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Abstract: Unimolecular reactions on the (CH3)2SOO potential energy surface have been calculated in an attempt
to rationalize the reaction of singlet oxygen with dimethyl sulfide. Geometries were optimized with B3LYP/
6-31+G(d) except for (CH3)2SOO which is not correctly described at that level of theory. Single-point
calculations were made with a computational scheme similar to G2(MP2,SVP). A second intermediate, CH3S-
(CH2)OOH, formed by intramolecular hydrogen abstraction (∆Ha ) 4.8 kcal/mol), is found to play a pivotal
role in the concerted reaction pathway. From this intermediate, dimethyl sulfone can be formed in two steps.
First, a hydroxyl group migrates to the sulfur (∆Ha ) 8.3 kcal/mol) followed by intramolecular hydrogen
migration to the methylene group (∆Ha ) 14.4 kcal/mol). Alternatively, the CH3S(CH2)(O)OH intermediate
can be protonated by trace water and deprotonated to form dimethyl sulfone, which can explain the H/D
exchange process observed experimentally. A sulfurane, formed by the addition of water to (CH3)2SOO, is
calculated to be bound by 13.5 kcal/mol.

Introduction

The first step in the oxidation of sulfides by singlet dioxygen
is the formation of a zwitterionic persulfoxide known as the
primary intermediate (PI).1-7 In the mechanism proposed by
Foote and co-workers (Scheme 1),1-3,8 the PI can react directly
with sulfoxides to produce sulfones or can undergo a transfor-
mation to a secondary intermediate (SI) which can be trapped
with sulfides to form sulfoxides (but not sulfones). Since the
SI oxidizes sulfides electrophilically, it is possible that the SI
is thiadioxirane.9,10 While the sulfones produced in Scheme 1
are formed in a bimolecular step,16O2/18O2 labeling studies
indicate that sulfones can also be produced by unimolecular
rearrangement.4,5,11,12

Sulfides bearing an activeR-CH bond (such as dibenzylsul-
fide) are known to undergo C-S cleavage to form an aldehyde
plus sulfenic acid (Scheme 2) as well as the usual sulfoxide
and sulfone products.4,5,13 Although not isolated, possible

intermediates in the formation of the aldehyde would be
S-hydroperoxysulfonium ylides (A) andR-hydroperoxysulfide
(B).12,14 The reaction of dibenzyl sulfide with TAD (1,2,4-
triazoline-3,5-dione), rather than singlet oxygen (Scheme 2),
yields a product analogous toR-hydroperoxysulfide (B′).15 This
fact supports the postulated intermediateB in the reaction of
dibenzyl sulfide with singlet oxygen.
Sulfur-carbon cleavage products are also observed in the

photooxidation of the five-membered-ring sulfide, but not of
the cyclic six- or seven-membered-ring sulfides or the acyclic
dialkyl sulfides.4 It was pointed out that theR-protons are more
acidic in the five-membered rings, which might favor the
formation of theS-hydroperoxysulfonium ylide intermediate (A,
Scheme 2).
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Ishiguro et al.12 have recently shown that H-D exchange can
accompany sulfone formation in the reaction of dimethyl sulfide
with singlet oxygen in aprotic solvents (Scheme 3) and thatboth
oxygens of singlet oxygen are incorporated into the sulfone (i.e.
no O2 scrambling). An isotope effect (kH/kD) of between 2 and
4 was measured12 for the rate-determining step (RDS) of H/D-
exchangeable sulfone formation. In addition, an isotope effect
of 4.3 was measured12 for benzaldehyde formation from1O2

and PhSCHDPh. A mechanism is presented in Scheme 3
(structures with boldface numbers are given in Figure 1) that is
slightly modified from that of Ishiguro et al.12 The large isotope
effect for the RDS of H/D-exchangeable sulfone formation and
S-C cleavage might suggest that both pathways go through a
common intermediate.

