
Inorg. Chem. 1994, 33, 5015-5021 5015 

Role of Water in Polyoxometalate-Catalyzed Oxidations in Nonaqueous Media. Scope, 
Kinetics, and Mechanism of Oxidation of Thioether Mustard (HD) Analogs by tert-Butyl 
Hydroperoxide Catalyzed by H5PV2Mo10040 

Robin Damico Gall, Mahmoud Faraj,? and Craig L. Hill* 

Department of Chemistry, Emory University, Atlanta, Georgia 30322 

Received May 27, 1994@ 

A range of heteropolyoxometalates catalyze the oxidation of thioether analogs of mustard (HD) to the corresponding 
sulfoxides by tert-butyl hydroperoxide (TBHP) rapidly at 25 "C, with selectivities as high as any seen in the 
literature for thioether oxidations. The strongly acidic complexes H3PW 1 2 0 4  and H3PMo12040 function primarily 
as acid catalysts for thioether oxidation by TBHP, producing sulfoxide with 98-99% selectivities (1 -3% sulfone 
present) at modest conversions. Three lines of evidence involving the model compound, tetrahydrothiophene 
(THT), indicate that several vanadium-substituted heteropoly acids, including hydrated H5PV2Mo10040 (l), are 
significantly more selective (>99.9%): (1) No sulfone (THT02) is detectable at the limits (1 part in lo5) of gas 
chromatographic and gas chromatographic-mass spectrometric analyses, ( 2 )  THTO and THTOH+ are both stable 
under the reaction conditions, and (3) (THTOH)~(H)(PV~MO~OO~O), or 2, identified by NMR, IR, UV-visible, 
and elemental analysis, is stable for a period of at least 1 month under the conditions of the title catalytic reactions 
(homogeneous acetonitrile, 25 "C). The rates of thioether oxidation to sulfoxide catalyzed by 1, based on six 
aliphatic and aromatic thioethers, vary over a factor of more than lo3 and do not correlate well with the thioether 
redox potentials. The data, including rates and selectivities of the reaction with and without TBHP, establish that 
these reactions proceed by initial thioether oxidation and polyoxometalate reduction followed by reduced 
polyoxometalate reoxidation by TBHP. This mechanism is in sharp contrast to the conventional mechanisms for 
metal complex mediated peroxide oxidations (electrophilic peroxide activation by the metal complex or radical 
processes). Two important and heretofore undocumented roles of H20 are consistent with the rate studies of 
THT oxidation by 1 in the absence of TBHP. First, the reaction is strongly inhibited by water and the rate law 
is vo = R[THT][l][H20]-'. In the absence of water, the rate becomes independent of THT substrate (VO = k'[l]) 
and dehydration of the polyoxometalate may be rate limiting. All the data, including the activation parameters 
(A* = 8.06 f 0.64 kcal mol-' and A 9  = -29.7 f 0.18 eu), are most consistent with outer sphere electron 
transfer for the key thioether oxidation step in the mechanism. 

Introduction 

Catalytic methods for the selective oxidation of the highly 
toxic agent bis(2-chloroethyl) sulfide, known as mustard or HD, 
eq 1, are needed.l The selectivity is crucial inasmuch as the 

catalvst ~ 

c'-S-a+OX 

(HD) 

corresponding sulfoxide, bis(2-chloroethyl) sulfoxide, is rela- 
tively nontoxic while the corresponding sulfone is highly toxic2 
There are many methods to oxidize thioetheq3-14 and decon- 
tamination systems based on microemulsion technology,12 phase 
transfer catalysis,13 catalytic dehal~genation,'~ and coupled 
photochemical and thermal redox cata1ysisl5 have been reported. 
Few thioether oxidation methods are rapid and catalytic under 
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ambient laboratory conditions. In addition, few are also 
adequately selective for effective HD decontamination via eq 
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Figure 1. Polyhedral representation of the 1,6 isomer of PV2Mo,o0a5- 
(the dehydrated form of 1). All literature investigations to date indicate 
that the 5 positional isomers have very similar reactivities and 
equilibrate in aqueous or acetonitrile solution. The 1.6 isomer is 
dominant in water.29 

1. Unfortunately, production of sulfone, eq 3, by subsequent 

&S + OX - R2S0 + RED (2) 

R2S0 + OX - R2S0, + RED (3) 

R2S + 2 0 X  - R2S0, + 2RED (4) 

oxidation of the initial sulfoxide product from eq 2 or, less 
frequently, by mechanisms not involving intermediate sulfox- 
ides, eq 4, is almost always measurable. For a few processes 
the rate of eq 3 is greater than the rate of eq 2, and little sulfoxide 
can be prod~ced.~ Most thioether oxidations, including a variety 
of stoichiometric oxidations," aut~xidation,"-~ metal catalyzed 
mediated auto~idat ions,~-~ and metal promoted oxygen- 
ations,lO.ll all exhibit finite rates for eq 3, and small amounts 
of sulfone are produced, particularly at high conversions of 
thioether substrate. The autoxidation of thioethers catalyzed 
by heteropoly acids,6 Ru and Ce(IV)9 has been 
investigated fairly thoroughly. We report here thioether oxida- 
tions by the inexpensive oxidant tert-butyl hydroperoxide 
(TBHP)16 catalyzed by the representative, readily accessible, 
and inexpensive heteropolyanions (heteropolyoxometalates) of 
the Keggin structural class (Figure 1). Some of these oxidations, 
those catalyzed by H ~ P V ~ M O ~ ~ O M * ~ H ~ O  (PH20), proceed in 
99.9+% selectivity even at high conversion of thioether 
substrate. 

