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The tosylate§-toluenesulfonate) cluster [BN][WeClg(p-OSOG:CsH4CHs)g] (1) has been prepared and characterized

by IR and NMR spectroscopy, elemental analysis, and an X-ray crystal structure. This cluster complex is shown
to be a useful starting material for the preparation of pseudohalide clustegdl]pBA/sCls(NCQ)] (Q = O (2),

S (3), and Se 4)), in high yields. Clustef also serves as a precursor to the new cluster commpoundgN]Bu
[WeClg(O2CCHg)e] (5), [BUaN]2[WeClg{ (u-NC)Mn(COR(CsHs)}e] (6), [WeCle{ (-NC)RU(PPRB)2(CsHs)} 6] -
OSGCeHACH3]4 (7), and [WEClg{ (u-NC)Os(PPB)2(CsHs)}6l[ p-OSOQ:CeH4CHsl4 (8). X-ray crystal structures

are reported fod, 4, and5.

Introduction

The group 5 and 6 metal halide clustersgioXe]"™ (M =
Nb or Ta; X=Y = ClI, Br, or I) and [MsY gXg]"™ (M = Mo or
W; X =Y = CI, Br, or I) have been the focus of recent
researci. These materials are structurally related to the super-
conducting Chevrel phas&sand typically exhibit interesting

electrochemical and photophysical properties. For example,

clusters of the type [Te&lsXe]"™ exhibit up to five electro-
chemically accessible oxidation stafesnd [Ma;ClgClg]2~ has

an unusually long-lived excited st&t@hese complexes contain

a substitutionally inert inner cor€MgY 124" or {MgY g}t (Y

= halide), surrounded by six axial ligands. The axial ligands
can be terminal or bridging, giving discrete clusters or extended

arrays of clusters, respectively. Recently, new extended arrays

perchloraté/ nitratel8-20 tetrafluoroboraté? 224 alcohols?®
and solvent moleculéshave been employed for this purpose.
The triflate ligand is attractive for this purpose because its
coordination to the cluster core can be conveniently monitored
by IR spectroscopy*?’ also triflate lacks the treacherous
explosive properties of perchlorate in the presence of low-
oxidation-state metals. The triflate ligand has been used
extensively in our group to develop the substitution chemistry
of niobium-* tantalum-+'2and molybdenum-containif14.28.29
clusters.

For example, the cluster [BN]2[WClg(OSOQ,CFR3)e] can be
used to synthesize [BN][WeClgXe] (X = F-, CI-, Br——,
7, NCO, NCS", or NCSe) and [WsClg(O=PPh)e][OSO,-
CR3]4.1516The substitution chemistry of this material is limited

of these materials have been generated by introducing a variety(;3) johnston, D. H.; Stern, C. L.; Shriver, D.IForg. Chem1993 32,

of axial ligands to link the cluster core units through covalent
or hydrogen bondin§-1°

The axial ligands, X, in discrete group 5 or 6 metal halide
clusters are more labile than the inner ligands, Y. In addition,
replacement of the halide ligands by more weakly coordinating
ligands enhances ligand substitution. Ligands such as tifigie,
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by the basicity of the incoming ligand, so clusters such as a platinum-foil counter electrode were employed in a single compart-

[BuaN]2[WeClg(O,CCHg)g] and [BuN]2[WeClg(N3)g] were un-
available from [BuN]2[WeClg(OSOCFs)g].
A variety of polynuclear complexes containing the ambiden

cyanide group as a bridging ligand are known. These materials
exhibit a variety of interesting properties, including electron

transfer between remote sit&s multielectron transfe#! 32
intervalent charge transfét333> and intramolecular energy

ment cell. The reference electrode was a commercial (BAS) Ag/AgCl
electrode, which was separated from the bulk solution by a porous

t Vycor tip. All electrochemical experiments were carried out at room

temperature in dry MNpurged cells with degassed solvents. The
electrolyte [BUN][BF ] was recrystallized from methanol/diethyl ether.
All manipulations were carried out under an atmosphere of nitrogen
using a standard glovebox, a Schlenk line, and syringe techntfues.
Solvents were dried using standard procedures and freshly distilled

transfer$6-3° Prussian blue is a well-characterized example of immediately before use. Reagents were purchased from Aldrich and
such a complex. It consists of a three-dimensional cubic array used without further purification. The cluster {B)[WClgCls]-6H,0

of iron(lll) centers coordinated to six [FECN)g]4~ groups, and

was prepared by a literature rotitend was converted to its tetra-

its intense blue color is attributed to light-induced charge transfer butylammonium salt by metathesis with [BYUCI. The bis(triphenyl-

between the iron(ll) and iron(lll) centef&40:41

The basicity of the nitrogen end of cyanide is typically higher

in electron-rich complexe®:#245 This property has been

employed to prepare cluster systems which contain organo-

phosphine)iminium [PPN] benzyltrimethylammonium [BzM#&l]*,
and tetraphenylarsonium [pP&s]* salts of the cluster were prepared
in an analogous manner. The complexes [AJHE)MNn(CO)(CN)]
([A] = [BuaN]*, [PPN]", [BzMesN]™, or [PhAs]*),*® (CsHs)Ru-
(PPR)2(CN),*® and (GHs)Os(PPB)(CN)*® were prepared by literature

metallic complexes attached to a cluster framework through rotes or slight variations thereof. The compound JBU[WeCle-

bridging cyanide ligands. Forexample, the complex [(OG)FPNC)-
Mn(CsH4CHsz)(CO)]4 was prepared from [RECO,)(OC(O)-
CHa)4][CH3COOH} and Na[(GHs)Mn(CO),(CN)].4 Also, the
triflate ligands of [M@Clg(OSQ,CFs),]2~ can be displaced by
either [(GHs)Mn(COXR(CN)]~ or (CsHs)Ru(PPh)(CN) to

(OSOCR)q] (1) was prepared as previously descriBed.

