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Aromatic sulfoxide radical cations have been generated by pulse radiolysis and laser flash photolysis techniques.
In water (pulse radiolysis) the radical cations showed an intense absorption band in the UV region (ca. 300
nm) and a broad less intense band in the visible region (from 500 to 1000 nm) whose position depends on
the nature of the ring substituent. At very low pulse energy, the radical cations decayed by first-order kinetics,
the decay rate increasing as the pH increases. It is suggested that the decay involves a nucleophilic attack of
H,0 or OH" (in basic solutions) to the positively charged sulfur atom to give the radical ArSO(O¥)B¥
sensitized IN-methylquinolinium tetrafluoborate (NMQ] laser flash photolysis (LFP) the aromatic sulfoxide
radical cations were generated in acetonitrile. In these experiments, however, only the band of the radical
cation in the visible region could be observed, the UV band being covered by the UV absorption 6f. NMQ
The Amax values of the bands in the visible region resulted almost identical to those observed in water for the
same radical cations. In the LFP experiments the sulfoxide radical cations decayed by second-order kinetics
at a diffusion-controlled rate, and the decay is attributed to the back electron transfer between the radical
cation and NMQ DFT calculations were also carried out for a number of 4-X ring substituted £ Me,

Br, OMe, CN) aromatic sulfoxide radical cations (and their neutral parents). In all radical cations, the
conformation with the SO bond almost coplanar with the aromatic ring is the only one corresponding to the
energy minimum. The maximum of energy corresponds to the conformation where—t®eb®nd is
perpendicular to the aromatic ring. The rotational energy barriers are not very high, ranging from 3.9 to 6.9
kcal/mol. In all radical cations, the major fraction of charge and spin density is localized on the SOMe group.
However, a substantial delocalization of charge and spin on the ring (almost 50% for the 4-methoxy derivative
and around 30% for the other radical cations) is also observed. This suggests some conjugative interaction
between the MeSO group and the aromatic system that may become very significant when a strong electron
donating substituent like the MeO group is present. The ionization energies (IE) of the 4-X ring substituted
neutral aromatic sulfoxides were also calculated, which were found to satisfactorily correlate with the
experimentak, potentials measured by cyclic voltammetry.

Introduction that of the dialkyl counterpartsshould have more chances to
be involved in oxidative chemical and biochemical transforma-

Sulfoxide is a functional group of great interest for its tions. In this respect, it is useful to mention that an electron-

importance in organic synthesias well as for the biological  transfer process has been suggested in the oxidation of aromatic

activity and its involvement in the general metabolism of many sulfoxides by cytochrome P-45Moreover, according to recent

biologically important sulfides.Thus, the reactivity of sulfox-  resultg28 also the reaction of aromatic sulfoxides with iron(t)

ides in polar, radical, and photochemical processes has beerand ruthenium(l11>-polypiridyl complexes seems to involve an

the object of much investigatiohln contrast, the behavior of  electron-transfer mechanism.

sulfoxides in electron transfer oxidation reactions has been little |, view of our continuous involvement in radical cations
studied, probably due to the relatively high oxidation potential chemistryl0 we have considered it of interest to devote our
of these speciesConsequently, little is known about sulfoxide  attention to aromatic sulfoxide radical cations, and in this paper
radical cations, the few studies presently available exclusively \ye now report on a pulse radiolysis and flash photolysis study
concerning dialkyl sulfoxide radical catioh$/ery surprisingly, concerning generation and spectral properties of the radical
almost nothin§ 8 is known about aromatic sulfoxide radical ations of a number of aromatic sulfoxides (Chart 1). DFT
cations, while these species, having a redox potential lower thancajcylations providing geometrical properties, rotational barriers
around the ArS(O)C bond, charges, and spin densities are also
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Generation and Absorption Spectra of Aromatic 0.02

Sulfoxide Radical Cations

(a) Pulse Radiolysis Experiments in HO. The radical
cations1*t—5" were generated from the parent sulfoxides as 0.00
described by Kishore and Asmus for the dialkyl sulfoxide radical 300 400 500 600 700 800 900 1000
cations!! Namely,1*"—5"" were produced by pulse radiolysis,
in argon-saturated aqueous solution containing 2-methyl-2-

pr(.)g.a.nOI (Oﬁ M) at(;).H éll.O,_by reaCtloE?f_S\glth\t/he S,t\:ﬁ'nglzy on reaction of S@®~ with 3 (0.5 mM) atT = 25 °C, recorded after
oxidizing sulfate radical anion (SO) (E° ca. 2.5V vs E) pulse radiolysis of an Ar-saturated agueous solution at=pH.0,
(egs +-4). containing 0.5 M 2-methyl-2-propanol at 18 after the s, 10-MeV
electron pulse. Inset: decay of the absorption at 670 nm recorded after
H,O 4/1 H+, 'OH, € aq (1 a 0.2us, 10-MeV electron pulse.

