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Abstract. While many known methods for oxidation mediated by polyoxometalates

(POMs) employ environmentally friendly co-oxidants, they tend to employ large catalyst

loadings (e.g. 40 mol %) and costly high reaction temperatures (~90-135 °C) that

OH

P BS

1.0 mmol TBHP (70% aq.) (5.0 equiv) 100 %
acetone, rt, 12h

potentially contribute to
the degradation of the
catalyst and reduce
their effectiveness.
Herein, we present
some initial results
demonstrating a room

temperature  catalytic

oxidation using the reduced salt-inclusion polyoxometalate, Css(V14AsgO42Cl), that

contains polyoxovanadate (POV) clusters as an efficient catalyst (e.g., 2 mol%) in the

transformation of secondary alcohols to their corresponding ketones in very good to

quantitative yields. Further, the catalyst can be suspended on celite and recycled.
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INTRODUCTION:

Polyoxometalates (POMs) have been used rather extensively in the past few
decades as catalysts in alcohol oxidations to aldehydes and ketones.'™ Of the catalysts
used in these transformations, reports employing Keggin type POMs are more
prevalent, while Wells-Dawson scaffolds are employed to a lesser extent.®” Our work is
focused on a complementary approach that exploits the use of relatively unexplored
reduced polyoxovanadates (POVSs) in catalytic oxidation transformations.

Currently, heteropolyoxotungstates and heteropolyoxomolybdates are among the
most frequently utilized POM catalysts due to their strong Lewis acidic properties and
rich redox capabilities.® ° For example, Zhou and co-workers describe the dilacunary
silicotungstate, Kg[y-SiWsO36]-13H,0, as a precatalyst with 5.0 equiv of 30% aq. H.0O;
as the co-oxidant for the selective oxidation of activated benzylic alcohols as well as
nonactivated aliphatic alcohols in greater than 90% yields. An elevated reaction
temperature of 90 'C using an economically feasible 0.67 mol% catalyst loading
converted most substrates investigated with the more hydrophobic aliphatic alcohols
requiing the use of a phase-transfer catalyst.' A related Keggin type
polyoxomolybdate, HxPM012049 C HsMo72Fe3(CH3C00)150245 behaves as a water
soluble nanocapsule in the selective oxidation of alcohols to their corresponding
aldehydes and ketones using 0.1 mol% of the POM catalyst at 45 ‘C."" Again this
transformation employed 5.0 equiv of 30% aq. H.O, as the co-oxidant. Benzylic
alcohols containing para-, meta-, and ortho- substituted electron withdrawing and

donating groups, testing for both electronic and steric effects, returned quantitative
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yields after varied reaction times determined by GC analysis. Nonactivated cyclic and
aliphatic primary alcohols also gave quantitative yields under assorted reaction times.
Work showing increased catalytic efficiency and oxidative selectivity with tailored
incorporation of vanadium-metal ions (n= 0, 1, 2, 3) into the molybdophosphoric acid
(MPA) Keggin structure CsoMPAV,/TiO2 shifted catalytic activation from acid-controlled
to redox-dominated oxidative processes displayed in the selective formation of
benzaldehyde with increased vanadium substitution.’? A major limitation of the catalyst
system investigated is the decreased conversion of benzyl alcohol starting material with
increasing vanadium incorporation.? Extending the idea of enhanced redox-capable
POM catalysts through increased vanadium substitution, a recent literature review cites

1314 3s the most

vanadium-substituted POMSs, i.e. hetero-transition-metal POMSs,
extensively explored transition metal POM in the oxidation of alcohols to aldehydes and
ketones'® Unlike the commonly explored Keggin and Dawson POMs, including
vanadium-substituted POMs, POVs featuring exclusively vanadium as the transition-
metal cations in the POM framework, as in our catalyst structure, are largely
unexplored for catalytic reactions.

A few notable examples of vanadium-substiututed POM catalysts do promote
selective aerobic oxidations; such as HsPV2Mo01004 in the oxidation of benzyl alcohol to
benzaldehyde studied in a reaction medium comprised of either polyethylene glycol'” or
supercritical carbon dioxide.” While many of these reactions feature high selectivity,
acceptable yields, and utilize environmentally benign co-oxidants, some reports of

POVs requiring co-catalysts may reduce the practical utility of these methods.**'® POVs

were reported to participate in the catalytic oxidation of alcohols through oxygen transfer
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from sulfoxides, but only in the presence of DMSO as the solvent.?®: 2! The most striking
limitations of current oxidation methods promoted by POVs include high catalyst

