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intermediate occurs in the lowest excited singlet state of
5(E)-SDU. This is consistent with very small quantum yield
of intersystem crossing of 5(E)-SDU.

As shown in Table 5, ¢; increases slightly with increasing
the concentration of benzophenone suggesting that the ex-
cited triplet state of 5(E)-SDU can undergo the same type of
reaction, even though with low efficiency. The quantum
yield of pure triplet photoreaction(®) of 1.03 x 1073 is esti-
mated from extrapolation of the quantum yield to the point
where only the benzophenone absorbs the exciting radiation
(i.e., 1- a=1). Total quantum yield(®) is expressed by the
following:

¢[=¢s+¢tscx¢t

where & and &, represent the quantum yields of photoreac-
tion occurring via the excited singlet state and triplet state,
respectively, and @, %9, is the quantum yield of triplet state
photoreaction on direct irradiation. ¢, of 3.5 x 107 is obtain-
ed from ¢4 x 107, 6,(0.052), and ¢{1.03 x 10-3). Photo-
reaction to form the intermediate, therefore, occurs mainly
via the excited singlet state with small participation of triplet
state reaction.
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Reaction of Methylenethioxanthene with Thiyl
Radical: Formation of A Vinyl Sulfide
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Reactions of methylenethioxanthene (3) with n-propanethiol in the presence of di-t-butyl peroxide(DTBP) afforded preferen-
tially propyl 9-thioxanthenylidenemethyl sulfide(8) rather than propyl 9-thioxanthenylmethyl sulfide(9) regardless of the
concentration of n-propanethiol. On the other hand reactions of 3 with a low concentration of n-propanethiol in the presence
of dibenzoyl peroxide(DBPO) gave 8, 1,2-bisthioxanthenylidene ethane(11), and thioxanthenylidenemethyl benzoate(12) but
only 8 was formed at high concentration of the thiol. The formations of these products were rationallized by an electron trans-

fer mechanism.

Introduction

The reaction of thioxanthylium ion (1) with diphenyl- and
dibenzylmercury under nitrogen atmosphere afforded 9-ph-
enyl- and 9-benzylthioxanthene, respectively. However, bis-

9,91-thioxanthenylmethane (2) was obtained from the analo-
gous reaction with dimethylmercury instead of 9-methyl-
thioxanthene.! The formation of 2 suggests inevitably the in-
volvement of methylenethioxanthene (3) as key intermedi-
ate. Therefore, it was assumed that 2 would be formed via a
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carbenium mechanism by an addition of 1 and/or a radical
mechanism by an addition of thioxanthene radical (4) to
3(Scheme 1).
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The possibility of the former mechanism was tested and
indeed 2 could be obtained from the reaction of 3 with 1 in
the presence of thioxanthene (5).2

In order to ascertain the possible involvement of the latter
mechanism, 4 must be generated from a precursor which
may be 9-thioxanthenylcarbonyl peroxide or 9-azothioxan-
thene. Syntheses of these precursors are now under pro-
gress. In connection with this work, we have investigated the
reactions of 3 with n-propanethiol using two different radical
initiators in order to obtain some information about the addi-
tion of a radical to 3. The results are described in this paper.

Experimental

9-Methylenethioxanthene (3) was prepared using the
reported method.? Thioxanthene(Pfaltz and Bauer), tri-
phenylphosphine (Sigma), n-propanethiol(Aldrich), and di-
benzoyl peroxide(Matheson, Colman and Bell) were used as
obtained. Thioxanthone was prepared according to the lite-
rature method.3 Nitromethane(Junsei) was dried with anhy-
drous calcium chloride and distilled. Dried nitromethane was
stored over calcium chloride in a septum-capped bottle. Thin
layer chromatography(tlc) was performed on a glass plate
(2 x 8 cm) with Merck Kiesel 60 PF,;,(Art. 7751). The slurry
of the adsorbent was made in a mixture of chloroform and
methanol (2:1, v/v). The chromatogram was visualized by
mineral uv lamp. Column chromatography was performed
with Meck silica gel (Art. 7734). Ultraviolet spectra were ob-
tained using Beckman Model 5270 spectrophotometer. 'H
NMR spectra were recorded using Varian EM-360A spec-
trometer. Chemical shifts were measured in ppm relative to
an internal standard TMS. Melting points were taken with
Fisher-Jones melting point apparatus and were not cor-
rected.

