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Abstract: The kinetics of oxygen atom transfer from
several cationic oxo(salen)manganese(V)} [salen = N,N’-
ethylenebis(salicylidineaminato)] complexes to organic
sulphides have been studied spectrophotometrically in
acetonitrile at 25°C. The reaction follows an overall
second-order kinetics, first-order each in sulphide and
oxomanganese (V) complex. Electronic-substrate and
electronic-oxidant effect studies reveal that the single
electron transfer from sulphide to the oxo complex is the
rate-controlling step. The redox potentials of the couple
MnV/MnlV have been estimated by applying Marcus theory to
the experimentally observed rate constants.

Introduction

Design of catalysts for selective and efficient oxidation of organic
substrates is a field of current interest.l In this regard mnetal
complexes of porphyrin and Schiff base ligands as catalysts have widely
been explored in the past decades.2 For the oxygenation reactions of
organic substrates the metal oxo species are generated from transition
metal complexes using dioxygen3 and a wide variety of oxygen transfer
agents including iodosobenzene,4-6 percarboxylic acids,’ hydrogen
peroxide,® sodium perchlorite,? and activated N-oxides.10,11 The
oxygenation reactions of a substrate S using metal oxo complexes, in
general, can be represented by eq.(1).

LyM=0 4+ 8 —————=> 80 + LpM (1)

12677



12678 A. CHELLAMANI e! al.

Oxygen transfer by hypervalent oxometal species has been proposed to
proceed by electron transfer,12,13 radical addition,l4 carbocation
formation,l3 metallaoxetane formation,l® or a combination of these
mechanisms.l7 Kochi and co-workers have studied epoxidation of olefins
with ¢rV=0 and MnV=0 complexes and have shown that oxochromium(V)18 has
an electrophilic character and oxomanganese(V)1l2 a radical-like
character. Oxidation of alkynes with oxo(salen)chromium(V) complexes has
been proposed to involve a metallaoxetene intermediate.29 Metallaoxetane
has also been shown to be an intermediate in the epoxidation of alkenes
with RulIIl(EDTA) and RulII(PDTA) complexes.Z21

The preparation of a Mn substituted cytochrome P-450q5y by Gelb
et al.2?? and the suspected involvment of higher valent oxomanganese
species 1in oxygen evolution in photosynthetic processes?23 have
encouraged studies of oxygen atom transfer reactions catalysed by
manganese complexes. Manganese(III) is also present in the active sites
of enzymes?4 like super-oxide dismutase and azide-insensitive catalase
which catalyse the redox reactions of oxygen species. Oxomanganese (V)
complexes have been formulated as reactive intermediates in alkene
epoxidation and hydroxylation reactions with porphyrin?,14,25 and salenl?
ligand systens.

Although a large number of reports on the.reactivity of oxometal
complexes have appeared, most of them describe alkene epoxidation
studies; and those dealing with the oxidation of compounds of hetero
atoms are very limited.3,12,13 Many sulphur-containing compounds are
present in natural biological systems and some play key roles in the
activity of some enzymes.Z26 These enzymes are often deactivated by
active oxygen species. Further, the reactions of sulphur with oxygen are
very complex because of the number of oxidation states of sulphur, which
can lead to a wide variety of intermediates and products.2’ The fact that
cytochrome P-450 can readily catalyse the oxygenations of nitrogen and
sulphur compounds?8 makes the study of reactivity of oxometal complexes
towards organosulphur compounds interesting and useful in understanding
the mechanism of biologically important oxygen atom transfer process.

We have initiated a systematic study on the oxygenation reactions
of organosulphur compounds with oxometal complexes by taking Cr,Mn and Ru
as metal ions. In this report we have examined the kinetic and
mechanistic aspects of the oxidation of organic sulphides by
oxo(salen)manganese(V) complexes 2a-f prepared in solution from a series
of cationic (salen)MnlIl complexes 1a-f as shown in eq.(2).

Experimental Section

Materials. Thicanisole and p-methoxy-, p-methyl-, p-chloro-, p-bromo-
and p-nitrothioanisoles were prepared from the corresponding
thiophenols (Aldrich/Fluka). All other p-substituted thioanisoles were
obtained according to the literature procedure.29-31 all the sulphides
were purified by vacuum distillation/recrystallization from suitable
solvents. The boiling point, melting point, n30 and d30 of these
sulphides were found to be identical with 1literature values,30,31
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Further, the sulphides showed no impurity peaks in lH NMR spectra, and
the HPLC analyses proved the presence of a single entity in each
sulphide. The dialkyl sulphides purchased from Aldrich were used as such.