Polyoxometalate  derivative^'^ are well documented to facili- 
tate oxidations of a variety of substrates in one of five 
homogeneous modes. In mode 1, the polyoxometalate directly 
oxidizes the substrate and a terminal oxidant reoxidizes the 
reduced form of the polyoxometalate.18-21 In mode 2, the 
polyoxometalate functions as a cocatalyst. A large class of such 
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reactions is the three-component systems (Pd or Wpolyoxo- 
metalate/Oz) analogous to the Wacker reaction where the 
polyoxometalate has replaced Cu.I8 In mode 3, a polyoxo- 
metalate derivative catalyzes oxo transfer oxidation (oxygen- 
ation) of the ~ u b s t r a t e . ~ ~ . ~ ~  In mode 4, the polyoxometalate is 
a photocatalyst. The excited state of the complex directly 
oxidizes the substrate, and reoxidation of the reduced complex 
takes places independently in one of several ways.24 In mode 
5 ,  the cation of the polyanion activates or oxidizes the 
substrate.25 The first two modes are the most common and lend 
themselves to a number of applications. The catalytic thioether 
oxidations reported here take place by mode 1. In conjunction 
with a thorough investigation of the scope and mechanism of 
the title reactions, we document for the first time a significant 
role of water in mode 1 polyoxometalate-based catalytic 
oxidations in nonaqueous media. 

Experimental Section 
Materials. All solvents were Burdick and Jackson glass-distilled 

grade. In reactions probing the effect of water, the tetrahydrothiophene 
and the acetonitrile were dried before use over 3-81 molecular sieves. 
The molecular sieves were activated under vacuum at 390 "C for 15 h. 
The source of TBHP in all experiments was a 90% aqueous solution 
from Aldrich (the only detectable impurities were 5% H20 and 5% 
tert-butyl alcohol). Thioethers and their oxidation products, sulfoxides 
and sulfones, were purchased from Aldrich or Fluka. The purity 
(>98%), in all cases, was checked by gas chromatography. The 
p-toluenesulfonic acid monohydrate (TsOH-H~O, Aldrich) and Li2- 
Mo0402H20 (Alfa, 98.5% purity) were commercial samples of the 
highest possible purity. The (acety1imino)tetramethylenesulfonium 
bromide was prepared and purified by literature procedures;26 mp 66 
"C (lit. mp 66-68 "C). The infrared and 'H NMR spectra were also 
consistent with the product. The catalysts used in this study were 
prepared by following published procedures: a-HJPW 12040*~H20,27 
~ - H ~ P M O ~ ~ O ~ * X H ~ O , ~ ~  Hs+nPVnW,2-n040*~H20,2"~~ and H3+nPVn- 
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1988,29,823-826. (g) Steckhan, E.; Kandzia, C. Synlen 1992, 139- 
140. (h) Fedotov, M. A.; Il'inich, 0. M.; Kuznetsova, L. I.; Semin, 
G. L.; Vetchinova, Y. S.; Zamaraev, K. I. Catal. Lett. 1990, 6,417- 
422. (i) Khenkin, A. M.; Hill, C. L. J. Am. Chem. SOC. 1993, 115, 
8 178-81 86. 
Review: Hill, C. L.; Kim, G.-S.; Prosser-McCartha, C. M.; Judd, D. 
Mol. Eng. 1993, 3, 263-275. 
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Polyoxometalate-Catalyzed Oxidations 

M O ~ Z - , O ~ O * X H Z O ~ ~ ~ ~ ~  (n = 1-3). The compounds were purified by 
several recrystallizations from water. The infrared, 31P NMR, and W- 
visible spectra of all the catalysts agreed with literature  value^.^^-^^ 

Instrumentation. Gas chromatographic analyses were performed 
using a Hewlett-Packard 5890 gas chromatograph equipped with a flame 
ionization detector and a 5% phenyl methyl silicone capillary column. 
The electronic absorption spectra were recorded on a wlett-Packard 
845 1A diode array spectrophotometer. Infrared spec 3 were taken on 
a Nicolet 510M FTIR spectrometer. 'H and I3C &R measurements 
were made using a 300-MHz General Electric QE-300 spectrometer, 
and 31P NMR spectra were recorded on an IJ3M WP-2OOSY spectrom- 
eter. Electrochemical measurements were made on a Princeton Applied 
Research Model 173 potentiostatlgalvanostat equipped with a Model 
175 universal programmer and a Houston Instruments chart recorder. 
Temperature control for the Eyring plot was achieved with a metal- 
jacketed cuvette holder connected to a VWR 1155 refrigerated constant- 
temperature circulator. 

