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ABSTRACT: The reaction mechanism and substituent effect on the addition reaction of
thiobenzoic acid to styrene or ethynylbenzene were investigated in detail. Both addition reactions
proceeded by a radical chain mechanism, and the rate-determining step was the chain transfer
step between each intermediate carbon radical [¢CHCHZSC(=O)¢ or ¢C=CHSC(:O)¢] and
thiobenzoic acid. The substituent effect on the chain transfer step between the para-X substituted
intermediate carbon radicals and para-Y thiobenzoic acids in the styrene and ethynylbenzene
systems was better correlated by the modified Hammett’s equation considering resonance effect
than by the simple Hammett’s equation. In both styrene and ethynylbenzene systems, the reaction
constant p for p-X intermediate carbon radicals was negative, and that for p-Y thiobenzoic acids
was positive, suggesting that a perturbation between SOMO of each intermediate carbon radical
and LUMO of thiobenzoic acid in the transition state is the important controlling factor for
reactivity in the adduct formation of thiobenzoic acid with styrene or ethynylbenzene. That is, the
intermediate carbon radicals are nucleophilic. Therefore, the overall reaction rate of the adduct
formation increases by introducing a strong electron-donating (+ ) group into the para position
of styrene or ethynylbenzene and a large — I group into the para position of thiobenzoic acid. The
results are compared with those of the addition reaction of thiophenol to styrene or ethynyl-
benzene. The polyaddition mechanism of 1,4-benzenebiscarbothioic acid to 1,4-divinylbenzene or
1,4-diethynylbenzene is discussed.
KEY WORDS Kinetics / Polyaddition / Addition Reaction / Reaction
Mechanism / Substituent Effect /| Hammett Correlation / Thiobenzoic
Acids / Styrenes / Ethynylbenzenes / Thiophenols /

The radical addition reactions of thiols to
olefins or acetylenes are well known and used
widely to prepare various sulfide compounds
and polysulfides. Similar addition reactions
have been reported with carbothioic acid (thiol
acid) compounds.! For example, Koening et
al.?> synthesized thioesters by the radical
addition reaction of thioacetic acid to vinyl
compounds. The analogous reaction with
acetylenes gave the 1:1 and 2:1 adducts with
thioacetic acid and acetylenes.® In a similar

* To whom all correspondence should be addressed.

manner, Marvel et al.* reported polythioesters
prepared by the radical polyaddition of bis-
carbothioic acids to non-conjugated diolefins,
and the obtained polymers had higher melting
points than the oxygen-containing analogous
polymers.

Recently, the authors investigated the poly-
addition of 1,4-benzenebiscarbothioic acid
(BDTC) to 1,4-divinylbenzene (DVB)® or 1,4-
diethynylbenzene (DEB).® The polyaddition
took place successfully to give saturated or
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conjugated polythioesters in high yields. How-
ever, the polymers were hardly soluble in
conventional organic solvents. The insoluble-
ness may be caused by a cross-linked structure
of the polymers due to a homosequence of
DVB or DEB. The reactivity of carbothioic
acid group may be low.

In the present paper, the authors made a
kinetic investigation of the addition reaction
of thiobenzoic acid (TBA) to styrene (St) or
ethynylbenzene (EB) (eq 1 and 2) as a model
of polyaddition of BDTC to DVB or DEB.

¢CH=CH, + $CSH—¢CH,CH,SCo (1)
o) 0
$C=CH+$CSH-$CH=CHSCS (2)
0

The rate-determining step and substituent ef-
fect on the addition reactions were determined
and compared with those on the addition
reaction of thiophenol (TP) to St” or EB.%*°

EXPERIMENTAL

Reagents

p-Methoxy, p-methyl, and p-chloro TBAs
were prepared by the modified synthetic
method for TBA'? as follows: a solution of
25g (0.15mol) of p-methoxybenzoylchloride
(Aldrich Chem. Co.) in 75ml of anhydrous
diethyl ether was added dropwise to an well
stirred suspension of 25 g (0.44 mol) of NaSH
in 135ml of anhydrous ethanol at 0—5°C
under a nitrogen atmosphere. NaSH was dried
over conc sulfuric acid in vacuo overnight.
The reaction mixture was stirred at room
temperature for 3h. Approximately 100 ml of
water were added to the mixture and the
products were dissolved in the water layer.
The water layer was extracted five times with
50ml diethyl ether to remove the by-product
ethyl p-methoxybenzoate. 20 ml of 6 N hydro-
chloric acid were added slowly to the mixture
on an ice bath. The precipitate was recovered
by filtration, washed with water, and dried
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over anhydrous calcium chloride in vacuo
overnight. The crude product was purified by
recrystallization from hexane, yield 70%, mp
79.9—81.1°C (lit. 81—83°C'"). p-Methyl and
p-chloro TBAs were prepared from p-methyl
and p-chlorobenzoylchlorides (Tokyo Chem.
Ind. Co., Ltd.) in the similar manner [ p-Me:
yield 71 %, mp 40.9—42.2°C (lit. 40—42°C*?);
p-Cl: yield 72%, mp 69.7—70.8°C (lit. 70—
71°C*2)].

