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Abstract

The combinatorial synthesis and evaluation of inorganic catalysts is described. The catalysts are an array of early-transi-
tion-metal—-oxygen-anion clusters (polyoxometalates) and the reaction is the aerobic oxidation of a mustard thioether analog,
tetrahydrothiophene (THT). Selective oxidation of THT to the desired sulfoxide, THTO, was achieved in high selectivity
(> 99%) and under relatively mild conditions (95°C, 1.52 atm). Solutions with a molar ratio of 1:2 (phosphorus:vanadium)
had the highest catalytic activity. 'V NMR and IR were used not only to identify the self assembling polyoxometalates in
several representative precursor combinations (columns in the combinatorial gallery of Fig. 1) but also to assess the stability
of one representative polyoxometalate catalyst, {P:2V:10W, under catalytic conditions (no decomposition after 50 turnovers).
Gas chromatography was sufficient to rapidly quantify the product (THTO) yields and selectivities of representative
reactions. Combinatorial methodology should be applicable to and provide the same advantages for discovery and

optimization of catalysts as it has for pharmaceuticals.
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1. Introduction

In context with this special issue on early-
transition-metal-oxygen-anion clusters (poly-
oxometalates, or POMs subsequently for conve-
nience), we have endeavored, through invita-
tions to appropriate investigators, to produce a
volume that reflects the richness and utility of
the ongoing research in this area. Our mandate
in this particular paper was to illustrate further
how the remarkable diversity and versatility of
POMs facilitate novel chemistry as well as cre-
ative solutions for existing problems. We report

* Corresponding author.

here the first combinatorial synthesis and evalu-
ation of inorganic catalysts. The catalysts are
phosphorus-centered POMs of the common
Keggin structure ( ~ T, symmetry) prepared via
Eq. (1), and the catalyzed reaction is the aerobic
oxidation of thioethers, Eq. (2). Before this
research is presented, it is appropriate to pro-
vide succinct backgrounds on the pertinent and
important aspects of POMs, combinatorial
chemistry, and aerobic thioether oxidation.
PO; " (aq) + xVO; (aq) + (12 — x)MO; " (aq)
+ excess HNO;

24°C
- H(3+.x’)[PVxM(12A.\')O4O] (aq)

16 h, unstirred

+(12 —x)H,0 + excess NO; (1)

1381-1169 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.

PII S1381-1169(96)00308-1



104 C.L. Hill, R. Damico Gall / Journal of Molecular Catalysis A: Chemical 114 (1996) 103-111

(where M = Mo, W, or a combination of both
and x varies from O to 5).

O + 1/20,

Hiz [PV, M12.,0000] B9 { \
S S

(THT) o (2)
(THTO)

The parameters that control the rates, selec-
tivities, and other key characteristics in catalytic
reactions include redox potential(s), elemental
composition, molecular charge densities, bind-
ing sites on the catalyst surface, and, for homo-
geneous catalysts, solubility. The versatility of
POMs and their value in the breadth of catalysis
in this volume derives in part from the fact that
all these parameters, and others that affect catal-
ysis indirectly, can be readily altered in POMs
[1-4]. The thermodynamic speciation of some
POM systems has been established, including
the H*/VV/PVY /Mo"! system which is one of
the ones addressed in this study [5-8]. For
optimal pertinence to catalysis, however, evalu-
ations of POM speciation need to be conducted
under the exact conditions of catalysis. This has
not been done, but the collaborative research of
Grate and Pettersson is a close approach to this.
Importantly, the combinatorial approach out-
lined and demonstrated here assesses some ki-
netic as well as thermodynamic factors. Both
really need to be considered in conjunction with
the design and optimization of a catalytic sys-
tem. POMs are amenable to the application of
combinatorial methods to discover and optimize
their catalytic properties as many structural fam-
ilies of POMs, including the common Keggin
complexes, are made in one pot by a self assem-
bly process, such as Eq. (1) [1,2,9].

