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Free-Radical Elimination Reactions. The Reaction of Phenyl 
Radicals with t-Butyl Sulfide and Phenyl t-Butyl Sulfide’ 
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Abstract: The reaction of phenyl radicals with t-butyl sulfide and phenyl t-butyl sulfide was carried out by decom- 
posing phenylazotriphenylmethane in dilute solution in the sulfides. Reactions were run in the absence and in the 
presence of air. In the absence of air, benzene and isobutylene are formed in equivalent amounts, indicating 
quantitative, nonchain, free-radical elimination reactions. The leaving group in the t-butyl sulfide reaction, t- 
butyl thiyl radical, is trapped by radical scavengers in solution. The most important scavenger is triphenylmethyl 
formed from phenylazotriphenylmethane. The effect of air on the nature and yields of products is discussed in 
terms of the steady-state concentrations of triphenylmethyl and related radicals. Possible mechanisms for the 
elimination reactions are discussed. A simple rate-determining hydrogen abstraction followed by a rapid p elimina- 
tion of thiyl radical is ruled out for t-butyl sulfide. Phenyl radical is shown to react at thepara-position of triphenyl- 
methyl at least three to four times more readily than at the central atom. This para coupling of phenyl and tri- 
phenylmethyl accounts for several unusual aspects of phenylazotriphenylmethane decompositions. 

onic and cyclic multicenter elimination reactions have I been studied in detail and the general features of 
these reactions are well u n d e r ~ t o o d . ~  The existence of 
free-radical elimination reactions in solution is gen- 
erally recognized, but systematic studies of olefin- 
forming processes have not been reported. This paper 
presents our observations on two simple elimination 
reactions, the reactions of phenyl radicals with t- 
butyl sulfide and phenyl t-butyl sulfide. 

The isomerization of olefins by radicals is usually 
explained by an addition-rotation-elimination se- 
quence4 (eq 1). Only certain radicals catalyze cis- 
trans interconversion under mild conditions; those 
found to be particularly effective are iodine and bro- 
mine atoms and thiyl radicals. Noyes and co-workers 

H H  

R R  n H R  
/J + x *  

n 
L 

demonstrated that halogen exchange accompanies the 
isomerization of dibromo- and diiodoethylenes by 
bromine and iodine atoms.5*6 The reversibility of thiyl 
radical additions to olefins is especially relevant to this 
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Thesis of A. J. Meskin, University of Rochester, 1964. 

(2) Esso Fellow, 1962-1963. 
(3) Recent reviews are (a) D. V. Banthrope, “Elimination Reactions,” 

Elsevier Publishing Co., New York, N. Y., 1963; (b) W. H. Saunders, 
Jr., and A. Maccoll, Chapters 2 and 3, respectively, in “The Chemistry 
of the Alkenes,” S. Patai, Ed., Interscience Publishers, Inc., New York, 
N. Y., 1964; (c) J. F. Bunnett, Angew. Chem., 74, 731 (1962); (d) C. H. 
DePuy and R. W. King, Chem. Rev., 60, 431 (1960). 

(4) C. Walling, “Free Radicals in Solution,” John Wiley and Sons, 
Inc., New York, N. Y., 1957, pp 302,322. 

( 5 )  H. Steinmetz and R. M. Noyes, J .  Am. Chem. Soc., 74, 4141 
(1952). 

(6) R. M. Noyes, R. G. Dickenson, and V. Schomaker, ibid., 67, 
1319 (1945). 

work and has been studied by Walling’ and Sivertz.* 
In particular, Walling and Helmreich concluded that 
the rate constants for elimination from the intermediate 
radicals (1 and 2, R = CH3, X = SCH,) are 80 times 
(1) and 20 times (2) greater than the rate constant for the 
chain-transfer step with methyl mercaptan (XU). 
The reversibility of the addition of radicals to olefins 
has been studied in detail in the gas phaseag 

Many radical reactions have been rationalized in 
terms of elimination of a substituent 6 to a free-radical 
center.1° Halogen atoms are the most common 
leaving groups; a recent example is the formation of 
significant amounts of trans-1,2-dichlorocyclopentane 
in the photochlorination of bromocyclopentane at 
40°.11 Enol thioethers are formed by the reaction of 
t-butoxy radicals with dithioketals. l 2  If sufficiently 
provoked, alkyl substituents seem to be satisfactory 
leaving groups. Thus, the addition of carbon tetra- 
chloride to 6-pinene gives a ring-opened product. 1 3 , 1 4  

The elimination is apparently not concerted with the 
initial attack on the double bond since the addition of 
thiolacetic acid to  6-pinene gives only normal prod- 
ucts’b (i.e., no ring opening). Similar results have re- 
cently been reported for radical additions to vinyl- 
cyclopropanes. Many pyrolytic decompositions have 
been studied in detail and appear to involve radical 
elimination steps. l7-21 

(7) C. Walling and W. Helmreich, ibid., 81, 1144 (1959). 
(8) C. Sivertz, J .  Phys. Chem., 63, 34 (1959), and earlier papers. 
(9) R. J. Cvetanovib, Advan. Phofochem., 1, 115 (1963). 
(10) C. Walling, “Molecular Rearrangements,” P. deMayo, Ed., 

(11) G. A. Russell and A. Ito, J .  Am. Chem. Soc., 85, 2983 (1963). 
(12) A. B. Terent’ev and R. G. Petrova, Bull. Acad. Sci. USSR Div. 
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(14) G. Dupont, R. Dulous, and G. Clement, Compf.  Rend., 236, 
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Interscience Publishers, Inc., New York, N. Y., 1963, Chapter 7. 
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Table I. Products of the Reaction of Phenyl Radicals with t-Butyl Sulfide 

7 Moles of product/mole of P A P  ___ 
!-Butyl 

Conditions Benzene Isobutylene r-Butylthiol d i d f i d e  

Degassed 0.54 i 0.04 0.56 Z!Z 0.06 <0.001h Trace <0 03$ 
Air 0 56 = 0.06 0.73 + 0.06 0.14 L 0.06 0 1 4 & 0 0 0 3  

Reproducibility of measurements indicated as standard deviation. Limit of detectability. 

There is ample evidence, therefore, for a 8-elimina- 
tion reaction as a fundamental type of free-radical 
process. In many of the cases cited above, the elim- 
ination is in competition with an abstraction reaction. 
Such competition implicates an intermediate ; these 
fragmentations are therefore best described as two- 
step eliminations. Very few of the results concerning 
elimination reactions in solution require a concerted 
formulation. 2 ?  

Because of the complicated, and often circumstantial, 
nature of much of the evidence, we sought a simple, 
free-radical elimination reaction which would be suit- 
able for detailed study. The reaction of phenyl 
radicals with t-butyl sulfide was chosen for a number 
of reasons. Phenyl radicals are conveniently?”-?j 
and efficientlyz6 obtained by the thermal decomposition 
of phenylazotriphenylmethane (PAT) at moderate tem- 
peratures (eq 2) .  t-Butyl sulfide presents only two 

possibilities for reaction, abstraction of one of the 18 
equivalent 0 hydrogens or attack on the sulfur atom. 
Thiyl radicals efficiently isomerize olefins7t8 and, there- 
fore, are good radical leaving groups. The expected 
stoichiometry of an elimination reaction initiated by the 
attack of a phenyl radical on one of the p hydrogens of 
t-butyl sulfide is indicated in eq 3. Benzene and iso- 

CGH~N=NC(C~HS)B --f C6Hj. + Nz + * C ( C G H ~ ) ~  (2) 

CsHj. + (CHdaCSC(CHd3 + 
CsH6 f (CHdzC=CHz f (CHahCS. (3) 

butylene are the atom abstraction and olefinic frag- 
ments of the elimination reaction. t-Butylthiyl radical 
is the leaving group and might simply dimerize. Fi- 
nally, the form of the reaction permits changes in the 
alkyl group, the leaving group, and the attacking 
radical. Premeditated variation of these parameters 
should lead to information about the detailed mech- 
anism of free-radical elimination reactions. 

Results 
The reaction of phenyl radicals with t-butyl sulfide 

was accomplished by the thermal decomposition of 
phenylazotriphenylmethane in dilute solution (4-5 
X M> in t-butyl sulfide. The reactions were 
carried out in sealed tubes at 76-79” for 2-3 hr. Some 
tubes were thoroughly degassed before being sealed, 
others were sealed in the presence of air. The yields of 
isobutylene, benzene, t-butylthiol, and t-butyl disulfide 
were determined by vpc using internal standard methods. 

