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The reaction of the dinuclear peroxotungstate, [(n-C4Ho)sN]o[{ WO(O2)a} 2(1-0)] (1), with H,0, gives the novel u-n*:
n'-peroxo-bridging dinuclear tungsten species, [(1-CqHo)aNJ2[{ WO(02).} 2(14-05)] (1), which has been characterized
by X-ray crystallography, elemental analysis, IR, Raman, UV-vis, and *®W NMR. Only | is active for the epoxidation
of cyclic, internal, and terminal olefins, whereas Il is inactive for each. The low Xso (Xso = (nucleophilic oxidation)/
(total oxidation)) value of 1 (0.18 + 0.02) in comparison with that of Il (0.39 £ 0.01) for the stoichiometric oxidation
of thianthrene 5-oxide, which is a mechanistic probe for determining the electronic character of an oxidant, reveals
that | is more electrophilic than Il. On the basis of the kinetic and spectroscopic results, the catalytic epoxidation
proceeds by the reaction of | with an olefin to form Il and the corresponding epoxide followed by the regeneration
of | by the reaction of Il with H,0,.

Introduction complexes containingi-*:n'-peroxo species have never

The transition metal peroxo complexes are of great P€€n reported.
importance in the fields of structural chemistry, biological ~AMong d-transition metal complexes, tungsten-based
chemistry, catalysis, and material scieAdecently, the di- oxidation systems with D, have attracted much attention

to polynuclear metal complexes that contain bridging peroxo because of the high reactivity and inherent poor activity for

. . it 5,6 i1
groups have attracted much attention due to their remarkablein® decomposition of §D,.>> To date, theu-,"’-peroxo

oxygenation activity. For example, the polynucledk d bridging dinuclear 8itransition metal complexes have never
transiton metal complexes containipg;’:n?peroxo moi- been reported, whereas thé-tchnsition metal peroxo
eties, bio-inspired Cu-based dinuclganZn?-peroxo com- complexes are among the earliest known and best character-

plexes, and the related hispxo) species show high activity ized; for example, there have been repgrted va'rious X-ray
for oxidation reactions such as oxygen transfer teGC crystal structures of peroxotungstat€aihile the dinuclear

double bonds and activation of the aromatic and aliphatic Peroxotungstate of {[VO(0;)x(H:0)}2(u-O)]*" has been
C—H bonds?® By contrast, the -’z -peroxo)dimetal suggested as an intermediate foiGztbased oxidations of

complexes are usually inactive for the oxygenation of organic 2Mines, alcohols, allylic alcohols, and olefifishe catalyti-
substances, and the formation of inactive species after (2) (a)Hill, C.L.; Chrisina, C.; Prosser-McCartha, Foord. Chem. Re
monooxygenation prevents the regeneration OfLI'h}éan- 1995 143 407. (b) Hill, C. L. Polyoxometalates: Reactivity. In

. . . . . Comprehensie Coordination Chemistry II: Transition Metal Groups
peroxo specie$Accordingly, the catalytically active dimetal 3-6, Wedd, A. G.; Ed.; Elsevier Science: New York, 2004; Vol. 4,

Chapter 4.11, pp 679759. (c) Kozhevnikov, |. VChem. Re. 1998
98, 171. (d) Mizuno, N.; Kamata, K.; Yamaguchi, K. Liquid-Phase
Oxidations Catalyzed by PolyoxometalatesSiface and Nanomo-
lecular CatalysisRichards, R.; Ed.; Taylor and Francis Group: New
York, 2006; pp 463-492. (e) Mizuno, N.; Yamaguchi, K.; Kamata,
K. Coord. Chem. Re 2005 249, 1944.

(3) (a) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K.; Palmer, A. E.
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cally active species has not yet been isolated. In this paper,butylammonium chloride (TCI), and 4, (Kanto Chemical, 30%
we report the X-ray crystallographic structures and stoichio- aqueous solution) were purchased and used as recei\_/ed. A solution
metric oxidation activities of the tetrabutylammonium  ©f 96-97% aqueous ¥D, was prepared by concentration of 30%
(TBA) salt derivative ofu-yLn'-peroxo bridging dinuclear ~ @dueous KO, and analyzed by the €&** titration 2 Thianthrene

; 5-oxide (SSO) was synthesized by the oxidation of thianthrene
tungsten species, (TBAY WO -Oy)] (1), formed b ) ; _
th egr eacti opn of (TfB A@[%{/VO((O?)ZE]?}ZE&O)T)](I(I )) with Hzozy (Aldrich) with HNO3; according to the reported proceddfelhe

. X . ., compoundscis-thianthrene 5,10-dioxidecis-SOSO) andtrans
under nonaqueous conditions. This study provides the first P ¢ )

1 8 g . thianthrene 5,10-dioxidetransSOSO) were synthesized by the
example ofu-*1"-peroxo 6—d|m§tal species catalytically  yjdation of SSO using HD,/HCI, and thianthrene 5,5-dioxide
active for the epoxidation of olefins.