The PM3 semiempirical treatment16 was used by Ishiguro et
al.12 to compute activation enthalpies from (CH3)2SOO (1). The
intermediate CH3S(CH2)OOH (2) was formed with a barrier of
18.9 kcal/mol byR-proton abstraction from (CH3)2SOO (1).
From CH3S(CH2)OOH (2), two transition states were located.
The lower energy one (∆Ha) 14.9 kcal/mol) yielded CH3SCH2-
OOH (3) while the higher energy transition state (∆Ha ) 25.5
kcal/mol) yielded CH3S(CH2)(O)OH (5). The relative barriers
are not consistent with experiment since sulfone formation
(which is experimentally observed) is not likely to result from
CH3SCH2OOH (3).
Several of the radicals considered in fragmentation reactions

of (CH3)2SOO (including CH3SCH2, CH3SCH2O, and CH3-
SCH2OO) as well as closed-shell species (including CH3SCH2-
OOH and CH3SC(O)H) have also been of interest in the
atmospheric oxidation of dimethyl sulfide (see eqs 1-5).17-23
Thus, some of the reactions considered in the present study of
unimolecular reactions of (CH3)2SOO will also be of relevance
in the atmospheric oxidation of (CH3)2S.

Computational Method

The density functional theory exchange/correlation combination of
B3/LYP has been used with the 6-31+G(d) basis set for geometry
optimization. This level of theory has proven to be effective in
reproducing geometries in a wide variety of bonding environments.24,25

In addition, Jensen et al.3b have optimized a number of the same
structures considered in the present work at the MP2/6-31G(d) level
and have found reasonable agreement with B3LYP/6-31+G(d) geom-
etries. Vibrational frequencies have been computed at the B3LYP/6-
31+G(d) level to confirm the nature of the stationary points and to
make zero-point corrections. The imaginary frequency (transition
vector) was plotted for all transition states to ensure that the motion
was appropriate for converting reactants to products. This was the case
for all transition states exceptTS2/5. Single-point calculations have
been made at QCISD(T)/6-31+G(d) and MP2/6-311+G(3df,2p) and
combined with the additivity approximation to estimate relative energies
at the [QCISD(T)/6-311+G(3df,2p)] level (eq 6).

The approximation in eq 6 is similar to the G2(MP2,SVP) proce-
dure26 except that the 6-31+G(d) basis set replaces the 6-31G(d) basis
set in the QCISD(T) calculation. The G2(MP2,SVP) method has been
shown by Radom and co-workers26ato reproduce a number of molecular
properties to within chemical accuracy (2 kcal/mol). The difference
in the higher level correction term (∆HLC), obtained from G2 theory,27

is zero except when the number ofR andâ spin electrons is different
from the reference compound. For example, forming two radical
fragments from the reference compound, CH3S(CH2)OOH (3) will have
a contribution of 3.1 kcal/mol (∆HLC) added to the relative energy
due to the difference in the number ofR andâ electrons. The higher
level correction accounts for known deficiencies in the target compu-
tational level (QCISD(T)/6-311+G(3df,2p)).27
The primary intermediate, (CH3)2SOO (1), proved to be problematic

for the DFT method. The only minimum that could be obtained was
characterized by a S-O bond distance of 2.359 Å and an O-O distance
of 1.266 Å. The trouble can be traced to the fact that the reaction
(CH3)2SOOf (CH3)2S+ O2 is exothermic and no barrier exists at the
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Scheme 3 (CH3)2S+ OHf CH3SCH2 + H2O (1)

CH3SCH2 + O2(triplet)f CH3SCH2OO (2)

CH3SCH2OO+ O2H f CH3SCH2OOH+ O2(triplet) (3)

CH3SCH2OOHf CH3SC(O)H+ H2O (4)

CH3SCH2OO+ NOf CH3SCH2O+ NO2 (5)