The various salenH, analogues as Schiff base adducts were prepared
from ethylenediamine and the corresponding salicylaldehyde (Aldrich) by
standard methods32 and were recrystallized from ethanol as bright yellow
solids. o-Hydroxybenzophenone was prepared by Friedel-Crafts reaction of
o-hydroxybenzoyl chloride with benzene.33 o-Hydroxyacetophenone and
pyridine N-oxide were commercial samples from Aldrich. Iodosobenzene was
prepared by alkaline hydrolysis of iodobenzene diacetate according to the
reported method.34 Acetonitrile (GR, E.Merck) was first refluxed over
P,05 for 5 h and then distilled. Reagent grade methylene chloride (s.d.
Fine) was purified by a standard method.35

Preparation of [(salen)MnIII|+pr .- complexes, la-f. These complexes were
prepared by a modified literature procedure.l® The preparation of 1a is
given as a representative case. To a suspension of salenH, (4x10~3 M) in
40 mL of deaerated absolute ethanol was added a solution of KOH(8x10'3 M)
dissolved in 10 mL of deaerated ethanol under nitrogen. To the resulting
yellow solution was added dropwise a solution of Mn(OAc);.4H50 (4x1073 M)
in 10 mL of deaerated methanol. The formation of (salen)MnII complex was
indicated by the change of colour of the suspension to dark yellow or
orange. The suspension was stirred vigorously for 1 h at room temperature
and refluxed for 3-4 h to ensure the completion of the reaction. The
solution was then cooled and concentrated to 20 mL under reduced
pressure. To this solution was added a solution of KPFg (4%x1073 M) in
20 mL of methanol and air was bubbled through the solution for 5~6 h. The
resulting brown suspension was evaporated to dryness under reduced
pressure. The MnIII complex was obtained as a brown residue which was
crystallized from a mixture of acetone and ethanol. The product was
dried in vacuo for 2 h. Yield:63%. The other complexes 1b-f were also
prepared following similar procedures and obtained in 50-60% yields. The
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IR- and UV-Vis spectral data of all the complexes were found to be
identical with literature data.l®

In Situ Generation of [(salen)OMn]¥PFg~ Complexes 2a-f. To a 5 mL
acetonitrile solution containing 1.5x10~5 M of 1a was added 1.5x10"¢ M
of finely powdered iodosobenzene and magnetically stirred for 5 min under
nitrogen. The formation of oxomanganese(V) was shown by the darkening of
brown colour (see Results). The oxomanganese(V) solution was filtered
quickly at ice temperature to remove the undissolved iodosobenzene. As
oxomanganese (V) complex undergoes autodecomposition the solutions were
prepared freshly for each kinetic run.

Instrumentation. Electronic absorption spectra and kinetic data were
measured with a Perkin-Elmer spectrophotometer (model Lambda 3B)
retrofitted with Gilford accessories and interphased with Nexus 3AT6-SX
computer. Thermostated temperature bath was used to maintain the
temperature of the cell blocks at 25*0.1°C. Infrared spectra were
recorded in a Perkin-Elmer spectrophotometer (model 783). Product
analyses were done using a Netel gas chromatograph (model Omega Vir).

Product Distributions

In a typical experiment a 10-20 fold excess of the sulphide was
weighed into a 25-mL round-bottom flask equipped with a magnetic
stirrer. Acetonitrile (2 mL) was added, and the solution was deaerated
with nitrogen for 5 min. A known volume (2-3 mL) of the oxomanganese (V)
solution was then added. After stirring for 1 h, the solvent was
removed. The residue was then extracted with ether. The ether extract was
dried over anhydrous Na;SO4 and the solvent evaporated. The product was
dissolved in methylene chloride and the gas chromatographic analyses of
the samples showed that sulphoxide was the only product, the yield
ranging between 60-70% depending on the sulphide and oxomanganese (V)
complex employed.

Kinetic Measurements

The kinetic studies were carried out in acetonitrile at 25°C under
pseudo first-order conditions using 20-100 fold excess of the substrate
and the temperature was maintained within #0.1°C. Reaction mixtures for
kinetic runs were prepared by gquickly mixing the solutions of
oxomanganese(V) and sulphide in varying volumes so that in each run the
total volume was 5 mL. The reaction mixture was shaken well and
transferred to the 1 cm thermostated quartz cuvette. The progress of
the reaction was monitored by following the disappearance of
oxomanganese (V) complex at 680 nm.l2 The same decay rate was obtained
when the reaction was monitored at 530 nm also.