(SSQ) was synthesized by the oxidation of SSO using KM@
previously reported* Thianthrene 5,5,10-trioxide (SO$Owas
synthesized by the oxidation of Sg@atalyzed by TBA[y-
SiW;0034(H20),] with 30% aqueous b0,.% The oxidation of SS@
was carried out under the following conditions: TBA-SiW;¢Oz4-
'(H20),] = 5 umol, SSQ = 100umol, 30% aqueous D, = 150
umol, reaction temperature298 K, and reaction time= 24 h.
SSO and the oxidation products were purified by silica gel column
chromatography.

Instruments. IR spectra were measured on a Jasco FT/IR-460
spectrometer Plus using KCI disks. Raman spectra were recorded
on a Jasco NR-1000 spectrometer with excitation at 532.36 nm
using a JUNO 100 green laser (Showa Optronics Co., Ltd.)-UV
vis spectra were recorded on a Jasco V-570 spectrometer with a
Unisoku thermostatic cell holder (USP-203). NMR spectra were
recorded on a JEOL JNM-EX-270 spectromefét, (270.0 MHz;
Maeda, Y.; Gxawa, H.; Hayashi, Y.; Uehara, A.; Suzuki. NI. Am. 3C, 67.80 MHz; ', 11.20 MHz). Chemical shiftsé) were
Chem. Soc1996 118 701. (e) Zhang, X.; Furutachi, H.; Fujinami, ~ reported in ppm downfield from SiMe(solvent, CDCJ) for H
S.; Nagamoto, S.; Maeda, Y.; Watanabe,_Y.; Kitagawa, T.; Suzuki, and13C NMR spectra and N&VO, (solvent, BO) for 183/ NMR
lllﬂéti]ithg:,' Ehg_r?égi?(fgog_lﬁ? gé\?\/e(rf,)F?;Fl;A(r:ﬁ;. (C)migéas%ehgbl\sﬂ'; spectra. Analyse§ were perfgrmed ona Shimadzu_GC-l?A gas

chromatograph with a flame ionization detector equipped with a

127, 17530. (g) Springborg, J.; Zehnder, Mcta Chem. Scand., Ser.
A 1987 A41, 484. (h) Jacobson, R. R.; Tyeklar, Z.; Faroog, A; Karlin, DB-WAX etr capillary column (internal diameter= 0.25 mm,

K. D.; Liu, S.; Zubieta, JJ. Am. Chem. Sod988 110 3690. (i)
Xiao, J.; Santarsiero, B. D.; Vaartstra, B. A.; Cowie, MAm. Chem.
So0c.1993 115 3212. (j) Bhaduri, S.; Casella, L.; Ugo, R.; Raithby,
P. R.; Zuccaro, C.; Hursthouse, M. B. Chem. So¢Dalton Trans.
1979 1624. (k) Davies, M. D.; Hambley, T. Wnorg. Chem.1998
37, 5408. () Bould, J.; Kilner, C. A.; Kennedy, J. Dalton Trans.

Experimental Section

Materials. Acetonitrile (Kanto Chemical3>99.5%) was dried
and stored over type 3A molecular sieves. Octenes, benzyl alcohol
and triphenylphosphine were purchased from TCI and purified
according to the reported proceddte2-Buten-1-ol (TCI) and
3-methyl-2-buten-1-ol (Acros Organics) were used without further
purification. Deuterated solvents (GON, CDCk, and BO) were
purchased from Aldrich. Tungstic acid (Wako Chemical), tetra-

(4) Examples of g-ynl-peroxo)dimetal complexes: (a) Bossek, U.;
Weyhermier, T.; Wieghardt, K.; Nuber, B.; Weiss, J. Am. Chem.
Soc.199Q 112 6387. (b) Dong, Y.; Yan, S.; Young, Jr., V. G.; Que,
Jr., L. Angew. Chem., Int. Ed. Engl996 35, 618. (c) Kim, K;
Lippard, S. J.;J. Am. Chem. Sod.996 118 4914. (d) Ookubo, T.;
Sugimoto, H.; Nagayama, T.; Masuda, H.; Sato, T.; Tanaka, K.;

(9) Examples of polynuclear peroxotungstates: (a) Einstein, F. W. B.;
Penfold, B. R.Acta Crystallogr.1964 17, 1127. (b) Venturello, C.;
D’Aloisio, R.; Bart, J. C. J.; Ricci, MJ. Mol. Catal.1985 32, 107.

(c) Stomberg, R.; Olson, SActa Chem. ScandSer. A1985 A39
507. (d) Hashimoto, M.; Ozeki, T.; Ichida, H.; Sasaki, Y.; Matsumoto,

2005 1574. (m) Miyaji, T.; Kujime, M.; Hikichi, S.; Moro-oka, Y.;
Akita, M. Inorg. Chem2002 41, 5286. (n) Cardin, C. J.; Cardin, D.
J.; Devereux, M. M.; Convery, M. Al. Chem. SocChem. Commun.
199Q 1461.