(21) N. Grassie and H. W. Melville, Proc. R0.v. SOC. (London), 199, 

(22) S. W. Benson, D. M. Golden, and I<. W. Egger, J .  Chem. P h j s . ,  
14, 24, 29 (1949). 

42, 4265 (1965). 

Univerrity Press, New York, N. Y. ,  1946, p 146 ff. 
(23) W. A. Waters, “The Chemistry of Free Radicals,” Oxford 

(24) H. Wieland, E. Pouuer, and H. Seefried, Ber., 55, 1816 (1922). 
(25) R. Huisgen and J.-Nakaten, Ann., 586, 70 (1954). 
(26) J. F. Garst and R. S. Cole, Tetrahedron Lefrers, 679 (1963) 

The average results of many runs are shown in Table I. 
t-Butyl sulfide is stable under the reaction conditions 
in the absence of PAT. The decomposition of PAT 
is known to give small amounts of benzene in the 
absence of any hydrogen source other than PAT.”J-~S 
The amount of benzene usually produced in this manner 
is small (<0.05 mole/niole PAT). Since the decompnsi- 
tion of PAT gives triphenylmethyl radicals (eq 2), 
their reactivity toward t-butyl sulfide was tested. A 
solution of triphenylmethyl in benzene was prepared by 
the reaction of triphenylmethyl chloride with mercury29 
and introduced intc a reaction tube containing t-butyl  
sulfide. The solution was heated for 4 hr at 76-79’. 
Small amounts of isobutylene (ca. 0.07 mole/niole of tri- 
phenylmethyl chloride) were detected. Therefore, the 
amount of isobutylene which might arise by reaction of 
triphenylmethyl with t-butyl sulfide is of the order of the 
uncertainty in i)ur measurements. The preceding 
arguments clearly indicate that the products described 
in Table I are the result of the reaction of phenyl 
radicals with t-butyl sulfide. 

In degassed tubes, the benzene and isobutylene yields 
are quantitatively in accord with the 1 : 1 stoichiometry 
of a simple, nonchain elimination reaction (3). In air 
tubes, the benzene yield no longer accounts for all of the 
isobutylene. The excess olefin, however, is acconi- 
panied by a corresponding amount of a new hydrogen 
abstraction product, t-butylthiol. Therefore, the equiv- 
alence of hydrogen abstraction product and olefin is 
maintained in both air and degassed tubes. A short- 
chain reaction involving t-butylthiyl radicals apparently 
occurs in the presence of air (eq 4). The fate of the 

(CH&CS* + (CH3)3CSC(CH& + 
(CH&CSH + (CHs)jC=CHi t (CH,),CS. (4 1 

leaving group depends, in part, on the reaction condi- 
tions. Neither thiol nor disulfide is formed in sig- 
nificant amounts in the degassed tubes. In air tubes, 
t-butyl disulfide is obtained in 50% yield (based on the 
benzene yield). The disulfide gives clear evidence 
of the formation of thiyl radicals and qualitatively 
supports the elimination reactions described by eq 
3 and 4. 

Because of the absence of t-butylthiol and disulfide in 
the degassed tubes, we investigated some of the more 
complex reaction products. Estimates of the yields of 
the products identified are given in Table 11. 

The products in Table I1 are, in general, the result of 
radical-radical reactions involving phenyl, triphenyl- 
methyl, and t-butylthiyl radicals. Tetraphenylmethane 
is a relatively unimportant product. The formation of 
large amounts of triphenylmethane might seem to be in 

(27) R. F. Bridger and G. A. Russell, J .  A m .  Chcm. SOC., 85, 3754 

(28) W. A. Pryor and H. Guard, h i d . ,  86, 1150 (1964). 
(29) G. S.  Hammond, A.  Ravve, and F. J. Modic, Anal. Chem., 24, 

(1963). 

1373 (1952). 
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triarylcarbinols. Carbinols 3b and 4b were identified 
in the reaction mixture by isolation and thin layer 
chromatography, respectively. It is not known, how- 
ever, if the carbinols are primary reaction products or if 
they are formed from the sulfides during work-up and 
analysis of the reaction mixtures. Because of these 
difficulties, two indirect methods of analysis were em- 
ployed. Both methods give the sum of the yields of 
sulfide and carbinol of a given structural type. In the 
first procedure, the reaction mixtures were evaporated 
to dryness and the residues were dissolved in a known 
volume of 1 : 1 sulfuric acid-acetic acid. The absorb- 
ance at 405 mp was taken to be indicative of the yield 
of precursors of the triphenylmethyl cation, i.e., 
triphenylmethyl t-butyl sulfide (3a) and triphenyl- 
carbinol (3b). The absorbance at 506 mp was sim- 
ilarly used to estimate the yield of 4-biphenylyldiphen- 
ylmethyl cation precursors, 4a and 4b. The second 
approach was based on the reduction of the carbinols 
and sulfides in the reaction mixture to the corre- 
sponding hydrocarbons with HBr-HI and gave results 
in approximate agreement with the spectral method. 
4-Biphenylyldiphenylmethane (4c) was isolated by 
vpc, confirming the presence of the 4-biphenylyldi- 
phenylmethyl structural system among the reaction 
products and supporting the Rf and spectral data 
mentioned earlier. 

I t  is unfortunate that we were not able to  accurately 
determine the yields of sulfides 3a and 4a. Neverthe- 
less, it is difficult to see how carbinols 3b and 4b 
could be important primary products in degassed re- 
action mixtures. It is reasonable and consistent with 
the results to suggest that the sulfides are products in 
degassed tubes and that the carbinols are formed during 
work-up and analysis. If this is true, then the fate of 
the leaving group (t-butylthiyl radical) in degassed 
tubes becomes clear. In particular, the absence of t- 
butyl disulfide and -thiol in degassed tubes is due to the 
presence of radical scavengers in the reaction mixtures. 
Triphenylmethyl radicals are formed from PAT,Z4'25 
are relatively unreactive toward t-butyl sulfide, and are 
known to be efficient scavengers of other radicals.27781 
The reaction of triphenylmethyl with t-butylthiyl 
radical gives triphenylmethyl t-butyl sulfide (3a). 
The products in Table I1 also indicate the presence of 4- 
biphenylyldiphenylmethyl radicals. 4-Biphenylyldi- 
phenylmethyl scavenges t-butylthiyl radical giving sul- 
fide 4a. 

The effect of oxygen on the reaction products is now 
understandable in terms of this scavenging process. 
Triphenylmethyl radicals react rapidly with oxygen. 3 2  

Therefore, the steady-state concentration of triphenyl- 
methyl radicals in air tubes is less than in degassed 
tubes. The lower concentration of triphenylmethyl 
decreases the efficiency of the scavenging of t-butylthiyl 
radicals, leaving some free for other reactions such as 
attack on sulfide or dimerization. Oxygen undoubt- 
edly has a similar effect on the concentration of the 4- 
biphenylyldiphenylmethyl radical. 

Table 11. Complex Products from the Decomposition of 
PAT (4-5 X M )  in t-Butyl Sulfide 

Moles of product/mole of PAT 
Product Degass e d Air Methodn 

Tetraphenylmethane 0.03 0.02 
Triphenylmethane 0 .37  . . .  

0.35 0 .21  
0.26 0 .22  

3a, 3bb 0.28  0 . 3 4  
0.39 0 . 4 7  

4a, 4bb 0.08 0.05 
0 .11  0.06 

~ 

a A, vpc of the reaction mixture; B, isolation; C, vpc of the 
reaction mixture after reduction with HBr-HI (see text); D, visible 
spectrum of carbonium ion (see text). The analytical methods 
did not distinguish between 3a and 3b or 4a and 4b. The results 
represent the sums of the two (see text). 

I 

3a; X=SC(CH3), C6H5 
4a; X=SC(CH,), 
4b; X=OH 
4c; X=H 

3b; X=OH 

contradiction to our conclusion that triphenylmethy 
radical does not react readily with t-butyl sulfide. 
There are many previous examples, however, of the 
formation of significant amounts of triphenylmethane 
from the decomposition of PAT in the absence of any 
obvious hydrogen donor. The most striking of these 
is the report30 that decomposition of PAT in carbon 
tetrachloride gives a 27 yield of triphenylmethane. 
The origin of the triphenylmethane will be discussed 
later. Phenyl t-butyl sulfide, which might have been 
formed by coupling of phenyl and t-butylthiyl radicals 
or by radical displacement by phenyl on the sulfur of 
t-butyl sulfide or t-butyl disulfide, could not be de- 
tected (<0.005 mole/mole of PAT). 