)12,22

loadings (e.g. 40 mol % in some cases and reaction temperatures ranging from 90

to 135 °C.2* %24 Such high temperatures may lead to the catalyst overheating, termed
cooking, which results in concomitant catalyst deactivation.' * %

Our interest in exploring the catalytic properties of the reduced POVs described
herein was sparked by the significantly different features of these materials compared to
the commonly used POM catalysts. Given their unique electronic state (i.e. V**) and
high negative charge, these POVs are more basic than their fully oxidized counterparts
and as such would likely be efficient at proton abstraction from organic alcohol
substrates, which could for instance accelerate association of the substrate with the
catalyst. Specifically, the composition of the reduced POV that is the subject of the
present study, Css(V14AsgO42Cl), features (V14AsgO42Cl)° clusters in which fourteen

square pyramidal vanadium sites are reduced, i.e. V#*. The crystal structure of

Css5(V14Asg042Cl) is manifested through the artwork shown in Fig. 1, where the mixed

(V14As404,Cl1)> inside a Cs half-cage
in Css5(V4As30,4,Cl) compound

(V14A830,4,C1)* cluster Cs*-based half SOD B-cage

Figure 1 Representation of the (V14Asg04Cl)” cluster (left) residing in the Cs*-based half SOD
B-cage (midle) to form a partial structure of the composite lattice (right) of the water-soluble
CS5(V14ASSO420|).
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arsenic(lll)-POV cluster [V**14As>*s04,CI]°" is residing in the Cs*-based half sodalite
(SOD) p-cage. The compound is soluble in water, due to the ionic interaction at the
interface of this composite framework, and it forms micron-size (V14AsgQ42Cl)™
aggregates in aqueous solution (vide infra). Each of the catalytically active vanadium
atomic sites features apical vanadyl (V**=0) short oxygen bonds pointing away from the
center of the cluster.

With regards to the synthesis of these POV catalysts, we have been employing the
newly emerged salt-inclusion chemistry (S/C), which has been developed in our
laboratories to yield a collection of novel composite materials featuring an integrated
composite lattice of ionic salts and covalent metal oxide frameworks. Numerous studies
have shown S/C to be an alternative method for the creation of new porous materials
via salt-inclusion, solid-state methods. The salt, like the organic cation in their zeolite
and zeolite-like counterparts, serves as a template and due to the weak interactions at
the interface between these two chemically dissimilar lattices, the incorporated salt can
be removed by washing with water.?®?” While the utility of SIC has been demonstrated
in the synthesis of unusually large porous frameworks (~2 nm in pore dimension) using
molten-salt synthesis, it has been reiterated recently in the synthesis of reduced water-

2830 These

soluble salt-inclusion solids containing polyoxometalate clusters.
polyoxometalate salts are soluble in water to generate finely dispersed nanoclusters
featuring a covalent metal oxide framework with counter cations surrounding the cluster.

The study presented herein details the exploration of several water-soluble, reduced

POV salts synthesized by means of SIC as catalysts for the selective oxidation of 2°

alcohols. Ultimately, we discovered that catalytic loadings of the polyoxovanadate
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Css(V14Asg042Cl) efficiently promotes the oxidation of 2° alcohols in the presence of tert-
butyl hydrogen peroxide (tBuOOH) as the terminal co-oxidant. Our optimal conditions
proceed at room temperature thus obviating possible thermal degradation of the POV
catalyst. The transformation proceeds with good to excellent yields over the course of

12 to 48 h depending upon the particular substrate.

RESULTS & DISCUSSION:

We elected to evaluate the catalytic potential of three POV catalysts that were
prepared by the salt-inclusion method: CsssNai47(Vs09)(AsO4)2Class  (1),%
Css(V14As8042Cl) (2),% and Cs11NasCls(V15036Cl) (3).° These catalysts were prepared
analogous to the method described below for Css(V14AsgO42Cl). POV 2 was
synthesized by employing a slightly modified stoichiometric reaction compared to
previously reported conditions.?® Briefly, CsCl, Cs3VO,, As;Os, V203 and VO, were
loaded in a 3:4:12:2:34 molar ratio (0.75 g total mass), respectively, and employing
procedures described in literature returned a dark brown polycrystalline powder that
was ground and was subjected to powder X-ray diffraction to confirm the phase
formation (Figure S1).