(5) (a) Venturello, C.; Alneri, E.; Ricci, MJ. Org. Chem1983 48, 3831.

(b) Ishii, Y.; Yamawaki, K.; Ura, T.; Yamada, H.; Yoshida, T.; Ogawa,
M. J. Org. Chem1988 53, 3587. (c) Duncan, D. C.; Chambers, R.
C.; Hecht, E.; Hill, C. L.J. Am. Chem. Sod.995 117, 681.

(6) (a) Carraro, M.; Sandei, L.; Sartorel, A.; Scorrano, G.; Bonchio, M.
Org. Lett.2006 8, 3671. (b) Kamata, K.; Yonehara, K.; Sumida, Y.;
Yamaguchi, K.; Hikichi, S.; Mizuno, NScience2003 300, 964. (c)
Kamata, K.; Nakagawa, Y.; Yamaguchi, K.; Mizuno,NCatal.2004
224, 224. (d) Kamata, K.; Kotani, M.; Yamaguchi, K.; Hikichi, S.
Mizuno, N. Chem—Eur. J. 2007, 13, 639.

(7) (a) Dickman, M. H.; Pope, M. TChem. Re. 1994 94, 569. (b)
Brégeault, J.-M.; Vennat, M.; Salles, L.; Piquemal, J.-Y.; Mahha, Y.;
Briot, E.; Bakala, P. C.; Atlamsani, A.; Thouvenot, R.Mol. Catal.

A: Chem.2006 250, 177.
8

~

B. K. Acta Crystallogr.1977 B33 692. (b) Yang, C. H.; Dzugan, S.
J.; Goedken, V. LJ. Chem. So¢cChem. Commurl985 1425. (c)
Stomberg, R.; Olson, SActa Chem. Scand., Ser. 1085 A39, 79.

(d) Amato, G.; Arcoria, A.; Paolo, F.; Gaetano, B.; Tomaselli,JA.
Mol. Catal. 1986 37, 165. (e) Faller, J. W.; Ma, YOrganometallics
1988 7, 559. (f) Legzdins, P.; Phillips, E. C.; Retting, S. J.; Sanchez,
L.; Trotter, J.; Yee, V. C.Organometallics1988 7, 1877;. (Q)
Stomberg, R.; Olson, $\cta Chem. Scand. Ser. A988 A42 284.

(h) Stomberg, RJ. Less-Common Me1988 143 363. (i) Griffith,

W. P.; Slawin, A. M. Z.; Thompson, K. M.; Williams, D. J. Chem.
Soc, Chem. Commun1994 569. (j) Piquemal, J.-Y.; Hault, S.;
Brégeault, J.-M. Angew. Chem., Int. Ed1998 37, 1146. (k)
Chakraborty, D.; Bhattacharjee, M.; Kratzner, R.; Siefken, R.; Roesky,
H. W.; Uson, I.; Schmidt, H. GOrganometllics1999 18, 106. (I)
Maiti, S. K.; Abdul, Malik, K. M.; Bhattacharyya, Rnorg. Chem.
Commun2004 7, 823. (m) Maiti, S. K.; Banerjee, S.; Abdul, Malik,
K. M.; Bhattacharyya, RNew J. Chem2005 29, 554.

Examples of mononuclear peroxotungstates: (a) Toros, Z. R.; Prodic,

K.; Kudo, T. Chem. Lett1987 1873. (e) Schreiber, P.; Wieghardt,
K.; Nuber, B.; Weiss, JZ. Anorg. Allg. Chem199Q 587, 174. (f)
Hashimoto, M.; Iwamoto, T.; Ichida, H.; Sasaki, Folyhedron1991,
10, 649. (g) Salles, L.; Aubry, C.; Thouvenot, R.; Robert, F.; Morin,
C. D.; Chottard, G.; Ledon, H.; Jeannin, Y.; Beault, J.-M.Inorg.
Chem.1994 33, 871. (h) Griffith, W. P.; Parkin, B. C.; White, A. J.
P.; Williams, D. J.J. Chem. So¢.Dalton Trans.1995 3131. (i)
Griffith, W. P.; Parkin, B. C.; White, A. J. P.; Williams, D. J. Chem.
Soc. Chem. Commuh995 2183. (j) Salles, L.; Robert, F.; Semmer,
V.; Jeannin, Y.; Brgeault, J.-MBull. Soc. Chim. Fr1996 133 319.
(k) Piquemal, J.-Y.; Salles, L.; Bois, C.; Robert, F.; geault, J.-M.
C. R. Acad. Sci. Paris ‘gell 1996 133 319. (I) Piquemal, J.-Y.;
Bois, C.; Brgeault, J.-M.Chem. Commuril997, 473. (m) Gresley,
N. M.; Griffith, W. P.; White, A. J. P.; Williams, D. 1J. Chem. Soc.
Dalton Trans.1997 22, 89. (n) Ozeki, T.; Yamase, Bull. Chem.
Soc. Jpn1997 70, 2102. (o) CarripJ. S.; Serra, J. B.; ez, M. E.
G.; Gastaldi, A. G.; Jameson, G. B.; Baker, L. C. W.; Acerete].R.
Am. Chem. S0d.999 121, 977. (p) Suzuki, H.; Hashimoto, M.; Okeya,
S. Eur. J. Inorg. Chem2004 2632. (q) Piguemal, J.-Y.; Salles, L.;
Chottard, G.; Herson, P.; Ahcine, C.; Bregeault, J.Bvr. J. Inorg.
Chem.2006 939.