. . TABLE 1: Optical Absorption Peaks, Rate Constants for

OH + CH,C(CH,;),0H — H,O0 + "CH,C(CH,),OH  (2) the Decay of the Radical Cations of Aromatic Sulfoxides
1-*—5* Generated by Pulse Radiolysis of Aqueous Solution
at pH 4.0 under Argon Measured atT = 25 °C, and

A (nm)
Figure 1. UV—vis absorption spectrum of radical cati@r observed

€ gt 320827 - 50427 +3S0, ) Experimental Peak Reduction Potential of ¥*—5+
o ” - radical cation ~ Ama/(NMY k(s™HP Ep (V vs SCEY
SO, + ArSOCH; — SO,” + ArSOCH, (4) Py 320550 200 10 201
. . 2t 300,900 2.8< 10° 1.90
The hydroxyl radical *OH) is scavenged by 2-methyl-2- 3+ 330,670 3.8¢ 10° 1.95
propanol (eq 2) wittkk = 6 x 10® M1 s 113 while the hydrated 4+ 340,660 1.4¢ 10/ 2.06
electron (gq") reacts with the peroxydisulfate anion leading to 5 330,560 6.8< 10* 2.16
the formation of S@~ (eq 3), withk = 1.2 x 10*°M~1s7113 aDoses 20 Gy/pulsé.Doses 2 Gy/pulse Determined by cyclic

The absorption spectrum observed for the reactidretorded voltammetry in MeCN, BiNBF; (0.1 M) as the supporting electrolyte.
10 us after the electron pulse is displayed in Figure 1. The [sulfoxide] = 2.0 mM. Voltage sweep rate 500 mV?s
absorption spectra of radical catioirs, 2°*, 4**, and5'* are
reported in Figures S1S4 in the Supporting Informatiott. The time-evolution of the absorption spectra showed that for
With all sulfoxides, the absorption spectra showed an intenseall radical cations, the decay of the two bands is not ac-
absorption band in the UV region and a broad less intense bandcompanied by the buildup of any transient absorbing signifi-
in the visible region (5061000 nm) whose position appears cantly in the UV-vis region of the spectrum. The decay rate
to depend on the nature of the ring substituent. The two bandsof 1**—5'", measured spectrophotometrically by following the
decay with the same rate, so they belong to the same speciesghange in optical density at the wavelengths corresponding to
the sulfoxide radical cation. As expected for a radical cation, the absorption maxima, was found to be dose dependent. At
the two bands are unaffected by the presence of oxygen. higher doses, the radical cations were found to decay by a mixed
It is interesting to note that only the UV band was observed first-second-order reaction, whereas at the lowest dose (ca. 2
by Kishore and Asmus for dialkyl sulfoxide radical catidis, = Gy/pulse), the decays fitted first-order kinetics (see insets of
which suggests that the additional visible absorption bands Figures 1 and S1S4 in the Supporting Information). It was
observed forl*t—5" should be associated with an electronic also found that the decay rate is pH dependent, increasing as
transition involving the aromatic moiety. pH increases. Namely, the decay rateddfincreases from 7.1
The Amax values for the absorptions of radical catidhs— x 10®stat pH 4.5t0 1.2x 10° st at pH 9.1 (see Figure S5
5+ are collected in Table 1. As already noted, the position of in the Supporting Information). However, we found that the
the absorption band in the visible region is influenced by the yield in radical cation does not decrease by increasing pH as

nature of the ring substituent. In particular, with respectto instead it was observed for dialkyl sulfoxide radical cations
Amax Of this band increases in the presence of either electron (Figure S5). We will comment on this point later on.
withdrawing (EW) @, 5%) or electron donating (ED)2(*, The first-order rate constantg for the decay ofl**—5"

