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k4 >> kd([OH-] as discussed earlier in other reactions.' 
There appears to be different opinions about assigning 

the factors which control the rate enhancement of intra- 
molecular reactions.% The observed values of activation 
parameters at 0.02 M NaOH (Table II), where contribution 
of the k3 step is nearly loo%, are comparable with those 
of various intramolecular nucleophilic reactions.2s-n The 
comparison of these values with those obtained recently 
in neutral hydrolysis of phenyl benzoate2' indicates that 
the entire rate acceleration in the pH-independent hy- 
drolytic cleavage of 2 comes from a favorable AS* value 
while the AH* value is actually unfavorable compared with 
that of phenyl benzoate. The activation parameters ob- 
tained at 0.4 M NaOH, where the contributions due to the 
k3 and k4 steps constitute -40% and -60% of the rate, 
respectively, indicates that an increase in the contribution 
of the k4 step to the total rate decreases the values of both 
AH* and AS*. Significantly low values of AH* AS* were 
obtained for the k4 step (Table 11) which are comparable 
with those obtained in alkaline hydrolysis of monomethyl 
phthalate% and di-n-butyl phthalateB The similarity of 
activation parameters obtained for hydrolytic cleavages 
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of phenyl salicylate30 and methyl salicylate under com- 
parable conditions indicates the involvement of an almost 
similar reaction mechanism. In the hydrolysis of phenyl 
salicylate, the nucleophilic attack could be considered as 
the rate-determining step because of the considerably high 
acidity of the leaving group compared with the nucleophile. 
However, in the hydrolysis of 2, both the leaving group and 
nucleophile have almost similar aciditiesm in 5 and 6. But 
the probable intramolecular hydrogen bonding in 10 will 
make the expulsion of the leaving group more facile than 
that of nucleophile. Under such circumstances, we propose 
that nucleophilic attack is more likely to be the rate-de- 
termining step in the hydrolytic cleavage of 2. 

A kinetically indistinguishable additional step in Scheme 
I1 as shown in eq 11 may be ruled out on the basis of the 

Kl1 OH- 
5 6 + H20 (11) 

observed values of AS* obtained for both the k3 and k4 
steps. A significant role for eq 11 should result in ap- 
proximately similar values of AS* for both the k3 and k, 
steps provided nucleophilic attack is the rate-determining 
step. 
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The pyrolysis of the vinyldiazomethanes 6 (X = H), 8,9, and 10 gives mixtures of 3H-pyrazoles and cyclopropenes. 
The kinetics and product distribution for each case lead to a determination of the rate of vinylcarbene formation 
and, therefore, a direct determination of the relative carbene stabilities. The conclusion is that carbene 14 is 
more stable than 15. These results are then used as a basis for a discussion of the carbenes generated from the 
singlet photochemistry of unsymmetrical cyclopropenes, 11. 

Introduction 
Vinvylcarbenes have attracted considerable interest 

recently as probable intermediates in a variety of related 
reactions. Examples include the pyrolysis of cyclo- 
propenes,' the singlet photochemistry of cyclopropenes,2 
and the pyrolysis3 and photolysis4-6 of vinyldiazomethanes. 
As is well recognized, there are a variety of electronic states 
possible for vinylcarbenes: a nonplanar singlet and triplet 
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corresponding to la (the singlet could, depending on the 
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substituents present, have ionic character lb or IC), planar 
singlets of the type 2b (27r or u2)'p8 and 2c (47r or p2), and 
both singlet and triplet corresponding to 2a (37r or up). 
Both molecular orbital  calculation^'-^ and ESR resultssJO 
indicate that triplet 2a is the most stable of the states, but 
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it is unlikely to be the first formed intermediate in most 
of the reactions for which vinylcarbenes are proposed. 

For example, in the pyrolysis of cyclopropenes, a com- 
bination of experimental results1 and ab initio calculations' 
suggests that the transition state for a-bond cleavage re- 
sembles la, and the intermediate first formed is a singlet 
like 2a. In contrast, for the photochemistry of cyclo- 
propenes, the excited singlet correlates with 2b.2 Both of 
these conclusions are reached on the basis of orbital cor- 
relations. More detailed ab initio calculationsg using ex- 
tensive configuration interaction indicate that an avoided 
crossing allows adiabatic conversion of the ground state 
of cyclopropene to  the most stable singlet, 2b, and the 
excited singlet of cyclopropene to the less stable singlet, 
2a. The cyclopropene triplet excited state apparently does 
not react to form products resulting from a-bond cleavage 
but instead tends to dimerize."J2 Recently, Zimmerman 
and co-workers6J3 have observed products of a-bond 
cleavage in the sensitized irradiations of 3-vinyl substituted 
cyclopropenes, but detailed evidence suggests that vinyl- 
carbenes are not involved. For the pyrolysis of vinyl- 
diazomethanes, concerted loss of nitrogen in the linear 
mode is thermally forbidden14 in that the singlet vinyl- 
carbene formed initially would not be the ground-state 
singlet, 2b, but rather the doubly excited state, Z C . ~  If the 
loss of nitrogen were nonlinear,14 2b could be formed di- 
rectly. Finally, the photolysis of vinyldiazomethanes is the 
usual method of generating triplets like 2a,6J0 but the 
multiplicity of the reacting excited state is unknown in 
most cases. Possibly, the ground-state triplet is formed 
by intersystem crossing from one of the singlets. Very 
recently, in fact, the direct irradiation (excited singlet) and 
the thermolysis of 4,4-dimethyldiazocyclohex-2-ene have 
been shown to give stereochemically different products in 
the trapping of the carbene by 2-butene.15 Moreover 
sensitized irradiation (excited triplet) gave the same 
product distribution as the thermolysis. These results were 
interpreted by invoking the equilibration of the singlet (2b) 
and triplet (2a) for the pyrolysis and sensitized irradiation 
and possibly a different singlet (2c) for the direct irradi- 
ation. 