For our initial investigation, we probed the ability of catalysts 1-3 (0.05 equiv) to
promote the oxidation of 1-phenylethanol (4) to acetophenone (5) in water in the
presence of 1.5 equiv of aqueous tBuOOH as a terminal co-oxidant. The reactions
were conducted at room temperature for 24 h and monitored by GC in triplicate (Table
1, entries 1-3). Product GC peak areas were correlated to yield by means of standard

curves (see Sl). The yields appearing in Table 1 are averages of triplicate runs. Among
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Table 1 Optimization of catalytic oxidation of 1-phenylethanol using 2 mol % catalytic Css(V14As5042Cl)

OH O
e
solvent, rt, t?me F
4, 0.1 mmol 5

Entry Catalyst (equiv) Solvent [M]? Co-oxidant (equiv)  Time Yield (%)

1 Cs3.5Nay 47(V509)(AsOy); Clz 33 (0.05) (1)  H,0O [0.3] TBHP (aq.)P (1.5) 24h  28% +/- 4
2 Css(Vi4Asg04:Cl) (0.05) (2) H,0 [0.3] TBHP (aq) (15)  24h  36% +-8
3 Cs41Na3Cl5(V15036Cl) (0.05) (3) H,0 [0.3] TBHP (aq.) (1.5) 24h 22% +/- 2
4 none H,0 [0.3] TBHP (aq.) (1.5) 24h 15% +/-3
5 Cs5(V14Asg045Cl) (0.05) H,0 [0.3] TBHP (aq.) (5.0) 24h  62% +/-13
6 Cs5(V14As5042Cl) (0.05) H20 [0.3] H,0, (aq.)¢ (5.0) 24h 7% +-3

7 Css(V14As5042Cl) (0.05) H20[0.3] oxone (5.0) 24h  13% +/- 0
8 Css(V14Asg04,Cl) (0.05) H,0 [0.3] UHP (5.0) 24h 5% +/-1

9 Cs5(V14As504,Cl) (0.05) - TBHP (aq.) (5.0) 24h  60% +/- 8
10  Css5(V14As304,Cl) (0.02) acetone [0.25] TBHP (aq.) (5.0) 12h  100% +/-3
11 Css5(V14As304,Cl) (0.02) acetone [0.25] TBHP (aq.) (1.5) 12h  87% +/-5
12 Css(V14As504,Cl) (0.02) acetone [0.25] TBHP (aq.) (3.0) 12h  95% +/- 2
13 Csg(V44As304,Cl) (0.01) acetone [0.25] TBHP (aq.) (5.0) 12h  62% +/- 4
14 Csg(V44As304,Cl) (0.005) acetone [0.25] TBHP (aq.) (5.0) 12h  47% +/- 2
15 Cs5(V14Asg04.Cl) (0.02) acetone [0.25] H,0d 12h 7% +/- 0
16 Cs5(V14Asg04,Cl) (0.02) acetone [0.25] none 12h 7% +/- 0
178 Csg(V14As504,Cl) (0.02) acetone [0.25] TBHP (aqg.) (5.0) 12h  100% +/-1
187 Csp(V14Asg04,Cl) (0.02) acetone [0.25] none 12h 6% +/- 2

a[M]=(0.1 mmol starting material / x mL solvent). ® TBHP (aq.) denotes a 70% aq solution of TBHP empolyed as a co-oxidant. ¢ H,0,
(aq.) denotes a 30% aq solution of H,O, empolyed as a co-oxidant. 4 Equal volume to TBHP. € Ran under N,. fRan under O, balloon.

the three POV catalysts, Css(V14As5042Cl) (2, entry 2) returned the desired product in
36% yield. In all cases, the POV catalysts outperformed the uncatalyzed background
reaction mediated by aqueous tBuOOH alone (15% yield, entry 4). Based on these
initial results, we elected to pursue the optimization of the reaction catalyzed by
Css(V14Ass042Cl) (2).

Increasing the loading of the co-oxidant to 5 equiv led to an increase in yield to 62%
of 5 (entry 5). Other common terminal co-oxidants, including aqueous hydrogen

