than 
of ester I. Figure 1 illustrates this concept. The reported 
AS* values, assuming constant contributions from the sol
vent, are also in accordance with the diagram given. AS* 
changes from —38.5 to —21.9 eu in going from ester III to 
ester I. This means that the transition state of ester III is 
more ordered in relation to its ground state than in the case 
of ester I.

The increasing values of AEa (or Aif*) in going from 
ester III to ester I mean that in the former the transition 
state is reached earlier, and consequently is less sensitive to 
temperature variation. This conclusion car. also be reached 
by a consideration of the much greater steric crowding 
present in the former ester’s transitions state (vide supra).

R e g is t r y  N o — I ,  5 1 2 3 1 -0 9 -5 ;  I I ,  5 1 2 3 1 -0 3 -9 ;  I I I ,  5 1 2 3 1 - 1 2 - 0 ;  
mercuric chloride, 7 4 8 7 -9 4 -7 .
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ble products was determined by NMR using a quantitative 
internal standard, and for a given reactant mixture the re
producibility of yields was 5-10%. With equimolar amounts 
of the reagents, or with an excess of dichlorine heptoxide, 
the products soluble in carbon tetrachloride were ethyl per
chlorate (63% yield based on ethyl iodide), ethyl acetate 
(22%), and small amounts of diethyl ether (0-3%). With a 
2:1 molar ratio of ethyl iodide to dichlorine heptoxide, the 
ethyl iodide was consumed completely to give ethyl per
chlorate (33%), ethyl acetate (13%), and diethyl ether 
(21%). When a higher ratio of ethyl iodide to dichlorine 
heptoxide was used the additional ethyl iodide remained 
unreacted, and the same product mixture was obtained.

Since the above yields are all based on ethyl iodide con
sumed, almost the same total quantity of perchlorate is 
produced from 2 mol of ethyl iodide as from 1 mol. If the 
products of the experiment using 1 mol of ethyl iodide per 
mole of CI2O7 are subtracted from the products of the
2-mol experiment, the second mole is seen to yield about 
40% diethyl ether, 3% ethyl perchlorate, and 4% ethyl ace
tate. These results suggest that the equimolar reaction 
gives a by-product, not detectable by NMR, that converts 
additional ethyl iodide to ether.

In the reaction of methyl iodide with dichlorine heptox
ide similar products were obtained with the exception of 
the ester, presumably because of the greater oxidation re
sistance of the methyl group. Equimolar amounts of the re
agents gave methyl perchlorate (45%) and dimethyl ether 
(12%), whereas a 2:1 ratio of methyl iodide to dichlorine 
heptoxide gave methyl perchlorate (24%) and dimethyl 
ether (26%). Thus, the first mole of methyl iodide gives 
predominantly perchlorate, and the second, ether.

In the above experiments the entire amount of ethyl io
dide was added rapidly to the dichlorine heptoxide solu
tion. To assess the stability of the implicated ether-forming 
intermediate, a series of experiments was carried out in 
which equimolar amounts of ethyl iodide and dichlorine 
heptoxide were reacted, the solutions were filtered, and 
after varying time intervals, a second mole of ethyl iodide 
was added. When this time interval was 15 min, 85% of the 
second mole was consumed; when the interval was 1 hr, 
50% was consumed; and when it was 3 hr none of the added 
ethyl iodide was consumed.

Thus, the initial reaction of ethyl iodide with dichlorine 
heptoxide gives a compound, not visible by NMR, that 
reacts further with ethyl iodide at a rate slower than the 
initial reaction to give ether. Simple stoichiometry for the 
reaction of molar amounts of ethyl iodide and dichlorine 
heptoxide to form ethyl perchlorate would give perchloryl 
iodide or its isomer. Several paths can be envisioned for the

Stable aromatic polyvalent iodine compounds2 are ob
tained from iodides with oxidizing reagents such as chlo
rine,2 peracetic acid,3 or dinitrogen pentoxide.4 However, 
for aliphatic iodides, stable halogen adducts have been re
ported only with electron-withdrawing substituents such as 
fluorine5’6’7 or sulfone.8’9 Methyl iodide dichloride decom
poses at —30° to give methyl chloride,10 and similar reac
tions of alkyl iodides with peracetic acid11 and with chlo
rine12 have been studied kinetically at higher temperatures. 
The preparation of trifluoromethyl perchlorate from triflu- 
oromethyl iodide and chlorine perchlorate has recently 
been reported.13 The present work deals with reactions of 
alkyl iodides with dichlorine heptoxide and with hypohal
ites.

Ethyl iodide reacted rapidly at 0° with dichlorine hep
toxide in carbon tetrachloride to give a white precipitate 
identified as iodine pentoxide. The composition of the solu-

RI + C120 7
CIO,

/
RI — ►

x o c i o 3.
ROClOj +  ICIO3 o r  IOC102

reaction of inorganic intermediates of this type with ethyl 
iodide. Displacement of iodine, possibly via a trivalent in
termediate, could take place as follows. Reaction of these or

RI

RI

R— I
I

/

x o c i o 2
I2 +  ROClOj

OI
/

R— I
c i o 2

IC102 + ROI
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other ROX type intermediates with ethyl iodide could give 
ether. To shed light on the mechanism of ether formation, 
reactions of alkyl iodides with hypochlorites were studied.

X
RI + ROX -----*  RI /  — » ROR + IX

""O R

Chlorine oxide, CI2O, and I2O5 could be formed from 
ICIO3 by a self-oxidation reaction, with transfer of oxygens 
from chlorine to iodine. The reaction of chlorine oxide with 
2 mol of ethyl iodide in carbon tetrachloride at 0° was 
found to give ethyl chloride (40% yield), diethyl ether 
(20%), and ethyl acetate (8%). Since chloride was not de
tected in the dichlorine heptoxide reaction, chlorine oxide 
cannot be the reactive intermediate.

Ethyl hypochlorite was also treated with alkyl iodides at 
0° in carbon tetrachloride. Equimolar amounts of ethyl hy
pochlorite and methyl iodide gave a quantitative yield of 
ethyl hypoiodite and methyl chloride. The latter was easily 
removed under vacuum to provide a convenient source of 
hypoiodite solution. Similarly, ethyl hypochlorite and ethyl 
iodide gave ethyl hypoiodite and ethyl chloride. The struc
ture of ethyl hypoiodite was established by independent 
synthesis. Ethyl hypochlorite and iodine gave the.same ma
terial contaminated with iodine chloride. This method has 
been reported for the synthesis of t e r t -butyl hypoiodite 
from terf-butyl hypochlorite.14'15 Ethyl hypoiodite was

C2H5OCl + C2H5I — * C2H5OI + C2H5C1

C2H5OCl + CH3I — ► C2H5OI + CH3CI

C2H5OCl + I2 — ► C2H5OI +  IC1

found to react with ethyl iodide to give diethyl ether and 
ethyl acetate. This result is significant with respect to the 
dichlorine heptoxide reaction since a hypoiodite is a possi
ble intermediate. Other types of R-OX intermediates can
not be ruled out, however.

Experimental Section
NMR spectra were recorded with a Varian T-60 spectrometer 

and ir spectra were recorded with a Perkin-Elmer 700 spectrome
ter. A Varian 920 chromatograph with a 5 ft X 0.25 in. column of 
12% QF-1 on Chromosorb W was used for GLC determinations.

Dichlorine heptoxide was utilized as a 0.3 M  reagent in carbon 
tetrachloride, prepared by the previously described method.16 
Alkyl perchlorates are sensitive explosives if not diluted with sol
vent, and previously noted precautions should be observed.16

R e a c t i o n  o f  E th y l  I o d id e  w i t h  D i c h l o r i n e  H e p t o x id e .  Ethyl 
iodide (0.0936 g, 0.6 mmol) was added dropwise with stirring to 2 
ml of 0.3 M  dichlorine heptoxide in carbon tetrachloride at 0°. A 
granular solid, identified by elemental analysis as iodine pentox- 
ide, and a purple solution were formed immediately. The solution 
was filtered. Analysis by NMR integration, using added chloroben
zene as a quantitative internal standard, showed 0.378 mmol of 
ethyl perchlorate (63%) and 0.066 mmol (22%) of ethyl acetate. A 
similar experiment using 0.187 g (1.2 mmol) of ethyl iodide and 2 
ml of 0.3 M  dichlorine heptoxide solution gave 0.40 mmol (33% 
based on ethyl iodide) of ethyl perchlorate, 0.078 mmol (13%) of 
ethyl acetate, and 0.126 mmol (21%) of diethyl ether. The identity 
of the components was confirmed by ir and GLC comparison with 
authentic samples.

R e a c t i o n  o f  M e t h y l  I o d id e  w i t h  D i c h l o r i n e  H e p t o x id e .  The
reaction of 0.3 mmol of methyl iodide with 1 ml of 0.3 M  dichlorine 
heptoxide reagent by the above procedure gave methyl perchlorate 
(45%) and dimethyl ether (12%). Similarly, 0.6 mmol of methyl io
dide gave methyl perchlorate (24%) and dimethyl ether (26%).

R e a c t i o n  o f  E th y l  I o d id e  w i t h  C h lo r in e  O x id e .  Ethyl iodide 
(0.0936 g, 0.6 mmol) was added to 1 ml of a 0.3 M  solution of CI2O 
in carbon tetrachloride17 with stirring at 0°. NMR analysis of the 
solution showed 0.24 mmol (40%) of ethyl chloride, 0.06 mmol 
(20%) of diethyl ether, and 0.024 mmol (8%) of ethyl acetate.

R e a c t i o n  o f  E th y l  H y p o c h l o r i t e  w it h  A lk y l  I o d id e s .  Methyl

iodide (0.0852 g, 0.6 mmol) was added with stirring at 0° to a solu
tion of 0.6 mmol of ethyl hypochlorite18 in 2 ml of carbon tetra
chloride. The NMR spectrum of the resulting colorless solution 
showed a quantitative yield of methyl chloride and of ethyl hy
poiodite. The methyl chloride was removed under vacuum to give a 
solution of ethyl hypoiodite for spectral characterization: NMR 
(CCI4) 5 4.37 (q, 2 H, J  = 6.5 Hz, CH2) and 1.32 ppm (t, 3 H, J =
6.5 Hz, CH3); ir (CC14) 2970 (m), 1480 (m), 1450 (w), 1270 (m), 
1240 (m), 1010 (s), and 870 cm-1. The identical compound, con
taminated by iodine chloride, was obtained by adding an equimo
lar amount of iodine to the ethyl hypochlorite solution, a proce
dure reported for the preparation of tert-butyl hypoiodite from 
tert-butyl hypochlorite.14

By the above procedure, the reaction of ethyl iodide with an 
equimolar amount of ethyl hypochlorite gave a quantitative yield 
of ethyl chloride and ethyl hypoiodite.

R e a c t i o n  o f  E th y l  H y p o io d i t e  w i t h  E t h y l  I o d id e .  An equimo
lar amount of ethyl iodide was added at 0° to a solution of ethyl 
hypoiodite prepared as above. Reaction took place over a period of 
1 hr, giving a purple solution. NMR analysis showed ethyl acetate 
(12%) and diethyl ether (41%).

R e g i s t r y  N o .—Ethyl iodide, 75-03-6; dichlorine heptoxide, 
10294-48-1; methyl iodide, 74-88-4; chlorine oxide, 7791-21-1; ethyl 
hypochlorite, 624-85-1; ethyl hypoiodite, 55661-06-8.
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The degree of conjugation between an aromatic ring and 
the methylsulfinyl group has been the object of consider
able attention in the recent literature. Katritsky et al.1 on 
the basis of infrared spectral intensities have suggested 
that the MeSO group is a net resonance donor except when 
para to a strong electron-donating function. Results of a re
cent 13C NMR examination,2 however, do not support this 
concept. Also, rather little is known regarding the preferred 
conformations of methyl phenyl sulfoxides, although X- 
ray3 and dipole moment4 studies on the corresponding sul- 
fones indicate a preference for the conformation in which 
the methyl group is orthogonal to the plane of the benzene 
ring.
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In order to gain more insight into the above matters we 
have examined the XH NMR spectra of sulfoxides I, II, and 
III at various temperatures.

At room temperature in 1:1 CS2-CDCI3 solution, the 
ortho methyl protons of I appear as a singlet at <5 2.58. 
Below —87° this resonance separates into signals of 1:1 in
tensity separated by 29.8 Hz. Application of the Eyring 
equation yields a barrier (AG*) at —87° of 9.2 ±  0.3 kcal/ 
mol. (The limiting chemical shifts for the anisochronous 
methyl groups at low temperature are <5 2.73 and 2.43, re
spectively.) It has been determined that the enthalpy of ac
tivation for atomic inversion at sulfur is 34 kcal/mol5 for 
compound I. We therefore attribute the present observa
tion to slow aryl-S rotation on the NMR time scale at low 
temperature.

Owing to peak overlap with the SOCH3 and the para 
CH3 resonance at low temperatures, detailed line shape 
analysis of this spectrum did not yield meaningful parame
ters.

If eclipsed forms are excluded, three possibilities exist 
for the conformation of a given enantiomer of I (shown 
below).

Since severe van der Waals repulsion is expected be
tween methyl groups in lb and Ic, la is likely to be favored. 
On the basis of the anisotropic effect of the S = 0  group6 
one can assign the ortho methyl resonance at lower field to 
the CH3 which is cis to the S = 0  function.

The need for steric bulk at the ortho positions in order to 
render the aryl-S rotational process observable by XH 
NMR (at 100 MHz) is shown by the lack of change in the 
1H spectrum of II to —130°. This can be contrasted with 
the behavior of p-methoxybenzaldehyde,7 in which the 
ortho ring protons show a shift difference of 1.46 ppm in 
the low-temperature limit, indicative of a barrier (AG*) of
9.4 kcal/mol at the coalescence temperature of —75°. Pre
sumably the findings for II are a consequence of a lower de
gree of conjugation between the phenyl ring and the S 
atom, and the longer aryl-S bond.

Sulfoxide III was examined to ascertain the possible 
electronic influence of substitution on the rotational pro
cess. Katritsky’s findings1 suggest that resonance form IIIB 
may be a substantial contributor. If so, the rotational bar
rier in III should be higher than in I owing to the increased 
aryl-S double bond character.

At room temperature in CD2CI2 solution, III exhibits res
onances at 6 6.61 (2 H, s), 3.82 (3 H, s), 2.90 (3 H, s), and
2.60 (6 H, s). On cooling, the resonance at <5 2.60 gradually 
broadens and coalescence is observed at —92°. The limiting 
chemical shifts at low temperature for the anisochronous 
CH3 groups are 2.73 and 2.47 ppm. Prom the Eyring equa
tion AG* for aryl-S rotation is 8.9 ±  0.3 kcal/mol at —92°.

The similarity in the results for I and III is taken as evi
dence for minimal conjugative electron release by the para 
methoxy function into the aryl-S bond, in contrast to the 
earlier suggestion.1 Further experiments using Fourier 
transform 13C NMR are in progress with the aim of deter
mining AH t and AS1 values.

Experimental Section
NMR spectra were recorded at 100 MHz on a Varían XL-100-12 

spectrometer. Temperatures were calibrated with a copper-con- 
stantan thermocouple and are judged accurate to ±2°. Samples 
were contained in 5-mm tubes and were degassed via a freeze- 
pump-thaw cycle.

Compounds I and II were synthesized according to published 
procedures.8 Elemental analyses were done by Spang Microanalyt- 
ical Laboratory, Ann Arbor, Mich.

4 - M e t h o x y -2 ,6 -d im e t h y lb e n z e n e s u l f o n y l  C h lo r id e .  Freshly 
distilled chlorosulfonic acid (10 g, 0.086 mol) was added at 0° to a 
stirred solution of 2.0 g (0.0147 mol) of 3,5-dimethylanisole (K and 
K laboratories) in 30 ml of dry chloroform. After a total addition 
time of 9 min, the reaction9 mixture was poured into 50 g of 
crushed ice and extracted with ten 20-ml portions of chloroform. 
The chloroform extracts were then washed with water and dried 
over anhydrous magnesium sulfate. Evaporation of the solvent 
under reduced pressure gave 2.9 g (54%) yield of the sulfonyl chlo
ride as a viscous yellow liquid. The *H NMR spectrum in CDCI3 
exhibited resonances at 6 6.67 (2 H, s), 3.85 (3 H, s), and 2.70 (6 H, 
s).

4 - M e t h o x y -2 ,6 -d im e t h y l t h io p h e n o l .  In a 250-ml three-necked 
flask fitted with a pressure-equalized funnel, a reflux condenser, 
and a thermometer was placed 0.5 g (0.013 mol) o f LÍAIH4 in 55 ml 
of dry ether. To this stirred slurry was added over 35 min a solu
tion of the sulfonyl chloride (0.9 g, 0.0038 mol) in 100 ml of ether. 
After the initial reaction subsided, the mixture was stirred and 
gently refluxed for 4 hr. Excess hydride was decomposed by careful 
addition of water, followed by 10 ml of 10% H2SO4. After the evo
lution of H2, a 10% excess of H2SO4 was added to dissolve the pre
cipitate.

Acidification to pH 5-6 with 1 N  HC1 was followed by ether ex
traction. Drying over anhydrous magnesium sulfate, filtration, and 
evaporation- of the solvent in vacuo gave 0.50 g (80%) of the thio- 
phenol as a yellow, viscous liquid. Recrystallization from 30-60° 
petroleum ether yielded white needles, mp 101-102°. The :H 
NMR spectrum in CDCI3 showed resonances at 5 6.65 (2 H, s), 3.75 
(3 H, s), 2.94 (1 H, s), and 2.28 (6 H, s). Addition of D2O dimin
ished the peak at t> 2.94. Anal. Caled for C9H12OS: C, 64.25; H, 
7.19; O, 9.51; S, 19.05. Found: C, 64.20; H, 7.11; O, 9.62; S, 19.07.

4 - M e t h o x y -2 ,6 -d im e t h y lp h e n y l  M e t h y l  S u l f id e .  A solution of
4-methoxy-2,6-dimethylthiophenol (0.5 g, 0.003 mol) in 3 ml of 2 N  
NaOH was stirred with dimethyl sulfate (0.76 g, 0.006 mol) for 3 hr 
at room temperature. Water (2 ml) was added to the reaction mix
ture and the organic component was extracted with four 10-ml 
portions of ether. The ether extracts were dried over anhydrous 
CaCb and the solvent was evaporated to yield 0.42 g (73%) of the 
sulfide, bp 114-116° (9 mm). XH NMR in CDCI3 has resonances at 
6 6.80 (2 H, s), 3.86 (3 H, s), 2.62 (6 H, s), and 2.20 (3 H, s).

4 - M e t h o x y -2 ,6 -d im e t h y lp h e n y l  M e t h y l  S u l f o x i d e .  The sul
fide (0.5 g, 0.0028 mol) in 4 ml of MeOH was added dropwise to a 
solution of sodium metaperiodate (0.6 g, 0.0028 mol) in 5 ml of 
water. After room temperature stirring overnight the sodium io-
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date precipitate was removed by filtration and the filter cake was 
washed with 15 ml of CHCI3. Extraction with CHCI3, drying over 
anhydrous sodium sulfate, and removal of the solvent at reduced 
pressure yielded the sulfoxide as a brown oil. Recrystallization 
from benzene-petroleum ether gave 0.41 g (74%) of the sulfoxide: 
mp 71-72°; 4H NMR (CDCI3) & 6.60 (2 H, s), 3.84 (3 H, s), 2.91 (3 
H, s), and 2.60 (6 H, s).

Anal. Calcd for Ci0H14O2S: C, 60.58; H, 7.12; S, 16.17; O, 16.13. 
Found: C, 60.46; H, 7.08; S, 16.18; 0 ,16.28.
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Oxidation of Hydrocarbons. VI.
Oxidation of Cycloalkanes by Ruthenium Tetroxide1
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R e c e iv e d  F e b r u a r y  1 9 , 1 9 7 5

The selective oxidation of saturated hydrocarbons by in
organic oxidants is an important and often difficult proce
dure because the required vigorous conditions also promote 
second-stage oxidation accompanied by C-C bond cleavage 
and subsequent degradation to carbon dioxide. The limited 
use of various transition metal oxides for such conversions

has been recently reviewed.2 In addition to other known 
methods we have found ruthenium tetroxide to be a conve
nient oxidant for cycloalkanes. Its value as a reagent for 
these reactions is enhanced because of its high solubility in 
nonpolar hydrocarbon solutions3 and because it can be 
used in conjunction with inexpensive cooxidants such as 
aqueous sodium hypochlorite (household bleach).4 Fur
thermore, the products are easily retrievable from the reac
tion mixture.

Experimental Section
All reactions were carried out as previously described5 using ei

ther sodium metaperiodate or sodium hypochlorite as cooxidants. 
Since little difference in yields or products could be detected with 
either of these cooxidants, it would appear that most of the oxida
tive conversion is by ruthenium tetroxide, although the possibility 
of some direct oxidation of the intermediates by the cooxidants 
cannot be eliminated.6

Each reaction was initiated by combining 100 ml of cooxidant 
solution (1.46 M  NaOCl or 0.46 M NaI04), 0.01 g of Ru0 2-2H20, 
and 5.0 ml of hydrocarbon in a flask. The flask was closed and the 
heterogenous mixture was agitated on a wrist shaker until all of 
the cooxidant had been consumed. The hydrocarbon layer was 
then separated and the remaining aqueous solution was made 
basic (pH > 10) by the addition of 6 M  NaOH and extracted with 3 
X 50 ml of ether to recover nonacidic products and starting materi
al. The remaining solution was acidified (pH < 3) by the addition 
of concentrated H2S0 4, saturated with NaCl, and extracted with 3 
X 50 ml of ether to recover acidic products. Each set of ether ex
tracts was combined, dried over anhydrous MgS04, and analyzed 
by GLC. They were then concentrated to 10 ml or less and the 
nonacidic products were separated and collected by preparative 
GLC. The isolated products were identified by GLC, TLC, NMR, 
ir, and melting points. The results are summarized in Table I. 
Each reaction was carried out three times and the average yield re
ported.

In a second series of experiments, the relative rates of reaction 
of cyclopentane, cyclohexane, cycloheptane, and cyclooctane were 
compared by subjecting all four compounds to oxidation under 
identical conditions. To 500 ml of 1.64 M  NaOCl was added 20 mg 
of Ru02-2H20  and the solution was stirred until all of the ruthen
ium dioxide had been converted into ruthenium tetroxide. Ten 
milliliters of each substrate was then shaken with 50 ml of this so
lution and 1.00-ml aliquots were withdrawn and titrated periodi
cally. The results of these experiments are found in Table II.

Results and Discussion
When a two-phase system is used, oxidation of the or

ganic substrates by ruthenium tetroxide takes place in the 
nonaqueous phase. The ruthenium dioxide precipitate 
formed in this process then migrates to the interface (as in 
Scheme I), where it is converted back into ruthenium te-

Table I
Products from the Ruthenium Tetroxide Oxidation of Cycloalkanes

Reaction
time,

Registry no. days yield“ Registry no.

Cyclopentane 287-92-3 7 Cyclopentanone 18 120-92-3
Glutaric acid 63 110-94-1

Cyclohexane 110-82-7 8 Cyclohexanone 26 (23) 108-94-1
Adipic acid 58 (45) 124-04-9

Cycloheptane 291-64-5 2 Cycloheptanone 68 502-42-1
Pimelic acid 20 111-16-0

Cyclooctane 292-64-8 1 Cyclooctanone 55 (55) 502 -49-8
Suberic acid 23 (33) 505-48-6

trans -Decahydronaphthalene 493-02-7 1 trans -9 -Decahydronaphthol 55 1654-87-1
Decalones 7 21370-71-8

16021-08-2
a The yields in parentheses were obtained using sodium periodate as the cooxidant; all other results were obtained using sodium hypo

chlorite as the cooxidant. In each case the yield calculation was based on the amount of cooxidant used.
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Table II
Relative Ratios for Reactions Involving Cycloalkanes

R in g  size

R e a c t io n 5 6 7 8

1 .  R u 0 4 o x id a t io n 1 . 5 l 2 . 5 8 .7

2 .  M n ( V I I )  o x id a t i o n 6 1 . 4 l 5 . 2 1 4 . 5

3 . C r 0 3 o x id a t io n 0 2 . 0 l 6 . 6 2 2 . 4

4 . A c e t o l y s i s  o f  t o s y l a t e s 0’ " 1 4 . 0 l 2 5 . 3 1 9 1

» It has been proposed that these reactions proceed through 
carbonium ion intermediates. 0 Reference 10. 'Reference 11. 
“ Reference 9.

troxide by the cooxidant (which remains in the aqueous 
phase).

Scheme I
Ru0 4 Ru0 2

o r g a n ic  p h a s e  +  — *■  +
s u b s t r a t e  o x id iz e d  s u b s t r a t e

a q u e o u s  p h a s e  c o o x id a n t  r e d u c e d  f o r m  o f c o o x id a n t

Consequently, it is likely that the organic substrates 
never come into direct contact with the cooxidant. The 
products (particularly if they are carboxylic acids) would, 
however, distribute between both phases and some second- 
stage oxidation could thus be the result of direct contact 
with the cooxidant. However, the fact that similar results 
were obtained when different cooxidants were used 
suggests that such reactions do not contribute significantly 
to the overall products obtained.

The results indicate that five- and six-membered rings 
have a greater tendency to undergo ring cleavage than the 
seven- and eight-membered rings. This may be due, at least 
in part, to the greater solubility of the corresponding cyclic 
ketones in aqueous solutions (where they would come into 
contact with cooxidant) or to the greater tendency for the 
smaller rings to undergo oxidative cleavage by ruthenium 
tetroxide. The reactions could be accelerated by working at 
a higher temperature, but because vigorous shaking is re
quired to bring the two phases into contact, it is most con
venient to work at room temperature. Despite the length of 
time required for a complete reaction, it would appear that 
this procedure compares favorably with other methods de
scribed in the literature for the oxidation of cyclic hydro
carbons.

Of particular interest is the observation that trans- de- 
cahydronaphthalene could be converted into trans-9-de- 
cahydronaphthol in about 60% yield. This suggests, as 
would be expected for an oxidative process, that tertiary 
carbon-hydrogen bonds are perferentially attacked.

In this work no solvent was used; however, an inert sol
vent such as carbon tetrachloride could be used if insuffi
cient hydrocarbon was available.7

In a second series of experiments, the relative rates of re
action of cyclopentane, cyclohexane, cycloheptane, and cy
clooctane were compared by subjecting all four compounds 
to oxidation under identical conditions and periodically de
termining the amount of unreduced cooxidant. In Table II, 
results of these experiments are described and compared 
with results that have been obtained from the oxidation of

the same compounds by permanganate ion and hexavalent 
chromium. This comparison suggests that the mechanism 
is similar for all three oxidants and that the rate ratios are 
certainly different from those for the acetolysis of the cor
responding tosylates. Since the latter reactions involve for
mation of carbonium ion intermediates,8’9 it would appear 
that the oxidation reactions all proceed with homolytic car
bon-hydrogen bond cleavage.

Acknowledgments. The authors are pleased to ac
knowledge the financial support of the National Research 
Council of Canada.

R e g is t r y  N o .— Ruthenium tetroxide, 20427-56-9.
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While the *H nuclear magnetic resonance spectra of 
griseofulvin (la) and its derivatives have been known and 
used for some time3'4’5 and their 13C satellites exploited in 
an analysis of the path of 13C-enriched acetate in griseoful
vin biosynthesis,6 no direct 13C nuclear magnetic resonance 
data are available for this system. Accordingly a 13C NMR 
investigation of the spirocyclic antibiotic and four of its de
rivatives, epigriseofulvin (lb), isogriseofulvin (2a), 4'-de- 
methoxyisogriseofulvin (2b), and dehydrogriseofulvin (3), 
was undertaken.

Proton-decoupled and single-frequency, off-resonance 
decoupled spectra of compounds 1-3 in hexadeuteriodi- 
methyl sulfoxide solution were recorded and the residual 
coupling information used for the differentiation of the 
various carbon types. The carbon shifts of the five com
pounds are listed in Table I.