(10) (a) Cambell; N. J.; Dengel, A. C.; Edwards, C. J.; Griffith, WJP.

Chem. So¢Dalton Trans.1989 14, 1203. (b) Bailey, A. J.; Griffith,
W. P.; Parkin, B. C.JJ. Chem. Soc. Dalton Tran$995 20, 1833. (c)
Prandi, J.; Kagan, H. B.; Mimoun, Hletrahedron Lett1986 27,
2617. (d) Kamata, K.; Yamaguchi, K.; Hikichi, S.; Mizuno, Ndv.
Synth. Catal.2003 345 1193. (e) Kamata, K.; Yamaguchi, K;
Mizuno, N. Chem—Eur. J.2004 10, 4728.

(11) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory

Chemicals3rd ed; Pergamon Press: Oxford, 1988.

(12) Vogel, A. I.A Textbook of Quantitate Inorganic Analysis Including

Elementary Instrumental Analysisongman: New York, 1978.

(13) Gilman, H.; Swayampati, D. B. Am. Chem. S0d.955 126, 3387.
(14) Bonchio, M.; Conte, V.; Assunta, M.; Conciliis, D.; Furia, F. D.;

Ballistrei, F. P.; Tomaselli, G. A.; Toscano, R. M.0rg. Chem1995
60, 4475.
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length= 30 m) or on a Shimadzu GC-14B gas chromatograph with reaction ofll with H,O, at 273 K was estimated by using b\Wis
a flame ionization detector equipped with a SE-30 packed column. spectroscopy. The spectra were recorded by using a 0.1 mm quartz
HPLC analyses were performed on Agilent 1100 series with a UV glass cell. The conditions for the reactionlbfwith H,O, were as
detector using a Capcell PAK MG C18-reverse phase column (5 follows: 12 mM IlI, 47 mM 96% aqueous #,, 2 mL of

um x 3 mmp x 250 mm, Shiseido Fine Chemicals). acetonitrile, and a reaction temperature of 273 K. The reaction was
Synthesis and Characterization of 11. The TBA salt derivative initiated by the addition of KD, and the reaction solution was

of [{WO(Oy)2}2(u-0)]>~ was prepared using the method provided periodically analyzed.

as follows: A suspension of /O, (6 g, 24 mmol) in 20% aqueous Procedure for Oxidation of SSO.The oxidation products were

H;0, (30 mL, 200 mmol) was stirred at 323 K for 60 min until a  gyantitatively analyzed by HPLC using a Capcell Pak MG C18-
pale yellow solution was obtained. The solution was cooled t0 reverse phase column (Bn x 3 mmg x 250 mm, Shiseido Fine
ambient temperature and filtered to remove insoluble materials chemicals), CHOH/CHCN/H,O (60:15:25) as eluent, a flow rate
followed by addition of TBACI (3.3 g, 12 mmol) in a single  of 9.4 mL/min, a column temperature of 303 K, and detectioh at
step. The resulting pale yellow precipitate (3.5 g yield) was col- — 254 nm. Retention times were 3.57, 4.69, 4.93, 5.72, 7.73, and
Iected_ by filtration and then was V\{ashed withQH (20 m_L)_ 10.7 min for transSOSO, SOSQ cis-SOSO, SSQ SSO, and

and diethyl ether (100 mL). The dried pale yellow precipitate panhthalene (internal standard), respectively. The reaction conditions

(1:5 g) was recrystallized in a mixture of acetone/diethyl ether ; ¢ ' concentration of substrate, substrate to oxidant ratio, reaction
(8:4 mL) that resulted in a mixture of granular crystals and plate o mperature, etc.) were controlled to minimize overoxidation to

like crystals. The plate Iik_e crystals were separated and analytically SOSQ and then to estimate the true electronic nature of the
pure Il was obtained. Yield was 0.2 g (12% based on the pale oxidantis The Xso value [Xso = (nucleophilic oxidation)/(total

ini 18
yellow precipitate).’*3 NMR (11.20 MHz, CRCN, 263 K, oxidation)] was calculated according to the following equation

