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The previously unknown Zr'V-monosubstituted Keggin-type polyoxometalates (Zr-POMs), (n-BusN);H[{ PW1;03eZr-
(,u-OH)} 2] (1), (n-BU4N)g[{ PWlloggzr(/t-OH)}z] (2), and (n-BU4N)g[{ PWllogng} 2(,u-OH)(,u-O)] (3) differing in their
protonation state, have been prepared starting from heteropolyacid HsPW;3ZrO4014H,0. The compounds were
characterized by elemental analysis, potentiometric titration, X-ray single-crystal structure, and IR, Raman, and 3'P
and '8W NMR spectroscopy. The single-crystal X-ray analysis of 2 reveals that two Keggin structural units
[PW1;030Z1]*~ are linked through two hydroxo bridges Zr—(OH)-Zr with Zr" in 7-fold coordination. The IR spectra
of 1 and 2 show a characteristic band at 772 cm~?, which moves to 767 cm~* for 3, reflecting deprotonation of the
Zr—(OH)-Zr bond. Potentiometric titration with methanolic Bu;NOH indicates that 1-3 contain 2, 1, and 0 acid
protons, respectively. W NMR reveals Cs symmetry of 2 and 3 in dry MeCN, while for 1, it discovers nonequivalence
of its two subunits and their distortion resulting from localization of the acidic proton on one of the Zr-O-W
bridging O atoms. The 3P NMR spectra of 2 and 3 differ insignificantly in dry MeCN, showing only signals at &
-12.46 and —12.44 ppm, respectively, while the spectrum of 1 displays two resonances at 6 —12.3 (narrow) and
-13.2 (broad) ppm, indicating slow proton exchange on the %P NMR time scale. The theoretical calculations
carried out at the density functional theory level on the dimeric species 1-3 propose that protonation at the Zr—
O-Zr bridging site is more favorable than protonation at Zr-O-W sites. Calculations also revealed that the doubly
bridged hydroxo structure is thermodynamically more stable than the singly bridged oxo structure, in marked contrast
with analogous Ti- and Nb-monosubstituted polyoxometalates. The interaction of 1-3 with H,O and H,O, in MeCN
has been studied by both 3P and 83W NMR. The stability of the [PW1;030ZrOH]*~ structural unit toward at least
100-fold excess of H,0, in MeCN was confirmed by both NMR and Raman spectroscopy. The interaction of 1 and
2 with H,0 in MeCN produces most likely monomeric species (n-BusN)z,[PW11039Zr(OH),(H20)3—4] (n = 0 and 1)
showing a broad *'P NMR signal at 6 —13.2 ppm, while interaction with H,0, leads to the formation of an unstable
peroxo species (0 —12.3 ppm), which reacts rapidly with cyclohexene, producing 2-cyclohexen-1-one and trans-
cyclohexane-1,2-diol. Both 1 and 2 show a pronounced catalytic activity in H,O, decomposition and H,0O,-based
oxidation of organic substrates, including cyclohexene, a-pinene, and 2,3,6-trimethylphenol. The oxidation products
are consistent with those of a homolytic oxidation mechanism. On the contrary, 3 containing no acid protons reacts
with neither H,O nor H,O, and shows negligible catalytic activity. The Zr-monosubstituted polyoxometalates can be
used as tractable homogeneous probes of Zr single-site heterogeneous catalysts in studying mechanisms of H,O-
based oxidations.

Introduction and unique combination of properties, such as thermody-
Transition-metal-substituted polyoxometalates (POMs) are namic stability to oxidation, tunability of acid and redox
of scientific and industrial interest because of their varied
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properties, solubility in various media, ét¢? Because of

suggested as soluble analogues of heterogeneous tungstated

the apparent structural analogies of POMs and metal oxidezirconia catalystg33*We have gained a wide experience in
surfaces, these compounds can be viewed as discreteising Ti-monosubstituted Keggin-type POMs for studying

fragments of extended metal oxide lattié&s? In the past

mechanisms of Ti-single-site-based cataly%ié' In the

decade, mechanistic studies based on soluble model catalytipresent paper, we disseminate this approach with respect to
systems are becoming increasingly important in the catalystZr single-site catalysis. The growing number of applications

designing are& 2° The evident advantage of POMs as

of catalysts containing site-isolated Zr ions, including ZrS-

molecular probes that distinguishes them from organometallic 1, Zr-HMS*® Zr-MCM-41*44¢ ZrO,—Si0,,*"*8 and
compounds and complexes with organic ligands is thermo- Zr-MCF *° in selective oxidations with ¥, has prompted

dynamic stability of POMs toward oxidation and hydrolysis

us to prepare a Zr-monosubstituted Keggin-type POM

in a specific range of pH. Few research groups have applied(Zr-POM) and to study its ability to catalyze, 8, oxi-
POMs for probing mechanisms of heterogeneous cataly-dations. Note that several well-characterizet €£ontaining

sis1531.32 Recently, Zr-containing polyoxotungstates were
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Herein we report the preparation and characterization of threebreakpoint at 2 equiv of OH indicating two acid protons in the
Keggin-type Zr-POMs differing in their protonation state, molecule ofl.

(n-Bu4N)7H[{ PW;|_103gZI'(,u-OH)} 2] (1), (n-BLhN)g[{ PW;103¢- (n-BusN)g[{ PW11030Zr(u-OH)} 2] (2). A total of 7.59 g (2.5
Zr(u-OH)} 5] (2), and (n-BuN)o[{ PW11039Z# »(1-OH) (u- mmol) of HsPW;11ZrO40:14H,0 was dissolved in 20 mL of .

0)] (3). The studies on the interaction bf 3 with H,O and ~ The solution was adjusted to pH 2.0 by adding solid Naki@@er
H,0, as well as their catalytic properties in,G-based 2 M 3-94 g (5 equiv) of TBABr dissolved in 20 mL of:8 was
oxidation of organic substrates are also reported. The added. The resulting mixture was vigorously stirred; then a white

. . . . ... precipitate was separated by centrifugation, washed with 100 mL
question about crucial factors governing the catalytic activity of H,0, and dried at 156C. The resulting white solid was worked

of Zr centers is addressed. up as described fol. Yield: 9.21 g (99%). Anal. Calcd for
. . CraeH2oNsOadP2Zr Was (fw 7511): C, 20.47; H, 3.89; N, 1.49; P,
Experimental Section 0.82; Zr, 2.43; W, 53.8. Found: C, 20.43; H, 3.99; N, 1.73; P,

Materials. Acetonitrile (Fluka) was dried and stored over 4-A  0.88; Zr, 2.60; W, 54.0. IR (1166500, cnt?): » 1062, 961, 889,
molecular sieves. Tetrabutylammonium hydroxide, TBAOH (0.8~ 813, 772, 689, 595, 5141P NMR (in dry MeCN at 20°C): 6
M solution in MeOH, Fluka), was titrated with 1.0 M HCI, while ~ —12.46.1%W NMR (0.05 M in dry MeCN at 20C): 6 —94.5(2),
H,0, (30 wt % in water) was titrated iodometrically prior to use. —95-5(2), —98.9(1), —105.5(2), ~118.1(2), and—122.4(2). Po-
2,3,6-Trimethylphenol (TMP) and cyclohexene (CyH) were pur- tentiometric titration with methanolic TBAOH revealed one acid
chased from Flukaa-Pinene (98%u-pinene, 2%3-pinene) was proton in the molecule o2. To obtain crystals o2, 56 mg was
obtained by vacuum rectification of gum turpentine. All of the other dissolved in 3 mL of dry MeCN. Vapor diffusion of diethyl ether
reactants were the best available reagent grade and were use@t room temperature for ca. 2 days resulted in the formation of
without further purification. X-ray-quality colorless prisms d.