TBA and TP were provided by Sumitomo
Seika Chem. Co., and p-chloro St was supplied
by Hokko Chem. Ind. Co., Ltd. p-Methyl,
p-methoxy Sts,*37 1% p-chloro,'® p-methyl, and
p-methoxy EBs!” were synthesized according
to the literature. St (Wako Pure Chem. Ind.,
Ltd.) and EB (Tokyo Chem. Ind. Co., Ltd.)
were obtained commercially. All reagents
except p-substituted TBAs were purified more
than two times by vacuum distillation under
a nitrogen atmosphere before use. Benzene
(Wako Pure Chem. Ind., Ltd.) as a reaction
solvent was distilled over calcium hydride and
degassed by vacuum for 20min before use
to exclude oxygen. 2,2’-Azobisisobutyronitrile
(AIBN: Wako Pure Chem. Ind., Ltd.) was
used as received. Nitrogen gas was purified as
shown in the previous paper.’

Addition Reaction

In a 50ml round bottom flask equipped
with a three-way stopcock, each benzene
solution of AIBN, Sts, and TBAs was charged
by a hypodermic syringe under a nitrogen
atmosphere. The reaction was initiated by
introducing the reaction flask into a water
bath at 60°C. The course of the reaction was
monitored every 15—20 min by measurements
of the adduct concentration by GC using
1-phenyl-2-phenylthioethane (¢CH,CH,S¢)
as an external reference.

Measurement

Gas chromatograms were made on a
Shimadzu GC-4BMPF equipped with a flame
ionization detector (FID) and a Silicone GE
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SE-30 column (2m) at 250°C using a nitro-
gen carrier gas. 'H NMR spectra were ob-
tained with a JEOL PMX-60si spectrometer
in CDCI,; with tetramethylsilane as an internal
standard. IR spectra were recorded on a
Hitachi 260-50 spectrophotometer by a liquid
film method. Sulfur content of the adducts
was determined by the modified Schoeniger’s
method.!8

RESULTS AND DISCUSSION

Addition Reactions and Reaction Mechanism

The addition reactions of TBA to St or EB
occurred without an induction period and
were completed at 60°C for 5Sh. The main
products were confirmed to be the 1:1 ad-
ducts of TBA and St or EB with the anti-
Markownikoff’s structure by 'H NMR and
IR analyses. Appreciable amounts of by-
products with higher molecular weight than
the adducts were confirmed. The by-products
may be oligomers containing more than one
St or EB unit, formed by the addition of the
intermediate carbon radical to St or EB
instead of the hydrogen transfer from TBA.
In the polyaddition of BDTC to DVB or
DEB, such homoaddition is thought to cause
a cross-linkage of the polymers.

The authors investigated the controlling
factor for the addition reactions by a kinetic
method. The addition reaction of TBA to St
or EB is considered to proceed in a radical
chain mechanism, similar to the addition
reaction of TP to St” or EB.® Elementary
reactions in TBA and St are as follows;

Initiation Reaction
k .
AIBN —= 2R +N, (3)

. k. .
R+¢CSH —- ¢CS+RH
0 0
S
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Addition Reaction
Dissociation Reaction

. ka b
¢CS +¢CH=CH, = ¢CHCH,SCé (4)
o

diss
C
Chain Transfer Reaction

. ke .
C+¢CSH — $CH,CH,SCH+4CS (5)

A

Termination Reaction

. Kk,
2¢(“:s —*T, (6)
. .k,
C+ ¢(”:s — T,

. kg
2C—— T,
Tautomerism

ke
$CSH == $COH %)
o k3

#CS R $CO ®)

S o]
where k4, k;, - -, k,, are reaction rate con-
stants for the elementary reactions. The-
dissociation of € to St and benzoylthiyl
radical S may be negligible because of the
resonance stabilization of C.'® The tautom-
erism of TBA and S as shown in eq 7 and 8
is also neglected, since the tautomeric equi-
librium of TBA shifted extremely toward
the thiol form.2° Surely, there was no
C=S absorption?! at 1240cm~! in the IR
spectrum of the addition products of TBA
to St or EB. Other side reactions are
neglected for convenience. As mentioned in
the previous paper,”® the overall reaction
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Figure 1. Time-conversion curves (a) of adduct forma-
tion with St by changing the initial concentration of TBA,
and reaction order (b) of TBA at 60°C in benzene under
a nitrogen atmosphere. [St]o=2.0mol1™!; [AIBN],=
2.0x 10" 2mol 17 1; ext. ref for GC, $CH,CH,Sé.

rate was expressed by two simple equations.
That is, assuming that the rate-determining
step is the addition step (k,«k,) or the
chain transfer step (k,>k,), the rate equa-
tion can be simplified as eq 9 or 10,
respectively.

