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Carbonyloxotungsten(IV) complexes, Tp*WOX(CO), are produced in the reactions of dioxygen (for X = ClI, Br, I)
or pyridine N-oxide [for X = S,P(OPr);, S,PPh,] with Tp*WX(CO), [Tp* = hydrotris(3,5-dimethylpyrazol-1-yl)-
borate]. Analogous carbonylsulfidotungsten(IV) species, Tp*WSX(CO), result from the reactions of Tp*WX(k>-MeCN)-
(CO) with propylene sulfide. The carbonyloxo complexes exhibit ¥(CO) and »(W=0) IR bands in the 1995-1965
and 957-951 cm™! regions, respectively; the v(CO) and v(W=S) bands of the carbonylsulfido species appear at
1970-1937 and 512-502 cm ™1, respectively. The complexes possess C; symmetry and display carbonyl 1*C NMR
resonances at 6 272-287, with Jyc 160—196 Hz. The crystal structures of Tp*WO(S,PPh,)(CO) and Tp*WS(S,-
PPh,)(C0)-0.5CHCI; reveal distorted octahedral tungsten centers coordinated by a fac tridentate Tp* ligand and
mutually cis, monodentate chalcogenido [d(W=0) = 1.698(4) A: dW=S) = 2.135(4) A], carbonyl, and
dithiophosphinato ligands. In refluxing toluene, Tp*WOI(CO) converts into purple, mixed-valence Tp*W"|(CO)(u-
O)WVOITp*. The dinuclear complex contains a nearly linear [173.1(6)°] u-oxo bridge connecting disparate distorted
octahedral tungsten centers. The metrical parameters and spectroscopic properties are consistent with the presence
of a W"/W" mixed-valence species, possessing a filled, delocalized three-center (W—0-W) 7z bond and a localized
(on W), filled d, orbital that back-bonds to the carbonyl ligand.

Introduction associated with their rarity and electronic novelty, there are
important practical reasons for studying carbonyloxo and
relatedr-acidér-base complexes. One reason is the growing
interest in the activation and utilization of carbon dioxide, a
principal contributor to global warming. Metal-induced
carboxyl-bond-cleavage reactions are known to produce
carbonyl, oxo, ocarbonyloxocomplexes, depending on the
oxophilicity of the metaf=® The carbonyl and oxo (or
oxygen atom) moieties can undergo additional reactions that
could serve as the basis for catalytic processes to convert
*To whom correspondence should be addressed. E-mail: cgyoung@ COZ into en\/_ironmenta"y benign or useful chemicals. The
uniTmelb.edq.au._Fax:Jrem 9347 5180. interconversion of CO and C_:zcand the use of the_se and
The University of Melbourne. other C1 sources for chemicals and fuels are important

* The University of Texas at San Antonio. - - . )
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As a consequence of ne> 7* back-bonding,z-acid
ligands such as carbon monoxide avidly bind to electron-
rich, low-valent metal centets® Converselys-base terminal
oxo ligands patrticipate i — nd interactions and prefer-
entially bind to electron-deficient, high-valent metal cen-
ters*5 Because of the conflicting-bonding requirements
of these “textbook” ligands, mononuclear carbonyloxo
complexes are rarely staflépart from the intrinsic appeal

and Applications of Organotransition Metal Chemistiyniversity  Carbonyloxo complexes are also putative intermediates in
Science Books: Mill Valley, CA, 1987; pp 2156 and 116-117. L . . .
(2) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistnpth ed.; the oxidation of CO in catalytic converters and metaide-
Wiley: New York, 1988; pp 5771 and 102+1051. catalyzed processes, e.g., methanol synthesis and the water
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Organometallic ChemistryPergamon: Oxford, U.K., 1995. (7) Behr, A. Carbon Dioxide Actiation by Metal ComplexgsVCH:
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Wiley: New York, 1988; pp 6869 and 464-468. (8) Gibson, D. H.Chem. Re. 1996 96, 2063-2096.
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gas shift reactiod!*?> Carbonyl ligand displacement, redox,

reported by the groups of Templeton and Young. Dinuclear,

and group-transfer reactions of carbonyloxo complexes mixed-valence Tp*W! O,(u-O)W"YO(CO)Tp** and mono-
present significant opportunities for chemical synthesis (vide nuclear Tp*WOX(CO) (X= 1, Br)?> and Tp*WO(SPPh-

infra). The activation of dioxygen by transition metals,

S(COY® were among the earliest examples. More recently,

another facet of the chemistry described herein, is also anTp*WOI(CO) has served as a useful precursor for carbonyl-

area of significant industrial and biological importariée?
Ternary carbonyloxo complexes are stable only in low-

oxo and organometallic oxo complexes. Thus, reaction with
silver triflate provides access to Tp*WO{SCF;)(CO) and

temperature matrixes or the gas phase. Group 6 carbonyloxcsalts of [Tp*WO(NCMe)(CO)j.?” The crystal structure of

complexes, viztransMO,(CO),, MO,(CO);, and MG(CO),

(M = Cr, Mo, W), are generated in methane or argon
matrixes upon photolysis of M(C®)in the presence of
oxidants such as QCO,, or N,O, with the ultimate products
being metal oxide%! Complexes such as MO(CO) and MO

[Tp*WO(NCMe)(CO)[B{ CeH3(CFs)2-3,5} 4] revealed V=

O and W-C distances of 1.781(4) and 2.080(6) A, respec-
tively, and an GW—C angle of 91.35(20)?” Complexes
derived from Tp*WOI(CO) contain inter alia?-nitrile,
amido, nitrile-coupled, alkyne, vinylidene, and carbene

(CO), are the main species formed when group 6 atoms andcoligands?’-2°

CQO; are codeposited in argon matrix€dn the gas phase,
complexes of the type [M@CO)]~ (x = 3 and 4) are
observed when the anions [M(C4D) encounter @
whereas Mo, MoO™, and MoQ™ react with CQ and CO
to give species such as [OMo(CO)and [MoQy(CO)]".Y*

Mixed-valence complexes exhibit interesting optical,
magnetic, and chemical properties that arise from the
presence of different formal oxidation states and variable
degrees of intermetallic electronic communicati®kve are
unaware of any confirmed reports of localized" WV

Carbonyloxo complexes of other metals have been producedcomplexes. The compound,KV,(u-O)Clig] was initially

using similar method¥' Mononuclear, ternary carbonylsul-
fido species are, to our knowledge, unknown.

described as a WWV species}! but spectroscopic and
magnetic data supporting an antiferromagnetically coupled

The first stable carbonyloxo complexes were synthesized WV d? description were later present&dThe complex

by Mayer and co-workers in the late 198652 These
complexes, MOGICO)L, (M = Mo, W; L = PMePh,
PMe;), were prepared by two routes, viz., L/CO ligand
exchange at MOGL3'82° or oxidative addition of C@to
WCI,L4.2%?°The crystal structure of WOGICO)(PMePh)

exhibits a symmetrical, binuclear structure with a linear
W—-0O—-W unit3® The [M—O—M]"" moiety is a common
structural unit in transition-metal chemistry and is often
present in mixed-valence speci@g?

