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Abstract

A new type of polyoxometalate (POM), one with a hydrogen dinitrate group associated with a d-electron-substituted polyoxometalat
Fe''[H(ONO,),]PW1;035°~ (1), has been developed that catalyzes highly effective aerobic sulfoxidatids ¢RIRS Q — 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 sulfi
(CEES) catalyzed by and several other species reported to be catalysts for this class of reactions, includifg®QNH,),Ce" (NOs)s and
Au'' CI,NO;(CH5CN) indicate that is clearly the most effective catalyst. Conversions and selectivities for the desired sulfoxide decontaminatior
product (CEESO in these studies) are both effectively quantitative. The low or nonexistent catalytic activitiNgd W ,035°~, Fe(NQ;); and
HNO; argues strongly that nitrosyl and nitrate derivatives of the Fe polyoxometalate and nitric acid are not species important in catalytic turnov
The techniques of single crystal X-ray diffraction, solution NMR, FTIR, TGA, DSC, cyclic voltammetry, elemental and wet chemical analyse
were applied to the characterization bind these are collectively consistent with tideggin structure with a strongly associated hydrogen
dinitrate group and a more weakly associated nitrate of crystallization.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction total mustard mineralization, GO H,O, HCI and inorganic
sulfide or sulfur, would be quite desirable, but this complex
The selective aerobic (air-based) oxidation of sulfides to and challenging overall transformation cannot be achieved by
sulfoxides s of considerable inter¢st3]. One importantappli- any system in the dark. Furthermore, even photocatalytic min-
cationis the aerobic sulfoxidation of mustard, bis(2-chloroethyl)eralization systems would be questionably fast enough to be
sulfide (conventional abbreviation: “HD") (E€LL)). Ifthiscould  effective[4]. Eq.(1) is attractive for two additional reasons: it is
be achieved under very mild conditions, it would be of majoratom efficient and it is green (no byproducts, etc.). Recently, we
interest in protection and decontamination technologies. Thand other research groups have reported several catalytic sys-
sulfoxide of mustard is far less toxic than the corresponding sultems for aerobic sulfoxidation in the absence of liffhs—15]
fone and some mustard hydrolysis products, thus high selectivitjut some are based solely on generation of gaseous catalysts,
for Eq. (1) is highly desirable. The products of: such as NO, which can form electron donor—acceptor com-
cl cl plexes with sulfides or N®[5,6]. Unfortunately such cat-
C'\/\ /\/C' 4050 , \/\s/\/ alytic systems would very likely deactivate quickly under con-

S TR (|)| ditions and environments, where they would be needed by
mustard (HD) mustard sulfoxide (HDO) loss of the catalytically active gaseous specie(s). Liquids and
(toxic vesicant) (far less toxic than HD) solids are practically more attractive for stability as well as

(1) logistics reasons. However, sustained high rates of catalytic
turnover for Eqg.(1) under ambient conditions (1 atm of air
at room temperature) with liquid or solid catalysts remains
* Corresponding author. elusive.

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.10.006



12 N.M. Okun et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 11-17

spectra were recorded on a Nicdét6700 FT-IR spectrome-

ter from Thermo Electron. Oxidation products were identified
by gas chromatography—mass spectrometry (GC-MS; Hewlett
Packard 5890 series Il 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, Ncarrier 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).

Fig. 1. Polyhedral representation of-F€" PW;1030]*~. The PQ3~ tetrahe- ) o
dron is shown in black; the WiCand Fe@ polyhedra are shown in white and  2-2. Synthesis and characterization of

gray, respectively. TBA3H>Fe [H(ONO>); JPW;1039-(HNO3) (TBA3H:1)

