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DFT computations have been performed at different levels of
theory to identify the mechanism for the oxidation of sulfides
and sulfoxides with periodates. The periodate ion (I047), per-
iodic acid (HIO,4) and their hydrated derivatives all oxidize
sulfides to sulfoxides in one-step oxygen-transfer reactions
and the relative reactivities are HIO, >> H;I04 > 10, >
H4IO0¢™ >> H3lO42". The hydration and dissociation equilib-
ria of the periodates are shifted towards [O,~ in neutral and
moderately acidic solutions, and sulfides are oxidized mainly
with I0,~ under normal experimental conditions. The oxygen
atoms of the periodates attack the sulfides perpendicularly
to the plane of the C-S-C atoms and the S---O--I atoms are
in a linear arrangement in the very early transition state (TS).
The sulfides are the electron donors and periodates are the

electron acceptors in the reactions; the geometries of the TSs
are determined by the overlap of the HOMO and the LUMO
of the reactants. Other mechanisms can be ruled out because
the attack of the sulfur atom of the substrate on the iodine
atom of the reactants increases the energy of the system con-
tinuously very steeply as the S--I distance decreases. Experi-
mentally derived AG* values are in good agreement with the
AG* data computed for the oxygen-transfer mechanism. Sulf-
oxides are also oxidized to sulfones with IO, in a one-step
oxygen-transfer reaction, and the structures of the TSs and
the AG* data are similar to those obtained for the reactions
of sulfides.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Periodates are commonly used for oxidations in organic
chemistry."# Organic sulfides can be oxidized with NalO,
to sulfoxides under mild conditions.> ' Earlier we studied
the mechanism of this reaction by kinetic methods!!!l and
came to the conclusion that the reaction involves the rate-
determining one-step oxygen-atom transfer from the per-
iodate ion to the sulfur atom of the sulfide (1 + 6 = TS 8,
Scheme 1). On the basis of studies!!>!3 on the oxidation
of thiolsulfinates with periodate, Oael'¥ supposed, however,
that the oxidation of sulfides with periodate occurs by the
rate-determining attack of sulfur on the central iodine atom
of periodate (1 + 6 = 7, Scheme 1) and a subsequent li-
gand-coupling reaction of the supposed trigonal bipyrami-
dal intermediate (7). On the other hand, Musker and co-
workers!!>1%1 proposed the formation of a mixed anhydride
intermediate of sulfinic and iodic acids (RSO-103) for the
periodate oxidation of thiols and disulfides rather than the
oxygen-transfer mechanism.

Four different mechanisms have been suggested!!”] for the
oxidation of organic sulfides with reagents containing reac-
tive oxygen atoms. a) The oxidation reactions of sulfides
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and sulfoxides were suggested to proceed by a one-step oxy-
gen-transfer mechanism in the reactions initiated by perox-
ides,l'72% percarboxylic acids,!!7-2!-23 peroxomonophosph-
oric acid,* as well as by permanganate!>’! and peroxomo-
lybdate ions!?®! and several metal complexes.?’3] A mecha-
nism involving oxygen-atom transfer steps has also been
proposed for the periodate oxidation of the iodide ion.[34-36]
b) Mechanisms involving the nucleophilic addition of the
sulfur atom of the sulfide to the central heteroatom of the
oxidizing agents were proposed for the reactions of sulfides
with pyridinium chlorochromate,*”! iodosylbenzene diace-
tatel*® and with complexes of permanganate**-4%1 and chro-
mate ions.*!-#3 ¢) The oxidations of sulfides with peroxydi-
sulfates,*# and peroxydiphosphates*’ are thought to pro-
ceed via the formation of an acyloxysulfonium intermediate
of sulfuric and phosphoric acids, respectively. d) In several
reactions of sulfides with metal complexes and en-
zymes,!!7-46-31] evidence was found for mechanisms that in-
volve single-electron transfer from the sulfide to the oxidiz-
ing agent and the rate-determining formation of the R,S*
radical cation. The mechanism for the oxidation of sulfides
and sulfoxides by dimethyldioxirane was found to change
with the solvent. In less polar media the reactions were
thought to proceed by a one-step oxygen transfer, whereas
for reactions in a 20% (v/v) water in acetone mixture the
formation of a sulfonium intermediate was proposed.>?
To ascertain the mechanism of the periodate oxidation
of organic sulfides we have performed DFT computations
on the previously proposed oxygen-transfer!!!] (mechanism
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Scheme 1. Mechanisms for the oxidation of Me,S (6) with the equilibrating species of periodates: 104 (1), H41O4 (2a, 2b), Hs51O¢ (3),
HIO, (4) and H3104> (5). TSs 12-17 are converted into products [TS 12 — 9 + 11 + 2H,0; TS(13-15) — 9 + 10 + 2H,0; TS(16, 17)
— 9 + 10 + H,O + HO']. Formulae show the calculated structures of the species. The structural parameters are listed in Table 1 and

Table S1 in the SI.

a) and nucleophilic addition!'¥ mechanisms (mechanisms
b). The formation of an acyloxysulfonium intermediate
with periodate (R,S*—OI05>", mechanism c) and the elec-
tron transfer from sulfides to the periodate ion (R,S*,
104>, mechanisms d) were excluded because they involve
large charge separations and the total energy of the inter-
mediates with two negative charges on the periodate moie-
ties are much higher than that of the reactants (AE = 284.4
and 269.9 kJmol™!, respectively, cf. the Computational
Methods Section).