The conventional approach for discovery of
substances with key properties (chem-
otherapeutic, catalytic, physical, optical, elec-
tronic, etc.) involves the educated selection of
one target substance and the serial synthesis of
it. While the conventional serial approach can
afford a significant quantity of the substance,

that in turn can facilitate a wealth of subsequent
experiments to fully elaborate its properties, this
approach is time consuming, often technically
difficult, and produces only one final product. If
that final product doesn’t have the requisite
properties, the investment in time, man-power
and funds for the entire serial effort are ques-
tionable at best.

In contrast, the combinatorial approach in-
volves fairly rapid generation and subsequent
evaluation of many species. The quantities of all
these species can be minuscule and their purifi-
cation is not an issue; only their activity for the
targeted function is. The targeted function in
nearly all combinatorial research to date has
been the production of species with biological
activity, usually ones with pharmacological pro-
files of a particular type [10-18]. Combinatorial
synthesis for inorganic species has been limited
thus far to one paper by Xiang and co-workers
on the generation of superconducting Cu-based
oxide thin films [19], while combinatorial syn-
thesis of catalysts has been limited to one paper
by Menger et al. [20]. Clearly, the combinatorial
approach is complementary to the classical se-
rial one and has advantages for substance dis-
covery. The hot spots on the combinatorial
‘landscape’ of products can be subsequently
scaled up by conventional serial synthesis and
investigated in more detail.

The aerobic oxidation of THT, Eq. (2), was
chosen as the first process for which catalysts
would be prepared and optimized combinatori-
ally as it has a simple stoichiometry, it is readily
analyzed (quantitative product and kinetic anal-
yses proved to be relatively facile), and it is of
significant practical value. The aerobic oxida-
tion of thioethers is of potential industrial [21—
25], and strategic value [26]. On the latter point,
any method that is able to transform the highly
toxic thioether mustard (CICH,CH,),S (ab-
breviation HD), into its relatively nontoxic sul-
foxide would be of considerable importance
[26]. Selectivity is paramount here as the domi-
nant product of overoxidation, the sulfone, is
quite toxic [27]. There are a few other reports of
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aerobic catalytic oxidations of thioethers in the
literature [21-25]. Most of the reported pro-
cesses employ high temperatures and pressures
(> 100°C, > 8.5 atm), however. This work re-
ports the combinatorial development and evalu-
ation of POM based catalytic aerobic oxidation
systems that are rapid, selective and work under
mild conditions. At the same time, the intrinsic
complexity of such combinatorial systems and
other features of the combinatorial approach
have imposed limitations on the rigor of some
analyses in this work. While such limitations
are disconcerting and uncharacteristic of re-
search from the Hill laboratory, they are
nonetheless unavoidable.

2. Experimental section
2.1. Materials and instrumentation

All chemicals were reagent grade and used as
received. The acetonitrile was Burdick and
Jackson glass-distilled grade. The 'V NMR
spectra for the variable temperature experiment
were done on a GE GN-500 spectrometer. All
other 'V NMR spectra were recorded on a
WP200 spectrometer and chemical shifts were
referenced to VOCI; as an external standard.
The solvent was H,O/D,0. Infrared spectra
were recorded on a Nicolet 510M FTIR spec-
trometer. Considerable effort was made to use a
third independent and unequivocal method, ’'p
NMR, to further identify and quantify the poly-
oxometalates present but the low polyoxometa-
late concentrations in the samples dictated by
other experimental constraints precluded this.
While the rigor of three or more independent
spectroscopic techniques for confirmation of the
identities of polyoxometalate intermediates in
reactions is standard in our laboratory, the ex-
perimental conditions and the nature of the ap-
proach in this work militated against these usual
full experimental protocols. The catalytic reac-
tions were monitored by gas chromatography on
a Hewlett-Packard 5890 instrument equipped

with a flame ionization detector and a cross-lin-
ked 5% phenyl methyl silicone capillary col-
umn. Isooctane and decane were used as inter-
nal standards. Reaction temperature was con-
trolled at 95 + 3°C using a variac equipped oil
bath.

