
Aryl Sulfoxide Radical Cations. Generation, Spectral Properties, and Theoretical
Calculations

Enrico Baciocchi,† Tiziana Del Giacco,*,‡ Maria Francesca Gerini,† and Osvaldo Lanzalunga*,†
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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
H2O or OH- (in basic solutions) to the positively charged sulfur atom to give the radical ArSO(OH)CH3

•. By
sensitized [N-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 of NMQ+.
Theλmax 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 (X) H, Me,
Br, OMe, CN) aromatic sulfoxide radical cations (and their neutral parents). In all radical cations, the
conformation with the S-O 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 the S-O bond 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
experimentalEp potentials measured by cyclic voltammetry.

Introduction

Sulfoxide is a functional group of great interest for its
importance in organic synthesis1 as well as for the biological
activity and its involvement in the general metabolism of many
biologically important sulfides.2 Thus, the reactivity of sulfox-
ides in polar, radical, and photochemical processes has been
the object of much investigation.3 In contrast, the behavior of
sulfoxides in electron transfer oxidation reactions has been little
studied, probably due to the relatively high oxidation potential
of these species.4 Consequently, little is known about sulfoxide
radical cations, the few studies presently available exclusively
concerning dialkyl sulfoxide radical cations.5 Very surprisingly,
almost nothing6-8 is known about aromatic sulfoxide radical
cations, while these species, having a redox potential lower than

that of the dialkyl counterparts,4 should have more chances to
be involved in oxidative chemical and biochemical transforma-
tions. In this respect, it is useful to mention that an electron-
transfer process has been suggested in the oxidation of aromatic
sulfoxides by cytochrome P-450.9 Moreover, according to recent
results7,8 also the reaction of aromatic sulfoxides with iron(III)-
and ruthenium(III)-polypiridyl complexes seems to involve an
electron-transfer mechanism.

In view of our continuous involvement in radical cations
chemistry,10 we have considered it of interest to devote our
attention to aromatic sulfoxide radical cations, and in this paper
we now report on a pulse radiolysis and flash photolysis study
concerning generation and spectral properties of the radical
cations of a number of aromatic sulfoxides (Chart 1). DFT
calculations providing geometrical properties, rotational barriers
around the ArS(O)-C bond, charges, and spin densities are also
reported. For comparison purpose calculations have been carried
out also on the parent sulfoxides. As far as we know this is the
first study describing spectral properties and main structural
features of aromatic sulfoxide radical cations.
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Generation and Absorption Spectra of Aromatic
Sulfoxide Radical Cations

(a) Pulse Radiolysis Experiments in H2O. The radical
cations1•+-5•+ were generated from the parent sulfoxides as
described by Kishore and Asmus for the dialkyl sulfoxide radical
cations.11 Namely,1•+-5•+ were produced by pulse radiolysis,
in argon-saturated aqueous solution containing 2-methyl-2-
propanol (0.5 M) at pH 4.0, by reaction of1-5 with the strongly
oxidizing sulfate radical anion (SO4•-) (E° ca. 2.5 V vs NHE)12

(eqs 1-4).

The hydroxyl radical (•OH) is scavenged by 2-methyl-2-
propanol (eq 2) withk ) 6 × 108 M-1 s-1,13 while the hydrated
electron (eaq

-) reacts with the peroxydisulfate anion leading to
the formation of SO4•- (eq 3), withk ) 1.2 × 1010 M-1 s-1.13

The absorption spectrum observed for the reaction of3 recorded
10 µs after the electron pulse is displayed in Figure 1. The
absorption spectra of radical cations1•+, 2•+, 4•+, and5•+ are
reported in Figures S1-S4 in the Supporting Information.14

With all sulfoxides, the absorption spectra showed an intense
absorption band in the UV region and a broad less intense band
in the visible region (500-1000 nm) whose position appears
to depend on the nature of the ring substituent. The two bands
decay with the same rate, so they belong to the same species,
the sulfoxide radical cation. As expected for a radical cation,
the two bands are unaffected by the presence of oxygen.