The C-methyl group is represented by the highest field 
signal in all spectra. The invariancy of the methyl shifts of 
the ring A methoxy groups permits assignment of the ring 
C methoxy shift by default. The ring A methoxy groups are 
distinguished from each other by the difference of the ef-
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Table I
Carbon Chemical Shifts“

la lb 2a6 2b 3

C(3) 191.2 192.3 190.3 189.4 188.0
C(3a) 104.1 105.1 104.0 103.8 103.5
C(4) 157.6 157.3 157.4 157.5 158.3
C(5) 91.2 91.2 90.8 91.1 91.7
C(6) 169.6 169.6 169.7 168.5 168.4
C(7) 95.3 95.6 95.1 95.1 95.8
C(7a) 164.5 164.2 164.0 164.1 164.8
C(l') 90.1 89.4 94.3 95.1 88.2
C (2 ') 170.3 167.9 188.0 189.4 167.5
C (3 ') 104.7 105.8 99.2 125.8 103.5
C(4') 195.6 195.7 178.8 154.1 185.6
C(5') 39.5 40.1 32.3 30.6 128.9
C(6') 35.4 34.2 34.3 36.1 146.8
Me 13.8 13.2 13.9 14.1 15.6
4-OMe 57.5 57.4 57.2 57.4 57.7
6-OMe 56.6 56.5 56.5 56.5 56.7
2'-OMe 57.1 56.8 56.7

° 5 values in parts per million downfield from Me^Si; ¿(MeiSi) = 
S(Me2SO-d6) + 39.5 ppm. 6 The 4'-OMe shift is 56.2 ppm.

feet of o-chloro and o-acyl substituents. While ortho sub
stituents have only a minimal influence on the methyl shift 
of ortho-substituted anisóles,7 the similarity of the shift 
difference of the methyl groups of o-acetylanisole and o- 
chloroanisole in hexadeuteriodimethyl sulfoxide, depicted 
on formulas 4 and 5, respectively, with that of the ring A 
methoxy groups of griseofulvin (la) and its relatives points 
to the shifts of the latter methyl functions as designated.

la, R -  Me, R' = H 
b, R = H, R' = Me

2a, Y = OMe 
b, Y = H

56.5

On the assumption of the carbonyl group of ring B being 
less affected by ring C changes than the ring C carbonyl 
group, carbon 3 can be assigned. The aromatic carbon 
shifts are derived from a calculated shift analysis of 3- 
chloro-2,4,6-trimethoxyacetophenone, an assumed model 
for ring A of the griseofulvin derivatives, based on the as
sumption that the additivity of individual substituent pa
rameters holds even in a pentasubstituted aromatic sys
tem.8 As the calculated shifts on formula 6 reveal, the 5 
values fall within 3 ppm of the experimental data for sub
stances 1-3 despite the expected deviation from additivity

of substituent parameters within such a crowded ring sys
tem.

The tetrahedral ring C carbons of griseofulvin (la), epig- 
riseofulvin (lb), and isogriseofulvin (2a) are each unique in 
multiplicity and thus readily assigned. This is true also for 
the ring C, saturated carbons of compound 2b, while the 5 
values of its ring C, trigonal carbons are based on those of 
the related centers in 2-cyclohexenone (7). Carbon V is the 
sole ring C, nontrigonal site of dehydrogriseofulvin (3) and 
its C(5') and C(6') can be differentiated from the other, 
ring C olefinic centers by the difference of a and 0 effects 
of* methyl and methoxy groups8 and by the invariance of 
the C(3') shift in la, lb, 2a, and 3. Unambiguous shift as
signment of C(2') and C(4') in these four substances re
quires a model study.

While a keto carbon can be expected to be downfield 
from an unsaturated, nonprotonated oxy carbon, even if 
the latter is 0 to the keto carbon and part of an a,/3-unsatu- 
rated ketone system, this spectral relationship requires on 
examination of the C(2') and C(4') shifts of griseofulvin 
(la) and isogriseofulvin (2a) that the C (l') substituents 
exert a strongly shielding influence on C(2'). Since this is a 
most unusual 0 effect, verification of the C(2') and C(4') 
shift assignment is mandatory.9 A 13C NMR study of 5,5- 
dimethyl-3-ethoxy-2-cyclohexenone (dimedone ethyl 
ether) (8) including a Eu(DPM)3 shift analysis was under
taken and paralleled by a similar investigation of 2-cyclo
hexenone (7)11 in order to discount the effect of an euro
pium contact shift component on the chemical shift differ
ence of the carbonyl carbon.12 The Aeu values12 of 2-cyclo- 
hexenone and the dimedone derivative, denoted on formu
las 9 and 10, respectively, verify the shift data indicated on

1.2

10
7 and 8, respectively, and, in turn, corroborate the initial 
view on the shifts of C(2') and C(4') of la, lb , 2a, and 3.

Inversion of the ring C methoxyenone chromophore, i.e., 
comparison of la or lb with 2a, changes the C(5') shift by 
ca. 7.5 ppm, a A8 value similar to that of C(4) and C(6) of 
the dimedone derivative 8. The same effect is dampened 
strongly in the heavily substituted C(l'). Introduction of a 
double bond in conjugation with an even already conjugat
ed ketone, i.e., the la or lb —► 3 change, strongly shields 
the carbonyl group. Since the methyl group of griseofulvin
(la) is known to be equatorially oriented5 and since the 
methyl and C(6') shifts of the antibiotic and epigriseofulvin
(lb) are similar, the latter probably also possesses an equa
torial methyl substituent.

Experimental Section
The 13C NMR spectra were recorded on a Varían DP-60 spec

trometer operating at 15.08 MHz in the Fourier transform mode. 
The & values denoted on formulas 7 and 8 and the Agu values listed 
on 9 and 10 are for 0.5 M deuteriochloroform solutions [5(Me.|Si) =
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¿(CDCI3) + 76.9 ppm]. The Aeu values are A5 values obtained by 
extrapolation to 1:1 molar ratio of ketone to Eu(DPM)3 agent.

Registry No.— la, 126-07-8; lb , 469-49-8; 2a, 469-52-3; 2b, 
55658-69-0; 3, 3573-90-8.
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A need to confirm the structure of methyl benzonorbor- 
nene-erido- 2-carboxylate (6) isolated in another study2 led 
to the synthesis given in Scheme I. The sequence mirrors 
that used3 to prepare the 1-carboxylic acid analog of 5 and 
requires no further discussion. However, the present use of 
the sequence involved an epimerizable acid function, in 
contrast to that earlier. The clean retention of configura
tion observed in 5 and 6, with no trace of their exo epimers 
(both known4), shows that the sequence could have value 
as a general synthesis of ac-substituted benzonorbornenes 
of known stereochemistry, where ac = alicyclic in contrast 
to ar = aromatic.

Acid 5 was apparently unreported previous to our stud
ies. However, two processes potentially capable of its syn
thesis have been reported. In the first, an ethyl ester possi
bly related to 6 was reported by Alder and Fremery,5 but 
we have been unable to obtain 6 by their method (adduc
tion of isoindene in situ with an acrylic ester). In the sec
ond, carbonation of the Grignard reagent obtained from 
exo- 2-bromobenzonorbornene yielded only the exo 2 acid.4

Experimental Section
Melting points were taken on a calibrated Fisher-Johns block. 

Infrared spectra (ir) were determined on 1% KBr disks using a 
Perkin-Elmer Model 700 instrument. Only prominent or structur
ally significant absorptions are given (in microns). Nuclear mag
netic resonance spectra (NMR) were taken in Me2SO-d6 solvent 
on a Varian A-60A spectrometer. Values are given in parts per mil
lion (6) downfield from internal MeiSi. Integration of signals 
agreed with the structural assignments. Mass spectra were taken 
on a Varian EM-600 instrument at 70 eV. Microanalyses were per
formed by the Micro-Tech Laboratories, Skokie, 111.

Ni(Al),0H"

4 (75%)

CHJ
HMPA.OH“

6 (85%)

5.6.7.8- Tetrachloro-9,9-dimethoxy-l,4:5,8-dimethano- 
l,2,3,4,5,5a,8,8a-octahydronaphthalene-en<fo-2-carboxylic 
Acid (1 ) .  A  m ix tu re  o f  5 ,5 -d im e th o x y te tra ch lo ro cy c lo p e n ta d ie n e 8 

(8 0 .8  g, 0 .3 06  m o l)  a n d  n o r b o r n e n e -e n d o -2 -c a r b o x y lic  a c id 7 (3 8 .6  g, 
0 .2 63  m o l)  w as re flu x e d  in  co m m e rc ia l x y le n e  (1 50  m l)  fo r  30  hr. 
H e x a n e  (5 0  m l) w as a d d e d  a n d  th e  so lu tio n  w as a llo w e d  t o  s ta n d  
o v e rn ig h t. T h e  p re c ip ita te d  m a ter ia l w as c o lle c te d  a n d  c o m b in e d  
w ith  so m e  fu rth e r  m a ter ia l o b ta in e d  b y  a n o th e r  tre a tm e n t  w ith  
h e x a n e  (1 00  m l): 53 .5  g, 47 .7% ; m p  1 7 5 -1 8 0 ° ; ir 3 .0 0 -4 .5 0 , 5 .88  
(C O O H ), 6 .24 , 7 .04 , 7 .69 , 8 .00 , 8 .40 , 8 .87 , 9 .52 , 9 .9 2 , 10 .38 , 11 .06,
13.15 nm\ th e  c o m p o u n d  w as n o t  s o lu b le  e n o u g h  in  th e  u sual s o l 
v e n ts  to  ta k e  a m e a n in g fu l N M R  sp e c tru m . T h e  a n a ly tica l sa m p le  
w as o b ta in e d  b y  recry sta lliza tion  fr o m  x y le n e , m p  2 1 4 -2 1 5 ° .

A n a l. C a lcd  fo r  C 15H 16O 4CI4: C , 44 .80 ; H , 4 .01 . F o u n d : C , 44 .60 ; 
H , 4 .01.

5.6.7.8- Tetrachloro-1,4-methano-1,2,3,4,5,5a,8,8a-octahydro- 
naphthalene-endo-2-carboxylic Acid (3). C ru d e  a c id  1 (5 3 .4  g, 
0 .1 33  m o l) w as a d d e d  t o  c o n ce n tra te d  su lfu r ic  a c id  (2 5 0  m l) a n d  
s t irre d  a t  2 5 °  fo r  2  hr. T h e  m ix tu re  th e n  w as p o u r e d  o v e r  ice  (6 25  
g, th e  ra tio  o f  ic e  t o  su lfu r ic  a c id  is cr it ica l, o th e rw ise  an  o il  r e 
su lts ) , stirred  b r ie fly , an d  filte re d  im m e d ia te ly . T h e  so lid  so  c o l 
le c te d  w as c ru d e  k e to  a c id  2 (4 7 .3  g , q u a n tita tiv e  y ie ld )  w h ich  w as
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used  w ith o u t  p u r ifica t io n  in  th e  n e x t  step . o -D ic h lo r o b e n z e n e  (600 
m l) was a d d e d  t o  th e  c ru d e  2 a n d  th e  so lu tio n  was r e flu x e d  fo r  4 
hr. T h e  v o lu m e  was re d u ce d  to  250 m l a n d  th e n  d ilu te d  w ith  h e x 
an e  (2 00  m l). A c id  3 p re c ip ita te d  on  stan d in g . It  w as co m b in e d  
w ith  fu rth er  m a teria l o b ta in e d  b y  a d d it io n a l re d u ct io n s  in v o lu m e  
a n d  d ilu tio n s  w ith  h exa n e : 32 g, 73 .4% ; m p  1 8 0 -1 8 5 ° , ir 3 .0 0 -4 .5 0 , 
5 .9 8  (C O O H ), 6 .25  ( C = C ) ,  7 .09, 8 .14 , 8 .40, 10 .99 Mm ; N M R , a c id  H  
in d ist in g u ish a b le ,8 2.95 q  (5a, 8 a -H ’s, A B , J  =  12 H z ), 2 .8 -1 .2  m  
(a ll o th e r  H ’s ). T h e  an a ly tica l sa m p le  w as p ro d u ce d  u p o n  re cry s 
ta lliza tion  fro m  m e th a n o l, m p  2 2 5 -2 2 6 ° .

A na l. C a lcd  fo r  C i 2H io0 2C14: C , 43 .94 ; H , 3 .07. F ou n d : C , 44 .19 ; 
H , 3.11.

ar-Tetrachlorobenzonorbornene-endo-2-carboxylic Acid
(4). C ru d e  a c id  3 (32  g, 97 .6  m m o l) w as a d d e d  to  ch lo ro b e n z e n e  
(1 6 0  m l) co n ta in in g  b ro m in e  (6 .4  m l). T h e  so lu tio n  w as re flu x ed  
fo r  4 hr, ca re fu lly  d e ca n te d  fro m  ca . 0 .5  m l o f  an  im m isc ib le  tarry  
layer, an d  co o le d . T h e  a c id  4 th a t  p re c ip ita te d  w as c o lle c te d  a n d  
c o m b in e d  w ith  fu rth er  c ro p s  o b ta in e d  b y  e v a p o ra tio n  a n d  tr itu ra 
t io n  w ith  h exa n e : 23 .8  g, 74 .8% ; m p  1 6 6 -1 7 0 ° ; ir 3 .0 0 -4 .5 0 , 5 .92  
(C O O H ), 7 .06 , 7 .35, 7 .79 , 8 .16, 8 .26  um; N M R , a c id  H  in d is t in 
g u ish a b le ,8 3.78  m , 3.67  m  ( H - l ,  4 ) , 2 .5 -1 .2  m  (a ll o th e r  H ’s). T h e  
an a ly tica l sa m p le  w as o b ta in e d  b y  recry sta lliza tion  from  n -o c ta n e , 
m p  2 1 5 -2 1 6 ° .

A nal. C a lcd  fo r  C i 2H 80 2C14: C , 44 .20 ; H , 2.48. F o u n d : C , 44 .18 ; 
H , 2.54.

Benzonorbornene-endo-2-carboxylic Acid (5). C ru d e  a c id  4 
(19 .6  g, 60 m m o l), p o ta ss iu m  h y d ro x id e  (85%  m ateria l, 135 g ), a n d  
w ater (1 .36  1.) w ere  st irred  in  a large fla sk  w h ile  R a n e y  n ick e l a llo y  
(A lfa , 83 .9 g) w as a d d e d  in  p o rt io n s  o v er  a  1 .5 -h r  p e rio d . C o n s id e r 
ab le  foa m in g  occu rre d . A fte r  3 h r  th e  m ix tu re  w as filte re d  an d  th e  
residu al so lid  was w a sh ed  th o ro u g h ly  w ith  w ater. T h e  w ash ings 
w ere  a d d e d  t o  th e  or ig in a l filtra te  a n d  th e  co m b in e d  so lu tio n  w as 
a c id ifie d  w ith  h y d ro ch lo r ic  a c id  (C o n g o  R e d  e n d p o in t ). E x tra c t io n  
w ith  e th er  severa l t im e s  th en  fo llo w e d . R e m o v a l o f  th e  e th er  le ft  
c ru d e  a c id  5: 7.7 g, 68 .3% ; m p  1 2 7 -1 2 9 ° ; ir a n d  N M R  sp ectra  id e n 
tica l w ith  th ose  re p o r te d . T h e  an a ly tica l sa m p le  w as o b ta in e d  fro m  
h exa n e , m p  1 3 0 -1 3 1 ° , a n d  th e  m ix tu re  m e ltin g  p o in t  w ith  m a teria l 
o b ta in e d  o th erw ise2 w as u n d ep ressed .

Methyl Benzonorbornane-endo-2-carboxylate (6). A c id  5 
(6 .4  g, 34 m m o l) w as d isso lv e d  in  h e x a m e th y lp h o sp h o ra m id e  (85  
m l) con ta in in g  so d iu m  h y d ro x id e  (8  m l o f  a 25%  a q u eou s  so lu tio n ) . 
M e th y l io d id e  (19 .3  g, 0 .136  m o l) w as a d d e d  an d  th e  so lu tio n  w as 
stirred  at 2 5 ° fo r  5 hr.9 H y d ro c h lo r ic  a c id  (5% , 170 m l) w as a d d e d  
a n d  the so lu tio n  w as e x tra c te d  w ith  e th er  severa l tim es. T h e  eth er  
ex tra cts  w ere w ash ed  w ith  a q u e o u s  so d iu m  b isu lfite  a n d  d rie d  
(N a 2S 0 4). R e m o v a l o f  th e  e th er  le ft  q u ite  p u re  ester  6 : 5 .8  g, 85% ; 
m/e 202 (p a re n t), r e tr o -D ie ls -A ld e r  fra g m en ts  a t  116 (b a se  p eak , 
is o in d e n e ), 115 (in d e n e  ca t io n ), 87  [C H 2= C H C ( = + O H )O C H 3 , as 
e x p e c te d ] .10 T h e  ester  w as ch ro m a to g ra p h e d  o n  s ilicon e  gu m  r u b 
b e r  c o lu m n  (1 0%  S E -5 2  o n  C h ro m o so rb  W ) a t  18 0°. N o  e x o  ester 
w as p re se n t  (ch e ck e d  w ith  a u th en tic  sa m p le ) an d  th e  re te n tio n  
t im e  o f  6 w as id e n tica l (b y  c o in je c t io n ) w ith  6 m ad e  o th erw ise .2 
A lso , th e  ir  a n d  N M R  sp e c tra  o f  th e  tw o  sa m p les w ere  id en tica l 
a n d  sh o w e d  n o  tra ce  o f  a n y  e x o  im p u rity .

Registry No.—1, 55 6 0 6 -6 2 -7 ; 3, 55 6 0 6 -6 3 -8 ; 4, 55 6 0 6 -6 4 -9 ; 5, 
5 4 274 -40 -7 ; 6 , 54 1 6 4 -8 1 -7 ; 5 ,5 -d im e th o x y te tra ch lo ro cy c lo p e n ta - 
d ien e , 22 07 -2 7 -4 ; n o rb o r n e n e -e n d o - 2 -ca rb o x y lic  a c id , 11 95 -1 2 -6 ; 
o -d ich lo ro b e n z e n e , 95 -5 0 -1 .
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The fluorinated hydroquinones and benzoquinones pos
sess interesting biological1-3 and chemical4-9 properties. Al
though some properties2’3 of fluorohydroquinone (1) have 
been described, its preparation and spectroscopic charac
terization have not been detailed. A multistep preparation 
of fluorobenzoquinone (2) has been reported,9 but its char
acterization was limited to elemental analysis. We now re
port simple preparations from commercially available 
starting materials of 1, 2, and trifluoromethylhydroquinone
(3) ,10 and polarographic half-wave potentials for oxidation 
of 1 and 3.

Fluorohydroquinone (1) was prepared in 40% yield by 
oxidation of o-fluorophenol with potassium persulfate11 in 
aqueous alkali, followed by hydrolysis of the intermediate 
p-hydroxyphenyl potassium sulfate with dilute HC1, The 
compound, a white solid, mp 124-126°, was isolated by sili
ca gel chromatography and recrystallization from chloro
form. In addition to 1 and ca. 35% recovered o-fluoro- 
phenol, a small amount of cis,cis- 2,4-hexadienedioic acid
(4) was obtained from the reaction, possibly due to oxida
tion of o-hydroquinone derived from displacement of fluo
ride in the starting phenol by OH.

In a similar fashion, oxidation of m-hydroxybenzotri- 
fluoride with potassium persulfate afforded trifluorometh
ylhydroquinone (3) in 6% yield together with 40% recovered 
phenol. The extremely low yield of product may be due in 
part to steric hindrance to attack of the persulfate anion by 
the bulky trifluoromethyl group.

1,40%

l^ C O O H
l^ C O O H

4 .trace

C<K NH,),(NO:,V 
H,0

Fluorobenzoquinone (2) was obtained as bright yellow 
crystals from oxidation of 1 with ceric ammonium nitrate12 
in water, followed by sublimation. The compound was ex
tremely sensitive to base; a black tarry precipitate formed
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Table I
E i 2 for Monosubstituted Hydroquinonesa

Substituent E\/ih

H +0.060
Cl +0.065
F +0.050
CF» +0.133

« Aqueous solution, 0.10 M  NaH2P 0 4 buffer, pH 6.5. 0 Vs. SCE.

instantly on adding 5% aqueous NaHCCL to an ethanolic 
solution of 2.

The reported13 synthesis of tetrafluorobenzoquinone 
from the tetrachloro derivative and potassium fluoride 
prompted attempts to convert chlorobenzoquinone {5) to 2 
by this method. However, heating 5 neat with KF or in 
benzene or acetonitrile solution with KF solubilized with 
18-crown-614 afforded only tars; no 2 was detected by GLC 
after complete disappearance of 5. Treatment of 5 (7.2 g) 
with 2 equiv of silver fluoride in dioxane at 200° gave a 
dark oil from which 2.8 g of a 42:58 mixture (by GLC) of 2 
and 5 could be isolated by silica gel chromatography.

The polarographic behavior of substituted hydroqui- 
nones has been extensively investigated.15 Since little data 
are available on the effects of fluorine substitution, we have 
determined the polarographic half-wave potentials for 1 
and 3. At pH 6.5 in aqueous phosphate buffer, the com
pounds exhibited clean, reversible two-electron oxidation; 
at higher pH, erratic results were obtained owing to rapid 
base-catalyzed destruction of the corresponding quiñones. 
The measured values of £1/2 for 1, 3, and related com
pounds are given in Table I. The data indicate little effect 
on E 1/2 bv monohalo substitution, presumably owing to a 
balancing of the electron-withdrawing incuctive and elec
tron-donating resonance effects of these substituents,16 For 
the trifluoromethyl derivative, the strong electron-with
drawing effect16 causes a significant increase in oxidation 
potential. A dependence of E 1/2 for monosubstituted qui
ñones on both the inductive and resonance effects of the 
substituent, has been previously noted.17

Experimental Section
General. o-Fluorophenol (PCR, Inc.), potassium persulfate 

(Fisher Scientific), ceric ammonium nitrate (Fisher), potassium 
fluoride (MCB, anhydrous), and silver fluoride (Ozark-Mahoning) 
were reagent grade and used as received. Chlorohydroquinone 
(Eastman) was recrystallized from chloroform. m-Hydroxybenzo- 
trifluoride (Pierce Chemical Co.) was distilled before use, bp 6 7 °  (6  

mm). Acetonitrile and dioxane were anhydrous reagent grade and 
were used directly from unopened bottles. Proton NMR spectra 
were run on a Varian A-60 instrument in the indicated solvents. 
Fluorine NMR spectra were run at 94.1 MHz on a Varian XL-100 
instrument in the indicated solvents using F -ll as internal stan
dard. GLC analyses were performed on a Hewlett-Packard 5 70 0  
instrument with thermal conductivity detector using a 1 0  ft X  0 .25  
in. 10% SE-30 column at 140°. Melting points were measured on a 
Thomas-Hoover melting point apparatus and are corrected.

F lu o r o h y d r o q u in o n e  ( 1 ) .  o-FIuorophenol ,11.3 g, 0.100 mol) 
was dissolved in 400 ml of 6% aqueous NaOH. Solid potassium per
sulfate (27 g, 0.10 mol) was added to this stirred solution _n several 
portions over 10 min. The dark mixture was stirred overnight at 
room temperature, then concentrated to ca. % its original volume 
on the rotary evaporator. The solution was neutralized with con
centrated HC1 and extracted once with 200 ml of ether. The aque
ous solution was acidified with 100 ml of concentrated HC1, boiled 
for 1 hr, then concentrated to ca. 50 ml on the rotary evaporator. 
Addition of 200 ml of acetone precipitated the inorganic salts, 
which were removed by filtration. The filtrate was taken to dry
ness on the rotary evaporator and the dark residue, dissolved in ac
etone, was added to 15 g of silica gel. The solvent was removed and 
the material was added to a column of 100 g of silica gel packed in 
hexane. The column was eluted with 10% acetonitrile in chloro

fo rm , t a k in g  7 5 -m l fra c t io n s . F r a c t io n s  5 - 2 0  c o n ta in e d  5 .3  g ( 4 1 % )  
o f  p ro d u c t, sh o w in g  a s in g le  sp o t o n  T L C .  F u r t h e r  p u r if ic a t io n  
c o u ld  be e ffe cte d  b y  d is s o lv in g  th e  m a t e r ia l in  b o il in g  c h lo ro fo rm  
(60 m l/g ) , c o n c e n tra t in g  th e  s o lu t io n  to  ca . %  it s  o r ig in a l v o lu m e , 
a n d  c o o lin g  in  a n  ic e  b a th  to  g iv e  w h ite  p la te s : m p  1 2 2 - 1 2 3 ° ;  i r  
( C H C I 3 ) 36 00 (s), 33 0 0  (m ), 1 6 1 5  (m ), 1 5 2 0  c m ' 1 (s); p ro to n  N M R  
( M e 2S O -d 6) 5 6 .2 3 -6 .9 7  (3 H ,  m ) , 8 .9 7 (2  H ,  s); f lu o r in e  N M R  
(fro m  F - l l ,  M e 2 S O -d e) —13 4 .3  p p m  (m ); m a s s  s p e c t ru m , c a lc d  fo r 
¿ 6H 5O 2F ,  m /e  12 8 .0 2 7 3 ; fo u n d , m /e  12 8 .0 2 5 9 .

A n a l.  C a lc d  fo r C 6H 50 2F :  C ,  5 6 .26 ; H ,  3 .9 3. F o u n d : C ,  5 6 .4 4 ; H ,  
4 .0 3 . T h e  e th e r e x t ra c t  o f  th e  a q u e o u s re a c t io n  s o lu t io n  w as c o n 
c e n tra te d  to a n  o il  (4.0 g) w h ic h  w as id e n t if ie d  a s m o s t ly  u n re a c te d  
o -f lu o r o p h e n o l b y  it s  N M R  sp e c tru m  (5 6 .6 -7 .3 ,  c o m p le x  m u lt i-  
p le t) . A  s m a ll  a m o u n t  o f  w h ite  s o lid  w as n o te d  in  th e  o il. C r y s t a l l i 
z a t io n  o f th e  m a t e r ia l fro m  30  m l o f a ce to n e  g a ve  0 .2  g o f  w h ite  
c r y s t a ls ,  id e n t if ie d  a s c is ,c i s -2 ,4 -h e x a d ie n e d io ic  a c id : m p  1 9 9 °  
( l it . 18  m p  1 9 4 - 1 9 5 ° ) ;  N M R  (M e 2S O -d 6) 5 5 .9 7  (2  H ,  d o u b le d  d o u 
b le t, J 12  =  7 .8 , J 13  =  2 .2  H z ) ,  7 .7 2  (2  H ,  d o u b le d  d o u b le t, J 12  =  7.8 , 
J 13  =  2 .2  H z ) ,  1 1 . 0  (2  H ,  b ro a d  s in g le t) ; m a s s  s p e c tru m , c a lc d  fo r 
C 6H 6O 4, m /e  14 2 .0 2 6 6 ; fo u n d , m/e 14 2 .0 26 0 .

Fluorobenzoquinone ( 2 ) .  F lu o r o h y d r o q u in o n e  (3 .0  g, 0 .0 23  
m o l) w as a d d e d  to  a  s o lu t io n  o f 26  g (0.046 m o l)  o f c e r ic  a m m o 
n iu m  n itra t e  in  1 5 0  m l o f w ate r. A ft e r  s t ir r in g  fo r 1  h r  a t  ro o m  
te m p e ra tu re  th e  s o lu t io n  w as e x tra c te d  w it h  3  X  10 0  m l o f  e th e r. 
T h e  c o m b in e d  e th e r e x tra c ts  w ere d r ie d  ( M g S 0 4) a n d  c o n c e n tra t 
ed on th e  r o t a r y  e v a p o ra to r. T h e  re s id u e  (2 .3  g) w as s u b lim e d  a t  
5 0 °  (0.5 m m ) to g iv e  2 .2  g ( 7 8 % )  o f  b r ig h t  y e llo w  c ry s ta ls : m p  7 8 -  
7 9 ° ;  i r  ( C H C I 3 ) 30 60 (m ), 16 9 5  (s), 16 7 5  (s), 16 0 5  (m ), 13 8 0  (w ), 
13 5 0  (s), 1 3 0 5  (s), 12 9 0  (sh ), 1 2 3 0  (w ), 1 1 9 5  (s), 1 1 6 5  (m ), 10 9 0  (s), 
890 (s), 8 3 5  c m - 1  (m ); p ro to n  N M R  ( C D C I 3 ) 6 6 .48 ( 1  H ,  d o u b le t  
w it h  f in e  s t ru c tu re ) , 6 .8 5 (2  H ,  m ); f lu o r in e  N M R  (fro m  F - l l ,  
C D C l s ) - 1 1 2 . 3  p p m  (m ).

A n a l.  C a lc d . fo r C 6H 30 2F :  C ,  5 7 .1 5 ;  H ,  2.40 ; F ,  15 .0 8 . F o u n d : C ,  
5 6 .8 7; H ,  2 .4 4 ; F ,  1 5 .1 0 .

Reaction of Chlorobenzoquinone with Silver(I) Fluoride. A
m ix t u r e  o f  7 .2 0  g (0 .050 m o l) o f c h lo ro b e n z o q u in o n e , 1 2 .7  g (0 .10 0  
m o l) o f s i lv e r  f lu o r id e , a n d  40 m l o f  d io x a n e  w as h e a te d  u n d e r  N 2 

in  a  p re ss u re  b o m b  a t  2 0 0 ° fo r 4 h r. A ft e r  c o o lin g  to  ro o m  t e m p e ra 
t u re , th e  c o n te n ts  o f  th e  b o m b  w ere f ilt e re d  a n d  th e  f ilt r a t e  w as 
c o n c e n tra te d  on th e  r o t a r y  e v a p o ra to r to  a d a r k  o il (6 .9 g). T h e  o il  
w as c h ro m a to g ra p h e d  on s i l ic a  gel, e lu t in g  w it h  c h lo ro fo rm . F r a c 
t io n s  sh o w in g  q u in o n e  b y  T L C  ( s i lic a  p la te s )  w ere c o m b in e d  a n d  
c o n c e n tra te d  to  a  y e llo w  s o lid . G L C  o f t h is  m a t e r ia l sh o w e d  a  4 2 :5 8  
m ix t u re  o f  f lu o ro b e n z o q u in o n e  a n d  c h lo ro b e n z o q u in o n e .