From this summary, it is obvious that, since vinyl- 
carbenes are not an intermediate but several intermediates, 
quite different chemistry and product distribution may 
result, depending on the method of generation. For in- 
stance, Zimmermad has recently used the photolysis of 
the butadienyldiazomethane, 3, as a "fingerprint" for the 
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propene, 4. The different product distribution obtained 
for the two cases led to the conclusion that the mechanism 
for formation of ring-opened products in the direct irra- 
diation of 4 must involve other pathways than only the 
formation of 5. However, the possibility of different 
electronic states of 5 from the two routes was not consid- 
ered.16 Similarly, from our results on the pyrolysis of the 
series of vinyldiazomethanes, 6: the stability of the vi- 

3 5 4 

carbene expected from the photochemistry of cyclo- 
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nylcarbenes formed does not correlate with the regiose- 
lectivity of the ring opening observed in the direct pho- 
tolysis of the related cyclopropenes, 7." Clearly, more 
extensive studies in this area are required. 

The objective of this work was to assess the effect of 
phenyl substitution on the stability of vinylcarbenes as an 
approach to understanding the surprising regiochemistry 
observed for the ring opening of a number of l-methyl-2- 
phenyl-substituted-cyclopropenes, 11, in their excited 

Dh I 1, 

8 
I I ,  

10 9 
I I  

singlet state. In all cases, product distribution reflects 
favored cleavage of the methyl-substituted rather than the 
phenyl-substituted a bond.2*5J0J3Js An example is shown 
in eq l.l8 Although the determination of the product 
composition is complicated by photochemical conversion 
of the 2-methyl-1-phenyl isomer (13) to the l-methyl-2- 
phenyl one (12), at  low conversions the ratio of 12/13 is 
4:l. If vinylcarbenes are intermediates in these conver- 

Ph 

P h 

12 13 

~ions , '~  then 15 is formed in preference to 14. On pyrolysis 

Y v 

14 
of the same cyclopropene, the second product is the ex- 
clusive one, which implies that carbene 14 is more stable 
than 15. However, this conclusion ignores the possibility 
that, in the thermolysis, the regiochemistry of ring opening 
is related to a vinylcarbene that is electronically different 
from that formed by photolysis. We now report results 
for the pyrolysis of the vinyldiazomethanes 8-10 and the 
information these results reveal about the corresponding 
vinylcarbenes. 
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Table I. Rate Constants and Product Ratios for the Thermolysis of Vinyldiazomethanes 8-10 as a 
Function of Temperature in 5% Pyridine-Benzene 
kobsd x lo4? % % k ,  X lo4: k ,  X lo4: 

no. t, "C S- ' cyclopropeneb pyrazoleb S-' S- 

8 36.3 3.71 f 0.08 <2 > 98 < 0.074 > 3.63 
49.5 15.4 f 0.5 <2 > 98 <0.31 > 15.1 

9 70.8 1.01 f 0.01 15 25 0.76 0.25 
80.8 3.05 f 0.01 80 20 2.4 0.61 
89.1 7.9 f 0.2 81 19 6.4 1.5 
99.3 27.0 f 0.5 84 16 23 4.4 

10 32.3 0.21 f 0.01 8 92 0.016 0.19 
42.1 0.66 f 0.07 14 86 0.090 0.57 
51.5 1.9 f 0.2 14 86 0.21 1.7 
60.5 5.2 i 0.4 18 82 0.92 4.3 

" Errors quoted are the mean deviations of two to four runs. 
10% based on a and b. 

Results 
Synthesis of Vinyldiazomethanes 6 (X = H) and 

8-10. Vinyldiazomethanes have been prepared previously 
by photolysis of the corresponding 3H-pyrazoles with 
fdtered light to avoid photochemical decomposition of the 
diazo This procedure was used for 6 (X = 
H), 8, and 10. For 8 and 10, the pyrazoles were prepared 

R 1  R1 R, R2 
6 18 19 Ph Ph 
8 20 21 CH, CH, 
9 22 23 Ph CH, 
10 24 23 CH, Ph 

by pyrolysis of tosylhydrazone salts of the corresponding 
ketones 1620 and 17.21 The diazo compounds 6 (X = H) 
and 9 were prepared at room temperature by stirring the 
tosylhydrazone salts in pentane. This procedure was only 
satisfadory for the cases that had phenyl substitution at 
the diazo carbon. The other two tosylhydrazone salts 
required higher temperatures, and therefore the interme- 
diate diazo compound reacted further to form the pyrazole. 
These preparations are summarized in Scheme I. 

Thermolysis of Vinyldiazomethanes: Product 
Distribution. The thermolysis of vinyldiazomethanes is 
well known to give 3 H - p y r a z o l e ~ ~ ~ ~ ~  and cyclopropenes3 as 
products. The ratio of these two products is very de- 
pendent on the substitution pattern, and in many simple 
alkyl-substituted cases only the pyrazoles are observed.22 
Possible products are outlined in eq 2. Cyclopropenes 1g4, 
21,% and 23% and pyrazoles M4 and 20% are known com- 
pounds. The pyrazoles 22 and 24 were isolated from the 
reaction mixtures and characterized by spectral and ele- 
mental analpis (see Experimental Section). Product ratios 
from the thermolysis of the vinyldiazomethanes were ob- 
tained by multiple integration of the methyl region of the 
'H NMR spectrum and are reported in Table I. The 
spectra of these reaction mixtures indicated no products 
other than the cyclopropene and the pyrazole; therefore, 
the combined yield must be greater than 95%. The av- 
erage deviation of the multiple integrations was always less 
than *2% ; therefore, the error in product composition is 
estimated as less than &5%. The tetramethyl compound, 

(21) L. E. Friedrich and R. A. Fiato, J.  Am. Chem. Soc., 96, 5783 

(22) J. L. Brewbaker and H. Hart, J. Am. Chem. SOC., 91,711 (1969). 
(23) G. L. Close and L. E. Cloas, J.  Am. Chem. SOC., 85, 99 (1963). 
(24) L. E. Friedrich and R. A. Fiata, Synthesis, 611 (1973). 
(25) G. L. Close and H. Heyn, Tetrahedron, 22, 463 (1966). 

(1974). 

Estimated error *5%. Estimated error between 6 and 

Scheme I. Synthesis of Vinyldiazomethanes" 

I 
Ph Ph  

18 

9 

17 24 10 
" a = t-BuOK; b = RT, pentane; c = TsNHNH,; d = 

reflux, hexane. 