We report here the synthesis and characterization of a new Solid «-Na;PW;1039:74H,0 (10g, ca. 3.4mmoal) is
iron-substituted Keggin heteropolytungstate with an associatedissolved in 100 mL of deionized water. To this solution,
hydrogen dinitrate group, BH(ONO,)2]PW11039°~ (1). The  tetran-butylammonium (TBA) bromide (40g, ca. 124 mmol)
TBA3H> salt (TBA: tetran-butylammonium) salt ol, usually  dissolved in 80 mL of deionized water is added. The mixture is
containing one additional nitric acid molecule of crystallization, stirred for 30 min at room temperature. The resulting precipitate
is quite stable and when dissolved in aprotic solvents, such ggsa. 14.7 g) is separated by filtration, redissolved in 150 mL of
acetonitrile, is the most active catalyst to date for the aerobiacetonitrile, to which solid Fe(N£)3-9H,0 (1.6 g, 4.0 mmol) is
(air-only) sulfoxidation of 2-chloroethyl ethyl sulfide (CEES). added with vigorous stirring. A dark reddish-brown solution and
In a thorough recent study, Khenkin and Neumann proposed small amount of oily precipitate are formed. After 20 min, the
the intermediacy of NO,[H4PV2M01004q] in the oxidation  solution is separated from the oily product, filtered through the
of alkylarenes by nitrate salts in acetic agié]. CEES is the fine filter paper (Fisherbrand P2) to remove the suspended pre-
best and most frequently used mustard simulant and repeatetpitate, stirred for 1.5 h at ambient temperature and re-filtered
studies by our laboratory in collaboration with others have shownhrough the P2 paper (it is essential to remove the oily product
that CEES and mustard are oxidized at quite similar rates. land any other insoluble material before crystallization). The fil-
dramatic contrast td, F€"' PW1103¢"~ (Fig. 1) and related Fe- trate, a clear orange solution, is left in air and light green crystals
substituted polytungstates in the presence of only nitrate ar.8 g; 45% yield) are produced. The source of the protons in the
ineffective catalysts for selective aerobic sulfoxidation. Thesénydrogen dinitrate and nitric acid moieties of the isolated crys-
points are investigated in conjunction with the characterizationalline complex is not certain but they probably derive from the

of 1. hydrolysis of Fe(NQ@)3-9H20 [20]. Note: these crystals crum-
ble to a powder and the color changes from light green to yellow

2. Experimental if they are dried in vacuo for several hours or if they are stored
in air with high humidity at ambient temperature. Garbett et

2.1. Materials and methods al. report this behavior is common for coordination compounds

with nitric acid bonded to the nitrate ligand(&]]. IR (1% sam-

NO,BF4, NOPFs, (NH4).CéeV(NO3)s, Fe(NQ)3-9H,0O,  ple in KCI, 2500-500 cm?): 1620 (w), 1482 (m, sh), 1383 (s),
Ti(NO3)4, the mustard simulant 2-chloroethyl ethyl sulfide and1151 (s), 1067 (s), 1022 (w), 965 (s), 891 (m), 815 (s), 668 (w),
the internal standard used in quantifying product distribution$91 (w) and 515 (m)Note: KBr is not used because there is a
by gas chromatography (1,3-dichlorobenzene) were commercialow reaction betweehand bromide ions from the KBr matrix.
samples,a-NayPW;1039-nH,0 [17], Au'' CI,NO3(CH3CN)  Anal. Caled. For TBAHoF€! [H(ONO,)2]PW;1039-(HNO3)
[7] and TBAgF€'(NO)PW;1039 [18], were prepared by CHsCN: C, 16.27; Fe, 1.50; H, 3.20; N, 2.60; O, 20.0; P, 0.85;
the literature procedures. TBRe(H,O)PW;1039-nH20 was W, 54.78. Found: C, 16.27; Fe, 1.51; H, 3.14; N, 2.65; O, 20.80;
prepared by cation metathesis of an aqueous solution @, 0.84; W, 54.78. FW: 3691.5. Thermogravimetric analysis
NayFe(HO)PW;1039-nH20O made by the literature method and differential scanning calorimetry curves indicate that the
[19]. Thermogravimetric analysis (TGA) and differential scan-weakly associated HN§of crystallization is lost at ca. 10%
ning calorimetry (DSC) were performed on Instrument Special{2.0%; calc. 1.65%) and the hydrogen dinitrate group is lost at
ists Incorporated (ISI) TGA 1000 units and DSC 550 units,ca. 200°C (TGA and DSC data are in the Supplementary Infor-
respectively. Cyclic voltammograms were recorded using amation). We sought to characteritdy X-ray crystallography
glassy carbon working electrode, a Pt wire counter electrodbut the mono-substituted-Keggin complex was disordered
and a AgNQ (acetonitrile)/Ag reference electrode on Prince-in the solid state, as mono-substituteeKeggin complexes
ton Applied Research potentiostat VersaS¥fall. The infrared  invariably are and as a consequence the terminal ligation on
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the Fe site (12-fold disordered) could not be determined by thigable 1
technique. The crystal growth and crystallography are describegfystallographic data and structure-refinement parameters for sfiBA
in Section2.3. The [H(ONG)2]~ and HNG moieties were Fe'' [H(ONO)olPW11055° (1)