Trifluoromethylhydroquinone (3). m -H y d r o x y b e n z o t r if lu o -  
r id e  ( 1 6 .2  g, 0 .10 0  m o l) w as d is s o lv e d  in  3 5 0  m l o f  H 20  a n d  5 0  m l o f 
5 0 %  a q u e o u s N a O H .  S o lid  p o ta s s iu m  p e rs u lfa te  (2 7  g, 0 .1 0  m o l) 
w as a d d e d  in  p o rt io n s  o v e r 10  m in . T h e  r e s u lt in g  m ix t u r e  w as 
s t ir r e d  o v e rn ig h t  a t  ro o m  te m p e ra tu re . T h e  s o lu t io n  w as c o n c e n 
tra te d  to  ca. %  it s  o r ig in a l v o lu m e  on th e  r o t a r y  e v a p o ra to r, n e u 
tra liz e d  w ith  c o n c e n tra te d  H C 1 ,  a n d  e x tra c te d  w it h  20 0  m l o f 
e th e r. T h e  a q u e o u s s o lu t io n  w as a c id if ie d  w it h  a n  a d d it io n a l 10 0  
m l o f  c o n c e n tra te d  H C 1  a n d  b o ile d  fo r 1  h r . A f t e r  c o o lin g  to  ro o m  
te m p e ra tu re , th e  s o lu t io n  w as c o n c e n tra te d  to  ca. 50  m l o n  th e  ro 
t a r y  e v a p o ra to r. A d d it io n  o f 200 m l o f  a ce to n e  p re c ip ita t e d  th e  in 
o rg a n ic  s a lt s , w h ic h  w ere re m o v e d  b y  f ilt r a t io n . T h e  f ilt r a t e  w as 
c o n c e n tra te d  to  a  b la c k  o il  o n  th e  r o t a r y  e v a p o ra to r. T h e  re s id u e  
w as d is s o lv e d  in  600 m l o f  e th e r, d r ie d  o v e r M g S 0 4 a n d  c o n c e n 
tra te d  to  a  b la c k  o il  (5 .5  g). T h e  m a t e r ia l w as d is s o lv e d  in  a ce to n e  
a n d  a d d e d  to 1 5  g o f  s i l ic a  gel. T h e  s o lv e n t  w as re m o v e d  a n d  th e  
m a t e r ia l w as a d d e d  to  a  c o lu m n  o f 1 0 0  g o f  s i l ic a  g e l p a c k e d  in  
c h lo ro fo rm . T h e  c o lu m n  w as e lu te d  w it h  1 0 %  a c e t o n it r ile  in  c h lo 
ro fo rm ; 5 0 -m l fra c t io n s  w ere ta k e n . F r a c t io n s  1 0 - 1 6 ,  sh o w in g  a  s in 
gle sp o t o n  T L C ,  w ere c o m b in e d  a n d  c o n c e n tra te d  to  a  re d  s o lid . 
T r it u r a t io n  w it h  c h lo ro fo rm  a n d  d r y in g  on th e  v a c u u m  p u m p  gave
1.0  g o f  w h ite  c ry s ta ls : m p  1 0 6 - 1 0 7 °  ( l it . 10  m p  1 0 9 ° ) ;  p ro to n  N M R  
(a ce to n e-d fi) 6 6 .9 -7 . 1  (3 H ,  m ), 8 .3 2  (2  H ,  s); f lu o r in e  N M R  (fro m  
F - l l ,  a c e t o n e -d 6) - 6 2 . 0  p p m  (s); i r  ( K B r )  3 3 5 0  (s), 16 4 0  (w ), 1 6 1 0  
(w ), 1 5 1 5  (s), 14 9 0  (m ), 14 8 0  (m ), 13 8 0  (s), 1 3 2 0  (s), 1 2 6 5  (m ), 1 2 5 5  
(m ), 1 2 2 0  (m ), 12 0 0  (s), 1 1 7 0  (m ), 1 1 3 0  (s), 10 5 0  c m " 1 (s); m a ss 
sp e c tru m , c a lc d  fo r C 7 H 5 0 2F 3, m /e  1 7 8 .0 2 4 1 ;  fo u n d , m /e  17 8 .0 2 3 8 . 
T h e  e th e r e x tra c t  o f  th e  o r ig in a l a q u e o u s s q lu t io n  w as d r ie d  
( M g S 0 4) a n d  c o n c e n tra te d  o n  th e  r o t a r y  e v a p o ra to r  to  a  d a r k  o il. 
D is t i l la t io n  o f th e  o il g a ve  6 .5  g o f  u n re a c te d  m -h y d r o x y b e n z o t r i-  
f lu o r id e , b p  6 7 °  ( 6  m m ).

Registry No.—1, 5 5 6 6 0 -7 3 -6 ; 2, 3 6 7 -2 8 -2 ;  3, 5 7 7 -1 0 -6 ;  4, 1 1 1 9 -
7 2 -8 ; 5 , 6 9 5 -9 9 -8 ; o -f lu o r o p h e n o l, 3 6 7 -1 2 -4 ;  p o t a s s iu m  p e rs u lfa te , 
7 7 2 7 - 2 1 - 1 ;  c e r ic  a m m o n iu m  n itra t e , 1 6 7 7 4 - 2 1 -3 ;  s i lv e r ( I)  f lu o r id e , 
7 7 7 5 -4 1 -9 ;  m -h y d r o x y b e n z o t r if lu o r id e , 9 8 -1 7 -9 .
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Although measurable hydration in neutral solution has 
been observed by Laviron, Troncin, and Tirouflet2 for o- 
nitrobenzaldehyde and by Greenzaid3 for 4-trimethylam- 
moniobenzaldehyde iodide, it has been assumed3,4 that the 
equilibrium constant, K  i, for this hydration reaction (eq 1)

OH
ifjttUO]

/> -02NPh— 0 = 0  —  p -OzNPh—C—OH (1)

H H
of p-nitrobenzaldehyde is negligibly small, and to the au
thor’s knowledge no experimental evidence supporting a 
significant extent of hydration of this aldehyde in neutral 
or weakly acidic aqueous solution has previously been re
ported. Several recent observations in this laboratory indi
cate that the value of K  i [H20 ] , although small, is measur
able and has an approximate value of 0.25 ±  0.1 at 25°, cor
responding to approximately 20% hydration of the alde
hyde. This finding means that a small but significant cor
rection of observed rate and equilibrium constants for reac
tions of p-nitrobenzaldehyde is required in kinetic studies, 
especially when this aldehyde is compared with other, less 
significantly hydrated, substituted benzaldehydes in struc
ture-reactivity correlations.

The following three experimental observations provide 
strong qualitative evidence that p-nitrobenzaldehyde is 
significantly hydrated in neutral aqueous solution, and are 
consistent with an approximate value for Ai[H20] of 0.25 
±  0.1.

(1) Upon addition of a sample of p-nitrobenzaldehyde in 
acetonitrile solution to 0.1 M  aqueous potassium acetate- 
acetic acid buffer, pH 4.6, a time-dependent absorbance 
change at 268 nm with a pseudo-first-order rate constant of 
approximately 5 X 10-2 sec-1 is observed (curve A, Figure 
1). This result is most easily accounted for by the establish
ment of an equilibrium between the unhydrated and hy

0 25 50 75
Time, Sec.

Figure 1. Time-dependent absorbance changes observed upon ad
dition of p-nitrobenzaldehyde in acetonitrile solution to 0.1 M 
aqueous acetic acid-potassium acetate buffer, pH 4.6 (curve A), 
and p-nitrobenzaldehyde in aqueous solution to 0.5 M  aqueous 
semicarbazide buffer, pH 2.8 (curve B). The spectral changes of 
curves A and B were followed at 268 and 320 nm, respectively, and 
corresponded to absolute absorbance changes of 0.080 (curve A) 
and 0.38 (curve B) for a total concentration of aldehyde in the re
action mixtures of 10-4 M. The broken portions of the curves rep
resent extrapolated values determined from semilogarithmic plots 
of (Aobsd -  Afinai) or (Annai -  Aobsd) against time.

drated forms of the aldehyde. If an estimate is made for the 
absorbance of the hydrate at 268 nm, based on the absorb
ance of the corresponding bisulfite addition product, the 
magnitude of the observed absorbance change corresponds 
to 17 ± 1% hydration of the aldehyde at equilibrium.

(2) Addition of an aqueous solution of p-nitrobenzal
dehyde to semicarbazide buffer, 88% acid, pH 2.8, causes 
an immediate burst of absorbance at 320 nm, followed by a 
measurably slow increase in absorbance to a final stable 
value (curve B, Figure 1). Under these conditions, the rate
determining step for semicarbazone formation is the pro
ton transfer step, ks and k 4, in the formation of the cationic 
or neutral tetrahedral intermediate (eq 2),5 and hence pre-

RNH2 + / C = 0

II
RNH,—C—OH

R N H —Ç—O'
(2)

RNH—Ç—OH — -  R N = C n

equilibrium accumulation of this intermediate is not re
sponsible for the observed biphasic kinetics. The second 
phase that is observed in the reaction between p-nitroben
zaldehyde and 0.5 M  (total) semicarbazide at pH 2.8 has a 
pseudo-first-order rate constant of 0.15 sec-1, approxi
mately 15 times slower than the pseudo-first-order rate 
constant, Kn(ksa-n++k4) [H2NC(0)NHNH2], of 2.3 sec-1 
for buffer-independent semicarbazone formation under 
these conditions calculated from published rate constants.5 
The second phase of the reaction is less than first order in 
semicarbazide, as indicated by the fact that the pseudo- 
first-order rate constants for this process in the presence of
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0.2 and 0.4 M  total semicarbazide differ only by approxi
mately 20%. This biphasic behavior is most easily ex
plained6 if the initial burst represents very rapid conver
sion of the free aldehyde to the semicarbazone, whereas the 
second phase of the reaction involves rate-limiting conver
sion of the fraction present as the hydrate to the free alde
hyde. An extent of hydration of 23 ±  2% is calculated from 
the magnitude of the absorbance change corresponding to 
the second phase of the reaction.

(3) The 90-MHz Fourier transform NMR spectrum of a 
saturated solution of p-nitrobenzaldehyde in 25% 
CD3CN-75% D2O shows small peaks at 5 6.06 and 7.65 ppm 
that are assigned to the a proton of the hydrate and to the 
aromatic protons of the hydrate,3 respectively. The ratio of 
the area of the peak at 5 6.06 to that of the peak corre
sponding to the aldehydic proton at 10.0 ppm is approxi
mately 1.0:7.6 and the ratio of the areas of peaks for the ar
omatic protons in the hydrated (5 7.65) and unhydrated (6 
8.2) aldehydes is approximately 1.0:8.2. This finding pro
vides qualitative confirmatory evidence for the hydration 
of the aldehyde, and the value of approximately 11-12% 
hydration in D2O containing 25% acetonitrile is consistent 
with the slightly greater extent of hydration observed in 
completely aqueous solutions.

These results for p-nitrobenzaldehyde are comparable 
with the observed value2 of 0.43 for KdfHvO] for o-nitro- 
benzaldehyde and with a calculated value of 0.08 for m-ni- 
trobenzaldehyde.3

The value of 0.25 ±  0.1 for JfjHoO] for p-nitrobenzal- 
dehyde is consistent with the known equilibrium constant 
for formation of the anionic hydrate from p-nitrobenzal
dehyde and hydroxide ion3,4 and a value for the pA~a of the 
hydrate estimated from structure-reactivity correlations. 
From the interrelationship3 of the equilibria shown in eq 3,

\
H, 0  +  C = 0

/

' I

HT + OH- +  ^>0 = 0

OH
I

-C—OH

(3)
o -
I

- c — OH + H*

a pKa value of 12.1 ±  0.2 for the hydrate may be calculated 
from AilHzO] = 0.25 ±  0.10 and K 2 = 18 ±  3 M~\ ob
tained from and the observed3’4'7 equilibrium con
stant of 14.8 ±  1.5 M~l for the addition of hydroxide ion to 
hydrated plus unhydrated p-nitrobenzaldehyde in aqueous 
solution at 25°. A pK a of 12.1 ±  0.2 is consistent with a 
value of pA a = 12.3 estimated as follows. From the ob
served pKa of 9.18 for l,l-dihydroxy-l-(m-nitrophenyl)-
2,2,2-trifluoroethane8 and a p value of 1.11, the pKa of the 
corresponding p-nitro compound is estimated to be 9.08. 
Substitution of the CF3 group by CH3 should give a ApXa 
of 3.5 if pi for ionization of the hydroxyl group9 is taken as
8.4 and cn10 for CF3 is 0.42. This gives pKa = 12.58 for 1,1- 
dihydroxy-l-(p-nitrophenyl)ethane, and substitution of H 
for CH3 is expected to decrease the pK  by ~0.3 unit,9 giv
ing pK = 12.28 for p-nitrobenzaldehyde hydrate.

The observed equilibrium constant of 0.25 ±  0.1 for hy
dration of p-nitrobenzaldehyde is also consistent with a 
predicted value of 0.18 ±  0.04 from the structure-reactivity 
correlation of Sander and Jencks6 for addition of nucleo
philes to aromatic aldehydes. Based on y  values of 1.13, 
0.46, and —3.58 for methoxyamine,11 semicarbazide, and 
water, respectively, and equilibrium constants of 40 and 
125 M -1 for the addition of semicarbazide13 and methoxy
amine12 to p-nitrobenzaldehyde, log K\ = —2.5 ±  0.1, cor

responding to XifH^O] = 0.18 ±  0.04, was calculated from 
the relationship Alog K eq = Ay.

Experimental Section
Semicarbazide hydrochloride was recrystallized and p-nitro- 

benzaldehyde was recrystallized or sublimed. Glass-distilled water 
was used in all reactions. Kinetics were followed at 25° and ionic 
strength 1.0, maintained with potassium chloride. Formation of 
the hydrated aldehyde was followed at 268 nm using a Cary 118 re
cording spectrophotometer, after addition of 50 p\ of a 5 X 10~3 M 
solution of p-nitrobenzaldehyde in acetonitrile to 2.5 ml of aque
ous acetic acid-potassium acetate buffer solution. The reaction 
follows pseudo-first-order kinetics, and the absorbance change due 
to hydration of the aldehyde was determined from the intercept at 
time zero of a linear semilogarithmic plot of (Af;nai — A0bsd) 
against time. The absorbance expected for the fully hydrated alde
hyde was estimated using the sulfite addition product as a model: 
after completion of the hydration reaction, 30 pi of Na2SC>3-  
NaHSC>3 (1:1) solution, 1 M  in S 032~ plus H S02- , was added to 
the reaction mixture and the absorbance was measured. A correc
tion of approximately 4% was applied for the absorbance of the 
sulfite-bisulfite solution alone. AAhyd for complete hydration of 
the aldehyde was taken as (Ao — Aso32-) where Ao is the extrapo
lated value for the absorbance at zero time and Aso32- is the ab
sorbance of the sulfite addition product. The fraction of aldehyde 
converted to the hydrate, a, is then given by AA0bsd/AAhyd, where 
AA0bad is the observed time-dependent absorbance change. The 
equilibrium constant, K i[H 20], for hydration is a /( l  — a ) .  For a 
typical experiment under these conditions using a concentration of 
approximately 10-4 M  total aldehyde, observed values of Ao, Afinai, 
and Aso32- were 1.415, 1.335, and 0.903, respectively.

Time-dependent dehydration of the hydrated aldehyde was fol
lowed by measurement of the change in absorbance at 320 nm 
upon addition of 50 pi of a (2.5-5) X 10-3 M  aqueous solution of 
p-nitrobenzaldehyde to 2.5 ml of semicarbazide buffer solution, 
88% acid, ionic strength 1.0. The total absorbance change, AAtot, 
for semicarbazone formation from hydrated plus unhydrated alde
hyde was obtained by correction of the final absorbance value for 
the small (~11%) absorbance of p-nitrobenzaldehyde at 320 nm. 
The observed time-dependent absorbance change, AA0bsd, due to 
slow conversion of the hydrate to the aldehyde, was determined 
from the intercept at time zero of a semilogarithmic plot of (Aflnai 
-  Aobsd) beginning 8-10 sec after mixing. The fraction, a, of alde
hyde present as the hydrate in the initial solution is then given by 
AA0bsd/AAtot. The time-dependent absorbance change observed 
upon mixing an acetonitrile solution of p-nitrobenzaldehyde with 
the semicarbazide buffer was negligible, the final absorbance value 
being reached too rapidly to measure under our conditions, as ex
pected for a solution in which no hydrated aldehyde is present at 
time zero.

Analogous experiments using a Gilford Model 2000 spectropho
tometer equipped with a rapid-mixing syringe,14 and reaction mix
tures containing 12% acetonitrile, gave results that were consistent 
with those described above.

The 90-MHz Fourier transform NMR spectrum of a saturated 
solution of p-nitrobenzaldehyde in 75% D20-25% acetonitrile (by 
weight) was determined using a Bruker WH90 Fourier transform 
NMR spectrometer. Chemical shifts relative to tetramethylsilane 
were determined from the observed chemical shifts relative to ace
tonitrile (5 2.0 ppm).
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In previous reports from our laboratories on 1,8-di-fert- 
butylnaphthalenes, the focus has been primarily on syn
thetic and spectroscopic studies.2 This note describes our 
results with probing the strained system via electrophilic 
aromatic substitution.

Nitration of 1,3,6,8-tetra-ierf-butylnaphthalene (1) was 
accomplished using acetyl nitrate at —40°, followed by 
warming to 25°, conditions used previously for substitution 
on azulene, (18)annulene, and 1,3,6,8-tetramethylnaph- 
thalene.3 NMR and TLC of the crude reaction mixture re
vealed the presence of a single product which after purifi
cation yielded 4-nitro-l,3,6,8-tetra-fert-butylnaphthalene
(2) in 54% yield. The structural assignment was based on 
its NMR spectrum (Table I), particularly the shielded peri 
proton at 8 7.04. This value is shifted upfield by 0.17 ppm 
compared to the parent compound 1, expected since the 
nitro group is rotated so that its shielding cone interacts 
strongly with the peri H. Similar results have been ob
tained with methylnitronaphthalenes by Wells.4 Our reac
tion conditions and results may be compared to those for
o-di-ferf-butylbenzene which is nitrated using concentrat
ed nitric acid in acetic acid to afford products with no nitro 
insertion ortho to tert-butyl.5

Bromination of 1 was effected in good yield with dioxane 
dibromide, a reagent normally used for bromination of phe
nols.6 The NMR of the product (Table I) is consistent with 
both a rearranged structure 4 and the direct product 3. In 
particular, the ieri-butyl chemical shift of 8 1.64 is inter
pretable as an uncrowded peri-fert-butyl which is comple
mentary to a neighboring peri H at 8 8.07. A reductive de- 
halogenation with butyllithium was performed on 3 to yield 
1, confirming lack of rearrangement in the bromination. 
Thus, the chemical shifts are due to the deshielding effects

1, R =  H
2, R =  NO,
3, R =  Br

4, R =  Br 
9. R =  H

5, R =  H
6, R =  Br
7, R =  I

of the bromine. These bromination conditions were also ap
plied to 1,3,8-tri-ieri-butylnaphthalene (5) to afford 5- 
bromo-l,3,8-tri-tert-butylnaphthalene (6). The lesser de
shielding of the peri proton by bromine compared to that 
in 3 can be explained by the lack of buttressing of the bro
mine by the tert-butyl.7 The photochemical behavior of 6 
has been reported.2 These brominations also may be com
pared to those of o-di-ferf-butylbenzene, which requires 
FeBr3 catalysis for rapid reaction and which results in some 
dealkylation as well as substitution.5 Lastly, 5-iodo-l,3,8- 
tri-tert-butylnaphthalene (7) was prepared by treating 5 
with iodine and yellow mercuric oxide, a combination of re
agents previously used for iodination of thiophene.8

These results, i.e., regiospecific attack at the 4 position, 
are consistent with our previous study of the acid sensitivi
ty of peri tert-butylnaphthalenes which demonstrated 
greatest reactivity at the 4 position. From the NMR data 
accumulated in this series, we are now able to assign a and 
/? protons in the entire series with more certainty. Using 
the data obtained in unstrained naphthalene 8 as a stan
dard, we can conclude that there is, in fact, a decrease in 
ring current in the naphthalenes which are strained and 
thus distorted from planarity. This decrease in ring current 
appears to result in a shielding of approximately 0.3 ppm 
and is consistent with the distortion effects observed with 
other spectroscopic techniques applied to the naphthalenes 
and the similar NMR observation made with 1,2,3,5-tetra- 
terf - butylbenzene.9

Experimental Section10
4-Nitro-l,3,6,8-tetra-tert-butylnaphthalene (2). A solution 

of 30 mg (0.08 mmol) of naphthalene 12 in 2 ml of acetic anhydride 
was placed in a Dry Ice-ethanol bath and allowed to stir until it 
reached —40°. To this solution was added acetyl nitrate (2 ml over 
a 10-min period) prepared as follows: 160 mg of CulNOak was

Table I
NMR Data for tert-Butylnaphthalenes. Chemical Shift and J  (Hertz), CCU

Compel C -l C - 2 C-3 C-4 C-5 C -6 C-7 C -8

9“ 1.22 7.43 (2) 1.42 7.90 (2) 1.57 7.28 (8) 7.10 (8) 1.24
8“ 1.65 7.78 (2) 1.43 7.57 (2) 7.57 (2) 1.43 7.48 (2, 9.2) 8.34 (9.2)
V 1.30 7.48 (2) 1.40 7.22 (2) 7.22 (2) 1.40 7.48 (2) 1.30
2 1.33 7.62 1.48 n o2 7.04 (2) 1.42 7.65 (2) 1.33
3 1.30 7.59 1.64 Br 8.07 (2) 1.45 7.59 (2) 1.28
6 1.30 7.63 (2.5) 1.47 7.79 (2.5) Br 7.48 (8) 7.32 (8) 1.32
7 1.28 7.61 (2) 1.45 7.66 (2) I 7.80 (8) 7.19 (8) 1.28

° Data taken from ref 2a.
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added to 10 ml of acetic anhydride and 5 ml of acetic acid and then 
gently heated in a water bath. Ten minutes after the acetyl nitrate 
was added, the reaction was allowed to warm to room temperature. 
Water was then added and the reaction was worked up in a con
ventional manner. Preparative TLC of the product on silica gel 
eluting with hexane afforded 22 mg of nitronaphthalene (2) whose 
NMR was essentially identical with that of the analytical sample 
obtained by recrystallization from methanol (18.5 mg, 54% yield), 
mp 124.5-125.5°.

Anal. Calcd for C26H39NO2: C, 78.98; H, 9.80; N, 3.40. Found: C, 
78.89; H, 9.90; N, 3.43.

4- Bromo-l,3,G,8-tetra-tert-butylnaphthalene (3). A solution 
of 50 mg (0.14 mmol) of naphthalene l2 in 4 ml of anhydrous ether 
was cooled in an ice-salt bath (—3°) and treated with a solution of 
110 mg (0.41 mmol) of dioxane dibromide in 4 ml of ether. The re
action was complete in 45 min. The solution was allowed to warm 
to room temperature, diluted with ether, washed with sodium thio
sulfate solution, and worked up in the usual manner. Preparative 
TLC of the product on silica gel eluting with hexane afforded 41 
mg of crude bromo product whose NMR was essentially identical 
with that of the analytical sample prepared by recrystallization 
from 80:20 ethanol-ethyl acetate (27 mg, 39%), mp 142.5-144.0°.

Anal. Calcd for C26H39Br: C, 72.72; H, 9.01; Br, 18.65. Found: C, 
72.46; H, 9.14; Br, 18.68.

Debromination o f Bromonaphthalene 3. A solution of 18 mg 
(0.04 mmol) of bromonaphthalene 3 in 2 ml of anhydrous ether 
was prepared in an oven-dried flask equipped with a serum cap. 
Excess butyllithium in hexane was then injected into the solution. 
After the resulting solution was stirred for 1.5 hr, 10 ml of water 
was added. The solution was then worked up in the normal way to 
afford 13 mg of naphthalene 1 identical with an authentic sample 
by TLC and NMR comparison.

5- Bromo-l,3,8-tri-tert-butylnaphthalene (6). To an anhy
drous ether solution of 60 mg (0.2 mmol) of 1,3,8-tri-tert-butyl- 
naphthalene (5)2 was added an ether solution of 100 mg (0.4 mmol) 
of dioxane dibromide. The reaction was cooled in an ice-salt bath 
initially and then allowed to warm to room temperature over a 2-hr 
period. Work-up included washing the ether with 15% sodium 
thiosulfate. The crude product was an oil which was distilled in a 
Kugelrohr, oven temperature 120° (0.1 Torr), to afford 60 mg 
(90%) of bromonaphthalene 6 as a clear oil.

Anal. Calcd for C22H3IBr: C, 70.57; H, 8.35; Br, 21.34. Found: C, 
70.40; H, 8.36; Br, 21.32.

5-Iodo-l ,3,8-tri-tert-butylnaphthalene (7). To a solution of 
131 mg (1 mmol) o f iodine and 50 mg (0.5 mmol) of naphthalene 52 
in 3 ml of benzene was added 110 mg (0.5 mmol) of mercuric oxide 
(yellow). The mixture was stirred overnight after which time it be
came orange colored. Work-up afforded a mixture of product 7 (28 
mg) and starting material which was separated by preparative 
TLC on silica gel. Crude 7 was rechromatographed on silica and 
then distilled at 65° and 1 Torr to yield 18 mg of a clear oil which 
was used as the analytical sample.

Anal. Calcd for C22H31I: C, 62.57; H, 7.35; I, 30.08. Found: C, 
62.89; H, 7.60; I, 29.70.

Registry No.— 1, 22495-86-9; 2, 55669-70-0; 3, 55669-71-1; 5, 
22495-89-2; 6, 53535-11-8; 7, 55669-72-2; acetyl nitrate, 591-09-3; 
dioxane dibromide, 21992-70-1.
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The oxidative déméthylation of unsubstituted and sever
al substituted hydroquinone and naphthohydroquinone 
ethers to give the corresponding quinones with argentic 
oxide (AgO) in excellent yields was reported by Rapoport 
and coworkers.1 In our efforts related to the déméthylation 
of 2,5-dimethoxybenzaldehyde,2 we examined this method 
in order to see if benzoquinone-1,4-aldehyde could be read
ily obtained. Aldehydic groups are reported to remain in
tact under the specified mild reaction conditions.1

Treatment of 2,5-dimethoxybenzaldehyde with argentic 
oxide in the presence of nitric acid produced only small 
amounts of benzoquinone-1,4-aldehyde, as evidenced by 
the detection of traces of gentisaldehyde (by TLC) after re
duction of the reaction products with sodium dithionite. In 
contrast, reaction of 2,5-dimethoxybenzaldehyde diacetate
( l )3 with 3 equiv of argentic oxide in the presence of 6 N  
H N O 3 produced the previously unreported benzoquinone-
1,4-aldehyde diacetate (2) in 96% yield. The spectral data

0CH3 0

OH
3

and elemental analysis agree with structure 2, and further 
proof was provided by the reduction of 2 with sodium di
thionite, followed by hydrolysis to give gentisaldehyde (3) 
in 69% yield. In our attempts to further extend this method 
to monosubstituted alkylhydroquinone ethers, difficulties 
were encountered. For example, oxidation of 2,5-dime- 
thoxytoluene (4) with argentic oxide gave a mixture of the 
expected methyl-1,4-benzoquinone (5) and 4,4'-dimethyl- 
biphenyl-2,5,2',5'-diquinone (6) in approximately equal 
amounts with an overall yield of 83%. The formation of 6 
was due to the arylation of 5 by the starting ether 4, as evi
denced by the isolation of 7, when only 1 equiv of argentic 
oxide was used. The formation of diquinones was also re-
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ported in the oxidation of 1,4-dimethoxybenzene and 2,5- 
dimethoxytoluene with ceric sulfate and a threefold in
crease in diquinone was observed with the latter,4 suggest
ing that with electron-donating substituents arylation be
comes a competing pathway.

The reduction of the electron-donating ability of the 
methyl group by introducing two acetoxy groups in 1 
changed the reaction to cause exclusive déméthylation. 
However, the fact that arylation occurs with 1,4-dime
thoxybenzene if ceric sulfate is being used as oxidizing 
agent, while argentic oxide produced exclusively 1,4-benzo- 
quinone, indicates that the oxidative déméthylation reac
tion is sensitive to both the substituent and the oxidizing 
agent used.