8, gave no observable cyclopropene, 21. Since 8 is gener- 
ated by photolysis of pyrazole 20 (Scheme I), a given 
sample could be cycled several times. After three such 
cycles, no cyclopropene from pyrolysis of 8 could be de- 
tected. This determination is complicated by the fact that 
generation of the diazo compound 8 by photolysis of 20 
always gives some cyclopropene because of secondary 
photolysis of gal4 itself. However, the amount of cyclo- 
propene was always the same before and after pyrolysis 
of 8. Therefore, the yield of cyclopropene from the py- 
rolysis is estimated in Table I as less than 2%. 

Thermolysis of Vinyldiazomethanes: Kinetics. The 
rates of decomposition of the diazomethanes were moni- 
tored by two different methods. For compounds 6 (X = 
H) and 9, the disappearance of the characteristic diazo 
band was measured spectrophotometrically. For com- 
pounds 8 and 10, colored impurities led to  curved rate 
plots. Since, by 'H NMR spectra, these impurities were 
not observable and, therefore, were present in very small 
amounts, the rates were measured by determining relative 
concentrations by integration of the methyl region of the 
spectrum. Details of these methods are given under Ex- 
perimental Section. All rates were measured in 5% pyr- 
idine in benzene in order to avoid acid-catalyzed decom- 
p~s i t i on .~  The results are listed in Table I as k o ~  (s-l). 
The kqbd values can be divided into k, for cyclopropene 
formation and k ,  for pyrazole formation using the product 
ratios. In Table 11, activation parameters obtained from 
In ( k / T )  vs. 1/T plots for both paths of decomposition of 
the diazomethanes 6 (X = H), 9, and 10 are listed; those 
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Table 11. Activation Parameters for the Thermolysis of Vinyldiazomethanes 
6 (X = H), 8, 9, and 10 and Rate Constants Extrapolated to 49.5 "C 

AH,*, AS, * > AH *, AS,  * , k ,  x lo6,  s-1,  k ,  49.5 x 106, "C 
s-1, 49.5 "C no. kcal/mol eu kcal/?nol eu 

6 ( X =  H)= 27 + 2  
8 
9 29 + 8  

10 28 + 7  
a Data from ref 3. 

for 8 are unavailable for cyclopropene formation, since 
none was detected. As discussed previously,3 the estimated 
error in AH* is approximately 1 kcal/mol, and in AS*, 3 
eu. As well, in Table 11, the rates obtained either directly 
at, or by extrapolation of the activation plots to, 4 9 . 5 O  are 
given for all four compounds. 

Discussion 
The main objective of this work is to compare the ki- 

netics for the thermal decomposition of the vinyldiazo- 
methanes 9 and 10. These results will lead to a better 
understanding of the singlet photochemistry of 1- 
phenyl-2-methylcyclopropene derivatives (i.e., 1 l), where 
product distributions demonstrate that the vinylcarbene 
15 is formed in preference to 14. The data necessary for 
this comparison are in Table 11. The separation of the 
observed rate into the two pathways k, (cyclopropene 
formation) and k, (3H-pyrazole formation) assumes that, 
a t  the temperatures necessary for the decomposition of the 
vinyldiazomethanes, the 3H-pyrazoles are thermally stable, 
i.e., the product distribution is determined by the kinetics 
of the initial process. Control experiments established this 
fact; moreover, a recent detailed kinetic study of the py- 
rolysis of 3,3-dimethyl-3H-pyrazoles demonstrated that 
carbon-nitrogen bond cleavage leading to vinyldiazo- 
methanes or to cyclopropenes would require an activation 
energy of approximately 40 kcal/mol.26 

The entropies of activation from Table I1 are quite 
consistent with the two processes occurring. For pyrazole 
formation, conversion from the acyclic to the cyclic system 
gives the expected negative AS* value. For cyclopropene 
formation, the rate-determining step is a unimolecular 
dissociation to molecular nitrogen and a vinylcarbene 
derivative; the expected positive AS* values are obtained. 
In fact, the pyrolysis of diphenyldiazomethane has a re- 
ported AS* = 0 eu,27128 which is somewhat lower than 
would be expected. The higher values obtained here are 
perhaps more reasonable. Note that these values exclude 
the possibility that cyclopropene formation results from 
a concerted intramolecular displacement of nitrogen as 
represented by a transition state like 25. Here A S  would 

25 

be expected to be more negative than that observed. The 
other important aspect for comparison between 9 and 10 
is that the entropies of activation are, within experimental 
error, identical for the two compounds. Thus, comparisons 
between the two can be made by examining either rate 
constants or enthalpies of activation, since entropy dif- 

(26) W. J. Leigh and D. R. Arnold, Can. J.  Chem., 57, 1186 (1979). 
(27) D. Bethell, D. Whittaker, and J. D. Callister, J .  Chem. Soc., 2466 

(28) G. Murguleecu and T. Oncesu, J. Chim. Phys., 58, 508 (1961). 
(1965). 

25 -7 4.0 1.7 
20 -7 < 30 1500 
25 -7 4.0 1.9 
22 -9 21 130 

R E A C T I O N  COORDINATES FOR METHYLPHENYLDIAZOI4ETHANES 

c Me 

2 
Me 
Figure 1. Reaction coordinate scheme for the thermal decom- 
position of methylphenyldiazomethanes. Numerical values are 
in units of kilocalories per mole. 

ferences will not complicate any of the arguments. This 
is an important point because the differences in AH* are 
small and the error is estimated at  f l  kcal/mol (see 
above). However, these small differences lead to obvious 
rate differences. The discussion that follows is therefore 
to explain these rate differences but, obviously, in only a 
semiquantitative way. 

