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centrations. The direct correlation between reaction 
rate constant and salicylonitrile pKa provides a built-in 
measure of the expected effects of substitution on re- 
activity. (In fact, if more refined thermodynamic 
measurements can establish that substituent effects on 
the benzisoxazole-salicylonitrile equilibrium constant 
are very small, then the salicylonitrile pKa values must 

mining the joint effects of base strength and ring sub- 
stitution on the rates of proton transfer from benzisox- 
azoles. Other studies of solvent effects have been com- 
pleted or are in process.Gr18 The ready availability of 
3-acylbenzisoxazoles and their rapid cleavage by nu- 
cleophiles suggest an obvious application to acyl trans- 
fer chemistry which remains to be explored. 

provide an exact measure of the effect of substituents 
on equilibria for the conversion of benzisoxazoles to 
salicylonitrilc anions.) The predictability of the effect 
of benzo substitution on rate, together with the rigidity 
of the benzisoxazole function and the large separation 
of the 3 position and the reactivity-influencing bcnzo 
sites, implies that the leaving group properties of the 
benzifioxazole can be varied predictably and indepen- 
dently, with minimal idiosyncratic interaction with the 
region of reacting bonds adjacent to the 3 position. 
Because of this momrtv, we feel that families of sub- 

Registry No.-Hydroxylammonium 0-sulfate, 2950- 
43-8; 4-chlorosalicylaldehyde, 2420-26-0; 5-chloro- 
salicylaldehyde, 635-93-8; 5-methoxysalicylaldehyde, 
672-13-9; 4-methoxysalicylaldehyde, 673-22-3; 4- 
nitrosalicylaldehyde, 2460-58-4; benzisoxazole, 271- 
95-4 ; 5-nitrobenzisoxazole1 39835-28-4 ; [3-2H]-5- 
nitrobenzisoxazole, 39835-29-5; [formyl-2H]-5-nitro- 
salicylaldehyde, 39835-30-8; 5,7-dinitrobenzisoxazole, 
39835-31-9; trimethylamine, 75-50-3; methyldieth- 
anolamine, 105-59-9. - 

stituted benzisoxazoles offer much promise as experi- 
mental tooh for the analySiS Of a Variety Of subtle 
mechanistic questions. In an initial study of this 
kind,G836 we have approached the problem of the exis- 
tcncc of intrinsic curvature of Brgnsted plots by deter- 
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The effect of substituents upon the first-order thermal decomposition of symmetrically disubstituted 1,l’- 
diphenyl-], 1’-azoethanes was studied in p-cymene using a spectroscopic method. The observed effects can best 
be explained in terms of the relative importance of inductive and resonance effects (including hyperconjugation). 
Steric factors restilting from electrostatic repulsions are also involved in some cases. The importance of steric 
effects was especially evident in the increased rate of decomposition with an o-methoxy substituent on each phenyl 
group. The substituted a-phenylethyl radicals, formed by thermal decomposition of the respective azo com- 
pounds in o-dichlorobenzene, coupled to form disubstituted 2,3-diphenylbutanes. Minor amounts of substituted 
ethylbenzenes were also produced, probably by disproportionation. The corresponding substituted styrenes were 
not found and presumably were polymerized under the conditions of the reaction. Activation parameters were 
determined for most of the thermal decompositions. 

Shelton and ~ o ~ v o r l i e r s ~ ~ ~  investigated the effect of a series of symmetricaly disubstituted 1,l’-di- 
phenyl-1,l’-azoethanes (A) by oxidation with freshlv 

CHJ CH, 

of substituents upon the thermal decomposition of 
disubstituted azocumenes [XCGH~(CH~)~CN==]~ ,  X 
= H, P-CH~, p-CH&H,, p-(CH3)zCH, p-(CH3)3C1 
p - Y ,  p-Br, p-C1, and m-C1, as part of their continuing 
study of the behavior of radical ~pec ie s .~  The effects 
of thc substituents upon the rates were small but sig- 
nificant, as also observed in the similar systems of the 

X 
?Q-A-N=N-Q 

I X 
H I 

H 
previous investigations.5 

The availability in this laboratory of a modified 
synthetic mathod6 suggested the possible preparation 

A, X = H, o - C H ~ O ,  p-CH3, p-CHSCH,, P-CI, p-F, 
p-CH,O, m-CH3, m-CHsO, m-Ci, m-F, m-CF3 

(1) Taken from the Ph.D. Thesis of C. K. Liang, Case Western Reserve 

(2) Paper I11 of the series: P .  Kovacir, R. R.  Flynn, J.  F. Gormish, 
University,l969. made mercuric oxide of appropriately mbstituted 
A. H. Kappelman, and 6. R. Shelton, J .  Org. Chem., 84 ,  3312 (1969). hydrazines. 

