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High Pressure Studies. XVII. 
Thermal Decomposition of Cyclic Azo Compounds' ,2 

Robert C. Neuman, Jr.,* and Ernest W. Ertley3 
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Riverside, California 92502. Received October 3, 1974 

Abstract: The effects of pressure on the decomposition of the cyclic azo compounds, cis-3,6-dipheny1-3,4,5,6-tetrahydropyr- 
idazine ( l ) ,  cis-3,7-diphenyl- 1,2-diaza- 1-cycloheptene (2), and cis-3,8-diphenyl-cis- 1,2-diaza- 1 -cyclooctene (3), have been 
investigated in toluene at  60 or 65'. Kinetic studies give decomposition activation volumes for 1 and 2 of ca. +5.5 cm3/mol, 
while that  for 3 is +7.1 cm3/mol. Product studies from 1 to 5000 a tm show that the ratio of styrene to 1,2-diphenylcyclobu- 
tane from 1 decreased from 1.4 to 1 .1 .  while the ratio of cis- to trans- 1,2-diphenylcyclobutane increased from 2.5 to 4.6. The 
ratio of 1,5-diphenyl-l-pentene to 1,2-diphenylcyclopentane from 2 increased from 0.2 to 0.4, while the ratio of cis- to trans- 
1,2-diphenyIcyclopentane increased slightly from 1 . 1  to 1.2. The  ratio of 1,6-diphenyl- 1 -hexene to 1,2-diphenylcyclohexane 
products from 3 increased from 0.9 to 1.3, but the cis- to trans- 1,2-diphenylcyclohexane ratio decreased from 1 .O to 0.6. The 
results a re  interpreted in terms of simultaneous two-bond scission of 1 and 2 to give the intermediate carbon diradicals as  pri- 
mary products. The data for 3 suggest one-bond C-N scission with the formation of a diazenyl diradical as  the first diradical 
intermediate. 

One mechanism for decomposition of cyclic azo com- 
pounds might be one-bond scission to give an unstable dira- 
dical ( k l )  which could lose nitrogen ( k p )  in competition 
with reclosure (k-1)  (eq 1).4,5 If this occurred, we thought 

N=N N=N. + N=N (1) 

that it might be kinetically detectable by the effect of pres- 
sure on the decomposition rates.6 The apparent activation 
volume for decomposition (eq 2) would depend not only on 

ki r'. k,j  . -. 
k-1 

A V * , ~ ~ ~  = A V ~ *  + RTB In (1 + k - , / k , ) / a P  (2) 

that for the homolysis step ( A V , * )  but also on the pressure 
dependence of the competition between closure (k-1)  and @ 
scission ( k s ) .  Since that ratio might be expected to increase 
with increasing pressure [radical combination and homolyt- 
ic scission (kp) being accelerated and retarded, respectively, 
by p r e ~ s u r e ] , ~  values of AV*&sd for such cyclic azo com- 
pounds would be larger than those for cyclic systems where 
concerted loss of nitrogen led directly to the final diradical 
shown in eq 1 .  

A basis for these assumptions is found in our observations 

that activation volumes for decomposition of acyc l ic  azo 
compounds are  relatively small and constant when nitrogen 
is lost concertedly and much larger for a series of phenyla- 
zotriphenylmethanes (PhN=NCPh3) which decompose via 
initial scission of just the N-CPh3 bond (Table I).' How- 
ever, it is likely that a substantial part of this difference for 
acyclic systems is due to a high-pressure effect on separa- 
tive diffusion (kd ,  eq 3).6.8,9 The  observed activation volume 

R'- N=N I 1  * R  
k1 k9 
k- 1 -2 (3 ) R'-N=N-R e R'-N=N * R  

R ' * N , * R  

for acyclic systems (eq 4) differs from that for cyclic sys- 

tems (eq 2) by the inclusion of the rate constant kd in the 
differential term. Since pressure retardation of k d  is much 
greater than any effect on kg, it is conceivable that the dif- 
ferential term in eq 4 is substantially greater than the anal- 
ogous term in eq 2. 
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Table 11. Rate Constants for Thermal Decomposition o f  1 in 
Toluene 

kN b k,C 
kobsd'x i o 5 ,  x i b 5 ,  x i o 5 ,  

P, atm T,"C sec-' sec-' sec-1 o/c HCd 

1 60.0 7.85 -r 0.05 6.63 1.22 84.5 
1350 60.0 7.19 2 0.31 5.42 1.77 75.4 
2310 60.0 6.16 i 0.16 4.28 1.88 69.4 
3300 60.0 5.48 t 0.20 3.51 1.97 64.0 
4290 60.0 4.62 t 0.20 2.74 1.88 59.2 
5260 60.0 4.70 i 0.17 2.59 2.11 55.2 

l e  60.0 8.37 1. 0.10 
l e  64.7 14.6 i 0.3 
le f  64.7 13.1 i 0.2 
le-g 64.7 10 

Table 1. Activation Volumes for Decomposition of Acyclic Azo 
Initiators (R-N=N-R') 

AV*, 
R R' T, "C Solvent cm3/mol 

Me,C(CN) 70  Toluene +4a 
Me,C(Ph) 55 Cumene +5. Ob 

Chlorobenzene +4.3b 
Me,C(p-MePh) 55 Cumene +4b 

Me,CO 55 n-Octane +4.3c 
Ph,C p-N0;Ph 60  Cumene +20b 

n-Octane +18b 
tert-Butylbenzene +21b 

aA.  H. Ewald, Discuss. Faraday Soc., 22, 138 (1956). bR.  C. 
Neuman, Jr., G. D. Lockyer, Jr., and M. J .  Amrich, Tetrahedron 
Lett., 1221 (1972). C R .  C .  Neuman, Jr., and R.  J .  Bussey, J.  Am. 
Chem. Soc., 92, 2440 (1970). 

The  effects of pressure on the thermal decomposition 
rates and products of the cyclic azo compounds 1-3 have 

n 
1 2 3 

been investigated, and the results are  reported here.I0 The  
data  a re  consistent with ultimate formation of the carbon 
diradicals (4, x = 2-4), and it seems most likely that com- 

c(CKL> 
PhCH. .CHPh 

4 

pounds 1 and 2 lose nitrogen in a concerted process. The 
magnitude of the decomposition activation volume for 3, 
however, is slightly greater than those for 1 and 2. Together 
with an unusual dependence of its product ratios on pres- 
sure, the data  for 3 are  not inconsistent with one-bond scis- 
sion as  generally outlined in eq 1. 

