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Ti(IV)-monosubstituted Keggin-type polyoxometalates (Ti-POMs), µ-oxo dimer [Bu4N]8[(PTiW11O39)2O] (1), and three
monomers [Bu4N]4[PTi(L)W11O39], where L ) OH (2), OMe (3), and OAr (4, ArOH ) 2,3,6-trimethylphenol (TMP)),
have been prepared starting from µ-hydroxo dimer [Bu4N]7[(PTiW11O39)2OH] (5) or heteropolyacid H5PW11TiO40 or
both. The compounds have been characterized by elemental analysis, IR, UV−vis, and multinuclear (31P, 1H, 183W)
NMR. The interaction of 1 and 3−5 with H2O in MeCN produces 2. The hydrolysis constants, estimated from 31P
and 1H NMR data, are 0.006 and 0.04 for 1 and 3, respectively. Studies by 31P NMR, IR, potentiometric titration,
and cyclic voltammetry revealed that 1−3 and 5 afford the same protonated titanium peroxo complex [Bu4N]4-
[HPTi(O2)W11O39] (I) upon interaction with aqueous H2O2 in MeCN. The rates of formation of I correlate with the
rates of hydrolysis of the Ti-POMs and follow the order of 5 > 1 > 3. A two-step mechanism of the reaction of
Ti-POMs with H2O2, which involves hydrolysis of the Ti−L bonds to yield 2 followed by fast interaction of 2 with
hydrogen peroxide producing I, is suggested. The equilibrium constant for the reaction of 2 with H2O2 to yield I and
H2O, estimated using 31P NMR, is 10. The interaction of the Ti-POMs with TMP follows the trends similar to their
interaction with H2O2 and requires preliminary hydrolysis of the Ti−L bonds. All of the Ti-POMs catalyze the oxidation
of TMP with H2O2 in MeCN to give 2,3,5-trimethyl-p-benzoquinone and 2,2′,3,3′,5,5′-hexamethyl-4,4′-biphenol.
The product distribution is similar for all of the Ti-POMs. The catalytic activities of the Ti-POMs correlate with the
rates of formation of I and follow the order of 2 > 5 > 1 > 3. The findings lay a basis for a better understanding
of the nature of the reactivity of titanium in Ti-catalyzed oxidations.

Introduction

d-Electron transition metal-oxygen-anion clusters, hence-
forth referred to as polyoxometalates (POMs), are of
fundamental and practical interest for people working in
different fields of chemistry because of the numerous unique
properties of these compounds, such as thermal and hydro-
lytic stability, tunability of acid and redox properties,
solubility in various media, and so forth.1-10 Because they

consist of a close-packed array of oxide anions, they
can model discrete fragments of extended metal oxide
lattices.1-6,8,11-13 Ti(IV)-monosubstituted Keggin-type POMs
(Ti-POMs) attract our attention as soluble models of titanium
centers isolated in an inorganic matrix. It has been well
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established that site-isolated titanium species are responsible
for the high catalytic activity of Ti-containing microporous
and mesoporous materials in the oxidation of a wide variety
of organic substrates by aqueous H2O2; however, the mech-
anism of their catalytic action is still under debate.14-17 Ti-
POMs, which are stable toward the hydrolysis of Ti-O-W
bonds and oxidative degradation, have been used successfully
in several mechanistic studies of a few Ti-catalyzed H2O2-
based oxidations.18-22

Several well-characterized Ti(IV)-monosubstituted POMs
have been known, including those having Keggin,23-28

Dawson,29-31 and Lindqvist32 structures. Among Keggin Ti-
POMs with P as a central atom, [PTi(L)W11O39]n-, those
with L ) O2-,23 Cp,24,25 Cl-, OMe,26 and O2

2-27 were
reported. Previously, we described the preparation ofµ-hy-
droxo dimer [Bu4N]7[(PTiW11O39)2OH] (5), and on the basis
of the 31P NMR study, we suggested the existence of
correspondingµ-oxo dimer [Bu4N]8[(PTiW11O39)2O] (1) and
monomer [Bu4N]4[PTi(OH)W11O39] (2).19 Recently, we have
reported the synthesis and comprehensive characterization
of protonated peroxo complex [Bu4N]4[HPTi(O2)W11O39] (I )
and its stoichiometric interaction with 2,3,6-trimethylphenol
(TMP).22 Here we present our further progress on the
synthesis of the Keggin monosubstituted Ti-POMs and report
the preparation ofµ-oxo dimer 1 and three monomer
derivatives, [Bu4N]4[PTi(L)W11O39], where L ) OH (2),
OMe (3), and OAr (4, ArOH ) 2,3,6-trimethylphenol
(TMP)), in detail. The interactions of the Ti-POMs with H2O,
H2O2, and TMP, which are the key steps in the TMP
oxidation with H2O2 in the presence of Ti-containing
catalysts,33-35 have been studied. The present work allowed

us to gain molecular-level insight into the crucial factors
determining the catalytic activity of titanium centers in H2O2-
based oxidations.