∆E(QCISD(T)/6-311+G(3df,2p))≈ ∆E(QCISD(T)/6-31+G(d))+
∆E(MP2/6-311+G(3df,2p))- ∆E(MP2/6-31+G(d))+

∆(ZPC/B3LYP/6-31+G(d))+ ∆HLC (6)
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Figure 1. Selected geometric parameters for relevant species optimized at the B3LYP/6-31+G(d) level except for (CH3)2SOO (1), which was
optimized at the MP2/6-31+G(d) level.
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DFT level. In contrast, a barrier to dissociation exists at the MP2/6-
31+G(d) level, and a stable structure can be obtained. A similar
deficiency in the DFT method was also observed for the ONOO
radical.28 For that reason, the structure and vibrational frequencies of
1 were obtained at MP2/6-31+G(d) rather than the B3LYP/6-31+G-
(d) level. The MP2/6-31+G(d) zero-point energy of1 was scaled by
the B3LYP:MP2 ratio calculated for the zero-point energy of (CH3)2S.
Rather than calculate singlet O2 directly (which would require a

complex wave function), the ground-state triplet was computed and
the experimental singlet-triplet separation of 22.0 kcal/mol29 was
added. A table of energies (in kcal/mol) relative to CH3S(CH2)OOH
(2) is presented in Table 1 while geometries of relevant species are
given in Figure 1. Total energies, zero-point energies, and Cartesian
coordinates of optimized structures are available as Supporting Informa-
tion. Unless otherwise stated, relative energies will be determined from
eq 6. The reaction profile for (CH3)2S+ 1O2 is given in Figure 2 while
the reaction7 f 8 is given in Figure 3. Vertical arrows in Figures 2
and 3 refer to bond dissociation energies.

Results and Discussion

As mentioned above, the structure of (CH3)2SOO (1) was
optimized at the MP2/6-31+G(d) level rather than the B3LYP/
6-31+G(d) level because the length of the S-O bond is much
too long with use of DFT. At the MP2/6-31+G(d) level, the
S-O bond is 1.630 Å and the O-O bond is 1.452 Å. The
dissociation reaction to form (CH3)2S and triplet oxygen is 36.3
kcal/mol exothermic, which is reduced to 14.3 kcal/mol if singlet
oxygen is the reference product. At the [QCISD(T)/6-311+G-
(3df,2p)] level, the difference is reduced further from 14.3 to
2.7 kcal/mol. The∆HLC term reduces the difference by a
further 3.1 kcal/mol because the computations are with respect
to triplet oxygen and (CH3)2S for which the number ofR and
â electrons is different than in (CH3)2SOO. The difference is

increased by 1.4 kcal/mol from zero-point corrections to bring
the final separation to 1.0 kcal/mol (Table 1). It is likely that
solvent effects will further stabilize the zwitterionic structure
(CH3)2SOO (relative to (CH3)2S and O2) in protic solvents such
as methanol and to a smaller degree in aprotic solvents such as
benzene and acetonitrile.
The calculated B3LYP/6-31+G(d) geometry of thiadioxirane

(4) is similar to that reported by Jensen30 at the MP2/6-31G(d)
level except the S-O distances which are more asymmetric with
DFT (01.597/2.077 Å, B3LYP/6-31+G(d); 1.648/1.809 Å, MP2/
6-31G(d)). The present study finds the reaction1 f 4 to be(28) McKee, M. L.J. Am. Chem. Soc.1995, 117, 1629.

(29) Cotton, F. A.; Wilkinson, G.AdVanced Inorganic Chemistry, 5th
ed.; Wiley: New York, 1988. (30) Jensen, F.J. Org. Chem.1992, 57, 6478.