Results 
Six-Membered Azo Compound. Both the synthesis and 

thermal decomposition of 1 (cis-3,6-diphenyl-3,4,5,6-te- 
trahydropyridazine) were complicated by the formation of 
the cyclic hydrazone 5. The facile rearrangement of 1 to 5 
(eq 5) has been well documented." Its presence during syn- 

P h q  ) a P h  5 P h A  b P h  (5  ) 
N'N N-NH 

1 5 
thesis was demonstrated by isolation and characterization, 
while its formation during kinetic runs was apparent from 
its uv absorbance band a t  285 nm. Rate  constants for loss of 
1 a t  60.0' in toluene followed by monitoring its uv A,,, at  
383 nm are  the sum of those for homolytic scission ( k x 2 )  
and for rearrangement ( k , )  (Table 11). Attempts by uv to 
determine the concentrations of hydrazone formed during 
the kinetic runs were not successful, and the low concentra- 
tions of azo compound in these runs (0.004 M )  precluded 
G L C  analysis of the infinite time samples. However, G L C  
analyses of completely decomposed toluene solutions (60') 
initially 0.1 M in azo compound permitted the determina- 
tion of the absolute yields of all hydrocarbon products 
(Table 111). These data  were used to extract values for kN2 
assuming that hydrazone 5 was the only additional product, 
and that hydrocarbon products arose only from homolytic 
scission ( k N 2 ) ,  and that the same amount of rearrangement 
occurred in the kinetic samples and in the more concentrat- 
ed product samples. This latter supposition is supported by 
a comparison of the apparent decomposition rate constants 
determined by us a t  64.7' (ethylbenzene) using uv (0.004 

aDetermined by uv analysis except as indicated. bkN, = (k,bsd). 
(% HC) X lo-'. ck, = kobsd - k ~ , .  dcalculated from a smoothed 
graph of the data given in Table 111. eSolvent, ethylbenzene. fDe- 
termined by gas evolution. gK. Kopecky and S. Evani, Can. J.  
Chem., 47, 4041 (1969). 

Table 111. Product Yields from Decomposition of 0.1 M Solutions 
of 1 in Toluene (60") 

% yielda,b 

1,2-Diphenylcyclobutane Totalc 

P. atm Stvrene Cis Trans % HC 
~~ ~ 

1 41.5 41.7 16.8 84.5 
1350 37.4 46.3 16.3 74.2 
2310 38.1 47.9 13.9 69.1 
3300 38.3 49.1 12.6 73.8 
4290 35.3 52.1 12.6 62.6 
5260 35.8 52.6 11.5 53.7 

aNormalized to  100%; additionally, we detected l-phenyltetra- 
lin in about 0.5% yield at  all pressures. b All yields represent per- 
cent of azo compound giving rise to the particular product. CBased 
on the yield of styrene and cis- and rrans-l,2-diphenylcyclobutae; 
the hydrazone 5 is presumed to constitute the bulk of the product 
balance. dSolvent, benzene; 64'; K. Kopecky and S. Evani, Can. 
J.  Chem., 4 7 , 4 0 4 1  (1969). 

M )  and gas evolution (0.05 M )  (Table 11). The gas-evolu- 
tion rate constant is kN2, while the uv value is kN2 + k , .  
The results indicate 11% rearrangement in the low-concen- 
tration uv sample, comparable to the results obtained for 
the more concentrated product sample. 

Decomposition of 0.1 M solutions of 1 in toluene a t  60' 
with addedp-ethylstyrene at  1 and 4100 a tm did not lead to 
any loss of p-ethylstyrene. This indicates that the nonquan- 
titative hydrocarbon yields were not the result of polymer- 
ization of the reaction product styrene. 

Kopecky studied both the rates and products of decompo- 
sition of l . ' ]  Our kinetic results and product yields a t  atmo- 
spheric pressure are  in reasonable agreement with his data 
(Tables 11 and 111). 

Seven-Membered Azo Compound. In contrast with 1, 
thermal decomposition of 2 (cis-3,7-diphenyl- 1,2-diaza- 1 - 
cycloheptene) was not complicated by competing rear- 
rangement to a hydrazone. Nitrogen evolution a t  atmo- 
spheric pressure was quantitative, no absorption band char- 
acteristic of hydrazone was visible in any uv spectra, and 
product yields monitored by G L C  were essentially the same 
a t  each pressure. Rate  constants for thermolysis of 0.0067 
M solutions of 2 in toluene were determined at  65' by mon- 
itoring the decrease in the azo band a t  395 nm (Table IV) .  
Products were analyzed using totally decomposed solutions 
initially 0.1 M in 2. Yields were calculated assuming identi- 
cal thermal conductivities of the three isomeric products 
and normalized to 100% (Table V).  

Overberger has previously studied the decomposition of 
this compound.'* Our  kinetic data are  in agreement with 

I d  41.6 41.0 17.4 
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Table IV. 
Toluenea 

Rate Constants for Thermal Decomposition of 2 in 

kobsd x, l o 5 ,  
P. atm T,  "C sec- 

1 
1190 
2290 
3230 
4180 
5220 

l b  
1 
Ic,d 

65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 
60.0 
61.0 

8.02 i 0.04 
6.16 i 0.06 
5.01 i 0.05 
4.19 i 0.05 
3.38 i 0.03 
3.02 f 0.05 
7.88 i 0.02 
4.13 i 0.04 
3.80 

UDetermined by uv analysis. bDetermined by gas evolution. 
CSolvent, xylene. dC. G. Overberger and J. G. Lombardino, J.  Am. 
Chem. SOC., 80, 2317 (1958). 