It was the purpose of this study to investigate the 
354 (1968). effects of the various substituted groups on the rate 
(1966). of decomposition and product distributions of these 

cluded in the series as a basis for comparison with 
prior studiesn5 

(3) J. R. Shelton, C. I<. Liang, and P. Kovaoic, J. Amer. Chem. Soc., 90, 

(4) J. R. Shelton and C. W. Uzelmeier, J .  Amer. Chem. Soc., 88, 6222 

(5) S. G. Cohen, S. J. Groazes, and D. B. Sparrow, J. Amer. Chem. SOC., azo compounds. Some kn0.lr.n derivatives are in- 
7% 3947 (1950); S. Solomon, C. H. Wang, and S. G. Cohen, %bid. ,  79, 4104 
(1957). 
(6) J. R. Shelton and C. K. Liang, Synthesis, (4), 204 (1971). 
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TABLE I 
THERMAL DECOMPOSITION OF DISUBSTITUTED 1, ~'-DIPHENYL~,~'-AZOETHANES IN ?)-CYMENE 

Ici X 106, 8ec-1- 7 -Re1 reaotivity- 
Registry no. X in [XCsHtCH(CHa)N=la 86' 96' 106' 96' 106' 

32234-19-8 m-CHaO 1.53. 6 .91 i 0.04 0.56 0.84 
32234-16-5 P-F 0.55 f 0.12  2.35 i 0.02 7.85 i 1.10 0 .86  0.96 

5661-68-7 H 2.74  i 0.06  8.21 i 0.01 1.00 1.00 
32234-18-7 m-CHa 8.17 i 0.07 1.00 
32234-14-3 p-CHaCH2 3.02 i 0.05 9 .14  i 0.13 1.10 1.11 

----- 

32234-13-2 P-CH~ 3.06 i 0.19 9.35 f 0.10 1.12 1.15 
32234-15-4 P-Cf-IaO 3.56 i 0.03  10.90 i 0.09 1.30 1.33 
32234-20-1 m-F 11.21 i 0.01 1.37 
32234-21-2 m-C1 4.13 i 0.02 12.18 i 0.01 1.51 1.46 
32234-22-3 m-CF3* 4.13 13.57 - 1.51 1.66 

32234-23-4 O-CH30 1.69c 6.11 i 1.00 19.75 i 0.25 2.23 2.42 
32234-17-6 p-c1 1.45 i 0.00 4.82  i 1.20 16.50 i 0.00 1.75 2.01 

a Value may be low on the basis of higher relative rate observed a t  105". b Compound melted at 9-10" and WM not recrystallized. 
Measured at 84.6'. 

Results and Discussion 
Thermal Decomposition Rates. -Cohen and co- 

wrorlters5 studicd the rates of decomposition of para,- 
para'-disubstitutcd 1,l'-diphcnyl-1,l'-azocthanes by 
measuring gas evolution. In our study, ratcs of de- 
composition were dctcrmincd by following thc disap- 
pearance of visiblc absorption duc to thc azo linkagc 
of this series of compounds, which has a charactcr- 
istic wavelength of 359 mp and follows Bcer's law.' 
No absorbance was shown in this region by either thc 
solvent, p-cymcnc, or thc dccomposition products. 
In order t o  minimize thc possible absorption intcr- 
ference duc to a trace of acetophenone azincs resulting 
from oxidation of azo compounds, thc Guggenheim 
method8 was employed to  calculatc the rate constants. 
The kinetic results are shown in Table I. 

