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Mechanistic studies and synthetic application of oxygen transfer reactions catalyzed by
methyltrioxorhenium (MTO) and rhenium(V) dithiolato complexes
Ying Wang
Major Professor: James H. Espenson
Iowa Sate University

A series of Re(V) dithiolato complexes catalyze the rapid and efficient transfer of an
oxygen atom from a wide range of ring-substituted pyridine N-oxides to
triphenylphosphine, yielding the pyridines in high yield. Some of these complexes can also
catalyze the oxidation of a variety of sulfides to sulfoxides and sulfones with tert-butyl
hydroperoxide in excellent yield with high selectivity and generality. Heavily substituted
thiophenes can also be converted to the corresponding S-oxides with moderate to excelient
yields using this catalytic system.

The kinetics and mechanism of these two oxygen transfer reactions were also studied.
The mechanisms feature a common aspect in that phosphines and sulfides, being the
substrates, inhibit the reaction. Rate constants were obtained for the oxygen atom transfer
reactions between pyridine N-oxides and phosphines catalyzed by Re(V) dithiolato
complexes. In the case of oxygen atom transfer reaction between tert-butyl hydroperoxide
and sulfide catalyzed by Re(V) dithiolato compounds, an induction period is observed due
to the slow ligand exchange step. Reaction schemes are proposed to interpret the kinetic
data. In both cases, the active intermediates are Re(VII) dioxo species, which were detected
at the low temperature.

Organic disulfides with both alkyl and aryl substituents are oxidized by hydrogen

peroxide when CH;ReO3; (MTO) is used as a catalyst. Thicsulfinate is formed in the first



step in about an hour with nearly quantitative yield. Kinetics studies of the first oxidation
reaction established that two peroxorhenium compounds are the active forms of the
catalyst. Rate constants were obtained and a mechanism was proposed in which the

electron-rich sulfur attacks the peroxo oxygen of intermediates.



GENERAL INTRODUCTION

Introduction

Oxygen atom transfer reactions catalyzed by transition-metal compounds continue to
attract great interest due to their fundamental role in chemistry and biology.l One major
category of oxygen transfer catalysts is high-valent transition metal-oxo complexes, with
metals such as molybdenum, tungsten and rhenium. In comparison with Mo(VI)/Mo(I1V)
and W(VI)/W(IV) catalytic systems, one can envisage a parallel rhenium chemistry with a
pair of Re(VII)/Re(V) species that can transfer an oxygen atom to the substrate by going
through a Re(VII)/Re(V) loop. Indeed, some Re(V) compounds reported are good oxygen
transfer catalysts.z’5

Recently, a series of Re(V) compounds was synthesized in our group and among
them is the Re(V) dithiolato complex MeReO(mtp)(PPh;) 1 where mtpH, is 2-
(mercaptomethyl)thiophenol (0-HSCsH4CH,SH). This compound has been found to
catalyze oxygen atom transfer reactions. The deprotection of pyridine N-oxides by
phosphines and the syntheses of sulfoxide and sulfones from sulfides by terr-butyl

hydroperoxide have been investigated.
S i _CHs
Re_
S/ PPhg

MeReO(mtp)PPhg

1
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Chapters I and II deal with the synthesis, kinetics and mechanism of the catalytic
conversion of pyridine N-oxides to pyridines by phosphines catalyzed by 1 and related
Re(V) dithiolato complexes. From the synthetic point, selective deoxygenation of
heteroaromatic N-oxides is an important step in the synthesis of heterocycles in many
procedures. Many known methods are limited by the side reactions or reduction of a ring
substituent; others require tedious procedures. The synthesis reported in Chapter II offers a
convenient and efficient method for this transformation that can easily be carried out on the
gram scale. The literature reports mechanistic studies of the biologically related
oxomolybdenum complexes as catalysts for the deoxygenation of pyridine N-oxides by
phosphines, partly motivated by the fact that some pyridine N-oxides are enzymatic
substrates. Chapter I reports studies of the kinetics and mechanism of oxygen transfer from
pyridine N-oxides to phosphines catalyzed by 1. Several methods were used to explore the
mechanisms, including the initial rate and time course methods, competition reaction
design, and detection of the intermediates by means of low temperature NMR spectroscopy.

These studies aid in the design of new catalysts and provide a better understanding of
the chemistry of rhenium centered oxygen atom transfer reactions.

In search for other oxygen atom transfer reactions that can be catalyzed by this series
of Re(V) dithiolato complexes, we also found that 1 can efficiently catalyze the oxidation
of sulfides to sulfoxides when rert-butyl hydroperoxide is used as the stoichiometric
oxidizing reagent. These results are discussed in Chapter III. Oxidation of sulfides is the
most widely used method for synthesizing sulfoxides. Oxidation of thiophenes is
particularly interesting due to its potential use in the industrial desulfurization process.

Oxidation of the heavily substituted thiophenes present the biggest challenge among the



thiophene series. In this chapter, oxidation of thiophenes by our catalytic system is also
discussed. In the course of this research, concurrently, mechanistic studies were carried out
to help us understand the catalytic cycle and in turn to assist us in optimizing catalysis and,
especially, selectivity. KinSim, a kinetics simulation program, was used to help us
understand the unique features of this catalytic transformation.

The synthesis developed in this chapter has many advantages. Over-oxidation of
sulfoxides is avoided by the choice of appropriate reaction conditions. In many reported
sulfoxide syntheses, over-oxidation is unavoidable and a mixture of oxidation products is
obtained. This method offers further advantage in that functional groups presented in the

substrates are not affected. In the presence of an excess of one equiv. of fert-butyl

hydroperoxide and 1 at 50 °C, sulfones were obtained quantitatively.

We also attempted to synthesize chiral sulfoxides by exploring chiral Re(V) dithiolato
catalysts since chiral sulfoxides are useful building blocks in organic synthesis and
asymmetric sulfoxidation using chiral catalysts has drawn much attention. In contrast to the
symmetry of MTO, Re(V) dithiolato complexes seem to be much better candidates for
asymmetric catalysis. Although the initial experiments were not successful, one could
imagine the success of making chiral Re(V) catalysts for asymmetric oxidation with more
studies.

The most widely used and also well-known rhenium catalyst for oxygen atom transfer

. . . . . 6.
reactions is methyltrioxorhenium CH3;ReQs;, abbreviated as MTO. 7 The essence of the

MTO chemistry is its ability to activate hydrogen peroxide to form two active rhenium

peroxo-species, both of which are able to transfer an oxygen atom to various substrates as
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demonstrated in the past decade. The reaction mechanisms are also well studied and

understood. MTO is best activated by hydrogen peroxide. In the MT O chemistry, the
rhenium stays at Re(VII) in the catalytic cycle by forming the peroxo-spec=ies.

Chapter IV reports the oxidation of the symmetric disulfide by hrydrogen peroxide
catalyzed by MTO. Disulfide functional groups have been studied quite exctensively because
of their important role in metabolism, via a variety of mechanistia paths. Various
intermediate compounds can be obtained from the disulfide functional gro-up using different
oxidants under well-controlled condition. Some of these intermediate com_pounds are useful
in organic synthesis. Peracids are the reagents most commonly used to oexidize disulfides.
Molybdate and tungstates are effective catalysts under the phase transfesr conditions, too.
Hydrogen peroxide can oxidize the disulfide although without a catalyst, & large excess and
high reaction temperature are needed. When MTO was used as the catalyst, the first
oxidation product is thiosulfinate that in the presence of excess hydrogen peroxide is further
oxidized to thiosulfonate and eventually to sulfonic acid. Kinetic studiess were carried out

for the first oxidation since it is much faster than the subsequent oxid=ation steps. Both

rhenium peroxo-species, MCRCOZ(KZ—Oz) and MCR602(K2—02)2(H20), ar-e able to transfer

an oxygen atom to the disulfide. Their reactivities are quite similar in this case. The rate
constants obtained were compared with those from earlier kinetic studies #for the sulfides to
gain a more global understanding about the kinetics and mechanisms off MTO catalyzed

reactions.



Dissertation Organization

The dissertation consists of four chapters. Chapter II has been published in Organic
Letters. Chapter IV has been published in Journal of Organic Chemistry. On the basis of
Chapters I and III, two papers are now being prepared for submission for publication. Each
chapter is self-contained with its own equations, figures, tables and references. Following
the last chapter is the general conclusions. All the work in this dissertation was performed

by the author.
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CHAPTER L. KINETICS AND MECHANISM OF THE OXYGEN
TRANSFER REACTION BETWEEN PHOSPHINES AND PYRIDINE
N-OXIDES CATALYZED BY AN OXORHENIUM(V) DITHIOLATO

PHOSPHINE COMPOUND

A paper being prepared for submission to the Journal of the American Chemical Society

Ying Wang and James H. Espenson

Abstract

The kinetics and mechanism of the oxygen atom transfer reaction between the
pyridine N-oxides and phosphines catalyzed by (0-SCsHsCH,S)(PPh3;)Re(O)CHj,
abbreviated as MeReO(mtp)PPh;, were studied. Phosphines inhibit the reaction while
pyridine N-oxides accelerate it. A reaction scheme is proposed to interpret the kinetic data.
The scheme features a fast ligand substitution reaction between the parent phosphine
catalyst and pyridine N-oxide to form the analogous dithiolato methyl(oxo) rhenium(V)
complex MeReO(mtp)OPy with the liberation of free phosphine. This compound will then
pick up another pyridine N-oxide in a second rapid and unfavorable equilibrium to form a
six-coordinated compound MeReO(mtp)(OPy).. This intermediate generates the
rhenium(VII) dioxo intermediate MeReO,(mtp)(OPy) in the rate-controlling step. The
dioxo rhenium(VII) species is able to transfer an oxygen atom to phosphine in a fast step to
generate phosphine oxide. Rate constants were obtained and the rhenium(VII) dioxo species

was detected at low temperature in the "H NMR spectrum.



Introduction

Oxygen atom transfer reactions involving transition metals have been studied quite

extensively but still hold great interest because of their importance in biological systems, in

organic synthesis and in industrial process.M Of all the elements, the oxygen atom transfer

reactions of molybdenum have been extensively investigated and well understood.” In the

biological systems, the molybdenum oxotransferases are able to catalyze oxygen atom
transfer reactions through a catalytic cycle between Mo(VI) and Mo(IV). In comparison to
the Mo"'/Mo"Y pair, we can construct a pair of Re¥"/Re" species such that a catalytic cycle
can be obtained through the oxidation of rhenium(V) compound by the oxygen donor and
the reduction of the resulting rhenium(VII) compound by the oxygen acceptors.

Recently, a series Re(V) compounds with dithiolato ligands were synthesized and

characterized.®'° Some of these Re(V) compounds showed good activities as oxygen atom

transfer catalysts.l 112 Among them is MeReO(mtp)PPh; (mtp = “0-SCsH4CH,S™) 1 whose
structure is given in Chart 1. [t has been found to rapidly and efficiently catalyze the
oxygen atom transfer reaction between pyridine N-oxides and phosphines (eq 1). 1

Our primary interest in this work lies in that deoxygenation of heteroaromatic N-
oxides is an important step in the synthesis of heterocycles in many procedures.”’l4 Since

many methods developed are limited by side reactions or reduction of the ring substituents

5.IGI

and may require tedious procedures, this method offers a good alternative approach.l n

addition, biologically related oxomolybdenum complexes are also able to catalyze

deoxygenation of pyridine N-oxides with phosphines. Mechanistic studies have been done



for these reactions partly due to the fact that some of the pyridine N-oxides are enzymatic

substrates.'>'” So it would be interesting to learn the catalytic role of MeReO(mtp)PPh; in

this deoxygenation reaction as part of our goal to gain understanding of rhenium
compounds catalyzed oxygen atom transfer reactions. In this paper, the kinetics and
mechanism of the oxygen transfer reaction between pyridine N-oxides and phosphines
catalyzed by 1 were studied by several methods, such as the initial rate and time course

methods, competition reaction design and detection of the intermediates by means of low

temperature NMR techniques.
Chart 1
ke s
~ e
S/ PPh, S/ N \
X" CHj,3
MeReO(mtp)PPhs, 1 MeReO(mtp)(4-CH;3CsHsN), 2
@)
S | CHa S~ 9//0
Re~g AE~cH
/ / S | 3
S N
Re___ X
/\\ S |
HsC O Z
CHgj
{MeReO(mtp)}>, 3 MeReO>(mtp)(4-CH;3;CsHyN), 4

MeReO(mtp)PPhs
4-CH3CgH4NO + PPhs 4-CHaCsH4N + PhaP=0 (1)
25°C, benzene
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Experimental Section

Materials. methyltrioxorhenium CH;ReOj3, abbreviated as MTO, was synthesized
from sodium perrhenate and tetramethyltin (Strem). '8 1t is the precursor for compound 1-4.
The dimeric complex {MeReO(mtp)}, 3 was prepared from MTO and mtpH, as reported
earlier.'® The monomeric phosphine complexes, MeReO(mtp)PAr;, were prepared by

reacting 2.1 equiv. of phosphines with compound 3.'"" These rhenium(V) phosphine
complexes used in this paper have been characterized by NMR spectroscopy, elemental

8.20

analysis and crystallography.”~ All of them have similar UV-vis, '"H NMR and *'P NMR

spectra. The *'P chemical shifts for the monomeric phosphine complexes used in this study
are summarized in Table 1. MeReO(SCH>CH,S)PPh; 9, another catalyst, closely related to
1, was synthesized by the published procedure.2l Other reagents were purchased from

commercial sources and used without further purification. Benzene (Fisher Spectranalyzed)
was used as the solvent for the kinetic studies. Deuterated tcluene was used in the low
temperature NMR experiments. The rate constants reported herein were determined at

25°C.

