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bstract

Recent developments in the application of titanium- and zirconium-monosubstituted Keggin-type polyoxometalates (Ti- and Zr-POMs) as

olecular models for studying mechanisms of H2O2-based selective oxidation catalysis are reviewed. The similarity in the catalytic behavior of
i- and Zr-POMs and heterogeneous Ti(IV) and Zr(IV) single-site selective oxidation catalysts is demonstrated. The progress on the synthesis of
i- and Zr-POMs, studying their interaction with H2O and H2O2, and characterization of the peroxo species formed are surveyed, with special
mphasis being placed on the role of protons in the activation of the peroxo species.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The selective catalytic oxidation of organic compounds with
ow cost and environmentally friendly oxidants is of both fun-
amental and practical interest [1–27]. Nowadays, aqueous
ydrogen peroxide is viewed as one of the most attractive oxi-
ants from both ecological and economic standpoints, and this
timulates the search for efficient catalysts for H2O2 activa-
ion [2,5,8–15,20,22–29]. Numerous microporous and meso-
orous materials, containing transition metal (TM) ions isolated
n the framework of inorganic matrices or grafted (tethered)
nto the surface, were prepared and examined in H2O2-based
xidations [2,5,7–12,14,15,29–45]. At the present time, it is
idely recognized that titanium-containing molecular sieves are

mong the best catalysts for selective oxidations with hydroper-
xides [2,8–12,14,15,28–39,43,45–47]. Microporous titanium-
ilicalite TS-1, discovered by the EniChem group at the end
f 1970s, has opened a real perspective of H2O2 applica-
ions [7,12,14,15,29,48–53]. In the past decade, a consider-
ble amount of research was dedicated to the development of
esoporous titanium-containing materials (Ti-HMS, Ti-MCM-
1, Ti-MCM-48, Ti-MMM-2, etc.) capable of oxidizing large
rganic substrates [34–38,40,41,43–47]. Zr-containing molecu-
ar sieves, including microporous ZrS-1 [54] and mesoporous
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r-HMS [55], Zr-MCM-41 [56,57], ZrO2–SiO2 [58,59], and
r-MCF [60], have also demonstrated a pronounced catalytic
ctivity in selective oxidation reactions with H2O2.

In the last years, more and more attention is given to molec-
lar design of selective oxidation catalysts using a rational
pproach, which allows constructing on surfaces the active sites,
niform in composition and distribution [61–67]. However, for
uccessful designing, fundamental knowledge about the nature
f the active species is needed. The establishment of the so called
structure–reactivity relationships” is highly important to for-
ulate requirements to composition and structure of an optimal

atalytic centre. Despite the colossal achievements in surface
cience, investigation of mechanistic issues remains complicated
n heterogeneous catalysis, for which the active catalytic species
re normally difficult to investigate. Although considerable
fforts, both theoretical and experimental, have been directed
o rationalize activity observed in TS-1 and related materials
12,46,68–82], much remained to be understood regarding the
ature of the active oxidizing species and chemical interactions
t the molecular level. The same concerns other TM-containing
olecular sieves. That is why mechanistic studies based on
odel soluble probes are becoming increasingly important in the

atalyst designing area [83–91]. However, studying oxidation
echanisms using TM-complexes with organic ligands is com-
licated by their oxidative and hydrolytic degradation, polymer-
zation and other processes [89,92]. TM-silsesquioxanes were
uggested as homogeneous probes of heterogeneous single-site
atalysts [83,86,88,93–98]. Titanium-silsesquioxanes have been

mailto:khold@catalysis.nsk.su
dx.doi.org/10.1016/j.molcata.2006.08.023
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Fig. 1. Atomic (A) and polyhedral (B) re

uccessfully employed for studying alkene epoxidation with
lkylhydroperoxides [93–95,97,98]. Meanwhile, susceptibility
o hydrolysis restricts the use of these compounds to anhydrous

edia, and this makes problematic their suitability for studying
xidations with H2O2.

In contrast to TM-complexes with organic and organometal-
ic ligands, TM-substituted polyoxometalates (TM-POMs for
hort) are thermodynamically stable to oxidation and, further-
ore, possess hydrolytic stability under appropriate pH con-

itions. Unique combination of properties has made this class
f compounds very attractive for people working in differ-
nt fields of chemistry, including catalysis and, in particular,
olecular catalysis [20,25–27,99–109]. In 1986, Hill and Brown
rst revealed that some d-electron-TM-POMs (TM = Mn(II)
nd Co(II)) are remarkably effective catalysts for oxygen atom
ransfer from typical single oxygen donors, such as iodosy-
arenes and aniline N-oxide, to alkenes [110]. In the same
ear, Katsoulis and Pope demonstrated similar properties of Cr-
OM [111]. These findings have allowed the authors to call
M-POM “oxidatively resistant inorganic analogues of met-
lloporphyrins” and found further development in subsequent
umerous catalytic studies on TM-POM (many of them are
ited in Refs. [25–27,100,101,103–109]). On the other hand,
he apparent structural analogy of POMs and metal oxide sur-
aces allows one to view POMs as discrete, soluble fragments
f extended metal oxide lattices [112–120]. A few research
roups have used this approach for studying mechanisms of
eterogeneous catalysis by TM-oxides and oxide-supported cat-
lysts. Among the reported mechanistic studies were modeling
f ammoxidation chemistry using the soluble MoO3 analogue
Mo6O19]2− [121] and modeling methanol oxidation on MoO3
sing methoxo derivatives of polyoxomolybdates [122]. Finke
nd Droege reported that the trisubstituted heteropolytungstate
imer, [Si2W18Nb6O77]8−, behaves as a solubilized piece of
Nb2O5)3 [114]. Then Finke and co-authors demonstrated that
HSiW9V3O40]6− can serve as a homogeneous model for H+

obility on a heterogeneous oxide surface [116]. Recently, Zr-
ontaining polyoxotungstates have been suggested as soluble
nalogues of heterogeneous tungstated zirconia catalysts [123].

Given in mind the growing relevance of TM-single-site cata-

ysts, TM-monosubstituted POMs are of special interest because
hey can function as soluble models of active TM catalytic cen-
res isolated in an inorganic matrix. Indeed, the structural unit
f the TM-monosubstituted Keggin-type heteropolytungstate

r
c

[

tation of [PM(L)W11O39]n− (M-POM).

PM(L)W11O39]n− (PW11ML for short), which is shown in
ig. 1, can be viewed as an ideal model of a single TM site. The
W11O39

7− lacunary POM functions as a multidentate ligand
or TM ion, which is strongly bound to four neighboring tung-
tens and one central P atom of POM through oxygen bridges.
n fact, only external coordination position (positions, if coor-
ination number of TM is higher than 6), which is occupied by
igand L, is labile and accessible for reactants. The presence of
phosphorous central atom offers additional advantage, namely

he possibility of using 31P NMR, which is a powerful techniques
n POMs speciation and studying their dynamics in solutions.

In this short review paper we would like to summarize our
xperience in the synthesis, characterization and application of
i- and Zr-POMs for studying mechanisms of H2O2-based oxi-
ations [124–132]. The following subjects will be considered.
irst, we will compare catalytic properties of Ti- and Zr-POMs
ith catalytic properties of Ti,Si- and Zr,Si-materials in selec-

ive oxidation of a few representative organic substrates with
2O2. Then, we will discuss the progress on the synthesis and

haracterization of Ti- and Zr-monosubstituted Keggin-type het-
ropolytungstetes and studying their interaction with H2O and
2O2. Finally, our recent accomplishments in the preparation

nd characterization of different type peroxo species formed
pon interaction of Ti- and Zr-POMs with H2O2, determin-
ng their structure and the reactivity nature will be surveyed,
ith special attention being paid to the role of protons in the

eactivity.