To validate the results of the computations, the obtained
free energy of activation data were compared with the ex-
perimentally derived AG* values, calculated from the rate
constants of kinetic experiments!''l We previously
found3-3¢ for several reactions that the computed and ex-
perimentally derived AG* values are in acceptably good
agreement; their deviations were found to be less than
10 kJmol™'. The agreement between the experimentally de-
rived and computed AG* data may be explained by two
reasons. First, the effect of solvent polarity on reactivity
(AGY) can be computed by the DFT method by using the
polarizable continuum model (PCM) of solvents. Secondly,
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the contribution of the very fast rearrangement of solvent
molecules to the experimentally derived AG* is small. The
rearrangement of solvent molecules influences, nevertheless,
the experimentally derived AH* and AS* parameters; they
decrease/increase together with increasing/decreasing sol-
vation of the TS and may approximately compensate each
other’s changes according to the equation SAG* = SAH* —
TSASE. Therefore, in agreement with our earlier observa-
tions,[>3-3%1 although computed and experimentally derived
AG* values are in acceptable agreement with each other, the
corresponding AH* and AS* data may be different because
the rearrangement of the solvent molecules that occurs dur-
ing the reaction cannot be computed with the applied meth-
ods.

Results and Discussion

Equilibria and Structures of the Periodate Oxidizing
Species

The periodate ion (I04) and periodic acid (HIO,) are
hydrated®7-% in aqueous solution to provide H4JO¢ and
H;IOq, respectively [see Equations (1) and (2)].
2103
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10, + 2H,0 = H, 10, Ky = 0.0345 (1)

HIO, + 2H,0 = H,IO, Q)

The equilibrium constant for the dehydration of H4IO4~
(Kp = 1/Ky = 29 in water at 25 °C) was determined by
spectroscopic methods.’7-*81 The hydration and dehydration
of 10, are rapid processesi® in spite of the large structural
changes and the complexity of the reactions. Although
equilibrium (1) is shifted®” towards 10,~, equilibrium (2) is
shifted completely to the right.[*1:621 In aqueous solutions,
HIO, exists exclusively in the hydrated form HsIOg4. Al-
though HIO, is expected to be a very strong acid,”! like
HCIO,, its hydrated form HsIOg (pK,' = 3.29), and the
anion H,1O4 (pK,> = 8.31) are weak acids.l>7-61-64 The ap-
parent pK, values of HsIOg and H4IOs depend on the hy-
dration equilibriumP” and they are shifted!"!! to pK,! = 0.5
and pK,? = 10.5 in 50% (v/v) EtOH/H,0, as this medium
is less able to hydrate periodates. In neutral and moderately
acidic solutions, 10, predominates; the concentrations of
H;sIO¢ and H310¢> are high only at pH < 2 and pH > 9,
respectively.

10, (1) and HIO4 (4) have tetrahedral structures,
whereas the hydrated species HsIOg (3), H4IO6 (2), and
H;310¢> (5) adopt octahedral geometries.[61:62631 JO5~ (10)
and HIO; (11) are pyramidal owing to the lone pair of the
iodine (Scheme 1). The structural parameters, as calculated
by the DFT method for the optimized structures (Tables
S1-S5 and S8 in the Supporting Information), are similar
to those obtained by X-ray diffraction for the salts of the
corresponding species.l>% The conformers 2a and 2b have
been calculated for H4JOg . Four H atoms lie close to one
of the axial oxygen atoms in 2a, whereas two oppositely
positioned H atoms are directed towards each of the axial
oxygen atoms in 2b (Scheme 1). The equilibrium 2a = 2b is
shifted towards 2b (AG® = —1.71 kJmol!). The energies of
other conformers of 2, with different arrangements of the
H atoms, lie between the energies of 2a and 2b.