Preparations. Heteropolyacid EPW;1ZrOs 14H,0 (Zr-HPA) (n-BusN)o[{ PW11039Zr } o(-OH)(1-O)] (3). To 20 mL of an
was prepared by the electrodialysis metHiéd analogously to ~ @dueous solution of 0.3 M N@gW,,03q] was added 1.94 g (6
HsPWi1TiO40, the synthesis of which had been recently described Mmol) of ZrOCh-8H;0. The solution (pH 5.5) was filtered, and
in detail* To 30 mL of an aqueous solution (pH 6.3) of 0.3 M then 9.0 g (30 mmol) of TBABr dissolved in 30 mL of,8 was
Nay[PW;:05] was added 2.9 g (9 mmol) of ZrOE8H,0. This added followed by a procedure described forYield: 19.2 g
solution was filtered and exposed to electrodialysis for 5 h. The (85%). Compound3 was also prepared by adding 1 equiv of
anolyte solution was steamed to dryness and then dried at@50 Methanolic TBAOH tc2 dissolved in MeCN (or by adding 2 equiv
to remove residues of €IThe resulting white solid was dissolved ~ 0f TBAOH to 1) followed by precipitation of the solid by adding
in 30 mL of water, filtered, and evaporated in a Petri dish to yield @n excess of diethyl ether, filtration, and drying at @ Anal.

a straw-color glass. Yield: 27.5 g (99% based on W). Anal. Calcd Calcd for GaHsaNeOsdPoZrWo, (fw 7752): C, 22.31; H, 4.23;
for HasOsPZrWiy: P, 1.03: Zr, 2.99: W, 66.3. Found: P, 1.03; N, 1.63; P, 0.80; Zr, 2.35; W, 52.2. Found: C, 20.18; H, 4.06; N,
Zr, 2.95; W, 64.7. IR (1208400, cnty): v 1090, 1065, 970, 880, ~ 1.44; P, 0.68; Zr, 2.45; W, 51.3. IR (116600, cn'): v 1063,
785, 590, 50531P NMR (in H,0 at 20°C): 6 —13.75.31P NMR 960, 889, 814, 767, 685, 595, 5P NMR (in dry MeCN at 20

in dry MeCN: ¢ —12.47.183/ NMR (0.3 M in H,0 at 20°C): & °C): 6 —12.44.7%W NMR (0.05 M in MeCN at 20°C): 6

—108.4(2), —109.1(1), —117.4(2), —128.3(2), —135.6(2), and  —93.9(2),—94.9(2),—98.5(1),~104.9(2),~117.2(2), and-121.3(2).
—155.7(2).770 NMR (0.3 M in H,O at 20°C): & 377, 401, 407, Potentiometric titration with methanolic TBAOH revealed no acid
521, 529, 710, 721, 731. protons in the molecule &.

(N-BuN)7H[{ PW1,036Zr( -OH)} 5] (1). To 25.15 g (8.2 mmol) Interaction of Zr-POMs with H ,0, and Catalytic Oxidations.

of HsPW;1ZrO4014H,0 dissolved in 50 mL of water was added ~Interaction of Zr-POMs with KD, was studied in MeCN at 20C
41.2 mmol of tetrabutylammonium bromide (TBABr; 13,5 g USiNg®P NMR ([Zr-POM]=0.01 M and [HO,] =0.02-2.0M).
dissolved in water). The resulting mixture was stirred thoroughly; H202 decomposition in the presence of Zr-POMs was studied in
then a white precipitate was separated by centrifugation, washedMeCN at 35°C ([Zr-POM] = 0.0025-0.005 M and [HO;] = 0.16
twice with 100 mL of HO, and dried at 150C. The resulting M) by iodometric titration. Oxidation of CyH was studied at room
solid was dissolved in 100 mL of warm MeCN and reprecipitated t€mperature as follows. £, (0.2 M) was added to a MeCN
by adding a 3-fold (v/v) excess of water, separated by filtration, Solution of Zr-POM (0.02 M), then 0.2 M CyH was added, and the
washed with HO, and dried at 156C. Yield: 28.9 g (99%). Anal. ~ reaction was followed by botf#P NMR and gas chromatography
Calcd for GiHasN7OsgPoZrWay (fw 7269): C, 18.51; H, 3.54; (GC)—mass spectrometry (MS). Catalytic oxidations of TMP with
N, 1.34: P, 0.85: Zr, 2.51; W, 55.6. Found: C, 16.61: H, 3.40; N, H20:in the presence of Zr-POMs were carried out in temperature-
1.32; P, 0.73; Zr, 2.38; W, 55.8. IR (KBr, 116600, cntl): v controlled glass vessels at 8C, [Zr-POM] = 0.0025-0.005 M,
1063, 962, 890, 815, 772, 690, 595, 53 NMR (in dry MeCN [TMP] = 0.1 M, and [HO;] = 0.35 M. Biphenyl was added as
at 20°C): ¢ —12.36 (narrow) and-13.23 (broad)3!P NMR [in the internal standard for GC. Catalytic oxidationsxepinene were
MeCN/H,0 (20:1, v/v) at 20°C]: & —12.8.183 NMR [0.05 M performed at 30C, [Zr-POM] = 0.0025 M, p.-pinene]= 0.1 M,

in MeCN/H,O (20:1, v/v) at 20°C]: & —98.9(2), —101.5(1), and [HO,] = 0.12 M. Toluene was added as the internal standard.
—108.0(2),—115.3(2),—117.3(2), and-143.0(2). Potentiometric ~ Samples were taken during the reaction course and analyzed by
titration of 1 (0.025 mmol) in MeCN (5 mL) with 0.8 M methanolic ~ GC and GC-MS.