Reaction of thioxanthene(5) with di-t-butyl peroxide
(DTBP). To astirred solution of 0.365 g(1.84 mM) of §in 25
m/ of dried acetonitrile was added 2.1 ml(11.4 mM) of DTBP
under nitrogen. The reaction mixture was refluxed for 52 h
to give a brown solution. The solvent of the reaction mixture
was evaporated to dryness and the residue was chromatogra-
phed on silica gel column(2 x 15 cm). Elution with hexane
(300 m)) gave 0.333 g(1.68 mM) of 5. Next three acetone
fractions gave 0.010 g(0.025 mM) of a white solid, identi-
fied as bithioxanthyl (6); mp>300°C(p-xylene)*

Reaction of 3 with DTBP. To a stirred solution of 0.151
2(0.716 mM) of 3 in 30 m/ of dried acetonitrile was added 0.6
m/(3.25 mM) of DTBP under nitrogen atmosphere. The
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reaction mixture was refluxed for 18 h to give a brown solu-
tion. The reaction mixture was worked up as before. Elution
with hexane(300 m/) gave 0.098 g(0.466 mM) of 3. Next frac-
tions gave thioxanthone(7) and other unidentified products,
of which yields were very low.

Reaction of 3 with n-propanethiol(n-PrSH) in the pre-

sence of DTBP. (a) 3: n-PrSH(1:2.7, molar ratio). To a stir-
red solution of 0.086 g(0.41 mM) of 3 in 30 m/ of dried nitro-
methane was added 0.1 m/(0.084 g, 1.1 mM) of n-PrSH and
1.0 m/(5.4 mM) of DTBP under N,. The reaction mixture
was refluxed for 21 h to give a yellow solution, which showed
very weak spot of 3 on thin layer chromatogram(hexane).
The reaction mixture was worked up after 41 h reflux. After
removal of the solvent under vacuum, the residue was chro-
matographed on silica gel column(3 x 12 cm). First five hex-
ane fractions (300 ml) gave 0.045 g of yellowish liquid: IR
(KBr) 3045, 2950, 2860, 1620, 1775, 1545, 1455, 1430, 1370,
1115, 1060, 755, 730 cm'; '"H NMR(CDCly) &0.90-1.13 (t,
3H, CH,), 1.45-1.90(g, 2H, CH,), 2.67-2.94(t, 2H, CH,),
6.56(s, 1H, =CH-), 7.20-7.86(m, 8H, aromatic); UV AMeOH
336, 294, 234 nm; MS m/e(rel. int.), 285(12.6), 284(63.4),
243(10), 242(21.7), 240(100), 239(5.0), 223(6.1), 213(6.5),
212(30.8), 210(6.0), 208(10.8), 198(4.1), 197(26.9), 163(6.4),
152(7.8), 139(6.0), 18(18.1). This compound was assigned to
be propyl 9-thioxanthenylidenemethyl sulfide(8). Next three
hexane fraction(100 m/) gave a mixture of 3 and propyl
9-thioxanthenylmethyl sulfide(9), which was unable to be
separated(vide infra). Elution with a mixture of hexane and
ether(10:1, v/v, 20 mJ) gave 0.017 g(0.08 mM) of 7. Finally
elution with acetone(200 m/) gave 0.043 g of an unknown
brown solid(10); mp, 104-105.5°C (hexane-ether, 1:1, v/v);
IR(KBr) 3140(broad), 2950, 2860, 1680, 1600, 1450, 1400,
1270, 1235, 915, 835, 635 cm™; H NMR(CDCl,) &
0.9-1.13(t), 1.08-1.92(m), 2.66-2.9(t), 7.18-7.3(d), 8.18(s). A
singlet at 58.18 ppm was exchangeable with D,0 and shifted
to 54.72 ppm. UV AMeOH 270(sh), 232 nm; MS m/e(rel. int.)
197 (0.1), 152(0.1), 119(38.8), 86(11.1), 78(24.7), 77(100),
75(19.3), 60(14.5), 59(32.4), 47(50.1), 46(27.8), 45(63.3),
44(32.9), 43(48.9), 42(23), 41(74.4).
(b) 3: PrSH(1:16, molar ratio). Using the same procedure as
in (a), a mixture of 3(0.210 g, 1.0 mM) in 30 m! of nitrome-
thane, n-PrSH(1.5 m!, 16.6 mM), and DTBP(Z m/, 10.8 mM)
was refluxed under N, for 24 h at which time tlc showed still
the presence of 3. The mixture was refluxed for an additional
43 h and resulted in a brown solution, which was worked up
as before. First two hexane fractions(200 m/) gave 0.023
g(0.11 mM) of 3, while next three fractions of a hexane-ether
mixture(150:1, v/v, 300 m/) gave 0.201 g(0.71 mM) of 8, and
0.034 g(0.12 mM) of 9. Using the same solvent mixture as in
the above was obtained 0.016 g(0.74 mM) of 7. Finally ace-
tone fraction afforded 0.148 g of 10.

