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H, NCH2), 4.37 (m, 1 H, vinyl H), 4.34 (d, J = 10 Hz, 1 H, CHCl2), 
4.1 (bs, 1 H, NH), 2.67 (m, 5 H, ArH); ir (CHCl3) 3440, 3395, 1660, 
1382, 1373,910cm-'. 

\-Benzyl-c/s-2-idichloromethyl)-5,5-dimethylene-3-cvclopen-
tene-1-carboxamide (26). The dichloroketone 821 (1 g, 5 mmol) in 3 
ml of ether was treated with 0.53 g (5 mmol) of benzylamine for 30 
min. A quantitative yield of amide 26, mp 138-140 0C, was obtained: 
NMR (Me2SO-^6) T 9.1-9.5 (m, 4 H), 7.05 (d, J = 8 Hz, 1 H, 1-H), 
6.15 (m, 1 H), 5.73 (d, J = 5.5 Hz, 2 H, CH2Ph), 4.34 (d of d, 1 H), 
4.53 (d of d, 1 H), 3.6 (d, / = 10 Hz, 1 H, CHCl2), 2.71 (m, 5 H), 1.7 
(br, NH); ir (CCl4) 1630 cm"1. Anal. Calcd for Ci6Hi7ONCl2: C, 
62.0; H, 5.48. Found: C, 61.81; H, 5.31. 

Zinc Reduction of 8. A mixture of 1.2 g of 8, 0.5 g of zinc dust 
(activated by treatment with 10% HCl), and 1 g of glacial acetic acid 
in 30 ml of ether was stirred for 4 days. Workup yielded an oil which 
by NMR consisted mainly of monochloroketone 25a: T 8.6-9.5 (m, 
4 H), 6.72 (d of d, J = 7 Hz and 3 Hz, 1 H, CHC=O), 5.93 (m, 1 H), 
4.98 (d of d, J = 8.5 Hz and 3 Hz, 1 H, CHCl), 4.3 (d of d, J = 5.5 and 
2 Hz, 1 H), 4.5 (d of d, J = 5.5 Hz, 1 H); ir 1782 cm"1. 

Further reduction with zinc led to a mixture of 25a and 25b, ir 1770 
and 1785 cm-'. 
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upon steric effects has been put forward8'9 and electronic 
factors briefly investigated as well.10 A third puzzling aspect 
is the absence of the products of hydrogen migration where 
they might well be expected to be major products." ~'3 Other 
seemingly anomalous reactions continue to appear.14 

Obviously, knowledge of the mechanism of the rearrange
ment is central to an understanding of the problems mentioned 

The Stereochemistry of the Intramolecular 
Reactions of Cyclopropylcarbenes1 

Robert R. Gallucci and Maitland Jones, Jr.* 

Contribution from the Department of Chemistry, Princeton University, 
Princeton, New Jersey 08540. Received March 30, 1976 

Abstract: The direct irradiation of the w-dimethylcyclopropyl diazo ester (6) gives cw-2-butene, c;5-3,4-dimethyl-l-carbo-
methoxycyclobutene, and methyl propiolate. The trans diazo ester (6a) behavessimilarly. Thus both the ring expansion and frag
mentation reactions proceed with retention of stereochemistry. The benzophenone- or fluorenone-sensitized decompositions 
also lead to retention of stereochemistry to a very high degree. A number of explanations for the observed retention are put for
ward. The addition of 2,3-dimethylcyclopropylcarbomethoxycarbene (9) to isobutylene is also discussed. 

Journal of the American Chemical Society j 98:24 j November 24, 1976 



7705 

above. Is the reaction concerted or are intermediates involved? 
In particular, how does the reaction change as a function of the 
spin state of the carbene? Although the singlet carbene seemed 
likely to rearrange in a concerted fashion, we thought the triplet 
might be prone to ring opening in analogy to the behavior of 
the cyclopropyl radical15 (Scheme I). We have focused upon 
Scheme I 
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the introduction of a stereochemical label in the hopes of 
probing further into the mechanism of the rearrangement. 

Retention of stereochemistry has been observed on occa
sion l0 '16 '17 and thus one might be inclined to favor a concerted 
reaction, at least for the singlet carbene. However, these reports 
clash with earlier data which implicate a nonconcerted path
way. For instance, the products obtained from the pyrolysis 
of the lithium salt of bicyclo[5.1.0]octa-2,4-diene-8-carbox-
aldehyde tosylhydrazone can best be explained by opening of 
the carbene to a delocalized diradical which closes at all pos
sible positions.18 Comparable results have been obtained in 
related systems,19'20 and loss of stereochemistry has been re-

/ 

ported by Guarino and Wolf in a very simple system.21 In this 
work, the gas-phase decomposition of /rara-2,3-dimethylcy-
clopropyldiazomethane gave along with the expected product 
of stereospecific reaction rra/w,fra«i-hexa-2,4-diene, almost 
20% m,/ra«.y-hexa-2,4-diene which must arise from conro-
tatory opening of m-3,4-dimethylcyclobutene. The frag
mentation to 2-butenes was found to be more stereospecific, 
as only 4-5% c«-2-butene was obtained from the trans pre
cursor. If we make the assumption that any diradical pathway 
would give approximately equal amounts of stereoisomers, then 
the reported products indicate a high degree of nonstereospe-
cificity in the reaction. This is especially true as it is the trans 
isomer that is the less likely to lose its original stereochemistry 
in a diradical.40 In any event the work of Guarino and Wolf 
provides a contrast to the later reports of stereospecific rear
rangement in solution.10-16'17 

We were led by these contrasts to investigate the stereo
chemistry of both ring expansion and fragmentation as a 
function of spin state. We chose to work in solution where the 
complicating factor of hot-molecule reactions should be absent 

and chose as starting materials the m-dimethylcyclopropyl 
diazo ester 6 and its trans counterpart 6a. We hoped that the 
ester group would function both to stabilize the diazo com
pound and make the photosensitized generation of the triplet 
carbene easy. Isolation of the diazo compound would allow us 
to avoid the mechanistic hazards inherent in treating tos-
ylhydrazones with base.22 '23 