TBAOH, carried out as described in the literatéffshowed a sharp Instrumentation and Methods. Gas chromatographs Crystall-
2000 and Tsvet-500 equipped with a flame ionization detector were
(56) Fang, X.; Anderson, T.; Hill, C. LAngew. Chem., Int. E®005 44, used for GC analyses. Quartz capillary columns filled with
57) ?l><54|1_(|2—354é. VL Maks . R L Kulikov. S. M. Kozhevnik Carbowax 20 M (25 mx 0.3 mm) and Supelco MDN-5S (30 m
ulikova, O. M.; Maksimovskaya, R. |.; Kullkov, S. M.; Kozhevnikov, H H H
LV. Izv. Akad. Nauk SSSR, Ser. Khit@91 8, 1726-1732. 0.25 mm) were used for TMP ard-pinene oxidation products,
(58) Maksimov, G. M.; Maksimovskaya, R. I.; Kozhevnikov, I. ¥h. respectively. GEMS analyses were performed using a gas
Neorgan. Khim1992 37, 2279-2286. chromatograph Agilent 6890 (quartz capillary column 3rf.25
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mm/HP-5ms) equipped with a quadruple mass-selective detectorwere optimized in the presence of tbenductor-like screen-

Agilent MSD 5973. The'®3W NMR spectra were measured on
MSL-400 and Avance-400 Bruker NMR spectrometers at an
operating frequency of 16.67 MHz, with a 2.5-kHz sweep width,
50us pulse width, and 5-s pulse delay. The corresponding
parameters fof’P NMR were 161.98 MHz, 5 kHz, 10s, and 30

s. Chemical shiftsp, were referenced to 85%3;HO, and 2 M
aqueous NaVOy, for measuring'®W ¢ values, a HSiW;:040
solution was used as a secondary standard1(03.65 ppm relative

to WO,27). The error in measuring was in the range of-0.05
and 0.1 ppm foB'P and'83V NMR spectra, respectively. The IR
spectra were recorded for 6:3.0 wt % samples in KBr and in
Nujol on Shimadzu FTIR-8300 and Scimitar FTS 2000 instruments.

The Raman spectra were collected using a triple-grating spectrom-

eter with a CCD detector. The 488-nm line of an Ar laser was
used for the spectral excitation. The spectra were measured in 180
collection geometry with a Raman microscope. All measurements
were performed with a spectral resolution of 5dm

X-ray Crystallography and Data Collection. The crystals were
removed from the glass in which they were grown together with a
small amount of mother liquor and immediately coated with an

ing model(COSMO)% implemented as a part of the ADF
code. For the larger Keggin anions, the solvation energies
were calculated, keeping the geometry optimized for the gas-
phase species. To define the cavity surrounding the mol-
ecules, we used the solvent-excluding-surface method and
fine tesserae. To obtain the electron density in solution, we
first let the self-consistent field converge without solvent
effects and, thereafter, turned on the COSMO to include the
solvent effects variationally. The ionic radii for the POM
atoms, which actually define the size of the solvent cavity
where the target molecule remains, were chosen to be 0.74
A for all metal ions. The radii for H and O are 1.20 and
1.52 A, respectively. The dielectric constaa} ¢tilized in

the computations was set equal to 78 for modeling water
(calculations on Lindgvist anions) and 36.6 for modeling the
effects of acetonitrile (calculations on RMZrO°~ Keggin
anions). When possible, optimizations under symmetry
constraints were used in order to spare computational time.

epoxy resin on the microscope slide. A suitable crystal was mounted T N€ constraints of th€s symmetry group were used for the

on the glass fiber with silicon grease and placed in the cold
N, stream on an X8Apex Bruker-Nonius CCD with graphite-
monochromated Mo K radiation at 250(2) K. After mounting,

the temperature of the Ntream was decreased to 100(2) K by 50

optimization of the structure 4, and2'c, theC,, symmetry
group for the structurezb, 2'd, and3', and theD,, symmetry
group for the structure® and4'.

K/h. No decay was observed in 18 duplicate frames at the end of Results and Discussion

data collection.

The structure was solved by direct methods, and the heavy atoms

Synthesis and Characterization of Dimeric Zr-POMs.

were located from an E map. The remaining non-H atoms were The preparz_:\tion of Zr_—contlaining heteropolya(.:i;PWanOA,o-
determined from successive difference Fourier syntheses. All non-H NH20 was first described in 1992.0n the basis of the results

atoms were refined anisotropically using all data (based-8én
with the software oSHELXTL5® An integration method using face
indexes of the crystal was employed to correct for absorgfieh.
atoms were added geometrically and refined with a riding model.

Computational Details

The density functional theory (DFT) calculations discussed
here were performed with the ADF 2004.01 packé&élgéle
applied the local density approximation featuring the X
model with Becke’s function&l for exchange and the VWN
parametrizatiof¥ with Perdew’s correctidi for correla-
tion. The basis functions for describing the valence elec-
trons of the atoms are Slater-type orbitals of tripler
polarization quality. The internal or core electrons (O, 1s;
P, 1s2s; Zr, 1s3d; W, 1s4d) were kept frozen. We applied
scalar relativistic corrections to therzeroth-order regular
approximatior—via the core potentials generated with the
program DIRACS® For the Lindqvist anions, the structures

(59) Bruker AXS Inc.SHELXTL version 6.12; Bruker Advanced X-ray
Solutions: Madison, WI, 2004.

(60) Bruker AXS Inc.SADABS version 2.11; Bruker Advanced X-ray
Solutions: Madison, WI, 2004.

(61) ADF 2004.01, Department of Theoretical Chemistry, Vrije Universiteit,
Amsterdam, The Netherlands, 2004. Baerends, E. J.; Ellis, D. E.; Ros,
P.Chem. Phys1973 2, 41. Versluis, L.; Ziegler, TJ. Chem. Phys.
1988 88, 322. Te Velde, G.; Baerends, E.JJ.Comput. Phys1992
99, 84. Fonseca Guerra, C.; Snijders, J. G.; Te Velde, G.; Baerends,
E. J.Theor. Chem. Accl998 99, 391.

(62) Becke, A. DJ. Chem. Physl986 84, 4524. Becke, A. DPhys. Re.

1988 A38 3098.

(63) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(64) Perdew, J. PPhys. Re. 1986 B33 8822. Perdew, J. lRhys. Re.
1986 B34, 7406.

of elemental analysis, IR, af&P and*®3W NMR, the above-
mentioned formula was ascribed. However, keeping in mind
that coordination numbers typical of'Zicomplexes, includ-
ing POMs¥3:345156 gre 7 and 8, we cannot exclude that in
the solid state Zr-HPA may have a dimeric structure similar
to that of 2 (vide infra). On the basis of the analogy with
the Lindgvist-type polyanion [\D1e{ Zr(H,0)s} ]~ recently
described by Villanneau et &t,a monomeric structure
H3[PW1103¢{ Zr(H20)n}] (n = 2 and 3) also cannot be ruled
out in aqueous solution.

The interaction of Zr-HPA with a 5-fold excess of TBABr
in aqueous solution at different pH values (see the Experi-
mental Section) resulted in the formation of TBA salts of
the Keggin-type Zr-POM1 and?2. In turn, 2 can be easily
obtained froml by adding 1 equiv of TBAOH, while adding
2 and 1 equiv of TBAOH tadl and 2, respectively, yields
compound3. An alternative procedure involving the interac-
tion of Na[PW;:03¢] and ZrOCh-8H,0 followed by pre-
cipitation with TBABr at pH 5.5 leads t8. The different
composition of the cationic part 3 was unambiguously
indicated by both C, H, and N elemental analyses and
potentiometric titration with methanolic TBAOH in MeCN.
Additionally, the different protonation state in Zr-POMs was
inferred from a combination of spectroscopic techniques
(vide infra).