. Catalytic properties of homogeneous M-POMs and
eterogeneous M,Si-catalysts with M = Ti(IV) and
r(IV)

To assess the applicability of Ti-POMs and afterward Zr-
OMs for studying mechanisms of heterogeneous Ti- and Zr-
ingle-site catalysis, we first compared the catalytic behavior of
he POMs and the corresponding metal-silicates in oxidation of
few representative organic substrates, including two alkenes,

yclohexene (CyH) and �-pinene, 2,3,6-trimethylphenol
TMP), and two thioethers, methyl phenyl sulfide (MPS) and
enzyl phenyl sulfide (BPS). Both the literature data and the

esults obtained in our group on heterogeneous Ti- and Zr-
ontaining mesoporous silicates were used for the comparison.

The oxidation of CyH with H2O2 over Ti,Si-catalysts
55,133–141] and Ti-POMs [131,142–144] was studied by
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Fig. 2. Product distributions in oxidation of CyH (a) and �-pin

everal research groups. Normally, titanium–silicates produce
roducts typical of both two-electron oxidation mechanisms
cyclohexene epoxide and trans-cyclohexane-1,2-diol) and one-
lectron oxidation mechanisms (2-cyclohexene-1-ol and 2-
yclohexene-1-one). The same set of CyH oxidation products
as found with Zr,Si-catalysts [55,58]. The ratio between the
roducts varied significantly depending on the hydrophobic-
ty/hydrophilicity and other characteristics of the catalyst, sol-
ent, reaction conditions, etc.

Initially, the results reported by different research groups
n Ti-POM-catalyzed CyH oxidation looked quite contradict-
ng. Some authors found rather good activity in CyH epoxi-
ation [142,144], while others found none [143]. The reasons
or that have become clearer in the light of several findings
127,131,145–147]. First, a few 31P NMR studies have impli-
ated that many POMs are solvolytically not stable to H2O2
nd, in fact, they often act as precursors of the true cata-
yst, Venturello complex {PO4[M(O)(O2)2]4}3− (M Mo, W),
nd/or other low nuclearity species [20,107,145–147]. The Ven-
urello complex is well known as a very efficient epoxidizing
gent [106,107,148,149]. Hence, before using any POM for
tudying mechanistic issues, 31P NMR study must be carried
ut to confirm stability of the specific POM under real con-
itions of catalytic turnover. We performed such a study on
i-POM and revealed that the solvent nature had a strong effect
n solvolytic stability of POM to H2O2 and, therefore, on
ts catalytic behavior in alkene epoxidation. In fact, PW11Ti
s stable with respect to at least 500-fold excess of H2O2
n MeCN: no products derived from degradation of the Keg-
in structural unit were detected by 31P NMR in the range
f +7 to −22 ppm. At the same time, it readily degrades in
ater and in two-phase systems, e.g. chlorinated solvent/water

127]. Furthermore, our recent study on CyH oxidation with

2O2/Ti-POM/MeCN system has revealed a high impact of

he counter cations nature, specifically, of the number of pro-
ons in Ti-POM, on both the catalyst activity and selectivity
131].

i
c

s

b) over heterogeneous Ti,Si-catalysts and Ti-POMs [60,131].

We carried out CyH oxidation with H2O2 over the mesostruc-
ured titanium–silicate Ti-MMM-2 and monoprotonated tetra-
-butylammonium (TBA) salt of [PW11TiO40]5− [131] under
omparable reaction conditions and found quite similar product
istributions (Fig. 2a). Recently, we revealed that oxidation of �-
inene with H2O2 readily proceeds with both mesoporous Ti,Si-
atalysts and Ti-POM (both homogeneous and immobilized in
iO2 matrix) producing a similar set of oxidation products, con-
istent with a homolytic oxidation mechanism [60] (Fig. 2b).

The oxidation of CyH and �-pinene with H2O2 over Zr,Si-
atalysts [55,58,60] and Zr-POMs [132] also has demonstrated
imilarity in the catalytic behavior of both types of the cata-
ysts. Some results on �-pinene oxidation in the presence of both
omogeneous and heterogeneous Ti- and Zr-single-site catalysts
re presented in Table 1.

One can see that the yield of the allylic oxidation products,
erbenol and verbenone, is quite similar for all the catalysts
nd depends mainly on the reaction conversion. The activity of
oth Ti- and Zr-POMs strongly depends on their protonation
tate. One can judge from the data of Table 1 that the activity
f the highly protonated Ti- and Zr-POM catalysts expressed in
OFs is one order of magnitude higher than that of the corre-
ponding M,Si-catalysts. In turn, the low-protonated Zr-POM
emonstrates fairly low activity.

The oxidation of alkylphenols with H2O2 over mesoporous
itanium–silicates [150–153] and Ti-POMs [129,130] has been
ntensively studied using TMP as model substrate. With both
ypes of catalysts we found the same products, 2,3,5-trimethyl-
,4-benzoquinone (TMBQ, which is Vitamin E precursor) and
,2′,3,3′,5,5′-hexamethyl-4,4′-biphenol (BP) (Scheme 1).

More recently, TMBQ and BP were found also with both
r-POMs [132] and Zr-MSF [154]. Some typical results on
MP oxidation obtained under comparable reaction conditions
n the presence of homogeneous and heterogeneous Ti- and Zr-
atalysts are given in Table 2.

In general, the selectivity to TMBQ is higher for titanium
ingle-site catalysts than for zirconium ones. With both homo-
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Scheme 1

Table 1
�-Pinene oxidation with H2O2 in the presence of Ti- and Zr-catalystsa

Catalyst �-Pinene
conversion (%)

TOFav
b

(h−1)
Verbenol
yieldc (%)

Verbenone
yieldc (%)

Ti-MCFd 46 1.5 22 17
Ti-POMe/silica 15f 23 37 45
Ti-POMe/silica 35 – 29 23
Zr-MCFd 55 1.4 15 15
Zr-POMg 40f 14 21 18
Zr-POMh 25f 8 n.d.i n.d.
Zr-POMj 7f 0.8 n.d. n.d.
Without catalyst 5f – n.d. n.d.

a Reaction conditions: �-pinene, 0.1 mmol; H2O2, 0.12 mmol; MeCN, 1 mL;
30 ◦C; 5 h.

b TOFav = (moles of substrate converted in the catalytic reaction−moles of
substrate converted in the blank experiment)/(moles of M× h).

c GC yield based on �-pinene consumed. The main by-products are camphene,
campholenic aldehyde and unidentified oligomeric/polymeric products formed
due to overoxidation.

d Ti- and Zr-grafted on mesoporous cellular foams [60].
e Ti-POM = H5PW11TiO40; catalyst contained 4.4× 10−4 mmol Ti. The activ-

ity of the corresponding homogeneous system is quite similar [60].
f After 1 h.
g (n-Bu4N)7H[{PW11O39Zr(�-OH)}2], 0.0025 M.
h (n-Bu4N)8[{PW11O39Zr(�-OH)}2], 0.0025 M.
i Not determined.
j (n-Bu4N)9[{PW11O39Zr}2(�-OH)(�-O)], 0.0025 M.

