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Abstract: The formation of dimer radical cations from aromatic sulfides has been studied by photochemical
one-electron oxidation in acetonitrile. When dicyanonaphthalene and thioanisole in acetonitrile were irradiated
with nanosecond laser flash (308 nm), two types of dimer radical cations were detected at 470 and 800 nm at
the expense of the monomer radical cation (520 nm). The intramolecular formation of similar radical ion
complexes was observed for the cases pfliis(phenylthio)alkanes with = 3 and 4, while bissulfides with

n= 2, 6, and 8 showed radical cation spectra quite different from the above cases®fnd 4. These facts
indicate that dimer radical cations absorbing at around-880 nm are assigned as thx¢ype complex of the
sulfur—sulfur three-electron bond and that radical cations absorbing at around 800 nm are-tfpleecomplex
associated with two phenylthio groups. For the cage wfethylthioanisole the formation af-type dimer was

shown to be reduced owing to the steric hindrance of two methyl groups. No formation of dimer radical
cations was observed for casepahethoxythioanisole and diphenyl sulfide where the corresponding monomer
radical cations are stabilized by the delocalization of positive charge on the sulfur atom. The density functional
BLYP/6-31G* calculations on thioanisole predicted the existence-a&nd -type dimer radical cations, in
accordance with the experimental observation of approximately equal stability.

Introduction 1,4-distonic dimer radical catiofsAn interesting structural
change of the dimer radical cationtoéinsstilbene was reported

Organic radical cations are important intermediates in pho- 45 the conversion of a face-to-fagetype dimer to the &C
tochemical electron-transfer reactions, with attention being bondedo-type dimer®

focused on their structures and reactivitietn reactions Asmus et al. have demonstrated that the radical cations of
involving photoinduced electron transfers, some radical cations aliphatic sulfides are stabilized by forming the sutfsulfur
are known to form dimer radical cations by association with 1, center three-electron bonded (i.e-type) dimer® The
neutral, grand-state molecules. For example, dimer radical
cations of aromatic hydrocarbons have been shown to play an_ (7) (&) Carmichael, lActa Chem. Scand997, 51, 567-571. (b) Mayer,

; ; ; ahin P. M.; Keister, J. W.; Bear, T.; Evans, M.; Ng, C. Y.; Hsu, C.-WPhys.
important role in the back electron transfers taking place within Chem. A1997 101, 1270-1276. (c) Maity, D. K.: Mohan, H.: Chatto-

geminate ion pairs formed upon photoinduced electron trans- paghyay, S.; Mital, J. Rl. Phys. Cheml995 99, 12195-12203. (d) Shoute,
fers23 Such dimer radical cations are divided into two types. L. C. T.; Neta, P.J. Phys. Chem1991, 95, 4411-4414. () Livant, P.;

One group of dimer radical cations is known as theype, in hes, A, Am. Cher. SC?JClF?r?;s %?g 15%2‘&3%8- . Gebicki, (é)-?
which the radical cations are stabilized by the charge resonancegcpneider, S: Geiselhart, P.; Seel, G.; Lewis, F. D.; Dykstra, R. E.; Nepras,

s-interaction with the neutral parent molecéié.Theser-type M. J.J. Phys. Chentl989 93, 3112-3117. (h) Symons, M. C. R.; Chandra,
dimers are also investigated as the simplest unit-stacked H.; Alder, R. W.J. Chem. Soc., Chem. Commii8§ 844-845. (i) Gandhi,

; . ; ; ; N.; Wyatt, J. L.; Symons, M. C. Rl. Chem. Soc. Chem. Commu986
systems in examining the transannular interactions, which are | oa 1425, (i) Hub, W.- Schneider, S.Bo F.- Oxman, J. D.: Lewis, F.

important in numerous chemical and biological proceSses. p. 3. Am. Chem. Sod984 106 701-708. (k) Hub, W.: Schneider, S.:
Another type of dimer radical cation, known as théype, has Dorr, F.; Oxman, J. D.; Lewis, F. Ol. Phys. Cheml983 87, 4351-4353.

