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Abstract: The dititanium-containing
19-tungstodiarsenate(I1T)

[Ti,(OH),As,W,0¢;(H,O)I*" (1) has
been synthesized and characterized by
IR, TGA, elemental analysis, electro-
chemistry, and catalytic studies. Single-
crystal X-ray analysis was carried out
on Csg[Ti,(OH),As,W;40¢;-
(H,0)]2CsCl-12H,0 (Cs-1), which
crystallizes in the monoclinic system,
space  group P2/m, with a=
12.7764(19), b=19.425(3), c=
18.149(3) A, f=110.234(3)°, and Z=2.
Polyanion 1 comprises two (B-a-
As"™W,04;) Keggin moieties linked
through an octahedral {WOs(H,0)}
fragment and two unprecedented
square-pyramidal {TiO,(OH)} groups,
leading to a sandwich-type structure
with nominal C,, symmetry. Synthesis
of 1 was accomplished by reaction of

TiOSO, and K;,[As,W,04(H,0)] in a
2:1 molar ratio in aqueous, acidic
medium (pH 2). Polyanion 1 could also
be isolated as a tetra-n-butyl ammoni-
um (TBA) salt, {(n-C,H,),N}sHs-
[Ti,(OH),As,W,,05,(H,0)]  (TBA-1).
TBA-1 was studied by cyclic voltamme-
try in acetonitrile (MeCN) solutions
containing 0.1m LiClO, and compared
with the results obtained with Cs-1 in
aqueous media. In MeCN, the Ti" and
WY waves could not be separated dis-
tinctly. An important adsorption phe-
nomenon on the glassy carbon working
electrode was encountered both in
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cyclic voltammetry and in controlled
potential electrolysis and was con-
firmed by Electrochemical Quartz
Crystal Microbalance (EQCM) studies
on a carbon film. TBA-1, dissolved in
MeCN, reacts with H,O0, to give
peroxo complexes stable enough for
characterization by UV-visible spec-
troscopy, cyclic voltammetry, and
EQCM. TBA-1 shows high catalytic ac-
tivity (TOF=11.3h™") in cyclohexene
oxidation with aqueous H,O, produc-
ing products typical of a heterolytic ox-
idation mechanism. The stability of
TBA-1 under turnover conditions was
confirmed by using IR, UV-visible
spectroscopy as well as cyclic voltam-
metry.
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: a) Thermogram

and heat flow of Cs-1 and TBA-1 from RT to 900 and 800°C, respec-
tively; b) UV/Vis spectra of TBA-1 and TBA-As,W, in the absence
and presence of H,O,; c) evolution of the cyclic voltammograms of

TBA-1 as a function of reversal potential; d) cyclic voltammogram of
TBA-As,W,,; e) comparison of the cyclic voltammograms of TBA-1

and TBA-As, W, in the presence of H,O,.
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Introduction

Polyoxometalates (POMs) are an important class of inor-
ganic compounds and they exhibit a diverse compositional
range and significant structural versatility. POMs are usually
composed of early transition-metal MO; (M: W®F, Mo®™,
V>*, Nb>*, Ta’") octahedra and main-group XO, (X: P, Si,
and so on) tetrahedra.l'! The most famous POMs are proba-
bly the Keggin (e.g., [PW,O4]’") and the Wells—-Dawson
(e.g., [P,W50¢]%") ions. Although tungstophosphates repre-
sent the largest subclass of POMs, many other elements be-
sides phosphorus can act as heteroatoms, for example, As,
Si, Ge, B. Interestingly, also elements containing lone pairs,
such as, As™, Se™, can act as heterogroups. The growing in-
terest in POMs undoubtedly reflects their discrete, molecu-
lar nature combined with highly flexible and tunable molec-
ular composition, size, shape, charge density, redox poten-
tials, acidity, and solubility characteristics and high thermal
stability. As a result, POMs can be used over a wide range
of applications including homogeneous and heterogeneous
oxidation catalysis, acid/electro-/photocatalysis, biomedicine,
materials science, data storage, sensors, and nano/biotech-
nology.”! Although POMs have been known for almost 200
years, their mechanism of formation and their structure/
composition—activity relationship is not yet fully understood.
Therefore, the rational synthesis of new structural types of
POMs remains an important research objective.

Titanium-containing POMs are of interest for fundamen-
tal structural aspects and also for their associated properties
which can lead to interesting applications in catalysis and
medicine.”! Yet, these compounds can be successfully used
as tractable soluble probes of heterogeneous single-site tita-
nium catalysts.™ It is well known that substitution of tung-
sten(VI) addenda sites by titanium(IV) in a fully oxidized
polyoxotungstate increases the basicity of the POM. As a
result, almost all known titanium-containing POMs exhibit a
strong tendency towards dimer formation through Ti—O—Ti
bonds in aqueous solution. Furthermore, most Ti-POMs are
based on the Keggin structure as a basic building block.

Some of us have also been interested in Ti-substituted
POMs for some time. We reported that interaction of tita-
nium(IV) with the trilacunary Wells-Dawson derivative
[P,W,505]'*" in aqueous acidic solution can lead to a variety
of products, including unexpected dimeric and tetrameric
structures.®¥ Then we showed that the dilacunary decatungs-
tosilicate [y-SiW,Os6]* reacts with titanium(IV) to form an
unprecedented tetrameric, cyclic assembly. !