Table 2
2,3,6-Trimethylphenol (TMP) oxidation with H2O2 in the presence of Ti- and
Zr-catalystsa

Catalyst TMP conversion (%) TOFb (h−1) TMBQ yieldc (%)

Ti,Si-aerogel 100 78 85
Ti-MMM-2 100 66 81
Ti-MCFd 100 37 57
Ti-POMe 90 26 47
Zr-MCFd 83 31 49
Zr-POMf 90g 60 45
Zr-POMh 37g 32 n.d.

a Reaction conditions: TMP, 0.1 mmol; H2O2, 0.35 mmol; Ti, 0.006 mmol;
MeCN, 1 mL; 80 ◦C; 5 h.

b Moles of TMP consumed/moles of M× h; determined from initial rates of
TMP consumption.

c GC yield based on TMP consumed. The main by-product is BP.
d Ti- and Zr-grafted on mesoporous cellular foams.
e (n-Bu4N)4HPW11TiO40, 0.01 M.
f (n-Bu4N)7H[{PW11O39Zr(�-OH)}2], 0.0025 M.
g After 1 h.
h (n-Bu4N)9[{PW11O39Zr}2(�-OH)(�-O)], 0.0025 M.
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eneous and heterogeneous Ti-catalysts the product distribution
trongly depends on the substrate to catalyst (Ti) molar ratio.
he lower [TMP]/[Ti], the higher TMBQ yield [150,129].

Importantly, kinetic studies performed on the
itanium–silica/H2O2 and Ti-POM/H2O2 systems have
isclosed the same rate law [155,156]. First orders in both
atalyst and oxidant and fractional (0–1) order in TMP were
ound for both types of catalysts. Such a kinetic behavior
mplies a mechanism that involves pre-association between
henolic substrate and titanium centre. The rate of both
omogeneous and heterogeneous reactions decreases with
ecreasing H2O concentration (is higher with 30% aqueous
2O2 than with concentrated H2O2) [150,155,156]. That is

rue not only for alkylphenol oxidation but also for alkene and
hioether oxidations [126–128,131].

The oxidation of organic sulfide MPS with H2O2 smoothly
roceeds at room temperature with both Ti,Si-catalysts
139,140,157,158] and Ti-POMs [124–128] to produce methyl
henyl sulfoxide (MPSO) and methyl phenyl sulfone (MPSO2)
ith nearly quantitative yield (Scheme 2).
At the early stage of our research we found that some sam-

les of Ti-POM showed high catalytic activity in the oxidation
f MPS by H2O2, while other samples had very poor activ-
ty [124]. The strong effect of the composition of the cationic
art of Ti-POM on its catalytic behavior has been revealed
124,125], and the crucial role of protons in the catalytic activity
as been hypothesized [125,127]. The results on the product dis-
ribution attained with various Ti-containing catalysts, includ-
ng protonated and non-protonated Ti-POM, are presented in

able 3.

Again, the product distribution is very similar for both Ti,Si-
atalysts and Ti-POMs. Importantly, the MPSO/MPSO2 ratio
ound for Ti-catalysts differs significantly from that typically

able 3
PS oxidation with H2O2 in the presence of Ti-catalystsa

atalyst MPS
conversion (%)

TOFb

(h−1)
MPSO
yieldc (%)

MPSO2

yieldc (%)

S-2d 98 n.d. 78 22
i-MMM-2e 98 100 75 25
i-POMf 97 32 80 20
i-POMg 32 2.9 n.d. n.d.

a Reaction conditions: MPS, 0.1 mmol; H2O2, 0.12 mmol; MeCN, 1 mL;
0 ◦C; 0.5 h.
b Moles of MPS consumed/moles of Ti× h.
c GC yield based on TMP consumed.
d Reaction conditions see in Ref. [157].
e Mesostructured titanium–silicate catalyst [153].
f [Bu4N]7[{PTiW11O39}2OH], 0.0025 M.
g [Bu4N]5[PW11TiO40], 0.005 M.
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Scheme 3.

bserved with V-catalysts, the latter being more selective with
espect to sulfoxide formation [159–161].

The oxidation of benzyl phenyl sulfide (BPS), a test substrate
requently used to distinguish one- and two-electron oxida-
ion mechanisms [162,163], with H2O2 in the presence of both

esoporous titanium–silicate Ti-MMM and Ti-POM affords
enzaldehyde and disulfide along with the corresponding sul-
oxide and sulfone (Scheme 3) [128]. Such a composition of
roducts strongly supports a homolytic oxidation mechanism
or both catalytic systems because benzaldehyde and disulfide
ost likely arise from a fragmentation of intermediate thioether

adical cation [162].
Thus, based on the product and kinetic studies performed

n several selective oxidations with H2O2 in the presence of
-POMs and mesoporous M,Si-catalysts (M = Ti, Zr), we have

ome to a conclusion that similar catalytic behavior of these two
ypes of catalytic materials justifies the use of Ti- and Zr-POMs
s soluble tractable probes for studying Ti- and Zr-catalyzed
xidation mechanisms.

. Synthesis and characterization of Ti-POMs
Several well-characterized Ti(IV)-monosubstituted POMs
ave been known, including those having the Keggin [164–169],
awson [170–172] and Lindqvist [173] structures. Among the
eggin Ti-POMs with P as a central atom, [PTi(L)W11O39]n−,

3

A
d

Scheme 4. Synthesis
.

hose with L = O2− [164], Cp [165,166], Cl−, OMe− [167],
nd O2

2− [168,169] had been reported when we started our
ctivity in this field. Keggin Ti-POMs with Ga [174], Fe, Cr
175], and Co [176] central atoms were also documented. The
nitial confusion in the spectroscopic and catalytic results dis-
losed in the MPS and CyH oxidation with H2O2 over Ti-
OMs has prompted us to a conclusion that along with the
W11Ti O form described in the literature [164], some other
orms may exist. In 2000, we fist reported the synthesis and
haracterization of the �-hydroxo dimeric heteropolytungstate
Bu4N]7[(PTiW11O39)2OH] and studied the monomer–dimer
nterconversion chemistry [127]. We suggested that acidification
f a MeCN solution of TBA5PW11O39TiO first results in the pro-
onation of the Ti O bond to yield a Ti–OH species which dimer-
zes to produce a Ti–O–Ti dimer. The preferable protonation of
i O in titanium-monosubstituted POMs has been recently sup-
orted by computational studies [177]. Recently, we reported the
ynthesis of the �-oxo-dimer [Bu4N]8[(PTiW11O39)2O] as well
s three monomer derivatives, [Bu4N]4[PTi(L)W11O39], where
= OH−, OMe− and OAr− (ArOH = TMP) [130]. Heteropoly-

cid H5PW11TiO40 prepared by the electrodialysis method
130,178] was used as starting material for the syntheses
Scheme 4).

The Ti-POMs were characterized by the elemental analysis,
R, Raman, UV–vis, and multinuclear (31P, 1H, 183W) NMR.
t has been established that the dimeric and monomeric forms
an be easily distinguished using IR (Fig. 3). The IR spectra of
he dimers show a pronounced band at 640 and 655 cm−1 for the
nprotonated and protonated POMs, respectively, which is char-
cteristic of a Ti–O–Ti bond [127,130]. The dimeric structure
as confirmed using FAB-MS technique [127].

The 31P NMR study has revealed that several Ti-POMs show

1P NMR signals having very close chemical shifts (Fig. 4).
t the same time, the 183W NMR spectra of all the Ti-POMs
iffer markedly in position of their six lines (Fig. 4). Thus,

of Ti-POMs.
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Fig. 3. IR spectra of Ti-POMs in KBr.

ur work has demonstrated that reliable identification of var-
ous forms of Ti-monosubstituted Keggin-type POMs can be
one only using a combination of the multinuclear NMR and IR
ata.

