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chromatographed over silica gel (hexane/benzene: 80/20). The thiols
were extracted with ethyl ether and dichloromethane with a Soxhlet
extractor. The solvent was replaced by deuteriated chloroform, fu-
maronitrile (0.55 mg) added, and the sample was analyzed by 'H
NMR. The areas of peaks & 2.85 (methine proton of one thiol isomer),
0.55 (methyl protons of both thiols), 0.32 (cyclopropy! protons of both
thiols), and 6.15 (protons of fumaronitrile) were measured carefully.
The ratio of the thiols were found to be 3:1, and the lower limit of
quantum yield of formation of thiols was 0.03.

References and Notes

(1) (a) Photochemical Synthesis 78. This is part 29 in a series on thione pho-
tochemistry. (b) Publication No. 231 from the Photochemistry Unit, Uni-
versity of Western Ontario.

(2) A.Couture, K. Ho, M. Hoshino, P. de Mayo, R. Suau, and W. R. Ware, J. Am.
Chem. Soc., 98, 6218 (1976).

(3) The absorption band into which excitation took place was identified as 7,7 *
on the basis of spectral shifts on substitution;* that this was the reactive
state (and not T,,) was argued on the basis of quenching data and lifetimes.
The present report confirms the correctness of those arguments.

(4) M. H.Hui, P.de Mayo, R. Suau, and W. R. Ware, Chem. Phys. Lett., 31, 257
(1975).

(5) (a)K.Y.Law, P. de Mayo, and S. K. Wong, J. Am. Chem. Soc., 99, 5813
(1977); (b) D. S. L. Blackwell, K. H. Lee, P. de Mayo, G. L. R. Petrasiunas,
and G. Reverdy, Nouv. J. Chim., 3, in press, (¢) K. Y. Law and P. de Mayo,
J. Am. Chem. Soc., 101, in press.

(6) Cf. T.Ine, T. Suzuki, Y. Yasunari, E. Kurosawa, and T. Masamune, Tetra-
hedron, 25, 459 (1969); J. A. Steele, L. A. Cohen, and E. Mosettig, J. Am.
Chem. Soc., 85, 1134 (1963).

(7) Similar assumptions have been made for ketones, e.g., J. C. Dalton and
R. J. Sternfels, Mol. Photochem. 6, 307 (1974); J. C. Dalton and N. J. Turro,
J. Am. Chem. Soc., 93, 3569 (1971).

(8) This value is subject to considerable error since it accumulates errors in
¢r and in 7. Since this number is used frequently, we believe relative values
determined in a series to be good (+ 15 %) but absolute errors may well
be 100%. This appears in the range of values for 7.

(9) No exact value for P was obtained, but 0.2-0.8 appear to be reasonable

limits.

H. Henne and H. Fischer, J. Am. Chem. Soc., 99, 300 (1977), and reference

there cited. See also general discussion by T. Koenig and H. Fischer, in

"’Free Radicals”’, Vol. 1, J. K. Kochi, Ed., Wiley, New York, 1873.

H. P. Waits and G. S. Hammond, J. Am. Chem. Soc., 86, 1911 (1964).

N. C. Yang, S. P. Elliott, and B. Kim, J. Am. Chem. Soc., 91, 7551 (1969);

see also P. J. Wagner, Acc. Chem. Res., 4, 168 (1971).

For an extended and penetrating discussion of type |l biradicals, see J. C.

Scaiano, E. A. Lissi, and M. V. Encina, Rev. Chem. Intermed., 2, 139

(1978).

L. Salem, W. G. Dauben, and N. J. Turro, Acc. Chem. Res., 8, 41 (1975);

J. Michl, Mol. Photochem., 4, 243, 257 (1972); J. Michl, Top. Curr. Chem.,

46, 1 (1974).

(10

(11
(12

(13

(14

Journal of the American Chemical Society [ 101:19 | September 12, 1979

(15) M. G. Evans and M. Polanyi, Trans. Faraday Soc., 34, 11(1938).

(16) M. V. Encina and E. A. Lissi, J. Photochem., 6, 173 (1976/1977).

