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Treatment of titanyl sulfate in dilute sulfuric acid with 1 equiv of NaLog: (Logr™ = [(17>-CsHs)Co{ P(O)(OEt),} 5] ) in
the presence of NasPO, and NasP,0- led to isolation of [(LogTi)s(«t-O)s(tts—PO4)] (1) and [(Log:Ti)2(ee-0)(2e-P207)]
(2), respectively. The structure of 1 consists of a TizO3 core capped by a us-phosphato group. In 2, the [P,07]*~
ligands binds to the two Ti's in a g:;?n? fashion. Treatment of titanyl sulfate in dilute sulfuric acid with NaLog
and 1.5 equiv of Na,Cr,0; gave [(LogtTi)2(1-CrO4)s] (3) that contains two LogTi%* fragments bridged by three
u-Cr0,2~-0,0 ligands. Complex 3 can act as a 6-electron oxidant and oxidize benzyl alcohol to give ca. 3 equiv
of benzaldehyde. Treatment of [LogTi(OTf)s] (OTf~ = triflate) with [n-BusN][ReQ,] afforded [{ LogTi(ReO4)} 2(2¢-O)]
(4). Treatment of [LogMFs] (M = Ti and Zr) with 3 equiv of [ReO3(OSiMes)] afforded [LogTi(ReOs)s] (5) and
[LoeZr(ReQ4)s(H20)] (6), respectively. Treatment of [LoeMFs] with 2 equiv of [ReO3(OSiMes)] afforded [Log:Ti-
(Re04)2F] (7) and [{ LoeZr(Re04)2} 2(u-F)2] (8), respectively, which reacted with Me;SiOTf to give [LogM(ReO4)2-
(OTH] (M = Ti (9), Zr (10)). Hydrolysis of [LogZr(OTf)s] (11) with Na,WO,4-xH,O and wet CH,Cl, afforded the
hydroxo-bridged complexes [{ LoeiZr(H20)} s(u-OH)3(u3-O)][OTf]s (12) and [{ LogiZr(H20)s} 2(ue-OH),J[OTf]s (13),
respectively. The solid-state structures of 1-3, 6, and 11-13 have been established by X-ray crystallography. The
LogTi" complexes can catalyze oxidation of methyl p-tolyl sulfide with tert-butyl hydroperoxide. The bimetallic
Til Re complexes 5 and 9 were found to be more active catalysts for the sulfide oxidation than other Ti(IV) complexes
presumably because Re alkylperoxo species are involved as the reactive intermediates.

Introduction We have a long-standing interest in the organometallic
o _ o _ chemistry of Klaii's tripodal ligand logr ([CpCo{ P(O)-
Metal ions in oxygen-rich coordination environments have (OEt)}s]~, where Cp= #5-CsHs) (Chart 1) that has been
attracted much attention because of their relevance to metal ’

oxo surfaces in heterogeneous catalys$tsthis connection, (2) (a) Floriani, C.; Floriani-Moro, RAdy. Organomet. Chen2001, 47,
| f off h b d hesi | 167. (b) Petrella, A. J.; Roberts, N. K.; Raston, C. L.; Thornton-Pett,
a lot of efforts have been made to synthesize mononuclear ;. { amb, R. N.Chem. Commur2003 1238. (c) Evans, D. R.; Huang,

and polynuclear metal complexes containing O-donor ligands M. S; Fettinger, J. C.; Williams, T. Linorg. Chem 2002 41, 5986.
as molecular models for metal oxide catalysts. Of importance fﬂngQOté%?hFA/'c\'té%g%‘ngﬁ + Murillo, C. A; Petrukhing, M. A.
are oxygen-rich titanium complexes due to the significance (3) Petrella, A. J.; Raston, C. Li. Organomet. Chen2004 689, 4125.

i im- ini ili i i i (4) (a) Ozerov, O. V.; Lapido, F. T.; Patrick, B. Q. Am. Chem. Soc
of titanium-containing silicates and zeolites in catalytic 1009 121 7941, (b) Ladipo, F. T.: Sarveswaran, V.. Kingston. J. V.

organic oxidation. Thus, Ti(IV) complexes with polydentate Huyck, R. A.; Bylikin, S. Y.; Carr, S. D.; Watts, R.; Parkin, 3.
oxygen ligands such as calixareRestrialkoxides® and bis- ) ?r)ggnqm?t. iheSQ%M 68,8,| 522"| L | acta G Neri

. . . a oriente, A.; De Rosa, M.; Frullo, M.; Lepore, L.; Gaeta, C.; Nerl,
(phenolates) have been synthesized and their catalytic P. Adv. Synth. Catal2005 347, 816. (b) Friedrich, A.; Radius, U.
activities have been studied extensively. Eur. J. Inorg. Chem2004 4300.

(6) (a) Menge, W.; Verkade, J. Giorg. Chem 1991, 30, 4628. (b) Cohen,
J. P.; Errington, W.; Moore, P.; Partridge, M. G.; Wallbridge, M. G.
* To whom correspondence should be addressed. E-mail: chleung@ust.hk. H. J. Chem. Soc., Dalton Tran$999 2647. (c) Di. Furia, F.; Licini,

(1) (a) Handbook of Heterogeneous Catalydistl, G., Knazinger, H., G.; Modena, G.; Motterle, R.; Nugent, W. A. Org. Chem 1996
Weitkamp, J. W., Eds.; VCH-Wiley: Weinheim, Germany, 1997; Vol. 61, 5175. (d) Kim, Y.; Verkade J. GOrganometallic2002 21, 2395.
1. (b) Augustine, R. LHeterogeneous Catalysis for the Synthetic (e) Sudhakar, P.; Amburose, C. V.; Sundararajan, G.; Nethaji, M.
Chemist Marcel Dekker: New York, 1996. Organometallics2004 23, 4462.
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Chart 1

Loet”

recognized as an oxygen analogue of cyclopentadienyl.
Although Logs can form stable complexes with a range of
metal ions? the coordination chemistry of its group 4
complexes has not been well develop®presumably due
to its strong tendency to form saturated J@),M]?* (M =

tions of LogZr'V complexes with (4-N@CsH4),P(O)(OH) and
NasPQ,, respectively}? demonstrating the usefulness of
aqueous self-assembly in the synthesis gfZr'V cluster
compounds. We here describe the reactions of titanyl sulfate
with PO, PO/, and CpO;%" in the presence of g in
aqueous media and the solid-state structures of the resulting
phosphato and chromato cluster compounds. Ti(IV) and
Zr(IV) perrhenato complexes have also been synthesized
from [LoeMF3] and [ReQ(OSiMe;)] in CH.Cl,. Moreover,

the hydrolysis of [logZr(OTf)3] (OTf = triflato) and the
solid-state structures of the resulting Zr(IV) hydroxo com-
plexes are reported.