Reaction of 3 with n-propanethiol in the presence of
dibenzoyl peroxide(DBPO). (a) 3: n-PrSH(1:2.1, molar
ratio). To a stirred solution of 0.470 g(2.23 mM) of 3 in 50 ml
of dried nitromethane was added 0.531 g(2.20 mM) of DBPO
and 0.42 m/(4.64 mM) of n-PrSH under N, The mixture was
refluxed for 38 h under N, to give a brown solution, which
was worked up as before. First hexane fraction(150 m/) gave
a mixture: 0.069 g(0.46 mM) of dipropyl disulfide, 0.002
g(9.6 x 10~3 mM) of 3 and 0.020 g of 9. Second hexane frac-
tion (200 mi) gave 0.274 g(0.96 mM) of 9 and 0.010 g (0.024
mM) of yellow solid; mp 262-265°C; IR(KBr) 3050, 1590,
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Table 1. Reaction of 5 with DTBP

Reactants (mM) Products (mM)

5 DTBP 5 6 7
1.84 11.4 1.68 0.025 0.073
(91.2) (1.9) 4.0)

Number in the parenthesis represents a percent yield based on 5.

1575, 1550, 1450, 1430, 1380, 1150, 1105, 1060, 930, 770,
760, 730, 620 cm™!; *H NMR(CDCl,) &7.1(s, 1H, =CH-),
7.2-8.0 (m, 8H, aromatic); UV AMeOH 38((sh), 338, 290(sh),
232 nm; MS m/e(rel. int.) 420(6.2), 419(13.8), 418(43.5),
417(8.7), 197(100). This compound was assigned to be
1,2-bisthioxanthenylidene ethane(11). Elution with benzene
(100 m)) gave 0.542 g(4.4 mM) of benzoic acid and 0.020
£(0.048 mM) of 11. Next benzene fraction(70 m/) gave a tra-
ceable amount of 7 and an orangish tar which was recrystal-
lized from ethanol to give thioxanthenylidenemethyl benzo-
ate(12): mp 121.5-123°C; IR(KBr) 3080, 3050, 1730, 1700,
1630, 1590, 1570, 1545, 1445, 1430, 1260, 1240, 1180, 1110,
1060, 750, 723, 690 cm™!; 'H NMR(CDCly) §7.15-8.30(m,
14H); UV AMeOH 335 283(sh), 258(sh), 231 nm; MS m/e(rel.
int.) 332(0.2), 331(0.5), 330(1.6), 105(100).

(b) 3: n-PrSH(1:21, molar ratio). Using the same procedure
as in (a), 3(0.261 g, 1.24 mM) in 50 m/ of dried nitromethane
and n-PrSH(3.01 g, 12.3 mM) were refluxed under N, for 41
h, followed by chromatography. First hexane fraction(100
m/) gave 0.129 g(0.86 mM) of dipropyl disulfide. Second hex-
ane fraction(120 m/) gave a mixture of 8(0.058 g, 0.28 mM)
and a traceable amount of 9. Elution with benzene afforded a
mixture of benzoic acid, 7, and 11 which were identified by
'H NMR spectra. Compound 12 was obtained in small
amount.

Results and Discussion

(A) Generation of thioxanthene radical (4). In order
to generate 4, 5 in the nitromethane was refluxed for 52 h in
the presence of DTBP under N,. The results are shown in
Table 1.