(17) P.J. Wagner and A. G. Kemppainen, J. Am. Chem. Soc., 94, 7495 (1972);
see also A. F. Trotman-Dickenson, Chem. Ind. (N.Y.) 379 (1965); G. C. Fettis
and A. F. Trotman-Dickenson, J. Chem. Soc., 3037 (1961).

(18) F.D.Lewis, R. W. Johnson, and D. R. Kory, J. Am. Chem. Soc., 98, 6100
(1974).

(19) C. P. Casey and R. A. Boggs, J. Am. Chem. Soc., 91, 7550 (1969).

(20) D. R. Coulson and N. G. Yang, J. Am. Chem. Soc., 88, 4511 (1967); A.

Padwa and G. W. Bergmark, Tetrahedron Lett., 5795 (1968).

Using the values for the ground state process from Benson's tables?? with

thioformaldehyde as a model (1) the abstraction is about 55 kcal/mol en-

dothermic assuming a value of 10 kcal for the bond C-S weakening by the

phenyl group. With E, ~ 75-80 kcal/mol (onset) available, a heat of re-

action which is 2 25 kcal/mol exothermic is obtained. This is equivalent

to that of the process being exothermic by some 30 kcal/mol, or a lowering

Ph Ph
~
C=S+H — C—SH
P Ph

of the SH bond strength by an adjacent benzyl radical of ~45 kcal/mol,
a figure which is not unreasonable.??

(22) S. W. Benson, Chem. Rev., 78, 23 (1978).

(23) The 7 bond strength may be approximated by the triplet energy ~48
kcal/mol. The C-H bond strength is lowered significantly by a neighboring
radical center; e.g., the bond dissociation energies of CHyCH,-H,
CH,CH,-H, and, OCH,-H are 98, 39, and 22 kcal/mol, respectively. See:
S. W. Benson, J. Chem. Educ., 42, 502 (1965).

(24) W. A, Pryor and K. G. Kneipp, J. Am. Chem. Soc., 93, 5584 (1971).

(25) M. V. Encina and E. A. Lissi, J. Photochem., 4, 321 (1975).

(26) See also F. D. Lewis, Mol. Photochem., 4, 501 (1972); J. C. Scaiano, J.
Grotewald, and C. M. Previtali, J. Chem. Soc., Chem. Commun., 388 (1974);
J. Grotewald, D. Soria, C. M. Previtali, and J. C. Scaiano, J. Photochem.,
1,471 (1972/1973).

(27) B. Maillard, D. Forrest, and K. U. Ingold, J. Am. Chem. Soc., 98, 7024
(1976).

(28) K. U. Ingold and A. L. Beckwith, private communication; cf. J. K. Kochi,
P. J. Krusic, and D. R. Eaton, J. Am. Chem. Soc., 91, 1877, 1879
(1969).

(29) P.J. Wagner, private communication.

(30) R. D. Small and J. C. Scaiano, Chem. Phys. Lett., 50, 431 (1977); J. C.
Scaiano, J. Org. Chem., 43, 568 (1978); and references there cited.

(31) P.J. Wagner, P. A. Kelso, and R. G. Zepp, J. Am. Chem. Soc., 94, 7480
(1972).

(32) P. de Mayo, A. A. Nicholson, and M. F. Tchir, Can. J. Chem., 48, 225
(1970).

(33) R. O. Loutfy and P. de Mayo, J. Am. Chem. Soc., 99, 3559 (1877).

(34) F.B. LaForge, N. Green, and W. A. Gersdorff, J. Am. Chem. Soc., 70, 3707
(1948).

(35) J. M. Denis, C. Girard, and J. M. Conia, Synthesis, 549 (1972).

(36) F. E. Condon, J. Am. Chem. Soc., 73, 4675 (1951).

(37) V.J. Shiner, Jr., J. Am. Chemn. Soc., 74, 5285 (1952).