This paper reports the synthesis and characterization of

revealed a distorted octahedral complex with a cis arrange-carbonyloxo- and carbonylsulfidotungsten(lV) complexes

ment of oxo and carbonyl ligandd(WW=0) = 1.689(6) A,
d(W—C) = 2.029(9) A, andJ(O=W—C) = 89.6(3Y].19-20
Reaction of WSG(PMePh); with CO or WCL(PMePh),
with COS yielded the carbonylsulfido complex, WGCIO)-
(PMePh),.1%2° The bonding in these complexes involves
back-donation to ther-acid carbonyl from a (g)? highest
occupied molecular orbital orthogonal to the oxo ligand
(whoses-base interactions involve theg.cind d, orbitals,
with z along M=0).20:22.23

Carbonyloxotungsten(lVV) complexes containing hydrotris-
(3,5-dimethylpyrazol-1-yl)borate (Tp*) were subsequently

(11) Sheldon, R. A.; Kochi, J. KMetal-Catalysed Oxidation of Organic
CompoundsAcademic: New York, 1981.
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and Applications World Scientific: Singapore, 1995.
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(15) (a) Souter, P. F.; Andrews, Chem. Commurl997, 777-778. (b)
Souter, P. F.; Andrews, LJ. Am. Chem. S0d997, 119, 7350-7360.

(16) Hop, C. E. C. A.; McMahon, T. BJ. Am. Chem. Sod992 114
1237-1243 and references cited therein.

(17) Sievers, M. R.; Armentrout, P. B. Phys. Chem. A998 102 10754~
10762.

(18) Su, F.-M.; Cooper, C.; Geib, S. J.; Rheingold, A. L.; Mayer, JJM.
Am. Chem. Sod 986 108 3545-3547.

(19) Bryan, J. C.; Geib, S. J.; Rheingold, A. L.; Mayer, J.MMAm. Chem.
Soc.1987 109, 2826-2828.

(20) Su, F.-M.; Bryan, J. C.; Jang, S.; Mayer, J. Rblyhedron1989 8,
1261-1277.

(21) Bryan, J. C.; Mayer, J. Ml. Am. Chem. Sod99Q 112, 2298-2308.

(22) Hall, K. A.; Mayer, J. MJ. Am. Chem. So&992 114, 10402-10411.

(23) Brower, D. C.; Templeton, J. L.; Mingos, D. M. R.Am. Chem. Soc.
1987, 109, 5203-5208.

containing Tp*. It describes optimized syntheses, full char-
acterization data, and details of the X-ray crystal structures
of representative species, viz., Tp*WQRPPR)(CO) and
Tp*WS(SPPh)(CO)0.5CHC}. The structure of Tp*WS(S
PPh)(CO) is the first for a mononuclear carbonylsulfido
complex of any element. Aspects of this work have been
communicated® The synthesis and structure of mixed-
valence Tp*W!'|(CO)(u-O)WVOITp*, formed upon decar-
bonylation of Tp*WOI(CO), are also reported.

Experimental Section

Material and Methods. All reactions were performed under an
atmosphere of dinitrogen using dried, deoxygenated solvents and
standard Schlenk techniques. Samples of Tp*WX(CQ)= 2,

3) 3536 Tp*WX(x2-MeCN)(CO)3” and Tp*W(SPRy)(CO),8 were

(24) Young, C. G.; Gable, R. W.; Mackay, M. Forg. Chem.199Q 29,
1777-1779.

(25) Feng, S. G.; Luan, L.; White, P.; Brookhart, M. S.; Templeton, J. L.;
Young, C. G.Inorg. Chem.1991 30, 2582-2584.

(26) Thomas, S.; Tiekink, E. R. T.; Young, C. Grganometallics1996
15, 2428-2430.

(27) Cross, J. L.; Garrett, A. D.; Crane, T. W.; White, P. J.; Templeton, J.
L. Polyhedron2004 23, 2831-2840.

(28) Crane, T. W.; White, P. S.; Templeton, J.@QtganometallicsL999
18, 1897-1903.

(29) Cross, J. L.; Crane, T. W.; White, P. S.; Templeton, JOtgano-
metallics2003 22, 548-554.

(30) Young, C. GCoord. Chem. Re 1986 96, 89—251.

(31) Konig, E.Inorg. Chem.1969 8, 1278-1281.

(32) San Filippo, J., Jr.; Fagan, P. J.; Di Salvo, Andrg. Chem.1977,
16, 1016-1021.

(33) Glowiak, T.; Sabat, M.; Jezowska-Trzebiatowskal&ta Crystallogr.,
Sect. B1975 31, 1783-1784.
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prepared by literature methods, and all other reagents were analyticanbove for Tp*W{d S,P(OP),-S} (CO), except for the use of 3:1
reagent grade or better. The evolution of @ reactions was dichloromethanethexane as the chromatographic eluent. Yield:
detected by passing the headspace gas through freshly prepare.76 g, 63%.
Ca(OH}) solutions (blanks were negative for @OSolid-state (KBr Anal. Calcd for GgHzBNgO,PSW: C, 43.43; H, 4.17; N, 10.85;
disk) and solution (CkCl,) IR spectra were recorded on a Biorad S, 8.28. Found: C, 43.21; H, 4.24; N, 10.96; S, 8.29. IR (KBr,
FTS 165 FTIR spectrophotometé, *C{*H}, and*'P{*H} NMR cm): »(BH) 2555, »(CN) 1542,v(P=S) 653,v(PS) 537 (also
spectra were obtained using Varian Unity 300 and Varian Unity see Table 1).
Plus 400 spectrometers and referenced to internal €GI7.26; TP*WSI(CO). Propylene sulfide (0.35 mL, 4.47 mmol) was
Oc 77.36) and external 85%4R0, (0 0.0). UV—visible spectra added to a stirred suspension of Tp*WAMeCN)(CO) (1.00 g,
were recorded on a Hitachi 150-20 double-beam spectrophotometery 48 mmol) in acetonitrile (30 mL), and the reaction mixture was
Microanalyses were performed by Atlantic Microlabs, Norcross, heated at 75C for 4 h. After removal of the solvent, the residue
GA. Selected spectroscopic data are presented in Table 1. Completgyas column chromatographed on silica gel using dichloromethane
*3C NMR data are available as Supporting Information (Table S1). a5 the eluent; the orange-brown band was collected. The product
Syntheses. Tp*WOI(CO). In a modification to the synthesis  was recrystallized from dichloromethane/methanol to give orange
reported by Feng et & a solution of Tp*WI(CO} (0.22 g, 0.33  crystals that were filtered, washed with methanol (5 mL), and dried
mmol) in tetrahydrofuran (10 mL) was stirred at room temperature in vacuo Yield: 0.78 g, 79%.
for 45 min under an atmosphere of dioxygen. The solvent was  anal. Caled for GeH2BINGOSW: C, 28.77: H, 3.32: N, 12.58;
removed, and the residue was chromatographed on a silica gelsy 4.80. Found: C, 29.01; H, 3.39; N, 12.48; S, 4.93. IR (KBr,
column using dichloromethane as the eluent. The purple fraction cmY): w(BH) 2555,»(CN) 1544 (also see Table 1).
was collected and reduced to dryness. The residue was recrystallized Tp*WSBI(CO). Propylene sulfide (0.2 mL, 2.55 mmol) was