Synthesis of the Tetrakis(hydroxysdfonium) Salt (cd&sOH'')~ 
(H+)(PVv&fow~~O~)(Cd-I&O)~, 2. Tetrahydrothiophene oxide (TIFTO), 
0.5 mL (-5.5 mmol), was added dropwise over a period of 5 min to 
2.27 g (-1 "01) of 1 dissolved in 50 mL of acetonitrile at room 
temperature. An orange precipitate formed readily. After 15 min of 
stirring, the complex was separated from the mixture by filtration using 
a medium glass frit. The product was then washed with three 2-mL 
portions of acetonitrile and three 3-mL portions of ether and finally 
dried in vacuo to give 1.90 g of 2 (yield -75%). {iH}'3C NMR (-4 
x M in D20; 6 in ppm): 24.51 (s, B-C, 2H), 52.78 (s, a-C, 2H). 
Literature values for {lH)l3C NMR of free THTO (6 in ppm): 25.4 
(s, p-C, 2H), 54.3 (s, a-C, 2H).31 IH NMR (-4 x M in D20; 6 
in ppm): 2.83 (multiplet, methylene protons a to SO group, 4H), 1.95- 
2.14 (multiplets, methylene protons j3 to SO group, 4H). Infrared 
(cm-I): 2982-2861 (w, broad), 1438 (w), 1396 (w), 1047 (m), 947 
(s), 862 (s), 784 (s). 

Anal. Calcd for CZ~H~~O.#S~V~MO~O:  C, 12.20; H, 2.27; S, 8.14; 
0, 31.14; P, 1.31; V, 4.31; Mo, 40.62. Found: C, 12.39; H, 2.14; S, 
7.57; P, 1.27; V, 4.15; Mo, 40.34. 

Comparison of Polyoxometalate Catalytic Activity. The oxidation 
of the thioether substrates by TBHP catalyzed by heteropoly acids was 
assessed by monitoring the organic reactants and products by gas 
chromatography as a function of time. In an exemplary reaction, 5.00 
x mmol of the heteropoly acid catalyst, 0.284 mmol of thioether 
(organic sulfide) in 4.8 mL of CHJCN with 5 p L  of m-dibromobenzene, 
a gas chromatography intemal standard, were placed in 25-mL Schlenk 
flasks. The resulting solutions were taken through several gaddegas 
cycles. Finally, 0.284 m o l  of TBHP under argon was added to the 
reaction mixture. Samples for GC analysis were withdrawn by syringes 
inserted through septum stoppers in the Schlenk flasks. Product 
analyses were executed immediately. 

Evaluation of the products and rates of thioether oxidation by TBHP 
in the absence of the polyoxometalate catalysts was made by following 
protocols identical to those above except that no catalyst was present. 

Determination of Rate Law for Oxidation of THT by 1. The 
simplicity of the products and the lack of competing or subsequent 
reactions facilitated the detailed kinetics studies in this work. The 
initial-rate method and In-ln plots were employed to determine reaction 
orders (In of the initial rate as a function of the In of the reactant 
concentration). The initial rate was obtained by following the formation 
of the reduced form of the catalyst, 1 (1" = 780 nm and E = 1430 
M-' cm-' in CH3CN). For determination of the order with respect to 
THT, six vials each containing 0.0280 g of 1 , 4 0  p L  of HzO, and 4 mL 
of CH3CN were allowed to sit ovemight to ensure complete equilibra- 
tion. Also, six vials each containing 6 mL of CH3CN and varying 
amounts of THT from 25 to 200 pL were prepared. The reactions 
were conducted under argon using a 1 cm path length quartz cuvette 
with an affixed glass stopcock. Immediately prior to the experiment, 
both the catalyst and substrate solutions were degassed by repeating 
the vacuudargon cycle three times. Next, 1 mL of the catalyst solution 
was injected through a rubber septum stopper into an argon-filled 
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cuvette, and then the cuvette was placed in the W - v i s  spectrometer. 
The reaction was initiated by injecting 1.5 mL of the substrate solution 
into the cuvette which thoroughly stirred the contents. The timer was 
started at the time of substrate injection. The absorbance was measured 
every 2 s for 30 s and then less frequently until it leveled off. The 
final concentrations of the reactants in the cuvette were as follows: 1, 
1.60 x M; H20, 2.20 x lo-' M, 0.40% by volume; THT, from 
2.82 x to 2.20 x lo-' M). 