It is interesting to note that only the UV band was observed
by Kishore and Asmus for dialkyl sulfoxide radical cations,11

which suggests that the additional visible absorption bands
observed for1•+-5•+ should be associated with an electronic
transition involving the aromatic moiety.15

The λmax values for the absorptions of radical cations1•+-
5•+ are collected in Table 1. As already noted, the position of
the absorption band in the visible region is influenced by the
nature of the ring substituent. In particular, with respect to1•+,
λmax of this band increases in the presence of either electron
withdrawing (EW) (4•+, 5•+) or electron donating (ED) (2•+,
3•+) para ring substituents, the higher effects being observed
with the strong ED 4-MeO group. Kishore and Asmus have
suggested that sulfoxide radical cations in water are probably
associated with a molecule of water.11 This possibility seems
unlikely for aromatic sulfoxide radical cations since, as we will
see later, theλmax value of the visible band remains practically
unchanged when water is replaced by MeCN, as the solvent. If
a radical cation-water complex is formed also with aromatic
sulfoxide radical cations it should be a very loose complex.

The time-evolution of the absorption spectra showed that for
all radical cations, the decay of the two bands is not ac-
companied by the buildup of any transient absorbing signifi-
cantly in the UV-vis region of the spectrum. The decay rate
of 1•+-5•+, measured spectrophotometrically by following the
change in optical density at the wavelengths corresponding to
the absorption maxima, was found to be dose dependent. At
higher doses, the radical cations were found to decay by a mixed
first-second-order reaction, whereas at the lowest dose (ca. 2
Gy/pulse), the decays fitted first-order kinetics (see insets of
Figures 1 and S1-S4 in the Supporting Information). It was
also found that the decay rate is pH dependent, increasing as
pH increases. Namely, the decay rate of1•+ increases from 7.1
× 103 s-1 at pH 4.5 to 1.2× 105 s-1 at pH 9.1 (see Figure S5
in the Supporting Information). However, we found that the
yield in radical cation does not decrease by increasing pH as
instead it was observed for dialkyl sulfoxide radical cations
(Figure S5). We will comment on this point later on.

The first-order rate constants (k1) for the decay of1•+-5•+

determined at low doses at pH 4 are reported in Table 1. In the
same table are also displayed the peak reduction potentials of
the radical cations which have been measured by cyclic
voltammetry (see the Supporting Information). By looking at
these data, it can be observed that the rate of decay increases
as the reduction potential of the radical cation becomes higher,
that is as the radical cation becomes less stable.

Concerning the nature of the decay, the increase in the decay
rate by increasing pH clearly suggests a reaction of the radical

CHART 1

•OH + CH3C(CH3)2OH f H2O + •CH2C(CH3)2OH (2)

e-
aq + S2O8

2- f SO4
2- + SO4

•- (3)

SO4
•- + ArSOCH3 f SO4

2- + ArSOCH3
•+ (4)

Figure 1. UV-vis absorption spectrum of radical cation3•+ observed
on reaction of SO4•- with 3 (0.5 mM) atT ) 25 °C, recorded after
pulse radiolysis of an Ar-saturated aqueous solution at pH) 4.0,
containing 0.5 M 2-methyl-2-propanol at 10µs after the 2µs, 10-MeV
electron pulse. Inset: decay of the absorption at 670 nm recorded after
a 0.2µs, 10-MeV electron pulse.

TABLE 1: Optical Absorption Peaks, Rate Constants for
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
Experimental Peak Reduction Potential of 1•+-5•+

radical cation λmax/(nm)a k (s-1)b Ep (V vs SCE)c

1•+ 320,550 4.0× 103 2.01
2•+ 300,900 2.8× 103 1.90
3•+ 330,670 3.8× 103 1.95
4•+ 340,660 1.4× 104 2.06
5•+ 330,560 6.8× 104 2.16

a Doses 20 Gy/pulse.b Doses 2 Gy/pulse.c Determined by cyclic
voltammetry in MeCN, Bu4NBF4 (0.1 M) as the supporting electrolyte.
[sulfoxide] ) 2.0 mM. Voltage sweep rate 500 mV/s-1.
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cation with H2O in acidic solution and a faster reaction with
hydroxide ion in basic solution. Since we found similar decay
rates for C6H5SOCH3

•+ and C6H5SOCD3
•+ 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 decays of1•+-5•+

involve the nucleophilic attack of H2O (at pH 4) or OH- (at
pH 9) to the positively charged sulfur atom to give the radical
ArSO(OH)CH3

• (eq 5), as suggested by Kishore and Asmus
for dialkyl sulfoxide radical cations.11

An interesting observation is that the radical cation yield
(measured for1•+) resulted pH independent in the 4.0-9.1 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 of H2O/
OH- is probably much slower than with dialkyl sulfoxide radical
cations and can be followed on theµs time scale.

