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The reactions of benzhydryl sulfides Ph2CHSCH2R (R = H, CONH2, COOH, CN) with
peroxytrifluoroacetic acid in CF3COOH were studied experimentally and by the quantum
chemical density functional theory (DFT) method and exhibited an unusual dependence on the
substituent R. When R  H, a complicated oxidative destruction of the substrates occurs to form
2,4,6�tribenzhydrylphenol as one of the products, while in the case of R = H, the starting
benzhydryl sulfide is smoothly sulfoxidated. This fact is due to the common electron transfer
from the substrate to reagent at the initial step and the difference in subsequent transformations
of the species formed.
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Some organic reactions earlier considered to be purely
heterolytic, for example, arene nitration (see reviews1—5),
proceed in fact or can proceed via the single�electron
transfer (SET) mechanism with the intermediate for�
mation of highly reactive and, as a rule, very short�liv�
ing radical ions. When the energy of a complex of
reactants is lower than the energy of a complex of
the electron transfer (ET) products, the ET is consid�
ered as the transition of the reaction system from
the ground to electron�excited state. In an opposite case,
it is considered that in the course of ET the initial
electron�excited state of the complex of the reactants is
transformed into the ground state of the complex of ET
products.6—8

For sulfide sulfoxidation with hydroperoxides, which
was initially assumed to proceed via the SN2�similar mech�
anism,9,10 the SET mechanism involving a series of para�
magnetic intermediates, including the sulfide radical cat�
ion and sulfuranyl radical 1 (Scheme 1), was proposed11

for alkyl hydroperoxides as an example.
However, at present, only sulfoxidation with some non�

peroxide agents, resulting in the transformation of the sul�
fide radical cation into sulfoxide by the interaction with
the product of the single�electron reduction of the reac�
tant and/or with the medium, first of all, with water mole�
cules (see, e.g., Refs 12—18), is classified as SET�sulfoxi�
dation. Sulfoxidation with hydroperoxide reagents, whose
some representatives are fairly weak electron acceptors,19

Scheme 1
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is presently continued to be considered as a non�radical
reaction, but it is interpreted as the concerted double atom
transfer with the migrations of atoms of the hydroperoxide
OH group. In particular, during this transfer the hydrogen
atom migrates to the alternative proton�acceptor center of
the reactant.20,21 The second peroxide oxygen atom served
as a proton�acceptor center in hydrogen peroxide and in
alkyl hydroperoxides and, hence, the very energy�consum�
ing intrareactant 1,2�proton transfer occurs, which can be
rather efficiently catalyzed by proton�donor molecules.22,23

It is considered (see, e.g., Refs 24 and 25) that sulfoxida�
tion with acyl hydroperoxides (carboxylic peroxyacids)
proceeds similarly. In this case, the only distinction is the ab�
sence of proton�donor catalysis24,25 and the presence of
a more convenient proton�acceptor center, namely, the sp2�
oxygen atom of the CO group, which does not require the
formation of sterically strained reaction sites for functioning.

An important feature of carboxylic peroxyacids is their
much higher (compared to non�acid hydroperoxides) ten�
dency to add one electron (see comparative data on the
reduction potentials and electron affinities19,26—28). This
feature should be especially pronounced for peroxytrifluo�
roacetic acid (PTFA) with the lowest�lying antibonding
MO *(O—O) (see Ref. 29) and exhibiting the extreme oxi�
dative ability incomparable with non�acid hydroper�
oxides.30,31 So, PTFA readily (without preliminary homo�
lysis) oxidizes thiophenes and dibenzothiophene to sul�
foxides or even to sulfones (in spite of the dearomatization
of the heterocycle),32,33 whereas some alkanes and cyclo�
alkanes are oxidized to alcohols.34,35 These properties of
peroxy acids and relatively low ionization potentials and
standard redox potentials of sulfides36,37 should, evidently,
favor sulfoxidation via an alternative single�electron
mechanism.

Sulfides containing this or another group X readily
leaving in the form of carbocation, for instance, benz�
hydryl or tert�butyl group, are interesting for studying
the sulfoxidation mechanism. These sulfides, such as 2
(Scheme 2) are sharply destabilized on transforming into
the radical cation state because of the very strong weaken�
ing of the S—X bond and, therefore, their radical cations
easily dissociate to the carbocation X+ and thiyl free radi�
cal.13,18,38 Hyperlability of the radical cations is also con�
firmed by the thermodynamic cycle method, according
to which the energy of the Ph2CH—S in the benzhydryl
phenyl sulfide radical cation (X = Ph2CH) is negative
(–2.2 kcal mol–1). The dissociation rate constant of this
radical cation is 2•105 s–1 under usual conditions.39 In
addition, sulfide radical cations, especially those contain�
ing the electron�withdrawing group in the �position, are
characterized by the С()—H fragmentation caused by the
C()—H acid bond dissociation (which can be more acidic
than the O—H bond in CF3COOH) and the formation of
highly reactive electroneutral radicals, for example, of the
3 type (see Scheme 2).40—42

Scheme 2

Therefore, it is not surprising that the sulfoxidation of
sulfides 2 and similar compounds by non�peroxide reagents
is often accompanied by the formation of larger or smaller
amounts of the C—S or C—H fragmentation products
(see, e.g., Refs 13 and 38), which is not characteristic of
other sulfides and indicates the SET mechanism.