Table V. Product Yields from Decomposition of 0.1 M Solutions 
of 2 in Toluene (65") 

% yielda 

1, 5-Diphenyl- 1, 2-Diphenylcyclopentane 
P. arm 1 -uentene Cis Trans 

1 16.8 44.2 39.0 
1330 20.6 41.1 38.3 
2330 23.1 40.8 36.1 
3310 24.5 40.1 35.4 
4220 25.8 40.5 33.7 
5220 27.4 39.5 27.4 

1b,c 20 35 45 

QNormalized to  100%; calculated from GLC analyses assuming 
identical thermal conductivities. bSolvent, xylene, 132". CC. G. 
Overberger and C. Yaroslavsky, Tetrahedron Lett., 4395 (1965). 

his (Table IV), but the product data from his study at  a 
much higher temperature show an inverted ratio of cis- to 
trans- 1,2-diphenylcycIopentane compared with our results 
(Table V).I3 

Eight-Membered Azo Systems. Synthesis of 3,g-diphenyl- 
1,2-diaza-l-cyclooctene gave a major and minor product 
which had, respectively, been assigned the trans-diphenyl 
( 6 )  and cis-diphenyl (3) geometries by 0 ~ e r b e r g e r . I ~  In 
agreement with his observations, we found that 3 decom- 
posed a t  a convenient rate a t  60' (Table VI), while the 
other isomer was exceptionally stable (2.6 X lo-' sec-I, 
toluene, goo) .  This stability precluded high-pressure studies 

3 6 

of its thermal-decomposition kinetics, and data are  avail- 
able only for 3 whose rate constants were determined using 
0.010 M solutions by following the disappearance of the azo 
band at  385 nm. Like 2, hydrazone formation was not ob- 
served, and the yields of the hydrocarbon products from 
0.10 M solutions of 3 were quantitative (Table VII). In this 
case, as with 1, the reaction products were individually iso- 
lated and used to calibrate the G L C  analyses of the decom- 
position reaction mixtures. 

It seemed strange to us that the reactivities of 3 and 6 
should be so different. Ultimately, we noted that, while the 
uv azo band of 3 (A,,, 385, t 125) was similar to those of 1 
(A,,, 383, t 300) and 2 (A,,, 395 nm, t 178), that for the 
"trans" isomer of the eight-membered system (A,,, 367, t 

45)  was much more like those found for acyclic azo com- 
pounds (e.g., azocumene,I' A,,, 365, t 45). Since the latter 
have a trans geometry about the azo linkage, we concluded 
that the "trans" eight-membered isomer was not 6 ,  but 
most probably 7. Subsequently, this proposal was strength- 
ened by observations of Overberger.I6 

Table VI. 
Toluenea 

Rate Constants for Thermal Decomposition of 3 in 

P. atm T, "C kobsd x io5 ,  SeC-' 
60.0 4.82 i 0.03 
60.0 3.61 t 0.03 
60.0 2.72 t 0.01 
60.0 2.19 i 0.02 
60.0 1.64 i 0.02 
60.0 1.46 i 0.03 
60.0 5.04 i 0.02 
70.0 16.8 i 0.1 
80.0 52.7 * 0.7 
80.0 23 

UDetermined by uv analysis except as indicated. bDetermined by 
gas evolution. C A H * ,  25.1 kcal/mol; AS*,  +3 eu. dSolvent, tetralin. 
eC. G. Overberger e t  al.,J. Am. Chem. Soc., 91, 3226 (1969). 

Table VII. Product Yields from Decomposition of 0.1 M Solutions 
of 3 in Toluene (60") 