(b) Laser Flash Photolysis in MeCN. In the photochemical
studies radical cations were generated by sensitized laser flash
photolysis (λexc ) 355 nm) in MeCN withN-methylquinolinium
tetrafluoborate (NMQ+) as the sensitizer. NMQ+ is a very
efficient sensitizer whose excited state (1NMQ+*) is character-
ized by a very high reduction potential (2.7 V vs SCE),16 much
higher than the oxidation potential of the aromatic sulfoxides
1-5 (around 2.0 V vs SCE, see Table 1).4 Toluene (1 M) was
used as cosensitizer to reduce the efficiency of the back-electron-
transfer process (eqs 6 and 7) and, consequently, to increase
the concentration of the transient formed within the laser pulse.17

Under these conditions, however, because of the strong
absorption of the sensitizer, our observation was necessarily
limited to theλ > 360 nm region of the spectrum. Thus, the
laser photolysis of sulfoxides1-5 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 reducedN-methylquinolinium (NMQ•)19

(see Figures S6-S10 in the Supporting Information). Thus, the
laser photolysis experiments were carried out in the presence
of oxygen that, by quenching of NMQ•,16 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 of3 in O2-saturated CH3CN is reported
in Figure 2. The absorption spectra of the radical cations1•+,
2•+, 4•+, and5•+ are similar to that of3•+ and are reported in
Figures S11-S14 in the Supporting Information. For each
radical cation, theλmax 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 photolysis of3 (2.1×
10-2 M) was carried out in the presence of 1,4-dimethoxy-

benzene (DMB) (2.9× 10-4 M). It was found that the 680 nm
absorption, observed 80 ns after the laser pulse, is replaced,
after 3µs, by the spectrum of DMB radical cation (λmax ) 430
and 460 nm)20 as clearly shown in Figure 3. Thus the initially
generated3•+ (Ep ) 1.95 V vs SCE) is successively reduced
by DMB (E ) 1.3 V vs SCE).21

Figure 2. Absorption spectra of the NMQ+ (3.9 × 10-3 M)/toluene
(1 M)/4-CH3C6H4SOCH3 (1.5 × 10-2 M) system in O2-saturated
CH3CN recorded 80 ns after the laser pulse.λexc ) 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
CH3CN

radical
cation

λmax/
(nm)a

εmax/
(M-1 cm-1)b

2k2/ε
(s-1cm)b

k2

(M-1 s-1)

1•+ 550 ndc 3.6× 107

2•+ 900 6400 2.1× 107 6.7× 1010

3•+ 670 3050 3.8× 107 5.8× 1010

4•+ 660 1930 3.1× 107 3.0× 1010

5•+ 550 ndc 1.8× 107

a In O2-saturated CH3CN, in the presence of toluene (1 M).b In N2-
saturated CH3CN. c Not determined due to the superimposition of the
visible absorption band of the radical cation with that of NMQ• (λmax

) 540 nm).

Figure 3. Absorption spectra of the NMQ+ (3.9 × 10-3 M)/toluene
(1 M)/4-CH3C6H4SOCH3 (2.1 × 10-2 M) system in N2-saturated
CH3CN in the presence of 1,4-dimethoxybenzene (2.9× 10-4 M)
recorded 40 ns (filled squares), 180 ns (empty circles), and 3.1µs (filled
circles) after the laser pulse.λexc ) 355 nm.