NZQWO“): 0= _5§7'51@V1/; n 24;13 HZ)' IR éKczl)}:CQ,;Z 955, reportedts Xso = (SSQ + SOSQ)/(SSQ + SOSO+ 2S0SQ).
848, 835, 655, 631, 615, 571, 554, 543, and 5 aman: The reaction conditions for the stoichiometric oxidation of SSO

970, 961, 858, 844, 801, 786, 662, 624, 597, 572, 470, 328, 308’were a catalyst containing 20mol of tungsten (i.e.|, 10 umol;

275, and 259 cmt. Anal. calcd. (found) for gH7:N>O1/W, L .
] ) i ‘ II', 10umol), 200umol of SSO, 5 mL of acetonitrile, and a reaction
(I1): C, 37.37 (37.24); H, 7.06 (7.13); N, 2.72 (2.69); W, 35.75 temperature of 273 K.

(35.38). . . .
Details of X-ray Crystallography. Diffraction measurements

Synthesis and Characterization of I.The TBA salt derivative were made on a Rigaku AFC-10 Saturn 70 CCD area detector
of [{WO -0O,)]? was prepared by the method provided as j
[t (022} Au-C2)] prep 4 P equipped with graphite monochromated Ma Kadiation ¢ =

follows: A solution of acetonitrile (0.1 mL) containiryy (24 mg, A
23 umol) and 97% aqueous,B, (414.mol, 18 equiv with respect 0.71070 A). The data for and Il were collec7ted at 1_53 K and
toll) was cooled to 277 K. The colorless plate like crystalline solid processed using Crystal Clétand HKL 2000} respectively. An

(1) was obtained by vapor diffusion of diethyl ether into the €MPirical absorption correction was applied. Asffothe structure
acetonitrile solution. Yield 16 mg (65% based b. IR (KCI): was solved by combination of the direct method (SHELXS-97),
957. 951 850. 836. 798. 668. 654. 631. 616. 572. 551. and Fourier synthesis, and least-square refinement (SHELXF‘F—WR}']

508 cntl. Raman: 973. 958. 856. 841 805. 747. 634. 586. 568. Win-GX software!® All of the non-hydrogen atoms were re-
554, 511, 302, 264, and 218 cf Anal. calcd. (found) for fined anisotropically and the hydrogen atoms were excluded

CazadH72.6N2.2001 W5 ((TBA)[{WO(05)2} 2(u-02)](CHsCN)o.29): for the solution. The unit cell contained two kinds of crystal-
C, 36.99 (36.57); H, 6.95 (6.79); N, 2.96 (2.96); W, 34.88 lographic independent molecules (molecufesand B in Figure
(34.31). S4, Supporting Information). Moleculd sited on the center of

Procedure for Stoichiometric Oxidation. The oxidation of symmetry and moleculB involved disordered tungsten and oxy-
various organic substrates was carried out in a 30-mL glass ves-9€n atoms. As fofl, the structure was solved by a combination
sel containing a magnetic stir bar. All products were identified by Of the direct method (SIR2002),Fourier synthesis (DIRDIF;
the comparison of retention time, mass spectra, and NMR spec-and least-squares refinement (SHELXL-$yith Crystal Struc-
tra with those of the authentic samples. The carbon balance inture 3.6 softwaré All of the non-hydrogen atoms were re-
each experiment was in the range of-a®0%. A typical pro- fined anisotropically and the hydrogen atoms were refined with
cedure for the stoichiometric oxidation is provided as follows: the riding model. Detailed crystallographic data foandIl are
acetonitrile (2 mL), cyclooctene (1 mmol), and an internal standard summarized in Table 1. Selected bond lengths and angles are shown
(naphthalene) were charged in the reaction vessel, and the solutiod" Table 2.
was cooled to 273 K. The reaction was initiated by the addition of

| or Il (25 umol), and the reaction solution was periodically (15) Adam, W.; Golsch, D.; Qth, F. C.Chem—Eur. J. 1996 2, 255.
analyzed. (16) CrystalClear 1.3.5 SP2; Rigaku and Rigaku/MSC: The Woodlands,
. . L . TX; (b) Pflugrath, J. W.Acta Crystallogr. 1999 D55, 1718-
The comparison of the reaction rates for the stoichiometric 1725? ) Pflug y g 9
epoxidation and the catalytic epoxidation was carried out under (17) Otwinowski, Z.; Minor, W. InProcessing of X-ray Diffraction Data

the following reaction conditions. The reaction rates were deter- Collected in Oscillation Mode, Methods in Enzymology, Macromo-
lecular Crystallograpy, Part ACarter, C. W., Jr., Sweet, R. M. Eds.;

mlne_d_from the reaction p_roﬂles gt onv yields 10%). The reaction Academic Press: New York, 1997: Vol. 276, p 307.

conditions for the catalytic epoxidation of cyclooctenelbyvere (18) Sheldrick, G. MSHELX97 Programs for Crystal Structure Analysis
12 mM I, 470 mM cyclooctene, 47 mM 96% aqueousCH, 2 release_ 97-2; University of Giingen: Gitingen, Germany, 1997.
mL of acetonitrile, and a reaction temperature of 273 K. The (19 Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837-838.