Ti, Zr) complexes. Previously, we have demonstrated that Experimental Section

titanyl and zirconyl species in aqueous media could be

stabilized by log. Depending upon reaction conditions,
interactions of titanyl and zirconyl compounds with NaL
afforded a variety of oxo- and hydroxo-bridgegdM'"
clusters including [(beZr)a(us-O)x(u-OH)4(H-0),]4" and
[(L o) 2o(u-O)o(u-SQy)]. 1712

To prepare new oxygen-rich Ti(IV) cluster compounds,
we set out to investigate the self-assembly ek&TLi(1V)

species with other oxyanions in aqueous media. Of special
interest are Ti(IV) phosphato complexes given the various

applications of Ti(IV) phosphate solid-state materidls.
Compared with the phosphonato analogt¥emolecular
Ti(IV) phosphato complexes are relatively less expldied.

General Considerations.Unless otherwise stated, all manipula-
tions were carried out under nitrogen using standard Schlenk
techniques. NMR spectra were recorded on a Bruker ALX 300
spectrometer operating at 300, 282.5, and 121.5 MHZ2HoR°F,
and?®'P, respectively. Chemical shifts,(ppm) were reported with
reference to SiMe (*H), CRCsHs (*°F), and 85% HPO, ((1P).
Infrared spectra (KBr) were recorded on a Perkin-Elmer 16 PC
FT-IR spectrophotometer. Elemental analyses were performed by
Medac Ltd., Surrey, U.K. The ligand Nak,® [L ogMF3],** and
[LoeM(OTH)3]3 (M = Ti, Zr) were prepared as described elsewhere.
A stock solution of titanyl sulfate in sulfuric acid ([T# 0.13 M)
was prepared by diluting 1 mL of commercial titanyl sulfate solution
(15% in dilute sulfuric acid, Aldrich) with 9 mL of water.

[(L ogtTi) 3(u-O)3(us-POs)] (1). To the stock solution of titanyl

Ti(1V) phosphato complexes are generally synthesized from sulfate (1 mL, 0.0921 mmol Ti) in water (7 mL) was added NaL

Ti(IV) alkoxides and phosphoric acid or phosphates in
nonaqueous media. Previously, we synthesizeg:/Jr-
(13-PQy)l4 and [(LoeZr)s(u-OH)s(us-O)(us-PQy)] " by reac-

(7) Reimer, V.; Spaniol, T. P.; Okuda, J.; Ebeling, H.; Tuchbreiter, A;;
Mulhaupt, R.Inorg. Chim. Acta2003 345, 221.

(8) Klaui, W. Angew. Chem., Int. Ed. Engl99Q 29, 627.

(9) (a) Klaui, W.; Mocigemba, N.; Weber-Schuster, A.; Bell, R.; Frank,
W.; Mootz, D.; Poll, W.; Wunderlich, HChem—Eur. J. 2002 8,
2335. (b) Klaii, W.; Peters, W.; Liedtke, N.; Trofimenko, S.;
Rheingold, A. L.; Sommer, R. CEur. J. Inorg. Chem2001, 693. (c)
Domhover, B.; Klaui, W. J. Organomet. Chen1996 522 207. (d)
Kldui, W.; Muller, A.; Eberspach, W.; Boese, B.; GoldbergJlAm.
Chem. Soc1987, 109, 164.

(10) Ward, T. R.; Duclos, S.; Therrien, B.; Schenk, Brganometallics
1998 17, 2490.

(11) Lam, T. C. H.; Chan, E. Y. Y.; Mak, W.-L.; Lo, S. M. F.; Williams,
I. D.; Wong, W.-T.; Leung, W.-HInorg. Chem.2003 42, 1842.

(12) Zhang, Q.-F.; Lam, T. C. H.; Chan, E. Y. Y; Lo, S. M. F.; Williams,
I. D.; Leung, W.-H.Angew. Chem., Int. EQR004 43, 1715.

(13) Zhang, Q.-F.; Lam, T. C. H., Yi, X. Y.; Chan, E. Y. Y., Wong W.-
Y.; Sung, H. H. Y.; Williams, I. D.; Leung, W.-HChem—Eur. J.
2005 11, 101.

(14) (a) Inorganic lon Exchange MaterialsClearfield, A., Ed.; CRC
Press: Boca Raton, FL, 1982. (b) ZubietaCdmments Inorg. Chem
1994 16, 153. (c) Cao, G.; Hong, H.-G.; Mallouk, T. Bcc. Chem.
Res.1992 25, 240.

(15) Walawalkar, M. G.; Roesky, H. W.; Murugavel, Rcc. Chem. Res
1999 32, 117 and references therein.

(16) (a) Thorn, D. L.; Harlow, R. Llnorg. Chem 1992 31, 3917. (b)

Lugmair, C. G.; Tilley, T. D.Ilnorg. Chem 1998 37, 1821. (c)

Guerrero, G.; Mehring, M.; Mutin, P. H.; Dahan, F.; Vioux, A.

