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Highly reactive catalysts for aerobic thioether oxidation
The Fe-substituted polyoxometalate/hydrogen dinitrate system
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Abstract

A new type of polyoxometalate (POM), one with a hydrogen dinitrate group associated with a d-electron-substituted polyoxometalate,
FeIII [H(ONO2)2]PW11O39

5− (1), has been developed that catalyzes highly effective aerobic sulfoxidation (RR′S + 0.5 O2 → RR′SO) under ambient
conditions (1 atm of air at room temperature). Comparison of the rates for aerobic sulfoxidation of the mustard simulant 2-chloroethyl ethyl sulfide
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CEES) catalyzed by1 and several other species reported to be catalysts for this class of reactions, including NO, NO2, (NH4)2Ce (NO3)6 and
uIII Cl2NO3(CH3CN) indicate that1 is clearly the most effective catalyst. Conversions and selectivities for the desired sulfoxide deconta
roduct (CEESO in these studies) are both effectively quantitative. The low or nonexistent catalytic activity of FeII (NO)PW11O39

6−, Fe(NO3)3 and
NO3 argues strongly that nitrosyl and nitrate derivatives of the Fe polyoxometalate and nitric acid are not species important in catalyti
he techniques of single crystal X-ray diffraction, solution NMR, FTIR, TGA, DSC, cyclic voltammetry, elemental and wet chemical
ere applied to the characterization of1 and these are collectively consistent with the�-Keggin structure with a strongly associated hydro
initrate group and a more weakly associated nitrate of crystallization.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The selective aerobic (O2/air-based) oxidation of sulfides to
ulfoxides is of considerable interest[1–3]. One important appli-
ation is the aerobic sulfoxidation of mustard, bis(2-chloroethyl)
ulfide (conventional abbreviation: “HD”) (Eq.(1)). If this could
e achieved under very mild conditions, it would be of major

nterest in protection and decontamination technologies. The
ulfoxide of mustard is far less toxic than the corresponding sul-
one and some mustard hydrolysis products, thus high selectivity
or Eq.(1) is highly desirable. The products of:

(1)

∗ Corresponding author.

total mustard mineralization, CO2, H2O, HCl and inorgani
sulfide or sulfur, would be quite desirable, but this comp
and challenging overall transformation cannot be achieve
any system in the dark. Furthermore, even photocatalytic
eralization systems would be questionably fast enough
effective[4]. Eq.(1) is attractive for two additional reasons: i
atom efficient and it is green (no byproducts, etc.). Recentl
and other research groups have reported several catalyti
tems for aerobic sulfoxidation in the absence of light[2,5–15],
but some are based solely on generation of gaseous cat
such as NO, which can form electron donor–acceptor c
plexes with sulfides or NO2 [5,6]. Unfortunately such ca
alytic systems would very likely deactivate quickly under c
ditions and environments, where they would be neede
loss of the catalytically active gaseous specie(s). Liquids
solids are practically more attractive for stability as wel
logistics reasons. However, sustained high rates of cat
turnover for Eq.(1) under ambient conditions (1 atm of
at room temperature) with liquid or solid catalysts rem
elusive.
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.10.006
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Fig. 1. Polyhedral representation of [�-FeIII PW11O39]4−. The PO4
3− tetrahe-

dron is shown in black; the WC6 and FeO6 polyhedra are shown in white and
gray, respectively.

We report here the synthesis and characterization of a new
iron-substituted Keggin heteropolytungstate with an associated
hydrogen dinitrate group, FeIII [H(ONO2)2]PW11O39

5− (1). The
TBA3H2 salt (TBA: tetra-n-butylammonium) salt of1, usually
containing one additional nitric acid molecule of crystallization,
is quite stable and when dissolved in aprotic solvents, such as
acetonitrile, is the most active catalyst to date for the aerobic
(air-only) sulfoxidation of 2-chloroethyl ethyl sulfide (CEES).
In a thorough recent study, Khenkin and Neumann proposed
the intermediacy of NVO2[H4PV2Mo10O40] in the oxidation
of alkylarenes by nitrate salts in acetic acid[16]. CEES is the
best and most frequently used mustard simulant and repeate
studies by our laboratory in collaboration with others have shown
that CEES and mustard are oxidized at quite similar rates. In
dramatic contrast to1, FeIII PW11O39

n− (Fig. 1) and related Fe-
substituted polytungstates in the presence of only nitrate ar
ineffective catalysts for selective aerobic sulfoxidation. These
points are investigated in conjunction with the characterization
of 1.