(21

Evaluation of Addition Rates of the Thiyl Radicals to
Vinyl Monomers by Flash Photolysis. 2.1 Substituent
Effect on Addition of Substituted Benzenethiyl Radicals
to Methyl Methacrylate or Styrene
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Abstract: Rate constants for the addition reactions (k) of the para-substituted benzenethiyl radicals to methyl methacrylate
(MMA) or styrene (St) were determined by means of flash photolysis. Rate constants for reverse reaction (k—,) and equilibri-
um constants (K = k,/k—,) were estimated as ratios of the rate constant for the reaction between the carbon centered radical
and oxygen (k;). Fairly good linear correlations were obtained for the Hammett plots of log k, vs. ¢* for both monomers (p*
(k1,mma) = 1.05 £ 0.05and pt (k) g) = +1.37 £ 0.08). For MMA, log k_,/k> and log Kk also gave the linear correlations
to o* yielding p* (k=) mma) = —=0.36 £ 0.05 and p* (Kmma) = +1.35 £ 0.05. Decreasing order of log Kk is closely related
to increasing order of the thermodynamic stabilities of the thiyl radicals. For MMA which has an electron-poor double bond
and St which has an electron-rich double bond, we attempted to assess the relative importance of stabilities of the radicals and
of the possible contribution of polar structures to the transition state.

Substituent effect on addition reactions of the free radi-
cals to vinyl monomers has been investigated by appling the
Hammett equation correlations and the observed p values have

0002-7863/79/1501-5732801,00/0

been interpreted mainly in terms of the substituent effect on
polar resonance structures in the transition state.2? For the
substituent effect on the hydrogen abstraction reactions by free
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radicals, the importance of the bond-dissociation energy has
been pointed out by Zavitsas and Pinto.? Recently, Davis and
Pryor have explained this effect on the basis of resonance
stabilization in the transition state in addition to bond-disso-
ciation energy.’ For the radical addition reactions, it must be
significant to assess the relative importance of product sta-
bilities and of the possible contribution of polar structures to
the transition state. However, it is well known to be difficult
to obtain the experimental data to realize these two effects
separately.

For the following reversible addition reaction of thiyl radi-
cals

k
p-XCeHS: + CHy~=CHY ==
k-

k
p-XCsH4SCH,CHY —> (1)
(02)

we reported in a preceding paper! that ky, k_;/k», and Kk,
(K = k\/k_)) for systems with X = Cl and various Y were
evaluated by the microsecond flash photolysis. In this paper,
these rate parameters for the systems consisting of methyl
methacrylate (MMA, as a vinyl monomer having electron-poor
double bond) or styrene (St, as a monomer having electron-rich
double bond) and a series of para-substituted benzenethiyl
radicals are estimated to clarify the factors controlling the
reactivity.

Results and Discussion

The transient absorption bands generated by flash photolysis
of di-para-substituted diphenyl! disulfides appeared at 450 nm
for -H, 505 nm for -CH3, and 510 nm for -Cl in cyclohexane,
Each of them was attributed to the corresponding thiyl radi-
cal.®7 For p-methoxybenzenethiy! radical, whose absorption
band was not reported, the transient band at 515 nm in cy-
clohexane was attributed to this radical since the same ab-
sorption bands were observed in the photolyses of both the
disulfide and the thiol 3

In the case of di-p-nitrobenzene disulfide, the transient
absorption bands appeared at ca. 520 nm and ca. 450 nm in
benzene solution containing 10% cyclohexane (benzene was
used to raise the solubility of the disulfide). Since both bands
are observed even in aerated nonpolar solvents, ion radicals are
evidently not involved. No transient absorption band was ob-
served in the visible region in the flash photolysis of p-nitro-
benzenethiol or di-p-nitrobenzene sulfide, However, the ad-
dition rate constants to vinyl monomers, which were obtained
from the decay curves of the transient bands produced from
the disulfide, agree fairly well with the extrapolated values
from the Hammett plots for the rate constants of other para-
substituted benzenethiyl radicals (see Figures 2 and 3). Thus,
the transient bands generated from the disuifide may be at-
tributed to its thiyl radical.? Even if these bands should be at-
tributable to other species, similar slopes in the plots of linear
free-energy relationship can be drawn irrespective of the data
of the nitrobenzenethiyl radical.