The formation of 6 can be explained by the coupling of
two 4 and that of 7 by the reaction of 4 with oxygen remain-
ed in the solvent, which is consistent with the previous re-
sults!® (Scheme 2). Since more than 91% of 5 was recovered,
t-butoxy radical was not conceived energetic enough to abst-
ract a hydrogen atom from 5.
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(B) Stability of 3 in the presence of DTBP. Refluxing
of a mixture of 3 and DTBP for 18 h in dried nitromethane
under N, led to 65% recovery of 3, small amount of 7, and
some unidentified compounds. Since 3 is readily oxidized to

Eun Kyung Kim et al.

Table 2. Reactions of 3 with n-propanethiol in the presence of
DTBP

E Reactants (mM) Products (mM)
nry T3 nPrSH DTBP 3 7 8 9
I 0.41 1.1 54 Trace 0.08 0.16 Trace

(19.6) (38.2)
II 1.0 16.5 108 0.019 007 0.71 0.12
(11.0) (7.49) (71.9) (12.0)

Number in the parenthesis represents a percent yield based on 3.

Table 3. Reactions of 3 with n-propanethiol in the presence of
DBPO

Reactants (mM) Products (mM)

Entty — 3 pSH DBPO 8 9 1 12
I 223 464 220 128 0 007 006
(57.4) G.43) (2.7)

IVv. 124 260 12.3 0.51
(41.3)

Trace Trace Trace

Number in the parenthesis represents a percent yield based on 3.

give 7 even in the air, 7 must be formed by the oxidation of
3% for the prolonged refluxing period. Recovery of 3 in 65%
vield indicates that 3 decomposes substantially at the solvent
refluxing temperature.

(C) Reactions of 3 with n-PrSH in the presence of

radical initiators. n-Propanethiyl radical was generated
from thiol using DTBP, and the fate of thiyl radical in the
presence of 3 was investigated. Table 2 shows the results at
two different thiol concentrations.
A noteworthy thing is that yield of 8, a vinyl sulfide, is higher
than that of 9, an addition compound regardless of the con-
centration of n-PrSH. This is contrast with the result obtain-
ed from the reaction of 1,1-diphenylethene with benzenethiol
in the presence of AIBN, in which 100% of 2,2-diphenylethyl
phenyl sulfide was produced.? In our case as the concentra-
tion of n-PrSH was increased(Entry II), the yield of 9 was
increased to 12%. Decreased yield of 7 from 19.6% to 7.4%
can be rationalized by the increased amounts of 3 dissolved
in the same volume(30 m/) of the solvent, where oxygen con-
tent was supposed to be almost equal in both reactions.

The same trend was obtained from the reaction with n-
PrSH in the presence of DBPQO. Table 3 summarized the re-
sults.

When molar ratio of n-PrSH to 3 was 2.08(Entry III), a major
product was 8 and no addition product (9) was detected. In
addition, a diene (11) and a viny! benzoate (12) were isolated.
When molar ratio of n-PrSH to 3 increased to 1:20.9(Entry
IV), a major product was 8(41.3%) and the other products (9,
11, 12) were only detectable by tlc. The results summarized
in Table 2 and Table 3 suggest that the major reaction path-
way is not an addition of thiyl radical to 3, followed by a hy-
drogen atom abstraction. The formation of a vinyl sulfide (8)
or a vinyl ester (12) might not be due to losing a hydrogen
atom after an addition of thiyl or a benzoyloxy radical to 3
because loss of hydrogen atom from an intermediate radical
(19) is expected to be much higher energetic process com-
pared with a loss of thiyl radical from 19 back to 3, which isa
well-known reversible process for addition of thiyl radicals to
olefins.? Therefore, the formation of 8 and 12 are explained
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by a loss of proton from the corresponding cationic inter-
mediates, 18, and 19, as shown in Scheme 3. The formation
of 11 suggests that methylenthioxanthene cationi radical
(16) is involved in this reaction. The structure of 11 was
confirmed by an independent synthesis. There are some re-
ports about one electron oxidation of olefins. For example,
antimony pentachloride converts 1,1-diphenylethene into its
cation radical which then dimerizes into dication.®

Analogously one electron transfer from 3 to DBPO pro-
duces 16 and DBPO anion radical, which then decomposes
to give benzoyloxy radical and benzoate ion. Dimeriazation of
16, followed by deprotonation affords 11. Coupling between
16 and benzoyloxy radical, followed by deprotonation af-
fords 12. There have been many reperts showing the role of
DBPO as an electron acceptor.!! It is pnssible for DBPO to
be an electron acceptor since it has an accessible lowest tn-
occupied molecular orbital of the peroxide oxygen to which
an electron can be transferred.!?