Oxoacetates 2 and 2a were obtained through the C u S ( V 
catalyzed addition of methyl diazopyruvate (1) to cis- and 
rra«5-2-butene (Scheme II). The crude mixture, which con-
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sisted of 2 , 4 , and 5 in relative yields of 66.0, 4.6, and 29.4%, 
was purified by preparative gas chromatography (GC) . Under 
conditions of the G C separation the syn, cis isomer 3 rear
ranged to compound 5 . 2 4 This r ea r rangement facilitated the 
separation of the syn and anti isomers 2 and 3 and confirmed 
the structure of 2. Reinjection of 2 into the gas chromatograph 
under the same conditions used in the preparat ive separat ion 
produced neither 4 nor 5. Keto ester 2a also rearranged under 
gas chromatographic conditions to 5 and was purified by col
umn chromatography on silica gel. Compound 4 may arise 
directly from the reaction mixture or through the decompo
sition of the syn, cis isomer 3. The exact stereochemistry of the 
dihydrofuran 4 was not determined. 

The keto esters 2 and 2a were converted to their tosylhy-
drazones in high purity and the corresponding diazo com
pounds prepared25 (Scheme II). Although yields of the diazo 
compounds produced by this method were low, higher tem
peratures, or longer reaction times, resulted in an unacceptably 
large amount of ring expansion product mixed with the diazo 
ester. In no case was more than 5% 3,4-dimethyl-l-carbo-
methoxycyclobutene present. Pyrolysis of the dry lithium salt 
of the tosylhydrazones26 did not give diazo esters of acceptable 
purity. 

The direct irradiation of the cis and trans diazo esters 6 and 
6a in benzene for 3 h through Pyrex proceeded in a straight
forward manner. As expected, the only major products were 
2-butene and methyl propiolate, arising from the fragmenta
tion reaction, and the dimethylcarbomethoxycyclobutene 
produced by ring expansion. In both cases complete retention 
of stereochemistry was observed (Table I, Scheme III). 

Under gas chromatographic conditions where known mix-
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Table I. Yields of Rearrangement and Fragmentation Products" 

Run 

A 

B 

C 
D 

E 

F 

Diazo ester 

cis-6 

trans-6a 

cis-6 
trans-6a 

cis- 6 

trans- 6a 

Sensitizer 

Fluorenone 

Fluorenone 

Benzophenone 
Benzophenone 

7 

96.5 
(41.5)' 

1.7 

98.2 
0 

100 
(47.2) 

0 

% 

8 

3.5 

98.3 
(40.2) 

1.8 
100 
(52.2) 

0 

100 
(46.3) 

cis- 2-
butene 

99 

Tr 

100 

0 

b 
b 

trans-2-
butene 

1 

100 

0 

100 

" Runs A, B, E, and F were performed in duplicate without appreciable variation in the numbers shown. * Isomerization of products under 
reaction conditions. 0% = none to within the limits of detection, ca. 0.5%.c Absolute yields of dimethylcyclobutene esters are in parenthe
ses. 
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tures of butenes could be cleanly separated27 only the 2-butene 
isomer corresponding to retention of stereochemistry was seen. 
That is, trans -diazo ester 6a gave trans- 2-butene and cis -diazo 
ester 6 yielded cw-2-butene. No other volatile olefinic products 
were detected. 

The products remaining in solution were separated and 
collected by preparative gas chromatography. Methyl pro-
piolate was identified as a product in both irradiations by 
coinjection and comparison of spectra with those of an au
thentic sample. The ring-expanded products from both the cis 
and trans diazo esters 6 and 6a were identified by their nuclear 
magnetic resonance (NMR) and infrared (ir) spectra. The 
absolute stereochemistry of the disubstituted carbomethoxy-
cyclobutenes was assigned on the basis of the magnitude of the 
coupling constants of the nonolefinic cyclobutyl protons. A 
value of 4.5 Hz was measured for the product arising from the 
ring expansion of the cis diazo ester 6 and 1.4 Hz for the cor
responding product from the trans diazo compound 6a. The 
larger coupling constant was assigned to the m-3,4-di-
methyl-1-carbomethoxycyclobutene (7) where the dihedral 
angle between the cyclobutyl protons is small, and the smaller 
coupling constant assigned to the rra«j-3,4-dimethyl-l-car-
bomethoxycyclobutene (8) where the angle between the cy
clobutyl protons is larger. Agreement with the values deter
mined for cyclobutene itself (/cis = 4.65 Hz, /trans = 1 -75 Hz) 
is excellent.28 

Further indication that the stereochemistry was assigned 
correctly comes from the behavior of 7 and 8 upon injection 
into the gas chromatograph. Under conditions where the cis-
dimethylcarbomethoxycyclobutene was stable, the trans iso
mer opened completely to the 3-caTbomethoxy-trans,trans-
hexa-2,4-diene (injector temperature 140 0C, column 120 0C). 
NMR spectra of crude reaction product showed no hexadiene, 
and the trans cyclobutene ester (8) could be collected un
changed from the gas chromatograph under more gentle 
conditions. This behavior is in agreement with similar obser
vations made by Winter29 on the relative stabilities of cis- and 
r/-««5-3,4-dimethylcyclobutene. 

Coinjection of the cis- and rraw.y-dimethylcarbomethoxy-
cyclobutenes 7 and 8 into the gas chromatograph showed that 
they could easily be separated from each other and the 3-car-
bomethoxy-?ra«.s,?/w2.y-hexa-2,4-diene. The absolute yields 
of cyclobutenes are shown in Table I. Accurate absolute yields 
of the methyl propiolate could not be obtained since under gas 
chromatographic conditions where the components of the crude 
mixture could be separated, partial decomposition occurred. 
All products, except as already discussed, were shown by 
suitable control experiments to be stable under photolysis and 
separation conditions. The diazo esters 6 and 6a when injected 
into the gas chromatograph also rearranged with retention of 
stereochemistry to 7 and 8, respectively. No products corre
sponding to loss of original stereochemistry were seen. 