_ i 10 _ (8) (a) Schneider, S.; Geiselhart, P.; Seel, G.; Lewis, F. D.; Dykstra, R.
a o-bond with the neutral parent’® For example, the one- . 1 20 28t e b B s 31123117, () Lewis, 7. D.
electron oxidation of aromatic olefines led to the formation of gima, M. 3. Am. Chem. Sod988 110, 8664-8670. () Ledwith, A.

Acc. Chem. Red.972 5, 133-139.
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Figure 1. Transient absorption spectra under argon and oxygen
observed at 100 ns after the laser excitation of acetonitrile solutions of
0.25 mM DCN and 100 mM thioanisoleld). Open circles: argon

Figure 2. Effect of concentrations ofa on the transient absorption
spectra. Observed atib after the laser excitation of oxygen-saturated
acetonitrile solutions of 0.25 mM DCN, 100 mM BP, and 210

atmosphere; solid circles: oxygen atmosphere. mM 1a
Scheme 1
- and energy transfer toward oxygen to form™©and O,
tively, while the species wiflyax = 470 and 800 nm
Me. | Asme_ A+ Me Ar,, Ar respectively, ax ;
S—©X = S&s or i were practically unaffected by the presence of oxygen (Figure

Me Ar MeS  SMe 1; solid circles). Furthermore, when 6:2.4 mM perylene

la;X=H o-type xtype which has a lower oxidation potential (0.85 V vs S€&pan
b X=C la (1.2 V vs SCE)S was added into the solution containing

1d; X = OMe 100 mM1laand 0.2 mM DCN, the intermediate species decayed
quite rapidly (1.3x 10*® M~1s71) with the concomitant growth

nature of such 2c-3e[$S bonds has attracted considerable in the absorption at 540 nm (perylene radical catiriJhis
interest as possible intermediates in many enzymatic oxidationsobservation is consistent with a diffusion-controlled hole-transfer
of organic sulfides® Aromatic sulfides, which have an aromatic  from the intermediate to perylene, allowing the assignment as
ring and sulfur atom, are interested in terms of types of dimers, the radical cation species. It is apparent that the radical cation
i.e., a possible conformational switching betweemndz-type species are formed by the one-electron oxidatiohaénd are
dimers is expected. However, radical cations of aromatic different from the monomer radical catida’™.
sulfides! have been believed not to form any dimers because Effect of Concentration of Thioanisole (1a).The depen-
of the delocalization of positive charge/spin density over the dence on concentration (1 to 100 mM)1H# was examined for
aromatic rings. We have investigated radical cations of thio- the photooxidation in the presence of 0.25 mM DCN and 100
anisoles by laser flash spectrophotometry and illustrate here thatmM biphenyl (BP). At the lower concentrations df the
both theo- andz-type dimers could be formed depending on quenching of singletDCN* by 1awas insufficient because of

their substituents and concentrations (Scheme 1). the short lifetime offDCN* (zs = 10.1 ns)}* and hence BP
(the oxidation potential of 2.0 V vs SCE)was added as a hole
Results mediator to quenchDCN* efficiently. The pulsed laser excita-

Photosensitized One-Electron Oxidation of Thioanisole ~ tion of DCN (0.25 mM) in the presence of 1 ml&a and 100
(1a). The pulsed laser excitation (XeCl, 308 nm, 10 ns) of 0.2 mM BP led to the production of transient absorptlons'due to
mM 1,4-dicyanonaphthalene (DCN) in the presence of 100 mM DCN™, BP** (Amax = 670 nm);” and *DCN*, affording
thioanisole (&) in argon-saturated acetonitrile led to the Monomer radical catioha’™ (Amax= 520 nm) by the diffusion-
quenching of the DCN fluorescence, and the production of controlled hole transfer from BP to 1a The spectra ofa™
transient species was observed by the absorption spectra. Thavere observed likewise under an oxygen atmosphere. _
spectrum s after the laser excitation showed the radical anion ~ The concentration dependence of the transient absorption
DCN™ (Amax = 390 nm), the excited tripleDCN* (Amax = spectra is shown in Figure 2. The appearance of new absor_pnon
470 nm)!2 and other transients.ax = 470 and 800 nm), and  bands at 470 and 800 nm was observed as the concentration of
all of these (Figure 1; open circles) disappeared within a few 1§1qu mcregsed. The absqrptlon of the latter species increased
microseconds. Here, DCN and 3DCN* would be generated with increasing concentrations dfa at the expense of the
by the electron-transfer and substrate-enhanced intersystenfbsorbance afa*™; the decay kinetics afa** (520 nm) and of

crossingt3 respectively, of excited singl@DCN*. Interestingly, the other radical cation species (470 and 800 nm) were identical.

