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Abstract: The activation energies for the dimerization of 14 substituted phenoxyl radicals have been determined
in benzene and chlorobenzene solution. Comparison of these results with the results of an independent thermo-
chemical analysis of the intermediates formed in the dimerization reactions reveals that the radical systems fall
into two classes. Those radicals which yield initial keto dimers whose heats of formation from the monomeric
phenoxyl radicals exceed 20 kcal/mol manifest absolute rate constants and activation energies for dimerization
which are consistent with diffusion theory. In contrast for radicals such as 4 phenyl- and 4 methoxyphenoxyl which
yield initial dimers whose heats of formation are considerably less than 20 kcal/mole, the values of the absolute rate
constants and activation energies are not consistent with diffusion theory. It is proposed that for the latter systems
the formation ofthe initial keto dimers is reversible and the rate-controlling step is the enolization of the keto dimer.
On the basis that acid catalyzes the enolization, the effect of acid on the rate constants and activation energies for
the dimerization reactions, the formation of products, and the phenol-inhibited oxidation of hydrocarbons has

been determined. The results of these studies are in quantitative agreement with the proposed mechanism.

From an analysis of the results of a number of kinetic
studies of the antioxidant behavior of nonhindered
phenols it was concluded that the rate constants for the
steady state bimolecular termination of phenoxyl radicals
varied over several orders of magnitude with changes in
the remote substituion on the phenolic moiety.! These
rate changes have now been observed by means of a
new esr technique, described in the preceding paper,?
by which the absolute values of the steady state rate con-
stants are determined. However, the large variation
of the termination constants with substituent was un-
explained. The goal of the present work is the eluci-
dation of a unified mechanism for these termination
reactions.

Based upon the results of a temperature study utilizing
the new esr technique and a thermochemical analysis of
the intermediates and products formed in the reactions
of phenoxyl radicals, a mechanism is proposed which
accounts for the variations in the observed rate con-
stants. Predictions based upon the proposed mech-
anism are quantitatively verified in studies of the effect
of acid on the rates of hydrocarbon oxidation inhibited
by phenol, on the rate of product formation under
preparative photochemical conditions, and on the
steady state termination constants.

Experimental Section

Temperature Studfes. Steady State Rate Constants for Phenoxyl
Radicals. Samples were prepared and irradiated as previously
described.? The temperature was controlled by means of the
Varian Temperature Controller. The controller was calibrated by
means of a thermocouple inside an esr tube containing chloro-
benzene. The accuracy and reproducibility of the temperature
are estimated to be =1.0°.

When the sample upon photolysis yields both the semidione
radicals from the «-diketones and the phenoxyl radidals only the
relative radical concentrations at a given temperature must be
determined; thus it is not necessary to correct for the temperature-
dependent sensitivity of the esr spectrometer.

In samples which were saturated with p-toluenesulfonic acid, the
concentration of the acid, determined by titration, was equal to
6 X 10~* Min benzene and 1 X 10—3 M in chlorobenzene.

Standard Radicals. In determining the activation energies for
the semidione radicals from biacetyl and camphorquinone, a stan-

(1) Cf. L. R. Mahoney, 4ngew. Chem., Int. Ed. Engl., 8, 547 (1969).
(2) S. A. Weiner, J. Amer, Chem. Soc., 94, 581 (1972).

dard pitch sample was utilized to yield a calibration curve for the
change in the sensitivity of the spectrometer with temperature.

The activation energies for the termination of these standard
semidione radicals were determined by two techniques. In the
steady state technique? the a-diketone (1.0 M) and dihydro com-
pound or isopropyl alcohol (0.1 M) are irradiated in the esr spec-
trometer and one takes advantage of the fact that the rate of produc-
tion of the radicals is dependent only on the total light intensity and
not upon the temperature. Thus under steady state conditions
the rates of formation and termination of radicals at two different
temperatures may be equated. A plot of the log of the relative
radical concentrations vs. 1/T therefore has a slope proportional
to the value of the activation energy for termination.

In the second method, the rotating sector technique,? the termi-
nation rate constants were determined at several temperatures and
the activation energy was obtained from a standard log k vs. 1/T
plot. The plots consisted of from 4 to 10 individual points. Both
methods gave the same values of the activation energy within the
quoted error limits (Table I).