Table 1. Relative Energies (kcal/mol) of Species on the (CH3)2SOO (1-6), (CH3)2SOOH+ (7, 8), and (CH3)2S(OH)OOH (9) Potential
Energies Surfacesa

B3LYP/a (+ZPC) MP2/a QCISD(T)/a MP2/b [QCISD(T)/b] (+ZPC/HLC)

S(CH3)2 + O2 (1∆) -10.0 (-11.2) -4.7 -6.5 4.2 2.4 (4.3)b

(CH3)2SOO (1) 9.6 4.4 10.3 5.1 (5.3)
CH3S(CH2)OOH (2) 0.0 (0.0) 0.0 0.0 0.0 0.0 (0.0)
CH3SCH2OOH (3) -43.4 (-41.8) -41.9 -44.0 -37.5 -39.6 (-38.0)

(CH3)2SOO (4) 12.2 (12.5) 12.2 7.4 10.7 5.9 (6.2)
CH3S(CH2)(O)OH (5) -29.2 (-29.0) -35.9 -30.2 -54.1 -48.4 (-48.2)
(CH3)2SO2 (6) -75.4 (-73.1) -84.5 -78.5 -101.9 -95.9 (-93.6)
TS1/2 9.0(6.4) 6.7 12.6 6.8 12.7 (10.1)
TS2/3 14.1 (13.3) 18.7 14.6 21.9 17.8 (17.0)
TS(-H2CdO) 11.2 (10.0) 12.2 7.5 17.2 12.5 (11.3)
TS(-H2O) 4.4 (1.6) 7.1 2.8 11.3 7.0 (4.2)
TS2/5 50.6 (47.6) 48.2 14.7 44.8 11.3 (8.3)
TS5/6 -11.5 (-13.2) -17.2 -10.9 -38.4 -32.1 (-33.8)
CH3S(CH2)O+ OH 11.2(6.1) 25.4 19.8 22.5 16.9 (14.9)b

CH3SCH2+ O2H 16.4 (12.7) 33.3 21.7 38.9 27.3 (26.7)b

CH3SCH2OO+ H 40.6 (35.0) 43.7 35.8 57.2 49.3 (46.8)b

CH3SCH2O+ OH -5.3 (-8.7) 10.4 -3.3 17.9 4.2 (3.9)b

CH3SOH+ H2CdO -72.6 (-74.4) -72.5 -72.8 -69.8 -70.1 (-71.9)
CH3SC(O)H+ H2O -104.3 (-106.1) -106.8 -104.9 -107.0 -105.1 (-106.9)

(CH3)2SOOH+ (7) 0.0 (0.0) 0.0 0.0 0.0 0.0 (0.0)
(CH3)2S(O)OH+ (8) -34.8 (-34.0) -43.5 -36.0 -60.4 -52.9 (-52.1)
TS7/8 50.8 (48.9) 42.5 40.7 39.6 37.8 (37.7)
(CH3)2SO+ + OH 37.2 (32.8) 51.3 39.5 50.7 38.9 (37.6)b

(CH3)2S+ + O2H 39.4 (35.8) 53.3 44.5 61.3 52.5 (48.4)b

(CH3)2SOO (1) + H2O 0.0 0.0 0.0 0.0 (0.0)
(CH3)2S(OH)OOH (9a) -7.3 -4.8 -7.5 -5.0 (-1.7)
(CH3)2S(OH)OOH (9b) -22.7 -17.8 -21.8 -16.9 (-13.5)
a Basis set “a” is 6-31+G(d); basis set “b” is 6-311+G(3df,2p).b The higher level correction (HLC) increases the energy by 3.1 kcal/mol relative

to 2.