In spite of the number of Ti"-substituted POMs published
to date, electrochemical techniques were only occasionally
used to complete their characterisations. Among recent achie-
vements, experiments carried out with mercury working
electrodes in acetate buffer™® and on glassy-carbon working
electrodes in aqueous solutions,”*! or in acetonitrile,”°! are
illustrative of the main behavior of these complexes. In
aqueous solutions with mercury electrodes, the Ti'"" center is
reduced to the Ti'"' state and the corresponding process is
usually found at a less-negative potential than the onset re-
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duction potential of W' centers.”® The same situation
seems to prevail when a glassy-carbon working electrode
was used in aqueous medial”®! even though the clear assign-
ment of the Ti'"¥ to Ti'"" wave was not always shown. In aceto-
nitrile solution, the focus was directed on the influence of
protonation on the cyclic voltammogram waves run on a
glassy carbon electrode.”**! On the other hand, the litera-
ture on organotitanium!"”! compounds would suggest the as-
signment of the first voltammetric wave system to the one-
electron redox couple of the titanium center.

Here, we report on the synthesis, structure, electrochemis-
try, and oxidation catalysis of the dititanium-containing 19-
tungstodiarsenate(IIT) [Ti,(OH),As,W;,0¢(H,O)]*™ (1).

Results and Discussion

Synthesis and structure: The dititanium containing 19-
tungstodiarsenate(I11) [Ti,(OH),As,W;,0¢(H,0)]*" (1) has
been synthesized in aqueous, acidic medium (pH 2). This
novel POM was structurally characterized in the solid state
in the form of a hydrated cesium salt, Csg-
[Ti,(OH),As,W,,O;(H,0)]-2 CsCI-12H,0 (Cs-1). Polyanion
1 comprises two (B-a-As™W,05;) Keggin moieties linked
through an octahedral {WOs(H,0)} fragment and two un-
precedented square-pyramidal {TiO,(OH)} groups, leading
to a sandwich-type structure with nominal C,, symmetry
(see Figure 1).

Figure 1. Ball-and-stick (left) and polyhedral (right) representation of
[Ti,(OH),As,W,,0¢,(H,O)]*~ (1). The balls are tungsten (black), oxygen
(red), titanium (green), arsenic (blue) and the red polyhedra represent
WO,

Alternatively, 1 can be described as a dilacunary
[As,W,,0¢,(H,0)]"~ fragment which has taken up two Ti'"¥
centers. Some time ago we determined the solid-state struc-
ture of [As,W,y0(H,0)]"" and also that of a mono-Ni"-
containing derivative.'!! The title polyanion 1 closely resem-
bles [M,(OH,),As,W,,0¢;(H,0)]" (M: Mn", Co", Zn")
which we reported a few years ago.'”” In these derivatives
the two transition metals and one tungsten atom were statis-
tically disordered over all three belt positions. Therefore, it
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could not be concluded with certainty if the aqua ligand of
the unique tungsten center points inside or outside of the
central cavity. Furthermore, the terminal aqua ligands of the
3d transition-metal centers were disordered with the exter-
nal ligand of the unique tungsten center. On the other hand,
there is no such disorder in 1 at all. Based on bond-valence-
sum (BVS)!"! calculations we confirmed that the oxo ligand
O11IT (dwiionr=1.77(3) A, s=1.60) of the central tungsten
center W11 points inside the polyanion, and the trans-relat-
ed aqua ligand O11A (dywiona=2.14(3) A, s=0.55) points
outside (see Figure 2). We believe that the same bonding sit-

Figure 2. Ball and stick representation of the asymmetric unit of
[Ti,(OH),As,W,,0¢,(H,0)]*~ (1) showing 50% probability ellipsoids and
the labeling scheme.

uation applies to the unique tungsten center in the above-
mentioned [M,(OH,),As,W,,04,(H,0)]"~ (M: Mn", Co",
Zn"). Interestingly, the unique tungsten center in the dilacu-
nary precursor [As,W;,0¢(H,0)]'*" also exhibits an exter-
nal aqua and an internal oxo ligand."]

The two structurally equivalent titanium atoms in 1 are
five-coordinated and exhibit a square-pyramidal coordina-
tion geometry (see Figures 1 and 2). As a result, the titani-
um atoms are situated well above the plane of the four
equatorial p,-oxo ligands being displaced towards the termi-
nal ligand. This resembles the coordination environment of
the organotin centers in our [Na(H,0)-
(CsHsSn),As™,W,,04,(H,0)]”", which was prepared by reac-
tion of (C¢Hs)SnCl;y with [As,W,,04,(H,0)]**" in aqueous
medium at pH 1.6.1Y The square-pyramidally coordinated
tin atoms are significantly displaced towards the terminal
aryl groups. Also in this polyanion the unique tungsten
center exhibits an external aqua and an internal oxo ligand.
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The fact that 1 contains titanium centers with terminal li-
gands is a rather exciting aspect, as most structurally charac-
terized Ti-containing POMs exhibit Ti—O—Ti bridges.”l
Now the question arises on the exact nature of the terminal
ligands of Ti in 1. For di- or trivalent 3d transition-metal
centers the terminal ligands are usually diprotonated oxygen
atoms, that is, water. However, in the case of the early, tetra-
valent transition-metal titanium this is much less likely.
Therefore, we performed BVS calculations on 1 for the oxy-
gens in question. The BVS value of s=1.4 strongly suggests
that O1TT and OI1TT" are each monoprotonated, which
means that the ligands are not H,0O but rather OH™ (see
Figure 2). This is fully consistent with the observation that
POMs containing Ti" exhibit a strong tendency in aqueous
solution for intermolecular Ti—O—Ti bond formation result-
ing in the linkage of two or more POM fragments through
the following condensation step:©!