Photolysis of Blacetyl in Benzene Containing 2,6-Di-rers-butyl-
phenol. Two 10-ml solutions of 1.37 M biacetyl, 0.219 M 2,6-
tert-butylphenol, and 2.5 X 10~% M n-pentacosane in benzene were
prepared. One sample was saturated with p-toluenesulfonic acid.
The samples were then pipetted into Pyrex tubes, outgassed with
argon, and then irradiated in parallel in a Rayonet RPR-100 photo-
chemical reactor using the Model MGR-100 Merry-Go-Round
and the RPR-3000 A lamps. Aliquots were taken at various
irradiation times and were injected into a Beckman G. C. 4 chro-
matograph with a logarithmic scale recorder and an Infotronics
digital readout system, Model CRC-114 SB/42. The column
utilized for the chromatographic separation was 1.5% OV 17 on
Gas Chrom Q. The reaction was monitored by following the
appearance of 4,4'-dihydroxy-3,3’,5,5'-tetra-zert-butylbiphenyl.
Standard solutions of the latter compound, prepared by the method
of Kharasch and Joshi¢ (mp 187°, lit. 185°), and »-pentacosane were
utilized for the calibration.

Gas Absorption Study. The rate measurements reported in this
work were determined on the automatic constant-pressure apparatus
described in earlier work from this laboratory .

Results and Discussion

Temperature Dependence of Steady State Termina-
tion Constants. In the preceding paper? it was demon-
strated that the system obtained upon the photolysis
of an a-diketone, K, in the presence of a phenolic
hydrogen donor molecule, ArOH, in benzene or

(3) S. A. Weiner and G. S. Hammond, J. Amer. Chem. Soc., 91, 986
(1969).

(4) M. S. Kharasch and B. S. Joshi, J. Org. Chem., 22, 1439 (1957).

(5) L. R. Mahoney, R. W. Bayma, A. Warnick, and C. H. Ruof,
Anal, Chem., 36, 3516 (1964).
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Table I.  Summary of Kinetic and Thermochemical Quantities
CSHU Cr,HaC‘A
AEyn* AEn* —AH; —(AH; + AHy)
Radical log kso° kcal/mole log kso° kcal/mole kcal/mole kcal/mole

CQH:» 8.3 4.2 =+ 0.2 7.9 3.9 = 0.4

Ac:H b 9.3 4.2 + 0.4 8.7 3.2+ 0.4

3,5-Di-COOEte 9.3 4.2 =+ 0.8 8.3 3.2 £ 0.8 <25.2 <71.2
3-COOEte 9.0 1.5+ 1.3 8.0 4.8 = 1.2 25.2 71.2
3,5-Di-Mes¢ 9.5 4.2 = 0.8 8.4 3.2 £ 0.8 21.8 67.8
4,5 Benzo-¢ 9.6 —1.3 = 0.8 8.7 19.0 65.0
4-Mes 9.2 0.2 1.1 7.9 0.4 = 0.6 19.2 65.2
4-tert-Bue 8.9 —-2.9 1.5 7.7 —3.0 = 0.8 19.0 65.0
4-He 8.7 —14 1.6 7.7 —-7.0 =+ 4.0 21.0 67.0
2,6-Di-Me¢ 8.6 59 £ 1.5 7.4 16.2 62.2
3,5-Di-tert-Buc 8.1 1.2 = 1.5 6.9 17.6 63.6
4-Phenyle 7.5 —3.8 = 0.8 6.3 54 = 1.2 16.0 62.0
4-0-Mes 7.2 1.6 = 0.8 6.1 1.4 = 0.8 14.2 60.2
2,6-Di-tert-Bue 7.5 6.8+ 1.0 6.1 14.0 60.0

s Radical is semidione from camphorquinone.

chlorobenzene solution could be described by the
following reaction scheme

hy

K —> K* hH

K* + ArOH —ki) ‘KH + ArO- (2)

ArO- + KH—M—>K + ArOH 3)

2Ar0O- —ki> nonradical products (4)

2-KH ﬁ—) nonradical products (3)

Further it was shown that under steady state conditions
koo CRHD ®)

ks~ (ArO-).?

where (-KH),/(ArO:),, represents the ratio of the
steady state concentrations of the semidione radical
derived from the diketone to the steady state concentra-
tion of the phenoxyl radical.