7

Experimental Section
Oxidative Demethylation o f 2,5-Dimethoxybenzaldehyde 

Diacetate ( l ).3 To a suspension of 3.4 g (27.4 mmol) of AgO (sup
plied by Alfa Inorganics) in a solution of 2.1 g (7.8 mmol) of 1 in 80 
ml of THF (freshly distilled over CaH2) under stirring was added 8 
ml of 6 N  HNO3, and after 3 min (by this time all AgO was dis
solved) the reaction mixture was diluted with 160 ml of chloroform 
and 40 ml of water and stirred. The organic layer was separated, 
washed with water, dried (anhydrous MgSOd, and evaporated to 
give 1.8 g of 2 (96%), mp 88-90°. By TLC examination (8:2 ben
zene-ether, silica gel plate) it was found to be pure. A recrystal
lized (2-propanol) sample had mp 90-92°; NMR (CDCI3) 6 2.13 (s, 
6, OCOCH3), 6.83 (s, 3 ,1,4-benzoquinone), 7.61 [s, 1, CH(OAc)2]; ir 
(CHCI3) 1666 (1,4-benzoquinone C = 0 ), 1765 cm-1 (acetate 
C = 0 ).

Anal. Calcd for CnHi0O6: C, 55.46; H, 4.23. Found: C, 55.37; H,
4.20.

Formation o f Gentisaldehyde (3) from  2. A solution of 1.0 g 
(42 mmol) of 2 in 200 ml of ether was shaken with aqueous sodium 
dithionite in a separatory funnel until the ether layer turned color
less. The ether layer was separated, washed with water, and stirred 
with 50 ml of 1 N  HC1 for 2 hr (the reaction was followed by TLC, 
silica gel plates, 8:2 benzene-methanol). From the ether layer 0.4 g 
(69%) of gentisaldehyde was isolated, mp 90-92°. It was found to 
be identical with an authentic sample of 3.

Oxidation o f 2,5-Dimethoxytoluene (4). A. The oxidation was 
carried out with 0.3 g (2 mmol) of 4 using 0.86 g (6 mmol) of AgO 
and 3 ml of 6 N  HNO3 following the procedure given for 1, which 
yielded 0.2 g of solid from which were separated by trituration 
with ether, followed by recrystallization (2-propanol), 0.1 g (42%) 
of 6, mp 189-190° (lit.4 mp 178.5-179.5°), as an ether-insoluble 
component and 0.1 g (41%) of 5, mp 64-65°, as an ether-soluble 
component. 5 was compared with an authentic sample. 6 was con
firmed based on its NMR spectrum (CDCI3): 5 2.08 (d, 6, CH3),
6.70 (m, 2 ,1,4-benzoquinone, H adjacent to methyl group), 6.78 (s,
2 ,1,4-benzoquinone, H adjacent to carbonyl group).

Anal. Calcd for Cu Hi0O4: C, 69.42; H, 4.16. Found: C, 69.17; H,
4.10.

B. When 0.3 g of 4 was oxidized with 0.3 g (2 mmol) of AgO and 
2 ml of 6 N  HNO3 in the manner described above, besides the un
converted 4 (separated by n-hexane trituration), 0.1 g (37%) of 7,

mp 150-152°, was isolated, which melted at 154-155° after recrys
tallization from 2-propanol (lit.6 mp 153°), NMR (CDCI3) 5 2.03 
(d, 3, CH3 on quinone), 2.21 (s, 3, CH3 on aromatic), 3.70 (s, 3, 
OCH3), 3.73 (d, 3, OCH3), 6.58 (m, 2, aromatic), 6.71 (m, 2, p-ben- 
zoquinone).

Registry No.— 1, 55669-73-3; 2, 55669-74-4; 3, 1194-98-5; 4, 
24599-58-4; 5, 553-97-9; 6, 4388-07-2; 7, 19965-46-9; silver oxide, 
1301-96-8; sodium dithionite, 7775-14-6.

References and Notes
(1) C. D. Snyder and H. Rapoport, J. Am. Chem. Soc., 94, 227 (1972); 96, 

8046(1974).
(2) H. Ulrich, D. V. Rao, B. Tucker, and A. A. R. Sayigh, J. Org. Chem., 39, 

2437 (1974); we have also prepared gentisaldehyde from 2,5-dimethoxy- 
benzaldehyde with 48% HBr in acetic anhydride at 100-105° for 6 hr In 
60% yield.

(3) R. Preuss and R. Menzel, Arch. Pharm. ( Weinheim, Ger.), 291, 377 
(1958); Chem. Abstr., S3, 5175d( 1959).

(4) Y.-H. C. Giza, K. A. Kun, and H. G. Cassidy, J. Org. Chem., 27, 679 
(1962).

(5) T. Posternak, W. Alcalay, R. Luzzati, and A. Tardent, Helv. Chim. Acta, 
31, 525 (1948).

Phenylcarbene from  3,5-Diphenyl-1 -pyrazoline

S. L. Buchwalter and G. L. Closs*

Chemistry Department, The University of Chicago, 
Chicago, Illinois 60637

Received April 8,1975

Thermal and photochemical extrusion of nitrogen from
1-pyrazolines has often been studied as a means of generat
ing 1,3-diradicals.1 In work directed toward observing such 
species,2 we have recently noted an interesting alternate 
mode of decomposition in the case of irons-3,5-diphenyl -
1-pyrazoline (1).

Previous workers3-7 have suggested that retro-l,3-dipo- 
lar addition to give diazomethane (or a derivative) and an 
olefin may be a competing pathway of decomposition of 
some 1-pyrazolines. Thus, Rinehart and Van Auken3 re
ported that irradiation of 3 gave methyl tiglate (5) as a side 
product in the formation of the cyclopropane (4). Their

Ph

, < " V
Ph N=N PhCHN.

1 2

ch3 ch3
I ch3 ■ J H3c

c S N
N=N 'COOCH, \\

cooch3
4

COOCH,

conclusion was that a reversal of the formation of 3 from 5 
and diazomethane had occurred, although direct fragmen
tation to methylene, nitrogen, and olefin could not be ruled 
out. Similarly, it has been suggested, based on product 
analysis, that several bicyclic pyrazolines decompose by 
retro-l,3-dipolar addition.4’5

In the present case, direct evidence is adduced for a car- 
bene-generating pathway in the photolysis of 1. A triplet 
ESR spectrum was observed when 1 was irradiated for 
short periods with ultraviolet light at 5.5 K either neat or in 
dilute toluene solution (see Table I). The spectrum from 
the neat sample was identical with the phenylcarbene spec
trum obtained by irradiating phenyldiazomethane under 
the same conditions.8 In addition to the carbene spectrum, 
the samples of 1 and 2 in toluene also gave weak spectra at-
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Table I
ESR Absorptions*

Notes

Sample Solvent Absorptions, G

1
1
1
2

Toluene 
Toluene -ds 
Neat 
Toluene

1640, 2200, 3035, 3170, 3420, 3535, 4870, 5860 
2200, 4870, 5860
2200, 3285,c 4870, 5860
2200, 3140, 3210, 3370, 4870, 5860

a Microwave frequency 9.206 GHz. b In all samples except neat 1, a weak monoradical absorption at 3285 G was observed, 
was also seen with toluene alone. c A strong monoradical absorption.

which

Table II
Analysis o f Photolysis of 1

Compd %a

Styrene 9 ± 2
Benzyl methyl ether 15 ± 3
cis -1,2-Diphenylcyclopropane 13 ± 1
Irans -1,2-Diphenylcyclopropane 67 ± 4

0 Disk integration corrected for relative response factors; low pre
cision is due to tailing of methanol.

tributable to a triplet pair of benzyl radicals,9 presumably 
formed by attack of phenyl carbene on the solvent. Signifi
cantly, the radical pair spectrum was absent when 1 was ir
radiated in toluene-ds-

In order to assess the relative importance of carbene for
mation in the photolysis of 1, a trapping experiment was 
performed. The reaction was examined at room tempera
ture with methanol serving as both solvent and carbene 
trap10 (see Scheme I). A dilute solution of 1 in methanol 
was irradiated for 45 min, giving a mixture which was ana
lyzed by VPC (Table II).

Scheme I

+  PhCHN,

\h”
CH,OH

+ N2 + PhCH — -  PhCH2OCH3

The results show that a minimum of about 10% of the 
photolysis proceeds to styrene and phenylcarbene. A con
siderably larger fraction of the reaction may actually follow 
this path, since it is unknown how much of the diphenylcy- 
clopropanes result from addition of phenyl carbene zo sty
rene. In fact, under conditions in which the olefin is a more 
reactive substrate than the reaction medium, the carbene 
pathway of decomposition may well go undetected. This 
possibility may explain why Overberger and Anselms11 re
ported only diphenylcyclopropane as the product of pho
tolysis of 1.

Present data cannot distinguish between a retro-1,3-di- 
polar addition (path a) and direct fragmentation (path b). 
A third possibility, that the carbene and styrene arise from 
the diphenylcyclopropanes, as is observed with shorter 
wavelength light,10 is eliminated on the basis of control ex
periments. Regardless of whether path a or b is correct, it is 
clear that this alternate mode of decomposition is a compli
cating factor in the use of pyrazolines as diradical precur
sors. Although the generality of the carbene pathway is not 
known, its occurrence in 1 indicates that it must be consid
ered in all cases before firm conclusions can be made about 
diradical species that may or may not be involved in the 
decomposition of 1-pyrazolines.

Experimental Section
Materials and Apparatus, trans-3,5-Diphenyl-l-pyrazoline12

(1) and phenyldiazomethane13 (2) were prepared by published pro
cedures. A mixture of cis- and irons-1,2-diphenylcyclopropane was 
prepared by refluxing overnight a solution of 1 in benzene. Tolu
ene was passed through a 1:1 mixture of alumina and silica gel 
prior to use. Toluene-ds (Stohler Isotope Chemicals) was used as 
received. Dilute toluene solutions (10% w/v, ca. 0.05 M) of 1, 2, and 
the mixture of cyclopropanes in 4 mm o.d. quartz tubing were de
gassed (three freeze-thaw cycles at 10-3 Torr) and sealed on a vac
uum line.

A Varian E-9 spectrometer equipped with an Air Products and 
Chemicals Heli-Tran LTD-3-110 liquid helium transfer apparatus 
was used to record the ESR spectra. Gas chromatographic analysis 
was performed on a Varian Aerograph 1200 instrument equipped 
with a disk integrator. The column was 20% Carbowax 6000 on 
Chromosorb W, 6 ft X 0.125 in. at 80-180°.

Low-Temperature Photolyses. The samples were rapidly 
chilled in liquid nitrogen before being placed in the quartz dewar, 
which had been cooled to 5.5 K. A calibrated gold (0.07% iron) vs. 
chromel thermocouple sealed in a sample tube showed that the 
temperature at the sample varied from 5 to 6 K depending on the 
flow rate of helium.

The samples were irradiated for 5 min or less with a 2000-W 
mercury-xenon lamp operated at about 1300 W and filtered by 
water and Pyrex. Longer irradiation caused a reduction in the in
tensity of the spectra. The spectra are summarized in Table I. The 
sample containing the diphenylcyclopropanes gave no observable 
spectrum.

Room Temperature Photolyses. Samples of 1 and the diphen
ylcyclopropanes were dissolved in methanol (1% w/v, ~0.05 M) 
and placed in a water-jacketed Pyrex photolysis apparatus. Irra
diation with a Hanovia medium-pressure 550-W lamp was contin
ued for 45 min. In the case of the solution of 1, evolution of nitro
gen was over in 35 min. The photolysis solutions were analyzed by 
gas chromatography (see Table II). Styrene and benzyl methyl 
ether were identified in the product mixture from 1 by coinjection 
of authentic samples on several different columns. A weighed mix
ture of styrene, benzyl methyl ether, and the diphenylcyclopro
panes was also analyzed to calibrate the detector response. The ir
radiated diphenylcyclopropane solution did not contain styrene or 
benzyl methyl ether. In another experiment, a solution of 1 in 
methanol was refluxed for 24 hr. Only diphenylcyclopropanes were 
found in the product mixture.

Acknowledgment. Acknowledgment is made to the Na
tional Science Foundation (Grant GP-37481X) for support 
of this research.
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A number of substituted 7-azanorbornanes,1 7-azabenzo- 
norbornenes,2’3 and 7-azanorbornadienes4-8 have been re
ported. However, only one fully characterized non-ring- 
substituted 7-azanorbornene, iV-phthalimido-7-azanorbor- 
nene, has been synthesized.9 We now describe syntheses of
7-azanorbornene (1) and of the corresponding N-methylat- 
ed amine (2).

In an earlier communication,10 we reported the anoma
lous reduction of isolated carbon-carbon double bonds in 
N-carbethoxy-7-azanorbornene and in N-carbethoxy-2,3- 
benzo-7-azanorbornadiene by lithium aluminum hydride 
(or Vitride). In the present study, the successful synthesis 
of N-methyl-7-azanorbornene (2) was accomplished by di- 
isobutylaluminum hydride reduction of iV-carbethoxy-7- 
azanorbornene. The syntheses of 2 and of the parent (un
substituted) amine (1), outlined in Scheme I, provide the 
first practical routes to the 7-azanorbornenyl system.

The starting material, N-benzyl-7-azanorbornadiene-
2,3-dicarboxylic acid (3),11 is obtained in 15-20% yield by 
Diels-Alder addition of acetylenedicarboxylic acid to N- 
benzylpyrrole.12 Hydrogenation-hydrogenolysis of 3 af
fords 4, which is then converted to the N -tosyl or N-carb-

ethoxy derivative 5 and 6. Electrolytic oxidative bisdecar- 
boxylation of 5 and 6 gave the corresponding olefins 7 and 
8, which were further reduced to 1 and 2, respectively.

Experimental Section
Melting points are uncorrected. NMR spectra were obtained on 

a Varian T-60 NMR spectrometer (Me4Si internal standard). Ir 
spectra were obtained on a Perkin-Elmer Model 1R-8 infrared 
spectrophotometer. Mass spectra were obtained on a Hitachi Per- 
kin-Elmer Model RMU-7E mass spectrometer (70 eV); in order to 
obtain the molecular ion for compounds 1, 2, 7, and 8, it was neces
sary to cool the filament chamber to ambient temperature.

Ar-Carbethoxy-7-azanorbornane-endo,endo-2,3-dicarboxy- 
lic Acid (6). N-Benzyl-7-azanorbornadiene-2,3-dicarboxylic acid11 
(3, 10.0 g, 36.9 mmol) was dissolved in excess aqueous sodium car
bonate solution (100 ml). The resulting solution was hydrogenated 
(45 psig) over 10% palladized charcoal catalyst on a Parr appara
tus. After 3 equiv of hydrogen had been taken up, the catalyst was 
removed by filtration. To the filtrate containing the hydrogenation 
product (4) was added excess ethyl chloroformate, and the result
ing solution was stirred overnight at room temperature. The solu
tion was then acidified with dilute aqueous hydrochloric acid and 
extracted with chloroform. The combined chloroform extracts 
were dried (Na2S04>, filtered, and then concentrated, affording 6 
as a colorless syrup (8.20 g, 86.4%). Diacid 6 was characterized via 
the corresponding anhydride, 10, which could be obtained via sub
limation of syrupy 6 at 110° (0.1 mm). This procedure afforded 10 
(5.80 g, 65.8%), which recrystallized from ether-hexane to afford 
colorless crystals: mp 111.5-112.8°; NMR (CDCI3) 6 1.30 (t, J  = 6 
Hz, 3 H, -OCH2CH3), 1.61-2.1 (complex m, 4 H, 5,6-exo and endo 
ring protons), 3.73 (m, 2 H, 2,3-exo ring'protons), 4.15 (q, J  = 6 Hz, 
2 H, -OCH2CH3), 4.70 [m, 2 H, 1,4 (bridgehead) protons]; ir (KBr) 
2980 (w), 1860 (s), 1785 (s), 1690 (s), 900 cm-1 (s); mass spectrum 
m/e 239 (molecular ion), 141 (base peak), 140,139,122, 68.

Anal. Calcd for C11H13NO5: C, 55.23; H, 5.48. Pound: C, 55.30; 
H, 5.35.

JV-Carbethoxy-7-azanorbornene (8). Compound 6 (5.00 g,
19.5 mmol) was dissolved in an electrolysis solution which consist
ed of water (20 ml), triethylamine (2.5 ml), and pyridine (175 ml). 
A direct current (80 V, initial current 350 mA, Pt wire electrodes) 
was passed through this solution for 15 hr while the solution was 
maintained at 20° via external cooling. At the conclusion of the 
electrolysis, the current had dropped to 40 mA. The solution was 
then quenched with dilute, aqueous hydrochloric acid, and the re
sulting solution was extracted with diethyl ether (500 ml). The 
ether layer was then extracted with 10% aqueous sodium hydrox
ide solution to recover unreacted 6 (0.60 g). The ether layer was 
dried (NasSOd, filtered, and then concentrated to afford crude 8.

Scheme I

21 7
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The crude product was further purified via column chromatogra
phy on neutral alumina (hexane eluent); this procedure afforded 
pure 8 [749 mg, 26.2% based on consumed (unrecovered) 6] as a 
colorless, sweet-smelling oil, bp ca. 50° (0.14 mm, microdistilla
tion). An analytical sample of 8 was obtained via preparative VPC 
[0.25 in. X 10 ft column, 20% FFAP on Chromasorb W, all VPC 
components (injector, column, and detector) at 140°, He flow rate 
100-110 ml/min]: NMR (CDCI3) b 1.13 (m, 2 H, 5,6-endo ring pro
tons), 1.26 (t, J = 6 Hz, 3 H, -OCH2CH3), 1.90 (m, 2 H, 5,6-exo 
ring protons), 4.07 (q, J  = 6 Hz, 2 H, -OCH2CH3), 4.74 [m, 2 H, 1,4 
(bridgehead! protons], 6.24 [unsymmetrical t, 2 H. 2,3 (vinyl) pro
tons]; ir (film) 3020 (w), 2995 (w), 1710 (s, br), 1270 (m), 690 cm“ 1 
(m); mass spectrum m/e 167 (molecular ion), 139, 94, 80, 66, 41, 39 
(bflsc p©flk)

Anal. Calcd for C9H13N 02: C, 64.65; H, 7.84. Found: C, 64.88; H,
7.87.

lV-Methyl-7-azanorbornene (2). /V-Carbethoxy-7-azanorbor- 
nene (8, 749 mg, 4.49 mmol) was dissolved in benzene (30 ml). To 
the resulting solution was added a benzene solution (23 ml) of di- 
isobutylaluminum hydride (0.61 mmol/ml). After stirring for 4 hr 
at room temperature, an additional 5 ml of the benzene solution of 
diisobutylaluminum hydride was added (total 28 ml, 17.1 mmol of 
diisobutylaluminum hydride). After stirring for an additional 4 hr 
at room temperature, the reaction was quenched with excess meth
anol until precipitation of aluminum methoxide was complete. The 
reaction mixture was then filtered and combined with an equal 
volume of a saturated solution of picric acid in 95% ethanol, 
whereupon yellow crystals of lV-methyl-7-azanorbornene picrate 
precipitated almost immediately. Recrystallization from 95% etha
nol afforded the pure picrate (1.30 g, 85.6%) as yellow needles, mp 
225° dec.

Anal. Calcd for C13H14N4O7: C, 46.16; H, 4.17. Found: C, 45.93; 
H, 3.98.

The free base (2) was obtained by treating the above picrate 
with concentrated, aqueous KOH solution. The resulting mixture 
was extracted with chloroform, and the free amine (2) was isolated 
via preparative VPC [0.25 in. X 4 ft column, 28% Pennwalt 223 on 
80/100 mesh Gas-Chrom R containing 4% KOH, all VPC compo
nents (injector, column, and detector) at 100- 110°, nitrogen car
rier gas, N2 flow rate ca. 100-110 ml/min]: NMR (CDCI3I 5 0.98 
(m, 2 H, 5,6-endo ring protons), 1.87 (m, 2 H, 5,6-exo ring protons),
2.05 (s, 3 H, NCH3), 3.70 [m, 2 H, 1,4 (bridgehead) protons], 5.98 
[br s, 2 H, 2,3 (vinyl) protons]; ir (film) 3080 (w), 2990 (w), 690 
cm-1 (m); mass spectrum m/e 109 (molecular ion), 94, 81, 80, 66, 
53, 42, 39 (base peak).

A'-Tosyl-7-azanorbornane-en<fo,enrfo-2,.3-dicarboxyhc Acid
(5). Compound 5 was prepared using the same procedure which 
was previously employed for the synthesis of 6. Hydrogenation- 
hydrogenolysis of 3 (10.0 g, 36.9 mmol) followed by treatment of 
the resulting solution with excess p-toluenesulfonyl chloride af
forded crude 5 (12.0 g, 95.5%). The crude product was further puri
fied by sublimation at 150° (0.05 mm), which afforded the corre
sponding acid anhydride (9). Compound 9 recrystallized from ace
tone to afford a colorless, microcrystalline solid, mp 230-232°. Hy
drolysis of 9 afforded pure 5: NMR (pyridine-d5) 5 1.53-2.50 (m, 4 
H, 5,6-exo and endo ring protons), 2.30 (s, 3 H, ArCH3), 3.90 (m, 2 
H, 2,3-exo ring protons), 4.70 [m, 2 H, 1,4 (bridgehead) protons],
5.50 (s, 2 H, -COOH), 7.63 (AA'BB' pattern, 4 H, aryl ring pro
tons). Compound 5 was further characterized via the correspond
ing anhydride (9); ir of 9 (KBr) 3070 (w), 2980 (w), 1865 (s), 1785 
(s), 1335 (sh), 1140 (sh), 1590 (w), 905 cm-1 (s); mass spectrum m/e 
321 (molecular ion), 223, 166,155, 122, 91, 68 (base peak).

Anal. Calcd for C15H15NO5S: C, 56.06; H, 4.70. Found: C, 56.16; 
H, 4.92.

JV-Tosyl-7-azanorbornene (7). Compound 5 (2.3 g, 6.8 mmol) 
was dissolved in an electrolyte solution (100 ml) which was pre
pared as described previously for the synthesis of 8 from 6. A di
rect current (80 V, initial current 160 mA) was passed through this 
solution for 12 hr while the solution temperature was maintained 
at 20° via external cooling. At the conclusion of the electrolysis, 
the current had dropped to 50 mA. Work-up of the reaction was 
carried out as described for the synthesis of 8 from 6. The crude 
product was purified via elution chromatography on neutral alumi
na (hexane eluent). Compound 7 (204 mg, 12.1%) was thereby ob
tained. Recrystallization of 7 from hexane afforded an analytical 
sample as colorless needles: mp 91.5-92.0°; NMR (CDCI3) h 1.07 
(m, 2 H, 5,6-endo ring protons), 2.03 (m, 2 H, 5,6-exo ring protons), 
2.42 (s, 3 H, ArCHs), 4.64 [m, 2 H, 1,4 (bridgehead) protons], 5.73 
(unsymmetrical t, 2 H, 2,3 (vinyl) protons], 7.41 (AA'BB' pattern, 4 
H, aryl ring protons); ir (KBr) 3090 (w), 2995 (w), 2960 (w), 1590

(w), 1335 (s), 1150 (s), 690 cm 1 (s); mass spectrum m/e 249 (mo
lecular ion), 221, 155,106, 91 (base peak), 65, 58.

Anal. Calcd for Ci3H i5N 02S: C, 62.62; H, 6.06. Found: C, 62.50; 
H, 5.99.

7-Azanorbornene (1). Compound 7 (204 mg, 0.82 mmol) was 
dissolved in a solution of diethyl ether (10 ml) in liquid ammonia 
(20 ml). Excess, clean sodium metal was added portionwise until 
the blue color of solvated electrons persisted for 1 min. The reac
tion mixture was then concentrated, and the residue was dissolved 
in diethyl ether and extracted with dilute aqueous hydrochloric 
acid. The aqueous phase was rendered strongly basic (KOH) and 
the resulting solution was extracted with chloroform (10 ml). The 
chloroform extracts were dried and carefully concentrated, afford
ing 1 as a colorless liquid (70 mg, 9096): NMR (CDCI3) b 1.02 (m, 2 
H, 5,6-endo ring protons), 1.75 (m, 2 H, 5,6-exo ring protons), 1.76 
(s, 1 H, -NH, disappears upon addition of D20), 4.12 [m, 2 H, 1,4 
(bridgehead) protons], 6.23 [unsymmetrical t, 2 H, 2,3 (vinyl) pro
tons]; ir (film) 3250 (br), 3070 (w), 2960 (s), 1650 (br), 1260 (m), 
790 cm-1 (s); mass spectrum m/e 95 (molecular ion), 80, 67, 66, 51, 
42, 39 (base peak), 28. Compound 1 was further characterized via 
its picrate. When 1 was added to a solution of picric acid (excess) 
in 95% ethanol, precipitation of 7-azanorbornene picrate occurred 
almost immediately. Recrystallization of the picrate from 95% eth
anol afforded yellow needles, mp 208-210° dec.

Anal. Calcd for Ci2H12N407: C, 44.45; H, 3.73; N, 17.28. Found: 
C, 44.21; H, 3.85; N, 17.30.
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In connection with a series of studies on additions to 
imino ethers,1 we have investigated ketene additions to cy
clic and acyclic imino ethers here. Ketenes were first shown 
by Staudinger to add to imines to give /3-lactams A in
1907.2 In many cases 2:1 adducts are formed at the expense 
of the /3-lactam, however.3“17 Although originally assigned 
the piperidinedione structure D,4-9 most 2:1 adducts have 
since been shown to be oxazinones B.3'10"13 In a few cases 
the dioxazines C have been formed too.14“17 Compounds of 
structure E are known,18“26 but not from 1,4-dipolar addi-
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tions. With unhindered imines in the presence of Lewis 
acid catalysts, a few 1:2 adducts from addition of a second 
molecule of ¡mine to the 1,4 dipole are obtained;3’27’28 and a 
1:1:1 adduct from trapping of a 1,4 dipole with phenyl iso
cyanate is known.29’30

The pattern of reactivity in these reactions indicates that 
1:1 /3-lactams are usually preferred over 2:1 adducts when 
there are bulky groups on nitrogen and in solvents of low 
polarity.3’13 In addition, it appears that dioxazines C are fa
vored over oxazinones B when the iminium ion is 
strained16’17 or when there is steric hindrance to ring clo
sure through carbon.17 Steric hindrance at nitrogen in the 
imino ethers 2 and 5 might particularly favor /3-lactam for
mation, so additions to 5 were tried in an attempt to make 
the bicyclic /3-lactam 4.

Results and Discussion
A convenient source of a sterically hindered ketene, tert- 

butylcyanoketene (1), is from thermolysis of 2,5-diazido-
3,6-di-ierf-butylquinone.31 Treatment of methyl N-tert- 
butylformimidate (2) with a slight excess of ketene 1 in re
fluxing benzene results in a 90% isolated yield of 1,3-di- 
ferf-butyl-3-cyano-4-methoxy-2-azetidinone (3). This reac-
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tion is analogous to those of imines with bulky substituents 
on nitrogen which yield /3-lactams.1-3,13 No 2:1 cycload
ducts were detected; the reaction gives only 3 from NMR 
and ir analysis of the crude reaction mixture.

To study the steric effect and to look for the interesting 
bicyclic amide 4, additions to methoxyazetines 5 were test
ed. These 4,4-dimethyl substituted methoxyazetines repre
sent analogs of 2 where the tert-butyl group is effectively

pulled back by incorporation into the azetine ring. Treat
ment of 2-methoxy-4,4-dimethylazetine (5a) with 2 equiv 
of 1 at room temperature in benzene resulted in the isola
tion by chromatography of a crystalline 2:1 adduct in low 
yield. The oxazinone structure 6 for this adduct was chosen 
on the basis of the infrared bands at 1755 and 1700 cm-1, 
although the 1755-cm_1 band was much weaker.3-10-12 It 
was also noted that this adduct melted with decomposition 
and vigorous evolution of a gas shown to be isobutylene by 
mass spectrometry. The presence of a carbonyl in 6 was 
confirmed by the occurrence of a 13C NMR peak at 187.4 
ppm. The rest of the 13C spectrum was also consistent with 
structure 6. The ultraviolet spectrum showed only end ab
sorption as expected for 6. The desired /3-lactam 4 could 
not be detected by NMR or ir spectroscopy in the reaction 
mixture.