2.2. Combinatorial preparation of catalysts

Stock solutions of Na,WO, - 2H,0O (0.2645
M), Na,MoO,-2H,0 (0.2645 M), NaVO,
(0.1886 M), and Na,HPO, (0.1130 M) were
prepared. In making the catalyst solutions, vary-
ing ratios of these stock solutions where com-
bined in the order of tungstate, molybdate, and
vanadate. Next, 300 wl of aqueous Na,HPO,
(0.1130 M) was added. The phosphate concen-
tration was held constant for all catalyst compo-
sitions. Deionized water was added to bring the
total volume of each vial to 3.00 ml. The pH of
each solution was adjusted to 2.00 + 0.03 with
concentrated HNO; and NaOH. The catalyst
solutions were allowed to react at room temper-
ature for 16 h. Any vial that contained tungsten
turned yellow upon addition of VO;. Those
with vanadium turned orange upon addition of
acid, with the V =5 row more orange than the
V =2 row. In the V = 0 row, all samples turned
yellow on addition of acid with the exception of
the one with stoichiometry 1P:12W.

2.3. Aerobic oxidation of THT catalyzed by
combinatorially synthesized polvoxometalates

To 1.00 ml of the catalyst solution was added
in the following order: 9.00 ml of CH,CN,
0.0192 g of tetrabutylammonium hydrogen sul-
fate (TBAHSO,), 41.0 w1 of THT, and 20.0 pl
of internal standard. This mixture was injected
into a sealed oxygen filled Schlenk flask and
reacted at 95°C for 2 h. The flask was placed in
an ice bath before opening to condense vapors.
Finally, the contents were analyzed by GC. A
precipitate formed when acetonitrile was added
in some reactions, particularly those with a high
tungsten content. Precipitation was most severe
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for the V=0 row. For the samples of initial
mole ratio of 1P:5Mo:7W to 1P:12W there was
too much precipitate to transfer by syringe;
therefore, the solution was transferred by pipette
into the Schlenk flask, filled with oxygen, and
sealed. The pressure and oxygen content in the
Schlenk flasks were rendered the same as those
with no precipitate by syringing 10.0 ml of
oxygen into the flask. Each combination (equi-
librated catalyst precursor mix followed by
catalysis) was evaluated 2-3 times to provide
information on reproducibility.

[0.-1 ,6-PV2 M010040] 5-
[PMoy20 4% [
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3. Results and discussion

3.1. Aerobic oxidation of THT catalyzed by
combinatorially prepared polyoxometalates -
overview

Fig. 1 displays the results of the aerobic
catalytic oxidation of THT by the various cata-
lyst solutions at pH 2.00 in the form of a
projected three-dimensional graph. The y axis
(the depth) gives the moles of vanadium in the
polyoxometalate precursor mix (note that it is

[PVW 110 401+ [a-1,4-PV,W;Og0l5
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Fig. 1. Aerobic oxidation of THT catalyzed by combinatorially synthesized polyoxometalates. Reaction conditions: [THT] = 4.62 X 102
M, O, =1.21 X 10™% mol, 20 pl internal standard, pressure = 1.52 atm before heating, pH = 2.00 + 0.03, temperature = 95°C for two
hours in 9 ml of CH,CN. See text for procedure (Experimental section) and many control reactions. Conversion = (({THT], —
[THTD /[THT],) X 100. The spectroscopically confirmed identities of the final catalysts formed for representative catalyst precursors
combinatorially are indicated with the molecular formulas and polyhedral drawings of the structures.
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not sequential). The x axis gives the molybde-
num and tungsten content in the polyoxometa-
late precursor mix. The left side is 100%
molybdenum and the right side is 100% tung-
sten. In setting up the table, the sum of W, Mo,
and V was made to be twelve relative to phos-
phorus. This stoichiometry of the catalyst pre-
cursor compounds, the use of phosphorus and
the pH (2.00 + 0.03) dictated that most of the
polyoxometalate species formed would be Keg-
gin complexes [1,7]. Limiting the conditions in
the collective array of combinations to favor
formation of some types of polyoxometalates
and rule out formation of others deemed to be
less potentially promising or appropriate is anal-
ogous the common protocol in combinatorial
drug development where the limits and bound-
aries of the combinations are dictated by edu-
cated guesses as to what might be promising.
Keggin complexes were chosen as the main
structural family in the combinatorial manifold
because they are the best studied (speciation
thermodynamics [5,6], catalysis of homoge-
neous redox processes [4,23,28-34], etc.) and
the most robust. Therefore, in interpreting the

