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’ INTRODUCTION

The development of new catalysts for the selective O2/air-
based oxidation of organic compounds is a general goal in green
synthetic organic chemistry and decontamination technologies.1�10

Selective O2/air-based oxidation of sulfur compounds is highly
important in both areas.2,3,6,8�15 The selective transformation of
sulfides to sulfoxides (no production of sulfone even at high
conversion of reactant) continues to be a major goal in organic
synthesis, and the facile aerobic oxidative removal of H2S and
other oxidizable toxic industrial chemicals (TICs) as well as the
chemical warfare agents, mustard (HD), (ClCH2CH2)2S, and
VX, (CH3CH2O)P(O)(CH3)-SCH2CH2N(2-C3H7)2, continues
to be the subject of considerable ongoing research. Ahost of catalysts
have been reported for O2-based oxidations of sulfur compounds.
Sulfoxidation catalysts alone include those based on the 3d metals:
manganese,16 iron,9,17,18 cobalt,19 and copper;16,17 4d metals:
palladium,20 ruthenium;21 and 5d metals: rhenium22 and gold.8,23

Different families of polyoxometalates (POMs)12�15,24�35 and
combinations of nitrogen oxides (neutral and anionic),3,36�40

henceforth “NOx”, are also highly effective catalysts.
While product selectivities are obviously crucial in synthetic

organic transformations, selectivities, high rates, and conversions
are vital for effective decontamination. Indeed, the best catalytic
purification systems for indoor air, water, and most human
environments ideally would facilitate rapid oxidative removal of
the toxic substance(s) using only ambient air. An examination of
the literature from the vantage of turnover rates, as well as
selectivity, shows that the NOx/halide catalyst systems are
among the fastest. Apart from some seminal work by Bosch
and Kochi on the NO+/NO2 (halide-free)3,36 system there is

almost no thorough kinetic and mechanistic information on any
NOx/halide catalyzed O2-based oxidation reaction. We report
here the first systematic kinetic and mechanistic study of the
highly selective NOx/halide catalysts for air-based oxidations,
using sulfoxidation of the mustard simulant, 2-chloroethyl ethyl
sulfide (CEES), as an exemplary reaction. The reversible inhibi-
tion of catalytic oxidation in such systems by water, and other
mechanistic features are explained.

’EXPERIMENTAL SECTION

Materials. Na9[A-α-PW9O34] was prepared by the literature
method,41 and its purity was confirmed by FT-IR. The other
reagents including tetra-n-butylammonium nitrate (TBANO3),
TBANO2, NOBF4, Br2, TBABr, TBABr3, (CH2)6N4HBr3,
HClO4, acetonitrile, 1,3 dichlorobenzene, bromocyclohexane,
and 2-chloroethyl ethyl sulfide (CEES) were purchased from
Aldrich and used without further purification. Dry acetonitrile
was purchased from Aldrich; it was further purified by passage
through a freshly activated alumina column and maintained
under Ar.
Instruments. The IR-spectra were recorded on a Nicolet 510

FT-IR spectrometer. The electronic absorption spectra were
taken on an Agilent 8453 UV�visible spectrometer equipped
with an Agilent 89090A temperature controller. Oxidation products
were identified by gas chromatography�mass spectrometry
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(GC/MS; Hewlett-Packard 5890 series II gas chromatograph
connected to a Hewlett-Packard 5971 mass selective detector)
and quantified by gas chromatography (GC; Hewlett-Packard
5890 series gas chromatograph equipped with a flame ionization
detector, a 5% phenyl methyl silicone capillary column, and a
Hewlett-Packard 3390A series integrator).
Preparation of the Catalytic Solutions. 1. Preparation of

NOx/Br Catalytic Solutions. In general, two stock solutions of NOx

and Br were mixed in CH3CN and stirred until complete
dissolution of the reagents. In an exemplary case, 0.16 g (0.5
mmol) of TBABr and 0.15 g (0.5 mmol) of TBANO3weremixed
in 5 mL of CH3CN. After the reagents were completely
dissolved, the solution was transferred to a 10 mL volumetric
flask and diluted by CH3CN to a mark. This freshly prepared
catalytic solution was colorless and used immediately for kinetic
studies. Usually the reaction kinetics with such freshly prepared
solutions showed distinctive induction periods. If the solution
was aged (from hours to days) it became yellow and the
induction periods disappeared. Henceforth, this latter solution
is referred to as “aged.”
Alternatively, the catalytic solution was prepared as follows.