The benzophenone-sensitized irradiations of diazo esters 6 
and 6a were performed with a 10:1 ratio of benzophenone to 
diazo ester. The products were analyzed as in the unsensitized 
irradiations. The triplet carbene was expected to rearrange to 
a diradical intermediate which would give rise to a mixture of 
isomeric products (Scheme I). Gas chromatographic analysis 
showed that the cyclobutenes were formed with almost com
plete retention of stereochemistry, as only a trace of trans-
3,4-dimethyl-l-carbomethoxycyclobutene (8) could be de
tected in the irradiation of the cis diazo ester 6 (Table I). Un
fortunately the 2-butenes were found to isomerize under the 
reaction conditions, so the stereospecificity of the fragmen
tation reaction could not be determined. Control experiments 
showed that esters 7 and 8 did polymerize upon prolonged 
sensitized irradiation, but the amount of compound consumed 
was negligible in 3-h irradiations. No interconversion, frag
mentation, or ring opening of the cyclobutene esters could be 
detected under the reaction conditions. Methyl propiolate was 
also found to be stable. 

A different sensitizer that would not isomerize the 2-butenes 
but would sensitize the diazo ester decomposition was neces-
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Table II. Variation in the Amount of Adduct as a Function of Table III. Ratio of Fragmentation to Ring Expansion 
Sensitizer Concentration 

Diazo ester 6 Diazo ester 6a 
Diazo ester Adduct Run %7fl Run %8° 

[6] % 10° 
A 66 B 85 

[Fluorenone] C 65 D 80 
1 10 25.2 E 67 F 80 
1 1/2 24.3 
1 1/4 21.8 " Relative to methyl propiolate. 
1 1/20 16.3 
1 0 3.5 

[Benzophenone] 
1 3 

" Percent relative to the amount of c«-3,4-dimethyl-l-carbo-
methoxycyclobutene (7). 

sary. Fluorenone has a lower triplet energy than benzophenone 
(53.3 vs. 68.5 kcal/mol)30 and would neither react directly with 
the carbene nor interfere with the product analysis. A report 
in the literature indicated that prolonged irradiation of cis-
2-pentene in benzene with equal amounts of fluorenone led to 
much less isomerization than a similar irradiation using ben
zophenone.31 Dilute solutions of cis- and fra/u-2-butene were 
irradiated for 3 h under the usual reaction conditions in the 
presence of a large excess of fluorenone. Gas chromatographic 
analysis showed no interconversion of olefins. 

The question of whether or not fluorenone could efficiently 
sensitize the decomposition of a diazo ester to a triplet carbene 
was addressed in other experiments. The first was to examine 
the effect fluorenone sensitization had on the relative amounts 
of cis- and r/-a/u-2,3-dimethyl-l,l-dicarbomethoxycyclo-
propane produced by the addition of dicarbomethoxycarbene 
to m-2-butene. This system was chosen as a test case because 
it has been well studied with other triplet sensitizers.32 A so
lution of dimethyl diazomalonate in benzene with a large excess 
of m-2-butene was irradiated for 3 h. The ratio of cis to trans 
adduct in the unsensitized photolysis was 93.5/6.5. Fluorenone 
sensitization (10:1) changed the cis/trans adduct ratio to 
28.0/72.0. This compares favorably with the benzophenone-
sensitized (4:1) value of 19.0/81.0.33 No interconversion of 
products took place under the reaction or analysis condi
tions. 

The cis and trans diazo esters 6 and 6a were irradiated in 
benzene with a 20-fold molar excess of fluorenone under 
conditions similar to those used in the other photolyses. The 
products were identified and analyzed as previously described. 
Both the 2-butenes and the dimethylcarbomethoxycyclobu-
tenes were formed with retention of stereochemistry. Only a 
trace of product corresponding to loss of original stereo
chemistry could be detected (Table I, Scheme III). Additional 
irradiation (1 h) of both a reaction mixture derived from the 
fluorenone-sensitized cis diazo ester irradiation and a crude 
reaction mixture from the sensitized trans diazo ester photol
ysis showed no change in the relative amounts of products 
present. 

We were concerned initially as to whether or not the triplet 
carbene was actually formed in the fluorenone-sensitized ir
radiation. The simplest explanation for retention of stereo
chemistry in the sensitized irradiation was that no significant 
sensitization took place and the singlet carbene reaction was 
again observed. In order to establish the presence of the triplet 
carbene in the fluorenone-sensitized irradiation, addition of 
the ris-dimethylcyclopropylcarbomethoxycarbene (9) to 
ci's-2-butene was attempted. In several direct and fluo
renone-sensitized irradiations only carbene rearrangement 
products were observed, no adduct was found. Thus, the non-
stereospecific addition of the dimethylcyclopropylcarbo-

methoxycarbene (9) could not be used as a criterion for the 
presence of the triplet carbene. A similar reaction using ben
zophenone as a sensitizer also failed to yield an adduct with 
cis-2-butene. The benzophenone- or fluorenone-sensitized 
addition of diazo ester 6 did yield an adduct (10) with isobu-
tylene in analogy to the reaction reported for cyclopropylcar-
bomethoxycarbene34 (Table II). In both the sensitized and 
unsensitized addition to isobutylene m-3,4-dimethyl-l-car-
bomethoxycyclobutene (7) remained the major product. The 
ratio of the methyl propiolate to the cyclobutene, estimated 
from the integration of the crude NMR spectrum, did not vary 
to any dramatic extent, and the overall yield of products re
mained approximately the same. The adduct was isolated using 
preparative gas chromatography and gave a satisfactory 
spectroscopic analysis for 10. In the unsensitized addition, the 
amount of adduct 10 relative to ester 7 was 3.5%. Addition of 
fluorenone increased the fraction of adduct to 25.2%. Benzo-
phenone-sensitization resulted in a yield of adduct of 25.9% 
(Table II). The relative suppression of intramolecular rear
rangements vs. intermolecular reactions in the sensitized as 
compared with the direct irradiation is good evidence for the 
presence of a triplet carbene. Similar enhancement of the in
termolecular reaction over the intramolecular reaction in going 
from a singlet to a triplet carbene has been demonstrated 
several times.34-36 

Under conditions where substantial amounts of adduct 
are formed with isobutylene, none is seen with cis-2-butene. 
The difference in the amount of adduct formed with a small 
change in olefin structure is striking. However, such an effect 
is not without precedent. The best studied case is that of di-
phenylcarbene where arguments have been made for the effect 
of both the electronic and steric nature of the olefin on the 
relative amounts of cyclopropanes produced.37 Further work 
is underway to examine the dependence of cyclopropylcarbo-
methoxycarbene addition on olefin structure. 