Rate = wk,[St or EB]'[AIBN]®  (k,<«k,)
©)
Rate = w'k, [TBAT'[AIBN]®S (k,»k,)
(10)

where w and w' are constant.

Reaction Order and Rate-Determining Step
Reaction orders of the addition reaction
of TBA to St or EB were estimated by a
similar method to that described in the
previous paper.”® Typical time-conversion
curves and the reaction order for the ad-
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Figure 2. Reaction order of St (a) and AIBN (b) in
addition reactions of TBA to St at 60°C in benzene under
a nitrogen atmosphere. [TBA]o=2.0mol1™"; ext. ref
for GC, ¢CH,CH,S¢: (a) [St]o=1.52—3.45moll"7;
[AIBN],=2.0x 10" 2mol 17 !. (b) [St]o=2.0mol1™";
[AIBN],=1.5—-5.0x 10 2mol 1™ 1.

dition reaction with St are illustrated in
Figures 1 and 2. The addition rate depends
on the first order of TBA concentration,
0.5 order of AIBN concentration, and is
independent of the St concentration as ex-
pressed in eq 11;

Rate (St)=k[TBA]![AIBN]®S  (11)

where k is the overall reaction rate constant
in benzene at 60°C.

On the other hand as shown in Figures 3
and 4, the addition reaction of TBA to EB
can be expressed as the first order of TBA,
0.5 order of AIBN, and is independent of
the EB concentration; i.e., the rate equation
is expressed by the same eq 11 as for
the reaction with St. The experimental rate
eq 11 coincides with the theoretical eq 10,
indicating that the rate-determining step of

Polym. J., Vol. 25, No. 5, 1993
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Figure 3. Time—conversion curves (a) of adduct forma-
tion with EB by changing the initial concentration of TBA,
and reaction order (b) of TBA at 60°C in benzene under
a nitrogen atmosphere. [EB],=1.8mol1™!; [AIBN],=
7.2x 10" 2mol 17*; ext. ref for GC, $CH,CH,S¢.

both reactions is the chain transfer step
between each intermediate carbon radical
and TBA.

Addition Reactions of TBAs to Sts or EBs
The addition reactions of TBAs to Sts or
EBs were carried out at 60°C in benzene
under a nitrogen atmosphere. p-Chloro, p-
methyl, and p-methoxy derivatives of TBA,
St, and EB were used. Using a combination
of the above reagents, the addition reactions
were completed within 1 day and the adducts
were obtained in 68—97% yields as shown
in Table I, confirmed by GC analysis. The
'H NMR spectra showed methylene protons
at 2.7—3.4ppm in the case of Sts. In the 'H
NMR spectra of the adducts of TBAs and
EBs, the vinylene protons at 6.6—7.0 ppm
were confirmed, but signals were partially

Polym. J., Vol. 25, No. 5, 1993

'
«
FS
T
I

log(Initial Rate)
¢
2]
T
1

-3.8f .

1 1

0.2 0.4
log[EB],,

0.6

Figure 4. Reaction order of EB in addition reactions
of TBA to EB at 60°C in benzene under a nitro-
gen atmosphere. [TBA],=1.8moll™!; [EB],=1.35—
2.79mol 17 ; [AIBN],=7.2x10"2mol17!; ext. ref for
GC, ¢CH,CH,S¢.

diffused with those of the benzene ring
protons. Methyl and vinylidene protons due
to Markownikoff’s addition to Sts or EBs,
respectively, were not confirmed. That is,
all adducts were found to have the anti-
Markownikoff’s structure.

Substituent Effects on the Chain Transfer

Step

Substituent effects on the chain transfer
step between the p-X substituted intermedi-
ate carbon radicals [X-¢CHCH,SC(=0)¢
or X-¢C=CHSC(=0)¢] and p-Y substi-
tuted TBAs were evaluated in Sts and EBs.
These substituent effects will give important
informations on the transition state of the
rate-determining step in the addition reac-
tions.