Treatment of 2-methoxy-3,3,4,4-tetramethylazetine (5b) 
with ketene 1 showed no evidence of /3-lactam formation, 
but resulted in formation of the 2:1 adduct 7 in moderate 
yield. Lack of even a weak band from 1700 to 1800 cm-1 in

CH3

OCR,
C(CN)-i-Bu

' Y
CiCN)-i-Bu

y
R / •OCH;)

R

-N

5

CH3
I

PhH
ll
JN

a, R = H
b, R = CE,

OCR

r"
C( CN ) - i-Bu 
8

R

Il cit- 3u

- r J—\
-CN

ll
IN

och3

+ \ j^ C < C N W -B u  

0 -

the infrared spectrum and lack of any carbonyl band in the 
13C spectrum led to the assignment of the dioxazine struc
ture 7 to this adduct rather than an oxazinone structure 
analogous to 6. The 13C spectral bands and the infrared 
bands at 1705 and 1625 cm-1 are consistent with structure 
7.14-17 A strong ultraviolet band at 232 nm with a shoulder 
at 275 nm also distinguishes the dioxazine structure 7 from 
the oxazinone structure of 6.

Formation of the /3-lactam 3 is favored3’13 over formation 
of 2:1 adducts. This is probably because the 1,4-dipolar ion 
prefers the conformation shown, which cannot give the 
usual oxazinone B or dioxazine C adducts by concerted
1,4-dipolar addition of another ketene. Although the car
bon of the ketene is quite hindered, the imino ether carbon 
is not very hindered in 2; and C-C closure to give the /3-lac - 
tam 3 occurs readily. The dipolar ions 8 and 9 from the cy
clic imino ethers 5 feel enough relief of the steric hindrance 
of the bulky gem-dimethyl substituents next to nitrogen 
that conformer 8 may now be preferred over 9. Greater ste-
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ric hindrance at the imine carbon in 5 vs. 2 also makes ring 
closure to the /3-lactam 4 more difficult from 9. In contrast 
to 5a, the usual oxazinone3,10-13 adduct B from ketene ad
ditions to imines is not formed from the azetine 5b. This 
again is probably because steric hindrance at the imine car
bon in 8b makes C-C bond closure to an oxazinone less fa
vorable than in 8a, which lacks the 3,3-dimethyl suostitu- 
tion.

Experimental Section
All melting points are uncorrected. Ir spectra were obtained in 

solution with a matched reference cell on a Perkin-Elmer 337 grat
ing infrared spectrometer. NMR spectra were obtained on a 60- 
MHz Varian Associates T-60 spectrometer and a CFT-20 spec
trometer. Mass spectra were obtained on a MS-902 spectrometer, 
and uv spectra were obtained on a Cary 15 spectrophotometer.

Materials. The 2,5-diazido-3,6-di-£er£-butylquinone and imino 
ethers were made according to published procedures.1-32

l,3-Di-tert-butyl-3-cyano-4-methoxy-2-azetidinone (3). A 
solution of 153 mg (0.51 mmol) of 2,5-diazido-3,6-di-£er£-butylqu- 
inone31 dissolved in 10 ml of benzene was heated to 70°. The ini
tially orange solution turns yellow after 1 hr indicating conversion 
to the cyano-tert-butylketene 1. With the solution at room tem
perature, a solution of 100 mg (0.87 mmol) of methyl iV-ferf-butyl- 
formimidate (2) in 1.5 ml of benzene was added. The solution was 
heated at 70° overnight. The reaction was quantitative by NMR 
and ir analysis. Removal of volatiles left 186 mg (90%) of /3-lactam
3. Recrystallization from hexanes and ether gave 86 mg of 3: mp 
104-106°; ir (CC14) 2230 w, 1780 s, 1370,1345,1100 cm“ 1; 'H  NMR 
(CC14) 6 1.12 (s, 9 H), 1.33 (s, 9 H), 3.40 (s, 3 H), 4.65 (s, 1 H); mass 
spectrum (70 eV) m/e 238.1708 (calcd for C13H22N2O2, 238.1681); 
m/e (rel intensity) 238 (M+, 0.2), 223 (0.2), 208 (0.4), 185 (0.5), 184 
(4), 169 (1), 168 (12), 140 (9), 139 (36), 125 (7), 124 (100), 115 (1), 
110 (1), 108 (4), 100 (7), 96 (2), 86 (2), 84 (7), 68 (2), 67 (1). 66 (1), 
60 (4), 58 (3), 57 (27), 56 (7), 55 (4), 53 (4), 44 (2), 43 (2), 42 (5), 41
(22), 40 (2), 39 (6).

Reaction of Azetine 5a with Ketene 1. Adding 142 mg (1.26 
mmol) of 2-methoxy-4,4-dimethylazetine (5a) in 5 ml of benzene 
to a solution of ketene 1 (2.54 mmol) generated from 382 mg (1.27 
mmol) of azidoquinone31 gave immediately at 25° a mixture of 
products. Isolation of 39 mg (10%) of white solid 6 was achieved by 
column chromatography on alumina using ether-hexane (10:90) 
elution: mp 155-157° dec (with C4Hg evolution by mass spectral 
analysis); uv (EtOH) end absorption X 220 nm (c 2900); ir (CCI4) 
2960 (m), 2230 (w), 1755 (m), 1700 (s), 1470, 1460, 1262. 1247, 1233, 
1198, 1189, 1142, 1112, 1060, 1049, 861 cm -1; ^  NMR (CC14) 5
1.26 (s, 9 H), 1.36 (s, 9 H), 1.67 (s, 3 H), 1.83 (s, 3 H), 2.53 and 2.80 
(AB, J = 13.5 Hz), 3.56 (s, 3 H); 13C NMR (CDC13) «Me4Si 187.4 
(C = 0 ), 160.7 [= C (—N—)0 —], 116.2 (CN), 115.3 (CN). 92.9, 65.3,
62.9, 61.9, 52.3, 40.7, 39.7, 39.3, 28.3 (t-Bu), 26.5, 23.7; mass spec
trum (70 eV) m/e 359.2216 (calcd for C20H29N3O3, 359.2209); m/e 
(rel intensity) 359 (M+, 0.23), 344 (0.55), 328 (0.15), 316 (1 1), 304
(3), 303 (34), 288 (9), 272 (3), 271 (6), 256 (5), 247 (5), 216 (12), 192
(12), 178 (6], 163 (5), 153 (12), 152 (9), 151 (100), 140 (3), 139 (3), 
138 (6), 124 (9), 114 (6), 108 (12), 94 (6), 84 (28), 83 (5), 82 (6), 73
(19), 68 (5), 67 (5), 58 (12), 57 (47), 56 (19), 55 (9), 53 (9), 43 (6), 42 
(8), 41 (41), 39 (8). Some methyl 2-cyano-3,3-dimethylburanoate 
[ir (CH2CI2) 2950, 2240 (w) 1750 c m '1; NMR (CH2C12) 5 1.17 (s, 
9 H), 2.84 (s, 1 H), 3.76 (s, 3 H)]31 was formed in the reaction mix
ture and found in early chromatography fractions, but no other 
pure substances could be isolated from the chromatography

Reaction of Azetine 5b with Ketene 1. Addition of 282 mg 
(2.00 mmol) of 2-methoxy-3,3,4,4-tetramethylazetine (5b) in 5 ml 
of benzene to a solution of ketene 1 (4.00 mmol) generated from 
604 mg (2.00 mmol) of azidoquinone in 10 ml of benzene at 25° re
sulted in an oil after removal of the volatiles. Upon addition of 
ether, a white solid 7 precipitated, mp 122-126°. Recrystallization 
from benzene-hexanes gave 326 mg (42%): mp 131-133°; uv 
(EtOH) Xmax 232 nm (e 8850), 275 (sh, r 550); ir (CC14) 2950 (s), 
2230 (vw), 2200 (w), 1925 (vw), 1870 (vw), 1705 (s), 1625 (wl, 1400, 
1380, 1370,1230, 1125, 1032, 891 cm“ 1; ‘ H NMR (CC14) 5 1.98 (s, 3 
H), 1.19 (s, 3 H), 1.38 (s, 18 H), 1.44 (s, 3 H), 1.46 (s, 3 H), 3.61 (s, 3 
H); 13C NMR (CDCI3) 6Me4Si no C = 0 , 159.3 [ = C ( - N - ) 0 - , 155.5 
[= C (-0 - )2], 117.3, 116.5, 115.2, 108.2, 71.8, 55.2, 54.3, 51.5, 45.6,
36.9, 36.2, 30.2 (t-Bu), 28.3 (£-Bu), 24.2, 20.4, 19.1, 17.3; mass spec
trum (70 eV) m/e 387.2511 (calcd for C22H33N30 3, 387.2522); m/e 
(rel intensity) 387 (M+, 0.33), 333 (0.9), 318 (1.3), 304 (0.9), 303 (5), 
264 (0.8), 249 (4), 248 (23), 246 (5), 236 (1.2), 221 (3), 192 (5), 190

(1.7), 186 (1.3), 181 (3), 180 (3), 175 (3), 165 (5), 144 (2), 143 (7), 
142 (2), 141 (15), 140 (4), 127 (2), 126 (10), 124 (5), 123 (15), 111 
(5), 109 (4), 108 (45), 98 (3), 96 (4), 94 (2), 85 (5), 84 (24), 83 (9), 82
(3), 80 (3), 73 (16), 70 (13), 69 (23), 68 (5), 67 (3), 59 (3), 58 (45), 57 
(100), 56 (8), 55 (12), 54 (4), 53 (20), 52 (3), 43 (9), 42 (16), 41 (53), 
39(17).
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A Method for Catalytic Dehalogenations via 
Trialkyltin Hydrides7
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This note describes a method for the catalytic dehaloge- 
nation of organic halides with trialkyltin hydrides. The 
chief impetus for the development of a catalytic process 
was our interest in devising a simpler and more convenient 
procedure for the generation of the valuable prostaglandin 
intermediate II from the halolactone precursor I. Previous-
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Table I

Substrate (mmol) Product Mmol of NaBĤ R, R3S11CI (mmol) Conditions Yield, %

PhCH2CH,CH2Br (1) PhCH2CH2CH3 2 B u(0.1) 2.5 hr, 25° 866
PhCH2CH2CH2Br (1) PhCH2CH2CH3 2 B u(0.1) 0.5 hr, 25°, hv

•OCOOO

Ia (0.27) Ila 0.41 Bu (0.027) 20 min, 10°, hv 93"
Ia (0.156) Ila 0.195 Me (0.032) 20 min, 15°, hv 94°
n -C 14H29Br (0.35) « - C i4H3(| 0.56 Bu (0.035) 0.5 hr, 25°, hv 100"
lb (0.078) üb 0.117 Me (0.026) 15 min, 15°, hv

OCOCO

/>-BrC6H4NHAc (0.08) CeHsNHAc
H ,C H 2OTHP

\  /

0.1 Bu (0.008) 3 hr, 25°, hv 96°

H C = C C H 2OTHP (5.64)

BujSn H 
III

° Isolated yields. 6 Yields determined by VPC.

6.1 Bu (6.1) 3 hr, reflux 73.5°

o-

0

A

sodium bicarbonate and dried over anhydrous magnesium sulfate 
and the solvent was evaporated to give as a slightly yellow oil a 
mixture of hexamethylditin and Ila. Chromatographic separation

. - a  "  a .CHLOR
ÒAc

la. R =  CH:, 
b. R =  C H A H ,

CH,OR
OAc

Ha, R =  CH, 
b, R =  CH, C A

ly tin hydrides have usually been employed in stoichiomet
ric amounts (either preformed or generated in situ from the 
nonvolatile polymethylhydrosiloxane and trialkyltin ox
ides).1’2 The product, once formed by these procedures, 
must be separated from a full 1 equiv of trialkyltin halide. 
A catalytic method has been described using stoichiometric 
amounts of lithium aluminum hydride;1 however, the reac
tivity of lithium aluminum hydride greatly limits the meth
od’s usefulness.

In our procedure the organic halide and 0.1-0.3 equiv of 
the trialkyltin chloride are dissolved in absolute ethanol 
and a solution of sodium borohydride in ethanol is added 
rapidly. In most experiments the reaction was carried out 
in Pyrex with irradiation by a 100-W mercury floodlamp so 
that reaction occurred rapidly at or below room tempera
ture. The catalytic cycle is given in eq 1 and 2.

2 R 3S n X  +  2 N a B H 4 — »  2 R 3S n H  +  2 N a C l  +  B , H 6 ( 1 )  

R 3S n H  +  R ' X  — ►  R 3S n X  +  R ' H  (2 )

Ethanol is used as the solvent in order to trap the result
ing diborane.3

Our results are summarized in Table I. As can be seen, 
ester and lactone functions do not interfere with this proce
dure.4 The ethanolic solution of tributyltin hydride pro
duced by our method also can be used in the hydrostanna- 
tion reaction, illustrated by the preparation of the synthe
tically useful5 trans- l-tri-n-butylstannyl-l-propene-3-te- 
trahydropyranyl ether (III).

Experimental Section

on silica gel (eluent 1:1 benzene-ether) gave 0.0336 g (94%) of Ha. 
the spectral data for which were identical with those for authentic 
material.6

trails-1-Tri-n-buty Istannyl-1-propene-3-tetrahydropyran- 
yl Ether (III). To tri-n-butyltin chloride (2.00 g, 6.1 mmol) in 5 
ml of absolute ethanol was added dropwise sodium borohydride 
(0.23 g, 6.1 mmol) in 10 ml of ethanol. The solution became warm, 
gas was vigorously evolved, and sodium chloride precipitated. 
After stirring at 25° for 10 min, propargyl tetrahydropyranyl ether 
(0.790 g, 5.46 mmol) was added and the solution was refluxed for
3.5 hr, cooled, treated with 30 ml of pentane, and filtered. Evapo
ration of the solvent gave a clear oil containing (by ir and NMR) 
only III and tri-n-butyltin hydride. Distillation gave 1.78 g (73.5%) 
of III, bp 140-150° (0.1 mm), identical with material prepared by 
the direct reaction of isolated tri-n-butyltin hydride with propar
gyl tetrahydropyranyl ether.

Registry No.— Ia, 55721-21-6; lb, 55721-22-7; Ha, 37745-51-0; 
lib, 52689-80-2; III, 55723-10-9; PhCH2CH2CH2Br, 637-59-2; n- 
C i4H29Br, 112-71-0; p-BrC6H4NHAc, 103-88-8; HC=CCH2OTHP, 
6089-04-9; PhCH2CH2CH3, 103-65-1; n-C14H30, 629-59-4;
C6H5HNAc, 103-84-4; NaBH4, 16940-66-2; Bu3SnCl, 1461-22-9; 
Me3SnCl, 1066-45-1.
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Reduction of Epoxides to Olefins with Low Valent 
Titanium

All reactions were performed under argon with carefully de
gassed solvents.

2-O xa-3-oxo-6-syn-m ethoxym ethyl-7-anti-acetoxy-cis-bi- 
cyclo[3.3.0]octane (Ila ). To the iodide Ia (0.0553 g, 0.156 mmol) 
and trimethyltin chloride (0.0063 g, 0.0316 mmol) in 3 ml of air- 
free absolute ethanol cooled to 15° was rapidly added via syringe 
sodium borohydride (0.0076 g, 0.195 mmol) dissolved in 1.5 ml 
of ethanol. The solution was irradiated with a 100-W mercury 
floodlamp. Initially gas was rapidly evolved. After 20 min no start
ing material remained. Oxalic acid (0.0010 g) was added (to con
vert any trimethyltin hydride to the tin ester) followed 5 min later 
by 20 ml of CH2C12. The solution was washed once with saturated

John E. Me Murry* and Michael P. Fleming

Thimann Laboratories, University of California,
Santa Cruz, California 95064

Received March 17, 1975

The reduction of epoxides to olefins is of some impor
tance in synthesis, and a variety of methods have been de
vised to accomplish the transformation.1 Among these 
methods has been the use of strongly reducing metals or
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Table I
Reduction of Epoxides to Olefins with TÍCI3-L ÍA IH 4

0  TiCl, * w
r \

Substrate Registry no. Yield, % Registry no.

a - M e t h y l s t y r e n e  o x id e 2 0 8 5 - 8 8 - 3 3 6 9 8 - 8 3 - 9

C y c lo o c t e n e  o x id e 2 8 6 - 6 2 - 4 5 3 9 3 1 - 8 8 - 4

1 - D o d e c e n e  o x id e 2 8 5 5 - 1 3 - 8 69 1 1 2 - 4 1 - 4

1 - D e c e n e  o x id e 2 4 0 4 - 4 4 - 6 6 5 8 7 2 - 0 5 - 9

• C h o l e s t e r o l  o x id e 5 5 7 0 0 - 7 8 - 2 7 5 5 7 - 8 8 - 5

c i s -  5 - D e c e n e  o x id e 3 6 2 2 9 - 6 4 - 8 •70 ( 4 : 1  t r a n s / c i s ) 7 4 3 3 - 7 8 - 5  ( c is )

t r a n s - 5 - D e c e n e  o x id e 2 1 6 5 - 6 1 - 9 7 0  ( 4 : 1  t r a n s / c i s ) 7 4 3 3 - 5 6 - 9  ( t r a n s )

metal salts including chromous ion,2 zinc-copper couple,3 
magnesium amalgam,4 zinc,® low valent tungsten com
plexes,6 and FeCl3-BuLi.7 We have recently been studying 
the use of low valent titanium species as reducing agents 
for organic systems8 and therefore examined the possible 
reduction of some epoxides.

We have found that Ti(II), prepared by reaction of dry 
TiCl3 with 0.25 molar equiv of LiAlH4 in tetrahydrofuran, 
is a convenient and efficient reagent for converting epox
ides to olefins. Some of our results are given in Table I.

The mechanism of epoxide reduction with Ti(II) is prob
ably similar to that proposed by Kochi2 for the chromous 
ion reduction. Central to this postulate is the implication

+ 0=Ti(IV)

that the reaction must proceed with loss of olefin stereo
chemistry, as observed for reductions with chromous ion2 
and ion,7 but not with low-valent tungsten.6 This is in fact 
observed as shown in Table I. Both cis- and trans-5-decene 
oxide give the identical 81:19 mixture of trans- and cis-5- 
decene on treatment with TiCl3-LiAlH4. A control experi
ment established the stability of cis-5-decene under the re
action conditions.

Yet a further implication of this mechanistic postulate is 
the expectation that whenever a Ti(II)-oxygen bond is 
formed next to a group, X, which can stabilize free radicals, 
then deoxygenation should occur. We have confirmed this 
expectation in reactions with halohydrins (X = CBr) and 
cyanohydrins (X = CN), and we are currently studying 
these and other cases in detail.9

I\  II

/ A  a  ^  4  + 0=Tl(IV)/  x O — T i (I I )  /

From a synthetic point of view, use of TiCl3-LiAlH4 for 
epoxide reduction appears competitive with use of other re
agents. A major advantage of the present procedure, how
ever, is the ease with which the reagent may be prepared. A 
4:1 ball-milled mixture of TiCl3 and LiAlH4 prepared for 
our evaluation by Alfa Inorganics has proven to be indefi
nitely stable in the absence of solvent and extremely conve
nient to use as a one-bottle source of reagent.10

Experimental Section
General Reaction Procedure. The titanium reagent was pre

pared in either of two ways.

Method A. Lithium aluminum hydride (0.20 g, 5.0 mmol) was 
added in small portions to a stirred slurry of TÍCI3 (3.08 g, 20.0 
mmol) in 60 ml of dry tetrahydrofuran under an inert atmosphere 
(argon or nitrogen) at room temperature. Hydrogen evolution was 
immediate, and the resulting fine black suspension was stirred for 
15 min before use.

Method B. Alternatively, a 4:1 premix of TÍCI3 and LÍAIH410 
(effective mol wt 164, 3.28 g, 20.0 mmol) was added with stirring 
and in small portions to 60 ml of dry THF at room temperature 
under an inert atmosphere. Hydrogen evolution occurred immedi
ately and the fine black suspension was stirred 15 min before use.

A solution of epoxide (10 mmol) in 10 ml of dry THF was added 
to the Ti(II) reagent, and the reaction mixture was refluxed for 3 
hr. The reaction mixture was then cooled to room temperature and 
quenched by addition of 60 ml of water. The organic layer was di
luted with ether, then drawn off, washed with water and with 
brine, dried (MgS04), and concentrated to yield the product. With 
the exception of cholesterol, yields were determined by GLC with 
appropriate internal standards added. Products were identified by 
comparison with authentic samples. The results are presented in 
Table I.
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The classical malonic ester synthesis involving discrete 
alkylation and decarbalkoxylation steps remains, in spite of 
attempts at replacement, the standard method for effecting 
two-carbon homologation of alkyl halides. Although nor-
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Table I
Reaction of Alkyl Halides with the Dilithium Salt of 

Monoethyl Malonate 
RX + LiCH(COOLi)COOEt -  RCH2COOEt

RX RCH2COOEt Yield, % «

M ethally l chloride 563-47-3 C H ,= C  (CH3)C H 2CH2COOEt 49 11 -54 -0 71
A lly l bromide 106-95-6 C H ,= C H C H 2CH2COOEt 1968-40-7 80
Benzyl chloride 100-44-7 PhCH2CH2CQOEt 2021-28-5 75
Ethyl chloroacetate 105-39-5 Diethyl succinate 123-25-1 98
Chloroacetone 78 -95 -5 CH3COCH2CH2COOEt 539-88-8 25
Ethyl iodide 75 -03 -6 CH 3CH2CH2COOEt 105-54-4 60
«-B uty l bromide 109-65-9 CH3(CH2)4COOEt 123-66 -0 80
w-Decyl brom ide 112-29-8 CH 3(CH2) 10COOEt 106-33-2 60
2-Bromopropane 79-26 -3 (CH3)2CHCH2COQEt 108-64-5 50
2-Bromobutane 78-76 -2 CH3CH2CH(CH3)CH2COOEt 5870-68-8 22

“ Yields given represent distilled product.

mally a three-step alkylation, saponification, decarboxyla
tion sequence is used,1 a recently introduced variation, in 
which decarbalkoxylation can be effected in a single step, 
seems to give better overall yields.2

Ideally, one could simplify the procedure still further by 
alkylating directly with lithio ethyl acetate, but this does 
not seem to be feasible. Lithio ethyl acetate can be readily 
prepared at —78° and caused to undergo aldol addition to 
simple carbonyl compounds.3 In reaction with alkyl ha
lides, however, it reacts poorly, giving the product in 20- 
30% yields.4 Lithio tert-butyl acetate seems to alkylate 
well,4 but the use of tert-butyl esters can introduce un
wanted complications in synthesis.

A further possibility is the alkylation of an acid dianion 
according to Creger’s method,5’6 but again this does not 
seem to be feasible. Although the dianions of substituted 
acetic acids alkylate well, especially when the solvent modi
fication of Pfeffer and Silbert is used,7’8 the parent di- 
lithioacetate reacts poorly. Even were this reaction to go 
well, a separate esterification step would be required.

We reasoned that these difficulties could be resolved, 
and the malonic ester synthesis simplified considerably, if 
one were to alkylate with the dianion of monoethyl malo
nate. On simple warming of the reaction, the intermediate 
alkylated monoethyl malonate should decarboxylate, giving 
the desired product directly. The starting material is readi
ly available by partial saponification of diethyl malonate.9

C O O L i C O O L i
R X  +  | — >- | — »  R jC H r C O O E t

L iC H C O O E t  R C H C O O E t

The expected reaction does in fact proceed as planned, 
giving the ester products in fair to excellent yields. Some of 
our results are given in Table I.

As can be seen from Table I activated halides (R = allyl- 
ic, benzylic) alkylate in excellent yields. Primary halides 
also give good results, but, as expected, secondary halides 
react less well.

In summary, we feel that this new method is clearly su
perior to the classical malonic ester synthesis both in yield 
and in ease of operation, and we expect that it will find use 
in synthesis.

Experimental Section
General Reaction Procedure. Isopropylcyclohexylamine (4.15 

g, 29.4 mmol) was dissolved in 10 ml of dry tetrahydrofuran (THF) 
under a nitrogen atmosphere, and the temperature of the solution 
was lowered to —78° by means of a Dry Ice bath. n-Butyllithium 
(14.3 ml of 2.06 M  solution in hexane, 29.4 mmol) was then added

via syringe. Monoethyl malonate (1.94 g, 14.7 mmol) in 10 ml of 
THF was added, and the reaction was allowed to warm to ice tem
perature to form the dianion. After 15 min of stirring, 4.0 ml of dry 
hexamethylphosphoramide was added, followed by addition of the 
alkyl halide (14.7 mmol) in 5 ml of dry THF. The reaction mixture 
was allowed to warm to room temperature and was stirred for 2 hr 
to effect alkylation. After this time the reaction mixture was re
fluxed (68°) overnight to effect decarboxylation.

After cooling, the reaction mixture was poured into water and 
extracted with ether. The ether extracts were washed with dilute 
hydrochloric acid, with saturated sodium bicarbonate, and with 
brine, then dried (MgSOd, filtered, and concentrated at the rotary 
evaporator. The residue was distilled to yield the product.

Product identification was made through a combination of spec
troscopic methods (ir, NMR, mass spectra) and through compari
son of the product boiling points with literature values.
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Determination of the gross structure of the sesquiter
pene lactone tenulin ( l )1 was an early example of the suc
cessful use of 4H NMR spectrometry in natural products 
chemistry. Subsequently, the relative and absolute configu
ration of tenulin at C-l, C-5, C-7, and C-10 was deduced by
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Table I
13C N M R Spectra o f Tenulin and Derivatives

la lb 2a 2b 3 4 5 6 7 8

C -l 5 4 .3 54.7 48.3 48.6 150.1 48.4 52.7 4 7 .3 173.2 4 7 .8
C-2 162.6 162.3 24.7 24.2 122.7 24.4 161.1 24.3 138.4 23.0
C-3 130.4 130.0 34.6 34.5 39.7 34.4 130.3 35.1 207.0 35.8
C-4 212.7 212.3 221.6 221.2 217.6 220.3 210.6 219.8 37.2 209.7
C-5 56.3 55.3 54.5 53.4 53.5 53.4“ 54.5 54.3 44.0 64.0
C-6 77.4 74.0 78.4 74.8 78.6 49.1 66.0 67.5 66.0 201.6
C-7 63.3 63.8 61.7 62.0 60.2 59.6 55.1 53.6 58.4 61.8
C-8 76.5 76.0 76.1 75.6 75.5 75.3 75.8 75.9 75.8 76.5
C-9 42.9 42.5 42.4 42.0 41.3 41.8 44.7 44.9 38.1 44.9
C-10 28.4 28.0 30.8 30.3 291.8 30.3 27.2 29.5 31.3 29.2
C - l l 58.8 58.3 58.5 58.3 56.5 54.4“ 37.0 37.0 41.2 36.8
C-12 176.4 176.42 175.6 177.6 175.4 75.4 177.4 177.6 178.0 177.2
C -13 18.3“ 19.0“ 18.0“ 18.5“ 21.2" 21.3“ 20.6“ 20.6“ 20.6 20.1
C -14 19.6" 20.4“ 13.7 13.8 16.2 13.7 19.7 14.8 8.12“ 14.8
C -15 19.9° 20.4“ 19.8“ 19.6“ 19.2“ 19.7“ 13.9 13.8 12.0“ 18.7
C-16 108.4 105.2 107.6 104.4 161.4 162.0 169.2 169.2
C-17 24.7 27.3 24.6 26.8 83.7 82.7 20.0“ 19.8“

“ A ss ig n m en ts  m a y  b e  in terch an ged .

tographically pure tenulin (1) and dihydrotenulin (2) con
sistently exhibited two sets of signals (Table I) whereas 
samples of pyrotenulin (3) and anhydrodihydrotenulin (4), 
formed by dehydration o f 1 and 2, respectively, and other 
transformation products such as isotenulin (5), dihydroiso- 
tenulin (6), and deacetylneotenulin (7)6 were spectroscopi
cally homogeneous. The observation that chemical shift 
differences between members o f the two sets were greatest 
for C-16 and for carbon atoms in close proximity to C-16 
such as C-8, C -l l ,  and C-12 (for assignments see below) 
permitted the deduction that tenulin as isolated from the 
plant consists o f a mixture o f C-16 epimers.7

Further evidence for this rather anticlimactic finale to 
nearly 40 years of research on tenulin was provided by ex
amining the 1H NMR spectra o f 1 and 2 at higher fields. At 
90 and particularly at 270 MHz two sets of signals in the 
approximate ratio 4:1 characteristic o f H-6, H-13, and H-17 
in the two separate isomers were reasonably well resolved, 
whereas other signals not obscured by the methylene and 
methinyl envelope (H-14, H-8, and H-15 o f 1 and 2 as well 
as H -l, H-2, and H-3 o f 1) remained superimposed and 
quite sharp.8 Since the H-6 doublet of the two minor iso
mers appears at lower field (4.57 vs. 4.45 ppm in 1), we 
infer that it represents H-6 of epimers lb and 2b in which 
H-6 is cis to the hydroxyl group attached to C-16.