Combining the Arrhenius equation and eq 6

( ) KH)ss
(ArO )

A,

(AEs* — AE;*)/2.3RT=2 log A
b

— log (7N

A systematic study of the ratio of concentrations of the
radicals as a function of temperature for a large number
of phenols in benzene and chlorobenzene as solvent
revealed that, in agreement with eq 7, the log of the
ratios were linear functions of 1/T. Typical results are
shown in Figure 1.

The values of the activation energies for the semidione
radicals derived from camphorquinone and from bi-
acetyl, AE;™¥, were determined by means of the rotating
sector technique. These values were then combined
with the values of AE* — AE;* obtained from the results
of the temperature study and eq 7 to yield values of
AE,* for the phenoxyl radicals. The values of AE,*
derived by this procedure are summarized in Table 1.

Examination of Table I reveals that for the semidione
radical and for the phenoxyl radicals derived from
3,5-dimethyl-, 3,5-dicarboethoxyl-, and 3-carboethoxy-
phenol the activation energies are in the range of
3.0-4.0 kcal/mole in both benzene and chlorobenzene
solution. These values are in reasonable agreement
with values of ca. 3.0 kcal/mole predicted for these
solvents on the basis of diffusion theory for radical

b Radical is semidione from biacetyl.

¢ Substituent on phenolic moiety.

termination in solution. For the other phenoxyl radi-
cals the observed values of AE,¥ are not consistent
with the simple diffusion model. Not only are the
activation energies complex functions of remote sub-
stituent, there are a number of cases in both benzene
and chlorobenzene in which they are actually negative.
A negative activation energy cannot be associated with a
simple bimolecular reaction in solution. Their oc-
currence is suggestive of a complex mechanism involving
an equilibrium formation of a metastable intermediate
followed by a slow, rate-controlling reaction of the
intermediate to form a stable product. On this basis
it is of interest to consider the thermochemical stabilities
of the intermediates and the products derived from the
bimolecular reaction of phenoxyl radicals.
Thermochemistry of Intermediates and Products.
For many of the phenoxyl radicals in Table II, no

Table IL
A. Effect of Acid on Steady State Rate Constants

—log kyo—— ——log ksoo——

Summary of the Effect of Acid on Kinetic Quantities

CSHS CsHsCl
Radical CeHe (H+) CsHs,Cl (H+)
AcH- 9.3 9.2 8.7 8.7
3,5-Di-COOEt 9.3 9.2
4-Phenyl 7.5 9.3 6.3 8.9
3,5-Di-tert-butyl 8.1 9.4
2,6-Di-tert-butyl 7.5 8.5
4-H 8.7 7.7 8.3
B. Effect of Acid on Activation Energies
AEys ¥ AEy s ¥
Radical CsHs CeHs(H+) C5H5C1 C5H5C1(H+)
AcH- 42+ 043615 32x04
4-Phenyl —3.8 = 0.83.6 + 1.8
4-H —1.4 1.6 —7.0 £ 404.6 = 0.7

product studies have been reported. However for sim-
ple phenoxyl,® 2,6-di-ters-butyl-,” 2,6-dimethyl-” and
2,4-di-tert-butylphenoxyl® radicals, in nonpolar sol-
vents, the product studies indicate that isomeric di-
hydroxybiphenyls are the major final products. These

(6) H. 1. Joschek and S. 1. Miller, J. Amer. Chem. Soc., 88, 3273
(1966).

(7) E. C. Horswill and K, U. Ingold, Can. J. Chem., 44, 263 (1966).

(8) E. C.Horswill and K. U. Ingold, ibid., 44, 269 (1966).
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final products are formed via an initial dimerization of
the phenoxyl radicals to produce the isomeric diketo
intermediates, (AA);,

(02 0 0
Q- Qo
X X X
(AA);

where X is a substituent on the phenolic moiety. The
compounds, (AA);, then enolize to form the final prod-
ucts, (AA),,

o 0 OH OH
@—@ - @—@
X X X X

(AA)

Utilizing the values of the differences in the heats of
formation of phenoxyl radicals and their parent
phenols obtained from the results of other studies from
our laboratory,®® it is possible to calculate fairly
reliable values for the heats of reactions AH; and AH; +
AH, as functions of the substituent, X. In the final
columns of Table I are summarized the values of AH;
and AHs + AH, obtained from such an analysis, the
details of which are presented in the Appendix.