POM-Ti-OH + HO-Ti-POM’' — POM-Ti-O-Ti-POM' + H,O

The relative orientation of the two titanium centers in 1
does not allow for intramolecular Ti—~O—Ti bond formation.
Furthermore, dimer formation by linkage of two units of 1
through intermolecular Ti—O—Ti" bonds is also not very
likely due to steric reasons. It can be noticed that the termi-
nal hydroxo ligands of the two titanium centers are not very
exposed and therefore hardly accessible for hydroxo ligands
of neighboring polyanions. The terminal oxo groups (O4T,
OST, O7T, O8T) of the four adjacent tungsten centers (W4,
W5, W7, W8) exhibit a steric shielding effect. This appears
to be the main reason why the terminal hydroxo ligands in 1
prevail in aqueous solution.

Polyanion 1 was synthesized in a one-pot reaction by in-
teraction of titanium(IV)-oxosulfate {TiOSO,} with
K,[As,W ;04 (H,0)] in aqueous, acidic medium (pH 2).
However, we obtained 1 for the first time accidentally
during a reaction of TiOSO, with Nay[a-AsW,O;;] in a
molar ratio of 4:1 in aqueous medium at pH 4. Then we de-
cided to reproduce 1 via a more rational synthetic procedure
by using the dilacunary precursor [As,W,,0¢(H,0)]"*" (see
Experimental  Section). The 19-tungstodiarsenate(III)
[As,W,,0¢;,(H,0)]"~ was synthesized for the first time
about 30 years ago by Tourné et al. and recently, Kortz et al.
confirmed the proposed structure by X-ray diffraction.!'!!
Interestingly, to date only a few polyoxoanions have been
synthesized by using [As,W,,O¢(H,0)]'"" as a precur-
SOr.[11’16]

The equatorial Ti—O bond lengths in 1 are rather regular,
ranging from 1.963-1.985(16) A. The O-Ti-OI1TT angles
(98.7-102.0(8)°) reflect the displacement of the Ti centers
towards the terminal hydroxo ligand O1TT. The metal-
metal and As—As distances in the central belt of 1 are as fol-
lows: Til-Til' 509 A, Til/Til"~W11 4.60 A, Asl-As2
549 A.

In addition to the terminal aqua ligand (W—OH,) and the
two terminal hydroxo ligands (Ti—OH) there are no other
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protonation sites in 1. As a result, the charge of polyanion 1
is —8. Interestingly, this charge is balanced exclusively by
cesium ions which completely surround 1. Furthermore, two
equivalents of cesium chloride cocrystallized with Cs-1 as
based on XRD and elemental analysis. The TBA salt of 1
was prepared by addition of solid TBABr to a freshly syn-
thesized solution of 1, isolated by suction filtration, washed
with plenty of water, and then dried in an oven at 50°C
overnight. Purity of TBA-1 was confirmed by IR, elemental
analysis, TGA, and electrochemistry.

UV-visible spectrophotometry: TBA-1 and the correspond-
ing lacunary precursor (TBA),H;[As,W,0¢,(H,0)] (TBA-
As,W ) were studied by both UV-visible spectrophotometry
and electrochemistry. As expected, the presence of titanium
atoms in the POM structure gives rise to a markedly differ-
ent behavior.

Both species TBA-1 and TBA-As,W,, are soluble in aceto-
nitrile, and TBA-1 is stable over several hours, but the spec-
trum of the lacunary precursor starts changing about one
hour after the solution has been prepared. In addition,
TBA-1 reacts with H,O,, giving rise to a yellow solution ex-
hibiting a UV/Vis absorption band at 400 nm, (see Support-
ing Information, Figure SI2). It is worth noting that this
yellow color is characteristic of the Ti'V-peroxo complex
classically used for the detection of hydrogen peroxide in so-
lution."” For y=10 (y is defined as the molar ratio of H,O,
to that of the relevant POM given by: y=cy,0,/cpom), the
400 nm band slowly evolves with time, increasing by 7% in
the first hour and by 15% after 3 h. No significant changes
were seen afterwards. This behavior suggests the existence
of an induction period. The lacunary precursor salt TBA-
As,Wy did not react with H,O, analogously to TBA-1: no
yellow color was formed, and no new band was detected in
the UV-visible spectrum. Analogous experiments were per-
formed on Cs-1 in aqueous media in the absence of H,O,
and they indicate that 1 is stable in the pH 2-5 media used
in this work.

Electrochemistry

Behavior in MeCN and in aqueous media: In Figure 3, the
CV of TBA-1 is restricted to the first redox couple (E,,=
—0.740 and E,,;=—0.520V, the former preceded by a pre-
wave at —0.694V and the latter by a pre-wave at E,,=
—0.600 V). In anticipation of the forthcoming series of ex-
periments with hydrogen peroxide, a voltammetric trace su-
perimposed on Figure 3 shows that no cathodic activity was
observed in the potential domain explored, when H,O, was
added to the pure electrolyte. The sharp oxidation process
shown in Figure 3 shows the characteristic shape usually en-
countered for the oxidation of adsorbed species. Upon re-
versing the scan direction at less and less negative potentials,
the progressive onset of the adsorption could be qualitative-
ly observed (Supporting Information, Figure SI3). The cor-
responding cyclic voltammogram for TBA-As,W,, is consti-
tuted by a rather drawn-out pre-wave around —0.500 V fol-
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Figure 3. Comparison of the cyclic voltammograms of 2x10~*m TBA-1 in
acetonitrile (—) and 4x10~*m H,0, in 0.1 M LiClO, solution in acetoni-
trile (-----), respectively. The scan rate was 10 mVs™'. The working elec-
trode was a glassy carbon disk and the reference electrode was a saturat-
ed calomel electrode (SCE). For further details, see text.

lowed by a reduction wave at —0.850 V. Upon scan direction
reversal, no sharp oxidation peaks were observed, in con-
trast to the case of TBA-1. The voltammetric characteristics
are clearly different for the two polyanion salts TBA-1 and
TBA-As,W,,, differences which are likely due to the pres-
ence of titanium(IV) in the former.