Synthesis of [BuN][WClg(p-OSO,CsH4CH3)g] (1). A Schlenk
flask was charged with [BiN],[WeClgClg] (0.419 g, 0.201 mmol) and
AgOSQCeH4CH; (0.555 g, 2.00 mmol) in the glovebox. Dichloro-
methane (20 mL) was added, and the suspension was stirred in the

generate 12-metal clusters containing six organometallic com- absence of light fo5 h and then filtered through Celite. The yellow
plexes in the axial positions connected to the cluster core throughf"trate was concentrated to 5 mL, and diethyl ether was added dropwise

cyanide bridge$?

(15 mL), resulting in a yellow precipitate, which was isolated by
vacuum filtration, washed with ED (3 x 5 mL), and dried in vacuo

In this paper we describe the synthesis and characterlzann,[0 yield 0.475 g (82%) ofL. Anal. Calcd for GaHs1ClsO1sNoSW:

of [BusN][WeClg(p-OSOQ,CsH4CHs)g] (2) and its use to extend
the substitution chemistry developed using JB{s[WsCls-
(OSOLR)el-

Experimental Section

IR spectra were obtained using a Bomem MB-100 Fourier transform

infrared (FTIR) spectrometer with 2 crhresolution on samples in
solution, using Cagsolution cells with a 0.1 mm path length or as
Nujol mulls sandwiched between KBr plates. UV/Visible (BVis)

spectra were obtained using a Cary 1E UV/Vis spectrometer in 1.0 cm

path length cells equipped to exclude ail and *C NMR spectra

were recorded at 400 and 101 MHz, respectively, using a Varian
Mercury-400 spectrometer. Elemental analyses were carried out by
Midwest Microlabs. Mass spectra were obtained at the Analytical

Services laboratory at Northwestern University.

Cyclic voltammograms were obtained with a Bioanalytical Systems
100B electrochemical analyzer. A platinum-disk working electrode and

(30) Vogler, A.; Kunkley, H.Inorg. Chim. Actal1988 150, 1.
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(43) Oswald, B.; Powel, A. K.; Rashwan, F.; Heinze, J.; Vahrenkamp, H.

Chem. Ber199Q 123 243.

(44) Deeming, A. J.; Proud, G. P.; Dawes, H. M.; Hursthouse, MJ.B.
Chem. Soc., Dalton Tran4988 2475.

(45) Braunstein, P.; Oswald, B.; Tiripicchio, A.; Camellini, M. Angew.
Chem., Int. Ed. Engl199Q 29, 1140.

C, 30.66; H, 3.96; N, 0.97. Found: C, 30.64; H, 4.00; N, 0.93.
NMR (CD,Cl,): 2.38 (s, 18HHsC), 7.22 (d, 12 H, Hortho to CH),
7.63 (d, 12 H, Horthoto SG;) ppm.13C NMR (CD,Cly): 21.8 (CH3),
126.7 (Corthoto CHg), 129.5 (Corthoto SG;), 139.9 {pso-C—CHj),
142.0 (psoC—SG;).

Synthesis of [BuN]2[WClg(NCO)g] (2). A solution of NaNCO
(0.027 g, 0.415 mmol) in 2 mL of methanol was added to a Schlenk
flask charged withl (0.180 g, 0.0621 mmol) and 2 mL of ethanol.
This NaNCO solution was added to the cluster, resulting in the
formation of a precipitate, which was isolated by filtration and washed
with 3 x 5 mL of methanol. The solid was dissolved in 2 mL of £},
the solution was filtered, and 5 mL of diethyl ether was added dropwise
to the filtrate, resulting in the formation of a yellow precipitate, which
was isolated by filtration, washed with>3 3 mL of diethyl ether, and
dried in vacuo to yield 0.073 g (56%) @ Anal. Calcd for G;H72
ClgNgOeWs: C, 21.49; H, 3.42; N, 5.28. Found: C, 21.42; H, 3.48; N,
5.23.

Synthesis of [BuN]J[WsClg(NCS)] (3) and [BusN][WeClg-
(NCSe}] (4). A solution of KNCS (0.033 g, 0.340 mmol) in 2 mL of
methanol was prepared. A Schlenk flask was charged Witrat was
dissolved in 2 mL of methanol. The KNCS solution was added, resulting
in the formation of a brown precipitate. The solution was filtered
immediately to remove MeOH, the resulting residue was dissolved in
6 mL of CH.CI, and filtered, and the volume was reduced to
approximately 2 mL. Diethyl ether (5 mL) was added dropwise,
resulting in a yellow precipitate, which was isolated by filtration, washed
with 3 x 2 mL of EtO, and dried in vacuo to yield 0.052 g (56%) of
3. Cluster4 was prepared by an analogous procedure using KNCSe
(0.045 g, 0.312 mmol) antl (0.103 g, 0.0355 mmol). Yield: 0.047 g
(53%). Anal. Calcd for GgH7.ClgNsSsWe: C, 20.56; H, 3.27; N, 5.05.
Found: C, 20.54; H, 3.31; N, 5.08. Anal. Calcd fogg7.ClgNg-
SeWs C, 18.24; H, 2.90; N, 4.48. Found: C, 18.11; H, 2.80; N, 4.43.

Synthesis of [BuN]2[W sClg(O2CCH3)g] (5). A solution of sodium
acetate (0.035 g, 0.257 mmol) in 1 mL of methanol was prepared. A
Schlenk flask was charged with 0.080 g (0.0276 mmol}l @nd 0.5
mL of methanol. The NaOAc solution was added to the cluster solution

(46) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-Sensite
Compounds2nd ed.; John Wiley & Sons: New York, 1986.