Assignments to most signals in the 13C NM R spectra of 1 
and 2 are fairly obvious on the basis o f multiplicities, chem
ical shift data in the literature, and comparison with signals 
in the spectra o f compounds 3-8. Thus a triplet near 42 
ppm, one of three representing the methylene carbons of 2, 
is assigned to C-9 by comparison with 1 and 3-8, leaving 
the 24.5-ppm triplet to C-2 and the 33.7-ppm triplet to the 
more deshielded C-3. The identity o f a methinyl doublet 
near 76 ppm, fairly constant throughout the series, as that 
of C-8 was established by single-frequency off-resonance 
decoupling; although superposition o f signals in the ]H 
NMR spectra o f 1 and 2 prevented direct identification o f 
the slightly more deshielded (in 1-3) methinyl doublet o f 
C-6, comparison with the spectra o f 5, where single-fre
quency off-resonance decoupling o f C-6, now at somewhat 
higher fields, was possible, and 8, where C-6 is a carbonyl 
carbon, left no ambiguity.9 The most shielded methinyl is 
clearly that of C-10, thus permitting assignment of C-7, 
which should be more affected by the changes at C -ll , by 
default. The doublet of C -l can be recognized by its upfield

analysis o f the complex interrelationships between isotenu
lin (4) and its congeners,2 their ORD curves,2'3 and an 
X-ray analysis o f 2-bromoisotenulin.4’5 Although the stere
ochemistry o f tenulin at C - l l  and C-16 has not been speci
fied previously, fusion of the 7 -lactone and five-membered 
hemiketal rings is only possible if the C - l l  methyl group is 
a (11R). Consequently, the only remaining point o f uncer
tainty in the structure of tenulin was the configuration at
C-16.

In the course of collecting 13C NM R spectra of various 
sesquiterpene lactones, we noticed that spectra of chroma-

la, C-17 M e a 
b, C-17 M e ß

2a, C-17 M e a  
b, C-17 M e ß
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shift on hydrogenation of 1 to 2 and 5 to 6 and by its con
version to a singlet— far downfield—in the spectrum of 3.

The chemical shifts of the various carbonyl carbons may 
be deduced from known parameters of cyclopentenones, 
cyclopentanones, cycloheptanones, substituted esters (or 
lactones), and acetates.10 The upfield shift in the cyclopen- 
tanone carbonyl frequency of 8 relative to 6 is notable. 
Among the remaining nonprotonated carbon atoms, C-16 
of 1 and 2 is unique; recognition is eased by its downfield 
shift in 3-6 and disappearance in 7 and 8. Differentiation 
between C-5 and C -ll of 1 and 2 is based on comparison 
with the spectra of 5, 6, and 8 where the upfield shift of one 
of the signals, that of C -ll, and the relative constancy of 
the second, that of C-5, which moves downfield on oxida
tion of the neighboring carbon atom, leaves no ambiguity.

Among the methyl signals, assignment of the quartet at 
lowest field to C-17 is based on single-frequency off-reso
nance decoupling in 1 and its conversion to a triplet near 86 
ppm, characteristic of vinyl ethers, in the spectra of 3 and
4. Differentiation between the remaining methyl signals is 
difficult because of the superposition of methyl frequencies 
in the proton NMR spectra. Inspection of Table I reveals a 
significant upfield shift of one of the methyl signals upon 
hydrogenation (compare 1 with 2 and 5 with 6) and an up
field shift of a second methyl signal upon opening the 
hemiacetal ring (compare 1 with 4 and 2 with 6). We as
sume that the signals affected are those of C-14 and C-15, 
because (a) the chemical shift of C-13 should not be af
fected significantly by hydrogenation, (b) conversion of 1 to 
2 or 2 to 4 produces a small downfield shift of one of the 
methyl signals which must be that of C-13, and (c) 5-8 all 
exhibit at least one relatively invariant signal in the 19- 
20-ppm region which again must be attributed to C-13. 
Comparison of 3 and 4 with 2, and 6 and 8 with 5, suggests 
that the signal which moves upfield on hydrogenation is 
that of C-14, the shift probably being associated with the 
introduction of a hydrogen atom peri to C-14. The signal 
which is shifted upfield on opening of the hemiacetal ring 
(and downfield on conversion of 6 to 8) is therefore that of 
C-15, although the reasons for the upfield shift are not 
clear as opening of the hemiacetal ring would appear to re
sult in removal of a gauche interaction.

Experimental Section
S p e ctra  w ere  r e co rd e d  on  a B ru k er  H F X -2 7 0  in s tru m e n t in 

C D C I3 (1 -4 ,  6 ) a n d  M e 2S O -d 6 (5 ) so lu tio n , u s in g  F o u r ier  tra n s fo rm  
tech n iq u es .

Registry No.— la, 55721-12-5; lb, 55780-22-8; 2a, 55660-88-3; 
2b, 55700-79-3; 3, 55660-89-4; 4, 55660-90-7; 5, 10092-04-3; 6, 
55700-80-6; 7, 54933-23-2; 8, 55660-91-8.
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Although there has been a great deal o f interest in the re
action o f lead tetraacetate (LTA) with alkenes,1 there have 
been few examples utilizing this reaction with allenes. An 
earlier study by Laforge and Acree2 reported that the 
major product of the reaction of acyclic allenes with LTA 
was a diacetate. More specifically, the reaction o f 1,3-di- 
methylallene with LTA in acetic acid was also assumed to 
afford a diacetate. In a more recent disclosure, we have 
shown that the electrophilic addition of LTA to (—)-l,2 - 
cyclononadiene in acetic acid solvent afforded (+)-3-ace- 
toxycyclononyne by a suprafacial addition.3 This was a par
ticularly interesting result since the dominant pathway in 
the oxymercuration3 and the oxythallation4 of 1,2-cyclo- 
nonadiene has been shown to be antarafacial addition to an 
alkene-metal ir complex. The above results of Laforge and 
Acree2 with acyclic allenes and our own results3 with a cy
clic allene, which afforded an alkyne as the major product, 
prompted us to examine the orientation and the stereo
chemistry of the addition of LTA to (+)-l,3-dimethylallene 
(1). We now report that the electrophilic addition of LTA 
to 1 also proceeds principally by a suprafacial pathway af
fording (S)-(+)-4-acetoxy-2-pentyne as the major product.

Results and Discussion
When 1,3-dimethylallene (1) was treated with LTA in 

acetic acid solvent, gas chromatographic analysis (GLC) 
showed that the major product of the reaction was 4-ace- 
toxy-2-pentyne (7). When the reaction was carried out with 
optically active (S )- (+ )-l ,5 [a]D  +22.4°, the product 7 had
[n]D  +6.6° (Scheme I). The absolute configuration o f 7 was 
established as S by saponification of 7 followed by catalytic 
hydrogenation of 4-hydroxy-2-pentyne to (S)-(+)-2-penta- 
nol (8), [a]D  +1.4°. The stereochemistry of 7 was also es
tablished by direct hydrogenation of 7 to (+)-2-acetoxy- 
pentane (9). The absolute configuration of 9 was estab
lished by conversion o f (S)-(+)-2-pentanol, [cz]d  +12.2°, of 
known configuration to (S )-(+ )-9 , [a]D  +13.8°, by the ac
tion o f acetyl chloride (Scheme II).

The relative stereospecificity o f the addition of LTA to 1 
was determined in the following manner. The rotation of 
optically pure (+)-2-pentanol is 18.8°.7 Therefore, the opti
cal purity of 2-pentanol having [a]D  +1.4° is approximately 
7.4%. The optical purity of the allene 1, [o]d +22.4°, from 
which 8 was derived may also be estimated to be about 13% 
based upon a calculated rotation for optically pure (R)- 
(—)- l  o f —174° (EtOH).6b Thus, we may conclude that the 
stereospecificity o f LTA addition to 1 is at least 57%. The 
specificity could conceivably be higher since our data can
not exclude some racemization o f the allene or the acetoxy- 
pentyne under the reaction conditions.

In the reaction o f 1 with LTA, there are two possible
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pathways for approach o f the attacking electrophilic lead 
reagent. The stereochemistry of the formation of (+)-7- 
from (+ ) - l  can either result from antarafacial addition to 2  
or suprafacial addition to 3. Because the vinyllead interme
diates 5 and 6 are labile and not isolable, a definitive mech
anism is not attainable. However, examination o f molecular 
models suggest that attack o f Pb(OAc)3+ from the least 
hindered side as in 2  results in an intermediate having a 
potential methyl-methyl steric interaction. Although ap
proach o f the electrophile affording 3 is hindered by the 
methyl substituent at the vinyl terminus, the resulting 
plumbonium ion 3 is less sterically crowded, having only 
hydrogen-methyl interactions. Any rehybridization at C2 
affording the nonlinear structures 2 and 3 will further ac
centuate steric repulsions in the transition state for antar
afacial acetate anion addition to the it complex. The transi
tion state for a suprafacial addition to such a ir complex 
should require that the metal ion be unsymmetrically 
bonded to the double bond in order that a more nearly 
empty p orbital at C3 is available. Moreover, rehybridiza
tion at C 2 makes antarafacial addition of acetate ion to 2  
more difficult because of steric hindrance.

We therefore suggest that (+ )-7  arises principally via su
prafacial addition to intermediate 3 followed by the loss of 
the metal and alkyne formation. Further support for the 
suggested mechanism comes from the observation that su
prafacial addition o f LTA to 1,2-cyclononadiene has been 
unequivocally established.3 The methoxymercuration5® of 
(—)-l has also been shown to proceed by solvent attack on a 
ir complex comparable to 3 which affords (+)-2-methoxy- 
pentane upon reduction. In the latter case, antarafacial ad
dition was observed and the resulting vinylmercurial was 
sufficiently stable to be isolated. The vinylmercurials cor
responding to 5 and 6 were formed in a ratio of 17:8S. A ste
ric argument was also offered in explanation of these re
sults.5® A mixture of cis and trans pentenes has also been 
reported in the oxythallation of racemic l . 10

The isolation of an optically active product in this reac-

Scheme II

ch 3c= c — c /
•CH, CH,

CH,C=C— C
'OAcH

(S )-(+ )-7I
,CH3

ch ,(Ch 3)2— c ;
1/  ''OAc 

(S>-(+)-9

H/  NOH

y C H 3
CH3(CH2)2— c f

/  ' 0H
(S ) - ( + ) - 8

/

ch3(ch 2)2— c ;
H<  V jch,

(S H + M O

tion precludes exclusive product formation via the planar 
resonance stabilized allyl cation 4, since attack by solvent 
on 4 would result in a racemic product. It should also be 
recognized that antarafacial addition to 2 or 3 will result in 
a reduction in stereospecificity. Our data are consistent 
with the formation of a 7r-bridged plumbonium ion inter
mediate that is sufficiently stabilized to prevent extensive 
carbon-carbon rotation affording 4. The rotational barrier 
in allyl cation has been calculated to be 34.8 kcal/mol.9 
However, the position o f equilibrium in the present case 
would depend upon the relative stabilities of the bridged 
plumbonium ion 3 and the allyl cation 4.

The mechanism for the formation of an alkyne in this re
action is also worthy of comment. The carbon-lead bond in 
6 is obviously considerably more labile than either the car
bon-mercury5 or carbon-thallium bond4-10 in their corre-
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sponding vinyl metal acetates. The formation of 7 from 6 
may occur via anti elimination as depicted in 11. Alterna
tively, ionization of the labile carbon-lead bond forming a 
vinyl cation may be involved. An anti elimination on the 
acetoxonium ion 12 will also afford 7. Although our results

f O A cN
CH3. ^Pb(O A c)2

3 = c  OAcHC c(
' t h 3OAc H

11

cH k . o ^ y
CH,

H

\  /  +C
C = Q  I

/  V - 0c/\CH,
12

cannot distinguish between these pathways, the fact that 
the vinylmercury and vinylthallium derivatives are formed 
as discrete intermediates suggests that a similar vinyllead 
compound is involved that suffers ionization of the carbon- 
lead bond either in concert with or prior to elimination.

In conclusion, the oxyplumbation of 1 proceeds with rel
atively high stereospecificity by a suprafacial addition. The 
formation of an alkyne in these reactions appears to be 
general for cyclic3 and acyclic dialkyl-substituted allenes 
under these reaction conditions, since 1,3-diethylallene also 
affords 3-acetoxy-4-heptyne as the major product upon re
action with LTA in acetic acid.

Experimental Section
Materials. Lead tetraacetate was purchased from Arapahoe 

Chemicals, Boulder, Colo. The nickel acetate was purchased from 
Allied Chemicals, Morristown, N.J. Methyllithium and 2-butene 
were purchased from Matheson Coleman and Bell, Norwood, Ohio. 
The (+)-2-pentanol was purchased from Norse Laboratories, 
Santa Barbara, Calif. The (+)-a-pinene was purchased from Al
drich Chemical Co., St. Paul, Minn.

Optical rotations were measured with a Perkin-Elmer Model 141 
polarimeter. NMR spectra were recorded with a Varian A-60A 
spectrometer, and chemical shifts are reported in parts per million 
downfield from internal Me4Si.

l,l-Dibromo-2,3-cis-dimethylcyclopropane. To 1 1. of tert- 
butyl alcohol, distilled from CaH, was added 40 g (1 mol) of potas
sium under argon. After 3 hr of vigorous stirring with mild heating, 
the potassium was consumed and 1 1. of sodium-dried heptane was 
added. The te rt-butyl alcohol was removed by distillation until a 
head temperature of 92° was attained. The flask was equipped 
with a Dry Ice condenser, the thick white slurry was cooled to 0°, 
and 68 g (1 mol) of cis-2-butene was distilled into the flask. Bro- 
moform (253 g, 1 mol) was added dropwise over a 3-hr period. 
After stirring overnight at 25°, the reaction was quenched by the 
addition of water. The aqueous layer was extracted with 3 X 50 ml 
of pentane and the combined organic fractions were dried 
(MgS04). The solution was concentrated by simple distillation and 
vacuum distilled to yield 180 g (80%) of dibromide, bp 40° (5 mm).

1,3-Dimethylallene (1). To 48.6 g (2 mol) of 40 mesh magne
sium powder in 360 ml of dry THF was added dropwise 91.2 g (0.40 
mol) of l,l-dibromo-cis-2,3-dimethylcyclopropane at a rate that 
maintained gentle reflux. When the addition was complete, the di- 
methylallene was removed by flash distillation. The THF-allene 
mixture was fractionally distilled and the first fraction, bp 48-50°, 
contained 2.5 g of dimethylallene in greater than 90% purity. Suc
ceeding fractions (contaminated with THF) yielded 3.25 g (65% 
pure) and 16 g (25% pure) of dimethylallene, overall GLC yield 
36%. The allene had ir 3020 (s), 2970 (s), 1970 (m), 1450 (m), 1280 
(m), 950 (m), 865 cm" 1 (s); NMR (CC14) 6 1.62 (d, 6 , J  = 6 Hz),
4.92 (m, 2).

Partial Resolution of Dimethylallene (1). Using the method 
of Caserio,6a 7.0 g (~0.10 mol) of racemic dimethylallene (1) was 
treated with optically active tetraisopinocampheyldiborane, pre
pared from (+)-a-pinene, [a]D +46° (neat), at 0° for 3 hr with stir
ring. The reaction mixture was vacuum distilled (4 mm, 25°) until 
no more volatiles could be collected. Allene was collected by GLC 
(15 ft X 0.25 in., 10% SE-30 on Chromosorb W, injection port tem
perature 40° and detector 60°) and had [a]D +22.4° (c 2.09, Et2 0 ).

Collection of the allene at higher temperatures resulted in partial 
racemization.

Lead Tetraacetate Oxidation of 1,3-Dimethylallene (1). To
0.34 g (0.005 mol) of dimethylallene, [ajD +22.44° (c 2.2, EtaO), as 
a 30% solution in THF was added 12 ml of glacial acetic acid and
2.22 g (0.005 mol) of LTA. The flask was stoppered and allowed to 
stir at room temperature for 20 hr. Ether was added and a precipi
tate of lead diacetate was removed by filtration. The organic layer 
was washed with H2O and aqueous bicarbonate. Drying (MgS04) 
and removal of solvent afforded 0.26 g (41.4%) of crude product 
consisting of 57% of 4-acetoxy-2-pentyne and two other products 
that were tentatively identified as diacetates. The acetylene 7 after 
purification by GLC had [a]D + 6.6° (c 3.92, Et2 0 ). A duplicate ex
periment afforded 7 having [a]D +6.9° (c 3.95, Et2 0 ): ir 2275 (s), 
1740 (s), 1365 (m), 1230 (s), 1170 (m), 1055 cm" 1 (m); NMR (CC14) 
5 1.40 (d, 3, J  = 7 Hz), 1.82 (d, 3, J  = 2 Hz), 1.97 (s, 3) 5.32 (m, 1); 
mass spectrum m/e (rel intensity) 125 (6), 111 (37), 84 (45), 83 (1), 
69 (33), 67 (45), 66 (100), 65 (43), 55 (8), 43 (76), 42 (6), 41 (64), 40
(33).

(S)-( + )-2-Pentanol (8). To 0.39 g (0.3 mmol) of 7 in 1 ml of ab
solute ethanol was added 0.045 g of K2CO3. The reaction mixture 
was stirred for 3 hr. The solid material was removed by filtration 
and 0.01 g of Pt0 2  and a crystal of NaN0 2  (to decrease hydrogeno- 
lysis) were added to the solution which was hydrogenated at atmo
spheric pressure until uptake of H2 ceased. The 2 -pentanol isolat
ed by GLC had [<*]d  +1.36° (c 1 .1 , CH2CI2). The infrared spectrum 
of 8 was identical with that of an authentic sample of racemic 8.

(S)-(+)-2-Acetoxypentane (9). A. To a solution of 1.0 g (10 
mmol) of (+)-2-pentanol (8), [a]D +12.2° (neat), and 5 ml of fresh
ly distilled pyridine was added dropwise 0.85 g (12 mmol) of acetyl 
chloride. After complete addition, 20 ml of ether was added and 
the solution was washed with 2 X 25 ml of 5% HC1 solution and 3 X 
20 ml of water. After drying (MgS04), the solution was concentrat
ed and afforded 9, [a]D + 13.8° (c 2.4, CC14).

B. Catalytic reduction of 7, [a]26D +9.8° (c 7.87, CH2CI2), using 
the method of Brown11 and the procedure given by Caserio,5“ gave 
a low yield of 2-acetoxypentane, [a]25D +2.1° (c 0.49, CHCI3), that 
had ir and NMR spectra identical with those of an authentic sam
ple of 9. The low yield was presumably due to extensive hydroge- 
nolysis.

(S)-(+)-2-Methoxypentane. A solution of 1.0 g (10 mmol) of 
(+)-2-pentanol (8), [a]D +12.2° (neat), 3.0 g (20 mmol) of methyl 
iodide, 20 ml of hexane, and 1.0  g (20 mmol) of sodium hydride 
(57% oil dispersion) was refluxed for 4 hr. Excess sodium hydride 
was destroyed by adding wet ether to the mixture. The organic 
layer was washed with 2 X 20 ml of a saturated NaCl solution and 
dried (MgS04). GLC collection (10 ft X 0.25 in., 20% SE-30 on 
Chromosorb W, 90°) gave 10 that had [a]D +9.8° (c 5.2, CC14).

Lead Tetraacetate Oxidation of Diethylallene. A mixture of
1.60 g (10 mmol) of diethylallene, 6.75 g (15 mmol) of lead tetra
acetate, and 75 ml of glacial acetic acid was stirred at room tem
perature for 16 hr. The mixture was poured into a separatory fun
nel and 50 ml of water and 100 ml of ether were added. The ether 
layer was washed with 4 X 50 ml of water, 2 X 50 ml of a saturated 
sodium bicarbonate solution, and 50 ml of a saturated NaCl solu
tion. The solution was dried (MgS04) and concentrated. Upon 
GLC analysis and collection, the major product peak (>75%) was 
identified as 3-acetoxy-4-heptyne: ir 2970 (m), 2940 (m), 2240 (w), 
1740 (s), 1370 (m), 1230 (s), 1020 cm" 1 (m); NMR (CC14) 5 1.10 
(m), 1.98 (s), 2.1 (m), 5.22 (m).
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Some time ago Weiss reported that 2,2,4,5-tetraphenyl- 
and 2,2-dibenzyl-4,5-diphenyl-2/i-imidazoles (3c, 5a) ther
mally rearrange to the corresponding 1H -imidazoles with 
migration of a phenyl or benzyl group, respectively.2 The 
apparent similarity of this rearrangement to the [1,5] sig- 
matropic shifts of geminal dimethylcyclopentadienes,3 spi- 
rodienes,4 and 2H- pyrroles5 prompted us to investigate this 
reaction, particularly since Weiss had claimed that 2 ,2 - 
dimethyl-4,5-diphenyl-2fi-imidazole (3a) did not rearrange 
thermally and that 2,2-pentamethylene-4,5-diphenyl-2ii- 
imidazole ( lc )  decomposed when heated.6

The 2H- imidazoles were prepared by condensing the ap
propriate ketone with benzil in refluxing acetic acid2 or 
iV,lV-dimethylformamide containing excess ammonium ac
etate. Cyclobutanone yielded only rearranged product (2a) 
and cycloheptanone and cyclooctanone gave the required 
product together with large amounts of colored products.

We studied the rearrangement by heating samples of the 
2H- imidazoles, with or without solvent, under nitrogen in 
sealed ampoules or NMR tubes in a thermostatted mi
crotube furnace. Rate studies were generally carried out in 
the melt without solvent and measured by integration of 
the NMR signals of rearranged product relative to the sig
nals of the aromatic protons or the unrearranged reactant. 
Under nitrogen the reaction showed first-order kinetics to 
about 5 half-lives at several temperatures. Failure to purge 
with nitrogen resulted in side reactions, indicated by dark
ening of the reaction and appearance of many additional 
peaks in the NMR spectra. The kinetic and activation data 
are presented in Table I.

Three mechanisms have been documented for the ther
mal rearrangements of the analogous carbocyclic geminal 
dialkylcyclopentadienes and spirodienes. These are (a) a 
diradical route involving opening of a cycloalkane ring as 
observed for spiro[2,4]hepta-4,6-diene;4b-7 (b) a suprafacial 
and stereospecific [1,5] alkyl shift as reported for cis- and 
irans-6,9-dimethylspiro[4,4]nona-l,3-diene;8 and (c) a rad
ical chain process, observed in geminal dimethyl cyclopen- 
tadienes, which competes with b, initiated by dissociation 
into cyclopentadienyl and methyl radicals.9 Analogous

Table I
Kinetic and Activation Data for the 
Rearrangement of 2H-Imidazoles

j A S  }  cal /  Rei  rate

Compd Temp, K sec -1 kcal/ mol deg mol at 550 K

lb 510 1 . 1 1 X 1 0 - 3 44.1 + 1 1 10 0 0

524 3.49 X IO’ 3
545 1.90 X IO’ 2

lc 573 3.59 X IO' 4 49.4 +9 4
582 6.6 8 X IO' 4
593 1.72 X io-3
601 2.70 X 1 0 ' 3

Id 560 3(32 X IO' 4 45.9 +4 8
573 8.07 X io - 4
587 2 .2 0 X 1 0 ' 3

le 555 4.50 X 1 0 ' 3 41.9 +3 140
574 1.57 X 10 " 2

If 564 5.71 X 1 0 ' 3 37.6 -5 10 0
581 1.53 X 1 0 ' 2

lg 543 1.87 X IO' 3 39.7 - 1 1 2 0
560 5.69 X 1 0 ' 3
576 1.54 X 1 0 ' 2

3a 588 2 .2 0 X IO' 4 40.5 -7 1
603 6 .6 6 X 1 0 ' 4

3b 560 9.81 X IO' 4 41.2 - 2 25
573 2.40 X 1 0 ' 3
583 4.42 X IO' 3

5a 498 9.33 X 10 " 5 39.8 0 175
513 2.79 X 1 0 ' 4
528 9.17 X 10-4
543 2.58 X 1 0 ’ 3

5b 545 1.52 X 1 0 - 3
5c 543 6.24 X 10 " 3
5d 543 3.29 X 1 0 ‘ 2
5e 543 5.92 X 1 0 - 4

stepwise and concerted processes are presumably available 
for 2H- imidazoles.

An approximate E a for the stepwise processes of 67 kcal/ 
mol is obtained, assuming that dissociation is rate deter
mining, by subtracting the gain in stabilization energy in 
forming the delocalized imidazolyl radical (13 keal/mol) 10 
from the C-C bond dissociation energy (80 kcal/mol).lla 
Heterolytic dissociation would yield a higher value. This 
result is higher than the experimentally determined values 
for the 2H- imidazoles, which suggests that stepwise pro
cesses are not involved in the thermal rearrangements of 
these compounds. Nonetheless, significant differences in 
reaction rates (interpolated or extrapolated to 550 K) and 
activation parameters were observed as a possible conse
quence of ring strain differences in the polymethylene 
rings, delocalization and substituent effects in the migrat
ing groups, and medium effects.

The inability of la  to withstand the conditions o f syn
thesis and its consequent rearrangement to 2 a may be the 
result of the 27 keal/mol strain energy of the cyclobutane 
ring. 12 Similarly lb  rearranges 250 times faster than lc  be
cause o f the 6.5 keal/mol strain in cyelopentane compared 
with cyclohexane. The carbocyclic analogs show a similar 
effect: spiro[4,4]nona-l,3-diene rearranges 10 0 0  times fast
er than spiro[4,5]deca-l,3-diene.4c On the other hand, the 
increased rearrangement rate o f ld -g  parallels the strain in 
the medium-sized rings. Although the strain in medium 
rings is generally greater than cyclopentane, the tenfold 
greater rate of lb  compared to ld -g  may be a consequence 
of differences in conformational rigidity in the transition 
states.
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The approximate limiting activation energy can be modi
fied to reflect the ring strain in the reactants, but even this 
correction results in values o f E a higher than the experi
mental values. Thus increased ground-state energy due to 
ring strain does not result in intervention o f a stepwise 
mechanism.

As concerted reactions are synchronous only if bond 
breaking and making occur at the same rate,13 departures 
from synchronous reaction are to be anticipated if the reac
tants and products have different strain energies. The ex
tent of this departure is difficult to determine in the ab
sence o f reliable methods for determining approximate ac
tivation energies for synchronous reactions o f this kind. 
One approach has been to equate the extent o f strain in the 
transition state with half o f the difference in strain be
tween the reactant and product.40 Results o f this procedure 
are equivocal but application of this idea to the present 
work reveals a parallel between strain differences14 and the 
values o f AS*. As low values o f AS* are indicative of con
certed processes and as strain differences between cycloal
kanes and the next larger cycloalkenes decrease with in
creasing ring size, 12 a shift towards more synchronous reac
tions occurs as ring size increases.

The rearrangement o f 3a to 4a and 3b to 4b, where con
siderations of ring strain do not apply, are about 1 0 0  times 
and 5 times slower than, for example, Ig  to 2g. These dif- 

' ferences in rate may be the consequence c f  anchoring the 
migrating terminus by the flexible polymethylene chain. 
Similar differences in migratory aptitudes of methyl and 
ethyl groups have been observed recently in the case of
2 ,2 -dialkyl-2 H-indene rearrangements. 15

We find that the rearrangement o f 2A-imidazoles is

Table II
Effect o f Solvent on Rearrangem ent Rate

fe j ,  sec- 1  at 470 K

Solvent lb  » 2b 5a * 6a

Melt 5.12 X 1er5 1.50 X IQ’5
Diphenyl ether 4.46 X 10-5 8.9 X 10-6 6
Triphenylmethane 1.4 X 10"5 (8.8 X lfl-5)'
Benzyl alcohol 8.5 X  IO' 56 3.2 X 10-5 6
Nitrobenzene 1.37 X  1 0 " 4 5.8 X 10-5 6
1,3 ,5-T rich loro- 4.9 X 10-5

benzene
a At 498 K. b Followed to about 1 half-life.

rather insensitive to solvent, so measuring the reaction 
rates in the melt appears to be a valid procedure. The rear
rangement o f lb  and 5a in a variety of solvents o f differing 
polarity and dielectric constant was carried out and the re
sults are in Table II. In addition the clean first-order kinet
ics observed while the composition o f the melt is changing 
during a reaction is consistent with a minimal medium ef
fect.

We carried out a Hammett <r+p investigation o f the rear
rangement of 5a-e to 6a -e  at 543 K. The p value was 
—1.15, though the linear correlation was not particularly 
good (r  = 0.92) with marked upward curvature. The small 
value of p obtained here when compared with the large 
values found for reactions known to involve benzylic carbo- 
nium ions16 argues, at least for this series of compounds, 
for a concerted mechanism, though the negative slope 
implies some charge development.