Experimental Section

Materials. Acetonitrile and methanol (Fluka) were dried and
stored over 4-Å molecular sieves. Tetra-n-butylammonium hydrox-
ide, TBAOH, (1.0 M solution in MeOH, Fluka) was titrated with
1.0 M HCl. H2O2 (30 wt % in water) was titrated iodometrically
prior to use. TMP was purchased from Fluka and recrystallized
from hexane. All of the other reactants were the best available
reagent grade and were used without further purification.

Preparations. Heteropolyacid H5PW11TiO40‚12H2O was syn-
thesized in a two-chamber electrodialyzer that was described
previously.36,37 Platinized titanium and stainless steel plates (each
of S) 25 cm2) were used as the anode and cathode, respectively.
The anodic and cathodic chambers (each ofV ) 25 cm3) were
separated by a cation-exchange membrane. The rate of flow in the
chambers was 18-20 mL/min; the current density was 0.1 A/cm2.
Two milliliters of titanium(IV) tetrachloride (4 M solution in HCl)
was added to 40 mL of an aqueous solution of 0.2 M Na7-
[PW11O39].19 This solution was passed through the anodic chamber
of the electrodialyzer. Simultaneously, an aqueous solution of NaOH
with an initial concentration of 0.1 M was circulating through the
cathodic chamber. Electrodialysis was performed for 5 h. The
anolyte solution was steamed to dryness and then kept at 150°C
for 1 h to remove residues of HCl and Cl2. The resulting white
solid was recrystallized from 30 mL of water. Yield: 98%. Anal.
Calcd for H29O52PTiW11: P, 1.04; Ti, 1.62; W, 68.3. Found: P,
1.01; Ti, 1.61; W, 67.8. IR (1200-400, cm-1) ν: 1070, 1040, 969,
890, 800, 655, 590.31P NMR (0.2 M in H2O at 20°C): -δ 13.82.37

183W NMR (0.2 M in H2O at 20 °C): -δ 100.2(2), 100.6(2),
102.7(1), 107.7(2), 118.5(2), 118.9(2).37 Synthesis of TBA7-
[(PTiW11O39)2OH] (5) was performed as described earlier (31P NMR
in dry MeCN: -δ 12.76).19

[Bu4N]8[(PTiW 11O39)2O] (1). µ-Oxo dimer1 was prepared by
two different procedures. According to the first procedure, 4 equiv
of TBAOH was added to 12.3 g (4.5 mmol) of H5PW11TiO40

dissolved in 20 mL of water. The resulting mixture was vigorously
stirred for 5-7 min, and a white precipitate was separated by
centrifugation, washed with H2O, and dried at 70°C. The resulting
solid was dissolved in 15 mL of dry MeCN and after 4 days was
precipitated again by adding a 5-fold v/v excess of ether, separated
by filtration, washed with ether, and dried at 70°C. Yield: 9.84 g
(80.0%). According to the second procedure, 1 equiv of TBAOH
was added to 1.43 g (0.2 mmol) of5 dissolved in 10 mL of dry
MeCN. The resulting mixture was kept over a period of a few hours.
Then a white solid was precipitated adding a 5-fold v/v excess of
ether, which was filtered off, and the solid was again washed with
ether and dried at 70°C. Yield: 1.29 g (90.2%). To obtain crystals
of 1, 1 equiv of TBAOH was added to 0.09 g of5 dissolved in 1
mL of dry MeCN. Vapor diffusion of diethyl ether at 4°C for ca.
2 days resulted in the formation of thin, colorless needles. The
number of TBA cations, determined by the ignition of the product
at 600°C, was ca. 8.0. Anal. Calcd for C128H288N8O79P2Ti2W22:
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C, 20.76; H, 3.92; N, 1.51; O, 17.07; P, 0.84; Ti, 1.30; W, 54.6.
Found: C, 20.63; H, 3.94; N, 1.64; P, 0.87; Ti, 1.22; W, 53.6. IR
(1200-400, cm-1) ν: 1065, 960, 880, 800, 640, 585, 520, 500.
31P NMR (0.02 M in dry MeCN at 20°C): δ -13.29 (∆ν1/2 ) 2
Hz). 183W NMR (0.05M in MeCN at 20°C): -δ 92.1, 94.6, 95.2,
100.1, 112.2, 113.0, with the approximate intensity ratio of
2:2:1:2:2:2. The real intensities of the183W NMR signals (on the
order of the increase in the negativeδ values) were equal to 1.8,
1.6, 1.0, 1.7, 1.7, and 2.0. Potentiometric titration revealed no acid
protons.

[Bu4N]4[PTi(OH)W 11O39] (2). 1 (0.222 g, 0.03 mmol) was
dissolved in 1 mL of MeCN. Vapor diffusion of wet acetone at
room temperature for ca. 4 days gave colorless prisms of2. The
first portion of the crystals was filtered off and dried at room
temperature. Yield: 0.088 g (39.6%). The number of TBA cations,
determined by the ignition of the product at 600°C, was ca. 4.0.
Anal. Calcd for C64H145N4O40PTiW11: C, 20.70; H, 3.94; N, 1.51;
O, 17.24; P, 0.83; Ti, 1.29; W, 54.4. Found: C, 20.80; H, 3.96; N,
1.43; P, 0.86; Ti, 1.22; W, 53.4. IR (1200-400, cm-1) ν: 1070,
950, 880, 800, 590, 465.31P NMR (0.02 M in dry MeCN at 20
°C): δ -13.34 (∆ν1/2 ) 2 Hz). Because2 is prone to dimerization
in dry MeCN, the signal of1 at -13.29 ppm appeared in the31P
NMR spectrum after a few hours.