(20) Burla, M. C.; Camalli, M.; Carrozzini, B.; Cascarano, G. L.; Giaco-

reaction conditions for the stoichiometric epoxidation of cyclooctene vazzo, C.; Polidori, G.; Spagna, BIR2002 2003.
with | were 12 mMI, 470 mM cyclooctene, 2 mL of acetonitrile, ~ (21) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-
. . . Program SystenTechnical Report of the Crystallography Laboratory;
Estimation of the Rate of the Regeneration of | by the University of Nijmegen: Nijmegen, The Netherlands, 1992.

Reaction of Il with H ,0,. The rate of the regeneration bby the (22) CrystalStructure 3.6.0; Rigaku and Rigaku/MSC: The Woodlands, TX.
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Table 1. Crystallographic Data fot andll

Compound | Il
Formula Q3N3018W3 C32H72N2011W2
formula weight 1458.06 1028.63
crystal system C2/c (No. 15) P2;/c (No. 14)
space group monoclinic monoclinic
a(A) 34.5727(3) 10.51870(10)
b (A) 14.2882(2) 32.8781(4)
c(A) 30.4695(4) 11.73850(10)
o (deg) 90.0000 90.0000
p (deg) 121.6560(10) 92.7546(7)

y (deg) 90.0000 90.0000
V (A3) 12 811.9(3) 4054.89(7)
z 8 4
dealcd (g-cm™3) 1.512 1.685
u(cm™) 54.32 57.29
no. of parameters refined 429 425
R 0.062 0.0410
(for 11 478% (for 10 804 dat&d)
wR 0.211 0.164

(for all 17 216 data)
aFor data withl > 2.00(l).

(for all 11 002 data)

Table 2. Selected Bond Lengths (A) and Angles (deg) fandll
[{WO(O2)2} 2(u-02)1% (1)
W05

W1-01 1.711(6) 2.432(6)
W1-02 1.936(7) 0203 1.474(12)
W1-03 1.928(6) 0405 1.460(8)
W1-04 1.912(6) 06-06 1.484(15)
W1-05 1.980(6) WEWT' 3.3985(4)
W1-06 1.977(7) W106-08—W1' 51.3(7)
[{WO(Oy)2} 2(u-0)12~ (II)

W1-01 1.711(5) w1011 1.950(4)
W1-02 1.940(5) w2011 1.943(4)
W1-03 1.940(4) W1010 2.578(4)
W1-04 1.946(5) W2-05 2.645(5)
W1-05 1.964(5) 0203 1.504(7)
W2-06 1.709(5) 0405 1.504(6)
W2-07 1.928(5) 0708 1.483(8)
W2-08 1.945(5) 09010 1.515(6)
W2-09 1.912(5) WEW2 3.065(4)
W2-010 2.002(4) W1011-W2 105.4(2)

Results and Discussion

A crystal of | that was suitable for the X-ray structural
analysis was obtained by the vapor diffusion of diethyl ether
into a CHCN solution ofll and HO; at 277 K. The anion
part of consisted of a-7:17*-O,%~ bridging group and two
neutral{ W(=0)(O,)2} units, in which seven oxygen atoms

were coordinated to the tungsten atom in a distorted

Figure 1. ORTEP drawings of the anion part of (aand (b)Il drawn at
the 50% probability level.

(a)
(b)
-400 -450 -500 -550 -600 -650 =700
chemical shift (ppm)

pentagonal bipyramidal arrangement (Figure 1a). Although Figure 2. A %3 NMR spectra of (a)l and (b)Il with the addition of

several molecular structures of thes{*:n*-peroxo)dimetal
complexes for Cd2 Mn,* Fe?b~4¢ Ge* Rhj9 Cu/h Ir,4
PtA~4 Pd?mand SH" have been reported, nothing is known
of the (u-nt:n*-peroxo)d-dimetal complexes. Therefore,

is the first structurally determineg-;%:,*-peroxo)d-dimetal
complex; the existence df has been propos&dand the
dinuclear §-transition metal complexes containipgy*:;?*-
peroxo,u-n%n?-peroxo, andi-hydroperoxo groups have been
reported’® There were three kinds of peroxo ligandslin
n?-peroxo (02-03), u-nt:n?-peroxo (04-05), andu-n*:
n*-peroxo (06-06). The O-0O bond lengths (1.4601.484
A) are typical for peroxo ligands and comparable to those
for previously reported peroxotungstaie®) The
W1-06 (1.977 A) bond length was typical for those of

4 equiv of HO, (96% aqueous solution) with respect lta Conditions
include CXCN as the solvent, a temperature of 263 K, and a 0.39 M
concentration ofl .