1NMQ*+ + C6H5CH3 f NMQ• + C6H5CH3
•+ (6)

C6H5CH3
•+ + ArSOCH3 f C6H5CH3 + ArSOCH3

•+ (7)
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For the radical cations2•+-4•+ the absorption bands resulted
well separated from the absorption band of NMQ• (λmax ) 540
nm) and could be observed also in deaerated MeCN. Under
these conditions, considering that the radical cation and NMQ•

are formed in equimolar amounts and that the extinction
coefficient at 540 nm of NMQ• is known (ε ) 3600 M-1

cm-1),22 it was possible to determine the molar extinction
coefficients for the absorptions of2•+-4•+. These values are
collected in Table 2.

The decay rates of radical cations1•+-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
transient was observed, and the decay rates followed second-
order kinetics (see Figures S15-S19 in the Supporting Informa-
tion). For2•+-4•+ similar decay rates were determined for the
radical cation and NMQ•. The decay rate constants (k2), divided
by the extinction coefficient (ε), for all the radical cations, are
reported in Table 2; for2•+-4•+ thek2 values are also reported
which suggest a diffusion-controlled process. These results can
be reasonably interpreted on the basis of a decay process
dominated by a back electron transfer between the radical cation
and NMQ•. In agreement with this conclusion, only unreacted
sulfoxide was recovered in the NMQ+ sensitized steady-state
photolysis of sulfoxide3.

DFT Calculations

DFT calculations, performed with the Gaussian 98 program24

using the three-parameter hybrid functional B3LYP25 with the
6-311G* basis set,26 were carried out in order to obtain data on
the conformational equilibria, energy barriers for the internal
rotation, geometry, charge, and spin distributions on the
investigated alkyl aryl sulfoxide both in the neutral and in the
radical cation forms. The DFT method was chosen because it
provides results for open-shell species that are often in better
agreement with the available experimental data than HF or MP2
calculations.27 DFT calculations are more attractive also with
respect to the very costly coupled cluster and quadratic
configuration interaction methods. The potential energy for the
internal rotation was calculated as a function of the dihedral
angles CAr2-CAr1-S-O (φ1) and CAr2-CAr1-S-CAlk (φ2) by
varying it by steps of 30° (or for some molecules at shorter
intervals to better define the shape of the potential barrier) and
allowing the other parameters to be optimized. The minima and
maxima on the torsional potential were optimized. Harmonic
vibrational frequencies were calculated at the B3LYP/6-311G*
level to confirm that optimized structures correspond to local
minima and to determine zero-point energy (ZPE) corrections.
The barriers for internal rotations were calculated as the
differences between the total energy of each conformation and
that of the most stable conformer. Atomic charges and unpaired
electron spin densities were calculated using the Mulliken
population analysis.

(a) Neutral Sulfoxides.The B3LYP/6-311G* calculations
on neutral C6H5SOMe located the energy minimum on the
potential function at the conformation with the dihedral angle
CAr2-CAr1-S-O (φ1) 7° below the aromatic ring plane and
the dihedral angle CAr2-CAr1-S-CH3 (φ2) 80° above the plane,
Figure 4, conformation1a. The maximum of energy was
obtained for the conformation with the S-CH3 bond coplanar
with the aromatic ring andφ1 ) 120° (Figure 4, conformation
1b). In all conformers the sulfur atom always retains a pyramidal
geometry with a dihedral angle of 30°.

The energy profile for the internal rotation about the CAr-S
bond in neutral C6H5SOMe (1) is reported in Figure 5 (filled
circles).

The calculated energy barrier for rotation around the CAr1-S
bond, 6.0 kcal/mol, is in very good agreement with experimental
observations indicating that such a barrier should not exceed 6
kcal/mol.28 In this respect, our results compare well with those
of previous calculations. Thus, a rotational barrier of 5.1 kcal/
mol has been recently obtained by MP2/6-31G* calculations,29

whereas a slightly higher value (8.3 kcal/mol) has been reported
by Benassi et al.30 Full optimization of the geometric parameters
by MP2/6-31G* calculations29 showed that the energy minimum
conformation of C6H5SOMe is reached atφ2 ) 75° and the
energy maximum atφ2 ) 180°. Thus the preferred conformation
corresponds to an SO bond nearly eclipsed with the phenyl ring
as also suggested by Butenko et al.31