Mechanism for the Oxidation of Me,S and Me,SO with
Periodate

To clarify the mechanism for the periodate oxidation of
organic sulfides calculations were performed by changing
stepwise the distances between the sulfur atom of the sul-
fides and the oxygen or iodine atoms of the periodates. The
calculations were performed at the DFT(B3LYP)/6-31G(d)-
SDD level of theory, unless stated otherwise (cf. the Com-
putational Methods Section). The total energy of the sys-
tem increases steeply if the sulfur atom of Me,S attacks the
iodine atom of 104 (1 + 6 = 7, Figure 1, Scheme 1). Struc-
ture 7 cannot be an intermediate of the reaction as it is not
in a minimum on the relaxed potential energy curve at
2.37 A, which is the calculated distance!®®®7) of a S—1 single
bond. Thus, a mechanism involving the formation of 7 and
its conversion to products in subsequent ligand-coupling
steps!'¥ can be ruled out. On the other hand, the total en-
ergy of the system passes through a transition state (TS) if
2104
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the sulfur atom of Me,S attacks one of the oxygen atoms
of I0, 1 +6 =TS 8 - 9 + 10, Figure 2, Scheme 1);
the Me,SO (9) and 105 (10) products are formed with a
considerable decrease of energy. In TS 8 the oxygen atom
of 104 approaches the sulfur atom at right angles to the
plane of the Me,S molecule [(MeSO') = 92.8°]. TS 8 has
only one imaginary mode in which the oxygen atom passes
from iodine to sulfur in a linear arrangement [0(SO'l) =
172.2°]. Ab initio calculations have shownl®®! that the oxy-
gen-transfer reaction step also takes place at right angles
[0(MeSO) = 94.4°] to the plane of Me,S when the oxidation
proceeds with H,O».
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Figure 1. Relaxed potential energy curves for the attack of Me,S
(6) on the iodine atom of 104 (1 + 6 = 7) and HIO, (4 + 6 = 18 =
19), as calculated for increasing S-I distance at the DFT(B3LYP)/6-
31G(d)-SDD level of theory in water at 25 °C (Scheme 1).
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Figure 2. Relaxed potential energy curves for the attack of Me,S
(6) on the oxygen atoms of 10, (1 + 6 = TS 8 — 9 + 10), H3104>
5+6=TS17—-9+10+ H,O0+ HO)and HIO, (4 +6 - 9 +
11), as calculated for increasing S-O distance at the DFT(B3LYP)/
6-31G(d)-SDD level of theory in water at 25 °C (Scheme 1).

In the oxidation process the sulfide molecule is the elec-
tron donor and the periodate ion is the electron acceptor

as electron-donating (e-d) substituents on the sulfides in-
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crease the rate of the reactions.'!l The sulfur atom is posi-
tively polarized in TS 8 [Q(S) = 0.248 a.u.], whereas the
negative charge on the attacking oxygen atom of 10, (1) is
smaller [Q(O!) = —0.685 a.u.] than that of the other three
oxygen atoms in the periodate moiety [Q(O*#) = —0.85 a.u.]
and smaller than that of 104 [Q(O) = -0.799 a.u., Table 1
and Table S1]. Electrons are shifted from sulfur towards the
oxygen atoms of the leaving 105 during the reaction. The
HOMO of Me,S on the sulfur atom is perpendicular to the
plane of the Me,S molecule. The LUMO on the oxygen
atoms of 10,4 is on the opposite side of the I-O bond (Fig-
ure 3). Thus the geometry of the TS 8 is determined by the
HOMO-LUMO interaction of the reactants.

Table 1. Free energies of activation (AG*), bond lengths (R) and
net Mulliken atomic charges (Q) for the TSs in the oxidation of
Me,S (6) and Me,SO (9) with periodates (Scheme 1 and Scheme 2)
and for the TSs in the oxygen-exchange reactions between Me,S
(6), Me>SO (9), Me,SO, (21), IO, (1) and 105~ (10, Scheme 3), as
computed at the DFT(B3LYP)/6-31G(d)-SDD level of theory in
water at 25 °C.

Reaction AGE  RSOHYRIOY) O6S) 0©OY 0O
kImol] [A] [A] [au] [au] [au]
1 1+6=TS8 782 2327 1977 0248 0685 1950
2 3+6=TS12 626 2447 1914 0229 -0.746 2267
3 2a+6=TS13 900 2304 1994 0235 -0723 2182
4 2a+6=TS14 1005 2267 2013 025 -0750 2.140
5 2b+6=TS15 943 2269 2017 0255 -0.742 2156
6 5+6=TS16 1336 2156 2097 0277 -0736 1937
7 5+46=TS17 1768 2032 2164 0332 -0731 1.860
8 1+9=TS20 763 2224 199 0873 -0.707 1973
9 6+9=TS22 2406 2027 - 0314 0593 -
10 9+21=TS23 2828 1961 - 0912 -0.641 -
11 1+10=TS24 817 - 2150 — -0764 1915

Figure 3. HOMOs of Me,S (6) and Me,SO (9) and LUMO of 104~
(1), as calculated at the DFT(B3LYP)/6-31G(d)-SDD level of
theory in water at 25 °C. Dark grey represents positive signs and
light grey represents the negative signs of the MOs (normally
shown in red and green colors, respectively).