For determination of the order with respect to 1, HzO, and THT as 
a function of HzO, the same method was used as for THT above. Final 
concentrations in the cuvette for the order determination in 1 were as 
follows: 1,4.59 x 10-4-1.61 x M; H20, 2.20 x 10-L M, 0.40% 
by volume; THT, 3.24 x lo-' M. Final concentrations in the cuvette 
for the order determination in HzO were as follows: 1, 7.24 x 
M; H20, (6.40 x M to 5.56 M; and THT, 1.13 x lo-' M. For 
the determination of the order with respect to THT as a function of 
H20 added, the order was determined with 0, 0.2, 0.4, and 1% water 
added. The percent water added represents the final concentration of 
water in the cuvette. 

Determination of Rate Constants. The rate constant for eq 7 was 
evaluated using the integrated first-order rate law 

under pseudo-frst-order conditions. The concentrations of THT, H20, 
and 1 were 3.24 x lO-l, 2.20 x and 4.61 x M, respectively. 
The following values were determined experimentally: A, = 0.337 
and A0 = 0.069. The calculated rate constant from eq 5 was 3.29 s-l; 

that from initial-rate methods was 3.65 s-I. Kaleidagraph version 3.0.1 
(Synergy Software, Reading, PA) was used to treat the data. 

Eyring Plot. The same method was used as for the determination 
of order (previous section). Final concentrations in the cuvette were 
as follows: 1, 8.86 x M; H20,2.20 x lo-' M; and THT, 8.51 x 

M. The temperature in the cuvette was controlled with a constant- 
temperature circulating bath. The substrate and catalyst solutions were 
brought to the desired temperature by suspension in the bath prior to 
reaction. 

Electrochemical Measurements. The oxidation potentials of six 
thioether substrates were measured using cyclic voltammetry at ambient 
temperature in acetonitrile with 0.80 M tetrabutylammonium hexafluo- 
rophosphate as the supporting electrolyte with a 200 mV s-l sweep 
rate, a glassy carbon working electrode, a platinum wire auxiliary 
electrode, and a Ag/O.Ol M AgNO3 reference electrode. The thioethers 
were 8 mM. 

Results and Discussion 
Polyoxometalate-Catalyzed Oxidation of Thioethers by 

tert-Butyl Hydroperoxide (TBHP). Scope and General 
Features. Although the oxidation of thioethers to the cor- 
responding sulfoxides as well as oxidation of the sulfoxides to  
the corresponding sulfones by hydroperoxides is thennodynami- 
cally favorable, neither thioethers nor sulfoxides are oxidized 
rapidly by these oxidants a t  room temperature in the absence 
of catalysts. In contrast, vanadium(V)-substituted heteropoly- 
molybdic and heteropolytungstic acids of formula (H+)3+,- 
[PVnM12-,,040] (n = 0-3; M = W, Mo), including hydrated 
H ~ P V ~ M O ~ O O ~  (l), complexes derived from the parent Keggin 
structure (Td symmetry [PM12040I3-; M = Mow, Ww), catalyze 
the oxidation of thioethers by hydroperoxides to  the correspond- 
ing sulfoxides (eq 6 )  rapidly, efficiently, in very high conver- 

R,SO+ROH (6 )  
vanadium-substituted 

R2S + heteropoly acid (catalyst; 

R = alkyl or aryl group 

sions and, most significantly, with virtually quantitative selec- 
tivity (Table 1). The selectivities seen with the vanadium-free 
Keggin complexes, including H3PMo12040, are high (96%) but 
far  lower than that for 1. 
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Table 1. Oxidation of Tetrahydrothiophene (THT) by t-BuOOH 
(TBHP) Catalyzed by Representative Heteropolyoxometalates and 
Acids" 

Gall et al. 

yield of selectivity,' % 
sulfoxide,b %; for for 

catalvst turnovers sulfone sulfoxide 
d > 99 H6PV3W9040 83; 47 ... 

H~PVZMOIOOKJ (1) 70; 40 ... '99 
1' 96; 54 ... > 99 
none 1.7; ... ... 99 
Q5-xHxPV~Mol0046 1.8; ... ... 99 
P-TSOH~ 20; 2.5 < 1% 99 
H3PWiz040 24; 14 ... 99 
H~PMoIzO~O 21; 12 2% 96 
Li2M004*2H20h 6.3; 1 '1% 99 

Reaction conditions: both THT and TBHP (90% aqueous solution) 
were 56.8 mM in CHsCN (4.98 mL); catalyst 1 mM unless otherwise 
indicated. In all cases, reaction temperature = 25 O C  and reaction time 
= 1 h. Yield with respect to initial t-BuOOH; turnovers = (mol of 
product)/(mol of catalyst). [(mmol of product)/(mmol of thioether 
reactant)] x 100. ... = below detection limit. e 5 equiv of (n- 
Bm)(HS04) addedequiv of 1. f Q = (n-Bu)fi+. It is difficult to make 
pure Q5. A mixed salt of a varying Q/H ratio is typically obtained. 
8 p-Toluenesulfonic acid monohydrate (4.6 mM). Li2Mo04.2HzO (3.24 
mM). 