The ratios of fragmentation to ring expansion in the sensi
tized and unsensitized irradiations are shown in Table III. This 
ratio remains nearly constant in going from sensitized to un
sensitized decomposition. The major factor influencing the 
relative amounts of fragmentation and ring expansion is the 
stereochemistry of the cyclopropyl ring. The cis diazo ester (6) 
shows slightly more fragmentation than the trans diazo ester 
(6a). The small difference in the fragmentation vs. ring ex
pansion ratio for the cis and trans carbenes (9 and 9a) is real 
but not mechanistically interpretable at this time. 

In the direct irradiation the rearrangement of the singlet 
carbene proceeds with retention of stereochemistry in both the 
fragmentation and ring expansion. The complete retention of 
stereochemistry in both the trans and, more importantly, the 
cis isomer is dramatic enough to indicate that the singlet car
bene rearrangement takes place entirely by a concerted 
mechanism. This result eases the doubt caused by the small, 
but substantial, amounts of compound corresponding to loss 
of stereochemistry seen by others in the rearrangement of cis-
and trans- 2,3-dimethylcyclopropylcarbene.'7-21 

The fragmentation of singlet trans-2,3-dimethylcyclopro
pylcarbene has been described as a concerted, disrotatory 
nonlinear cheletropic process.16 The same description may be 

25.9 

Gallucci, Jones / Stereochemistry of Cyclopropylcarbene Reactions 



7708 

Scheme IV 

COOMe 

10 

> * 

COOMe 

10 

COOMe 

.COOMe £ "P 

s=—COOMe 
+ 

W 

= — C 0 0 M e 

y 
8 
+ 
COOMe 

applied to the fragmentation of cw-2,3-dimethylcyclopro-
pylcarbomethoxycarbene (9) and ?ra«^-2,3-dimethylcyclo-
propylcarbomethoxycarbene (9a) encountered in this work 
(Scheme IV). In this case it is satisfying to see the same high 
degree of specificity in product formation that was observed 
earlier.10-16 The lower degree of stereospecificity seen by 
Guarino and Wolf21 may be associated with the gas-phase 
conditions in which their carbenes were generated, or to the 
relative stability of carbene 9 (9a) compared with dimethyl-
cyclopropylcarbene. 

As discussed previously, the increase in the amount of ad
dition product occurring in going from the direct to the sensi
tized decomposition of cis diazo ester 6 in isobutylene is good 
evidence that the triplet carbene is formed in the fluorenone-
sensitized irradiation. The small change in the amount of iso
butylene adduct formed as the amount of sensitizer is de
creased by a factor of 40 (Table II) indicates that under pho
tolysis conditions, where fluorenone to diazo ester ratios were 
20:1, complete sensitization is occurring. The retention of 
stereochemistry in the sensitized photolysis products refutes 
our earlier thoughts that the triplet carbene might rearrange 
through a 1,4 diradical (Scheme I). It is possible, but very 
unlikely, that a diradical plays a major role in this stereospecific 
reaction. In order to explain retention of stereochemistry using 
such an intermediate it would have to be assumed that inter-
system crossing and subsequent closure or fragmentation oc
curred faster than bond rotation. This seems a poor assumption 
in view of the behavior of other 1,4 diradicals. The addition of 
benzyne to cis- and 7ra«j--l,2-dichloroethylene proceeds with 
substantial loss of stereochemistry,38 and 1,4 diradicals gen
erated in other systems have been shown to close with loss of 
stereochemistry, especially in the triplet state.39-41 The small 
amounts of nonstereospecific products produced in the sensi
tized irradiations may well arise from such a pathway. As 
discussed earlier, the 1,4-diradical intermediate plays a major 
role in the reactions of other cyclopropylcarbenes.18,19 The 
reason for the difference in mechanism is unclear, but may 
have to do with the greater stability of the diradicals derived 
from the other cyclopropylcarbenes, or to the existence of al
ternate reactions of the triplet carbene 9t in this instance. 

Could the triplet carbene rearrange directly to triplet 
products which then relax to their singlet ground states without 
loss of stereochemistry (Scheme V)?42 It is known that triplet 
2-butenes lose stereochemistry in returning to the ground 
state,43 and since the 2-butenes are formed stereospecifically 
in this case, it must be assumed that any triplet carbene frag
mentation gives only singlet olefin and triplet methyl propio-
late. It must also be assumed that the triplet carbomethoxy-
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cyclobutene (7t) formed by the ring expansion of the triplet 
carbene does not ring open, react, or lose stereochemistry. Ir
radiation of cyclobutene 7 in the presence of benzophenone or 
fluorenone did not result in loss of stereochemistry or ring 
opening, but there is no guarantee that sensitization was 
achieved. Might the triplet carbomethoxycyclobutene 7t be 
formed in the sensitized irradiation only to return to the ground 
state unchanged? The gas-phase reactions of triplet c/s-3,4-
dimethylcyclobutene indicate that it ring opens to a mixture 
of hexadienes whose composition varies widely with the pres
sure of inert gas in the system.44 However, the extension of 
these results to the solution chemistry of 7 is unwise. Ace
tone-sensitized irradiation of cyclobutene gives mainly oxetane 
formation and radical addition neither of which is observed in 
this case. Ring opening is not observed.45 A concerted triplet 
carbene rearrangement to give products in their excited states 
is an intriguing possibility and cannot be rigorously excluded 
in this case. However, such behavior has not been observed in 
other triplet carbene rearrangements. A further clarification 
awaits an investigation of the solution chemistry of triplet 
cis-3,4-dimethyl-l-carbomethoxycyclobutene (7t). 