In the case of Sts, the relative rates, kX/k!H,
of the chain transfer step with p-X inter-
mediate carbon radicals were calculated by
RX/RAE(KH/kX)°5, where R* and RY are the
overall addition rates of TBA to p-X substi-
tuted Sts and to St, respectively, and k¥ and
kY mean termination reaction constants of
the p-X and the p-H intermediate carbon
radicals, respectively. The overall addition
rates, R* and RY, were determined individ-
ually by first order plots on the adduct
formation of TBA to p-X Sts. The authors
assumed that the termination reaction con-
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Table I. Synthesis of adducts with p-Y TBAs and p-X Sts® or EBs® at 60°C in benzene for 1 day under a nitrogen atmosphere
»X Y Yield® Retention time? S/wt% 'H NMR spectra® IR spectraf
Sts or EBs TBAs o . (calcd) 1
%o min ppm cm
H H 94 5.8 13.1 2.7—3.4 (m, 4H, CH,) 2930 (CH,), 1450 (CH,S)
(13.2) 7.0—8.1 (m, 10H, benzene rings) 1660 (C=0)
MeO H 86 11.3 11.6 3.7 (s, 3H, CHjy) 2840 (CH,), 1450 (CH,S)
(11.8) 2.7—3.4 (m, 4H, CH,) 1660 (C=0)
6.8—8.1 (m, 9H, benzene rings)
Me H 97 7.6 12.5 2.3 (s, 3H, CH,) 2930 (CH,), 1450 (CH,S)
(12.5) 2.7—3.4 (m, 4H, CH,) 1660 (C=0)
6.9—8.0 (m, 9H, benzene rings)
Sts Cl H 82 9.9 11.4 2.7—3.4 (m, 4H, CH,) 2930 (CH,), 1450 (CH,S)
(11.6) 7.1—8.0 (m, 9H, benzene rings) 1660 (C=0), 680 (C-CI)
H MeO 80 12.5 11.5 3.7 (s, 3H, CHjy) 2840 (CH3), 1450 (CH,S)
(11.8) 2.7—3.4 (m, 4H, CH,) 1660 (C=0)
7.0—8.0 (m, 9H, benzene rings)
H Me 93 8.2 12.4 2.3 (s, 3H, CH,;) 2930 (CH,), 1450 (CH,S)
(12.5) 2.7—3.4 (m, 4H, CH,) 1660 (C=0)
7.0—8.0 (m, 9H, benzene rings)
H Cl 83 9.2 11.7 2.7—3.4 (m, 4H, CH,) 2930 (CH,), 1450 (CH,S)
(11.6) 7.0—7.9 (m, 9H, benzene rings) 1660 (C=0), 680 (C-Cl)

(continued)
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Table I. (Continued)
H c ' H d 1 e f
X Y Yield Retention time S/wt% H NMR spectra’ IR spectra
Sts or EBs TBAs % min (calcd) ppm em-!
H H 81 7.0 (trans) 134 6.6—8.1 (m, 12H, CH=CH and 950 (CH=CH)
8.1 (cis) (13.3) benzene rings) 1670 (C=0)
MeO H 80 14.8 (trans) 11.8 3.8 (s, 3H, CH,) 2920 (CH,)
17.4 (cis) (11.9) 6.6—8.2 (m, [1H, CH=CH?® and 950 (CH=CH), 1670 (C=0)
benzene rings)
Me H 87 9.8 (trans) 12.4 2.4 (s, 3H, CH,) 2840 (CH,)
11.5 (cis) (12.6) 6.7—8.2 (m, 11H, CH=CH and 950 (CH=CH), 1670 (C=0)
benzene rings)
EBs Cl H 71 12.1 (trans) 11.7 6.7—8.2 (m, 11H, CH=CH and 690 (C-Cl)
14.2 (cis) (11.7) benzene rings) 955 (CH=CH), 1660 (C=0)
H MeO 68 16.0 (trans) 11.6 3.8 (s, 3H, CH,) 2920 (CH,)
18.3 (cis) (11.9) 6.6—8.1 (m, 11H, CH=CH and 955 (CH=CH), 1670 (C=0)
benzene rings)
H Me 80 10.3 (trans) 12.6 2.4 (s, 3H, CH,;) 2840 (CH,)
11.8 (cis) (12.6) 6.6—8.1 (m, 11H, CH=CH and 940 (CH=CH), 1660 (C=0)
benzene rings)
H Cl 70 11.3 (trans) 11.9 6.6—8.1 (m, 11H, CH=CH and 680 (C-Cl)
13.0 (cis) (11.7) benzene rings) 965 (CH=CH), 1670 (C=0)

@ [X-Sts]o=[Y-TBAs],=2.0mol 1" !; [AIBN],=2.0 x 10~ 2mol 1~ .
[X-EBs]o=[Y-TBAs],=2.0mol 1" ; [AIBN],=7.2x 10~ >mol I .

b
c
d
e

f

2

By GC analysis.

Column, Silicone GE SE-30 (2m); flow rate of nitrogen carrier gas, 45Smlmin~!; column temp., 245°C; injection temp., 300°C.
Solv.: CDCl,, ref: TMS.

Liquid film method.

6.77, 7.04 (ABq, cis CH=CH), J;cy=cu=11.0Hz; 6.79, 7.25 (ABq, trans CH=CH), J, unscu-cn=16.4 Hz; confirmed by JEOL JNM-EX400 spectrometer

(400 MHz).
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stants, ki and k¥, are equal to those of
corresponding polystyryl radicals?? as men-
tioned in the addition reaction of TP to
St,’ since the intermediate carbon radicals
[X-¢CHCH,SC(=0)¢] in this addition reac-
tion are almost similar to those (X-d)('IHCH2 ~)
in the polymerization of p-X Sts. On the
other hand, the relative rates, kY/k, of the
chain transfer step with p-Y TBAs were
determined by the competitive reaction of
TBA and p-Y TBAs to St. The theoretical
rate equation was similar to that in the
previous paper.’