The thiyl radicals decay with second-order kinetics in de-
gassed solutions. The decay rates were little affected by the
addition of oxygen into the solution, indicating small rate
constants for the reaction between oxygen and the thiyl radi-
cals. The decay rates of the thiyl radicals were promoted only
slightly by the addition of vinyl monomer in degassed solution,
and the decay kinetics were still showing the second-order
behavior, Only when both vinyl monomer and oxygen were
present was the decay rate of the thiyl radical accelerated
significantly, and the decay curve approached first-order ki-
netics. These facts suggest that thiyl radicals react with vinyl
monomers reversibly and that oxygen reacts rapidly with the
carbon-centered radicals, p-XCsH,SCH,C-HY, as shown in
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Figure 1. Plots of 1/kapp vs. 1/[O:] (eq 4) for the reactions of para-sub-
stituted benzenethiyl radicals (p-XC¢H,4S') with MMA or St.

eq 1, Thus, the decay of the thiyl radical can be expressed as
follows (k, denotes the recombination rate constant of the thiyl
radical).

—d[RS-]/dt = 2k,[RS-]? + k,[CH,=CHY][RS:]
— k_)[RSCH,C-HY] (2)

In eq 2, the reaction of the thiyl radical (RS-) and oxygen has
been eliminated because of its smail contribution.' By applying
the steady-state approximation with respect to [RSCH,C-HY]
in reaction 1, eq 2 can be converted into eq 3:

=kifl = k- /(k-1 + k2[O2])}{[CH=CHY] (3)

where kj is the first-order rate constant with respect to the thiyl
radical which can be easily estimated from mixed-order decay
kinetics by the methods described in the literature.'!%!! The
slope (kapp) in the plot of &y vs. [CHy=CHY] at constant
oxygen gives eq 4:

1/ kapp = 1/ky + (k—1/k1k2)[O2] 4)

Fairly good straight lines were obtained in the plot of 1/k,p,
vs. 1/[O,] for each substituted benzenethiyl radical, as shown
in Figure 1 for some examples. The intercept and slope of the
plots yield 1 /k| and k_,/k k. respectively.

From these values, k, k—;/k2, and Kk, where K is equi-
librium constant (K = k/k_,), were calculated as listed in
Table I (MMA) and Table II (St), in which the values for the
p-chlorobenzenethiyl radical are quoted from our preceding
report,' Values of k_,/k; for the three systems of MMA-p-
nitrobenzenethiy! radical, St-p-chloro-, and St-p-nitroben-
zenethiyl radicals could not be estimated since the dependence
of each kapp on concentration of oxygen for these systems was
small. The k, values for p-nitrobenzenethiyl radical include
rather large experimental errors because of weak transient
absorptions. The k| ratio of MMA to St obtained for the
benzenethiyl radical, k| iy mma/k 1,1 st = 0.16, is in agreement
with the ratio of the reported relative values estimated by the
spin trapping method (0.083)!2 within experimental error.

When Y is fixed the effect of X on the reaction of oxygen
with the radical center of p-XCsH,SCH,C-HY may be in-
significant, since its effect is decreased by the intermediacy of
one methylene group; k» may be taken as constant for each
vinyl monomer. For the rate constants for the reactions be-
tween oxygen and the carbon centered radicals, the values of
108~10% M~ s~! have been reported.' !4 By assuming an
appropriate k» value, k—) and K values can be calculated from
the values in Tables I and I1.
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Figure 2, Hammett equation plots of log k) (0), log k—,/k2 (®), and log
Kk» (@) for MMA vs. ot

Table I, Estimated k,, k—,/k>, and Kk, for MMA in Cyclohexane
at 23 °C

X kl,M_lS_l k-]/kz,M Kk, M-25-1
~OCH; 46X 10%¢ 9.1 X 104¢ 50X 108¢
-CH; 27X 1062 58X 1074¢ 47X 10%¢
~-H 3.2%x106° 4.1 X 1044 7.8 X 10%4
-Cl 54 %1064 49X 10-4¢ 1.1 X 100 ¢
-NO,¢ 1.8 X 107 ¢