A plausible explanation which finds precedent in the be
havior of other carbenes is that the singlet and triplet cyclo-
propylcarbomethoxycarbenes (9s and 9t) are in equilibrium,37 

and what is observed in the sensitized irradiations are the re
arrangement products of only the singlet carbene. If the triplet 
and singlet carbenes equilibrate, there are two possible ex
planations of why only singlet carbene products are observed, 
The first is that cyclopropylcarbomethoxycarbene is a ground 
state singlet and that the equilibrium between the singlet and 
triplet lies far in favor of the singlet carbene. That is, A: i » ki 
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and k\ > k4 (Scheme IV). The triplet carbene once formed 
undergoes rapid intersystem crossing to the singlet before it 
has a chance to react via the diradical pathway (fc4). Return 
to the triplet state is slow or impossible, and products arise from 
the concerted pathway (£3) with retention of stereochemistry. 
A variation of this mechanism is that an appreciable equilib
rium exists between the singlet and triplet carbenes (k\ s ki), 
and the ratio of products is determined by the relative mag
nitude of &3 and Zc4. To explain retention of stereochemistry 
in the products, ki, the concerted pathway, would have to be 
of considerably lower energy than the diradical pathway k$. 
Since the ground state of the cyclopropylcarbomethoxycarbene 
is not known with certainty,46 a reasonable choice between 
these possibilities cannot be made. 

We prefer the last mechanism in which singlet carbene plays 
the crucial role in both the direct and sensitized irradiations 
to other explanations. There is essentially no change in the ratio 
of fragmentation to ring expansion in going from direct to 
sensitized photolysis (Table III). This supports the contention 
that the products in both irradiations arise from the same in
termediate, namely the singlet carbene. If the sensitized and 
direct irradiations involved product formation from different 
intermediates, these species would be required to give the same 
fragmentation to ring-expansion ratio; an unlikely event. 

Of course it would be possible, as it nearly always is, to re
word all of the mechanistic discussions to exclude carbenes in 
favor of singlet and triplet diazo compounds. We cannot rig
orously exclude such a possibility, but can note that cyclo-
propylcarbenes have been generated in a variety of ways and 
that ring expansion is ubiquitous.3-47 Thus the assumption that 
carbenes are the reactive intermediates in this case seems 
valid. 

The variation in the amount of carbene addition to isobu-
tylene in going from singlet to triplet carbene may arise from 
many factors depending on the relative magnitudes of the rate 
constants in Scheme IV. However, the equilibrium between 
singlet and triplet carbene (or the rate at which the triplet 
undergoes intersystem crossing to the singlet if the carbene is 
a ground state singlet) is not the fastest reaction in Scheme IV. 
If equilibrium were established faster than addition or rear
rangement, the amount of adduct produced in the addition to 
isobutylene would be the same for the singlet and triplet car
benes. Since a difference in the yield of adduct is seen when 
starting with the singlet or triplet carbene, the rate of inter-
conversion between these two species cannot be faster than the 
rate of other possible reactions. 

Conclusion 

One thing is clear; both the sensitized and direct irradiation 
of diazo esters 6 and 6a give rise to products with retention of 
stereochemistry. The reaction most likely involves a concerted 
rearrangement. The specific nature of the pathway that the 
triplet cyclopropylcarbomethoxycarbene follows to give these 
products remains a subject of some doubt. 

A direct rearrangement to triplet products which subse
quently relax to their ground state without loss of stereo
chemistry is not ruled out, but a second, more likely, possibility 
is the formation of a singlet carbene from the triplet through 
intersystem crossing. If an appreciable equilibrium exists be
tween the singlet and triplet carbenes, the predominance of the 
concerted rearrangement of the singlet over the triplet rear
rangement can also explain the photolysis results. 

Experimental Section 

General. Nuclear magnetic resonance spectra were recorded at 60 
MHz using a Varian A-60A spectrometer. All chemical shifts are 
measured in ppm from Me4Si (5). Infrared spectra were taken on a 
Perkin Elmer 237-B grating spectrophotometer. Mass spectra were 
run on an AEI MS-9 spectrometer. Gas chromatographic collections 

and analyses were performed on an Aerograph A90P chromatograph 
using the following columns: (A) 5 ft, 15% Carbowax 2OM on 60/80 
mesh Chromosorb P; (B) 6 ft, 10% Carbowax 2OM on 60/80 mesh 
Chromosorb P; (C) 1 ft, 10% FFAP on 60-80 mesh Chromosorb P; 
and (D) 9 ft, 10% (v/v) saturated AgN03/ethylene glycol on 60/80 
mesh Chromosorb P. Gas chromatographic analyses of dimethyl-
carbomethoxycyclobutenes were performed on a Varian Aerograph 
series 1520 chromatograph (we thank P. v. R. Schleyer for use of this 
machine) using column B. Yields were determined gas chromato-
graphically and are corrected for relative detector responses. All 
photolyses were carried out with a Hanovia 450-W medium-pressure 
mercury arc shielded with Pyrex filters. Samples were cooled to ca. 
15 0C. Unless further purification is indicated, material was used as 
received from the commercial sources. Melting points taken on a 
Thomas Hoover apparatus are uncorrected. 

Preparation of Methyl Diazopyruvate (1). The reaction of methyl 
oxalylchloride with an ether solution of diazomethane has been de
scribed elsewhere.48 A pale-yellow powder precipitated from solution 
and was usually used without further purification. The diazopyruvate 
may be recrystallized from CCl4 [mp 102.5-104 0C; (lit. 103-5 0C)], 
Yields ranged from 67-73% (lit. 90%) NMR & (C6D6) 3.28 (s, 3 H), 
5.37 (s, 1 H); ir (HCCl3) 2120, 1755, 1730, 1645, 1358, 1265 
cm-1. 

