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ABSTRACT: The addition reactions of thiophenols to ethynylbenzenes having p-methoxy, 
p-methyl, and p-chloro substituent groups occurred readily without appreciable side reactions. 
Adducts of the anti-Markownikoff's structure were obtained in 95-99% yields. The relative 
reactivities of the addition reactions of benzenethiyl radical to substituted ethynylbenzenes, the 
rate-determining step, were found to be quite opposite to those of substituted benzenethiyl radicals 
to ethynylbenzene. For example, p-methoxyethynylbenzene has the highest reactivity in the 
ethynylbenzenes. The p-methoxybenzenethiyl radical exhibits the lowest reactivity. The relative 
rates of the chain transfer reaction among P-phenylthiostyrylene radical (</>C=CHS</>) and 
thiophenols were also determined. That is, the electron-donating p-substituent group on the 
thiophenols increased the chain transfer reaction rate. These relative reactivities were correlated 
by three Hammett's equations. Better correlation was found with the Brown-Okamoto's equation 
and Yamamoto's equation considering a resonance effect. The results are discussed in relation 
to the transition state of the addition reaction of thiophenols to ethynylbenzenes. The substituent 
effects on the addition reactions between thiophenols and styrenes or thiophenols and ethynyl
benzenes are comparatively discussed based on the energy levels of HOMO, SOMO, and LUMO 
calculated by MINDOI3. Polyaddition reactivity of 1,4-benzenedithiol to 1,4-diethynylbenzene 
was also estimated to be four times higher than the addition of thiophenol to ethynylbenzene. 
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in conventional organic solvents. A polymer having many interesting prop
erties was obtained by a polyaddition of 1,4-
benzenedithiol (BDT) to 1 ,4-diethynylbenzene 
(DEB) as shown in eq J.l 

In the previous study, 2 as a model of the 
polyaddition the addition reaction of thiophe
nol to ethynylbenzene was investigated (eq 2). 

+ 

(1) 

However, the detailed polyaddition mecha
nism is still unclear. The polymer has a rela
tive low molecular weight and is insoluble 

* To whom all correspondence should be addressed. 

<Q>-c=CH + QSH ;n ) QCH=CHSQ (2) 

Side reactions such as homopolymerization of 
ethynylbenzene and coupling reaction of 
benzenethiyl radicals occurred scarcely and the 
adduct of the anti-Markownikoff's structure 
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was prepared preferentially. The reaction 
proceeded a radical chain mechanism and the 
reaction order was as follows 2 (eq 3). 

Rate =k[tj.>C = CH][AIBN]0 · 5 (3) 

A rate-determining step of the reaction was 
estimated as the addition reaction of ben
zenethiyl radical to ethynylbenzene. 2 

In this paper, the substituent effects on the 
addition reaction of various thiophenols to 
ethynylbenzenes were investigated in order to 
make clear the transition state of the reaction. 
Such substituent effect has been reported 
scarcely except for the case of the addition 
reactions of benzenethiyl radicals to ethynyl
benzenes by flash photolysis method, and the 
properties of benzenethiyl and /3-phenylthio
styrylene radicals ( tj.>C = CHS¢) were discuss
ed. 3 The rate-determining step of the reac
tion was different from that of the addition 
reaction of thiophenol to styrene, where the 
rate-determining step is the chain transfer 
reaction. 4 This difference is discussed based on 
the energy levels of HOMO, SOMO, and 
LUMO. 

EXPERIMENTAL 

Reagents 
Thiophenol and p-chlorothiophenol were 

provided by Sumitomo Seika Chern. Co. 
p-Chloroethynylbenzene was prepared from 
p-chlorostyrene provided by Hokko Chern. Co. 
by bromination and then elimination of 
hydrogen bromide. 5 p-Methyl and p-methoxy
ethynylbenzenes were synthesized according 
to the literature. 6 Ethynylbenzene (Wako Pure 
Chern. Co.), p-methyl, and p-methoxythio
phenols (Aldrich Chern. Co.) were obtained 
commercially. The reagents were purified more 
than two times by vacuum distillation under a 
nitrogen atmosphere before use. Benzene 
(Wako Pure Chern. Co.) as a reaction solvent 
was distilled over CaH2 and then deairing to 
exclude oxygen by vacuum for 20 min before 
use. 2,2'-Azobisisobutyronitrile (AIBN, Wako 
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Pure Chern. Co.) was used as received. 
Nitrogen gas was purified as shown in the 
previous paper. 2 

Addition Reaction 
The addition reactions of thiophenols to 

ethynylbenzenes were carried out similarly as 
in the previous paper. 2 The course of the 
reaction was monitored every ca. lOmin by 
measurements of the concentrations of adducts 
or both monomeric reagents by GC using 
benzophenone (column temp, 250oq or 
decane (column temp, 140°C) as internal 
references, respectively. 