The dinuclear peroxotungstate bf was synthesized by
the recrystallization of the precipitate obtained from the
mixture of tungstic acid, kD,, and TBACI. The X-ray
structural analysis ol revealed that two aquo ligands of a
well-known dinuclear peroxotungstaté\WWO(0,)2(H20)} --
(u-0O)1?~ 2 were eliminated as shown in Figure 1b. To the
best of our knowledge]l is also the first structurally
characterized dinuclear species.

The 183W NMR spectrum ofll in CDsCN showed one
signal at—587.5 ppm Avi, = 24.3 Hz), which suggests
thatll is a single species (Figure 2a). Upon addition of 4

peroxotungstates and there was no significant difference equiv of HO, with respect tdl , one newt83W NMR signal

among the W-O(peroxo) distances ih

at —462.4 ppm Avy, = 3.8 Hz) was observed, which is in
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Table 3. Reactivities ofl andll for Stoichiometric Oxidation Reactions with Organic Molecéles

1

I

Entry Substrate Time (h)
Yield (%) Product (Selectivity (%)) Yield (%) Product (Selectivity (%))
1 O 42 o7 QO (>99) 2 @o (99)
b P U /\/\/\(] /\/\/\(]
2 67 91 3 ©9) <1 5 ©9
O 0]
4 /\/\)/ 45 94 /\/\(l/ (>99) 1 /\/\(l/ (>99)
O (0]
5 ~~N T 93 <L %) ~~<T (99)
6 gOH <02 500 @0 (>99) 400 ©A0 (>99)
(0] O
7 " 0H 78 490 -°’<1/\0H "0 390 ﬂ’<l/\0H N0
(68) (32) (65) (35)
(0] (0]
8 /KAOH 1 500 )QAOH )Mo 400 )Q/\OH )\AO
(95) (5) (98) (2)
O34 OO0 O30
9¢ i <0.2 490 il 400 i

aReaction conditionsi or Il (25umol), substrate (1 mmol), GIEN (2 mL), reaction temperature (273 K). Yield and selectivity were determined by GC
(entries 1-6), 'H NMR (entries 7 and 8), and HPLC (entry 9). Yield (%)products (mol} or Il used (mol)x 100.° Substrate (2 mmol), C}CN (1 mL).
¢l orll (50 umol), substrate (2 mmol), GIEN (1 mL). 4 Reaction conditionsi or Il (10 umol), triphenylphosphine (10@mol), CHCN (2 mL), reaction

temperature (273 K).

agreement with theC, symmetry ofl (Figure 2b). The
reaction ofll with concentrated kD, in CH;CN facilitated
the formation ofl. On the other hand, thé&®W NMR
spectrum of K[{ WO(O,)»(H20)} 2(u-0)]-2H,0 in D,O was
not changed by the addition of,8,, thus showing thatt is
hardly generated in water.

The reactivities of andll for the stoichiometric oxidation

mM) with H,O, (47 mM) at 273 K byll (12 mM). The
kinetic studies for the epoxidation of cyclooctene witfO
catalyzed byll showed the first-order dependencies of the
reaction rates on the concentrationdlgfcyclooctene, and
H,0, (Figure 3). IR, Raman, and UWis spectra of the
complex recovered after the stoichiometric epoxidation of
cyclooctene withl were the same as those ibf (Figures

reactions with organic molecules were investigated (Table S1, S2, and S3, Supporting Information). The rate of the
3). The stoichiometric epoxidation of cyclic, internal, and regeneration of by the reaction ofl with H,O, at 273 K

terminal olefins of cyclo-,cis-2-, cis-3-, trans-2-, and

was estimated by using UWis spectroscopy. The

1-octenes with produced the corresponding epoxides in 97, UV —vis spectrum obtained by the subtraction of the spec-

100, 94, 93, and 91% yields, respectively (entrie®) This

trum of Il from that ofl showed an absorption band at 247

suggests thdt has 1 equiv of active oxygen species for the nm (Figure S3, Supporting Information). It has been reported
epoxidation. On the other hand, the stoichiometric epoxida- that the peroxotungstates show the characteristic absorp-
tion with Il hardly proceeded. Triphenylphosphine oxide, tion band around 250 nA$.The 247 nm absorption band
benzaldehyde, and epoxy alcohols were produced ir-490 disappeared after the stoichiometric epoxidation of cy-

500% and 396400% yields by the reactions of triphen-
ylphosphine, benzyl alcohol, and allylic alcohols witand
Il, respectively (entries-69).