The rate constants were obtained from the slopes of linear plots
of In(At-A«) Versus time, where Ay is the absorbance at time ‘t’ and A
is the experimentally determined infinity point. The plots for the auto-
decomposition of oxomanganese(V) were linear over more than 3 half-lives
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and the first-order rate constants Ky (dec) Were determined from the
disappearance of oxo complex upto 50% of reaction. For those runs
carried out in the presence of the sulphides, the pseudo first-order rate
constants kj(gobsg) Wwere determined from the decay of oxo complex within
first 20% of the reaction. The k; values appearing in all tables were
then obtained3 as k1=K) (obs) “K1(dec)- The second-order rate constants
were evaluated from kj=k;/[Sulphide]. The precision of rate constant
values is given in terms of 95% confidence 1limit of the student’s t
test.36 It is estimated that, owing to the relatively fast kinetics
and the technique adopted, the rate constant values are difficult to be
reproduced to better than *15%.

Results

I. Oxidative conversion of Manganese(III) to Oxomanganese(V) Species.
The stirring of a clear brown solution of (salen)MnIIl complexes 1a-f in
acetonitrile with iodosobenzene consistently led to the formation
of oxomanganese(V) species 2a-f as shown in eq.(2). The formation
of oxomanganese (V) species 1is invariably associated with the following
two changes: (1) the 1light brown colour gets darkened; and (ii)
the characteristic peak of (salen)MnIII at Apay ~ 350 nm disappears and
a new absorption band with Amax ~ 530 nm appears (Figure 1). The
dark brown solution, on standing, faded to the original 1light brown
within 2-3 h. When thiocanisole was added to the dark brown solution,
the fading occured in less than 15-20 min and phenyl methyl sulphoxide
was isolated in 70% yield (eq. 3). The absorption spectrum of the
final solution coincided with that of the original (salen)MnlII complex.

(salen)MnIII

PhSMe > PhSOMe + PhI (3)

PhIO

The new absorption band with Apax ~ 530 nm has been assigned to
p-oxomanganese (IV) dimer,l9 the formation of which is explained in
eq. (4).

o=MnY(salen)* + MnIIl(salen)* ~——> (salen)MnIVoMnIV(salen)2* (4)

However, MnV and MnlV species are spectroscopically indistinguishable.37
The disproportionation of the j-oxomanganese(IV) dimer back to the active
oxomanganese(V) in eq.(4) clearly indicates that the J-oxomanganese (IV)
dimer merely serves as an alternate source of oxomahganese(V). We
actually obtained a solid product from the dark brown solution of 2a by
pouring the solution into a pool of ether cooled to -40°C. The dark
brown solid was filtered at low temperature. Upon dissolution, these
isolated solids were impure compared to in situ generated solution of
2a on the basis of their reported spectroscopic characterization.
Therefore, the oxomanganese(V) complexes were generated in situ for the
studies reported here.
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Fig.1. (a) Absorption spectrum of 0.0018 M la in acetonitrile taken in a
l-cm cuvette. (b) Decay of oxo(salen)manganese (V) complex 2a
(0.0018 M) in the presence  of thioanisole (0.04 M), taken at time
intervals of 3 min.

II. Stoichiometric Oxidation of Sulphides with Oxomanganese(V).
Sulphides are effectively oxidized by oxomanganese(V) cations. The
course of the oxidation is easily revealed by the marked colour change of
the acetonitrile solution from dark brown to light brown (see Figure 1}.
Spectral monitoring of the decay of oxomanganese(V) (0.0018 M of 2a)
indicated that the conversion of MnV to MnlIl, which normally took about
3 h for completion in the absence of sulphide, occured in less than
20 min in the presence of thioanisole (0.018 M). The resultant solution
gave sulphoxide in ~70% vyield and (salen)MnIIl complex in ~95% yield
with negligible amount of sulphone. Accordingly, the stoichiometry
for the oxidation of sulphides with oxomanganese(V) complexes can be
represented by eq. (5).

o=MnV(salen)* + PhSMe -——————> MnlII(salen)* + PhSOMe (5)
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III. Kinetics of Sulphide Oxidation with Oxomanganese(V). Reaction rates
were measured in acetonitrile at 25°C spectrophotometrically by following
the decay of oxomanganese(V) species at 680 nm. Using 20-30 fold excess
of sulphide, excellent log(At-Ae) versus time,linear plots were obtained;
from these, the pseudo first-order rate constants (kl(obs)) and hence k;
were determined.