Measurements 
Gas chromatograms were measured on a 

Shimadzu GC-4BMPF equipped with a flame 
ionization detector (FID) and a silicon GE 
SE-30 column (2m) under a nitrogen carrier 
gas. 1 H NMR spectra were obtained with a 
JEOL JNM-FX90Q in CDC13 with tetra
methylsilane as an internal standard. IR spectra 
were recorded on a Hitachi 260-50 spec
trophotometer by the KBr method. EI mass 
spectra were obtained on a JEOL JMS-G3000. 
Sulfur content of the adducts was determined 
by the modified Schoeniger's method. 7 The 
energy levels of frontier orbitals of all 
substrates in the addition reaction of thiophe
nol to styrene and to ethynylbenzene were 
calculated by the MIND0/3 method in the 
DEC-VAX8350 system. 

RESULTS AND DISCUSSION 

Addition Reactions of Thiophenols to Ethy
nylbenzenes 
Thiophenol adds preferentially to ethynyl

benzene together with few side reactions to 
give an adduct of the anti-Markownikoff's 
structure in a high yield. 2 

The addition reactions of thiophenols to 
ethynylbenzenes were carried out at 60°C in 
benzene under a nitrogen atmosphere. As the 
derivatives, p-chloro, p-methyl, and p-methoxy 

Polym. 1., Vol. 24, No.8, 1992 



.., 
0 

-< 
? 

< 
N 

.!;... 

z 
.oo 

'D 
N 

-.J 
V> 
'D 

Table I. Synthesis of adducts of thiophenols with ethynylbenzenes at 60°C 
for 2 h under a nitrogen atmosphere 

p-X 
Ethynyl-
benzenes 

p-Y 
Isolated 

bp 1H NMR spectra• 
Thio-

yield m/z Swt% 

phenols oc;mmHg ( calcd) ( calcd) 
ppm 

% 
--

H H 97 122-3/0.07 212 15.2 6.20-6.80 (m, 2H, CH = CH) 
(212) (15.1) 6.80-7.40 (m, IOH, benzene rings) 

CH 3 H 96 124---5/0.18 226 14.4 2.30 (S, 3H, CH3), 6.45-6.90 (m, 2H, CH=CH) 
(226) (14.2) 7.05-7.45 (m, 9H, benzene rings) 

Cl H 98 136--7/0.11 246 13.1 6.25-6.70 (m, 2H, CH=CH) 
(246) (13.0) 7.25-7.40 (m, 9H, benzene rings) 

CH30 H 96 128-9/0.12 242 13.4 3.80 (S, 3H, CH3) 

(242) (13.2) 6.40--7.45 (m, 11H, CH=CH and benzene rings) 
H CH3 97 114---5/0.10 226 14.3 2.35 (S, 3H, CH3), 6.40--6.95 (m, 2H, CH=CH) 

(226) (14.2) 7.10-7.40 (m, 9H, benzene rings) 
H Cl 99 129/0.10 246 13.3 6.30--6.75 (m, 2H, CH=CH) 

(246) (13.0) 7.20--7.45 (m, 9H, benzene rings) 
H CH30 95 135-6/0.10 242 13.4 3.75 (S, 3H, CH3) 

(242) (13.2) 6.35-7.45 (m, 11H, CH =CHand benzene rings) 

[X-<fJC=CH]o=[Y-,PSHJo""1 moll- 1; [AIBNJo"" 1 X I0- 2 moll- 1 in benzene. 
" Solv., CDCI3 ; ref, TMS. 
b KBr method. 

IR spectrab 

cm- 1 

940, 1350 (-CH=CH-) 
3000-3050 (=CH-) 
960, 1360 (--CH=CH-), 2930 (-CH3) 
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960, 1360 (-CH=CH-), 1095 (C-CI) 
3020--3070 ( =CH-) 
950, 1350 (--CH=CH-), 2840 (-OCH 3) 