peroxide, Oxone®, and urea-hydrogen peroxide complex (UHP) were inferior, returning
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5 in 7%, 15%, and 5% yields, respectively (entries 6-8). Omitting the inclusion of
additional water, the ketone was recovered in 60% yield (entry 9). Conducting the
reaction in acetone (entry 10) led to a significant breakthrough culminating in an
optimized protocol that returned quantitative yields of acetophenone (5). Thus,
optimized conditions of 2 mol % catalyst loading with 5 equiv of aqueous {BuOOH in
acetone [0.25 M] for 12 hours at room temperature allowed for 100% conversion of the
starting material to product. Lowering the equivalents of co-oxidant as low as 1.5 equiv
did not drastically affect the yield of the reaction (entries 11 and 12). Nonetheless, when
the loading of Css(V14Asg042Cl) was reduced below 2 mol %, a large reduction in yield
was observed (entries 13 and 14). Given that the reaction proceeded at significantly
improved yield in acetone, we wondered whether the POV might merely serve as a
coordination site to facilitate the well-known Oppenauer oxidation.*"*? To rule out a
possible Oppenauer-like transformation, we investigated the transformation of 4 to 5 in
the presence of catalyst 2 without the addition of co-oxidant (entries 15 and 16). In both
acetone and aqueous acetone solvent systems, acetophenone 5 was isolated in 7%
yield in the absence of BUOOH. These results clearly indicated that the oxidation of 2-
phenylethanol by means of acetone is not favorable in the presence of POV 2 catalyst.
Next, we wished to rule out the notion that the observed oxidation might be mediated by
atmospheric oxygen. Conducting the reaction under anoxic conditions (i.e. under dry
N2) did not reduce the yield of acetophenone product (entry 17). Further, conducting
the reaction under an oxygen atmosphere (i.e. 1 atm, O, balloon) in the absence of

tBuOOH failed to return acetophenone product (entry 18). Taken together these two
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results clearly indicate that POV 2 is not catalytically competent under aerobic
conditions without the addition of a suitable co-oxidant.

Next, we turned to an investigation of the substrate scope for the transformation of
secondary alcohols to their corresponding ketones (Figure 2). Similar to the quantitative
conversion of 1-phenylethanol (4) to acetophenone (5), a number of other substituted
benzylic alcohols were readily oxidized to their corresponding ketone products (i.e. 6-
13), in excellent yields ranging from 90% to quantitative, regardless of the electronic
nature of the arene substituent. The cyclopropyl substituted ketone 14 was recovered
in a good yield of 87% while both the heterocyclic pyridine and furyl-activated alcohols
gave modest yields of 15 in 62% and 16 in 68%. The successful preparation of ketone
14 from the corresponding cyclopropyl substituted benzyl alcohol is particularly
noteworthy. Specifically, the survival of the cyclopropyl moiety in 14 strongly suggests
that the process is governed by a two electron oxidation in lieu of a radical mediated
process that would likely result in the rupture of the strained cycloalkane to give an allyl
radical. The spirocyclic ketone 17 was regrettably recovered in only a 20% yield, and
significant decomposition of the substrate was noted with either 2 or 10 mol % catalyst.
Oxidation 2-cyclohexenol returned the a,3-unsaturated ketone 18 in a moderate 66%
yield, while oxidation of the more sterically encumbered (-)-carveol lead to a
disappointing ~30% of carvone 19 with both 2 and 10 mol % catalyst. Unfortunately, the
yield could not be further improved with prolonged reaction time. Gratifyingly, the non-
activated 2° alcohol cyclohexanol returned cyclohexanone (20) in 89% yield.
Disappointingly, however, the oxidation of 4-heptanol returned the corresponding

ketone 21 in a 70% yield after an impractical 5 day reaction time. Nevertheless, this
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5,100% +/- 3 6,100% +/- 5 73, 93% +/- 3 82, 90% +/- 4 93, 98% +/- 2
[o] o [o] o 0 0o
®
=
cl Br F FiC N
103, 94% +/- 3 113, 100% +/- 2 123,100% +/- 1 133,100% +/- 1 143 87% +/- 3 153, 62% +/- 1
0
o (o} 0 (¢}
o 0
\ o Q o) :
\_/ /\
2130, 97% +/- 2 223 67% +/- 0
162, 68% +-2 172 20% +/- 0 182, 66% +/- 1 19, 31 +/-1 202, 89% +/- 4 21, 70% +/- 5 22°,79% +/- 9
175, 12% +/- 2 19, 30 +/-1

a 48h reaction time. ® 10 mol% of POV catalyst used. © 5d reaction time.

Figure 2 Substrate Scope for Secondary Alcohols

limitation could be easily overcome by increasing the catalyst loading to 10 mol % for 48
h. Using these optimized conditions for aliphatic ketones, the yield of 20 was raised to
97%. Similarly, 2-octanol returned 67% of the product 22 when using 10 mol % of the
POV catalyst. A higher 79% yield of 22 was realized at 2 mol % catalyst loading, albeit
after 5 d.