(47) Dorman, W. C.; McCarley, R. Bnorg. Chem.1974 13, 491.

(48) Fischer, E. O.; Schneider, R. JJJOrganomet. Cheni968 12, 27.

(49) Baird, G. J.; Davies, S. @G. Organomet. Chenl984 262 215.
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via syringe, and the reaction mixture was stirred for 3 min, followed
by the removal of CEHOH under vacuum. Dichloromethane (2 mL)
was then added to the yellow/brown solid, the resulting solution was
filtered, and the insoluble material was washed withx 21 mL of
CH.Cl,. The filtrate was layered with diethyl ether (5 mL), resulting
in the formation of a light brown oil. The Ci€I,/Et,O mixture was
decanted from the oil, and 3 mL of 22 was added. The flask was

swirled, and the ether was decanted. This process was repeated three

times, resulting in a yellow solid, which was isolated by filtration,
washed with diethyl ether (% 2 mL), and dried in vacuo to yield
0.028 g (46%) ob. Anal. Calcd for GsHgoClgN2012We: C, 23.74; H,
4.08; N, 1.26. Found: C, 24.05; H, 4.17; N, 1.38.NMR (CDCl):
2.00 ppm (s,—OC(O)CH53).

Synthesis of [BuN][WeClg{ (u-NCY)Mn(CO)(CsHs)}e] (6). A
Schlenk flask was charged wifh(0.068 g, 0.0234 mmol) and [BN]-
[(CsHs)MN(CO)X(CN)] (0.081 g, 0.182 mmol). Dichloromethane was
added (5 mL), and the red/brown solution was stirred for 2 h.
Concentration of the solution to approximately 2 mL, followed by
careful addition of diethyl ether, resulted in the formation of a red/
brown precipitate, which was isolated by filtration, washed witk 3
3 mL of diethyl ether, and dried in vacuo to yield 0.042 g (58%) of
product. Anal. Calcd for gH10ClsMneNsO1We: C, 31.16; H, 3.33;

N, 3.63. Found: C, 31.85; H, 3.58; N, 3.82.

Synthesis of [V\éclg{ ([l-NC)RU(PPhg)z(CsHs)} 6][ QOSOzCGH4CH3]4
(7). To a Schlenk flask charged with (0.102 g, 0.0369 mmol) and
(CsHs)Ru(PPR)2(CN) (0.163 g, 0.227 mmol), 10 mL of dichloro-
methane was added. The solution was stirredfh and concentrated
to 3 mL, and diethyl ether (8 mL) was added dropwise, resulting in a
yellow precipitate, which was isolated by filtration, washed with diethyl
ether (3x 5 mL), and dried in vacuo to yield 0.168 g (73%) of product.
Anal. Calcd for di"zggClgNaOlzplzRUe&WG: C, 5278, H, 376, N,
1.32. Found: C, 51.27; H, 3.43; N, 1.17.

Synthesis of [WAClg{ (#-NC)Os(PPh)(CsHs)} e][ p-OSO,CeH4CH3l4
(8). A Schlenk flask was charged with(0.164 g, 0.0592 mmol) and
(CsHs)Os(PPh)2(CN) (0.289 g, 0.358 mmol). Dichloromethane was
added (8 mL), and the solution was stirred for 3 h. The solution was
concentrated in volume to approximately 3 mL, and diethyl ether (7
mL) was added dropwise, resulting in a yellow/red precipitate, which
was isolated by filtration, washed with diethyl etherx35 mL), and
dried in vacuo to yield 0.345 g (86%) of product. Anal. Calcd for
C23d4233C|3N5012055P1254W5: C, 4869, H, 347, N, 1.22. Found: C,
48.08; H, 3.28; N, 1.17.

Crystal Structures of [BusN]j[WeClg(p-OSO,CeH4CH3)e] (1),
[BU4N]2[W5C|3(NCSE);]‘Eth‘llchzclz (4), and [BU4N]2[\N5C|3-
(O2CCHpy3)g] (5). Yellow crystals ofl, 4, and5 were grown by slow
diffusion of diethyl ether into a C¥Cl, solution of the cluster. Crystals
measuring 0.25 0.20 x 0.34 mm forl, 0.03x 0.15x 0.04 mm for
4, 0r 0.11x 0.07 x 0.27 mm for5 were mounted on individual glass
fibers using Paratone-N oil (Exxon) and transferred to thecbld
stream 120°C) of a Bruker CCD diffractometer. All measurements
were made with graphite-monochromated Ma Kadiation. A set of
25 carefully centered reflections was used to determine the cell
constants. On the basis of the systematic absencdd @ & 2n), hol
(I £ 2n), andhk0 (h £ 2n) the space group was determined toRiEEa
(# 61) for 1. Similarly, on the basis of the systematic absencesObf
(h+ 1 £ 2n) and &0 (k + 2n) the space group was determined to be
P2:/n (#14) for both4 and 5. Data were collected at120 °C to a
maximum 2 value of 56.6. For 1 and5, data were collected in 0.30
oscillations with 15.0 s exposure times, while fbthe exposure time

Weinert et al.

Table 1. IR Data for [BuN][WeClg(p-OSG:CeH4CHs)g] (1),
[BuaN][WeCls(OSQ.CFs)e] (9), and AgOSQ@CsH4CHjs in Nuijol
Mull

VaS(SQ%), Vs (Sos),
species cmt cm?t
AgOSOCeH4CH3 1194 1152
[BusN]J2[WeClg(p-OSO:CeH4CHa)e] (1) 1282 953
1158
[BusN][WeClg(OSOCRs)e] (9) 1346 997
1196

indexed absorption correction was applied. Minimum and maximum
transmission factors were 0.12 and 0.49, respectively.