In the case of EBs, the relative rates,
kX/kH, of the chain transfer step were tenta-
tively calculated assuming that the termina-
tion reaction constant k) is equal to kY; that
is, kX/k were calculated by R*/RM. kY/kH
were determined by the same method as for
Sts.

The relative rates, kix/kif and kY/kE, in
both the St and EB systems are summarized
in Table II. In both Sts and EBs, kX/k!!
decreases and kY/ki! increases in the order of
MeO, Me, H, and CI except for the addition

Table II. Relative rates (kX/k! and kY/k!) of chain
transfer step in addition reactions of p-Y TBAs
to p-X Sts or p-X EBs at 60°C in benzene
under a nitrogen atmosphere

p—XCs or St EB
PYTBAS s jop® kBT ke
MeO 3.23 0.87 1.61 0.72
Me 1.84 0.90 1.34 091
H 1.00 1.00 1.00 1.00
Cl 0.58 1.22 0.36 0.97

* [X-Sts]o=[TBA],=2.0mol 1" !; [AIBN],=2.0 x
10~ 2mol 17 1; kX/kM = RX/RU(kH/kX)0-5; RMeO/RH
1.80, RM¢/RM=1.44, RC/RM=0.49, kH/kM©0=322,
KHMe = 1.64, KH/kS' = 1.41.

b [Sts]o=2.0mol 1~ '; [TBA],=[Y-TBAs],=1.0
mol 17%; [AIBN];=2.0x 10" 2mol 1.
¢ [X-EBs],=[TBAJ,=2.0mol 1~ ; [AIBN],=7.2x

107 2mol 17 Y; kX/k!t ~ RX/RM.
4 [EBs]y=2.0mol 1~ '; [TBAJ,=[Y-TBAs],=1.0
mol 171; [AIBN],=7.2x 10" 2mol 1%

514

reaction of p-Cl TBA to EB. That is, the
electron-donating p-X group on the inter-
mediate carbon radical increases the reaction
rate. In contrast, the electron-donating p-Y
group on TBA decreases the reaction rate.

These relative rates were correlated by
Hammett’s eq 12 and 13.%3

log(k/ko)=po
log(k/ko)=po +yEg

(12)
(13)

In eq 13, o and Ey are polar and resonance
substituent constants, p and y are reaction
constants giving the susceptibility of the polar
and resonance effects caused by the substituent,
respectively. That is, po shows a polar term

iy 05
]
- —_—
1 Is
4
= =
xXE [=2]
x 9
[o2]
Q
405
1
03 0 0.3
o
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o

log(ky /k}) — 0.2E,
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Figure 5. Hammett plots for chain transfer step between
p-X intermediate carbon radicals [X-¢CHCH,SC(=0)¢]
and TBA (a), and between p-H intermediate carbon
radical [¢CHCH,SC(=0)¢] and p-Y TBAs (b) at 60°C
in benzene under a nitrogen atmosphere. Broken (----- )
and solid lines (——) were correlated by eq 12 and
13, respectively. (a) [X-Sts]o=[TBA],=2.0moll™};

[AIBN]o=2.0 x 10~ 2mol 17 1; log(kX/k") = — 1.48¢ +
1.0E,. (b) [Stlo=2.0mol1™"; [TBAJo=[Y-TBAs],=
1.0mol 17%; [AIBN],=2.0x10"2mol17; log(kl/k)=
0.306 +0.2Ex.
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and yE, is a resonance term. Figures 5(a)
and (b) show the Hammett plot for the
chain transfer step between p-X intermediate
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IMeO T T
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Figure 6. Hammett plots for chain transfer step between

p-X intermediate carbon radicals [X-¢C=CHSC(=O)¢]
and TBA (a), and between p-H intermediate carbon
radical [¢C=CHSC(=0)¢] and p-Y TBAs (b) at 60°C
in benzene under a nitrogen atmosphere. Broken (----- )
and solid lines (——) were correlated by eq 12 and
13, respectively. (a) [X-EBs],=[TBA],=2.0mol 1 1;
[AIBN],=7.2x 10" 2mol 1™ '; log(kX/k")= —1.356 —
1.4E;. (b) [EB]y=2.0moll™!; [TBA],=[Y-TBAs],=
1.0mol17Y; [AIBN],=7.2x10"2mol 1™ !; logkY/k!)=
0.230 —0.7Eg.

Table III.