. Ti-POMs with different Ti–L bonds and their
nteraction with H2O2

Although the 31P NMR δ values of some Ti-POMs differ
nsignificantly, the δ difference and the signal sequence
re reproducible and 31P NMR allows one to distinguish
etween different Ti-POMs when some of them are present
n equilibrium. Using 31P NMR we studied interaction of
i-POMs with H2O and H2O2 in acetonitrile [130]. The rates
f Ti-POMs hydrolysis were found to decline in the sequence
PW11Ti)2OH > (PW11Ti)2O�PW11TiOMe (TBA cations
nd oxygen atoms are omitted for short). In turn, the rates of the

nteraction of Ti-POMs with H2O2 followed the same order:
W11TiOH� (PW11Ti)2OH > (PW11Ti)2O�PW11TiOMe.
he monomeric species with terminal Ti–OH bond showed the
ighest reactivity among the other Ti-POMs. Note that namely

a

w
c

Fig. 4. 31P and 183W NMR data f
lecular Catalysis A: Chemical 262 (2007) 7–24

ripodal Ti(OSi)3OH species are believed to predominate on
he surface of mesoporous titanium silicates [46].

Studies by 31P NMR, IR, potentiometric titration, and
yclic voltammetry revealed that all the Ti-POMs, except
or PW11Ti O, afford the same peroxo complex [Bu4N]4
HPTi(O2)W11O39] (I) upon interaction with aqueous H2O2
n MeCN. In sharp contrast to the other Ti-POMs, PW11Ti O
eacts with H2O2 very slowly and yields the well-known
nactive peroxo complex [PTi(O2)W11O39]5− (II) [168,169].
his finding is in agreement with the proton-assisted oxo-
eroxo exchange that has been established for titanyl tetra-4-
yridylporphyrin in the presence of H2O2 [179]. The compara-
ive characterization of I and II will be given in the next chapter.

The catalytic activities of the Ti-POMs in TMP oxidation with
queous H2O2 were found to correlate with the rates of the for-
ation of I and the rates of the Ti-POM hydrolysis [130]. As we
entioned already, the oxidation rate decreased when concen-

rated H2O2 was used instead of dilute one [126,127,131,156].
his phenomenon was observed also with heterogeneous Ti,Si-
atalysts [150,155]. The PW11Ti O species was practically
nactive in both thioether [126,127] and alkylphenol [129] oxi-
ation. All these findings collectively allowed us to suggest a
wo-step mechanism for the reaction of Ti-POMs with H2O2,
hich involves hydrolysis of the Ti–L bonds to yield Ti–OH

pecies followed by its fast interaction with hydrogen peroxide
roducing titanium peroxo species I (Scheme 5).

The model study performed on Ti-POMs allowed to assess
he reactivity of different Ti–L bonds, including Ti–OH, Ti O,
i–OMe, Ti–OAr, Ti–O(H)–Ti, and Ti–O–Ti, towards H2O and
2O2, and to establish the relationship between this reactiv-

ty and catalytic activity of the Ti-POMs in TMP oxidation
ith aqueous H2O2. Using the values of equilibrium constants

eported in [130] (some values are given in Scheme 5) one can
oughly estimate the ratios between different Ti–L species in real
eaction mixtures, containing Ti-catalyst, H2O, H2O2, MeOH,

nd phenolic substrate.

Given all these in mind, a number of phenomena observed
ith both heterogeneous and homogeneous titanium catalysts

an be understood and, therefore, predicted. For example, it

or Ti-POMs in dry MeCN.
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Scheme 5. Interaction of

ecomes clear why catalysts containing titanyl (Ti O) groups
re not good for oxidations with H2O2; why basic additives deac-
ivate Ti-single-site catalysts; why the oxidation rate decreases
hen concentrated H2O2 is employed instead of dilute one

126,127,131,150,155], etc.
It is worth noting that our conclusions based on model

i-POMs are in good agreement with those based on the
pectroscopic and theoretical studies on TS-1 and related
aterials. Thus, it has been inferred from the IR study using
O2 as a chemical probe for titanyl groups that no Ti O bonds
re present in detectable concentrations in well-manufactured
itanium–silicates [180]. X-ray absorption spectroscopy has
lso revealed no evidence for titanyl bond [61]. The key role
f water as co-reactant in favoring the H2O2 adsorption at
i sites and stabilizing titanium hydroperoxo complexes was
educed from spectroscopic and computational studies on the
S-1/H2O2/H2O system [75,82].

. Peroxotitanium complexes: the role of protons

.1. Structure of monoprotonated peroxotitanium species I

Different structures of the active peroxotitanium species
roposed for titanium–silicate catalysts are shown in Fig. 5.

oth end-on (η1) and side-on (η2) binding modes of the
eroxo ligand were suggested, but all the structures neces-
arily included an activating proton and thus corresponded
o hydroperoxotitanium (protonated) rather than peroxotita-

ig. 5. The structures proposed for active peroxotitanium species in Ti,Si-
atalysts [51–53].
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Ms with H2O and H2O2.

ium (non-protonated) complexes. At least two experimen-
al observations were considered as arguments for that. First,
t was found that basic additives deactivate both heteroge-
eous and homogeneous Ti-catalysts, while acid additives pro-
uce the opposite effect [12,46,51–53,181]. Second, all iso-
ated and well characterized peroxotitanium complexes, includ-
ng well-known peroxo complex II [168,169] and recently
eported �-Dawson tri-peroxotitanium-substituted POM [�-
,2,3-P2W15(TiO2)3O56(OH)3]9− [182], appeared to be inactive
oward oxidation of organic substrates (except for triphenylphos-
hine) in stoichiometric reactions [127,144,181–186]. At the
ame time, no hydroperoxotitanium complex was known.

Recently, we have succeeded in preparing the first pro-
onated peroxotitanium complex, [Bu4N]4[HPTi(O2)W11O39]
r I, via interaction of the �-oxo dimeric heteropolytungstate
Bu4N]8[(PTiW11O39)2O] with a 15-fold excess of 35% aque-
us H2O2 in MeCN [129]. This compound has been isolated
nd characterized by elemental analysis, potentiometric titra-
ion, cyclic voltammetry, X-ray, IR, resonance Raman (RR),
1P and 183W NMR. Potentiometric titration with methano-
ic TBAOH confirmed the presence of one acid proton in the

olecule of I. The addition of 1 equiv. of OH− to I (31P NMR:
−12.4 ppm) resulted in the formation of II (δ −13.0 ppm).

odometric titration indicated the presence of one peroxo group
er molecule of I. Cyclic voltammetry study revealed that I
as significantly higher redox potential (E1/2 = 1.25 V) com-
ared to non-protonated II (E1/2 = 0.88 V). Therefore, protona-
ion enhances the oxidizing ability of the peroxotitanium group.
he 31P and 183W NMR spectra of I are presented in Fig. 6. The

83W NMR spectrum of I consisted of six lines of 2:2:1:2:2:2
ntensities pointing to Cs symmetry of the anion (or fast proton
xchange on the 183W NMR time scale). Both 31P and 183W
MR confirm the retention of the Keggin structural unit upon

nteraction of Ti-POM with H2O2.
The monomeric Keggin structure of I was confirmed also

y single crystal X-ray analysis of I [129]. That is impor-

ant because dimeric �-peroxytitanium complexes have been
recedented [187,188]. Unfortunately, the anion of I was sta-
istically disordered due to the highly symmetric space group
I-4), and the position of the TiOO species was impossi-
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ig. 6. 31P (a) and 183W NMR (b) spectra of I in MeCN. (b) Reprinted with
ermission from Ref. [129]. Copyright 2004 American Chemical Society.

le to determine. Earlier, Yamase’s group faced the same
roblem when they performed an X-ray study on II ([(i-
3H7)2NH2]5[PTi(O2)W11O39]·4H2O) [169]. Note that crystal
isordering is a typical phenomenon for [XM′M11O39]n− het-
ropolyanions.