Triphenylmethyl t-butyl sulfide (3a) and 4-biphenyl- 
yldiphenylmethyl t-butyl sulfide (4a) are particularly 
important products since they account, in part, for the 
leaving group in the elimination reaction (t-butylthiyl 
radical). Authentic samples of these sulfides were 
prepared by the condensation of t-butylthiol with the 
appropriate arylmethyl chloride in pyridine solution, 
Both sulfides 3a and 4a were shown to be products of 
the PAT reaction by a comparison of Rf values for 
components of the reaction mixtures with those of the 
authentic sulfides under several substrate and solvent 
conditions. In addition, the two sulfides were col- 
lected separately from thin layer chromatograms and 
dissolved in 1 : 1 sulfuric acid-acetic acid. The sulfides 
from the reaction mixture gave the visible spectra of the 
appropriate ions, triphenylmethyl cation and 4-biphen- 
ylyldiphenylmethyl cation. 

Attempts to isolate or accurately determine the 
yields of the sulfides were frustrated by the complexity 
of the reaction mixtures and the lability of the sulfides 
under the work-up conditions. Vapor phase chroma- 
tography, as well as silica gel and alumina chromatog- 
raphy, led to extensive decomposition of the sulfides. 
The sulfides are converted, in part, to the corresponding 

(30) D. H. Hey and J. Peters, J .  Chem. Soc., 79 (1960). 

(31) (a) F. R. Mayo and R. A. Gregg, J .  A m .  Chem. Soc., 70, 1284 
(1948); (b) C. S. Marvel, J. Dec, and J. 0. Corner, ibid., 55, 3475 (1933); 
(c) J. B. Conant and B. F. Chow, ibid., 55, 3475 (1933); (d) H. Wieland, 
K. Heymann, T. Tsatsas, D. Juchum, G. Varvoglis, G. Labriola, 0. 
Dobbelstein, and H. S .  Boyd-Barrett, Ann., 514, 145 (1934); (e) D. H. 
Hey, M. J. Perkins, and G. H. Williams, J .  Chem. Soc., 110 (1965). 

(32) M. Gomberg, Chem. Rev . ,  1, 91 (1924). 
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In summary, we have accounted for two of the 
products of the elimination reaction, the atom ab- 
straction and olefinic fragments, in a quantitative, 
stoichiometric fashion. The leaving group is ac- 
commodated by an internally consistent, albeit quali- 
tative scheme. We conclude from the product studies 
described above that the process initiated by the attack 
of phenyl radicals on t-butyl sulfide in degassed tubes is 
a quantitative nonchain elimination reaction whose 
stoichiometry is described by eq 3. In particular, the 
elimination reaction is suficiently well dejined to allow 
further detailed discussion and investigation. 

We have also studied the benzene and isobutylene 
yields for the reaction of phenyl radicals with phenyl 
t-butyl sulfide. The conditions of reaction were 
identical with those described earlier. Phenyl t- 
butyl sulfide is stable to the reaction conditions in the 
absence of PAT. The results shown in Table I11 are 
analogous to those obtained with t-butyl sulfide, indi- 
cating that phenyl t-butyl sulfide also undergoes a 
quantitative elimination reaction. We have not studied 
the other products of this reaction, although the low 
benzene yield presumably indicates that some of the 
phenyl radicals attack the aromatic ring of the sul- 
fide. 

Table 111. Yields of Benzene and Isobutylene from the 
Decomposition of PAT in Phenyl r-Butyl Sulfidea 

-Moles of product/mole of PAT-. 
Conditions Benzene Isobutylene 

Degassed 0.27 & 0.03 0.28 i. 0.04 
Air 0.28 i 0.02 0.59 i. 0.13 

(I Reproducibility of measurements indicated as standard devia- 
tion. 

Discussion 
Since this work began it has been found that the 

hydrogen atoms of t-butyl sulfide are surprisingly re- 
active toward free radicals. Pryor and P i ~ k e r i n g ~ ~  
measured the chain-transfer constant of t-butyl sulfide 
for styrene polymerization (Table IV). Since the 
sulfur atoms of t-butyl disulfide should be more ac- 
cessible and reactive than that of t-butyl sulfide, 3 4  

the behavior of the latter compound must be attributed 
to the p hydrogens. 

Table IV. Chain-Transfer Constants for Polymerization of 
Styrene at 60" 

Compound c x 104 

Heptane 
r-Butyl disulfide 
n-Butyl sulfide 
Carbon tetrachloride 
r-Butyl sulfide 

0.42" 
1. 42a 
21. 8b 

90b 
250" 

a Reference 33. * Reference 4, p 152. 

Russell and co-workers measured the relative re- 
activity of the hydrogens of a number of compounds 
toward phenyl radicals (Table V). 

(33) W. A. Pryor and T. L. Pickering, J .  Am. Chem. Soc., 84, 2705 
( 1962). 

(34) Pryor and Pickering33 suggested that unusual reactivity of t-butyl 
sulfide was due to a concerted, polystyryl radical initiated elimination 
reaction. 

Table V. Reactivity Relative to Carbon Tetrachloride for 
the Reaction of Phenyl Radicals with Hydrogen Donors 

Relative 
reactivity 

Compound x 102a 

Dimethyl propane 1.2h 
r-Butyl disulfide 1 . 4  
Phenyl r-butyl sulfide 2 3 c  
Thioanisole 13h 
&Butyl sulfide 69r 
Diphenylmethane 69c 

a At 60". Relative reactivity is statistically corrected, Le., per 
reactive hydrogen. Reference 27. Private communication from 
G. A. Russell of unpublished results of Mr. J. D. Hunt. 

The p hydrogens of t-butyl sulfide are approximately 
six times as reactive as the cy hydrogens of thioanisole 
in which the developing radical center is adjacent to 
the sulfur atom. Therefore, a simple inductive effect 
of the sulfur cannot explain the reactivity of t-butyl 
sulfide. A p hydrogen in t-butyl sulfide is 30 times as 
reactive3j as a corresponding hydrogen in phenyl t- 
butyl sulfide. The p hydrogens of the latter compound 
are only twice as reactive as those of 2,2-dimethylpro- 
pane. 

Three reasonable mechanisms for the reaction of 
phenyl radicals with t-butyl sulfide and phenyl t-butyl 
sulfide are suggested in Chart I. 
Chart I 

slow 
(A) CeH5. + (CHa)3CSR + CsH6 f .CHz(CH3)zCSR 

fast 5 
5 + CH*=C(CH3)2 + .SR 

R 
S .  

6 
fast 

6 + CHz=C(CHs)* + .SR 

(C) CsH5. + (CH3)KSR + CeH6 + CH*=C(CH3)z + .SR 

.SR = .SC(CHa)3 or .SCsHs 

If the rate-determining step were simple unassisted fi-  
hydrogen abstraction as in (A), then the relative re- 
activities of the sulfides might be similar to that of 2,2- 
dimethylpropane. In fact, t-butyl sulfide is 57 times as 
reactive as the hydrocarbon. The equivalent yields of 
benzene and isobutylene in degassed tubes require that 
intermediate radical (5) fragment to olefin before it is 
appreciably scavenged by triphenylmethyl. The tri- 
phenylmethyl concentration is admittedly low, but 
high enough to give significant scavenging of phenyl 
leading to 4-biphenylyldiphenylmethyl products. 

Case B readily accounts for the unusual reactivity of 
t-butyl sulfide in terms of neighboring group partici- 
pation by sulfur in the transition state for hydrogen 
abstraction. The difference in reactivity between t- 
butyl sulfide and phenyl t-butyl sulfide is more dif- 
ficult to understand. In the classic work on neigh- 
boring group participation by sulfur in radical re- 
actions, Bentrude and Martin36 cbserved that t- 

(35) G. A. Russell and R. F. Bridger, Abstracts of Papers, 146th 
National Meeting of the American Chemical Society, Denver, Colo., 
Jan 1964, p 2C, have previously attributed the high reactivity of 1-butyl 
sulfide to a concerted abstraction-elimination process wherein relief of 
steric strain was the major driving force. 

(36) W. G. Bentrude and J. C. Martin, J .  A m .  Chem. Soc., 84, 1561 
(1962). 
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thereby decreasing the total number available for ab- 
straction reactions. The steady-state concentration of 
triphenylmethyl and, therefore, the number of phenyls 
destroyed by scavenging will increase with PAT con- 
centration. 