3") para ring substituents, the higher effects being observed determined at low doses at pH 4 are reported in Table 1. In the
with the strong ED 4-MeO group. Kishore and Asmus have same table are also displayed the peak reduction potentials of
suggested that sulfoxide radical cations in water are probablythe radical cations which have been measured by cyclic
associated with a molecule of waférThis possibility seems  voltammetry (see the Supporting Information). By looking at
unlikely for aromatic sulfoxide radical cations since, as we will these data, it can be observed that the rate of decay increases
see later, thédmax value of the visible band remains practically as the reduction potential of the radical cation becomes higher,
unchanged when water is replaced by MeCN, as the solvent. Ifthat is as the radical cation becomes less stable.

a radical catiorrwater complex is formed also with aromatic Concerning the nature of the decay, the increase in the decay
sulfoxide radical cations it should be a very loose complex. rate by increasing pH clearly suggests a reaction of the radical
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cation with KO in acidic solution and a faster reaction with
hydroxide ion in basic solution. Since we found similar decay
rates for GHsSOCH+ and GHsSOCDy'* in the 4.0-9.1 pH
range (Figure S5 in the Supporting Information), it can be
excluded that the decay involves deprotonation at the SOMe
methyl group. Thus it is very likely that the decayslof—5*
involve the nucleophilic attack of ¥ (at pH 4) or OH (at

pH 9) to the positively charged sulfur atom to give the radical
ArSO(OH)CH (eq 5), as suggested by Kishore and Asmus
for dialkyl sulfoxide radical cationkt

o
_ |
ArSOCH} + OH (H,0) ——> ArSCH; (+ HY
OH

3

An interesting observation is that the radical cation yield
(measured foll*™) resulted pH independent in the 4.9.1 pH
range, a result contrasting with what was observed for dialkyl
sulfoxide radical cations where the radical cation yield signifi-
cantly decreased by increasing the pH from 5.0 to 8.0. A
possible explanation is that in aromatic sulfoxide radical cations
a substantial part of the positive charge is delocalized in the
aromatic ring (vide infra). Thus, the nucleophilic attack of0A
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Figure 2. Absorption spectra of the NMQ(3.9 x 102 M)/toluene
(1 M)/4-CHCeH,SOCH; (1.5 x 1072 M) system in Q-saturated
CHsCN recorded 80 ns after the laser pulégc = 355 nm.

TABLE 2: Spectral Data and Decay Rate Constants for the
Radical Cations of Aromatic Sulfoxides 1*—5* Generated
by Laser Flash Photolysis of the NMQ@/1—-5 System in
CH:CN

OH-~ is probably much slower than with dialkyl sulfoxide radical
cations and can be followed on ths time scale.

(b) Laser Flash Photolysis in MeCN In the photochemical

studies radical cations were generated by sensitized laser flash

photolysis fexc = 355 nm) in MeCN withN-methylquinolinium
tetrafluoborate (NMQ) as the sensitizer. NMQis a very
efficient sensitizer whose excited statblf1Q*") is character-
ized by a very high reduction potential (2.7 V vs SCEpuch
higher than the oxidation potential of the aromatic sulfoxides
1-5 (around 2.0 V vs SCE, see Table“I}oluene (1 M) was
used as cosensitizer to reduce the efficiency of the back-electron

transfer process (eqs 6 and 7) and, consequently, to increase .5 -

the concentration of the transient formed within the laser plilse.
(6)

CeHsCH," + ArSOCH, — CH.CH, + ArSOCH,”" (7)

INMQ** + CiHsCH; — NMQ® + C¢H:CH,™"

Under these conditions, however, because of the strong
absorption of the sensitizer, our observation was necessarily
limited to theA > 360 nm region of the spectrum. Thus, the
laser photolysis of sulfoxide$—5 solutions produced spectra
where only the band of the radical cation in the visible region
of the spectrum could be observed. In deaerated MeCN, this
band overlapped to various extents with the absorptions at 400
and 540 nm due to the reducliémethylquinolinium (NMQ)1°
(see Figures S6S10 in the Supporting Information). Thus, the
laser photolysis experiments were carried out in the presence
of oxygen that, by quenching of NM@® permitted in all cases
the clear observation of the visible absorption of the aromatic
sulfoxide radical cations. As an example, the spectrum obtained
by the laser photolysis & in Oy-saturated CECN is reported
in Figure 2. The absorption spectra of the radical catibms
2t 4t and5*" are similar to that o+ and are reported in
Figures S11+S14 in the Supporting Information. For each
radical cation, théax value (Table 2) resulted almost identical
to that found for the visible absorption band in water in the
pulse radiolysis experiments.