When a large excessive h-PrSH was used(Entry 1IV), 8
was a major product and the amounts of 9, 11, and 12 were
negligible. This result indicates that benzoyloxy radical is
trapped by n-PrSH to give benzoic acid so that 16 may not
have chance to react with benzoyloxy radical. Furthermore,
dimerization of 16 is expected to be strongly repressed by
the large concentration of thiyl radical. However, in the case
of the reaction with DTBP, no 11 was isolated regardless of
the concentration of DTBP. To our knowledge, an electron
transfer between olefins and DTBP has not been reported.
However, DTBP can be an electron acceptor since it also has
the lowest antibonding orbital of the peroxide oxygen as
DBPO. Indeed, ESR and optical evidence for the formation
of the anion radical of DTBP has been reported.!® Grignard
reagents and organolithiums!* are known as facile electron

transfers to DTBP. Since 3 is a different type of compound
compared with the organometallic compounds, and electron
affinities of DTBP and DBPO and ionization potential of 3
are not available, it is difficult to elucidate the initial step of
the reaction of 3 having DTBP. The formation mechanism of
8 in the presence of DTBP might not be the same as that in
the presence of DBPO. The increased yield of 9 in the pre-
sence of a large excess of n-PrSH(Entry II) when DTBP was
used suggests the involvement of a radical intermediate (17)
as shown in Scheme 3. Although oxidation of a radical by
either metallic oxidants!® or cation radicals'® to generate a
cation is a well-known process, it is uncertain in this case
what the oxidant is. Nevertheless, oxidation of 17 is ex-
pected to occur readily because the positive charge of 18 is
stabilized by delocalization through the thioxanthene ring.
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Modified Bloch equations were used to simulate the solution EPR spectra of mixed-valence heteropolyanions containing
vanadium(IV) and vanadium(V). Simulated are the 15-, 22-, 36- and 43-line spectra of a-1,2-[PV(IVI)VW 10,16, [P,VAV) V,
W 506,195 [HP,V(IV)V,W506,]°~and a-1,2,3-[HSiV(IV)V, WOy, respectively. The transition probabilities for the in-
tramolecular electron transfer were determined from the simulations.

Introduction

Recently we have simulated the temperature-dependent
EPR spectra of mixed-valence copper(II}-copper(l) comple-
xes,! using the modified Bloch equations.?3 The simulation
made it possible to determine the transition probability for
the intramolecular electron transfer, and the activation
energy when spectra at several different temperatures were
available.

We have applied the same method to the simulation of the
EPR spectra of mixed-valence heteropolyanions containing
vanadium(IV) and vanadium(V), which show a variety of in-
teresting EPR spectra. So far four types of solution spectra

t Dedicated to Professor Nung Min Yoon on the occasion of his 60th
birthday.

have been observed: a 15-line spectrum for {SiVIV)VW,,
0,7, [P,VIV)VW,,061%, and a-1,2-[PVIVIVW 0,]%;
46 3 22-line spectrum for [P,V(IV)V,W50;,1'%"; ® a 36-line
spectrum for [HP,V(IV)V,W04,]° in which the VOq
octahedra are edge-shared; ® and a 43-line spectrum for
a-1,2,3-[HSiVAV)V,W,0,0" in which the VOg octahedra
are comer-shared.* The simulation of these spectra is
reported in this paper.

Simulation of the Spectra

The 15-Line Spectrum. When a heteropolyanion con-
taining two equivalent vanadium(V) atoms connected by a
bridging oxygen atom is reduced, it shows a 15-line spec-
trum.*% In order to simulate the spectrum, we first calculate
the positions of eight hyperfine lines expected when the