Preparation of Oxoacetate 2. Methyl diazopyruvate (1) (7.5 g, 
0.059 M) was dissolved in 30 ml of dry benzene and added to a large 
excess (ca. 40 ml) of dry w-2-butene (99.0% min) in a 250-ml 
Fischer-Porter pressure bottle containing 9.35 g (0.059 M) of anhy
drous CuSO4. The bottle was sealed, wrapped in heating tape, and 
placed on a Paar shaker. The mixture was heated for 12 h at 75 0C 
with vigorous shaking. Caution! Shield apparatus and use a safety 
pressure release device. Both vigorous shaking and heating are nec
essary for the reaction to take place. A similar addition using a mag
netic stirrer and an oil bath led to very low product yields. After 
shaking, the bottle was allowed to cool, and the excess butene was 
carefully allowed to boil off. The solution was then filtered and 
decolorized with activated charcoal. The products were purified by 
GC on column A at 135 0C. The crude reaction mixture consisted of 
three major components: 2, 4, and 5 (Scheme II). The relative yield 
of each: 66.0, 4.6, and 29.4%, respectively; absolute yield of 5, 0.93 
g and 2, 2.41 g; overall yield, 35.4%. Yields of 2 and 5 in other runs 
varied from 33.6-44.0%. In some instances trace amounts of dimethyl 
oxalate and what was probably carbene dimer (CH3OOC-CO-
C H = C H - C O - C O O C H 3 ) were isolated. 2: 1HNMR 5 (CCl4) 3.82 
(s, 3H), 2.07 (doublet of doublets, 1 H), 1.40-1.85 (m, 2 H), 1.16 (m, 
6 H); ir (CCl4), 2940, 1760, 1737,1706, 1268, 1130, 1087 cm"'. 5: 
1H NMR 8 (CDCl3) 5.98-5.42 (m, 1 H), 5.16-4.78 (doublet of 
doublets, 2 H), 3.46 (s, 3 H), 2.65 (bs, 2 H), 0.94 (d, 3 H); ir (CCl4) 
2945, 1758, 1737, 1645, 1250, 1005, 990, 915 cm"1. 4: 1H NMR, 5 
(CCl4) 5.76 (d, 1 H), 4.42-4.96 (m, 1 H), 3.82 (s, 3 H), 1.32 (d, 3 H), 
0.99 (d, 3 H): ir (CCl4), 2960, 1745, 1630, 1470, 1440, 1304 cm"'. 
"Dimer": 1H NMR 5 (CDCl3) 6.87 (s, 2 H), 3.81 (s, 6 H); ir (HCCl3) 
2995, 1730, 1645, 1443, 1305, 1121 cm"1. 

Anal. Calcd for C8Hi2O3:C, 61.52; H, 7.74. Found (2): H, 7.73. 
Found (5): C, 61.59; H, 7.73. 

Preparation of Oxoacetate 2a. The CuS04-catalyzed carbene ad
dition was performed as in the case of the cis isomer, using trans-2-
butene (100%). Attempts to purify the crude mixture by gas chro
matography led to rearranged product 5. The crude reaction mixture, 
a yellow-orange oil, was purified by column chromatography on silica 
gel using an 80/20 cyclohexane/ethyl acetate solution as eluent. The 
desired product was the first material to come off the column; other 
compounds were not isolated. Yields of 2a varied from 29.8-36.6%. 
2a: 1H NMR 5 (CDCl3) 3.85 (s, 3 H), 2.49 (doublet of doublets, 1 H), 
1.84-0.98 (m, 8 H); ir (neat) 2940, 1755, 1737, 1700, 1436, 1270, 
1175 cm-1; precise massm/e: calcd for CgHnO3 (2a): 156.078 638. 
Found: 156.077 171. 

Preparation of Tosylhydrazones of 2 and 2a. Keto ester 2 (2.24 g, 
0.143 M) was dissolved in 2 ml of methanol. A solution of 2.66 g 
(0.143 M) of recrystallized tosylhydrazide in 8 ml of methanol was 
added dropwise to the keto ester solution with stirring and gentle 
heating. The mixture was stirred at reflux for 2-6 h and cooled over
night; three crops of white crystals were isolated (total yield 4.41 g 
= 95%). NMR spectroscopy showed the tosylhydrazone to be present 
in two isomeric forms, thus an accurate value for the melting points 
could not be determined (trans-tosylhydrazone mp 75-77 0C, 83-84 
0C; m-tosylhydrazone mp 99.5-109 0C, 97-99 0C). Tosylhydrazone 
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of 2:1H NMR S (CDCl3) 7.14-8.04 (AB quartet, 5 H) 3.76, 3.85 (s, 
3 H), 2.43 (s, 3 H), 1.38-0.92 (m, 9 H); ir (KBr) 3238, 3200, 2951, 
1720, 1695, 1594, 1575 cm"1. Tosylhydrazone of 2a: 1H NMR 5 
(CDCl3) 8.66 (bs, 1 H), 8.08-7.22 (AB quartet, 4 H), 3.82 (s, 3 H), 
2.44 (s, 3 H), 1.31-0.62 (m, 9 H); ir (KBr) 3240, 3025, 2955, 1701, 
1590, 1575 cm"1. 

Anal. Calcd for Ci5H20N2O4S: C, 55.55; H, 6.22; N, 8.64. Found 
for tosylhydrazone of 2: C, 55.60; H, 6.26; N, 8.71. Found for tos
ylhydrazone of 2a: C, 55.62; H, 6.25; N, 8.70. 