To further support the assignment of the observed absorption
to the sulfoxide radical cation, the laser photolysiS8d¢2.1 x
1072 M) was carried out in the presence of 1,4-dimethoxy-

radical Amad €mad 2kole ko
cation (nmy (M~1cmbyP (s"cmp (M~ts™)
1 550 nd 3.6 x 107
2t 900 6400 2.1x 107 6.7 x 101°
3t 670 3050 3.8 107 5.8 x 101
4t 660 1930 3.1x 107 3.0x 101
5t 550 nd 1.8x 10/

an Og-saturated CECN, in the presence of toluene (1 M)In N2
saturated CECN. ¢ Not determined due to the superimposition of the
visible absorption band of the radical cation with that of NM@Qnax
= 540 nm).

0.04 +

0.03 +

<
<

0.01 1

0.00

T T 1
600 700 800

A (nm)
Figure 3. Absorption spectra of the NMQ(3.9 x 1072 M)/toluene
(1 M)/4-CHCgH4SOCH; (2.1 x 1072 M) system in N-saturated
CHCN in the presence of 1,4-dimethoxybenzene (2.9.0* M)

recorded 40 ns (filled squares), 180 ns (empty circles), ands3(filled
circles) after the laser pulsgex. = 355 nm.

T T
400 500

benzene (DMB) (2.9« 104 M). It was found that the 680 nm
absorption, observed 80 ns after the laser pulse, is replaced,
after 3us, by the spectrum of DMB radical catiofnfax = 430

and 460 nmP as clearly shown in Figure 3. Thus the initially
generated'" (E, = 1.95 V vs SCE) is successively reduced
by DMB (E = 1.3 V vs SCEX
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For the radical cationg*—4** the absorption bands resulted H3C 3

well separated from the absorption band of NM@Qnax = 540 07

nm) and could be observed also in deaerated MeCN. Under

these conditions, considering that the radical cation and NMQ — Hj

are formed in equimolar amounts and that the extinction O) 91

coefficient at 540 nm of NMQis known ¢ = 3600 M1 o o-

cm™1),22 it was possible to determine the molar extinction 1a 1b

coefficients for the absorptions @*—4". These values are  Figure 4. CHsSOMe conformers at the minimum (a) and at the
collected in Table 2. maximum of energy (b) in the rotation around thg-€S bond.

The decay rates of radical catiotrs —5+ were determined
under nitrogen and in the absence of toluene, by following the
change in optical density at the wavelengths corresponding to
the absorption maxima listed in Table 2. No buildup of any 4 |
transient was observed, and the decay rates followed second- o
order kinetics (see Figures S1519 in the Supporting Informa- :
tion). For2:t—4** similar decay rates were determined for the
radical cation and NMQ The decay rate constants), divided
by the extinction coefficiente], for all the radical cations, are
reported in Table 2; fop**—4** thek, values are also reported
which suggest a diffusion-controlled process. These results can )7/ N
be reasonably interpreted on the basis of a decay process Ne
dominated by a back electron transfer between the radical cation 2 1 7 ©
and NMQ. In agreement with this conclusion, only unreacted ya
sulfoxide was recovered in the NMQsensitized steady-state I
photolysis of sulfoxides. 0 +er50 ; ' ' ; ' ' '

0 20 40 60 80 100 120 140 160 180
Torsional dihedral angle ¢,

DFT Calculations Figure 5. Energy profiles for the internal rotation about thg-€S
bond in GHsSOMe () (filled circles) and GHsSOBu (6) (empty