Tetraphenylmethane is the obvious product of the 
reaction of phenyl with triphenylmethyl. Tetraphen- 
ylmethane, however, is consistently a minor product 
(2-3 % yield) of PAT  decomposition^.^^ The forma- 
tion of products derived from the 4-biphenylyldiphenyl- 
methyl radical (8) indicates that para coupling of tri- 
phenylmethyl and phenyl is also important. From the 
yields of tetraphenylmethane and 4-biphenylyldiphen- 
ylmethyl products quoted in Table 11, phenyl couples at 
the para position of triphenylmethyl at  least three to four 
times more readily than it couples at the central carbon 
atom. Since para coupling gives a hydroaromatic inter- 
mediate (7), the reaction accounts for both the dis- 
appearance of phenyls and for the formation of hy- 
drogen donors. The relevant reactions are shown in 
Chart 11. The yield of 7 depends on triphenylmethyl 

Chart II 

butyl (o-pheny1thio)perbenzoate decomposed twice as 
fast as t-butyl (oLmethy1thio)perbenzoate. I t  is pos- 
sible that electronic differences between the transition 
states for the reactions of the two sulfides are small, as 
suggested by the data of Bentrude and Martin. These 
small electronic differences may be swamped out by a 
steric acceleration of the reaction of t-butyl sulfide. 
Both cases B and C allow for a relief of steric strain in 
the transition state. Finally, the same scavenging 
argument indicated earlier restricts the lifetime of inter- 
mediate 6. 

A concerted elimination reaction (case C) agrees with 
the absence of scavenging of an intermediate radical 
derived from the sulfides and with the high reactivity 
of t-butyl sulfide. However, since phenylthiyl radical 
should be a better leaving group than t-butylthiyl 
radical, the sulfide reactivities are reversed from what 
one might have predicted. As in case B, steric effects 
may be more important than electronic effects. It is 
not possible to make a clear choice between alterna- 
tives B and C. Case C, however, most easily explains 
the reactivity of t-butyl sulfide and the stoichiometric 
yields of benzene and isobutylene. 

The steric differences between the two sulfides may 
lead to mechanistic differences. Zavitsas and Ehren- 

recently suggested a concerted mechanism for the 
reaction of t-butyl radical with the highly strained t- 
butylmethylcarbinyl hypochlorite to give t-butyl chlo- 
ride, acetone, and a new t-butyl radical. In  contrast, 
other hypochlorites clearly give intermediate alkoxy 
radicals and, therefore, do not react by a concerted elim- 
ination process. 

Phenylazotriphenylmethane. As indicated in Table 
11, the decomposition of PAT in t-butyl sulfide gives 
significant amounts of triphenylmethane. Since tri- 
phenylmethyl does not react readily with the sulfide, 
there must be some unexpected hydrogen donor(s) in 
the reaction mixture, 30 Bridger and Russellz7 and 
Pyror and Guardz8 have noted that PAT in carbon 
tetrachloride gives small amounts of benzene. The 
benzene yield increases from 4.8 to 8.0% as the PAT 
concentration increases from 0.048 to 0.192 M;27 
benzene is apparently formed by both cage and non- 
cage processes. z7,38 In addition, the sum of the yields 
of benzene and chlorobenzene (i.e., recovery of phenyl 
radicals) decreases as PAT concentration increases. z7 

A similar effect of PAT concentration on the benzene 
and isobutylene yields in the sulfide reaction was ob- 
served in this work. 

A logical explanation of (1) the formation of hy- 
drogen donors in PAT decompositions and (2) the de- 
crease in available phenyl radicals with increasing PAT 
concentration involves an appreciable steady-state con- 
centration of triphenylmethyl radicals in the course of the 
PAT decomposition. 39 

These triphenylmethyl radicals scavenge phenyls, 

(37) A. A. Zavitsas and S. Ehrenson, J .  Am.  Chem. Soc., 87, 2841 
(1965). 

(38) W. A. Pryor, J. T. Echols, Jr., S. C. Stodola, and H. E. Guard, 
ibid., in press. 

(39) The attack of phenyl radicals on PAT*’,** is inconsistent with 
the kinetic behavior of the azo compound:25 G. L. Davies, D. H. Hey, 
and G. H. Williams, J .  Chem. Soc., 4397 (1956); J. F. Garst and G .  S. 
Hammond,J. Org.  Chem., 23, 98 (1958); S .  G. Cohen and C. H. Wang, 
J .  Am. Chem. Soc., 75, 5504 (1953); M. G. Alder and J. E. Leffler, ibid., 
76, 1425 (1954); S. Solomon, C. H. Wang, and S. G. Cohen, ibid., 79, 
4104 (1957); J. E. Leffler and R. A. Hubbard, J.  Org. Chem., 19, 1089 
( 1 9 54). 

major 
7 

a 
R =  C~HS or (CsH5)3C* 

concentration (Le., PAT concentration) and hence the 
yield of benzene by reaction of phenyl with 7 will de- 
pend on PAT concentration. The scheme in Chart 11, 
therefore, is completely consistent with the observed 
effects41 and is directly supported by the identification of 
products (4a and 4b) derived from the para coupling 
reaction. 

Ambident reactivity of triphenylmethyl systems with 
radicals and nucleophiles has been observed pre- 
viously. 42-45 The factors determining the central 
para position reactivity have not been established. 
Bartlett and L ~ r a n d * ~  have recently observed that tri- 
phenylmethyl and t-butoxy radicals give approximately 
equal amounts of para and central atom coupling. 
The ionic reaction of triphenylmethyl chloride with 
potassium t-butoxide in t-butyl alcohol-benzene gives 
a,a-diphenyl-p-tolyl t-butyl ether (sa) in 70 % yield ; 
t-butyl triphenylmethyl ether was formed in only minor 
amounts.46 In contrast to these results, we have found 
that the reaction of triphenylmethyl chloride with t -  

(40) (a) D. H. Hey and J. Peters, J .  Chem. SOC., 88 (1960); (b) D. H. 
Hey and C. J. M. Stirling, ibid., 3963 (1955); (c) D. H. Hey, M. J. 
Perkins, and G. H. Williams, ibid., 110 (1965). 

(41) The scheme in Chart I1 is clearly not applicable to the formation 
of benzene by a cage process. 

(42) F. Ullman and W. Borsum, Ber., 35,  2877 (1902). 
(43) H. Wieland and C. Muller, Ann., 401, 233 (1913). 
(44) R. Heck, P. S. Magee, and S. Winstein, Tetrahedron Letters, No. 

30, 2033 (1964). 
(45) C. S. Schoepfle and S. G. Trepp, J .  Am.  Chem. Soc., 58, 791 

(1936). 
(46) J. P. Lorand, Ph.D. Thesis, Harvard University, 1964. We are 

indebted to Drs. Bartlett and Lorand for permission to quote their re- 
sults. 
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butylthiol in pyridine gives central atom product, 
triphenylmethyl t-butyl sulfide (3a), in at least 7 0 z  
yield. A small amount of material having a benzylic 
proton absorption corresponding to that of the para 
coupling product, a,a-diphenyl p-tolyl t-butyl sulfide 
(9b), was detected by nmr in <2% yield in the residue 
from the initial crystallization of the major product. 
The nmr absorption may not be due to 9b, but never- 
theless sets an upper limit on the yield of para coupling 
product. 

CeHs 

(CH3)3C -x+ A-H I 

CsHs 
Sa, X=O 
Sb, X = S  

Experimental Section 
Boiling points are uncorrected. 

Analyses are by Micro-Tech Laboratories, Skokie, 111. Infrared 
spectra were taken on a Perkin-Elmer Model 421 recording spec- 
trophotometer. Ultraviolet and visible spectra were taken on a 
Cary Model MS 11 recording spectrophotometer. Nuclear mag- 
netic resonance spectra were taken on 60-Mc Varian A-60 and 
V-4300B instruments by Dr. L. D. Colebrook and Miss Sandra 
Didenko. Mass spectra of isobutylene were taken on a Consoli- 
dated Engineering Corp. mass spectrometer Type 21-620 by Mr. 
Carl Whiteman. Vapor fractometers used were Wilkin's Aero- 
graphs, A-90-P, A-90-P2, A-110-C, and Hy-Fi Model 600. The 
A-90-P, A-90-P2, and A-1 10-C instruments had thermal conductivity 
detectors and used helium as the carrier gas while the Hy-Fi Model 
600 had an hydrogen flame-ionization detector and used prepurified 
nitrogen as the carrier gas. A number of different columns47 were 
used. 