Controlled potential electrolysis of 2x107*mM TBA-1 was
performed in 0.1m LiClO, in MeCN. At —0.580V (i.e.,
within the potential domain of the reduction pre-wave), the
electrolysis gave rise to a blue-colored solution, an indica-
tion that W atoms were being reduced. Then, the potential
was stepped to —0.760 V (i.e., beyond the reduction peak
maximum) for further electrolysis and as a result the blue
color of the solution intensified. During this electrolysis, a
significant amount of material deposited on the working
electrode surface. The development of a blue color, whatev-
er the potential selected for the electrolysis, indicated unam-
biguously the mixing of Ti and W waves. The process turned
out to be irreversible, and an attempt to reoxidize the re-
duced species at +0.2 V resulted in consumption of less
than one tenth of the charge passed upon reduction. In fact,
the final voltammogram was somewhat different from the
first one, the oxidation wave being shorter and broader.

The cyclic voltammetry behavior of Cs-1 in aqueous
media was useful to shed more light on the observations
made in MeCN. For example, in the pH 3 medium, the CV
pattern of Cs-1 is featured two closely spaced, drawn out re-
duction peaks followed by a large-current composite wave.
The first two waves are associated with small, but distinctly
separated oxidation waves on potential reversal (E,;=
—0.600 V and E,,; =-0.356 V and E,,=-0.710 Vand E,,=
—0.528 V, respectively). This is similar to the behavior ex-
hibited by the potassium salt of the dititanium-containing
decatungstophosphate,  K;[Ti,W;()PO,]-6H,O, in 1m
H,S0,®l These waves are pH-dependent and the overall
voltammetric pattern remains unchanged in the pH2-5
domain studied in this work, with the following trends: i)
the waves are better separated with increasing pH; ii) in

Chem. Eur. J. 2007, 13, 4733 -4742
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contrast, for a given pH, the waves tend to mix as the scan
rate increases; iii) whatever the scan rate, no tendency to-
wards strong adsorption was observed throughout the pH
domain studied.

Controlled potential coulometry of Cs-1 was carried out
in the pH 3 medium at two selected potential values. At
E=-0.600 V, no blue color was visible in the solution even
after complete consumption of the charge necessary for a
one-electron process. Importantly, all the consumed charge
could be recovered upon reoxidation of the solution. In con-
trast, a faint blue color was observed when the potential was
set at E=—0.750 V. It is worth noting that no deep blue
color developed even after the consumption of roughly five
electrons per molecule of 1, a feature that might be rational-
ized by polyanion-catalyzed solvent reduction. A faint blue
color appeared when a controlled potential electrolysis was
carried out at E=-0.510 V at pH 2. In short, CV and con-
trolled potential electrolysis experiments of Cs-1 in aqueous
media are consistent and confirm why no irreversible depos-
it occurs on the working electrode surface. In addition, the
separation of the Ti and W waves depends critically on the
pH of the electrolyte.

Altogether, these experiments in aqueous media provide
results which are complementary to those obtained in
MeCN, thereby shedding light on the latter. The results with
Cs-1 in aqueous media support the conclusion that the first
reduction wave of TBA-1 in MeCN must be associated with
the redox processes of both the Ti and W centers.

Influence of H,0,: The main results of the role of H,0O, are
illustrated in Figure 4. The cyclic voltammograms observed
in the absence and then in the presence of increasing quanti-
ties of H,O, are superimposed. The voltammetric pattern as-
sociated with TBA-1 evolved markedly upon addition of in-
creasing amounts of H,0,. We used the same potential
domain as previously in the absence of H,O,. Table 1 shows
the main characteristics of the cyclic voltammograms shown
in Figure 4.

6.0 |

3.0

< 0.0}

= no H,O,, y=0
3.0 F -+ HyO, 1x1074 M, y=0.5
——— Hy0, 2x10% M, y=1.0
T H,0, 3x1074 M, y=1.5
------- H,0, 4x10% M, y=2.0
1 1 " 1

i 1 i
-06 -0.3 0.0 0.3
E/Vvs SCE

Figure 4. Evolution of the cyclic voltammogram of 2x10™*m TBA-1 in
0.1™ LiClO, solution in acetonitrile as a function of the concentration of
H,O0, (or as a function of y). The scan rate was 10 mVs~'. The working
electrode was a glassy carbon disk and the reference electrode was a sa-
turated calomel electrode (SCE). For further details, see text.
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Table 1. Main characteristics of the cyclic voltammograms of TBA-1 pre-
sented in Figure 4. For further details, see text.

y E/JV] L E,[V] I, E, (pre-wave) [V] I, (pre-wave)
[uA] [uA] [uA]

0 -0.738 —-3.80 -0.630 6.04 —0.694 1.11
0.5 -0.731 —4.07 -0.605 405 -0.670 1.29
1.0 -0.734 —437 -0568 2.02 —0.630 1.31
1.5 —-0728 —442 -0579 050 (-0.579) 0.50

2.0 —-0.732 —4.94 not seen

Some general trends become apparent: i) the cathodic
wave does not change its position but the overall current in-
tensity increases slightly with the excess parameter y; ii)
upon potential reversal, the composite oxidation pattern ob-
served previously remains composite up to y=1.5, but with
largely decreased current intensities; in addition, a positive
potential shift of the adsorption wave results in a better sep-
aration of the waves. For y =2, chemical irreversibility is ob-
served, with complete disappearance of the adsorption phe-
nomenon; iii) strikingly, what seems to be a new cathodic
wave following the initial one appears and increases with in-
creasing y values. It is worth emphasizing again that no
direct reduction of H,0, was observed in this potential
domain (Figure 3). The corresponding experiments with
TBA-As,W,, are shown in the Supporting Information (Fig-
ures SI4 and SIS), and confirm the difference in behavior
compared with that of TBA-1.