The first fact that struck our attention about these rates 
was the observation that the 1-phenyldiazo compound 9 
actually reacted some five times slower than the 2-phenyl 
isomer 10 for cyclopropene formation (Le., k, in Table 11). 
This, of course, implies that the 1-phenylcarbene 14 is 
formed more slowly than the corresponding Z-phenyl- 
carbene 15. At first sight then it seemed that the sur- 
prising regiochemistry observed in photochemical cyclo- 
propene cleavages where 15 is preferred to 14 might simply 
be a result of some unusual substituent effect in vinyl- 
carbenes. This kinetic effect, however, arises from dif- 
ferences between the ground and transition state energies. 
Fortunately, the diazo compounds also undergo ring clo- 
sure to 3H-pyrazoles. This process is also much faster for 
the 2-phenyl isomer but now by a factor of 68 (i.e., k ,  in 
Table 11). This rate difference can be used to assess the 
critical factor in the thermal chemistry of these vinyl- 
diazomethanes: ground state energy differences between 
9 and 10. 
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The arguments which follow are outlined in the potential 
energy surfaces in Figure 1. In this figure, the diazo 
compounds 9 and 10 are shown in the center with the 
right-hand pathway proceeding to the two corresponding 
carbenes and the left-hand pathway to the pyrazoles. The 
surface for the 1-phenyl case is shown as a solid line and 
that for the 2-phenyl isomer as a dashed line. 

In this drawing, 9 is shown as 3 kcal/mol more stable 
than 10. Several arguments support this conclusion. The 
fist is a result of our MNDO calculations% for the heats 
of formation at  the geometry of minimized energy for the 
model compounds 26 and 27. By this method, 26 is more 
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mainly to this 3 kcal/mol difference in ground state energy. 
If this estimate of the difference in ground state energy 

is correct, then the pathway for carbene formation to the 
right in Figure 1 is reasonable. The activation enthalpy 
for this process is high; therefore, the transition state 
should be late and resemble the carbene in energy and 
geometry (Hammond postulate). Consequently, the dif- 
ference in activation enthalpy of 1 kcal/mol(28 kcal/mol 
for 10 and 29 kcal/mol for 9, Table 11) combined with the 
difference in ground state energy of 3 kcal/mol leads to 
the result that the 1-phenylcarbene 14 is 2 kcal/mol more 
stable than the 2-phenylcarbene 15. We conclude then 
that the order of stability of these two carbenes is as ex- 
pected, and no special effects are required in order to 
explain this order. Again, this order is as calculated by 
MIND0/3 methods for vinyl rather than phenyl substi- 
tuted model compounds, although the calculated difference 
of approximately 16 kcal/mol is far greater than the ex- 
perimentally determined 

The data reported in Table I1 for the other vinyldiazo- 
methanes 6 and 8 support this conclusion that ground state 
energy differences are important in determining relative 
reactivities. Of course, in these two cases comparisons are 
more difficult because the compounds are no longer isom- 
eric. However, the qualitative trends are reasonable. The 
tetramethyl compound, 8, reacts faster than any of the 
others, but the carbene to cyclopropene process is not 
detectable. In effect, the carbene process remains slow 
(probably similar in rate to lo), but the cyclization to 
pyrazole becomes very fast because the double bond is 
unsubstituted by a phenyl group and, therefore, more re- 
active to cyclization. Finally, the 1,2-diphenylvinyldiao- 
methane, 6, reacts a t  virtually an identical rate to the 
1-phenyl compound, 9. 

Some comment must be made about the difference in 
interpretation given here as compared to that used by 
Miller and Shechter to explain the previously reported 
kinetics of ring-substituted diphenyldiazomethane de- 
composition~.~~ In that case, both electron-donating and 
electron-withdrawing substituents increased the rate and, 
in fact, the fastest rate was obtained for the 4-CH3, 4’-N02 
case. We have observed s i m h  behavior in a less extensive 
series of ring-substituted 1-phenylvinyldiaz~methanes.~ By 
an analysis of 13C chemical shifts for the diazo carbon, 
Miller and Shechter concluded that ground state sub- 
stituent effecta were unimportant, and the observed kinetic 
behavior was explained entirely by transition state sub- 
stituent effects. We have no explanation for the domi- 
nance of ground-state effects in our current work as com- 
pared to these other systems. Unfortunately, we cannot 
isolate sufficient quantities of our diazo compounds to 
obtain 13C NMR spectra or to do the more definitive ex- 
periment of measuring heats of formation. 

The conclusion that the 1-phenylcarbene 14 is more 
stable than the 2-phenylcarbene 15 must now be related 
to the results obtained for cyclopropene singlet photo- 
chemistry of systems like 11, where the same two carbenes 
are generated. First, however, a discussion of the electronic 
state of the carbenes generated in the two types of reac- 
tions is required. 
As has been discussed before,414 thermal loss of nitrogen 

from a diazo compound can occur along two different 
pathways: linear and nonlinear. The linear mode is 
thermally forbidden in the sense that the carbene gener- 
ated will not be the ground singlet but rather a doubly 
excited state corresponding to 2c (p2). The nonlinear mode 

k 
26 

II 
27 

stable than 27 by 3.4 kcal/mol. This should give a good 
estimate for the differences between 9 and 10, assuming 
a conjugative vinyl group is a reasonable model for a 
phenyl group. The reason for this difference in stability 
can be easily seen. The diazo carbon in 9 is linearly con- 
jugated through the double bond and the phenyl ring, 
whereas in 10 the diazo carbon is cross conjugated to the 
styrenetype system. Even simple Huckel calculations give 
a 7r-delocalization energy of 0.24 fl favoring pentadienyl 
over 2-methylenebutadienyl. This -3 kcal/mol difference 
can then be used to explain the potential energy surfaces 
for 3H-pyrazole formation. 

Ring closures to the 3H-pyrmle isomers have enthalpies 
of activation of 25 kcal/mol for the conversion 9 to 22 and 
22 kcal/mol for 10 to 24. (Table 11). We also know that 
the reverse reactions, which are not observable, have ac- 
tivation energies greater than 35 kcal/mol (see above). 
Therefore, the transition state for the cyclization process 
should be neither early nor late (Hammond postulate). 
However, for the two isomeric pyrazoles, conjugative ar- 
guments again predict that the 4-phenyl-3H-pyrazole 24 
(linear conjugation) should be more stable than the 5- 
phenyl-3H-pyrazole (22) (cross conjugation). A referee has 
suggested that steric inhibition of conjugation might be 
particularly large for 24 so that 24 would be less stable than 
22. This is certainly a reasonable point but it is not sup- 
ported by UV absorption spectra that show 24 with longer 
wavelength bands of higher extinction coefficient than 22. 
The potential energy surfaces must therefore cross as 
shown in Figure 1. The reasonable place for them to cross 
is near the maxima as phenyl conjugation switches from 
stabilizing diazo compound 9 relative to 10 to stabilizing 
3H-pyrazole 24 relative to 22. This, of course, implies that 
substituent effects for this process should be very small 
in agreement with the low p values (ca. -0.4) observed for 
phenyl groups at  C-1 or C-3 of vinyldiaz~methanes.~~~~ As 
was discussed previously,3 this low negative p value reflects 
the decrease in polarity as a negative charge at  C-1, and 
C-3 of the vinyldiazomethane is donated toward the diazo 
nitrogen. The transition state is therefore less polar than 
the starting material. This is quite different from the 
transition state for l,&polar additions to aromatic olefins. 
For instance, the reaction of diazomethane with styrenes 
has p = +0.9, indicating a transition state more polar than 
starting material as the negative charge increases a t  the 
a carbon of styrene.30 We thus attribute the rate dif- 
ference of 68 in favor of 10 over 9 for pyrazole formation 