A 0.16 g (0.5 mmol) portion of TBABr and 0.145 g (0.45 mmol)
of TBANO3 were dissolved in 5 mL of CH3CN. To this solution
was added 14 mg (0.05 mmol) of TBANO2. This mixture was
transferred to a 10 mL volumetric flask, and 25 μL of aqueous
4 M HClO4 (0.1 mmol) was added. The resulting solution
immediately turned yellow and had the same activity as the aged
solutions described above. No induction period was observed in
this case.
2. Modified Preparation of TBA3H2[Fe(NO3)PW11O39]. The

preparation of TBA3H2[Fe(NO3)PW11O39] is similar to the
method used by Okun et al.,18 except that TBANO3 was used
instead of TBABr to obtain the precursor, [α-PW11O39]

7�.
A solid sample of Na7[α-PW11O39] 3 74H2O (1 g, ca. 0.34mmol)
was dissolved in 10 mL of deionized water and mixed with 8 mL
of an aqueous solution containing TBANO3 (3.8 g, ca. 12.4
mmol). The mixture was stirred for 30 min at room temperature.
The resulting precipitate was separated by filtration, redissolved
in 15 mL of CH3CN, then solid Fe(NO3)3 3 9H2O (0.16 g,
0.4 mmol) was added under vigorous agitation. A dark reddish-
brown solution and a small amount of oily precipitate were
formed. The solution was separated from the oily product,
filtered through the fine filter paper (Fisher brand P2) to
remove the suspended precipitate, stirred for 1.5 h at ambient
temperature, and filtered again through the P2 paper. The
filtrate was left in air and light brown crystals (0.5 g; 39% yield;
henceforth denoted as “1”) were produced after 2 days. These
crystals were dissolved in CH3CN to obtain a stock solution of
the catalyst, 1.
General Procedure of Catalytic Oxidation of CEES. In a

typical CEES sulfoxidation reaction, 1 mL of catalytic NOx/Br
solution, (e.g., 0.05 mmol NO3

� and 0.05 mmol Br�) was
diluted with 1 mL of acetonitrile in a 15 mL vial. To this mixture,
25 μL of 1,3-dichlorobenzene or bromocyclohexane (internal
standards for GC) was added, and then the vial was sealed with a
PTFE septum. After stirring for 1 min, 25 μL of CEES was
injected by syringe into a vial. To avoid depletion of O2 in the
headspace, access to air during the experiment was provided
through a needle in the septum on the cap. To accelerate the
reaction, the temperature was elevated to 70 �C. The consump-
tion of CEES was analyzed by GC every 15�30 min, and
typically the reaction was monitored for 10�20 h.

’RESULTS AND DISCUSSION

Tribromide Is a Key Intermediate in NOx/Br-Catalyzed
Oxidations and Several Other Bromide Species Are Not.
When both TBANO3 and TBABr are dissolved in acetonitrile
solution no significant changes in color are observed in the first
few hours. However, the addition of very small amounts of strong
acid (HClO4 or p-toluenesulfonic acid (TsOH)) instantaneously
turns the colorless solution to yellow. If TBANO2 or NOBF4 are
used instead of TBANO3, the color change is rapid even without
acid. UV�vis spectra of the acetonitrile solution of theseNOx/Br
systems show that the yellow color is due to a strong absorption
peak near 270 nm which tails to λ > 400 nm. The absorption
maximum at 270 nm exactly matches the spectrum of Br3

� in
CH3CN. Figure 1 compares the spectra of authentic TBABr3 and
other NOx and Br containing systems. The red curve is the
spectrum of authentic TBABr3, which has the strong character-
istic peak at 270 nm assigned to Br3

�. In the gas phase Br2 has a
single peak near 420 nm. When Br2 dissolves in CH3CN a broad
peak around 400 nm and two additional peaks in the UV-range
are observed (Figure 1, purple curve): the additional peak at
<200 nm is assigned to Br� and the other peak at 270 nm is
assigned to Br3