[Bu4N]4[PTi(OMe)W 11O39] (3). TBAOH (1 equiv) was added
to 2.86 g (0.4 mmol) of5 dissolved in 40 mL of MeCN/MeOH
(1:1 v/v). The resulting mixture was kept over a period of 4 days.
Then, a white solid was precipitated by adding a 5-fold v/v excess
of ether, which was filtered off, and the solid was again washed
with ether and dried at 70°C. Yield: 2.63 g (92.0%). The number
of TBA cations, determined by the ignition of the product at 600
°C, was ca. 4.0. Anal. Calcd for C65H147N4O40PTiW11: C, 20.95;
H, 3.98; N, 1.50; O, 17.18; P, 0.83; Ti, 1.28; W, 54.3. Found: C,
20.84; H, 3.88; N, 1.60; P, 0.86; Ti, 1.23; W, 53.5. IR (1200-400,
cm-1) ν: 1065, 960, 880, 800, 620, 590, 510, 490.31P NMR (0.02
M in dry MeCN at 20°C): δ -13.27 (∆ν1/2 ) 3 Hz). 183W NMR
(0.05 M in MeCN at 20°C): -δ 86.8, 94.2, 97.0, 101.6, 109.6,
113.3, with the approximate intensity ratio of 2:2:1:2:2:2. The real
intensities of the183W NMR signals (on the order of the increase
in the negativeδ values) were equal to 1.3, 1.6, 0.7, 1.5, 2.0, and
1.5. 1H NMR (0.02 M in dry d-MeCN at 20°C): δ 4.31 (s, 3H,
OCH3), 3.16 (m, 32H, TBA), 1.65 (m, 32H, TBA), 1.42 (m, 32H,
TBA), 0.99 (m, 48H, TBA). Vapor diffusion of diethyl ether at 4
°C to a MeCN/MeOH (1:1 v/v) solution of3 afforded X-ray quality
colorless prismatic crystals (cubic space groupIm3m).

[Bu4N]4[PTi(OAr)W 11O39] (4). TMP (0.681 g, 5 mmol) was
added to 0.741 g (0.1 mmol) of5 dissolved in 10 mL of dry MeCN.
The resulting mixture was kept at room temperature for 3 days.
Crystals of4 were grown upon ether diffusion to the above solution
at room temperature for ca. 2 days. The orange crystals were filtered
off, washed with MeCN, and dried at room temperature. Yield:
0.445 g (60.0%). The number of TBA cations, determined by the
ignition of the product at 600°C, was ca. 4.0. Anal. Calcd for
C73H156N4O40PTiW11: C, 22.89; H, 4.08; N, 1.46; O, 16.71; P, 0.81;
Ti, 1.25; W, 52.8. Found: C, 22.61; H, 3.97; N, 1.43; P, 0.83; Ti,
1.23; W, 51.7. IR (1300-400, cm-1) ν: 1270, 1220, 1150, 1065,
955, 880, 800, 610, 590, 515, 495.31P NMR (0.02 M in dry MeCN
at 20 °C): δ -13.18 (∆ν1/2 ) 3.5 Hz). 183W NMR (0.05 M in
MeCN at 20 °C): -δ 89.1, 91.6, 94.5, 98.7, 110.3, with the
approximate intensity ratio of 2:2:1:2:4. The real intensities of the
183W NMR signals (on the order of the increase in the negativeδ
values) were equal to 2.0, 1.9, 1.0, 2.0, and 4.4.1H NMR (0.02 M
in dry d-MeCN at 20°C): δ 6.84 (d,JHH ) 7.6 Hz, 1H, TMP),
6.65 (d,JHH ) 7.6 Hz, 1H, TMP), 3.14 (m, 32H, TBA), 2.40 (s,

3H, TMP), 2.45 (s, 3H, TMP), 2.21 (s, 3H, TMP), 1.64 (m, 32H,
TBA), 1.41 (m, 32H, TBA), 0.97 (m, 48H, TBA) (Figure S1 in the
Supporting Information (SI)). UV-vis (Figure S2 in the SI):
shoulder at 320-350 nm (ε333 ) 6990 M-1cm-1). Vapor diffusion
of diethyl ether at 4°C to a dry MeCN solution of4 afforded X-ray
quality yellow prismatic crystals (cubic space groupIm3m).
However, in cases3 and4, the structure could not be solved because
of the crystal disorder problem.