These results do not totally rule out a stepwise mecha
nism involving radicals, though the greater rate of rear
rangement o f 5a compared to, for example, 3a does not ap
pear to be a consequence of dissociation into resonance-sta
bilized benzylic and imidazolyl radicals (the benzylic reso
nance energy is 13 kcal/molub), as the E a values are quite 
similar for these compounds. We have carried out both 
trapping and crossover experiments to expose the interven
tion of radicals. Reactions o f 3b and 5a run in triphenyl- 
methane (molar ratio 1:2) to about 3 half-lives at 560 K 
failed to reveal any 2-methyl-4,5-diphenylimidazole in the 
former and any toluene in the latter case. Crossovers be
tween 3a and 3b and between 3b and 5a were attempted. 
The disparity in reaction rates was compensated for by

Table III 
2iT-Imidazolese

Coxnpd % yield Mp, °C NMR, 1  6

lb 73 105-108 2.11 (8 H, s)
lc 66 107-108“ 1.78 (10 H, s)
Id 60 141-143 1.92 (12 H, s)
le 38 136-138 1.94 (14 H, s)
i f 48 146-148 1.73 (18 H, s)
ig 80 143-144 1.60 (22 H, s)
3a 75 78-79" 1.62 (6 H, s)
3b 50 105-106 0.81 (6 H, t), 2.20 (4 H, q)
5a 60 88—89“ 2.88 (4 H, s)
5b 80 126-128 2.87 (4 H, s)
5c 40“ 109-110 2.30 (6 H, s), 2.85 (4 H, s)
5d CO o a, 127-128 2.84 (4 H, s), 3.76 (6 H, s)
5e 40 151-152 2.96 (4 H, s)

“ Reference 2, 107-108°. “ Reference 2, 78-79°. “ Reference 2, 
88-89°. a iV.iV-Dimethylformamide as reaction solvent. “ Satis
factory analytical data (±0.3% for C, H, N) were obtained for all 
compounds in table except lc, 3a, and 5a, which were not new. Ed. 
< Aryl proton signals omitted.
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Table IV
Uf-Imidazoles0

Compd M p,°C NMR, e '

2a 154-155 2.58 (2 H, m), 2.92 (2 H, m), 3.87 (2 H, t)
2b 137-138 1.87 (4 H, m), 2.76 (2 H, m), 3.62 (2 H, m)
2c 138-140“ 1.81 (6 H, m), 2.80 (2 H, m), 3.56 (2 H, m)
2d 146-148 1.80 (8 H, m), 2.80 (2 H, m), 3.58 (2 H, m)
2e 140-143 1.68 (10 H, m), 2.76 (2H, m), 3.65 (2 H, m)
2f 146-147 1.46 (14 H, m), 2.74 (2 H, m), 3.68 (2 H, m)
2g 146-148 1.37 (18 H, m), 2.68 (2 H, t), 3.72 (2 H, t)
4a 121-122'’ 2.38 (3 H, s), 3.32 (3 H, s), 7.30 (10 H, m)
4b 126-128 1.09 (3 H, t), 1.41 (3 H, t), 2.52 (2 H, q), 3.70 (2 H, q)
6a 147-148“ 3.88 (2 H, s), 4.46 (2 H, s)
6b 131-134 3.87 (2 H, s), 4.50 (2 H, s)
6c 117-119 2.31 (6 H, s), 3.80 (2 H, s), 4.40 (2 H, s)
6d 131-133 3.72 (2 H, s), 3.81 (6 H, s), 4.38 (2 H, s)
6e 159-161 4.06 (2 H, s), 4.68 (2 H, s)

« 138-140°. 6 121-122°. P. Beak and J. L. Meisels, J. Am. Chem. Soc., 89, 2375 (1967). c 147-148°, ref 2. d Satisfactory analytical 
values were reported for all compounds in table except 2c, 4a, and 6 d, which were not new. Ed.e Aryl proton signals omitted.

using a reactant ratio favoring the less reactive com ponent. 
Inside the limits o f  the analytical m ethods no crossover was 
detected. Trapping o f  radicals, however, has not been real
ized in those cases where their intervention has been 
proved in similar rearrangements.3,9

W e conclude that thermal rearrangement o f  2 / / - im idaz
oles is concerted but not necessarily synchronous.

Experimental Section
General. NMR spectra were obtained on Varian T-60 or Jeol 

Minimar 100 spectrometers in carbon tetrachloride or deuter- 
iochloroform with tetramethylsilane as internal standard. Melting 
points were determined on a Fisher-Johns apparatus and are un
corrected. GLC was done with an Aerograph 600C with flame ion
ization and mass spectra were obtained on a Varian EM-600 with 
direct inlet.

Reactants. These were prepared as described by Weiss.2 A 
molar ratio of benzil, ketone, and ammonium acetate of 1 :1 :1 0  in 
glacial acetic acid (2.5 M  in ammonium acetate) gave optimum 
yields. Products were purified by recrystallization from aqueous 
methanol or benzene-petroleum naphtha. Colored by-products oc
curred in all preparations. For Id and le these constituted a signif
icant portion of the crude reaction product. Table III contains data 
for the 2ff-imidazoles.

Products. Samples of the appropriate 2ff-imidazoles (0.5-1.0 g) 
were heated in nitrogen-purged, evacuated ampoules for about 
30-90 min at about 550 K followed by recrystallization from aque
ous methanol. The products were isolated in 70-80% yield. Data 
for the Iff-imidazoles are in Table IV.

Kinetic Procedure. Approximately 50 mg of the 2ff-imidazole 
was placed in each of six NMR tubes which were purged with ni
trogen and capped. The tubes were inserted in a multiposition 
thermostatted microtube furnace to within 0.5 cm of the cap. 
Tubes were withdrawn at noted times and quenched in ice water 
and the contents were dissolved in a suitable solvent. NMR spec
tra were recorded and the integrals of the signals were carefully 
and reproducibly determined. Reactions in solution were carried 
out in nitrogen-purged, evacuated ampoules at about 1 M  concen
tration. The contents of the ampoules were diluted with deuter- 
iochloroform and the NMR spectra were recorded as previously.

Calculations. The first-order rate constants were determined 
from plots of log a/(a — x) vs. time, where x is the normalized inte
gral of the downfield protons on the methylene groups at positions 
1 and 2 ONCH2-  and =CCHj) in the product and a is 4 (6 in the 
case of 3a), the number of protons on the methylene groups at po
sition 2 [>C(CH2)2] of the reactant. The phenyl protons served as 
an internal standard of ten protons. Alternatively for 3a and 5a-e, 
a was the integral of the total aliphatic protons and x was the inte
gral of those due to the product, occurring at lower field. All runs 
were replicated and the rate constants showed a precision of ±3%. 
Ea and A,S’* were determined as described by Bunnett17 and were 
judged to be within ±0.5 kcal/mol and ±2 cal/deg mol, respective
ly.

Trapping and Crossover Experiments. Mixtures of 3b or 5a
in triphenylmethane (molar ratio 1 :2 ) were heated in evacuated 
ampoules at 560 K for about 3 half-lives (10-30 min). For 3b the 
contents were examined by TLC (SÍO2 or AI2O3 with benzene, 
methylene chloride, or ethyl acetate elution). Only 3b, 4b, and tri
phenylmethane were detected; no 2-ethyl-4,5-diphenylimidazole 
was found. An independent test showed that it could have been de
tected if present in <5% concentration. For 5a examination of the 
contents of the ampoule by GLC (6 ft X  0.125 in., 5% XF-1150 on 
Gaskrom Q at 125°) or MS failed to reveal any toluene.

Mixtures of 3a and 3b (molar ratio 5:1) and 3b and 5a (molar 
ratio 4:1) were ground in a mortar and loaded into ampoules which 
were purged with nitrogen, evacuated, and sealed. After heating at 
about 590 K for 30-90 min the contents of the ampoules were ex
amined by TLC (SÍO2 with elution by benzene or methylene chlo
ride). Only reactants and expected products were detected in each 
case. Independent tests showed that the crossover products, 1- 
methyl-2-ethyl-4,5-diphenylimidazole and l-ethyl-2-benzyl-4,5- 
diphenylimidazole, were separable from the other products and 
could be detected if present in < 5% concentration.

Registry No.— lb, 55682-24-1; lc, 5396-98-5; Id, 55682-25-2; 
le, 55682-26-3; If, 55682-27-4; lg, 55682-28-5; 2a, 55682-29-6; 2b, 
55682-30-9; 2c, 16340-54-8; 2d, 55682-31-0; 2e, 55682-32-1; 2f,
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In connection with our investigation o f bicyclic systems,
l-methyl-5-norbornen-2-one (1) was o f interest as a precur
sor for 1,2-dimethyl 5-norbornen-2-yl derivatives. This 
compound had been obtained earlier, together with 4- (2),
5- (3), and 6-methyl-5-norbomen-2-one (4), by the Diels- 
Alder reaction of methylcyclopentadiene and vinyl acetate 
at 180° followed by a two-step conversion of the adduct to 
the ketone mixture (lithium aluminum hydride reduction 
followed by oxidation) .2 However, as shown by the upper 
part of Chart I, the desired isomer is the minor component 
o f the mixture and thus this did not appear to be a suitable 
approach for preparing large amounts of 1. From the 1:2 
and 3:4 ratios it is clear that very little regioselectivity is 
observed for the uncatalyzed Diels-Alder addition o f 1- 
and 2 -methylcyclopentadiene.

Chart I

* l 0Ac

13.5% 167. 38% 3 2.5%

* J l
Cl CN

The equilibrium composition of the three isomeric 
methylcyclopentadienes is 45% 1-methyl-, 54% 2-methyl-, 
and 1% 5-methylcyclopentadiene.3 The formation of over 
twice as much 3 +  4 as 1 +  2 shows that there is consider
able isomerization o f 1 -methyl- to 2 -methylcyclopenta
diene which leads to unwanted isomers.

From various reports in the literature 4-6 it appeared 
that regioselectivity as well as rate should be increased by 
Lewis acid catalysts, and we now report that this is indeed 
the case. As shown by the lower part of Chart I, the cupric 
fluoroborate7 catalyzed Diels-Alder reaction of the equilib
rium mixture of the isomeric methylcyclopentadienes and 
a-chloroacrylonitrile in benzene at 0-5°, followed by hy
drolysis, gives a mixture containing 57% of the desired ke
tone (1) together with 9% 2, 32% 3, and 2% 4. Only trace 
amounts of unidentified contaminants were detected by 
GC. Satisfactory yields of pure 1 could be obtained by care
ful fractionation.

Comparison of the 1:2 and 3:4 ratios for the catalyzed 
and uncatalyzed reactions shows that cupric fluoroborate 
causes a remarkable increase in regioselectivity as well as in 
rate. Similar results have been reported for other dienes 
and the earlier interpretations4’6 appear adequate for the 
present case.

It is noteworthy that the (1 + 2):(3 + 4) ratios show that
2-methylcyclopentadiene is more reactive than the 1-meth
yl isomer for the high-temperature uncatalyzed reaction 
whereas the reverse is true for the catalyzed reaction. Also, 
the amount of 1 + 2 obtained from the catalyzed reaction, 
relative to the amount of the 1-methyl isomer in the diene, 
suggests that there is isomerization of 2-methylcyclopenta- 
diene to the 1-methyl isomer under the conditions of the 
catalyzed Diels-Alder reaction.

Experimental Section
l-Methyl-5-norbornen-2-one (1). Monomeric methylcyclo

pentadiene was prepared just before use by distillation of methyl
cyclopentadiene dimer. In a typical experiment a solution of 40 g 
(0.50 mol) of methylcyclopentadiene, 175 g (2 mol) of a-chloro
acrylonitrile, and 75 ml of benzene8 was cooled to 0-5° and 35.6 g 
(0.15 mol) of dry cupric fluoroborate was added slowly. The reac
tion mixture was stirred for 4 hr at 0-5°, after which brine contain
ing sodium potassium tartrate was added. The resulting mixture 
was extracted with ether. After concentration of the ether extract 
under reduced pressure 500 ml of dimethyl sulfoxide was added to 
the residual oil. A hot solution of 1.25 mol of potassium hydroxide 
in 50 ml of water was added to the dimethyl sulfoxide solution and 
the resulting mixture was stirred at room temperature for 10  hr, 
after which the mixture was washed with water and extracted with 
ether. The ether extract was dried (MgSCR) and the ether was re
moved under reduced pressure. Capillary GC (SE-30, 100 ft, 80°) 
showed that the residual oil consisted of 1, 4- (2), 5- (3), and 6- 
methyl-5-norbornen-2-one (4) in a ratio of 57:9:32:2. Only trace 
amounts of unidentified contaminants were present. Distillation of 
the crude product, 46-53° (10 mm), gave 50 g (82%) of a colorless 
mixture of the four products. All ketones were isolated in pure 
form by preparative GC (10% Carbowax, 10 ft, 80°) and identified 
by the NMR spectra, which corresponded in detail to the NMR 
data reported earlier.26 The desired ketone (1) is the most volatile 
isomer and can be separated and purified by fractionation with a 
spinning band column, bp 46-47° (10 mm), NMR (CCU) b 6.46 (q, 
1 H), 5.72 (d, 1 H), 3.05 (s, 1 H), 1.68-2.24 (m, 4 H), 1.2 (s, 3 H).

Registry No.— 1, 19740-13-7; 2, 22405-38-5; 3, 22405-40-9; 4, 
19740-15-9; methylcyclopentadiene, 26519-91-5; o-chloroacryloni- 
trile, 920-37-6.
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C o m m u n i c a t i o n s

A New Annélation Sequence. 
Polycondensed 1,8-Naphthyridines

Summary: Friedländer condensations of compounds con
taining the ortho aminoaldehyde functional groups—readi
ly obtained from aromatic cyclic ketones and 4-aminopyri- 
midine-5-carboxaldehyde—with aromatic ketones leads to 
symmetrically and nonsymmetrically fused 1,8-naphthyri- 
dines with equal ease.

Sir: The object of the research which is outlined herein has 
been the development of a general synthetic method for the 
introduction of the 1,8-naphthyridine heterocyclic ring sys
tem into fused polycyclic frameworks of different architec
ture. The remarkable properties and stability of “ black 
orlon”—itself composed of a linearly annelated sequence of 
partially oxygenated 1,8-naphthyridine units1—made syn
thesis of such systems desirable.

Incorporation of this heterocyclic system into larger 
units has met with limited success even in the case of sim
ple benzo-fused systems.2 The reported obstacles3 of con
verting oxo or amino functional groups into the unsubsti
tuted heterocyclic unit made the one-step construction of 
the unsubstituted 1,8-naphthyridine moiety imperative. 
The Friedländer condensation of compounds containing 
the ortho aminoaldehyde functional groups offers such op
portunity. This report describes a facile annelation se
quence leading to fused 1,8-naphthyridines starting from 
readily accessible aromatic keto methylenes.

The synthetic strategy relies on our earlier observation4 
that pyrido[2,3-d]pyrimidines can be used as latent 2-ami- 
nonicotinaldehydes by acid-catalyzed hydrolysis of their 
pyrimidine moiety. It became thus necessary to first assem
ble fused polycyclic systems containing a terminal pyrimi
dine moiety. This was achieved by Friedländer condensa
tion of 4-aminopyrimidine-5-carboxaldehyde (2) and aro
matic cyclic keto methylenes as illustrated in eq 1.

To a refluxing ethanolic solution of acenaphthenone and 
2 were added a few drops of methanolic KOH (20%); a pre
cipitate was formed within a few minutes. The reaction 
mixture was further refluxed for 12 hr to give acenaphtho- 
[T,2':5,6]pyrido[2,3-d]pyrimidine (3) in 95% yield, mp 
269-270°.5 Covalent hydration6 of 3 followed by irrevers
ible ring opening of the pyrimidine moiety, carried out by

heating in 2N  HC1 for 4 hr, provided 8-aminoacenaphtho[l,2-
6]pyridine-9-carboxaldehyde (4) in 95% yield, mp 215-
217.5 This newly formed ortho aminoaldehyde was readily 
recondensed with starting acenaphthenone to form di- 
acenaphtho[l,2-6:1',2'-g]-1,8-naphthyridine (5) in quanti
tative yield, mp 422 (bright yellow needles from pyridine).5

A similar sequence of Friedländer condensations was fol
lowed in the synthesis of the hexacyclic 1-phenanthridino- 
[2,3-6]-l-phenanthridine (9) using a-tetralone in the con
secutive cyclizations as outlined in eq 2.

Friedländer condensation of 2 with the less reactive a- 
tetralone resulted in the formation of 5,6-dihydropyrimido[4,5-
6]-l-phenanthridine in 85% yield, mp 223.5-2240.5 Hydro
lytic cleavage of this heterocyclic system was best carried 
out in dilute hydrochloric acid (0.01 N) to generate the 
highly fluorescent 2-amino-5,6-dihydro-l-phenanthridine-
3-carboxaldehyde (8) in 90% yield, mp 130.5-1310.6 Reutil
ization of a-tetralone in the second Friedländer condensa
tion gave 9 in 90% yield, mp 255-256°.5

The isolation of compounds containing the ortho amino
aldehyde functional group in this annelation sequence al
lows for the synthesis of nonsymmetrical, fused 1,8- 
naphthyridines as exemplified by the facile synthesis of the 
heptacyclic 6,7,10,ll-tetrahydro(l-phenanthridino)[2,3-
6]pyrido[2,3-;]-l,7-phenanthroline (11) from a-tetralone 
and 6-oxo-6,7,8,9-tetrahydrobenzo[6]-1,8-naphthyridine
(10).7 To a refluxing solution of 8 and 10 in ethanol were 
added a few drops of methanolic KOH (20%). A precipitate 
formed slowly. The mixture was refluxed for 48 hr to yield 
11 in 85% yield, mp 329° dec.5

The key step in this annelation sequence leading to poly
condensed 1,8-naphthyridines is the use of cyclic keto 
methylenes for the introduction of the pyrido[2,3-ci] pyri
midine moiety in a polycondensed framework (Friedländer 
condensations of 4-aminopyrimidine-5-carboxaldehyde 
represent a new and facile entry into such systems) and
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reuse of the same functionality in a second ring formation 
reaction. This two-step sequence can therefore be directed 
with equal ease to the synthesis of symmetric and nonsym- 
metric polycondensed 1,8-naphthyridines depending on 
whether or not the same ketone is supplied in the second 
condensation. The general availability of cyclic keto meth
ylenes ensures a successful application of this new se
quence for a multitude of polycondensed systems.

Finally, it is interesting to note that this sequence for
mally represents a double Friedländer condensation of aro
matic keto methylenes with the unknown diaminomethy- 
lene malonaldehyde.

Table I
Rates of Solvolysis of Azabicyclic and Related 

Compounds in 80% Aqueous Ethanol

Compd Temp, °C ft, min Rel rate

1 0 8.53 4 x 108
2 75 4.48 x HT6 V
3 0 6.22 x 1CT5 2.4 x 103
4 85 2.5 x 10's 2 .8  x 1 0 2a
5 0 >42 1.7 x 109
6 0 >42 1.7 x 109
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Neighboring Group Assistance in 
Azabicyclic Derivatives. Tremendous Rate 
Accelerations in 2-Aza-6-halobicyclo[2.2.2]- 

and 6-Aza-4-halobicyclo[3.2.1 joctanes

Summary: The incorporation o f a nitrogen atom into the 2 
position of bicyclo[2 .2 .2 ]octane and the 6 position of bicy- 
clo[3.2.1]octane results in exceptional solvolytic rate en
hancements (up to 109) of halo substituents located 1,3 
from the nitrogen compared to similar carbon-carbon tr 
bond participation and 1,3-nitrogen participation in alicy- 
clic compounds.

S ir: Although considerable effort has been devoted to in
vestigations of participation and skeletal rearrangements in

0 Corrected to 0°.

carbobicyclic structures,1 relatively limited attention has 
been accorded analogous systems containing hetero- 
atoms2-4  in spite of the well-established ability o f several 
atoms to offer neighboring group assistance in solvolytic 
and related reactions.

We wish to report that the incorporation o f a nitrogen 
into the 2  position o f bicyclo[2 .2 .2 ]octane and the 6 posi
tion o f bicyclo[3.2.1]octane results in exceptional solvolytic 
rate enhancement o f halo substituents located cross-ring 
and exo compared to similar carbon-carbon a bond partici
pation in these systems and even analogous 1,3-nitrogen 
participation in alicyclic compounds. Table I presents rate 
data for a variety o f compounds chosen to compare various 
participation possibilities in bicyclic derivatives (1, 2, 4-6) 
and the open-chain equivalent (3). As evident, the ability 
o f nitrogen to enhance the solvolysis o f a 6 -exo-chloro 
group is phenomenal, the rate being over 10s as fast as a
5-chloro substituent and ca. ~ 1 0 5 as fast as N ,N -d im e th - 
ylam ino-2-chloroethane (3 )! The effect on a 6 -bromo sub
stituent is equally dramatic. Both the bicyclo[2.2.2] and the 
bicyclo[3.2.1] compounds 5 and 6 were solvolyzed so rapid
ly (half-lives < 1  sec at 0 °) that accurate rate data could not 
be obtained. Nevertheless, a lower limit estimate of ~109-  
1 0 10 compared with 2  illustrates that nitrogen possesses 
super assisting ability in these systems.

Compounds 5 and 6 (and to a lesser extent 1) were so re
active in the free amine state that they could be isolated 
only as the HBr salts 5a and 6a.° Treatment of either 5a or

4 5a HBr salt 6a HBr salt

6a with ethanolic ethoxide or hydroxide in aqueous te rt- 
butyl alcohol initially gave the exo-4-hydroxy derivative 7a 
with the latter reagent or the corresponding ethyl ether 7b 
with the former. The hydroxy compounds 7a was converted 
to the tricyclic ether 8 upon longer reaction time. Reduc
tion of either 7a or 8 with lithium triethylborohydride 
(“ Super-hydride” )7 afforded 4-exo-hydroxyl-2-methyl-2- 
azabicyclo[3.2.1]octane (9).8 Evidently, release o f the free 
amine by base results in rapid formation of the cyclic aziri- 
dinium ion which is opened by base to the more stable bi- 
cy clop .2.1] derivative 7a. Further reaction with base fur
nishes the ether 8 by internal cyclization.
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The astounding rate enhancement observed for la , 5a, 
and 6a is reminiscent of the acceleration found for bicyclic 
a-amino halides compared with carbocyclic analogs 
( ~ 1 0 3—1 0 8)2g l and the observation that most a-amino ha
lides exist in the iminium salt form .9 Apparently, favorably 
disposing nitrogen for displacement of halogens results in 
extremely rapid reactions. In the present case, locking the 
geometry such that the departing halogen and the attack
ing nitrogen are rigidly held antiplaner provides an espe
cially favorable orientation for facile participation . 10
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Summary: A nonisoprenoid trichloromonoterpene, plocam
ene B, has been isolated and characterized from Northern 
California collections of the red alga Plocam ium  viola- 
ceum.

S ir: Very recently we reported an acyclic polychlorinated 
monoterpene aldehyde 1 as a major component from the 
red alga Plocam ium  cartilag ineum J  Our observation that 
semipurified extracts from this alga possess marked anti- 
insecticidal activity against mosquito larvae2® prompted us 
to examine a related, less common alga, P. violaceum. We 
report below the characterization o f a major metabolite 
from this latter alga, plocamene B (2), which has a noniso
prenoid monoterpene skeleton and displays moderate tox
icity to lab test fish.2b

Collections were made of P. violaceum  in the fall o f 1974 
[week o f Sept 15] from several different intertidal locations 
north o f Santa Cruz. Separate extractions (CHCI3) o f each 
batch of frozen thalli yielded about equal amounts of es
sential oils. Preliminary analysis of the crude, nonpolar 
fractions for halomonoterpenes by GC/M S showed (see
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Table I
CM R Data at 25.1 MHz

Carbon PpmG J (Hz)6 Patt ernc Carbon Ppm J (Hz) Patt ern

9 18.4 128.4 q 1 0 38.8 155.7 t
1 0 30.3 129.4 q 9 27.4 129.4 q

6 34.5 127.0 t 3 38.3 134.3 t
3 48.5 127.0 t 6 48.8 131.7 t
5 64.1 148.9 d 4 64.1 146.5 d
4 69.3 s 5 71.3 S
8 117.7 194.1, 9.8 dd 8 119.5 192.9, 9.8 dd

1,2 123.8 s 1 42.0 s
129.8 s 2 59.0 146.5 d

7 130.3 162.1, 13.4 dd 7 135.4 156.1 br d
° Relative to TMS (CDCI3 solvent). 6 Error, ±1 Hz. c From JH coupled spectra.6 '

paragraph at end of paper regarding supplementary mate
rial) that the relative levels o f the major components varied 
significantly between collection locations. Although the ori
gin of this effect is at present unclear, this observation was 
useful in facilitating our isolation work.

Chromatographic purification (silica gel column) o f the 
oil from P. violaceum  o f Davenport Landing gave fractions 
which were further purified by HPLC (Porasil-A). This 
procedure enabled isolation of the two major components 
which were both crystalline. The major compound of short
est GC retention time (mp 1 0 0 - 1 0 1 °, [cv]d —48°) was un
known, and support of our assignment as structure 2  is pre
sented below .3 The longer retention time component had 
spectral properties4 and mp 70-71° ([a]D —81°) identical 
with violacene (3) recently reported from Plocam ium ,s

The mass spectrum of plocamene B [m/e 238, 240, 242, 
244; 203, 205, 207; 167 (base peak), 169; 131] required the 
formula C 10H 1.3CI3. The appearance of four vinyl carbons, 
including two quaternary ones, in the 13C NMR of plocam
ene B (Table I) together with its molecular formula re
quired a monocyclic constitution. Moreover, a substituted 
diene chrompohore was implied by its uv Xmax (EtOH) 245 
nm (c 16,000). Close inspection of its !H NM R at 100 MHz 
(Figure 1, benzene-dg) confirmed the presence of 13 H ’s of

Figure 1. NMR spectra of plocamene B (2) at 100 and 300 MHz.

the following subgroups: (a) quaternary CH3 (5 1.4); (b) al- 
lylic CH3 (1 .2 2 ); (c) isolated -C H 2- ,  AB quartet [1.8 and
2.36 (J  = 17 Hz)]; (d) a -C H X C H 2-  A BX pattern [1.6-2 .6 
and 3.35 (J  = 20, 10.0, 5.5 Hz)]; and (e) an (E )-vinyl AB 
quartet [5.5 and 6.6  (J = 13.5 Hz)]. Further verification of 
the above interpretation for the region 8 1 .6- 2 .6  as an over
lapping AB and A BX pattern was achieved via a 300-MHz 
: H NMR spectrum. This spectral region was first order at 
that higher frequency, and J ’s could be determined by di
rect measurement. Finally, the distinct broadening observ
able for the allylic methyl relative to the quaternary methyl 
concurrent with enhanced half-width o f the highfield AB 
doublet relative to the one at lower field must arise from 
long range coupling.

A full assignment of the 13C NMR of plocamene B 
(Table I) was aided by considering both 8 and J ch values. 
The direct J ch data in Table I were obtained by compari
son of the broad-band 4H CW decoupled spectra to the ’ H 
coupled spectra obtained via a pulse decoupling tech
nique.6 A knowledge of J ch enables an unambiguous dis
tinction of carbons of similar chemical shift and constitu
tion, but o f differing substituent electronegativity.7 As an 
example, the (F)-vinyl double bond o f 2  shows carbon reso
nances at 117.7 and 130.3 ppm which display J ch = 194.1 
and 162.1 Hz, respectively. Based on those observed J ’s, 
these peaks could be assigned as shown in the table. A re
verse assignment, on the other hand, might have been pre
dicted on the basis of chemical shifts and multiplicities 
alone.8

The carbon shifts of plocamene B (2) were remarkably 
similar to those observed for violacene (3). Consequently, 
the combined spectral data for 2  were most consistent with 
the two partial structures shown below as A and B. The 
structure elucidation now involved determination of both 
the regiochemistry of the ring connection between frag
ments A and B and the relative stereochemistry between 
the adjacent chiral centers in fragment A.

A B
The NM R data provided a means for directly addressing 

each of these questions. Union of A and B to give a 1,3-
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dimethyl orientation as in structure 2  provides a constitu
tional arrangement consistent with the long range coupling 
between the equatorial H3e and the vinyl CH3.S The J ’s be
tween HE and the adjacent -C H 2-  are consistent with an 
equatorial Cl at C5. Carbon chemical shifts, especially in 
cyclohexane ring systems, are extremely sensitive to stereo
chemical factors.8’10 Hence, in methylcyclohexane the axial 
methyl is shielded relative to the equatorial one by 6 
ppm,10a and the methyl shielding in cis- and trans-9-meth- 
yldecalin differ by 12 ppm.10b The similarity of the shift 
position for the equatorial methyl in methylcyclohexane 
(24 ppm) and the equatorial quaternary methyl in 3 (27.4 
ppm) vs. that of the quaternary methyl in 2 (30.3 ppm) 
suggests its stereochemistry to be equatorial.11

Chemical conformation of the proposed structure of 2 
was provided by aromatization of 2  to (jB)-l-chloro-2-(2,4- 
dimethylphenyl)ethylene (4) by l,5-diazobicyclo[5.4.0]un- 
dec-5-ene (DBU) in THF. Compound 4 was treated with 0 3 
to yield 2,4-dimethylbenzaldehyde (5) which was in turn 
prepared directly from commercial 2,4-dimethylbenzoic 
acid (6 ) .12

We have observed by GC/MS five isomers o f formula 
C ioH 13C13 from various collections o f P. uiolaceum. Com
parative mass spectral data [especially intense fragmenta
tion to an aromatic nucleus (C 1oHu )+, m/e 131] indicates 
that four of the uncharacterized CioH i3C13 isomers proba
bly have a trialkyl six-membered ring with no points of 
geminate alkyl substitution.13 Thus, plocamene B may be 
just the first representative o f a host of nonisoprenoid 
monoterpenes from red alga. Migration of methyl from Ci 
or vinyl from C2 are the simplest possibilities to link plo
camene B to the isoprenoid biosynthetic manifold. The nu
cleus o f the former precursor, however, represents an un
common tail-to-tail isoprenoid arrangement, and there are, 
as yet, no literature examples of the carbon constitution of 
this envisioned precursor. 14
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Organoselenium Chemistry. Synthetic 
Transformations Based on Allyl Selenide Anions1

Sum m ary: Enones and allyl alcohols are formed when sub
stituted allyl selenides, prepared by alkylation or silylation 
o f allyl selenide anions, are oxidized.