A free energy of activation of AG* = 78.2 kImol™! was
computed for the reaction of Me,S with IO, (1 + 6 = TS
8, Scheme 1) at the DFT(B3LYP)/6-31G(d)-SDD level of
theory in water (Table 1, Entry 1), and AG* = 76.3 kJmol !
was obtained from the rate constants, as measured!!!! in
50% (v/v) EtOH/H,O at 25 °C. We found previously!>! that
the given level of theory and the basis set can also be used
to calculate AG* values in SN2 reactions involving Mel and
ArNMe, in different solvents. Calculations were performed

Eur. J. Org. Chem. 2009, 2102-2111
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earlier in the gas phase at a higher DFT(B3LYP)/6-
311G(d,p)-SDD level of theory!®! or by using the MP2
theory!”® or the LANL2P2 basis setl’! for the reactions of
iodine or compounds containing an iodine atom, and the
results were found to be in good agreement with the experi-
mental data. Our calculations, performed with these and
other higher basis sets for the reaction of Me,S (6) with
104 (1) in water, proved that diffuse functions, in general,
had no affect, however, surprisingly, increasing the number
of basis functions led to an increase in the barrier of the
reaction (Table S7 in the SI). Nevertheless, we are convinced
that the results calculated at the moderate DFT(B3LYP)/6-
31G(d)-SDD level of theory can be used to obtain satisfac-
tory information for ascertaining the mechanism of the
studied reactions.

The reactivity of the periodate oxidizing species can be
characterized by the free energies of activation, as calcu-
lated for the reactions proceeding with Me,S. TSs similar
to TS 8 are formed when Me,S (6) attacks the oxygen atoms
of hydrated periodates HsIO¢ (3 + 6 = TS 12), H41O4 (2a
+ 6 = TS 13 or 14; 2b + 6 = TS 15) and H3104*> (5 + 6
= TS 16 or 17, Scheme 1). The structural parameters of the
TSs are listed in Table 1 and Table S1 in the SI. The order
HIO, (4) >> HslO¢ (3) > 104 (1) > HuIO04 (2) >>
H3I04> (5) shows that the reactivity decreases with hy-
dration and with increasing negative charge on the oxidiz-
ing species (cf. the AG* values in Table 1, Entries 1-7, and
the AE* data in Figure2). Hydrogen atoms oriented
towards the axial oxygen of the hydrated periodates hinder
the attack of Me,S (cf. AG* values for the reactions of the
conformers 2a and 2b in Table 1, Entries 3-5). The free en-
ergies of activation for the reactions of other conformers of
2 are between those of the reactions of 2a and 2b. The equa-
torial oxygen of the hydrated periodates is less reactive than
the axial ones (cf. attack on O! and O? of the reactant 5,
Table 1, Entries 6 and 7). These results are in accord with
earlier observations,[®! which indicates that the oxidation
potentials of solutions of periodates are the highest in
acidic media and that they decrease with increasing pH.

Anhydrous HIO, (4) is a species of high energy and the
most reactive of all the oxidizing periodates. In a non-aque-
ous medium it can oxidize Me,S (6) in an extremely fast
oxygen-transfer, with the sulfide attacking one of the non-
protonated oxygen atoms in HIO, (4). This reaction has no
energy of activation or TS because the total energy of the
reacting species decreases continuously during the forma-
tion of the products (4 + 6 — 9 + 11, Figure 2, Scheme 1).
On the other hand, the attack of Me,S on the iodine atom
of HIO, is not favoured energetically. A complex (18) can
be formed from Me,S (6) and HIO, (4) in an energy mini-
mum at a distance R(S-I) = 2.87 A (4 + 6 = 18, Figure 1;
AE° = -41.1 kJmol !, AG® = 14.1 kImol !, K = 0.0034). At
distances R(S++I) < 2.5 A, however, the total energy of the
system increases continuously (18 = 19, Figurel,
Scheme 1). As the calculated!®*®” bond length for the S-1
single bond in structure 19 is 2.37 A, one may conclude
that protonation of the periodate ion does not promote the
formation of an intermediate with a S-I single bond. There-
2105
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Table 2. Total, strain and interaction energies (AE) and selected structural data (R, ¢) for the intermediate species of the reactions of
Me,S with 104 (7 and TS 8) and Me,S with HIO,4 (4 + 6, 18 and 19), as calculated at the DFT(B3LYP)/6-31G(d)-SDD level of theory

in water at 25 °C (Scheme 1).

Species AE[KJmol']  AEgun [KJmol']  AEy [kimol'] RSO)[A] RESDA] 60010%[7] OO0} [] 0O'I0% [°]
1TSS 30.63 3148 085 2.327 - 112.64 105 41! 11321
2 123.78 53.42 70.36 - 2.370 117.3@ 11895 98.21al
3 4+69 4389 358.81 402.7 2.330 - 125,01 110.34 85.061
4 18 4121 29330 3345 - 2.874 1192 11924 91.2¢
5 190 27.06 312,01 2849 - 2370 119.54 119.94 89,76

[a] 6(OIO) = 109.4° for 10, . [b] Data for the species with the distance R(SI) = 2.37 A. [c] Data for the reacting species with the distance
R(SOY) =233 A. [d] A(O'T0?) = 105.9°, H(OA03) = 115.4° for HIO,. [¢] H(O'10%) = 97.3° for HIO,.

fore, the mechanism!('¥ involving the formation of the sup-
posed intermediate 19 and the subsequent ligand-coupling
steps may be ruled out.