(65) Klamt, A.; Schiirmann, GJ. Chem. Soc., Perkin Tran1993 799.
Andzelm, J.; Kémel, C.; Klamt, A.J. Chem. Physl1995 103 9312.
Klamt, A. J. Chem. Physl995 99, 2224. Model implemented in the
ADF package by Pye, C. C.; Ziegler, Theor. Chem. Accl1999
101, 396.
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Figure 1. Molecular representation of the POM anion of compo@nd

Table 1. Crystal Data and Data Collection ParametersZor

formula Gi2gH200N8080P2Wa22Zr2
fw 7510.76
T, K 100(2)
A A 0.71073 e
cryst syst monoclinic 500 600 700 800 900 1000 1100 1200
P2,/ -
Zf’ice group 15_11?)4(2) Wavenumber, cm™
b, A 47.406(7) Figure 2. IR spectra (5081200 cnt?) of Zr-POMs (1%) in KBr: (n-
c, A 15.344(2) BusN)7H[{ PW11036Zr(u-OH)} 2] (1), (N-BwsN)s[{ PW110s9Z1(u-OH)} 2] (2),
a, deg 90 and (n-BuN)g[{ PW11030Zt} 2(u-OH) (u-0)] (3).
f, deg 109.130(2)
\V,’ ?@g 19(?380(2) the C, H, and N elemental analyses data, which are more
z 2 consistent with seven and eight TBA cationd.iand2 rather
22 g/chj”l i;gig than with eight and nine, one can calculate that three and
é‘;yrzt'gize‘ md 0.29% 0.25x 0.13 two protons are required to fulfill th_e charge_balqncelof
R1 (obsd data) 0.0690 and 2, respectively. In turn, potentiometric titration &f
wR2 (all data) 0.1309 revealed no acid protons, while the elemental analyses
Table 2. Selected Bond Lengths [A] fc2 supported the composition with 9 rather than _10 TBA ca_ltions.
oL 5 031(16 0111 > 061(14 Importantly, no Na €0.001%) was found inl—3. This
2:1_012 2:0805143 Zﬁg_ronl 2.'127((14)) means that the thirq proton in Zr-POM is strongly bounq t.o
Zr1—013 2.062(14) Zr+01 2.708(15) the Zr—O—Zr bridging O atom (does not possess acidic
Zr1—-014 2.089(15) properties) and thus cannot be determined by the potentio-

A slow vapor diffusion of diethyl ether to dilute MeCN  metric titration.
solutions of2 at room temperature yielded X-ray-quality The IR spectra of solid—3 are very similar and display
colorless prisms having similar crystallographic parameters a fingerprint region that is characteristic of Keggin-type
consistent with the crystal structure shown in Figure 1. The POMs (Figure 2). The spectra dfand2 show a character-
corresponding crystal data and selected bond distances aréstic band located at 772 crh which moves to 767 cni in
given in Tables 1 and 2, respectively. The single-crystal the spectrum of3. Apparently, the intensity of this band
X-ray analysis of 2 revealed that two [PWOzeZr]3~ increases upon deprotonation. Note that a general decrease
structural subunits are linked through two hydroxo bridges in energy for POM vibrations upon deprotonation has been
Zr—(OH)—Zr. In dimeric anior, Zr"V is seven-coordinated  already documente.Previously, we found that the Keggin
to five O atoms of the lacunary Keggin unit and tweOH u-0xo andu-hydroxo Ti-POM dimers also have a small
ligands. Note that seven-coordinated hydroxo-bridged Zr difference in the positions of the FiO—Ti and Ti—(OH)—
complexes are well-precedented. A similar structure has beenTi bands, which are located at 640 and 655 &#/§4°
recently reported for the Lindqvist-type Zr-substituted poly- respectively. Therefore, we may assume that the IR feature
oxotungstate (BIN)e[{ W5sO1Zr(1-OH)} 5]-2H,0 3334 Packing at 767 cm! is a manifestation of ZrFO—Zr bonds. Interest-
diagrams of compound viewed down thea andc axes are ingly, the IR spectrum of dimeric polyoxotungstate (Ris-
shown in Figure S1 in the Supporting Information (SI). X-ray [{ WsO1sZr(u-OH)} ;] shows an intense band located at 730
analysis revealed the presence of eight TBA cations per onecm?, while the corresponding monomeric species doeg*not.
anion of 2. Evidence for the composition d was also The presence of a 785-ctfeature in the IR spectrum of
provided by the elemental analysis for C, H, N, P, Zr, and Zr-HPA (see the Experimental Section) allows the suggestion
W (and Na= 0) and thermal gravimetric analysis (TGA), of a dimeric structure in the solid state. The IR spectra of
which showed no detectable.5%) weight loss below 200  1—3 collected in Nujol differ in their 16061800- and
°C indicative of the absence<@H,0) of any lattice water. 3000-4000-cm! localities (Figure S3 in the SI). No bands

Potentiometric titration ol and2 in MeCN with metha- in the range of 16081800 cn1! were found for3, while
nolic TBAOH showed a sharp breakpoint upon the addition the spectra of and2 showed a characteristic feature at about
of 2 and 1 equiv of TBAOH (Figure S2 in the Sl), thus 1620 cnm?, which according to the literature should be
indicating the presence of two and one acid protons in the attributed to HO .15 Because neither X-ray analysis nor
molecules ofl. and2, respectively. However, keeping in mind TGA (detection limit is 2HO) indicated any lattice water,
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Figure 3. Raman spectra in MeCN1, 0.01 M (a),1 after the addition of
a 100-fold excess of #D; (b), and BO,, 1 M (c).
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we believe that some small amount of®{may be due to

its adsorption during collection of the spectra. Significantly, -12.0 -13.0

no characteristic vibration around 1715 ¢was manifested (ppm)

in the IR spectra ofi—3, which implies that no BD™ was Figure 4. 3P NMR spectra of Zr-POMs upon the addition of TBAOH

present in Zr-POM$2%¢The IR spectra of botth and2 show ([gcfj-_POM]fj 8'83(;52'\/'6 ?ﬂ;eCNHiO’OC)- 9:510 ((%))’ 1 im_me?i?éeAI% zfte; nth
. addition of 1. ,2.0(C), an .0 an . equiv o ,
high-frequencyvon bands at about 3640 (sharp) and 3500 g equiv of TBAOH in 5 days (€). B2 (a). 2 after the addition of 1.0 (b)

(broad) cm?, which can be assigned to OH ligands, isolated, and 2.0 (c) equiv of TBAOH. C3 (a) and3 + 1.4 equiv of TBAOH in 2
and H-bonded, respectivelyThe spectrum o8 shows only days (b).
a weak sharp band at 3655 tin

The Raman spectra of solid-3 are very similar (Figure
S4 in the Sl) and resemble the spectra of other Keggin-type
POMs, specifically, Ti-POM? Some broadening of the

the signal of the other half. Indeed, that was exactly what
happened upon the addition of a certain amount (2% v/v) of
water (Figure S5d in the SI) or small amounts (0.25 equiv)

Raman bands can be seen in the spectrufn shportantly, of TBAOH. Addition.ally, the brogd signal disappeared upon
the Raman spectra of solid-3 and their solutions in MeCN storage of the solution over activated 3-A molecular sieves.
(compare Figures 3a and S4 in the SI) are quite similar, The conclusions about the structure and composition of
indicating the retention of the structure in solution. 1—-3and about slow proton exchangelibased orif'P NMR