At constant initial concentration of sulphide, nearly constant values
of k; were obtained upon varying the initial concentration of 2a
(Table 1); this, coupled with the observation of linear log(At-Ae) versus
time plots (r > 0.995) ensures that the order in 2a is one. Inspection of
data in Table 1 reveal that, for the oxidation of thioanisole at constant

Table 1. Rate constants for the oxidation of thioanisole by
oxomanganese (V) complex 2a in acetonitrile at 25°cCa,

(51 x 102, M 1231 X 103, M Kyopey? X 10% 571 KkqegecyS X 104, 57T kg x 104, 71kt x 103, wls

0.83 5.27 & 0.44

1.24 5.23 & 0.24

1.65 4.72 + 0.29

1.80 4.84 r 0.32

2.02 5.16 + 0.22

3.04 5.05 ¢+ 0.19
4.0 0.83 7.79 + 0.38 2.52 + 0.06 6.30 = 0.75
4.0 1.24 7.69 + 0.37 2.46 = 0.13 6.15 = 0.33
4.0 1.65 7.32 + 0.58 2.60 ¢+ 0.29 6.50 ¢+ 0.73
4.0 1.80 7.47 + 0.42 2.63 + 0.10 6.58 ¢ 0.25
4.0 2.02 7.57 ¢+ 0.1 2.4 =2 0.1 6.03 + 0.28
4.0 3.04 7.73 2 0.45 2.68 ¢ 0.26 6.70 + 0.65
5.0 1.80 7.89 1+ 0.62 3.05 + 0.30 6.10 + 0.60
10.0 1.80 1.2 + 0.8 6.37 = 0.48 6.37 + 0.48
14.0 1.80 13.7 ¢+ 0.9 9.12 + 0.58 6.57 ¢+ 0.41
20.0 1.80 8.2 + 1.1 13.4 1 0.78 6.69 + 0.39
50.0 1.80 36.2 ¢+ 3.8 31.4 ¢ 3.5 6.27 ¢+ 0.70
100.0 1.80 67.7 &+ 6.5 62.9 2 6.2 6.29 t 0.62

AAs determined by a spectrophotometric technique following the
disappearance of oxomanganese(V) at 680 nm; the error guoted in k values
is the 95% confidence limit of Student’s t test.36 PEstimated from pseudo
first-order plots over 20% reaction. CEstimated from first order plots
over 50-60% reaction. dobtained as k1=K3 (obs) ~K1 (dec) - €Individual kj
values estimated as k;/[S].

2a concentration, k; values depend upon the initial concentration
of thiocanisole; indeed, a plot of k3 versus [sulphide] yielded
straight 1line passing through origin (Figure 2) indicating that
the reaction is overall second-order, first~order in each reactant.
Similar Kkinetics were observed for the oxidation of substituted



12684 A. CHELLAMANI et al.

120 g
h
80|
e
d
T * c
= f b
x D
4040—
L]
/// a
0 & t 1 L
0 08 1-2

[Sulphide], M

Fig.2. Plots of pseudo first-order rate constants,k;, versus [sulphide]
for the oxidation of (a) p-nitrothioanisole with 2a, (b) thioanisole
with 2b, (c) diethylsulphide with 2a (d) thiocanisocle with 2d, (e)
thiocanisole with 2a, (f) thioanisole with 2e, (g) b-
methoxythioanisole with 2a, and (h) thiocanisole with 2f in CH3CN at 25°C;
[2]=0.0018 M.

thiocanisoles with oxomanganese(V) complexes 2a-f (Figure 2). The order
dependence of other sulphides was checked by carrying out the reaction
at different concentrations of para-substituted thioanisoles and dialkyl
sulphides (Figure 2). Therefore, the rate law can be depicted as in
eq. (6).