1250 ( 3000--3050 ( =CH-) 
950, 1350 (-CH=CH-), 2920 (-CH3) 
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ethynylbenzenes and thiophenols were used. In 
the combination of monomers, the addition 
reactions proceeded without an induction 
period and were completed within 2 h. 
Adducts were isolated by vacuum distillation 
in 95-99% yields as shown in Table I. All 
adducts isolated were pale yellow solids. 
Melting points of the adducts were not clear, 
since the adducts were mixture of cis and trans 
isomers. The adducts had the anti-Markow
nikoff's type structures by 1 H NMR and IR 
analyses similar as the adduct of thiophenol 
and ethynylbenzene. For example, the 1 H 
NMR spectrum of the adduct of p-methylthio
phenol and ethynylbenzene shows absorptions 
at lJ 2.4 ppm due to methyl protons, at lJ 

0 
c)(ppm) 

Figure 1. 1H NMR spectrum of the adduct of p
methylthiophenol with ethynylbenzene obtained at 60oC 
for 2 h under a nitrogen atmosphere. [CH 3 - ¢SH] 0 = 
[¢C=CH] 0 ""lmoll- 1; [AIBN] 0 ""1 x I0- 2 moll- 1 in 
benzene. 

\ 
-CH3 

3000 2000 

i 
-CH=CH

trans 

1600 1200 800 

Wavenumber ( cm·1 ) 

400 

Figure 2. IR spectrum of the adduct of p-methylthio
phenol with ethynylbenzene obtained at 60oC for 2 h under 
a nitrogen atmosphere. [CH 3 -¢SH] 0 =[¢C=CH] 0 "" 

lmoll- 1 ; [AIBN] 0 ""1 x I0- 2 moll- 1 in benzene. 
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6.4--7.0 ppm due to vinylene protons, and at lJ 
7.1-7.4 ppm due to benzene ring protons as 
shown in Figure 1. In the IR spectrum of the 
adduct, the CH3 absorption at 2920 em - 1 and 
CH=CH absorption at 950cm- 1 were ob
served as shown in Figure 2. Table I 
summarizes m/z, S wt%, 1H NMR, and IR 
spectral data of the adducts. 

It was found that thiophenols added 
quantitatively to ethynylbenzenes according to 
the anti-Markownikoff's rule, and side reac
tions scarcely occurred. 

Substituent Effects on the Addition Step 
Substituent effects on the addition step of 

para-substituted (p- Y) benzenethiyl radicals 
to para-substituted (p-X) ethynylbenzenes, 
the rate-determining step, 2 were evaluated to 
elucidate the transition state of the addition 
reactions of thiophenols to ethynylbenzenes. 

At first, the relative rates of the addition 
reaction of the benzenethiyl radical to ethynyl
benzene and p-X ethynylbenzene were de
termined by competitive reactions. The rate 
equation of the adduct formation is 

(4) 

where RH and d[AH]/dt mean the rates of the 
adduct formation of thiophenol and ethy
nylbenzene, and means the addition rate 
constant of benzenethiyl radical to ethy
nylbenzene. Accordingly, the relative rate of 
the adduct formation of ethynylbenzenes IS 

expressed as eq 5, 

d[Ax]/dt d[Ax] -¢C:CH] 

d[AH]/dt d[AHJ= (5) 

where [Ax] means the concentrations of the 
adducts of thiophenol and p-X ethynylben
zene, and is the addition rate constant 
of benzenethiyl radical to p-X ethynylbenzene. 
Eq 5 is integrated to eq 6. 

[Ax][¢C:CH] 0 

[AH][X -¢C:CH]0 

(6) 
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Consequently, k'j)k!; is calculated readily by 
determination of the concentrations of both 
adducts. 

In the case of the addition step between 
ethynylbenzene and p- Y benzenethiyl radicals 
containingp-methoxy, p-methyl, H, or p-chloro 
substituents, the reaction rates were determined 
individually by first order plots on the adduct 
formation of p- Y thiophenols to ethynylben
zene. The reaction rates can be expressed as eq 
7,2 

where kd means the dissociation rate constant 
of AIBN, and means the coupling reaction 
rate constant between benzenethiyl radicals. 
The relative rates are represented as, 

where RY means the rate of the adduct 
formation of p- Y thiophenols and ethynyl
benzene, and means the addition reaction 
rate constant of p- Y benzenethiyl radicals to 
ethynylbenzene. To estimate relative rates of 
the addition step, was tentatively 
calculated assuming that the coupling reaction 
rate constant kX equals 

The relative rates, and are 
shown in Table II. are calculated based 
on the concentration of the both adducts as 
shown in eq 6, and are the experimental 
data, RYjRH, itself as shown in eq 8. 