2. Experimental

2.1. Materials and methods

NO2BF4, NOPF6, (NH4)2CeIV (NO3)6, Fe(NO3)3·9H2O,
Ti(NO ) , the mustard simulant 2-chloroethyl ethyl sulfide and
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spectra were recorded on a NicoletTM 6700 FT-IR spectrome-
ter from Thermo Electron. Oxidation products were identified
by gas chromatography–mass spectrometry (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, 5%
phenyl methyl silicone capillary column, N2 carrier gas and a
Hewlett Packard 3390A series integrator). Elemental analyses
were performed by Atlantic Microlab Inc. (Atlanta, GA) for C,
H, N (and O by pyrolysis) and by Desert Analytics (Tucson,
Arizona) for the other elements; W was checked again by Kanti
Laboratories (Mississauga, Canada).

2.2. Synthesis and characterization of
TBA3H2FeIII[H(ONO2)2]PW11O39·(HNO3) (TBA3H21)

Solid �-Na7PW11O39·74H2O (10 g, ca. 3.4 mmol) is
dissolved in 100 mL of deionized water. To this solution,
tetra-n-butylammonium (TBA) bromide (40 g, ca. 124 mmol)
dissolved in 80 mL of deionized water is added. The mixture is
stirred for 30 min at room temperature. The resulting precipitate
(ca. 14.7 g) is separated by filtration, redissolved in 150 mL of
acetonitrile, to which solid Fe(NO3)3·9H2O (1.6 g, 4.0 mmol) is
added with vigorous stirring. A dark reddish-brown solution and
a small amount of oily precipitate are formed. After 20 min, the
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he internal standard used in quantifying product distribut
y gas chromatography (1,3-dichlorobenzene) were comm
amples,�-Na7PW11O39·nH2O [17], AuIII Cl2NO3(CH3CN)
7] and TBA6FeII (NO)PW11O39 [18], were prepared b
he literature procedures. TBA4Fe(H2O)PW11O39·nH2O was
repared by cation metathesis of an aqueous solutio
a4Fe(H2O)PW11O39·nH2O made by the literature meth

19]. Thermogravimetric analysis (TGA) and differential sc
ing calorimetry (DSC) were performed on Instrument Spe

sts Incorporated (ISI) TGA 1000 units and DSC 550 un
espectively. Cyclic voltammograms were recorded usin
lassy carbon working electrode, a Pt wire counter elec
nd a AgNO3 (acetonitrile)/Ag reference electrode on Prin

on Applied Research potentiostat VersaStatTM II. The infrared
d
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olution is separated from the oily product, filtered through
ne filter paper (Fisherbrand P2) to remove the suspende
ipitate, stirred for 1.5 h at ambient temperature and re-filt
hrough the P2 paper (it is essential to remove the oily pro
nd any other insoluble material before crystallization). Th

rate, a clear orange solution, is left in air and light green cry
5.8 g; 45% yield) are produced. The source of the protons i
ydrogen dinitrate and nitric acid moieties of the isolated c

alline complex is not certain but they probably derive from
ydrolysis of Fe(NO3)3·9H2O [20]. Note: these crystals crum
le to a powder and the color changes from light green to ye

f they are dried in vacuo for several hours or if they are st
n air with high humidity at ambient temperature. Garbe
l. report this behavior is common for coordination compou
ith nitric acid bonded to the nitrate ligand(s)[21]. IR (1% sam
le in KCl, 2500–500 cm−1): 1620 (w), 1482 (m, sh), 1383 (s
151 (s), 1067 (s), 1022 (w), 965 (s), 891 (m), 815 (s), 668
91 (w) and 515 (m).Note: KBr is not used because there i
low reaction between1 and bromide ions from the KBr matri
nal. Calcd. For TBA3H2FeIII [H(ONO2)2]PW11O39·(HNO3)
H3CN: C, 16.27; Fe, 1.50; H, 3.20; N, 2.60; O, 20.0; P, 0
, 54.78. Found: C, 16.27; Fe, 1.51; H, 3.14; N, 2.65; O, 20

, 0.84; W, 54.78. FW: 3691.5. Thermogravimetric ana
nd differential scanning calorimetry curves indicate tha
eakly associated HNO3 of crystallization is lost at ca. 105◦C