-d[2]/dt = kj[2])[Sulphide] (6)

Addition of pyridine N-oxide (Py0O), a donor ligand, to the dark

brown solution of 2a caused no change in the absorption spectrum of
oxomanganese (V) . The effect of donor ligand on the reaction rates was
determined by measuring k; for the oxidation of thiocanisole with

oxomanganese (V) species 2a at various concentrations of added PyO. The
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rate constant values listed in Table 2 indicte that PyO has no
appreciable effect on the reaction rate. The constancy of Kk, values at
different [PyO] points out that PyO is not binding with oxomanganese (V)
species. If binding of PyO were occured as in the case of
oxochromium(V) coumplexes,l8 then changes in absorption spectra and
reaction rates would have been observed. This conclusion is in
consistent with the observation of Bruice et al.ll that the manganese
porphyrins have lack of affinity for a sixth axial ligand. Similar
results were observed in the oxomanganese(V) epoxidation of olefins.19
The effect of substituents at the para position of the phenyl ring
of thioanisole was studied by taking several para-substituted
thicanisoles. The second-order rate constants for the reaction of these
para-substituted thioanisocles with 2a are given in Table 3. Electron-
releasing substituents in the phenyl ring accelerate the rate, while
electron-attracting substituents produce the opposite effect. The log kj
values show excellent correlation with o (Figure 3;r=0.996;p=-1.86%0.19),
The negative value of @ indicates an accumulation of positive

2.5
1
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A
x~1o5 — 5
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—0“ O G'b 0.‘ 0‘8

Fig.3. Hammett plot for the oxidation of substituted thianisoles by 2a.
The points are referred to by the same numbers as in Table 3.

charge at the sulphur centre, while the magnitude of p value indicates
the extent of charge development on the sulphur atom in the transition
state of the rate-determining step.38 The correlations of log kj
with first-ionization energies as well as with oxidation potentials of
sulphides have also been attempted3?. These plots were linear with
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Table 2.

Effect
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of pyridine

N-oxide

thiocanisole by 2a in acetonitrile at 25°C.2

on the rate

of oxidation

ts} x 102, W

(2a] X 103, W

2 o o -1
Pyl X 102, M Kq(ops) X 10%, 871 Ky(gecy X 10%, s

of

20
20
20
20
20

agee the footnotes in Table 1.

Table 3.

20.2¢+ 1.8
20.6 + 1.8
20.4 ¢ 2.1

0
0
0
0
0
2.0 20.2 ¢ 1.5
0
0
0
0 20.6 ¢ 0.8

4.53 ¢ 0.48
4.41 ¢ 0.62
4.46 + 0.51
4.36 £ 0.72
4.26 ¢ 0.27

Second order rate constants for oxidation of
oxo(salen)manganese (V) complexes 2 in acetonitrile at

7.81 ¢ 0.52
7.89 £ 0.59
8.09 ¢+ 0.68
8.01 ¢ 0.74
8.15 £ 0.33

O 0~ O U b W

[ e el e
N N

15
16
17
18

aGeneral conditions: [oxo(salen)MnV]=0.0018 M; [Substrate]
oxo(salen)MnV

2a
2a
2a
2a
2a
2a
2a
2a
2a
2b
2¢c
24
2e
2f

2a
2a
2a
2a

(0.751) (0.42)4d

(0.739)
(0.744)
(0.747) (0.280)4d
(0.770) (0.670)4d
(0.798)

p-OCH3 (1.26)
p-CH3 (1.41)
H (1.53)
p-F (1.54)
p-Cl (1.55)
p-Br

p-COOH®
p-COCH; (1.73)
p-NO» (1.85)
H

ja ofie sfie viie f

otherwise noted. PReduction potential values of

estimated

using

Marcus equation

(see text).

25°c.a
kp X 103, M~1s71
26.4 1.6
12.0 *+ 0.8
6.69 + 0.39
4.89 * 0.12
2.68 + 0.25
2.51 + 0.16
1.29 + 0.15
0.72 + 0.08
24 * 0.09
4.37 + 0.13
5.10 + 0.58
5.67 + 0.33
14.2 t 0.1
40.8 * 0.3
4.97 + 0.18
4.18 + 0.11
3.64 + 0.27
27 + 0.23

0.2 M unless
complexes

Coxidation potential
values of sulphides taken from ref.39. 9Reduction potential values of
oxo(salen)CrV complexes taken from Ref.18. €[substrate]=0.1 M.
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correlation coefficients of 0.996 and 0.982 (Figure 4) with negative
slopes.

Oxidation potential, vV
10 12 14 1-6 18
T T T 25

15 15
= ~
x
_g'io— 0 9

05

] 1 1
7-9 8-0 82 84 86
Ionization energy, eV

Fig.4. Plots of log k; versus (a) ionization energy (e) (values taken
from ref. 39) and (b) oxidation potential (o) for the oxidation of
substituted thiocanisoles by 2a. The points are referred to by the same
numbers as in Table 3.