Thin layer chromatography was performed on glass plates coated 
with Silica Gel G or Alumina Gas to 0.25-mm thickness and 
activated at 105' for 30 min. Samples were applied by spotting 1-2 
p1 of approximately a 2 %  solution in benzene. The chromatog- 
raphy was carried out by solvent ascension to  a height of 10-15 
cm and the materials were located with iodine vapor, concentrated 
sulfuric acid, or 1 :1 (v/v) sulfuric-acetic acid. 

Materials. Phenylazotriphenylmethane, prepared from triphen- 
ylmethyl chloride and phenylhydrazine with subsequent oxidation 
of the hydrazo compound with hydrogen per~xide ,~ '  was recrystal- 
lized by dissolving in a minimum amount of benzene and adding 
1.25 volumes of n-pentane. The material crystallized as yellow 
needles: mp 110.5-111.8" dec (lit.4g mp lll '), A,,,, (cyclohexane) 
418 mp ( e  190), A,,, (r-butyl sulfide) 415 mp (E 210) (lit.60 A,,, 
(hexane) 420.5 mp (E 180)). The absorption in t-butyl sulfide con- 
forms to Beer's Law. 

Commercial r-butyl sulfide was purified by distilling twice at  
atmospheric pressure through a 12-in. Vigreux column with a 
partial take-off head. Only the center third, bp 151 (lit.33 bp 151 ') 
was taken each time. Vpc showed that small amounts of t- 
butylthiol, isobutylene, and t-butyl isobutyl sulfide were present in 
about equal amounts and that the purity was >99.95 Z. 

Phenyl t-butyl sulfide, prepared by the acid-catalyzed condensa- 
tion of t-butyl alcohol with thiopheno1,Sl was distilled on a 1641. 
spinning-band column to give material, bp 107" (26 mm) (lit.s1 
bp 73" (5  mm)), ~ z Z ~ D  1.5312 (lit.51 12% 1.5335). Phenyl t-butyl 
sulfide turns yellow if allowed to stand at  room temperature in the 
presence of light. Isobutylene can be detected in these samples by 

Melting points are corrected. 

(47) (a) 15 f t  X 0.20 in 20% tricresyl phosphate on 30-60 mesh 
Chromosorb P; (b) 1 5  ft  X 0.25 in. 20% Dow Corning 11 Silicone on 
312-60 mesh Chromosorb P;  (c) 15 ft X 0.25 in. 20% SF-96 on 30-60 
mesh Chromosorb P; (d) 15 X 0.25 in. 20% Apiezon L on 30-60 mesh 
Chromosorb P; (e) 15 f t  X 0.25 in. 20% Ucon Polar on 3I2-60 mesh 
Chromosorb P; (f) 10 f t  X 1/16 in. 20% tricresyl phosphate on 30-60 
mesh Chromosorb P. 

(48) Brinkmann Instruments, Inc., Great Neck, N. Y. 
(49) M. Gomberg, Ber., 30, 2043 (1897). 
(50) A. Buroway, J .  Chem. SOC., 1865 (1937). 
(51) V. N. Ipatieff, H. Pines, and B. S.  Friedman, J .  Am. Chem. SOC., 

60, 2731 (1938). 

vpc. The sulfide was stored in the dark and freshly distilled before 
each run; analyses by vpc477c indicated less than 0.01 % detectable 
impurities. 
4-Biphenyldiphenylmethanol (4b), mp 135-137" (lit.s2 mp 136"), 

was prepared by the reaction of phenylmagnesium bromide with 
methyl 4-biphenylcarboxylate.62 
4-Biphenylyldiphenylmethane (44, mp 110.5-1 12.5 (lit.52 mp 

112-113"), was prepared by the reduction of the carbinol (4b) 
with zinc-acetic acid.s2 

Triphenylmethyl t-Butyl Sulfide (3a). Chlorotriphenylmethane 
(2.79 g. 0.010 mole) and t-butylthiol (2.25 g, 0.025 mole) were 
added to 10 ml of pyridine. This solution was heated on a steam 
bath for 5 hr, cooled to room temperature, diluted with 10 ml of 
benzene, and filtered. The filtrate was washed six times with water 
and dried with sodium sulfate. Evaporation of volatile material 
yielded 3.21 g (97%) of a light yellow, gummy solid. Recrystalli- 
zation from 95% ethanol yielded 2.31 g (70%) of triphenylmethyl 
t-butyl sulfide as white crystals, mp 102.5-104.0". 

Further recrystallization of a portion of triphenylmethyl r-butyl 
sulfide from 95% ethanol gave mp 104.5-105.5". The infrared 
spectrum (CCl,) shows no absorption above 3100 cm-l, but has 
bands attributed to the t-butyl group at 2965 (s), 2920 (s), 2890 (s), 
2860 (s), 1392 (s), and 1364 crn-l (s). The ultraviolet spectrum 
(95 % ethanol) shows strong end absorption and slight shoulders 
at 248 mp ( e  2.2 X lo3), 256 (1.8 X IO3), 262 (1.2 X lo3), and 267 
(6.1 X IO2).  The visible spectrum (1 : I  H2S04-HOAc by volume) 
shows A,,, 406 mp ( E  3.03 X 109)) A,,, 433 mp (E 3.00 X lo4). 
The visible spectrum of triphenylcarbinol (1  : 1 HnS04-HOAc) 
exhibits A,,, 406 r n p  (e 3.69 X IOi), A,,, 433 mp ( e  3.69 X 109; 
reporteds3 visible spectrum of triphenylcarbinol (H:SOa) A,,,,, 408 
mp (e 3.64 X lo4), rmax 431 mp (E 3.74 X 10"). The extinction coef- 
ficients of triphenylcarbinol and triphenylmethyl t-butyl sulfide do  
not agree probably because of incomplete ionization of the sulfide. 
The nmr spectrum (CCIJ of the sulfide shows a singlet at  7 9.05 
and a multiplet at 2.64. Atzal. Calcd for C23HL4S: C, 83.07; 
H, 7.28. Found: C,  83.17; H,7.27. 

Evaporation of the solvent from the filtrate from the initial 
crystallization of triphenylmethyl r-butyl sulfide yielded 0.514 g of 
a yellow oil. The nmr spectrum (CC14) of this material exhibited a 
singlet at T 4.55 which was attributed to the benzylic proton of the 
para reaction product, a,a-diphenyl-p-tolyl t-butyl sulfide (9b) 
( r  4.52 in authentic material). Diphenylmethane (22.7 X g, 
0.135 mmole) was added to the sample as an internal standard 
and the absorption areas at T 4.55 and 6.22 (diphenylmethane) 
were carefully integrated. The ratio of the areas r 4.5517 6.22 was 
approximately I/?, indicating a 1-2 Z yield of a,@-diphenyl-p- 
diphenyl-p-tolyl r-butyl sulfide. 
4-Biphenylyldiphenylmethyl t-Butyl !Sulfide (4a). Chloro-4- 

biphenylyldiphenylmethane,~~ rnp 144-146" (2.35 g, 6.67 mmoles), 
and t-butyl thiol (1.5 g, 16.7 mmoles) were dissolved in 10 ml of 
pyridine, and the solution was heated at  about 100' for 20 hr. 
On cooling, a white precipitate was formed. The solution was 
decanted from the solid, diluted with 50 ml of benzene, washed 
four times with water, and dried with sodium sulfate, and the 
solvent was evaporated to yield 2.3 g (85% yield) of a gummy 
solid. Two recrystallizations from 95% ethanol yielded 1.3 g 
(37 %) of 4-biphenylyldiphenylmethyl r-butyl sulfide as white 
crystals, mp 133.5-135.5". The infrared spectrum (CHCld 
shows no bands above 3100 cm-1 but exhibits bands attributed to  
the t-butyl group at 2970 (s), 2930 (m), 2900 (m), 2865 (m), 1450 
(m), and 1370 cm-1 (m); ultraviolet spectrum (95% ethanol) 
A,,, 261 mp (E 2.36 X lo4), strong end absorption; visible spectrum 
(1 : 1 H2S0,-HOAc) A,,, 506 mp ( e  2.9 X lo4), A,,, 423 mp (E 
1.6 X lo4) ;  nmr spectrum (CCI4) T 9.06 (singlet), 2.58 (multiplet). 
Anal. Calcd for C29H2SS: C, 85.24; H, 6.91. Found: C,  
85.34; H, 7.17. 