2.0%; calc. 1.65%) and the hydrogen dinitrate group is lo
a. 200◦C (TGA and DSC data are in the Supplementary In
ation). We sought to characterize1 by X-ray crystallograph

ut the mono-substituted�-Keggin complex was disorder
n the solid state, as mono-substituted�-Keggin complexe
nvariably are and as a consequence the terminal ligatio
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the Fe site (12-fold disordered) could not be determined by this
technique. The crystal growth and crystallography are described
in Section2.3. The [H(ONO2)2]− and HNO3 moieties were
both distinctly indicated by vibrational spectra and cyclic
voltammetry (see Section3.2).

2.3. X-ray diffraction studies on
TBA3H2FeIII[H(ONO2)2PW11O39·HNO3 (TBA3H21)

A suitable crystal of1, prepared exactly as described above
in the bulk synthesis, was coated with Paratone N oil, sus-
pended in a small fiber loop and placed in a cooled nitrogen
gas stream at 173 K on a Bruker D8 SMART APEX CCD
sealed tube diffractometer with graphite monochromated Mo
K� (0.71073Å) radiation. Data were measured using a series
of combinations of phi and omega scans with 10 s frame expo-
sures and 0.3◦ frame widths. Data collection, indexing and initial
cell refinements were all carried out using SMART[22] software
and frame integration and final cell refinements were done using
SAINT [23] software. The final cell parameters were determined
from least-squares refinement on 5892 reflections. The SAD-
ABS [24] program was used to carry out absorption corrections.
The structure was solved using Direct methods and difference
Fourier techniques (SHELXTL, V5.10). Only the P and W atoms
were refined anisotropically; hydrogen atoms were positioned
by using the HFIX command in SHELXTL and incorporated as
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Table 1
Crystallographic data and structure-refinement parameters for TBA3H2

FeIII [H(ONO2)2]PW11O39
5− (1)

Formula TBA3HFeIII (OH2)PW11O39

Mr [g mol−1] 3476.54
Crystal system Triclinic space groupPlbar
a [Å] 13.7390(10)
b [Å] 15.4413(11)
c [Å] 19.3947(14)
α [◦] 95.351(2)
β [◦] 93.030(2)
γ [◦] 90.864(2)
V [Å3] 4090.1(5)
[K] 173(2)
Z 2
dcalcd. [mg m−3] 2.823
Crystal size [mm] 0.34× 0.15× 0.15
Absorption coefficient [mm−1] 15.671
2θlimits (◦) 1.48–28.39
Data/restraints/parameter 20394/0/518
Absorption correction SADABS
R1/wR2 0.0892/0.2288
Goodness of fit 1.032
Largest residuals [e̊A3] +9.230/−5.707

Full positional disorder precluded location/identification of the [H(ONO2)2]1−
unit.

ital manometry and CEES and CEESO by gas chromatogra-
phy using internal standard methods. In addition, the full time
dependence of this stoichiometry to high conversions has been
determined and the data are plotted inS8 in the Supplementary
Information. This 2:1 dioxygenase stoichiometry is operable at
both low and high conversions.

3. Results and discussion

3.1. Evaluation of catalysts for aerobic sulfoxidation

Table 2compares the reactivities of a new ferric heteropoly-
tungstate, TBA3H2FeIII [H(ONO2)2]PW11O39, as a nitric acid
solvate, TBA3H21 and the many other previously reported cata-
lysts for aerobic sulfoxidation under ambient conditions (1 atm
of air at room temperature in acetonitrile solution) using the
fairly unreactive mustard simulant, 2-chloroethyl ethyl sulfide,
CEES, as the substrate[26]. TBA3H21 is an unusually chal-
lenging complex to rigorously characterize structurally and a
discussion of this effort in Section3.2 follows from the discus-
sion of reactivity in this section. The conversion in most reactions
was kept relatively low so rates of the different systems could
be more meaningfully compared.Importantly, the selectivity in
most of the systems, including the best system, 1, is effectively
quantitative for sulfoxide throughout the reaction and conver-
sions in most of these catalytic reactions, including those with 1,
a no
c ther
o lysts
f aer-
o licate
u less
a s,
iding atoms in the final cycles of least-squares refinement.
ering factors and anomalous dispersion corrections are
rom the International Tables for X-ray Crystallography [25].
tructure solution, refinement, graphics and generation of

ication materials were performed by using SHELXTL, V5
oftware. The crystal structure consists of one Keggin POM
hree tetra-n-butyl ammonium ions per asymmetric unit. O
ron atom shares the 12 metal atom sites with 11 tungsten a
nd is completely disordered within the Keggin unit. Additio
etails of data collection and structure-refinement are sum
ized in Table 1and a thermal ellipsoid plot is given in t
upplementary Information. Unfortunately two additional

ay structure determinations of1 provided the same data (we
dentically disordered).