Preparation of Diazo Esters 6 and 6a. Farnum's modification of 
the Bamford-Stevens reaction was used.25 c/s-Tosylhydrazone (1.37 
g, 4.23 mmol) was dissolved in 14 ml of pyridine freshly distilled from 
CaH2. Sodium methoxide (0.23 g, 4.23 mmol) was added in small 
portions with stirring at room temperature. Mild heating (30-40 0C) 
was sometimes used but tended to promote decomposition of the diazo 
compound. The mixture was stirred for 6-8 h, 20 ml of cold CCl4 was 
added, and the reaction mixture was poured onto ice. The layers were 
separated and the aqueous layer extracted three times with cold CCl4. 
The yellow organic layers were combined, extracted with ice water 
until all the pyridine was removed, and dried over MgSO4 at 5 0C. The 
carbon tetrachloride was removed under reduced pressure. The re
maining yellow oil was distilled using a short path column at room 
temperature and 0.1 mm Hg. The residue which remained was un-
reacted tosylhydrazone (0.33 g). The yield based on tosylhydrazone 
consumed was 38.7%. In a typical reaction the diazo ester was obtained 
in greater than 95% purity. The major impurity was cis- or trans-
3,4-dimethyl-l-carbomethoxycyclobutene (7 or 8). Yields of 7 and 
8 from the irradiation were corrected for the amount of cyclobutene 
present in the diazo compound. 6: ' H NMR 6 (C6De) 3.49 (s, 3 H), 
1.02-0.73 (m, 9 H); ir (neat) 2938, 2065, 1703, 1435, 1274, 1125 
cm-1. 6a: 1H NMR S (C6D6) 3.59 (s, 3 H), 1.22-1.50 (m, 1 H), 
1.08-0.62 (m, 8 H); ir (neat) 2938, 2060, 1705, 1440, 1308, 1270, 
1115cm-1. 

Unsensitized Irradiations. The diazo ester 6 or 6a was dissolved in 
~1.0 ml of dry benzene. The sample was placed in a Pyrex tube fitted 
with a stopcock and degassed. The sealed tube was irradiated for 3 
h using a medium-pressure Hanovia lamp. The concentration of diazo 
ester ranged from 0.026 to 0.212 g/ml. After the irradiation was 
complete (infrared spectra showed no diazo absorption), the sample 
was cooled, and the gaseous products were bubbled into toluene at —78 
0C. This method of trapping the gaseous olefinic products was checked 
by the transfer of known mixtures of cis- and trans-2-butene in ben
zene. Within the limits of detection GC analysis showed the cis/trans 
ratio unchanged. Butenes were analyzed on column D at 25 0C.27 The 
components remaining in solution were analyzed by gas chromatog
raphy and ' H NMR spectroscopy. Separation of the crude reaction 
mixture was performed on column B at 125 0C. The collected products 
were shown to be methyl propiolate and cis- or r/vms-3,4-dimethyl-
1 -carbomethoxycyclobutene (7 or 8). The reactions usually proceeded 
in good yield (Table I) and showed very small, if any, amounts of other 
products. Absolute yields of cyclobutene ester were calculated by 
analytical gas chromatography using tetradecane (99.9%) as an in
ternal standard. Under the GC conditions employed for the collection 
of reaction products ester 8 opened to the corresponding hexadiene 
[exact stereochemistry was not determined, but NMR spectra are 
consistent with the expected 3-carbomethoxy-r/'a/u,fra«.y-hexa-
2,4-diene (11)]. Under milder conditions using column C at 25 0C 
ester 8 could be isolated. Under GC conditions where yields were 
determined (column B at 60-75 0C), no ring opening was detected. 
Determination of the methyl propiolate yield by gas chromatography 
was not possible since under conditions where separation of the crude 
mixture could be achieved partial decomposition took place. 

Sensitized Irradiations. The diazo ester was dissolved in benzene 
and either a 20-fold excess of recrystallized fluorenone or a tenfold 
molar excess of benzophenone was added. Total volume of the solution 
was ~7.0 ml. The concentration of diazo ester ranged from 0.009 to 
0.026 g/ml. The degassed sample was irradiated (3 h, Pyrex tube) and 
worked up as in the unsensitized case. Yields were determined by gas 
chromatography. Relative amounts of methyl propiolate and di-
methylcarbomethoxycyclobutene were determined from the crude 
1H NMR spectra and are shown in Table III along with the ratios for 
the unsensitized irradiations. 7: 1H NMR 5 (C6D6) 6.81 (d, 1 H), 3.63 
(s, 3 H), 3.42-2.50 (2 H), 1.22 (d, 3 H, J = 7.0), 0.98 (d, 3 H, J = 
7.3); ir (CCl4) 2950, 1730, 1600, 1425, 1300, 1245, 1140 cm"1. 8: 1H 
NMR 6 (C6D6) 6.79 (d, 1 H), 3.57 (s, 3 H), 2.77-1.94 (2 H), 1.31 (d, 
3 H, J = 7.0), 1.04 (d, 3 H, J = 7.2); ir (CCl4) 2950,1725,1600,1437, 

1280, 1270, 1245, 1125 cm-'.48 Methyl propiolate: 1H NMR 5 
(C6D6) 3.29 (s, 3 H), 2.27 (s, 1 H); ir (neat) 3250, 2952, 2125, 1718, 
1432, 1235, 983, 858, 755 cm-1. 3-Carbomethoxy-rrani,//-a/ii-
hexa-2,4-diene (11): 1H NMR & (CCl4) 6.23-5.56 (m, 3 H), 3.72 (s, 
3 H), 1.84 (d, 3 H), 1.72 (d, 3 H); ir (CCl4) 2950, 1730, 1435, 970 
cm-1. 

Anal. Calcd for C8H12O2 (7): C, 68.55; H, 8.63. Found: C, 68.30; 
H, 8.69. 

Precise mass m/e: Calcd for C8H]2O2, 11: 140.083 724. Found: 
140.082 211. 