a,a-Diphenyl-p-tolyI t-Butyl Sulfide (9b). (p-Thia-r-buty1)phen- 
yldiphenylmethanol(O.412 g, 118 mmoles) was dissolved in 10 ml of 
glacial acetic acid with warming on a steam bath. The addition of 
1.5 ml of 47 HBr and heating for 5 min produced a deep violet 
solution. The reduction was completed by addition of 1.5 ml of 
47% HI  and heating for 45 min on a steam bath. After cooling 
the solution, 1 g of sodium bisulfite in 20 ml of water was added, 
the excess acids were neutralized with sodium carbonate, and the 
solution was extracted twice with benzene. ?tie benzen. extracts 
were dried with sodium sulfate and evaporated to produce 0.355 g 

(52) W. Schlenk, Ann., 368, 295 (1909). 
(53) V. Gold and B. W. V. Hawes,J. Chem. SOC., 2102 (1951). 
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(91% yield) of a light yellow oil. Chromatography on 10 g of 
neutral alumina and elution with pentane yielded 117 mg (30%) 
of a,a-diphenyl-p-tolyl t-butyl sulfide as a white solid, mp 86-89". 
Two recrystallizations from ethanol-water raised the melting point 
to 58.5-90.0". The infrared spectrum (CCI?) showed no bands 
above 3100 cm-l but showed t-butyl bands at  2980 (s), 2965 (s), 
2945 (m), 2925 (m), 2900 (m), 2865 (m), 1454 (m), and 1368 cm-' 
(s). The nmr spectrum (CC1,) shows 9 multiplet between T 2.5-3.1 
(14.5 H), singlet a t  4.52 (1.0 H), and a singlet a t  8.74 (8.5 H). 
A m / .  Calcd for C23H?4S: C, 83.08; H, 7.28. Found: C, 
82.87; H, 7.26. 

General Procedure. 
Solutions of known concentrations of PAT in r-butyl sulfide were 
prepared by weighing a sample of PAT into a volumetric flask and 
diluting to the correct volume with sulfide or by making a nearly 
saturated solution of PAT in r-butyl sulfide and determining the 
concentration from the visible absorption maximum at  415 mw. 
Known volumes of the solutions (ca. 1 ml) were transferred to 
Pyrex glass ampoules by means of a calibrated syringe. Some 
tubes were sealed directly with about 10 ml of air above the solu- 
tion. Other tubes were degassed at 10-j-10-6 mm with three suc- 
cessive freezings and thawings and sealed under vacuum. The 
sealed tubes were heated in a refluxing ethyl acetate bath at 76-79' 
for 2-3 hr (greater than 10 half-lives of PAT). The tubes were 
cooled in Dry Ice-acetone and opened, and an internal standard 
for vpc analysis was added and closed with serum caps. These 
procedures were followed for all runs except as noted. PAT 
concentrations were usually 4-5 X lo-* M.  

In order to isolate isobutylene, a decomposition of 
PAT in r-butyl sulfide was carried out in a tube fitted with a stop- 
cock held in place by a high-pressure fitting. On completion of the 
decomposition, the contents of the tube was distilled on a high- 
vacuum line, and the isobutylene was separated from the reaction 
mixture by fractionally condensing the high-boiling material a t  
-78" and the isobutylene at  -196". The mass spectrum of the 
isolated material was identical with that of known isobutylene 
except for a few small impurity peaks at  mass numbers greater 
than 56. The product with retention time corresponding to 
benzene on two c ~ l u m n s ~ ~ ~ ~ b  was collected from the vpc and its 
ultraviolet spectrum (9597, ethanol) was found to  be correspond 
to that of authentic benzene. Relative peak heights (254 mp = 
1.00) for the two samples were identical at six wavelengths between 
237 and 268 mp. r-Butylthiol and r-butyl disulfide were shown to 
be reaction products in air tubes by comparison of vpc retention 
times with authentic materials on four ~olurrins.~7~~o-e 

The isobutylene, benzene, t-butylthiol, and r-butyl disulfide yields 
were determined by vpc4T3,',g using internal standard methods. 
Standard mixtures containing known amounts of the product(s) 
in question in t-butyl sulfide and the internal standard were pre- 
pared and analyzed concurrently with the reaction mixtures. 
n-Pentane, ether, or cyclopentane were used as standards for 
isobutylene. Solutions of known concentrations of isobutylene in 
r-butyl sulfide were prepared as follows. t-Butyl sulfide (10 ml) 
was placed in a small flask fitted with a vacuum adapter, frozen 
with a Dry Jce-acetone bath, and the flask evacuated with a 
water aspirator. A known volume (usually 5-10 ml, corrected to  
STP) of isobutylene was admitted to  the flask from a calibrated gas 
buret. The solution was allowed to  warm to room temperature 
with occasional swirling. The stopcock on the vacuum adapter was 
opened to equalize the pressure and quickly closed. The solvent 
was then swirled for a few more minutes to ensure dissolution of 
the isobutylene, the adapter was removed, the internal standard 
was added, and the flask was stoppered. n-Pentane, cyclopentane, 
or toluene were used as standards for the benzenr determinations. 
Tetralin was used as a standard for t-butyl disulfide. Toluene 
served as a standard for t-butylthiol. Some of the results of the 
analyses are presented in Table VI. Not all of the runs are in- 
cluded, but the data have been chosen to illustrate the maximum 
spread in the results, 

There are a number of possible sources of error in analyses 
of this type. Standard deviations between runs, between tubes in 
a given run, and between injections for a given tube were all com- 
parable. Therefore, the results of all similar runs, tubes, and 
injections were averaged. Since the yield of available phenyl 
radicals depends on the initial PAT concentrations,27~28 only 
those tubes which were 4-5 X lo-* M in PAT are included in the 
average. Data for air and degassed tubes were handled separately. 
Table I presents the averaged results and standard deviations ob- 
tained from the experiments indicated in Table VII. 

The limits of detectability of t-butylthiol, t-butyl disulfide, and 

Decomposition of PAT in tButyl Sulfide. 

Products. 

Table VI 

PATI  - lo2 of moles of product/mole of PATb - 
lo2 tions" C4H8 C6H6 thiol disulfide 
X Condi- t-Butyl- t-Butyl 

a, 55,55,55 57,57,54 . . . . . .  
4.54 D b,52,48,52 50,49,51 . . . . . .  

a,  46,43,47 54,50,53 . . . . . .  
4.61  D b,44,44,40 49,50, . . . . .  . . .  

a, 86,94,90 86,87,89 . . . . . .  
b, 86,84,84 89, . ., . . . . .  . . .  

1.02 D c,98,98,96 90 , .  ., . . . . .  . . .  
a, 81,80,80 . . . . . .  . . .  

4.24  A b,75,67,74 . . . . . .  

4.86 A b, . . .  . , . 23,13,14 . , . 
a, . . .  . . .  5,6,5 . . .  

4.37 A b, . . .  . , , l l , l l ,  . .  . . .  
a, . . . 67,64,57 . . . 10,9,11 

4.98 A b, . . .  60,58,60 . . .  9,9,11 
. , . 15,16,18 a, . . .  . . .  

4.57 A b, . . .  . . .  . . .  18,19,18 
a, . . . 57,54,54 . . . 18,18,. . 

a, . . .  . . . 28,'ii, 26 . . . 

4.71 0 2  b, . . .  49,55,48 . . . 15,15, .  . 
a D = degassed tube. A = air tube. O2 = tube sealed under 

The small letters (a, b, c) designate individual tubes. oxygen. 
Each number indicates the result of a single injection. 

Table VI1 

Total 
Condi- No. of no. of 

Product tions" runs tubes 

CaHs D 5 14 
CsHs D 7 * I  

C4H8 A 3 10 
CsHs A 3 12 
t-Butylthiol A 4 13 
t-Butyl disulfide A 5 18 

a D = degassed tube; A = air tube. 

phenyl t-butyl sulfide by vpc were established by analysis of stand- 
ard solutions of the materials in t-butyl sulfide. 