.4. Procedure for catalytic reactions

2-Chloroethyl ethyl sulfide (0.875 mmol), catalyst (quan
iven in column 2 inTable 2), 1 atm of air, 0.876 mmol of 1,3
ichlorobenzene (internal standard) were stirred in 2.3 m
cetonitrile at 25◦C for the times inTable 2in a 20 mL vial with
headspace of 21.5 mL. The products were then analyz

as chromatography as described above (Section2.1).

.5. Establishment of stoichiometry of the overall catalyzed
eactions

The stoichiometry of the overall catalyzed reaction was
rmed to be the desired (atom efficient) “dioxygenase”
nalogous to Eq.(1), namely CEES +12O2 → CEESO. This
as established by simultaneously quantifying both O2 by dig-
lso approach 100%. The control with only CEES present (
atalyst of any kind) produced no sulfoxide (CEESO) or o
rganic product. The following species reported to be cata

or (or closely related to catalytically competent species) for
bic sulfoxidation, each evaluated separately and in dup
nder identical turnover reaction conditions, proved to far
ctive than1: NO+, NO2

+, NO3
− in three different complexe
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Table 2
Aerobic oxidation of 2-chloroethyl ethyl sulfide (CEES) in acetonitrile by a range of homogeneous catalysts under ambient conditionsa

Catalyst [Catalyst] (mmol)b Storage time (days)c Conversiond (%) TOFe

1 NOPF6 0.005 – 2.8 0.1
2 NO2BF4 0.005 – 2.5 0.1
3 (NH4)2CeIV (NO3)6 0.006 – 28.0 1.2
4 AuIII Cl2NO3(CH3CN) 0.005 – ∼0 ∼0
5 Ti(NO3)4 0.008 – 29.5 0.8
6 TBA6FeII (NO)PW11O39 0.005 – 0 0
7 Fe(NO3)3·9H2O 0.005 – 0 0
8 TBA4Fe(H2O)PW11O39·nH2O 0.005 – 0 0
9 HNO3 0.005f – 4.0 0.2

10 TBA4Fe(H2O)PW11O39 + TBANO3
g 0.005 – 0 0

11 TBA4Fe(H2O)PW11O39 + TBANO2
h 0.005 – 0 0

12 TBA4Fe(H2O)PW11O39 + HNO3
i 0.005 – 3.5 0.2

13 TBA4Fe(H2O)PW11O39 + TBANO3 + H+j 0.0045 – 70 40
14 TBA3H21k 0.005 – 92.8 4.1
15 TBA3H21k 0.005 30 56.5 2.5
16 TBA3H21k 0.005 54 44.0 1.9
17 TBA3H21k 0.005 215 19.0 0.8
18 TBA3H21,k small headspacel 0.005 54 22.0 1.0
19 TBA3H21,k large headspacem 0.005 54 9.5 0.4
20 TBA3H21k + 2,6-di-t-butylpyridinen 0.012 0 0 0
21 TBA12.xKx{[FeIII (OH2)(HNO3)]3 -(A-�-PW9O34)2}12− o 0.005 0 0 0

a General conditions: 0.875 mmol of CEES, catalyst (quantity given in column 2), 1 atm of air, 0.876 mmol of 1,3-dichlorobenzene (internal standard) were stirred
in 2.3 mL of acetonitrile at 25◦C for 40 h in the 20 mL vial with headspace of 21.5 mL.