2 Estimated error of £20%; » £30%; ¢ £40%; and ¢ +60%. ¢ In
90% benzene + 10% cyclohexane.

We attempted to plot the values in Tables I and Il as a
function of Brown-Okamoto’s Hammett a* constants as de-
picted in Figure 2 for MMA and Figure 3 for St,!5 In Ham-
mett plot with o, the values for the p-methoxybenzenethiyl
radical deviate significantly from linearity, In reactions con-
cerned with thiyl radicals, a V-shaped Hammett correlation
was suggested in a few papers,’'®!7 and this has been explained
by the reason that the rate of radical reactions are controlled
not only by polar term but also by resonance term.235 Contrary
to this, in our figures the straight lines are much more appro-
priate than V-shaped curve as can be seen from Figures 2 and
3. In the reactions of stable free radicals with para-substituted
benzenethiyl radicals, linear correlations were also obtained
in the Hammett plot with o*.8 The slopes yield p*’s which are
listed in Table IIL. For St, p*(k—|) and p*(K) were not ob-
tained from only three plotted points,

Logarithm of Kk, is proportional to the difference in the
thermodynamic stabilities between reactant and product, For
one vinyl monomer, the stability of p-XC¢H4sSCH,C-HY with
changing para substituent may depend on the strength of the
a-bond between sulfide sulfur and methylene carbon (-S-
CH;-), which may depend mainly on the repulsion energy
between the lone pair electrons on S and carbon atom of
methylene group. Since this repulsion energy may be small,
the stability of the radical may not be influenced largely by X.
This leads to an important conclusion. When Y is fixed, the
differences among log Kk, by changing the para substituent
of the benzenethiyl radicals are a relative measure of the
thermodynamic stabilities of the thiyl radicals. The smaller
the log Kkj the more stable the thiyl radical is, which depends
on the magnitude of the electron-donating power of X; p*(K)
= +1.35 for MMA.

The same tendency has been reported for the reversible
hydrogen abstraction by the substituted phenoxy radicals by
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Figure 3. Hammett equation plots of log k) (0O), log k-1/k;(®),and log

Kk> (@) for St vs. o™.

Table I1. Estimated k,, k_,/k», and Kk for St in Cyclohexane at

23°C

X ky, M~ g1 k-]/kz,M Kks, M-25-1
-OCH; 2.6 X 1064 7.7 X 10744 34x 1094
-CH; 18X 1074 1.6 X 1073¢ 1.1 X 1010¢
-H 20x107% 1.1 X 10734 1.9 X 10104
-Cl 5.1x 1074
-NO,¢ 40X 1084

@ Estimated error of £20%; ¥ £30%; ¢ £40%; and ¢ £60%. ¢ In
90% benzene + 10% cyclohexane.

Table II1, Parameters of Linear Free-Energy Relationships
obtained from Reversible Addition Reactions of the Para-
Substituted Benzenethiyl Radicals to Vinyl Monomers in

Cyclohexane

parameter MMA-« St?
pt(ky) +1.05 +1.37
p*(k-y) -0.36
pT(K) +1.35
pT(k1)/p*(K) = S(ky)* +0.78 +1.004
p*(k-1)/p*(K) = S(k-1)¢ -0.27

@ Estimated error of £0.05 and # £0.08. < S(k,) — S(k=)) = 1.
p*(kysi)/pT (Kmma).

Mahoney and DaRooge;!® from their data, p* for equilibrium
constants can be estimated to be ca. 3,4, which may indicate
that the thermodynamic stabilities of the phenoxy radicals are
increased by the electron-donating substituents. Our p*(K)
for the para-substituted benzenethiyl radicals obtained with
MMA is less than a half of p*(K) for the phenoxy radicals.
Recently, Colle and Lewis have reported the activation energies
for the hydrogen abstraction reactions by the carbon-centered
radical from substituted thiophenols.'? It may be expected that
the activation energies are inversely proportional to the ther-
modynamic stabilities of the benzenethiyl radicals formed from
hydrogen abstraction; the order of the stabilities is p-Cl < H
< p-OCHj;, which agrees with our results.