(29) M. J. S. Dewar and W. Thiele, J. Am. Chem. Soc., 99,4899 (1977). 
(30) P. K. Kadaba and T. F. Colturi, J. Heterocycl. Chem., 6, 829 

(1969). 
(31) J. A. Pincock and R. J. Boyd, Can. J .  Chem., 56, 2482 (1977). 
(32) R. J. Miller and H. Shechter, J. Am. Chem. Soc., 100,7920 (1978). 
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will lead directly to the ground-state singlet 2b (2). These 
qualitative arguments have been confirmed by MO cal- 
culations of the potential energy surfaces for diazomethane 
decomp0sition,3~ which imply that the activation barrier 
present in the linear mode disappears in nonlinear path- 
ways. It seems reasonable to expect that, even if the 
transition state has an electronic distribution that reflects 
bond reorganization toward the p2 carbene, this carbene 
will decay in an unactivated pathway to u2.3 Therefore, 
although it is impossible to determine which of the two 
paths is occurring, it seems reasonable to expect that the 
nonlinear mode might be preferred and that 2 will be the 
carbene formed in the decomposition of diazomethanes. 

Turning to the singlet photochemistry of cyclopropenes, 
the decision as to which carbene is formed as the initial 
intermediate is also difficult. Padwa2 has stated that, 
according to calculations, the excited singlet state of cy- 
clopropene correlates with u2. This assumes that the cy- 
clopropene u bond breaks heterolytically in the excited 
state via a switterion like lb. Rotation into planarity then 
gives 2b (2). However, the heterolytic cleavage to IC and 
then to 2c (p2) seems to be an equally good correlation for 
a singlet. The choice between the two zwitterions and, 
hence, the two carbenes may then be substituent de- 
pendent. In fact, in the most detailed study of substituent 
effects on photochemical cyclopropene ring openings, 
compounds 7 cleave preferentially on the side of the more 
electron-donating aromatic ring." Thus, the carbene 
carbon may be initially electron deficient as the u bond 
breaks (i.e., like IC). 

Very recent ab initio MO calculationsg for both thermal 
and photochemical ring cleavages of cyclopropenes show 
that, although there is an intended correlation between s1 
of the cyclopropene and the 2 carbene, an avoided crossing 
puts the up carbene on the same surface as excited cy- 
clopropene. However, this avoided crossing occurs far 
along the reaction coordinate. By this stage of the reaction, 
substituent effects would already have determined the 
selectivity for bond cleavage by their influence on the 
intended correlation rather than the actual correlation that 
results because of the avoided crossing. 

There is, however, a difficulty in interpreting results on 
regioselectivity of ring opening for these photochemical 
reactions. Cyclopropene to vinylcarbene conversions are 
known to be reversible both thermally' and photochemi- 
cally.l' This means that product distribution may reflect 
different rates of return to cyclopropene for the two pos- 
sible carbenes rather than selectivity of ring opening. This 
can be shown by examining the rate scheme for the one 

(33) J. Lievin and G.  Verhaegen, Theor. Chim. Acta, 45, 269 (1977). 
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Figure 2. Correlation diagram relating cyclopropenes, vinyl- 
diazomethanes, and vinylcarbenes. 

case where photochemical racemization of an optically 
active cyclopropene, 28 (absolute configuration unknown), 
has been determined. Experimentally, the only product 
observed is 30 (no 32), and racemization occurs about 2.5 
times as fast as product formation." The possible paths 
are outlined in Scheme I1 with the rate constants shown; 
note that the photochemical steps are shown as kl or k2,  
since the light intensity is obviously constant for both. 
Two extreme cases are poasible. In the first, photochemical 
selectivity is such that kl >> k2, and only the less stable 
carbene 29 is formed. Product 30 is the only one possible, 
and racemization reflects k3 N 2.5k5. In the second, k5 >> 
k3 and k4 >> k6. This implies racemization is only via 
carbene 31 and product formation by carbene 29. Simple 
steady-state kinetics applied to 29 and 31 then lead to the 
expression: 

racemization k2 k3 

product formation k1 kS 
= - + - N 2.5 

Since k5 >> kB, k3 /k5  is small and k2/kl 2.5. Now 
photochemical selectivity favors the more stable carbene 
31 but the only product obtained is from 29. As discussed 
by Zimmerman: there is no obvious reason why carbene 
return should be preferred for 31 over 29, but is is a pos- 
sibility nevertheless. Clearly, cases between these two 
extremes are also likely. 

To summarize the results reported here, it seems prob- 
able that both the pyrolysis of vinyldiazomethanes and the 
singlet photochemistry of cyclopropenes proceed by paths 
that are intended to correlate with vinylcarbene singlets, 
probably of electronic configuration u2. In this configu- 
ration, of the two possible carbenes, 14 is more stable than 
15 as expected. The singlet photochemistry is simply 
explained as outlined above if 14 is formed in preference 
to 15, but product distribution reflects return to cyclo- 
propene. If, however, 15 is formed in preference to 14, then 
some special effect must be involved to explain the pho- 
tochemical reactions. Padwa18 has suggested that Michl's 
"funnel theory" of excited-state to ground-state conver- 
sionsu can be applied here. The assumption is that there 
is close approach of the excited singlet surface of cyclo- 
propene with the ground-state surfaces of the two possible 
vinylcarbenes. This enhances internal conversion but 
preferentially to the less stable of two carbenes. As pointed 
out above, this explanation ignores the fact that the funnel 
occurs far along the reaction coordinate after the selectivity 

(34) J. Michl, Mol. Photochem., 4, 243, 257 (1972). 
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for bond cleavage has already been determined. Therefore, 
the only way to form 15 in preference to 14 is by a lower 
activation barrier and surface crossing as shown in Figure 
2. As yet, there seems to be no satisfactory explanation 
for why phenyl substitution might lead to a higher acti- 
vation barrier for u bond cleavage. Moreover, MO calcu- 
lations by the MIND0/3 method31 suggest that the process 
is unactivated. 