7c yielda 

1,2-Diphenyl- 
cyclohexane 1,6-Diphenyl- 

P. atm 1-hexene Cis Trans Total 
~~~~ ~ ~~ 

1 46.8 25.9 27.3 98 
1090 49.4 23.2 27.4 97 
2120 51.3 21.0 27.7 99 
3080 52.3 19.6 28.1 95 
4170 53.5 18.3 28.2 99 
5440 55.5 16.8 27.7 99 

l b  47.5 24.0 28.5 
i c d  32.6 15.7 51.7 93 

alndividual product yields normalized to 100%; total yield is that 
actually calculated from the experimentally determined yields of 
the individual products. b Solvent, teiralin; 60". CSolvent, tetralin; 
no temperature reported. dC. G .  Overberger et al., J. Am. Chem. 
Soc., 91, 3226 (1969). 

Table VIII. Product Yields from Photolysis and High-Temperature 
Thermolysis of 3 and 7 

0 yielda 

1,2-Diphenyl- 
1,6-Di- cyclohexane Compd and phenyl- 

conditions P, atm 1-hexene Cis Trans Total 

3, h v ,  25" 1 
1390 
2690 

ic,d 
7, hv, 250b 1 

1390 
2690 

id ,e  

i d x  

1 d J  

3 ,  A I f  

7, A I f  

57.9 23.8 18.8 97 
66.7 18.3 15.0 102 
71.1 15.7 13.1 99 
63.0 20.0 17.0 
42.4 26.3 31.4 102 
50.0 22.2 27.8 101 
57.2 17.8 25.1 99 
64.6 15.4 20.0 
40.0 30.1 29.9 100 
30.4 14.7 48.3 
47.5 26.3 26.1 
50.4 16.6 27.9 

aSee footnote a, Table VII. bSolvent, toluene except as noted. 
CSolid-state photolysis, 19". dC.  G. Overberger e t  al., J.  Am. Chem. 
Soc., 91, 3226 (1969). eSolid-state photolysis, 0". fSolvent, toluene, 
134". gSolvent, tetralin, no temperature reported. 

7 
Although kinetic data for 7 were not obtained, product 

yields for its thermal decomposition were determined from 
0.1 M samples thermolyzed a t  high temperatures (Table 
VIII). In addition, product yields from the photochemical 
decomposition of both 3 and 7 a t  atmospheric and high 
pressure have been determined using a high-pressure optical 
cell (Table VIII). 
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Discussion 
Rates of decomposition of all three azo compounds a re  

decreased by increasing pressure. The  effects on 1 and 2 ap- 
pear to be about the same, while 3 is retarded to a greater 
extent (Figure 1). The activation volumes for 1 and 2 (ca. 
+ 5 . 5  cm3/mol) a re  very similar to those observed for de- 
composition of acyclic azo radical initiators which decom- 
pose by simultaneous two-bond scission (Table I). Thus, 
these data  are  compatible with a two-bond scission mecha- 
nism for 1 and 2 or a one-bond scission process (eq 1 )  in 
which return (k-1) does not occur. The  larger value of AV* 
for 3 could indicate decomposition via one-bond scission (eq 
1) with return (k-1 > 0) and an increase in the ratio k- l /  
kp with increasing pressure (eq 2). While the value of +7 
cm3/mol for AV*obsd is substantially less than those ob- 
served for acyclic azo compounds known to undergo one- 
bond scission with return,” it is comparable to values of 
AV*obsd for decomposition of a pair of isomeric tert-butyl 
vinyl peresters (8, +6.8 cm3/mol; 9, +9.0 cm3/mol) which 

H\ /C03CMe3 
Et CHzEt 

a 9 
most certainly decompose via one-bond scission with some 
geminate return.’* When one-bond scission occurs in open- 
chain systems, a range of values of aV*obsd > AV*l is ex- 
pected depending on the magnitude and pressure depen- 
dence of k- l / (kp + kd) (eq 4).6 Thus, a value of +7 cm3/ 
mol for 3 could accommodate a “return mechanism” partic- 
ularly since separative diffusion of the radical centers in a 
diradical does not occur to the extent expected when the 
radicals a re  not connected. 

If one assumes that AV*l for decomposition of 3 is in the 
range of + 5  to  +6 ~ m ~ / m o I , ~ ~  the quantity RTa In (1 + 
k- l /ko) /aP  (see eq 2) would by necessity range from + 1  to 
+2  cm3/mol. It is not possible to calculate unique values of 
k -  I /kp as  a function of pressure without knowing the atmo- 
spheric pressure value of k-l/kp. Therefore, using a range 
of arbitrary values of (k-l/kp)O, we have calculated corre- 
sponding groups of values of (k-l/kp)p. These have then 
been used to calculate differences in the activation volumes 
for diradical closure and /3 scission (AV*-l  - AV*p). Some 
representative values of this AAV* are  given in Table IX 
for values of AV*l equal to +5.0, +5.5, and +6.0 cm3/  

The values of AAV* (Table IX)  are  negative in agree- 
ment with the expectation that activation volumes for radi- 
cal combination (AV*-l)  and homolytic scission (AV*p)  
are  negative and positive, respectively,6 and their magni- 
tudes are not unreasonable. W e  have shown that activation 
volumes for single-bond homolysis can be in the vicinity of 
+5 and, if this were the case for AV*p, some of 
the results in Table IX would accommodate small negative 
values of AV*-l. These correspond to low values for (k-l/ 
kp)o where recyclization is relatively unimportant com- 
pared with /3 scission. 

The product data for decomposition of 1 also provide a 
model for AAV*. The pressure dependence of the ratio of 
cyclobutanes to styrene gives the difference in activation 
volumes for diradical closure and /3 scission (eq 6,7); from 

m01. l~ 

“kd33 

Ph n P h  s P h f i p h - ’ C  ,,)’ 
( 6 7 )  

these data, a value for AV*-l - AV*p between -1 and -2 
cm3/mol is estimated. While this range is consistent with 
some results shown in Table IX for 3, it corresponds to high 

0.5 

0.4 

a 
Y 
\ 

Yo 0.3 

0 
0 - 

0.2 

0. I 

0.0 
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I I I I 1  

I I I I I 
I 2 3 4 5 

pX 10-3 

Figure 1. Pressure dependence of the rates of decomposition of the cy- 
clic azo compounds 1 (0, 60°) ,  2 (0,65O), 3 (A, 60’) in  toluene. 

Table IX. Calculated Values of Ab‘*-, - AV*p for Decomposition 
of 3 (60”) as a Function of ( k - , / / ~ p ) ~  and AV*, 

AV’-, - AV*$*b 

(k-,/ki?), AV*, =+5.0  +5.5  +6.0 

0.1 -9 -9  -1 
0.5 -5  -4 -3 
1.0 -4 -3 -2 

10.0 -2 -2  -1 

QAll AV* values in units of cm3/mol. bcalculated from a least- 
squares analysis of values of log (k-,/kp)p and P using the equation 
(AV*-, - aV*p) = (2.303 RT/P) log [ ( k - , / k p ) o / ( k - , / k p ) ~ l .  

ratios of (k-l/ka)o where reclosure of diradical 10 occurs 
much more frequently than loss of nitrogen. However, the 
behavior of the 1,4 diradical (eq 6,7) may be a poor model 
for 10. /3 scission in the former leads to stable molecules of 

Ph n P h  N=N. 

10 
styrene, while the same process from 10 gives another dira- 
dical. In  terms of Hammond’s postulate, more bond stretch- 
ing would be expected to occur to eliminate nitrogen from 