It is of particular interest that thc rate of decom- 
position of 1,l'-diphenyl-1,l'-azoethenc a t  105" ob- 
served in this laboratory agrees with thc previous 
 finding^,^,^ within 3%. Molecular models indicate 
that the cis configuration of this compound would 
exhibit considcrablc steric strain, and it is generally 
accepted that the trans azo configuration is prefer- 
entially f0rmed.O 

It is helpful to compare thc results obtained pre- 
viously in this l a b o r a t ~ r y ~ ~ ~  for the thermal decomposi- 
tion of disubstituted azocumenes (shown in Tablc 11) 

TABLE I1 
RELATIVE REACTIVITIES FOR THERMAL DECOMPOSITION OF 

DISUBSTITUTED AZOCUMENES AT 42.8' IN  TOLUENE^ 
Rate 

constant 
X in bl X 106, AH*, AS*,b Relative 

[XC~I-II(CHX)~N=]~ sea -1 kcal/mol oal/deg mol reactivity 
H 1.13 29.3 11.4 1.00 
p- (CHs )&H 1.13 29.7 14.9 1.00 
p-(CIls)aC 1.16 29.5 13.9 1.02 
p-CHaCH2 1.29 29.0 14.6 1.13 
p-Fc 1.31 27.7 9 . 0  1.16 
p-CHs 1.66 28.8 10.2 1.46 
m-Clc 2.46 27.7 7 . 6  2.18 
p-Br 2.72 28.1 8 . 7  2.40 
p-CP 2.90 26.9 6 . 5  2.67 

Q Reference 3. * Reference loa. c Reference 2. 

(7) s. Seltzer, J .  Amer. Chem. Soc., 83, 2625 (1961). 
(8 )  E. A. Guggenheim, Phil. Mag., 2, 538 (1926). 
(9) S. Seltzer end E. R. Hamilton, Jr., J .  Amer. Chem. Soc., 88, 3775 

(1966). 

with the data obtained in this study (Table I).  It 
can be'seen that the cffccts of thc substituents in both 
systems on thc ratcs of decomposition are relatively 
small (as expcctcd for a radical mcchanisrn) but sig- 
nificant. Thc rcsults obtaincd in both studies in- 
dicated that thc Hammett relation was not appli- 
cable, since thcrc was mutual conjugation between the 
substituents and thc rcaction ccntcr (dcvcloping rad- 
ical) in thc transition statc for thc dccomposition of 
thc para-substituted azo compounds. 

The relativc reactivities in Tablcs I and I1 show 
that for thosc substituents which produccd significant 
changcs in the ratc of thermal decomposition the 
relative ordcr is thc samc in both series: azocumene 
scries, p-C1 (2.7) > m-C1 (2 .2)  > p-CH3 (1.5) > H 
(1.0) ; azo-a-phenylcthanc scrics, p-C1 (2.0) > m-C1 

Comparing the rclativc cffcct of a givcn substituent 
in the two serics shows a much grcatcr cffcct upon the 
ratc of thermal decomposition of an azocumene as 
compared to the samc substituent on thc phcnyl 
groups of a 1,l'-diphcnyl-l,l'-azodhanc. This trcnd 
has becn confirmed by Timbcrlalcc'O" and extended to 
includc a series of phenylazomethanes which exhibit 
even smallcr substitucnt cffccts. Thcsc rcsults are 
contrary to thc ordcr which would bc cxpcctcd from 
consideration of activation cncrgics, which predict 
more bond breakage in thc transition statc for phcnyl- 
azomethanes and phenylazoethanes as compared to  
the azocumencs. It secms probablc that stcric factors 
may account for the fastcr ratcs and grcatcr suscepti- 
bility to substituent cffects as methyl groups replace 
hydrogen on the methylcne groups of the phcnylazo- 
methanes. Overberger and coworkers" used a steric 
argument to rationalize thc incrcascd ratc observed 
with isobutyl compared to  n-butyl in azonitrilcs. 

The a-methylbenzylic radicals gcnerated in the 
present system would be expccted to be more reactive 
than the cumyl radicals (generated from the azo- 
cumenes), since the latter radicals have an additional 
methyl group to  aid in thc stabilization. Weiner and 
Hammond12 found that the rclativc rate of bimolecular 

(1.5) > p-CH3, H (1.0)- 

(10) (a) J. W. Timberlake, private communication. (b) J. W. Timberlake 

(11) C. G. Overberger, M. T. O'Shaughnessy, and H. Shalit, J .  Amer. 

(12) S .  A. Weiner and G. 8. Hammond, J .  Amer. Chem. Soc., 91, 986 

and M. L. Hodges, TetrahedronLett., 4174 (1970). 

Chem. Soc., 71, 2661 (1949). 

(1969). 
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combinatiop plus disproportionation is CaHscHCH3 
(5.0)/CaH&(CHa)z (1 .O). 