To date, in many addition reactions of the free radicals (R-)
to vinyl monomers (M), the magnitude and sign of p have been
explained mainly bgf the polar effect on the transition state (R*,
M~ or R—, M*.).23 However, our observation that log Kk,
can be correlated to o+ may suggest that the thermodynamic
stabilities of the para-substituted benzenethiyl radicals play
an important role in determining the reactivities for reaction
1. Degree of dependence of the reactivities for forward and
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backward reactions on the stabilities of the thiyl radicals can
be expressed by the ratios of p*(k,)/p*(K) = S(k|) and
pH(k-1)/p*(K) = S(k-y). respectively; these values are listed
in Table I1I,

When polar effect on the transition state is not taken into
consideration, the Evans-Polanyi’s relationship can be applied
to the forward and backward reactions, and the following
equations can be derived:

A(log k1) = ~aA(log K) or p*(ky) = — ap™(K) (5)
A(log k—1) = BA(log K) or p*(k—1) = Bp*(K)  (6)

where 0 < ,8 < 1and « =1 — 3. In Table I1], a relation of
S(k1) = S(k-)) = 1, which may show reliability of the data,
is satisfied for MMA.

The value of & was estimated by Semenov empirically; for
exothermic reactions o = 0.25 and for endothermic reactions
a = 0.75.2 Assuming that the addition reactions (k;) for
MMA were endothermic, the observed S(k,) = 0.78 can be
set equal to & (= 0.75); consequently, S(k—1) = 0.27 is equal
to 8 (= 0.25). This means that the reactivities are controlied
by the stabilities of the thiyl radicals in reactants. This may be
supported by the electrophilic character of the thiyl radicals;?!
the case that polar effect in transition state is insignificant
should be rather expected for the vinyl monomer having the
electron-poor double bond (positive e value). MMA (e = +0.4)
may correspond to this case.

As can be seen from Table III, the S(k|) value for St is
larger than that for MMA.22 In Figure 3, plots of log k| / k>
seem to afford p*(k—1s;) = 0; S(k—;) = 0. One of possible
explanations is that this difference could be attributed to the
different positions of the transition state; « changes to ca. 1
from ca. 0.75. However, this may not be accepted since rate
constants for St do not differ significantly from those for
MMA. It is more likely that S(k)) = 1 (and S(k—) = 0) may
suggest some interactions in the transition state. For St having
an electron-rich double bond (¢ = —0.8), polar resonance in-
teraction of the type of [(p-XCgH4S)~, (CH,=CHY)*:] can
be expected when X is electron withdrawing; consequently,
S(k,) may increase and S(k—|) may decrease, If a smaller
value rather than 0.75 was attributable to «, even for MMA
there may exist the same kind of interaction in the transition
state and this effect for St may increase, or vice versa,

Conclusions

For the reactions between para-substituted benzenethiyl
radicals and vinyl monomers such as MMA and St, the rate
constants for forward and backward reactions were deter-
mined. The logarithm of the equilibrium constant is a measure
of the thermodynamic stability of the thiyl radical; stability
increases in the order: -Cl < -H < -CH3; < -OCHj3. For an

5735

electron-poor monomer (MMA) and electron-rich monomer
(St), we attempted to assess the relative importance of sta-
bilities of the radicals and of the possible contribution of polar
structures to the transition state.

Experimental Section

Disulfides excepting the p-methoxy derivative were purified by
recrystallizing the commercial reagents. Di(p-methoxybenzene) di-
sulfide,?? di(p-nitrobenzene) sulfide,24 and p-nitrobenzenethiol2S were
prepared by the method described in literatures. MMA and St were
distilled under reduced pressure before use. Cyclohexane and benzene
used as solvents were spectrophotometric grade. Concentration of
oxygen was calculated by Henry’s law by using the data cited in the
text.?8 All experiments were performed at the room temperature
controlled at 23 £ 1 °C. Flash photolysis apparatus was standard
design as described elsewhere.! The apparent first-order rate constants
less than 5 X 10%s~! can be estimated.
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