Chem. Soc., Dalton Trand999 1537 (d) Chakraborty, D.; Chan-

drasekhar, V.; Bhattacharjee, M.; Kzaer, R.; Roesky, H. W

Noltemeyer, M.; Schmidt, H.-GIlnorg. Chem 200Q 39, 23. (e)

Swamy, K. C. K.; Veith, M.; Huch, V.; Mathur, $1org. Chem2003

42,5837. (f) Kamimura, S.; Matsunaga, T.; Kuwata, S.; lwasaki, M.;

Ishii, Y. Inorg. Chem 2004 43, 6127.

Walawalkar, M. G.; Horchler, S.; Dietrich, S.; Chakraborty, D.;

Roesky, H. W.; ScHar, M.; Schmidt, H.-G.; Sheldrick, G. M.;

Murugavel, R.Organometallics1998 17, 2865.

17

(46 mg, 0.082 mmol) in water (3 mL); the mixture was stirred at
room temperature in air for 10 min, and thensR@&, (67 mg, 0.41
mmol) in water (1 mL) was added. The resulting solution was stirred
overnight and extracted with GBl,. The extract was dried over
anhydrous Ng50O, and evaporated to dryness. Recrystallization
from acetone/hexane afforded yellow crystals that were suitable
for X-ray analysis (yield: 43 mg, 28%)H NMR (CDCk): 6 1.26
(overlapping t, 54H, Ch), 4.00-4.26 (m, 36H, CH), 5.00 (s, 15H,
Cp).3'P{H} NMR (CDCly): 6 116.9 (pseudo d,dgy, 124.0 (pseu-
do t, I—OE()1 5.36 (S, P@ Anal. Calcd for GiH105C03034P10Ti3"
4CH,Cl,-4H,0: C, 28.7; H, 5.3. Found: C, 28.6; H, 5.4.

[(L oetTi) 2(u-O)2(u-P207)] (2). This compound was prepared
similarly as forl from 1 mL of the titanyl sulfate stock solution,
NaLog: (47 mg, 0.084 mmol), and NB,O;-10H,0 (110 mg, 0.25
mmol). Recrystallization from acetone/hexane afforded yellow
crystals that were suitable for X-ray analysis (yield: 34 mg, 30%).
IH NMR (acetoneds): ¢ 1.45 (overlapping t, 36H, C#), 4.30—
4.48 (m, 24H, CH), 5.37 (s, 10H, Cp)3*P{H} NMR (acetone-
dg): 0 119.6 (M, logy), 124.9 (M, logy), 131.9 (M, log), —9.6 (s,
P207). Anal. Calcd for G4H70C02025P8Ti2'CH2C|2: C, 288, H, 5.0.
Found: C, 28.6; H, 4.9.

[(L oetTi)2(u-CrO4)3] (3). To 1.1 mL of the titanyl sulfate stock
solution (0.1 mmol Ti) in water (7 mL) was added Nk (52 mg,
0.093 mmol) in water (3 mL), and the mixture was stirred at room
temperature for 10 min. A solution of MNar,0;-2H,0 (139 mg,
0.465 mmol) in water (10 mL) was added. The yellow precipitate
was collected, washed with water, and air-dried. Recrystallization
from CH,Cl,/hexane afforded yellow crystals that were suitable
for X-ray analysis (yield: 79 mg, 56%)H NMR (acetonede): o
1.44 (t,J= 7.2 Hz, 36H, CH), 4.26-4.31 (m, 24H, CH), 5.36 (s,
10H, Cp).3P{*H} NMR (acetoneds): ¢ 123.9 (s). Anal. Calcd

(18) Klaui, W. Z. Naturforsch B 1979 34, 1403.
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for C34H70C02CF3030P6Ti2'3CHQC|2: C, 25.2; H, 4.4. Found: C, (CDC|3) o _77.6.31P{1H} NMR (CDC|3) 0 130.5 (S) Anal.

24.9; H, 4.4. Calcd for GgH3sCoR020PsReSTIF3CH,Cl,: C, 17.0; H, 2.8.
Oxidation of Benzyl Alcohol by 3. A mixture of 3 (50 mg, Found: C, 16.7; H, 2.8. The Zr analogli@was prepared similarly

0.034 mmol) and benzyl alcohol (3Q., 0.48 mmol) in CHCI, (2 from 8 and MgSIOTf. Yield: 80%.'H NMR (CDClg): 6 1.39 {t,

mL) was stirred at room temperature under nitrogen for 30 min. J = 6.9 Hz, 18H, CH), 4.24 (m, 12H, CH), 5.25 (s, 5H, Cp)*%F

The benzaldehyde produced was determined (ca. 3 equiv withNMR (CDClk): 6 —77.7.3'P{*H} NMR (CDClL): 6 126.4 (m).

respect t@) by GLC analysis (HP1 column) using iodobenzene as Anal. Calcd for GgH3sCoR0,0PsReSZr: C, 16.9; H, 2.7. Found:

internal standard. A similar amount of benzaldehyde was obtained C, 16.5; H, 2.9.

when the oxidation was carried out in air or in the presence of  [{LogZr(H 20)(u-OH)} 3(us-O)][OTf] 4 (12). To a solution of

terminal oxidants such as iodosobenzene. [LoeZr(OTH)3] (11) (116 mg, 0.11 mmol) in THF (6 mL) was added
[{LogtTi(ReO,)2} 2(u-0)] (4). A mixture of [n-BusN][ReOq] (66 Na;WO,-xH,0 (48 mg), and the mixture was stirred under nitrogen

mg, 0.134 mmol) and [bgTi(OTf)3] (46 mg, 0.045 mmol) in at room temperature overnight. The volatiles were removed under

CH.Cl; (5 mL) was stirred under nitrogen at room temperature for reduced pressure, and the residue was washed with hexane and

overnight. The volatiles were pumped off, and the yellow residue Et,O. Recrystallization from CkCl,/Et,O/hexane afforded

was washed with EO and extracted into toluene/GEl, (1:1). yellow block crystals that were suitable for X-ray analysis. Yield:
Recrystallization from THF/EO afforded yellow blocks. Yield: 56 mg (55%).*H NMR (CDCl): ¢ 1.31 (t,J = 6.9 Hz, 54H,
22 mg (44%)H NMR (CDCl): 6 1.03 (t,J= 7.0 Hz, 36H, CH), CHs), 4.00-4.19 (m, 36H, CH), 5.17 (s, 15H, Cp), 7.96 (s,
4.05-4.40 (m, 24H, CH), 5.15 (s, 10H, Cp)3P{H} NMR 3H, OH). 3'P{*H} NMR (CDCl): 6 121.8 (s). Anal. Calcd for
(CDC|3): 0 129.0 (m) Anal. Calcd for QH70C02027P6R62Ti2' C54H114C03F12045P9842r3’CH2C|2‘6HzO: C, 24.1; H, 4.6. Found:
1.6[n-BwN][ReQ,]: C, 29.0; H, 5.2; N, 0.9. Found: C, 29.0; H, C, 23.9, H, 4.5.