The 3P NMR spectra o and3 differ insignificantly in and other techniques are strongly supported by 'R/
dry MeCN, both showing singlets at—12.46 and—12.44 NMR data, which are presented in Figure 5. Unfortunately,
ppm, respective|y (Figure 4a, B and C), which Corresponds the low SO'Ubi”ty of TBA salts of Zr-POMs does not allow
to the equivalence of the halves of these dimers, while dimer Us to get spectra with a better signal-to-noise ratio. However,
1 shows two®P NMR signals of comparable intensity: at Six lines with an intensity ratio approximately equal to 2:2:
& —12.3 (narrow,~3 Hz) and—13.2 (broad, up to 50 Hz)  1:2:2:2 are clearly seen and provide evidence for @e
ppm (Figures 4Aa and S5a in the SI). This suggests that theSymmetry of2 and3. In dry MeCN, 1 gives nine broadened
third proton is localized on the ZO—W bridge of one of ~ signals with the approximate intensity ratio 4:2:4:24£):
the subunits, shifting and broadening H® NMR signal ~ 2:1:1 (Figure 5f) instead of six signals observedZ@nd3.
owing to the dipole-dipole interaction of the P atom witha Upon the addition of KD, the three more broadened and
firmly attached proton, as was observed by Finke &t fir upfield-shifted signals coalesce into one broad peak, which
the 2°Si NMR signal of TBAH3SiW,V 304 in dry MeCN. tends to the W4 resonance in the spectr& ahd 3, while
This hypothesis is strongly supported by the fact that both the two other signals of the intensity 2 also coalesce into
the chemical shift and the signal width are very sensitive to ©ne signal, corresponding to atom W1 (W1 and W4 are
the amount of water in MeCN (Figure S5d in the SI).  linked with Zr by bent (1) and quasi-linear (4) WO—Zr
Keeping in mind the previous Hmobility studies'>8we bridges, respectively). The observed splitting, shifting, and
anticipated that adding water or base to a MeCN solution of broadening of the signals indicate that the proton is localized
1 would increase the mobility of the protons and accelerate on one of the four W4O—Zr bridges of dimerl. The
the mutual site exchange process, resulting in the narrowingresulting distortion of the structure causes splitting of the

of the signal of the protonated subunit and its averaging with Peaks, which is more pronounced for the nearest W atoms.
For the more distant W atoms, the splitting manifests as the

(26) Hi?fhfielg J. G Moféat, J. BJ.thtal.198b4 853, l77f—ldS7- o noticeable signal broadening. Again, small additives of water
(67) Jefhrey, Néxm'rﬂtrggggt.'ogé%f rogen bondin@xford University (5 aqueous bD,) promote the site exchange process (slow-
(68) Harmalker, S. P.; Pope, M. T. Inorg. Biochem1986 28, 85-95. intermediate on the NMR time scale) and bring the compli-
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experimentally observed distances. It seems that the solvent
effect minimizes the repulsion between the two highly
charged subunits, allowing them to stay closer and reach
values in better agreement the experimental ones. Neverthe-
less, as we will discuss below, these geometrical differences
do not have a significant influence on the energy of Zr
linkages. The removal of one proton of spee® form 3
causes a significant shortening of the—4{xn-O)—Zr bond
distances by about 0.2 A at our level of theory. Accordingly,
the distance between the two Keggin cluster anions decreases
by about 0.27 A. Analogously, the addition of one proton to
the bridging W-O—Zr O atom to form 1l produces a
lengthening of the involved MO bonds (by 0.18 and 0.26

=}

T A for Zr—0 and W-0 bonds, respectively). The geometrical
parameters related to the two hydroxo bridges do not vary
significantly.

e 1 4

Additionally, we also evaluated other possible isomers of
the X-ray-determined structuof Cs symmetry. First, the
variation of the relative disposition of the two Keggin-type
[PW,,03¢Z1] subunits could form a new structugd of Cy,
symmetry. In2b, only one W atom of each subunit lies in

TToo | 20 | 40 aeo | 8o | 200 the plane formed by the Zr atoms and théydroxo ligands,
(ppm) whereas ir2, three W atoms of each subunit were roughly
Figure 5. 183 NMR spectra of Zr-POMs: BPWwZrOu (a), 3 (b), 2 in that plane (see the Sl for details). We did not observe

(c), 1in MeCN/H,0 (20:1, v/v) (d),1 after the addition of a 2-fold molar  significant changes in bond lengths or bond angles on going
?écﬁésc?f??%gf)ihagglg)é CTEBE ST‘Jﬁ:t;?gcltru3m(06cf)52,:{|})4‘|,3v§re(or.%nl\i; %Sas from 2 to 2b. This latter isomer is only 2.2 kcal/mol less
collected in water at 26C. stable thar2, suggesting that both isomers could coexist,
depending on the experimental conditions. Second, NMR
cated spectrum closer to the six-line pattern typical of the data suggest that proton-exchange processes betwe€&n-W
Cs symmetry (Figure 5d,e). Zr bridges, which are accelerated by the addition of water
DFT Studies on Dimeric SpeciesThe experimentally  or base, occur in structutke Thus, it is reasonable to think
prepared Zr-monosubstituted dimeric POMs have beenthat other isomers could be formed by migration of one
investigated by means of DFT calculations. Initially, we proton from the ZrO—Zr bridging O atom in2. To assess
optimized the structures of KIPW;10s9Zr(u-OH)} 27~ (1), this and to evaluate the feasibility of proton exchange
[{PW11039Zr(u-OH)} )3 (2), and | PW;1039Zr} o(u-OH) (u- between Z+-O—Zr and W-0O—Zr bridging sites, we opti-
0)]°" (3) POMs. In the case df, the protons are located at  mized the model Lindqvist dimeric structures{M{sO157r} »-
the Zr-O—Zr and Zr-O—W bridging O atoms. The three  (u-OH)(u-0)]®~ (2'c) and H[{Ws0:8Zr}2(u-O),]¢ (2'd).
structures are computationally characterized as stationaryBecause Keggin and Lindqvist Zr dimers exhibit a qualita-
points at the potential energy surface. The computed tively similar experimentd and computational behavior (see
geometry for2 is in general good agreement with that below), hereinafter we will use Lindqvist structures as more
experimentally determined by X-ray. However, the distances affordable models of Keggin POMs, aiming to perform more
between the Zr atoms and the-ZD—Zr bridging O atoms detailed studies on these dimers. The relative energigs of
are computed to be slightly longer than the experimental ones2'c, and2'd are 0.0,+15.1, and+30.8 kcal/mol, respectively.
(0.11 A on average). We have already assessed that theThis indicates that the preferred site for protonation is Zr
optimization of the structures including solvation improves O—Zr, in agreement with the experimental results and our
the geometrie®? To determine the effects of solvent on previous computational finding8 We have recently shown
geometries, the relatively small Lindgvist analogues are usedthat the substitution of W by a metal with lower oxidation
here as a model for the analysis of large Keggin structures, state such as ¥/ Nb", or TiV increases the overall basicity
whose size is at the limit of our computational resources. In of POM and, in particular, the nucleophilicity of the

the computed gas-phase geometry{a¥EO;sZr(u-OH)} 5|8~ substituted regio®? Moreover, the protonation energy dif-
(2), the Zr—O(H) distances are 0.07 A longer than the ference between the two bridging O sites is relatively large
average distances in the corresponding X-ray struétirke (15 kcal/mol), which does not support a rapid proton-

optimization in the presence of a model solvent (see the exchange process
Computational Details section) ended in a structure, in which  Notably, the dimerization products of Zr-monosubstituted
the Zr—O(H) distances are only 0.02 A longer than the Keggin and Lindqvise anions show a marked contrast with