10 than to cleave the C-C bond to give styrene (eq 7) .  If 
this were so, the expected larger value of AV*p for 10 would 
give a more negative value of AV*-1 - AV*p than those 
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Table X. Product Ratios from Thermal Decomposition of 1, 2, and 
3 and from Photolysis and High-Temperature Thermolysis of 3 and 7 

Compd P, atm Cisltransa Olefinlcisb 

1C 1 2.48 1.00 
1350 2.84 0.81 
2310 3.45 0.80 
3300 3.90 0.78 
4290 4.13 0.68 
5260 4.57 0.68 

2d 1 1.13 0.38 
1330 1.07 0.50 
2330 1.13 0.57 
3310 1.13 0.61 
4220 1.20 0.64 
5220 1.44 0.69 

3e 1 0.95 1.81 
1090 0.85 2.13 
2120 0.76 2.44 
3080 0.70 2.67 
4170 0.65 2.92 
5440 0.61 3.30 

3, hvf  1 1.27 2.43 
1390 1.22 3.64 
2690 1.20 4.53 

7.  hvf  1 0.84 1.61 
1390 0.80 2.25 
2690 0.80 3.21 

3, Af 1 1 .oo 1.33 
7. Af 1 1.01 1.81 

a Ratio of cis-cycloalkane product to rrans-cycloalkane product. 
bRatio of olefin product to cis-cycloalkane product. CRatios from 
data in Table 111. dRatios from data in Table V. eRatios from data 
in Table VII. fRatios from data in Table VIII. 

from the 1,4 diradical and a correspondingly smaller value 
of(k- i /kp)o.  

The product data  from decomposition of 3 also suggest 
one-bond scission. In contrast with the other two cyclic azo 
compounds 1 and 2, the relative amount of trans- compared 
with cis-cycloalkane from 3 increases with pressure (Table 
X). This would be consistent with pressure retardation of 
nitrogen loss from 10 permitting rotation to occur to give 11 
(eq 8).  This diazenyl radical (11) could then yield 1,2-di- 

Ph n P h  ----t n P h  ”4,. (’) 
.N=N Ph N=N, 

10 11 

phenylcyclohexane by displacement of nitrogen4 (a  process 
expected to be pressure accelerated) or by closure of the 
trans 1,6 diradical resulting from unassisted loss of nitrogen 

Scheme I 

2 , n = 1  
3,n=2 

1-N, 

(CH,), PhCH=CH(CH2),CH2CH2Ph (CH,), 

Ph =Ph Ph ,%>A\ uPh 

from 11. However, the results should also be examined in 
terms of a mechanism for product formation not involving 
diazenyl diradicals. Such a mechanism for 2 and 3 is out- 
lined in Scheme I. A mechanism for 1 differs in that the 
disproportionation steps a re  replaced by /3 scission to give 
styrene (see eq 7) .  

Based on Scheme I, the ratio of cis- to trans-cycloalkane 
formed by decomposition of 2 or 3 depends on the ratio of 
closure of the “cis” diradical ( k , )  compared with its rota- 
tion to give the “trans” diradical (krot) modified by the 
fraction of the latter which closes (k’,) to trans-cycloalkane 
(eq 9).4 In order to evaluate the various rate ratios, it is nec- 

essary to enter into Scheme I not only from 2 or 3, but also 
from their corresponding trans isomers. However, the 
trans- 1,2-diphenyl isomer of 2 is apparently unknown,’* 
while that from 3 does not have a cis geometry about the 
azo linkage (see 7) .  While this does not absolutely preclude 
7 from serving as a precursor of the “trans diradical” in 
Scheme I, it makes this possibility uncertain. A limited 
amount of data  is available for thermolysis of 3 and 7 under 
the same conditions (Table VIII), and we have attempted to 
use these product ratios to  calculate rate-constant ratios in 
Scheme I using Bergman’s e q ~ a t i o n s . ~  Neither our data, 
nor those of Overberger, give reasonable results. In particu- 
lar, negative rate-constant ratios are  obtained. This might 
be expected if 7 did not give the “correct” trans diradical, 
or if diazenyl diradicals are  intermediates in the decomposi- 
tion of 3 and/or 7. 

Although an exact analysis of Scheme I is not possible 
for either 2 or 3, qualitative considerations can be applied to 
the kinetic expression for [(cis)/(trans)],iS (eq 10) arising 

- !%& + cdis k k’ + A k (10) 

from rearrangement of eq 9. It is to be expected that the 
pressure dependence of each of the rate constants k,, krot, 
and kdis would be essentially the same as  that of their re- 
spective analogs kfc, k’,,,, and k’dis. Hence the ratios k,/k’, 
and krrot/krot should be constant with changing pressure. 
While the magnitude of the changes is not clear, it would 
seem that both of the ratios k’dis/krot and kc/krot  should in- 
crease with increasing pressure since cyclization and dispro- 
portionation should be accompanied by volume contrac- 
tions, while rotation might be expected to occur with at  
least a small volume increase.20 Thus, we would predict, 
based on Scheme I, that the ratio [(cis)/(trans)],is should 
increase a t  least slightly with pressure. This trend is ob- 
served for 2, but not for 3 (Table X), and the contrast, in 
our view, provides further evidence for the intermediacy of 
diazenyl radicals from 3. 

The ratio of olefin to cis-cycloalkane based on entry from 
2 or 3 to Scheme I depends on the ratios kdislkc, k’dislk’c 
and the ratio of trans- to cis-cycloalkane (eq 11).  Since for 

[ &] c is  - k‘, krot k ’ ,  krot krot 

2 [(trans)/(cis)],i, decreases slightly with increasing pres- 
sure, while there is a big increase in [(olefin)/(cis)],is 
(Table X), the rate constant ratios kdis/kc and k‘dislk‘c 
must increase indicating that  pressure favors disproportion- 
ation over cyclization for the diradicals formed from 2. 
There is a similar increase in disproportionation to cycliza- 
tion products from 3, and the origin is probably similar to 
that from 2. However, analysis is complicated if  intermedi- 
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and (k'sty/k'c)O which are  0.73 and 0.56, respectively. Re- 
sulting values of ap (P, a tm)  are: 1.2 (1 a tm),  1.0 (1350, 
2310, 3300 atm),  0.9 (4290, 5260 atm).23 Thus the appar- 
ent effect of pressure on these ratios is small but in the pre- 
dicted direction. Since the acceleration of k ,  is small, it is 
likely that k,,, is substantially decreased by pressure for the 
1,4 diradical from 1. 

Experimental Section 
Solvents. Toluene, ethylbenzene, and pentane were thoroughly 

washed successively with sulfuric acid, water, and 10% sodium car- 
bonate solution. They were then distilled (over sodium in the case 
of the aromatic solvents) and stored in brown bottles. Other sol- 
vents mentioned below were used without purification. 

Glassware. All glassware used in the syntheses of 3,6-diphenyl- 
3,4,5,6-tetrahydropyridazine (1) and in the handling of solutions of 
1-3 and 7 was cleaned with a 3.1 mixture of sulfuric to nitric acid, 
rinsed with distilled water, soaked in dilute ammonium hydroxide 