5.2; N, 0.9. [{LogZr(H 20)2} 2(u-OH),][OTH] 4 (13). A solution of11 (65 mg,

[L oecTi(ReOy)3] (5). To [ReOy(OSiMe;)] (110 mg, 0.34 mmol) 0.061 mmol) in CHCI, (3 mL) was left to stand in air overnight.
in CH.CI, (1 mL) was added [bgTiF3] (54 mg, 0.085 mmol) in The solvent was removed by a rotavapor and the residue washed
CHCl, (3 mL). After the solution was stirred at room temperature with EtO. Recrystallization from CkCl./Et,O/hexane afforded
for 2 h, the color changed from yellow to yellow-orange. The vyellow crystals that were suitable for X-ray diffraction study.
volatiles were removed under reduced pressure, and the resultanield: 32 mg (54%).*H NMR (CDCly): ¢ 1.32 (t, 36H, CH),
yellow-orange residue was washed with@&tand extracted into 4.20 (m, 24H, CH), 4.81 (br s, 8H, HO), 5.18, (s, 10H, Cp), 9.00
CH,Cl,. Recrystallization from CkCl/hexane afforded orange (s, 2H, OH).3P{*H} NMR (CDCl): ¢ 122.6 (s). Anal. Calcd for
needles. Yield: 98 mg (86%JH NMR (CDCL): ¢ 1.40 (t,J = CagHgsCF12040PsSsZr2: C, 22.5; H, 4.4. Found: C, 22.6, H, 4.4.
7.0 Hz, 18H, CH,), 4.26 (m, 12H, ChH), 5.27 (s, 5H, Cp). Catalytic Oxidation of Methyl p-Tolyl Sulfide. Typically, a
SIP{1H} NMR (CDCl): ¢ 130.5 (s). Anal. Calcd for mixture of methylp-tolyl sulfide (40uL, 0.3 mmol), tert-butyl
Cy7H35C00,,PsTiRes: C, 15.3; H, 2.7 Found: C, 15.0; H, 2.6. hydroperoxide (0.36 mmol, 7@L of 5.5M solution in decane,

[L oetZr(Re0Oy4)3(H,0)] (6). This compound was prepared simi-  Aldrich), and the Ti catalyst (0.015 mmol) in GEl, (2 mL) was
larly as for5 using [LoeZrF3] in place of [LogTiF3]. Recrystalli- stirred at room temperature for 1.5 h. The organic products formed
zation from CHCI,/Et,0/hexane afforded yellow blocks that were were determined by GLC analysis (HP1 column) and quantified
suitable for X-ray analysis. Yield: 59%H NMR (CDCl): 6 1.38 by an internal standard method (iodobenzene).

(t, J= 7.0 Hz, 18H, CH), 4.22 (m, 12H, CH), 5.23 (s, 5H, Cp). X-ray Crystallography. A summary of crystallographic data
31P{1H} NMR (CDCl): ¢ 124.0 (s). Anal. Calcd for GH3z,Co and experimental details for complexgés 3, 6, and 11-13 are
0O,,PsReZr: C, 14.8; H, 2.6. Found: C, 15.0, H, 2.7. compiled in Table 1. Intensity data were collected on a Bruker

[L ot Ti(ReO4)2F] (7). To [LogTiFg] (145 mg, 0.23 mmol) in SMART APEX 1000 CCD diffractometer using graphite-mono-
CH,CI; (4 mL) was added [RefOSiMe;)] (152 mg, 0.47 mmol) chromated Mo K radiation ¢ = 0.710 73 A). The collected frames
in CH,Cl, (4 mL), and the mixture was stirred at room temperature were processed with the software SAINTStructures were solved
for 2 h. The volatiles were removed under reduced pressure, andby the direct methods and refined by full-matrix least squares on
the residue was washed with,Btand dried in vacuo. Yield: 205  F? using the SHELXTL software packag&The atomic positions
mg (83%).'H NMR (CDCl): 6 1.39 (t,J = 6.9 Hz, 18H, CH,) of non-hydrogen atoms were refined with anisotropic parameters.
4.26 (b, 12H, OCH), 5.22 (s, 5H, Cp)!F NMR (CDCk): 6 273.4. In 3, the C5 atom in the cyclopentadienyl ring and the C33 and
31P{1H} NMR (CDCl): ¢ 123.8 (m), 130.7 (m). Anal. Calcd for ~ C34 atoms in an ethoxy group were found to be disordered and
Cy7H3sCoFO/PsReTi: C, 18.5; H, 3.2. Found: C, 18.4; H, 3.1. were refined isotropically without hydrogen atoms. 14, the
[{LorZr(ReOy4)2} 2(u-F)2] (8). This compound was prepared phosphorus atoms and some ethoxy groups in @ge ligand were
similarly as for7 using [LogZrF3] in place of [LogTiF3]. Recrys- found to be disordered, and the two sites were refined with
tallization from CHCI,/Et;O/hexane afforded yellow crystals. occupancies 0.70 and 0.30.
Yield: 79%.*H NMR (CDCL): 6 1.37 (t,J= 6.9 Hz, 18H, CH), _ _
4.25 (m, 12H, OCH), 5.20 (s, 5H, Cp)1°F NMR (CDCk): 0 Results and Discussion
9.2. 31P{'H} NMR (CDClk): o 124.7 (s). Anal. Calcd for
Cz4H70CoF034PsReZro: C, 17.9; H, 3.2. Found: C, 17.8; H, 3.2.
[L oetTI(ReOL)(OTH] (M = Ti (9), Zr (10)). To a solution of