The rates of decomposition of the symmetrically 
disubstituted 1,l'-diphenyl-1,l'-azoethanes in Table 
I decrease in the order o-CB30 > p-C1 > m-CFa > 
m-Cl > p-CH30, m-F > p-CH3, p-CH3CHz > m-CH3, 
H, p-F > m-CH30. 

The net effect upon rate appears to be the resultant 
of a combination of inductive, resonance, and steric 
effects. A detailed analysis is not justified in view 
of the small differences observed, but some interpreta- 
tion can be made consistent with the comparable effects 
observed in the azocumene ~ o r k . ~ , ~  

The net outcome from the combieed inductive and 
resonance influences appears to determine the ob- 
served rate order for the para-substituted azo oom- 
pounds. The favorable resonance contribution of 
p-C1 and p-CH30 outweighs the adverse inductive 
effect. The lesser effect of the methoxy group is con- 
sistent with a recent observation by Timberlake "that 
the stabilizing effect of the methoxy group in a pure 
radical system is small." l o  In the case of p-F any 
stabilization from resonance appears to be offset by 
induction; so the observed rate is very close to that 
of the parent compound, as was also observed in the 
azocumene study (Table 11). 

It is interesting that the m-F, m-C1, and m-CF3 
substituted azo-a-phenylethanes decomposed at rates 
comparable to the p-Cl and p-CH30 derivatives. In 
our discussion of the similar activating effect of m-C1 
in azocumene,Z we noted two possible hypotheses: 
(1) the adverse inductive effect should be negligible 
when the halogen is attache4 to a carbon which does 
not possess radical character in the transition state; 
and (2)  a resonance effect may be indirectly involved. 

The effects of meta substituents, often thought to 
be mainly inductive factors, may result in part from 
the charges, positive or negative, which they inject 
into the benzene rings to which they are attached. 
In symmetrically substituted diarlylazoalkanes, the 
resulting electrostatic repulsions between the two 
halves of the molecule, as indicated in structures 1, 
could contribute to the ctbserved increased rate of 
decomposition observed with the m-F, m-C1, and m- 
CF3 compounds. In the latter case, C-F hypercon- 
jugation13 would impart a positive charge on the ben- 
zene rings with a resultant electrostatic repulsioe. 
Alternatively, direct repulsions due to the electrons 
surrounding the halogen atoms may be a more im- 
portant factor in the observed activating effects of 
m-F, m-C1, and m-CF3 substituents. Marvel and 
coworkers14 observed a similar activating effect of 
m-C1 in the decomposition of hexarylethanes, which 
they explained in terms of electrostatic repulsions 
resulting from resonance interactions of the type il- 
lustrated in l .  

The somewhat slower rate of decomposition of the 
m-CH30 derivative than the parent compound is 
not consistent with the above resonance interpretation. 
Marvel14 observed a similar lower reactivity for me- 

(13) 7.V. A.  Sheppard and C. M. Shorts, "Organic Fluorine Chemistry," 
W. A. Benjamin, New York, N. Y., 1969, Chapter 3. 

(14) M. F. Roy and C. S. Marvel, J. Amer. Chem. Soc., 69, 2622 (1937); 
C. 8. Marvel, J. F. Kaplan, and C. M. Himel, abid., 68, 1892 (1941); C. S. 
Marvel, J. Whitson, and H. W. Johnston, {bad., 66,415 (1945); C. S. Marvel, 
F. C. Deitz, and C. M. Himel, J. Org. Chem., 7 ,  392 (1942). 
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X 
I 

X+ 

1 

(- +-) = electrostatic repulsion 
X = C1, F 

thoxy compared to other substituents in hexarylethanes 
[m-C1 (8.18)/m-C&0 (1.27)]. Thus, direct repul- 
sions between the halogen atoms in these meta deriva- 
tives may be the major factor in the observed activat- 
ing effects rather than an indirect effect involving 
partial charges resulting from resonance delocalization. 