EQCM characterization: Electrochemical Quartz Crystal
Microbalance (EQCM) studies revealed that a product accu-
mulated on the electrode surface upon reduction when the
applied potential was more negative than —0.65 V. We no-
ticed that the amount of adsorbed material, which was pro-
portional to the variation of the vibration frequency AF, de-
pends on the reverse potential, E..,, (Figure 5a). The mass of
the material deposited on the electrode surface kept increas-
ing, even after the scan direction was reversed. A maximum
AF was obtained at —0.700 V, and upon oxidation the prod-
uct was removed from the electrode surface. At the final ap-
plied potential of +0.200 V the crystal practically returned
to its initial vibrating frequency. Therefore, it seems that the
deposition process is reversible.

In the presence of H,O, the behavior was rather different:
when the maximum AF was reached, it decreased no more
than a few percent when reaching the initial potential of
+0.2 V, meaning that the process is irreversible in the po-
tential range considered (Figure 5b). Nevertheless, the crys-
tal frequency recovered substantially upon subsequent scan-
ning from +0.200 up to +1.000 V.

At the very least, this series of EQCM experiments con-
firms the formation of an adduct between TBA-1 and H,0,,
with an electrochemical deposition behavior substantially
different from that of TBA-1 alone.

Catalytic oxidation of cyclohexene (CyH): The results on
CyH oxidation with aqueous hydrogen peroxide catalyzed

www.chemeurj.org — 4737
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Figure 5. a) Evolution of AF as a function of the potential reversal as ob-
tained by QCM for 2x10~*mM TBA-1 in 0.1 m LiClO, solution in acetoni-
trile. b) Comparison of the variation of AF as obtained by QCM for 2x
10~*m TBA-1 in 0.1m LiClO, solution in acetonitrile in the absence and
presence of 4x10~*m H,0,. The scan rate was 10 mVs™!; the working
electrode was a glassy carbon disk and the reference electrode was a sa-
turated calomel electrode (SCE). For further details, see Figure 4.

by the three Ti-containing polytungstate salts TBA-1,
[Bu,NJ;[(PTiW,;05),0H] (TBA-2),"*1 and [Bu,N];,Hy[p-
Ti,SiW,(05]s (TBA-3),5! as well as the data published pre-
viously for NaH,PW TiO,"*! are given in Table 2. The cata-
lytic activity of the polyanions, normalized to the amount of
Ti (TOFy), decreased in the order 1>2>3. In the presence

Table 2. Cyclohexene oxidation with H,O, catalysed by various Ti-POMs.!

of both 2 and 3, the CyH oxidation produced the allylic oxi-
dation products, 2-cyclohexen-1-ol and 2-cyclohexen-1-one,
along with comparable amounts of the corresponding epox-
ide and diol (Scheme 1).

OH 0]
H;Oz/catilx st OH
0o + + +
CH;CN, 70"(“
OH

Scheme 1.

Such a product distribution is characteristic for a homolyt-
ic oxidation mechanism™ and is typical for POMs contain-
ing Ti—OH groups isolated in an inorganic matrix, which are
capable of forming a monoprotonated peroxo-titanium com-
plex.Fi#9

In sharp contrast, polyanion 1 affords epoxide, diol, and
products of the diol overoxidation but none of the allylic ox-
idation products (Scheme 2).

This indicates a heterolytic oxidation mechanism through
oxygen transfer from an active peroxo species to the
alkene.''! As one can judge from the data presented in
Table 2 (TOFy;) and Figure 6, the catalytic activity of 1 was
significantly higher than that of 2 and 3. At the same time,
the activity of 1, normalized to equivalents of W (TOFy,),
was lower by just a factor of 3-4 compared with the activity
of the well-known Venturello polyanion catalyst
{PO,[W(0O)(0,),].}*". However, while the Venturello com-
plex, in accordance with the literature,'”*" gave a high yield
of epoxide, trans-cycloxehane-1,2-diol  predominated
amongst the oxidation products obtained in the presence of
TBA-1. A similar catalytic behavior was found recently for
the Ti-monosubstituted Keggin POMs Na;_,H,PTiW,,0y4
with n=2-5 (see Table 2).* Based on the results obtained
in that work, the authors hypothesized on the necessity for
two protons in the transition state to activate the peroxo
group for an oxygen-transfer mechanism.F** It is worth

POM Concentration [mm] CyH conv Selectivity!™ [% mol] TOF4  TOFyM
[% mol] ] ]
OH (0]
OH
[POM] [T  [W] CEO C[ Other
OH
TBA-1 3.8 7.6 72.2 100 11 trace trace 49 40l 11.3 1.2
10010 131 trace trace 511 361
TBA-2 3.9 7.8 85.8 45 28 23 16 29 4 2.1 0.2
TBA-3 1.3 10.4 52.0 31 29 15 38 12 6 1.2 0.2
Cet:PW,0,, 13 - 52 35 77 2 trace 15 6 - 36
AligsPW,0,, 13 - 52 5 82 2 trace 12 4 - 46
NaH,PW, TiO,® 100 100 110 84 7 2 5 75 11 ndlf nd.