As would be anticipated, the heats of the overall
reactions, AHs + AH,, are exothermic by more than 60
kecal/mole and the overall reactions are not reversible.
However the exothermicities of the reactions to form the
diketo intermediates, AHs, are in all cases sufficiently
small that these intermediates may be classified as meta-
stable and the strong possibility exists that reaction 8 is
reversible, 1!

Proposed Mechanism. If reaction 8 is reversible the
steady state rate constants for the bimolecular disap-
pearance of phenoxyl radicals are complex quantities
given by the expression,

ke = (k—s + ke) 10)

Although the degree of reversibility is governed by the
relative values of k- and &, for each system, the values
of ks will decrease with increasing exothermicity of
reaction 8. Examination of the variation of k, and
AE,* with AHy in Table I are in general agreement with
eq 10. Under conditions such that kg >> ks,

ks = ke (11)

and the observed values of k, and AE,* will be con-
sistent with a diffusion model for termination. This
situation applies to the semidione radicals and to the
phenoxyl radicals derived from 3,5-dicarboethoxyl-
3,5-dimethyl-, and 3-carboethoxyphenol, systems in
which the heats of formation of the diketo intermediates
exceed 20 kcal/mole. Conversely for the systems in
which the heats of formation of the diketo dimers are

(9) L. R. Mahoney and M. A. DaRooge, J. Amer. Chem. Soc., 92,
890 (1970).

(10) L. R. Mahoney and M. A. DaRooge, manuscript in preparation,

(11) With a value of log 4-s equal to 14.0,° the half-lives for a diketo

dimer at 30° are equal to 7 X 10-! sec and 7 X 10-% sec with AE_¢+
equal to 20 and 14 kecal/mole.
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Figure 1. Plots of the log of the ratios of the steady state concen-
trations of phenoxyl radical and the semidione from biacetyl vs.
1/T. Curve A represents 4-phenylphenoxyl in benzene. Curve B
represents 2,6-di-rerr-butylphenoxyl in benzene, Curve C repre-
sents 4-phenylphenoxyl in benzene in the presence of 6 X 1073 M
p-toluenesulfonic acid.

significantly smaller than 20 kcal/mole, i.e., the 4-
phenyl-, 4-methyl-, and 3,5-di-zers-butylphenoxyl radi-
cals, the values of k, are several orders of magnitude
smaller than kg, 12

The proposed mechanism is susceptible to a direct
test. On the basis that the enolization reaction, eq 9,
is catalyzed by acid, the addition of sufficient acid should
increase the values of k, to the point such that ks > k—
for all the phenoxyl radical systems. Under these
conditions all the phenoxyl radical systems will mani-
fest values of k, and AE, * consistent with the diffusion
controlled model.

Effect of Acid on Steady Rate Constants. The esr
experiments for a number of key systems were repeated
with added p-toluenesulfonic acid. The results of
these experiments are summarized in Table II. We
see that the acid has no effect on the values of k, for the
biacetylsemidione and 3,5-dicarboethoxyphenoxyl radi-
cals, systems which manifest values of k, and AE,*
consistent with the diffusion model. In contrast
for the phenoxyl radicals derived from simple phenol,
3,5-di-ters-butyl-, 2,6-di-tert-butyl-, and 4-phenyl-
phenol, the values of k, increased dramatically upon
the addition of acid. Moreover, a systematic tem-
perature study for the simple phenoxyl and 4-phenyl-
phenoxyl radicals revealed that the values of AE,* in
the presence of acid become equal to that of the semi-
dione of biacetyl, i.e., ca. 4.0 kcal/mole (¢f., curve C,
Figure 1). We therefore conclude that in the presence
of acid the diffusion controlled model satisfactorily
describes the termination of the simple phenoxyl and
4-phenylphenoxyl radicals.!* These findings are in
quantitative agreement with those predicted by the
proposed mechanism.

Effect of Acid on the Yield of Dimer of 2,6-Di-zert-
butylphenoxyl. A study of the initial yields of the
enolized dimer of the 2,6-di-ters-butylphenoxyl radical,

HO OH

produced by the photolysis of biacetyl in a benzene solu-

(12) The values of ks will of course vary with the diffusion coefficient
of the free radical and with the magnitude of the cage effect for each
system. However, these effects should be small in comparison with
the effects with which we are now concerned.

(13) We note that in the presence of acid k4 in benzene is equal to
three times ks in chlorobenzene. This difference is exactly the change in
the diffusion coefficient due to change in solvent viscosity calculated
from the modified Debye equation.