In all cases, all calculations were carried out using the teXsan
crystallographic software package (Molecular Structure C&?dhe
structure was solved using direct methddsd expanded using Fourier
technigues. Neutral atom scattering factors were taken from Cromer
and WabeP? Anomalous dispersion effects were includedFigy. >3
The values ofAf" and Af"were those of Creagh and Hubb#&IIThe
values for the mass attenuation coefficients were those of Creagh and
McAuley 5%

For 1 and5, the non-hydrogen atoms were refined anisotropically
and the hydrogen atoms were included in idealized positions but not
refined. Owing to a paucity of data fdr, the tungsten atom, only the
selenium atoms, and the cluster anion chlorine atoms were refined
anisotropically, while the rest were refined isotropically. Hydrogen
atoms were included in idealized positions (except for on the disordered
carbon atoms on the cation and the solvent molecules) but not refined.
For 1, the final cycle of full matrix least-squares refinement feh
based on 8803 observed reflections and 542 variable parameters,
converged to aR value of 0.025R,, = 0.053). The standard deviation
of a unit weight was 1.36. Fot, the refinement was based on 2484
observed reflections and 211 variable parameters and converged (largest
parameter shift was 0.00 times its esd) toRaaalue of 0.044 R, =
0.088). The standard deviation of a unit weight was 1.36.3-&601
observed reflections and 325 variable parameters were employed and
the structure refinement converged toRwalue of 0.046 R, = 0.061),
with a 1.33 standard deviation of a unit weight.

In all cases, the weighting scheme was based on counting statistics.
Plots of SW(|Fo| — |Fe|)? vs |Fo|, reflection order in data collection,
sin O/, and various classes of indices showed no unusual trends. The
maximum and minimum peaks on the final difference Fourier map
corresponded to 2.07 an€ll.27 e/A3 (1), 2.11 and-1.31 e/ A3 (4),
and 2.52 and-1.39 e/A3 (5), respectively, and were located in the
vicinity of the tungsten positions in all cases.

Results and Discussion

The tosylate clusterl can be prepared from [BN].-
[WeClgClg] and silver tosylate in excellent yield. IR data for
and AgOSQC¢HsCH3 is summarized in Table 1. Assign-
ments of the S@stretching bands is based on comparison with
those of [Bule[W5C|8(OSQCF3)6] (9),15 [BU4N]2[MOGC|3-
(OSQCFS)G],M [BU4N]2[M06C|8(OSQCGH4CH3)5],56 and sev-
eral mononuclear complexes containing tosylate ligands bound

(50) Texsan, Crystal Structure Analysis Packad#olecular Structure
Corporation: The Woodlands, TX, 1985 and 1992.

was 25.0 s. The crystal-to-detector distance was 50.00 mm, and the(51) Sheldrick, G. M. SHELXS86. InCrystallographic Computing3

detector swing angle was 280 all cases. Fof, a total of 91 185
reflections were collected of which 13 082 were unigBg & 0.053).
The data were corrected for Lorentz and polarization effectd, fdy

Sheldrick, G. M., Kruger, C., Goddard, R., Eds.; Oxford University
Press: Oxford, 1985; pp 173.89.

(52) Cromer, D. T.; Waber, J. Toternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, England, 1974; Vol. IV.

and5. For 1, a Gaussian face-indexed absorption correction was used (53) |pers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781.

and a correction for secondary extinction was applied (coefficient
3.675€?). Minimum and maximum transmission factors were 0.14 and
0.28, respectively. Fat, of the 34 036 reflections which were collected
9144 were uniqueRn = 0.121). An integration absorption correction

was applied. Minimum and maximum transmission factors were 0.2847

and 0.696 8, respectively. Fé&; a total of 29 822 reflections were
collected of which 7995 were uniquBi{ = 0.056). An analytical face-

(54) Creagh, D. C.; Hubbell, J. Hhternational Tables for X-ray Crystal-
lography, Kluwer Academic Publishers: Boston, 1992; Vol. C, Table
2.3.4.3, pp 206-206.

(55) Creagh, D. C.; McAuley, W. Jinternational Tables for X-ray
Crystallography Kluwer Academic Publishers: Boston, 1992; Vol.
C.

(56) Johnston, D. H. Ph.D. Thesis, Northwestern University, Evanston, IL,
1993.
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Figure 1. ORTEP diagram of the cluster anion of [B[WeCls-
(OSQCeH4CHs)g]:2CH,CI; (1). Thermal ellipsoids are drawn at 50%
probability.

Table 2. Crystallographic Data for
[BU4N]2[W5C|g(0$QC§H4CH3)6]‘2 CH2C|2 (1‘2CH2C|2),
[BU4N]2[WGC|3(NCSG)5]‘EtzO‘l/QCHzclz (4'Et20’1/2CH2C|2), and
[BuaN]o[WeClg((OC(O)CH)e] (5)

CreH116C1 Ca2.8Hs7Clo- CusHooCls-

emp. formula OlgstGWG NgOS%Ws N2012W6
formula wt. 3068.67 2601.99 2225.93
space group Pbca(# 61) P2i/n(#14)  P2i/n (# 14)
a, 24.5320(6) 11.2034(9) 10.4369(1)
b, A 15.8886(5) 16.471(1) 14.182(2)
c, A 25.3159(4) 20.038(2) 21.891(3)
[, deg 95.256(2) 94.220(2)
v, A3 9867.61(5) 3680.0(5) 3231.5(6)
Z 4 2 2
Pealca g CMT 3 2.065 2.348 2.287
u,cmt(MoKa)  74.87 126.79 110.30
rad. Mo Ka) (A) 1=0.71069 1=0.71069 1=0.71069
T, °C —-120 —120 —-120
R(F)? 0.025 0.044 0.046
Ry(F)? 0.053 0.088 0.061