|
l

| ——— 01,4

(PVWip040)%

table for the left, middle, and right, respectively,
the back row represents initial mole ratios of
1P:2V:10Mo, 1P:2V:5Mo0:5W, and 1P:2V:10W.
The middle row represents initial mole ratios of
1P:12Mo, 1P:6Mo:6W, and 1P:12W, and the
front row represents initial mole ratios of
IP:5V:7Mo, 1P:5V:3.5Mo0:3.5W, and
1P:5V:TW.

The heights of the columns indicated on the z
axis represent the actual results — the percent
conversion of THT (Eq. (2)). The experimental
error evaluated from multiple runs of each com-
bination /column was +7%, a large value but
one not unexpected given the number of experi-
mental variables and the large number of ma-
nipulations leading to each z axis value (%
conversion).

3.2. Identification of catalysts and catalyst con-
trols

The product polyoxometalates were identi-
fied in several columns (precursor combina-
tions) in Fig. 1, after a polyoxometalate genera-
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Fig. 2. %'V NMR of the catalyst solution with precursor stoichiometry 1P:2V:10W at pH 2.00 equilibrated for 16 h, 24 h, and 2 weeks.
g p
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tion period of 16 h at 25°C, but before catalysts.
While the documented dependence of the chem-
ical shifts of some polyoxometalates on concen-
tration, temperature, and pH [5,35,36], rendered
identification less than straightforward in some
cases, the combination of *'V NMR spectra of
the solutions at two field strengths and IR spec-
tra of the solids obtained by removing the sol-
vent facilitated unequivocal identification of the
polyoxometalates in many cases. *'P NMR could
not be used to assess the polyoxometalate prod-
uct(s) under the conditions of reaction due to
concentration limitations. In several cases a pure
polyoxometalate was produced, but in most
cases mixtures were produced. Keggin struc-
tures dominated the compositions in all combi-
nations (columns) in Fig. 1. In a few cases some
isopolyoxometalates, including decavanadate,
V005, were formed. The line formulas and
polyhedral structures of some of the identified
polyoxometalates in Fig. 1 are given and from
each is drawn an arrow identifying its respective
column.

Not only were many of the polyoxometalates
identified but their temporal evolution was also
assessed. Without some knowledge of the kinet-
ics of polyoxometalate formation, the reactivi-
ties given in Fig. 1 (z axis values) might be
hard to interpret. In particular, if polyoxometa-
late self assembly, Eq. (1), was not complete
prior to catalysis by the polyoxometalate, Eq.
(2), then the relative conversions (column
heights) would not be very meaningful. For
optimal clarity, formation of the catalysts in
each combination/column should be as com-
plete as possible prior to catalytic evaluation.
This proved to be the case after examination of
the kinetics of polyoxometalate formation in
representative combinations. One exemplary
combination or precursor stoichiometry that was
temporally evaluated was 1P:2V:10W. Fig. 2
shows the >'V NMR of this solution after reac-
tion times of 16 h, 24 h, and 2 weeks. As for the
other reacting polyoxometalate precursor stoi-
chiometries (combinations) evaluated, this reac-
tion nears completion after 16 h. While most of

these reactions are nearly complete (full equilib-
rium achieved) after a few hours, others and
particularly those with high tungsten concentra-
tions, do not achieve full reaction for days or
even weeks. Furthermore, proving that equilib-
rium has been achieved for all combinations
would be quite difficult as well as philosophi-
cally antithetical to the combinatorial approach
which focuses on the speed of analysis and the
total information garnered and not on the usual
issues of purity.