The electronic properties of oxomanganese(V) complexes can be modulated
by having substituents at the 5-positions which are para to the pair
of ligating oxygen atoms.l? The effect of changes in the electronic
nature of the oxidants was studied using oxomanganese(V) complexes
2a,b,e, and £ for the oxidation of thioanisole. The second-order rate
constants for this study are also included in Table 3. It is seen
that electron-withdrawing substituents at the S-positions of salen
ligand enhance the rate, while electron-releasing substituents retard
it. Hammett correlation of 1log Kk, versus X0p (where Op is the Hammett
substituent constant for each of the para substituents on the salen
ligand) shows a linear relationship with a slope of 0.47+0.08

(Figure 5; r=0.993). A plot of 1n ko versus the reduction
potential values E©O of MnY/MnlV couple calculated from the analysis
of the kinetic data in terms of Marcus equation (vide infra) is also

linear (Figure 6; r=0.999).

Discussion
Metal-salen complexes have been used as model systems to understand
the mechanism of metal catalysed oxygen atom transfer reactions which
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Fig.5. Hammett plot for the oxidation of thiocanisole by substituted

oxo(salen)manganese (V) complexes. The points are referred to by the same
numbers as in Table 3.
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Reduction potential, vV

Fig.6. Plot of 1n k, versus reduction potential of oxo(salen)manganese (V)

complexes 2a-f. The points are referred to by the same numbers as in
Table 3.
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play an important role in enzyme syst:ems.“0 In the present study,
organic sulphides are taken as a simple model system to comprehend
the reactivity and mechanism of the oxometal complexes towards organic
compounds containing hetero atoms.

Ooxygen atom transfer to organosulphur compounds has been proposed to
proceed by two different mechanisms. The oxidants such as peroxy-
benzoate, 4l hydroperoxidase,42 cr(vI),43 ce(Iv)44 and oxoruthenium(IV)
complexesl3 oxidize sulphides by a single-electron-transfer (SET)
mechanism. The oxidation of sulphides by peroxoanions,45 molybdenum
peroxypolyoxoanions, 46  sulfamyloxaridines,47 phenyliodoso diacetate,48
pyridinium chlorochromate4? and permanganate50 follow a Sy2 mechanism.
However, for the oxidation of sulphides by PhIO catalysed by
metalloporphyrins,12 a clear-cut distinction between SET and Sy2
mechanisms has not been made and a common mechanism involving both
the possibilities has been proposed (Scheme I).

o-3 )
|| RER’ R’
LMnIII 4 Aryzo =< 1MV ——p LnnIH

(MI)

nIV + RS8R’ LMnlII 4 RSR’ + ArI
(ArI)

Scheme I

We have investigated the reaction of oxomanganese(V) complexes 2
with sulphides in order to explore the nature of oxygen atom
transfer. The principal processes underlying the colour and.absorption
spectral changes associated with eq. (3) can be summarized in Scheme II.

MnIIIr+ 4+ phIO > o=MnvL* + PhI (7)
0o=MnVL* + PhSMe > PhsoMe + MnIIIp+ (8)
Scheme II

This type of oxygen rebound mechanism was originally proposed by Groves
et al.51 and has been subsequently established in the epoxidation
of olefines18,19 yith chromium(III) and manganese(III) complexes. As
the formation of oxomanganese(V) in eq.(7) has already been established
(see Results), we can now consider how the oxygen atom is actually
transferred from oxomanganese(V) to the sulphide in eq. (8).

I. Mechanism of the Oxygen Atom Transfer from Oxomanganese(V) to
Sulphides. In the absence of other oxygen sources, as in the present
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investigation, there is no doubt that the oxygen atom incorporated into
the substrate is derived from the oxomanganese(V) ions. The kj values
obtained for different initial concentrations of thioanisole (Table 1)
and the linear plots in Figure 2 show that the kinetics saturation is
not observed even at high concentration of sulphide employed. This
suggests that in eq.(8) oxidation via preliminary coordination of
sulphide to oxomanganese(V) can be ruled out. Further, the results
obtained from the influence of electronic effects on substrate and
oxidant revealed by substituent effect studies throw more light on the
mechanism of oxygen atom transfer.

