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cleavage to two-step cleavage in the series I, 1-methyl-1'-
phenylazoethane (II), and (l-phenylethyl)azomethane 
(III). "Exact" analysis5 of the a-deuterium and primary ni
trogen6 effects in pyrolysis of I, II, and III and the carbon 
effect3 at the methyl group of III resulted in a quantifica
tion of these conclusions.6 Also, the deuterium isotope ef
fects in thermolysis of l-methyl-df,1 and \-ring-d\o% demon
strate for the transition state of I that hyperconjugative sta
bilization is of little importance7 and that derealization of 
the incipient odd electron produces a negligible perturba
tion of the aromatic CH force constants.8 

To investigate the influence of molecular structure on the 
potential-energy hypersurface for pyrolysis, a effects were 
measured for decomposition of meso- and dl-1,1',2,2'-
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structure-reactivity relationships, the a effects for meso-
and ^ M V (1.224 and 1.207) and for V (1.200) compared 
with that for I (1.27) were plausibly explained in terms of 
more reactant-like transition states for each of the former 
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appeared to predict a kn/ko of ca. 1.27.10" Furthermore, 
thermolysis of 3,12,15,24-tetraphenyl-l,2,13,14-tetraza-

X X 

I I 
YCHr(C6H5)N=NC(C6H5)CH2Y 

1,Y = X = H 
I-d2, Y = H; X = D 
meso-IV, Y = C6H5; X = H 
meso-W-d2, Y = C6H5; X = D 
V, Y = CH3CH2; X = H 
V-d2, Y = CH3CH2; X = D 
VI, Y = CH3O; X = H 
VW2, Y = CH3O; X = D 

1,13-cyclotetracosadiene (VII) yielded an a effect of 1.2012 

rather than a value of ca. 1.27. 
Because the magnitude of the a effect for I is of singular 

importance in interpreting the ones obtained for related 
compounds, we have redetermined its value. The extent of 
pyrolysis which could affect the magnitude of kn/ko was 
also determined for the samples of protiated and a-deuter-
ated I, meso-\\, V, and VI and of l-ring-d]o used in the 
isotope effect determinations. 

Experimental Section 

Azo Compounds. l,l'-Diphenylazoethane and l,l'-diphenylazo-
etha.ne-1.1'-di were prepared by two methods. Samples prepared 
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Abstract: Secondary a-deuterium isotope effects were obtained for the thermal decomposition of l,l'-diphenylazoethane (I) 
and l,r-diphenylazoethane-/,i'-^2 (1-^2) at 103.90°. Samples of I and 1-̂ 2 prepared by (a) LiAlH4 and LiAlD4 reduction 
of l,r-dichloro-l,l'-diphenylazoethane are designated as 1-1 and 1-^2-1, respectively, and (b) catalytic hydrogenation and 
deuteration of acetophenone azine are specified as 1-2 and l-d2-2, respectively. An a effect of 1.195 ± 0.006 was obtained 
from 1-1 and l-d2-\ upon correction of kn/ko = 1.191 ± 0.006 for 0.040 ± 0.002 atoms of a protium. An a effect of 1.198 
± 0.014 was obtained from 1-2 and \-d2-2 upon correction of kn/kD = 1.159 ± 0.010 for 0.415 ± 0.016 atoms of a protium 
and 0.245 ±0.105 atoms of/J deuterium. Thus, the isotope effect in thermolysis of I is 1.194 rather than 1.27 at 105.28°. Ni
trogen evolution experiments verified that 1-1 and -2, 1-̂ 2-1 and -2, l-ring-d]o, /n^o-l,l',2,2'-tetraphenylazoethane (IV), 
meso-\V-d2, l,l'-diphenylazobutane (V), V-^2, 2,2'-dimethoxy-l,l'-diphenylazoethane (VI), and V\-d2 undergo 98-100% 
decomposition. The previous conclusion that a simultaneous one-step mechanism obtains for thermolysis of these compounds 
is consistent with an a effect of 1.195 for I. The a effects previously obtained for IV-Vl are reinterpreted in terms of the re
sult obtained for I. For I, the transition state model which reproduces an a effect of 1.27 and the primary nitrogen effect 
should be consistent with a ku/k^oi 1.195 if the H-C-N bending force constant is ca. 0.33 mdyn A/(rad)2 rather than 0.23 
mdyn A/(rad)2. 
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by UAIH4 and UAID4 reduction of l,r-dichloro-l,l'-diphenyl-
azoethane13 are designated 1-1 and 1-^2-1, respectively. Samples 
prepared by catalytic hydrogenation and deuteration of acetophe-
none azine2a are designated 1-2 and 1-̂ 2-2, respectively. Palladium 
on charcoal (5%), 3 g, suspended in 150 ml of purified benzene10 

was equilibrated with deuterium gas, and 11.0 g (0.047 mol) of 
azine was then reduced at atmospheric pressure; 4 hr were re
quired for uptake of 0.094 mol of D2. After filtration, the crude 
hydrazine was oxidized at room temperature with yellow mercuric 
oxide9 (40 g). Crude I-d2-2 was repeatedly recrystallized from 
methanol, mp 71.5-72.5°. 