Table 1. The *'P NMR chemical shifts for MeReO(mtp)[(4-RCsHa)3P] in CsDs

MeReO(mtp){(4-RCsH.);P],

R= MeO Me H F Cl CF;

§ (ppm) 247 265 278 255 265 273




11

Instrumentation. Shimadzu scanning spectrophotometers were used to record UV-
vis spectra and kinetic curves. Optical cells of 1 c¢cm path length were used throughout the
study. Reactions were followed by monitoring the disappearance of pyridine N-oxides in

the UV region at 330-360 nm. The reaction in eq 1 was monitored at 330 nm where the € of

4-picoline N-oxide was determined to be 807 L mol™' cm™. 'H and *'P NMR spectra were
recorded with Bruker DRX 400 MHz spectrometers. The 'H chemical shifts reported here
were measured relative to the residual 'H resonance of the deuterated solvent benzene and
toluene. Chemical shifts for *'P were referenced to 85% H;PO4. Low temperature
experiments at 240 K were performed using CD;C¢Ds as solvent. A solution of compound 2
was prepared by adding 24 mM 4-CH;CsHyN into 2.0 mM compound 3 solution in situ.?

The initial rate method was used first to determine the rate as a function of the
concentration of each of the species on which it depends. When this methods was used, the
absorbance readings were first converted to concentrations using eq 2. The concentration-
time data thus obtained were fitted by a polynomial function, typically fifth-order, by

means of the program KaleidaGraph. The initial rate v;, in units mol L™' s7', is then seen

from eq 3 to be given by the coefficient m,.

Abs, — Abs_,
X —m™m—m—

2
Abs, — Abs,, @

C[=Co—mlt—mztz—m3t3——rn4t4—m5t5... 3)
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When phosphines were used in large excess over pyridine N-oxides, the absorbance-
time data showed that the reaction followed pseudo-second order kinetics. The absorbance-

time data from each such experiment were analyzed according to eq 4, from which a

pseudo-second order rate constant k,, was obtained by nonlinear least-squares ﬁtting.23

Abs, - Abs_
T+[PyOLK,t )

Abs, = Abs_ +

Results

Preliminary Considerations. The oxygen atom transfer reaction (eq 1) between 4-
picoline N-oxide and triphenylphosphine catalyzed by 1 was first studied as a model
reaction to obtain the rate law. A 'H NMR experiment in 0.7 mL of CsDg was carried out at

these concentrations: 42 uM catalyst, 14 mM PPh; and 14 mM 4-picoline N-oxide. The

reaction went to completion within one min as monitored by 'H and °'P NMR
spectroscopy. In the absence of the catalyst, no observable reaction was detected in at least
10 h. The efficiency cf the catalyst was demonstrated by kinetic traces in UV-vis
experiments as shown in Figures la and 1b. Oxygen involvement could be excluded since
the control reactions performed under argon showed virtually the same kinetic traces as
ones performed in air.

In the absence of PPh;, compound 1 reacts with 4-picoline N-oxide to form MTO,
O=PPh; and the disulfide oxidation product of the dithiolate ligand (eq 5) on a much slower

time scale compared to the catalytic reaction in eq 1. Neither the disulfide oxidation product
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nor MTO was detected during and after the catalytic reaction in eq 1. One can conclude,
therefore, that the recycling of 1 between resting and active states prevents its
decomposition. On the other hand, without PPh;, or when it has been exhausted, reaction in

eq 5 will occur.

1 +3Py0O = MTO + 3Py + (I\/S + OPPh3 (3)
S

Determination of the Rate Law. The initial rate method was first used to learn the
dependence of the rate on the concentrations of the species in the rate law. The data are
summarized in Table 2. When triphenylphosphine was used in excess over 4-picoline N-
oxide, the initial rate is first-order with respect to [1] and inversely dependent on [PPh;].

These dependencies are illustrated in Figures 2 and 3 by plots of v; vs. one concentration,

the others being held constant. The slope of each line gives the order of the reaction with

respect to that concentration variable. Increasing [4-CH;CsH;NO] increased the initial rate

more strongly and it was found that v; has a second-order dependence on [4-

CH;CsH;NC](Figure 4). From these three independent observations, the initial rate
expressed in terms of the concentrations of PPhj, 4-picoline N-oxide and 1, can be

described by eq 6.

6

veid B- CI—LszH4NO]2[1])
- [PPhs)
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Absorbance at 330 nm
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0.25 : : :
0 500 1000 1500 2000

Time/s

Figure 1a. Experiments showing the efficiency of catalyst 1 were monitored at 330 nm in

benzene at 25°C (1 cm optical path length cell). Line (a) represents the reaction between 5

mM triphenylphosphine and 0.1 mM 4-picoline N-oxide with 0.05 mM of 1. Line (b)

represents the control experiment without 1.
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Figure 1b. Experiments showing the efficiency of catalyst 1 were monitored at 330

nm in benzene at 25°C (1 cm optical path length cells). Line (a) represents a solution

containing 1 mM 4-picoline N-oxide and 0.1 mM triphenylphosphine with 0.1 uM of 1.
Line (b) is the control experiment without 1. The unusual shape of the kinetic profile for the

catalyzed pathway arises when excess 4-picoline N-oxide is used as explained in the text.
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Table 2. Kinetic data (initial reaction rates) for the oxidation of PPh; by 4-CH;CsHsNO

catalyzed by 1.

[PPh;]/ 10~ M 4-CH;CsHsNO / 10° M [1]1/10° M vi /10 mol L' 5™

40.0 1.00 5.00 0.169
30.0 1.00 5.00 0.254
20.0 1.00 5.00 0.348
20.0 2.00 10.0 2.43
20.0 3.00 1.00 0.623
20.0 1.00 6.00 3.81
20.0 4.00 1.00 1.04
10.0 1.00 5.00 0.644
7.00 2.00 2.00 1.48
5.00 1.00 5.00 1.51
5.00 3.00 5.00 13.2
5.00 1.00 6.06 1.58
5.00 5.00 5.00 26.1
5.00 1.00 4.85 1.39
5.00 1.00 3.00 0.749
5.00 1.00 4.00 1.23
5.00 1.00 1.00 0.308

5.00 2.00 5.00 4.69
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5.5
-6.0 |-
’\;:.
&0
2
6.5 |
7.0 * ' ' '
52 5.0  -48  -46 = -44 42

log ([1])

Figure 2. A plot on a log-log scale of the initial rate against the initial concentration of 1

when [PPh;] was kept at S mM and [4-CH3CsH4NO] at 0.1 mM at 25°C in benzene. The

slope of the line equals one, showing that v; has a first-order dependence on [1].
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Figure 3. A plot on a log-log scale of the initial rate against the initial concentration of

PPh;. when [1] was kept at 5 x 10~ M and [4-CHI;CsHsNO] at 1 x 107* M at 25°C in

benzene. The slope of the line equals -1, showing tthat v; has an inverse dependence on

[PPh;].
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-6.0 I { |
-4.2 -3.9 -3.6 -3.3 -3.0
log [4-CH3C5H 4NO]

Figure 4. A plot on a log-log scale of the initial rate against the initial concentration of 4-

CH;CsH;NO when [PPh;] was kept at S mM and [1] at 0.05 mM at 25°C in benzene. The
slope of the line equals 2, showing that vi has a second-order dependence on [4-

CH;CsH,NO].
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To demonstrate that eq 6 has the correct form, one evaluates k by plotting v; against

the composite initial concentration term in the bracket in eq 6. Figure 5 shows that plot. The

slope of the line gives k =(1.24 +£0.03) x 10* M s7\.

Eq 6 was obtained by the initial rate method when excess PPh; was used over 4-
picoline N-oxide. Under these conditions, no decomposition of the catalyst was observed.
Thus, if eq 6 can be applied to the whole kinetic course, it predicts a second-order

dependence with respect to the concentration of 4-picoline N-oxide when PPh; was used in

large excess. Indeed, with PPh; varied from 5-40 mM and 1 from (1-6) X 107 M, second-

order kinetic curves were obtained. The data could be fitted by eq 4 typically when 0.1 mM

4-CH;3CsH4;NO was used (Figure 6a). Pseudo-second order rate constant k,, can be obtained

from the fittings. From eq 6, the expression of k,, can be written in eq 7.

_ ]
Y " [PPhs] k )

Figure 7 shows the dependence of k, on [PPh;] in a series of experiments with 0.1 mM 4-

CH;CsH4NO and 0.05 mM 1. As one can see, the reaction rate slows down with increasing
PPh; concentration. A k value of (1.53 £0.05) x 10° M™! s™ was obtained by fitting the data
to eq 7. As a check on this data treatment, the absorbance-time data in Figure 6a were also

fitted to eq 8 which is rearranged form of eq 4 (Figure 6b). The intercepts of these lines are

the same, which is 1/(Absg-Abs..) as seen from eq 8. The value of k,, was obtained from the
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Figure 5. A plot of the initial rate against the composite term [1][4-CH3;CsH4sNO]/[PPh;] at

25°C in benzene. The plot was fitted to eq 6 from which a k value of (1.24 + 0.03) x 10*

M s! was obtained from the slope.
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Figure 6a. Absorbance-time recordings were obtained for the reaction between 4-picoline
N-oxide and triphenylphosphine catalyzed by 1 in benzene at 25°C . [4-CH3;CsH4NO] was
kept at 0.1 mM and [1] = 0.05 mM for curves (a) to (d). [PPh3]: (a) 30 mM, (b) 20 mM, (c)

10 mM, (d), 5 mM. The rate in each case follows pseudo-second order kinetics.
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Figure 6b. An analysis of the kinetic data for the reaction between 4-picoline N-oxide and
triphenylphosphine catalyzed by 1 monitored at 330 nm in benzene at 25°C. The
absorbance-time readings were fitted to eq 8 for data taken to 78-88% completion. In four
experiments shown, [4-CH3;CsH4;NO] was kept at 0.1 mM and [1] = 0.05 mM for curves (a)

to (d). [PPhs]: (2) 30 mM, (b) 20 mM, (c) 10 mM, (d), S mM.
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Figure 7. Plot of k\v against the concentration of PPh; for the reaction in eq 1. The curve is

fitted by eq 7 and gave k of eq 1 1.53 x 10* M™' s™' at 25°C in benzene. The concentration

of 4-picoline N-oxide was kept at 0.1 mM and [1] at 0.05 mM.
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slope of the lines under the same treatment. The two treatments in eq 4 and eq 8 gave
similar results although all the rate constants reported in the tables are those obtained from

the non-linear squares fitting to eq 4.

1 3 | N [PyOl, k,t
Abs, —Abs, Abs;, - Abs, Abs, - Abs,_

)

From eq 7, k,, should not have any dependence on the concentration of 4-picoline N-

oxide. Indeed, results obtained for varying [4-CH3;CsHsNO] from 0.1 to 0.5 mM gave

virtually the same k,, value when [PPhs] and [1] were fixed at constant values. One then can
put all the data together to construct one plot which shows the linear dependence of k, on

1/[PPh;] (Figure 8) giving k= (1.55 £ 0.05) x 10* M"' s™". The linear dependence on catalyst

1 is depicted in Figure 9. All the data are summarized in Table 3. Thus, the rate law shown
in eq 6 is verified by these experiments.

To gain more information about the reaction mechanism, a series of experiments was
carried out by using different Substrates (pyridine N-oxides, Ar;P and CH;ReO(mtp)(Ar;P)
compounds as the catalysts). Eq 6 still applies under these variations. Thus, all these
experiments used phosphines in excess over pyridine N-oxides. The kinetic curves again
were fitted to eq 6 to obtain the values of k. The first set of kinetics experiments refers to
reactions between 4-picoline N-oxide and different phosphines, mostly (4-RCsH4)3;P with 1
as the catalyst. The data are summarized in Table 4. The identities of the free phosphine and

the coordinated phosphine can either be the same or different in the above set of
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experiments, as we synthesized a series of MeReO(mtp)[(4-RCsH4)3P] compounds. All
these compounds effectively catalyze the reaction in eq 1 on the basis of NMR and UV-vis
evidence. Thus another series of experiments was performed using 4-picoline N-oxide
while varying the free phosphine (4-RCsH,);P and the corresponding MeReO(mtp)[(4-
RCsH,);P]. The k values obtained were summarized in Table 5.

Table 6 shows the k values of different pyridine N-oxides reacting with PPh;
catalyzed by 1. The rate constants span for several orders of magnitude. Sterically hindered

2,6-lutidine N-oxide is also able to transfer an oxygen to triphenylphosphine although the

reaction is several orders of magnitude slower with k of eq 6 (5.95 £ 0.15) M's

Table 4. k values obtained for the reaction of different phosphines with 4-picoline N-oxide
catalyzed by MeReO(mtp)PPh3 at 25°C in benzene.

Phosphine 3o k/10° (M s™)
(MeOC,H,);P ~0.81 2.94 +0.03
(MeCgH,)P ~0.51 2.43 +0.01
(CoHs)sP 0 15.5+0.5
(FCoH,)sP 0.18 24.5+0.1
(CICgHa)sP 0.69 117£1
(CF;C¢H,)sP 1.62 276 £ 4

Cy,PhP 0.40 £ 0.01
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Table 3. Values of k, obtained from the second-order kinetic fittings under different

concentrations of PPh;, 4-CH3;CsH4NO and catalyst 1.

[PPh;}/ 10 M [4-CH3CsH4NOY/ 10~ M [1]/10° M k,/M"'s™
5.00 1.00 6.10 177
5.00 1.00 4.80 145
5.00 1.00 1.80 50.9
5.00 1.00 5.00 151
5.00 1.00 1.00 24.1
5.00 1.00 3.00 89.8
5.00 1.00 4.00 113
40.0 1.00 5.00 26.6
30.0 1.00 5.00 33.6
20.0 1.00 5.00 37.9
10.0 1.00 5.00 76.5
10.0 2.00 5.00 74.2
15.0 2.00 5.00 62.5
20.0 2.00 5.00 40.3
30.0 2.00 5.00 32.0

40.0 5.00 5.00 23.2
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Figure 8. A plot of kw against the inverse of the triphenylphosphine concentration varying

from 5 to 40 mM for the reaction in eq 1. The concentration of 4-picoline N-oxide was

varied from 0.1 to 0.5 mM and catalyst 1 was kept at 0.05 mM at 25°C in benzene. The

fitting (eq 7) gave k ofeq 6 1.55 x 10* M s\
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Figure 9. Plot of ky against the concentration of 1 for the reaction in eq 1 while keeping

4-picoline N-oxide at 0.1 mM and triphenylphosphine at S mM at 25°C in benzene.
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Table S. k values obtained for the reaction between (4-R-C¢H,);P and 4-picoline N-oxide
catalyzed by MeReO(mtp)[(4-R-CsH,);P] at 25°C in benzene.