As far as we know, fragmentation at the C—S bond is
not described in literature for similar reactions involving
hydroperoxides. In particular, it was not observed for benz�
hydrylsulfanylacetamide (2a), viz., key precursor of the
drug�bestseller Modafinil 4a (see
Scheme 3), which although be�
longs to sulfides of type 2, but is
smoothly sulfoxidized with hydro�
gen peroxide in acetic and formic
acids.23 The direct oxidant is H2O2
in the form of cyclic hydrogen�bonded associates with
carboxylic acids,23 since almost no more reactive carb�
oxylic peroxyacids are formed in this case.

As it was revealed by our further studies of the Modafi�
nil chemistry, benzhydryl sulfide 2a and its nearest struc�
tural analogs, viz., 2�benzhydrylthioacetic acid (2b) and
2�benzhydrylthioacetonitrile (2с)*, behave in quite a dif�
ferent manner: they interact with solutions of H2O2 in
trifluoroacetic acid in which the reaction proceeds via the
complicated and unusual (for R2S—hydroperoxide systems)
oxidative destruction. We explain such a sharp qualitative
change in the reactivity of formally one�type oxidation
systems H2O2—RCOOH on going from R = H, Me to
R = CF3 considered in this work by the ability of stronger
trifluoroacetic acid to efficiently acylate hydrogen per�
oxide to PTFA,43 which interacts with sulfides 2a—c in
a special manner, different from that typical of H2O2.

Results and Discussion

We found that the oxidation of functionalized benz�
hydryl sulfides 2a—с with solutions of PTFA in trifluoro�
acetic acid, prepared by the dissolution of 33% hydrogen

* Compounds 2a—c were synthesized by the desulfobenz�
hydrylation of the corresponding functionalized Bunte salts.23
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peroxide in this acid, occurs very easily already under stan�
dard conditions. At the equimolar ratio of the reactants,
the reaction affords complex viscous mixtures containing
almost no sulfoxides that are not characteristic of the earli�

er studied sulfides. These mixtures contain sterically hin�
dered 2,4,6�tribenzhydrylphenol (5) (Scheme 4), the prod�
uct of oxidative destruction of the substrates, isolated in
yields of 34, 15, and 40%, respectively.44

Scheme 3

* The directions of migration of O and H atoms in the course of the reaction are indicated by arrows.

Scheme 4
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The structure of phenol 5 was confirmed by the X�ray
diffraction analysis data, according to which a molecule
of this compound contains three propeller�shaped di�
phenylmethane fragments with the common central benz�
ene ring and has an approximate symmetry of Cs (m) with
the mirror�reflection plane passing through the O(1), C(1),
C(4), and C(20) atoms (Fig. 1). The proton of the hydroxy
group of this molecule forms no intermolecular hydrogen
bonds because of shielding by the phenyl substituents; how�
ever, the internuclear distances OH...C(8) and OH...C(9)
(2.55 and 3.04 Å, respectively) indicate that this proton
forms a weak intramolecular hydrogen bond with the
�system of the adjacent benzene ring OH...(C(8)=C(9))
(see Fig. 1). The 1H NMR spectrum of compound 5 ex�
hibits a substantially high deshielding of the �protons of
the о�benzhydryl groups compared to the p�benzhydryl
group because of the influence of the nearby OH group.
The oxidation of phenol 5 with lead dioxide in toluene
affords not very stable free phenoxyl radical (see Scheme 4),
whose ESR spectrum contains 15 lines (incompletely
resolved doublet of triplet of triplets with hyperfine coup�
ling constants of 8.9, 4.2, and 1.7 G attributed to the
�protons of the p� and о�benzhydryl groups and m�pro�
tons of the phenoxyl fragment, respectively; g = 2.00427.45

Phenol 5 is formed, most likely, by the complicated
interaction of sulfides 2a—c with PTFA, involving trans�
benzhydrylation and dephenylation along with other stag�
es. In principle, the unusual reactivity exhibited by sul�
fides 2a—c could be explained by steric hindrance of their
concerted sulfoxidation by the bulky benzhydryl group. To
check this possibility, we performed the quantum chemi�
cal study of the reactions of compound 2a with non�asso�
ciated PTFA and with cyclic hydrogen�bonded 1 : 1 asso�
ciates of PTFA and H2O2 with CF3COOH, because simi�
lar associates have the sulfoxidation ability and are usually responsible for the proton�donor catalysis observed in sul�

foxidation.
The transition states (TS) of sulfoxidation TS1—TS4

were found by the DFT* study of the indicated reactions
(see Scheme 3, Fig. 2, Table 1).

Of four reaction channels corresponding to TS1—TS4,
two channels with TS1 and TS2 are attributed to the sul�
foxidation of 2a with non�associated PTFA. In one case
(TS1), the oxygen atom of the CO group serves as a pro�
ton�acceptor center; in the second case (TS2), this is the
second oxygen atom of the peroxide fragment. The other
two reaction channels (trimolecular TS3 and TS4) corre�
spond to the sulfoxidation by cyclic monosolvates of the
reactants, PTFA•CF3COOH (in this case, the CO group
of PTFA is the proton acceptor) and H2O2•CF3COOH
(Fig. 2). According to the data obtained by the intrinsic
reaction coordinate (IRC) method, the CF3COOH molecule
acts as a switcher of the proton transfer to the relay�race

Fig. 1. Molecular structure of 2,4,6�tribenzhydrylphenol (5). The
intramolecular hydrogen bond of the O—H... type is shown by
dashed line.