Previously prepared samples of I-2,8 l-ring-dlQ,s meso-W,9 

meso-\V-d2? V,'0 V-^2,
10 VI,10 and VI-^2

10 were recrystallized as 
described. 

Kinetics. The isotope effects were determined by simultaneously 
measuring the rates of decomposition of the protium and deuteri
um compounds in purified ethylbenzene as previously described.9 

Temperature was determined as previously described9 except that 
a NBS-calibrated copper-constantan thermocouple was used in 
place of the NBS-calibrated thermometer. 

Quantitative Nitrogen Evolution. Ampoules were constructed as 
follows. A 90 X 22 mm section of glass tubing was closed at one 
end, A 90 X 4 mm section of thick-walled glass tubing bearing a 
10/30 inner joint and a 90 X 10 mm section of glass tubing con
taining a break seal and bearing a 12/30 outer joint were fused to 
the other end. A weighed amount of azo compound (ca. 0.1 mmol) 
was dissolved in 5 ml of purified ethylbenzene9 and the resulting 
solution quantitatively transferred to an ampoule. The solution was 
degassed at Dry Ice temperature under high vacuum (<1 ^m) 
using a freeze-thaw procedure; the procedure was repeated until 
the pressure was that of ethylbenzene. The ampoule was then 
sealed under vacuum by allowing the tube heated below the 10/30 
joint to collapse. After the sample had been decomposed for a min
imum of 10 half-lives in a constant temperature bath, the ampoule 
was cooled in a Dry Ice-chloroform-carbon tetrachloride slurry 
and connected by two liquid nitrogen cooled radiator traps to a 
quantitative gas analysis system. Before the ampoule was opened, 
the volume above the break seal was evacuated. The noncondensa-
ble gases were Toepler-pumped to the calibrated gas buret. To en
sure complete recovery of nitrogen, the contents of the ampoule 
was subjected to at least five warming-cooling-pumping cycles. 
Pressures were then recorded for three different gas volumes; the 
moles of nitrogen were calculated for each set of PV data and then 
averaged. 

For a number of samples, the gas was then transferred to a glass 
loop. Subsequent gas chromatographic analysis verified that the 
noncondensable gas was nitrogen. 

Deuterium Content and Correction of Isotope Effects. The deute
rium content of 1-̂ 2-1 and \-d2-2 was determined respectively by 
combustion14 and by combustion and NMR. The NMR measure
ments involved a minimum of three independent determinations of 
the proton ratios for labeled and unlabeled compounds by integra
tion following repetitive scanning with a Varian C-1024. Spectra 
of all samples were taken in chloroform-^ (100 atom % D). As
suming no excess deuterium in the phenyls, the atom fraction of 
deuterium was calculated by comparison of the proton ratios in the 
deuterated compounds with the corresponding ratios in the proti
um sample. 

V±av=(X±<jx)
Y±°Y (1) 

Equation 1 was used either to correct an isotope effect to maxi
mum number of atoms of D or to compute an isotope effect given a 
specific number of atoms of D. In the former computations, V is 
the corrected effect, X is the effect to be corrected, and Y ± ay = 
Z/(W ± aw) where Z and W are the maximum and experimental 
number of atoms of D, respectively, for the position of interest. In 
the latter computations, V is the isotope effect calculated for Y ex
perimental atoms of D at a position given the isotope effect X per 
D for that position. In both cases, a, represents the associated stan
dard deviations. For calculations involving data for 1-̂ 2-U the 
standard deviation in the experimental number of atoms of D (W) 
was replaced by the average deviation. The standard deviation in V 
was calculated by eq 2, which was derived from the expression ay 
= ±[(dV/;jX)2ax2 + (aJ / /aK)W] l / 2 . 1 5 

Cv= V[(Yax)
2/X2+ (ay\nX)2]1/2 (2) 

Results 

Excellent first-order kinetics were observed for decompo
sition (a) of 1-1 and 1-^2-I prepared by reduction of 1,1'-
dichloro-l.l'-diphenylazoethane with LiAlH4 and 
LiAlD4,13 respectively, and (b) of 1-2 and l-d2-2 prepared 
by catalytic hydrogenation and deuteration, respectively, of 
acetophenone azine. At the completion of all kinetic deter
minations, the samples exhibited no absorption in the region 
centered around 360 iriju. The rate constant 4.50 ± 0.03 X 
10 - 3 min - 1 for decomposition of 1-1 in ethylbenzene at 
103.90 ± 0.04° is in good agreement with the value 4.56 ± 
0.09 X 10 - 3 min -1 obtained for 1-2 at 103.9 ± 0.2°. 