DFT calculations, performed with the Gaussian 98 progfam circles).
using the three-parameter hybrid functional B3I12YRith the
6-311G* basis setS were carried out in order to obtain data on The energy profile for the internal rotation about thg-€S
the conformational equilibria, energy barriers for the internal bond in neutral @HsSOMe (1) is reported in Figure 5 (filled
rotation, geometry, charge, and spin distributions on the circles).
investigated alkyl aryl sulfoxide both in the neutral and in the  The calculated energy barrier for rotation around thg €S
radical cation forms. The DFT method was chosen because itbond, 6.0 kcal/mol, is in very good agreement with experimental
provides results for open-shell species that are often in betterobservations indicating that such a barrier should not exceed 6
agreement with the available experimental data than HF or MP2 kcal/mol?28 In this respect, our results compare well with those
calculationg’ DFT calculations are more attractive also with of previous calculations. Thus, a rotational barrier of 5.1 kcal/
respect to the very costly coupled cluster and quadratic mol has been recently obtained by MP2/6-31G* calculatfns,
configuration interaction methods. The potential energy for the whereas a slightly higher value (8.3 kcal/mol) has been reported
internal rotation was calculated as a function of the dihedral by Benassi et &l Full optimization of the geometric parameters
angles G2—Can—S—0 (¢1) and Gy2—Cari—S—Cai (¢2) by by MP2/6-31G* calculatiorf8 showed that the energy minimum
varying it by steps of 30 (or for some molecules at shorter conformation of GHsSOMe is reached ap, = 75° and the
intervals to better define the shape of the potential barrier) and energy maximum ap, = 18C°. Thus the preferred conformation
allowing the other parameters to be optimized. The minima and corresponds to an SO bond nearly eclipsed with the phenyl ring
maxima on the torsional potential were optimized. Harmonic as also suggested by Butenko etlal.
vibrational frequencies were calculated at the B3LYP/6-311G*  The conformational features of the sulfoxide appear to be
level to confirm that optimized structures correspond to local slightly sensitive to the bulkiness of the alkyl group. Thus, in
minima and to determine zero-point energy (ZPE) corrections. C¢HsSOQBu (6) conformation at the minimum of energy has
The barriers for internal rotations were calculated as the the dihedral angle £,—Ca1—S—0 (¢1) 9° below the aromatic
differences between the total energy of each conformation andring plane and the dihedral angle,&—Ca1—S+Bu (¢2) 100
that of the most stable conformer. Atomic charges and unpaired above the plane, and the sulfur atom always retains a pyramidal
electron spin densities were calculated using the Mulliken geometry with a dihedral angle of 30The energy profile for
population analysis. rotation around the £:—S bond of GHsSOtBu is shown in

(a) Neutral Sulfoxides. The B3LYP/6-311G* calculations  Figure 4 (empty circles). The maximum is found for the
on neutral GHsSOMe located the energy minimum on the conformation with thetert-butyl group in the planar position
potential function at the conformation with the dihedral angle and¢; = 11C°. The rotational energy barrier, however, is higher
Cara—Cann—S—0 (¢1) 7° below the aromatic ring plane and than with GHsSOMe, becoming 9.3 kcal/mol.
the dihedral angle £2—Car1—S—CHjs (¢2) 80° above the plane, The shape of these energy profiles as well as the rotational
Figure 4, conformationla. The maximum of energy was energy barriers suggest that the conformational equilibrium
obtained for the conformation with the-£H3; bond coplanar should be mainly controlled by the interaction of the alkyl group
with the aromatic ring angh; = 120° (Figure 4, conformation with the ortho hydrogen atoms of the aromatic ring in the
1b). In all conformers the sulfur atom always retains a pyramidal conformer where the S-alkyl bond is parallel to the ring plane
geometry with a dihedral angle of 30 (e.g.1bin Figure 4).
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Figure 6. Bond lengths for the most stable ArSOR-6) conformers.

The calculated bond distances igHeSOMe2 and GHs-

SOBu are reported in Figure 6 together with the geometries of

a number of paraubstituted phenyl methyl sulfoxides (com-
pounds2—5in Chart 1) in the minimum energy conformation.

It can be noted that the para substituent does not exert a

significant effect upon the geometry of ArSOMe. Thus, both

the Gi1—S and SO bond lengths remain practically unchanged

in the presence of either electron withdrawing or donating

substituents. This would suggest that there is no significant
conjugative interaction between the ring and the SOMe group,
a conclusion that appears confirmed by the fact that the SO

bond length in dimethyl sulfoxide (1.509 &)is almost identical
to that in GHsSOMe (1.511 Ap4 A contrary indication, how-

-0.576 -0.035

Baciocchi et al.