Table 1. Energy and some other characteristics of the re�
actants, products, transition states, and intermediates of
sulfoxidation according to the RB3LYP/6�31G** and
UB3LYP/6�31G** quantum chemical calculations

Structure G (BDE) calc/D –i/cm–1

/kcal mol–1

2a — 2.8 —
2a+• (11.7) — —
2c — 5.4 —
2c+• (8.9) — —
2d — 1.6 —
2d+• (11.6) — —
H2O2 — 1.8 —
CF3COOH — 2.1 —
CF3COOOH — 0.3 —
TS1 13.4 4.1 258
TS2 18.0 8.7 261
TS3 15.1 1.9 224
TS4 18.1 3.1 534
TS5 24.4 5.8 586
Ph2CH+ — — —
•S...CH2CONH2 — 2.3 —
•S...CH2CN — 3.3 —
•S...Me — 1.8 —
3c (25.8) 3.3 —
12c (–7.1) — —

Note. G is the free activation energy of the reaction
calculated relatively to the initial reactants and correspond�
ing to the presented TS; BDE is the calculated dissociation
energy of the Ph2HC—S bond in the corresponding struc�
ture (in parentheses); calc is the calculated dipole mo�
ment of the structure; i is the frequency of the imaginary
vibrational mode of the TS.

* All quantum chemical calculations, if not specially indicated,
were performed using the B3LYP functional (UB3LYP for para�
magnetic species) and 6�31G** basis set.
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mode in trimolecular sulfoxidation. For this purpose, the
molecule is included into the composition of seven�mem�
bred intermolecular hydrogen cycles that play the role of
reaction sites of the proton transfer. The wave functions of
TS1—TS4 are stable on going from RB3LYP to UB3LYP.

The values Gcalc and Hcalc that characterize the
easiness of different variants of the gas�phase concerted
sulfoxidation of compound 2a (see Scheme 3) are low,
being 13.4, 0.9 (TS1), 18.0, 6.2 (TS2), 15.1, –9.1 (TS3),
and 18.1, –2.4 (TS4) kcal mol–1.*

The data presented indicate that the concerted sulfox�
idation of benzhydryl sulfides 2a—c in the considered re�
action system should occur with a high rate involving pre�
dominantly non�associated PTFA (TS1) and, to a lower
extent, associate PTFA•CF3COOH (TS3). On the whole,
the reaction occurs without a substantial steric influence

of the benzhydryl group and is mainly limited by the en�
tropy factor, especially in the case of trimolecular sulfoxi�
dation. For the sulfoxidation of sulfide 2a with PTFA itself
(TS1) and its associate with CF3COOH (TS3), the acti�
vation entropy is Scalc = –42.0 and –80.9 cal mol–1 K–1,
respectively. Thus, for carboxylic peroxy acids, the entro�
py unfavorable factor of the trimolecular TS overbalances
the positive effect of a decrease in the activation enthalpy
caused by the facilitation of the proton transfer (for the
2a—PTFA system it achieves –10.0 kcal mol–1). Note that
these results explain well the experimental data on the
incapability of proton�donor molecules of catalyzing sul�
foxidation with peroxycarboxylic acids.24,25 Since two
comparatively close in energy topomeric TS1 and TS2
exist for free PTFA, the so�called "paradigm of reactivity
of peroxycarboxylic acids," characteristic of the Prilezhaev
epoxidation of alkenes46,47 that appears as a competition
in the reaction of two proton�acceptor centers is also in�
herent of sulfoxidation.

On the whole, the data considered suggest that the
steric factor exerts no effect on the specific reactivity of
benzyhydryl sulfides 2a—c towards PTFA.

Fig. 2. Transition states of the sulfoxidation of benzhydryl sulfide 2a with PTFA (TS1, TS2), PTFA•CF3COOH (TS3), and
H2O2•CF3COOH (TS4) (here and in Fig. 3, hydrogen atoms of the phenyl groups are omitted).

* The negative values of Hcalc for the reactions proceeding via
TS3 and TS4 are the result of somewhat formalized calculation
in which the enthalpies of three initial molecules were used in�
stead of the enthalpies of the substrate and corresponding bi�
molecular associate.
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General scheme of the oxidative destruction of sulfides
2a—c. As it was found for compound 4a, sulfoxides, un�
like sulfides, do not form phenol 5 upon the treatment
with PTFA in trifluoroacetic acid. This indicates that
the oxidative destruction of the substrates in systems
2a—c—PTFA is the fastest transformation that is not re�
lated to sulfoxidation.