both distinctly indicated by vibrational spectra and cyclic Formula TBAHFe" (OH2)PW11039
voltammetry (see Sectich2). My [gmol~] 3476.54
Crystal system Triclinic space gro#ghar
. . ) alA] 13.7390(10)
2.3. X-ray diffraction studies on bA] 15.4413(11)
TBA3H,Fe"'[H(ONO2)>PW,;039-HNO; (TBA3H:1) cIAl 19.3947(14)
al] 95.351(2)
A suitable crystal ofl, prepared exactly as described above/ '] 93.030(2)
in the bulk synthesis, was coated with Paratone N oil, susr[o]3 90.864(2)
X : . . v [A3] 4090.1(5)
pended in a small fiber loop and placed in a cooled nltroger[k] 173(2)
gas stream at 173K on a Bruker D8 SMART APEX CCD 2 2
sealed tube diffractometer with graphite monochromated M@caica.[mg m=3] 2.823
Ka (0.71073A) radiation. Data were measured using a seriesSrystal size [nm] ) 0.340.15x 0.15
of combinations of phi and omega scans with 10 s frame expd-Psrption coefficient [mm] 15.671
: o ; o 2Blimits (°) 1.48-28.39
sures gnd 03Frame widths. D_ata coIIec.t|on, indexing and initial Dats/restaints/parameter 20394/0/518
cellrefinements were all carried out using SMARP] software  apsorption correction SADABS
and frame integration and final cell refinements were done usingu/wr; 0.0892/0.2288
SAINT [23] software. The final cell parameters were determinedsoodness of fit 1.032
from least-squares refinement on 5892 reflections. The SAD-agest residuals &°] +9.230/-5.707

ABS [24] program was used to carry out absorption correctionsgyj positional disorder precluded location/identification of the [H(QNGF
The structure was solved using Direct methods and differencenit.

Fourier techniques (SHELXTL, V5.10). Only the P and W atoms

were refined anisotropically; hydrogen atoms were positionedtal manometry and CEES and CEESO by gas chromatogra-
by using the HFIX command in SHELXTL and incorporated asphy using internal standard methods. In addition, the full time
riding atoms in the final cycles of least-squares refinement. Scatlependence of this stoichiometry to high conversions has been
tering factors and anomalous dispersion corrections are taketetermined and the data are plottecs# in the Supplementary
from the International Tables for X-ray Crystallography [25]. Information This 2:1 dioxygenase stoichiometry is operable at
Structure solution, refinement, graphics and generation of pulisoth low and high conversions.

lication materials were performed by using SHELXTL, V5.10

software. The crystal structure consists of one Keggin POM and. Results and discussion

three tetrar-butyl ammonium ions per asymmetric unit. One

iron atom shares the 12 metal atom sites with 11 tungsten atords!. Evaluation of catalysts for aerobic sulfoxidation

and is completely disordered within the Keggin unit. Additional

details of data collection and structure-refinement are summa- Table 2compares the reactivities of a new ferric heteropoly-
rized in Table 1and a thermal ellipsoid plot is given in the tungstate, TBAH,F€'!' [H(ONO>),]PW;1039, as a nitric acid
Supplementary Information. Unfortunately two additional X- solvate, TBAH21 and the many other previously reported cata-
ray structure determinations dfprovided the same data (were lysts for aerobic sulfoxidation under ambient conditions (1 atm

identically disordered). of air at room temperature in acetonitrile solution) using the
fairly unreactive mustard simulant, 2-chloroethyl ethyl sulfide,
2.4. Procedure for catalytic reactions CEES, as the substraf26]. TBAsH»21 is an unusually chal-

lenging complex to rigorously characterize structurally and a
2-Chloroethyl ethyl sulfide (0.875 mmol), catalyst (quantity discussion of this effort in Sectio® 2 follows from the discus-
given in column 2 inTable 2, 1 atm of air, 0.876 mmol of 1,3- sion of reactivity in this section. The conversion in mostreactions
dichlorobenzene (internal standard) were stirred in 2.3 mL ofvas kept relatively low so rates of the different systems could
acetonitrile at 25C for the times ifTable 2in a 20 mL vial with  be more meaningfully comparebiuportantly, the selectivity in
a headspace of 21.5mL. The products were then analyzed lyost of the systems, including the best system, 1, is effectively

gas chromatography as described above (Se2tit)n quantitative for sulfoxide throughout the reaction and conver-
sions in most of these catalytic reactions, including those with 1,