Estimation of Equilibrium Constants. Concentrations of the
Ti-POMs were estimated from the relative intensities of their31P
NMR signals. The31P NMR measurement conditions (see Instru-
mentation and Methods) were adequate for a quantitative (within
an error of 10%) determination of the Ti-POM concentrations. The
intensity of the31P signal is proportional to the concentration of a
Ti-POM and to the number of P atoms in it. For dimer1, which
contains two P atoms, the intensity of its31P NMR signal was
divided by two in all of the calculations involving the concentration
of 1. Hydrolysis constantsK1 andK2 were estimated in MeCN at
22 °C. The value ofK1 was assessed by integrating the31P NMR
signals of2 and1 (Figure 1). The value ofK2 was estimated using
both31P NMR and1H NMR by integrating signals of1-3 (Figure
S3 A in the SI) and by integrating signals of CH3 protons of3 and
free methanol at 4.31 and 3.25 ppm, respectively (Figure S3 B in
the SI). The initial concentration of Ti-POMs was varied in the
range of 0.005-0.02 M. The water concentration was varied in
the range of 0.55-5.5 M (1-10% v/v). The peroxo-complex
formation constant (K4) was evaluated in MeCN at 22°C at [2] )
0.01-0.02 M and [H2O2] ) 0.2-0.5 M by integrating31P NMR
signals of1, 2, and I (Figure 2). Equilibrium constantK5 for the
reaction of2 with TMP was estimated at [2] ) 0.007-0.02 M and
[TMP] ) 0.2-0.5 M by integrating31P NMR signals of2 and4
(Figure S4 in the SI). Steady values were obtained for all of the
equilibrium constants (K) within an error of 20% when concentra-
tions of the Ti-POMs and other reagents were varied in the ranges
indicated; no systematic drift was observed.

Interaction of Ti-POMs with H 2O2. The interaction of Ti-POMs
with H2O2 was studied in MeCN at 22°C using both31P NMR
([Ti-POM] ) 0.005-0.01 and [H2O2] ) 0.15-0.35 M) and UV-
vis ([Ti-POM] ) 0.0005-0.001 and [H2O2] ) 0.035 M). In the
latter case, concentrations ofI were calculated usingε ) 1600
M-1cm-1 (λ ) 395 nm), which had been determined previously.22

Catalytic Oxidation of TMP. Catalytic oxidations of TMP with
H2O2 in the presence of Ti-POMs were carried out in temperature-
controlled glass vessels at 80°C, [Ti-POM] ) 0.005-0.01, [TMP]
) 0.1, and [H2O2] ) 0.35 M. Biphenyl was added as an internal

Figure 1. 31P NMR spectra of [Bu4N]8[(PTiW11O39)2O] (1) and [Bu4N]4-
[PTi(OH)W11O39] (2) in equilibrium ([1]0 ) 0.01 M, MeCN, 7 days): (a)
[H2O] ) 2.65 M and (b) [H2O] ) 5.05 M.
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standard for GC. Samples were taken during the reaction course
and analyzed by GC and GC-MS.

Instrumentation and Methods. The TMP conversion was
determined by GC using a Tsvet-500 gas chromatograph equipped
with a flame ionization detector and a 25 m× 0.3 mm capillary
column filled with carbowax 20 M (Ar, 100-230°C, 10°C/min).
The oxidation products were identified by GC-MS using a Saturn
2000 gas chromatograph equipped with a CP-3800 mass spectrom-
eter. The183W NMR spectra (16.67 MHz) of saturated solutions
(∼0.04 M) of the Ti-POMs in CH3CN were recorded at room
temperature in 10-mm o.d. tubes on an MSL-400 Bru¨ker NMR
spectrometer. Typical operation conditions were as follows: sweep
width, 2.5 kHz; pulse width, 50µs (90° flip angle); acquisition
time, 1s; and pulse repetition time, 5 s. The number of scans was
from 4000 to 12 000 for different samples. Chemical shifts,δ, were
referenced to the signal of WO42- in a 2 M solution of Na2WO4.
A saturated solution of H4SiW12O40 (δ -103.65 ppm) was used as
a secondary external standard. The31P NMR spectra of Ti-POMs
were measured in MeCN at an operating frequency of 161.98 MHz,
with a sweep width of 5 kHz, a pulse width of 10µs (90° flip
angle), and a pulse repetition time of 30 s. Chemical shifts were
referenced to 85% H3PO4 (external standard).1H NMR spectra were
recorded ind-MeCN at 250.13 MHz on a DPX-250 Bru¨ker
spectrometer; chemical shifts were referenced to tetramethylsilane.
The error in measuringδ was in the range of(0.05, 0.01, and 0.1
ppm for 31P, 1H, and 183W NMR spectra, respectively. The IR
spectra were recorded for 0.5-1.0 wt % samples in KBr on a
Specord-75 IR or a Shimadzu FTIR-8300 spectrometer. The
electronic absorption spectra were run on a Specord M40 spectro-
photometer using 1-cm thermostated quartz cells.

Results and Discussion

Synthesis and Characterization of Ti-POMs.µ-Oxo
dimer [Bu4N]8[(PTiW11O39)2O] 1 can be obtained either
directly from heteropolyacid H5PW11TiO40 or from µ-hy-
droxo dimer5, the preparation and characterization of which
has been described previously.19 In the former case, the
heteropolyacid was allowed to react with 4 equiv of
methanolic TBAOH in an aqueous solution at room tem-
perature. The resulting white solid dissolved in dry MeCN
showed two signals in the31P NMR spectrum at-13.29 and
-13.34 ppm. After storing the compound at room temper-
ature, we found that the intensity of the former signal
increased at the expense of the latter one. In a few days, the

only species present in the MeCN solution was that with
the 31P NMR signal at-13.29 ppm. Bearing in mind the
dimerization of [Bu4N]5[PTiOW11O39] (6) in MeCN upon
acidification,19 we suggested that the peaks at-13.29 and
-13.34 ppm belong toµ-oxo dimer1 and corresponding
monomer2, respectively, which are present in equilibrium
(eq 1) (Figure 1).