St

X s +¢C(=0)SH
1o+ 10
C sCHOHSC-0)p
Y TBAS +Y-¢pC(=O0)SH
03004025

X-pCHCH,SC(=0)¢

carbon radicals [X—(]SCHCHZSC(:O)(]S] and
TBA, or between the p-H intermediate car-
bon radical [d)CHCHzSC(:O)qb] and p-Y
TBAs, respectively, according to eq 12 and
13. Similarly, Figure 6 shows the Hammett
correlation of the chain transfer step in the EB
system. The broken and solid lines in Figures
5 and 6 were correlated by eq 12 and 13,
respectively. Better correlation was obtained
with eq 13 rather than eq 12 in all cases. That
is, the rate of the addition reaction of TBAs
to Sts or EBs is controlled not only by a polar
term but also by a resonance term. Similar
results have been discussed on the sub-
stituent effect of chain transfer reactions
between polystyryl radical and cumenes®* or
toluenes.?®

The reaction constant, p, and resonance
constant, y, obtained by eq 13 from Figures
5 and 6 are summarized in Table III. p of the
chain transfer step in both Sts (p= —1.48)
and EBs (p= —1.35) are negative and the
difference is small, indicating that the transi-
tion state of the chain transfer step between
the each intermediate carbon radical and
TBA is much alike. On the other hand, p
of the chain transfer step between the p-H
intermediate carbon radicals and p-Y TBAs
(St, p=0.30; EB, p=0.23) are positive. The
rate of the chain transfer step between
each intermediate carbon radical and TBAs
increases with decreasing electron density of
S-H bonds on TBAs and with increasing

Hammett parameters obtained from Figures 5 and 6 for chain transfer
step of addition reactions of p-Y TBAs to p-X Sts and p-X EBs

EB

X-¢C =CHSC(=0)¢
+¢C(=0)SH

—1.350— 1.4E,

$C=CHSC(=0)¢p
+Y-¢C(=0)SH

0.230 —0.7E,
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the electron density of intermediate carbon
radicals. That is, it is assumed that the
electron is somewhat transferred from the
intermediate carbon radicals to TBA in the
transition state, and cleavage of the S-H
bond occurs. Such an idea has been pro-
posed by Imoto?® for the substituent effect
on chain transfer reactions between poly-
styryl radical and p-substituted cumenes,
in which the reaction constant p is posi-
tive. Consequently, a perturbation between
SOMO of each intermediate carbon radical
and LUMO of TBA in the transition state
is the important controlling factor for the
reactivity in the adduct formation of TBA
and St or EB. It was also found that both
the intermediate carbon radicals are nucleo-
philic, and the nucleophilicity of the carbon
radicals is similar, since p of both systems is
almost equal. The absolute values of p and y
for the p-X radicals were larger than those
for the p-Y TBAs. The inductive and res-
onance effects (/- and R-effects) by the
p-X substituent on the intermediate carbon
radicals directly affect the reaction reactivity,
while those by the p-Y substituent on TBAs
have less influence on reactivity. That is, the
I- and R-effects by the p-Y substituent on
TBAs may be decreased by the carbonyl
group. In the substituent effect by X and Y
substituents, y for Sts (X, y=1.0; Y, y=0.2)
was positive and that for EBs (X, y=—1.4;
Y, y=—0.7) was negative. Otsu et al.>?3
discusses the sign of y. That is, in the St
system the R-effect by the X and the Y
substituents on the radical and TBA, respec-
tively, in the transition state is larger than
that in the initial state. In the EB system the
R-effect by the substituents in the transition
state is smaller. The influence of the R-effect
by the substituent on the reactivity in EBs is
found to be slightly larger than that in Sts,
because absolute y value in EBs is larger
than that in Sts.

Accordingly, the overall reaction rate of
the adduct formation of Sts with TBAs
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increases by introducing a large electron-
donating (+1) group into the para position
of St or a large —7 group into that of TBA,
and/or high resonance stabilizing (+R or
—R) group into the para position of St and
TBA. On the other hand, EBs having a large
+1 group or TBAs containing a large —/
group on the para position accelerate addi-
tion reactions in EBs, but the resonance
effect by the para substituent depresses the
reactivity.

Polyaddition Reactivity of BDTC to DVB or

DEB

The authors estimated polyaddition reac-
tivity based on the above substituent effect.
The polyaddition of BDTC to DVB or DEB
can be regarded as the addition reaction of
TBA having p-COSH group to St having
p-vinyl group or EB having p-ethynyl group,
respectively. o for the p-vinyl and p-ethynyl
substituents have been reported as —0.08%7
and 0.233,%® respectively, by pK,. ¢ for the
p-COSH group has not been reported and is
thought to be a positive, since o for p-COOH
group is 0.45.2° y for the p-vinyl, p-ethynyl,
and p-COSH groups are unclear and are
expected to be positive, because the p-vinyl
and p-ethynyl groups on St and EB have
a planner and =n-conjugated structure and
p-COSH is the —R group. Accordingly, the
polyaddition of BDTC to DVB is much
faster than the addition reaction of TBA to
St. For example, on assuming tentatively
that o for the p-COSH group is 0.45 and y
for the p-vinyl and p-COSH groups is 0.11,
which is y for the p-methoxy group,?? the
estimated reactivity of the addition reaction
of BDTC to DVB is about twelve times that
of TBA to St. However, the polymer was
insoluble and had a cross-linked structure
formed by the homosequence of DVB as
confirmed by hydrolysis of the polymer.>®
To obtain a soluble polymer with a linear
structure, it may be necessary to introduce a
large +7 group and a large R group into
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DVB or a large —7 group and a large R
group into BDTC.