b mmol of total catalyst present during turnover.
c Days POM stored while being exposed to daylight.
d Conversion (%) = (mol of CEES consumed/mol of initial CEES)× 100.
e Turnover frequency = (moles of CEESO/moles of POM)× (reaction time (20 h))−1.
f [HNO3] (mmol).
g TBA4Fe(H2O)PW11O39 (0.005 mmol) + TBANO3 (0.005 mmol).
h TBA4Fe(H2O)PW11O39 (0.005 mmol) + TBANO2 (0.005 mmol).
i TBA4Fe(H2O)PW11O39 (0.005 mmol) + HNO3 (0.005 mmol).
j TBA4Fe(H2O)PW11O39 (0.005 mmol) + TBANO3 (0.0105 mmol) +p-toluenesulfonic acid (0.0108 mmol).
k 1 = [FeIII [H(ONO2)2]PW11O39]5−.
l Oxidation conducted with headspace of 0.8 mL.

m Oxidation conducted with headspace of 59.5 mL.
n TBA3H21 (0.012 mmol) + 2,6-di-t-butylpyridine (0.10 mmol).
o Complex was prepared by adding TBANO3 to a sample of K9[FeIII (OH2)]3(A-�-PW9O34)2 (prepared according to Ref.[10]). Anal. Calcd.: C, 22.07; Fe, 2.41;

H, 4.23; N, 2.21; O, 18.37; P, 0.89; W, 47.51. Found: C, 22.17; Fe, 2.45; H, 4.30; N, 2.25; O, 18.80; P, 0.84; W, 47.78. FW: 6965.8. SeeFig. S4 in the Supplementary
Information for infrared data.

HNO3 (Table 2, entries 1, 2, 3–5 and 9, respectively) and NO2
−

(seeTable 2, entry 11)[5,27]. Ceric ammonium sulfate, the most
effective catalyst for the aerobic oxidation of sulfides to sulfox-
ides prior to 1995[28] is active under the conditions inTable 2
but significantly less so than several catalysts developed more
recently (entry 3). The thoroughly investigated d8 Au(III) nitrate
complexes are active, but again, less so than more recently devel-
oped catalysts (entry 4)[2,7,8]. Ti(NO3)4, perhaps the best stud-
ied catalytically active covalent nitrate complex[29] was also
evaluated. It clearly catalyzes aerobic sulfoxidation, but again,
it is not the most active catalyst in this study (Table 2, entry 5).

Iron(II)–nitrosyl heteropolytungstates have been prepared
and demonstrated to be catalysts for the electroreduction of
NO2

− and NO to NH3 [18]. Further, both Fe(II) heteropoly-
tungstates and NO could be intermediates under the experimen-
tal conditions used in this study (Table 2). As a consequence,
we prepared FeII (NO)PW11O39

6− and evaluated it for aerobic
sulfoxidation activity under the same conditions as for the other

compounds (Table 2, entry 6). It proved to be catalytically inac-
tive ruling out Fe–NO species as viable intermediates during
catalytic sulfoxidation by the best catalyst,1.

Bosch and Kochi established that NO2, which is in equi-
librium with N2O4 (bp 21◦C at 1 atm)[30], catalyzes aerobic
sulfoxidation under mild conditions. NO also readily forms NO2
under the reaction conditions (Table 2) via NO + 1

2O2 → 2 NO2.
While control reactions with various authentic NOx species were
evaluated (see above), an additional experiment addressing the
possible catalytic role of any gaseous specie, most obviously
NO2, in the reactions catalyzed by1 in Table 2was conducted.
Specifically, the reaction catalyzed by1 was run under two
distinct conditions, one using almost no gaseous headspace
over the catalytic solution in the reaction vessel (Table 2, entry
17) and one using a very large headspace (Table 2, entry 18).
These reactions did not give dramatically different results (the
small headspace reaction is two to three times faster and has
comparably larger conversions). However, this difference is
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sufficiently great to argue that some volatile NOx intermediate
may be catalytically competent; this species would be present
in substantially lower concentration in the solution for the high
headspace reaction. It is likely the ratio of rates (small versus
large headspace) would be far larger if only some NOx specie
was the catalyst.

Catalytic aerobic sulfoxidation by1 is co-catalyzed by acid.
While1 itself is only modestly acidic, if it is titrated by an excess
of the proton-specific base, 2,6-di-t-butylpyridine, the catalytic
aerobic sulfoxidation reactivity is lost (Table 2, entry 20). This
most likely reflects and thus constitutes some evidence for the
intermediacy of peroxy species[31,32]. However, it should be
noted that oxidation of organic sulfides by anhydrous H2O2
using percarbonate in glacial acetic acid is independent of the
acidity of the medium[33].