Indeed, equilibrium 1 can be shifted left or right by adding
activated 4-Å molecular sieves or water, respectively. Note
that the addition of water causes a slight shift of all of the
31P signals because of a change in the solution’s magnetic
susceptibility. Specifically, at 5% (v/v) of water in MeCN,
the signals of1 and 2 move to-13.34 and-13.39 ppm,
respectively. Using dry MeCN, we found that it is possible
to isolate pure1 (see Experimental Section). Yet,1 can also
be obtained by adding 1 equiv of methanolic TBAOH to a
MeCN solution of5. Slow vapor diffusion of diethyl ether
to this solution at 4°C gave thin, colorless needles of1.

The addition of 1 equiv of methanolic TBAOH to5
dissolved in 1:1 (v/v) MeCN/MeOH followed by the addition
of excess ether resulted in the precipitation of a white solid.
After dissolution in dry MeCN, the compound displayed a
31P NMR signal at-13.27 ppm and a characteristic1H NMR
signal at 4.31 ppm, which can be assigned to methoxyl
protons.26 The ratio of the methoxyl protons to CH2N protons
of TBA cations (multiplet at 3.16 ppm) was 1:10 (theoretical
value is 1:11), indicating that one OMe group is bound to
the Ti-POM. This allowed us to suggest that we had obtained
methoxyl derivative3. This compound was first prepared
by Knoth in 1983 starting from [Bu4N]4[PTiClW11O39] and
sodium methoxide.26 The 1H NMR spectrum of the Knoth
methoxyl derivative is identical to that of our compound3.
Vapor diffusion of diethyl ether at 4°C to a MeCN/MeOH
solution of 3 afforded X-ray quality colorless prismatic
crystals. The X-ray single-crystal study confirmed the
monomeric Keggin structure of3. Unfortunately, the anion
was statistically disordered because of the highly symmetric
cubic space group (Im3m), and the position of the TiOMe
fragment was therefore impossible to determine. Note that
this is a common problem of monosubstituted Keggin
M-POMs.1,22,28

Our first attempts to obtain pure2 failed because this
species has a tendency to dimerize. Nevertheless, we have
found that when1 was exposed to the vapor diffusion of
wet (not specially dried) acetone the first portion of the
crystals showed the31P NMR signal at-13.34 ppm in
MeCN. The chemical shift of this signal is similar to those
of 1 (-13.29) and6 (δ -13.32).19 However, after storing
the solution for a few hours, the signal of1 at -13.29 ppm
gradually appeared, whereas the intensity of the resonance
at -13.34 ppm decreased simultaneously, indicating the
transformation of2 to 1. Note that6, which has a terminal
TidO bond, is not prone to dimerization in the absence of

Figure 2. 31P NMR spectra of [Bu4N]4[PTi(OH)W11O39] (2), [Bu4N]8-
[(PTiW11O39)2O] (1), and [Bu4N]4[HPTi(O)2W11O39] (I ) in equilibrium ([2]0

) 0.01 M, MeCN, 7 days): (a) [H2O2] ) 0.2 M and (b) [H2O2] ) 0.1 M.

[Bu4N]8[(PTiW11O39)2O] + H2O {\}
K1

K-1

2[Bu4N]4[PTi(OH)W11O39] (1)
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acid.19 One can see that because the chemical shifts of the
31P NMR signals are close for1-3 and6 identification of
the isolated individual Ti-POMs based only on31P NMR
can be erroneous. Specifically, that could be the reason for
some of the contradicting results that have been published
in a few papers devoted to catalysis by Ti-POMs.19,38-41

Yellow crystals of aryloxy derivative4 were grown upon
slow ether diffusion to a MeCN solution of5 or 2 in the
presence of a 100-fold excess of TMP. Recrystallization from
dry MeCN gave pure4 (31P NMR: δ -13.18 in MeCN).
Both the elemental analysis data and the1H NMR spectrum
(see the Experimental Section and SI) of4 are consistent
with a monomer structure of the Ti-POM bearing one TMP
ligand bound to Ti. Indeed, if the aryloxy derivative were a
µ-OAr dimer, [Bu4N]7[(PTiW11O39)2OAr], then the ratio
between one of the two aromatic protons of TMP (doublet
at 6.84 ppm) and the N-CH2 protons of TBA (multiplet at
3.14 ppm) would be expected to be 1:56. In fact, the ratio,
estimated from the1H NMR data, was 1:31 (Figure S1 in
the SI). This strongly supports the monomeric structure of
4, for which the theoretical ratio is 1:32. The monomeric
structure is also supported by the IR data (vide infra). The
X-ray single-crystal study confirmed the monomeric Keggin
structure of 4, but as in the case of3, the anion was
statistically disordered because of the highly symmetric cubic
space group (Im3m). It is noteworthy that the1H signals of
all three CH3 groups in4 (δ 2.45, 2.40, and 2.21) are shifted
compared to those of TMP itself (δ 2.26, 2.20, and 2.11),
the shifting being more pronounced for the CH3 groups,
which are closer to the O atom. This argues in favor of the
formation of the ArO-Ti bond in4. The UV-vis spectrum
of 4 (Figure S2 in the SI) shows a strong absorption with a
shoulder at 320-350 nm (ε333 ) 6990 M-1cm-1), which can
be attributed to the ArOf Ti ligand-to-metal charge-transfer
band.