Three independent lines of evidence indicate an extraordinary 
sulfoxide selectivity for catalysis by 1. First, when equivalent 
molar amounts or a slight excess of TBHP over THT is used, 
no sulfone whatsoever is produced with this catalyst. Gas 
chromatographic and gas chromatographic -mass spectrometric 
analyses that can detect at least one part in lo5 indicate no 
sulfone. Second, control experiments establish that the sulfoxide 
(THTO) and the protonated sulfoxide (hydroxysulfonium ion 
= THTOH+) are completely stable under the reaction condi- 
tions. Third, a precipitate forms in the reaction containing 1 
and five points confirm it is the tetrakis(hydroxysu1fonium) salt 
of starting vanadopolymolybdophosphate, namely, (THTOH)4- 
(H)(PV2Mo10040), or 2: NMR, IR, and elemental analysis, 
independent synthesis from authentic 1 and THTO (see Ex- 
perimental Section), and release of 4 equiv of free THTO upon 
treatment with 4 equiv of n-B@J+OH-. That 2 is stable for a 
period of least 1 month at the temperature of the reactions in 
Table 1 (25 "C) indicates a ratio of reactivities, kthiocheJ 

kprotonatedsulfoxlde, of at least lo5, which is consistent with a 
sulfoxide selectivity in solution above 99.9%. 

In contrast to the Keggin heteropoly acid derived vana- 
dopolymolybdates and vanadopolytungstates, the tetra-n-alkyl- 
ammonium forms of the same heteropoly compounds are 
ineffective as catalysts (note reactions 1-5, Table 1). The 
presence of strong Bronsted acids can catalyze THT oxidation 
by TBHP to some extent, as illustrated for example using three 
different acids, the conventional hydrophobic p-toluenesulfonic 
acid and the two Keggin heteropoly acids a-H3PW12040 and 
a-H3PMoI2040 (reactions 6-8, Table 1). The addition of excess 
strong acids, however, can alter the kinetic selectivities of the 
oxidants, resulting in finite oxidation of sulfoxide to sulfone 
(in contrast to reactions 1-3, Table 1) and, ultimately, the 
degradation of the polyoxometalate catalysts. The similar levels 
of reaction of the three acidic reactions (reactions 6-8, Table 
1) indicates that most of the THT oxidation activity in these 
reactions is due to acid-catalyzed activation and oxidation by 
TBHP, not oxidation by the polyoxometalate. 

In line with the formulation of 2, addition of an oxidatively 
resistant counteranion of moderate polarity, HSO4-, prevents 
the precipitation of 2 and leads to the most reactive and catalytic 
thioether oxidation system (reaction 3, Table 1). It is believed 
that the sulfoxide product preferentially binds to (n -Bu)$JHS04 

Table 2. Relative Initial-Rate Constants for Oxidation of 
Representative Thioethers and Their Corresponding Potentials" 

sulfide kO(re1) Eo,b V 
1168 1.24 n 
209 1.31 

101 1.35 

3.43 1.08, 1.52 

20.6 1.23, 1.48, 1.82 

1' 1.48 

a Reaction conditions: 25 "C, under argon, RSR (3.60 x lo-' M), 
HzO (2.20 x lo-' M), and HsPVzMoloOa (2.02 x M) in CH3CN. 

Voltammetry at a glassy carbon electrode with 200 mV/s sweep rate, 
reactant concentrations of 8 mM in acetonitrile with 0.80 M tetrabu- 
tylammonium hexafluorophosphate as supporting electrolyte, and 
measured at 25 "C versus a Ag/O.Ol M AgNO3 (in acetonitrile) reference 
electrode. cThere was evidence that an impurity in the CEES (2- 
chloroethyl ethyl sulfide) was reoxidizing the catalyst, causing the rate 
as monitored by UV-vis to appear slower than it really was. 

instead of the catalyst. As a result, more of the catalyst is in 
solution and available for reaction. The formation of a 
polyoxometalate Q salt (Q5-xHxPV2M01~O~), upon addition of 
(n - B u ) m S 0 4 ,  cannot be ruled out. If this were occurring 
however, the activity would be expected to decrease as opposed 
to increasing as reflected by reaction 5 Table 1. 

The relative rates of oxidation of six representative thioethers, 
a diary1 sulfide, (C&)2s. one aryl alkyl sulfide, (C&)(C&)S, 
and four dialkyl sulfides, THT, (CH&S , (CH3CH2)2S, and 
"half-mustard' (2-chloroethyl ethyl sulfide or CEES), by TBHP 
catalyzed by 1 are given in Table 2. The absolute rates for the 
reference (CEES) and THT reactions under the conditions in 
Table 2 are vo = 1.24 x lo-, and 1.43 x M SKI, 

respectively. Also given in Table 2 are the potentials for each 
of these substrates measured in the same solvent (acetonitrile) 
at the same temperature. There is little correlation between the 
rates and the potentials of the substrates (Table 2) .  Two points 
that follow from this data warrant articulation. First, the 
potentials for electrochemical oxidation of substrates such as 
thioethers are rarely completely reversible and, as a consequence, 
the measured potentials may be significantly different from the 
true thermodynamic ones. The related key point here is that as 
all the thioethers were measured in this work under identical 
conditions, the relative potentials should be internally consistent. 
Second, it is clear that the lack of correlation is sufficiently 
great that factors other than just the potential, such as steric 
effects, play a significant role in the thioether oxidation process. 