the typical absorption of thioanisole radical catibai~ at 520 ~ These results clearly show that radical catlai® is in rapid

nmila could not be observed under these conditions. equilibrium with the other radical cation species, i.e., dimer
Under an oxygen atmosphere, the absorp“on of DCGivid radical cation (D-.) A similar result was obtained when

SDCN* decayed quite rapidly by the secondary electron transfer 9-cyanoanthracene (CA) was used in place of DCN as an
electron acceptor.

(11) (a) loele, M.; Steenken, S.; Baciocchi, E.Phys. Chem. A997,

101, 2979-2897. (b) Engman, L.; Lind, J.; Méengi, G. J. Phys. Chem. (13) Manring, L. E.; Gu, C.-I.; Foote, C. S. Phys. Chem1983 87,
1994 98, 3174-3182. (c) Glass, R. S.; Broeker, J. L.; Jatcko, M. E. 40-44.
Tetrahedron1989 5, 1263-1272. (d) Mohan, H.; Asmus, K.-Ol. Phys. (14) Kavarnos, G. J.; Turro, N. Chem. Re. 1986 86, 401—449.
Chem.1988 92, 118-122. (e) The intramolecular formation of the sutfur (15) Jonsson, M.; Lind, J.; Méngi, G.; Eriksen, T. EJ. Chem. Soc.,
sulfur three-electron bond has been reported for a specific poly sulfide: Perkin Trans. 21995 67—70.
Boden, N.; Borner, R.; Bushby, R. J.; ClementTétrahedron Lett1991 (16) Shida, T Electronic Absorption Spectra of Radical lons (Physical
32, 6195-6198. Sciences Data 34Elsevier: Amsterdam, 1988.

(12) Reichel, L. W.; Griffin G. W.; Muller, A. J.; Das, P. K.; Ege, S. N. (17) Gould, I. R.; Ege, D.; Moser, J. E.; Farid, . Am. Chem. Soc.

Can. J. Chem1984 62, 424-436. 199Q 112, 4290-4301.
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Figure 3. Plots of the absorbance of (DMS) at 465 nm against the i i -
concentrations of DMS; the absorbance was obtained after the 308 nm 400 Sgave‘slqco ngthvom 400 %avel(c)songtg/?lom 800
laser flash photolyses of 0.2 mM DCN, 100 mM BP, and80mM
DMS in oxygen-saturated acetonitrile. Figure 4. Transient absorption spectra for substituted thioanisidie (
d) and diphenyl sulfideZ). Observed at Ls after the laser excitation

The extinction coefficients dfa™ and D™ could be estimated  of oxygen-saturated acetonitrile solutions. Open circles: 0.2 mM DCN,
by Farid’s hole transfer method (see Experimental Sectibn). 0.1 M BP, 1 mM sulfides; solid circles: 0.2 mM 9-cyanoanthracene,
Thus, values for the extinction coefficient ag** of (6.1 & 100 mM sulfides; (ajib, (b) 1c, (c) 1d, and (d)2.
0.3) x 1 M~1cm™! at 520 nm and that of D of (1.0+ 0.1)
x 10* M~ cm~1 at 800 nm were obtained. From these values, Radical Cation of Other Aromatic Sulfides. Other aromatic
the equilibrium constant of eq 1 was estimated as describedsulfides were likewise investigated in oxygen-saturated aceto-
below. The pulsed laser excitation of 0.2 mM DCN was carried hitrile. For the cases gi-chloro- (Lb) andp-methylthioanisole
out in the presence dfa (2—16 mM) and 100 mM BP; under ~ (10), the pulsed laser excitation of 0.25 mM DCN, 1 mM sulfide,
these conditions BP is formed predominantly by the quenching and 100 mM BP led to the production of transient absorption