“R(F) = [3I(IFdl — IFDI/ZIFoll. °Ru(F) = [ZW(IFel — [Fe))¥
YIFod¥2 andw = 4F2/0%(Fo2).

to a metal center’ 61 The tosylate ligand is similar to the triflate
ligand in that the symmetry is lowered fro@s, to Cs upon
coordination to the cluster. This results in the splitting of the
degenerate,{ SGs) band in the free ligand at 1194 crinto
two bands at 1282 and 1158 cin The v{(SQs) stretch at 953
cm! is significantly lower in energy relative to that of
AgOSO:CeH4CHz at 1152 cmit. A similar effect was observed
for the v(SQs) band of the triflate cluster® and [BuN],-
[M06C|8(OSQCF3)6 14,15

An X-ray crystal structure ofl was obtained, the ORTEP
plot of the cluster anion is shown in Figure 1, crystallographic
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Table 3. Selected Bond Distances (A) and Angles (deg) for
[BuaN]o[WeCls(OSOQ:CsH4CHs)e] :2CH,Cl, (1-2CH,Cl,)

W(1)—0(1) 2.094(3) W(2)-0(4) 2.086(3)
W(3)-0(7) 2.099(3) S(1yO(1) 1.479(4)
S(1)-0(2) 1.486(5) S(1y0(3) 1.381(5)
S(1)y-C(1) 1.764(6) S(2y0(4) 1.504(4)
S(2)-0(5) 1.442(3) S(2)0(6) 1.439(4)
S(2)-C(8) 1.766(5) S(3Y0(7) 1.517(3)
S(3)-0(8) 1.443(4) S(3Y0(9) 1.432(4)
S(3)-C(15) 1.764(5)

W(QL)-O(1)-S(1) 141.9(2) W(2)O@)-S(2) 138.5(2)

W(3)-0(7)-S(3)  137.4(2)

the average WO—S bond angle is 139°3which are typical
values for tosylate groups bound to metal centers through one
oxygen aton$?61.6769 The benzene rings are nearly planar and
exhibit bond lengths and angles that closely resemble those of
the free ion’>71 The S=0 bond lengths for the uncoordinated
oxygen atoms are similar to the=® bond lengths in the free
ion, with an average value of 1.437 A. The-S bond for the
coordinated oxygen is elongated compared to those of the free
ligand, with an average length of 1.500 A. The environment
about the sulfur atoms approaches tetrahedral in all cases.

Clusterl is more stable in alcoholic solvents than the triflate
cluster9. While 9 becomes an intractable brown oil withir-3
min in methanol 1 is stable for up to 10 min. This difference
appears to originate from the tosylate anion functioning as a
stronger donor to the tungsten atoms relative to the triflate anion.
The pK,, of the tosylate ion is approximately 20, while that of
the triflate ion is about 2874 In this connection, clusters with
strongly donating ligands (chloride, thiocyanate, etc.) are stable
in methanol.

The greater stability of in methanol allows the preparation
of the pseudohalide clusteBs-4 to result in higher yields in
comparison to the triflate clust&:. Yields are typically 15
20% greater whed is used as the starting material instead of
9. When starting withl, analytically pure material was obtained
for clusters2—4 without recrystallization and X-ray quality
crystals of4 were easily grown. An ORTEP plot for the cluster
anion of 4 is shown in Figure 2, crystallographic data are
summarized in Table 2, and selected bond lengths and angles
are listed in Table 4. The spectroscopic characterizatioh of
has been previously reportétiThe selenocyanate ligands are
bound to the cluster in a manner analogous to those of
[BusN]2[MogBrg(NCSe}].*® The cluster core bond lengths and
angles of 4 are again typical for species containing the
{WeClg}#* unit.1:1516.6266 The W—N—C bond angles have an
average value of 16727which is considerably larger than that
of the thiocyanate ligands in [BN]2[WsClg(NCS)].1562 The
selenocyanate ligands are nearly linear, with an averagé-N

data are summarized in Table 2, and selected bond lengths and pong angle of 177°3 The average carbon-to-nitrogen

angles are summarized in Table 3. The structure of the
{WsClg}** core is similar to previously characterized tungsten
clusterst 15166266 The average WO distance is 2.093 A and

(57) Manhas, B. S.; Bhatia, V. Kl. Inorg. Nucl. Chem1975 37, 1799.

(58) Kapila, V. P.; Kapila, B.; Kumar, Sndian J. Chem1991, 30A 908.

(59) Ruther, R.; Huber, F.; Preut, Bl. Organomet. Cheni988 342 185.

(60) Coe, B. J.; McDonald, C. I.; Beddoes, R. Rolyhedron1998 17,
1997.

(61) Bailey, O. H.; Ludi, A.Inorg. Chem.1985 24, 2582.

(62) Zietlow, T. C.; Schaefer, W. P.; Sadeghi, B.; Hua, N.; Gray, H. B.
Inorg. Chem.1986 25, 2195.

(63) Stallmann, M.; Preetz, WZ. Anorg. Allg. Chem1999 625 567.

(64) Stallmann, M.; Preetz, WZ. Anorg. Allg. Chem200Q 626, 258.

(65) lhmaine, S.; Perrin, C.; Sergent, Hur. J. Solid State Inorg. Chem.
1997 34, 169.

(66) Healy, P. C.; Kepert, D. L.; Taylor, D.; White, A. H. Chem. Soc.,
Dalton Trans.1973 646.

distance of 1.06 A indicates the presence of-a\Qriple bond,
as expected, and the average & bond distance is 1.86 A.

(67) Harding, F. A.; Preece, M.; Robinson, S. D.; Henrick]rarg. Chim.
Acta 1986 118 L31.