(69) Lopez, X.; Fernadez, J. A.; Romo, S.; Paul, J. F.; Kazansky, J. M.; (70) Lopez, X.; Bo, C.; Pablet, J. Ml. Am. Chem. So@002 124, 12574~
Poblet, J. M.J. Comput. ChenR004 25, 1541. Poblet, J. M.; Loez, 12582. Ferhadez, J. A.; Lpez, X.; Poblet, J. MJ. Mol. Catal. A
X.; Bo, C.Chem. Soc. Re 2003 32, 297. 2008 in press.
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Scheme 1 Scheme 2
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other analogous early-transition-metal-monosubstituted POMs. \o\Z /O\z 0~ ~o._ o Pelg
In the Zr case, twou-hydroxo ligands link the metals, o '\?/ o P
whereas for NB and Ti264the intercluster linkages contain H
only one M—(u-OH)—M or M—(u-O)—M junction (M = (2'c)

Nb or Ti). The proposed mechanism for dimerization df Ti H Ho® Mo

. . . ~o. o_ o~ ~o
monosubstituted Keggin-type PORsonsists of a conden- 7l ozl — 2 zr=0
sation of two protonated monomers to yield the monobridged —0 (2?.1) 0~ -0

dimer and a water molecule. This mechanism might probably
involve a doubly bridged intermediate equivalent to species
2. In fact, the characterization & for the Zr case is, in

turn, an indication for the existence of that intermediate for

comparison of the three processes, for which the same charge
separation occurs. This series of processes involves the
breaking of two Zr+-OH, one Zr-OH and one Z+0O, and

the Ti and Nb cases. It seems that, depending on the naturdwo Zr—O bonds for2', 2'c, and2'd, respectively (Scheme

of the substitution, the dimerization process stops at the 2)- Thus, the comparison of their energy costs can be used
doubly bridged intermediate or evolves to a singly bridged to roughly evaluate the difference between hydroxo and oxo
dimer. We Computed the energy cost for the loss of a water bond Strengths. All monomerizations are endothermic by 5.8,

molecule in 2' to give the mono-oxo-bridged dimer
[{W5016Zr} 2(-0)18~ (4'; Scheme 1). The process is endo-
thermic by 3.1 kcal/mol. For the analogous Lindquist
structures, the reactio?d — [{ PW11030Zr} 2(u-O)8~ (4) +
H,0 is also endothermic by 9.5 kcal/mol, supporting the
extrapolation of the results obtained with Lindqvist structures.
On the contrary, we have previously found that the formation
of [{WsO01gM} 2(u-0)]%~ from [{ W5O1gM(u-OH)}2]*~ (M =

Nb or Ti) is exothermic by 2.0 and 14.7 kcal/mol, respec-
tively.”?72 These results are indicative of a thermodynamic
preference for a doubly bridged hydroxo dimer in Zr-
monosubstituted Keggin and Lindqvist dimers, whereas for

7.3, and 8.2 kcal/mol fo?', 2'c, and2'd, respectively, with

the breaking of two ZrO bonds being the highest energy
process. More interestingly, on going fr@nto 2'c and from
2'cto 2'd, the energy cost increases only by abou®kcal/
mol, which can be assigned to the variation between bond
strengths. Thus, our calculations predict that the @rbond

is only slightly stronger than the Zi©OH bond. Obviously,
this amount of energy could be largely compensated for by
protonation energies at those oxo sites. Moreover, the Zr
doubly bridged dimers not only are more thermodynamically
stable than the corresponding singly bridged ones but also
show a thermodynamic preference for the dimeric forms over

the analogous Ti and Nb species, the experimentally obtainecdthe monomeric ones. We have commented above that

mono-oxo dimer is preferred. We also checked the thermo-
dynamic stability toward water loss of the triprotonated
structurel. As for diprotonated species, the calculated energy
for the reaction of H{WsO;gZr(u-OH)},]> (1) to give

H[{ W5018Zr} 2(u-O)]°>~ (5') and water is endothermic (about
+1.1 kcal/mol), further supporting the stability of tri-
protonated species. This small energy difference is within
the limits of accuracy of the modeling and the methodology
employed. However, the value is qualitatively very similar
to that computed for mono-oxo-bridged dimer formation
from 2', and it is fully consistent with the experimental
findings. For3, the mechanism of water loss would probably
imply a previous protonation to yieltl or 2, and therefore
the process could also be precluded.

Finally, we examined the monomerization process for
species?2’, 2'c, and 2d (Scheme 2). The quantitative
assessment of these processes involving charge separatio
is not an easy task because it requires an accurate accountin
of the solvent effects for the differently charged species.
However, valuable information can be obtained in the

(71) Clegg, W.; Elsegood, M. R. J.; Errington, J.; Havelock].JChem.
Soc., Dalton Trans1996 681.

(72) Lopez, X.; Weinstock, I. A.; Bo, C.; Sarasa, J. P.; Poblet, J. M.
Submitted for publication.

inclusion of the solvent effect caused a significant variation
in the bond lengths for the Zu-OH—Zr bridges in2'
species. However, the monomerization energy computed at
the gas-phase geometry does not vary dramatically (7.8 and
5.8 kcal/mol at the gas phase and in the presence of the model
solvent, respectively). This result suggests that theQ@r
bonds bridging the two POM subunits are relatively flexible.
Interaction of Zr-POMs with H ,O and TBAOH. A
significant upfield shift accompanied by broadening of the
3P NMR signal upon further2% v/v) addition of water
to the MeCN solution ofl (Figure S5e-g in the SI) cannot
be attributed only to the change of the solution magnetic
susceptibility. A similar signal shift and broadening was also
found for 2. On the contrary, the spectrum 8fwas not
sensitive to the presence ot® in MeCN. In contrast to
Ti-POMs 341 we cannot ascribe the observed (upfield) shift
af the 3P NMR resonance to deprotonation iipon the
gddition of water because transformatior2db 3 upon the
addition of 1 equiv of TBAOH caused no change in the
signal position (Figure 4Bb). This implies that some other
process occurs with and2 in the presence of water. We
suppose that a monomerization process most likely takes
place whenl and 2 are allowed to react with }0. The
process is evidently assisted by acid protons preseiit in
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and 2. Keeping in mind that ZY is typically seven- Interaction of Zr-POMs with H ,0O, and Catalytic
coordinated or more often eight-coordinated, we anticipated Oxidations in the Presence of Zr-POMs Severaf*P NMR
that this interaction would produce monomeric species (n- studies have implicated that many POMs are solvolytically
BusN)34n[PW11036Zr(OH)n(H20)3(2-r] (N = 0 and 1), which not stable to HO, and, in fact, they often act as precursors
display a broad*P NMR signal at aboud —13.2 ppm. The of a true catalyst Venturello complé®O,[W(O)(02)2] 4} 3~
signal broadening may be due to exchange between speciegnd/or other low-nuclearity peroxotungstate spetiés,
containing different amounts of coordination water. Our which are highly active as electrophilic O-transfer agéhts.
attempts to isolate such monomeric species failed becauselhe stability of the [PWi039ZrOH]*" structural unit toward
of their tendency to dimerize during the crystallization an excess of kD, in MeCN was confirmed by several
process. spectroscopic techniques. First, upon the addition gdH
As we mentioned already, the addition of 1 equiv of base © Z-POMs ([HO,}/[Zr —POM] = 100) and storage of the

to 2 produces no changes in either the position or width of Solution at 70°C for at least 5 h, no products derived from
the 3P NMR signal. Hence, no degradation of the dimeric the degradation of the Keggin structural unit were detected