S ir: Lithium reagents derived from allyl sulfides,2-3a sulfox
ides,3 sulfones,4 phosphonates,5 ethers,6a>b and amines6c’d 
have been used to perform useful synthetic transforma
tions. We have been exploring the chemistry o f «-lithio sel- 
enoxides and selenides7,8 and report here preliminary re
sults on the deprotonation of a variety o f allyl selenides, 
their reaction with representative electrophiles, and some 
transformations o f these alkylation products. Alkyllithium 
reagents can rarely be used for the deprotonation of selen
ides or selenoxides since extensive cleavage reactions often 
occur.7’8 We have found lithium diisopropylamide (LDA) 
in tetrahydrofuran a useful base for this purpose. In steri- 
cally hindered situations lithium diethylamide is superior.

The lithium reagents 1-5 are formed using LDA in tetra
hydrofuran under the conditions indicated. /i-Methylallyl

Li R R Li
R

1 H,H 
2CH„H
3 CH:),CH;1
4 Ph, H
5 CIRC!

Conditions

—78°, < 1 0  min 
-78°, 20 min 
0°, 20 min 
-78°, <5 min 
—78°, <5 min

6a, R =  Si(CH3)3 
b, R=CH 3

phenyl selenide can also be deprotonated and the anion be
haves quite similarly to 1. Attempts to extend the proce
dure to «-substituted allyl anions (6 ) have been successful 
only for the a-trimethylsilyl derivative 6a, which can be
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Table I
Transformation of Phenylselenoallyllithium Reagents to Allylic Alcohols and Enones by 

Alkylation and Subsequent Oxidation

Anion Electrophile Selenide“ Product6 Yield %c

SePh Ph

“ The selenides from 2 and 5 were mixtures of geometric isomers. Small amounts of 7 -alkylation products were also formed. 6 All com
pounds were adequately characterized by spectral methods. c Yields are for material isolated by preparative thin layer chromatography. 
d The crude reaction mixture from 5 and propylene oxide was treated with excess acetic anhydride.

formed by deprotonation of the selenide using lithium di
ethylamide9 (less hindered bases such as lithium isobutyl- 
amide result in desilylation). a-Methylallyl phenyl selenide 
is not cleanly deprotonated to 6b under conditions we have 
tried.

The anions 1-5 are powerful nucleophiles; the reactions 
with the electrophiles shown in Table I were carried out at 
—78° and were complete in <15 min. Secondary halides 
also react, but higher temperatures and/or longer reaction 
times are required. The problem of a vs. 7  alkylation is 
similar to that found for the related sulfur systems.23,38 Al
kylation usually occurs predominantly a (~80% for 1, >90% 
for 2 and 3, ~50% for 4; 7 -alkylation products for 5 appear 
to be formed to a small extent, but these are usually rather 
unstable). Other electrophiles such as chlorosilanes or car
bonyl compounds give more variable a / 7  ratios with 1 : tri- 
methylchlorosilane (82/18), dimethylphenylchlorosilane 
(41/59), acetophenone (15/85). The 7 -substitution products 
are usually a 1 : 1  mixture of E :Z  isomers.

A solution to the problem of 7  alkylation for allyl sulfide 
anions has been found through the use of substituent 
groups on sulfur having chelating potential.2b-d,3a For ex
ample, much improved a /y  ratios were observed for the an
ions of 2 -pyridyl allyl sulfide when compared with the phe
nyl analog. Unfortunately the lithium reagent prepared by 
deprotonation of 2 -pyridyl allyl selenide10 does not give in
creased a / y  ratios (70/30 for methyl iodide, 60/40 for tri- 
methylchlorosilane). This may be because complexation 
with the diisopropylamine present prevents the chelation 
with the pyridine nitrogen. 1 1

Transformations of the alkylation products of function
alized allyl anions are of several types. Allyl sulfides,2a-f 
sulfones,4 and phosphonates5 have been reductively 
cleaved; allyl vinyl sulfides21-! and dithiocarbamates2 *1-1 un
dergo [3.3] sigmatropic rearrangements; and allyl sulfox
ides undergo reversible [2.3] sigmatropic rearrangements. 
Evans has developed the last reaction into a versatile syn
thesis of allylic alcohols. 3

Table I lists a number of transformations involving [2.3] 
sigmatropic shifts of allyl selenoxides. 1 2  In all cases selen
ides were oxidized using the two-phase pyridine buffered 
hydrogen peroxide/dichloromethane procedure (15 min at 
25°)13 previously described. 14 ,15  This procedure is conve
nient and results in clean rearrangement of the intermedi
ate selenoxide giving eventually an allylic alcohol. Excess 
oxidant is used so that no volatile selenium-containing 
compounds remain after oxidation, and no trapping agent 
to cleave the allyl selenenate is needed. Selenium appears 
as benzeneseleninic acid which is removed by extraction 
(and can be reduced back to diphenyl diselenide in high 
yield).

The anion 5 is formed rapidly even at —100°, attesting to 
the substantial acidifying effect of chlorine (compare with
3). Alkylation of 5 with primary halides proceeds cleanly 
and in high yield at —78°. Not surprisingly, 5 is rather un
stable. It is decomposed significantly after 30 min at —78° 
in THF so that alkylation with secondary bromides or ep
oxides does not occur in acceptable yields. Oxidation of the 
alkylation products of 5 by the usual two phase H2O2/  
CH2CI2 procedure leads cleanly and in high yield to enones. 
The starting selenide is prepared from the readily available
l,3-dichloro-2-butene by nucleophilic displacement with 
PhSeNa. Transformations using 5 are similar to the a,f)- 
unsaturated aldehyde synthesis based on l,3-bis(methyl- 
thio)allyllithium developed by Corey, Erickson, and Noyo- 
ri.Zg Lansbury and Rhodes16 have reported that 3-chloro-
2 -buten-l-yl sulfoxide and amine oxide rearrange readily to 
give methyl vinyl ketone.

The allyl selenoxide [2.3] shift proceeds more rapidly 
than selenoxide syn elimination17  or “sila-Pummerer” rear
rangement. 18 A small amount of diene (12% yield) is 
formed upon oxidation of 7. Here elimination is enhanced 
by the phenyl substituent, and the [2.3] shift is probably 
slowed down by the 7  substituents.

We have observed that allyl selenides such as 8  react 
with lithium dimethylcuprate above 0 ° to give product in
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O Cl
85:15

which methyl has replaced phenylseleno. 19 The transfor
mation o f 8 to 9 proceeds with allylic rearrangement giving 
a mixture o f cis and trans isomers. The route from 1 to 8 to 
9 results in overall 1,3 disubstitution o f an allyl fragment, 
first by an electrophile, then by a nucleophile. Cinnamyl 
phenyl selenide gives unrearranged olefin (1 -phenyl-l-bu- 
tene, 65%) upon treatment with dimethylcuprate in ether. 
Alkylation products o f phenyl crotyl selenide (i.e., 10) un
dergo reaction with dimethylcuprate sluggishly, and the re
action is likely to be limited to the less highly substituted 
allyl selenides such as 8 . Aryl selenides with electron-at
tracting substituents may undergo more facile displace
ments by cuprate, and we are exploring this possibility.
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Synthesis and Stereochemistry of 
(±)-3',4'-Dihydrousambarensine

Sum m ary: A total synthesis of (±)-3',4'-dihydrousambar- 
ensine has been carried out which confirms the structure 
and defines the stereochemistry of the alkaloid as 2a.

S ir: Largely on the basis of spectral data,1 formulas 1 and 2 
were recently suggested for the Strychnos usambarensis al
kaloids, usambarensine and 3',4'-dihydrousambarensine. 
However, no stereostructures have been assigned to these 
substances, all unusual, indole analogs of the more familiar 
Ipecacuanha type, which possess isoquinoline rings as the 
heterocyclic entities. Using totally synthetic starting mate
rial of secure stereochemistry, namely, methyl (±)-geisso- 
schizoate (3a),2 we have carried out the first synthesis of 
3',4'-dihydrousambarensine, which not only establishes the 
gross structure but also defines the geometry and chirality 
of the natural product as indicated in 2a.3

(±)-Geissoschizoic acid, prepared by saponification of 
methyl (±)-geissoschizoate (3a), was condensed with trypt- 
amine in the presence of dicyclohexylcarbodiimide (dime- 
thoxyethane-dimethylformamide at room temperature) to 
give tryptamide 4a. Cyclization of the latter by means of 
POCI3 in CHCI3 provided, after preparative TLC, (±)- 
dihydrousambarensine (2a), indistinguishable from the 
natural product on the basis of TLC, uv, ir, and NMR as 
well as high resolution mass spectral comparisons. That no 
inversion occurred at the potentially epimerizable center 
C-3 during the synthesis of (±)-2a was substantiated by 
the result of a parallel series starting with methyl (±)-epi- 
geissoschizoate (3b). After successive treatment of this 
ester with boron tribromide4 and tryptamine in dichloro- 
methane-benzene, tryptamide 4b was obtained. On POCI3-  
CHCI3 cyclization, the amide 4b generated base 2b, isomer
ic with, but different from, natural 3',4'-dihydrousambar- 
ensine, on the basis of TLC and ir spectral properties. In 
view of the foregoing, the stereochemistry of 3a corre
sponds to that of synthetic (± ) base 2a, which accordingly 
must possess the cis relationship for C-3 and C-15 as well 
as for the olefinic methyl (C-18) and the C-15 center.

Obviously derived biogenetically from two tryptamine
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a, 3,15 cis, 18-Me cis to C-15
b, 3,15 trans, 18-Me cis to C-15

3a. 3a-H
b, 3/3-H

4a, 3a-H 
b, 3/3-H

residues and a C9 terpenoid component, dihydrousambar- 
ensine features stereochemical relationships characteristic 
o f ( 1 ) terpene-derived indole alkaloids bearing ethylidene 
groups, normally possessing cis geometry, and (2 ) the eme
tine type, having the cis relationship o f C-3 and C-15. Fur
ther, the oxidation levels o f the heterorings in natural 
products 1 , 2 , and tetrahydro-2  corresponds exactly to 
those of the isoquinoline units in emetine, psychotrine, and 
emetamine.5 These similarities constitute a remarkable 
overlap o f the various structural features which character
ize the two alkaloid classes and suggest action on precursor 
substrates o f very similar— perhaps identical— enzyme 
species.
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Thiocarbonyl Ylides.1 Stereochemical Properties 
of 4-tert-Butylcyclohexyl Derivatives

S u m m a r y :  The stereoisomeric thiocarbonyl ylides derived 
formally from 4-ieri-butylcyclohexanone undergo ring clo
sure in a conrotatory manner providing spirocyclic thi- 
iranes, which may be desulfurized.

S i r :  Thiocarbonyl ylides (1) have revealed their usefulness 
as tools for theory and as building blocks for synthesis.2

1

Methods developed previously by us make now available 
various aliphatically substituted members of this class of 
reactive intermediates.2® We offer here further insight into 
the stereochemical properties o f thiocarbonyl ylides and in 
the following articles some applications of the derived 
products.3

Treatment o f the azine (2) o f 4-fert-butyleyclohexanone 
with hydrogen sulfide under pressure gives a mixture of
1,3,4-thiadiazolidines (3). Dehydrogenation o f this mixture 
with dimethylazodicarboxylate gives a mixture of 4, 5, and 
6 .4’5 The yield is quantitative based on 2 . Separation of 4

H H

2 3 (mixture of stereoisomers)

4 ( trans, trans ), 34% 5 ( cis, cis ), 23%

H

6 (cis, trans), 43%

and 5 from 6 is achieved by extraction with n -pentane in 
which 6 is totally insoluble. Chromatography over alumi
num oxide allows separation o f 4 and 5. The isomers 4-6 
were pure as determined by XH NM R and 13C NM R spec
troscopy6 and chromatography.7

The stereochemistry o f 6 was readily ascertained from 
the observation o f two t e r t - butyl absorptions (5 0.915 and 
0.95 in CDCI3) o f equivalent intensity in the 'H NM R spec
trum. Moreover in the proton decoupled 13C NM R spec
trum eight lines (four pairs) for the ring carbon atoms were 
noted demonstrating the nonequivalence o f the rings. Dis
tinction between 4 and 5 (teri-butyl absorptions at & 0.90 
and 0.92, respectively, in CDCI3) was made on the basis o f 
selective shifts observed in the XH NMR spectrum induced 
by Eu(FOD)3. In 5 the axial hydrogens adjacent to the qua
ternary ring carbon atoms project into the vicinity o f the 
azo bridge, which provides a good complexing site.8 Ab
sorptions for these protons9 are shifted strongly downfield 
on addition o f Eu(FOD)3, but in 4 where this steric feature 
is absent Eu(FOD )3 influences the XH NM R spectra only
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trivially. The configurational assignment was substantiated 
independently by oxidizing 4 and 5 to their respective sul
foxides (not shown); here two of the axial protons adjacent 
to the ring quaternary carbons in the sulfoxide 4 project 
into the vicinity of the sulfur-oxygen bond and undergo the 
anticipated downfield shift in CeD6 solution.10 This effect 
is, as predicted, absent in the sulfoxide of 5.

Pyrolysis in boiling methylcyclohexane of 4 or 5 either 
separately or as a mixture (most convenient for synthetic 
purposes) gave in quantitative yield a single thiirane 7, mp 
208-214° dec. The observation of two fert-butyl absorp
tions of equal intensity in the ]H NMR spectrum (at <5 
0.915 and 0.95 in CDCI3) as well as clear evidence in the 
proton decoupled 13C NMR spectrum for the nonequiva
lence of the cyclohexyl rings established the cis,trans struc-
ture.

H !k
H

7 (cis, trans) 8 (trans, trans)\X>H
H H

that the terminal carbons of the thiocarbonyl ylide segment 
of 12 are effectively sp2 hybridized. The two possible conro- 
tatory motions for ring closure of 12 are enantiomeric.

Pyrolysis of 6 produces both enantiomers of 13 (12 with 
the thiocarbonyl ylide segment completely planar is meso);

the two possible directions for conrotatory ring closure are 
diastereomeric and lead, respectively, to 8 or 9. The exclu
sive formation of 9 provides an extreme example of the 
fairly general tendency of exothermic carbon-carbon bond 
forming reactions to afford the more strained isomer,13 in 
this case through predictable axial-axial ring closure.14
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that institution for making it possible for J.K.K. to partici
pate in an undergraduate exchange program with this uni
versity.
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H

H

11 (anti)
Pyrolysis of 6 under similar conditions gave in quantita

tive yield also a single thiirane, mp 224-228° dec, with a 
single tert- butyl absorption at 8 0.90 in the VH NMR spec
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forced to face each other.
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Reaction of Singlet Oxygen with Conformationally 
Fixed Cyclohexylidenecyclohexanes. Failure of 

an All Suprafacial Mechanism

Summary: Conformationally fixed C2v and C2h conformers 
o f cyclohexylidenecyclohexane react with singlet oxygen in 
benzene solution to give in differing ratios two stereoisom- 
eric allylic hydroperoxides, a result not in accord with an 
all suprafacial mechanism for the “ ene”  reaction.

S ir: For the “ ene” reaction of alkenes with singlet oxygen 
there must be available an allylic hydrogen aligned roughly 
parallel to the plane formed by the it bond . 1 In this light 
the alkenes 1 and 2 2 possess instructive structural features 
for elucidation of stereochemical aspects o f singlet oxygen 
reactions. In all-chair conformations 1 and 2 belong, re
spectively, to C2v and C'2h point groups and as such should 
be conformationally fixed models for the two all-chair con
formations that cyclohexylidenecyclohexane may adopt in 
principle.3 Only the equatorial face of 1 is available for a 
concerted all suprafacial “ ene” reaction, whereas the axial 
face is structurally related to adamantylideneadamantane, 
photooxygenation of which gives a 1,2-dioxetane.4'6 * The al- 
kene faces of 2  are equivalent but with regard to any one 
face only that alkylidene carbon furthest from the axial al
lylic hydrogen can bond in a concerted all suprafacial con
certed “ ene”  reaction (axial rather than equatorial bond
ing).

3a. R  =  O H  4a. R  =  O H

b R  =  H  b, R  =  H

interconvert or undergo other rearrangements on standing 
at ambient temperature in solution for at least 1 day. A t
tempts to use gas chromatography caused decomposition to 
both 4-ierf-butylcyclohexanone and a mixture of epox
ides.168,7

Reduction o f crude photooxygenation mixtures with 
NaBH4 in methanol gave quantitatively in ratios identical 
with the original peroxide composition the alcohols 3b and 
4b. In our hands especially 4b was difficult to work with 
owing to its ready dehydration.8 The alcohols were ulti
mately separated by thin layer chromatography and puri
fied by careful recrystallization, 3b, mp 154-155.5°, and 4b, 
mp 180.5-1830.9 Stereochemistry is assigned to 3b and 4b 
(and by analogy to 3a and 4a on the basis that reduction 
does not affect configuration) from the much faster elution 
o f the latter on aluminum oxide. 10 Independent structural 
confirmation for these structures was obtained through 
conversion of 2 to epoxide 5 with meia-chloroperbenzoic 
acid, followed by ring opening of 5 with strong base produc
ing a mixture of 3b and 4b (eq 2 ). The ring opening pro-

axial

4H NMR, 13C NMR, and ir spectra o f 1 and 2 are virtual
ly superimposable. Substantiation of the presumed double
chair conformations for both 1 and 2  is obtained from anal
ysis of the XH NM R spectra (100 MHz). Particularly re
vealing is a broadened doublet, J  = 12.5 Hz, at 6 2.67 in
CDCI3, which is assigned to the equatorial allylic protons, 
which have a normal J gem but small J vic coupling in the 
chair conformation. This absorption is absent in the (tem
perature averaged) spectrum o f cyclohexylidenecyclohex
ane at room temperature. Full details will be reported sub
sequently.

Both 1 and 2 (150 mg in 150 ml of benzene, meso-tetra- 
phenylporphine sensitizer, K 2Cr2 0 7  filter) react smoothly 
with singlet oxygen. The rate o f consumption is as great as 
that of cyclohexylidenecyclohexane itself.6® Within the lim
its of sensitivity of the detection techniques,615 quantitative
conversion to two products assigned structures 3a and 4a
occurred (eq 1). From 1 the ratio of 3a:4a was 60:40; from 2
this ratio was 33:67. Although ir, 4H NMR, and mass spec
tra were in accord with expectation for 3a and 4a, neither
compound has been purified sufficiently to give a sharp
melting point. The structures were verified through subse
quent conversions (see below). The hydroperoxides did not

H

(2 )

5
ceeded only sluggishly with butyllithium and exhibited no 
pronounced stereoselectivity. 11

There is no obvious reason to suppose a breakdown of 
the normal stereoelectronic requirement for an axially ori
ented allylic hydrogen in the “ ene” reaction o f 1 and 2 . 
Both olefins are fixed in double-chair conformations and 
the low activation energies for reaction with singlet oxygen 
(1.3 kcal/mol for cyclohexylidenecyclohexane in metha
nol) 12 indicate that the rate-determining reaction should 
occur through these conformations (specifically the Curtin- 
Hammett principle is not violated) .13’14 Subject to these re
strictions, the obtainment of 4a from 1 and 3a from 2 is in
consistent with complete suprafacial participation of the 
alkenes reacting from all-chair conformations. Other expla
nations are demanded. Possibilities include a previously 
undetected antarafacial component to the “ ene”  reaction 
or the initial irreversible formation of an intermediate, per
haps a peroxirane,5 which lives sufficiently long to be able 
to react, if necessary, from an attainable but energetically 
unfavorable flexible form in which a quasi axial hydrogen is 
presented.

We are currently engaged in experiments to test these 
and other ideas.
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Studies on the Biogenesis of 
Non-Head-to-Tail Monoterpenes. The Isolation of 

( l If,3jR)-Chrysanthemol from A rtem esia  ludoviciana1

Summary: The isolation of optically pure (l/?,3f?)-chrysan- 
themol from the leaves o f Artem esia ludoviciana  supports 
the hypothetical involvement of the corresponding pyro
phosphate as a cruical intermediate in the biosynthesis of 
non-head-to-tail monoterpenes.

S ir: As part of a continuing study of the biosynthesis of the 
biologically important triterpene, squalene, we have been 
investigating the simpler but presumably analogous non- 
head-to-tail monoterpenes. Although there has been little 
experimental verification of any biosynthetic pathway, the 
available data2 coupled with biogenetic analogies to pres- 
qualene alcohol and the known chemical3 interconversions 
o f the chrysanthemyl carbon skeleton with other non-head- 
to-tail monoterpene carbon skeletons have led to a unified 
hypothesis for the biosynthesis of these compounds.4 This 
hypothesis requires ( 1 /? ,37? ) -chrysanthemyl pyrophosphate 
(1, R = pyrophosphate) as a key intermediate in the forma
tion o f the chrysanthemyl (2), artemesyl (3), and santolinyl
(4) types of irregular monoterpenes. With the ubiquitous 
occurrence of phosphatases in plants, it might be expected 
that any plants producing 1 (R = pyrophosphate) would 
also have the corresponding alcohol, (l/?,3f?)-chrysanthem- 
ol (1, R = H), present.

Communications

3 4

In support o f the proposed biosynthetic scheme, we wish 
to report the isolation o f 1 (R = H) from the leaves o f the 
sage brush, Artem esia ludoviciana, and further in accord 
with the hypothesis the natural chrysanthemol is optically 
pure possessing the 17?,37? absolute configuration.

The essential oils from 4 kg of fresh leaves o f A. ludov ic i
ana collected near Salt Lake City5 were obtained by ex
traction o f the plant material with pentane. Removal o f the 
solvent and vacuum, bulb-to-bulb distillation of the re
maining volatiles gave 12.5 ml of a mixture containing ap
proximately 2% chrysanthemol as evidenced by VPC com 
parison to known 1 (R = H) on a 500-ft capillary column. 
The mixture was subjected to a vacuum distillation on a 
60-cm annular spinning band column and the fractions en
riched in 1 (R = H) were combined and further separated 
by a succession o f high-pressure liquid chromatographies 
on a 170-200 mesh Florisil column using 1:10 ethyl acetate- 
hexane as the eluting solvent system. VPC analysis indicat
ed an increase from 70 to 90 to 98% purity in the successive 
runs. The final purification was accomplished by prepara
tive VPC on a 20 ft X  % in. Carbowax 20M column to give 
25 mg of 100% pure chrysanthemol. Spectral comparisons 
(NM R and ir) with authentic material as well as VPC coin
jections confirmed the structure. Synthetic 1 (R = H) pre
pared by reduction of 97% (17?,37?)-chrysanthemic acid via 
its methyl ester6 possessed an [a ]D  o f +46.9° (c 1.7, meth- 
ylcyclohexane) while the isolated material had [a ]D  +49.7° 
(c = 1 .1 , methylcyclohexane), indicating that the natural 
chrysanthemol is essentially 100% 17? ,37?.

Evidence that the isolated 1 (R = H) could have been de
rived in vivo from the corresponding pyrophosphate was 
provided by allied studies in which we have clearly demon
strated enzymatic including phosphatase activity in leaf 
preparations o f A. ludoviciana. In particular we have ob
served the facile conversion o f known 1 (R = pyrophos
phate) to 1 (R = H) in vitro by these leaf preparations.

References and Notes
(1) This work was supported by a grant from the National Institutes of Health 

(R01 GM20196).
(2) M. P. Crowley, P. J. Godin, H. S. Inglis, M. Snarey, and E. M. Thain, Bio- 

chem. Biophys. Acta, 60, 312 (1962); G. W. Waller, G. M. Frost, G. M 
Burleson, D, Brannon, and L. H. Zalkow, Phytochemistry, 7, 213 (1968)
D. V. Banthorpe and B. V. Charlwood, Nature (London), 232, 285 (1971)
G. Pattenden and R. Storer, Tetrahedron Lett., 3473 (1973); G. Patten- 
den, C. R. Popplestone, and R. Storer, J. Chem. Soc., Chem. Commun., 
290 (1975).

(3) R. B. Bates and D. Feld, Tetrahedron Lett., 1453 (1967); T. Sasaki, S. Eg- 
uchi, M. Ohno, and T. Umemura, J. Org. Chem., 36, 1968 (1971); C. D. 
Poulter, S. G. Moesinger, and W. W. Epstein, Tetrahedron Lett., 67 
(1972); L. Crombie, P. A. Firth, R. P. Noughton, D. A. Whiting, and D. K. 
Woods, J. Chem. Soc., Perkin Trans. 1, 642 (1972); T. Sasaki, S. Eguchi,
M. Ohno, and T. Umemura, Chem. Lett., 503 (1972).

(4) W. W. Epstein and C. D. Poulter, Phytochemistry, 12, 737 (1973); R. B. 
Bates and S. K. Paknikar, Tetrahedron Lett., 1453 (1965).

(5) Voucher Specimen 84025 of the University of Utah Herbarium contains a 
pressed sample of the Artemesia ludoviciana used in this study.

(6) We wish to thank Professor C. D. Poulter of this department for the sam
ple used in our comparisons.

D epartm ent o f Chem istry  Kenneth Alexander
U n ive rs ity  o f U tah  William W. Epstein*
S a lt Lake C ity, U tah 84112

Received June 3,1975



i o e  -

F i n d  o u t  i n  I n t e r p r e t a t i o n  o f  M a s s  S p e c t r a ,  b y  P r o f e s s o r  D o n  C . D e J o n g h  —

A  n e w  A C S  A u d i o  C o u r s e

Here is an enjoyable, effective way of learning how 
to use mass spectra to elucidate the structures of 
organic molecules. The course is an audio adaptation 
of Professor DeJongh’s acclaimed ACS Short Course 
on the subject.

You will receive in a sturdy vinyl album six audio- 
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Tosylmethyl isocyanide {TOSMIC}
★  O n e - c a r b o n  e l o n g a t i o n  o f  k e t o n e s  t o  a c i d s ,  n i t r i l e s ,  e t c .
★  S y n t h e s i s  o f  5 - m e m b e r e d  h e t e r o c y c l e s

Tosylmethyl isocvanide ( TOSMIC ), a stable crystalline 
solid, enables the facile and convenient conversion of a ketone 
into the next higher carboxylic acid1 or nitrile.2 Reaction of a 
ketone with a-metalated TOSMIC  in THF gives 1-formyl- 
amino-l-tosylalkene (A) which may be hydrolyzed to the cor
responding carboxylic acid (B). In contrast, if the reaction is 
performed in dimethoxyethane//-butanol, a high yield of 
nitrile (C) is obtained.

R\ /NHCHO h ,o - 

R / nSOAH,CH3
’ ^ ch-J-oh

(B)

OH
R-Ç-CHO (E) 

R

4-Ethoxyoxazolines (D )3 which serve as excellent inter
mediates for a new and simple synthesis of a-hydroxy- 
aldehydes (E)4 are formed from the reaction of TOSMIC  with 
ketones in the presence of thallous ethoxide.

TOSMIC  also permits the synthesis of many difficult-to- 
prepare heterocycles. For example, the reaction o f TOSM IC  
with an aldehyde and potassium carbonate in refluxing 
methanol affords the 5-substituted oxazole (F )5 in excellent 
yield via the intermediate 4-tosyl-A2-oxazoline. 4-Tosyl-5- 
substituted oxazoles (G) are obtained from acid chlorides or 
anhydrides.5 TOSMIC  and imidoyl chlorides react, in the 
presence of sodium hydride, to give 4-tosyl-5-substituted im
idazoles (H )6 while 5-substituted imidazoles(I) are formed in 
the analogous reaction with aldimines.7 Whereas ethyl ben
zoate does not react readily with the anion of TOSMIC ,5 car- 
boxymethvl dithioates give 4-tosy l-5-substituted thiazoles (J).8 
Diazonium salts react to give 1,2,4-triazoles (K). Reaction of 
TOSMIC  anion with Michael acceptors gives pyrroles (L) un
substituted in the 1 and 2 positions.9
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