for several hours, rinsed in distilled water, and thoroughly dried. 
Glassware cleaned by this procedure minimized the rearrangement 
of the cyclic azo compounds to their corresponding cyclic hydra- 
zones. 

Syntheses. Complete details of the syntheses of 1-3 and 7 have 
been published (see below), and our detailed procedures a re  out- 
lined by Ertley.2a Particular difficulty was encountered in synthe- 
sis of 1 because of the facile rearrangement of 1 to the hydrazone 
5. 

cis-3,6-Diphenyl-3,4,5,6-tetrahydropyridazine (1) was prepared 
following the scheme outlined by Kopecky"a beginning with the 
Diels-Alder adduct cis-3,6-diphenyl-1,2-dicarbethoxy-1,2,3,6-te- 
trahydropyridazine prepared using the method of Alder and Nik- 
las24 from a 45-g portion of trans,trans- 1,4-diphenyl-l,3-butadiene 
(0.218 mol, Aldrich) and 45 g of diethyl azodicarboxylate (0.258 
mol, Aldrich). The resulting solid crude product was recrystallized 
from glacial acetic acid (Du Pont), filtered, washed with water, 
and air dried. A second recrystallization from acetic acid yielded 
73 g (88%), mp 132-133' (reported24 95%, mp 132-133'). Hydro- 
genation of this compound for 42 hr using the procedure of Kopec- 
ky and Evani' l a  gave cis-3,6-diphenyl-l,2-dicarbethoxyhexahydro- 
pyridazine. Recrystallization from methanol-water followed by 
drying under vacuum yielded 10.2 g (81%) of product, m p  80-84'. 
Further recrystallization did not raise the melting point (lit.' 
83-87 and 87O). Treatment of a 3.74-g (0.0098 mol) sample of this 
compound with concentrated aqueous base, subsequent acidifica- 
tion, and careful neutralization following Kopecky's procedures led 
to hydrolysis of the carboethoxy groups and decarboxylation to 
give the azo compound 1. Long needles of 1 were deposited from 
an ether solution upon standing at  0' for 24 hr. The crystals were 
filtered, air dried, and stored under argon a t  0': 1.80 g, 78%; m p  
1 1  1-1 13'; A,,, 383 nm e 300 (toluene) (reported'Ia A,,, 385 nm t 
362). The azo compound was 93% pure by gas-evolution studies a t  
64.7'. All attempts to purify the azo compound by recrystalliza- 
tion, sublimation, and column chromatography failed because of 
the facile isomerization of 1 to 5. Abundant yields 3f 3,6-diphenyl- 
2,3,4,5-tetrahydropyridazine ( 5 )  were obtained from unsuccessful 
syntheses of 1, mp 156-157' (lit."a 157-158'). 

cis-3,7-Diphenyl-1,2-diaza-l-cycloheptene (2) was prepared fol- 
lowing the procedure outlined by O ~ e r b e r g e r ' ~ ~ < * ~  beginning with 
1,3-dibenzoylpropane. The latter compound was prepared by the 
method of Fuson and Walker;26 recrystallization from 95% ethanol 
followed by drying under vacuum gave a 58% yield of ivory-colored 
crystals, mp 64-66' (lit.25 65-67'), Reaction of 50.2 g of 1,3-di- 
benzoylpropane (0.2 mol) and 10 ml of hydrazine hydrate (0.2 
mol, 99%. MCB) in 1200 ml of absolute ethanol followed by re- 
crystallization from ethanol gave 30 g (60%) of 3,7-diphenyl-1,2- 
diaza-2,7-cycloheptadiene, mp 16 1 - 162' (reportedz5 95%, mp 
162.8-164.2'). Recrystallization of the crude 3,7-diphenyl-1,2- 
diaza-2,7-cycloheptadiene from acetone as  reported by Overber- 
ger2* resulted in a yellow semisolid mass, which could not be puri- 
fied. Hydrogenation of a 3.5-g sample of this compound, subse- 
quent oxidation of the resulting product with mercuric oxide, fol- 
lowed by recrystallization from methanol gave 0.46 g (13%) of cis- 
3,7-diphenyl-l,2-diaza-l-cycloheptene (2), mp 1 14.5- 1 15.5' dec, 
A,,, 395 nm t 178 in toluene, 100.6% gas evolution a t  65.0' (re- 
portedIZd mp 114-1 I So, A,,, 395 nm t 127 in chloroform). 

a te  diazenyl radicals are  present. It is interesting to  note 
that pressure also increases the relative amount of dispro- 
portionation to radical coupling between separated radi- 
caIs.6~s~2' 

The product ratios arising from direct photolysis of 3 
(Table X) show the same increase in disproportionation 
compared with coupling with increasing pressure as  seen in 
the thermolysis experiments (Table X). However, it is inter- 
esting to  note that  the cis/trans ratio is now greater than 
unity a t  all pressures and relatively insensitive to pressure. 
This pressure insensitivity of cis/trans is also observed on 
photolysis of 7 but, in this case, the &/trans ratio is less 
than unity a t  all pressures. While the data  are  limited, these 
results suggest that direct photolysis of 3 (and 7) might pro- 
ceed by concerted loss of nitrogen, or that  the intermediate 
diazenyl radicals lose nitrogen via p scission before under- 
going other reactions to any significant extent, because they 
possess excess vibrational energy. In line with Porter's ob- 
servations, it is conceivable that photolysis of 7 proceeds by 
isomerization of the trans-azo linkage to  a cis configuration 
before homolysis.22 However, it should be noted that the 
product data  for photolysis of 3 and 7 cannot be fit by Berg- 
man's  equation^.^ Just as  with thermolysis, negative rate 
constant ratios are  obtained. 

The product data from 1 can be analyzed using the broad 
features of Scheme I and replacing the disproportionation 
steps (kdis, k'dis) with p-scission reactions which yield sty- 
rene ( k s t y ,  k f s t y ) .  Kopecky has carried out a detailed study 
of the atmospheric-pressure kinetics and products of de- 
composition of l and its trans- 1,2-diphenyl isomer.]' At  
63' (solvent, benzene), he calculates that the ratios of rate 
constants for p scission to coupling from the cis and trans 
diradicals, respectively, a re  the similar values 0.56 and 0.73. 
If it is assumed that the cis and trans diradicals give exclu- 
sively cis- and trans-cycloalkane, respectively, and that 
pressure affects the ratio of p scission to coupling about the 
same for the two diradicals, it then follows that the dramat- 
ic increase in the cisltrans-cyclobutane ratio with increas- 
ing pressure is the result of fewer cis diradicals intercon- 
verting to trans diradicals with increasing pressure (i.e., a 
pressure-induced increase of k C / k r o t ) .  Alternatively, the 
same conclusion arises from an analysis of the pressure de- 
pendences of the various rate-constant ratios in eq 12 which 

(12) 

is derived from eq 10 by substitution of k t s t y  for k'dis. The 
ratios k , / k ' ,  and k',,t/k,ot are  expected to be independent 
of pressure, while klsty  and k ,  should be retarded and accel- 