of IDCN*, and the major portion of radical cation speciéa’* spectra due to sulfide monomer radical cations (b7 and
and D, is to be generated by the hole-transfer fromBFhat 1c**), as reported? 1 us after the laser excitation (Figure 4a,b;
is, the sum of quantum yields for formation d&™ and D" open circles). When the irradiation was performed in the

was assumed to be constaftConcentrations of each radical ~Presence of 100 mM sulficd€, quite different spectra were
cation were calculated from the observed absorbances at 52¢Pbtained upon the excitation (Nd:YAG, 355 nm, 10 ns) of 0.2
and 800 nnt8 Then, we calculated the equilibrium constagy (MM CA (Figure 4a,b; solid circles). The resulting spectra

according to eq 2 for each concentration (2, 4, 8, and 16 mM) Showed the absorption bands at 520, 670, 2880 nm (broad
of 1a. The resulting equilibrium constant was (100.3) x band) forlb and 500 and-700 nm (broad band) fakc. Since

these absorptions increased with the increasing concentration
of sulfide, it is reasonable to suppose that the spectra are due
to the dimer radical cations such as*D

la D™ In the cases gf-methoxythioanisolel(d) and diphenyl sulfide

(2), the spectral shapes of monomer radical cations remained
unaffected even when the sulfide concentrations were increased
up to 100 mM (Figure 4c,d). These results show that no dimer
10 M1 in acetonitrile. This value is much smaller than the radical cation is formed from sulfided and 2.

reported value of (6.2 0.4) x 103 M1 for dimethyl sulfide Radical Cation of Aromatic Bissulfides.The radical cations
(Me;S; DMS) in watert® For comparison, the equilibrium  Of aromatic sulfides are expected to form two types of dimer
constant of DMS was determined in acetonitrile in the presence radical cations. As described above, photooxidatiohecghows

of 0.5-8 mM DMS (for details, see the Experimental Section). two kinds of absorption bands at 470 and 800 nm. Then, we

K .
ArSMe*" + ArSMe =———= (ArSMe)," (1)

1a™

_ 7]
[alx(1a"] @

The equilibrium constant{pws) is given as follows: examined the photooxidation of related aromatic bissulfides to
clarify what types of dimers are formed from aromatic sulfides.
K, = —(OMS),"] ) Asmus et al. reported that the one-electron oxidation of

[DMS] x [DMS™] aliphatic bissulfides (MeS(ChhSMe; n = 2—6) led to the

) N ) ) ) ~production of absorption spectra of intramolecutetype radical

The intensities of the absorptions of the dimer radical cation cations, which showed similar spectra with maximum absorp-
((DMS);"*; Amax = 465 nmj° were measured and plotted as a jons varying with the number of methylene chafi3.We
function of the concentration of DMS. Th&us value obtained  carried out the one-electron oxidation oh:his(phenylthio)-
by computation fitting was (1.2 0.2) x 10 M~ in acetonitrile alkanes ((PhS(CHLSPh;n = 2, 3, 4, 6, and 8)3a—e) and
(Figure 3). This result clearly indicates that the formation of examined the methylene chain effect on the corresponding cation
inefficient, only one-tenth, in comparison to that of DMS. 0.25 mM DCN and 100 mM BP led to the production of

(18) The dimer radical cation (D) absorbs at 520 nm as well as at 800  transient spectra of their radical cations (Figure 5). Radical

nm, while the monomer radical catiofigt*) does not absorb at 800 nm.  cations of3b and3c (n = 3 and 4, respectively) showed spectra
Thus, the concentration of'Dwas determined from the absorbance at 800

nm, and then the concentration d* was determined after correction by (21) These sulfideslp and 1c) have a weak absorption band at 308

subtracting the absorbance of'Dat 520 nm. nm, then we use CA as a electron-accepting sensitizer to avoid direct
(19) Bonifacic, M.; Makel, H.; Bahnemann, D.; Asmus, K.-D.Chem. irradiation of sulfides.

Soc., Perkin 21975 675-685. (22) (a) Asmus, K.-D.; Bahnemann, D.; Fischer, C.-H.; Veltwisch] D.