In the case of ethynylbenzenes, 
decreased in the order of MeO, Me, Cl, and 
H. On the other hand, of thiophenols 
increased in the order of MeO, Me, H, and Cl. 
For example, methoxyethynylbenzene has the 
highest reactivity in the ethynylbenzenes, 
and methoxythiophenol exhibits the lowest 
reactivity in the thiophenols. That is, the 
electron-donating p-X group on ethynylben-
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Table II. Relative rates and of the 
addition step and of the chain transfer 

step in the reaction between thiophenols and 
ethynylbenzenes at 25oC in the dark 

under a nitrogen atmosphere 

p-X Ethynylbenzenes 
or p- Y thiophenols 

MeO 
Me 
H 
Cl 

3.07 
1.41 
1.00 
1.28 

0.10 
0.55 
1.00 
1.69 

4.72 
1.55 
1.00 
1.55 

"[X-</JC=CH] 0 =[</JC=CH] 0 =0.15moll- 1 ; 

[¢SH] 0 =0.3moll- 1 in benzene; [AIBN]0 /[¢SH] 0 = 
1/100. 

b [</JC=CH] 0 =[Y -¢SH] 0 =0.3 moll- 1 in benzene; 
[AIBN]0 /[</JC=CH] 0 = 1/100. 

'[</JC=CH] 0 =0.3moll- 1 ; [Y-</JSH] 0 =[</JSH] 0 = 
0.15moll- 1 in benzene; [AIBN] 0 /[</JC=CH] 0 = 
1/100; cf see latter section: Substituent Effect on the 
Chain Transfer Step. 

zenes increases the reaction rate, in contrast to 
the electron-donating p- Y group on thiophe
nols decreases the reaction rate. The substituent 
effect of ethynylbenzenes is found to be nearly 
opposite to that of thiophenols. 

These kinetic data were plotted with 
Hammett's equations. The simple Hammett's 
eq 9, Brown-Okamoto's eq 108 , and Yama
moto's eq 11 9 were studied: 

log(k/ k 0 ) = prr 

log(k/k0 ) = prr+ 

Iog(kjk0 ) = prr+ yER 

(9) 

(10) 

( 11) 

In eq 11, rr and ER 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, the prr shows a polar term 
and yER is a resonance term. Figures 3 a, b, 
and c show Hammett plots of the addition 
reactions of benzenethiyl radical to p-X 
ethynylbenzenes according to eq 9, 10, and 11, 
respectively. Similarly, Figure 4 shows Ham
mett correlations of the addition reactions of 
p- Y benzenethiyl radicals to ethynylbenzene. 
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a 

Figure 3. Hammett plots of of p-X ethynyl
benzenes at 25oC in the dark under a nitrogen 
atmosphere with (a) eq 9, (b) eq 10,7 and (c) eq 11.8 

[X -</.>C=CH] 0 = [</.>C = CH] 0 =0.15 moll- 1 ; [</.>SH] 0 = 
0.3moll- 1 in benzene; [AIBN]0 /[</.>SH] 0 =1/100. 

The reaction constant, p, and resonance one, 
y, obtained from Figures 3 and 4 are 
summarized in Table III together with the 
correlation coefficient, r, calculated by least 
squares method of the experimental data. 

The reaction constant obtained with eq 10 
for the addition reactions of benzenethiyl 
radical to p-X ethynylbenzenes (p = - 0.49) and 
of p- Y benzenethiyl radicals to ethynylbenzene 
(p = + 1.33) was nearly equal to the reference 
value (p= -0.443 b, p= + 1.383 \ + 1.423 \ 

respectively) obtained by a flash photolysis 
method in the same reaction at 23 oc in benzene 
or cyclohexane. Better correlation has been 
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Figure 4. Hammett plots of of p-Y ben
zenethiyl radicals at 25oC in the dark under a nitrogen 
atmosphere with (a) eq 9, (b) eq 10, 7 and (c) eq 11. 8 

[</.>C=CH] 0 =[Y-</.>SH] 0 =0.3moll- 1 in benzene; 
[AIBN]0 /[</.>C=CH] 0 = 1/100. 

obtained with eq 10 and 11 rather than eq 9 
because the correlation coefficient, r, for eq 10 
and 11 is nearly one. It is noticed that the rates 
of these reactions are controlled not only by a 
polar term but also by a resonance term. 
Similar results were reported for the addition 
reactions of substituted benzenethiyl radicals 
not only to ethynylbenzenes but also to ethynyl 
compounds such as 1-pentyne and methylpro
piolate by Ito et al. 3 Higashiura 10 has also 
reported that the addition reaction of poly
styryl radical and poly(MMA) radical to 
substituted ethynylbenzenes did not obey eq 9 
and 10 but eq 11. In the present study, the 
substituent effect of these addition reactions is 
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Table III. Hammett parameters obtained from Figures 3 and 4 in the addition reaction of 
benzenethiyl radicals to ethynylbenzenes at 25oC in the dark under a nitrogen atmosphere 

Hammett's 
equation 

No. 

p-X Ethynylbenzenes 

( 9) p(J 
(10) p(J+ 

p 

-0.65 
-0.49 

( -0.443b) 
-0.48 

• Correlation coefficient. 