The o-methoxy derivative was the most reactive 
of the compounds studied. The much faster rate of 
decomposition as comparcd t o  p-CH30 suggests a 
rather large steric effect. This view is supported by 
the unexpected doubling of the nmr spectra of the o- 
CHsO derivative, as shown in Figyre Doubling 
was also observed in the nmr spectra of the m-CF3 
compound (Figure 2).16 In both cases, the methyl 
protons a to the azo group gave two sets of doublets 
which were centered at 6 1.38 and 1.42 for the o- 
CHaO compound and at S 1.50 and 1.50 for the m-CF3 
derivative. In  contrast, all the other azo compounds 
in the series showed only the expected doublet for the 
corresponding methyl protons, as shown in Figures 
3 and 415 for the m-C1 and m-CH30 compounds. The 
methoxy protons appeared as the expected singlet 
in Figure 4 and also in the p-CR30 isomer, but two 
singlets are seen in Figure 1, centered at 6 3.71 and 
3.76, for the o-CH30 protons. The methipe protons 
are not affected and appear as the expected quartet 
centered a t  6 4.70 and 5.07 for m-CFa and o-CH30, 
respectively . 

Similar doubling of nmr spectra has been observed 
by others. This is an expected effect "when the rate 
of rotation about a given bond is intermediate between 
free rotation about unhindered bonds and the severely 
hindered rotation about formal double bonds, so that 
the nmr spectrum usually consists of a superposition of 

(15) Figures 1-4 showing the nmr spectra of o-CHaO, m-CFs, m-C1, and 
m-CHsO disubstituted 1,l'-diphenyl-1,l'-azoethane will appear following 
these pages in the microfilm edition of this volume of the jourqal. Single 
copies may be obtained from the Business Operations Office, Books and 
Journals Division, Americm Chemical Society, 1155 Sixteenth St., N.W., 
Washington, D. C. 20036. Remit check or money order for $3.00 for 
phdtocopy or $2.00 for microfiche, referring to code number JOC-73-2301. 
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spectra resulting from the two (or more) rotational 
isomers that are present in equilibrium." 

Alternatively, the observed doubling of the nmr 
spectra in the present study could be due to a mixture 
of meso and dl isomers which, having magnetically 
nonequivalent methyl groups, would give rise to two 
sets of doublets. It is possible that pure meso com- 
pounds were isolated in all the other cases, since they 
would be expected to  be the least soluble of the di- 
astereoisomer~.~~ The presence of a second diastereo- 
isomer in the m-CF3 case is probable in view of the low 
melting point (9-10°)6 and the weak intensity of one 
of the doublets, consistent with contamination by a 
small amount of another isomer. In contrast, both 
methyl doublet,s and the two methoxy singlets 
observed with o,o'-dimethoxy-1, 1 '-diphenyl-1, 1 '-azo- 
ethane are major peaks, and this compound was a 
crystalline solid (mp 56.5-58") .6 It seems improbable 
that the same experimcntal procedures would yield 
cssentially pure isomers of all the other crystalline 
compounds, and a mixture of diastereoisomers in this 
one case. 

In order t o  test the restricted rotation hypothesis 
in this case, nmr spectra were also determined a t  other 
temperatures. Lowering the temperature produced 
no change, and higher temperatures caused decomposi- 
tion, which gave very complex spectra. The nmr 
data are thus inconclusive, but the evidence of a 
rather large steric contribution to the increased rate 
of decomposition of the o-CH30 disubstituted diphenyl- 
azoethane supports the interpretation that nonbonding 
interactions between thesc ortho methoxy groups and 
the azo a-methyl group may be strong enough to 
restrict rotation and cause thc a-CH3 to give rise to 
two different sets of doublets, and the c&o group 
to  show two singlets as seen in Figure l . 1 5  

Activation parameters for the thermal decomposi- 
tion of disubstituted 1,l'-diphenyl-1,l'-azoethanes were 
calculated for all compounds in Table I for which rate 
constants were determined at two or more temperatures. 
The relative reactivity increases going down in Table I, 
and both enthalpy of activation and entropy of activation 
tend to lower values going down the series in the same 
order in Table 111. (The values for the m-CHaO 
compound arc less reliablc than the others, since the 
rate constant a t  95" in Table I may be low.) The 
values for the p-F, p-C1, and o-CH30 compounds are 
the most reliable, as they represent rate constants 
determined a t  three temperatures over a wider range. 

Bartlett and Hiatt18 observed a similar tendency for 
a lowering of the activation energy associated with a 
lowcring of activation cntropy in their study of perester 
decomposition. Since these effects oppose each other, 
thc net result in their series, and in the present study 
of the decomposition of diarylazoalkanes, was found 
to be in the dircction indicated by the enthalpies of 
activation. 