(20) Chaudhri, S. A.; Gal, M.; Freyholdt, T.; Asmus, K.-DJ. Am. Chem. Am. Chem. S0d.979 101, 5322-5329. (b) Asmus, K.-DAcc. Chem. Res.
S0c.1984 106, 5988-5992. 1979 12, 436-442.
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Figure 6. Transient absorption spectra observed as hfter the laser
excitation of oxygen-saturated acetonitrile solutions of 0.2 mM DCN,
100 mM biphenyl, and bissulfidd. Open circles: 0.2 mM; solid
circles: 1.0 mM4.
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Figure 5. Transient absorption spectra observed as$ hfter the laser
excitation of oxygen-saturated acetonitrile solutions of 0.25 mM DCN
and 1 mM bis(phenylthio)alkane84—e); n = number of methylenes.

similar to that ofla. On the other hand, spectra 8 (n = 2)
and3d (n = 6) had two peaks absorbing around 500 nm and
>800 nm (thedmax Of the latter absorption band could not be
observed in our observation window). In the case3efn =

8), the spectrum of the cation radical resembles that of monomer Te
radical cationla’™, suggesting no formation of intramolecular ~Figure 7. BLYP/6-31G* optimized geometries for dimer radical
dimer complex. It is interesting to note that the absorption band cations fromla; theo-type dimer radical cations',b) and ther-type

at around 800 nm was observed only for the cases of 3 dimer radical cations7c,d). Distances are in angstroms.

and 4, whereas the absorption at around 500 nm was observed ) )

in almost all cases. Théma values of the shorter absorption ~the former case, phenylthio groups overlap each other in the
of methylenes. The shorteha value was observed with the  3-447 A, for7a—c, respectively, and the distance between S
three-methylene compound £ 3), in analogy with the reported ~ and C at the 4-position is 3.727 A f@d. Their bond enthalpies
case of aliphatic bissulfides, reflecting the overlapping interact- ar¢ —21.3, —21.6, —21.0, and—19.9 kcal/mol for 7a—d,

ing of p orbitals of two sulfur atoms. respectively. The difference in enthalpies are quite small.

A somewhat different result was obtained from the one-
electron oxidation of 1,3-bigf(methylthio)phenyl]propaned].
Absorption maxima appeared at 580 and over 850 nm (Figure - Formation of Dimer Radical Cations of 1a.Dimer radical
6), and4** has no absorption in the 46600 nm region. cations of thioanisoles are shown to be formed by the photo-

Theoretical Study. Calculations of the geometries and bond  oxjdation with electron-accepting sensitizers in acetonitfile.
enthalpies of dimers D were performed at the BLYP/6-31G*  The dimer radical cation ofla is in equilibrium with its
level’sStructures of the dimeric species between the neutral monomer radical cation and neutral parent, and its equilibrium
and the radical cation are shown in Figure 7 and the resulting constant is much smaller than that of DMS. It has been believed
potential energy surface is shown in Figure 8. The optimized that 1a cannot form dimer radical cations, because of the
geometrical parameters @ or C; structures for7a—d* are delocalization of the positive charge, by pulse radiolysis studies
shown here. Four structures were predicted as the dimer radicajp aqueous solutions. In this case, the solubilitiedain water
cations oflain the saddles of the potential energy surface, i.e., are much lower than that of DMS, and hence the dimer forma-
two sulfur-associated structure3af) and two phenylthio-  tjon could not be observed frota. The present result shows
associated oneg¢d). While two phenyl groups are leaved in  that the reason there is no observation of the dimer radical cation

(23) (@) Recently, Bally et al. reported about the incorrectness of the Of 12 is the poor solubility in water and the relatively small
prediction of symmetric dimer radical ions in density functional calculafi$hs.  equilibrium constant. Recently, Mittal et al. have reported that
Then, we calculated the geometries of dimer radical catiorisefithout
symmetrical restriction. However, their geometries and bond enthalpies were  (24) Recently, H. D. Roth and coworkers also detectedthge dimer

not so changed. (b) Bally, T.; Sastry, N.Phys. Chem. A997 101, 7923~ radical cation of thioanisol€elg) in zeolite by ESR. We thank Prof. Roth
7925. for private communication prior to publication.