3.2 

better correlated with Yamamoto's eq 11. This 
may suggest that the electron on the activated 
complex (X -¢C:=·cH .. ·S¢- Y) formed in 
the transition state of the reactions is stabilized 
by resonance with the substituents p-X and p- Y 
on the radic;als. Such an idea has been proposed 
for the substituent effect of the copolymeriza
tion of styrenes. 11 That is, the relative reactivity 
of the addition reaction of p-X substituted 
polystyryl radicals to styrene obeyed the simple 
Hammett's eq 9. The relative reactivity of the 
reaction between polystyryl radical and p- Y 
substituted styrene did not obey eq 9 but eq 
11. The electron on the intermediate styryl 
radical ( formed 
in the transition state is not stabilized by 
resonance with the substituent p-X but with the 
substituent p- Y. 

The reaction constants, p, between ben
zenethiyl radical and p-X ethynylbenzenes 
were negative and those between p- Y ben
zenethiyl radicals and ethynylbenzene were 
positive as shown in Table III. This indicates 
that the benzenethiyl radical is regarded as 
an electrophilic one. That is, perturbation 
between SOMO of benzenethiyl radical and 
HOMO of ethynylbenzene in the transition 
state is the important controlling factor for 
reactivity. Accordingly, reactivity increases 
when the level of HOMO in the ethynyl 
compounds rises and/or the level of SOMO 
in the benzenethiyl radical lowers (see Scheme 
1). That is, an ethynyl compound having a large 
electron-donating group (+I) or high 
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r" 

0.67 
0.92 

0.99 

p- Y Benzenethiyl radicals 

p 
··---

2.20 
1.33 

(1.383", 1.423b) 
2.00 -3.8 

r" 

0.89 
0.99 

0.98 

..... .. 

HOMo---1'+ J3.21 -+- 3.21L ---1+-HoMo 
-8.57 ---1+- -8.57 

5 

© 
Scheme 1. Energy levels (atomic unit, I a.u. = 27.211 eV) 
of frontier orbitals in the addition step of benzenethiyl 
radical to styrene and ethynylbenzene. 

resonance stabilizing group ( + R) accelerates 
the addition reaction. A thiol compound 
containing a large __.:I and/or - R group in
creases the reactivity. This idea explains the 
high reactivity of 9,10-anthracenedithiol and 
9, 10-diethynylanthracene.12 

In the case of the polyaddition of BDT to 
DEB, it can be regarded as the addition 
reaction of thiophenol having a para thiol 
group to ethynylbenzene containing a para 
ethynyl group. CJ + for the p-thiol and p-ethynyl 
substituents have been reported as 0.019 13 and 
0.179, 14 based on rates of solvolysis of cumyl 
chlorides and benzyl chlorides, respectively. 
The estimated reactivity of the addition 
reaction of BDT to DEB from Figures 3b or 
4b using the above CJ+ is about four times 
higher than the reactivity of the addition 
reaction of thiophenol to ethynylbenzene. 

Substituent Effect on the Chain Transfer Step 
The substituent effect on the chain transfer 

step which is hydrogen abstraction from p- Y 
thiophenols by the /J-phenylthiostyrylene radi
cal ( ¢C = CHS¢) is also evaluated. The relative 
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rates of the reaction were estimated by 
competitive reactions of thiophenol and p- Y 

derivatives to ethynylbenzene. The main ele
mentary reactions of the addition reaction are 
shown in eq 12-17, 

Addition Reaction 

¢S+¢C=CH ¢C=CHS¢ (12) 

(:H 
. e . 

Y-¢S+¢C=CH Y-¢C=CHS¢ 

Cy 

Chain Transfer Reaction 

, kHH , 
CH+¢SH ___t_t:____. ¢SCH=CH¢+¢S 

(13) 

(14) 

kHY 
CH+ Y-¢sH___t_t:____. ¢SCH=CH¢+ Y-¢s 

AH 
(15) 

, kYH , 
cv Y-¢SCH=CH¢+¢S (16) 

. ev . 
cv + Y-¢SH Y-¢SCH=CH¢+ Y-¢S 

Av 
(17) 

where · · ·, are reaction rate con
stants for each the elementary reaction. The 
relative rate of the adduct formation is 
expressed under a steady state assumption as 
eq 18, 

d[Av]/dt d[Av] 

d[AH]/dt =d(AH] =. 