[a] Reaction conditions: CyH (0.6 mmol), H,0, (1.2 mmol), CH;CN (3 mL), 70°C, 4 h. [b] GC yield based on CyH consumed. [c] TOF;=(moles of CyH
consumed)/(moles of Tixtime); determined from the initial rates of CyH consumption. [d] TOFy = (moles of CyH consumed)/(moles of W xtime); de-
termined from the initial rates of CyH consumption. [e] Mainly products of the diol overoxidation: cyclohexanol-2-one (=~ 65 %), cyclooxoheptane-ol-1-
one-6 and adipic acid anhydride. [f] The catalyst was used repeatedly. [g] Not determined.
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H702 ‘catalyst
CH;CN 70°C

Scheme 2.

100 P G 1

conversion of CyH / %

0 100 200 300 400 500

t/ min

Figure 6. CyH oxidation with H,O, in CH;CN (CyH, 0.2m; H,0,, 0.4Mm;
70°C) catalyzed by tetra-n-butyl ammonium salts of [Ti,(OH),As,W,,Oq;-
(H,0)]* (1, 3.8mm), [(PTiW,05),0H]" (2, 39mwm), and [{p-
Ti,SiW,,Os)u* (3, 1.3 mm).

noting that the structure of polyanion 1, in which two Ti—
OH groups (and a WO(H,O) fragment) are present close to
each other, completely satisfies this requirement. Therefore,
the high catalytic activity of 1 in the heterolytic CyH oxida-
tion with H,O, supports the above-mentioned hypothesis.

Several *'P NMR studies have indicated that many POMs
are not stable in solution towards H,0O,. In fact, these POMs
often act as precursors for the true catalyst, for example the
Venturello complex and/or other low nuclearity peroxotung-
states.'”?"l The resistance towards H,0, is known to in-
crease with increasing POM charge."! To ascertain correct
interpretation of the catalytic results, we addressed the ques-
tion of stability of 1 in the presence of an excess of H,0,.
The absence of P as a heteroatom in the structure of 1 did
not allow us to perform the stability study by using
3'P NMR as done previously for several Ti-monosubstituted
POMs.P*Y However, the stability of 1 under turnover con-
ditions was confirmed by IR and UV-visible spectroscopy as
well as cyclic voltammetry (see above).

As mentioned above, the TOF,, value determined for 1 is
3-4 times lower than that of the Venturello complex (see
Table 2). Therefore, one might expect that about 25-33 % of
1 would be converted to low nuclearity species, if the cata-
lytic activity were due to tungsten-peroxo species rather
than titanium-peroxo species. Figure 7 shows the IR spectra
of TBA-1 before and after the oxidation of CyH with H,0O,.
We could not observe significant changes in the spectrum
collected after the reaction, indicating that no transforma-
tion of 1 to a Venturello-like species had occurred. It is im-
portant to note that the catalyst TBA-1 can be used repeat-
edly. The catalytic performance of TBA-1 that had been sep-
arated after the reaction, washed, dried, and then added to
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Figure 7. IR spectra of TBA-1 before (1) and after (2) the reaction of
CyH oxidation. Reaction conditions as in Table 2; after the reaction, the
catalyst was precipitated by addition of water, separated by centrifuga-
tion, washed with water, and dried in vacuum at 50°C for 3 h.

a fresh reaction mixture, was nearly the same as in the first
catalytic cycle (Table 2).

After addition of a 100-fold excess of H,O, to TBA-1 dis-
solved in MeCN, a strong absorption (shoulder) located at
393-400 nm gradually appeared in the UV-visible spectrum.
According to the literature,”>*?! this band can be attributed
to the O,—Ti ligand-to-metal charge-transfer band. Impor-
tantly, the intensity of this band does not decrease while
keeping the solution at 70°C for several days. As tungsten-
peroxo POMs are expected to be colorless, the formation of
a yellow peroxo-titanium-POM species upon interaction
with H,O, is one more argument in favor of the stability of
1, with respect to solvolytic destruction in the presence of
hydrogen peroxide. These conclusions are also supported by
our electrochemistry results (see above). We also performed
8W NMR experiments on TBA-1 in MeCN and on Cs-1 in
water, but in both cases the signal-to-noise ratio of the spec-
tra was poor due to low solubility and did not allow us to
draw definitive conclusions.

In any case, our combined experimental data allow us to
suggest that a protonated titanium-peroxo derivative of 1 is
the active intermediate responsible for the high catalytic ac-
tivity of this polyanion in the oxygen-atom transfer from
H,0, to alkene. Attempts to isolate this peroxo-POM spe-
cies and to study its structure and reactivity under stoichio-
metric conditions are in progress in our groups.

Conclusion
We have synthesized the dititanium-containing 19-
tungstodiarsenate(II1) [Ti,(OH),As,W,,0¢(H,O)]*~ (1) in

aqueous, acidic medium (pH2) by a one-pot reaction of
TiOSO, with the dilacunary POM precursor [As,W;,O¢;-
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(H,0)]**". We isolated 1 as a cesium salt, as well as, a TBA
salt, which allowed us to perform solution studies in aque-
ous and organic media. Polyanion 1 was characterized in the
solid state by a variety of analytical techniques including
single-crystal XRD, IR, elemental analysis, and TGA. Poly-
anion 1 represents a new member of the small class of titani-
um-containing polytungstates. Incorporation of two neigh-
bouring Ti" centers with a terminal hydroxo ligand each
represents probably the most important and also unique
structural feature of 1. The unprecedented arrangement of
the two reactive TiIOH groups in 1 allows neither for intra-
nor intermolecular Ti—O—Ti bond formation. As a result,
the (TiOH), active site within 1 is well protected and thus
available for interaction with small molecules or ions. Poly-
anion 1 is surprisingly stable in aqueous and organic sol-
vents, which allowed us to perform a variety of electrochem-
ical and catalytic studies. In particular, we investigated the
reactivity of TBA-1 with cyclohexene in the presence of hy-
drogen peroxide in order to evaluate the potential of our
POM as a homogeneous oxidation catalyst.