Table I presents the observed and corrected (2 atoms of 
a-D) isotope effects and the deuterium content of l-d2-\ de
termined by combustion and of 1-^2-2 determined by both 
combustion and NMR (proton ratios determined by inte
gration following repetitive scanning with a Varian C-
1024). For 1-^2-2, the value for atoms of deuterium by com
bustion, 1.810 ± 0.003, differs on the average by only 1.1% 
from the NMR value 1.830 ± 0.106 (1.585 ± 0.016 atoms 
of a-and 0.245 ± 0.105 atoms of/3-D). The standard devia
tion in the atoms of /3-D, which clearly dominates a in the 
total atoms of D, reflects for our Varian XL-100 the diffi
culty in reproducing with high precision absorption bands of 
protons having chemical shifts less than ca. 5 1.7. For any 
one experiment, <x in the methyl proton ratio was less than 
0.105, but the number of these protons was found to be de
pendent upon the power used to lock-in on the tetramethyl-
silane absorption band. Thus, the average value obtained 
for each determination of the individual methyl proton ratio 
for 1-2 and \-d2-2 was used to arrive at the value 0.245 ± 
0.105 without regard to the a for each methyl determina
tion. 

For 1-^2-1, an a effect of 1.195 ± 0.006 is obtained upon 
correction of (kH/kD)obsd to 2 atoms of a-D. The (ku/ 
&D)obsd for l-d2-2 was corrected to 2 atoms of a-D as fol
lows. The contribution of a deuterium to the experimental 
kn/ko for \-methyl-df,1 was calculated to be 1.0027 ± 
0.0013 by eq 1, where X ± ax equals 1.195 ± 0.006 and Y 
± <yy equals 0.0150 ± 0.0075.7 The kH/kD for 5.891 ± 
0.005 atoms of /3-D7 is thus (1.112 ± 0.005)7/( 1.0027 ± 
0.0013) or 1.109 ± 0.005. Equation 1 then yields a /3 effect 
of 1.018 ± 0.001 per atom of/3-D. An identical value is ob
tained if the a effect for 1-̂ 2-1 is first extrapolated from 
103.90 to 105.20°, the temperature at which kH/kD was 
determined for l-methyl-d^.1 Equation 1 in which Y ± ay 
= 0.2449 ± 0.1049 then gives a calculated value of 1.0043 
± 0.0019 for the contribution of /3 deuterium to (&H/ 
fcD)obsd- For 1.585 ± 0.016 atoms of a-D, kH/kD is (1.1590 
± 0.0104)/(1.0043 ± 0.0019) or 1.1540 ± 0.0106 which 
when corrected to 2 atoms of a-D yields an a effect of 1.198 
±0.014 for l-di-2. 

The a effect for \-d2-\ (1.195 ± 0.006) is in excellent 
agreement with the value for \-d2-2 (1.198 ± 0.014). The 
standard deviation in the latter primarily reflects the mag
nitude of IT in (&H/&D>obsd- In the 1-2/1-^2-2 measure
ments, difficulty was encountered in achieving long-term 
temperature stability. However, these measurements were 
not repeated because of the excellent agreement in the a ef
fects. 

It is important to note that the /3 effect per D is 1.0187 re
gardless of whether (&H/&D)O of 1.27 or 1.195 is used to 
correct the experimental knfko for l-methyl-d^ for a-deu-
terium. 

Quantitative nitrogen evolution studies were undertaken 
because appreciably incomplete azo compound decomposi
tion could yield erroneous isotope effects. Table II tabulates 
the results. The uncertainty in the percentage nitrogen 
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Table I. Isotope Effect in the Decomposition of 1,1'-
Diphenylazoethane-iJ'-d, in Ethylbenzene at 103.90°" 

Compd Atoms of a-d <^H/fcD>obsdfe <fcHAp>corrc 

1-1/W2-I 1.960 ±0.002<* 1.1912 ±0.0062e./ 1.195 ± 0.006 
1-2/1-4,-2 1.585 ±0.016* 1.1590 ± 0.0104".' 1.198 ± 0.014 

aDeviations are standard deviations except where noted. Column 
three is not rounded for computation purposes. b Measured simulta
neously. c & H / ^ D observed corrected to 2 atoms of a-d. d Calculated 
from average atom % D obtained from duplicate combustion anal
ysis; atom % D found: 10.88 and 10.90. Deviation is average devia
tion. eAverage of six determinations. / A J = ±0.04°. ^Determined 
by NMR. Atoms of (3-d by NMR are 0.2449 ± 0.1049. Total atoms 
of D by NMR and duplicate combustion are 1.830 ± 0.106 and 
1.810 ± 0.003, respectively. " Average of five determinations. 'AT 
= ±0.2°. 