Y- ¢SH] + Y- ¢SH]) 

¢SH] + Y- ¢SH]) 

(18) 

where [A Y] means the concentrations of the 
adducts of p- Y thiophenol to ethynylbenzene. 
Here, the authors approximate = and 

where a and b are proportional 
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constants, and and mean the rate 
constants of chain transfer reactions between 
CH and ¢SH, (:H and Y- ¢SH, cv and ¢SH 
as shown in eq 14, 15, and 16, respectively. In 
this way, may be expressed as where 

is the chain transfer rate constant between 
cv and Y- ¢SH. This is because Y- ¢SH has 
a times higher reactivity than ¢SH in the chain 
transfer reaction with CH, and cv has b times 
higher reactivity than CH in the ¢SH, so that 
the reaction between cv and Y- ¢SH may 
occur at ab times faster than that between CH 
and ¢SH. Accordingly, eq 18 can be expressed 
to be eq 19. 

Eq 19 is integrated to eq 20. 

[Av][¢SH] 0 

[AH][Y -¢SH]0 
(20) 

The relative rates, of the chain transfer 
step are calculated readily by determination of 
both adducts. However, the relative rate 
determined with eq 20 may have some error, 
because the hydrogen transfer between two 
thiophenols such as ¢S + Y- + 
Y- ¢S is not regarded in the equation. 
Gleicher15 already reported that the relative 
rate of the hydrogen abstraction in a radical 
chain reaction was determined by a similar 
method using competitive reactions. 

These data are summarized in Table 
II and plotted with Hammett's eq 9-11 as 
shown in Figure 5. The reaction constant, 
resonance reaction constant, and correlation 
coefficient obtained from Figure 5 are summa
rized in Table IV. Better correlation was 
obtained with eq 11 rather than eq 9 and 10, 
since the correlation coefficient for eq 11 is 
nearly one. That is, a resonance effect as well 
as a polar effect are important factors to control 
reactivity in the chain transfer reaction. In the 
chain transfer reaction between a polystyryl 
radical and cumene derivatives, 16 the sub-
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Figure 5. Hammett plots of / of p- Y 
thiophenols at 25oC in the dark under a nitrogen 
atmosphere with (a) eq 9, (b) eq 107 , and (c) eq ll. 8 

[</>C = CH] 0 = 0.3 moll- 1 ; [ Y- <f>SH] 0 = [<f>SH] 0 = 0.15 
moll- 1 in benzene; [AIBN] 0 /[</>C=CH] 0 =1/100. 

stituent effect on the reaction did not obey eq 
9 and 10 but eq 11. The electron is transferred 
from the polystyryl radical to cumenes in a 
transition state, since the reaction constant was 
positive (p = 0. 7). 17 In these chain transfer 
reactions between {3-phenylthiostyrylene radi
cal (¢C=CHS¢) and p-Y thiophenols, the 
reaction constant is negative, -0.98 (see Table 
IV). Consequently, the electron transfers from 
thiophenol to ¢C = CHS¢ in a transition state. 
Accordingly, the chain transfer reactivities of 
thiophenols toward the radical increased as 
electron-donating p- Y substituents in thiophe
nol. It was also found that a perturbation 
between SOMO of {3-phenylthiostyrylene radi-

Polym. J., Vol. 24, No. 8, 1992 

Table IV. Hammett parameters obtained from 
Figure 5 in the chain transfer reaction among 

thiophenols and p-phenylthiostyrylene 
radical at 25oC in the dark under a 

nitrogen atmosphere 

Hammett's p- Y Thiophenols 
equation 

No. p y r' 

( 9) p(J -0.81 0.61 
(10) p(J+ -0.64 0.88 
(11) p(J+yER -0.98 4.7 0.98 

' Correlation coefficient. 

LUMO 

4 ·<l5l4 .65 . i:i·--+-SOMO 

--H-- . ·····--H--· . .. . ---H- -4.38 
-8.51 

HS 
@ 

Scheme 2. Energy levels (atomic unit, 1 a.u. =27.211 eV) 
of frontier orbitals in the chain transfer step of 
P-phenylthiostyryl and P-phenylthiostyrylene radicals to 
thiophenol. 

cal and HOMO of thiophenol in the transition 
state is the important controlling factor for 
reactivity (see Scheme 2). 