3 i —
structure occurs upon deprotonation of one of the@¢H)— by **P NMR in the range oft7 to —11 ppm,lwhere one
Zr bridging O atoms. However, further addition of TBAOH could exi)aect the appearance of lower nuclea_nty Speties,
to 3 (or to preliminarily neutralized and?2) causes upfield Second,"™W NMR confirmed the preservation of th&

shifting of the3!P NMR signal and its splitting into two symmetry upon the addition of, to 1 (Figure 5e). Finally,
signals ad —13.27 and—13.31 ppm (Figure 4AC), the Raman spectra df in MeCN before and after the addition

: . of H,O, are identical (Figure 3a,b) after subtraction of the
ratio between which depends on the amount of TBAOH ) X
added. Interestingly, the intensity of the signal with-13.27 spectrum Of KO, in MeCN (Flg_ure 3c). The only new band,
. : . . which appears after the addition ob®%, is that located at
ppm slightly increased after allowing the solutions to stand 1 ; .
for a few days. When 5 equiv of TBAOH was addedlio ?67 cm, wh|30h beI%ngsd 0 :]ree wzl’daf) can bt? Ju<(jjged
the 3P NMR spectrum drastically changed in several days rom Figure 3. No bands that could be attributed to a

and displayed again the signal at—12.47 ppm, a new Zirconium peroxo species were found,
: ’ wW h Iyti havi f Zr-POM
unidentified signal ad —12.80 ppm, and signals at—13.27 e compared the catalytic behaviors of Zr-POMs prepared

) O in this work in the oxidation of three representative organic
and —13.31 ppm (Fllgure 4Ae). A similar process was substrates, TMP, CyH, and-pinene, with aqueous 4.
obse'rved while adding alkali .(NaHQ%Dto an agueous  1pg oxjdation of CyH with HO, in the presence of Zr-POMs
solution of Zr-HPA. The chemical shift of th#P NMR was followed by®!P NMR (Figure 6) and GEMS. Upon
resonance of Zr-HPA remained unchang&c-(3.77 ppm) 6 aqdition of a 20-fold excess 0bEh to 1, a broad signal

up to pH 3.2, but a further increase in the pH resulted inthe ;15 _12 3 ppm (Figure 6A) appeared. We mentioned above
gradual appearance of two new signalsoat-14.70 and ¢ the addition of water ta and 2 results in the upfield
—14.81 ppm with an approximately 1:1 intensity ratio. After gt of the3P NMR resonance (Figure S5 in the SI), so the
the pH reached 6.1, the signal@t-13.77 ppm completely  signa| as —12.3 ppm is not due to the interactionbivith
disappeared. We might suggest that unstable monomeric andjyater. Moreover, this signal disappeared rapidly upon
or dimeric Zr-POM species (probably those having terminal jnroduction of CyH; simultaneously, the resonancedat
Zr—OH and/or Z#=0 bonds) form initially upon the addition 129 ppm arose (Figure 6B), and the formation of
of OH" to 3 followed by slow partial escape of Zr from the  comparable amounts of 2-cyclohexen-1-one drahs
Keggin structure to produce a 1:2 anion [Zr(P\sg)7]** cyclohexane-1,2-diol along with traces of 2-cyclohexen-1-
and slow partial redimerization of the monomeric species to | was detected by GEMS. Note that CyH oxidation with
produce3. It is worth noting that increasing the solution  H,0, over heterogeneous Zr,Si catalysts also produced the
basicity, which results in upfield shifting and splitting of the  diol (and/or its precursor, epoxide) along with the allylic
1P NMR signal, also leads to the transformation of the six- oxidation product4347

line 183W NMR spectrum to a more complicated one showing

20 signals (two signals are superposition of four) and thus oH o i
reflecting a disturbance of thes symmetry. In fact, the 22- H0,/Zr-POM

line spectrum may indicate the presence of two Zr-POMs O - O\ * @ " ij
having Ci symmetry. Such POMs might be produced by o

alkaline hydrolysis of Z+O—Zr bridges in the molecule of In the absence of CyH, the signal @&t—12.3 ppm also

3, leading to the formation of heteropolyanions with external disappeared gradually, but the rate of its decay was signifi-
Zr—OH and Zr=0 bonds, e.g., [PWO39Zr(O)(OH)s—,]™
(n = 1 and 2). Previously, we found that Ti-POMs with (73 Erzgge{ggé%-ég}'igggw- P.; Parkin, B. Q. Chem. Soc., Dalton
terminal T=O and T+-OH bonds do not exchange on the (74) Salles, L.; Aubry, C.; Thouvenot, R.: Robert, F.: Doremieux-Morin,
NMR time scale in MeCN and thus show two close but C.; Chottard, G.; Ledon, H.; Jeannin, Y.; Beault, J.-Mlnorg. Chem.
distinguishable*’P NMR resonance¥:*° Further spectro- (75 ]I-Dgugrﬁ:sr?: I?)Tg;s(z?{ambers, R. C.; Hecht, E.; Hill, CJLAm. Chem.
scopic studies, which are in progress in our groups, should Soc.1995 117, 681-691. o

gain insight into the interconversion chemistry of different (/® l/éeé‘at“gg"Ci’ogjﬁ?'o's'o' R.; Bart, J. C. R Ricei, M. Mol. Catal.
Zr-POMs in weakly alkaline solutions. (77) Venturello, C.: D'Aloisio, R.J. Org. Chem1988 53, 1553-1557.
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Figure 6. 3P NMR spectra ofl (0.01 M in MeCN, 20°C) in the course

of time: 0 (a), 1 (b), 35 (c), 102 (d), and 210 (e) min and 3 days (f) after

the addition of 0.2 M HO, (A) and after the addition of 0.2 M #D

followed by the immediate addition of CyH (B).

cantly lower. After several days, the signal-al2.9 ppm

became predominant both with and without CyH (Figure 6).
All of these allowed us to assign ti# NMR resonance at

Table 3. Oxidation ofa-Pinene with HO- in the Presence df—3?

a-pinene TOF¢ verbenol verbenone
Zr-POM conversior, % h-t yield, 2% yield, 4%
1 40 14 21 18
2 25 8 35 40
3 7 0.8 nd nd
e 5 nd nd nd

a8 Reaction conditionso-pinene, 0.1 M; HO,, 0.12 M; Zr-POM, 0.0025
M; MeCN, 30 °C, 1 h.bPThe main detectable products were verbenol,
verbenone, campholenic aldehyde, and campheh®F = (moles of
substrate converted in the catalytic reactiomoles of substrate converted
in the blank experiment)/(moles of Zr-POM h). 4 GC yield based on
o-pinene consumed. Similar amounts of campholenic aldehyde and cam-
phene (rearangement product) were also found along with unidentified high-
boiling products formed from overoxidatioANo catalyst was present.

tion of o-pinene affords the allylic oxidation products,
verbenol and verbenone, along with campholenic aldehyde.
The oxidation selectivity strongly depends on the alkene
conversion; at high conversions, unidentified oligo/polym-
erization products formed because of prevailing overoxida-
tion. The product oéi-pinene rearrangement, camphene, was
also found.