To find the reason for the difference in the reactivities
of 104 (1) and HIO, (4), the “Activation Strain Analysis”
proposed by Bickelhaupt!’?731 was applied to the intermedi-
ates and TSs, which were taken into account in the reac-
tions of these oxidizing species with Me,S (6). The total
energies of formation of the intermediates and TSs were
broken down into strain and interaction components (AE
= AEgin t AE;,). The strain energy was calculated from

reaction of Me,S and 10, . The orientation of the HOMO
of Me,SO is also quasi-perpendicular to the plane of the
C-S-C atoms of the molecule (Figure 3). The AG* values
computed for the oxidations of Me,S (1 + 6 = TS 8) and
Me,SO (1 + 9 = TS 20, Table 1, Entries 1 and 8) were ap-
proximately the same. It is well known that the rates of
periodate oxidations of sulfides and sulfoxides are similar.
Therefore sulfoxides must be prepared®7-1% at a low tem-
perature with an equivalent amount of 104 to avoid the
formation of sulfones.

the total energy of the reactants, which adopt the same con- 20\\ ; gad ¥ Men by
formations as the intermediates or transition states. Both 1T+9—= | S50 5 MS)VS\\ + 10
the strain and interaction energies of the supposed!'#! inter- 2N: ﬁng o ©
mediate 7 are much higher than those of TS 8 (Table 2, 20 2

Entries 1 and 2). Therefore, the reaction of Me,S (6) with
104 (1) occurs via TS 8, with the attack of Me,S on one
of the oxygen atom of 10, (Scheme 1). In the reaction of
HIO, (4) and Me,S (6), the approach of the reactants re-
sults in a large decrease in the interaction energy (AE;, <<
0) and in a large increase in the strain energy (AEg ain >>
0, Table 2, Entries 3-5). In the attack of Me,S on the oxy-
gen of HIO, (4 + 6) and in complex 18, the strong interac-
tions make possible a large distortion of the HIO, molecule,
which manifests itself by a large change in the bond angles
(compare the 6 values given in Table 2 with those of the
reactants HIO, and 104). The total energy (AE < 0) de-
creases when Me,S attacks the oxygen atom of HIO, (4 +
6, Figure 2) and on formation of complex 18 (Figure 1).
The formation of the supposed!'*! intermediate 19, however,
proceeds with an increase in AE [Figure 1, R(S-1) = 2.37 A]
and therefore can be neglected.

10, oxidizes Me,>SO to Me,SO, (1 + 9 = TS 20 — 21
+ 10, Scheme 2). The structure of TS 20 [#(MeSO') = 99.0°,
O(SO'T) = 168.8°] is similar to that of TS 8 formed in the

Scheme 2. Mechanism for the oxidation of Me,SO (9) with 10,4
(@).

The calculated lengths of the S--O! distances (R =
2.25A) in TSs 8 and 20 are much longer than those of the
S=0 bonds (Rp = 1.5 A) in Me,SO (9) and Me,SO, (21),
but the I---O! distances in TSs 8 and 20 are only slightly
longer (Rg = 1.98 A) than the I-O bonds of 10, (Rp =
1.829 A, Table 3). The bond orders of n ~ 0.33 and n = 0.73
were calculated for the S---O and I---O bonds, respectively,
in TS 8 and 20 by the Pauling equation’* [Equation (3)],
which indicates that very early TSs are formed in the oxi-
dation reactions of Me,S and Me,SO with 10,

R — Ro = alnn 3)

The a constants of the Pauling equation for the S-O and
I-O bonds were obtained by using the calculated bond
lengths of Me,SO, Me,SO, and 10, (Rp) and those of the
symmetric (n = 0.5) TSs 22-24 (Rs) of the oxygen-exchange

Table 3. Calculated bond orders (n)#! for the TSs 8 and 20 (Scheme 1 and Scheme 2) generated in the reactions of Me,S (6) and Me,SO

(9) with 10, (1).

Reaction Bond Ry [A] Roled [A] al Rple1 [A] n

1+6=TS8 SO 2.026 (22) 1.528 (9) —0.7199 2.327 (8) 0.33
10 2.150 (24) 1.829 (1) —0.4631 1.977 (8) 0.73

1+9=TS20 SO 1.961 (23) 1.478 (21) —0.6968 2.224 (20) 0.34
10 2.150 (24) 1.829 (1) —0.4631 1.996 (20) 0.70

[a] Bond orders were calculated according to Pauling!’#l [Equation (3)]. [b] Atomic distances were calculated for symmetric TSs (n = 0.5).
[c] The number of the relevant species is given in parentheses. [d] Bond lengths calculated for the reactants. [e] Constants calculated by
Equation (3). [f] Atomic distances calculated for the TSs.
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reactions!”! (Scheme 3). The bond orders were obtained by
using the Rg bond lengths, as calculated for TSs 8 and 20
(Table 3).