from (fj_ilchlo(rjomethr?ng/m?hanor: to gI]ive dark pudrpclie_ c(;y;tals that added to a stirred suspension of Tp*WEHeCN)(CO) (0.25 g,
were litered, washed with met ano G ml‘.)‘ and dried in vacuo. g 40 mmol) in acetonitrile (10 mL), and the reaction mixture was
Yield: 0.11 g, 51%.' Spectroscopic properties were identical with heated at 78C for 8—9 h. The reaction was worked up as described
those reported earliéf. o ) above for Tp*WSI(CO), with the compound eluting as a green-
Tp*WOBI(CO). In a modification to the synthesis reported by oy hand from the chromatography column. Yield: 0.17 g, 70%.

o \ :
f?”ghe; a'f" a SO;“(;'O”LO‘( Tp*WtBr(zoat(O'% g{ 041 mtmo')f'“ 40 _ Anal. Calcd for GeHzBBINEOSW: C, 30.94; H, 3.57; N, 13.53;
etrahydrofuran (10 mL) was stirred at room temperature for 30 ¢ ‘5 15 £ound: C, 30.94: H, 3.55; N, 13.30; S, 5.22. IR (KB,

T Tl eAelor 182 WOMet oy (1) 2555 m.w(CN) 1544 m (a0 see Tabe )
. . . 0.
P P v Tp*WSCI(CO). Propylene sulfide (0.6 mL, 7.66 mmol) was

Anal. Calcd for GeH2:BBrNgOW: C, 31.77; H, 3.67; N, 13.89. - .
) ] - . . added to a stirred suspension of Tp*W&HMeCN)(CO) (1.00 g,
Found: C, 31.59; H, 3.70; N, 13.79. Spectroscopic properties were 1.71 mmol) in acetonitrile (30 mL), and the reaction mixture was

|dent|*cal with those reported earliér. . . heated at 78C for 4 days. After removal of the solvent, the residue
Tp WOCI(CO). Prepared as descrlbed.above for Tp*WBr(CO) was column chromatographed (twice) on silica gel using dichlo-

using 'I_'p*WCI(CO) (0.33 g, 0.58 mmol) in tetrahydrofuran (10 o methane as the eluent; the brown band was collected. The product

mL). Yield: 0.11 g, 34%. was recrystallized from dichloromethane/methanol to give brown

Anal. Caled for GeH22BCINGOW: C, 34.29; H, 3.96; N, 14.99;  ¢ystals that were filtered, washed with methanol (5 mL), and dried
Cl, 6.33. Found: C, 34.35; H, 3.91; N, 15.02; Cl, 6.39. IR (KBI, in'vacuo Yield: 0.35 g, 36%.

o
em): v(BH) 2556,¢(CN) 1544,/(WCI) 310 (also see Table 1). - Ang caled for GeH,BCINOSW: C, 33.33; H, 3.85; N, 14.58;

Tp*WO {S,P(OPr),-S} (CO). A solution of Tp*W{ S;P(OP)z} - S, 5.56. Found: C, 33.16; H, 3.87; N, 14.90; S, 5.36. IR (KB,
(CO), (2.44 g, 3.25 mmol) in tetrahydrofuran (30 mL) was cooled cm 1) »(BH) 2556 m,»(CN) 1544 m (also see Table 1).

to 0°C, and then pyridin&l-oxide (0.50 g, 5.26 mmol) was added. Tp*WS{ SP(OEt),-S}(CO). Propylene sulfide (0.10 mL, 1.28

s oo ) i e (0 2 e uspensin of TESH(OED)-
y 'y P ; (x3-MeCN)(CO) (0.50 g, 0.68 mmol) in acetonitrile (30 mL), and

graphed on silica gel using dichloromethane as the eluent; the p'nkthe reaction mixture was heated at@Gfor 5 h. The reaction was

e e o e p s descred s o TpWSI(CO), wih e compound
give p y ' eluting as a green band from the chromatography column. Yield:

washed with hexane (5 mL), and dried in vacuo. Yield: 1.59 g, 0.22 g, 45%

66%.
, , _ _ Anal. Calcd for GeHgBNsOPSW: C, 33.07; H, 4.44; N, 11.57;
Anal. Caled for GHaeBNeOPSW: C, 3579 H, 491N, 1138, o Y455 )"0 g C 33.09: H, 4.45: N, 11.58: S, 13.18. IR (KB,

S, 8.68. Found: C, 35.87; H, 4.97; N, 11.32; S, 8.72. IR (KBr, >~}
N - cnrl): »(BH) 2562,1(CN) 1542,1(POyyy) 941, v(P=S) 652,-
em 2): v(BH) 2554,(CN) 1543,1(PO) 968, 9855(P=S) 667, 5030 (aiso see Table 1),

PS) 538 (also see Table 1). .
i TpZWO(é;PPz-S)(CO) A) solution of Tp*W(SPPh)(CO), Tp*WS {S,P(OPr'),-S} (CO). Propylene sulfide (0.15 mL, 1.92
: mmol) was added to a stirred suspension of THSAP(OPY),} -

) i Coae 1 (2MeCN)(C0) (050 . 0.63 mmo) 1 actonite (0 ), a
' Py <29, & : the reaction mixture was heated at@for 5 h. The reaction was

reaction mixture was stirredf@ h and then worked up as described worked up as described above for Tp*WSI(CO), with the compound
eluting as a green band from the chromatography column. Yield:

(35) Young, C. G.; Thomas, S.; Gable, R. Worg. Chem1998 37, 1299~

(36) Thomas, S.; Young, C. Gnorg. Synth.2002 33, 218-227. Anal. Calcd for GHzgBNgOsPSW: C, 35.03; H, 4.81; N, 11.14;

(37) Thomas, S; Young, C. G.; Tiekink, E. R. Organometalicsl998 g, 12,75, Found: C, 35.08; H, 4.81; N, 11.04; S, 12.68. IR (KBr,