Table II. Percentage Nitrogen Evolved in Azoalkane Pyrolysis 
in Ethylbenzene 

Compd 
Compd, N2 , % N2 

T, °C m m o l e s X l O 2 m m o l e s X l O 2 evolved 
1-1 
1-2 
W2-I 
W2-2 
l-ring-dl0 

meso-TV 
meso-lV-di 

V 
V<i2 

VI 
VW 2 

155 
155 
158 
160 
155 
155 
155 
155 
155 
158 
158 

9.986 
10.15 

9.819 
9.861 
9.541 

10.17 
10.06 
9.849 
9.243 

10.22 
10.02 

10.08 
10.16 
9.763 
9.958 
9.276 
9.962 
9.848 
9.614 
9.037 

10.20 
10.18 

100.9 
100.1 

99.4 
101.0 

97.2 
98.0 
97.9 
97.6 
97.8 
99.8 

101.6 

Table III. a-Secondary Deuterium Isotope Effects for Thermolysis 
of Azoalkanes 

evolved is ca. 1.5-2% from consideration of the standard de
viation in the PV products and of solution preparation. The 
results obtained for both preparations of I and 1-̂ 2 agree 
with the nitrogen yield obtained for I by Seltzer and MyIo-
nakis;6 the nitrogen yields obtained for meso-lV and meso-
IV'-dj agree with the values obtained for meso-lW by MyIo-
nakis, Scheppele, and Seltzer.16 Thus, in all instances, the 
kinetic data and, hence, the isotope effects reflect 98-100% 
decomposition. 

Discussion 

The a-deuterium isotope effect for decomposition of I is 
(a) 1.195 rather than 1.272a and (b) comparable in magni
tude to those obtained for IV through V I I . 9 1 0 1 2 To consid
er the implications of this result, a effects for decomposition 
of I through VII are shown in Table III. For purposes of 
comparison, the a effects have been extrapolated to 105.28° 
on the assumption that AH/Ao = I.17 Various experimen
tal18 and theoretical studies5'19 have shown that the differ
ence in loss of zero-point energy between protio and deuter-
io compounds in the ground states and transition states is 
principally responsible for the a effect.20 However, an 
AH/AO somewhat less than unity is indicated for a effects 
in unimolecular decompositions. For the unimolecular de
composition of the tert-cumy\oxy-0-di radical, a least-
squares fit of log kH/kD vs. \/T for AT of 84° yields an 
AH/A0 of 0.93 ± 0.0218b or 0.976 per D. Seltzer and Ham
ilton7 performed "exact" calculations for decomposition of 
\-di and l-methyl-d6. An AH/AD of 0.960 per a-D is cal
culated from the a effect computed for transition-state 
model-I (the reason for choosing model-I is given below) at 
273 and 373 K. For the model system CD3X — C D 3 - X * , 
"exact" calculations for the temperature range 300-325 K 
lead to an AH/AD of 0.94, 0.97, or 0.93 depending upon the 
magnitude of the decrease in the HCX bending force con
stant, / H C X , 2 1 in passing from the reactant to the transition 
state; these values give an average AH/AD of 0.982 per 
a-D. The possible consequence of such results on the ex
trapolation of the experimental a effects in Table III was 
investigated by extrapolating the a effects for II and III at 
the benzylic position and for VI assuming AH/AQ values of 
0.973 (average of above values) and 0.960 per D. These 
AH/Ao values increase the a effects at 105.28° by 0.01 or 
less per atom of deuterium. 

The previous conclusion23 '6 that the decomposition 
mechanism changes from symmetrical to unsymmetrical 
one-step cleavage to two-step cleavage in the series I, II, 
and III is entirely consistent with an a effect of 1.195 ± 
0.006 for I. Consideration of the data for III, II, and I in 
terms of the mechanisms presented in eq 3, 4, and 5 estab
lishes the validity of this conclusion. 