The initial stage is evidently the debenzhydrylation of
sulfides with the detachment of the benzhydrylium carbo�
cation. The latter reacts with PTFA undergoing in�
direct dephenylation to give initially benzhydryl per�
oxytrifluoroacetate 6. Then, ester 6 undergoes Criegge re�
arrangment48,49 resulting in acylated hemiacetal 7, which
is possibly capable of a similar rearrangement to ortho�
ester 8. The cleavage of acid�labile compounds 7 and 8
leads to the detachment of phenyl groups to form unsub�
stituted phenol and phenol 5 (see Scheme 4).

According to Scheme 4, phenol 5 can also be obtained
from benzhydrol by the treatment with PTFA in CF3COOH,
during which the Ph2CH+ cation is also generated first
and then the stages of oxidative dephenylation and benz�
hydrylation occur. The mechanism of this transformation
resembles the oxidation of triphenylmethanol to diphenyl
carbonate by the action of PTFA in CF3COOH.50

Debenzhydrylation stage. Debenzhydrylation is the
most complicated stage of oxidative destruction of sulfides
2a—c in 2—H2O2—PTFA—CF3COOH systems, because,
particularly, it can proceed not only via the SET mecha�
nism but also by the protolysis of the substrate or its
hydroxylation under the action of PTFA to hydroxy deriv�

atives 9a—c and their further acid�catalyzed cleavage
(Scheme 5). The latter reaction route should not result in
the generation of the benzhydrylium cation but can make
a certain contribution to the overall debenzhydrylation
process.

It is difficult to evaluate the easiness of the initiating
ET from 2a—c to PTFA, in particular, because of its dis�
sociative character, which does not allow one to use the
Marcus equations51 frequently used for the solution of
problems of this type. However, it can be shown that the
non�radical debenzhydrylation is too inefficient to pro�
vide the fast oxidative destruction of benzhydryl sulfides
2a—c under the action of PTFA. For example, under mild
conditions of oxidative destruction, almost no proto�S�
debenzhydrylation of benzhydryl sulfides with trifluoro�
acetic acid (see Scheme 5 and Refs 52—54) occurs, as it
was established for compound 2a as an example.

Debenzhydrylation through �hydroxylation cannot
either be fast enough, which follows from the quantum
chemical data obtained for the model structure (simplest
benzhydryl sulfide) of compound 2d. They show that this
compound can be hydroxylated, in principle, with PTFA
similar to hydroxylation of alkanes with peroxy acids,55—57

namely, by the concerted replacement of the hydrogen
atom with the very unusual electrophilic attack of the re�
actant at this atom (see Scheme 5).

As can be seen from the structure of transition state
TS5 of the hydroxylation of 2d (Fig. 3), the oxygen atom
of the cationoid�polarized35,57 OH group of PTFA partic�
ipates in the electrophilic frontal attack. Unlike similar

Scheme 5

R = C(O)NH2 (a), COOH (b), CN (c), H (d)
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TS of alkanes,57,58 TS5 is characterized by the stability of
the wave function (on going from RB3LYP to UB3LYP),
indicating the non�biradicaloid character of hydroxyla�
tion. Taking into account this fact, it is reasonable to clas�
sify the hydroxylation considered as the electrophilic sub�
stitution of the hydrogen atom at the sp3�hybridized car�
bon atom with some extension of the existing classifica�
tion of transformations of this type59 (Scheme 6).

Scheme 6

Such an exotic variant of substitution is possible for
carboxylic peroxy acids only due to a substantial negative
charge29 on the electrophilic oxygen atom, providing the
interaction with the positively charged attacked hydrogen
atom, and due to a special mechanism of the removal of
the substituted hydrogen atom (deteriorating the reaction)
from the path of motion of the OH group of the reactant.
For sulfides 2 this mechanism is the same as that for al�
kanes56 and includes the formation (at the final stage of
the reaction, i.e., after passing the TS) the "transient" (vir�
tual) water molecule56 in the composition of the nonequi�
librium ion pair Ph2C+SMe...HOH...–OOC—CF3 (see
Fig. 3). In this pair, the H2O molecule turns by approxi�
mately 180 around the bond formed with the participa�
tion of the substituted hydrogen atom of the substrate. As
a result, this atom "deteriorating" the further transforma�
tion at first is completely shifted from the plane of the
reaction site and then returns into this plane, getting al�
ready behind the OH group. The latter can recombine

with the benzhydryl group of the substrate to form hy�
droxy derivative 9d (see Scheme 6). Such a complicated
mechanism of hydroxylation of sulfides 2 substantially
impedes this reaction, for which Gcalc = 24.4 kcal mol–1,
which is much higher than a similar value for the con�
certed sulfoxidation of 2a with PTFA (see data present�
ed above).

Thus, it can be concluded that the initiating stage of
the debenzhydrylation of benzhydryl sulfides with both
PTFA and non�peroxide sulfoxidating agents is ET result�
ing in radical cations 2a—c+•, which are more easily
undergo debenzhydrylation than transformation into
sulfoxides.