7d

Discussion
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Figure 8. Potential energies for the formation of dimer radical cations meS < me-S <

from laandla'™ calculated at the BLYP/6-31G* level. The structures
of the radical cation species are given in Figure 7 and the energies are o-type of 4™ n-type of 4% Me=S localized form of 4°*
given in kcal/mol.
) . ) ) neutral phenyl groups may be significant. Thus, the observed
the dimer radical cation dfaabsorbing at 410 nm was observed absorption band frond** was assigned to the localized form
in aqueous solution®. According to the present results, how- of 4* as shown in Scheme 3. On the other hand, tHgpe
ever, the concentration dawas too low to observe their dimer  j«-amolecular complex of** would be favorable be(':ause two
radical cations. Then, the reported intermediate absorbing at 410phenylthio groups are combined by three methylene grtps.
nm might be different from the dimer radical cation T4 Thus, it may be concluded that the absorption band aroune 700
While dimer radical cations were observed in the cases of gog nm is due to ther-type complex of radical cations.
la—c, dimer cations were not observed frdrd and2. These The radical cations g-chloro- (Lb) andp-methylthioanisoles
aromatic sulfides have a strong electron donaprngethoxy-

(1c) also showed two types of dimer radical cations. In these
phenyl group and two phenyl groups, and hence the delocal-cases, however, the absorptionssetype dimers of the shorter

ization of positive charge over the aromatic rings is more \ayelength are much stronger than thosa-type dimers. This
effective than those in the other aromatic sulfideac). Thus, fact might indicate that the-type dimers are formed predomi-
the formation of dimer radical cations is unfavorable and could nately because of the steric repulsion of para-substituent groups
not be observed for the caseslaf and 2. in forming 7r-type dimers.

o- and z-Type Dimer Radical Cations.Radical cations of

. | ) C . Geometries and Bond Enthalpies of (1a)*. Two o-type
allphatlc sulfldgs are known to form thetype dimer radical and twoz-type structures of dimer radical cations bd are
cations absorbing in the 45650 nm region due te—o* predicted to exist by theoretical calculations at the BLYP/
transition?!2 For the case aromatic bissulfide) the n-type

_ ] _ ~ 6-31G* level (Figure 8). The intermolecular sulftsulfur
dimer radical cations are also expected. In fact, the radical gistances of 3.353.53 A for o-type dimer radical cations are
cations of bissulfideSa—d showed absorption bands around  sjgnificantly longer than those of aliphatic sulfides (ca. 2.8

the 470-530 and>700 nm regions (Figure 5). In addition, the A 9b27and bond enthalpies oftype dimers {21 to—22 kcal/
absorption band d3* in the shorter wavelength region showed mol) are smaller than those of aliphatic sulfides26 to —30

the methylene chain effect similar to the case of aliphatic kcal/mol)28 The smaller value oK (eq 1) for aromaticla
bissulfides as reported by Asmus et®&. Thus, it may be

_ b reflects the longer and weakerS o-bond. The reason for the
concluded that absorption bands3#-d** around the 476 higher bond enthalpies for the caseaf is the fact that the
530 nm region are due to the—o* transition of theo-type

_ . ( _ _ . monomer radical cation dfa’™ is stabilized by the delocalization
complex (or dimer radical cations) of aromatic sulfides. While of positive charge to the aromatic ring and hence the electro-

th(i spectra OBbi' and 30:' resembled that of D (dimer of philicity of the sulfur atom inla*™ is weakened. On the other
1a™), those of3a™ and3d™ showed the broad absorption band hand, the delocalized positive charge over the aromatic ring is

laying over 800 nm. This result indicates that the two phenylthio stapbilized by forming ther-type dimers by charge resonance
groups in 3a** and 3d** may not associate to form an petween phenylthio groups (Figure B;d). Thus far, the for-
intramoleculars-type radical cation complex because of the  mation ofs-type dimer radical cations was reported for hydro-
unfavored methylene chaiflt is suggested that the absorption  carhon aromatic compounds with various structures and ioniza-

band atAmax = 700-750 nm is due to ther-type dimer (or  tion potential€? the reported enthalpies beirgl6 to—24 kcal/

complex of) radical cations of aromatic sulfides. The broader mg| 29 The calculated values for thetype dimers of aromatic
peaks at>800 nm seem not to come from thetype complex

\ sulfide 1a are in good agreement with these reported values.
but from an intramolecular charge transfer (see Scheme 2). It is worth noting that the difference in bond enthalpies