3c k M 's™y10
MeO MeO —0.81 1.93+0.02
Me Me -0.51 2.92+0.04
H H 0 15.5+ 0.5
0.18 58.8% 0.1
Cl Cl 0.69 99.4+ 0.3
CF; CF; 1.62 477 + 6

Table 6. k values obtained for the reaction of phosphines with different N-oxides catalyzed
by MeReO(mtp)PPh; at 25°C in benzene.

Pyridine N-oxide c k (M 's™Y/10°
4-MeOCsH,NO -0.27 19.1+0.2
4-MeCsH;NO -0.17 155+0.5
4-CsHsNO 0 1.22£0.04
4-PhC;H,NO -0.01 0.38+0.03
4-NCCsH,NO 0.66 0.00404 + 0.00002
4-NO,CsH;NO 0.78 0.00178 £+ 0.00005

2,6-lutidine N-oxide

0.00595 + 0.000009
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The full rate law, without any assumption as to a limiting form, may be even more
complicated than this. It is disadvantageous to perform numerous experiments at variable
concentrations of each substrates to reveal the full rate law. To assist us in kinetics design, a
preliminary reaction scheme is proposed in Scheme 2, from which one can design falsifying
tests that may lead to modification of the scheme. It is proposed that a fast ligand
substitution reaction between 1 and 4-picoline N-oxide takes place first to form
MeReO(mtp)(4-CH3;CsH;sNO) 5 and so liberates triphenylphosphine. This step accounts for
the inverse dependence on the triphenylphosphine, for one power of the 4-picoline N-oxide
dependence and for the first order dependence of the rate on the catalyst 1. The catalytic
intermediate S5, in a second rapid but unfavorable equilibrium, then adds another 4-
CH;CsH4;NO to form the six-coordinate Re(V) compound 6. That step would account for
the second power of 4-picoline N-oxide in the rate law. According to the scheme proposed,
a dioxo Re(VII) intermediate, MeRe(O),(mtp)(4-CH;CsH4NO) 7, is formed in the rate
controlling step. Finally, that Re (VII) intermediate transfers an oxygen atom to phosphine
in a much more rapid reaction that releases phosphine oxide, regenerating catalytic
intermediate S, and continuing the cycle.

On the basis of Scheme 2, a rate law can be derived by making steady-state

approximations for intermediate compounds § and 6. The derived rate law is given by eq 9.

__d[4-CH3CsHaNO] _ k,k,k4[1][4 - CHsCsH«NOJ®

= = 9
dt k,k;[4 - CHsCsHsNO] + (k_k; + k_k_,)[PPhs] ©)
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When PPh; was used in excess over 4-picoline N-oxide, k3;k2[4-CH;CsHsNO] <<
(k-ik; + kok-1)[PPh3] and the first term in the denominator can be dropped. Under this

assumption, the rate law becomes eq 10.

Scheme 2

S\ %),CH:; kq 4-CH3CsH4NO \l ONC5H4CH3-4
Re
s~ “PPhy  k_, PPhs

I‘Lg k2 4-CH3C5H4NO

0=PPhs o
S ONCsH.CHg

e

s “CHs,

Kg ONCsH,CHa-4

6

PPhs
ks

\ “/ + 4-CH3CsH4N
~CHj

ONCSH4CH3 -4

7

Ve d[4 - CH3CsHNO] _ ki k,k,[1][4 - CH3CsH:NOJ 10

dt (k_k, + k_ k_,)[PPhs]
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Rhenium(V) dithiolato complexes CH3;ReO(mtp)(L) have been isolated when L is a
monodentate ligand such as pyridine or phosphine.'**®* CH;ReO(mtp)(L)2, however, has
never been isolated when L is a monodentate ligand, even with excess L. So it is reasonable
to assume that k is a large number. To the contrary, k; represents the cleavage of the N-O
covalent bond, which Scheme 2 assigned as the rate-controlling step. Thus, the equation can
be further simplified by assuming k; << k_,. Under these assumptions, the rate law
simplified to eq 11, which is exactly the form that we obtained from the kinetic studies with
excess phosphine (eq 6). Thus the k in eq 7 represents the combination of the rate constants

KiKoks.

K,K,k,[1]
V= —-—

[4 - CH:CsHsNOJ® =k, [4 - CHsCsHsNOJ* (11)
[PPhs]

Kinetics with excess Picoline N-oxide. Eq 11 depicts the rate law under conditions
with a large excess of triphenylphosphine over 4-picoline N-oxide. From eq 9, with 4-
picoline N-oxide used in excess over triphenylphosphine, kik3[4-CH3CsH4sNO] >> (k_tk; +
kok_)[PPh;] and the latter term can be dropped. Under these conditions, the rate law should

become eq 12.

v = k,[1}{4 - CH:CsHsNO] (12)



34

When excess of 4-picoline N-oxide is used, the reaction becomes very fast. To
monitor the reaction in UV-vis spectroscopy conveniently, the concentration of the catalyst
needed to lowered dramatically. As mentioned previously, one also needs to consider the
possible interference of the reaction between 4-picoline N-oxide and 1 when excess 4-
picoline N-oxide is used. The decomposition reaction might come into play towards the end
of the reaction whereas it is negligible when excess triphenylphosphine is used. Indeed, the
peculiar shape of Figure 1b signals the interference of the decomposition reaction when
excess 4-picoline N-oxide was used. As we mentioned before, the decomposition reaction
happens at a longer time scale. Thus, the initial rate method can be used to avoid this

problem in a series of experiments with excess 4-picoline N-oxide over triphenylphosphine.

Catalyst 1 was kept at a particular low concentration, typically 1Xx 10-7 M. The linear

dependence of v; on 4-picoline N-oxide is depicted in Figure 10 giving a value of k; of (9.6

+0.3)x 10° M s

Competition Kinetics to Determine Relative Rate Constants for a Fast Step in
Scheme 2. The last step in Scheme 2 features a fast oxygen transfer from
MeRe(O),(mtp)(4-CH3CsH4NO) to triphenylphosphine. No absolute kinetic data can be
obtained for it since it occurs after the rate-controlling step. But the relative rates for this
step can be obtained by employing a pair of phosphines in a single reaction. The reaction
with 4-picoline N-oxide itself is too fast to be monitored conveniently by NMR
spectroscopy even with a tiny amount of the catalyst. Thus 2-methyl-4-nitropyridine N-
oxide was chosen in these competition reactions because of two rate-inhibition effects as

seen from Scheme 2: its ortho methyl group provides the steric hindrance to slow down the
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ligand exchange step and reduce the extent of the formation of catalytic intermediate 6. Its
nitro group, being electron-withdrawing, dramatically slows down the reaction as one can
see from Table 7. With the new substrate, the reaction was indeed quite low. In most cases,
it needed more than 10 h to go to completion under the conditions used for the competition
reactions. Thus the formation of the phosphine oxides and the disappearance of the
phosphines could be monitored over a period of 2 to 4 h for the beginning part when 20-35
mM 2-methyl-4-nitropyridine N-oxide, 15-25 mM of each phosphine and 0.2-0.5 mM

MeReO(mtp)PPh3 were used. The concentration of each phosphine was determined by the

integration of the 'H or*'P NMR signals during the reaction.

Phosphine oxide forms at a rate given by eq 13 from Scheme 2.

v, =k, [71[PPh,] (13)

Or, with phosphines in general, say (PY;)?, the rate (eq 14) is

,+ _ dICY:POY']

s = K [7IH(PY3)] (14)
dt

Two such equations for two phosphines, (PY3)* and (PY3)Pina single reaction were
divided, giving eq 15 where k;* and ks® stand for the rate constant for the last step in

Scheme 2.
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d[(YsPO)*]/dt _ ( K3 ) [(PY3)'] (15)

d[(YsPO)’1/dt  { Kk®)[(PY3)°]

Integration of eq 15 between the limits t = 0 and t gives the expression in eq 16 where
[(PY3)*]: and [(PY3)°]: stand for the remaining concentration of each of the free phosphine

at various times during the beginning part of the reaction.

In[(PY3)*], = t—:ln[(PYs)b]l + constant (16)

b
4

Each logarithmic term was evaluated and one plotted against the other. The slope of
the line gives the rate constant ratios. Two sets of experimental data are shown in Figure 11,
plotted as in eq 16. Various phosphine pairs were used and the rate constant ratios obtained
were normalized relative to that for PPh; (ks = 1.0). The values of k;"/ k4" are summarized
in Table 7.

Detection of a Reaction Intermediate. Efforts to capture the intermediates by
monitoring the reaction between 4-picoline N-oxide and compound 1 at room temperature
failed due to the fast decomposition reaction that followed. Indeed, compound 1 and MTO,
which is one of the final oxidized products, are the only observable rhenium species in the
'H-NMR spectrum for the reaction between 4-picoline N-oxide and compound 1. Since
phosphines are better ligands than pyridine N-oxides, K, should be less than unity. The
intermediates remain at a very low concentration which are difficult to detect. From

previous studies, pyridine ligands in MeReO(mtp)(Py) are known to be very labile. Indeed,
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at low temperature, when two equiv. of 4-CH3;CsHsNO was added into a solution of
MeReO(mtp)(4-CH3CsH4N) 2 containing excess 4-CH3CsHsN at 240 K, a red species was
formed immediately upon mixing in almost quantitative yield, tentatively assigned the

structure of compound 4, MeRe(O)(mtp)(4-CH;CsH4N). it is a dioxorhenium(VII)

compound. The '"H NMR spectrum of 4 is displayed in Figure 12.

Table 7. Relative rate constants for oxidation of phosphines by 2-methyl-4-nitropyridine N-
oxide catalyzed by MeReO(mtp)PPh;.

Phosphine 3o ke Y7k M
(MeOC4H,);P -0.81 6.30
(MeCgHy)sP 2051 2.84
(C6Hs)sP 0 1
(FCsHy)sP 0.18 0.55
(ClCgH,)sP 0.69 0.40
(CF;3CsHy)sP 1.62 0.11

PPh,Me 3.11
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Figure 10. Plot of initial rate against the concentration of 4-picoline N-oxide for the

reaction in eq 1 monitored at 330 nm. Triphenylphosphine is kept constant at 0.1 mM and 1

is kept at 1 x 1077 M at 25°C in benzene. The curve is fitted to eq 12.
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Figure 11. Kinetic data for the competition reaction between two different phosphines and

2-methyl-4-nitropyridine N-oxide catalyzed by 1 at 25°C monitored by !H or 31P NMR.
The rate constant ratios are given by the slope of these double logarithmic plots.
Experiment (a) had 10 mM each of (4-MeOCgsH4)3P and (4-MeCgsH,s);P with 20 mM 2-
methyl-4-nitropyridine N-oxide and 0.5 mM 1. Experiment (b) contained 20 mM each of
(4-CIC,H,);P and (4-FC4H,),P with 32 mM 2-methyl-4-nitropyridine N-oxide and 0.5 mM

1.
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3
2.0 ppm

Figure 12. The 'H NMR spectrum of a solution of compound 4 taken immediately

after adding three equiv. of 4-picoline N-oxide into a solution containing 4 mM compound
2 and 20 mM free 4-picoline in CD3C¢Ds at 240 K. The following resonances belong to

compound 4 (*): & (ppm) 1.96 (s, 3H), 3.99 (s, 3H), 4.11 (d, 1H, J =12 Hz), 4.38 (d, 1H, J

=12 Hz), 6.51(d, 2H, J =4 Hz), 6.6-7.0 (m, 4H), 8.08 (d, 2H, J = 4 Hz). Other resonances

in this spectra belong to 4-picoline: 8 (ppm) 1.73 (s, 3H), 8.46 (d, 2H, ] = 4 Hz), 6.47 (d,
2H, J = 4 HZ); 4-picoline N-oxide: 8 (ppm) 1.42 (s, 3H), 5.75 (d, 2H, J = 4 Hz), 7.66 (d,
2H, J = 4 Hz); residual 'H resonances of CD3CsDs § (ppm) 2.09 (m), 6.98 (m),7.00 (m),

7.09 (m).
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The red species, which has a structure of 4 rather than S or 8, is verified based on
peak integration that shows free 4-picoline is formed. Further evidence was obtained by
adding tert-butyl hydroperoxide, dimethyl sulfoxide and pyridine N-oxide to a solution
containing the same concentration of 2 at 240 K. Compound 4 was formed in all these cases
as shown in Scheme 3. This shows that the identity of the compound 4 does not depend on
the identity of the oxidants. Furthermore, the pyridine ligand coordinated to the rhenium
center is labile and another pyridine ligand in the system will compete to coordinate to it.
Indeed, when 4-tert-butylpyridine was added to a solution containing compound 4, ligand
exchange was observed as shown in eq 13. Efforts to detect intermediate 7 by adding
excess picoline N-oxide to a solution of 4 failed and only the final products, MTO and the
disulfide oxidation product mtp, were observed. Attempts to isolate 4 failed. Over longer
period time at 240 K, 4 decomposes to unidentified species. Addition of PPh; to a solution
containing compound 4, gave O=PPh; immediately at 240 K as seen from the *'P spectrum.
This again indicates that Re(VII) is the active catalyst.

Catalysis by Compound 3. We reported previously that both bromide ion and
pyridine further accelerated the reaction (eq 1).” Interestingly, the dimeric {MeReO(mtp)},

3 is a even better catalyst than 1. The catalytic effects of added nucleophiles and catalysis
by 3 are depicted in Figure 13. Here 2-methyl-4-nitropyridine N-oxide was reacted with
triphenylphosphine in the presence of different catalytic systems. Again, this pyridine N-

oxide was chosen because that the nitro group on the pyridine N-oxide will allow the

reaction to proceed more slowly for conveniently monitoring by 'H NMR spectroscopy.
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Also, its methyl group gives a convenient resonance signal to follow. The catalysis of 3 is

roughly 45 times faster per rhenium atom than that of 1 under same condition.