Substituent Effect Studies. The oxidation of para-substituted
thiocanisoles with 2a was studied to evaluate the substrate electronic
effects on thiocanisole oxidation. The observed @ value of -1.86%0.19 is
analogous to the e values found for the oxidation of substituted
thioanisoles by tert-butyl p-chloroperoxybenzoate4l (p=-1.68), Dby
cr(vi)43 (p=-2.07), by singlet oxygen52 (@=-1.63) and by
oxo (phosphine)ruthenium(IV) complexesl3 (@=-1.56). For all these
cases, SET mechanism has been proposed. Correlations between 1log k; and
ionization energies/oxidation potentials of sulphides have been taken
as evidence for the SET mechanism in the oxidation of aryl methyl
sulphides by Cr(VI)43 and enzyme oxygenation of thiocanosoles.®3 It has
also been cautioned that the magnitude of the e value and good
correlation of log kp with ionization energies/oxidation potentials of
the substrates cannot be taken as conclusive evidence in favour
of SET mechanism.42 In the Ce(IV)4%4 and Fe(III)-polypyridyl complexes5%
oxidation of organic sulphides @ values of -3.3 and -3.2 respectively
have been observed but SET mechanism has been postulated for
these reactions. However, if we compare the ¢ values observed for the
oxidation of sulphides with similar oxidants, oxochromium(V) and
oxomanganese(V), it may give a clue on the mechanism of the reaction. A
@ value of -3.2 is obtained in the oxochromium(V) oxidation®> where
electrophilic attack of chromium on sulphide in the rate-
determining step has been postulated. Thus a low p value (-1.86)
observed in the present case may point out single electron transfer in
the rate-controlling step. The observed lower rate for dialkyl sulphides
than that for thioanisloes (Table 3) is also in favour of SET
mechanism. It is noteworthy to point out here that similar observation
has been made in the oxidation of organic sulphides by Ce(IV).%4

The effects of electron-donating and -withdrawing substituents at
the 5-positions of salen ligand on the reaction rate shown in Table 3
can be interpreted as a reflection of a changing electron density in the
oxomanganese (V) functionality. The electronic effect of oxomanganese (V)
complexes on the oxidation of thiocanisole was studied using 2a, b, e and
f. The positive @ value of 0.47:0.08 obtained from the Hammett
correlation of log k,; versus $6p (Figure 5) indicates the build-up of a
negative charge on the metal centre in the transition state of the rate-
determining step, as would be expected in the reduction of manganese (V)
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to manganese(III).38 It is pertinent to mention here that a g value of
0.49 has been reported for the oxidation of thioanisole with substituted
oxo (phosphine) ruthenium(IV) complexes13 where a SET mechanism has been
proposed. The linear plot of 1ln kj versus the reduction potentials E° of
MnV=0 complexes (Figure 6) also supports single electron transfer in
the rate-determining step.

The effect of substituents at the 7-positions of salen ligand
of oxomanganese (V) complexes on the reaction rate was studied using 2a,c
and 4 for the oxidation of thioanisole. The rate data in Table 3 show
that the presence of methyl or phenyl group at 7-positions slightly
reduces the rate. Thus the steric effect observed with MnV complexes is
little which is contrary to the substantial steric effect noted in crV
complexes oxidation of alkynes.Z20

The following Scheme III is proposed for the oxidation of
organic sulphides by oxo(salen)manganese(V) complexes to account for
the kinetic data obtained. The mechanism envisages the formation of a
cation radical in the slow step. The formation of cation radicals during

(o) o]
I slow
(salen)MnY 4+ RSR’

Il .
>  (salen)MnIV 4+ RBR’

R
0 o-§<
i | "R’
(salen)MnIII 4  RSR’ < (salen)Mn
3

Scheme III

the oxidation of organic substrates has been firmly established in
recent years.44 Then the intermediate 3 decomposes to give Mn(III) and
sulphoxide as the products. The rate acceleration by electron-
withdrawing nitro substituents on the 5 and 5’ positions of salen (2f)
and by the electron-donating p-methoxy group on thioanisole support this
formulation.

Recently Lee and Chen®0 have proposed electrophilic attack of Mn on
sulphide as the most probable mechanism for the MnO4~ oxidation of
organic sulphides. An alternate mechanism probable for the present
kinetics of oxomanganese(V) oxidation of organic sulphides is shown in
Scheme IV.

o
I ) ligand coupling
(salen)MnV + RSR’ > “0+MnV(salen) > RSOR’ + (salen)LMnIII
‘-4.; of 0~ & st
S
rR” R’
4