H,0,/Zr-POM CHO
> + + +
(0] OH

Recently, we found the same set and similar distribution
of products in the presence of a heterogeneous Zr-single-
site catalyst, Zr-MCPE? The similarity in the catalytic
behavior of Zr-POMs and heterogeneous Zr catalysts sup-
ports our concept about using Zr-POMs as soluble probes
for studying the mechanisms of heterogeneous Zr-catalyzed
oxidations.

The catalytic activity of Zr-POMs in TMP oxidation with
H,0, decreased in the order Zr-HPA 1 ~ 2 > 3. Figure

0 —12.3 ppm to an unstable Zr-POM peroxo species, active 7A shows kinetic curves for TMP consumption demonstrat-

in the oxidation of organic substrates. In the case,0l
similar behavior was monitored byP NMR, but the

ing this order. Some activity d8, which was almost inert
with alkenes, in this reaction may be due to the protic nature

disappearance of the peroxo species signal took a longerof the phenolic substrate. It is worth noting that the

period of time. In turn, no changes in tA® NMR spec-
trum of 3 were detected upon the addition 0of® and no
products of CyH oxidation were found. All of these facts

established order of the catalytic activity of Zr-POMs in
H,0,-based oxidation of organic substrates correlates with
the rates of HO, decomposition in the presence of Zr-POMs

collectively allowed us to suggest that the active peroxozir- (Figure 7B).

conium species might form upon substitution of the water

The catalytic TMP oxidation in the presence of Zr-

ligand in the coordination sphere of the monomeric species POMs yielded 2,3,5-trimethys-benzoquinone (TMBQ) and

(N-BwN)3z+n[PW11056Zr(OH)y(H20)z3(2)-r] by a peroxo (HO,)

2,2,3,3,5,5-hexamethyl-4,4biphenol (BP) as the main

ligand. The peroxo species signal broadening may be due toreaction products (Table 4).
exchange between species containing different amounts of

peroxo groups. Our first attempts to isolate this peroxo-
zirconium species and to clarify its structure failed because

of the fast dismutation of ¥D, in the presence of Zr-POMs.
Note that significant kD, decomposition is also typical of
heterogeneous Zr,Si catalyéts.

The results on the catalytic activity &f3 in H,O,-based
oxidation of another representative alkemepinene, are
given in Table 3. As in the case of CyR,is practically
inactive ina-pinene oxidation. Hence, we may conclude that
acid protons are crucial for the catalytic activity of Zr-POMs
such as was found previously for Ti-PONfs* The oxida-

OH (0]

\©: H,0,/Zr-POM

The same products were found recently in TMP oxidation
by H,O; in the presence of Ti-POME:*° The selectivity to
TMBQ was maximal forl and attained 45% at 90% TMP
conversion.

The products of the oxidation of TMP, CyH, anepinene
that we found in the presence of Zr-POMs are consistent

(o}
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reaction product! Zr-HPA yields mainly the allylic oxidation
product, 2-cyclohexen-1-one, along with minor amounts of
2-cyclohexen-1-ol, diol, and cyclohexanol, which arises most
likely via Zr-HPA-catalyzed hydration of CyH.
Conclusions.Three forms differing in their protonation
state, (n-BuN);H[{ PW11O03eZr(u-OH)}2] (1), (n-BwN)s-
[{PW1103¢Zr(u-OH)} 2] (2), and (n-BuN)o[{ PW11030Z1} o-
(u-OH)(u-0)] (3), of the previously unknown Zf-mono-
substituted Keggin-type POM have been prepared and
comprehensively characterized. Using a combination of
elemental analyses, potentiometric titration, X-ray single-
crystal structure analysis, IR, Raman, d#land'®3W NMR,
it has been revealed that lhitwo Keggin structural units
[PW11030Zr]%~ are connected through two hydroxo bridges
Zr—(OH)—Zr with Zr"V in 7-fold coordination; the addition
and removal of one proton lead to forrhsand 3, respec-
tively. In agreement with the experimental characterization
of 1—3, DFT calculations showed that protonation at the Zr
O—Zr bridging O atom leads to the most stable complex
because of the intrinsic basicity of this site. Moreover,
calculations indicate that for Zr-monosubstituted dimers the
doubly bridged hydroxo species are thermodynamically more
; stable than the singly bridged oxo ones, which contrasts with
0027 that observed for the Nband T4 analogues. A compari-
0.00 A T o 15 2 v 20 2 son of the bond strengths reveals that the @rbond is only
slightly stronger than the ZrOH bond; however, this energy

Time, min ) .
Figure 7. Oxidation of TMP (0.1 M) with HO, (0.35 M) at 80°C (A) difference can be largely compensated for by the protonation

and HO, decomposition at 35C (B) in the presence of Zr-POMs ([zr- ~ €nergy. Two, one, and no protons in-3, respectively,

100

80

60

40

204

TMP conversion, %

0.18 §
0.16

0.14 1
0.12—-
0.10:
0.08—'
0.06—-
0.04:

H,0, concentration, M

HPA] = 0.005 M; [1] = [3] = 0.0025 M) in MeCN: Zr-HPA (a)1 (b), possess acid properties. The acid protons assist the interaction
ands (c). of the dimeric Zr-POM with HO in MeCN to produce
Table 4. TMP Oxidation with HO; in the Presence of Zr-POMs monomeric species, most likely (n-BY)z+[PW11030Z1-

Z-POM  TMP conversion, %  TOFhL  TMBQ yield< % (OH)y(H20)3-1] (n = 0 and 1), as well as the interaction
1 % s a5 with H,0O,, leading to the formation of peroxozirconium

3 37 32 30 species capable of oxidizing organic substrates via homolytic
. . oxidation mechanisms. The catalytic behavior of Zr-POMs
@ Reaction conditions: TMP, 0.1 M, 4., 0.35 M, Zr-POM, 0.0025 . . . L
M, MeCN, 1 mL, 80°C, 1 h.> TOF = (moles of TMP consumed)/(moles 1N H202-based oxidations is similar to that of heterogeneous
of Zr x h); determined from the initial rates of TMP consumptiéGC Zr-single-site catalysts.
yield based on TMP consumed. The main byproduct was BP; small amounts :
of C—O-coupling products were also detected by-GdS. Acknowledgment. We thank V. Utkin and Dr. V. Rogov
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