Scheme 3
S 240 K, CD3CgDs - I(I).
Il —CH3 Ble-\CHg
s N 2N
|
CHa
2 4
YO = H3C@NO Y= H3C—@N
-BuOOH t+BuOH
DMSO Me,S
— \
\ /NO /_ N
0] s O
S‘R’{a-CH3 4-CsH4NO Re-CHa .
/ 'N / .N \ (1")
S Q 4-t-BuCsH4NO S |
— —
CH3 Bu-t
2

Some low temperature experiments were carried out trying to detect the active
catalytic form in the compound 3 catalysis. At low temperature in deuterated toluene, when

0.8-15.2 mM 4-picoline N-oxide was added into a solution containing 2.0 mM 3,
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compounds 3(4-CH3;CsH4NO), where one 4-picoline N-oxide is coordinated to 3 and 3(4-
CH;CsH4sNO), with two 4-picoline N-oxide coordinated, are formed. The reaction is
exceptionally rapid. The 'H-NMR signals of 3, 3 (4-CH3;CsH4NO) and 3 (4-CH3;CsH4NO),
could not be resolved even at 240 K as shown in Figure 14. From previous data,” the
equilibrium constants for 3/3(4-CH3;CsH;NO), 3(4-CH3;CsH4NO)/3(4-CH3CsH4NO), are K;

=4.1 x 10° L mol™" and K; = 1.7x10° L mol'l.22 On the basis of these data, under the

concentrations used here for 4-picoline N-oxide, both 3(4-CH;CsHsNO) and 3(4-
CH;CsHsNO), are the major species in the last 4 spectra in Figure 14. Increasing the
concentration of 4-picoline N-oxide is not plausible due to the low solubility of the picoline
N-oxides at 240 K in toluene. Thus, the chemical shifts for 3(4-CH3;CsHsNO), could not be
obtained by adding enough 4-picoline N-oxide to get the 3(4-CH3;CsHsNO), as the major
species. Over longer period of time at 240 K, no signals were detected except that of the
final products, MTO and disulfide, No other species was built up in significant amount.
Upon adding PPh; into any of the solutions in Figure 14, O=PPh; was formed immediately
even at 240 K in deuterated toluene.
Interpretation and Discussion

Hammett correlation. The phosphine substrate inhibits the oxygen transfer reaction
between 4-picoline N-oxide and PPh; catalyzed by 1. This peculiar phenomenon can be
explained by the ligand exchange step in Scheme 2 where the coordinated phosphine is
released in the first step. From Table 5, the rate increases with electron-withdrawing group
on the para position of the phenyl rings in triarylphosphine when the coordinated and free

phosphines are identical. To illustrate this effect, a Hammett plot can be constructed for the
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Figure 13. The catalytic effects of different systems illustrated by monitoring the
disappearance of the starting material 44.4 mM 2-methyl-4-nitropyridine N-oxide in the
reaction with 44.4 mM triphenylphosphine under different catalytic conditions using 'H

NMR kinetic program. From top to bottom: [1]=1 mM; [1]=1 mM, [(n-Bu)sNBr]= 4.4 mM;
[1]= 1mM, [Py]}=8.8 mM; [3] =0.25 mM
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Figure 14. A series of stacked 'H-NMR spectra recorded by adding different amount
of 4-picoline N-oxide into a solution containing 2 mM compound 3 at 240 K in deuterated

toluene. From bottom to top:[4-CH3CsHsNO}/mM =0, 0.8, 1.6,2.4,3.2,7.2,11.2, 15.2

reaction between (4-RCsH4);P and 4-picoline N-oxide catalyzed by MeReO(mtp)[(4-

RCsHs);P] which gave a p value of 1.03 + 0.12 (Figure 15, line 2). This is in accordance

with the mechanism. Lowering the Lewis basicity of the coordinated phosphine will
facilitate the ligand exchange step thus accelerates the whole rate. These results also
implying that ky4 is a fast oxygen transfer step. Was the ks term in the rate law, one would

have expected the opposite electronic effect with a negative p value considering explicitly
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that the electron-donating para substituents will react faster with the Re(VII) dioxo
intermediate 7.

From Scheme 2, phosphine is also involved in the step where Re(VII) intermediate 7
will transfer an oxygen atom to phosphine and release phosphine oxide. Although this fast
step occurs after the rate-controlling step, information can be obtained by competition
kinetics design and the rate constant ratios thus can be determined. A Hammett plot for k4 is
shown in Figure 15, line 3 by plotting log (ks /ks"") for the para substituted triarylphosphine

against 36. The slope of the line of p value is —0.70 + 0.07.
The three Hammett plots describing the different aspects of the electronic effects of

the para substituted triarylphosphine are combined in Figure 1S5. A very interesting

comparison can be made by comparing line 1 and line 2 with line 3 in which a negative p

value of —0.70 was obtained. This is not surprising since the last step features an
electrophilic attack of phosphines on Re(VII) intermediate so that electron donating groups
on the para position accelerates the rate while they have the opposite effect in the first
ligand exchange step. The overall effect is determined by the first step since the last step
occurs after the rate-controlling step. The design of the competition reaction makes it

possible to access separately the electronic effect in the last step.
When the identity of the coordinated and the free phosphine are different, further
complications arise. Although the original catalyst is MeReO(mtp)PPhj, some of it will

become MeReO(mtp)[(Ar);P] through the ligand exchange step in Scheme 2 where (Ar);P
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stands for the added free phosphine. A Hammett plot was constructed for the reaction
between (4-RCsH4);P and 4-picoline catalyzed by MeReO(mtp)(CsHs);P. A similar

electronic effect is also observed as shown in Figure 15, Line 2 with a smaller p value of

0.42 £0.09.

Varying the para substituents on the pyridine N-oxide shows a relatively large
electronic effect as one can see from Table 6. Thus, a Hammett plot can also be constructed
for the reaction between 4-RCsH4sNO and PPh; catalyzed by MeReO(mtp)PPh; (Figure 16).

The slope of the line of p value is —3.84 + 0.37. The reaction rate has a second-order

dependence on pyridine N-oxide with one entering in the two equilibrium and in the second
prior to the rate-controlling step. In contrast to the case with phosphine, electron-donating
substituents accelerate both steps thus resulting a big electronic effect. The reaction also
shows a large steric effect due to the formation of 7. With Sterically hindered pyridine N-
oxide, for example, 2,6-lutidine N-oxide, the rate is three orders of magnitude less than the
K. K;k; value for 4-picoline N-oxide.

Determination of K. Direct determination of the equilibrium constants K; for the
first ligand exchange step is not available due to the fast steps that follow. From the
reaction scheme, K, and k3 represent the steps devoid of phosphine identity. So the ratio of
any pair of the K;K;k; values should represent the equilibrium constant of the ligand
exchange reactions between P; and MeReO(mtp)P; which can be monitored directly (eq
14). The ligand exchange reaction in eq 14 can be obtained by adding free phosphine P; to a
solution containing MeReO(mtp)P, and measure the concentration of the four species by 'H

NMR allowing enough time for it to reach equilibrium. Thus K. can be obtained by using



48

the concentrations at equilibrium in eq 15.%° Table 8 gives two examples of the equilibrium

constants K. obtained by this direct method and by taking the ratios of the K;K>k; values in
Table 5. Comparison of these independently obtained data with those determined from

kinetic ratios supports the proposed mechanism.

s O P s 9
S/ Py P s P2

K~ MeReO(mtp)P. JP;]
°  [MeReO(mtp)P, ][P,]

(15)

Table 8. Equilibrium Constants of eq 11 obtained by two different methods. K. was
obtained by eq 12.

P, P Ke P (K K2k3)/P2(K K k3)
(CeHs)3P (4-CH3C¢Hs);P 5.6 5.3
(CgHs)sP (4-CICg¢H,4);P 0.10 0.15

Re(V) or Re(VII). In the proposed mechanism, compound § was formed first where
the methyl group is trans to the phenolic suifur and it then picks up another 4-picoline N-
oxide to generate the six-coordinated intermediate 6. An alternative mechanism was also
considered in which the first formed 5 would pick up another 4-picoline N-oxide to form

the “normal” compound 8 where the methyl group is cis to the phenolic sulfur again

through a turnstile mechanism.” Noting that in compound 1, the methyl group is also cis to
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Figure 15. Three Hammett plots showing the electronic effects by varying the para

substituents on the phenyl ring of the triarylphosphine in different reaction steps. Line 1

stands for the Hammett plot of log (K;K:k3) against the substituent constant 3¢ when (4-R-

CsH,4);P was used in the reaction with 4-picoline N-oxide catalyzed by the corresponding
phosphine Re(V) dithiolato complex MeReO(mtp)[(4-RCsH,4);P]. Line 2 stands for the

Hammett plot of log (K;Kjk;) against the substituent constant 3¢ when different 4-

sustituted phosphines were used in the reaction with 4-picoline N-oxide catalyzed by 1. All

the rate constants were determined in benzene at 25°C. Line 3 is the Hammett plct of log
(ka¥/ks™") against the substituent constant 36 when different para substituted triaryl

phosphine pairs were used to react with 2-methyl-4-nitropyridine N-oxide catalyzed by

MeReO(mtp)PPh; monitored by 'H or *'P NMR at 25°C in CgDs.
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Figure 16. Hammett plot of log (K kzk;) (Table 6) against the substituent constant ¢ when

different 4-substituted pyridine N-oxides were used in the reaction with triphenylphosphine

and 1. The slope of the reaction constant (p) is —3.84.
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the phenolic sulfur. This alternative mechanism can also explain the second-order
dependence on pyridine N-oxides (Scheme 2). Can this “normal” 4-picoline N-oxide
monomeric Re(V) compound 8 be the active catalytic form instead of Re(VII) compound
7? To test this hypothesis, MeReO(SCH,CH,S)(PPh;), abbreviated as MeReO(edt)PPh; 9
was used as the catalyst in the kinetic study. Because the symmetry of the edt ligand, the
similar isomers doesn’t exist. If the reaction goes through the above route, one would
except to see first-order dependence on 4-picoline N-oxide instead of second-order
dependence since compound S and 8 will become identical with edt as the dithiolate ligand
instead of mtp. To the contrary, kinetic study showed the same rate law with second-order
dependence on 4-picoline N-oxide at high triphenylphosphine concentration giving a

KiKzks value of (1.3 £ 0.2) x 10* M s™'. This result rules out the formation of the

compound 8 as the active catalytic form.

Scheme 4
S QCH3 4-CH3CsH4NQ S Q ONCsHCHs-4
AR ppp, = ~Reoy
S 3 PPh; S 3
1 5
4-CHaCsH4NO
S~ fP.cHs

o S ONCgHCHg-4
8
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S\ E,CHS
S/ &~ PPhj

MeReO(edt)PPh;

9

Other catalytic systems. Bromide and pyridine accelerate the oxygen atom transfer
reactions between picoline N-oxide and triphenylphosphine catalyzed by 1 as seen from
Figure 13. It might be that the pyridine and bromide provide the nucleophilic assistance
thus accelerating the rate to form the Re(VII) dioxo intermediate. Scheme 5 shows a
simplified scheme for such assistance, in that bromide and pyridine will assist the electron

donation from the rhenium to the oxygen atom and cleaving the N-O bond.

Scheme 5§

TN O
Nuc: Re-—O-—N/ N Flile\./" + 74 \N
C— Nu™ &0 —

Nuc: = Br, Py

The dramatic catalytic effect of the {MeReO(mtp)}, 3 is worth noting. Although
compound 3 can be monomerized to compound 1 by phosphines, that occurs more slowly.
So the active catalytic species should be different from compound 1 catalysis. The active

catalytic intermediate might be a half-opened Re(V)-Re(VII) intermediate, which is more
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effective than 7. Detailed kinetic studies are needed in order to fully understand this

catalytic system.
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CHAPTER II. EFFICIENT CATALYTIC CONVERSION OF
PYRIDINE N-OXIDES TO PYRIDINES WITH AN OXORHENIUM(V)
CATALYST

A paper published in Organic Letters

Ying Wang and James H. Espenson*

Abstract

The compound CH3Re(O)(SR);PPh3, where (SR), represents the dianion of 2-
(mercaptomethyl)thiophenol, catalyzes the rapid and efficient transfer of an oxygen atom
from a wide range of ring-substituted pyridine N-oxides to triphenylphosphine, yielding the
pyridines in high yields.
Introduction

The selective deoxygenation of heteroaromatic-N-oxides has received previous

attention, being an important step in the synthesis of heterocycles in many procedures.['?'

Various methods have been developed,3'6 but many are limited by side reactions or

reduction of the ring substituents and may require tedious procedures.3'5 1.8

Results and Discussion
We have found that the rhenium compound 1 catalyzes the transfer of oxygen from
numerous pyridine N-oxides to triphenylphosphine. The synthesis of 1 has been reported

9,10

before; only a small quantity is needed. One group of reactions was carried out in

benzene-dg, where the reactions occur rapidly. Typical conditions are these: 14 mM

Wang, Y.; Espenson, J. H. Org. Lert. 2000, 2, 3525
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4-picoline N-oxide and 14 mM PPh3, with 42 uM 1 (0.3% mol/mol) in 0.7 mL CgD¢ in air.
The reaction reached completion (100% conversion) within one min. The other compounds
in Table 1 also gave quantitative conversions with 0.1-5% 1, within a few minutes (entries

1-6) or hours (entries 7-15), when studied on this scale. The system is tolerant of nitro and

halide substituents, which can cause problems in earlier procedures.3 ,11-13 Even sterically-
hindered compounds like 2-picoline N-oxide and 2,6-lutidine N-oxide gave 100%
conversion, the latter more slowly; on a larger (1 g) scale, however, 2-picoline was formed in
but 67% yield. Other amine oxides undergo this conversion: both 6-methoxyquinoline N-

oxide and trimethyl amine N-oxide also gave high yields of product.