(68) Harding, P. A.; Robinson, S. D.; Henrick, B. Chem. Soc., Dalton
Trans.198§ 415.

(69) Kolle, U.; Gorissen, R.; Wagner, Them. Ber1995 128 911.

(70) Rogers, R. D.; Bond, A. H.; Henry, R. Rcta Crystallogr., Sect. C
1991, C47, 168.

(71) Arora, S. K.; Sundaralingam, Mcta Crystallogr., Sect. B971 B27,
1293.

(72) Greenwood, N. N.; Earnshaw, 8hemistry of the Element8ergamon
Press: Oxford, 1984.

(73) March, J.Advanced Organic Chemistry4th ed.; John Wiley and
Sons: New York, 1992.

(74) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
John Wiley and Sons: New York, 1988.
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Figure 3. ORTEP diagram of the cluster anion of [B[WeCls-

Figure 2. ORTEP plot of the cluster anion of [BN]o[WeCls(NCSej]- (OC(O)CH)¢] (5). Thermal ellipsoids are drawn at 50% probability.

Et,0-%,CH,Cl, (4). Thermal ellipsoids are drawn at 50% probability.

Table 6. Selected Bond Lengths (A) and Angles (deg) for

Table 4. Selected Bond Lengths (&) and Angles (deg) for [BuaN]o[WeCls(O,CCHa)e] (5)

[BU4N]2[W5C|3(NCS€H . EtzO‘ 1/2CH2C|2 (4‘ Et20-1/2CH2CI2)

W(1)-O(1) 2.106(5) W(2r0(3) 2.086(5)
W(1)—-N(1) 2.07(2) W(2)-N(2) 2.12(2) W(3)-0(5) 2.098(5) O(1rC(1) 1.272(8)
W(3)-N(3) 2.11(2) N(1-C(1) 1.08(2) 0(3)-C(3) 1.274(8) O(5}C(5) 1.270(9)
C(1)-Se(1) 1.88(3) C(2ySe(2) 1.82(3) C(5)-0(6) 1.241(9) C(1yC(2) 1.522(1)
CE3)-Se) 1.89(3) C(3)-C(4) 1.507(1) C(5)-C(6) 1.534(1)

N2)-C(2-Se(2) 178.7(2) N(3}C(3)-Se(d) 176.6(2) O(1)-C(1)-C(2)  113.6(7) O@yC()-C(2)  1206(7)

O(3)-C(3-0(4)  124.4(7) O@3}C(3-C(4)  115.6(6)
O(4)-C(3-C(4)  119.9(7) O(5)C(5)-0(6)  127.3(8)
O(5)-C(5)-C(6)  115.4(7) O(6}C(5-C(6)  117.3(8)

Table 5. IR Data for NaQCCH;s and the Acetate Clusters
[BusN][M6Clg((OC(O)CHy)g] (M = Mo, W)

IR bands
species (cm™) assignmt  ref bond lengths and angles are listed in Table 6. The structure of
NaO,CCH; 1576 »(C=0) 75 the cluster core is again typical for systems containing the
[BusN]o[MosClg(OC(O)CHy)e] 1339 »(C—=0) 75 {WeClg}*+ fragment!-1516.6266 The average W-O bond length
[BusNJo[WeClz(OC(O)CH)g] (5) 1704 v(C=0) 56 is 2.097 A and the average YWD—C bond angle is 129°7
iggg Zgg;gg 52 which are typical for complexes containing a monodentate
1361 »(C—0) a acetate ligand® 78 The C-O distances range from 1.270 to

1.274 A for the coordinated oxygen atoms (average vatue
1.272 A), while the &0 distances range from 1.224 to 1.241
. . A (average value= 1.232 A) for the carbonyl moieties of the
These average distances and angles are similar to those founﬂgands The ©-C=0 angles have an average value of 125.8

i 18 . .

in [BusN]o[MoeBrs(NCSe}]. which is slightly larger than the expected value, while the

Clusterl _also appears to be more resistant to de_cor_nposition O—Cearbony~Cmemyiangles are slightly narrower, with an average
than the triflate cluste® in the presence of basic ligands. gjue of 116.1.

Attempts to prepar8 from 9 using tetrabutylammonium acetate  Ajthoughs5 is available from, attempts to prepare the azide
in CHxCl, or sodium acetate in MeOH resulted in decomposi- ¢ ster [BuN]2[WeClg(N3)g] or the cyanide cluster [BiN]-
tion.1> However,5 is available froml and sodium acetate in [WeCls(CN)e] were unsuccessful. Reaction dfwith sodium
modest yield. An oil is initially obtained in the preparation of = 57ige in methanol yielded a yellow solid product instead of the
5, but extraction with diethyl ether results in the formation of = o found for 9. The IR spectrum of the product showed bands
a solid yellow product. Attempts to prepdérom Ag(O,CCHy) at 2044 (dNNN)), 1323 ¢5(NNN)), and 642 cm? ((NNN)),
and [BuN]o[WeClsCle] were unsuccessful. which are characteristic of bound azide ligands in related
Cluster5 was characterized by NMR and IR spectroscopy clusters2® However, analytically pure material could not be

aThis paper.

and an X-ray crystal structure determination. Tié NMR obtained. Reaction df with sodium cyanide, sodium methoxide,
spectrum ob contains a resonance at 2.00 ppm for the hydrogen or other strongly basic ligands resulted in intractable products,
atoms of the acetate ligands. IR data $r{BusN]2[MoeCls- which lacked diagnostic bands in their IR spectra.
(0:CCHy)e],*® and Na(QCCHs)™ are summarized in Table 5. Three clusters containing six axial organometallic ligands,

The IR bands ob at 1639 and 1365 cnt are assigned to the 6, 7, and8, were prepared frorf. Although spectroscopic data
v(C=0) and»(C—0O) modes, respectively. These bands are and elemental analysis confirm the successful syntheses of the
shifted from those of sodium acetate, which appear at 1576 c|ysterss—8, crystals of sufficient quality for an X-ray structure
((C=0)) and 13394(C—0)) cnr 1.7

An ORTEP plot for the cluster anion &fis shown in Figure (76) Cotton, F. A.; Darensbourg, D. J.; Kolthammer, B. W. S.; Kudaroski,

3, crystallographic data are summarized in Table 2, and selected __ R. Inorg. Chem1982 21, 1656. .