Compd 

I 
II 

III 

meso-\\ 
dl-lV 
V 

VI 
VII 

(*HAD)exp a 

1.195 ± 0.006 
1.148 ± 0.012<* 
1.036 ± 0.007d 

1.13±0.01 e 

0.97 ± 0.01 e 

1.224 ±0 .006/ 
1.202 ± 0.006/ 
1.194 + 0.008* 
1.206 ± 0.014? 
1.188 ± 0.004* 
1.20 ± 0.02" 

T, 0C 

103.90 
143.20 
143.20 
161.00 
161.00 
106.47 
106.47 
106.68 
107.35 
118.09 
112.95 

Position 
of D 

Benzyl 
Benzyl 
Propyl 
Benzyl 
Methyl 
Benzyl 
Benzyl 

Benzyl 

Benzyl 
Benzyl 

(^HAD)6 

at 105.28° 

1.194 
1.164 
1.040 
1.151 
0.966 
1.225 
1.203 

1.201' 

1.195 
1.204 

(kH/kD)c 
per a-D 

at 105.28° 

1.093 
1.164 
1.040 
1.151 
0.989 
1.107 
1.097 

1.096 

1.093 
1.097/ 
1.048fc 

"Corrected to maximum atoms of D at the indicated position. 
ftFor maximum atoms of D at the indicated position. c Calculated 
by taking the n'' root of the value in column five where n is the 
number of atoms of D at a specified position. d See ref 2b. e See ref 
3. /See ref 9.*See ref 10. "See ref 12. 'Average of two extrap
olated values, 1.195 and 1.208. 'kH/kD per 2-a-D. kkH/kD per 
a-D. 

C H 3 C H - N = N - C H 3 ^ * CH 3 CH-"N=N-CH 3 * 

C6H5 

III 
C6H5 

CH3CH- + N = N - C H 3 

CH-, 
fast 

CH 3—N=N- » CH3- + N2 

C H 3 C H - N = N - C H ( C H 3 ) , ^ * 

(3) 

C6H5 

. II 
C H 3 C H - - N = N - • • CH(CH3),* —»• CH3CH- + Na + -CH(CH3), 

C6H5 C6H1, (4) 

C H 3 C H - N = N - C H C H 3 ^ * 

CfiH5 C6H5 

I 

CH3CH - - N = N - - C H C H 3 * —* CH3CH- + N, + CHCH3 (5) 

C6H5 C6H5 C6H5 C6H5 

(l-Phenyleihyl)azomethane (III). "Exact" calculations in 
model chemical systems have shown that the magnitude of 
the a effect is dependent upon the change in the hydrogen-
carbon leaving group bending force constant (HCX); i.e., 
4 / H C X = / H C X - / H C X 1 , in passing from the reactant state 
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to the transition state.5 Thus, the a effect reflects the extent 
of bond rupture between the a carbon and the leaving group 
at the saddle point. Consequently, the a effect for III at the 
benzylic position ( & H M D = 1.13 at 161°, see Table III) 
demonstrates homolysis of the 1-phenylethyl carbon-to-ni
trogen bond.3 On the other hand, the a effect of 0.97 at the 
methyl position suggests a slightly stronger CH3-N bond in 
the transition state than in the reactant state.3 The 13-car-
bon effect at the methyl group {kn/kn = 1-0068 at 161°) 
is also consistent with the latter conclusion; i.e., the experi
mental effect is less than PH/J>213,6 (the classical mechanical 
contribution to the isotope effect). For a reaction mecha
nism (potential-energy reaction hypersurface) to be valid, 
absolute reaction rate theory requires that it quantitatively 
reproduce (predict) the kinetic isotope effect for any molec
ular position. Thus, the fact that the "exact" analysis of the 
isotope effects for III yields a transition-state model for 
which the force constants are numerically consistent with 
the qualitative interpretation of the experimental data con-
stitutes a significant interpretative result." The observa
tion22 that optically active III racemizes faster than it ex
trudes nitrogen is also consistent with the two-step mecha
nism shown in eq 3. 

1-Methyl-l'-phenylazoethane (II). For decomposition of 
II at 143.20°, the a effects of (a) 1.15 at the 1-phenylethyl 
position and (b) 1.036 at the 1-methylethyl position show 
that homolysis of both C-N bonds is occurring in the rate-
controlling step.2b The conclusion concerning rupture of the 
(CH 3 ) 2CH-N bond follows from the fact that kH/kD ex
ceeds the value of v\\/v2\ = 1.004 calculated for a two-step 
mechanism (analogous to eq 3) by the mass fragment ap
proximation.23 Also "exact" analysis of both a-secondary 
deuterium and of the primary nitrogen isotope effects leads 
to a set of transition-state force constants consistent with eq 
4. The diminution in the energy and entropy of activation in 
going from III ( £ a = 38.6 kcal/mol, AS* = 14.0 eu)3 to II 
(£ a = 36.5 kcal/mol, AS* = 9.3 eu)4 b is consistent with 
some rupture of and restricted rotation about the 
(CH 3 ) 2 CH-N bond in the activated complex.3-24 The re
sults are mutually consistent with an unsymmetrical one-
step mechanism for pyrolysis of II; the difference in degree 
of rupture of the two C-N bonds parallels the difference in 
stabilities of the 1-phenylethyl and 1-methylethyl radicals. 