- -0.038
O\+/CH3 CH3
S$70.704 S 0.701
-0.249 -0.249
0.078 0.029 0.074
0.021 0.013 0.005
0.071
0.015

-0.029 -0.568 -0.023 -0.0579 -0.032
#CH, 0, 4CHs O, 4C(CHs)s
S $70.715 3
0.709 0.703
-0.247 -0.236 -0.313
0.036 0.083 0.037 0.115 0.060
0.075 0.080 0.071  0.016 0.013
-0.121 0.029 0.017
0.023 | | 6
0211 N

5

Figure 7. Mulliken charges for the most stable ArSOR—6)
conformers (hydrogen atoms are summed into the attached carbon
atoms).

"o CHy TO_ CH
h 2+\|s/
A B

oo CH3

Figure 8.
H3C

ever, seems to come from the observation that the charge distri-

bution is affected by the nature of the para substituent (Figure
7). In particular, the positive charge density present in the SOMe
group regularly increases as we move from electron donating Figure 9. CeHsSOMe*

to electron withdrawing substituents (MeMe<H<Br<CN).
As a matter of fact, the positive charge density in the SOMe

oo o.

1*a ™b
conformers at the minimum (a) and at the
maximum of energy (b) in the rotation around thg-€S bond.

group is 0.093 in the unsubstituted sulfoxide, decreases t0 0.080 The energy profiles for the rotation around thg:c S bond

in 4-MeOGH4SOMe, but increases to 0.124 in 4-CpG-

are shown in Figure 10 for ElsSOMe™ (1°7), 4-MeOGH,-

SOMe. Thus, it would seem that SOMe group may to some goMet* (2++), 4-MeGH,SOMe™ (3+), and 4-CNGH.SOMe™*
extent behave as an electron donating group by a resonancgs:+). The rotational energy barrier is 3.9 kcal/mol ®F, 4.0

effect involving the sulfur lone pair (Figure 8, structuBg.

kcal/mol for1:*, 5.1 kcal/mol for3**, and 6.9 kcal/mol foe+,

Interestingly, a resonance effect of this type has been recentlyslightly increasing as we move from electron withdrawing to

suggested by Rosini et #l.at least for aryl methyl sulfoxides
with electron withdrawing substituents on the basis of UV and
CD spectra. It can be added that, in line with the above
reasoning, the MeSO group is an orthgara orienting group

in electrophilic aromatic substitutiords.

(b) Sulfoxide Radical Cations.Conformational Studies and
Bond DistancesFor GHsSOMe™ the energy minimum con-
formation (therefrom indicated as the stable conformation)
corresponds to the conformer wigh = 3° below the aromatic
ring plane andp, = 70° above the planelfta in Figure 9),
while the conformer withg; = 90° and ¢, = 15C° is at a
maximum in energyX**b in Figure 9). A very similar situation

is observed with the para-substituted derivatives. In the radical

electron donating substituents. The origin of this barrier is
probably not steric, since steric interactions between the methyl
group and ortho hydrogens should not be very different in
conformationsl**a and1"b (Figure 9). Electronic effects may
be into play (vide infra).

The geometries of the stable conformations of the sulfoxide
radical cations are reported in Figure 11. In all cases, these
geometries do not significantly change on passing to the
conformation at the maximum of energy, apart from a little
increase (about 0.02 A) in the=® bond length (see Figure
S20 in the Supporting Information for the two conformations
1*fa and 1**h).

For what concerns the charge and spin density values reported

cations too the sulfur atom always exhibits a pyramidal geometry in Figure 12 (Mulliken charges and spin populations), calcula-

with a dihedral angle of 30in all the conformers.

tions indicate that il*™ charge and spin are mainly (ca. 70%)
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Figure 11. Bond lengths for the stable ArSOMeconformers.
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on sulfur and oxygen, which is in substantial agreement with Figure 14. Spin distribution for GHsSOMe* conformers at the
the indication that in gHsSOMe the highest occupied molecular minimum (a) and at the maximum of energy (b) (hydrogen atoms are
orbital (HOMO) should reside on the SOMe group, beinga summed into the attached carbon atoms).

orbital formed by the combination of S and O lone péfrs.

The positive charge is mainly localized on sulfur, whereas  Further support comes from the observation that the $h
the most significant fraction of the spin is on oxygen. Thus, bond distance in the stable conformationiof (1.77 A) is
structureA in Figure 13 should be the one mainly contributing slightly shorter than that (1.83 A) in the parent sulfoxide and
to the resonance hybrid di**. However, a very interesting  that the ring in1** exhibits a slight, yet well-defined quinoid
observation is that a substantial fraction of both spin and chargestructure.