The conformational features of the sulfoxide appear to be
slightly sensitive to the bulkiness of the alkyl group. Thus, in
C6H5SOtBu (6) conformation at the minimum of energy has
the dihedral angle CAr2-CAr1-S-O (φ1) 9° below the aromatic
ring plane and the dihedral angle CAr2-CAr1-S-tBu (φ2) 100°
above the plane, and the sulfur atom always retains a pyramidal
geometry with a dihedral angle of 30°. The energy profile for
rotation around the CAr1-S bond of C6H5SOtBu is shown in
Figure 4 (empty circles). The maximum is found for the
conformation with thetert-butyl group in the planar position
andφ1 ) 110°. The rotational energy barrier, however, is higher
than with C6H5SOMe, becoming 9.3 kcal/mol.

The shape of these energy profiles as well as the rotational
energy barriers suggest that the conformational equilibrium
should be mainly controlled by the interaction of the alkyl group
with the ortho hydrogen atoms of the aromatic ring in the
conformer where the S-alkyl bond is parallel to the ring plane
(e.g.1b in Figure 4).

Figure 4. C6H5SOMe conformers at the minimum (a) and at the
maximum of energy (b) in the rotation around the CAr-S bond.

Figure 5. Energy profiles for the internal rotation about the CAr-S
bond in C6H5SOMe (1) (filled circles) and C6H5SOtBu (6) (empty
circles).

Aryl Sulfoxide Radical Cations J. Phys. Chem. A, Vol. 110, No. 32, 20069943



The calculated bond distances in C6H5SOMe32 and C6H5-
SOtBu are reported in Figure 6 together with the geometries of
a number of para-substituted phenyl methyl sulfoxides (com-
pounds2-5 in 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 CAr1-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 Å)33 is almost identical
to that in C6H5SOMe (1.511 Å).34 A contrary indication, how-
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
to electron withdrawing substituents (MeO<Me<H<Br<CN).
As a matter of fact, the positive charge density in the SOMe
group is 0.093 in the unsubstituted sulfoxide, decreases to 0.080
in 4-MeOC6H4SOMe, but increases to 0.124 in 4-CNC6H4-
SOMe. Thus, it would seem that SOMe group may to some
extent behave as an electron donating group by a resonance
effect involving the sulfur lone pair (Figure 8, structureB).

Interestingly, a resonance effect of this type has been recently
suggested by Rosini et al.36 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 ortho-para orienting group
in electrophilic aromatic substitutions.37

(b) Sulfoxide Radical Cations.Conformational Studies and
Bond Distances.For C6H5SOMe•+ the energy minimum con-
formation (therefrom indicated as the stable conformation)
corresponds to the conformer withφ1 ) 3° below the aromatic
ring plane andφ2 ) 70° above the plane (1•+a in Figure 9),
while the conformer withφ1 ) 90° and φ2 ) 150° is at a
maximum in energy (1•+b in Figure 9). A very similar situation
is observed with the para-substituted derivatives. In the radical
cations too the sulfur atom always exhibits a pyramidal geometry
with a dihedral angle of 30° in all the conformers.

The energy profiles for the rotation around the CAr1-S bond
are shown in Figure 10 for C6H5SOMe•+ (1•+), 4-MeOC6H4-
SOMe•+ (2•+), 4-MeC6H4SOMe•+ (3•+), and 4-CNC6H4SOMe•+

(5•+). The rotational energy barrier is 3.9 kcal/mol for5•+, 4.0
kcal/mol for1•+, 5.1 kcal/mol for3•+, and 6.9 kcal/mol for2•+,
slightly increasing as we move from electron withdrawing to
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
conformations1•+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 Å) in the S-O bond length (see Figure
S20 in the Supporting Information for the two conformations
1•+a and1•+b).

For what concerns the charge and spin density values reported
in Figure 12 (Mulliken charges and spin populations), calcula-
tions indicate that in1•+ charge and spin are mainly (ca. 70%)

Figure 6. Bond lengths for the most stable ArSOR (1-6) conformers.

Figure 7. Mulliken charges for the most stable ArSOR (1-6)
conformers (hydrogen atoms are summed into the attached carbon
atoms).