Mahoney, Weiner | Dimerization of Phenoxyl Radicals



588

100

.
0.78—
(o),
xio> M  0.50—
—
/‘O/
o.25— . /'(
/-O/
o I j I l
° 5 10 8 20

Time {min.)

Figure 2. Yield of the dimer of 2,6-di-tert-butylphenoxyl radical
as a function of time from the photolysis of 1.37 M biacetyl in the
presence of 0.2 M 2,6-di-tert-butylphenol in benzene solution.
The solid points, @, represent the yield in the presence of 6 X 1073
M p-toluenesulfonic acid and the open points, O, in the absence of
acid.

tion containing the parent phenol with and without p-
toluenesulfonic acid, was carried out. From the results
presented in Figure 2 we see that the rate of formation
of the dimer is increased by a factor of ca. 2.5 by the
addition of acid.

This value compares favorably with a value derived
from the following calculation. Since the total light
which both samples absorb is equal, the rate of forma-
tion of free radicals is equal for the noncatalyzed
and acid-catalyzed systems. Therefore at steady state
we may write.

Ak5(KH')H+2 + k3H+(KH)H +(AI'O')H+ +
k4H+(Al’O')H+2 =
k(KH-)? + ky(KH-)(ArO") + k(ArO-)? (12)

where the subscripts, H+, refer to acid-catalyzed sample.
Utilizing eq 6 and rearranging,

(d Dimer)
ds H+ _ kig {ArO - )g-+? _
(d Dimer> k(ArO-)?
ds

{ 2(k4)1/2(k5)1/2 + ka }(k‘lH +> (13)
2k du+"(ks)"* + ksm+f\ ki

Substituting values of ks and k.x+ (Table II), and
assuming that k; and ksy + are equal to ks, the diffusion
controlled rate constant, a value of 2.2 is calculated for
the ratio of rates of formation of the dimer in the pres-
ence and in the absence of acid.

Effect of Acid on the Phenol-Inhibited Oxidation of
Hydrocarbons. In contrast to hindered phenols and
hydroquinones!¢ high concentrations of nonhindered
phenols?® do not completely surpress the free radical
initiated oxygen absorption of solutions of hydro-
carbons. The results of kinetic studies are consistent
with the view that at high concentrations of phenol, the
main chain carrier is the phenoxyl radical, and chains

o H

@ + RH — + R (14)

terminate via reaction 4. Under these conditions the
rate of oxygen absorption is given by the expression

(14) L. R, Mahoney, J. Amer. Chem. Soc., 88, 3035 (1966).
(15) L. R. Mahoney, ibid., 1895 (1967).

—d02 k14
= R AT N/
dt + (2ky)'

(R)(RH) (15)

where R; is equal to the known rate of radical produc-
tion from the initiator and RH is the concentration of
the hydrocarbon.

We have measured the rates of oxygen absorption of a
chlorobenzene solution containing 0.099 M dihydro-
anthracene, 3.1 X 10-* M tetraphenylbutane, and
0.0473 M phenol at 60° in the absence of and in the
presence of 6.5 X 104 M p-toluenesulfonic acid. The
uncatalyzed rate was found to be equal to 8.3 X 1077
M sec—! while the acid-catalyzed sample yields a rate
equal to 2.5 X 10~7 M sec-!. The value of [(keu+)""/
(ko) Nkis/k1su+] calculated from eq 15 and the known
value of R; is equal to 5.7. This value may be com-
pared to a value of [(k.u+)/(k9]”* equal to 5.0, calcu-
lated from the esr values of k.- and k, which at 60° are
equal to 5.0 X 108 M-1 sec~! and 0.2 X 108 M-!
sec™1, respectively. This agreement is quite important
since it demonstrates that the values of the absolute rate
constants for the steady state bimolecular disappearance
of phenoxyl radicals obtained by the esr technique are
applicable to data obtained in systems in which the
phenoxyl radicals are generated via a thermal source of
free radicals.