Triphenylmethane and tetraphenylmethane were isolated and 
characterized from large-scale decompositions of PAT in t-butyl 
sulfide. Fifty milliliters of a solution of PAT in t-butyl sulfide 
(4.52 X 10-2 M )  was sealed in a tube (air atmosphere) and heated 
for 3 hr at 82.5". The solvent was evaporated, and the residue 
was chromatographed on 15 g of 200 mesh silica gel to give tri- 
phenylcarbinol, mp 161.5-163.0", mmp 162-164", tetraphenyl- 
methane, mp 281-283 O ,  mmp 280-283 O ,  and triphenylmethane, 
mp 9C-92 ', mmp 91-93 '. 

Comparable treatment of a degassed reaction mixture (50 ml, 
4.52 X M )  gave 203 mg (37% yield) of triphenylmethane, mp 
91-93 ', mmp 92-94", and tetraphenylmethane, mp 282-283 ', mmp 

A degassed tube (18.5 ml of 4.50 X M PAT in t-butyl sul- 
fide) and an air tube (20.0 ml of 4.50 X M PAT in r-butyl 
sulfide) were opened, and the volatile materials were evaporated. 
The residue from each was dissolved in 4 ml of benzene. Stand- 
ard solutions of triphenylmethane and tetraphenylmethane were 
prepared by dissolving weighed amounts of material in 4 ml of 
benzene. The amounts of tri- and tetraphenylmethane in the 
unknowns were determined by comparison of the areas of their 
peaks in the vpc47c curves with those of the standards using equi- 
volume injections. 

Triphenylmethyl r-butyl sulfide (3a) and triphenylcarbinol (3b) 
were characterized as reaction products by a variety of techniques. 
As described previously, chromatography of the residue from a 
large-scale decomposition of PAT in an air tube gave triphenyl- 
carbinol. Triphenylcarbinol was detected in degassed tubes by 
thin layer chromatography under two sets of conditions and 
vpc470 behavior a t  column temperatures of 209 and 253 '. Authen- 
tic triphenylcarbinol gave a major peak and a single satellite peak 
at 209" and a major peak and two satellite peaks at 253". A de- 
gassed reaction mixture gave retention times and decomposition 
patterns similar to those of the authentic material. 

282-284 '. 

Results are shown in Table 11. 
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Several unsuccessful attempts were made to devise methods 

for isolation of triphenylmethyl t-butyl sulfide. The sulfide was 
demonstrated to be present in degassed tubes by thin layer chroma- 
tography under four sets of conditions. Rf values for the sulfide 
in the reaction mixtures were identical with those observed for 
authentic sulfide. A single thin layer chromatogram of the residue 
from an air tube indicated a sulfide with the same Rf as authentic 3a. 

4-Biphenylyldiphenylmethyl t-butyl sulfide (4a) and 4-biphenylyl- 
diphenylmethanol (4b) were shown to be present in the reaction 
mixtures by thin layer chromatography. Ri values for sulfide 
4a in degassed mixtures and authentic 4a were identical under six 
sets of conditions. A single thin layer chromatogram of the 
residue from an air tube indicated the presence of sulfide 4a and 
carbinol 4b. Two different thin layer chromatograms indicated 
the presence of carbinol 4b in degassed tubes. 

The sulfides 3a and 4a were further characterized as reaction 
products as follows. Two tubes of PAT in t-butyl sulfide were 
prepared and decomposed by the usual procedure. Each tube 
contained 2 ml of 4.50 X M solution; one was degassed, the 
other was sealed in air. The solvent was evaporated from each and 
each residue was dissolved in 100 pl of benzene. Thin layer chro- 
matography was performed on Alumina G with 6:1 pentane- 
carbon tetrachloride as solvent. On completion of chromatog- 
raphy, the plates were sprayed with 1 : 1 sulfuric acid-acetic acid to 
determine the locations of the spots. The spots corresponding to 
triphenylmethyl t-butyl sulfide and 4-biphenylyldiphenylmethyl t- 
butyl sulfide were scraped from the plates into small beakers. 
To the beaker containing triphenylmethyl t-butyl sulfide were added 
a few drops of water and a few milliliters of benzene. After 
thoroughly mixing the alumina with the benzene, the solvent was 
decanted into another flask and evaporated. Solutions for the 
visible spectra were made by adding about 5 ml of 1 : I  H?SO.%- 
HOAc. The visible spectrum for the material isolated from the 
degassed tube exhibited bands at A,,, 405 mp ( A  = 1.04), A,,, 
431 mp ( A  = 1.04). The visible spectrum for triphenylcarbinol 
ander the same conditions shows: A,,, 406 mp ( E  3.69 X loa), 
A,,,,, 333 mp ( E  3.69 X lo4). The plate from the air tube did not 
yield enough material for a spectrum. 

To the beaker containing 4-biphenylyldiphenylmethyl t-butyl 
sulfide from the degassed tube was added about 5 ml of 1 : 1 H2S04- 
HOAc. This was filtered through a sintered-glass disk to yield a 
pink solution. The visible spectrum showed A,,, 506 mp ( A  = 
1.851, A,,,,, 412 mp ( A  = 1.59). The visible spectrum for 4- 
biphenylyldiphenylmethanol under the same conditions shows 
Anlax 506 mp (E 3.58 X lor), A,,, 423 mp ( E  1.99 X 104). The 
spectral solution was diluted with water, neutralized with sodium 
carbonate, and extracted once with benzene. The benzene ex- 
tract was evaporated. To the residue was added 5 ml of 95% 
ethanol. The ultraviolet spectrum of this solution showed A,,, 
253 my. The ultraviolet spectrum of 4-biphenylyldiphenyl- 
methanol (95% ethanol) shows A,,, 254 mp ( E  2.38 X IO4). 

The remaining benzene solutions containing the crude solids : 
88 pl of 100 pl from the air tube, 76 pl of 100 pl from the degassed 
tube here evaporated, and each residue was dissolved in 1 : l  
H3S04-HOAc to give 100 ml of solution. One milliter of each 
of these solutions was diluted to 25 ml to give the solutions for 
visible spectra. The solution from the air tube showed A,,,, 506 
mp ( A  = 0.11). The solution from the degassed tube showed A,,, 
405 mp ( A  = 0.55), A,,., 430 mp ( A  = 0.56), A,,, 506 mp ( A  = 
0.07). Assuming that the peak at 405 ml.c is indicative of the sum 
of triphenylmethyl t-butyl sulfide (3a) and triphenylcarbinol (3b), 
then the total yield from the air tube is 0.47 mole/mole of PAT 
and from the degassed tube is 0.39 mole/mole of PAT. Assuming 
that the peak at 506 mp is indicative of the sum of the 4-biphenylyl- 
diphenylmethyl r-butyl sulfide (4a) and 4-biphenylyldiphenyl- 
methanol (4b), then the total yield from the air tube is 0.06 
molejmole of PAT and from the degassed tube is 0.1 1 moleimole 
of PAT. No correction was made for the fact that the sulfides 
are not completely ionized in 1 : 1 H2SOa-HOAc. 

The yields of triphenglmethgl t-butyl sulfide and triphenylcarbinol, 
and 4-biphenylyldiphenylmethyl r-butyl sulfide and 4-biphenylyl- 
diphenylmethanol were also determined by reduction to the respec- 
tive hydrocarbons, triphenylmethane and 4-biphenylyldiphenyl- 
methane. Control experiments showed the reductions to be nearly 
quantitative. To the residues from an air and a degassed tube was 
added 8 ml of acetic acid, and the mixtures were warmed on a 
steam bath to ensure solution. Two milliliters of 47% HBr was 
added, and the solutions were heated for 15 min. Two milliliters 
more of 47% HBr was added, and the solutions were heated for 
another 10 min. Six milliliters of 47% HI was added, and the 

solutions were heated for 1 additional hr. After cooling the 
solutions to room temperature, an aqueous solution of 4 g of 
sodium bisulfite was added to each. The acids were neutralized 
with sodium carbonate, and the resultant solutions were extracted 
three times with benzene. The extracts were dried with sodium 
sulfate, and the solvent was evaporated. Each residue was dis- 
solved in 10 ml of benzene for vpc analysis. Comparison of the 
vpc curves with those of standards using known injection volumes 
indicated 0.59 mole of triphenylmethane/mole of PAT in the de- 
gassed tube and a value of 0.57 for the air tube. After correcting 
the triphenylmethane for that amount which was present before 
reduction, the sum of yields of triphenylcarbinol and triphenyl- 
methyl t-butyl sulfide is 0.23 mole/mole of PAT in the degassed 
tube and 0.34 mole/mole of PAT in the air tube. 4-Biphenylyl- 
diphenylmethane (4c) could not be detected by vpc47c in the re- 
action mixtures before reduction. The yields of 4-biphenylyl- 
diphenylmethane after reduction were 0.08 mole/mole PAT in the 
degassed tube and 0.05 mole/mole of PAT in the air tube. These 
yields are presumably indicative of the sum of the yields of sulfide 
4a and carbinol 4b. 4-Biphenylyldiphenylmethane (4c) was iso- 
lated by vpc4’c from a reduced reaction mixture and, after chroma- 
tography on alumina and crystallization from ethanol, had mp 
109.5-111.5”, mmp 111.0-112”, A,,, ethanol 254 mg. 