Figure 8.

Figure 9. C6H5SOMe•+ conformers at the minimum (a) and at the
maximum of energy (b) in the rotation around the CAr-S bond.
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on sulfur and oxygen, which is in substantial agreement with
the indication that in C6H5SOMe the highest occupied molecular
orbital (HOMO) should reside on the SOMe group, being aσ*
orbital formed by the combination of S and O lone pairs.38

The positive charge is mainly localized on sulfur, whereas
the most significant fraction of the spin is on oxygen. Thus,
structureA in Figure 13 should be the one mainly contributing
to the resonance hybrid of1•+. However, a very interesting
observation is that a substantial fraction of both spin and charge
(more than 20%) is also delocalized on the ring, particularly at
the ortho and para positions. This suggests some conjugative
interaction in the radical cation between the MeSO group and
the ring, which might be described by structureB in Figure 13.

This hypothesis is consistent with the finding that such spin
delocalization strongly decreases as we pass from the stable
conformation1•+a (Figure 9) to the maximum energy confor-
mation1•+b (Figure 14). Probably, this reduced spin delocal-
ization in 1•+b is at the origin of the rotational barrier around
the CAr-S bond mentioned above.

Further support comes from the observation that the Ph-S
bond distance in the stable conformation of1•+ (1.77 Å) is
slightly shorter than that (1.83 Å) in the parent sulfoxide and
that the ring in1•+ exhibits a slight, yet well-defined quinoid
structure.

Such a conjugation appears to be significantly enhanced by
the presence of thep-MeO group. Accordingly,2•+ in the stable
conformation exhibits a well-defined quinoidic structure (Figure
11) and presents a large (almost 50%) extent of spin and charge
delocalization in the ring (Figure 12), much higher than that of
the other radical cations, which might also explain the fact that
2•+ presents the highest rotational barrier (see Figure S21 in
the Supporting Information). Even though the above picture is
reasonable, it remains the puzzling finding that there are no
significant changes in the S-O and Ph-S bond lengths as we

Figure 10. Energy profiles for the internal rotation about the CAr-S
bond in C6H5SOMe•+ (1•+) (filled circles), 4-MeOC6H4SOMe•+ (2•+)
(filled squares), 4-MeC6H4SOMe•+ (3•+) (empty circles), and 4-CNC6H4-
SOMe•+ (5•+) (empty squares).

Figure 11. Bond lengths for the stable ArSOMe•+ conformers.

Figure 12. Mulliken charges (upper lines) and Mulliken spin popula-
tions (lower lines) for the most stable ArSOMe•+ (1•+-5•+) conformers
(hydrogen atoms are summed into the attached carbon atoms).

Figure 13.

Figure 14. Spin distribution for C6H5SOMe•+ conformers at the
minimum (a) and at the maximum of energy (b) (hydrogen atoms are
summed into the attached carbon atoms).
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move from 1•+ to 2•+. As in neutral sulfoxides also in the
corresponding radical cations the bond distance might not be
very sensitive probes for the operation of resonance effects.

In contrast with the strong electron donating para-OMe, the
strong electron withdrawing para-CN in5•+ does not substan-
tially modify the charge and spin distribution observed for the
unsubstituted sulfoxide radical cation in both the conformers
at the minimum and at the maximum of energy (Figures 12,
14, and Figure S21 in the Supporting Information). Thus, the
rotational barrier is similar for1•+ and5•+.

Ionization Potentials.The above discussion has shown that
the greater portion of charge and spin in ArSOMe•+ is located
on the SOMe group. Thus, the aryl methyl sulfoxide radical
cations should be substantially seen as sulfoxide radical cations,
even though with some significant charge and spin delocalization
in the ring, particularly when a strong electron donating group
is present.