�. These two latter species are formed in small
amounts via a disproportionation of Br2 in the presence of trace
amounts of H2O in CH3CN (eqs 1�2). (The Ka of hypobro-
mous acid in water is 2.2� 10�9).42 A secondary reaction, where
hypobromite (BrO�) spontaneously disproportionates to Br�

and bromate (BrO3
�), takes place rapidly in water at 20 �C and

slowly at 0 �C. Bromates, including bromic acid, are relatively
unstable and undergo further decomposition to Br� and O2.
The equilibrium in eq 2 is significantly shifted to the right side,

K2 = 9 � 106 M�1 in acetonitrile.43 The Br3
� at low concentra-

tion is seen as a intense peak because of its very high extinction
coefficient (ε = 3.8 � 104 M�1 cm�1)44,45 which is 2 orders of
magnitude larger than that of Br2. Both the NOx/Br systems
prepared from TBANO2/TBABr (blue curve) and from NOBF4
/TBABr (green curve) have the same peak at 270 nm, indicating
the formation of Br3

�.

Br2 þ H2O f Br� þ BrOH þ Hþ ð1Þ

Br2 þ Br� h
K2
Br3

� ð2Þ

Previous work performed by Lengyel et al.46 also supports the
generation of Br2/Br3

� in the NOx/Br system. They studied the

Figure 1. Absorption spectra of different NOx/Br systems in acetonitrile.
From top to bottom at the 270 nm peak: red curve, TBABr3; green curve,
TBABr/NOBF6; purple curve, Br2; blue curve, TBABr/TBANO2.
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oxidation of bromide by nitric acid to bromine in aqueous solution
at room temperature in the absence of air/oxygen, eqs 2�3, and
found that the experimental value of K3 = 1.6 � 10�6 M�4.

NO3
� þ 2Br� þ 3Hþ h

K3
Br2 þ HNO3 þ H2O ð3Þ

The reaction appeared to be autocatalytic. A clearly observed
induction period was strongly dependent on the initial concen-
tration of NO2

� (HNO2 in acidic conditions, pKa= 3.35).42 On
the basis of eq 3, an increase in proton concentration should shift
the equilibrium in favor of Br2 formation, while an increase in
H2O concentration should act in the opposite direction. The
HNO2 generated in situ catalyzes the formation of Br2,

46 which
makes the reaction autocatalytic. It should be noted that in
aerobic sulfoxidation catalyzed by the freshly prepared TBA-
NO3/TBABr system (no acid added), an induction period is also
observed (see Supporting Information, Figure S1). Additionally,
in our earlier work we had repeatedly noted an inhibition of
intermediate yellow color formation by the presence of water.
Both these observations are consistent with the formation of Br2/
Br3

� in the first step of the catalytic reaction.
The stoichiometry for aerobic sulfoxidation in previously studied

homogeneous catalytic systems and in the NOx/Br catalyst exam-
ined here is eq 4. Sulfide, and sulfoxide were quantified by GC
methods (see Experimental Section). This dioxygenase stoichiom-
etry is more attractive because it is 100% atom efficient in oxygen,
but more importantly it does not generate potentially deleterious
byproduct (see Supporting Information, Figure S2) as in mono-
oxygenase and some other catalyzed O2-based oxidation reactions.
From the decontamination perspective, formation of the sulfoxide
of mustard is greatly preferred relative to overoxidation to the
sulfone because the latter is far more toxic than the former.

R2S þ 0:5O2sf
Br�=NO3

�

ambient conditions
R2SO ð4Þ

Previous research in our group led to identification of the
monoiron-substituted POM, TBA3H2[Fe(NO3)PW11O39] (1),
as a highly efficient catalyst for eq 4 without addition of any
bromide.18 However, the synthesis of catalytically active solu-
tions in these studies18 used a large excess of TBABr to prepare
the precursor, TBA7�xNaxPW11O39. Without thorough purifica-
tion, some Br� could be retained in the final catalyst as an
impurity. Therefore, in this work we replaced TBABr with
TBANO3 to avoid any contamination with Br� species (see
Experimental Section, preparation 3) in the synthesis of 1.
Importantly, no sulfoxidation of the mustard simulant, CEES)
in the presence of 1 prepared in this manner (no bromine
source) is observed. This modified (bromine-free) system
exhibits no catalytic activity for aerobic sulfoxidation in general
(see details in Supporting Information, Figure S3). However, if
some TBABr is added to complex 1, such a system becomes
catalytically active again. If TBANO3 is also added the 1/TBABr
solution, the catalytic activity is increased further. This collective
evidence strongly suggests that the most active sulfoxidation
catalyst contains both some form (oxide) of nitrogen and
bromine, that bromine is the likely the substrate (sulfide) oxidizing
specie, and that tribromide constitutes a bromine storage reservoir.
This evidence led to a series of experiments we now describe.
Although the experiments above afforded fairly compelling