Scheme IV
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The hypervalent intermediate 4 may be formed either in a single step due
to electrophilic attack of Mn on electron rich sulphur or in two
single electron transfer steps. Sulphoxide is formed due to ligand

coupling of S* and 0~ in the intermediate 4. Such a ligand coupling
reaction has been postulated in the picolinic acid catalysed Cr(VI)5®
oxidation of organic sulphides and in other reactions37 and

reviewed recently by Oae and Uchida.58

II. Estimation of Redox Potential of MnV/MnIV couple. In the present
investigation, 0=MnV complex is produced at the time of reaction and is
comparatively unstable. Hence the determination of the reduction
potential of the MnV complexes is rather difficult. However, it can be
estimated theoretically from the experimentally observed rate constants
using Marcus theory of electron transfer.>? The free energy change, AG,
of the reaction is given in terms of the redox potentials of the
reactants (eq.9).

aXel =  EdYs - EunV/un!Y (0)

Thus if the value of AG is known, EMnV/MnIV can be obtained as the
oxidation potentials of the sulphides are available and collected in
Table 3. Marcus theory relates AG with the free energy of activation,
Ag#, through eq.(10),

Ot = N4 (1+ AG/ N )2 (10)

where A is the reorganization energy. The value of A is the sum of
two terms, the inner-sphere reorganization ( i) and outer-
sphere reorganization ()\g) energy. The value of Aj is always small and
A= /\o+)\i= >\0. The value of XA, can be estimated from the physical
properties of the solvent and geometry of the reactants (eq.11},

Ao = e2(1/2rg+1/2rp-1/4) (1/Dgp-1/Dg) (11)

where e is the electronic charge, Dop and Dg are optical and static
dielectric constants of the medium, ry and rp are the radii of the
reactants and d=ry+ry. The radii of MnV complex and sulphide are taken
as 7.8 and 4.0 A respectively.®9 substitution of eq.(10) in the
expression from transition state theory ,eq.(12)

ket = Yp exp(-4Gt/RT) (12)
gives an expression for Ket in terms of &G (eq.12).

ket = Vnexp[- A(1+AG/N)2/4RT] (13)

In this equation, Qn is the nuclear frequency and can be taken as
1x1011 M~1s~1.  since experimental rate constants, ky (Kket), and X\ are
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known, the value of AG can be calculated from eqg. (13). Using this value
of 4G in eq. (9), EMnV/Man'values for the six oxomanganese(V) complexes
are estimated and are given in Table 3. The reduction potential values of
0=MnV complexes are higher than those of CrV=0 complexesl8 (Table 3) and
therefore the former are more reactive towards sulphides than the latter.

III. Comparison with Cr(V) Oxidation of Organic Sulphides. Recently we
have investigated the oxochromium(V) oxidation of organic sulphides55
and the reaction follows simple second-order kinetics, first-order in
each reactant. To account for the Kkinetic results, a mechanism
involving the rate-determining nucleophilic attack of sulphide on Cr
centre of the complex followed by 1ligand coupling between sulphide
and 0~ to form sulphoxide has been proposed. This redox reaction is
efficiently catalysed by donor ligand,pyridine N-oxide (Py0O) and the
catalysis is explained in terms of the formation of more reactive
Cr (V) -donor adduct (Scheme V). The catalytic activity of PyO in the
MnV oxidation of sulphides is small (Table 2). Thus the behaviour
of crV=0 and MnV=0 complexes towards sulphides is very similar to
their reactions with alkenes.l18,19 Thus to account for different
behaviour of crV=0 and MnV=0 complexes towards sulphides different
mechanisms have been proposed.

o=crV(salen) + Py0 ————3 o=crV(salen) (PyO)

k3
o=crV(salen) (PyOo) + RBR’ —— > ~oicrV(salen) (PyO)

st
AN

R R’

ligand coupling

> crlII(salen) (PyO) + RSOR’
of 0o & st
Scheme V

Conclusion. Six oxo(salen)manganese(V) complexes have been generated
in situ in acetonitrile and the oxidizing capability of the oxo complexes
has been studied with several aryl methyl and dialkyl sulphides in
acetonitrile at 25°C. The sulphides are converted selectively to
sulphoxides. Electronic-substrate and electronic-oxidant effects on the
reaction have been analysed. A mechanism involving single electron
transfer in the rate -determining step has been proposed for the

oxygen atom transfer from oxc(salen)manganese (V) complex to
sulphide. The possibility of electrophilic attack of Mn on
the sulphide sulphur has also been discussed. The reduction

potential values of all the six complexes have been estimated using
Marcus equation. Finally, a comparison between the reactivity of crV=0
and MnV=0 complexes towards sulphides has been made.
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