Comparison between Styrene and Ethynylben
zene 
The authors reported that thiophenol added 

quantitatively to both styrene and ethy
nylbenzene by the anti-Markownikoff's or
ientation, but the rate-determining steps of 
both reactions were quite different and the 
reasons were unclear. 2 •4 Here, the authors 
discuss the reasons by comparison with the 
substitutent effects of styrenes and ethynyl
benzenes. 

The substituent effect on the addition step 
and chain transfer reaction according to 
Hammett's equations is summarized in Table 
V. However, the results obtained by eq 9 are 
not quoted in the table, since the correlation 
coefficient r was less than 0.97. In both the 
addition step and chain transfer reaction, the 
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Table V. Comparison of the substituent effect on the addition step and chain 
transfer reaction between styrenes and ethynylbenzenes in benzene under 

a nitrogen atmosphere by use of Hammett's equations 

Elementary 
reaction 

Equation 

No.• 
Styrene at sooc Ethynylbenzene at 2SOC 

cjJCH=CH 2 

+ Y-</>S 
X-</>C=CH 

+<PS 
</>C=CH 
+ Y-</>S 

Addition (10) 
(11) 

_f 

- 0.340" + 1.8ER 

J.370"H 
2.420" -1.8ER d 

_f 

-0.48rr+3.2£R 

1.330"+ 

2.00rr-3.8ER 

cjJSCH/::HcjJ- Xe 

+</>SH 

Y- cjJSCH/::HcjJe 
+ Y-cjJSH 

cjJSCH = CcjJ- X 

+</>SH 
cjJSCH=C</> 
+ Y-cjJSH 

Chain 
transfer 

(10) 
(11) 

-0.600"+ 

- 0.990" + 2.3ER 

0.640"+ 

1.300"- l.OER 

_f 

-0.98rr+4.7ER 

• Eq 10, prr+; eq 11, prr+yER. 

b This Hammett correlation was similarly determined based on the unpublished experimental data in competitive 
reactions of thiophenol to p-X styrenes. 

' Value quoted from ref 18 at 23°C. 
d Values were calculated based on the data of the ref 18 at 23'C. 
e Reference 2. 
' The equations were omitted from the table, since the value of r was less than 0.97. 

substituent effect is more reasonably evaluated 
by eq 10 and 11 including the resonance effect. 

The transition states of the addition step 
of thiyl radical to styrenes or ethynylbenzenes 
are thought to be much alike, since the reac
tion constants, p, obtained from eq 10 and 11 
are little changed. For example, the re
action constant (p = 2.42) in eq 11 for the ad
dition step of p- Y benzenethiyl radical to 
styrene is nearly equal to the reaction con
stant (p = 2.00) in the case of ethynylben
zene. p of the addition step among ben
zenethiyl radical to both p-X styrenes and 
ethynylbenzenes were negative but p of the 
same step of p- Y benzenethiyl radicals to both 
monomers were positive. This indicates that 
the benzenethiyl radical is electrophilic. That 
is, a perturbation between SOMO of p- Y 
benzenethiyl radical and HOMO of styrene or 
ethynylbenzene in ·the transition state is the 
important controlling factor for the reactivity 
of the addition step (see Scheme 1). The 
inductive effect of the p- Y substituent on the 
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benzenethiyl radicals is evidently observed at 
the addition step to styrene and ethy
nylbenzene. However, the 1-effect of the p-X 
substituent on the styrenes and ethynylben
zenes at the addition step to the benzenethiyl 
radical is not so prominent, since the absolute 
values of p for Y substituent on the thiophenols 
were much larger than those for X substituent. 
The resonance reaction constant, y, obtained 
by eq 11 in the styrene system is nearly half 
that in the ethynylbenzene system. This 
indicates that the addition step of the p- Y 
benzenethiyl radical to ethynylbenzene is more 
stabilized by the resonance effect than to 
styrene in the transition state. That is, the 
[3-phenylthiostyrylene radical ( ¢C = CHS¢) 
has more resonance stability than the [3-
phenylthiostyryl radical (¢CHCH2 S¢). y for X 
substituent were positive and those for Y 
substituent, negative in both styrene and 
ethynylbenzene systems. Otsu et a/. 9 •20 dis
cussed the signs of y: in the case of y > 0 the 
R-effect by the substituent in the transition 
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Table VI. p and y obtained for the substituent effect on the addition and chain transfer 
reactions of various polystyryl radicals to substituted monomers using eq 1 1 