(38) Thomas, S.; Tiekink, E. R. T.; Young, C. G. Organomet. Chem. ¢ %): »(BH) 2568,7(CN) 1542v(PQuyy) 971, 987 (P=S) 640,
1998 560, 1-6. v(PS) 555 (also see Table 1).
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Table 2. Crystallographic Data

compd Tp*WO(SPPh)(CO) Tp*WS(SPPh)(COR Tp*WI(CO)(u-O)WOITp*»
formula GgHzBNsOPSW Ca28 32 BCli sNsOPSW C31.9H45B2CIN12031W>
fw 774.4 850.1 1318.4

space group P1 Fdd2 P1

a 11.281(2) 32.242(6) 13.348(1)

b, A 16.228(6) 41.145(6) 13.962(2)

c, A 9.338(2) 10.352(4) 12.275(2)

a, deg 96.33(2) 90 93.97(1)

B, deg 107.34(2) 90 97.55(1)

y, deg 73.03(2) 90 97.30(1)

v, A3 1560.3(8) 13733(5) 2240.8(5)

z 2 16 2

u, cmt 39.27 37.47 66.18

p,gcm3 1.648 1.644 1.954

Re 0.035 0.037 0.053

Ry 0.083 0.092 0.167

CCDC 276911 276912 276913

aAs chloroform hemisolvate? As dichloromethane hemisolvateR(F) = 3 (|Fo| — |Fc|)/3|Fo| for data withl > 20(1); Ry(F) = {SW(|Fo| — |F¢|)%
SW|Fo3 2 for all data.

Tp*WS(S,PPhy-S)(CO). A suspension of Tp*W(FPPh)(«?- (BH) 2549,v(CN) 1544,v,d{ WOW) 788,v{(WOW) 410 (also see
MeCN)(CO) (0.80 g, 1.03 mmol) in 1:1 acetonitrile/tetrahydrofuran Table 1).

(30 mL) was heated to 75 and propylene sulfide (0.15 mL, 1.92 Tp*WO {S;,P(OPri),}. A solution of Tp*WQ[ S,P(OPI),} (CO)
mmol) added. The reaction mixture was heated7#d and then (0.83 g, 1.12 mmol) in tetrahydrofuran (40 mL) was refluxed for
reduced to dryness. The residue was column chromatographed or80 min. The reaction mixture was then reduced to dryness, the
silica gel using 2:1 dichloromethane/hexane and the green fractionresidue was column-chromatographed on silica gel/dichloromethane,
collected. The product was recrystallized from dichloromethane/ and the violet fraction was collected. The product was recrystallized
methanol to give green crystals of the dichloromethane hemisolvatefrom dichloromethane/hexane to give violet crystals that were
(detected by microanalysis and NMR) that were filtered, washed filtered, washed with hexane (5 mL), and dried in vacuo. Yield:
with methanol (5 mL), and dried in vacuo. Yield: 0.45 g, 57%. 0.49 g, 62%.

Anal. Calcd for Qsd‘|3sBC|NGOP$W C, 41.10; H, 3.99; N, Anal. Calcd for G1H3BNgO:PSW: C, 35.51; H,5.11; N, 11.83;
10.09; S, 11.55. Found: C, 41.14; H, 4.01; N, 10.11; S, 11.58. IR S: 9:03. Found: C, 3557 H, 5.07; N, 11.72; S, 9.11. IR (KBr,
(KBr, Cmil): V(BH) 2551,’V(CN) 1542,V(P=S) 652,V(PS) 536 Cmil): ’V(BH) 2545,1/(CN) 1543,V(W=O) 943 (also see Table
(also see Table 1). 1).

Tp*WS{S,PR*,-S}(CO) (R* = (—)-Mentholate). A solution
of Tp*W{S,PR*;} («>-MeCN)(CO) (0.82 g, 0.86 mmol) in 1:1
acetonitrile/tetrahydrofuran (40 mL) and propylene sulfide (0.15
mL, 1.92 mmol) was heated at P& for 10 h. The mixture was
red-uced to .d.ryness, gnd the r_esidue was column-chromatographe erobically by slow diffusion of hexane into a saturated dichlo-
(twice) on silica gel using 1:1 dichloromethane/hexane as the eluent.romethane solution of the complex. Intensity data for each
Separate green fractions (I_Dl and D2) were collected. Thg productscompound were measured at room temperaturég3@n a Rigaku
were recrystallized from dichloromethane/methanol to give green arceR diffractometer fitted with graphite-monochromatized Mo
_crystals thaF were filtered, washed with methanol (L—_‘> mL), and dried o radiation, . = 0.710 69 A. Thew—26 scan technique was
in vacuo. Yield: D1= 0.20 g; D2= 0.23 g. Total yield: 0.43 g, employed to measure 7536 data for a crystal of Tp*W/BES)-
53%. (CO) with dimensions 0.13 0.13 x 0.34 mn? such thatfyax

Anal. Calcd for GeHsoBNsO:PSW: C, 45.67; H, 6.39; N, 8.88;,  was 27.8. For Tp*WS(SPPh)(C0)-0.5CHCE, 3342 data were
S, 10.16. Found: C, 45.76; H, 6.43; N, 8.95; S, 10.20. IR (KBr, collected for a crystal of dimensions 0.6850.16 x 0.24 mn3 with
cmY): D1, v(BH) 2557,v(CN) 1544,1(POuyy) 932, 974(P=S) Omax= 25.0°, and for Tp*WI(CO)f-O)WOITp*+0.5CHCl,, 7200
666,v(PS) 565; D2y(BH) 2553,v(CN) 1544,v(POuy) 932, 989, data for a sample 0.0¥ 0.18 x 0.21 mn?¥ were measured so that
v(P=S) 661,v(PS) 569 (also see Table 1). Omax Was 25.2. The data sets were corrected for Lorentz and

Tp*WI(CO)( u-O)WOITp*. A solution of Tp*WOI(CO) (1.0 polarization effect$? and an empirical absorption correction was
g, 1.53 mmol) in dried, deoxygenated toluene (35 mL) was refluxed applied in each cas€.Relevant crystal data are given in Table 2.
for 2 h. The reaction mixture was then reduced to dryness, and the  The structures were each solved by direct metffaatsd refined
residue was column-chromatographed on silica gel using 2:1 by a full-matrix least-squares procedure basedFgtf> Non-H
dichloromethane/hexane as the eluent. The intensely colored purpledtoms of the complexes were refined with anisotropic displacement
fraction was collected, and the product was recrystallized from Parameters, H atoms were included in the models at their calculated
dichloromethane/hexane as green crystals with a metallic luster. POSitions, and a weighting scheme of the fonm= 1/[0*(F?) +
These were isolated by filtration, washed with hexane (5 mL), and -
dried in vacuo. Yield: 0.60 g, 60%. The complex was isolated as 9 {/?/ﬁ?j?;nﬁg“%”elég?'ys's SoftwaMolecular Structure Corp.: The
the dichloromethane hemisolvate (detected by NMR and mi- (40) walker, N.: Stuart, DActa Crystallogr., Sect. A983 39, 158166.

Crystallography. Dark-pink crystals of Tp*WO(8Ph)(CO)
and pale-green crystals of Tp*WSEPh)(CO)-0.5CHCE were
grown by slow diffusion of methanol into saturated dichloromethane
and chloroform solutions, respectively, of the complexes. Metallic-
(ireen crystals of Tp*WI(CO}-O)WOITp*-0.5CHCI, were grown

croanalysis).