To confirm that sulfides other than CEES are rapidly, selec-
tively and quantitatively converted to their corresponding sul-
foxides by1, several reactions using tetrahydrothiophene (THT)
as the sulfide reactant in place of CEES were also evaluated.
As expected, given the far higher reactivity of THT toward
electrophilic oxygenation agents[26,32,34], rapid selective con-
version of THT to the sulfoxide THTO was demonstrated (see
Table S6 in the Supplementary Information).

Significantly, if water is used as the solvent in the prepara-
tion of 1 instead of acetonitrile, a catalytically inactive com-
plex results. Water likely disrupts the NOligands on the
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that the reactive solid was, in fact, an�-Keggin complex (see
S7 in the Supplementary Information). On the negative side, the
disorder precluded unequivocal structural identification of the
NOx species associated with the�-FeIII PW11O39

4− unit.
Despite this problem, however, the presence and nature of

the NOx groups in TBA3H21 was confirmed and addressed by
the several lines of direct and indirect evidence. First, both
the Brown Ring test (S1.1 in the Supplementary Information)
and the Brucine test (S1.2 in the Supplementary Information)
indicated the presence of nitrate in catalytically active1.
Second, a titration and gravimetric analysis using nitron
(4,5-dihydro-l,4-diphenyl-3,5-phenylimino-l,l,4-triazole) (S1.3
in the Supplementary Information) indicated that each molecule
of 1 contains 5.04% nitrate (of 0.105 g of TBA3H21) or about 3
nitrate equivalents per molecule of1. This is consistent with one
hydrogen dinitrate and one weakly associated third equivalent
of nitric acid per polytungstate unit from the elemental analyses.
Third, the thermal data (TGA and in particular, the DSC data;
Fig. S2a and b in the Supplementary Information) also indi-
cate the loss of one equivalent of weakly associated nitrate at
105◦C (2.0%; calculated 1.65%) and the two equivalents in the
hydrogen dinitrate group at ca. 200◦C. Thus three independent
experimental efforts all implicate the presence of one hydrogen
dinitrate unit and one weakly associated nitric acid per�-Fe
PW11O39

4− unit: the elemental analysis, the nitron titration and
gravimetric analysis and the DSC/TGA data.
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ant factor in reactivity; the acetonitrile-soluble TBA12−xKx

alt of {[FeIII (OH2)(HNO3)]3(A-�-PW9O34)2}12−, was pre
ared by simple metathesis from the well-characterized com

(FeIII (OH2)2)3(A-�-PW9O34)2]9− [10,15], following the sam
rotocol used to prepare1. It proved to be completely inactiv
nder the conditions in (Table 2, final entry).

.2. Synthesis and characterization of the optimally active
erobic sulfoxidation catalyst, 1

The extremely active aerobic sulfide oxidation cata
BA3H21, is reproducibly formed only when the TBA salt of t
efect (lacunary) polytungstate,�-PW11O39

7− is treated with
e(NO3)3 in nonaqueous media and specifically in acetonit
iven the unusual activity of1, considerable effort was made
haracterize this complex in its isolable but active form a
ith several closely related complexes and synthetic pr
ors. The techniques of single crystal X-ray diffraction, solu
MR, FTIR, TGA, DSC, cyclic voltammetry, elemental ana
is and three wet chemical analyses were used. Most of th
re presented in the Supplementary Information. Unfortuna

he paramagnetism of1 precluded acquisition of informativ
MR spectra. In addition, three different single crystal X-
tructure determinations of1 all produced the expected po
ionally disordered crystals (each metal center is 1/12 Fe
1/12 W). This is not surprising given that all mono-substitu
-Keggin complexes to date have been so disordered in the
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The fourth type of experimental data bearing on the Nx

igands in 1 derives from cyclic voltammetry (CV). Thre
OM derivatives, TBA4H3PW11O39, TBA4Fe(H2O)PW11O39
nd TBA3H21 were examined by CV in the same solvent use
atalysis—acetonitrile (Fig. S3 in the Supplementary Inform
ion). The peaks for the Fe(III/II) couple and the more nega