Nature of the Solvent and Reaction (9). A key step in
the proposed mechanism is reaction 9, the enolization of
the metastable diketo intermediates to dihydroxybi-
phenyls. In the presence of hydroxylic solvents,
i.e., water, there is sufficient catalyst present such that
the rate of reaction 9 should be very high and the rate
of dimerization of phenoxyl radicals will approach the
diffusion-controlled value. Consistent with this view,
Land and Porter!®* and Dobson and Grossweiner!
reported values of the absolute rates of dimerization
of phenoxyl and 4-methylphenoxyl radicals in water
equal to the rate constant for the diffusion-controlled
reaction i.e., ca. 6 X 10® M~! sec™!,

The interesting question now arises as to the nature
of the mechanism and the identity of potential catalysts
for reaction 9 with benzene and chlorobenzene as sol-
vents. The rates of the nonhindered phenol inhibited
oxidation of hydrocarbons in chlorobenzene solution
have been routinely measured in our laboratory and
over a period of 6 years have been found to be highly
reproducible. A similar reproducibility has been
observed in the esr experiments which have been carried
out for a period of over 1 year.

An explanation for the high degree of reproducibility
would involve the idea that the added phenol is func-
tioning as a catalyst for the enolization. This mech-
anism is not supported by the findings in the preceding
paper.? In that work a systematic variation of the
concentration of 4-phenylphenol over a moderately
wide concentration range (0.004-0.04 M) failed to re-
veal any effect on the value of k. Thus if the added
phenol is acting as a catalyst it must manifest a peculiar
concentration dependence. A second possibility is
that reaction 9 is surface catalyzed. However the
values of ki/k.y+ obtained from the esr method al_ld
those obtained from the oxygen absorption study are in
excellent agreement, vide supra, although the surface

(16) E. J. Land and G. Porter, Trans. Faraday Soc., 59, 2013 (1963).
(17) G. Dobson and L. 1. Grossweiner, ibid., 61, 708 (1965).
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to volume ratio in the esr tube is on the order of 10 times
higher than in the gas absorption cell.

Thus at present we have no satisfactory explanation
for the nature of the catalyst(s) for reaction 9 in the
absence of added catalyst in chlorobenzene. This
question along with the associated questions of the
relative effectiveness of various catalysts for reaction 9,
as functions of concentration and structure, are cur-
rently under investigation and will be the subject of
future reports from this laboratory.

Appendix. Thermochemistry of Products and
Intermediates

Heat of Formation of Enolized Dimers, AH; +
AH,. Consider the hypothetical thermoneutral reac-

tions in the gas phase,
OH
— 2 @ + § ‘x @
HO X

(AA) product

OH

OO

and
H
OH @ H é
2©+ 0 —»((5+@+ o X
" Q
HO X

(AOA) product

(if)

where X represents a substituent(s) on the phenolic
moiety.'® Utilizing the known heats of formation of
phenol, benzene, and diphenyl in the gas phase!? and a
value of 4+ 13 kcal/mole for the heat of formation of
diphenyl ether in the gas phase? at 298°K, we find

AHyas)product = 28Hia0n + 4.0
and
AHiaon)proauct = 28Hip0m + 16.2

Thus, the enolized carbon-carbon dimer is the more
stable, thermodynamically, than the carbon-oxygen
dimer. We note that the carbon-carbon dimer is the
product most frequently reported from the oxidation of
phenols in nonpolar solvents, vide supra.

(18) The heats of these reactions should be independent of X for the
alkylated phenols. Cf. L. R. Mahoney, F. C, Ferris, and M. A, Da-
Rooge, J. Amer. Chem. Soc., 91, 3883 (1969).

(19) D. R. Stull, E. F. Westrum, and G. C. Sinke, **The Chemical
;I'gh;grmodynamics of Organic Compounds,” Wiley, New York, N. Y.,

(20) A value of 16 kcal/mole is estimated for the heat of vaporization
of diphenyl ether together with a value of —3.48 for the heat of forma-
tion of the liquid.!®
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Heat of Enolization of Diketo Intermediates. We
estimate a value for the heats of enolization of the
carbon-carbon diketo intermediates, i.e.,

0 OH
i — (iif)

0 OH
equal to approximately —46 kcal/mole. This estimate
is derived from two sources.

(1) Benson’s Additivity Rules.2! On the assumption
that there is no resonance interaction of the double
bonds with the carbonyl groups in the isomeric cyclo-
hexadienones, the heats of formation of cyclohexa-
2,4-dien-1-one and cyclohexa-2,5-dien-1-one are calcu-
lated to be equal to 0 and + 1.0 kcal/mole, respectively,
in the gas phase at 298°K. The heat of formation of
phenol is equal to —23.2 kcal/mole under the same
conditions.