Ti(IV) Phosphato Complexes.The syntheses of Ti(IV)
phosphato and chromato complexes in aqueous media are
7 (143 mg, 0.13 mmol) in CCl, (3 mL) was added MSIOTS sgmmarlzed_ in S_cher_ne 1. Tre_atment of titanyl sulfate in
(36 uL, 0.20 mmol). After the solution was stirred at room d'IUt_ef sulfuric acid with 1 eqt_uy o_f Nade: followed bY
temperature for 1 h, the volatiles were removed under reduced ddition of NaPQ, led to precipitation of a yellow solid.
pressure, and the orange residue was washed wit. Recrys- - - -
tallization from CHCI/E;O/hexane afforded orange needles. (19) BrukerSMART and SAINA, version 6.02a; Siemens Analytical X-ray

Instruments Inc.: Madison, WI, 1998.

Yield: 135 mg (77%)H NMR (CDCly): 6 1.40 (t,J = 7.0 Hz, (20) Sheldrick, G. M.SHELXTL-Plus V5.1 Software Reference Manual
18H, CHg,), 4.28 (m, 12H, CH), 5.27, (s, 5H, Cp)1°%F NMR Bruker AXS Inc.: Madison, WI, 1997.
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Figure 2. Molecular structure of [(bg:Ti)2(u-O)(u-P.07)] (2). Selected
bond lengths (A) and angles (deg): TidD(Log) 1.980(4)-2.042(4),
Ti—0O(4) 1.824(2), Ti(1}O(P) 1.927(4)-1.934(4), P(5%-0(6) 1.615(3),
P(5)-0(7) 1.471(5), P-O(Ti) 1.539(4)-1.548(4); Ti(1)-O(4)—Ti(1A)
136.6(3), P(5rO(6)—P(5A) 122.6(4), O(5yTi—O(8A) 89.5(2),
O—P(5)-0'.

Ti(1)—O(6) and Ti(1}-O(6A) distances of 1.798(3) and
1.860(3) A, respectively, which are comparable to those in
[(L ogiTi)3(u-O)s(uz-SQu)] .13 The Ti-O(Loy) distances 2.043-
(2)—2.117(2) A are typical for Ti(IV}-Log complexes? The
average T+O(PQ,) distance of 1.913 A are shorter than
those found in [(Cp*Ti)(P4010)] (Cp* = 1°-CsMes) (1.963-
(3)—1.995(2) A)1¢f The terminal P=O bond (1.509(4) A) is
apparently shorter than the-®(Ti) bonds (1.561(2) A).
Similarly, dinuclear [(logTi)2(u-P.O7)(u-O)] (2) was
prepared from titanyl sulfate, Nak, and NaP,O; in sul-
furic acid. The®'P{*H} NMR spectrum of displays a sing-
let ato —9.6 ppm due to the f®-]*" ligand along with the
Loer resonances ab 119.6, 124.9, and 131.9 ppm. The
solid-state structure & is shown in Figure 2. The bridged

Yi et al.

Figure 3. Molecular structure of [(beTi)2(«-CrOs)3] (3). Selected bond
lengths (A) and angles (deg): TiEtD(Log) 1.995(3)-2.032(3), T-O(Cr)
1.850(3)-1.921(3), CrO; 1.585(3)-1.597(3), CrO(Ti) 1.700(3)
1.740(3); G-Cr—0 107.4(2)-111.7(1), T=O—Cr 131.6(2)-141.4(2).

resonance ai 123.9 ppm for the kg ligands. The optical
spectrum of3 in CH,Cl, shows a shoulder at ca. 335 nm,
which was assigned as the ligand-to-metal charge transfer
(LMCT) [pz(O)—dnz(Cr)] transition. By comparison, the
LMCT band for uncomplexed [Cr{?~ was observed at 363
nm. The IR C+=O stretching mode could not be assigned
due to overlap with intensesFO bands of the kg ligands.

Complex3 is capable of oxidizing alcohols but inactive
toward hydrocarbons. For example, treatment of benzyl
alcohol with 3 afforded ca. 3 equiv of benzaldehyde. The
green, paramagnetic inorganic product, possibly a Ti(IV)/
Cr(IV) or Ti(IV)/Cr(lll) species, has not been characterized
yet. Similar amounts of benzaldehyde was obtained when
the oxidation of benzyl alcohol was carried out in air or in
the presence of terminal oxidant such iodosobenzene,
indicating that3 can only act as a stoichiometric 6-electron
oxidant for alcohols.

The solid-state structure & (Figure 3) consists of two
LogTi(1V) fragments bridged by three-CrO2~-0,0' ligands.

tetradentate pyrophosphato group binds to the two Ti atomsA similar Mx(CrOq); core has been found for a related

in a w:p?n? fashion. The T+-O(oxo) distance (1.824(2)
A) and Ti—O—Ti angle (136.6(3) are similar to those in
[(L ogeTi) 2(u-O) (u-SOQu)2]. =2 The terminal B=O bonds (1.471-
(5) A) are shorter than the-FO(P) and P-O(Ti) bonds
(1.544(4) and 1.615(3) A, respectively). The average
Ti—O(P:0;) distance of 1.927(4) A is similar to that ih
Treatment of titanyl sulfate with Nalg; in the presence of
NasP;O, failed to give any isolable products.

Ti(IV) Chromato Complex. Encouraged by the successes

Fe(llN/Cr(VI) complex [(LFe}(u-CrOy)s] (L = 1,4,7-tri-
methyl-1,4,7-triazacyclonan&The Ti—O(CrQy) distances
are in the range 1.850@3)1.921(3) A. The geometry around
Cr is approximately tetrahedral with the-@r—0O' angle in
the range of 107.4(2)111.7(1y. The Cr—O(Ti) (1.700(3)-
1.740(3) A) and the terminal €O distances (1.585(3)
1.597(3) A) are similar to those in [(LFg€)-CrOs)s].