Sensitized Addition of Dimethv Icyclopropyicarbornethoxycarbene 
(9) to Isobutylene. Diazo ester 6 (0.0109-0.0441 g) was transferred 
to a Pyrex tube with a small amount of benzene; a large excess of 
isobutylene (~5 ml) was added along with the sensitizer. The tube was 
degassed, sealed, and irradiated for 3 h. The isobutylene was allowed 
to slowly boil off, and 3 ml of benzene was added. Gas chromato
graphic analysis, column Bat 130 °C, showed a new peak in addition 
to carbomethoxycyclobutene (7) and methyl propiolate. The new peak 
was collected and identified as the adduct 10. Relative yields of adduct 
10 and 7 are shown in Table II as a function of sensitizer concentra
tion. A similar set of experiments using m-2-butene showed no ad
duct. 

Adduct 10: 1H NMR <5 (CCl4) 3.66 (s, 3 H), 1.30-0.18 (m, 17 H); 
ir (CCl4) 2940, 1730, 1435, 1130, 1110cm-l. 

Precise mass m/e; Calcd forC,2H20O2 (10): 196.146 321. Found: 
196.145 005. 

Fluorenone-Sensitized Addition of Dicarbomethoxycarbene to 
c/s-2-Butene. Dimethyl diazomalonate50 (0.320 g, 2.03 mmol) dis
solved in 2.0 ml of dry benzene and 4 ml of cis- 2-butene was irradiated 
for 3 h in a sealed Pyrex tube. The butene was allowed to boil off, and 
the samples were analyzed by gas chromatography, column B at 145 
0C. 

A similar experiment was performed using 0.485 g (3.07 mmol) 
of dimethyl diazomalonate and 5.01 g of recrystallized fluorenone 
(9:1) dissolved in 15 ml of dry benzene and 4 ml of cis- 2-butene. The 
reaction mixture was analyzed under conditions identical with those 
above (see text for product ratios). The addition products were iden
tified by coinjection with and comparison of the NMR spectra of 
authentic samples.51 In three additional hours of irradiation under 
the reaction conditions, with a large excess of fluorenone (ca. 10:1), 
the products obtained from the unsensitized irradiation of dimethyl 
diazomalonate in c/s-butene showed no change. Products were also 
stable under GC conditions. 

Control Experiments. A solution of w-3,4-dimethyl-l-carbo-
methoxycyclobutene (7) in benzene was irradiated for 2.5 h in a Pyrex 
tube under the usual reaction conditions. Both gas chromatographic 
and proton NMR analysis showed no change. m-3,4-Dimethyl-l-
carbomethoxycyclobutene (7) (0.252 g, 1.79 mmol) dissolved in 2 ml 
of benzene with 3.26 g (17.9 mmol) of recrystallized benzophenone 
was irradiated for a total of 14.5 h using a medium-pressure Hanovia 
lamp and a Pyrex filter. For the first 3 h samples were taken hourly. 
Analysis of the proton NMR spectra and GC trace after 3 h showed 
no substantial change in the amount of 7 or the presence of any new 
products. At longer reaction times the concentration of 7 was greatly 
reduced. Gas chromatographic analysis showed trace amounts of 
many unidentified products. After 14.5 h only a small amount of 7 
remained. ;ra«.s-3,4-Dimethylcyclobutene ester 8 showed similar 
behavior. 

Cis diazo ester 6 (0.0670 g) and 1.436 g of recrystallized fluorenone 
(20:1) were dissolved in 8.0 ml of benzene and irradiated as described 
previously. The relative yield of products was determined (Table I) 
by GC analysis. The sample was resealed and irradiated for an addi
tional hour. Gas chromatographic analysis showed no change in the 
product ratio. 

A similar experiment performed using the trans diazo ester 6a also 
showed no change in product distribution upon additional irradiation 
for 1 h. 

A solution of methyl propiolate and benzophenone (1:10) in benzene 
was irradiated under the usual reaction conditions for 3 h. Gas chro
matographic and NMR spectral analysis showed no reaction had 
occurred. Similarly no change was seen when a benzene solution of 
methyl propiolate/fluorenone (1:20) was irradiated for 3 h. Methyl 
propiolate was also stable under direct photolysis conditions. 
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Abstract: The oxidation of p-fluorophenyl p-fluorobenzenethiolsulfinate (la), ArS(O)SAr, to the corresponding thiolsulfo-
nate, ArSO2SAr (2a), by peracetic acid, and other peracids, at -20 0C in chloroform has been studied by 19F NMR. These 
studies show that the disulfide ArSSAr is not formed in detectable amounts during the course of the oxidation, thereby ruling 
out a mechanism for the oxidation of aryl thiolsulfinates by peracids proposed by Barnard and Percy (ref 8). Study of the oxi
dation of p-fluorophenyl benzenethiolsulfinate (lb), PhS(O)SAr, by the same reagent shows that the three different thiolsulfo-
nates, ArSO2SAr, ArSO2SPh, and PhSO2SAr, are all formed and in relative amounts consistent with at least 73% of the oxi
dation going via a pathway involving an a-disulfoxide, ArS(O)S(O)Ph, as an intermediate. The fact that a-disulfoxide ArS(O)-
S(O)Ar does not build up as an intermediate to a detectable level during the oxidation of la means that it must be so thermally 
unstable that it has a half-life of less than 60s at —20 0C. Since this suggests that AH* for the decomposition of the a-disulfox
ide is less than 20 kcal/mol, the S-S bond in an a-disulfoxide is apparently an extremely weak bond, much weaker than the 
S-S bonds in any of the other possible oxidized derivatives of disulfides. 

Structures of 1-5 represent the various possible oxidized 
forms of an aryl disulfide that still retain the S-S bond. 
Compounds having all of these structures,2 5 except 3, the 
a-disulfoxide, are known, although some, such as the sulfinyl 
sulfones,4b 4, are not very stable thermally. 

Several attempts6 '7 to prepare an aryl a-disulfoxide have 
been made, but each has failed, and the product isolated has 
been the corresponding thiolsulfonate, 2. Thus, Barnard6 found 
that treating benzenesulfinyl chloride with zinc gave phenyl 
benzenethiolsulfonate (2, Ar = CeHs), rather than the a-di
sulfoxide. Similarly, although several groups7-8 have felt that 
an a-disulfoxide was an initial oxidation product of the oxi-
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