l,l'-Diphenylazoethane (I). First, the results for II and III 
render a two-step pyrolysis mechanism for I implausible. 
However, a priori estimation of k\\/ko for two-step and 
concerted thermolysis of 1/1-^2 is difficult because the acti
vation energy for I (E3 = 32.6 kcal=mol)25 suggests a more 
reactant-like transition state and, hence, a smaller A/HCX 
per C-N bond rupture for I than for either II or III. How
ever, for decomposition of I via a two-step mechanism, the 
a effect for III at the benzylic position predicts a & H / & D ^ 
1.15-1.16 for thermolysis of 1/1-^2 at 105.28°. Alternative
ly for thermolysis via a concerted mechanism, since A/HCX 
is determined by the decrease in two/HCN, t n e ^ H M D for 
l/l-dj at 105.28° would necessarily be predicted to be larg
er than the extrapolated benzylic a effects for II and III. 
The experimental result (kH/kD = 1.195) is greater than 
the values obtained upon extrapolating (giving reasonable 
consideration to the possibility that AH/AD may be less 
than unity, vide supra) the observed benzylic a effects for II 
and III to 105.28° and, hence, is qualitatively most consis
tent with a concerted mechanism. From a quantitative 
viewpoint, it is significant that "exact" analysis of both the 
a-deuterium and primary nitrogen isotope effects results in 
a model for the activated complex in which the reaction 
coordinate is the symmetric stretch of both carbon-nitrogen 
bonds6 (as discussed below, a kw/ko = 1.195 is not in
consistent with the "exact" analysis6). Other kinetic evi

dence which favors a concerted mechanism is as follows. 
The entropy of activation for decomposition of I is 7.0 eu.25 

Thus both £ a and AS* for I are in harmony with an activat
ed complex involving derealization of two incipient p elec
trons over two aromatic x systems attendant with restricted 
rotation of the phenyl groups. The absence of a viscosity de
pendence on the rate of thermolysis of the structurally re
lated azoalkane 1,1'-dimethyl-l,l'-diphenylazoethane also 
constitutes indirect supporting evidence.26 Considered to
gether, these results provide, in the absence of any other 
data, compelling evidence for a concerted one-step mecha
nism for I. Similarly the a effects for IV through VII and 
the activation parameters for both diastereomers of IV,9 

V,10 and VI10 are entirely consistent with a concerted 
mechanism for thermolysis of these compounds.9-1 ' 

For decomposition of I, the magnitude of the decrease in 
/ H C N upon passing from the reactant state to the transition 
state must be less than the decrease required to produce 
kn/ko = 1.27. Seltzer and Mylonakis6 describe two transi
tion-state models (IVa and IVb) which produce an a effect 
of 1.27; in both models, Z1HCN, /1CH3CN, /1C6H5CN, and 
/1CNN are 40% of the corresponding reactant-state values. 
Model-IVb, which gives the better fit to k\4/k\s, differs 
from model-IVa in the magnitude of Z1CN and the interac
tion force constant Z V Transition-state model-I, described 
by Seltzer and Hamilton,7 appears to be identical with 
model-IVa except that the bending force constants are ca. 
55 rather than 40% of the reactant-state values. It is impor
tant to note that model-I predicts an a effect of 1.193 at 
373 K. Thus, it appears reasonable to conclude that model-
IVb, in WWChZ1HCN5Z

1CH3CN5Z
1C6H5CN, and Z1CCN are ca. 

55 rather than 40% of the reactant-state values, still consti
tutes a reasonable description of the bonding in the transi
tion state for decomposition of l,l'-diphenylazoethane. 

The magnitude of &H/&D reflects the reduction inZHCN 
upon passing from the reactant state to the transition 
state.50 '6 Thus, if the force constants associated with the 
a-CH bond in the reactant states are transferable27 within a 
few percent,10 the a effects for dl-W, V, and VI compared 
with that for I, suggest that substitution of phenyl, ethyl, 
and methoxy for /3 hydrogen in I does not seriously perturb 
that part of the potential-energy hypersurface involving mo
tion of the a hydrogen. If such perturbations do occur, they 
must be compensated by factors such as coupling of vibron-
ic motions and/or curvature in the barrier. As a first ap
proximation, the a effects then indicate only a small sub-
stituent effect on the reactant-like-product-like character 
of the transition state. For meso-W, k^/ko and k\^/k\s 
(1.0158 at 106.42°)16 are larger and smaller than the re
spective values for I (A:i4/&i5 = 1.0229 at 105.020);6 see 
also Table III. Previously the a deuterium and primary ni
trogen isotope effects were interpreted as favoring a more 
reactant-like transition state for meso-\\ than for I.9-11 