Product Analysis. -The organic products of the 
thermal decomposition of disubstituted 1,l'-diphenyl- 
1,1 '-azoethanes in o-dichlorobenzene are mainly the 
coupling products of the substituted a-phenylethyl 

(16) J. R. Dyer, "Application of Absorption Spectroscopy of Organio 

(17) F. D. Greene, A t .  A. Berivick, and J. C. Stowell, J .  Amer. Chem. ~ O C . ,  

(18) P. D. Bartlett and R. R. Hiatt, J. Amer. Chem. SOC., 80, 1398 (1958). 

Compounds," Prentice-Hall, Englewood Cliffs, N. J., 1965, p 113. 

sa, 867 (1970). 

TABLE 111 
ACTIVATION PARAMETERS FOR THERMAL DECOMPOSITION OF 

DISUBSTITUTED 1,  DIPHENYL-^, l'-BZOETHANES I N  P-CYMENE 
BAS*', 

m-CHsO 41.0* 30.3b 11.4 29.7 
P-F 35.1 15.0 5 . 5  14.4 
H 29.6 0 .6  0 .0  0.0 
p-CHsCH2 29.9 1 . 6  0 . 3  1.0 
p-CH3 30.2 2 . 3  0 .6  1 . 7  
p-CHsO 30.2 2.8 0 .6  2 .2  
m-C1 29.2 0.4 -0.4 -0.2 
m-CF3 32.2 8 . 5  2 .6  7 .9  
p-c1 32.0 8 . 2  2 .4  7 . 6  
o-CH~O 32.4 9 . 7  2 .8  9 . 1  
Q Estimated error f 2 cal/deg mol. 

X in [XCsH&H- AH*, AS*,n AAH*, 
(CHa)N=]x kcal/mol osl/deg mol kcal/mol cal/deg mol 

b See footnote a in Table I. 

radicals plus some disproportionation products. A 
reaction scheme similar to that proposed for the azo- 
cumene sys t emaJg follows , 

coupling X q  
91-97% 

H 
[BI 

CH, CH, 

2[BI disproportionation 1-4% - '=CH=CH, + 

The products were analyzed by gas-liquid partition 
chromatography (glpc) and only disubstituted 2,3- 
diphenylbutanes and minor amounts of substituted 
ethylbenzenes were observed in the reaction mixtures. 
Any substituted styrenes, formed by disproportiona- 
tion, were evidently polymerized, since the a-phenyl- 
ethyl radicals are excellent initiators, as was demon- 
strated ip the polymerization of styrene by Cohen and 
 coworker^.^ 

The distribution of the substituted a-phenylethyl 
radicals to observed products is listed in Table IV. 
Coupling to form substituted diphenylbutanes ac- 
counted for 91-97% of the radicals produced. This 
is in good agreement with a similar study done by 
Seltzer7 with the deuterio derivative, 1,l'-diphenyl- 
l,l'-azoethane-l,l'-dz. He found that the atom % D 
in the only identified product, 2,&diphenylbutane- 
2,S-dz, from the thermal decomposition of the azo 
compound in ethylbenzene is the same, within 15%, 
as that in the starting material. He did not detect 
the disproportionation product, since it would have 
been the same as the solvent, ethylbenzene. The 
formation of up t o  2% of the substituted ethylbenzene 
in the present study indicates that up to  4% of the 

(19) S. F. Nelsonand P. D. Bartlett, J. Amer. Chem. Soc., 88, 137 (1966). 
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TABLE IV 
DISTRIBUTION OF RADICALS" TO OBSERVED PRODUCTS. 

THERMAL DECOMPOSITION OF DISUBSTITUTED 
 DIPHENYL-^, I'-AZOETHANES IN O-DICHLOROBENZENES, 120' 

(CHa) N=l2 % % yield, % 
X in [XCsHaCH- XC~H~CHZCHS,  [XCsH&H(CHs)-]z, Overall 

m-CHaO b 97 ct 0 . 2  97 
P-F <2 96 i 0.6 98 
H 2 . 2  91 i 3 93 
m-CHa <2 93 i 1 95 
p-CHaCH2 b 97 i 1 97 
P-CHB 1 . 3  96 A 1 97 
m-F <2 95 i 0.5  97 
m-C1 - b 97 ct 1.5  97 
p-CHSO b 92 i 0.5 92 
O-CH30 b 93 i 2 93 
a Mole percentage of radicals accounted for after 24 hr of de- 

composition based on amount of azo compounds before reactions. 
Glpc showed no peak for this product, estimated to be less than 

1%. 

radicals \ v ( w  irivolvcd in disproportionation, sincc 
an cquivalcnt amount of the substituted styrene 
would be expected. It is also apparent that the effect 
of the substituents on the product distribution is 
ncgligiblc, consistent with the azocumene findings.3 

Experimental Section 
Syntheses of the azo compounds are reported elsewhere by 

Shelton and Liang,6 including yields, melting points, analysis, 
and nmr data. 