In contrast to the NMR spectra of I and II, which are
xtremely sensitive to protonation, both UV–vis and vibrational
pectra of these peroxo complexes appeared to be quite similar
129]. The UV–vis spectra of I and II show a strong absorp-
ion with a maximum located at 395 and 390 nm, respectively,
hich is attributed to the O2→Ti ligand-to-metal charge trans-

er band [168,169]. Note that an absorption band having max-
mum at 361 nm was found upon dosing H2O/H2O2 solution
o TS-1 [68,75]. Characteristic features of the IR spectra of I
nd II (Fig. 7A) are two bands located at 630 and 690 and 620
nd 714 cm−1, respectively, which are absent in the IR spec-

ra of peroxo-free Ti-POM (Fig. 3) and can be assigned to the
ymmetric and asymmetric metal-peroxide stretches [129]. The
–O stretching band, which is anticipated to manifest around

f
s
a

ig. 7. FTIR (A, in KBr) and RR (B, λexc = 488 nm) spectra of solid I (1) and II (2). (3
004 American Chemical Society.
lecular Catalysis A: Chemical 262 (2007) 7–24

00 cm−1 for monoperoxo complexes [171,189–191], is not
een in the IR spectra of I and II due to overlap with the strong

–O–W asymmetric stretch (895 cm−1) of the Keggin unit.
The RR spectra of I and II taken with excitation at λ = 488 nm

isplay an intense band at 630 cm−1, which is lacking in the
R spectrum of the peroxo-free, colorless Ti-POM (Fig. 7B).
his band shows strong resonance behavior, the intensity
eing gradually decreased with increasing excitation λ or upon
low decomposition of I [129]. Importantly, a strong band at
18 cm−1 has been revealed in the RR spectrum of TS-1 after
reatment with H2O2/H2O [76]. According to the literature, this
and can be assigned to the symmetric Ti–O2 stretching vibra-
ion of the peroxide group [192–195]. Therefore, the RR studies
trongly support a side-on (η2) structure of both I and the per-
xotitanium species formed in TS-1. It is worth noting that an
XAFS study performed recently on the TS-1/H2O2 system also
videnced in favor of the side-on structure of the peroxotitanium
pecies [68].

The question about the site of the activating proton in I has
een addressed [129]. No IR bands were observed for solid I
n the 1800–1600 cm−1 region indicating that no H3O+ was
resent and that the proton is directly attached to the POM sur-
ace [114,196]. The proton (OH) manifests in the IR spectrum
f solid I at 3510 cm−1 [129]. Both the frequency and width
�η = 30 cm−1) of the OH stretching band imply the presence
f hydrogen bonding [197]. The possible protonation sites in I
ould be a peroxo oxygen atom and a Ti–O–W bridging oxygen
127]. The protonation of W O and W–O–W oxygen atoms is
ess likely since metals with higher charge are more electron
ithdrawing, thereby decreasing the nucleophilicity of the oxy-
en atom at a given pH [198].

.2. DFT calculations on I and II

The conclusions about the structure of I based on the
xperimental findings were in agreement with DFT calcula-
ions performed for I and II by J.-M. Poblet’s group [129].
or discriminating the most of the least favorable protonation
ites in II. The four oxygen atoms bridging the Ti and W
toms and the O–O group have been established as the most

) [TBA]5[PTiW11O40]. Reprinted with permission from Ref. [129]. Copyright
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ig. 8. Optimized structures, relative energies (in kcal mol−1), and H· · ·O di
ermission from Ref. [129]. Copyright 2004 American Chemical Society.

ikely positions to accept an incoming proton. The protona-
ion of the terminal W O bonds seems to be very unlikely
177,201]. The structure [PW(O2)TiW10O39]5− was found to
e 13.7 kcal mol−1 above the most stable (eclipsed) conforma-
ion for [PTi(O2)W11O39]5−. This excludes the W(O2) peroxo
omplex as a result of the interaction of Ti-POM with H2O2.

The DFT study performed on the protonated species
HPTi(O2)W11O39]4− revealed that in the most stable struc-
ure A (Fig. 8) the hydrogen is oriented towards the centre
f the nearest M4O4 ring, a region with a high proton affin-
ty [129]. In structure B, the proton is roughly equidistant from
wo bridging oxygens and from one of the oxygens of the per-
xo group. This form is 3.7 kcal mol−1 above structure A in
he gas phase. Protonation of the peroxo ligand was also thor-
ughly investigated. All attempts to obtain a TiOO–H side-on
oordination structure were, however, unsuccessful because the
ptimization always evolved towards geometries with a η1-
oordination. This result contrasts with the recent B3LYP study
n the Ti(OH)3OOH model clusters which has found structures
ith a η2-coordination for the OOH group [80]. This dissimilar-

ty may be due to the different coordination number of titanium
n the Ti-POM and Ti(OH)3OOH as well as due to the different
asicity of Ti–O–W and Ti–O–H bonds. The relative energy of
1-structure C in relation to η2-structure A is +3.8 kcal mol−1 in
he gas phase. Structure D is quite unstable, presumably due to
he lack of any stabilizing O–H interaction.

Importantly, the difference in the energies between all the
tructures considerably decreased when the solvent was included
ia a continuum model [202]. In MeCN (dielectric constant
7.0), the relative energies of structures B, C and D in relation to
tructure A are only +0.4, +2.8 and +2.4 kcal mol−1. Therefore,
lthough the calculations point to Ti–O–W as the most basic site,
oth Ti–OH–W and TiOO–H protonated species are expected
o coexist in solution. The DFT calculations have clearly shown
hat, in addition to the intrinsic basicity of an oxygen site, inter
nd intra O· · ·H interactions in POM clusters are of great impor-
ance in determining the protonation site.
The results of the DFT calculations prompted us to perform
RR labelling experiment using D2O2 instead of H2O2 for the
reparation of I [129]. If the proton were attached to the peroxo
roup, a characteristic H/D downshift of the RR band would be

b
W
p
p

s (in Å) for several isomers of [HPTi(O2)W11O39]4− [129]. Reprinted with

nticipated [203,204]. Nevertheless, the 630 cm−1 feature was
ot sensitive to the replacement of H for D. Therefore, the RR
abelling experiment is in agreement with the DFT calculations
nd confirms that in solid I the activating proton is most likely
ocalized at the Ti–O–W bridge rather than at the peroxo group.

.3. Reactivity of I and II

As we have already mentioned, peroxo complex II is inac-
ive toward oxidation of both alkenes [144] and thioethers
127] under stoichiometric conditions. At the early stage of
ur research, we generated I (δ −12.4 ppm) in situ by adding
equiv. of protons (in the form of triflic acid) to nonprotonated

I (δ−13.0 ppm) in MeCN and studied its interaction with MPS
sing 31P NMR and GC. Fig. 9 shows the generation of I and
ts gradual disappearance after addition of MPS. The disappear-
nce of I directly parallels the formation of sulfoxide from the
hioether, as detected by GC. To the best of our knowledge, this
xperiment was the first unequivocal demonstration of a direct
toichiometric reaction between a peroxotitanium complex and
n organic substrate [126–128].