Anal. Calcd for G sHasB.ClIo;N1,0sW,: C, 28.70; H, 3.44; N,
12.75. Found: C, 28.84; H, 3.55; N, 12.71. IR (KBr, th »-
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(41) Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; Polidori,
G.; Spagna, R.; Viterbo, Dl. Appl. Crystallogr1989 22, 389-393.

(42) Sheldrick, G. MSHELXL-97 Program for Crystal Structure Refine-
ment University of Gdtingen: Gdtingen, Germany, 1997.
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Figure 1. Molecular structure of Tp*WO($Ph)(CO). The numbering
of the atoms in the pyrazole rings containing N11 and N21 parallels that
shown for the ring containing N31.

Figure 2. Molecular structure of Tp*WS(#Ph)(CO). The numbering
of the atoms in the pyrazole rings containing N11 and N21 parallels that
shown for the ring containing N31.

(aP)2 + bP], whereP = (F2 + 2F?)/3, was applied. In the sulfido

Figure 3. Molecular structure of Tp*WI(CO}-O)WOITp*. The number-
ing of the atoms in the pyrazole rings containing N11 and NS61
parallels that shown for the ring containing N21.

(eq 1) are accompanied by the generation of carbon dioxide,
with the reaction times following the order Gl Br < I. No
intermediates in the reactions were detectable by conventional
IR spectroscopy. The complexes could be similarly prepared
from the tricarbonyl complexes, Tp*WX(C@3>%¢ The
literature syntheses of the iodo and bromo derivatiesre
optimized for higher yield and purity, while Tp*WOCI(CO)

is reported here for the first time.

Tp*WX(CO), + O, —~ Tp*WOX(CO) + CO,t (1)

The mechanism of the reaction is proposed to involve
coordination of dioxygen, followed by nucleophilic attack
on a carbonyl ligand to give am?-peroxycarbonyl (or
peroxyformate) intermediate, Tp*W§2-C(0)O,} (CO) (al-
though intermolecular processes producing bridging peroxy-
carbonyl specie¢8 cannot be excluded). The peroxycarbonyl
species may undergo direct-@ bond cleavage to yield
product or rearrangement, to form afrcarbonate species,
followed by O-C bond scission, with the same net result.

compound, a disordered chloroform molecule, located about a 2-fold Peroxycarbonyl intermediates have been proposed to form

axis, was modeled (ratio of complex to solvent2:1) with the
use of soft restraints on the-<CI bond distances and with isotropic

thermal parameters; H atoms were not included for this molecule.
The nature of the disorder, i.e., the molecule appearing somewhat

in a number of metal carbonyl autoxidations, leading to metal
carbonates and/or GOFor exampletrans-Os(NOY #-C(O)-
O;} CI(PPh),, the initial product of the reaction dfans

flattened, may be ascribed to the nature of the intermolecular Os(NO)CI(CO)(PP¥). with dioxygen, rearranges to produce
contacts involving the chloroform molecule and consequent steric transOs(NO)¢*-COs)CI(PPh), and reacts with PRKand
crowding (see the Results and Discussion section). In the structureother phosphines) to give Os(NO)CI(RRh(and related

of the dinuclear complex, a partially occupied dichloromethane
molecule (ratio of complex to solvent 2:1) was located and treated

complexes), C@ and phosphine oxide§.* The formulation
of the peroxycarbonyl complex was recently confirmed by

as above but with the inclusion of H atoms. The absolute structure X-ray Crysta"ography? A peroxycarbony] intermediate has

of the sulfido compound was confirmed by the value of the Flack
parameter, i.e+0.001(13) Final refinement details are collected

in Table 2, and the numbering schemes employed are shown in

Figures 1-3, drawn with ORTEP at the 35% probability level.

Results and Discussion

Synthesis and Characterization.The dicarbonyl com-
plexes Tp*WX(CO) (X = Cl, Br, 1)*>3¢react with dioxygen

at room temperature in tetrahydrofuran to produce carbonyl-

oxotungsten(IV) complexes, Tp*WOX(CO). The reactions

(43) Flack, H. D.Acta Crystallogr., Sect. A983 39, 876-881.
(44) Johnson, C. KORTEP-II, Report ORNL-513®ak Ridge National
Laboratory: Oak Ridge, TN, 1976.

also been postulated to form during the autoxidation of-(Pr
tcn)W(NO)(CO)(CH) (Prtcn = 1,4,7-triisopropyl-1,4,7-
triazacyclononane), a reaction that producegt¢R)W(NO)-
(O)(CHs).* The formation of a dioxygen-bridged dimer,

(45) Kubota, M.; Rosenberg, F. S.; Sailor, MJJAm. Chem. Sod985
107, 4558-4559.

(46) (a) Hill, A. F.; Roper, W. R.; Waters, J. M.; Wright, A. H. Am.
Chem. Soc1983 105 5939-5940. (b) Roper, W. RJ. Organomet.
Chem.1986 300, 167—190.

(47) Clark, G. R.; Laing, K. R.; Roper, W. R.; Wright, A. thorg. Chim.
Acta 2004 357, 1767-1772.

(48) Werner, H.; Flgel, R.; Windniller, B. Chem. Ber1997, 130, 493—
505.

(49) Bthmer, J.; Wieghardt, K.; Nuber, B\sngew. Chem., Int. Ed. Engl.
1995 34, 1435-1437.

Inorganic Chemistry, Vol. 45, No. 1, 2006 357



[Tp*WX(CO)]2(u-0Oy), followed by homolytic cleavage is
not consistent with the observation of byproduct,CO

The complexes are highly soluble in chlorinated solvents
and tetrahydrofuran but insoluble in hydrocarbons, alcohols,
and acetonitrile. They are air-stable in the solid state but
decompose over a period of days in aerobic solutions. The
preparation of Tp*WOCI(CO) in chlorinated solvents leads
to formal chlorine atom abstraction from the solvent and low
yields of Tp*WOCL.5%5! The complexes undergo thermal
decarbonylation, forming dinuclear species, e.g., Tp*WI-
(CO)u-O)WOITp* (vide infra).

The reactions of 1 equiv of pyriding-oxide with Tp*W-
(S;PR))(CO), at 0 °C produce Tp*WO(SR,)(CO) (R =
OPt, Ph). The pink, diamagnetic complexes are soluble in
chlorinated solvents and tetrahydrofuran but insoluble in
hydrocarbons, alcohols, and acetonitrile. The complexes
undergo thermal decarbonylation to form Tp*WGRS,).>?
Only Tp*WO(SPPh)(CO) is stable at room temperature in
the solid-state and solution phases.