evidence that Br2/Br3
� is both abundant and reactive under turn-

over conditions in systems containing NOx and bromide/bromine,
the specific NOx species involved in these aerobic oxidations was

far from clear at the outset of this study. Since nitrosonium cation
is present in acidic NOx mixtures, we initially assessed the catalytic
aerobic sulfoxidation activity of NOBr, a very volatile yellow
compound which readily dissociates into NO and bromine atom
under ambient conditions.47 NOBr is the evident product when
NOBF4 and TBABr are mixed in CH3CN. However, isolation of
the nonvolatile catalytically active yellow solid, largely the Br3

�

salt, cast doubt on the intermediacy of volatile and unstable
NOBr in these reactions. Addition of nitrosonium, nitrite, or
nitrate to the bromide containing solutions significantly increases
the rates for aerobic sulfoxidation. This follows from the O2-
based oxidation of Br � to Br2 catalyzed by nitrite or nitrate.
Important Elementary Processes in NOx/Br-Catalyzed

Oxidations.One group that has published several recent papers
on NOx/Br/TM systems, where TM = Fe(III) or Cu(II), as
aerobic oxidation catalysts is that of Rossi, Martin and co-
workers.9,10,48�50 They proposed that the selective aerobic
oxidation of sulfides to sulfoxides catalyzed by Fe and/or Cu
nitrate and bromide salts takes place at the metallic center with
nitrate/nitrite and bromide/bromine redox cycles as oxidant and
mediator, respectively. However, no kinetics or other analyses
that proved these mechanistic proposals were provided. Both
their group and ours noted that the presence of transition metals
(such as Fe or Cu) significantly affects the reaction, and therefore
the reaction kinetics could well be too complicated for inter-
pretation. In addition, the spectra of Br3

� and Cu and/or Fe
bromides are overlapping, which prohibits the quantification of
Br3

�. Tribromide salts are stable (the tetrabutylammonium salt
is commercially available, CAS Number: 38932-80-8). Given this
point, we can combine all the data from the Martin and Rossi
studies and our data, and propose a reaction mechanism without
involving transition metals (Figure 2) that accounts for much of
the reactivity seen in the many NOx/bromide catalytic systems
with and without a transition metal complex present.
To elucidate the mechanism of the sulfoxidation (eq 4)

catalyzed by NOx/Br, the known related or component pro-
cesses must be considered. In addition to the nitrate-bromide/
nitrite-bromine equilibrium, eq 3, sulfides are oxidized by Br2,
which is not one elementary process but several, vide infra.
Dioxygen is involved in oxidation of reduced NOx�1(red).
Earlier Lengyel et al.46 showed that several different reduced

forms of NOx (NO, NO2, NO2
� and BrNO) are involved as

intermediates in eq 3. Therefore, the formation of Br2 and
regeneration of oxidant can be represented by eqs 5 and 6.

NOx�1ðredÞ þ 0:5O2 f NOxðoxÞ ð5Þ

NOxðoxÞ þ 2Br� þ 2Hþ h NOx�1ðredÞ þ Br2 þ H2O

ð6Þ

Figure 2. Proposed mechanism for the selective aerobic oxidation of
sulfide to sulfoxide catalyzed by the NOx/Br systems.
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where NOx(ox) and NOx�1(red) represent the oxidized and
reduced forms of NOx, respectively.
The regeneration of Br2 is further simplified by the reaction in

eq 7. In other words, the regeneration of Br2 is a catalytic
oxidation of Br � by O2 catalyzed by NOx.