However, a problem arises in interpreting the nitrogen ef
fect because the reduction in the C-N force constant is 
compensated in part by the increase in the N - N stretching 
constant.6 Nevertheless, if in passing from the reactant 
state to the transition state changes in bending force con
stants are correlated with changes in stretching force con
stants,6 and if the consequences6 of this correlation on 
ku/ko and /cu/^15 are considered, the isotope effects for 
meso-lV compared with I are consistent with smaller values 
OfZ1HCN and Z1CN and an increased value for Z1NN for the 
former. Thus, both the deuterium and the nitrogen isotope 
effects are qualitatively reconcilable with a more radical
like transition state for meso-lW than for I. 

Acknowledgment. We are indebted to Professor G. J. 
Mains for use of his analytical gas transfer system and to 

Journal of the American Chemical Society / 97:21 / October 15, 1975 



6169 

Mr. R. J. Ryba for modifying the gas chromatograph to 
permit gas analysis. We thank Professor O. C. Dermer for 
comments pertinent to manuscript preparation. 

References and Notes 

(1) (a) Continental Oil Company Fellow 1973-1974, Phillips Oil Company 
Summer Fellow 1973, Gulf Oil Company Summer Fellow 1974; (b) Phil
lips Oil Company Summer Fellow 1972. 

(2) (a) S. Setter, J. Am. Chgm. Soc., 83, 2625 (1961); (b) ibid., 85, 14 
(1963). 

(3) S. Seltzer and F. T. Dunne, J. Am. Chem. Soc, 87, 2628 (1965). 
(4) (a) S. G. Cohen and C. H. Wang, J. Am. Chem. Soc, 77, 3628 (1955); 

(b) C. G. Overberger and A. V. Di Giulio, Ibid., 81, 2154 (1959). 
(5) (a) M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225 (1964); (b) 

ibid., 8, 325 (1964); (c) M. J. Stern and M. Wolfsberg, J. Pharm. Sci., 
54, 849 (1965); (d) J. Chem. Phys., 45, 2618 (1966). 

(6) S. Seltzer and S. G. Mylonakis, J. Am. Chem. Soc, 89, 6584 (1967). 
(7) S. Seltzer and E. J. Hamilton, Jr., J. Am. Chem. Soc, 88, 3775 (1966). 
(8) S. E. Scheppele, D. W. Miller, P. L. Grizzle, and F. A. Mauceri, J. Am. 

Chem. Soc, 93, 2549 (1971). 
(9) S. E. Scheppele and S. Seltzer, J. Am. Chem. Soc, 90, 358 (1968). 

(10) S. E. Scheppele, W. H. Rapp, D. W. Miller, D. Wright, and T. Marriott, J. 
Am. Chem. Soc, 94, 539 (1972). 

(11) S. E. Scheppele, Chem. Rev., 72, 511 (1972). 
(12) S. G. Mylonakis and S. Seltzer, J. Am. Chem. Soc, 90, 5487 (1968). 

(13) P. L. Grizzle, D. W. Milter, and S. E. Scheppele, J. Org. Chem., 40, 1902 
(1975). 

(14) Deuterium analysis by combustion performed by Mr. Josef Nemeth, Ur-
bana, III. 

(15) A. G. Worthing and J. Geffner, "Treatment of Experimental Data". 
Wiley, New York, N.Y., 1943, pp 208-209. 

(16) S. G. Mylonakis, S. E. Scheppele, and S. Seltzer, unpublished results. 
(17) R. R. Johnson and E. S. Lewis, Proc Chem. Soc, 52 (1958). 
(18) (a) S. Seltzer, J. Am. Chem. Soc, 83, 1861 (1961); (b) A. A. Zavitsas 

and S. Seltzer, ibid., 86, 3836 (1964); (C) C. Y. Wu and P. E. Robertson, 
Chem. Ind. (London), 195 (1966); (d) C. M. Won and A. V. Willi, J. Phys. 
Chem., 76, 427(1972). 

(19) (a) A. V. Willi, Can. J. Chem., 44, 1889 (1966); (b) M. E. Schneider and 
M. J. Stern, J. Am. Chem. Soc, 95, 1355 (1973). 

(20) A. Streitwieser, R. H. Jagow, R. C. Fahey, and S. Suzuki, J. Am. Chem. 
Soc, 80, 2326(1958). 

(21) For reasons of clarity, force constants are designated by the letter f. A 
superscript * indicates a transition-state force constant. The subscript 
denotes the nature of the force constant, i.e., 'CH3CN represents the 
methyl-carbon-a-carbon-nitrogen bending force constant. 