Sulfur atom transfer (SAT) from propylene sulfide to
Tp*WX(x2-MeCN)(CO) produces carbonylsulfidotungsten-
(IV) species, Tp*WSX(CO). For the halo complexes, the
reaction times are in the orderd Br < ClI; the low yields

Thomas et al.

back-bonding for the sulfido complexes compared to the oxo
complexes. Similar results have been reported for WECI
(CO)(PMePh),, where the/(CO) bands are observed at 2006
cm™! (E= 0) and 1986 cm'* (E = S) -2 Medium-intensity
v(W=E) bands are observed at ca. 955 and 505%m
respectively.

The 'H NMR spectra of the complexes are indicative of
molecularC; symmetry with six methyl resonances and three
methine resonances from the Tp* ligand. The diastereotopic
nature of the dithiophosphate methyl and methylene protons
of Tp*WO{ S,P(OPI),} (CO) and Tp*WS S,P(OEt)} (CO),
respectively, are reflected in the observed resonance patterns.
Diastereomeric Tp*WES,P(O-(—)-menthyl}} (CO) exhibits
discrete doublet of quartet resonances, each integrating for
one proton ab 4.31 and 4.44 for D1 and at4.36 and 4.48
for D2; these are assigned to th®—CH protons, with the
observed multiplicity arising froniJyy and3Jpy coupling.

13C{H} NMR spectra exhibit six methyl resonances (
10—20), three pyrazole 4-methine resonanee4@7—110)
and six pyrazole 3- and 5-methine resonances44—156)
for the Tp* ligand. Carbonyl ligand resonances are observed
in the range® 274—287 Qwc = 189-196 Hz) and 272—

282 @Gwc = 160-165 Hz) for the oxo and sulfido complexes,

of Tp*WSCI(CO) are ascribed to the comparable rates of respectively. These are significantly deshielded compared to

formation and subsequent (ill-defined) reactions of the he carbonyl resonance of WOQLO)(PMePh), at o
complex. These complexes are not accessible via SAT 1034 41820 The 31p resonances of the oxo complexes are

Tp*WX(CO)x, with [Tp*W(CO)]2(u-S) being the major  ghie|ded relative to the signals of their sulfido analogues, as

product of these reactiof$SAT has been employed in the
synthesis of a number of mononuclear sulfidomolybdetithh
and -tungstet>” complexes. It is likely that the reactions
of Tp*WX(«?-MeCN)(CO) with propylene sulfide proceed
via displacement of the labile nitrile ligafidby propylene
sulfide, followed by the elimination of propene.

The halo complexes are brown in the solid state but
dissolve to give green-brown (> ClI, Br) or orange-brown
(X =1) solutions; the dithiophosphinate complexes are green
in both phases. The air-stable, diamagnetic species are solubl
in chlorinated solvents and tetrahydrofuran but insoluble in
hydrocarbons and alcohols.

The solid-state IR spectra of the complexes reveal bands
characteristic of terminal chalcogenide, carbonyl, and Tp*
ligands. The solution spectra of the oxo and sulfido com-
plexes exhibit a single’(CO) band in the regions 1995
1965 and 19761937 cm?, respectively. The data indicate
a greater degree of E= W & donation and W— CO &

(50) Eagle, A. A. Ph.D. Dissertation, The University of Melbourne,
Parkville, Victoria, Australia, 1996.

(51) Stobie, K. M.; Bell, Z. R.; Munhoven, T. W.; Maher, J. P.; McCleverty,
J. A,; Ward, M. D.; Mclnnes, E. J. L.; Totti, F.; Gatteschi, Dalton
Trans.2003 36—45.

(52) Eagle, A. A.; Gable, R. W.; Thomas, S.; Sproules, S. A.; Young, C.
G. Polyhedron2004 23, 385-394.

(53) Thomas, S.; Tiekink, E. R. T.; Young, C. (Borg. Chem1994 33,
1416-1420.

(54) Eagle, A. A;; Laughlin, L. J.; Young, C. G.; Tiekink, E. R. J.Am.
Chem. Soc1992 114, 9195-9197.

(55) Young, C. G.; Laughlin, L. J.; Colmanet, S.; Scrofani, S. Dir8rg.
Chem.1996 35, 5368-5377.

(56) Smith, P. D.; Slizys, D. A.; George, G. N.; Young, C.JGAm. Chem.
S0c.200Q 122 2946-2947.

(57) Young, C. G.; Bruck, M. A.; Enemark, J. thorg. Chem1992 31,
593-598.
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previously observed for Tp*MoE¢BR,)>® and TPMoE(S-
PR) [Tp’ = hydro(5-isopropylpyrazolyl)bis(3-isopropylpyra-
zolyl)borate]®®

The low-energy bands in the UWis spectra of the
complexes are assigned te-d transitions. Similarly, single
bands observed in the electronic spectra of WHEGD)-
(PMePh), (E = O, red-purple; E= S, green) were assigned
to the dy — di/dy, (n — z*) transition. A lower energy
transition was also observed for WS@O)(PMePh), (696

%m) compared to WO@ICO)(PMePh), (498 nm)?° The two

d—d transitions observed imply the nondegeneracy of the
di, and d, orbitals. The bonding in carbonyloxo and
carbonylsulfido complexes has been discussed; only the cis
conformation provides the orbital overlap necessary for the
simultaneous stabilization of thebase andr-acid ligand$°23

Synthesis and Characterization of Tp*WI(CO)(u-O)-
WOITp*

Thermal decarbonylation of Tp*WOI(CO) in toluene
results in the formation of dark-purple Tp*WI(C@}O)-
WOITp* (eq 2). The mechanism of the reaction is likely to
involve decarbonylation of Tp*WOI(CO) and attack of
unsaturated “Tp*WOI” by a second Tp*WOI(CO) molecule.
The complex is soluble in chlorinated solvents, tetrahydro-
furan, and aromatic hydrocarbons and insoluble in alcohols
and aliphatic hydrocarbons.

2Tp*WOI(CO)— Tp*WI(CO)(u-O)WOITp* + CO(Qg) (2)

(58) Laughlin, L. J.; Young, C. Glnorg. Chem.1996 35, 1050-1058.
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The IR spectrum of the complex exhibits bands attributable Table 3. Selected Bond Distances (A) and Bond Angles (deg) for

to the carbonyl}(CO) 1870 cm?], terminal oxo p(W=0)
962 cml], u-oxo [vadWOW) 788 cm?], and Tp* ligands.
Thev(CO) band is close in energy to the corresponding band
in the W' complex Tp*Wh(CO) [»(CO) = 1876 cnr].>®
Thev,dWOW) band is in the range typical of related species,
e.g., Tp*WQ(u-O)WO(CO)Tp* (820 cmt),2* Tp*MoO,-
(u-O)MoOCITp* (750 cm1),5° and [WO(QR)(HOR)]2(u-
0) (O.R = cyclic 1,2-diolate, 762791 cn?).6t

The'H NMR spectrum of the complex exhibits 12 methyl

resonances and 6 methine resonances, consistent with mo-

lecular C; symmetry. The*C{'H} NMR spectrum of the
complex also displays a resonance pattern indicative of
molecularC; symmetry (Table S1 in the Supporting Infor-
mation). A resonance @ 219.8 is assigned to the carbonyl
carbon {wc not observed).