(77) Fairhurst, S. A.; Henderson, R. A.; Hughes, D. L.; Ibrahim, S. K;;
Pickett, C. JJ. Chem. Soc., Chem. Commd®95 1569.

(75) Baillie, M. J.; Brown, D. H.; Moss, K. C.; Sharp, D. W. A. Chem. (78) Werner, H.; Roll, J.; Zolk, R.; Thometzek, P.; Linse, K.; Ziegler, M.
Soc. A1968 3110. L. Chem. Ber1987 120, 1553.




Chemistry of [BuN] 2[\N5C|g(p-OSQC6H4C Ha)e]

Table 7. Electrospray (ES) Mass Spectral Data for
[BUsN]2[WeCle{ (1-NC)Mn(CO)(CsHs)} o] (6)

mass

(highest

intensity) rel R

species calcd obsintensity (%)

[WeClg{ (u-NC)Mn(CO)(CsHs)} 6] >~ 1300 1300 63.8 3.18
[WeClg(NCY (u-NC)MNn(COR(CsHs)} 5|2~ 1212 1213 100  4.22
[WeClg(NC)of (u-NC)MNn(CO)(CsHs)} 4]~ 1124 1124  84.3 3.52
[WeClg(NC)s{ (4-NC)MN(COR(CsHs)} 5]~ 1036 1038  32.4  4.89
[WeClg(NC)af (u-NC)MN(CO)(CsHs)} ]2~ 948 950 8.3 b5.67
[WeClg(NC)s{ (u-NC)Mn(COR(CsHs)} ]2~ 860 860 38 6.53

Table 8. IR Data for Cluster$—8, 10, and the Corresponding Free
Complexes

vco, VCN,

complex cm! cm?!
[BusN][(CsHs)MN(COR(CN)J2 1906, 1831 2060
[BuaN]2[WeCls{ (-NC)Mn(COR(CsHs)} o] (7) 1918, 1865 2030
[BuaN][Mo6Cle{ (u-NC)MN(COR(CsHs)} ¢l (10 1916, 1866 2028
(CsHs)Ru(PPR)2(CN)® 2072
[WeCle{ (u-NC)RU(PPB)2(CsHs)} 6] [OSOCF]4 (8) 2009
(CsHs)Os(PPR)2(CN)° 2067
WiCle{ (u-NC)Os(PPB)2(CsHs)} 6][OSOLCF]4 (9) 1993

aData from ref 332 Data from ref 13¢ Data from ref 34.

determination could not be obtained. Compléxyielded
crystalline material by slow diffusion of diethyl ether into a
CHClI; solution of the cluster. However, these crystals were
either twinned or multiplet crystals. Changing the cation to
[PPNJ", [BzMesN]™, or [PhAs]t did not produce single
crystals, nor did the growing of the crystals by vapor diffusion
or slow evaporation of the solvent. CompleXesnd8 exhibited
similar complications. Although spectroscopic data indicate that

these complexes contain organometallic fragments bound to the

{WeClg}** core via cyanide bridges and elemental analysis
confirms their composition, an unambiguous establishment of
their structures by X-ray diffraction eluded us.

Cluster 6 was prepared froml by reaction with [BuN]-
[(CsHs)MN(COX(CN)] in moderate yield, and it exhibits IR
bands at 20301¢y), 1918 o), and 1865 cm? (vco). These
bands are shifted from those of [BN][(CsHs)Mn(CO)(CN)]:
2060 @cn), 1906 fco), and 1831 cm? (vco) (Table 8)*8 The
cyanide-stretching frequency appears 30 Elower in energy
in the bridged species relative to the unbridged complex. These
frequencies are similar to those of the analogous molybdenum
system [BuN][MogClg{ (1-NC)Mn(COX(CsHs)} 6] (10),23 which
also exhibited a decrease in they and an increase in both the
vco frequencies. The nitrogen atom of the cyanide ligands in
10 are bound to the Mo metal center, while the carbon atoms
are bound to the Mn metal center. Thus, it is possible that the
ligand disposition ir6 is the same as that df0.

Electrospray (ES) mass spectral data fér Table 7, confirms
the composition of this complex. A signalmatz = 1300 agrees
with the calculated value of 1300 for the dianion {@¥s{ («-
NC)Mn(COX(CsHs)}6]2~. An R factor (analogous to the crystal-
lographic R factor) of 3.18 was determined using the peak
intensities in the envelope ranging froniz = 1310-1290. Five
daughter ions are evident, which result from successive loss of
(CsHs)MN(CO), fragments. In no case was the loss of a complete
(CsHs)MN(COX(CN) ligand observed. Apparently, the cyanide
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Figure 4. UV —vis spectra (overlay) of [BIN][(CsHs)Mn(CO)(CN)]
(solid) and [BuN][WeClg{ (1-NC)Mn(COX(CsHs)} 6] (6) (dashed) taken
in CH.Cl,. The spectra are plotted on separate scales;NB{CsHs)-
Mn(COX(CN)] on the right and [BiN][WeCle{ (u-NC)Mn(CO)-
(CsHs)}e] on the left.
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Figure 5. Cyclic voltammogram of [ByN][WeClg{ (x-NC)Mn(CO)-
(CsHs)}e] (6). The initial potential is+200 mV, the initial sweep
direction is negative, the maximum switching potentiats250 mV,