The reactions in Table 1, eq 6, take place by mode 1 described 
in the Introduction, that is, by initial thioether reduction of 
polyoxometalate (eq 7) and subsequent reoxidation of the 
reduced polyoxometalate by the terminal oxidant, TBHP in this 
case (eq 8). Oxidative titrations with Ce'" and spectroscopic 

R2S i- 2H,PV2Mo,o0,0*H20 - 
1 

( R ~ S O H ) H , ( P V ~ M O , ~ O ~ ~ )  f H,PV~MO~@~O.H~O (7) 
3 

methods established the products and stoichiometries in eqs 7 



Polyoxometalate-Catalyzed Oxidations 

2H6PV2M~lo040 + t-BuOOH - 
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-4 -3.5 -3 -2.5 -2 -1.5 

In (THTI 

-4.6 I , , f ,  , 
-4.8 y = 1.675 + 1.01 15x R= 0.9920 

2H5PV2M~lo040 + t-BuOH + H2O (8) 

and 8 by running each reaction separately. The heteropoly acids 
examined in these studies are hydrated. Only 1 equiv of these 
water molecules of hydration, that of 1, is indicated in eq 7, as 
the other waters of hydration are not involved in the net 
transformation. In accord with previous work on the reduction 
of polyvanadomolybdic  acid^'^,'^ and redox potentials, only the 
Vv ions and not the MoV1 ions are reduced. 

At least four points indicate the applicability of eqs 7 and 8. 
First, THT and other thioether substrates are stoichiometrically 
oxidized by 1 and other vanadium-substituted phosphomolybdic 
and phosphotungstic acids in the absence of the hydroperoxide, 
TBHP, or other oxidants (eq 7 but not eq 8) to give the same 
products as obtained under turnover conditions (TBHP present). 
Second, in the absence of TBHP, reoxidation of the reduced 
form of 1, eq 8, is not operable, and no net catalytic turnover 
of 1 or the other polyoxometalates is observed. Third, the 
relative reactivities of thioethers for the same complex, 1, under 
the same conditions vary greatly, indicating that both the 
thioether and the complex are involved in the slow step of the 
reaction (see section on the mechanism below) and little or no 
reaction takes place when only thioether substrate and TBHP 
are present. Fourth, subsequent anaerobic treatment of the 
products from stoichiometric oxidation (eq 7 but not eq 8) with 
TBHP does not change the products over the time scale dictated 
by conducting and analyzing the reactions. A final result is 
significant: when a molar excess of thioether is present over 
1, the monohydroxysulfonium salt, 3, is formed exclusively. 
These facts explain the observation that under the stoichiometric 
anaerobic reaction conditions, eq 7, regardless of the mole ratio 
of THT to 1, no precipitate forms in contrast to the case of 
catalytic reactions in the presence of TBHP described above 
(e.g., Table 1). In the stoichiometric reactions, insufficient 
sulfoxide is generated to form the relatively insoluble 2. 

Mechanism of Reduction of 1 by THT (Eq 7) and the Role 
of Water. The course of the catalytic reactions (Table 1) or 
the stoichiometric reactions (eq 7) shows conventional kinetics. 
That is, there is no induction period, autocatalysis, inhibition 
behavior, or other complex kinetics behavior. Figures 2s and 
3s in the supplementary material show representative reactions 
involving THT as the substrate and 1 under catalytic and 
stoichiometric conditions, respectively. 

Figures 2 and 3 show that the oxidation of THT by 1 (eq 7) 
leads to the experimental rate law in eq 9: the reaction is first 
order in THT, first order in 1, and negative first order in H20. 

V,,(for eq 7) = k[THTl[11[H201-' (9 )  

The rate data indicate two unique features involving H20 in 
the polyoxometalate-catalyzed reactions. The first is the 
[H20]-' rate dependence, and the second is the effect of [H20] 
on the order with respect to the substrate THT. In the course 
of carefully checking the kinetics as a function of H20, it was 
discovered that the order with respect to THT appeared to be 
varying reproducibly with the H2O content. A quantitative study 
of this phenomenon in the form of four order plots for THT at 
varying [HzO] indicates that the order in THT indeed varies 
with [HzO] from rigorously first order at or above 0.4% H20 
to significantly less than this and asymptotically approaches zero 
order at very low [H20] (Figure 4). Unfortunately, the hydration 
of 1 and the hygroscopic nature of the solvent precluded any 
determinations below 15 mM H20. 