On the other hand, the polyaddition of
BDTC to DEB is expected to be similar to
or lower than the addition reaction of TBA
to EB in the reactivity due to the substituent
groups of p-COSH and p-ethynyl. That is,
the polymer of BDTC and DEB is thought
to have many cross-linkages in the polymer
chain. In fact, the absorption edge of this
polymer in the diffuse reflectance spectrum
was at 530 nm,® this being shorter wavelength
than that of the polymer of 1,4-benzenedi-
thiol (BDT) and DEB. However, it may be
possible to increase the polyaddition reac-
tivity of DEB, since the + 1/ substituent
increases the reactivity of DEB.

Substituent Effect on the Addition Step

The substituent effect on the addition step
of benzoylthiyl radical to p-X Sts or p-X
EBs is also examined. The relative rates of
the addition step, kX/k!!, were estimated by
the competitive reaction of TBA to St and
p-X Sts or to EB and p-X EBs. Table 1V
summarizes the relative rates in both sys-
tems. Figure 7 shows the Hammett correla-
tion of the addition step according to eq 12
and 13. Better correlation was obtained with
eq 13 rather than eq 12 in both systems.
That is, resonance as well as polar effects are

Table IV. Relative rates (kX/k!) of addition step in
addition reactions of TBA to p-X Sts or p-X EBs
at 60°C in benzene under a nitrogen atmosphere

P-X Sts St EB
or EBs KX KX
MeO 1.90 2.34
Me 1.44 1.43
H 1.00 1.00
Cl 0.95 0.93

* [X-Sts]o=[St]o=1.0mol I"!; [TBAJ],=2.0mol 1" %;
[AIBN],=2.0x10"2mol 171

® [X-EBs]o=[EBJo=1.0mol1~!; [TBA],=2.0
mol 1™ !; [AIBN],=7.2x 10"2mol I~ 1.

Polym. J., Vol. 25, No. 5, 1993

important factors to control the addition
step of benzoylthiyl radical to St or EB. The
transition states of the addition step with St
and EB are thought to be much alike, since
p and 7y are little changed (Sts, p=—0.61;
y=1.1; EBs, p=—0.76; y=1.5). p of the
addition step suggests that benzoylthiyl radi-
cal is electrophilic, and perturbation between
SOMO of the radical and HOMO of St or
EB in the transition state is an important
controlling factor for the addition step. y of
both the systems was positive, indicating
that the addition step is accelerated by the
R-effect of the p-X substituent on St and
EB. y of Sts is slightly smaller than that
of EBs. This indicates that the addition step
with EB is more stabilized by the resonance
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Figure 7. Hammett plots for addition step of ben-
zoylthiyl radical [¢C(=O)§] and p-X Sts (a), and p-X
EBs (b) at 60°C in benzene under a nitrogen atmosphere.
Broken (----- ) and solid lines (——) were correlated
by eq 12 and 13, respectively. (a) [X-Sts]o=[St],=
1.0mol17'; [TBA],=2.0mol17'; [AIBN],=2.0x 1072
mol 171; log(kX/k!)= —0.610+ 1.1E;. (b) [X-EBs],=
[EB],=1.0mol1™'; [TBA],=2.0mol17!; [AIBN],=
7.2%x 10" 2mol 17 1; log(kX/k!) = —0.760 + 1.5E.
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effect than that with St in the transition
state.

Comparison between TBA and TP

Relative Reactivity. In order to estimate
the difference in reactivity between thiol and
carbothioic acid to St or EB, the competitive
reaction of TBA and TP to St or EB was
carried out with AIBN initiator in benzene
at 60°C under a nitrogen atmosphere. In
the addition reaction with St, the relative
reactivity of TBA was found to be about
four times smaller than that of TP. In the
case of the competitive reaction of TBA and
TP to EB, TP added to EB and rapidly
consumed within 1h, while a trace amount
of TBA reacted for 1h. That is, the addition
reactivity of TP to EB was much higher
than that of TBA to EB, but the relative
reactivity could not be calculated because of
very large difference in reactivity. Conse-
quently, the addition reaction of TBA to St
or EB has lower reactivity than that of TP.

The authors also investigated the relative
reactivity between St and EB to TBA. In a
similar manner, the relative reactivity of St
to TBA was estimated to be about twice that
of EB. In the previous study,® it was found
that the addition reaction of TP to St was

three times smaller than that to EB. That is,
the reactivity of St was higher than that of
EB on TBA, while with TP, the reactivity of
EB is higher than that of St.