The radical cation o also has two types of absorption bands between thes- (7ab) andz-types {c,d) is quite small. This
at 580 and over 850 nm. However, the absorption band at 580

e ali * i _ (27) (a) Sodupe, M.; Oliva, A.; Bertran, J. Am. Chem. Sod995 117,
n.m IS Sllghtly Ionger than that of the—o¢ t_ranSItlon ofo-type 8416-8421. (b) Deng, Y.; lllies, A. J.; James, M. A.; McKee, M. L.;
dimer radical cations and the shape of its spectrum resemblespeschke, MJ. Am. Chem. Sod.995 117, 420-428. (c) Ekern, S.; lllies,
that of the monomer radical cation ™. If the positive charge  A. J.; McKee, M. L.; Peschke, MI. Am. Chem. S0d.993 115, 12510~
; ; ; ; 12518.

was localized in the sulfur atom and thetype radical cation (28) James, M. A.: Illies, A. 1. Phys. Cher.996 100, 15794-15799.
complex of4 with a cyclophane structure was formed, the  (39) (a) Neusser, H. J.; Krause, Bhem. Re. 1994 94, 1829-1843.
unfavorable strain and electronic repulsion between the two (b) Ernstberger, B.; Krause, H.; Kiermeir, A.; Neusser, H.. Lhem. Phys.

199Q 92, 5285-5296. (c) Meot-Ner (Mautner), Ml. Phys. Chem198Q
(25) Mohan, H.; Mittal, J. PJ. Phys. Chem. A997 101, 10012-10017. 84, 2724-2728. (d) Meot-Ner (Mautner), M.; Hamlet, P.; Hunter, E. P.;
(26) Hiyama, F.J. Chem. Physl965 42, 3163-3171. Field, F.J. Am. Chem. S0d.978 100, 5466-5471.



Formation ofo- and 7-Type Dimer Radical Cations

indicates that the relative contentsefandn-types of dimers

do not differ much at the equilibrium condition (eq 4). If the
enthalpy of one of the dimers is slightly varied by substituents,
the equilibrium constant may be changed significantly. For the
cases oflb andlc, the content oft-type dimer radical cations

is shown to be much lower than that eftype dimers. Since
the electronic effect of thp-chloro or thep-methyl substituent

is not large, the instability ofr-type dimers is caused by the
steric repulsion of the substituent.

K

—_—

o+

I+ 1 o-1, n-1, )

Conclusion

In the photochemical one-electron oxidation of aromatic
sulfides (), dimer radical cations are shown to be formed in
rapid equilibrium with monomer radical catidri*. The complex
formation of o- and z-types is evidenced and shown to be
sensitive to the steric and electronic influence of substituents.
The competitive formation ob- and z-type dimer radical
cations indicates that the delocalization of positive charge on
the sulfur atom is to reduce the tendency to makedtgpe
three-electron SS bond. The selective formation of and
m-type radical cation dimers may provide a novel switching of
electronic structures of radical cation species.

Experimental Section

IH NMR spectra were recorded with a Varian GEMINI-200 (200
MHz) NMR spectrometer. GC/MS analyses were carried out with a
Shimadzu QP-5000 mass spectrometer, using a 0.2 @5 m
capillary column of CBP1-M50-025 (Shimadzu). GLC analyses were
performed with a Shimadzu GC-14A gas chromatograph, using a 2.5
mm x 1 m column of Carbowax 300M, 2% on Chromosorb WAW
(GL Sciences).

Materials. Acetonitrile was distilled from phosphorus pentoxide.
9-Cyanoanthracene (CA) received from Tokyo Kasei was recrystallized
from ethanol. Thioanisolel§), p-chloro- (Lb) andp-methylthioanisole
(10), and diphenyl sulfide?) were received from Tokyo Kasei and
purified by distillations p-Methoxythioanisol {d) was received from
Aldrich and distilled. 1,4-Dicyanonaphthalene (DCX), n-bis(phen-
ylthio)methane § n = 2-8)% and 1,3-bigp-(methylthio)phenyl]-
propane 4)32 were prepared according to the reported procedures.