(more than 20%) is also delocalized on the ring, particularly at  Such a conjugation appears to be significantly enhanced by
the ortho and para positions. This suggests some conjugativethe presence of theMeO group. Accordingly2'* in the stable
interaction in the radical cation between the MeSO group and conformation exhibits a well-defined quinoidic structure (Figure
the ring, which might be described by struct@én Figure 13.  11) and presents a large (almost 50%) extent of spin and charge

This hypothesis is consistent with the finding that such spin delocalization in the ring (Figure 12), much higher than that of
delocalization strongly decreases as we pass from the stablehe other radical cations, which might also explain the fact that
conformationl*ta (Figure 9) to the maximum energy confor- 2+ presents the highest rotational barrier (see Figure S21 in
mation1°*tb (Figure 14). Probably, this reduced spin delocal- the Supporting Information). Even though the above picture is
ization in 1**b is at the origin of the rotational barrier around reasonable, it remains the puzzling finding that there are no
the Gi—S bond mentioned above. significant changes in the-80 and Ph-S bond lengths as we
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TABLE 3: Calculated lonization Energy for going from ED to EW substituents the positive charge density
4-X—C¢H4SOMe (1-5) on the SOMe group of the neutral sulfoxide increases which
sulfoxide IE calc (eV) should make more difficult the removal of the electron from
2 (X = OMe) 7.75 this group.
3(X = Me) 8.02
1(X=H) 8.20 Summary and Conclusions
4(X =Br) 8.23 N . . .
5(X = CN) 859 For the first time, information on spectral properties and the

structure of aryl methyl sulfoxide radical cations is reported.
move from 1'* to 2°*. As in neutral sulfoxides also in the Nwater, the radical cations of 4-XC¢H,SOMe (X= H, OMe,

corresponding radical cations the bond distance might not be M, Br, CN), generated by pulse radiolysis at pH 4, present an

very sensitive probes for the operation of resonance effects. intense absorption in the UV region (ca 300 nm) and a broad

In contrast with the strong electron donating para-OMe, the less intense bgnd in the visible region (between_SOO and_lOOO
strong electron withdrawing para-CN " does not substan- nm) whose position d_epends on the nature of the ring substituent.
tially modify the charge and spin distribution observed for the At @ very low radiation dose, the radical cations decayed by
unsubstituted sulfoxide radical cation in both the conformers first-order kinetic at a rate which increased by increasing pH.
at the minimum and at the maximum of energy (Figures 12, 1ne decay probably involves a reaction 0fGH(or “OH) at

14, and Figure S21 in the Supporting Information). Thus, the the positively charged sulfur. _

rotational barrier is similar fofi*+ and5-+. Sulfoxide radical cations were also gene_‘rated in MeCN by
lonization PotentialsThe above discussion has shown that 1aser flash photolysis of the neutral sulfoxides, sensitized by

the greater portion of charge and spin in ArSOMis located N-methylquinolinium tetrafluoroborate. In these experiments,

on the SOMe group. Thus, the aryl methyl sulfoxide radical due to the sens_itizer a_bsorption, only the Ionger_ Wavelen_gth

cations should be substantially seen as sulfoxide radical cations?2nds of the radical cations could be observed. With all radical

even though with some significant charge and spin delocalization Ctions thetmax value for this band was practically identical to
in the ring, particularly when a strong electron donating group that observedin 0. The decays of the radical cations followed
is present. second-order kinetics and were attributed to the back electron

This view is fully confirmed by the observation that the transfer process. / A sh dthat b .
experimental ionization potential of PhSOMe (8.82 #\} DFT calculations (B3LYP/6-311g") showed that, by rotation

lower than that of benzene (9.23 e¥)which clearly suggests around th"_:‘ &S bond,_the energy minimum is obtained fof a
that the electron is removed from an orbital mainly located on conformation of the radical catlt_)n where sulfur has a p_yramldal
the SOMe group as previously concluded. On the other hand, 980metry and the SO bond is almost coplanar with the

if the electron would have been removed from the aromatic ring, &"omatic ring. The rotational barrier is rather low, ranging from
then a much higher value than 9.23 eV would have been 3.9 to 6.9 kcal/mol. Calculations also indicate that positive
expected, given the high electron attracting power of the SOMe charge and spin densities are predomlnantly located on the SO
group G,(SOMe) = 0.49)%° For example, an IE of 9.70 has  9rOUP (more charge on sulfur and more spin on oxygen), but
been mgasured foreBlsCFs* (0(CFs) = 0.54). Very likely there is a substantial delocalization on the ring, around 30%
this conclusion also holds f@&—5, whereas for the 4-methoxy for x - H M_e, Br, al_nd CN and almost 50% for % OMe. A
derivative @) a significant contribution of the aromatic system conjugative interaction between the SOMe group and the
is probable. Accordingly, the oxidation potential of 4-MepiG: aromaticz-system is suggested.