Figure 2. Unimolecular reactions on the (CH3)2SOO (1) potential
energy surface. Vertical arrows indicate bond cleavage reactions. The
bold line indicates the formation of dimethyl sulfone (6) from (CH3)2-
SOO (1). Structures of stationary points are given in Figure 1.
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slightly endothermic (0.9 kcal/mol), which compares to a value
of 0.4 kcal/mol for the reaction at the MP4/6-311G(2d)+ZPC
level.30 Due to the aforementioned difficulties with1, the
rearrangement1 f 4 was not calculated. However, it should
be mentioned that Jensen has calculated30 a sizable barrier for
this reaction at the MP4/6-311G(2d)+ZPC level (18.6 kcal/mol).
Very recent calculations by Shangguan and McAllister31 of the
relative energies of1 and 4 are in agreement with those of
Jensen.30

It is known that sulfides with an activeR-proton lead to S-C
cleavage products, probably through intramolecular hydrogen
abraction.4,5 More recent results indicate that a fraction of the
sulfone produced in the photolytic oxidation of sulfides occurs
with H/D exchange along with incorporation of both oxygen
atoms of molecular oxygen.12 There is an isotope effect ofkH/
kD ) 2-4 for the production of this fraction of sulfones which
suggests that the rate-determining step involves C-H bond
breaking.12 A transition state for hydrogen abstraction (TS1/
2) was located (Figure 1) with an activation barrier of only 4.8
kcal/mol. Since the transition state was located at the B3LYP/
6-31+G(d) level, the structure may be plagued by the same
difficulties discussed above for (CH3)2SOO (1); that is, the S-O
bond may be too long and the O-O bond too short. A more
difficult question to answer is whether the product, CH3S(CH2)-
OOH (2), might be formed directly from (CH3)2S and singlet
oxygen. At the DFT level of theory, an intrinsic reaction path
(IRP) would not help resolve this issue due to the poor
description of 1. The yield of sulfone is known to be
independent of the addition of diphenyl sulfoxide, a known trap
of persulfoxide.4 This fact suggests the persulfoxide and the
sulfone-producing intermediate are produced by independent
pathways.
If (CH3)2S+ 1O2 and1 are in rapid equilibrium, andTS1/2

is the transition state of the rate-determining step, then the
expression for the observed rate constant is given in Scheme
4.4,7 Thus, there is a contribution from the reaction energy of
(CH3)2S+ 1O2 to 1 (1.0 kcal/mol) and the activation enthalpy
from 1 f 2 (4.8 kcal/mol) for a total activation barrier of 5.8
kcal/mol. An experimental activation barrier for singlet oxygen
reaction with cyclic pentamethylene sulfide of-4.1 kcal/mol
had been determined7 in acetone. A stabilization effect of the
solvent on1 andTS1/2could account for the negative activation
barrier. The computed entropy of activation for (CH3)2S+ 1O2

f 2 has a large contribution from the associate reaction
((CH3)2S+ 1O2 f 1, -36.7 cal/(mol‚K)) and a much smaller
contribution from1 f TS1/2 (-1.2 cal/(mol‚K)). The total
entropy change (-36.7 cal/(mol‚K)) is in reasonable agreement
with the experimental entropy of activation for photooxidation
of c-(CH2)5S of -46 cal/(mol‚K).
The intermediate2 has a rather short S-C bond to methylene