Time-Resolved Absorption Spectroscopylaser kinetic spectros-
copy experiments were carried out with a nanosecond laser system a
described previousl$? The system consisted of a 150 W Xe flash lamp
(XF-80, Tokyo Instruments), a SPEX 270M monochromator, and a
HAMAMATSU R-1221HA photomultiplier tube. The CCD detector
(ICCD-1024-MLAG-E, Princeton Instruments) was controlled by a
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Determination of Extinction Coefficients of 1a™ and D**. After
the pulsed laser excitation of DCN in the presence of 1 davand
100 mM biphenyl (BP) in acetonitrile, the decay in the absorption at
670 nm (BP*) and the concomitant growth in absorption at 520 nm
(1a'*) due to the hole-transfer, in which the maximum concentration
of 1a™ was equal to that of the initially formed BPwas observed.

By use of the extinction coefficient of BPof 1.5 x 10* M~ cm™* at

670 nm? that of 1a™ of (6.1+ 0.3) x 1 M~ cm™! at 520 nm was
obtained from the signal intensities. This value is in good agreement
with the reported value of 5< 10° M~1 cm 102 Similarly, an
experiment performed in the presence of 0.3 mM DCN, 500 &/

and 0.4 mM perylene resulted in the decay in the absorption at 800
nm and the concomitant growth in the absorption at 540 nm (periftene
€540 = 4.9 x 10* M~ cm™1). The extinction coefficient for I was
determined to be (1.8- 0.1) x 10* M~1 cm™* at 800 nm.

Calculation of the Equilibrium Constant of (DMS) »**. The equi-
librium constant Kpus) for dimer formation from DMS* (DMS =
Me,S) is given by eq 3. Although botha™ and D™ absorb in the
region of VIS-near-IR, DM$ does not absorb in this regitrand we
can only observe the radical cation dimer ((DIMS)Amax= 465 nm)3*
Under the present conditions, radical cation species, DM&d
(DMS),"*, are generated by the hole transfer from'BR is reasonable
to suppose that the sum of concentrations of radical cation species is
equal to the initially formed BP since the rate of hole transfer is fast
and efficient. Thus, the concentration of DMt®an be represented as
eq 5:

[DMS*]=[(DMS),""]., —[(DMS),"] (5)

where [(DMS)"].. is the concentration of (DM%)* when all radical
cation species converted to the dimer radical cation. From eqs 3 and 5,
the concentration of (DM$)* is represented as a function of concentra-
tion of DMS (eq 6).

_ Kows X[(DMS),"], [DMS]

((DMS),"] 1+ Kpys X [DMS]

(6)

Unfortunately, the extinction coefficient for (DM8) in acetonitrile
is not known. Since concentrations are proportional to their absorbances,
the concentration of (DM$)* can be replaced by its absorbance. The
absorbances at 465 nm were measured and plotted against the
concentrations of DMS. Then, we simulated the absorbance curve by
varying Kpus values and the absorbance of [(DMS). as shown in
Figure 3 and the equilibrium constakibus was estimated to be (1.3
+ 0.2) x 10° M~tin acetonitrile. Calculations of equilibrium constants
of eq 6 and fittings to the experimental data (Figure 3) were carried
out on an Apple Macintosh computer with the program IGOR PRO
(Wavemetrics).

Calculations of Geometries of Radical lon Species from la.
Calculations of geometries and bond enthalpies of the radical cation

Slimer (D) were performed at the BLYP/6-31G* leviI%Calculations

have been made by using the Turbomole version 95.0 in the Insight Il
program system. Geometries and potential energies of various dimer
structures are shown in Figures 7 and 8. Detailed data are given in the
Supporting Information.

detector controller (ST-135, Princeton Instruments) and a pulse genera-

tor (PG-200, Princeton Instruments). The system was controlled by a
PC-9801 computer that was interfaced (GPIB) to the detector controller.
The delay time of this system was controlled by two digital delay/
pulse generators (DG-535, Stanford Research system). The excitatio
source was a Physik MINex XeCl excimer laser (308 nri0 ns,
~15 mJ/pulse) or the third harmonic (355 nt¥6 ns,~25 mJ/pulse)
from a Spectron SL248G Nd:YAG laser. The oxygen-saturated sample
solutions were irradiated in a 4 1 cn? cell made of quartz.
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