Ti(IV) and Zr(1V) Perrhenato Complexes. Attempts to
synthesize Ti(IV) perrhenato complexes by reacting titanyl

in the syntheses of Ti(IV) phosphato complexes, we studied sulfate with Nalog in dilute H,SO, in the presence of

the reaction of bgTi"V species with other oxyanions.
Treatment of titanyl sulfate in dilute sulfuric acid with N
followed by addition of KCr,O; led to precipitation of the
Ti(IV)/Cr(VI) complex [(LogtTi)2(u-CrOs)3] (3). Despite the
acidic reaction condition (pH 3), which should favor the
formation of dichromate complexe8,was isolated exclu-
sively. It may noted that a related Ti(IV) chromato complex
[{Cp*3TisCly(u-CrO4)} (u-O)s] containing a TiOs; core has
been prepared previously from [(Cp*Tigly-O)s] and
Ag,Cr0O,.2t The3P{*H} NMR spectrum of3 shows a single

K[ReO,] were unsuccessful. Treatment of g Ti(OTf)3]*e
with 3 equiv of |n-BuyN][ReQ,] afforded the oxo-bridged
dimer [ LoeTi(ReOy)2}2(u-0O)] (4). A recrystallized sample

of 4 was found to be contaminated with some unreacted
[n-BusN][ReOy], which has yet to be separated. It seems
likely that moisture-sensitive e Ti(OTf)3] hydrolyzed by
the moisture of the solvent/reagent rapidly before it reacted
with [ReQy] . Previously, we have synthesizedoHZr-
(OTH)3] by the reaction of [loeZrFs] with MesSiOTf.22 The
driving force for this reaction is the formation of strong-%i

(21) Abarca, A.; Marim, A.; Mena, M.; Raithby, P. Rnorg. Chem 1995
34, 5437.
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(22) Chaudhuri, P.; Winter, M.; Wieghardt, K.; Gehring, S.; Haase, W.;
Nuber, B.; Weiss, Jinorg. Chem.1988 27, 1564.
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Scheme 2. Preparations of Ti(IV) and Zr(IV) Perrhenato Complekes
EtO. /\\ _OEt EtO. /
EtO” n EtO. OEyP OFt EtO" |. EtO. OE(’ oF
\O/ or \ZO/
ogReo/ \O;%Reo3 03Re0” 1\ ™OH,
o0 OsReO  OReO;,
5 6
n
[LoeMF3] | [Log:Ti(OTf)3] [LogtTi(ReO4),1,0
@ 4
Et0., \\ otV
EtO” |.Eto OEf OEt
o}
\o @
O3ReO—/Zr{ORe03 @
EtO. / \ .OEt
EtO. / U OFt \
F
\ o EtOSEIO OEF ot EtO” |.EtO oe;p OFt
O3Re0—Zr—OReO; £ 0] (o)
o/ 9\0 \2/ \\<
~
E0 [0 oet I okt ore0” \ F OsRe0™ oo
EtO” \ / OE! OReO3
Co , M = Ti (9), Zr(10)

8

aReagents: (i) 3 equiv of MSIOTT; (ii) [n-BusN][ReOy]; (iii) 3 equiv
of [ReO3(0OSiMe&3)]; (iv) 2 equiv of [ReQ(OSiMe3)]; (V) MesSiOTS.

and Zr-0 bonds. Thus, to synthesize Ti and Zr perrhenato
complexes, we attempted the reaction betweesfllF3]
and [ReQ(OSiMe&)] (Scheme 2). Treatment of JeMF3]
with 3 equiv of [ReQ(OSiMey)] afforded the tris(perrhenato)
complexes [leTi(ReQy)s] (5) and [LoeZr(ReQy)s(H20)] (7)

in good yield. The presence of the aqua ligand hmas been
confirmed by an X-ray diffraction study (see later section).
Similarly, the bis(perrhenato) complexesofTi(ReOy).F]

(7) and [LoeZr(ReQy),]2(u-F). (8) were prepared from
[LoeMF3] and 2 equiv of [Re@QOSiMey)]. The presence of
fluoride ligand in7 and8 has been confirmed byyF NMR
spectroscopy d¢ 273.3 and 9.2 ppm, respectively). The
dinuclear structure d has been established by a preliminary
X-ray diffraction study?® Once again, in contrast to the Ti
analogue, 7-coordination was found for the Zr compex
Treatment of7 and8 with Me;SiOTf afforded the perrhenato
triflato complexes [lbeM(ReQy)(OT)] (M = Ti (9),
Zr(10)). TheF NMR spectra 0P and10 show the absence

Figure 4. Molecular structure of [beZr(ReQ)s(H20)] (6). Selected bond
lengths (A) and angles (deg): Z0(Logy) 2.090(9)}-2.161(8), Z--O(Re)
2.088(8)-2.179(8), Zr-OH, 2.196(8) and 2.197(8), ReD(Zr) 1.746(9)-
1.809(8),
Ti—O—Re 137.2(4)164.9(5).

ReO; 1.663(9%-1.73(1); O-Re-O 106.4(4%-112.9(4),

Scheme 3. Hydrolysis of [LogZr(OTf)3]2
OH2 4+
i | [OTf]y
. zr
N
~
Zr Zr_
H,0™ o oM,
[LoetZr(OTf)s] H
1 12
H,0 H -|4+
i 22 /O\ /OH2 [OTfl,
Zr = LOEZr /ZI’\ /Zr\
H,0 o] OH,
H
13

aReagents: (i) NAWO4-xH0; (ii) wet CH,Cl; in air.