The electronic spectrum of Tp*WI(CQXO)WOITp* is
dominated by an intense band at 520 rm=(28 500 Mt
cm™1). The energy and intensity of this band are typical of
the WOW chromophore, as observed in related complexes,
including {WCls}»(u-O)]* (535 nm; e = 19000 M?
cm1)32 and [CpW(Me)]x(u-O) (525 nm;e = 23 600 M
cm1).%2 Molecular orbital treatments have been reported for
the electronic structures of the MOM fragmént? the

Tp*WE(S:PPh)(CO)
E=0 E=S

W-E 1.698(4) 2.135(4)
W-S1 2.4545(15) 2.448(3)
W-N11 2.286(4) 2.281(10)
W—N21 2.198(4) 2.199(9)
W—N31 2.170(4) 2.188(9)
wW-C1 2.005(5) 2.012(12)
P1-S1 2.0631(18) 2.063(4)
P1-S2 1.9488(19) 1.961(4)
C1-01 1.145(6) 1.099(15)
E-W-S1 102.48(14) 99.79(14)
E-W-N11 173.65(16) 171.4(3)
E—-W-N21 95.60(17) 102.7(2)
E—W-N31 94.78(17) 96.9(3)
E-W-C1 91.3(2) 89.2(4)
S1-W-N11 83.83(11) 84.9(3)
S1-W-N21 84.77(11) 84.0(2)
S1-W-N31 159.93(11) 161.4(3)
S1-W-C1 96.55(16) 97.5(4)
N11-W-N21 84.23(15) 84.9(3)
N11-W-N31 78.89(15) 79.6(4)
N21-W—-N31 83.41(15) 84.3(3)
N11-W-C1 88.59(18) 83.1(4)
N21-W-C1 172.52(18) 167.7(4)
N31-W-C1 93.18(18) 90.9(4)
W-S1-P1 110.43(7) 112.51(15)
W-C1-01 171.2(5) 167.8(13)
S1-P1-S2 119.21(9) 120.1(2)

diamagnetism of these complexes can be explained in terms
and angles are collected in Table 3. The molecule contains
fragment, a feature invoked to explain the diamagnetism of a six-coordinate, distorted octahedral tungsten center coor-
dinated by dactridentate Tp* ligand and mutually cis, oxo,
properties and metrical data (vide infra) of the complex are carbonyl, and monodentate diphenyldithiophosphinate ligands.
The greatest angular distortions from ideal octahedral
species, possessing a filled, delocalized three-center (W geometry are the acute-NWV—N bond angles [78.89(15)
84.23(15)] and an SE+W—N31 angle of 159.93(11)(vs

that back-bonds to the carbonyl ligand. A detailed description the ideal angle of 189). The O-W—-S1 angle of 102.48-

of the bonding in the complex must await further spectro- (14)° also deviates from the ideal octahedral angle df. 90
The W=0 bond distance of 1.698(4) A is indicative of a
multiple bond and is close to the mean distance for known
monooxotungsten(lV) specié€scomparing well with the

(OP1)3}, which is soluble in chlorinated solvents, tetrany- W=0 borlléjzodistance of 1.689(6) A in WORCO)-
drofuran, aromatic hydrocarbons, acetonitrile, and ether but (PMePR)2.2*2°The carbonyl ligand is nearly perpendicular

insoluble in alcohols and aliphatic hydrocarbons. The reac- t0 the oxotungsten moiety, with(O—W—C1) = 91.3(2)
[cf. 89.6(3) in WOCI(CO)(PMePh),]. A slight bend in the

carbonyl ligand [J(W—C1-01) = 171.2(5}] indicates steric
crowding by the terminal sulfur atom of the diphenyldithio-
phosphinate ligand and/or a partial interaction between the
S2 and C1 atom®, the W---S2 separation is4.0 A. The
W—S1 bond length of 2.4545(15) A is indicative of a-V8
single bon&* and precludes significant interactions. The
W-S1-P1 angle of 110.43(7)approximates the tetrahedral
angle, consistent with 8phybridization of S1. The PS
bonds of the dithiophosphinate ligand approximate those
found in the free acid, HSP(S)Pfd(P—S) = 2.077(1) A,;
d(P=S) = 1.954(1) X9 Finally, the W—N11 bond trans to
the oxo ligand is ca. 0.1 A longer than the other twe-W
bonds because of the trans influence of the oxo ligand.

of spin pairing throughr interactions within the WOW
dinuclear, d—d!, u-oxo complexe$* The spectroscopic
consistent with the presence of a'"VWV mixed-valence

O—W) & bond and a localized (on W, filled d, orbital

scopic and computational studies.

Decarbonylation of Tp*W@®S,P(OPI),} (CO) produces
good yields of violet, air-stable, diamagnetic Tp*\W8&P-

tions of Tp*WS(SPR,)(CO) (R = OEt, Ph) with pyridine
N-oxide result in the formation of oxosulfido complexes,
Tp*WOS(SPR), as described elsewhere?

Crystal Structures. The molecular structure of Tp*WO-
(S:PPh)(CO) is shown in Figure 1, and selected distances

(59) We have prepared this complex from the reaction of Tp*WI(CO)
with iodine. The paramagnetic complex< 1.79) exhibits a contact-
shifted NMR spectrum and an IR spectrum containing bands typical
of Tp* and ar(CO) band at 1876 cm. X-ray diffraction has shown
the complex to be mononuclear, but the iodo and carbonyl ligands
were disordered.
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In the lattice, molecules are linked into discernible chains Table 4. Selected Bond Distances (&) and Bond Angles (deg) for
. . . . . %! *
aligned along thea axis via C23-H-+-S2 interactions so  1P"WI(CO)-O)WOITp™.