The rate of thestoichiometricepoxidation of cyclooctene
(470 mM) with I (12 mM) at 273 K was 8.3x 1072
mM-min~! and agreed fairly well with that (7.% 1072
mM-min~1) of the catalyticepoxidation of cyclooctene (470

3772 Inorganic Chemistry, Vol. 46, No. 9, 2007

clooctene withl. Therefore, the 247 nm absorption band is
assignable to the peroxotungstatelofThe absorbance at
247 nm increased by the reaction lbfwith H,O, (Figure

4). By using the changes in the intensities of the 247 nm

(23) Aubry, C.; Chottard, G.; Platzer, N.; Ryeault, J.-M.; Thouvenot,
R.; Chauveau, F.; Huet, C.; Ledon, Hhorg. Chem.1991 30,
4409.



u-nt:n-Peroxo-Bridged Dinuclear Peroxotungstate

-0.60 7 800
(@ —
_ (a) (b) ___________
-0.75 * 700 20 -
-0.90 A 600 —
= ]
L%D -1.05 500 —
-1.20 - 5
T 400
2
-1.35 4 4
300
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-1.50 -1.35 -1.20 -1.05 -0.90 -0.75 -0.60 200
log [H202]
0.10 1 100
() 0 T T T |
-0.25 1 200 250 300 350 400
wavelength (nm)
- Figure 4. UV—vis spectra obtained by (a) the addition of the spectrum
o 0.60 of (d) in Figure S3 (Supporting Information) to that o§® (35 mM) and
§° ’ ¢ (b) the subtraction of the spectrumIbf(12 mM) from that ofll (12 mM)
with the addition of HO, (47 mM) after 4.5 min. Inset: A time course of
the concentration df estimated by the absorbance of the reaction solution
20.95 4 and the absorption coefficients at 247 nmlpofl , and HO,.
L 3 0.6
-1.30 T T T 1 0.5 1 (a)
-3.30 -2.95 -2.60 -2.25 -1.90 04 w
log [I1]
-0.50 2 03 (b)
(C) 0.2 1
-0.85 A ol
74 .
&= 0 . ; . .
& -1.20 0 50 100 150 200
vield (%)
-1.55 Figure 5. Plots ofXsovalues against yields for the stoichiometric oxidation
of SSO with (a)ll and (b)l. Yield and selectivity were determined by
7S HPLC. Reaction conditionst or Il (10«mol), SSO (20Q:mol), acetonitrile
(5 mL), reaction temperature (273 K). Yield (%) (SOSO (mol)+ SSQ
-1.90 . T . ! (mol) + 2 x SOSQ (mol))/(l or Il used (mol))x 100.Xso= (SSQ (mol)

-1.30 0.95 -0.60 0.25 0.10 + SOSQ (Mol))/(SOSO (molH+ SSQ (mol) + 2 x SOSQ (mol)).

log [cyclooctene] results show that the reaction of cyclooctene wifeq 1) is

the rate-determining step.
Figure 3. Dependences of the reaction rates on the concentrations of (a)

H20O,, (b) I, and (c) cyclooctene: (a) cyclooctene (0.74 M)(1.47 mM),
H20, (0.04-0.22 M), HO (0.98 M), CHCN (6 mL), 305 K; (b) cyclooctene >
(0.737 M), Il (0.74-5.90 mM), HO2 (0.22 M), HO (0.98 M), CHCN (6 I+ I + o (1)

mL), 305 K; (c) cyclooctene (0.690.74 M), Il (1.47 mM), HO; (0.22

M), H20 (0.98 M), CHCN (6 mL), 305 K.Ry (mM-min~1) values were ) o ) )
determined from the reaction profiles at low conversiong@%) of both The electronic characteristics of the active oxygen species

cyclooctene and pD.. (a) Slope= 0.94 R2 = 0.98). (b) Slope= 0.99 R2 i ;

20.08). Slope=21.10 R 0.98) of I andll were exammgd by.usmg SS?GThe Xso values
changed slightly as the yields increased (Figure 5). Therefore,

the Xso values were determined at low yields Z5%) in

band, the rate of the regenerationldfy the reaction ofl - A )
order to estimate the true electronic nature of the active

with H,O, at 273 K was estimated to be more than 4.7
mM-min—1 (F|gure 4 inset), which is much faster than that (24) (a) Adam, W.: Golsch, DChem. Ber1994 127, 1111. (b) Adam,
of the reaction of and cyclooctene at 273 K. All of these W.; Golsch, D.J. Org. Chem1997, 62, 115.
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oxygen species df andll . The Xso value for the stoichio-
metric oxidation of SSO witH (0.18 + 0.02) was lower
than that ofll (0.39+ 0.01), which suggests that the active
oxygen species df is more electrophilic than that df.

Conclusions

In summary, the novel dinuclear peroxotungstatel of
containing au-n:n*-peroxo group was synthesized by the
reaction of the dinuclear specie) (with H,O, and fully
characterized by X-ray crystallography. The stoichiometric
epoxidation of olefins with gave quantitative amounts of
the corresponding epoxides alhd Compound could easily
be regenerated by the reactionlbfvith H,O,. The catalytic
epoxidation proceeded by the reactior efith an olefin to
form Il. The corresponding epoxide followed the regenera-
tion of | by the reaction ofl with H,O,.
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