As a control, the reagents were mixed without 1; no reaction was found for >10 h.
Molecular oxygen is not involved in the catalysis or stoichiometry, in that the same reaction

performed under argon gave virtually the same result. The overall stoichiometry is simply

4- MCC5H4NO + PPh3 —ca,—l—-) 4- MCC5H4N + Ph3PO

Benzene was usually used as solvent and in limited tests toluene did as well. THF

can be used, but it must be freshly distilled and the reaction run under argon, as a trace of
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peroxide destroys the catalyst. Acetone gave adequate results, but the reactions proceeded

more slowly and in reduced yield. In chloroform and acetonitrile the reaction stopped at an

early stage.

To show the generality of this catalytic system and extend its applicability to
reactions carried out on a larger scale, many pyridine oxides were studied on a scale of 1.0 g
substrate and 1.0 equiv. phosphine in 60 mL solvent. Since several of the pyridine N-oxides
are nearly insoluble in benzene, in some cases 5 mLL water and 55 mL benzene were used as
a two-phase medium. In such cases 5% of (n-Bu)4NBr was added to be a phase transfer
catalyst. Table 1 presents 15 examples on this larger scale. Most of the reactions run in
ambient-temperature benzene (or benzene-water mixtures) proceeded nearly quantitatively
with 0.1-0.5% 1. At this scale, reaction times were 0.3—7 h, dividing into two groups as
with smaller-scale reactions.

As it turns out, (n-Bu)4NBr may be more than a phase-transfer catalyst. Both it and

pyridine are pronounced accelerators (co-catalysts) as shown in Figure 1. Their role is

likely to be one of promoting ligand substitution reactions of 1.!%15 The mechanism of this
interesting transformation remains under investigation, but entry of PyO into the
coordination sphere of rhenium will certainly play a role; release of pyridine may occur by a

process we abbreviate like this: L,Re—OPy — L Re=0 + Py.
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Table 1. Oxygen transfer from pyridine N-oxides to triphenylphosphine, catalyzed by 1

RCsH4NO Py Yield,
Entry R= Scale2 Solventb 1 Time/h %C
1 4-Me 10g AB 0.1% 0.7 100
2 4Cl 1.0g B 0.1% 3 94
3 4-MeO 10g AB 0.5% 3 93
4 2-Me 10g AB 0.1% 0.3 67d
5 4-Ph 10g B 0.1% 0.3 100
6 4-(CHp)3Ph 10g B 0.1% 0.3 100
7  4-NOy 10g B 0.5% 6 100
8 4-CN 10g AB 0.5% 6 92
9 2,6-Me2 1.0g B 0.5% 7 100
10 2-Me, 4-NO> 1.0g B 0.5% 5 100
11 2-OH 10g AB 0.5% 3 50

12 3-CH>OH 10g B 0.1% 1 90
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Table 1 continued

RCsH4NO Py Yield,
Entry R= Scale? Solventb 1 Time/h 9/4C
13 3-OH 10g B 0.5% 7 99
14 3-C(O)NH, 05¢g THF 0.5% 2 51
15 3-COOH 05¢g THF 0.5% 3 57

a With 1.0 equiv. PPh3; YSolvents are 60 mL benzene (B), 10% water with benzene
containing 5% (n-Bu)4NBr (AB), tetrahydrofuran under argon (THF); ¢ The solution was
stirred throughout and monitored intermittently by TLC and 3!P NMR. After the reaction
had finished, the water layer was separated, the organic layer was dried over anhydrous
magnesium sulfate and evaporated to dryness; the residue was then taken up in CgDg for
determination of the Py yield; 9On a smaller scale, 100% conversion of 2-picoline N-oxide

was obtained.
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Figure 1. An experiment in benzene with 44.4 mM each of 2-methyl-4-nitropyridine N-
oxide and Ph3P containing 1.0 mM 1, showing the decrease in the concentration of the
pyridine oxide in the catalyzed reaction and the further rate acceleration brought about with

4.4 mM (n-Bu)4NBr or 8.8 mM pyridine added.
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CHAPTER HI. OXIDATION OF SULFIDES BY TER7T-BUTYL
HYDROPEROXIDE CATALYZED BY AN OXORHENIUM(V)
DITHIOLATO COMPLEX—-A GENERAL AND EFFICIENT
SYNTHESIS OF SULFOXIDES AND SULFONES.

A paper being prepared for submission to the Journal of Organic Chemistry

Ying Wang and James H. Espenson

Abstract

A wide variety of sulfides, RSR’, where R, R’ = aryl or alkyl, can be catalytically

oxidized to sulfoxides in excellent yields by a stoichiometric quantity of ters-butyl
hydroperoxide catalyzed with easily-prepared Re(V) dithiolato catalysts. Several catalysts
were used, but the one most extensively studied was MeReO(mtp)PPh; R, where mtpH, is
2-(mercaptomethyl)thiophenol. Both the occurrence of the catalysis amd studies of the

mechanism are presented here. For all examples of RSR’, the reaction went rapidly (hours)

and selectively with 0.05-3 mol% catalyst. Included in the list of sulfide reagents are
heavily substituted thiophenes, which can also be converted to their S-oxides in moderate to
excellent yields. The reaction scheme features ligand exchange between 1 and rers-butyl
hydroperoxide. The induction period for sulfoxide built-up observed at the beginning of the
reaction can be attributed to the ligand exchange step. The hydroperoxo dithiolato rhenium
complex thus formed gives MeRe(O),(mtp), a Re(VII) dioxo species, which was detected at
240 K by its '"H-NMR spectrum. Inhibition by the sulfide reagents was observed, which

can be attributed to the reversible formation of inactive MeReO(mtp)(SRR’). Kinetic



63

modeling of a proposed reaction scheme was used to validate the general scheme although

detailed rate constant specifics could not be resolved. In the presence of an three equiv. of

tert-butyl hydroperoxide and 0.3-0.5% 1 at 50 °C, sulfones were obtained quantitatively.

Introduction

Catalytic oxidations and reductions of sulfoxides are particularly interesting from
biological, mechanistic and synthetic perspectives.l Molybdenum-containing DMSO
reductases are known to utilize DMSO and other sulfoxides as oxidizing substrates and have
been the subject of intensive study.z'4 The reverse reaction, the catalytic oxidation of
sulfides, is equally important. Oxidation of sulfides is the most widely used method for
synthesizing sulfoxides and sulfones, both of which are important intermediates in organic
synthc:sis.l‘5 A number of successful methods have been developed for such conversions
employing various oxidants and catalysts.é'9 In many cases, over-oxidation of sulfoxides to

619 I the presence of other functional groups, side oxidation

sulfones is unavoidable.
reactions may occur.®’ Therefore, there is still a considerable interest in the development of
general and selective methods for such transformations.

Aside from these fundamentals, one practical matter should be cited.
Hydrodesulfurization is the major method for removing the sulfur compounds from
fuels.'!!? Recently, even lower levels of permitted sulfur in diesel fuels have been
legislated.13 However, thiophenes, especially heavily substituted ones, are not treated by

the existing methods, presenting a challe:nge.14 Oxidation of petroleum oil, which has a long

history of development, is one of the alternative methods for removal of the thiophenes
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13 13.16 Thus further efforts are needed to devise better

from other petroleum components.
methods that forms environmentally benign by-products with good selectivity.

Methyltrioxorhenium, CH3;ReQO;, abbreviated as MTO, is a good catalyst for the
oxidation of organic sulfides and thiophenes by hydrogen peroxide. 1718 The active catalytic
forms are the peroxo species formed from the reaction between MTO and hydrogen
peroxide. The catalytic cycle is formed between MTO, an oxo rhenium(VII) compound and
the corresponding peroxo rhenium(VII) species. Rhenium remained in oxidation state VIL
Recently, a series of Re(V) complexes were synthesized in our group and we reported that,
among them, compound 1, MeReO(0-SCcHsCH,S)(PPh;), also written as
MeRe(O)(mtp)PPh;, where mtpH, is 2-(mercaptomethyl)thiophenol, is a very efficient
catalyst for deoxygenation of pyridine N-oxides by triphenylphosphine.19 In that case, the
catalytic cycle is formed between original Re(V) catalyst and a dioxo Re(VII) intermediate,
MeRe(O),(mtp)(4-CH;CsH4NO), which in turn oxidizes PPh; to Ph;PO.

In the course of learning the scope and versatility of this catalytic system,
sulfoxidation reactions came into our attention. Recently, the Re(VI[)=O bond in
oxorhenium(VII) oxazoline complexes has been estimated to be ~ 20 kcal/mol 20 1y light of
the SO bond strength of RS(O)R’ which lies generally in the range of 87-90 kcal/mol,
sulfides are good candidates to serve as the oxygen atom acceptor for Re(VI[)=O. Indeed,
compound 1, and related compounds, catalyzes the oxidation of sulfides cleanly to
sulfoxides by tert-butyl hydroperoxide. With appropriate adjustment, ciean oxidation to
sulfones can be realized instead. Thus, separate procedures for synthesizing sulfoxides and

sulfones have been developed. In the course of this research, concurrently, mechanistic
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studies were also carried out to help us understand this catalytic cycle and in turn to

optimize catalysis and, especially, selectivity.

0
\qul/CHS
e e\PPha

S
MeReO(mtp)PPhg
1
Results and Discussion

Preliminary Considerations. Sulfoxides, and under certain distinct conditions,
sulfones, were formed by adding catalyst 1 slowly to a solution containing ~-BuOOH and
sulfide through a syringe pump in usually 1-3 hours. The syringe pump was used to ensure
the survival of the catalyst for the maximum catalytic efficiency. This method gave very
good product yields. Later it was found that directly introducing all of the catalyst at the
beginning of the reaction also gave similarly good product yields as compared to the syringe
pump method in the same reaction time.

Without 1, control reactions showed that < 5% reaction occurred between tert-butyl
hydroperoxide and sulfides under the conditions used. Chloroform proved to be a better
solvent than benzene with which only inferior conversions to sulfoxides were obtained.
MTO, one of the decomposition products of the compound 1 by tert-butyl hydroperoxide,
does not catalyze this reaction.

Synthesis of Sulfoxides at Room Temperature. Sulfoxides can be easily

synthesized by syringe pump addition of 1-3 mol % of catalyst 1 over ca. 1-3 h into a
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solution containing 2 mmol of the sulfide and 2.05 mmol of tert-butyl hydroperoxide at

room temperature (eq 1).

1.03 equiv. t-BuOOH, 1-3 mol% 1 Q
' R—S—R' )
0-25 °C, CHCl;

RSR

As one can see from Table 1, the method is quite general and efficient. It gives
excellent yields of sulfoxides from dialkyl, diaryl, alkylaryl and cyclic sulfides. The reaction
also tolerates the functional groups, such as NO,, CN, Br and C=0. In the case of vinyl
phenyl! sulfide, the only oxidation product is vinyl phenyl sulfoxide. Note that the double
bond is untouched whereas it is epoxidized by many of the literature methods.® In the
workup, the other product, terr-butyl alcohol, evaporates with the solvent, leaving the
crude product. The 'H-NMR spectrum showed only the sulfoxide and small amount of
unreacted sulfide (<5%). This makes this synthetic procedure particularly attractive in
terms of easy work-up and separation. Moreover, aqueous workups, which are often
required when peroxyacids are used as the oxidants, are avoided. This is particularly useful
for obtaining the water-soluble sulfoxides.

No sulfones were formed at room temperature under the conditions specified in eq 1
and used to obtain the data presented in Table 1. Over-oxidation of sulfoxides to sulfones is
a common problem for many of the literature methods especially with diaryl sulfoxides.’

Dipheny! sulfide gave no diphenyl sulfone (Table 1, entry 6).
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Synthesis of Sulfoxides at 50°C. At 50 °C, one could further lower the

concentration of catalyst 1 without sacrificing the excellent yields of sulfoxides (eq 2).
Under this condition, it is essential to use only one equiv. fert-butyl sulfoxide lest sulfones

be formed with excess tert-butyl hydroperoxide at S0°C as discussed in the next section. In

one experiment, 0.05 mol % of the catalyst was added through a syringe pump to a solution
containing 1.0 mmol 4-nitrophenyl methyl sulfide and 1.0 mmol tert-butyl hydroperoxide in
one hour at 50 °C. From that, 4-nitrophenyl methyl sulfoxide was isolated in 95% yield. A
control reaction without catalyst 1 showed that only 2% of 4-nitrophenyl methyl sulfoxide

was formed during the same reaction time.

1 equiv. -BuOOH, 0.05 mol% 1 %
RSR' R—S—R' )
50 °C, CHCl;

Synthesis of Sulfones. At 50 °C, when 2 equiv. of --BuOOH was used, sulfides

were further oxidized to sulfones in 2 h giving excellent yields with only 0.3-0.5 mol% of
catalyst 1. As can be seen from Table 2, it is also a general and efficient method for
synthesizing various sulfones. Note again that the double bond in phenyl vinyl sulfide
remained unchanged even at 50 °C. When two equiv. of tert-butyl hydroperoxide was used,
sulfones were formed in yields ranging from 70-85%. Almost quantitative yields were
achieved by using three equiv. of fert-butyl hydroperoxide (eq. 3). Under these conditions,

sulfides have usually disappeared in 15-30 min. Good yields of sulfones were also obtained
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when the catalyst concentration was lowered by a factor of ten, 0.05 mol% (Table 2, entry

).

3 equiv. +-BuOOH, 0.5 mol% 1
RSR' R—§-R' (3)
50 °C, CHCl3 o

Oxidation of Thianthrene. In principle, several products can be formed from
oxidation of thianthrene due to the two *“ S ™ sites; the products may be thianthrene 5-oxide
(SS0O), thianthrene 5,5-dioxide (SSO,), thianthrene 5,10-dioxide (SOSO), thianthrene 5,5,10-
trioxide (SOSO,) and thianthrene 5,5,10,10-tetraoxide (SO,S0,).2"*> When the standard
procedures for sulfoxide and sulfone synthesis were applied to thianthrene, only thianthrene
5-oxide and thianthrene 5,10-dioxide were obtained, each in excellent yield. No other
oxidation products were detected (eq 4).