Thus, it is clear that the results for the thermal chem- 
istry of vinyldiazomethanes give valuable information for 
interpreting the chemistry of vinylcarbenes but that more 
detailed photochemical studies are required to answer the 
question of regioselectivity in ring opening. 

Experimental Section 
U d w  otherwise specified, 'H NMR spectra were obtained with 

a Varian T-60 spectrometer using tetramethylsiie as an intemal 
standard. Chemical shifts are reported as 6 values. Infrared 
spectra were recorded on Perkin-Elmer 237B Grating spectro- 
photometer using sodium chloride plates. Mass spectra were 
recorded on a Dupont-CEC Model 21-104 mass spectrometer. 
Melting points were taken on a Fisher-Johns apparatus and are 
uncorrected. 

Photolysis Equipment. (A) Irradiations were carried out in 
Pyrex NMR tubes using a 200-W Hanovia, medium-pressure 
mercury-arc lamp with a quartz cooling jacket. The fiiter system 
consisted of a 2 X 15 cm test tube filled with a 0.4 M solution 
of SnCl2.2H20 in 10% HCl and immersed in a 150-mL beaker 
containing a solution of 1.0 M C&04*7H@ and 0.1 M NiS04-6H20 
in 5% HzS04 (path length 2 2 cm). This system transmits light 
between 325 and 410 nm. 

(B) Irradiations were carried out in Pyrex NMR tubes using 
GE 1-kW, medium-pressure mercury-arc lamp with a quartz 
cooling jacket, which was immersed in a constant temperature 
bath at 10 "C. The fiiter system consisted of a Coming 7-37 glass 
filter. All of the filter system and the NMR tube, except the 
window part, were covered with aluminum foil to prevent any 
reflected light reaching the solution. This system transmits light 
between 320 and 380 nm. 

Preparation of 1,2-Diphenyl-3-methyl-2-buten-l-one To- 
sylhydrazone. To 5.02 g (0.021 mol) of 1,2-diphenyl-3- 
methyl-2-b~ten-l-one~ were added 3.82 g (0.021 mol) of hydrazine, 
20 mL of ethanol, and 0.05 mL of concentrated HCL The mixture 
was refluxed for 16 h. While the mixture cooled, a white solid 
precipitated, which was filtered and recrystallized from ethanol: 
yield 2.86 g (33%); mp 156-157OC; NMR (CDClJ 6 1.6 (3 H, s), 
2.03 (3 H, s), 2.43 (3 H, s), 7.0-8.4 (15 H, br m); IR (CHC1,) 3690, 
3620,3245,3040,2400,1600,1490,1375,1335 cm-'; mass spectrum, 
m/e 250 (20), 249 (loo), 205 (28). Anal. Calcd for C24H24N2S02: 
C, 71.25; H, 5.98; N, 6.92; S, 7.92. Found: C, 71.12; H, 5.89; N, 
6.77; S, 7.83. 

Preparation of 1,2-Diphenyl-3-methyl-l-diazo-2-butene (6, 
X = H). In a 25-mL round-bottom h k  equipped with a magnetic 
stirring bar and drying tube, 263 mg (0.6 mmol) of the tosyly- 
drazone was dissolved in 5 mL of anhydrous tetrahydrofuran. The 
solution was stirred slowly, and 0.12 g (1.07 mmol) of potassium 
tert-butoxide was added quickly. The solution turned yellow 
immediately. After the solution was stirred for 10 min, the solvent 
was removed under vacuum at room temperature. The flask was 
then covered with aluminum foil, and 20 mL of n-pentane was 
added. The solution was stirred overnight. Filtration and 
evaporation of the solvent yielded a pink residue: NMR (CC14) 
6 1.90 (3 H, s), 1.95 (3 H, s), 6.78-7.28 (10 H, m); IR (CC14) 2040 
cm-l. 

Preparation of 2,3-Dimethyl-l-phenyI-2-buten-l-one To- 
sylhydrazone. The ketone36 (1.25 g, 7.2 mmol) was dissolved 
in 8 mL of ethanol, and to the solution was added 1.35 g (7.2 "01) 
of tosylhydrazine and 0.01 mL of concentrated HCI. The mixture 
was refluxed for 17 h, diluted with 4 mL of ethanol, and cooled. 
A white solid appeared, which was filterd and recrystallized from 
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ethanol: yield 1.28 g (52%); mp 159.5-161 "C; NMR (CDC13) 6 
1.32 (3 H, br s), 1.65 (3 H, br s), 1.85 (3 H, s), 2.40 (3 H, s), 7.268.0 
(10 H, m); IR (CHC13) 3690,3640,3250,3040,2400,1600,1490, 
1445, 1380, 1345 cm-'; mass spectrum, m/e 188 (13), 187 (lOO), 
143 (12). Anal. Calcd for Cl&nN2S02: C, 66.63; H, 6.48; N, 8.17; 
S, 9.36. Found: C, 66.53; H, 6.42; N, 8.22; S, 9.22. 

The two other tosylhydrazones were prepared in a similar way. 
3,4-Dimethyl-3-penten-2-one Tosylhydrazone: yield 75%. 