A mechanism consistent with all the data is given in eqs 10- 
16. If kz[R2S][l-H20] is taken as the rate-limiting step and eq 

-7.8 -7.6 -7.4 -7.2 -7 -6.8 -6.6 -6.4 

In (H,PV,Mo,,O~ nH,O] 

Figure 2. (A) In-ln plot illustrating the initial rate of THT oxidation 
by H5PV2Mo100a (1) as a function of [THT]. [ H S P V ~ M O ~ O O ~ ]  = 1.60 
x M, [H20] = 2.20 x lo-' M. (B) In-ln plot illustrating the 
initial rate of THT oxidation by 1 as a function of 1. [THT] = 3.24 x 
lo-' M, [H20] = 2.20 x lo-' M. In both parts, the reactions were run 
under argon at 25 O C .  

y = -7.2836 + -0.9951 BX R= 0.9981 

-5 .5 

In [ H p l  
Figure 3. In-ln plot illustrating the initial rate of THT oxidation by 
1 as a function of [HzO]. [l] = 7.24 x low4 M, [THT] = 1.13 x lo-' 
M; reaction run under argon at 25 "C. 

's 0.6 

0.5 

5 0.4 
0 0.2 0.4 0.6 0.8 1 1.2 

Percent Water Added 
Figure 4. Plot of the order with respect to THT vs the percent water 
added for oxidation of THT by 1. 

10 is consequently a preequilibrium, then the derived rate law, 
applying a steady state approximation to the dehydrated and 
active form of 1, expressed in terms of total catalyst (ltotd = 1 
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+ 1-H20), is eq 17. At high [HzO], [HzO] >> [RzS], and 

Gall et al. 

oxidizing radicals indicates that this process would be less likely 
than direct oxidation of the sulfur Furthermore, 
oxidation of thioethers by polyoxometalates under photochemi- 
cal conditions is known to proceed by a-hydrogen atom 
abstraction and the products are those expected from reaction 
of such radicals; sulfoxide and sulfone are not formed.15 

It is also possible that thioether cation radicals may trap small 
quantities of 0 2  generated in situ under catalytic conditions by 
the well-known Haber-Weiss radical chain decomposition 
mechanism of alkyl hydroperoxides followed by alkylperoxy 
radical dimeri~at ion~~ or, less likely for these reactions, by polar 
heterolytic alkyl hydroperoxide decomposition mechanisms, eq 
20. The chemistry of the initial product thioperoxy radicals, 4 

R,S + 1-H,O 2 R2S'+ + [H$'V,M~~OO~OI- (1 1) 
k-2 

(l-H20)- 

R,S'+ + H,O =+ R2S'-OH + H+ (12) 

H+ + (l-H,O)- H,PV,Mol0O4, (13) 

R2S'-OH + 1-H20 =+ R,S+-OH + (1-H20)- (14) 

R,S+-OH - R,SO + H+ (15) 

H+ + (1-H20)- == H,PV,Molo04, (16) 

assuming kl << k-l[H20], eq 17 reduces to eq 18, which agrees 
with the observed rate law. At low [HzOl, [H201 << [R2Sl, 
and assuming kl << k2[R2S], eq 17 reduces to eq 19, in which 
the reaction is zero order in THT. On the basis of eq 17, the 
order with respect to THT would then be expected to very from 
zero to first order as a function of water concentration. This 
has been experimentally demonstrated (Figure 4). Interestingly, 
the approach to zero order in THT could also be explained by 
a change in the rate-limiting step to kl[l]. Rate-limiting 
dehydration of the polyoxometalate may play a significant role 
in polyoxometalate-catalyzed reactions in nonpolar media and 
at this point cannot be ruled out. 

There are precedents for the steps subsequent to the rate- 
limiting one in the mechanism. Rapid capture of thioether cation 
radicals by H20, eq 12$.9,32,33 and rapid oxidation of radicals 
less reducing than R2S'-OH by polyoxometalates, eq 14,34 are 
both well documented. Thioether cation radicals are the most 
common initial products resulting from the oxidation of thio- 
ethers under both chemical and e l e c t r ~ c h e m i c a l ~ * ~ ~ . ~ ~ - ~ ~  condi- 
tions, and they are the most likely initial products resulting from 
oxidation of thioethers by dehydrated 1 (eq 11). Although the 
thioether substrates, in principle, could be oxidized by abstrac- 
tion of a hydrogen on a carbon atom a to sulfur by intermediate 
radicals, the reported behavior of thioethers in the presence of 

- (20) 
subsequent 

radical chain chemistry 
R,R,S'+ + 0, R,R,S+OO' 