Reactions Radicals 
Substituted 

Ref 
monomers p y 

Addition a 

reaction 
p-OCH 3 Polystyryl Styrenes 0.6 1.4 19 
Polystyryl Styrenes 0.85 1.5 19 
p-Cl Polystyryl Styrenes 0.15 1.5 19 
p-CN Polystyryl Styrenes -0.25 0.7 19 

Chain transferh 
reaction 

p-OCH 3 Polystyryl Cumenes 1.0 1.3 16a 
p-CH 3 Polystyryl Cumenes 0.8 1.1 16b 
Polystyryl Cumenes 0.7 1.0 16c 
p-Cl Polystyryl Cumenes 0.2 1.0 16d 

a ex. 
h ex. +(CH 3hCH(</>- X)-> )+ (CH 3 ) 2 C</>-X. 

state was larger than that in the initial state. 
The R-effect in the transition state was smaller 
in the case of y < 0. Accordingly, y in this study 
suggest that the R-effect by the X substituent 
in the transition state is larger than that in the 
initial state, and the R-effect by the Y 
substituent in the transition state is smaller than 
that in the initial state. 

In the chain transfer step, the reaction 
constants, p, obtained from styrene or 
ethynylbenzene system by eq II have opposite 
signs. The reaction constant of the chain 
transfer reaction among ¢CHCH2S¢- Y and 
p- Y thiophenol in styrene system is a positive, 
1.30, p of the same step in the ethynyibenzene 
system is a negative, -0.98. p of radical 
reactions changes surely from positive to 
negative. For example, in the case of the 
substituent effect on the addition reaction of 
polystyryl radical to substituted styrenes (Table 
VI) p obtained by eq II changed greatly by 
attacking radicals. 19 On the substituent effect 
on the chain transfer reactions of polystyryl 
radicals and cumenes, 16•20 similar results were 
observed as shown in Table VI. Otsu et a/. 18 

claimed that p obeyed the polarity of the 
substituents on the attacking radicals. Ac
cordingly, the {3-phenylthiostyryl radical 
(¢CHCH2 S¢) is nucleophilic and the {3-
phenylthiostyrylene radical ( ¢C = CHS¢) is 
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electrophilic. In the styrene system, the 
controlling factor of the reactivity is perturba
tion between SOMO of ¢CHCH2 S¢ and 
LUMO of thiophenol, whereas perturbation 
between SOMO of ¢C = CHS¢ and HOMO of 
thiophenol is the important factor in the 
ethynylbenzene system. These ideas well 
coincide with the MO calculation indicated in 
Scheme 2. y of the ethynylbenzene system 
( + 4. 7) is also much larger than that of the 
styrene system (- I.O) in the chain transfer 
reaction. That is, the chain transfer step of the 
ethynylbenzene system is more resonance 
stabilized than that of the styrene system in the 
transition state. The sign of y suggests that in 
the styrene system, the R-effect by the Y 
substituent on the thiophenol in the transition 
state is smaller than that in the initial state and 
that in the transition state is larger in the 
ethynylbenzene system. 

It was confirmed that perturbation between 
SOMO of benzenethiyl radical and HOMO of 
styrene and ethynylbenzene is an important 
controlling factor for the reactivity of the 
addition step, since energy gaps among SOMO 
level of benzenethiyl radical and HOMO lev
els of both monomers (3.21 a.u.) are smaller 
than the LUMO levels (>6.I5a.u.) as shown 
in the Scheme I. In the chain transfer step, 
SOMO of the intermediate carbon radicals 
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makes perturbation with the frontier orbitals 
ofthiophenol (Scheme 2). The rate-determining 
step in the styrene system was confirmed to be 
the chain transfer step, 4 because the energy gap 
(4.45 a.u.) between SOMO level of <j>CHCH2S4> 
and LUMO level of thiophenol in the chain 
transfer step is greater than that (3.21 a.u.) 
between the SOMO level of benzenethiyl rad
ical and HOMO level of styrene in the 
addition step. In the ethynylbenzene system 
the energy gap of the chain transfer step ( 4.13 
a.u.) is also greater than that of the addition 
step (3.21 a.u.). However, the rate-determining 
step was the addition of benzenethiyl radical 
to ethynylbenzene. The reason for the discrep
ancy between the kinetic data and MO cal
culation may be that the thiophenol and ethy
nylbenzene form the CT complex21 and the 
addition reaction of thiophenol to ethynyl
benzene occurs in a cage of the CT complex. 
That is, the chain transfer reaction may oc
cur very rapidly by a sort of cage effect. 
The MO calculation of the CT complex may 
be useful to decide final consideration. 
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