The SET mechanism is also favored by the fact that in
acetonitrile (acetonitrile is an efficient trap of carbo�
cations) the benzhydryl sulfides considered interact with
nitrosonium perchlorate (NO+ClO4

–), which is a strong
electron acceptor, to form N�benzhydrylacetamide (10),
viz., the addition product of the Ph2CH+ cation to MeCN
via the Ritter reaction (the yields of compound 10 from
sulfides 2a and 2c are 46 and 37%, respectively) (Scheme 7).
Another important argument for this course of the process
can be the direct proof of the capability of PTFA of ab�
stracting one electron from sulfide molecules. This proof
was obtained using phenoxathiin (11) as an example. The
treatment of compound 11 with a PTFA solution in
CF3COOH affords intensely colored blue solutions con�
taining radical cation of 11+•, which is kinetically fairly
stable and is not prone to fragmentation. The color of the
solution is probably due to radical cation 11 (see Scheme 7),
whose ESR spectrum (Fig. 4) consists of 31 equidistant
lines, which reflects the interaction of an unpaired elec�
tron with four pairs of protons of the phenoxathiin system
with the HFS constants that are approximately multiple
to the lowest constant (aH(3,6)  2.4, aH(2,7)  1.2, aH(1,8) 
 0.6, and aH(4,5)  0.3 G (cf. Ref. 60)).

Fig. 3. Transition state TS5 (a) and the nonequilibrium ion�molecular complex Ph2C+SMe...HOH...–OOCCF3 containing the
nonequilibrium water molecule, which was formed from TS5 by the hydroxylation of sulfide 2d (b).

C

C

C

C

S

H

O

H

H

0.29
1.301

0.58
1.230

C

C

H

H

F

C

F

F

C

C

O

H

O

C

C

C

C

C

C

0.76
0.994

0.13
0.823

0.44
1.839

1.67
1.227

O

F

F

F

C

O

O

C

C

C
C

C

C

C

C

C

C

C

H

H

S

H

H

C C

C

1.26
1.290

2.384

1.004

0.994

TS5

2.109

a b

C



Electron transfer in oxidation of sulfides Russ.Chem.Bull., Int.Ed., Vol. 62, No. 5, May, 2013 1171

Scheme 7

The electron transfer from sulfides 2a—c to PTFA can
be accompanied by three types of secondary processes in�
volving the radical cations: (1) detachment of the benzhydryl
carbocation from these radical species; (2) their �depro�
tonation (for instance, by the action of the PTFA radical
anion), resulting in the products of C—H fragmentations;
and (3) recombination with the hydroxyl radical (with the
formation of O�protonated sulfoxides) (Scheme 8). In our
opinion, similar transformations can occur in some extent
in the primary cage of solvent. In this case, the deprotona�
tion is favored by the electron�withdrawing groups in the
radical cations, whereas sulfoxidation is favored by an ex�
treme reactivity of the hydroxyl radical. This results in the
situation when its recombination with radical cations be�
comes energetically very favorable. According to the quan�
tum chemical calculation for radical cation 2d+•, a de�
crease in the energy of the reaction system in the course of
recombination with •OH with a correction to the vibra�
tional energy is about 58 kcal mol–1.

Let us consider further how the fragmentation of benz�
hydryl sulfide radical cations proceeds and results in their
debenzhydrylation under the oxidative destruction condi�
tions. According to the UB3LYP/6�31G** calculations,
the Ph2HC—S bond in radical cations 2+• is strongly weak�
ened and its energy depends slightly on the presence or
type of the functional group, being 11.7 (2a+•), 8.9 (2с+•),
and 11.6 kcal mol–1 (2d+•) (12.0 kcal mol–1 for the
6�31++G** basis set). With allowance for this, one could
assume that radical cations 2а—с+• lose the benzhydryl
fragment due to the direct dissociation of the C—S bond.
However, another, earlier unconsidered fragmentation
route with the S—X bond cleavage exists for the radical
cations of sulfides containing the readily leaving X group,
particularly, benzhydryl group, at the sulfur atom (Scheme 9).
In this reaction route, the �proton is first abstracted from

Fig. 4. ESR spectrum of radical cation 11+• formed by the reac�
tion of phenoxathiin (11) with PTFA obtained by the dissolution
of hydrogen peroxide in CF3COOH (ambient temperature).
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R = C(O)NH2 (a), COOH (b), CN (c)
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the radical cation. Electroneutral radical 3 that formed is
subjected to single�electron oxidation to carbocation 12
with a significantly destabilized C—X bond, which cleaves
at the final stage to form carbocation X+ and thiocarbonyl
compound 13. Evidently, the electron�withdrawing group,
which substantially enhances the CH�acidity of the radi�
cal cation, in the second substituent at the sulfur atom
plays an important role in this fragmentation mechanism.

Scheme 9

i. Main reaction route; X is readily leaving group  containing
carbocation center, e.g., CHPh2, R is electron�withdrawing
group.

The quantum chemical calculation for cyano�contain�
ing radical cation 2с+• shows that the transition from rad�
ical cations 2a—с+• to the corresponding electroneutral
radicals 3a—c is accompanied by the strengthening of the
Ph2HC—S bond (by approximately 17 kcal mol–1 for
2с+•). However, the further single�electron oxidation of
radicals 3 to the corresponding carbocations 12 exerts an
opposite effect. For cyano�containing radical 3c, the ef�
fect is about 32 kcal mol–1 and, as a result, the Ph2CH—S
bond in the corresponding carbocation turns out to be

absolutely destabilized (BDEcalc
 = –7.1 kcal mol–1) and

much weaker than that in the initial radical cation. Never�
theless, carbocation 12c is a minimum on the potential
energy surface of the system. It follows from this that
there is kinetic barrier in the way of the spontaneous cleav�
age of the S—X bond in cations 12 (Scheme 10).