erated by pressure, respectively. To accommodate the in- 
crease in [cis/trans],iS, the rate constant k,,, must therefore 
decrease with pressure, and/or the last ratio k, /k , , ,  must 
increase substantially. 

It is possible to estimate the pressure effect on the ratios 
k s t y / k c  and k f F t y / k ' ,  using the data  of Kopecky and that 
from Table X if it is assumed that both ratios change with 
pressure to the same extent. Substitution of the rate con- 
stants ks ty  and k f s t y  for kdis and kfdis in eq 11 gives eq 13 

s t y r e n e  t r a n s  

which applies to product ratios for decomposition of 1. If 
the rate constant ratios change by the same factor a with 
change in pressure, the variation in a with pressure can be 
calculated using eq 14 and Kopecky's values of ( k , t y / k , ) o  
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cis- and "trans"-3,8-diphenyl-1,2-diaza-l-cyclooctene (3 and 7) 
were prepared following procedures outlined by Overberger14, be- 
ginning with 3,8-diphenyl-1,2-dia~a-2,8-cyclooctadiene.~~ This lat- 
ter compound was prepared by reaction of a hydrazine solution, 
prepared from 120 g of potassium acetate (1.2 mol, Baker and Ad- 
amson) and 60 g of hydrazine dihydrochloride (0.57 mol, MCB) in 
750 ml of ethanol and 210 ml of water, and a suspension of 47.9 g 
of 1,6-diphenyl- 1,6-hexanedione (0.18 mol, Aldrich) in 2.1 1. of 
ethanol. Recrystallization of the crude yellow product from etha- 
nol followed by a second recrystallization from benzene yielded 
37.9 g (81%) of pale-yellow crystals, mp 134-135' (reportedI4, 
87% mp 135-136'). Hydrogenation of a 4.6-g sample of this com- 
pound and subsequent oxidation of the purified product with mer- 
curic oxide gave after purification a light-yellow solid containing 
both 3 and 7. This was taken up in 130 ml of n-heptane (redis- 
tilled, Mallinckrodt) by warming to 55-60' for a few minutes and 
filtered. Long flat needles of cis-3,8-diphenyl-cis-1,2-diaza-l-cy- 
clooctene (3), 0.50 g, were deposited upon standing at  room tem- 
perature overnight. The needles were recrystallized twice from 
methanol (reagent, redistilled, Mallinckrodt) to yield 0.34 g 
(3.7%) of 3, mp 116-1 17' dec, A,,, 381 t 125 (toluene), 97% gas 
evolution at  60.0' [reported'4b 4.3%, mp 115-1 16', A,,, 38 1 t 11 1 
(chloroform)]. Upon cooling the n-heptane filtrate to O', flat nee- 
dles of trans-3,8-diphenyl-trans-l,2-diaza-l-cyclooctene (7), m p  
82-87', were deposited. Recrystallization from methanol yielded 
2.0 g (22%) of product, mp 89-90', A,,, 367 e 45 (toluene) [re- 
ported'4b 56%, mp 90-91', A,,, 368 t 45 (chloroform)]. 

cis- and trsns-1,2-diphenyIcyclobutane were prepared beginning 
with trans-1,2-dibenzoylethylene (Aldrich). This compound was 
reduced28 to give 1,2-dibenzoylethane, m p  144-146' (lit.28 mp 
145-147'), which was further reduced2g to give 1,4-diphenyl-1,4- 
butanediol, mp 88-90' (lit.29.30 90-92, 89-90'), Treatment with 
hydrogen chloride gave 1,4-dichloro-1,4-diphenylbutane, mp 102- 
103' 102-104'), which was converted to 1,2-diphenylcyclo- 
butene, m p  51-52' (lit.29 51-53'), by treatment with sodium in 
liquid ammonia. Catalytic hydrogenation gave cis-1,2-diphenylcy- 
clobutane, mp 37-38' (lit.29 38-39'), Treatment of this cis isomer 
with potassium tert-butoxide in dimethyl sulfoxide29 gave an oil 
which was purified by G L C  and shown by N M R  to be identical 
with authentic tran~-1,2-diphenylcyclobutane.~~~~' 

I-Phenyltetralin. Beginning with a-tetralone (Aldrich), reaction 
with phenylmagnesium bromide gave 1-hydroxy-l-phenyl-2,3,4- 
trihydronaphthalene which was subsequently dehydrated with 20% 
sulfuric acid to give l-phenyl-3,4-dihydronaphthalene, bp 158' ( 5  
mmHg) [lit.32 158-160' (5 mmHg)] .  This was catalytically hy- 
drogenated to give I-phenyltetralin: bp 154-156' ( 5  mmHg)  
[lit.32,33 154-156' (5 mmHg)];  N M R ,  7 2.7-3.4 (multiplet, 9.1 
H) ,  5.94 (triplet, J = 6 Hz,  0.93 H ) ,  7.21 (triplet, J = 6 Hz, 1.9 
H ) ,  and 7.70-8.45 (multiplet, 4.0 H ) .  

cis- and trans-1,2-diphenylcyclohexane and trans-1,6-diphenyl- 
1-hexene were obtained from decomposition of 7 in refluxing cu- 
mene and isolated by preparative GLC.  Recrystallization of the 
product identified as cis- 1,2-diphenylcyclohexane from ethanol 
yielded 0.1 1 g of compound: mp 44.5-45.0' ( r e p ~ r t e d ~ ~ , ~ ~  mp 46- 
46.5'); N M R  T 3.02 (singlet, 10.0 H) ,  6.86 (poorly resolved dou- 
blet, 1.9 H ) ,  and 7.8-8.7 (multiplet, 8.0 H ) .  Recrystallization from 
ethanol of the fraction identified as  the trans isomer gave 0.13 g of 
material: mp 51-52O (reported36 mp 54-55'); N M R  7 3.06 (sin- 
glet, 10 H),  7.37 (poorly resolved triplet, 1.9 H) ,  and 7.85-8.82 
(multiplet, 8.0 H ) .  The third fraction identified as trans- 1,6-diphe- 
nyl-I-hexene was a colorless liquid: N M R  T 2.62-3.06 (multiplet, 
centered at  T 2.86, 10 H) ,  3.70-3.91 (overlapping doublets with 
some further splitting of the upfield doublet, J = 15 Hz,  1.9 H ,  
olefinic protons), 7.30-7.60 (triplet, J = 7 Hz,  2 H ,  benzylic pro- 
tons), 7.69-8.06 (quartet, J = 6.6 Hz,  2 H ,  allylic protons), 8.15- 
8.78 (multiplet, 4.2 H ) .  The infrared spectra of the neat liquid 
showed the following absorption bands: 3040, 3029, 301 I ,  2960, 
2924, 1598, 149 I ,  1460, 1259, 1075, 1030,968,962,  845,800,765,  
745, and 690 cm-' (reportedI4" 10.35 
Isomerization of cis- to trans-1,2-DiphenyIcyclohexane. A stan- 

dard solution was prepared by adding 0.038 g of a 36:64 mixture of 
cis- 1,2-diphenylcyclohexane and trans- 1,2-diphenylcyclohexane to 
a 2.0-ml portion of dimethyl sulfoxide (distilled and stored over 4A 
molecular sieve). Half of this solution was combined with a 0.05-g 
portion of dry potassium teri-butoxide, transferred to a dry a m -  
poule, and sealed under vacuum. The sealed ampoule was then 

(966 cm-I)). 

maintained at  90' for 48 hr. Comparison by G L C  of the original 
solution with the sample heated with potassium tert-butoxide indi- 
cated that a substantial amount of the cis- 1,2-diphenylcyclohex- 
ane had isomerized to trans- 1,2-diphenylcyclohexane confirming 
the structural assignments of the cis and trans  isomer^.^',^^ 

High-pressure Apparatus and Techniques. Thermal decomposi- 
tion of the azo compounds under pressure for kinetic and product 
studies was done using solutions of appropriate concentrations in 
Teflon cells which have been described.39 Pressure was generated 