Recrystallization in excess of methanol gave an analytical sample: 
mp 179-181 O C ;  NMR (CDC13) 6 1.33 (3 H, br s), 1.57 (3 H, br 
s), 1.68 (3 H, s), 1.90 (3 H, s), 2.25 (3 H, s), 7.31 (2 H, d, J = 8 
Hz), 7.55 (1 H, br s), 7.83 (2 H, d, J = 8 Hz); IR (CHC13) 3005, 
2915, 1605, 1380, 1335 cm-'; mass spectrum, m/e 126 (71), 125 
(loo), 110 (39), 109 (53), 95 (22), 91 (51), 81 (53). Anal. Calcd 
for C14H&2S02: C, 59.97; H, 7.19; N, 9.99; S, 11.43. Found: C, 
59.83; H, 6.98; N, 10.12; S, 11.51. 
4-Methyl-3-phenyl-3-penten-2-one Tosylhydrazone: yield 

60%. Recrystallization from methanol gave an analytical sample: 
mp 162-164 OC; NMR (CDCl,) 6 1.60 (3 H, s), 1.80 (3 H, s), 1.85 
(3 H, s), 2.48 (3 H, s), 6.7-7.0 (2 H, m), 7.07-7.50 (5 H, m), 7.78-8.0 
(3 H, m); IR (CHC13) 3024, 2910, 1600, 1380, 1335 cm-'; mass 
spectrum, m/e 158 (23), 144 (28), 143 (50), 139 (26), 130 (37), 104 
(loo), 103 (43), 91 (58). Anal. Calcd for ClsHZ2N2SO2: C, 66.63; 
H, 6.48; N, 8.17; S, 9.36. Found C, 66.49; H, 6.48; N, 8.11; S, 
9.52. 

Preparation of 2,3-Dimethyl- 1-phenyl-1-diazo-2-butene (9). 
The tosylhydrazone (0.258 g, 0.75 mmol) was dissolved in 5 mL 
of anhydrous tetrahydrofuran, and potassium tert-butoxide (0.12 
g, 1.07 mmol) was added quickly. The solution turned pink on 
stirring for 10 min. The solvent was then removed under vacuum 
at room temperature. The flask was covered with aluminum foil, 
and 25 mL of n-pentane was added. After stirring overnight, the 
solution was filtered. Evaporation of the solvent under vacuum 
at room temperature gave a pink residue: NMR (CC1,) 6 1.72 (3 
H, br e), 1.90 (6 H, s), 6.72-7.40 (5 H, m); IR (CC14) 2035 cm-'. 

Kinetics of the Thermolysis of Diazoalkane 9. Solutions 
of - M diazo compound 9 in 5% pyridine in benzene were 
sealed in 5-mL ampules (10 per kinetic run). Since diazo com- 
pounds decompose in visible light, these ampules were wrapped 
in aluminum foil. The ampules were then placed in a con- 
stant-temperature bath for the kinetic run and taken out at  
appropriate times and immediately quenched in ice-cold water. 
The absorbance of the solutions was then measured at 325 nm 
to monitor the disappearance of the diazo compound. Mea- 
surements were taken with a Unicam SP-500 spectrophotometer. 
First-order rate constants were then obtained by the usual In (A,  
- A) method with points for 2 half-lives; correlation coefficients 
were always greater than 0.99. A typical run at 80.8 "C gave [time, 
min (absorbance)]: 0 (0.432), 15 (0.357), 30 (0.313), 45 (0.264), 
61 (0.230), 75 (0.203), 90 (0.183), 120 (0.151), (0.120); k = 3.05 
X s-' (r  = 0.999). The average values of two to four runs at 
each temperature are listed in Table I. 

Preparation of 5-Phenyl-3,3,4-trimethyl-3H-pyrazole (22). 
To 2.8 g (8.2 mmol) of the tosylhydrazone dissolved in 100 mL 
of anhydrous tetrahydrofuran was added 1.5 g (13.4 mmol) of 
potassium tert-butoxide. The mixture was stirred for 1 h, followed 
by evaporation of the solvent under vacuum. To the pink solid 
was added 125 mL of n-hexane, and the mixture was stirred for 
24 h at room temperature, followed by reflux for 24 h, cooled, and 
filtered, and the solvent was evaporated under vacuum. A 
dark-orange heavy oil was obtained (1.1 9). Analysis of this oil 
by 'H NMR showed that it contained the desired pyrazole and 
l-phenyl-2,3,3-trimethylcyclopropene24 in the ratio of 1:4. The 
cyclopropene was removed under vacuum (2-3 mm, 20 O C )  using 
a dry ice-acetone trap. To the residual heavy oil was added 1 
mL of n-hexane, and the solution was cooled to dry ice tem- 
perature for 1 h. The solution was then kept at -15 "C for 24 
h when a yellow solid precipitated. The supernatant liquid was 
separated from the solid with a syringe, and the solid was re- 
crystallized in n-hexane. A few more crystals were obtained from 
the mother liquor and supernatant liquid. An analytical sample 
of the pyrazole was obtained by sublimation (0.03 ",40-42 OC): 
mp 66-68 OC; 80-MHz NMR(CDC1,) 6 1.41 (6 H, s), 2.13 (3 H, 
s),7.4-7.8 (5 H, m); Perkin-Elmer 180 IR (cc14) 2990,2930,1495, 
1460,1385,1360,1330 cm-'; UV (MeOH) A, 332 nm (c 250), 280 
(2200); mass spectrum, m/e 186 (21), 144 (21), 143 (87), 128 (33), 

(35) w. H. williams a d  W. R. Dolbier, J. A ~ .  them. sot,, 94,3955 

(36) J. Colonge and J. Chambian, Bull. SOC. Chim. Fr., 999 (1947). 
(1972). 
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night, the solvent was removed under vacuum, and the residue 
was refluxed with 100 mL of n-heptane for 12 h. Filtration and 
evaporation of the solvent gave a pink residue (ca. 0.9 8). To this 
residue was added 0.5 mL of n-hexane, and the solution was cooled 
in dry ice for 1 h. Then the flask was kept at -15 "C for 24 h, 
and a solid crystallized. The 'supernatant liquid" was taken out 
with a syringe and saved, and the solid was quantitatively 
transferred to a sublimation apparatus. The temperature of the 
water passing through the condenser was kept at 0-5 "C. Sub- 
limation at 34-35 "C (0.05 mm) gave faint pink crystals, which 
lose color on standing. The supernatant liquid was once again 
cooled to dry ice temperature, and the whole proceas was repeated. 
Total yield of the pyrazole obtained was 0.45 g (41%): mp 
46.5-47.5 "C; NMFt (CC14) 6 1.40 (6 H, a), 2.37 (3 H, s), 7.07-7.50 
(5 H, m); IR (CC14) 2994,2940,1602,1498,1450,1385,1358 cm-'; 
UV (MeOH) A, 342 (t 900), 287 (5,800); mass spectrum, 186 
(loo), 185 (25), 144 (25), 143 (94), 128 (46), 115 (26). Anal. Calcd 
for C12H14N2: C, 77.38; H, 7.58; N, 15.04. Found: C, 77.12; H, 
7.33; N, 14.76. 