It is most likely that the indirect C—S fragmentation
of radical cations 2a—c+• is the main route for their de�
benzhydrylation under the conditions of oxidative destruc�
tion of sulfides 2a—c. This is indicated by the at first glance
unexpected fact that benzhydryl sulfide 2d containing no
functional groups only sulfoxidates to sulfoxide 4d in reac�
tion with PTFA (79% yield) and forms no phenol 5. So
sharply different behavior of benzhydryl sulfide 2d can be
explained by the relatively low CH acidity of the corre�
sponding radical cation 2d+•. As a result, the deprotona�
tion of radical cation 2d+• is slower than its transforma�
tion into sulfoxide 4d (see Scheme 10).

A similar, although not so pronounced influence of the
sulfide structure on the result of the reaction is observed
for SET�sulfoxidation by some sulfoxidizing agents, for
example, cytochrome P�450. This enzyme oxidizes thio�
anisole to a mixture of sulfoxide and sulfone due to the low
CH�acidity of the primarily formed radical cation.61 At
the same time, cyanomethyl phenyl and phenacyl phenyl
sulfides, whose radical cations are much stronger CH acids,
under similar conditions form considerable amounts of the
deprotonation products of the radical cations, namely,
diphenyl sulfide and functionalized aldehydes RCHO (R =
= CN, PhCO). Note that carbocations similar to cations 12
and bearing no readily leaving groups with carbocationic
centers at the sulfur atom are intermediates of the anodic
�methoxylation and �acetoxylation of sulfides.62,63

To conclude, the data presented indicate an important
role of ET and free radical intermediates, in particular,
radical cations of sulfides, in the sulfoxidation reactions
involving PTFA.

Scheme 10

R = C(O)NH2 (a), COOH (b), CN (c)
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Experimental

1H and 13C NMR (in CDCl3) and ESR spectra were ob�
tained on Varian XL�300 and Bruker EMX 10/12 spectrometers,
respectively. Quantum chemical calculations were performed
using the Firefly program64 partially based on algorithms of the
Gamess program.65 The energy characteristics are given with
a correction to the vibrational energy using a scaling factor of
0.961.66

2�Benzhydrylsulfanylacetamide (2a) was synthesized using
a known procedure.23 Sodium carboxymethyl thiosulfate, sodi�
um carbamoylmethyl thiosulfate, and sodium cyanomethyl thio�
sulfate were synthesized from the corresponding halogen deriva�
tives and sodium thiosulfate using described procedures.67,68

X�ray diffraction analysis of compound 5. The crystals of com�
pound 5 (C45H36O, M = 592.74) are monoclinic, space group
P21/c, at T = 153 K: a = 24.7306(18) Å, b = 5.8559(4) Å,
c = 23.1693(17) Å,  = 106.203(2), V = 3222.1(4) Å3, Z = 4,
dcalc = 1.222 g cm–3, F(000) = 1256,  = 0.071 mm–1. Unit cell
parameters and intensities of 29 160 reflections (7021 indepen�
dent reflections, Rint = 0.054) were measured on a Bruker
SMART 1K CCD automated three�circle diffractometer
((MoK) radiation, graphite monochromator,  and  scan
modes). The structure was determined by a direct method and
refined by the full�matrix least�squares method for F2 in the
anisotropic approximation for non�hydrogen atoms. The hydro�
gen atom of the hydroxy group was objectively localized by the
Fourier syntheses and included into refinement with fixed posi�
tional and thermal (Uiso(H) = 1.5Ueq(O)) parameters. The posi�
tions of other hydrogen atoms were calculated geometrically and
included into refinement with fixed positional (riding model)
and thermal (Uiso(H) = 1.2Ueq(C)) parameters. The final values
of R factors are R1 = 0.045 for 4550 independent reflections with
I > 2(I) and wR2 = 0.123 for all independent reflections, good�
ness�of�fit being 1.001. All calculations were performed using
the SHELXTL program package.67 The tables of atomic coordi�
nates, bond lengths, bond and torsion angles, and anisotropic
temperature parameters for compound 5 were deposited with
the Cambridge Crystallographic Data Centre (CCDC 935910).

2�Benzhydrylsulfanylacetic acid (2b). Water (5 mL) and 98%
HCOOH (20 mL) were added to a mixure of benzhydrol (3.68 g,
20 mmol) and sodium carboxymethyl thiosulfate (3.88 g,
20 mmol). The solution was heated to 70 C and kept at this
temperature until benzhydrol was completely dissolved. Then
the reaction mixture was cooled, water (~50 mL) was added, and
the solution was neutralized with aqueous ammonia. The pre�
cipitate was filtered off and dried. The yield was 5.12 g (93%);
m.p. 126—128 C (PriOH)69. 1H NMR, : 3.09 (s, 2 H, CH2),
5.41 (s, 1 Н, СН); 7.20—7.36 (m, 6 H, Hp, Hm of Ph groups);
7.40—7.46 (m, 4 H, Но, Ph). Found (%): C, 69.58; H, 5.57;
S, 11.95. C15H14O2S. Calculated (%): C, 69.74; H, 5.46; S, 12.41.