2Br� þ 0:5O2 þ 2Hþ f
NOx

Br2 þ H2O ð7Þ
In view of the fact that in acetonitrile,K2 (eq 2) is much higher

than that of in water (9� 106 M�1 vs 17M�1),43,51 Br3
� is likely

to be the main species present in the Br2/Br3
� equilibrium under

catalytic conditions.
Thioether Sulfoxidation by Br2. The oxidation of organic

sulfides to sulfoxides with molecular halogens is a well-known
process,52 and is likely to proceed via eqs 8�10.53�56

R2S þ Br2 h
K8A

R2SBr2 h
k8

k�8

R2S
þBr þ Br� ð8Þ

R2S
þBr þ H2O f

k9

slow
R2SO

þH þ Hþ þ Br� ð9Þ

R2SO
þH þ H2O f

fast
R2SO þ H3O

þ ð10Þ
Mixing sulfide with bromine initially forms a sulfide-bromine

complex, eq 8. The sulfide in the complex is oxidized to a
sulfonium cation by an intramolecular electron transfer from
the sulfur center to a bromine atom. The resulting sulfonium-
bromine complex donates another electron to a second bromide
atom in the reaction assisted by water, eq 9. This reaction is likely
to be the slowest step. Subsequent hydrolysis in eq 10 produces a
sulfoxide product. Two bromides are formed in overall reaction.
The reaction rate law can be deduced by applying the

approximation of steady-state concentrations with respect to
R2S

+Br (eqs 11).

� d½R2S�
dt

¼ k9K8A
k8½H2O�

k�8½Br�� þ k8½H2O�½R2S�½Br2� ð11Þ

Because eq 9 is the slowest step, it is reasonable to assume that
k8[H2O] , k�8[Br

�]. Then eq 11 simplifies to eq 12.

� d½R2S�
dt

≈ k9K8AK8
½H2O�½Br2�

½Br�� ½R2S� ð12Þ

Since Br3
� is the main form of bromine in the Br2/Br3

�

equilibrium, and because Br3
� has the highest extinction coeffi-

cient, we have chosen the absorption of Br3
� to follow the

reaction kinetics.
A reaction mass balance with respect to all forms of Br is given

in eq 13.

½Br�� ¼ ½Br��o � 3½Br3�� � 2½Br3��=ðK2½Br��Þ ð13Þ
Under typical experimental conditions for an aged system, a

considerable amount of tribromide forms which results in too
high an initial absorbance at λ = 270 nm, A270 > 2. For this reason,
we withdrew small aliquots from the reaction solution at desired
time intervals, diluted it fifty-fold with CH3CN, and then
immediatelymeasured A270 of these diluted solutions. Subsequently
in these diluted solutions the absorbance at 270 nm slowly increased
because of an oxidation of Br� by dioxygen to Br2/ Br3

�. Under
the experimental conditions in Figure 3, the A270, after an initial
quick drop, reaches a plateau with A270 ≈ 0.04 (l = 1 cm).
After taking into account the dilution factor the A270 value at

initial 110 mM [Br�]o corresponds to [Br3
�] ≈ 0.05 mM and

[Br2] ≈ 2.2 � 10�7 mM under turnover conditions. The total
amount of bromine and tribromide is only about 0.14% of
[Br�]o. Consequently, the steady-state concentration of [Br�]t
remains almost constant and nearly equals to [Br�]o during
the catalytic reaction. Accordingly, combining eq 2 and eq 12
results eq 14.

� d½R2S�
dt

¼ k9K8AK8

K2

½H2O�
½Br��o2

½R2S�½Br3�� ð14Þ

Under steady-state conditions, the [Br2]/[Br3
�] ratio is con-

stant and equal to 1/(K2[Br
�]o). Below we describe the time

profile of both [R2S] and [Br3
�].

Figure 3 shows the kinetics of CEES consumption and the
time profile of [Br3

�] in sulfoxidation catalyzed by aged NOx/Br
solution. In the first fewminutes the concentration of Br3

� drops
dramatically likely because of the reaction of Br2 with CEES to
form R2S

+Br as an intermediate in eq 8. This reaction proceeds
with a typical time ∼102 s. After this initial period, the Br3

�

concentration then remains low and nearly unchanged through-
out the rest of the reaction. After reaching a constant Br3

�

concentration, the consumption of CEES is exponential in
agreement with eq 14.
The above analysis does not take into account the regenera-

tion of Br2/Br3
� by O2. It only takes into account the experi-

mental observation that [Br3
�] remains constant with time

under given experimental conditions. The overall sulfoxidation
reaction relies on the regeneration of Br2/Br3

� which might
depend on [O2] and [NOx]. As a result, the above analysis is not
complete and does not describe the complete rate law.
Regeneration of Br2/Br3