with an apparatus constructed by the Harwood Engineering Co., 
Walpole, Mass.3g Samples were analyzed after removal from the 
pressure apparatus. Photochemical decompositions were carried 
out using a high-pressure optical cell which has been described40 
and light of wavelength >340 nm. 

Product Studies. Products were analyzed by thermal conductivi- 
ty G L C .  Identification and quantitative analysis of all of the prod- 
ucts from 1, 3, and 7 were facilitated by the use of authentic sam- 
ples of these products. Decomposition of 2 gave three products by 
G L C  analysis. They were identified by treatment of a sample of 
the product mixture with potassium tert-butoxide in dimethyl sulf- 
oxide. That  compound giving rise to the G L C  peak which de- 
creased was assumed to be cis- l ,2-diphenylcyclopentane, that giv- 
ing rise to the peak which increased was assumed to be trans-1,2- 
diphenylcyclopentane, while the third peak which was unchanged 
by treatment with base was assumed to be 1,s-diphenyl-I-pentene. 
It was also assumed that the relative thermal conductivities of 
these three products were identical since this was the case for the 
three products formed from decomposition of 3 (and 7). 

Kinetic Studies. Procedures for the kinetic runs have been pre- 
viously described.39 The initial concentrations of 0.004, 0.007, and 
0.01 M for 1, 2, and 3 were chosen to give initial absorbances of 
ca. 1.2 a t  the azo A,,,. N o  difference between degassed or nonde- 
gassed samples could be detected in either kinetic or product stud- 
ies. Kinetic runs were carried out for two or three half-lives and 
"infinite-time" samples were decomposed for 10 half-lives. All 
samples were stored at  0' prior to analysis. Analysis was per- 
formed using a Cary 14 and quartz minicells (path length 10 mm, 
volume 0.7 ml, Precision Cells, Inc.). Errors reported for rate con- 
stants a re  those determined from least-squares analysis of the ki- 
netic data .  
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Abstract: The effect of the substitution of methyl for hydrogen on the electronic charge distribution a t  the carbon undergoing 
substitution (C,) is discussed in relation to the deshielding of C, observed in I3C NMR spectra. In particular, the effect of 
methyl substitution a t  trigonal carbons in carbocations is examined by considering the electron populations predicted by a 
variety of molecular orbital methods for the series of simple alkyl cations: methyl, ethyl, isopropyl, and tert-butyl. Also, the 
13c NMR spectra of a series of p-methyl-substituted benzene derivatives, including p-tolylcarbenium ions and related 
onium ions, were determined in order to study the possible constancy of the effect of methyl substitution on I3C chemical 
shifts, i.e., the validity of the additivity relationship for substituent-induced chemical shifts (SCS). The SCS data are consis- 
tent with an interpretation supported by molecular orbital calculations in which the methyl group has a negative inductive ef- 
fect that  increases in magnitude as the extent of electron donation from methyl increases via hyperconjugation. 

The  traditional view of the electronic effect of the methyl 
group is that the methyl substituent is electron releasing 
(i.e., electron donor) compared with hydrogen, by both in- 
ductive and hyperconjugative mechanisms, when attached 
to a n  sp2 hybridized carbon3 This view is in large part de- 
rived from consideration of methyl substituent effects in ar-  
omatic systems and from the energetic stabilization provid- 
ed by methyl substitution a t  a trigonal carbon in carboca- 
tions and in electron-deficient transition states. The effects 
of substituents on carbenium ion stabilities are  frequently 
attributed to  the capability of the attached groups to  dis- 
perse or neutralize the positive charge by electron donation 
to  the positive center. Thus it is disturbing to  find that  sev- 
eral molecular orbital treatments of such simple ions as the 
tert-butyl and isopropyl cations indicate that the central 
carbon atom actually becomes more positive upon substitu- 
tion of methyl for h y d r ~ g e n . ~ - ' ~  Some recent experimental 
work which also indicates that a methyl group is not neces- 
sarily electron donating has been reviewed by Sebastian. 

13C N M R  studies are  an integral part of the evidence 
concerning t h e  electronic effect of the methyl group. Sub- 
stitution of a methyl group for hydrogen consistently pro- 
duces a deshielding of the a carbon in the 13C N M R  spec- 
trum. The  deshielding a effect of a methyl group has been 
attributed to a reduction in electron density a t  the a carbon 
in alkanes,12 ketones,I3 and carbenium ions.I4 Although the 
dependence of 13C chemical shifts o n  electron density is a 
well-recognized phenomenon, the importance of other fac- 

tors governing chemical shifts is not well understood, and 
the use of the a effect of the methyl group as  evidence for 
inductive electron withdrawal has been questioned on the 
basis of this uncertainty.1s In regard to this question, the 
deshielding effect of a-methyl substitution is usually small 
and fairly regular a t  a variety of trigonal carbon atoms 
(ethene to propene, A613c 7.8 ppm;16 benzene to  toluene, 
A613c 8.9 pprn;" formic acid to  acetic, A613c 10.9 ppm;'* 
acetaldehyde to acetone, A613C 5 . 5  ppm;19 isopropyl cation 
to tert-butyl cation, A613C 10.4 ppm),I4 which raises the 
possibility of a constant neighboring-group effect of the 
methyl group that is unrelated t o  a charge effect. 

I n  this paper, we examine the problem of the relation of 
I3C chemical shifts to the effect of methyl substitution on 
electronic charge distributions, with particular emphasis on 
improving our understanding of the methyl-group effect on 
charge distribution in carbocations. The emphasis of our 
work was directed toward clarifying the meaning of I3C 
shifts in terms of hyperconjugative (resonance), polarizing, 
and inductive influences of the methyl group. In order that  
problems of interpretation be kept to a minimum, only 
methyl substitution a t  trigonal carbons bonded to carbon 
and hydrogen will be considered. 

Results 
To approach the problem of the effect of methyl substitu- 

tion on charge distribution in carbocations, we first exam- 
ined the electron populations predicted by a variety of mo- 
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