-5 .
wé
6+9 —— S_ _O"_S'\,,l .
SM\éle
) 22
R/Ie Mse ¥
\ /4
9+2] =——= o%---/s- 'O---S'\""Me
Me 03
L2
23
05 gtos +20
1+10 =— \EI---d--—I:\/
OO/ o
24

Scheme 3. Structures of the symmetric TSs of the oxygen-exchange
reactions between Me,S (6) and Me,SO (9), between Me,SO (9)
and Me,SO, (21), and between 10, (1) and 105 (10).

The reaction coordinates of the TSs depend on the reac-
tivity of the oxidizing periodate species. The Q(S) charges
on the sulfur atom and the R(O'-I) distances increase
whereas the R(S+-O") distances decrease in the TSs with
increasing free energy of activation of the oxidations of
Me,S with different species of periodates (Table 1, En-
tries 1-9, Figure 2). The greater the AG* value, the greater
the reaction coordinate of the TS, so later TSs are formed
with less reactive periodate species.

Reactions of Dialkyl Sulfides with 104~

The experimentally derived AG* datal'l for the oxi-
dations of dialkyl sulfides 6 and 25-27 with 104 (Scheme 4,
Table 4, Entries 1-4) can be correlated with the inductive
(o*) and steric (E,) substituent constants of the Taft equa-
tion” [Equation (4), AG* values are given in kJmol].

AGi(exp) = 6.940* — 2.31E, + 70.7(r = 0.949, N = 4) @)

The electron-donating (e-d) effects of the alkyl groups
(o* < 0) decrease the free energy of activation, whereas the
increasing steric hindrance of the substituents (E; < 0) in-
crease the value. Experimental AG* values are the mean of

European Journal
of Organic Chemistry
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(o)
+1 d -:/O
R2S :]S____ NP
-1 R\R (0]
25 R =Et 30 R=Et
26 R=nPr 31 R=nPr
27 R=iPr 32 R=/Pr

28 st = (CH2)4S
29 RZS = (CH2)5S

33 RQS = (CH2)4S
34 Rgs = (CHQ)sS

HH HH \1\
_:\ s |~ Me, S Me SB
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Scheme 4. TSs 30-34 of the oxidation reactions of dialkyl sulfides
25-29 by 10,4 (1). Conformations of dialkyl sulfides 25-27 and the
directions of attack of 104 (1) on thiane 29A and 29B.

data obtained for attack of periodate ions on sulfides from
several directions. The o* and E, substituent constants are
calculated from the rate constants of several kinetic mea-
surements,l’®l and this is the reason for their good corre-
lation with the experimentally derived free energies of acti-
vation of the periodate oxidation of sulfides. AG* data com-
puted for the attack of IO4 on the most stable, planar con-
formation of dialkyl sulfide 6 and 25-27 (Scheme 4), do not
correlate with the ¢* and E; parameters [Equation (5)], al-
though calculated and experimentally derived AG* data do
not deviate seriously (Table 4).

AGi(caled.) = 30.750* — 9.60E, + 52.2 (r = 0.345, N = 4) )

The calculated AG* data depend on the direction of the
attack of the reactants. Larger AG! values were obtained
for the reaction of thiane (29) if 104 approaches the sulfur
atom from the more crowded A side rather than from the
least crowded B side of the molecule (Scheme 4, Table 4,
Entries 6 and 7).

Reactions of Aryl Methyl Sulfides and Methyl Phenyl
Sulfoxide with 104~

The structures of the TSs (36) for the reactions of aryl
methyl sulfides (35) with 10,4 (Scheme 5) are in accord with
the oxygen-transfer mechanism [0(MeSO') = 90°, O(C'SO")
~ 110°, (SO'D) = 173°, 4(MeSC!C?) = 14°, ¢(O!SC!C?) =

Table 4. Free energies of activation (AG*), bond lengths (R) and net Mulliken charges (Q) of the TSs (8, 30-34) formed in the oxidation
of dialkyl sulfides (6, 25-29) with 10, (1, Scheme 1 and Scheme 4). Computations were performed at the DFT(B3LYP)6-31G(d)-SDD
level of theory in water at 25 °C. Experimentally derived AG* data were measured'l in 50% (v/v) EtOH/H,O at 25 °C.

Reaction AG*(caled.) [kJmol '] AGHexp) [kKImol!] RSO [A] RAIOYH[A] 0OS)[au] OO [a.u]
1 6+1=TS8 78.2 76.3 2.327 1.977 0.248 -0.685
2 25+1 =TS 30 69.7 75.4 2.367 1.959 0.217 -0.682
3 26 +1 =TS 31 72.2 76.6 2.373 1.961 0.216 -0.683
4 27+1=TS 32 76.4 75.8 2.402 1.952 0.198 -0.679
5 28 +1 =TS 33 77.6 73.9 2.349 1.970 0.207 -0.690
6 29 + 1 = TS 34BG! 77.2 75.3 2.355 1.969 0.222 -0.687
7 29 + 1 = TS 34A% 78.8 75.3 2.391 1.960 0.210 -0.681
[a] Attack from the most crowded A and from the least crowded B sides of thiane (Scheme 4).
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Scheme 5. Mechanism for the oxidation of aryl methyl sulfides 35a-35g and methyl phenyl sulfoxide (37a) by 104 (1).