� by O2. Unlike the well-known
sulfide oxidation by halogens,52 the kinetics of the regeneration
of Br2/Br3

� by O2 catalyzed by NOx is much more complex and
cannot be described by eqs 5�6. Therefore, we attempted to find
experimentally the rate law for regeneration of Br2/Br3

�. As
mentioned above, after a 50-fold dilution of the reactionmixture by
CH3CN it was observed that A270 (which is proportional to

Figure 3. Kinetics (black squares) and fittings (red line) of CEES
oxidation by air catalyzed by the TBANO3/TBABr system, and the time
profile of A270 (red circles) determined after 50-fold dilution. The
reaction system: [CEES]o = 0.35 M, [TBANO3] = 0.018 M, [TBABr] =
0.11 M, [TsOH] = 0.018 M, T = 70 �C.
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[Br3
�]) slowly increases in time. Figure 4 represents a typical

Br3
� regeneration time profile of A270 measured by UV�vis.
As discussed above, the data in Figure 3 reveal that the

reaction in eq 8 is not extremely fast: it takes∼102 s to establish
the equilibrium. Upon dilution the concentrations of [R2S] and
[Br2] decrease 50-fold, which results in more than a 103-fold
drop in the rate of eq 8. For this reason, a dilution actually
“freezes” the consumption of Br3

�. The increase of A270 with
time represents the kinetics of Br2/Br3

� regeneration by O2.
From data in Figure 4 we attempted to determine a reaction rate
law that describes these kinetics. For this purpose we plotted
the instant reaction rate at a given time t as a function of Br3

�

concentration at this time. As seen from Supporting Informa-
tion, Figure S4, the simplest rate law for Br3

� formation in
Figure 4 might be written as eq 15.

d½Br3��
dt

¼ R0
15 � R1

15½Br3�� ð15Þ

where R015 = 2.3 � 10�8 M/s, R115 = 1.7 � 10�3 s�1.
The independence of the rate on [Br3

�] is consistent with the
rate limiting step being the reaction of NOx�1(red) with O2 to
regenerate Br3

� (one step in the complex reaction in eq 7). At the
same time the reaction is inhibited by the product because Br2
binds Br�, which is involved in eq 7. As a result the reaction does
not proceed to 100% conversion but reaches an equilibrium
similar to that in eq 3.
Thus, although the mechanism of Br2/Br3

� regeneration is
complex, the experimental rate law is relatively simple and
describes the experimental kinetic curve well. This reaction rate
law is obtained at significantly lower concentrations of reactants,
but it could well be a plausible rate law under turnover
conditions.
Using the data for Br2/Br3

� regeneration, eq 15, the equation
for CEES consumption can be deduced as follows. At steady-
state, the rate of sulfide consumption equals the rate of Br3

�

regeneration, which results in eq 16.

½Br3�� ¼ R0
15

R1
15 þ k9K8AK8

K2

½H2O�
½Br��o2

½R2S�
ð16Þ

Set k17 = (k9K8AK8/K2) � ([H2O]/[Br
�]o

2) and combining
eqs 16 and 14 affords eq 17.

� d½R2S�
dt

¼ k17½R2S� R0
15

R1
15 þ k17½R2S� ð17Þ

When R115 . k17[R2S], then eq 17 simplifies to eq 18. In this
case the rate limiting step is eq 9, and the rate of CEES
consumption should be a first-order with respect to [R2S] as in
eq 18.

� d½R2S�
dt

¼ R0
15k17
R1
15

½R2S� ð18Þ

On the other hand, if a large amount of water is present in the
system, then k17[R2S]. R115, and eq 17 simplifies to eq 19. The
reaction becomes a zero order with respect to [R2S].

� d½R2S�
dt

¼ R0
15 ð19Þ

In dry acetonitrile eq 9 is slow, resulting in first order kinetics
with respect to [R2S]. However, as the associate constant of Br3

�,
K2, becomes smaller in water than in acetonitrile43,51 the addition
of water can greatly increase k17 = (k9 K8A K8/K2) �
([H2O]/[Br

�]o
2) and makes k17[R2S] comparable with R115.

In this case the integration of eq 17 gives the solution in eq 20.