2.5. Establishment of stoichiometry of the overall catalyzed also approach 100%. The control with only CEES present (no

reactions catalyst of any kind) produced no sulfoxide (CEESO) or other

organic product. The following species reported to be catalysts

The stoichiometry of the overall catalyzed reaction was confor (or closely related to catalytically competent species) for aer-

firmed to be the desired (atom efficient) “dioxygenase” oneobic sulfoxidation, each evaluated separately and in duplicate

analogous to Eq(l1), namely CEES '%Og—) CEESO. This under identical turnover reaction conditions, proved to far less
was established by simultaneously quantifying bogb@dig-  active thanl: NO*, NO>*, NO3z~ in three different complexes,
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Table 2
Aerobic oxidation of 2-chloroethyl ethyl sulfide (CEES) in acetonitrile by a range of homogeneous catalysts under ambient éonditions
Catalyst [Catalyst] (mma) Storage time (day$) Conversiofl (%) TOP

1 NOPR 0.005 - 2.8 0.1

2 NO,BF4 0.005 - 25 0.1

3 (NHz)2CéV (NO3)s 0.006 - 28.0 1.2

4 Au''' CI,NO3(CH3CN) 0.005 - ~0 ~0

5 Ti(NO3)4 0.008 - 29.5 0.8

6 TBAgFe' (NO)PW; 1039 0.005 - 0 0

7 Fe(NQ)3-9H,0 0.005 - 0 0

8 TBAsFe(HO)PW;1039-nH20 0.005 - 0 0

9 HNO; 0.005 - 4.0 0.2
10 TBAsFe(HO)PW; 1039+ TBANO3 ¢ 0.005 - 0 0
11 TBAsFe(HO)PWy 1039+ TBANO, N 0.005 - 0 0
12 TBAsFe(H,O)PW; 1039 + HNO3! 0.005 - 35 0.2
13 TBAsFe(HpO)PWy 1039+ TBANO3 + H* 0.0045 - 70 40
14 TBAgH,1K 0.005 - 92.8 4.1
15 TBAgH1¥ 0.005 30 56.5 2.5
16 TBAgH,1¥ 0.005 54 44.0 1.9
17 TBAgH,1K 0.005 215 19.0 0.8
18 TBAgH21 ¥ small headspace 0.005 54 22.0 1.0
19 TBAgH:1 X large headspac® 0.005 54 9.5 0.4
20 TBAzH1¥ + 2,6-di+-butylpyriding’ 0.012 0 0 0
21 TBA12. K {[F€" (OH2)(HNO3)]3 -(A-a-PWgOz4)2} 12~ © 0.005 0 0 0

@ 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 25C for 40 h in the 20 mL vial with headspace of 21.5mL.
b mmol of total catalyst present during turnover.
¢ Days POM stored while being exposed to daylight.
d Conversion (%) = (mol of CEES consumed/mol of initial CEES)00.
€ Turnover frequency = (moles of CEESO/moles of POM)eaction time (20 h))!.
f [HNO3] (mmol).
9 TBA4Fe(H,O)PW; 1039 (0.005 mmol) + TBANG (0.005 mmol).
h TBAFe(H0)PW; 1039 (0.005 mmol) + TBANG (0.005 mmol).
i TBAsFe(H,O)PW; 1039 (0.005 mmol) + HNQ (0.005 mmol).
I TBA4Fe(H0)PW; 1039 (0.005 mmol) + TBANQ (0.0105 mmol) 4-toluenesulfonic acid (0.0108 mmol).
K 1=[Fe" [H(ONO2)2]PW11039]>.
I Oxidation conducted with headspace of 0.8 mL.
M Oxidation conducted with headspace of 59.5mL.
" TBA3H>1 (0.012 mmol) + 2,6-di-butylpyridine (0.10 mmol).
© Complex was prepared by adding TBAN® a sample of K[Fe'"' (OHy)]3(A-a-PWyOz4), (prepared according to RgiL0]). 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: 6965.858&ethe Supplementary
Information for infrared data

HNOs (Table 2 entries 1, 2, 3-5 and 9, respectively) andJNO compoundsTable 2 entry 6). It proved to be catalytically inac-

(seeTable 2 entry 11)[5,27]. Ceric ammonium sulfate, the most tive ruling out Fe-NO species as viable intermediates during

effective catalyst for the aerobic oxidation of sulfides to sulfox-catalytic sulfoxidation by the best catalyst,

ides prior to 199528] is active under the conditions fable 2 Bosch and Kochi established that MlQvhich is in equi-

but significantly less so than several catalysts developed mot#rium with N2Oy4 (bp 21°C at 1 atm)[30], catalyzes aerobic

recently (entry 3). The thoroughly investigatéd&u(lll) nitrate  sulfoxidation under mild conditions. NO also readily forms NO

complexes are active, but again, less so than more recently develRder the reaction conditionggble 2 viaNO +30, — 2 NO,.