Oxidation of Thiophenes. Heavily substituted thiophenes were oxidized to
thiophene monooxide or dioxide with good yields using this catalytic system. From Table 1,
entries 13 and 15 and Table 2, entry 5, one can see that even very bulky thiophenes can be
oxidized satisfactorily. This procedure is of interest in the context of the fuel desulfurization
procedures other than HDS considering the simplicity of the procedure, the easy separation
method, and the efficiency of the catalyst.

The reaction of 4,6-dimethylthiophene with one to three equiv. of terr-butyl

hydroperoxide in the presence of 1 mol% catalyst at both room temperature and at 50 °C

gave <20% 4,6-dimethy! thiophene 1,1-dioxide; unreacted thiophene and unidentified
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1 eqiv. t-BuOOH, 1 mol%1 CESD
25° C, CHCl3 S

@ES @
JO 9
\3 eqiv. -BuQOH, 0.5 mol%1 C[S j:/\
S Z
O

50° C, CHCl3

products remained. Addition of more catalyst did not improve the yield. 4,6-Dimethyl
thiophene monoxide was not observed under the conditions used here. It is known that
thiophene oxides lacking heavily substituted rings are highly reactive species. They can
undergo rapid cyclization reactions in the solution.** Similar observations were also found
in other oxidative systems.zs’2 ® The thiophene monoxides can be captured by adding

27-29

dienophiles to the reaction system. Thus, the Diels-Alder adduct between the 2,6-

dimethylthiophene monoxide, which acts as a diene and the dienophile, N-

phenylphthalimide, was formed and isolated in 78% as described in eq 5.

L
|__NPh 1.3 equiv. +-BuOOH H o

/@\ = 4 H o )

I mol% 1, CHCl;3, 50°C
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Other Re(V) Dithiolato Catalysts. A variety of Re(V) compounds

were able to catalyze the sulfoxidation reaction with fert-butyl hydroperoxide.

Chart 1

?/C Ha CHg
SQ /s ES/R<

H3C O
2 3

2-5 (Chart 1)

PhS\l | <CH3 Q\ R CHs
PPhg S*C(N(Me)z)z

With methyl 4-nitrophenyl sulfide (2 mmol) was used as the substrate, good yields of

methyl 4-nitrophenyl sulfoxide were obtained using 1 mol% of 2-§ as catalysts with -

BuOOH (2.05 mmol). The reaction becomes much faster when compound 2 was used.

Compounds 3 and 5 showed a catalytic effect similar compared to that of 1 giving almost

quantitative yields of sulfoxides. With compound 4, inferior yields of sulfoxides were

obtained (Table 3).
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Table 1. Oxidation of MTS (2 mmol) by ~BuOOH (2.05 mmol) by different Re(V)

catalysts at 25°C in CHCl;. The yields were determined by 'H NMR spectrums after

evaporation.
Catalyst (1 mol%) Titne (h) 4-NO,C¢H,4S(O)CH;
Yield (%)
1 1 99
2 2.5 95
3 2.5 95
4 4 75
5 2.5 97

Mechanistic Study. The reaction progress was monitored by following the growth
of sulfoxide as a function of time by 'H-NMR spectroscopy. The oxidation of MTS by
~-BuOOH with 1 was used as the model reaction. The concentrations of MTS, ~-BuOOH
and 1 were varied to see the effect of the reagents on the reaction rate (Figures 1-3).
Oxidations of MTS by ~-BuOOH catalyzed by 2, 3, 6 and 7 occurred at different rates
(Figure 4). In the four compounds, the reaction rates are different as seen from Figure 4 with
a order of 2 > 6 > 3 >1, whereas compound 7 showed no catalytic effect at all. The shapes

of the curves are all similar, suggesting that the catalytic systems go through similar steps.
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/" P(CeHeCF3-4 RezCHs
s (CeH4CF3-4)3 s-he PPhy

The reaction rate increased with increasing concentration of ~-BuOOH and 1, from
Figures 1 and 2. However, increasing the concentration of MTS slowed the reaction
dramatically, Figure 3. An induction period is common to all the curves, the length of which
varied with the substrate concentration. Increases in the concentration of the catalyst and
tert-butyl hydroperoxide have a similar effect— they shorten the induction period and
accelerate the rate (Figures 1 and 2). On the contrary, increasing the concentration of MTP
and other sulfides caused a longer induction period as well as a longer reaction time.
However, 'H NMR data showed that the reaction still went to completion given enough
time.

It is known PPhj can be oxidized by +~-BuOOH catalyzed by 1 faster than the sulfides
at the same concentration (Here, however, [MTS] >> [PPhs]). Compound 1 has a
triphenylphosphine ligand attached to it. To probe the role of the PPhj, yet avoid a change
the identity of the main reaction for sulfide oxidation to phosphine oxidation, the oxidation
of MTS was also monitored in the presence of a small amount of PPh;. When 1.0 mM of

free phosphine was added to a solution containing 33.9 mM MTS and 83 mM ~BuOOH in
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the presence of 1, the induction period became longer and so did the reaction time, Figure 5.
The reaction was monitored to 80% conversion of MTS to MTSO. At a longer time, the 'H
NMR spectrum showed 100% conversion.

Detection of the Re(VII) Intermediate in the Absence of RSR’. The direct

reaction between tert-butyl hydroperoxide and 1 was monitored by 'H-NMR both at room
temperature and 240-260 K. The final decomposition products of 1 are MTO, phosphine
oxide and the disulfide oxidation product mtp; they were formed without any intermediate

being detected (eq 6).

1 + 3tBUOOH = MTO + 3 tBuOH + ©i\/s + OPPh, 6)
S

The dimeric compound 2 also can catalyze the sulfoxidation reaction, as seen from Figure 4.
When 8.0 mM tert-butyl hydroperoxide was added to a solution containing 2.0 mM 2 in
CDCI; at 260 K, compound 2 was converted to a red compound 8 almost quantitatively in

about 30 min. as detected by 'H NMR (Figure 6). (‘"H NMR of 8: § (ppm) 2.71 (s, 3H, Re-

CHs;), 4.55 (d, 1H, J = 8 Hz), 5.36 (d, 1H, J = 8 Hz), 7.1-7.6 (m, 4H)). The structure of the
red species is tentatively assigned as the structure of 8. Because the 'H NMR spectrum
showed ~-BuOH was also formed, it is reasonable to assume that 2 had been oxidized to
Re(VII). Further evidence was obtained by adding 10 mM picoline to a solution of 8 in

deuterated toluene. This gave 9, which had been detected before (Scheme 1).30
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Figure 1. Plots of product buildup as a function of time show the effect of the catalyst 1
by monitoring the growth of methyl tolyl sulfoxide by 'H NMR for the reaction between

0.0339 M methyl tolyl sulfide and 0.083 M -BuOOH in CDCIl; at 25°C. From top to

bottom: [1] = 0.94 mM; [1] = 0.31 mM.
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Figure 2. Plots of product buildup as a function of time show the effect of the ~-BuOOH
by monitoring the growth of methyl tolyl sulfoxide by 'H NMR for the reaction between

0.0339 M methyl tolyl sulfide and 0.31 mM catalyst 1 in CDCl; at 25°C. From top to

bottom: [--BuOOH] = 0.166 M and 0.083 M.
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Figure 3. Plots of product buildup as a function of time show the inhibiting effect of
methy] tolyl sulfide by monitoring the growth of methyl tolyl sulfoxide by 'H-NMR for the

reaction between 0.166 M -BuOOH and 0.31 mM catalyst 1 in CDCl; at 25°C. From top

to bottom: [TolSCH;3] = 0.0339 M, 0.102 M and 0.316 M.
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Figure 4. Plots of product buildup as a function of time show the effects of catalysts by

monitoring the growth of methyl tolyl sulfoxide by 'H-NMR for the reaction between 0.083

M #BuOOH and 0.0339 M methyl toly!l sulfide in CDCl; at 25°C. (a): [2] = 0.157 mM;

(b): [6] = 0.31 mM; (c) [3] =0.31 mM; (d) [1] =0.31 mM; (e) [7] =0.31 mM.
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Figure 5. Plot of product buildup as a function of time show the effect of
triphenylphosphine by monitoring the growth of methyl tolyl sulfoxide by 'H-NMR for

the reaction between 0.166 M -BuOOH and 0.0339 M methyl tolyl sulfide catalyzed by

0.31 mM 1 in CDCl; at 25°C. From top to bottom: [PPh3] = 0 mM; [PPh3] = 1 mM.
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Compound 8 is stable in solution at 260 K for > 1 hour. Efforts tried to obtain it in
solid form failed, however, probably due to its reactive nature. When methy! sulfide and
triphenylphosphine were added to a solution of 8 at 260 K, dimethyl sulfoxide and
triphenylphosphine oxide were formed immediately as monitored by the 'H-NMR spectra,
which suggests the Re(VII) intermediate 8 is the active catalytic intermediate.

Attempted Chiral Induction. We also used compound 10, which has a chiral
phosphine ligand, as the catalyst in the synthesis. The chiral phosphine ligand, (+)-
neomenthyldiphenylphosphine, has been successfully used in asymmetric catalysis
before.3*? Here 10 was used in the oxidation of MTS by ~-BuOOH in hopes that the

chiral phosphine ligand would be able to introduce chirality into the oxidation product,
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MTSO. Good catalytic activity (> 95% yield) was found, but chiral induction was not

observed. The e.e. = 0 as determined by use of a chiral GC column.®

Ha
S\(R/CHZi
Re_ L=
s~ Lt . ~~"""PPhp
CH(CHa),

10
___J‘J\JL I s
' 7.5 7.0 6.5 §.0 5.5 5.0 a.s 4.0 3.5 3.0 opm

Figure 6. The 'H NMR spectrum of a solution of 8, MeRe(O),(mtp), taken 30 min after
adding 8.0 mM ¢-BuOOH into a solution containing 2.0 mM 2 in CDCl; at 260 K. The

following resonances belong to 8: 8 (ppm) 2.71 (s, 3H, Re-CH3) 4.55 (d, 1H, J = 8 Hz),
5.36 (d, 1H, J = 8 Hz), 7.15-7.7 (m, 4H). Small peaks were detected at 8 (ppm) 2.68, MTO

(Re-CHj;) and at 4.46, (-CH;-) of mtp, a disulfide, respectively. The residual '"H NMR peak

of CDCl; is at 8 = 7.26 ppm.
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Discussion. Based on the information obtained, the mechanism shown in Scheme 2
was proposed. These are the steps:

@ A slow ligand exchange reaction between 1 and ~-BuOOH reversibly forms the
adduct ReO and eliminates PPh;.

(b) Intermediate ReO, in the k, pathway, equilibrates with ReS through ligand
exchange; in the k3 pathway, it transforms into the Re(VII) intermediate Re7, which has
been detected and assigned the structure of 8.

(© In turn, Re7 transfers an oxygen atom to sulfide, releasing sulfoxide.

(d) The cycle continues through three competing steps that convert the intermediate
ReOS to ReO, ReP and ReS; these are all further examples of ligand substitution on
Re(V).

It is reasonable to assume that triphenylphosphine is released in the first step
considering that it is unlikely to form a Re(V) six-coordinated intermediate with two bulky
ligands, tert-butyl hydroperoxide and triphenylphospine. Moreover, the addition of free
phosphine has been shown to slow down the reaction, Figure 4. This agrees with the
proposed mechanism and arises from mass-law retardation of the first step. The oxygen
atom transfer reaction from Re7 to MTS will generate ReOS in a fast step. The rhenium
intermediate can go back to the catalytic cycle by ReOS ligand substitution reaction.

The slowness of the first ligand exchange step accounts for the observed induction
period. The rate constant k; will be small considering the bulkiness of the tert-butyl
hydroperoxide and triphenylphosphine, a value of k;~102 M s™' might be estimated from

the literature.34
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Scheme 2
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Sulfide can coordinate to the rhenium center in a ligand exchange step with ReO to
form ReS.*’ Compound ReS is an inactive rhenium species in this catalytic cycle that
inhibits the reaction, explaining the retardation by the substrate MTS. The value of K; is

assumed to be large in order to see the dramatic inhibition by MTS.
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Kinetic Simulations. To test this hypothesis, we were able to simulate the kinetic
traces under the condition we used for the curves in Figure 1-4 with proposed mechanism
by the aid of a kinetics simulation program-KinSim.36 With this program, one enters the
reaction scheme as the model, the concentrations and the value or estimate of each rate
constant. The KinSim program then displays the calculated product buildup as a function of
time, allowing comparison with the experimental data. In this case, since no absolute
individual rate constant was determined, the rate constants were chosen by trial and error.
Simulated curves that resemble those obtained experiment data, thus supporting the
proposed mechanism (Figure 7a and 7b), although a single self-consistent set of values has
not yet been obtained

The simulated curves do not match the real experimental data perfectly and the rate
constants used in simulations weren’t the same from experiment to experiment to obtain a
reasonable match. Nevertheless, we are encouraged by the match to the general features: the

induction period, T, reaction time and conversion matched the data at least roughly. It was

found that the k; value must be several orders of magnitude smaller than k3 to be able to see
the an induction period like that observed experimentally. The bulkiness of r~-BuOOH and
weak coordinating ability cause the induction period. Besides, K| << 1 as discussed earlier.
K; should be > 1 to realize the inhibiting effect of sulfide. Considering the weak
coordination ability of ~-BuOOH, the equilibrium will favor the formation of ReS than
ReO. If the comparison is made between ReP, which is compound 1, and ReS, ReP is
much favorable than ReS since phosphine is a much stronger coordinating ligand. Thus,

(1/K)) > K, was used in all simulations. The value of k; was assigned on the order of 10°%-
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10* s™! for the sulfoxide buildup rate to agree with the experimental data. The value of ks
should be high, from the low temperature 'H NMR experiments. As a result, it occurs after
the rate controlling step. Thus, we assign the k; value as 10° M s'. No rate law was
obtained due to the complexity of the Scheme. For the ease of handling the simulation, ks_;
were not considered in the simulation here.