From the above discussion, the order of
the apparent reactivity of TP-EB, TP-St,
TBA-St, and TBA-EB systems is 24, 8, 2,
and 1 as shown in Table V, respectively.
That is, the relative reactivity of TP and EB
is highest and about 24 times that of TBA
and EB. Such difference in reactivity has
been already expected from polyadditions.
In the case of polyadditions, apparent reac-
tivity was expected from the polymerization

Table V. Apparent reactivities of addition reactions
among TBA-St, TBA-EB, TP-St, and TP-EB at
60°C in benzene under a nitrogen atmosphere

St* EB®
TBA® 2.0 1.0
TP 8.0 24.0

2 [TBA],=[TP],=0.3mol 1™ '; [St],=0.6mol 17 ;
[AIBN],=6.0 x 10~ *mol 11,

® [TBAJo=[TP],=0.5mol 1" !; [EB]o=1.0mol1"}
[AIBN]o=1.0x 10~ >mol |1,

¢ [TBA]o=3.0moll™'; [St]o=[EB]o=1.5moll™%;
[AIBN],=3.0x 10" >mol |1,

4 Reference 8: [TP],=0.31mol 1™ '; [St]o=[EB]o=
0.16mol 17 *; [AIBN],=3.4x 10" 3mol 1™ at 40°C.

Table VI. Comparison of substituent effects for TBA and TP systems on Hammett parameters

St EB
TBA TP* TBA TP®
Rate-determining Chain Chain Chain Addition®
step transfer transfer transfer
X-¢CH=CH, X-¢CH=CH,® X-¢C=CH X-¢C=CH
Addition step +¢C(=0)S +¢S +¢C(=0)S +¢S
—0.6l0+1.1E, —0.340+ 1.8E, —0.760+ 1.5, —0.480 +3.2F,
$CHCH,SC(=0)¢ $CHCH,S¢ $C=CHSC(=0)¢ $C=CHS¢
Chain transfer +Y-¢C(=0)SH Y-¢SH +Y-¢C(=0)SH +Y-¢SH
step
0.300 +0.2E; 1.300 — 1.0E, 0.230—0.7E, —0.980 +4.7Eg

2 Reference 7. ® Reference 9. ° Reference 8.
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conditions and polymer yields to decrease
in the order of BDT-DEB,3° BDT-DVB,3!
BDTC-DVB,’> and BDTC-DEB,® this being
the same as the order in Table V. Here,
estimated reactivity does not mean a differ-
ence in the absolute rate but apparent and
relative values, since the rate-determining
step of the addition reaction of TP to EB
was different from that of TP-St, TBA-St,
and TBA-EB as is mentioned in the next
section.

Kinetic Behavior. The kinetic behavior of
the addition reactions of TBA-St, TP-St,
TBA-EB, and TP-EB is summarized in Table
VI. The rate-determining step of the addition
reactions is the chain transfer step, except for
TP-EB. The rate-determining step of TP-EB
is the addition step of the benzenethiyl
radical to EB.® The discrepancy in the rate-
determining step of TP-EB may be caused
by CT interactions between TP and EB as
mentioned in the previous paper.® Large CT
interaction between TP and EB has been
already confirmed,®? but in other cases, such
large CT interaction was not confirmed in
the UV spectra of each reagent mixture.

In the case of the addition step, the
transition states are thought to be much
alike, since p and y of all reactions have the
same sign, in which p is negative and y is
positive. But, absolute p values of TBA
system are about twice those of the TP
system. Imoto e al.?? claim that p changed
greatly by the polarity of the attacking
radical controlled by the substituent in the
addition reactions of various polystyryl radi-
cals to substituted styrenes. It was also found
in the present system that the electrophilicity
of the benzoylthiyl radical was larger than
that of the benzenethiyl radical to St or EB.
y of the TP system are larger than those of
TBA system in each addition step to St or
EB, indicating that an activated complex
containing TP in the transition state is more
resonance-stabilized by the p-X substituent
than that containing TBA.

Polym. J., Vol. 25, No. 5, 1993

In the case of the chain transfer step, the
transition states of TBA-St, TBA-EB, and
TP-St are also alike. That is, the inter-
mediate carbon radicals of TBA-St, TBA-
EB, and TP-St are nucleophilic, since p is
positive. On the other hand, the intermediate
carbon radical of TP-EB is electrophilic
(p<0). This difference may alter the rate-
determining step of the addition reaction of
TP to EB. Absolute p values of the TBA
system are much smaller than those of TP
system, indicating that the magnitude of the
S-H bond cleavage of TBA in the transition
state is smaller than that of TP and results
for the lower reactivity of TBA than TP to
St or EB. Such an idea has been proposed
for the substituent effect on hydrogen ab-
straction of various radicals from substituted
toluenes.?®> Absolute y values of TBAs are
also much smaller than those of TPs. The
chain transfer step of TPs is more stabilized
by the R-effect than that of TBAs in the
transition state. That is, resonance stabiliza-
tion by p-X and p-Y substituents in the
transition state may decrease by the carbonyl
group.

Consequently, the controlling factor for
the radical addition reaction of TP or TBA
to St or EB is perturbation between SOMO
of each intermediate carbon radical and
LUMO of TBA or TP, except TP-EB. In
the case of TP-EB, the controlling factor is
perturbation between SOMO of the benzene-
thiyl radical and HOMO of EB. The differ-
ences in reactivities of the each addition
reaction may be also clarified by a molecular
orbital calculation of the band gap between
the perturbation orbitals. This is now being
done.
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