(1.633 Å) that is indicative of double-bond character. The O-O
bond distance (1.441 Å) and O-O torsion angle (99.9°) are in
the normal range of O-O peroxide distances and torsion
angles.29 Two low-energy fragmentation pathways are consid-
ered from2, cleavage of the S-O bond to give CH3SCH2 +
O2H (26.7 kcal/mol) and cleavage of the O-O bond to give
CH3S(CH2)O+ OH (14.9 kcal/mol). In both sulfur-containing
radical fragments, the unpaired electron density shifts almost
completely to the methylene carbon. This S-C bond then
lengthens from 1.633 Å in2 to 1.725 Å in CH3SCH2 and 1.751
Å in CH3S(CH2)O (Figure 1). The O-O bond dissociation
energy in 2 of 14.9 kcal/mol gives the upper limit of the
rearrangement barrier to CH3S(CH2)(O)OH (5) since that would
correspond to a two-step process where the O-O bond breaks
completely before the S-OH bond forms. A transition state
for OH migration2f 5was located at the B3LYP/6-31+G(d)
level (TS2/5, Figure 1) where the breaking O-O bond is 2.032
Å and the forming S-OH bond is 2.594 Å. The fact that the
energy of TS2/5 is 41.6 kcal/mol higher than that of the
fragments, CH3S(CH2)O + OH, indicates that the B3LYP/6-
31+G(d) method is not able to fully describe the biradical
character of the transition state. The QCISD(T)/6-31+G(d)
level makes a dramatic difference to the barrier, reducing it 33.5
kcal/mol compared to the MP2/6-31+G(d) level. At the
standard level of theory, the barrier is 8.3 kcal/mol, 6.6 kcal/
mol less than the energy of fragments. A search for the
transition state at the CASSCF(2,2)/6-31G(d) level starting with
a broken symmetry solution of the wave function revealed a
flat potential energy surface with a weakly interacting OH group.
It is probable that a method which can describe dynamic and
nondynamic electron correlation will be needed to locate the
transition state. At the QCISD/6-31+G(d) level, the transition
state energy ofTS2/5 is still considerably above that of radical
fragments, indicating the importance of triple excitations. In
any event, it is clear that the low barrier for OH migration in2
is directly related to the small O-O bond energy which should
be accurately calculated.(31) Shangguan, C.; McAllister, M. A.THEOCHEM1998, 422, 123.

Figure 3. Unimolecular reaction of (CH3)2SOOH+ (7) to form (CH3)2S-
(O)OH+ (8). Vertical arrows indicate bond cleavage reactions. Structures
of stationary points are given in Figure 1.

Scheme 4
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The p orbital on the methylene carbon inTS2/5 is aligned
with the forming SdO bond which should allow conjugation
to take place. However, after the OH has transferred to the
sulfur, the methylene reorientates so theπ* orbital can interact
with the hydroxyl lone pair. The twisting of the methylene
group as the reaction proceeds from2 to 5 was also noted at
the PM3 level by Ishiguro et al.12 It is interesting to note that
the S-C distance to the methylene carbon remains rather short
as one proceeds from2 (1.633 Å) toTS1/2(1.695 Å) to5 (1.624
Å), which is in contrast to the S-C distance in the CH3S(CH2)O
fragment where it has increased to 1.751 Å. Evidently, the
S-CH2 retains considerable double bond character through the
reaction.
The reaction forming CH3S(CH2)(O)OH (5) from 2 is

exothermic by 48.2 kcal/mol, which should make this step
irreversible (Figure 2). In turn, structure5 is connected to
dimethyl sulfone (6) via TS5/6with a barrier of 14.4 kcal/mol.
The transition state for reaction5 f 6 is rather early as judged
(Figure 1) by the short breaking O-H bond (1.203 Å) and long
forming C-H (1.578 Å) in keeping with a reaction that is 48.2
kcal/mol exothermic (Figure 2).
If the reaction followed the bold line in Figure 2 to dimethyl

sulfone (6), the reaction would not involve H/D exchange since
the same hydrogen that is abstracted to form2 is transferred
back to form6. This would be in contradiction to experiment12

as it is known that H/D from adventitious water exchanges with
one of the six hydrogens of dimethyl sulfide. To rationalize
the exchange (Scheme 5), it is assumed that5 is protonated on
the methylene group to form (CH3)2S(O)OH+ (8). The proton
affinity of 5 is calculated to be 235.8 kcal/mol, which is 73.1
kcal/mol greater than that of water (Table 2). If8 is now
deprotonated on oxygen, dimethyl sulfone (6) is formed with
one H/D exchanged. Thus, the reaction5f 6 is acid catalyzed
(5 + H+ f 8 f 6 + H+).
The experimental results could also be explained if the