UV-visible, cyclic voltammetry, and EQCM experiments
were used to evaluate the stability and redox behavior of
TBA-1 and its lacunary precursor, TBA-As,W,, in MeCN
solutions, under various conditions. TBA-1 is stable for
much longer than TBA-As,W,,. There is a marked differ-
ence between their cyclic voltammetry responses as a conse-
quence of Ti substitution in TBA-1. The Ti'"¥ and W"! waves
of TBA-1 could not be separated distinctly in MeCN.
EQCM studies on a carbon film confirmed the adsorption
phenomenon also observed in both cyclic voltammetry and
controlled-potential electrolysis. In contrast, our studies with
Cs-1 in aqueous pH 3 buffer allowed to clearly assign the
first reduction wave to a redox process involving the Ti'
centers. Furthermore, no irreversible deposition process was
observed in these media. We found that the lacunary precur-
sor TBA-As, W, did not react with H,O, to any appreciable
extent in MeCN, independent of the experimental parame-
ters. In contrast, TBA-1 reacts with H,O, to give derivatives
which could be characterized by UV-visible spectroscopy,
cyclic voltammetry, and EQCM and which were found to be
stable over the timescale of several hours. These features
designate TBA-1 as a candidate for oxidation processes in
the presence of H,0.,.

Indeed, TBA-1 shows high catalytic activity in H,O,-
based cyclohexene oxidation producing mainly epoxide, and
trans-cycloxehane-1,2-diol, the products typical of a hetero-
lytic oxidation mechanism. The stability of TBA-1 with re-
spect to solvolytic destruction under turnover conditions
was confirmed using IR, UV-visible, and cyclic voltammetry.
The unprecedented high activity of 1 in heterolytic cyclohex-
ene oxidation with H,0O, is most likely due to the two Ti—
OH groups (or Ti-OH and WO(H,0) fragments), which are
close to each other and thus favor the formation of a dipro-
tonated peroxo-titanium POM species capable of oxygen
atom transfer to alkenes.
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Experimental Section

Synthesis: The precursor K ,[As,W,,0¢;(H,0)] was synthesized according
to the published procedure of Kortz and et al. and the purity was con-
firmed by infrared spectroscopy.!! All other reagents were used as pur-
chased without further purification.
Csg[Ti,(OH),As,W,40¢;,(H,0)]-2CsCIl12H,0  (Cs-1): A sample of
TiOSO, (0.14 g, 0.88 mmol) was dissolved in H,O (40 mL) followed by
addition of K;,[As,W;,0(H,0)] (2.10g, 0.40 mmol). This solution
(pH 2.0) was heated to 80°C for 1h, cooled to RT, and filtered. Then
CsCl (0.5 mL, 0.1m) was added and this solution was allowed to evapo-
rate in an open vial at RT. A light-yellow crystalline product started to
appear after about 1-2 weeks. Evaporation was continued until the sol-
vent approached the solid product (1.43 g, 55%). IR: #=963(m), 897(m),
761(s), 723(s), 615(sh), 512(sh), 483(w), 449 cm™! (sh); elemental analysis
caled (%) for Cs-1: Cs 20.5, W 53.9, Ti 1.5, As 2.3; found: Cs 20.0, W
52.6, Ti 1.7, As 2.0.

{(n-CH,),N}sH;[ Ti,(OH),As,W,y0¢,(H,0)] (TBA-1): The tetra-n-buty-
lammonium (TBA) salt of 1 was prepared by adding an excess of solid
TBABT to a freshly synthesized solution of 1. The resulting white precipi-
tate was isolated by suction filtration, washed with plenty of H,O, and
then dried overnight in an oven at 50°C. Elemental analysis calcd (%)
for TBA-1: W 57.5, Ti 1.6, As 2.5, N 1.2, C 15.8, H 3.1; found: W 58.6, Ti
1.7, As 2.4, N 1.2, C 15.1, H 3.4. Also thermogravimetric analysis (TGA)
fully supports the presence of four TBA cations per formula unit (see
Supporting Information, Figure SI12).

The TBA salt of [As,W,,0¢,(H,0)]"" (TBA-As,W,,) was prepared by an
analogous procedure.

Elemental analyses were performed by Analytische Laboratorien, Indus-
triepark Kaiserau, 51789 Lindlar, Germany. Infrared spectra were record-
ed by using KBr pellets on a Nicolet Avatar spectrophotometer. Ther-
mogravimetric analysis was carried out on a TA Instruments SDT Q600
thermobalance with a 100 mLmin~" flow of nitrogen; the temperature

was ramped from 20 to 800°C at a rate of 5°Cmin~".

X-ray crystallography: A crystal of compound Cs-1 was mounted on a
glass fiber for indexing and intensity data collection at 200 K on a Bruker
SMART APEX II CCD single-crystal diffractometer by using Mok, radi-
ation (1=0.71073 A). Direct methods were used to solve the structure
and to locate the heavy atoms (SHELXS97). Then the remaining atoms
were found from successive difference maps (SHELXL97). Routine Lor-
entz and polarisation corrections were applied and an absorption correc-
tion was performed by using the SADABS program.?® The largest peak
in the final difference map was 7.1 e A= located 0.74 A from Til. The
next largest peak was 4.8 e A~ located 0.71 A from W10. The deepest
hole was —5.4 e A~ located 0.39 A from W11. We could detect only 8.5
of the 10 Cs* ions in Cs-1 crystallographically. This is not surprising as
disordered counter cations and/or crystal waters are a common problem
in POM crystallography. We have assigned partial occupancy of 0.5 for
some Cs and H,O sites in order to model the disorder, which pushes the
XRD refinement to its limits. However, we performed elemental analysis
which was fully consistent with Cs-1 (see above). Crystallographic data
are summarized in Table 3. Further details of the crystal structure investi-
gation can be obtained from the Fachinformationszentrum Karlsruhe, D-
76344 Eggenstein-Leopoldshafen, Germany (fax: (4+49)7247-808-666; e-
mail: crysdata@fiz-karlsruhe.de) on quoting the depository number CSD-
417416.