This view is fully confirmed by the observation that the
experimental ionization potential of PhSOMe (8.82 eV)38 is
lower than that of benzene (9.23 eV),39 which clearly suggests
that the electron is removed from an orbital mainly located on
the SOMe group as previously concluded. On the other hand,
if the electron would have been removed from the aromatic ring,
then a much higher value than 9.23 eV would have been
expected, given the high electron attracting power of the SOMe
group (σp(SOMe) ) 0.49).40 For example, an IE of 9.70 has
been measured for C6H5CF3

41 (σp(CF3) ) 0.5440). Very likely,
this conclusion also holds for3-5, whereas for the 4-methoxy
derivative (2) a significant contribution of the aromatic system
is probable. Accordingly, the oxidation potential of 4-MeOC6H4-
SOMe (1.90 V vs SCE, see Table 1) is not much lower than
that of anisole (1.96 V vs SCE).18 On the other hand, DFT
calculations have shown that in2•+ there is almost 50% spin
delocalization in the ring.

Finally, we have also calculated the gas-phase adiabatic
ionization energy (IE), that is the difference between the total
energy of the optimized neutral substrate and that of optimized
radical cation (with the correction of the ZPE), for the sulfoxides
investigated, and the results are listed in Table 3. The reliability
of the calculated values42 (at least for an internal comparison)
is shown by the good correlation between the calculated IEs
and the experimentalEp values (Table 1) (r2 ) 0.96) (Figure
S22 in the Supporting Information).

The calculated IEs are significantly influenced by the
substituent effect. Namely, the IE increases of 0.84 eV as we
move from electron donating to electron withdrawing substit-
uents, i.e., in the order MeO< Me < H < Br < CN. This
increase parallels the corresponding increase in the peak
oxidation potentials. The spread is larger with the ionization
energies than with the oxidation potentials (0.26 eV for the same
structural variation), which is probably due to the operation of
a leveling effect of the solvent in the second case.

Two factors may be called into play to rationalize the
substituent effects upon the ionization energies. First, the radical
cation might be stabilized more by electron donating than by
electron withdrawing substituents. Second, as mentioned before,

going from ED to EW substituents the positive charge density
on the SOMe group of the neutral sulfoxide increases which
should make more difficult the removal of the electron from
this group.

Summary and Conclusions

For the first time, information on spectral properties and the
structure of aryl methyl sulfoxide radical cations is reported.
In water, the radical cations of 4-X-C6H4SOMe (X) H, OMe,
Me, Br, CN), generated by pulse radiolysis at pH 4, present an
intense absorption in the UV region (ca 300 nm) and a broad
less intense band in the visible region (between 500 and 1000
nm) whose position depends on the nature of the ring substituent.
At a very low radiation dose, the radical cations decayed by
first-order kinetic at a rate which increased by increasing pH.
The decay probably involves a reaction of H2O (or -OH) at
the positively charged sulfur.

Sulfoxide radical cations were also generated in MeCN by
laser flash photolysis of the neutral sulfoxides, sensitized by
N-methylquinolinium tetrafluoroborate. In these experiments,
due to the sensitizer absorption, only the longer wavelength
bands of the radical cations could be observed. With all radical
cations theλmax value for this band was practically identical to
that observed in H2O. The decays of the radical cations followed
second-order kinetics and were attributed to the back electron-
transfer process.

DFT calculations (B3LYP/6-311g*) showed that, by rotation
around the CAr-S bond, the energy minimum is obtained for a
conformation of the radical cation where sulfur has a pyramidal
geometry and the S-O bond is almost coplanar with the
aromatic ring. The rotational barrier is rather low, ranging from
3.9 to 6.9 kcal/mol. Calculations also indicate that positive
charge and spin densities are predominantly located on the SO
group (more charge on sulfur and more spin on oxygen), but
there is a substantial delocalization on the ring, around 30%
for X ) H, Me, Br, and CN and almost 50% for X) OMe. A
conjugative interaction between the SOMe group and the
aromaticπ-system is suggested.

Calculations of the ionization potential of the parent sulfox-
ides were also performed. Values were obtained confirming that
the electron is removed from the SOMe group and not from
the aromatic ring, even though charge and spin are partially
delocalized on the ring. The ionization potentials were found
to decrease as we move from electron withdrawing to electron
donating X substituents. This trend can be related to the stability
of the formed radical cation or/and to the fact that as the
substituent becomes more electron withdrawing the positive
charge density on the SOMe group increases.