The kinetic study performed on the stoichiometric reaction
etween I and MPS has revealed that the reaction is first order in
oth reagents [126]. The linear dependence of the pseudo-first-
rder rate constant on the substrate concentration over a wide
ange of [S] implies that no strong binding between sulfide and
occurs. The stoichiometric oxidations of p-substituted phenyl
ethyl sulfides with I showed no Hammett free-energy correla-

ion between the second-order rate constant and σ values. The
nteraction of I with BPS afforded a mixture of products shown
n Scheme 3. Based on the product and kinetic studies, an outer-
phere electron transfer mechanism involving the formation of
thioether radical cation has been inferred.

Recently, we have found that I easily reacts with alkylphe-
ols, specifically with TMP, to give products which are also
onsistent with a homolytic oxidation mechanism [129]. In par-
icular, oxidation of TMP with I yields TMBQ and BP, the ratio

etween which depends on the TMP/I molar ratio (Scheme 6).
hen a two-fold excess of TMP was used, the main reaction

roduct was BP (90%), while a two-fold excess of I produced
resumably TMBQ (95%). This agrees with the reaction stoi-
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hiometry 2:1 and 1:2 for the TMP oxidation to BP and TMBQ,
espectively. Again, unprotonated II was found to be inert.

The formation of BP, a typical one-electron oxidation prod-
ct, implies a one-electron oxidation mechanism that implicates
he formation of phenoxyl radicals ArO•. The radical coupling
ives BP, while further interaction with I leads to TMBQ. As
t has already been mentioned, the same products and analo-
ous effect of the TMP/Ti ratio on the product distribution were

ound in the TMP oxidation with H2O2 catalyzed by mesoporous
i,Si-catalysts [150–153].

The kinetic study of the stoichiometric reaction between TMP
nd I revealed fractional (0–1) order in TMP and thus supported

ig. 9. 31P NMR spectra of [Bu4N]5[PTi(O2)W11O39] (II, 0.02 M) after addi-
ion of 1 equiv. of H+ followed by addition of MPS (0.1 M). Reprinted with
ermission from Ref. [127]. Copyright 2000 American Chemical Society.
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he formation of an intermediate which almost certainly had a η1-
tructure and contained both peroxo moiety and phenol molecule
Scheme 7). The lack of kinetic isotope effect (kArOD/kArOH = 1)
ndicated that the rate limiting step of the reaction is most likely
n inner-sphere electron transfer within this intermediate. The
i-POM-based model study allowed us to suggest a general
echanism for alkylphenol oxidation with H2O2 over titanium

ingle-site catalysts that implicates the reaction steps shown in
cheme 7.

The fate of phenoxyl radicals has been discussed above. The
undamental knowledge about the reaction mechanism helped
s appreciably in optimizing the practically important process
f TMBQ production over mesoporous Ti,Si-catalysts [205].

Keeping in mind the results on both the thioether and
lkylphenol oxidation, we may conclude that I is a useful model
ompound for studying homolytic mechanisms of titanium-
atalyzed oxidations. Again, the presence of proton in the
olecule of I is crucial for its reactivity. One of possible expla-

ations of this phenomenon is the increase of the redox potential
f the peroxo group upon protonation (vide supra); however, we
elieve that proton may also facilitate the formation of the reac-
ive η1-intermediate shown in Scheme 7. Significantly, I is not
eactive towards alkene epoxidation.

.4. Diprotonatedperoxo titanium species III
Finally, we would like to address the question: what will
appen if we increase the number of protons in the Ti-POM
eroxo species? We had an observation that increasing proton

Scheme 7.
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mount in Ti-POM results in appearance of products typical for
eterolytic oxygen-transfer processes. Thus, when heteropoly-
cid H5PW11TiO40 was employed as catalyst, no one-electron
xidation products were present (Scheme 8).

This phenomenon has been more carefully investigated using
yclohexene as substrate, and this study revealed that the
ncrease in the number of protons in Ti-POM from 1 to 2 results
n changing the reaction mechanism from a homolytic to a het-
rolytic one [131]. This manifests in increasing yield of the diol
roduct at the expense of one-electron oxidation products, en-ol
nd en-one (Table 4).

In agreement with our results, Nomiya’s group has confirmed
ecently very poor activity of dimer [Bu4N]7[(PTiW11O39)2OH]
n CyH epoxidation with H2O2 but found fairly good activity
or [Bu4N]7KH2[(�-1,2-PTi2W10O38)2O2] (two protons) and

Bu4N]7KH4[(�-1,2,3-PTi3W9O37)2O3] (four protons) [206].

The 183W NMR spectrum of NaH4PW11TiO40 in the pres-
nce of an excess of H2O2 was consistent with Cs-symmetry
nd thus confirmed the retention of the Keggin structural unit

n
t
o

able 4
yclohexene (CyH) oxidation with 30% H2O2 catalyzed by POMsa

OM CyH conversion (%) Pr

Ep

BA7[(PTiW11O39)2OH] 26 4

5PW11TiO40 80 4

5PW11TiO40
c 79 2

aH4PW11TiO40 84 6
a2H3PW11TiO40 84 8
a3H2PW11TiO40 75 8
a4HPW11TiO40 70 14
BA3{PO4[WO(O2)2]4} 96 81

4 2

3PW12O40
c 41 25

4SiW12O40
c 16 10

a Reaction conditions: CyH, 0.2 M; H2O2 (30%), 0.4 M; POM, 0.01 M; MeCN, 3 m
b GC yield based on initial CyH.
c Ten percent H2O2 was used instead of 30% H2O2.
.

Fig. 10). No low nuclearity species were detected by 31P NMR
n the range of +7 to−22 ppm upon addition of at least 100-fold
xcess of H2O2 to H5PW11TiO40.

The stability of POMs towards solvolytic degradation in the
resence of H2O2 is known to increase with increasing POM’s
harge [15,25]. So [PW11TiO40]5− is expected to be more stable
han [PW12O40]3−. The 31P NMR study has implicated that a

aximal protonation degree of [PW11TiO40]5− in MeCN is two
131]. Upon binding two protons, the charge of the Ti-POM
ecomes 3−, and one might expect lowering resistance to H2O2.
owever, the certainly lower activity of H3PW12O40, which is
ery prone to degradation by H2O2 [145–147], compared to
a5−nHnPTiW11O40 (n = 2–5) along with the 31P and 183W data

ndicate that the activity of Ti-POM is most likely not due to the
ow nuclearity species.
The change of the reaction mechanism upon increasing the
umber of protons in Ti-POM implies that most likely a dipro-
onated Ti-POM species, III, is responsible for the heterolytic
xygen transfer (Scheme 9).

oduct yieldb (%)

oxide Diol En-ol En-one

9 2 11
56 4 2
69 2 Trace
63 2 4
56 1 6
54 2 5
30 5 20
10 Trace 4
Trace 1 0.3
14 1 Trace
Trace 4 Trace

L; 70 ◦C; 5 h.
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of a 15-fold molar excess of H2O2 to NaH4PW11TiO40 (0.1 M in MeCN).
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Fig. 11. (A) The 31P NMR spectra of (a) [Bu4N]4[HPTi(O2)W11O39] (I,
0.02 M) + CyH 0.1 M; (b) immediately after addition of 1 equiv. of H+ to (a); (c)
Fig. 10. The 183W NMR spectrum of II generated in situ via addition

The stoichiometric reaction between CyH and III generated
n situ by adding 1 equiv. of H+ to a preliminarily cooled MeCN
olution, containing I and CyH, was studied by both 31P NMR
Fig. 11) and GC–MS. Upon addition of acid, the 31P NMR
ignal of III (δ −12.14) first arose (Fig. 11A), then its intensity
apidly decreased (simultaneously with the decoloration of the
olution), and a signal at−12.56 ppm of the peroxo-free Ti-POM
radually appeared. The diol product was detected by GC–MS
hus indicating that the decay of the signal of III is definitely
ue to the reaction between III and CyH.