The third type of experiment addressing the
catalytic polyoxometalates themselves involved
assessment of some V containing fully assem-
bled polyoxometalates both before and after
catalytic reaction, Eq. (2), by 'V NMR. The
1P:2V:10W system, as an exemplary system,
was again evaluated. To obtain the ‘before’
spectra, a portion of the reaction mixture was
taken before the addition of THT. It was sealed
in a Schlenk flask with oxygen and heated to
95°C for two hours, the same protocol as for the
catalytic reactions. There were no new peaks
apparent in the ‘after reaction’ NMR spectrum
indicating a lack of vanadium containing degra-
dation products. In one representative case, that
of 1P:2V:10W, the catalyst remains intact after
production of 50 mol of THTO product per
mole of initial phosphorus in the combinatorial
precursor mix. The integrity of the polyoxomet-
alate in this case was assessed by IV NMR, not
at the reaction temperature of 95°C because of
the proximity of the solvent (H,0/D,0) boil-
ing point, but sequentially at 21.4°C, 80.0°C,
and then again at 21.4°C. These spectra estab-
lished that some small reversible changes in the
spectra as function of temperature were due to
physical effects (temperature dependence of the
chemical shifts) and not changes in polyoxomet-
alate speciation. It is noted that for this
1P:2V:10W system, however, there was some
unequivocal change in the relative intensity of
the peaks at —523.1 and —525.3 ppm. The
area ratios of —525.3/— 523.1 were 13, 8, and
9 for 21.4°C, 80.0°C, and again at 21.4°C, re-
spectively.
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3.3. Results and reactivity controls

While organic product distributions are not
shown for each combination (column) in Fig. 1,
they were all determined. All the reactions
proved to be highly selective for sulfoxide. In
fact, no sulfone product was detected in any of
the reactions. The detection limit for tetramethy-
lene sulfone (alternatively, tetrahydrothiophene
dioxide or THTO,), was independently deter-
mined to be 5 mM. Interestingly, no one combi-
nation stood out as being far better than the
others at the pH of Fig. 1 (pH = 2.0). While this
can be partly explained by the fact that some
polyoxometalates are present in 2 or more com-
binations /columns, the fact is that there is no
polyoxometalate compositional overlap with
many of the columns that exhibit similar reac-
tivities. The aerobic oxidation of THT catalyzed
by polyoxometalates at this pH is a remarkably
broad spectrum reaction, in part as THT is a
very good reducing agent and can reduce virtu-
ally all polymolybdo(tungsto)phosphate Keggin
ions under the reaction conditions whether they
contain vanadium or not.

Although polyoxometalate catalyst control
studies addressed above indicate minimal poly-
oxometalate decomposition under the conditions
of catalysis, some experiments were performed
to assess the reactivity of molybdenum, tung-
sten, and vanadium species that could, in princi-
ple, form from polyoxometalate decomposition
during catalysis. Table 1 gives the reactivities
(in percent conversion of THT substrate) for
sulfate, phosphate, vanadate, molybdate, and
tungstate present in the highest possible concen-
trations that could be present in the actual cat-
alytic reactions in Fig. 1 (complete breakdown
of polyoxometalate into these species). Under
these conditions, isopolyoxometalates are known
to form from vanadium, molybdenum or tung-
sten [1]. In addition, peracids of the monomeric
metalates are well known to be active oxygenat-
ing agents [37] and could well be contributing to
the chemistry. The relative reactivities in Table
1 (comparable to the active polyoxometalates in