With catalyst S, the first ligand exchange step becomes faster, as shown in Figure 5,
due to the electron-withdrawing ability of the CF; substituent, which makes it easier for ¢-
BuOOH to coordinate to the rhenium center. This shortens the reaction time and the
induction period as well. In the case of 2, since no strong ligand is coordinated to the
rhenium center, the rate enhancement is probably caused by faster formation of 8 although a
shorter induction period was still observed due to the weak coordination ability of r-
BuOOH.

Used in place of 1, compound 7 (Chart 2), a six-coordinated Re(V) dithiolato
compound, gave no sulfoxide in > 4 hours. This can be explained by the proposed reaction
scheme. Since compound 7 is six-coordinated, rert-butyl hydroperoxide is unable to
approach the rhenium center, blocking the ligand exchange process and preventing the
catalysis.

Conclusions

Rhenium(V) dithiolato compounds , MeReO(SR),L, in general, catalyze the oxidation
of sulfides to sulfoxides and sulfones by terz-butyl hydroperoxide. This reaction features a
simple procedure, high efficiency of easily obtained and convenient catalysts, high

generality and selectivity. Chloroform is a suitable solvent and the reaction proceeds
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Figure 7a. Plots of product built-up as a function of time show the agreement between
experimental data and simulated data by KinSim by monitoring the growth of methyl tolyl
sulfoxide by 'H-NMR for the reaction between 0.166 M -BuOOH and 0.316 M methyl

tolyl sulfide catalyzed by 0.31 mM 1 in CDCl; at 25°C. The rate constants used for getting
the simulated data: k; = 1.23 x 103 M' s k, =1x103M ' s k, =1 x 102 M sk, =

0.04 M s7!; k3 = 1x10° s7!; ke=1x10° s7\.
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Figure 7b. Plots of product built-up as a function of time show the agreement
between experimental data and simulated data by KinSim by monitoring the growth of
methyl tolyl sulfoxide by '"H-NMR for the reaction between 0.166 M ~-BuOOH and 0.0339
M methyl tolyl sulfide catalyzed by 0.31 mM 1 in the presence of 1 mM PPh; in CDCl; at

25°C. (a) experimental data; (b) simulated data. The rate constants used for getting the
simulated data: k; =4.8 x 10* M s\, k; = Ix10* M s, k, = 1 x 10> M™! s, k, = 0.04

M' st ky =1x10% s ke=1x10° s™".
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without sensitivity to air and humidity. The reaction scheme features an induction period
caused by slow ligand exchange steps. The rate was inhibited by the sulfide reagents, which
can be explained by its coordination to the rhenium center. The active catalytic
dioxorhenium(VII) intermediate was detected by low temperature 'H NMR experiments.
Experimental Section

Materials. Chloroform was used as the solvent. Sulfides were used as received from
commercially available sources without further purification. tert-Butyl hydroperoxide (5-6
M in nonane) was purchased (Aldrich). Compounds 2 was synthesized from MTO and
mtpH, as reported earlier.”’ Compound 1, § and 6 were prepared by reacting 2.1 equiv. of
triphenylphosphine, tetramethylthiourea and tris(4-trifluromethylphenyl)phosphine with

38,39

2, respectively. Compound 7 was obtained by reacting 6 equiv. of fert-butylpyridine

with 2 in toluene, then adding 2.1 equiv. of 1,2-bis(diphenylphosphino)benzene. A brown
solid was isolated overnight.40 Compound 3 and 4 were prepared as reported earlier.!!

Compound 10 was synthesized from 2 and 2.1 equiv. (+)-neomenthyldiphenylphosphine.

The 'H NMR spectrum of this compound is: § (ppm) 2.45 (d, 3H, Re-CH3, J = 8 Hz), 2.90

(d, 1H, J =12 Hz), 4.98 (d, 1H, J =12 Hz), 1.23 (d, 3H, J = 8Hz), 0.62 (d, 3H, J] = 8 Hz),
0.18 (d, 3H, J = 8Hz), 4.23 (m, 1H), 1.60-2.20 (m, 9H), 8.00 (m, 2H), 7.53-7.66 (m, 6H),

7.19-7.32 (m, 6H). The *'P NMR spectrum of 10 (5 (ppm): 28.86). All the 'H NMR

spectra were recorded on a Bruker DRX 400 MHz spectrometer in deuterated chloroform

or toluene.
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General Procedure for Synthesizing Sulfoxides. 2.05 mmol +-BuOOH was added
to 2 mL of chloroform containing 2.00 mol of sulfide at room temperature. catalyst 1-3%
was dissolved in 1-2 mL of chloroform and either added slowly over a specified time (Table
1) by syringe pump or by direct addition to the solution. The reaction was checked
periodically by TLC or 'H NMR. When reaction had finished, the solvent was evaporated
along with the other product, -BuOH. The 'H-NMR spectra thus obtained were fairly
clean (Figure 8) in most cases and sulfoxides were verified by comparing the 'H and '*C data

42,43

with literature value. High purity sulfoxides were obtained after flash chromatography

using ethyl acetate as eluent.

_“ L !
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Figure 8. The '"H NMR spectrum of 4-BrC¢H,4S(O)CHj; obtained after evaporation
from the reaction between 2.00 mmol of 4-BrCsH,SCH; and 2.05 mmol +~-BuOOH with 1.5

mol% 1 (Table 1, entry 8). '"H NMR spectrum of 4-BrC¢H4S(O)CHj; is: 8 (ppm) 2.73(s,

3H), 7.53(m, 2H), 7.67(m, 2H). The residual '"H NMR peak of CDCl; is at § = 7.26 ppm.
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General Procedure for Synthesizing Sulfones. To 2 mL of chloroform containing

1.0 mmol of sulfide, 3.0 mmol ~-BuOOH was added. The catalyst 1 0.3-0.5%, was dissolved

in 1 mL of chloroform and added slowly by a syringe pump over 2 h at 50°C, as reaction

was monitored by TLC periodically. The sulfones were obtained after evaporation and
identified by their 'H and '*C NMR spectra.®’

Oxidative Cycloaddition of 2,5-Dimethyithiophene with N-Phenylmaleimide.
To a solution of 2,5-dimethylthiophene (112 mg, 1.00 mmol) and N-phenylmaleimide (320

mg, 1.85 mmol) in 3 mL chloroform was added 2.00 mmol /~-BuOOH at 50 °C. Compound 1

(6.3 mg, 1 mol%) was dissolved in 1 mL chloroform and added slowly by syringe pump in 2
hours. The reaction was further stirred for one hour. After evaporation, the product N-
phenyl-1,4-dimethyl-7-thiabicyclo[2.2.1]hept-5-ene-2,3-dicarboxamide 7-oxide was
separated by flash chromatography using hexane:ethyl acetate 2:1 as eluent. The product
obtained (78%) was identified from its 'H, C NMR and MS data in comparison with

literature values.?’ The '"H NMR of this cycloaddition product is: & (ppm) 1.82 (s, 6H),

3.85 (s, 2H), 6.23 (s, 2H), 7.15 (m, 2H), 7.35-7.53 (m, 3H).
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Table 1. Oxidation of sulfides to sulfoxides by ~~-BuOOH catalyzed by compound 1 at

25°C in CHCI;.
Entry Compound Catalyst Temp. (°C) Time(h) Yield %°
(mol %)
1 Me-S-Me 3 0 0.7 100

2 1 25 1 100
Me—SOMe

1 25 2.5 99(95

e o, ©9

0.05 50 0.8 98(95)°

4 1 25 1.5 100(93)
ve-s A

5 Me_s_|< 1 25 1.5 100(95)

6 2 25 2.5 100
O

7 1 25 2 100(92)
Orer

8 1.5 25 2 100(97)
wo-5—)-or

9 Q 1.5 25 3 100(95)
CHsc—QS—Me
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Table 1 continued

Entry Compound Catalyst Temp. (°C) Time(h) Yield %?
(mol %)

10 > s —6 1.5 25 2 97(90)

11 <:\/S 1.5 25 2.5 98
2
12 NG C sme 2 25 2 100(96)
13 3 25 6 89
s

14

15

(a) The yields were determined by taking the 'H-NMR spectrum of the crude
product after evaporation. The number in the parentheses stands for the isolated
product yield.

(b) 2 mmol +~-BuOOH was used.

(¢) 1 mmol substrate and 3 mmol /~-BuOOH were used. The other products is 20%
4,6-dimethylthiophene dioxide after evaporation and 9% 2,6-dimethylthiophene

remained.
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Table 2. Oxidation of sulfides to sulfones by -BuOOH catalyzed by 1

Entry Compound Catalyst (mo1%) yield (%)*
1 Me— S@—N 0, 0.5 97
0.05 85
o0
3 Q Se 0.5 100
4 Me_s_l< 0.5 99
h) 0.5 100
S
6 @ESD 0.5 98®
S
7 97

< :S 0.5

(a) The yields were determined by taking the 'H-NMR of the crude product after

evaporation. The other product is the corresponding sulfoxide.

(b) The product is 5,10-thianthrene dioxide, not a sulfone.
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CHAPTER IV. OXIDATION OF SYMMETRIC DISULFIDES WITH
HYDROGEN PEROXIDE CATALYZED BY METHYLTRIOXORHENIUM

A paper published in the Journal of Organic Chemistry

Ying Wang and James H. Espenson*

Abstract

Organic disulfides with both alkyl and aryl substituents are oxidized by hydrogen
peroxide when CH3ReO3 (MTO) is used as a catalyst. The first step of the reaction is
complete usually in about an hour, at which point the thiosulfinate, RS(O)SR, can be
detected in nearly quantitative yield. The thiosulfinate is then converted, also by MTO-
catalyzed oxidation under these conditions, to the thiosulfonate and, over long periods, to
sulfonic acids, RSO3H. In the absence of excess peroxide, RS(O)SR (R = para-tolyl),
underwent disproportionation to RS(O)2SR and RSSR. Kinetics studies of the first
oxidation reaction established that two peroxorhenium compounds are the active forms of

the catalyst, CH3ReO0>(12-02) (A) and CH3ReO(12-03)2-(OHz) (B). Their reactivities are

similar; typical rate constants (L mol-! s-1, 25 °C, aq. acetomitrile) are: ko = 22, kg = 150
(BuzSy) and ka = 1.4, kg = 11 (Tol2S2). An analysis of the data for (para-XCgHs),S2 by a

plot of log kg against the Hammett ¢ constant gave p = —1.89, supporting a mechanism in

which the electron-rich sulfur attacks a peroxo oxygen of intermediates A and B.

Wang, Y.; Espenson, J. H. J. Org. Chem. 2000, 65, 104
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Introduction

Oxidation of the disulfide functional group (Chart 1) has been studied quite
extensively because of its important role in metabolism, via a variety of mechanistic paths.!
With the use of different oxidants and well-controlled situations, various intermediate
compounds have been obtained.>® Among these are thiosulfinates, 2, which can provide a
sulfinyl group that acts as a removable source of diasteroselectivity in asymmetric
syntheses.” Similarly, such reactions can produce thiosulfonates, 3, which are powerful
sulfenylating agents useful for the temporary blocking of mercapto groups in protein

chemistry .8

Chart 1. Disulfide and oxidation products; R = alkyl, aryl

|
R—S—S—R R—S—S—R
1 2
f |
R—$—S-R R—S—S-R
O 3 4

Peracids are the reagents most commonly used to oxidize disulfides, although
hydrogen peroxide in acetic acid also finds application. The hydrogen peroxide reactions, in
the absence of a catalyst, often require a large excess and a higher temperature.'* Oxometal
complexes are catalysts for the oxidation; molybdates and tungstates are effective,

especially under phase-transfer conditions.’!!
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Methyltrioxorhenium, CH3ReO3 or MTO, has been widely used as a catalyst for

1215 One can anticipate

reactions that use hydrogen peroxide as a stoichiometric oxidant
that either or both of the peroxorhenium species that exist in an equilibrium or a steady-
state relation with MTO, as shown in Scheme 1, will be the active form of the catalyst.
Since a sequence of oxidation steps will occur, the experiments were carried out. The
principal objective of this research is the study of the reaction kinetics, of the first stage in
particular, as written in eq 1. The first reaction proved to be faster than the subsequent
oxidations. This allowed, when hydrogen peroxide was taken in only 1:1 ratio to the
disulfide, the detection of the thiosulfinates, otherwise difficult to realize owing to their

transient nature. We also report, qualitatively, on the formation of thiosulfonates and

sulfonic acids.

Scheme 1
(l)l ki H202 (ljl k2 H202 Ol
O~ 2 2 (@]
Res L \R<(I) O/O/\R g
CH~~ \ - o / | (0]
3 K..1 Hgo CH3 |L2 CH3
OH»
MTO A B
A /B +RSSR - MTO / A + RS(O)SR + H,O ¢))

Experimental Section
Reagents. Aqueous acetonitrile was used as the reaction solvent, the water being

purified by a Millipore-Q water purification system. The disulfides were used as received
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from Aldrich, save for para-chlorophenyl disulfide which was prepared by the literature
method'® and purified by recrystallization from ethanol-water, and for fert-butyl disulfide,
which was vacuum distilled.

Kinetics. Both UV/visible and !H-NMR methods were used. Quantitative
measurements were made at 25 °C in 4:1 v/v acetonitrile-water at pH 1 (to stabilize MTO
in peroxide-containing media)!’ maintained by trifluoromethanesulfonic acid. Owing to the
large molar absorptivities of the diaryl disulfides, it was often necessary to use cuvettes of
0.01-0.05 cm optical path. One or more wavelengths were chosen for each compound to
allow quantitative monitoring of the reaction progress. The conditions and wavelengths
selected were such that the loss of ArSSAr was followed, although at other wavelengths, not
used for kinetics, a rise in absorbance accompanying the buildup of 2 could be seen. Under
the conditions of the spectrophotometric determinations, principally that [ArSSAr] was
quite low and [H»O»] effectively constant, the reactions followed pseudo-first-order
kinetics. The absorbance-time data from each experiment were analyzed according to eq 2,

from which a value of ky was obtained by nonlinear least-squares fitting.