4 

R,R2S'+ + CH,CN t 
oxidation and hydrolysis 

R,R,S'-N=C+-CH, 4 

R,R,S+-NH-CO-CH~ + H+ (21) 
5 

in eq 20, including their chain-carrying role in thioether 
autoxidation reactions, has been doc~mented.~ The relative rates 
of reaction of H2O and 0 2  with thioether cation radicals have 
been implicated in at least one type of homogeneous liquid phase 
process, the metal-catalyzed autoxidation of thioethers inves- 
tigated by Riley and co-workers. In the latter reactions, 0 2  

reacts more rapidly than H20.9 It also possible, on the basis of 
the chemistry of iminosulfonium salts36 and thioether cation 
radicals,32 that, in the absence of any stronger nucleophiles, 
thioether cation radicals could be trapped by acetonitrile, eq 
21. To assess the potential importance of the trapping of 
thioether cation radical intermediates by CH3CN, the principal 
product resulting from this process, the (acety1imino)sulfonium 
cation, 5 (specifically the THT-derived cation, R1R2 in eq 21 
= -CH~CH~CH~CHZ-), was independently synthesized as its 
bromide salt and shown not to convert to the observed product 
(-100% sulfoxide) under the reaction conditions. This result 
rules out the intermediacy of freely diffusing 5. On balance, 
the most likely trapping agent for intermediate thioether cation 
radicals, particularly in the early stages of reaction, is H20. 

A fmal experiment was conducted to garner information about 
the slow step in the water-containing reactions, k2[R2S][(l- 
H20)]. The temperature dependence of the reaction was 
determined and the Eyring plot yielded the following activation 
parameters: AI? = 8.06 f 0.64 kcal mol-' and A 9  = -29.7 

(37) The Haber-Weiss mechanism for the radical chain decomposition of 
alkyl hydroperoxides, eqs i and ii, plays a central role in metal-cat- 

M, + ROOH - M,, + RO' + OH- (9 
Shine, H. J. In The Chemistry of the Sulphonium Group Part 2; Patai, 
S., Ed.; John Wiley & Sons: New York, 1981; Chapter 14. 
Ledlic, M. A,; Allum, K. G.; Howell, J. V.; Pikethly, G. J.  Chem. 
Soc., Perkin Trans. I 1976, 1734. 
Oxidation of radicals by polyoxometalates was first reported by 
Papaconstantinou in pulse radiolysis studies involving highly reducing 
alcohol derived radicals and heteropoly acids in water (Papaconstan- 
tinou, E. J.  Chem. Soc., Faraday Trans. 1982, 78, 2769. See also: 
Lerat, 0.; Chauveau, F.; Hickel, B. New J. Chem. 1990, 14, 37). 
Studies of alkyl radical oxidation by polyoxometalates in conjunction 
with alkane functionalization was addressed in some detail more 
recently (Renneke, R. F.; Pasquali, M.; Hill, C. L. J. Am. Chem. SOC. 
1990, 112, 6585. Renneke, R. F.; Kadkhodayan, M.; Pasquali, M.; 
Hill, C. L. J. Am. Chem. SOC. 1991, 113, 8357). 
Magno, F.; Bontempelli, G. J. Electroanal. Chem. Interfacial Elec- 
trochem. 1972, 36, 389. 
Kise, H.; Whitfield, G. F.; Swem, D. J. Org. Chem. 1972, 37, 1121. 

M,, + ROOH - Mred + ROO' + H+ 

M, = reduced form of the transition metal complex 

(ii) 

M,, = its oxidized counterpart 

alyzed homolytic oxidations of organic substrates by 02 including 
industrial autoxidation reactions where the initial hydroperoxide 
products (ROOH) are largely decomposed by such a mechanism. The 
principal fate of the alkylperoxy radicals is dimerization, eq iii, evol- 

2R00'  - 0, + 2RO' (iii) 
ving oxygen. For a review, see: Tolman, C. A,; Druliner, J. D.; Nappa, 
M. J.; Herron, N. In Activation and Functionalization of Alkanes; Hill, 
C. L., Ed.; Wiley: New York, 1989; Chapter 10. 
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f 0.18 eu. These activation parameters were compared with 
those for representative reactions of the three most likely 
mechanisms for oxidation of THT to THTO by an oxometal 
complex such as 1, namely inner and outer sphere electron 
transfer and oxo transfer. The activation parameters for THT + 1 are closest to those of outer sphere electron 
They are also close to those for oxo transfer oxidation of 
dimethyl sulfide by [(bpy)2(py)R~(O)]~+.'~ As there is ef- 
fectively no credible evidence yet for oxo transfer oxidation of 
organic substrates by do polyoxometalates under mild homo- 
geneous conditions, the collective data are most consistent with 
outer sphere electron transfer although significant preassociation 
and inner sphere character in the rate-limiting step cannot be 
ruled out. 

(38) Wilkins, R. G. Kinetics and Mechanism of Reactions of Transition 
Metal Complexes, 2nd ed.; VCH Publishers, Inc.: New York, 1991; 
p 260 and references therein. 

(39) Ayoko, G. Inorg. Chim. Acta 1990, 170, 89. 
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All the data argue for a fundamentally novel mechanism for 
a metal-catalyzed peroxide oxidation. Nearly all other such 
oxidations involve electrophilic activation of the peroxide by 
the metal with subsequent attack by a metal-peroxo complex 
on the substrate or metal-induced or -modulated radical reac- 
tions, not direct thermal oxidation of substrate by the metal 
complex catalyst itself. 
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