that H--S2 is 2.87 A, C23::S2is 3.743(7) A, and the angle ~ wW1-01 1.9105103 w212 2.759?(1?)
; - W1-02 1.719(10 w2C3 1.928(17
at H is 156 (symmetry Qperatlon =1+ XYy, 2. . Wi 27605(14) W2NaL 2109(13)
Structurally characterized examples of monomeric orga- wi-N11 2.186(13) W2N51 2.160(13)
nometallic oxotungsten(lV) complexes remain relatively wijmgi géig(g) ‘évfgf ! ﬁgg(ig)
rare® The crystal structure of Tp*WOEEPh)(CO) is only WosO1 1:871510; 133(19)
the second example of a nondisordered, mononuclear car-
bonyloxo complex, with the other being WQELO)- 01-W1-02 102.1(5) Orw2-C3 92.3(5)
01-W1-11 94.7(3) OL-W2-12 106.6(3)
(PMePh),.19:20
: 01-W1-N11  164.6(5) Ot+W2-N41  167.6(5)
The molecular structure of Tp*WS{8BPh)(CO) is shown 81—%1—“21 giégg 8:%5_%1 g(l).igg
in Figure 2, and selected c_Jlstances and angles are C7E>Ilected027\,v17I1 93.8(4) CI W12 89.7(5)
in Table 3. The structure is analogous to that of Tp*WO- o>—w1-N11 92.5(5) C3-W2—N41 93.0(6)
(S;PPh)(CO) but with a terminal sulfido ligand in place of 82—%1—%1 132222)) ggwg—mgi 13‘;-2((3
the oxo ligand. 'I_'h(_e greatest dlstorthns from ideal octahedral M W1—N11 89.3(3) I W2—N41 84.6(3)
geometry are similar to those detailed above for Tp*WO- |1-w1-N21 167.1(4) I2W2—N51 162.4(3)
(S.PPh)(CO); see Table 3. The structure of Tp*WZREh)- :\}:L_lw\}\ZLN?\llZl ?g-gg Ir\i\iVS\/_zN?\Jlﬁ ?g-g%
(CO) is the first reported for a monomeric carbonylsulfido NII-WI-N31  81.0(d) NALW2-N61  84.4(5)
complex of any metal. N21-W1-N31  84.7(5) N5+W2-N61  88.1(5)
The W—S1 bond distance of 2.135(4) A is indicative ofa ~W1—01-W2  173.1(6) W2-C3-03 175.5(16)

W-—S multiple bond® This is in agreement with the %S ) ) . )
distances observed for other mononuclear sulfidotungsten-CarPonyl, iodo, and tridentatac Tp* ligands, while oxo,

(IV) complexes, e.g., WS€-PhGPh)(SCNEb),,6” WS- iodo, and tridentatéac Tp* ligands coordinate to W2. The
PhGPh)(SCNEL)(SCNEE).  WS(SCNED)(7-CPhH) s> carbonyl and iodide ligands on adjacent W atoms are syn
TP*WS(SCNEL),5” and Tp*WS(SPPh)®2 [in the range and the oxo and iodide ligands anti; this arrangement is

2.103(4)-2.153(2) A]. The carbonyl ligand lies perpendicular €Onsistent with molecula€, symmetry. The Wil and
to the W=S bond axis [J(S—-W—C1) 89.2(4)]. The car- W2—12 distances of 2.7605(14) and 2.7593(13) A, respec-

bony! ligand is bentl(W—C1—01) = 167.8(13J], and the tively, are experimentally equivalent and compare well with
thiophosphinate S2 atom is proximal to the C1 atom of the Values reported for [CpMoOiu-O) [2.709(1) A The
carbony! ligand as described above. The-84 bond length W —N bond trans to O2 was elongated by just over 0.1 A
of 2.448(3) A is indicative of a WS single bond* The compared to the other WN bonds.
W-S1-P1 bond angle of 112.51(15ppproximates the A number of dinuclear gxo-brldged W complexes ha\{e
tetrahedral angle for S1. The ¥W11 bond distance trans ~P&en structurally characterized. The geometry at the bridging
to the sulfido ligand is the longest, consistent with the trans 0Xygen varies considerably, from bent in (tcn)W0)-
influence of the sulfido ligand. WO(Q,)2(H20) (tcn= 1,4, 7-triazacyclononane) [152.2(R}

The face-centered orthorhombic lattice of Tp*Wg{Bh)- and [W(O)_(chpd)(Hchpg)Iﬂ-_O) (c_hpd — transcyclohefz-
(CO)0.5CHCE comprises 16 molecules of the complex as t@ne-1,2-diol) [154'3(5?_ 72t° linear in [CQW(Me)]Z(”'O)'n
well as 8 disordered (about a 2-fold axis) chloroform L{WO(Citrate}2(u-0)]*"," and [WO(CHCMe)s]o(1-O).
molecules. The closest non-H contacts of 3.024(11) A Intermediate degrees of ber;gimg are observed in TpAWO
involve the CI1 atom, lying on a 2-fold axis, and a pair of “O)WO(CO)Tp* [169.2(2]] an;;jl the molybdenum com-
carbonyl O1 atoms (symmetry operations:—%, + y, =, plexes Fp*MOQ]Z%"O) [167.1(2)]" and [(HBpz)MoOClI]>-
+ zandY — x, =y, =Y + 2). In this way, complex (u-O) [177.3(2)]_. Metal-bridging oxo bond distances in
molecules are associated into pairs about a 2-fold axis COMPIExes of this type range from 1.829(4) to 1.977(10) A.
mediated by the chloroform molecules. The dinuclear complex crystallizes as the dichloromethane

The molecular structure of Tp*WI(CQ)(O)WOITp* is hemisolvate. The dichloromethane molecule is positioned so

shown in Figure 3, and selected bond distances and angleé"lS to bridge two methytH atoms of the Tp* ligand bound

- - .~ _to the W1 atom via C#-H contacts, i.e., C35H-:-CI1 is
are presented in Table 4. The dinuclear complex comprises : v -
two six-coordinate, distorted octahedral tungsten centersi'l_4 A fn_d sz T Cf dl('js't'z.%llA (t? m&nert]:y oper;tlon.
linked by a single oxo ligand; the bridge is characterized by % Y, 2). itionaily, the dichioromethane
W1-01 and W2-0O1 distances of 1.910(10) and 1.871(10)

(70) Prout, K.; Couldwell, CActa Crystallogr., Sect. R98Q 36, 1481~

A, respectively, and a near-linear WD1-W2 angle of 1482.
173.1(6}. The coordination sphere of W1 is completed by (71) SSCfégib;lrég-z; Wieghardt, K.; Nuber, B.; WeissPdlyhedron1989
(72) Llopis, E.; Rarfrez, J. A.; Domaech, A.: Cervilla, AJ. Chem. Soc.,

(67) Morrow, J. R.; Tonker, T. L.; Templeton, J. Qrganometallics1985 Dalton Trans.1993 1121-1124.

4, 745-750. (73) Feinstein-Jaffe, I.; Gibson, D.; Lippard, S. J.; Schrock, R. R.; Spool,
(68) Brower, D. C.; Tonker, T. L.; Morrow, J. R.; Rivers, D. S.; Templeton, A. J. Am. Chem. S0d.984 106, 6305-6310.

J. L. Organometallics1986 5, 1093-1097. (74) Barnhart, K. M.; Enemark, J. Hcta Crystallogr., Sect. @984 40,
(69) Feng, S. G.; Gamble, A. S.; Templeton, JArganometallics1989 1362-1364.

8, 2024-2031. (75) Lincoln, S.; Koch, S. Alnorg. Chem.1986 25, 1594-1602.
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molecule bridges, again via CiH interactions (C55H--- ligands. A unique W/WV mixed-valence complex is pro-

Cl1 is 3.15 A for symmetry operation + x, —y, —2), duced upon decarbonylation of Tp*WOI(CO).

symmetry-related complexes thereby providing links that
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