(8) A. The Re-O(Zr) distances of 1.746(9)1.809(8) A are
apparently longer than the terminal R@ distances (1.663-
(9)-1.73(1) A). The geometry around Re is roughly tetra-
hedral (O-Re—O' angles of 106.4(4)112.9(4)). The
Zr—O—Re angles are in the range 137.2(454.9(5).
Hydrolysis of [L og:Zr(OTf) 3]. Reactions of titanyl sulfate

of fluoride signals and the appearance of the triflate resonanceor zirconyl nitrate with Nakeg; in the presence of [Mog?~

at ca.0 —77.7 ppm, indicating that the fluoride ligands in
the two complexes have been replaced by triflate.

The solid-state structure 6fhas been established by X-ray
crystallography. The unit cell & consists of two indepen-
dent molecules, the structure of one of which is shown in

and [WQJ?>" gave yellow solutions. Extraction of the
agueous reaction mixtures into @&, followed by precipi-
tation with hexanes afforded yellow solids that were found
to contain mixtures of keM(IV) species. Treatment db
with [n-NBug]2[M0oQ,] afforded a yellow oily material which

Figure 4. Although heterometallic perrhenato complexes are did not crystallize. Interestingly, reaction ofdkZr(OTf)3]

well documented? to our knowledge6 is the first example
of Zr(IV) perrhenato complex. The ZO(Logy) (2.090(9)-
2.161(8) A) and ZrOH, (2.196(8) and 2.197(8) A) distances
are comparable to those ifilfoeZr(SOs)(H20)} 2(u-SQy)]. 12
The Zr—OReQ distances are in the range 2.088(&)179-

(23) A preliminary study showed thétis a dinuclear complex containing
two bridged fluoride ligands. However, highvalues were found due
to poor quality of the crystal. Crystal data f8r monoclinic, P2;/c;
a = 19.33(1),b = 18.03(1),c = 18.92(1) A; 3 = 93.28(1); V =
6581(8) A; Z = 4; refinement converged to R% 0.1125 and wR2
= 0.3177 for 8631 reflections with > 2.00(1).

(24) Chakravorti, M. CCoord. Chem. Re 199Q 106, 205.

(12) with NagWO4-xH,0 in THF led to hydrolysis of the
complex and isolation of the trinuclear Zr(IV) oxo hydroxo
cluster [LogZr(H20)} s(u-OH)s(us-O)][OTf]4 (12) in 55%
yield (Scheme 3). Although the resonance for the aqua
ligands was not observed in tHél NMR spectrum, the
hydroxo protons inl2 appear as a sharp singlet@f7.96
ppm. The outcome of hydrolysis afl. was found to be de-
pendent upon the source of moisture and experimental con-
ditions. Exposure of a dichloromethane solutiorlafin air
resulted in isolation of the dinuclear comple{LpeZr-
(H20)2} 2(u-OH),][OTf] 4 (13) in 54% yield. The OH reso-

Inorganic Chemistry, Vol. 45, No. 1, 2006 333



Figure 5. Molecular structure of [beZr(OTf)s] (11). Selected bond
lengths (A): ZF-O(Logy) 2.031(3)-2.033(3), ZFOTf 2.101(3)-2.114(3).

nance forl3 was observed ad 9.00 ppm that is more
downfield than that irL2. While both12 and 13 are stable
in CH,CI; solutions, they hydrolyze readily in acetongfH
to give tetranuclear [(eZr)a(u-OH)a(uz-O)(H20)7]**, which
appears to be the most stable form QfclZr'V species in
weakly acidic solutions, according #P{'H} NMR spec-
troscopy. It may be noted thatfkZr(NOs)3] also hydrolyzes
in water to give {LoeZr} 4(u-OH)4(uz-O)(H20),]4.12

Complexes11—13 have been characterized by X-ray

diffraction studies. The molecular structure Idf is shown

in Figure 5. The geometry around Zr is pseudooctahedral.

The Zr—O(Log) distances inl1 of 2.031(3)-2.033(3) A
are similar to those in {LoeZr(H20)(SQy)}2(u-SOy)]
(2.076(7)-2.146(7) A)13 The Zr—OTf distances (2.101(3)
2.114(3) A) are comparable to those in [GBKHOT),]
(2.146(2) and 2.153(2) A¥ The structure of the tetra-
cation f LoeZr(H20)} 3(u-OH)3(us-O)]*" in 12 containing a
Zr3(OH)s core capped by as-oxo group is shown in Figure
6. A similar Zr(O)(OH); core has been found in the
cyclopentadienylanalogue [(CpZ)s-O)(u-OCOPh)(OH)g]-
[PhCQ)].?6 The Zr—0O and ZrOH distances irl2 (2.093

and 2.131 A, respectively) are comparable to those in

[(CpZr)s(us-O)(u-OCOPhYOH)][PhCO;] (2.059(4)-2.079-
(4) and 2.130(5)2.144(3), respectively’f The Zr—OH,
distances (2.200(4)2.215(4)A) are similar to that if. The
Zr—O—Zr angles at the central oxygen (109.5(2)11.7-
(2)°) are close to the tetrahedral angle.

The molecular structure of the tetracatiofiLHeZr-
(H20)2} 2(u-OH),]*t in 13is shown in Figure 7. It may note
that a related cyclopentadienyl compouf€pZr(H,O)s} -
(u-OH),][OTf]4 has been prepared from [&4yCl;] with
Ag(OTf) followed by addition of watet! The Zr—OH
(2.121(2) and 2.136(2) A) and Z0H, (2.161(2) and 2.225-
(2) A) distances and the ZOH—Zr angle (113.6(F) in

Yi et al.

Figure 6. Molecular structure of the tetractaiofiljoeZr(H20)} 3(«s-O)-
(u-OH)3]#* in 12. Selected bond lengths (A) and angles (deg):-@fLogy)
2.035-2.163, Zr-O(7) 2.081(4)-2.111(4), Zr-OH 2.124(4)-2.138(4),
Zr—0OH; 2.200(4)-2.215(4); Z~O—2Zr' 109.5(2)-111.7(2), Zr-OH—-Zr'
108.7(2)-109.5(2).

Molecular structure of the tetracatio LoeZr(H20)2} 2-
(u-OH)]#* in 13. Selected bond lengths (A) and angles (deg):-@fLogy)
2.060(3)-2.136(3), Zr-OH 2.121(2) and 2.136(2), Z0H, 2.161(2) and
2.225(2); Z—OH—Zr 113.6(1).