�1
R0
15

R1
15

k17
ln

½R2S�t
½R2S�0

 !
þ ½R2S�t � ½R2S�0

( )
¼ t ð20Þ

In the following paragraphs eq 20 will be used to simulate the
effect of water on the catalytic sulfoxidation.
Effect of Water on Catalytic Activity.Water is an important

factor that greatly affects the activity of the NOx/Br catalytic
systems. Our previous work57 showed that large amount of H2O
significantly inhibits the activity of the catalyst, and that this
inhibition is reversible. However, these highly reproducible
observations have not been explained to date.
This paradox is explicable by our mechanism. In accordance

with eq 14, water should accelerate the rate-limiting step in eq 9
and thus increase the overall reaction rate. The data acquired by
Lengyel and co-workers46 indicates that water inhibits the
autocatalytic reaction in eq 3. In addition, water increases the
induction period if added to a freshly prepared system.Water also
affects regeneration of the oxidized form of NOx. Indeed, nearly
all rate constants in eq 20 are dependent on water concentration.
For that reason, we examined the effect of water on the kinetics of
aerobic sulfoxidation catalyzed by the NOx/Br system.
The slow step in eq 9,8,58 includes water as a reagent, so the

reaction was carried out in a water-free system. The preparation
of a water-free NOx/Br system is similar to that of the agedNOx/
Br catalyst except that freshly dried acetonitrile and concentrated
H2SO4 were used instead of aqueous HClO4. The effect of water
is shown in Figure 5. Clearly, the reaction in the absence of water
is much slower. Interestingly, a drop in [CEES] concentration is
clearly seen in first ∼30 min of the reaction both in the absence
and in the presence of water. This drop is caused by the
stoichiometric reaction of Br2 (already present in the system)
with CEES. After that CEES oxidation in a water-free system
proceeds very slowly because the R2S

+Br intermediate is quite
stable in this case. The maximum conversion of CEES in the
beginning of the reaction does not exceed the total amount of
Br�, which is a source of Br2. Indeed, after 24 h the amount of

Figure 4. Time profile of A270 (or [Br3
�]) in the presence of air after

50-fold dilution of the reaction mixture. Red curve is calculated using
eq 15. Reaction conditions: [CEES]o = 108 mM, [TBANO3] = 25 mM,
[TBABr] = 25 mM, [HClO4] = 5 mM, CH3CN =2.0 mL, T = 70 �C,
l = 1 cm.
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CEES consumed is equal to the TBABr used in the reaction
(0.048 and 0.05 mmol, respectively, Figure 5). In the presence of
water the kinetics of CEES consumption is exponential as
described above.
Figure 6 shows the strong effects of water on the reaction

kinetics: an increase of water concentration results in change in
the reaction rate order with respect to [CEES]. At low water
content the consumption of CEES is exponential and becomes
almost linear with increase of water concentration (Figure 6).
Thus the reaction rate order with respect to [CEES] changes

from the first to zero. The least-squares fitting of kinetic curves to
eq 20 gave values for k17, R

0
15, and R115 presented in Table 1.

A decrease in R015 with water addition suggests that the
regeneration of Br2 is inhibited by water. At the same time,
k17 /R

1
15 increases with water resulting in an increase the overall

reaction rate in agreement with eq 18. The significant changes in
k17 /R

1
15 with addition of water is likely to indicate that R115

is also water dependent.

’CONCLUSIONS

(1) Many spectroscopic and kinetics studies indicate that the
much studied, fast, and highly selective catalytic systems
for O2-based oxidation of organic substrates (most
studied for sulfoxidation) comprising a nitrogen oxide
or oxyanion (NOx = NO3

�, NO2
�, NO�, etc.) plus

bromide with or without a transition metal involve the
generation of tribromide, Br3

�, a result not noted
previously. Hypobromite is not important.

(2) Tribromide salts can be isolated from the reaction
mixtures and stored for apparently indefinite periods.
Upon dissolution in low-H2O-content organic media, in
the presence of nitrate or other NOx species, they
catalyze rapid and highly selective aerobic sulfoxidation
and other oxidation reactions.

(3) Water has been noted to inhibit aerobic oxidations
catalyzed by NOx/halide systems but to do so reversibly.
Kinetic and product isolation studies herein provide an
explanation for the reversible inhibition of catalytic
aerobic sulfoxidation by water, a result long observed
but never understood.

(4) The rate limiting step depends on water concentration
and changes with reaction conditions.
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