(2) Heats of Disassociation of Quinol Ethers of 2,4,6-
Tri-tert-butylphenoxyl. From the series of reactions

Vol
QO

B

% g

C

A

the heat of ketonization is calculated to have a mini-
mum value of +24 + 3 kcal/mole. The heat of for-
mation of A is estimated to be equal to —100 = 3 kcal/
mole from the known heat of formation of 2,4,6-tri-
ters-butylphenol in the gas phase at 298°K " and reac-
tion i. The heat of formation of B is therefore equal
to AHyeto — 100 = 3.0 kcal/mole. The heat of forma-
tion of C is calculated from Benson’s additivity rules
to be equal to —107 £ 3.0 kcal/mole + AHyyo +
nonbonded interactions corresponding to the H to rert-
butyl transformation. The values of D and E are
calculated to be equal to —63.0 and —13.5, respec-
tively, from the heats of formation of the phenols in the
gas phase and the experimentally determined dif-
ferences in the heats of formation of the phenols and
phenoxyl radicals in chlorobenzene solution.®® The

(21) S. W. Benson, “Thermochemical Kinetics,” Wiley, Néw York,
N. Y, 1968.
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heat of reaction is equal to the activation energy for the
disassociation of the quinol ether in chlorobenzene,
namely 25 kcal/mole.®

Heat of Dimerization of Phenoxyl Radicals, AH;.
Combining the results from the preceding section, the
heats of the reactions

. (o] 0]
Q- Q-
X X X

are equal to —50 + 2[(AHparo. — (AH)a0n]. The
values of (AHp)a;0. — (AHia.on) are derived from the
results of other studies from our laboratory. 1

The Question of an Intermediate in a Simple Nucleophilic
Substitution at Sufinyl Sulfur. The Acetate-Catalyzed
Exchange of Methanol-d, with Methyl p-Toluenesulfinate™

John L. Kice*'® and Charlene A. Walters'®

Contribution from the Departments of Chemistry, Oregon State University,

Corvallis, Oregon 97331, and the University of Vermont,
Burlington, Vermont 05401. Received May 27, 1971

Abstract: The rate of exchange of methoxyl groups between methanol-d; and methyl p-toluenesulfinate (eq 8)
has been studied in a series of acetate-acetic acid buffers in methanol-d; as solvent at 62°. Under these conditions
the rate constant for the exchange, k., is the sum of two terms: k. = k’[AcO~]/[AcOH] + koalAcO~]. The first
of these is due to a specific methoxide ion catalyzed exchange involving reaction of CD;O~ with the sulfinate ester.
Various considerations suggest that the second term represents general base, rather than nucleophilic, catalysis by
acetate. More detailed considerations, including the magnitude of the solvent isotope effect associated with
koa., argue that the general base catalysis is the result of a combination of specific methoxide ion catalysis with
general acid catalysis by acetic acid and that the rate-determining step in the process is the reaction of CD,O~ with

a hydrogen-bonded complex of the sulfinate ester and acetic acid.

One of the most important questions to answer re-
garding the mechanism of representative nucleo-
philic substitutions at sulfinyl (>S==0) sulfur is the exact
timing of the two covalency changes that occur during
such a reaction. On the one hand, one can conceive
of a process (eq 1), analogous to SN2 substitutions at
sp?® carbon, in which bond making and bond breaking
are truly synchronous. On the other hand, the exis-
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tence of stable species such as SF, makes it equally con-
ceivable that substitution could follow a path (eq 2) in
which an actual intermediate 1 is formed.
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In the hydrolysis of an ester of a carboxylic acid the
presence of an intermediate on the reaction path was
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first demonstrated by Bender? via the expedient of sub-
jecting a carbonyl 80-labeled ester to partial hydrolysis
and showing that the ester recovered after partial hy-
drolysis had undergone substantial exchange of oxygen-
18. Application of this type of experiment to the hy-
drolysis of ethylene sulfite by Bunton and coworkers?®
led to no significant exchange of oxygen-18 between
the solvent and the recovered ester.

Given the fact that in the alkaline hydrolysis of alkyl
carboxylates oxygen equilibration via transfer of a
proton between labeled and unlabeled oxygens in the
tetrahedral intermediate
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is competitive with the breakdown of that intermediate,?
the results of Bunton, et al., might seem at first glance
to indicate that the alkaline hydrolysis of the sulfite
must not be occurring by a mechanism (eq 3) involving
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