Preparation of 3,4,5,5-Tetramethylpyrazole (20). To 0.9 
g (3.2 mmol) of the tosylhydrazone were added 40 mL of an- 
hydrous tetrahydrofuran and sodium methoxide (0.35 g, 6.4 "01). 
The solution was refluxed for 3 h. Cooling and evaporation of 
the solvent gave a white solid. To this white solid was added 60 
mL of n-heptane, and the mixture was refluxed for 5 h. Cooling, 
followed by filtration and evaporation of the solvent under vacuum 
(15 mm, 50 "C), gave a faint yellow liquid (0.12 g, 30%), whose 
NMR agreed with that reported in literature.26 

Generation of 3,4-Dimethyl-2-diazo-3-pentene (8). 
3,4,5,5-Tetramethylpyrazole (0.03 g) dissolved in 0.5 mL of 5% 
pyridine in benzene-d6 was photolyzed in a sealed Pyrex NMR 
tube using photolysis equipment "B". Photolysis was discontinued 
when the diazo concentration was found to be maximum as 
monitored by 'H NMR: 6 0.93 (81, 1.17 (s), 1.28 (s), 1.50 (8 ) .  

Kinetics of the Thermolysis of Diazoalkane 8. A sample 
of diazoalkane 8 as generated above was placed in a constant- 
temperature bath, removed at suitable times, and quenched in 
an ice bath. Relative compositions of the diazoallran e and pyrmle 
were obtained by the intensities of their high-field 'H NMR 
signals. 'H NMR spectra were recorded with a CFT-20 spec- 
trometer operating at 80 MHz. The probe temperature was kept 
at  5-10 "C. The spectra were electronically integrated. Rate 
constants obtained are listed in Table I. 

107 (47), 106 (loo), 104 (26), 103 (25),77 (42). Anal. Calcd for 

N, 15.20. 
Product Composition for the Thermolysis of Diazoalkane 

6. The diazo compound 6 was dissolved in 0.5 mL of 5% pyridine 
in benzene-d6 and sealed in a Pyrex NMR tube after three 
freezepumpthaw cycles. The tube was placed in a constant- 
temperature bath until the red color of the diazo compound had 
disappeared. The relative compositions of cyclopropene and 
pyrmle were determined by the intensities of their methyl signals 
in 'H NMR spectra. The percent composition at  various tem- 
peratures are listed in Table I. 

Preparation of 4-Methyl-3-phenyl-3-penten-2-one (17). 
This enone was prepared according to the procedure for the 
preparation of 1-(4-methoxyphenyl)-3-methyl-2-phenyl-l-butanone 
by Arnold et aLBb Pure enone distilled at  40-44 OC (0.1 mm) as 
a faint yellow liquid. The NMR spectrum agreed with that 
reported by Friedrich and Fiato:21 NMR (CC14) 6 1.62 (3 H, s), 
1.88 (3 H, s), 2.00 (3 H, a), 7.20 (5 H, m). 

Generation of 4-Methyl-3-pheny1-2-diazo-3-pentene (10). 
To a solution of 0.31 g (0.91 mmol) of the tosylhydrazone in 12 
mL of anhydrous tetrahydrofuran was added 0.14 g (1.25 mmol) 
of potassium tert-butoxide. The solution turned greenish-yellow 
immediately. The solution was stirred magnetically overnight. 
The solvent was evaporated on the rotary evaporator and the flask 
was then covered with aluminum foil, 40 mL of n-hexane was 
added, and the solution was refluxed for 10 h. Filtration and 
evaporation of the solvent gave a pink residue: yield 0.036 g. The 
NMR spectrum indicated the presence of 20% cyclopropene 23% 
and 80% of 3H-pyrazole 24. The residue was dissolved in 0.5 mL 
of 5% pyridine in benzene and photolyzed using photolysis 
equipment 'A". The photolysis was stopped when the deep-red 
solution showed maximum diazo concentration by NMR: 6 1.42 
(s), 1.57 (a), 1.72 (8). A sample of this intense red-colored solution 
was examined by infrared spectroscopy, and it showed a char- 
acteristic band at  2035 cm-' in CC4. 

Kinetics and Product Composition Analysis for Ther- 
molysis of Diazoalkane 10. Dimallsane 10 as generated above 
was dissolved in 0.5 mL of 5% pyridine in benzenedB and sealed 
in a Pyrex NMR tube. The tube was placed in a constant-tem- 
perature bath shielded from light. The tube was taken out at  
appropriate intervals of time and immediately quenched in ice-cold 
water for a few minutes. Three quick NMR spectra (T-60) were 
taken of the solution, scanning between 6 0.0 and 3. Relative 
compositions of the diazo compound, pyrazole, and cyclopropene 
were calculated by separately averaging the signal intensities for 
each of them. A typical run at 60.5 "C gave the following mea- 
surements time, s (% diazo): 0 (28.5), 100 (26.1), 250 (24.2), 400 
(22.2), 550 (20.5), 700 (MA), 900 (16.7), 1100 (15.2). First-order 
rate constants were then obtained by a plot of In (% diazo) vs. 
time. Correlation coefficients were always greater than 0.99. The 
average values of two to four runs at each temperature are listed 
in Table I. To obtain the product composition, the thermolysis 
was continued at the constant temperature until all the diazo 
compound disappeared. The percent compositions are also listed 
in Table I. 

Preparation of 4-Phenyl-3,3,5-trimethyl-3H-pyrazole (24). 
The tosylhydrazone (2.0 g, 5.8 mmol) was dissolved in 100 mL 
of anhydrous tetrahydrofuran, and potassium tert-butoxide (1.0 
g, 8.9 mmol) was added quickly. The solution was stirred over- 

C12HI4N2: C, 77.38; H, 7.58; N, 15.04. Found: C, 77.51; H, 7.03; 
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