Decomposition of PAT in Phenyl-r-Butyl Sulfide. Reaction 
mixtures were prepared and analyzed essentially as described for 
r-butyl sulfide reactions. Results are shown in Table VIII. Not 
all of the data are recorded; the maximum and minimum values 
observed are given, however. The averaged results and standard 
deviations of all the data are presented in Table 111. Eight de- 
gassed runs, one tube/run, were performed. Four air runs, one 
tube/run, were performed. 

Table VI11 

10% moles of product/mole 
[PAT], Condi- Time, of PATh 
x l o 2  ionsa hr CaHs GHs 

4 .25  D 2 . 5  33, 31 30,27 
4 .71  D 2 . 5  22,21 21,22 
4.50 D 11 25,26,26 26,26,26 
4.24 D 11 28,28,27 32, 34, 34 
4.42 A 2 . 5  26,30 47, 51 
4.16 A 2 . 5  26,27,27 67,68,68 
4.10 A 11 26,29, 31 71,72,76 
4.31 0 2  2 . 5  25,22 87,88 

Q D  = degassed tube; A = air tube; Oy = oxygen bubbled 
Each number represents the through the tube before sealing. 

results of a single injection. 

Controls. t-Butyl Sulfide and Phenyl rSutyl Sulfide. One 
milliliter samples of t-butyl sulfide and phenyl t-butyl sulfide were 
charged to a series of tubes which were sealed, heated in refluxing 
ethyl acetate for 3 hr, and opened. The sulfide samples were 
analyzed by vpc using injection volumes comparable to those 
normally used for quantitative analysis of PAT reaction mixtures. 
The degassed samples of r-butyl sulfide and phenyl t-butyl sulfide 
and the air samples of phenyl r-butyl sulfide showed no detectable 
change. The air samples of t-butyl sulfide showed traces of iso- 
butylene, but no detectable t-butyl disulfide. 

Reaction of Triphenylmethyl with ?-Butyl Sulfide. The reaction 
was conducted in a Y-shaped apparatus. Each arm of the ap- 
paratus terminated in a male joint. The upper arm was inter- 
rupted by a stopcock and the right-hand arm contained a sintered 
glass filter disk just above the joint. Mercury (0.2 g, mole) 
was placed on the sintered glass disk. A solution of 0.100 g 
(3.59 X mole) of chlorotriphenylmethane in 2 ml of benzene 
was placed in a 5-ml flask with a magnetic stirrer, and the flask 
was attached to the left-hand arm. A reaction ampoule containing 
1 ml of t-butyl sulfide was attached to the right-hand arm and the 
whole assembly thoroughly degassed. The stopcock was closed, 
the apparatus was detached from the vacuum line, and the mercury 
tipped into the benzene solution. The mixture was shielded wlth 
aluminum foil and stirred for 22 hr a t  room temperature.28 At 
the end of this time, the deep orange solution of triphenylmethyl 
was filtered through the glass disk into the r-butyl sulfide. The 
ampoule was sealed off, heated for 4 hr in refluxing ethyl acetate, 
and opened, and a known volume of cyclopentane was added. 
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Analysis by vpc using cyclopentane as the internal standard indi- 
cated 0.07 mole of isobutylene/mole of chlorotriphenylmethane. 
The reaction mixture was then diluted to  10 ml with benzene and 
the triphenylmethane yield was determined by comparison with a 
standard solution using equivolume injections of standard and 
reaction mixture. The triphenylmethane yield was 0.24 mole/ 
mole of chlorotriphenylmethane. A control experiment was 
identical with that just described except that the t-butyl sulfide was 
omitted. The control gave no isobutylene, but a triphenylmethane 
yield of 0.19 moles/mole of chlorotriphenylmethane. 

Reduction of Triphenylcarbinol and Sulfides 3a and 4a.64 Tri- 
phenylcarbinol (0.540 g, 2.0 mmoles) was dissolved in 10 ml of 
acetic acid with warming on a steam bath. To this solution was 
added 1.5 ml of 47% HBr. After heating the solution on a steam 

(54) L. F. Fieser, ‘‘Experiments in Organic Chemistry,” 3rd ed, D. 
C. Heath and Co., Boston, Mass, 1955, p. 81. 
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bath for 5 min, 1.5 ml of 4 7 z  HI was added and the solution was 
heated for 1 tu. After cooling the solution to room temperature, 
1 g of sodium bisulfite in 10 ml of water was added, and the acids 
were neutralized by the addition of sodium carbonate. The 
solution was extracted twice with benzene. Drying of the ben- 
zene extracts with sodium sulfate followed by evaporation of the 
solvent yielded 0.500 g (98.5 z) of triphenylmethane, mp 92-93.5”. 

Similar treatment of a mixture of triphenylmethyl t-butyl sulfide 
(0.051 g, 0.153 mmole) and 4-biphenylyldiphenylmethyl t- 
butyl sulfide (0.050 g, 0.123 mmole) gave 77 mg of reduction 
product which was dissolved in 4 ml of benzene. Comparison of 
the vpc of this solution with that of a standard solution using known 
injection volumes showed the yield of triphenylmethane was 89 Z 
and that of 4-biphenylyldiphenylmethane was 100 %. 
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Abstract: The reactions of arylcyclopropylcarbinols with di-t-butyl peroxide and aryl cyclopropyl ketones with 2- 
butanol and di-t-butyl peroxide have been investigated. Factors influencing the stability of the free-radical interme- 
diates have been evaluated. Mechanisms for the formation of a-hydroxybenzyl free radicals from the corresponding 
ketone have been studied. Direct hydrogen-atom transfer from an a-hydroxyalkyl radical to the aromatic ketone 
is proposed. Evidence concerning the nature of a-hydroxycyclopropylcarbinyl free radicals suggests that substit- 
uents on the cyclopropane ring affect the rate of formation of the radical but that the product composition is highly 
dependent on radical lifetime. 

he cyclopropylcarbinyl free radical has generated T neither the interest nor the controversy of its 
carbonium-ion counterpart. Although the cyclopropyl- 
carbinyl free radical shows a tendency to undergo ring- 
opening rearrangement reactions, there is no  evidence 
to  favor a bicyclobutonium-type reaction intermediate. 
Whereas the cyclopropylcarbinyl carbonium ion tends 
to  equilibrate with cyclobutyl and allylcarbinyl species, 
allylcarbinyl products only are most often observed 
when the radical is generated.3 Only one tentative 
report of cyclobutyl radical products from cyclopropyl- 
carbinyl radical intermediates has appeared. Further- 
more, although the cyclobutyl carbonium ion shows a 
tendency to equilibrate with the corresponding allyl- 
carbinyl and cyclopropylcarbinyl structures, reactions 
of the cyclobutyl free radical generally lead only to  
unrearranged products.536 

In spite of the apparent lack of equilibration of the 
cyclopropylcarbinyl and allylcarbinyl free radicals with 
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the corresponding four-membered ring species, the 
ring strain associated with the cyclopropyl group ad- 
jacent to the radical site is sufficient to provide the 
cyclopropylcarbinyl radical with some unusual prop- 
erties. For example, in almost every case ring open- 
ing of the cyclopropylcarbinyl radical to the allylcar- 
binyl radical occurs concomitant with an unusually 
large rate of formation of the species. Thus, in every 
known case the cyclopropylcarbinyl radical is more 
easily formed than sterically analogous species.’- l 2  

In an earlier communicationg we reported that a- 
hydroxycyclopropylcarbinyl free radicals underwent 
ring-opening rearrangement to give enolate radicals 
which, after chain transfer and tautomerization, gave 
straight-chain ketones. We now report these studies in 
detail and discuss their bearing on the problem of 
cyclopropylcarbinyl free-radical intermediates. 
Further, we report studies pertinent to the mechanism 
of the reaction of a-hydroxyalkyl radicals with aromatic 
ketones. 
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