Figure 7.

12 are similar to those in{[CpZr(H,O0)s} 2(1-OH),][OTf] 4
(2.160(2) and 2.075(3), 2.164(3) and 2.168(2) A, and
110.8(1y, respectively}’

Catalytic Oxidation of Methyl p-Tolyl Sulfide. The use
of oxide-based materials for catalytic oxidation of organic
substrates has received considerable attention recéritly.
this connection, we have examined the catalytic activity of
the LogTi(IV) and -Zr(IV) complexes in organic oxidations.
Unfortunately, neither the Ti(IV) nor Zr(IV) complexes are
active catalysts for oxidation of olefins. They are, however,
capable of catalyzing oxidation of sulfides wittBuOOH.
The results of catalytic oxidation of methgttolyl sulfide
with t-BuOOH are summarized in Table 2. Similar to other

(25) Dorn, H.; Shah, S. A. A.; Noltemeyer, M.; Schmidt, H.-G.; Roesky,

H. W. J. Fluorine Chem1998 88, 195.

(26) Thewalt, U.; Dppert, K.; Lasser, WJ. Organomet. Chen1986 308
303.

(27) Lasser, W.; Thewalt, Ul. Organomet. Cheni986 311, 69.
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(28) (a) Maschmeyer, T.; Rey, F.; Sankar, G.; Thomas, Naure1995
378 159. (b) Arends, I. W. C. E.; Sheldon, R. A.; Wallau, M.;
Schuchardt, UAngew. Chem., Int. Ed. Engl997, 36, 1144. (c)
Applications of Hydrogen Peroxide and Deatives Jones, C. W.,
Ed.; Royal Society of Chemistry: Cambridge, U.K., 1999.
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Table 2. Catalytic Oxidation of Methyp-Tolyl Sulfide with sulfide oxidation. However, for the Zr/Re system, significant
+BuOOH amounts of sulfonél were produced. Thus, it appears that
S LBUOOH. 5 malt oot 53?\ Q\S/,g for _the M/Re bimetallic c.a_talysts th_ed;M(lV) moiety has
/©/ > W. /@( +/© an !nflu_ence on Fhe reactivity/selectivity of the Re alkyperoxo
T | . active intermediates.
% yield Conclusions
catal time/h | I In summary, we have studied the reactions of titanyl sulfate
[LocTi(OTh® 24 43 3 with PQ2~, P,O/*", and CsO+*~ in the presence ofdg; in
[(L oEeTi) 2(u-O) (u-SQu)7]° 24 67 4 aqueous media. The reactions with £Oand BO;*~ gave
[(L'-OE+T.i)F§(/“CfO‘g3)] © (5) 5 ‘g18 3; the corresponding oxo-bridged phosphato complexes whereas
ELEE:T:ERE%E(C()T)S] ) 05 84 5 that with C;O/*" afforded a dinuclear complex containing
[L oeZr(ReQy)s(H20)] (6) 0.5 56 29 a Tiy(CrQy) core. The perrhenato complexesfTi(ReQy)s]
['-OBEtZL(IR;Q‘)Z(OTf)] (19 15 520 34 and [LoeZr(ReQ)s(H-0)] have been synthesized from
[r- u;_ '][ eO4 o 3 | trace | [L oeMF3] and [ReQ(OSiMey)] in CHCl,. The outcome of
com o o e oy e ydrolyis of(losZr(OTNs] was found o be dependent upon
was used. experimental conditions. Hydrolysis of §kZr(OTf)s] with

NaWO,xH,O gave trinuclear {[LoeZr(H20)} 3(us-O)(u-
Ti-based catalyst®, LogTi(IV) complexes can catalyze OH)s*", whereas recrystallization of feZr(OTf)s] from
oxidation of methylp-tolyl sulfide with t-BuOOH to give ~ CHzCl2in air led to isolation of dinucleaf [ oeZr(H20)2} 2-
the sulfoxidel selectively. Only small amounts of sulfone («-OH)]*". LoeTi(IV) complexes are capable of catalyzing
Il were detected. The perrhenato complefemnd9 were  Oxidation of methylp-tolyl sulfide with tert-butyl hydro-
found to be considerably more active catalysts than other peroxide. The bimetallic Ti/Re complexes were found to be
LoeTi(IV) complexes, suggesting that different and more Mmore active catalysts than othesdTi(IV) complexes pre-
reactive intermediates, presumably Re alkylperoxo spéties, sumably because Re alkylperoxo, instead of Ti alkylperoxo,
are involved in the Ti/Re catalyst system. An attempt to intermediates are involved in the catalytic cycle.

isolate this Re alkylperoxo species by treatmerf ofith a Acknowledgment. We thank Dr. Herman H. Y. Sung

stoichiometric amount afBUOOH failed. p-NBu4][ReO,] for solving the crystal structures. The financial support from
is not an active catalyst for the sulfide oxidation. It seems i, Hong Kong Research Grants Council (project numbers

likely that, in the bimetallic Ti/Re catalysts, the Ti(IV) center 502203 and DAG04/05.SC13) is gratefully acknowledged.
acts as a Lewis acid activating the fee-butylperoxo moiety

that undergoes [0) (0] transfer to the Sulf?a-éslm”arly' the Supportlng Information Available: Tables of CrySta| data,

Zr(IV) perrhenato complexe$ and 10 can catalyze the final atomic coordinates, anisotropic thermal parameters, and
complete bond lengths and angles for completes, 6, and

(29) For Re-catalyzed oxidation of sulfides with hydrogen peroxide, see 11—13. This material is available free of charge via the Internet at

e.g.: (a) Vassell, K. A.; Espenson, J.IHorg. Chem1994 33, 5491. http://pubs.acs.org.
(b) Gunaratne, H. Q. N.; McKervey, M. A.; Feutren, S.; Finlay, J.;
Boyd, J.Tetrahedron Lett1998 39, 5655. 1C051329U
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