protonation occurred earlier in the reaction scheme. Since the

proton affinity of2 (229.3 kcal/mol, Table 2) to form (CH3)2-
SOOH+ (7) is similar to the proton affinity of5 to form8 (235.8
kcal/mol), it is possible that OH migration could take place in
protonated2. This transition state (TS7/8) has a breaking O-O
bond of 2.073 Å and a forming S-OH bond of 2.261 Å. The
effect of electron correlation is not as dramatic forTS7/8 as
was noted above forTS2/5, which might suggest that there is
less biradical character. The activation barrier for7 f 8 is
37.7 kcal/mol, which is essentially the same as the energy of
fragments (CH3)2SO+ + OH (37.6 kcal/mol). Compared to the
barrier for OH migration in2 (8.3 kcal/mol), the barrier for
OH migration in7 (37.6 kcal/mol) is 29.3 kcal/mol higher. The
difference is clearly attributable to the smaller O-O bond energy
in 2 (14.9 kcal/mol) compared to the O-O bond energy in7
(37.7 kcal/mol) which, in turn, is related to the effect of the
methylene group.
It has been previously noted5 that carbonyl oxide has a

reactivity similar to that of persulfoxide. Very recently, Gutbrod
et al.32 have reported theoretical calculations on dimethylcar-
bonyl oxide ((CH3)2COO) which indicate that 1,4-hydrogen
migration can occur with a low barrier to form a hydroperoxide
intermediate similar to that calculated here for (CH3)2SOO. The
next step, which has been experimentally verified,32b is cleavage
of the O-O bond to form hydroxyl radicals. The similarity of
the reaction profiles for the initial stage of reaction is illustrated
in Figure 4.
Another section of the potential energy surface is accessible

via TS2/3, the transition state for migration of the peroxide
group from sulfur (2) to the methylene carbon (3). The O2H-
migration transition state (TS2/3) is 8.7 kcal/mol above that of
TS2/5and 9.7 kcal/mol below the energy of CH3SCH2 + O2H
fragments (Figure 2). Replacing methyl with other groups on
the sulfide could reduce the energy betweenTS2/3andTS2/5,
which could lead to products via the former pathway.
The CH3SCH2OOH intermediate (3) has been invoked in the

mechanism of atmospheric oxidation of dimethy sulfide.18 The
O-O distance (1.465 Å) and torsion angle around the O-O
bond (138.7°) in 3 are typical of peroxide compounds.29 Three
different fragmentation processes are considered for3: breaking
the O-O bond to form CH3SCH2O + OH (41.9 kcal/mol),
breaking the C-O bond to form CH3SCH2 + O2H (64.7 kcal/
mol), and breaking the O-H bond to form CH3SCH2OO+ H
(84.8 kcal/mol). The O-O bond is the weakest; its cleavage
is competitive with two concerted elimination transition states.
Elimination of water to form CH3SC(O)H+ H2O has a barrier
of 42.2 kcal/mol via TS(-H2O) and the elimination of
formaldehyde to form CH3SOH+ H2CdO has a barrier of 49.3
kcal/mol viaTS(-H2CdO). The second reaction is observed

(32) (a) Gutbrod, R.; Schindler, R. N.; Kraka, E.; Cremer, D.Chem.
Phys. Lett.1996, 252, 221. (b) Gutbrod, R.; Kraka, E.; Schindler, R. N.;
Cremer, D.J. Am. Chem. Soc.1997, 119, 7330.

Scheme 5

Table 2. Proton Affinities (kcal/mol) of H2O, 1, 2, 5, and6a

B3LYP/a
(+ZPC) MP2/a

QCISD
(T)/a MP2/b

[QCISD(T)/b]b
(+ZPC)

H2Of H3O+ 167.2 (158.9) 168.1 169.2 169.9 171.0 (162.7)
1f 7 243.7 242.6 245.8 244.7 (236.9)
2f 7 237.9 (227.3) 234.0 238.2 235.7 239.9 (229.3)
5f 8 243.5 (234.9) 241.6 244.0 242.0 244.4 (235.8)
6f 8 197.3 (190.8) 193.0 195.7 194.1 196.8 (190.3)

a Basis set “a” is 6-31+G(d); basis set “b” is 6-311+G(3df,2p).
b Addititivity approximation. See eq 6.