Interestingly, when a small amount of water was added to a
eCN solution of I and CyH followed by addition of 1 equiv.

f acid, a new peak at δ −12.65 arose and disappeared simulta-
eously with the peak at δ−12.14 (Fig. 11B) [131]. We assume
hat the signal with δ −12.65 might belong to a hydrated form
f III, which is also active towards oxidation of CyH. Possible
tructures of III are shown in Scheme 10.

The question about the localization of the second proton in the
i-POM peroxo species is still open. The possible protonation
ites are the peroxo oxygen atom attached to titanium and four
i–O–W bridging oxygen atoms [129,201]. The RR and DFT
tudies performed on I and II implicated that at least one of the
i–O–W bridges is protonated before the O–O group [129]. The
econd proton can be localized either at another Ti–O–W bridge
Scheme 10, structure IIIa) or at the peroxo oxygen (structures

IIb and IIIc). We believe that the drastic change in the reactivity
f the Ti-POM peroxo complex toward CyH and the alteration
f the reaction mechanism, both occurring after appearance of
he second proton in the Ti-POM molecule, may indicate that

Scheme 9.

after 1 min; (d) after 3 min; (e) after 8 min. (B) The same as (A), but with 28 �l
(0.4 M) H2O added to (a).

Scheme 10.
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he second proton, in contrast to the first one, is bound to the
eroxo oxygen thus activating the peroxo group to oxygen atom
ransfer. In solution, especially in the presence of some water,
elocalization of protons (H3O+) between the Ti–O–W bridges
nd O–O group most likely occurs. Future experimental and
heoretical studies would shed light on this matter.

As we mentioned already, the side-on structure of the active
eroxotitanium complex was assumed based on both RR and
XAFS data [75,76]. Recently, the in situ XANES study on
ydrated and anhydrous peroxo/hydroperoxo complexes on
rystalline microporous and amorphous mesoporous titanosili-
ates has evidenced the equilibrium between side-on and end-on
itanium peroxo complexes [81]. The amount of water is thought
o be the key factor in the equilibrium displacement. Impor-
antly, the results of our model study are in good agreement
ith the observation in heterogeneous Ti-single-site catalysis

hat tripodal titanium species Ti(OH)(OSi)3 (one proton per one
i atom) are more prone to operate via homolytic oxidation
echanisms, while tetrapodal Ti(OSi)4 species have a propen-

ity for heterolytic oxidation mechanisms [46]. The latter fact
an be rationalized given in mind that hydrolysis of Ti–O–Si
ond produces closely located Ti–OH and Si–OH groups and
hus two protons can be supplied for the formation of the active
eroxo species capable of oxygen transfer. In turn, introducing
l into mesoporous titanium silicates enhances Brőnsted acidity

nd thus favors the formation of two-electron oxidation products
207].

. Synthesis and characterization of Zr-POMs

In the last years, Zr(IV)-containing POMs have attracted con-
iderable attention, specifically as potential models for zirconia-
upported tungsten catalysts [123]. Several well-characterized
r-POMs, including Zr-monosubstituted monomeric [123,208]
nd dimeric [123,209] polyoxotungstates of the Lindqvist
tructure, composite polyoxotungstates, [Zr4(�3-O)2(�2-OH)
(H2O)4(P2W16O59)2]14− containing polyoxo-zirconium
lusters as bridging units [210] and enantiomerically pure
[�-P2W15O55(H2O)]Zr3(�3-O)(H2O)(L (and D)-tartH)[�-
2W16O59]}15− [211] were reported. Following our interest

o TM-single-site model catalysts we aimed at preparing
nd studying Zr-monosubstituted Keggin-type POM with

as central atom. Three new Zr-POMs differing in their
rotonation state, (n-Bu4N)7H[{PW11O39Zr(�-OH)}2] (1),
n-Bu4N)8[{PW11O39Zr(�-OH)}2] (2), and (n-Bu4N)9
{PW11O39Zr}2(�-OH)(�-O)] (3) were synthesized starting
rom H5PW11ZrO40 heteropolyacid (Scheme 11), which had
een prepared by the electrodialysis method [178].

Compounds 1–3 were characterized by elemental analy-
is, potentiometric titration, X-ray single crystal structure, IR,
aman, 31P and 183W NMR spectroscopy [132]. The single
rystal X-ray analysis of 2 has revealed that two Keggin struc-
ural units [PW11O39ZrOH]4− are linked through two hydroxo

ridges Zr–O(H)–Zr with Zr(IV) in seven-fold coordination like
t was previously found for the Lindqvist type dimer [123].

The IR spectra of 1 and 2 showed a characteristic band at
72 cm−1, which moved to 767 cm−1 for 3 reflecting most likely

d
b
i
s

Scheme 11. Synthesis of Zr-POMs.

eprotonation of Zr–O–Zr bond. Potentiometric titration with
ethanolic Bu4NOH indicates that 1, 2 and 3 contain 2, 1 and
acid protons, respectively. The 31P NMR spectra of 2 and 3

iffer insignificantly in dry MeCN showing the only signal at δ

12.46 and−12.44 ppm, respectively. Their 183W NMR spectra
re also similar. Six lines with an intensity ratio approximately
qual to 2:2:1:2:2:2 provide evidence for the Cs symmetry of 2
nd 3, which is in agreement with the X-ray single crystal anal-
sis data. The 31P NMR spectrum of 1 in dry MeCN contains
wo signals of comparable intensities: a narrow (∼3 Hz) peak at
around −12.30 and a broad one (up to 50 Hz) at ∼−13.2 ppm

Fig. 12). The latter signal disappeared upon addition of acti-
ated 3A molecular sieves or small amounts (0.25–1.0 equiv.)
f TBAOH. Both signals arise from dimer 1, and their appear-
nce is caused by the localization of the third proton in one of its
ub-units, which makes them non-equivalent, and by the slow,
n the NMR time scale, proton exchange in the absence of water.
similar phenomenon was observed by Finke et al. [116] for the

9Si signal of TBA4H3SiW9V3O40 in dry MeCN. In the pres-
nce of added H2O the mobility of the protons increases and
he mutual site exchange process accelerates, which results in
he narrowing of the signal of the protonated sub-unit and its
veraging with the signal of the other half (Fig. 12).

The conclusions based on the 31P NMR data were completely
onfirmed by the 183W NMR spectra of 1 in MeCN with vari-
ble H2O content (Fig. 13). In dry solvent, instead of six signals,
bserved for 2 and 3, dimer 1 gives nine broadened signals with
he approximate intensity ratio 4:2:4:2:(4+2):2:1:1. Upon addi-
ion of H2O, three latter more broadened and shifted upfield
ignals coalesce into one broad peak which tends to the W(4)
esonance in the spectra of 2 and 3, while the two other signals
f the intensity 2 also coalesce into one signal corresponding
o atoms W(1). W(1) and W(4) are linked with Zr by bent (1)
nd quasi-linear (4) W–O–Zr bridges. The observed splitting,
hift and broadening of the signals indicate that the proton is
ocalized on one of the four W(4)–O–Zr bridges of dimer 1.
he resulting distortion of the structure causes splitting of the
eaks, more pronounced for the nearest W atoms. For the more

istant W atoms the splitting manifests as the noticeable signal
roadening. In the presence of added H2O the site exchange rate
ncreases which results in tending the complicated 183W NMR
pectrum to a typical six-line pattern (Fig. 13).
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Fig. 12. The 31P NMR spectra of (n-Bu4N)7H[{PW11O39Zr(�-OH)}2]
(0.05 M) as a function of added H2O to an initially dried MeCN solution at
20 ◦C.