Experimental Section

Materials. Milli-Q-filtered water was used for all solutions.
CH3CN (spectrophotometric grade) and toluene were used as
received. Potassium peroxydisulfate and 2-methyl-2-propanol
were of the highest commercial quality available.N-methyl-
quinolinium tetrafluoborate was prepared according to a litera-
ture procedure.43 Methyl phenyl sulfoxide (1) and methylp-tolyl
sulfoxide (3), p-methoxyphenyl methyl sulfide,p-bromophenyl
methyl sulfide, andp-cyanophenyl methyl sulfide are com-
mercially available.tert-Butyl phenyl sulfide was prepared by
the acid catalyzed reaction of thiophenol withtert-butyl
alcohol.44 p-Methoxyphenyl methyl sulfoxide (2), p-bromo-
phenyl methyl sulfoxide (4), p-cyanophenyl methyl sulfoxide
(5), and tert-butyl phenyl sulfoxide (6) were prepared by reaction
of the corresponding sulfides with sodium metaperiodate in

TABLE 3: Calculated Ionization Energy for
4-X-C6H4SOMe (1-5)

sulfoxide IE calc (eV)

2 (X ) OMe) 7.75
3 (X ) Me) 8.02
1 (X ) H) 8.20
4 (X ) Br) 8.23
5 (X ) CN) 8.59
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aqueous ethanol solution.45 Phenyl trideuteriomethyl sulfoxide
was synthesized according to a literature procedure.46

Pulse Radiolysis Experiments.The pulse radiolysis experi-
ments were performed using a 10 MeV electron linear accelera-
tor which supplied 0.2-2 µs pulses with doses between 2 and
20 Gy. Dosimetry was performed with N2O-saturated 10-2 M
aqueous KSCN solutions, for which G[(SCN2)•-] ) 6.0× 10-7

mol J-1 and ε[(SCN2)•-] ) 7600 M-1 cm-1 at 480 nm.47

Experiments were performed at room temperature using argon-
saturated aqueous solutions containing the substrate (0.5 mM),
peroxydisulfate (5 mM), and 2-methyl-2-propanol (0.5 M). The
pH of the solutions (4.0) was adjusted with HClO4. A flow
system was employed in all the experiments.

Laser Flash Photolysis.The excitation wavelength of 355
nm from a Nd:YAG laser (continuum, third harmonic) was used
in nanosecond flash photolysis experiments (pulse width ca. 7
ns and energy< 3 mJ per pulse). The transient spectra were
obtained by a point-to-point technique, monitoring the absorb-
ance changes (∆A) after the flash at intervals of 5-10 nm over
the spectral range 350-900 nm. A 2 mLsolution containing
the substrate (1.0-1.5× 10-2 M), NMQ+ (3.9× 10-4 M), and
the cosensitizer (1 M toluene) was flashed in a quartz photolysis
cell while nitrogen or oxygen was bubbling through them. All
measurements were carried out at 22( 2 °C. The experimental
error was(10%.

Steady-State Photolysis.A 5 mL solution of NMQ+ (8.6×
10-3 M) and 3 (1.6 × 10-2 M) in N2-saturated CH3CN was
placed in a rubber cap-sealed jacketed tube, thermostated at 25
°C, and irradiated for 10 min in a photoreactor equipped with
4 lamps (360 nm; 14 W each). An internal standard (bibenzyl)
was added, and the mixture was analyzed by1H NMR and GC-
MS. No formation of photoproducts was observed, and 98% of
the unreacted substrate was recovered after the irradiation.

DFT Calculations. All computations were performed with
the Gaussian 98 program24 using the three-parameter hybrid
functional B3LYP25 with the 6-311G* basis set.26 Such func-
tional was chosen because it is reported to yield accurate
geometries and reasonable energies.48 Spin contamination due
to states of multiplicity higher than the doublet state was
negligible; the value of the〈S2〉 operator was, in all cases, well
within 5% of the expectation value for a doublet (0.75). Atomic
charges and unpaired electron spin densities were calculated
using the Mulliken population analysis. To calculate the UV
absorption spectra of the investigated sulfoxide radical cations
we used the time-dependent DFT method49 (TD-DFT-B3LYP/
6-311G*).
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