oped catalysts (entry 43,7,8]. Ti(NO3)4, perhaps the best stud- While control reactions with various authentic N&€pecies were

ied catalytically active covalent nitrate complf20] was also evaluated (see above), an additional experiment addressing the

evaluated. It clearly catalyzes aerobic sulfoxidation, but againpossible catalytic role of any gaseous specie, most obviously

it is not the most active catalyst in this studiable 2 entry 5).  NOp, in the reactions catalyzed lyin Table 2was conducted.
Iron(Il)—nitrosyl heteropolytungstates have been prepare®pecifically, the reaction catalyzed dywas run under two

and demonstrated to be catalysts for the electroreduction dfistinct conditions, one using almost no gaseous headspace

NO,~ and NO to NH [18]. Further, both Fe(ll) heteropoly- over the catalytic solution in the reaction vesSellfle 2 entry

tungstates and NO could be intermediates under the experimeh?) and one using a very large headspalable 2 entry 18).

tal conditions used in this studygble 2. As a consequence, These reactions did not give dramatically different results (the

we prepared FENO)PW;1039%~ and evaluated it for aerobic small headspace reaction is two to three times faster and has

sulfoxidation activity under the same conditions as for the otheeomparably larger conversions). However, this difference is



N.M. Okun et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 11-17 15

sufficiently great to argue that some volatile Nitermediate that the reactive solid was, in fact, aakeggin complex (see
may be catalytically competent; this species would be preser87 in the Supplementary Informatipi®n the negative side, the
in substantially lower concentration in the solution for the highdisorder precluded unequivocal structural identification of the
headspace reaction. It is likely the ratio of rates (small versuslO, species associated with theFe!' PW;1039%~ unit.
large headspace) would be far larger if only some,N@ecie Despite this problem, however, the presence and nature of
was the catalyst. the NQ, groups in TBAH21 was confirmed and addressed by
Catalytic aerobic sulfoxidation by is co-catalyzed by acid. the several lines of direct and indirect evidence. First, both
While 1itselfis only modestly acidic, if itis titrated by an excess the Brown Ring test$1.1 in the Supplementary Informatjon
of the proton-specific base, 2,6-dbutylpyridine, the catalytic and the Brucine test§1.2 in the Supplementary Informatjon
aerobic sulfoxidation reactivity is losTéble 2 entry 20). This indicated the presence of nitrate in catalytically actilie
most likely reflects and thus constitutes some evidence for th8econd, a titration and gravimetric analysis using nitron
intermediacy of peroxy speci¢31,32] However, it should be (4,5-dihydro-1,4-diphenyl-3,5-phenylimino-I,1,4-triazole$1.3
noted that oxidation of organic sulfides by anhydrougOl  in the Supplementary Informatipmdicated that each molecule
using percarbonate in glacial acetic acid is independent of thef 1 contains 5.04% nitrate (of 0.105 g of TBH>1) or about 3
acidity of the mediuni33]. nitrate equivalents per moleculebfThis is consistent with one
To confirm that sulfides other than CEES are rapidly, selechydrogen dinitrate and one weakly associated third equivalent
tively and quantitatively converted to their corresponding sul-of nitric acid per polytungstate unit from the elemental analyses.
foxides byl, several reactions using tetrahydrothiophene (THT)Third, the thermal data (TGA and in particular, the DSC data;
as the sulfide reactant in place of CEES were also evaluate#ig. S2a and b in the Supplementary Informa}iatso indi-
As expected, given the far higher reactivity of THT toward cate the loss of one equivalent of weakly associated nitrate at
electrophilic oxygenation ager&6,32,34] rapid selective con- 105°C (2.0%; calculated 1.65%) and the two equivalents in the
version of THT to the sulfoxide THTO was demonstrated (seéhydrogen dinitrate group at ca. 200. Thus three independent
Table S6 in the Supplementary Informatjon experimental efforts all implicate the presence of one hydrogen
Significantly, if water is used as the solvent in the preparadinitrate unit and one weakly associated nitric acid pdfe
tion of 1 instead of acetonitrile, a catalytically inactive com- PW;103¢*™ unit: the elemental analysis, the nitron titration and
plex results. Water likely disrupts the NQigands on the gravimetric analysis and the DSC/TGA data.
POM Fe center or otherwise prevents formation of the asso- The fourth type of experimental data bearing on the,NO
ciated NQ moieties essential for the reactivity in(see Sec- ligands in1 derives from cyclic voltammetry (CV). Three
tion 3.2). The structure of the Fe POM is also an impor- POM derivatives, TBAH3PW;1039, TBA4Fe(HO)PW; 1039
tant factor in reactivity; the acetonitrile-soluble TBA,K; and TBAgH>1 were examined by CV in the same solvent used in
salt of {[F€' (OHp)(HNO3)]3(A-a-PWyO34)2}1%~, was pre- catalysis—acetonitrileRig. S3 in the Supplementary Informa-
pared by simple metathesis from the well-characterized completion). The peaks for the Fe(l1l/1l) couple and the more negative
[(FE" (OH2)2)3(A-a-PWgO34),]°~ [10,15] following the same  W(VI/V) peaks from reduction of the polytungstate framework
protocol used to prepark It proved to be completely inactive are clear and shift when nitrate is present (i.e. in BAl rela-