Importantly, it is easy to distinguish between the dimer
and monomer forms of Ti-POMs using IR (Figure 3). The
IR spectrum of1 is similar to the spectrum of5 and shows
a pronounced band at 640 cm-1, which is characteristic of a
Ti-O-Ti bond.19 In our previous work, we found a similar
band in the IR spectrum ofµ-hydroxo dimer5, the dimeric
structure of which was confirmed using an FAB-MS
technique.19 Some difference in the positions of the Ti-
(OH)-Ti and Ti-O-Ti bands in the IR spectra, 65519 and
640 cm-1, respectively, is most likely due to the protonation
of the Ti-O-Ti bridging oxygen in5. At the same time,
the IR spectra of2-4 do not display any band in this region
(Figure 3), which indicates the monomeric nature of these
compounds unambiguously. Thus, the IR data corroborate
the implications of the31P and1H NMR data. In contrast to
monomer6, which has a terminal TidO bond,19 and peroxo

complexes [Bu4N]4H[PTi(O2)W11O39] (I ) and [Bu4N]5[PTi-
(O2)W11O39] (II ),22 no splitting of the triply degenerate PO4

stretching mode is observed in the IR spectra of2, 3, and4
(s 1070, s 1065, and s 1065 cm-1, respectively). This might
indicate a higher symmetry around the central PO4 tetra-
hedron in2-4 because of a higher formal positive charge
of Ti-L with L ) OH-, OMe2-, and OAr- compared to L
) O2- and O2

2-.42 Interestingly, no splitting of the above-
mentioned mode was observed for dimers1 and5. The two
additional bands at 1270 and 1220 cm-1 that were detected
in the IR spectrum of4 can be assigned to the coordinated
TMP molecule.

Figure 4 shows the183W NMR spectra of1 and3-5. It
was not possible to record the183W NMR spectrum of pure
2 in MeCN because2 dimerized to1 during the spectrum

(38) Swegler, M.; Floor, M.; Van Bekkum, H.Tetrahedron Lett.1988,
29, 823-826.

(39) Kholdeeva, O. A.; Maksimov, G. M.; Fedotov, M. A.; Grigoriev, V.
A. React. Kinet. Catal. Lett.1994, 53, 331-337.

(40) Yamase, T.; Ishikawa, E.; Asai, Y.; Kanai, S.J. Mol. Catal. A: Chem.
1996, 114, 237-245.

(41) Kholdeeva, O. A.; Maksimovskaya, R. I.; Maksimov, G. M.; Zamaraev,
K. I. React. Kinet. Catal. Lett.1998, 63, 95-102.

(42) Rocchiccioli-Deltcheff, C.; Thouvenot, R.J. Chem. Res. Synth.1977,
2, 46-47.

Figure 3. IR spectra of Ti-POMs (1 wt % in KBr): (a) [Bu4N]4[PTi-
(OH)W11O39], (b) [Bu4N]4[PTi(OMe)W11O39], (c) [Bu4N]4[PTi(OAr)-
W11O39], and (d) [Bu4N]8[(PTiW11O39)2O].

Figure 4. 183W NMR spectra of Ti-POMs (0.04 M in MeCN, 20°C): (a)
[Bu4N]7[(PTiW11O39)2OH], (b) [Bu4N]8[(PTiW11O39)2O], (c) [Bu4N]4[PTi-
(OAr)W11O39], and (d) [Bu4N]4[PTi(OMe)W11O39].
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collecting time. Six lines with an intensity ratio approxi-
mately equal to 2:2:1:2:2:2, observed in the183W NMR
spectra of1, 3, and5, provide support for theCs symmetry
of these Ti-POMs. The183W NMR spectrum of4 (Figure
4c) also indicatesCs symmetry but consists of five (instead
of six) peaks because of the overlapping of peaks of two
pairs of tungsten atoms. The183W NMR peaks of4 are
broadened compared to those of the other Ti-POMs that were
studied. This broadening may suggest an exchange between
some different forms of4, for example, Ti-OAr and Ti r
O(H)Ar. Although the31P NMR chemical shifts are close
for some of the Ti-POMs studied, the183W NMR spectra of
all of the Ti-POMs differ markedly in the positions of their
six signals. The assignment of the signals to definite tungsten
atoms based on the analysis of the183W-O-183W coupling
satellites26,21,43is not applicable to spectra with a low signal-
to-noise ratio, which is the case for the poorly soluble TBA
salts of the Ti-POMs studied in this work. However, an
analysis of the relative intensities and heights of the central
peaks based on the procedure described in the literature44

allowed us to assign some of them. According to such an
assignment, which agrees with the assignment made using
the former approach,19,26 in the spectrum of6, the signal of
two tungsten atoms (1) from the same triplet with Ti is
significantly shifted to high frequency (-62.4 ppm) as
compared with the signal of two other adjacent to Ti
tungstens (2) (-112.7 ppm). In the spectrum of3, signals
(1) and (2) move to-86.7 and-109.6 ppm, respectively
(Figure 4d). For4, the peaks were not identified because of
their broadening and superposition. Theδ interval decreases
in the order6 > 3 > 1 ≈ 4 > 5, which probably reflects a
diminution in the heteropolyanion distortion resulting from
the replacement of WdO by Ti-L in the Keggin structural
unit. This is in agreement with the IR data (vide supra).