SOMe (1.90 V vs SCE, see Table 1) is not much lower than Calculations of the ionization potential of the parent sulfox-
that of anisole (1.96 V' vs SCE.On the other hand, DFT ides were also performed. Values were obtained confirming that

calculations have shown that B* there is almost 50% spin e electron is removed from the SOMe group and not from
delocalization in the ring. the aromatic ring, even though _cha_rge and spin are partially

Finally, we have also calculated the gas-phase adiabaticdelocalized on the ring. The ionization p.otentlal.s were found
ionization energy (IE), that is the difference between the total to degrease as we move frpm electron withdrawing to e'ec“.“.’”
energy of the optimized neutral substrate and that of optimized donating X subsntu_ents. Th_|s trend can be related to the stability
radical cation (with the correction of the ZPE), for the sulfoxides of th? formed radical cation or/and to the f‘f‘Ct that as _the
investigated, and the results are listed in Table 3. The reliability SUPstituent becomes more electron withdrawing the positive
of the calculated valué3(at least for an internal comparison) charge density on the SOMe group increases.
is shown by the good correlation between the calculated IEs
and the experimentd, values (Table 1)ré = 0.96) (Figure
S22 in the Supporting Information). Materials. Milli-Q-filtered water was used for all solutions.

The calculated IEs are significantly influenced by the CH;CN (spectrophotometric grade) and toluene were used as
substituent effect. Namely, the |IE increases of 0.84 eV as we received. Potassium peroxydisulfate and 2-methyl-2-propanol
move from electron donating to electron withdrawing substit- were of the highest commercial quality availabi:methyl-
uents, i.e., in the order Me& Me < H < Br < CN. This quinolinium tetrafluoborate was prepared according to a litera-
increase parallels the corresponding increase in the peakture proceduré® Methyl phenyl sulfoxide 1) and methyp-tolyl
oxidation potentials. The spread is larger with the ionization sulfoxide @), p-methoxyphenyl methyl sulfidg-bromophenyl
energies than with the oxidation potentials (0.26 eV for the same methyl sulfide, andp-cyanophenyl methyl sulfide are com-
structural variation), which is probably due to the operation of mercially availabletert-Butyl phenyl sulfide was prepared by
a leveling effect of the solvent in the second case. the acid catalyzed reaction of thiophenol witert-butyl

Two factors may be called into play to rationalize the alcohol** p-Methoxyphenyl methyl sulfoxide?2j, p-bromo-
substituent effects upon the ionization energies. First, the radicalphenyl methyl sulfoxide4), p-cyanophenyl methyl sulfoxide
cation might be stabilized more by electron donating than by (5), and ert-butyl phenyl sulfoxide&) were prepared by reaction
electron withdrawing substituents. Second, as mentioned beforepf the corresponding sulfides with sodium metaperiodate in

Experimental Section
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aqueous ethanol solutidh Phenyl trideuteriomethyl sulfoxide
was synthesized according to a literature procedtre.
Pulse Radiolysis ExperimentsThe pulse radiolysis experi-
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CH3CN), bond lengths fol** conformers at the minimum and
at the maximum of energy, spin populations ®F and 5"
conformers at the minimum and at the maximum of energy,

ments were performed using a 10 MeV electron linear accelera- correlation between the calculated gas-phase adiabatic ionization

tor which supplied 0.22 us pulses with doses between 2 and
20 Gy. Dosimetry was performed with,®-saturated 1 M
aqueous KSCN solutions, for which G[(S@N] = 6.0 x 107
mol J1 and ¢[(SCNp)*"] = 7600 M1 cm™! at 480 nnt’

energy (IEs) and experimenta} for 15, Cartesian coordinates,
and energy of neutral sulfoxides and sulfoxide radical cations.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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