under the conditions infable 2 final entry). tive to TBA4Fe(HO)PW,103g). Itis apparent that the Fe(llI/11)
couple is the one most impacted by the presence of, N@n-

3.2. Synthesis and characterization of the optimally active sistent with coordination of some N®noiety to the Fe center.

aerobic sulfoxidation catalyst, 1 However, it is also likely that NQligands are in dynamic

exchange in acetonitrile and a kinetically viable population of

The extremely active aerobic sulfide oxidation catalyst,NO, could well be dissociated from Fe (freely diffusing in solu-
TBA3H>1, is reproducibly formed only when the TBA salt of the tion) under catalytic turnover conditions.
defect (lacunary) polytungstate;PW;1039’~ is treated with The fifth and most structurally informative line of experi-
Fe(NG;)3 in nonaqueous media and specifically in acetonitrile.mental evidence addressing the nature of,N®the active
Given the unusual activity df, considerable effort was made to catalyst,1, is vibrational spectroscopy. The key data are pre-
characterize this complex in its isolable but active form alongsented inFig. 2 [35—-44] A careful comparison of the FTIR
with several closely related complexes and synthetic precuispectra of key POM species (TBHA21 under varying conditions
sors. The techniques of single crystal X-ray diffraction, solutionand TBAsFe(HO)PW;1039) with catalytic aerobic sulfoxida-
NMR, FTIR, TGA, DSC, cyclic voltammetry, elemental analy- tion activity (conditions inTable 2 lead to several conclusions.
sis and three wet chemical analyses were used. Most of the dafdearly, several N@species can be ruled out because their vibra-
are presented in the Supplementary Information. Unfortunatelyjonal signatures (as well as their assessed activitidslite 2
the paramagnetism df precluded acquisition of informative above) preclude their presence. These include nitriteo(NO
NMR spectra. In addition, three different single crystal X-rayeither free or in any association mode, N(@), metal—nitro
structure determinations df all produced the expected posi- (M—NOy) species, either terminal or bridging, monodentate
tionally disordered crystals (each metal center is 1/12 Fe anditrate (M—O—NQ) and bidentate nitrate (M—=MO). TBAzH21
11/12 W). This is not surprising given that all mono-substitutechas peaks at 1383, 1481 and 1665 cm. Again, these are most
a-Keggin complexes to date have been so disordered in the solbnsistent with the presence of the hydrogen dinitrate moiety
state. On the positive side, the X-ray crystallography establisheftH(ONO>),]~ [45—-47] The behavior of hydrogen dinitrajié7]
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= — the reaction rate is zero order i (Gt 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, FE''[H(ONO>)2]PW1103¢°~ (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,
TBA3zH21. Other approaches to further elucidate the precise
structures of the NQgroups in1 are being pursued includ-

Transmittance

160(; ' 1400 1200 1000 " ‘806 . . .
i ing the use oB3-Fe(HbO)PW;1039*~ in place of the a isomer

presentinl. Thep isomers are far less prone than thisomers

Fig. 2. Infrared spectra of TBAe(H0)PWi11039-2H20 (a); TBAsH21 (b);  to positionally disordered crystals in the solid state.
TBA3H21, dried in vacuum or after 215 days of storage (c); EBlA1, dried
in vacuum and then treated with dry HN@); TBA3H21 dried in vacuum and
then recrystallized from HN@solution in acetonitrile (e).
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