2�Benzhydrylsulfanylacetonitrile (2c). Water (2.5 mL) and
98% НСООН (10 mL) were added to a mixture of benzhydrol
(1.84 g, 10 mmol) and sodium cyanomethyl thiosulfate (1.75 g,
10 mmol). The solution was heated to boiling and stirred. Then
water (20 mL) was added, the solution was cooled, and the pre�
cipitate was filtered off, washed with water, and dried at ambient
temperature. The yield was 2.24 g (94%); m.p. 78—79 C
(PriOH) (cf. Ref. 70: 77—78 C). 1H NMR, : 3.08 (s, 2 H,
CH2); 5.43 (s, 1 H, CH); 7.24—7.48 (m, 10 Н, 2 Ph). Found (%):

C, 75.28; H, 5.43; N 5.66; S, 13.22. C15H13NS. Calculated (%):
C, 75.28; H, 5.47; N, 5.85; S,13.40.

Benzhydryl methyl sulfide (2d). Iodomethane (1.24 mL,
2 mmol) and ethanol (6 mL) were added to a solution of sodium
thiosulfate (5.96 g, 2 mmol) in water (5 mL). The reaction mix�
ture was refluxed for 2 h, and EtOH was distilled off under re�
duced pressure. Benzhydrol 3.68 g, 2 mmol) in 20 mL of 98%
НСООН was added to the obtained solution of methyl thiosul�
fate, and the mixture was refluxed until a transparent solution
was formed. The reaction mixture was cooled, and water (50 ml)
was added. The organics was extracted with ethyl acetate, and
the solvent was distilled off to obtained product 2d as a colorless
oil in a yield of 3.16 g (74%). The product was purified by chro�
matography on a column packed with Al2O3 (toluene as an elu�
ent). 1H NMR, : 1.97 (s, 3 Н, Me); 5.04 (s, 1 Н, СН); 7.15—7.46
(m, 10 Н, 2 Ph) (almost the same chemical shifts are presented71

for compound 2d). Found (%): C, 78.26; H, 6.71; S, 14.89.
C14H14S. Calculated (%): C, 78.46; H, 6.58; S, 14.96.

2,4,6�Tribenzhydrylphenol (5). А. A solution of PTFA
(1.6 mL) in trifluoroacetic acid, prepared from 0.54 mL of 33%
Н2О2 (6 mmol of the reagent), was added for 10 min at ~10 C
with vigorous stirring to a solution of amide 2a (1.62 g, 6.3 mmol)
in trifluoroacetic acid (5 mL). Then water (40 mL) was added,
and the solution was alkalized with aqueous ammonia. The
viscous product that formed was separated, dried, and triturated
with PriOH (5 mL), and the precipitate formed was filtered off.
The yield was 0.32 g (34%); m.p. 166—168 C (MeCN) (cf.
Ref. 45: 168 С). 1H NMR, : 4.49 (s, 1 H, OH); 5.23 (s, 1 H,
4�CHPh2); 5.63 (s, 2H, 2�CHPh2, 6�CHPh2); 6.48 (s, 2 H, H(3),
H(5)); 6.87—6.93 (m, 4 Н, Ho, 4�CHPh); 7.00—7.06 (m, 8 Н,
2�CHPh, 6�CHPh2); 7.10—7.31 (m, 18 Н, Hm, Hp, CHPh2).
13С NMR, : 51.15 (2�CHPh2, 6�CHPh2); 55.70 (4�CHPh2);
125.89 (2Cp, 4�CHPh2); 126.53 (4 Cp, 2�CHPh2, 6�CHPh2);
128.01 (2 С(2)); 128.43 (8 Cm, 2�CHPh2, 6�CHPh2); 129.11
(4 Cm, 4�CHPh2); 129.23 (8 Co, 2�CHPh2, 6�CHPh2); 130.06
(4 Со, 4�CHPh2); 130.58 (2 С(3), С(5)); 135.17 (С(4)); 142.54
(4 Cipso, 2�CHPh2, 6�CHPh2); 144.40 (2 Cipso, 4�CHPh2); 149.75
(СOH). MS (EI, 70 eV), m/z (Irel(%)): 425 [M – CHPh2]+ (3),
347 [M — CHPh2 — PhH]+ (1), 269 [M – CHPh2 – 2 PhH]+

(2), 252 (2), 241 (5), 218 (12), 202 (4), 191 (5), 179 (21), 167
[CHPh2]+ (100), 152 (25), 115 (13), 105 (19), 91 [M – 3 CHPh2]+

(36), 77 [Ph]+ (10), 40 (12). Found (%): C, 91.20; H, 6.23.
C45H36O. Calculated (%): C, 91.22; H, 6.08.

A paramagnetic solution containing 2,4,6�tribenzhydrylphen�
oxyl radical is formed on treatment of phenol 5 in toluene with
lead dioxide. The ESR spectrum of the phenoxyl radical (g 
 2.004270) is an incompletely resolved doublet of triplets of tri�
plets with the hiperfine coupling constants 8.9 (methine proton of
the p�benzhydryl group), 4.2 (methine protons of the о�benzhydr�
yl groups), and 1.7 G (m�protons of the central benzene ring).