Next, we investigated the oxidation of benzyl alcohol (23) (Figure 3), which returned
a mixture of 24% benzaldehyde (24) and 20% benzoic acid (25) after 24 h, along with
unreacted starting material. After 72 h, however, no benzaldehyde (24) was present via
GC analysis and a 46% yield of the benzoic acid (25) was recovered. Using
benzaldehyde as the starting material under the optimized conditions returned roughly
40% of 25 as well. Substituting the electron withdrawing trifluromethyl group at the

para-position of the aryl ring (Figure 3, 26) did enhance conversion of the starting
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CS5(V14ASgO42C|) (002 equiv)

. - >
Starting Material TBHP (70% aq.) (5.0 equiv) A + B
acetone, rt, 48 h

Starting Material % Yield A (CHO) % Yield B (COOH)
o)
©/\OH ©/§o ©)LOH
23 24, 0%; 24% +/- 12 25, 46% +/- 1; 20% +/- 12
o)
/©/\OH /©/§O /@)LOH
FoC FoC Fc
26 27, 55% +/- 4 28, 29% +/- 0
0
Sohs S on
o
29 30, 12% +/-1 31, 92% +/- 5
0
Ph” " 0H PR X0 o Ao
32 33, 2% +/-0 34, 35% +/- 2

@24 h reaction time.

Figure 3 Catalytic oxidation of benzyl alcohol and derivatives using 2 mol %
CS5(V14ASSO42C|)

material. However, substitution of an electron donating para-methoxy (p-OMe) allowed
for a full conversion of the starting alcohol with selectivity for the acid product 31 in a
92% vyield while the aldehyde product 30 was recovered in a 12% yield. Cinnamyl
alcohol gave 35% conversion to cinnamic acid 34. Nevertheless, this reaction was
accompanied by significant degradation of the starting alcohol. While 1° benzylic
systems are subject to oxidation (albeit rather unselectively) under our optimized
conditions, attempted conversion of unactivated 1-octanol resulted in complete recovery
of starting material. Further, treatment of cyclohexane under the optimized conditions
for 72 h returned only 2% cyclohexanone (20), and no detectable cyclohexanol,

indicating that our standard conditions are not amenable for alkane C-H activation.
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Finally, we sought to evaluate whether the catalyst was recyclable. In order to
facilitate catalyst recovery, Css(V14Asg042Cl) was impregnated on celite (see Sl for
details). In doing so, the

A OH o, catalyst could be readily

Csg(V14As504:Cl)-celite (0.02 equiv)

- recovered after a simple
TBHP (70% aq.) (5.0 equiv)
acetone, rt, 12h

filtration step. Figure 4A

4, 1.0 mmol 5 L

clearly indicates that the
Run 1: 100%
Run 2: 99.9%
Run 3:100%
Run 4: 59%

Run 5: 54% be recycled up to three

impregnated catalyst can

times in the oxidation of 1-
phenylethanol (4) without

any detectable reduction

in isolated yield of

Figure 4 (a) Scalable regeneration of Css(V14As504.Cl) catalyst
isolated and reused consecutively over three reactions. (b) Light acetophenone product on
Scattering experiment showing the aggregation of the CssV14Asg04,Cl
clusters in solution from left to right; 1. acetone 2. acetone + POV 3. a 1 mmol scale.
acetone + POV + substrate + TBHP 4. acetone +POV +substrate +

TBHP after 15 minute stir.
Nevertheless, further

attempts at recycling lead to reduced yields of 5. Figure 4B illustrates a qualitative light-
scattering experiment (using a green laser) that suggests that the Css(V14AsgO42Cl)
molecules readily form micron size aggregates in solution. Further, these aggregates
are maintained throughout the entire course of the oxidative transformation. This
experiment may be taken as qualitative evidence that the POV maintains its structural

integrity throughout the catalytic cycle. We are currently pursuing more quantitative
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means to verify this supposition, and the results of these studies will be reported in due

course.

CONCLUSION:

In conclusion, we demonstrated the use of the polyoxovanadate, Css(V14AsgO42Cl)
(2), as a catalyst for the selective oxidation of secondary alcohols to ketones at room
temperature with as little as 2 mol % of the catalyst. The use of finely dispersed POV
clusters avoids current limitations with oxidation methods promoted by POVs including
high catalyst loadings (e.g. 40 mol %)% % and reaction temperatures ranging from 90 to
135 °C.?% %24 The conversion of 1-phenylethanol (4) to acetophenone (5) proceeded at
quantitative conversions at both a 0.1 and 1.0 mmol scale. Other substituted 2°
benzylic alcohols were oxidized in good to excellent yields. The catalyst also effectively
oxidizes 2° alkyl alcohols, albeit at higher (i.e. 10 mol %) catalyst loadings. Further
efforts to understand the mechanism of the transformation as well as to expand the
synthetic utility of these novel POV catalysts are underway.
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