Decomposition Rate Measurements.-The solvent, p-cymene 
(Fisher), was distilled over calcium hydride and the middle frac- 
tion, bp 174-174.5", was collected. Nitrogen, passed through a 
drying tube filled with Drierite, was bubbled through the p- 
cymene for a t  least 30 rnin a t  room temperature to expel the 
oxygen. A 180-ml portion of this p-cymene was transferred to 
the reaction vessel which was immersed in a constant-temperature 
bath (Lauda Thermostat, Type NBss15122) and purged with 
nitrogen throughout the entire reaction. After the temperature 
of the whole system was equilibrated, a 20-ml solution of azo 
compound (0.4-0.5 g, recrystallized before use, in 20 ml of pure 
dried p-cymene) was injected with a 50-ml syringe into the reac- 
tion vessel through a septum. After the contents came to tem- 
perature equilibrium with the bath (generally 5 min), sampling 
was started using a 10-ml syringe with a 12-in. needle. 

J .  Org. Chem., Vol. 58, No. 13, 1973 2305 

Ten samples were taken at intervals of 30 rnin by puncturing 
the septum and withdrawing approximately 8 ml of the reaction 
mixture. The samples were transferred immediately into small 
brown bottles and quenched in an ice-water bath. The second 
set of ten samples was obtained in the same manner after about 
1-2 half-lives. Then each sample was transferred to an uv cell 
(2-cm quartz) and absorbance was measured a t  a fixed wave- 
length, 359 mp, with an A. P. C. Cary 14 recording spectro- 
photometer. 

Excellent linear first-order plots were obtained using the 
Guggenheim methods by plotting In (At -  AT+^) vs .  time, where 
A is absorbance a t  359 mp, T is the time between the starts of 
the two series of samples, and t is the time interval (30 min). 
From these data rate constants were calculated. Activation 
parameters were obtained from decomposition rates measured 
a t  105,95, and in some cases 85'. 

Product Analysis.-A 10-15-ml sample of the disubstituted 
1,l'-diphenyl-1,l'-azoethane in o-dichlorobenzene solution (con- 
centration -0.07 M )  was placed in a 50-ml flask fitted with 
reflux condenser and nitrogen inlet to give approximately 0.7- 
1.0 mmol of the azo compound. This flask was flushed with 
nitrogen and then immersed in a constant-temperature oil bath 
(120') for about 24 hr under positive nitrogen pressure. 

The raw reaction mixtures were analyzed by a MatYonic Model 
500 dual-column gas chromatograph. For the high-boiling 
products, a 2 ft X 0.25 in. column packed with 20% SF-96 on 
acid-washed Chroinosorb P (30-60 mesh) was used, and, for the 
lower molecular weight materials, a 10 f t  X 0.125 in. column 
packed with 5% diisodecyl phthalate and 5y0 Bentone-34 on 
Chromosorb G (60-80 mesh) was employed. 

The reaction products from the decomposition of p,p'-dimethyl- 
1,l'-diphenyl-1,l'-azoethane and the parent compound were 
identified by comparison of glpc retention times with those of 
authentic samples which were either made by other routes or 
obtained commercially. Based on this information, the coupling 
and disproportionation products for the other derivatives could 
be easily identified by the reltaive retention times observed in 
each case. The coupling products of the methoxy isomers, for 
example, showed the following retention times: p-CH30 (2.7 
min)/m-CH30 (2.1 min)/o-CH30 (2.0 min). Since only a single 
peak was observed on each gas chromatogram, the identification 
was definite in every case. 

Acknowledgment. -The authors are indebted to Miss 
Frances Chang for her contribution in obtaining rate 
data a t  additional temperatures for several of the azo 
compounds to permit calculation of the activation 
parameters. This work is part of a series of studies of 
free-radical reactions supported by the Goodyear Tire 
and Rubber Co., Akron, Ohio. 