Fig. 13. The 183W NMR spectra of Zr-POMs (0.05 M, 20 ◦C): 3 (a), 2 (b), 1 in
MeCN/H2O (c), and 1 (d). Spectra a, b and d were run in dry MeCN.
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. Interaction of Zr-POMs with H2O and H2O2 and
atalysis of H2O2-based oxidations

The interaction of 1–3 with H2O and H2O2 in MeCN has
een studied by both 31P and 183W NMR [132]. The stability of
he [PW11O39ZrOH]4− structural unit toward at least 100-fold
xcess of H2O2 in MeCN was confirmed by both NMR and
aman spectroscopy. The 31P NMR study revealed that the

nteraction of 1 and 2 with H2O in MeCN produces most likely
onomeric species (n-Bu4N)3+n[PW11O39Zr(OH)n(H2O)3−n]

n = 0–1) showing a broad 31P NMR signal at −13.2 ppm
Fig. 12), while the interaction of 1 and 2 with H2O2 in MeCN
eads to the formation of an unstable peroxo species showing
1P resonance at δ −12.3 ppm and the six-line 183W NMR
pectrum (Fig. 14). The signal broadening may be due to the
xchange between complexes containing different amount of
ater and peroxo groups. Our preliminary attempts to isolate

he peroxozirconium species and to establish its structure
ailed due to fast dismutation of H2O2 in the presence of
r-POMs. Note that significant H2O2 decomposition is also

ypical of heterogeneous Zr,Si-catalysts [59]. Using 31P NMR
nd GC–MS we have demonstrated that this species reacts
apidly with cyclohexene producing 2-cyclohexene-1-one and
rans-cyclohexane-1,2-diol.

Both 1 and 2 show a pronounced catalytic activity in H2O2
ecomposition and H2O2-based oxidation of organic substrates,
ncluding cyclohexene, �-pinene and 2,3,6-trimethylphenol (see
ables 1 and 2). The oxidation products are similar to those
bserved over heterogeneous Zr,Si-catalysts [54–60] and, even
or H5PW11ZrO40, are consistent with homolytic oxidation
echanisms (vide supra). No alteration of the reaction mech-

nism occurs while increasing amount of protons in Zr-POM.
mportantly, 3 containing no acid protons reacts with neither

2O nor H2O2 and shows low if any catalytic activity in the
eactions with H2O2.

. Summary and outlook

The results summarized in this paper demonstrate that TM-
onosubstituted POMs show catalytic and spectroscopic per-

ormance similar to that observed for the corresponding hetero-
eneous TM-single-site catalysts and thus can serve as a useful
ool to understand better processes occurring over solid cata-
ysts. The following main conclusions can be drawn from the
i-POM-based model studies: (1) Ti O bond reacts with H2O2
lowly to give inactive peroxo complex “Ti(O)2”, while Ti–OH
ond reacts fast to yield active protonated peroxo (hydroperoxo)
omplex “HTi(O)2”, therefore the formation of titanyl groups in
itanium single-site catalysts should be avoided; (2) dimeric tita-
ium species is able to catalyze H2O2-based oxidations but H2O
s needed to hydrolyze Ti–O–Ti bond to produce Ti–OH; (3)

onoprotonated peroxotitanium complex I has a η2-structure. In
olid state, the activating proton is mostly localized at Ti–O–W

ridging oxygen; however, both η2- and η1-species could coex-
st in solution; (4) I reacts with organic substrates via homolytic
xidation mechanisms; (5) the oxidation mechanism changes
rom homolytic to heterolytic when the amount of protons in
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Fig. 14. Interaction of Zr-POM with H2O2 followed by 31P

he Ti-POM peroxo complex (initial Ti-POM) increases from 1
o 2 per Ti atom; (6) Brőnsted acidity is crucial for the activity
f Ti-single-site catalysts in oxidations with H2O2.

The model study based on Zr-POMs have demonstrated that
he presence of acid protons is also vital for the activity of zir-
onium single-site catalysts, but in contrast to titanium, only
omolytic oxidation mechanisms may operate with Zr. The for-
ation of monomeric Zr(IV) species seems to be important

or H2O2 activation. While Ti–O–Ti dimers easily react with
ater to produce highly reactive monomeric Ti–OH species,
r–O–Zr bond is resistant to aqueous hydrolysis in the absence
f acid protons. Therefore, both the formation of dimeric species
nd deprotonation should be avoided during preparation of Zr-
ingle-site catalysts.

The approach that we suggest for studying oxidation
echanisms using TM-POMs as molecular models takes

dvantage of at least three facts. First, POM units can function
s multidentate totally inorganic, thermodynamically stable
igands for redox-active TM ions. This provides advantages for
OM-based model systems with respect to model systems based
n TM-complexes with organic and organometallic ligands
rone to oxidative degradation and/or hydrolysis. Second, the
undamental properties of POMs, including elemental com-
osition, redox potentials, solubility, charge density, acidity,
ize, shape, etc., that impact their catalytic performance can
e systematically altered. This makes them good objects for
tudying composition/structure/activity relationships. Third,
OMs can be comprehensively investigated at the atomic level,
oth structurally and mechanistically. All these advantages
ould implement studying elementary steps of complicated
xidation processes and would help to answer the questions
ssential for successful designing an optimal catalytic centre

or a given reaction: (1) which kinds of bonds (M O, M–OH,
←OH2, M–O–M, M–O(H)–O, etc.) may exist for a specific
and how do they react with the specific oxidants (relative

eactivity, mode of binding, etc.); (2) what active species are

i
F
0

the absence; b: in the presence of CyH) and 183W NMR.

ormed upon interaction with the oxidant and how does their
tructure impact the reactivity and selectivity; (3) whether the
ubstrate is activated by the metal centre or not, and what are
he reactive intermediates; (4) what is the intimate mechanism
f the interaction between the activated oxidant and a substrate
ithin the reactive intermediate, and how can one affect the
echanism to govern the reaction selectivity, etc. In parallel
ith spectroscopic (especially, in situ) studies on heterogeneous
M-single-site catalysts, studying the structure and reactivity
f well-defined TM-POMs using both experimental and
omputational methods would contribute toward understanding
he elementary steps of heterogeneous reactions, particularly
ith respect to surface-bound intermediates.
Although many important aspects of Zr- and especially

i-single-site catalysis have become clear in view of our
OM-based model studies, it is apparent that a great num-
er of opportunities, challenges, and applications are still to
e expected. Among the questions that should be addressed
n the nearest future are those about the size and geometry
f an optimal titanium (other TM) cluster, about possibility
f such clusters to activate both the oxidant and substrate
olecules, about the structures of reactive intermediates, about

he specific role of the activating protons, etc. In view of the
rowing number of new POMs, including various di-, tri- and
ther titanium-substituted polyoxotungstates [172,182,206,
12–221], new interesting model studies are becoming possible,
nd we anticipate these model studies will favor the progress in
he field of molecular designing new efficient selective oxidation
atalysts.
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