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Abstract 

In a further exploration of the types of high-nuclearity, mixed metal-(main-group) 
clusters accessible from the electron-rich [Ni,(CO),,j’- dianion (1) reactions of 1 
(a direct descendent of nickel tetracarbonyl) with antimony and bismuth reagents 
have been carried out. The main product isolated in 50-60% yields from reactions 
of 1 with either chlorodiphenylstibine, Ph,SbCl, or dichlorophenylstibine, PhSbCl,, 
in THF solutions at room temperature is the [Ni,,(SbPh),(C0),,]2- dianion (2); its 
identity was unambiguously established from X-ray crystallographic determinations 
of four different ionic compounds, viz., [NMe,]+, [2]*-. 2THF (2a), INMe,]+, 
[2]*-. 2Me,CO (2b), [(Ph,P),N]+, [212- * 2THF (2c), and [NMe,Ph]+, [212- (2d). 
In each salt, the geometrically similar nickel stibinidene carbonyl dianion possesses 
a close 1,12-disubstituted icosahedral NilOSb, core, (i.e., a bi-Sb-capped 
pentagonal-antiprismatic Ni,, configuration) of crystallographic C,-? site symmetry 
encapsulated by two antimony-attached phenyl substituents, 10 terminal carbonyl 
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ligands (one per nickel atom), and four doubly bridging and four triply bridging 
carbonyl ligands. This nickel-antinomy cluster is the third member of the homolo- 
gous series of [Ni,,,(ER),(CO),,]‘- dianions (E = P. R = Me; E x As. R = Me). A 
comparative geometrical analysis of their icosahedral Ni,,,E, cores. which are 
electronically equivalent analogues of the regular 12-boron icosahedral polyhedron 
of the classic [B,,H,I]2p dianion, is given. The fact that 2 was the only nickel- 
stibinidene cluster isolated from a room-temperature reaction with PhzSbCl is 
attributed to the facile cleavage of one of the two Sb--Ph bonds of the Ph,SbCl 
under the reaction conditions and to the apparent thermodynamic stability of 2. An 
X-ray diffraction analysis coupled with laser desorption/Fourier transform mass 
spectrometry (LD/ FTMS) established conclusively the formulation of a side prod- 
uct, obtained in - 5% yield from room-temperature reactions of 1 with chlorodi- 
phenylstibine, as Ni,(CO),(pr-PhZSbOSbPhz), (3). ‘This molecular dirner is best 
viewed as a disubstituted Ni(C0)2L, derivative of nickel tetracarbonyl in which two 
electron-donating Sb”’ atoms from two bridging Ph,SbOSbPh, ligands have rc- 
placed two carbonyl ligands around each tetrahedrally-coordinated. zerovalent 
nickel atom. The resulting eight-membered cycle-(NiSbOSb), complex of crystallo- 
graphic C,-7 site symmetry possesses a chair-like conformation presumably due to 
the bulky antimony-attached phenyl substituents. This compound (3) is the first 
example (to our knowledge) of a metal complex formed from bis(diph~n~lstibine)- 
oxide which itself exists as a molecular compound. The origin of the bridging 
PhzSbOSbPh, ligand in 3 can be readily attributed to the partial hydrolysis of the 
Ph,SbCl reagent with adventitious water (i.e., “wet” solvent). The reaction of 1 with 
Ph,SbCl gave a third nickel-antimony compound. Ni(CO),(SbCIPh,): although not 
isolated from solution, the proposed existence of this monosubstituted derivative 01 
Ni(CO), is based upon its infrared carbonyl frequencies being virtually identica1 to 
those previously reported for the analogous Ni(CO),(SbCIEt,) and Ni(CO)_I(SbPh,). 
Reaction of 1 with (p-tolyl)BiBr, in THF gave no isolatable carbnnyl-containing 
products. 