83°; cf. data in Table S5 in the SI]. Later TSs (36), with
increasing O(S), O(0O") and R(I0') and decreasing R(SO')
values, are formed with increasing electron-withdrawing
(e-w) effects and o constants of the X substituents (Fig-
ure 4).

o)
g o
0,40 .
] %I’ ) (Z?
0354 =¥ 5 3 g
] N g
0,30 e
] .
3 0,25 Q(s) ]—; \ I
g ] - 4
€ ol R(SO") 12222
< ] 1 g
_=z -0,654 Q) | :
’ | | 12,04 (CI))
G 0,70 e 1 E
I e #1201
P R
’ ._.—,ﬁ“_.—
L l RIO) 1,98
-0,80 . | | | I |
04 02 00 02 04 06 08
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Figure 4. Plots of charges [Q(S), O(O")] and bond lengths [R(SO"),
R(I0"] in TSs 36 against the Hammett ¢ constants for the reaction
of aryl methyl sulfides (XCcH4SMe, 35) with 10, (1; Scheme 5),
as calculated at the DFT(B3LYP)/6-31G(d)-SDD level of theory in
water at 25 °C. [Correlations: Q(S) = 0.0660c + 0.300 (+ = 0.995);
Q(0" = 0.005665 — 0.689 (r = 0.959); R(SO') = —0.075¢ + 2.287
(r = 0.982); RIO") = 0.0255¢ + 1.990 (r = 0.985).].

The experimentally derived AG* values!'! [in 50% (v/v)
EtOH/H,0] and the computed AG*, AH* and AS* acti-
vation parameters (in water) give linear correlations with
the Hammett ¢ constants (Figure 5). AG* data decrease
with increasing e-d effects of the X substituents as e-d
groups accelerate the reaction of sulfides with the periodate
ion.""l Although the experimentally derived AS* values
were found!!! to be independent of the substituents of the
sulfide [AS*(exp) = —114 Jmol 'K '], the computed AS*
data increase with increasing e-w effects of the X groups
(Figure 5). This may be the reason for the differences be-
tween the slopes of the computed and experimentally de-
rived AG* versus ¢ plots.

The rate of reaction of methyl phenyl sulfide (35a) and
104 (1) showed a linear dependence!'!l on the Y solvent
polarity parameter!’”-78 (logk, = 0.722Y — 2.575; r = 0.998)
in 70:30-30:70 (v/v) EtOH/H,O mixtures. The data k, =
1.1 dm*mol's ! and AG* = 72.7 kJ mol ! were obtained by
extrapolating the measured rate constants for water (Y =
2108
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Figure 5. Calculated AGY, AH* and AS* vs. ¢ and experimentally
derived!''l AG* vs. ¢ plots for the reactions of substituted aryl
methyl sulfides (XCsH4SMe, 35) with 104 (1; Scheme 5). Calcula-
tions were performed at the DFT(B3LYP)/6-31G(d)-SDD level of
theory in water at 25 °C. Kinetic measurements were carried out!!!]
in 50% (v/v) EtOH/H,O at 25 °C. [Correlations: AG¥(caled.) =
4.280 + 82.0 (r = 0.961); AG*exp) = 7.770 + 81.1 (r = 0.996);
AH*(caled.) = 7.07¢ + 31.9 (r = 0.980); AS*(caled.) = 9.825 — 168.0
(r = 0.853). Calculated AG*, AH* and AS* data were obtained by
using the parameters of the planar sulfide molecules. AH*(exp) =
47.2 kJmol™! and AS*(exp) = ~113.3 Jmol~' K~! for the reaction!'!]
of CoHsSMe (35a) with 10, (1).].

3.493), whereas AG* = 81.2 kImol! was calculated at the
DFT(B3LYP)/6-31G(d)-SDD level of theory in water at
25°C.

The structural parameters of TS 38a [0(MeSO!) = 96.3°,
O(C'SO') =101.7°, 6(SO') = 164.8°, p(MeSC'C?) = 100.6°,
®(O'SC'C?) = 160.9°] and the value AG* = 72.2 kImol !
computed for the oxidation of MeSOPh (37a) with 10,4
(1) to MeSO,Ph (39a) (Scheme 5) are analogous to those
obtained for the oxidation of MeSPh (35a), which is in
agreement with the similar reactivities of sulfides and sulf-
oxides in oxidations carried out with periodates.>~7-1%

Conclusions

Quantum chemical calculations support the suggestion
that the oxidation reactions of sulfides and sulfoxides with
periodate proceed by a one-step oxygen-transfer mechanism
with the simultaneous breaking of the O-I bond and forma-
tion of the S=0O bond. Other mechanisms, for example, the
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attack of the sulfur atom of the substrate on the central
iodine atom of the oxidizing agent, can be ruled out.

The sulfide is the electron donor and the periodate is the
electron acceptor in the reaction. An uneven charge distri-
bution is developed during the reaction. The attacking oxy-
gen of 104 loses negative charge, whereas the oxygen atoms
of the leaving 105 gain negative charge. The structure of
the TS is determined by the HOMO-LUMO interaction.