the minimum switching potential is1000 mV, and the sweep rate is
100 mV st

Complex7 is dark red in color, suggesting that charge-transfer
bands occur between the Mn and W metal centers. The- UV
vis spectrum o shows one broad band withgay of 308 nm
(emax= 3.31x 10* L mol~1 cm™1), which is blue-shifted from
that of [BwN][(CsHs)MNn(CO)(CN)] at 365 nm émax = 7.10
x 1% L mol~t cm™1). An overlay plot of the UV-vis spectra
for 6 and [BuN][(CsHs)Mn(CO)(CN)] is shown in Figure 4.
The molar absorbtivity o6 is much greater than that of the
tosylate clustet and of the uncoordinated manganese complex,
indicating a charge-transfer transition, and vibronic coupling
may also contribute to the high absorbtivity®f%-8Examples
of this type of coupling include octahedral transition-metal
complexes, such as Irgr and PtC§2-,7° as well as the multiply
bonded metal dimers M€l4(PRs), and ReClg2- 81 The position
of Amax for 6 moves to higher energy (lower wavelength) in
CHsCN relative to CHCI, by 4 nm, which is consistent with a
charge-transfer transition from the manganese cluster to the
attached tungsten clustér.

A cyclic voltammogram o6 in CHxCl; (0.1 M in [BuN]-
[BF4]) is shown in Figure 5. Compourtlexhibits irreversible
redox chemistry, with an oxidation wave at 672 mV, which may

ligands remain attached to the cluster core, and the lowest
molecular weight fragment observed is assigned to bgldw
(CN)s{ (u-NC)Mn(CO)(CsHs)}]?~, suggesting that the Mn

CN bond is cleaved more readily than the-\NC bond, as
previously observed for the molybdenum clustér®

(79) Fenske, R. FJ. Am. Chem. S0d.967, 89, 252.

(80) Lever, A. P. Blnorganic Electronic Spectroscopgnd ed.; Elsevier
Science Publishers: Amsterdam, 1984.

(81) Hopkins, M. D.; Gray, H. B.; Miskowski, V. MPolyhedron1987, 6,
705.
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correspond to the generation of pB®s{(«-NC)Mn(CO)- produces’ and8, which contain a 4 cluster cation and four
(CsHs)}g]*"; the return wave occurs at 359 mV. The presence tosylate counterions. As observed ithe position of the CN-
of a single wave indicates that the six manganese centers arestretching frequency in the IR spectrum bfand 8 shifts to
electronically independent of one another. The oxidation lower energy relative to the free complexes upon coordination
potential of the free [(€Hs)MN(CO)(CN)]~ complex is 610 to the cluster (Table 8). These two clusters lack the intense color
mV, and thus, it is reasonable to identify the manganese centerf 6, and their U\*-vis spectra do not indicate the presence of
as the sites of oxidation. charge-transfer bands.

Due to the irreversible behavior exhibited @&ya cell potential
cannot be calculated. However, the oxidation wave at 672 mVv Conclusions
is substantially shifted to more positive potential than that of
[BUNI[(CsHsMN(COL(CN)] at 610 mV, suggesting that the .., o seq for the preparation of a variety of complexes
ligands of6 are harder to oxidize than the free _cor_nplex. This containing the{WClg}* core. Clusterl is more stable in
also supports the argument that electron density is transferrEdmethamol and more stable to incoming basic ligands relative to

from the manganese to the tungsten cluster. 9, sol can be used to prepare the pseudohalide clugt&;sor

Complex6 is unstable to chemical oxidation. The analogous ,’. . .
i 4in high Id than f . Also, 1 abe
molybdenum clustetO undergoes clean oxidation by [NO][RF w;1nichlgis eurn)gsa?ilgb?g f:gnng S0, 1 can be used to prep

in acetonitrile to generate [MGlg{ («-NC)Mn(CO)(NO)(GHs)} ¢]- . . .
- Cluster 1 can form complexes with organometallic axial
EeF:(Eﬁ]t;‘i’t;?ngzvr\:gsbgtI;leg?gt)m;%%?gh% O;delzfgl%r%%ft ligands. The compleg was synthesized frorh and was found
o =Ny CcohH to exhibit charge-transfer transitions. Compwas character-
(vNno)- The shift invey to higher energy was expected, because . d b . . d el hemical
the formal oxidation of the Mn atom by NOreduces back- Ized Dy spectromelric, spectroscopic, and electrochemica
techniques. The clusteisand 8 were also prepared fror,

bonding from t.he Mf? atom to the CN I'gf"m.d' AIthou.Qh:Ioes but these two species appear to lack prominent charge-transfer
undergo reaction with [NO][P§ under similar conditions, a transitions

clean product with the formula [¥Clg{ (t-NC)Mn(CO)(NO)-

(CsHs)}e][PFe]s was not obtained. The cyanide-stretching  Acknowledgment. This research was supported by National
frequency disappears, and removal of the solvent after reactionScience Foundation Award CHE-9417250.

for 18 h resulted in the isolation of a dark oil, indicating

extensive decomposition. Supporting Information Available: X-ray crystallographic files

The neutral organometallic complexe M(PP CN in CIF format for the structure determinations bf4, and5. This
(M = Ru, Os) gre sufficiently nLE)CIeOSShKi(I%(): tE) dirgijzl(ace)the material is available free of charge via the Internet at http:/pubs.acs.org.

tosylate ligands fronl. Reaction of these complexes with 1C001480Y

The tosylate clustet may be prepared in high yield, and it