Abs, = Abs., +(Absy ~ Abs..)-exp V" @)

In the case of dialkyl disulfides, where there are no useful UV absorptions, the
reaction kinetics was evaluated from NMR intensities. These values were converted to
concentrations based on the total intensity of the starting material using a computer program

to do so.!® Certain data sets were analyzed by first-order kinetics according to eq 3,
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—kyt
Ct=C0'e v

(3)

That was allowable at high concentrations of hydrogen peroxide, where (see later) the
rate becomes peroxide-independent. On the other hand, at lower peroxide concentrations the
data conform to the Michaelis-Menten form for catalytic reactions, and the data cannot be
analyzed by an integrated rate law. In these circumstances the method of initial rates was

used. To determine the value of the initial rate, vj, the concentration was expressed as a

polynomial function, eq 4, by least-squares fitting
Ci=Co—ajt—axtz—aztd— .. 4

from which it can be seen that v; = a|. For one compound, with R = para-tolyl, it was
confirmed that both UV and NMR methods gave the same ultimate parameter value.
Products. The procedure used to identify the reaction products was based on
chromatography and spectroscopy. A solution containing MTO (2.5 pumol) and hydrogen
peroxide (1 mmol) was slowly added to 1 mmol para-ditolyl disulfide (for example) in 5.0
mL acetonitrile. The reaction was allowed to run for 2 h, during which time its progress was
monitored periodically by TLC. When this test showed that the reaction progress had
nearly stopped, the mixture was separated by preparative TLC, using cyclohexane—ethyl
acetate (95:5) as the eluting agent. This gave p-tolyl p-toluenethiosulfinate, 2, as the major
product along with a barely detectable amount of p-tolyl p-toluenethiosulfonate, 3. These
products were identified either by !H-NMR and GC-MS techniques, in comparison with

7.19

the values of the authentic compounds or literature values.”!*?! Adding excess hydrogen

peroxide into the above solution eventually afforded the final product, para-toluenesulfonic
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acid. The reaction was also monitored by !H NMR, during which both the thiosulfinate 2

and thiosulfonate 3 were detected. No o,'-disulfonate 4 was detected for any of the

substrates used in this study.

Results

Preliminary experiments. No significant interaction was found between the
disulfides and MTO based on 'H-NMR results. This finding implies that the reaction does
not proceed by way of a prior complex between these two. The result further suggests that
the reaction, when it does occur as hydrogen peroxide is added, does not feature attack of
the sulfur at the rhenium center, for there is no reason to believe that this interaction would
occur then, when it did not do so on its own. All six substrates (see Table 1) were initially
examined in the absence of a catalyst. Without MTO, there was no evidence for a reaction,
even with excess hydrogen peroxide, as indicated either by a UV spectrum that remained
nearly unchanged for several hours or by the absence of new peaks growing in the NMR
spectrum.

Once MTO had been added, however, the spectra immediately began to show the
buildup of the product. These determinations were also performed with equal initial
concentrations of the disulfide and hydrogen peroxide. A certain small amount of the
thiosulfonate was detected along with the major thiosulfinate for R = Ph, para-tolyl, and
para-chlorophenyl. With three of the compounds, those with R = Me, tert-Bu and para-

nitrophenyl, the thiosulfinate was very nearly the only product. Isosbestic points were
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maintained during these reactions, even with a small excess of hydrogen peroxide. Such a
series of repetitive scans is shown in Figure 1.

For this second group of disulfides, the further steps of oxidation beyond the
thiosulfinate are a great deal slower, and for all of the disulfides studied there is a
considerable rate advantage found in the first stage of oxidation. This information was used
to plan the quantitative studies of the kinetics, so that only the first oxidation stage was
important during the data acquisition time.

Kinetics studies. The first part of understanding the reaction scheme lies in the two
kinetic steps shown in Scheme 1. In this solvent system, these are the relevant parameters
at 298 K: ky =15.5 L mol-! s-!, k; =0.17 s°l, K; = 91 L mol-l, K2 = 347 L mol-1.2 It is
useful to differentiate studies at "low" and "high" concentrations of hydrogen peroxide, by
which we mean experiments at <7 mM and >0.5 M, respectively. We start by presuming
that A and B are separate participants in the oxidation, and denote their respective rate
constants as k3 and k4. We further presumed, and later confirmed for two compounds, that
k3 and k4 are of the same order of magnitude. I[f so, then the term in the rate law for the
reaction of B with disulfide makes < 10% contribution in experiments with "low"

concentrations of hydrogen peroxide. Under those conditions, the reaction proceeds largely

with the A form of the catalyst and its velocity is given by

V= klk3[Re]T [RZSZ] : [H202] (5)
k_| +k3[RpS;]+ ki [Hy0,]

For purposes of data analysis, the values of k| and k. were set at their known

values.? ith that, the only unknown in eq 5 is k3. Its value could be determined for each
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experiment, no matter whether the data are in the form of v; or ky. Under those conditions
the variation in the initial rate with hydrogen peroxide concentration, at fixed concentrations
of the disulfide and MTO, defines a rectangular hyperbola. Data from experiments with
Me>S; are presented in Figure 2 . A second method for data analysis, based on the same
chemical mechanism, was used for di-fert-butyl disulfide. The concentration-time data for all
the experiments with BuS; were fit globally with the use of the program FitSim.>

At "high" hydrogen peroxide, when [B] >> [A], the absorbance-time (UV-Vis) or

concentration-time (NMR) data fit first-order kinetics. Because [B] = [Re]T, the rate law

under this condition becomes:

v =ky[Re]t - [RyS;] = ky[RyS,] (6)

For these determinations, a series of experiments was carried out with constant
[H202] and [R2S2] in which [Re]r was varied, typically 0.1-0.5 mM. The plot of ky
against [Re]T was linear, as depicted for three compounds in Figure 3. The values of k4
given by the slopes of these lines are summarized in Table 1.

[t should be noted that the various aspects of the data analysis presented are all
different components of the same reaction scheme. The differences arise from the different
ranges of concentration chosen for different sets of experiments and also because the relative
rate constants are different from one disulfide to the next.

Fate of the thiosulfinates. Compounds of the formula RS(O)SR tend to be
unstable, and usually cannot be isolated. Careful NMR measurements were made during the

reaction between 20 mM di(para-tolyl) disulfide and a limited (10 mM) concentration of
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hydrogen peroxide. Once the thiosulfinate had been formed, it slowly decomposed with the

formation of the thiosulfonate, RS(O),SR, and partial regeneration of the disulfide. This is

compatible with a disproportionation process:

2 RS(O)SR — RS(O),;SR + RSSR (N

A companion experiment with di(ters-butyl) disulfide gave a thiosulfinate that seemed
stable for a much longer period, suggesting that disproportionation is sterically impeded by

the bulky R group.

Discussion
To assess the extent to which electronic factors play a role in the transition state, the
rate constants for the diaryl disulfides were examined by the Hammett correlation. The plot

of log (k4) vs. o, the Hammett substituent constant, was constructed. The four points
define a reasonable straight line; its slope is the reaction constant, p = —1.89 (correlation
coefficient 0.997). The negative value of p implies that the reaction center (the sulfur atom)

shows a buildup of positive charge relative to that in the free molecule. This effect, although

in the same direction as that found for RSAr (p =-0.98),>* is considerably larger. We argue
that the enhanced p value arises principally from the conjugative effect caused by the para-

conjugated phenylmercapto group. In this case, the electronic effect of this group seems
comparable to that of a phenyl group. The electronic effect of the para substituent on the

sulfur atom that is not being oxidized appears muted.
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When these results are combined with the information already available about

22 comparisons can be made to gain an understanding of

organic suifides?® and thioketones,
these resuits. The disulfides are some 103-104 less reactive than either of those families of
compounds. This comparison does not require a precise one-to-one match of substituents,

since the rate effects are quite large. This is one series that constitutes a reasonable one for

comparison: Et>S, thiocamphor, Me»Sy; values of k3/L mol-! s-! are 2 x 104 3 x 103, and

6.4. This large difference can be ascribed to the substitution of an SR group for an R group.
Despite the electron-releasing conjugative effect, the —SMe group is electron withdrawing;

its Hammett ¢ value is +0.07 and the Taft o; value is +0.23. This effect may lower the

nucleophilicity of the sulfur atom to which it is bound in the disulfide, thus lowering,
relative to the sulfides and thioketones, the rate at which it attacks the peroxorhenium
compound.

The reactivity of B as compared to A is given by the ratio kq/k3. With but the one
exception of allyl alcohols,” clearly a special case, the reactivity of these two are
comparable and often in favor of A. In the two cases examined here (and, by extrapolation,
likely all six) B is somewhat more reactive than A by a factor of ca. 7.

From the results obtained here, and the general pattern set by other reagents with the
MTO-H>0; system, we propose a transition state in which one sulfur atom of the
substrate nucleophically attacks the peroxo group of A or B. Probing more closely, we note

that certain reactions show virtually no steric effect, such as observed for R;S5: the values

of k3/L mol-! s-! are 6.4 (R =Me) and 5.6 (R = tert-Bu). This insensitivity of rate to steric
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bulk is in accord with values for PAr3,2® RS,?* and Br-.?"In contrast, the epoxidation of
olefins show an important steric effect.?® Oxidation of MeSSBut by peracetic acid forms
MeS(0)SBut and MeSS(O)But in 1:2 yield,”” showing that these reactions, too, have small
steric effects.
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Table 1. Rate constants at 298 K for the oxidation of disulfides by peroxorhenium

complexes A (k3) and B (k4) in aq. acetonitrile 3-¢ containing 0.100 M CF3SO3H

Substrate k3/L mol-! s-1 k4/L mol-! 5!
But-S-S—-But 22.08+0.8122 ~1502
6.44 £0.25b
H3zC—S—S—CHgs 5.57 +0.16b
143 £020b 10.1 £ 0.03¢
H3 S-S CH3
12.7+0.01b

@_ _@ 8.57+0.00 ¢
s-s
_@_ 2.66 +0.01 ¢
C|—< >—s—s cl
0.27 +0.00 €
02N—©—s-s NO2

a CD3CN/H,0 (1:1 v/v), by NMR; b CD3CN/H20 (4:1 v/v) by NMR; ¢ CD3CN/H20 (4:1

v/v) by UV.



109

1.5 i I I
o 1 ]
Q
=
<
..e
o
[72]
la
<
0.5 .
0 L ! ] ——
250 300 350 400 450

Wavelength/nm

Figure 1. Spectral changes at 5.0 min intervals for the oxidation of para-nitrophenyl

disulfide (0.5 mM) with H>02 (0.65 M) in the presence of 0.1 mM MTO at pH 1 in 4:1

CH3CN-H>0.
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Figure 2. Variation of initial rate of reaction of dimethyl disulfide with the concentration of
hydrogen peroxide. The curve is a fit to eq 5. This is applicable when [B] is negligible
compared to [A]. The values of k; and k.| (Scheme 1) were fixed at 15.5 L mol-! s'! and
0.17 s-L. Conditions used: 0.5 mM MTO, 5 mM Me>S5 in 4:1CH3CN-H30 at 25.0 °C and

pH
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Figure 3. The pseudo-first-order rate constants (4:1 CH3CN-H2O at 25.0 °C and pH 1) for
the oxidation of diaryl disulfides (0.5 mM) by H2O7 (0.65 M) vary linearly with the total
catalyst concentration, as shown in order of increasing slope for these para substituents:

NO>, Cl and H. The slope of this line affords the values of kg4,
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Figure 4. Hammett plot for the oxidation of substituted phenyl disulfides by the

peroxorhenium compound B. The slope of the line gives p=—1.89.
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GENERAL CONCLUSIONS

A series of Re(V) dithiolato compounds with general formulas MeReO(SR),L was
found to be reactive catalysts for oxygen atom transfer reactions between phosphines and
pyridine N-oxides. This reaction succeeds for a wide range of ring-substituted pyridine N-
oxides, giving high yields of the corresponding pyridines on one-gram scale. The
advantages of this reaction are the mild reaction condition, high catalytic efficiency and
good selectivity. Pyridine and bromide are found to be good cocatalysts. The most
intriguing catalyst is {MeReO(0-SCsH4CH,S)}, which catalyzes the above reaction more
than 90 times faster than MeReO(0-SCsH4CH,S)PPh;. Studies of the kinetics and
mechanisms were carried out. Phosphines were found to inhibit the reaction while the rate
shows a second-order dependence with respect to the concentration of the pyridine N-oxide.
A reaction scheme was proposed and rate constants were obtained to account for the
observations. A dioxorhenium(VII) species was detected by low temperature 'H-nmr
experiments. Its reacting with phosphine plays a critical role in closing the catalytic cycle.

These Re(V) dithiolates were also found to be good catalysts for oxidizing sulfides to
sulfoxides and sulfones with rers-butyl hydroperoxide, affording a general and efficient
route to various sulfoxides and sulfones including thiophene oxides. The ease of separation
and work-up makes this method particularly attractive. The kinetics of this catalytic
oxidation features an induction period and inhibition by the sulfide. A reaction scheme is
proposed in which a slow ligand exchange step accounts for the induction period and

coordination of the sulfide to the rhenium center causes the inhibition. The similar
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dioxorhenium(VII) intermediate was observed at low temperature, and it again plays a key
role in catalysis.

Methyltrioxorhenium (MTO) catalyzes the oxidation of symmetrical disulfides with
hydrogen peroxide. Thiosulfinate, thiosulfonate and sulfonic acid are the only oxidized
compounds observed in this catalytic system. The formation of the thiosulfinate is much
faster than the following oxidation steps which allows its separation in almost quantitative
yield. It also permits the kinetic studies of this step. The reaction utilizes two

peroxorhenium intermediate, MeRe(O)(k-0,) and MeReO»(k-0,)2(H,0), which have

similar reactivities in this reaction. A Hammett plot was constructed. A transition state
shows nucleophilically attack of one sulfur atom of the substrate on an oxygen atom of

peroxo group coordinated rhenium(VII).
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