Results can be validated by comparing the computed and
experimentally derived AG* data. AG* values calculated at
the DFT(B3LYP)/6-31G(d)-SDD level of theory were
found to be about 10 kJmol! higher than data obtained
from kinetic measurements. The effect of solvent polarity
on AG* can be computed by using the polarizable contin-
uum model of solvents. On the other hand, the experimen-
tally derived AG* data depend only slightly on the re-
arrangement of solvent molecules because changes in the
AH* and AS* parameters with solvent rearrangement ap-
proximately compensate each other.

In accord with the observed pH dependence of the reac-
tions, the calculated relative reactivities of the oxidizing per-
iodate species decrease with hydration and with increasing
negative charge on the species. The reactivities of sulfides
and sulfoxides in oxidation reactions with 10, are very
similar.

The results of computations are in satisfactory agreement
with the experimental data. The computations, performed
at a moderate level of theory and basis set, rule out certain
mechanistic pathways based only on suppositions.

Computational Methods

The geometries of the reactants and transition states
were fully optimized without symmetry constraints at the
DFT(B3LYP)/6-31G(d) level of theory in water at 25 °C by
using the Gaussian 03 software package.’”! The 6-31G(d)
basis set was used for all atoms except iodine for which
the SDD (Stuttgart/Dresden ECP) was selected with the 6d
option because the 6-31G basis set is only applicable up to
Kr. For the purpose of validating the chosen level of theory
other basis sets and also the MP2 level of theory were tested
for the reaction of Me,S (6) and 10, (1). MP2 did not
prove to be any more accurate than DFT. Nevertheless, of
the more than 19 computations performed on the activation
barrier of the reaction, the overall results did not reveal any
unambiguous trends or better agreement with experiment
(Table S7 in the SI) than the moderate DFT(B3LYP)/6-
31G(d) level of theory to support the choice of another
method or basis set. However, examination of the data ob-
tained with the triple-zeta 6-311 basis set in Table S7 (En-
tries 10-14) shows that an increasing number of basis func-
tions results in an increase in the barrier height. The average
of the data obtained at the computationally demanding
TZP level of theory is close to the experimental value and
supports our choice of a well-balanced and considerably
less expensive DZP basis set, which gives exceptionally
good agreement with the experimental data of the studied
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reaction. The solvent effect was incorporated by applying
the polarizable continuum model®” in the integral equation
formalism®-82) (IEF-PCM) of water. Calculations were
made by changing the S---O and S--I distances of the reac-
tants stepwise to look for TSs and intermediates in the at-
tacks of sulfides on periodates. Structures were checked by
vibrational analysis and behaved as energy minima or TSs.
No or one imaginary frequency was obtained for reactants
and products or TSs, respectively. Selected geometric pa-
rameters of the optimized structures obtained by means of
DFT computations are listed in Tables S1-S5 and S8 in the
SI.

The sums of the electronic and thermal free energies (G)
and enthalpies (H) and also the entropies of formation (.S)
for reactants and TSs were obtained by the standard pro-
cedure in the framework of the harmonic approxi-
mation®384 and they are listed together with the calculated
total energies (£) and numbers of imaginary frequencies in
Tables S6 and S7 in the SI. The computed entropy values
agree with the data calculated by application of Benson’s
rulel®! for the gas phase. As examples, S values of 289.8,
307.0 and 320.5Jmol 'K~' were obtained for Me,S,
Me,SO and Me,SO,, respectively, by DFT calculations in
water at 298 K, and S = 285.5, 306.2 and 317.9 Jmol 'K !
were calculated on application of Benson’s rule. S = 286.0
and 310.6 Jmol 'K~! were measured®! for Me,S and
Me»SO,, respectively, in the gas phase.

The AE* AG*, AH* and AS* activation parameters of the
reactions were calculated from the differences in the E, G,
H and S values (Table S6) of the TSs or calculated data
points and the reactants, respectively [Equation (6), P = E,
G, H or S§].

APY = Prg - XPr (6)

The values of AE*, AG* and AH* generated were multi-
plied by 2625.5 to convert them from atomic into kJmol™!
units. Experimentally derived activation parameters for the
reactions were calculated from the measured second-order
rate constants by using the Eyring equation.'') The acti-
vation parameters for the reactions of substituted methyl
phenyl sulfides were correlated with Hammett ¢ substituent
constants®”! [Equation (7), P = G, H or S], as described
previously.[’33¢]

APt = 3AP'G + AP} (7

The SAP* reaction constants characterize the effect of
substituents on the activation parameters, AP* and AP,*
are the activation parameters of the substituted and unsub-
stituted compounds, respectively.

Supporting Information (see also the footnote on the first page of
this article): Lists of selected atomic charges, bond lengths and
angles, torsion angles, calculated total energies, sums of electronic
and thermal free energies and enthalpies, entropies of formation
and numbers of imaginary frequencies.
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