B. Acid 2b was subjected to oxidative destruction under sim�
ilar conditions. Phenol 5 was obtained in a yield of 0.16 g (17%)
from 1.73 g (6 mmol) of this acid; m.p. 165 C (PriOH—MeOH—
MeCN). The IR spectrum of the compound is identical to that
of the samples obtained using method A, the mixing probe shows
no melting point depression.

C. In a similar synthesis 0.44 g (47%) compound 5, m.p.
166—168 C (PriOH—MeOH), was obtained from 1.5 g (6 mmol)
of nitrile 2c.

D. A solution of peroxytrifluoroacetic acid (1.6 mL) in
CF3COOH, prepared according to the procedure described
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above, was gradually added with vigorous stirring at the temper�
ature about 10 C to a solution of benzhydrol (1.16 g, 6.3 mmol)
in CF3COOH (5 mL). Then the reaction was carried out as in
experiments А—C. The yield of phenol 5 was 0.26 g (24%), m.p.
166—168 C (MeCN).

Action of trifluoroacetic acid on amide 2a. Compound 2a
(0.40 g, 1.6 mmol) was treated with CF3COOH (1.5 mL), and
the mixture was kept for 10 min at 40 C. Then water (30 mL)
was added, and the precipitate was filtered off, washed with
a solution of NaHCO3, and dried. The intial compound was
recovered in an amount of 0.39 g (97%), m.p. 108—110 C
(EtOAс—petroleum ether). The IR spectrum of the isolated sub�
stance is identical to that of the initial compound.

Oxidation of sulfoxide 4a with PTFA in trifluoroacetic acid.
A solution of PTFA (0.8 mL) in trifluoroacetic acid, prepared
according to the procedure presented above, was added to a solu�
tion of sulfoxide 4a (0.86 g, 3.2 mmol) in CF3COOH (2.5 mL) at
ambient temperature. After 10 min, the reaction mixture was
treated with water (30 mL) and aqeuous ammonia (10 mL). The
viscous product was separated and dried. According to the TLC
data, the product contained no phenol 5. Then the obtained
substance was triturated with 2�propanol—petroleum ether (1 : 1,
5 mL), and the precipitate was filtered off and recrystallized
from ethanol. The yield of benzhydryl sulfanyl acetamide was
0.06 g (6.7%), m.p. 198—200 С.72 The mixing probe with au�
thentic sample of the compound showed no melting point de�
pression. The IR spectra of both samples are identical.

Oxidation of sulfide 2d to sulfoxide 4d with PTFA. A solution
of PTFA (1.6 mL) in CF3COOH, prepared according to the
procedure described above, was added dropwise for ~10 min
with vigorous stirring at 10 C to a solution of benzhydrylmethyl
sulfide (1.46 g, 6.3 mmol) in CF3COOH (5 mL). After 0.5 h, the
reaction mixture was diluted with water (40 mL) and alkalized
with aqueous ammonia to a weakly alkaline pH value. The oil
precipitated was extracted with chloroform. Then the extract
was washed with water, and the solvent was evaporated. The
formed oil crystallized slowly. The obtained crude product was
washed with petroleum ether. The yield was 1.1 g (79%),
m.p. 109—110 C (PriOH—petroleum ether) (cf. Ref. 73:
112—114 С). 1H NMR, , 2.38 (s, 3 Н, Me); 4.75 (s, 1 H, CH);
7.30—7.50 (m, 10 H, 2 Ph).73 Found (%): C, 73.00; H, 6.31;
S, 13.75. C14H14OS. Calculated (%): C, 73.01; H, 6.13; S, 13.92.

Oxidation of amide 2a with nitrosonium perchlorate. Amide 2a
(2.57 g, 10 mmol) was added at 0—10 C to a vigorously stirred
suspension of nitrosonium perchlorate (2.76 g, 20 mmol) in
acetonitrile (6 mL). The mixture was kept at ambient tempera�
ture for 24 h and treated with water (50 mL). The precipitate of
acetamide 10 was filtered off, dried, and purified by chromato�
graphy on alumina using chloroform as an eluent (Rf 0.5). The
yield was 1.1 g (46%), m.p. 148—150 C (PhMe) (cf. Ref. 74:
149 С). 1H NMR, : 2.06 (s, 1 H, CH3); 6.21 (d, 1 H, CH, Jvic =
= 7.6 Hz); 6.40 (strongly br.d, 1 Н, NН); 7.18—7.36 (m, 10 H,
2 Ph). Upon deuteration, the signal from the proton of the NH
group at  6.40 disappears and the doublet of the proton of the
CH group gains the shape of a singlet. Found (%): C, 80.12;
H, 6.80; N, 6.20. C15H15NO. Calculated (%): C, 79.97; H, 6.71;
N, 6.22.

Oxidation of nitrile 2c with nitrosonium perchlorate. The re�
action was conducted similarly using nitrile 2c (2.55 g,
10.7 mmol), nitrosonium perchlorate (2.76 g, 21.4 mmol), and
acetonitrile (15 mL). Acetamide 10 was obtained in a yield of

0.9 g (37%), m.p. 148—150 C (PhMe). The mixing probe with
the sample from the previous experiment shows no melting point
depression.
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