Interaction of Ti-POMs with H 2O, H2O2, and TMP.
The rates of hydrolysis of the Ti-POMs follow the order5
> 1 . 3 (Figure 5). Although the31P NMR δ values of the
Ti-POMs studied differ insignificantly, theδ difference and
the signal sequence are reproducible. Therefore,31P NMR
allows one to distinguish between different Ti-POMs when

a few of them are present in equilibrium. Several examples
of the 31P NMR spectra of the Ti-POM mixtures are given
in Figures 1 and 2 as well as in Figures S3 and S4 in the SI.
Because attainment of equilibrium in the Ti-POM mixtures
is not fast (several days), one can make a proper assignment
of the31P NMR signals by running spectra immediately after
varying initial concentrations of the individual Ti-POMs or
several days after introducing the additives (H2O, MeOH,
etc.). Thus, one can see that when H2O is added to dimer1
only two species are present in equilibrium: these are dimer
1 and monomer2 (Figure 1). As we mentioned above, the
intensity of the signal of2 increases with increasing H2O
concentration and decreases upon addition of activated
molecular sieves, thus confirming the correctness of eq 1.
Hydrolysis constantK1, calculated from the equilibrium
concentrations of1 and2 estimated from the corresponding
31P NMR peak intensities, has a value of 6× 10-3.

We have studied the hydrolysis of3 and found that three
Ti-POMs,1-3, can be detected in the equilibrium mixtures
by 31P NMR (Figure S3 A in the SI). When a higher excess
of H2O was added, only1 and2 were detected. This can be
rationalized if we take into account that monomer2 formed
from 3 via eq 2 is prone to dimerization to form1 (see eq
1). Thus, the general process can be described by eq 3.

The equilibrium concentrations of1-3 were estimated
from the corresponding31P NMR data (Figure 3S A in the
SI), whereas [MeOH] was calculated as [3]0 - [3]. The value
of K3 thus assessed was 6. The ratio of [MeOH]/[3] was
also determined from the corresponding1H NMR data
(Figure 3S B in the SI), whereas[1]/[2] was assessed from
the 31P NMR spectrum (Figure 3S A in the SI). The value
of K3 thus obtained was close to that calculated using the
former approach. Using the experimentally obtained values
of K1 andK3, one can estimateK2 asK3K1 ) 0.04.

It is well documented that most of the POMs are destroyed
by adding excess H2O2.10 Meanwhile, we established previ-
ously that the Keggin-type monosubstituted Ti-POMs pre-
serve their structure even when being treated with a 500-
1000-fold excess of H2O2 in MeCN.19 In this work, we
revealed that all of the Ti-POMs studied, except for6,19,20

produce the same protonated peroxo complexI (31P NMR:
δ -12.35)22 upon interaction with H2O2. We have reached
this conclusion after thorough comparison of the IR,31P
NMR, potentiometric titration, and cyclic voltammetry data
for the peroxo complexes isolated from the reaction mixtures
after interaction of1-3, and5 with a 15-fold molar excess
of H2O2. The rates of formation ofI upon interaction with
the Ti-POMs with 30% aqueous H2O2 decrease in the
sequence2 . 5 > 1 . 3 (Figure 6). In agreement with our

(43) Brevard, C.; Schimpf, R.; Tourne, G.; Tourne, C. M.J. Am. Chem.
Soc.1983, 105, 7059-7063.

(44) Sveshnikov, N. N.; Pope, M. T.Inorg. Chem.2000, 39, 591-594.

Figure 5. Hydrolysis of Ti-POMs at [Ti-POM]0 ) 0.01 M, H2O 10%
v/v, MeCN, 22°C: 2 - [Bu4N]8[(PTiW11O39)2O], f - [Bu4N]4[PTi(OMe)-
W11O39], and b - [Bu4N]7[(PTiW11O39)2OH].

[Bu4N]4[PTi(OMe)W11O39] + H2O {\}
K2

[Bu4N]4[PTi(OH)W11O39] + MeOH (2)

[Bu4N]4[PTi(OMe)W11O39] +

[Bu4N]4[PTi(OH)W11O39] {\}
K3

[Bu4N]8[(PTiW11O39)2O] + MeOH (3)
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previous data,20 the rate of peroxo complex formation from
the Ti-POMs decreases when concentrated H2O2 is used
instead of the dilute H2O2. All of the facts are consistent
with a two-step mechanism of the interaction of Ti-POMs
with H2O2, which involves hydrolysis to yield2 (eqs 1 and
2) followed by fast interaction of2 with hydrogen peroxide
to produceI (eq 4).