Table |
Aerobic oxidation of THT by individual components of the com-
binatorial system at pH 2.0 *

Component (concentration, M) ® Percent conversion ©

1. water 6
2. (TBAJHSO, (5.62x 107 %) 1
3. Na,HPO, (1.12%x10™%) 14
4. Nav0; (5.62x1073) 19
5. Na,MoO, (1.35x 107 %) 55
6. Na,W0, (1.35x 107 %) 73

* Reaction conditions: [THT]=4.62X 1072 M, 0, =1.2I% 1073
mol in flask, 20 wl internal standard, pressure = 1.52 atm before
heating, pH = 2.00+0.03, temperature = 95°C for two hours in 9
ml of CH;CN. See Experimental section for procedure.

® The concentration of each component represents the highest
catalyst precursor concentration used in any reaction.

¢ Conversion = ((THT], —[THT)) /[THT], ) x 100.

Fig. 1 only for tungstate) coupled with the low
apparent concentration of these species in the
fully formed polyoxometalate
combinations /columns from spectroscopy (vide
supra) is consistent with catalysis primarily by
the Keggin polyoxometalates and not primarily
by isopolyoxometalate or monomeric metalate
species present but does not prove it.

3.4. Other systems for Eq. (1). Extension from
Fig. 1 (pH =2.0)

All the combinatorial catalytic chemistry thus
far has involved reactions solely at one acidity,
pH = 2.0. These are represented in the three-di-
mensional bar graph gallery in Fig. 1. Other
combinatorial galleries could be generated at
different pH values at parity of all other experi-
mental parameters. In addition, heteroatoms
other than phosphorus that also largely dictate
the formation of Keggin heteropolyoxometalates
such as boron, silicon, arsenic, etc., could be
used at the same pH. To address this increase in
precursor dimensionality, we conducted several
reactions buffered at pH = 6.0 but otherwise the
same as those at pH=2.0 (Fig. 1). The *'V
NMR and IR spectra of the polyoxometalate
precursor combinations after a reaction time of
16 h at pH 6.0 exhibit peaks in the region
expected for polyoxometalates. While specia-
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tion was not quantified, the distributions of
polyoxometalates were clearly different. This
was fully expected as some of the Keggin poly-
oxometalates are both thermodynamically and
kinetically unstable under these conditions and
pH. Not surprisingly, a wider distribution of
relative reactivities for THT oxidation (greater
selectivity with respect to catalyst) as a function
of catalyst precursor combination/column was
observed, but all the reactions were slower at
this pH. This reflects the lower concentration of
Keggin type polyoxometalates and higher con-
centrations of lower nuclearity polyoxometa-
lates with higher negative charge densities and
consequent lower redox potentials and abilities
to oxidize the substrate. As in the case of the
reactions at pH = 2.0 (Fig. 1), the pH did not
change over the course of the reactions at pH =
6.

4. Conclusions

It has been shown that solutions containing
several different polyoxometalate species cata-
lytically active for the aerobic oxidation of THT
can be prepared and evaluated efficiently and
relatively rapidly by combinatorial methods. The
self assembling polyoxometalates, Eq. (1), can
largely be identified, quantified and their in-
tegrity under catalytic turnover conditions, Eq.
(2), quickly and easily assessed by spectro-
scopic methods (>'V NMR and IR). In addition,
the THT oxidation itself (rates, product yields
and selectivities) can be readily evaluated by
simple gas chromatography. On the negative
side, the inherent complexity of combinatorial
arrays and the philosophy behind the combina-
torial approach militate against the standard lev-
els of rigor seen in first rate conventional stud-
ies of catalyst development.

The opportunities for application of combina-
torial methods to homogeneous and even het-
erogeneous catalytic systems would seem to be
defensibly considerable. The advantages that
combinatorial synthesis and evaluation is having

in pharmaceutical development should largely
be operable in catalyst discovery and optimiza-
tion.
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