Electrochemistry: Acetonitrile and lithium perchlorate were purchased
from Sigma—Aldrich. These chemicals were used without further purifica-
tion. For aqueous solutions, pure water was used throughout. It was ob-
tained by passing through a RiOs 8 unit followed by a Millipore-Q Aca-
demic purification set. All reagents were of high-purity grade and were
used as purchased without further purification. The UV/Vis spectra were
recorded on a Perkin-Elmer Lambda 19 spectrophotometer with 1.2x
10~°m solutions of the relevant polyanion. Matched 1.000 cm-optical-path
quartz cuvettes were used. The composition of the various media was as
follows: pH2 and 3, 0.5m Li,SO, + H,SO,; pHS, 1m CH;COOLi +
CH;COOH.
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Table 3. Crystal data and  structure refinement for  Csg-
[Ti,(OH),As,W,404;(H,0)]2 CsCl-12H,0 (Cs-1).

ASZCIZCS mHngngizW 19

empirical formula

F, [gmol™] 6479.1
space group (no.) P2,/m (11)
a[A] 12.7764(19)
b[A] 19.425(3)
c[A] 18.149(3)
BI°1 110.23(3)
V[A7] 4226.3(12)
V4 2

T[°C] -73

2[A] 0.71073
Pealed [Mgm 3] 4.87
 [mm™] 30.5

R [I>20(D)] 0.081

R, (all data)" 0.196

[a] R=3||F,| = | Fe||/S|F,|. [b] Ry =[Sw(Fo—Fo)/Sw(F)"™

Electrochemical experiments: The polyanion concentration was 2x
10~*m, unless otherwise indicated. The solutions were thoroughly deoxy-
genated for at least 30 min with pure argon and kept under a positive
pressure of this gas during the experiments. The source, mounting, and
polishing of the glassy carbon (GC, Tokai, Japan) electrodes has been de-
scribed.””! The glassy carbon samples had a diameter of 3 mm. The elec-
trochemical set-up was an EG&G 273A driven by a PC with the M270
software. Potentials are quoted against a saturated calomel electrode
(SCE). This reference electrode was dipped in a 0.1m LiClO, acetonitrile
solution (or alternatively in the appropriate aqueous supporting electro-
lyte) and separated from the test solution and closed by a medium-poros-
ity glass frit. The counter electrode was a platinum gauze of large surface
area. All experiments were performed at RT.

Electrochemical quartz crystal microbalance (EQCM) measurements:
The EQCM set-up used in this work was the system QCA 922 (Seiko/
EG&G) with 9 MHz AT-cut crystals. New crystals equipped with carbon
electrodes were provided by Seiko and allowed working in media where
classical gold or platinum electrodes were inappropriate. The true surface
area of this carbon electrode was 0.3 cm® The data from the QCA 922
set-up were first recorded on the computer and then printed.” Frequen-
cy variations were recorded as the only necessary data for the discussion
in this work. However, the expressions “mass increase” or “mass de-
crease” will also be used routinely as equivalents to “frequency decrease”
or “frequency increase”.

Materials for catalysis studies: Acetonitrile, cyclohexene (CyH), cyclo-
hexene oxide, trans-cyclohexane-1,2-diol, 2-cyclohexen-1-ol, and 2-cyclo-
hexen-1-one were purchased from Fluka. All the other reactants were of
the best available reagent grade and were used without further purifica-
tion. H,0, (30 wt % in water) was titrated iodometrically prior to use.
Catalysts: [Bu,N],[(PTiW,,05),0H] (TBA-2, *P NMR in dry MeCN:
—12.76 ppm) was synthesized starting from the heteropolyacid
H;PW,,TiO,,.**! The Venturello complex with two different cations,
Cet;PW,0,, and Alig;PW,0,, 'P NMR in CH,Cl,: 3.04 ppm), was pre-
pared by using [CsHsNC¢Hs;]Cl (CetCl) (98%, Acros) and [CHj(n-
CgH;;);N]Cl (AligCl) (Lancaster), respectively, as described previously.”!
[Bu,NJ,,H,[B-Ti,SiW,,O3)s (TBA-3) was prepared by the same proce-
dure as TBA-1 (see above).

Catalytic oxidations: The catalytic oxidations of CyH (0.6 mmol) with
H,0, (1.2 mmol) in the presence of Ti-POMs were carried out in temper-
ature-controlled glass vessels at 70°C in MeCN solution (3 mL). Pentade-
cane was added as the internal standard. Samples were taken during the
course of the reaction, and the reaction products were identified by GC-
MS (a Saturn 2000 gas chromatograph equipped with a CP-3800 mass
spectrometer) and were quantified by GC (gas chromatograph Tsvet-500
equipped with a flame-ionization detector and a 2mx3 mm column
filled with 5% SE-30/Chromosorb N-AW-DMCS). The TOF (turnover
frequencies) values were determined from the initial rates of CyH con-

Chem. Eur. J. 2007, 13, 4733 -4742

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

sumption. After the reaction, water was added to the reaction mixture
and the catalyst TBA-1 was separated by centrifugation, washed with
water, dried at 50°C in vacuum, and reused.
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