Equation 4 predicts that adding excess H2O would shift
the equilibrium to the left. The31P NMR experiments confirm
that this is precisely what happens. As in the case of the
hydrolysis of 3, partial dimerization of2 accompanies
reaction 4, which is clearly seen from the31P NMR data
(Figure 2). An estimation ofK4 from the 31P NMR peak
intensities gave a value of 10. Importantly, the value of
dimerization constantK-1 estimated from the spectra given
in Figure 2 is close to that assessed independently via eq 1
(Figure 1).

The interaction of the Ti-POMs with TMP in MeCN
follows trends similar to their interaction with H2O2. First,
in the absence of water the reaction is very slow for both1
and 3, whereas the addition of ca. 1% H2O enhances the
reaction rate greatly, indicating the requirement of the
preliminary hydrolysis of the Ti-POMs to yield2. Indeed,2
reacts easily with excess TMP to give the yellow species
showing the31P NMR resonance at-13.18 ppm. This
reaction can be tentatively described by eq 5.

The same species can also be obtained easily from5 and
TMP (see the Experimental Section). Again, protonated
dimer 5 is more reactive than its nonprotonated partner1.
Equilibrium 5 shifts left upon increasing initial concentration
of 2 at constant TMP concentration (Figure S4 in the SI)
and shifts right upon increasing TMP concentration. The
value of K5, estimated from the31P NMR data, is 0.03.

Interestingly, the signal of dimer1 is not detected in the31P
NMR spectra (Figure S4 in the SI), indicating that excess
TMP hampers the dimerization of2 via eq 1.

Catalytic TMP Oxidation in the Presence of Ti-POMs.
We compared the catalytic behavior of the Ti-POMs in the
TMP oxidation with H2O2 and found that the activity follows
the series2 > 5 > 1 > 3 (Figure 7).As was observed earlier
for the thioether oxidation, monomer6, which is known to
form nonprotonated peroxo complexII upon interaction with
H2O2,19,20showed no activity in the catalytic TMP oxidation.
The reactivity order found for the Ti-POMs correlates with
the rates of peroxo complex formation, which, in turn,
correlate with the hydrolysis rates of the corresponding Ti-
POMs. The catalytic TMP oxidation in the presence of all
of the Ti-POMs yields 2,3,5-trimethyl-p-benzoquinone
(TMBQ) and 2,2′,3,3′,5,5′-hexamethyl-4,4′-biphenol (BP) as
the main reaction products. Recently, we have found the
same products for both stoichiometric and catalytic TMP
oxidation by peroxo complexI .22 Under the conditions
described in the Experimental Section, the yield of TMBQ
attained was 30%. For all of the Ti-POMs, the product
distribution was similar when the same reaction conditions
were employed. However, it depended significantly on the
TMP/Ti-POM molar ratio and the reaction temperature in
the same way as had been found earlier for the TMP
oxidation with H2O2 over heterogeneous Ti, Si catalysts.33-35

Conclusions

The present work has demonstrated that reliable identifica-
tion of various forms of Ti-monosubstituted Keggin POMs
can be done only by using a combination of multinuclear
NMR and IR data. The performed study allowed us to assess
the reactivity of different Ti-L bonds, including Ti-OH,
TidO, Ti-OMe, Ti-OAr, and Ti-O-Ti, toward H2O,
H2O2, and TMP and to establish the relationship between
this reactivity and the catalytic activity of the Ti-POMs in
the TMP oxidation with aqueous H2O2. Using the values of
K1-K5 that were obtained in this work, one can estimate
the concentrations of titanium species with different Ti-L
bonds in real reaction mixtures, which usually contain a Ti
catalyst, H2O, H2O2, MeOH, and an organic substrate. All
of these data promote an understanding of the nature of the
reactivity of titanium in the Ti-catalyzed oxidations. Detailed

Figure 6. Concentration of [Bu4N]4[HPTi(O2)W11O39] (I) versus time upon
addition of 30% H2O2 (0.035 M) to Ti-POMs (0.001 and 0.0005 M for the
monomers and dimers, respectively) in MeCN at 22°C: 9 - [Bu4N]4[PTi-
(OH)W11O39], 2 - [Bu4N]8[(PTiW11O39)2O], f - [Bu4N]4[PTi(OMe)-
W11O39], and b - [Bu4N]7[(PTiW11O39)2OH].

[Bu4N]4[PTi(OH)W11O39] + H2O2 {\}
K4

[Bu4N]4[HPTi(O2)W11O39](I ) + H2O (4)

[Bu4N]4[PTi(OH)W11O39] + ArOH {\}
K5

[Bu4N]4[PTi(OAr)W11O39] + H2O (5)

Figure 7. Oxidation of TMP (0.1 M) with 30% H2O2 (0.35 M) in MeCN
at 80°C in the presence of Ti-POMs (0.01 and 0.005 M for the monomers
and dimers, respectively):9 - [Bu4N]4[PTi(OH)W11O39], 2 - [Bu4N]8-
[(PTiW11O39)2O], f - [Bu4N]4[PTi(OMe)W11O39], and b - [Bu4N]7-
[(PTiW11O39)2OH].
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kinetic and mechanistic studies of the alkylphenol Ti-POM-
catalyzed oxidation with H2O2 will be published in a
forthcoming paper.
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