(22) A. Tsolis, S. G. Mylonakis, M. T. Nieh, and S. Seltzer, J. Am. Chem. 
Soc, 94, 829 (1972). 

(23) J. Bigeleisen and M. Wolfsberg, Adv. Chem. Phys., 1, 15 (1958). 
(24) P. D. Bartlett and R. R. Hiatt, J. Am. Chem. Soc, 80, 1398 (1958). 
(25) S. G. Cohen and C. H. Wang, J. Am. Chem. Soc, 77, 2457 (1955). 
(26) W. A. Prvor and K. Smith, J. Am. Chem. Soc, 92, 5403 (1970). 
(27) J. H. Scnachtschneider and R. G. Snyder, Spectrochim. Acta, 19, 117 

(1963). 

Rearrangements of Toluene and Cycloheptatriene Cations 

M. A. Baldwin,1-2 F. W. McLafferty,*2 and Donald M. Jerina 

Contribution from the.Department of Chemistry, Cornell University, 
Ithaca, New York 14850, and the National Institute of Arthritis, Metabolism, 
and Digestive Diseases, National Institutes of Health, Bethesda, Maryland 20014. 
Received July 22, 1974 

Abstract: The losses of CH3 and CH6 from the gaseous toluene cation (1) have been studied using seven isotopic isomers of 1 
and two of cycloheptatriene (2) utilizing high resolution (1:50000) measurement of the abundance of the isobaric ionic prod
ucts. Four distinct isomerization pathways, competitive with other 1 reactions, can be identified: (i) scrambling of the ring 
hydrogen atoms without involvement of the methyl group; (ii) isomerization 1 ^ 2 possibly through norcaradiene (7) as an 
intermediate; (iii) single exchange of an a-H and ring-H, possibly through methylenecyclohexadiene (8) as an intermediate; 
and (iv) complete scrambling of carbon as well as hydrogen atoms, possibly through opening of the aromatic ring. Reaction ii 
appears to involve the tightest activated complex, and i and ii the lowest activation energy; iii is intermediate, while iv has the 
loosest activated complex and highest activation energy. An additional pathway for the isomerization of 2, possibly through 
bis(methylene)cyclopentene (10b), is also indicated. 

Most unimolecular decompositions of simple aromatic 
and related cations are accompanied by extensive rear
rangement.3 9 A number of detailed studies, some utilizing 
multiple isotopic labeling, have shown that decompositions 
of benzene,5 toluene (I),6-8-9 and cycloheptatriene (2)7 '8 

molecular ions can involve the loss of virtually all positional 
identity of the carbon as well as the hydrogen atoms. How
ever, the mechanisms of such rearrangements remain ob
scure;4 most labeling studies have provided little informa
tion of the pathways involved because of the completeness 
of scrambling in the products. From their recent double-
l3C-labeling study, Davidson and Skell conclude,7 "This 
observation leaves in total obscurity the mechanism of car
bon scrambling in toluene." 

A common suggestion for the behavior of toluene and iso
meric C7Hg-+ cations is that their molecular rearrange
ments involve (Scheme I) isomerization to a common struc
ture such as cycloheptatriene (2a or 2b), l 0 or a more sym
metrical ion (3),3 with hydrogen scrambling in 2a involving 
H migration through 2c . 5 1 0 - ' 2 The observation7 that nor-
bornadiene (4) undergoes ready loss of C2H2 with only 
minor carbon scrambling makes this a less probable inter

mediate for the isomerization of either 1 or 2. Recent evi
dence8 indicates that the interconversion 1 *± 2 is rapid at 
the threshold energy for hydrogen loss, making mechanistic 
studies at these energies difficult. At higher energies, de
composition can take place before such isomerization is 
complete;8'12 however, studies at higher energies utilizing 
hydrogen loss reactions are compromised because the re
sulting benzyl and tropylium ions of higher internal ener
gies also undergo rapid interconversion.8 

In this report we conclude that isotopic scrambling arises 
through at least four competitive pathways (Scheme II) 
whose relative rates are strongly energy dependent. These 
conclusions are based on the study of 07Hg-"1" decomposi
tions involving the loss of only one carbon atom. Although 
these product ions are of relatively low abundance, forma
tion of CbHs+ and C6H2-+ require approximately 1 eV less 
and 5 eV more energy, respectively, than formation of 
C5H5+, the reaction which has been used to demonstrate 
scrambling in most previous studies. Also an early report by 
Rylander and Meyerson13 indicated that C 6 H j + formation 
from toluene involves only partial hydrogen scrambling. We 
wished to probe the scrambling pathways utilizing the isoto-
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