(VI/V) peaks from reduction of the polytungstate framew
re clear and shift when nitrate is present (i.e. in TBA3H21 rela-

ive to TBA4Fe(H2O)PW11O39). It is apparent that the Fe(III/I
ouple is the one most impacted by the presence of NOx, con-
istent with coordination of some NOx moiety to the Fe cente
owever, it is also likely that NOx ligands are in dynam
xchange in acetonitrile and a kinetically viable populatio
Ox could well be dissociated from Fe (freely diffusing in so

ion) under catalytic turnover conditions.
The fifth and most structurally informative line of expe

ental evidence addressing the nature of NOx in the active
atalyst,1, is vibrational spectroscopy. The key data are
ented inFig. 2 [35–44]. A careful comparison of the FTI
pectra of key POM species (TBA3H21 under varying condition
nd TBA4Fe(H2O)PW11O39) with catalytic aerobic sulfoxida

ion activity (conditions inTable 2) lead to several conclusion
learly, several NOx species can be ruled out because their vi

ional signatures (as well as their assessed activities inTable 2
bove) preclude their presence. These include nitrite (NO2

−),
ither free or in any association mode, NO2 (g), metal–nitro
M–NO2) species, either terminal or bridging, monoden
itrate (M–O–NO2) and bidentate nitrate (M–O2NO). TBA3H21
as peaks at−1383, 1481 and 1665 cm−1. Again, these are mo
onsistent with the presence of the hydrogen dinitrate m
H(ONO2)2]− [45–47]. The behavior of hydrogen dinitrate[47]
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Fig. 2. Infrared spectra of TBA4Fe(H2O)PW11O39·2H2O (a); TBA3H21 (b);
TBA3H21, dried in vacuum or after 215 days of storage (c); TBA3H21, dried
in vacuum and then treated with dry HNO3 (d); TBA3H21 dried in vacuum and
then recrystallized from HNO3 solution in acetonitrile (e).

as well as its structure in solution and in the solid state from
X-ray diffraction [37,48,49], inelastic neutron scattering[50]
and vibrational (both IR and Raman) spectroscopy[35–37]are
documented. When nitric acid bonds to nitrate ion forming the
hydrogen dinitrate ion, the generic�3 band of the nitrate moi-
ety (typically −1383 cm−1) usually vanishes[46]. When1 is
dried in vacuum at RT for at least 48 h, the�3 and 1633 cm−1

bands diminish, whereas the�4 absorption bands at 1481 and
1665 cm−1 are minimally affected (Fig. 2c). The �3 band is
restored after treating the dried sample of1 with dry HNO3 or
recrystallizing it from nitric acid solution in acetonitrile[51]
and again, the�4 bands at 1481 and 1665 cm−1 are not effected
(Fig. 2d and e). The analytical and DSC/TGA data elaborated
in Section3.1, the control reactivities studies (Table 2) and the
vibrational analysis here are all mutually confirmatory and con-
sistent with the presence of hydrogen dinitrate in TBA3H21.

Significantly, catalytic activity correlates closely with the
presence of the full set of bands associated with hydrogen dini
trate. It does not correlate with bands of any monomeric nitrate
alone. In addition, the presence of the Fe-containing POM is
essential (again, there is little catalytic activity if only NOx

species are present).
From the reactivities inTable 2, the gas headspace experiment

and other data, it is apparent that catalysis by this highly effective
system,1, is quite complex and would necessarily demand a
considerable number of experiments to definitely elucidate the
m tha
t
fi nd 9
d e
c tha

the reaction rate is zero order in O2, at least under the conditions
in this study, indicating that steps other than reoxidation are rate
limiting.

4. Conclusions

The most reactive catalyst yet for selective aerobic sulfoxida-
tion, FeIII [H(ONO2)2]PW11O39

5− (1), has been identified and
investigated. Although NMR and X-ray crystallography, the two
most definitive structural methods, can not be used to character-
ize 1 because of paramagnetism and positional disorder in the
solid state, respectively, vibrational spectroscopy in conjunction
with several wet chemical analyses, thermal studies, elemental
analyses and the correlation of this data with catalytic activity
for air-oxidation of 2-chloroethyl ethyl sulfide and tetrahydroth-
iophene implicate the presence of the hydrogen dinitrate groups
in the optimally active and investigated form of the catalyst,
TBA3H21. Other approaches to further elucidate the precise
structures of the NOx groups in1 are being pursued includ-
ing the use of�-Fe(H2O)PW11O39

4− in place of the a isomer
present in1. The� isomers are far less prone than the� isomers
to positionally disordered crystals in the solid state.
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