Figure 4. Comparison of 1,4-hydrogen migration barriers in dimeth-
ylcarbonyl oxide ((CH3)2COO) calculated at the B3LYP/6-31G(d,p)
level plus zero-point and thermal corrections32 with dimethyl sulfoxide
((CH3)2SOO) calculated in this work. Energies (in kcal/mol) are
referenced to the indicated reactant plus singlet oxygen.
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in the reaction of singlet oxygen with benzyl or cyclic sulfides,
both of which lead to S-C cleavage reactions.4,13 Ishiguro et
al.12 suggest that if there is a phenyl substitutent on carbon in
transition stateTS2/5, then the methylene group might not be
able to assume the most stabilizing orientation, and the transition
state would be destabilized as a consequence. In that event,
TS2/3might become lower thanTS2/5(or at least competitive
with), which would lead to3 (and S-C cleavage products) rather
than5 (and sulfones).
Perhaps more difficult to explain is the absence of products

from TS(-H2O) since that barrier is 7.1 kcal/mol lower than
TS(-H2CdO). The reaction has been proposed19 as a major
channel in the reaction of O2H with CH3SCH2OO (eq 7) but
(to the author’s knowledge) has not been observed in the reaction

of singlet oxygen with sulfides. The transition stateTS(-H2O)
can best be visualized as the cleavage of the O-O bond in3
with the simultaneous abstraction of a C-H hydrogen by the
departing hydroxyl radical. This reaction may be disfavored
by entropy effects since the energy of the fragments (CH3SCH2O
+ OH) is already 0.3 kcal/mol lower (Figure 2) in energy than
TS(-H2O).
In protic solvents such as methanol, photolytic oxidation of

sulfides proceeds by a different mechanism after the persulfoxide
is formed.3,33-36 It has been suggested that a solvent molecule
may complex to the persulfoxide or even add to form a
sulfurane.3,33-36 The energetics of the addition product was
considered in (CH3)2S(OH)OOH (9) (Figure 1) where two
alternative structures were considered. In9a, the OH from water
adds to an equatorial position around sulfur, which permits a
strong hydrogen bond between OH and O2H (1.610 Å). It
appears that the preference of electronegative groups to assume
axial positions is more important than the intramolecular
hydrogen bond since9b (where OH is axial) is 11.8 kcal/mol

more stable than9a. Relative to (CH3)2SOO (1) plus water,
9b is 13.5 kcal/mol more stable. Jensen has reported3 an MP2/
6-31G(d) optimized geometry for the addition product of
methanol and (CH3)2SOO (1) in which the OCH3 group also
adopts an axial position.

Conclusions

The reaction of singlet oxygen with dimethyl sulfide has
proved to be deceptively complex. The present work, which
considers unimolecular reactions from the primary intermediate,
(CH3)2SOO (1), confirms the importance of CH3S(CH2)OOH
(2) formed by intramolecular hydrogen abstraction with a barrier
of only 4.8 kcal/mol. The O-O bond energy in CH3S(CH2)-
OOH (2) is very weak (14.9 kcal/mol), which rationalizes the
small activation barrier (8.3 kcal/mol) for forming CH3S(CH2)-
(O)OH (5). An intramolecular hydrogen migration from the
hydroxyl to the methylene group in5 forms (CH3)2SO2 (6) with
a barrier of 14.4 kcal/mol. Alternatively, trace water can
protonate the methylene group in5, which can, in turn,
deprotonate on oxygen to form (CH3)2SO2 (6). The acid-
catalyzed pathway explains the single H/D exchange observed
experimentally. With an additional 8.7 kcal/mol of activation,
2 can form CH3SCH2OOH (3), which leads to S-C cleavage
products.
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