Introduction 

A number of diverse types of nickel carbonyl clusters containing capping 
phosphinidene and arsinidene fragments have been prepared in our laboratory from 
reactions of the [Ni,(CO),,]‘- dianion (1) [l] with dihalophosphine and dihaloar- 
sine reagents [2--61. The initial reaction of 1 with PhPC12 produced Ni,(CO),(p4- 
PPh),,, which established the completely bonding metal cube (a Platonic solid [7]) as 
a basic structural unit [2]. From reactions between 1 and ‘BuPCI,, six different 
nickel t-butylphosphinidene carbonyl clusters were isolated and characterized by IR. 
‘H and “P NMR, single-crystal X-ray diffraction. and cyclic voltammetry [3]. These 
species include: (1) two Ni,P, clusters, one with a bi-P-capped. square-antipris- 
matic Ni,P, core and the other with a tetra-P-capped trigonal-prismatic Ni, core. 
which can be interconverted to each other via decarbonylation-carbonylation reac- 
tions; (2) a Ni,P3 cluster possessing a cuneane-like (wedge-shaped) Ni, core with 
one Ni(CO), and three electronically equivalent (isolobal [Xl) P’Bu ligands capping 
the two pentagonal and two rectangular faces; (3) a Ni,P, cluster containing a 
bi-Ni-capped square-antiprismatic Ni, Pz core; (4) a Ni,, Pd cluster with an unprece- 
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dented “flying-saucer” D,, Ni,,P, core; and (5) a NisP, cluster containing a 
hexa-P-capped cubane Ni, core (i.e., an analogue of the phenylphosphinidene-cap- 
ping cubane Ni, cluster [2]) to which an electron can be reversibly added [3,9*,10]. 

The first examples of a noncentered icosahedron (another Platonic solid [7]) as a 
fundamental building block in transition metal cluster chemistry were the Ni,As, 
core of the [Ni,(AsPh)3(C0),,]2- dianion and the Ni,,As, core of the 
[Ni,,(AsMe),(CO),,]2- dianion isolated from the reactions of 1 with PhAsCl, and 
MeAsBr,, respectively [4]. The homologous nickel-phosphinidene [Ni,, _ ,( PMe) X- 
(CO)24_j,]2- series (x = 2,3,4) and the [Ni,,_,(PMe),(CO),,(p,-PMe,)]- monoan- 
ion (X = 2) along with the hexa-P-capped cubane Nis(CO),(~4-PMe), were later 
isolated from reactions of 1 with MePCl, [5]. It was observed [3,5] that the 
particular stoichiometries and stereochemistries of the above-mentioned Ni, E, 
clusters are highly dependent on several interlocking factors: (1) electronic effects 
which in the case of the noncentered icosahedral Ni,,_,E, clusters require a valence 
electron count of 13 skeletal electron pairs; (2) the sizes of the different main-group 
E atoms relative to that of the Ni atoms; (3) steric effects arising from interligand 
nonbonded repulsions which dictate the number and permissible polyhedral 
arrangements of the carbonyl and R substituents of the ER fragments for a given 
core composition; and (4) the boundary conditions of a given reaction, especially 
the mole ratios of the reactants, giving rise to a Ni.,,E, cluster [ll*-151. 

The compounds reported herein are a consequence of our exploring the reactions 
of the [Ni,(C0),2]2- dianion (1) with halostibine and halobismuthine reagents in 
order to extend this area of chemistry. Species that have been spectroscopically and 
crystallographically characterized include the [Ni,,(SbPh),(CO),s]*- dianion (2), 
crystallized as four different salts (2a-M), and Ni,(CO),(p,-Ph,SbOSbPh,), (3). 
The dianion (2) is the only nickel stibinidene carbonyl cluster isolated in this work. 
It was the main product from the reaction of 1 with dichlorophenylstibine and was 
initially crystallized and structurally characterized as the THF-solvated [NMe,]+ 
salt (2a). In an attempt to determine whether the hypothetical Ni,Sb, analogue of 
the [Ni9(ER)3(C0)15]2- dianions (E = P, R = Me [5]; E = As, R = Ph [4]) could 
also have been a product, [(Ph3P),N]+Cl- (where the monocation is often denoted 
as [PPN]+) was added to the THF-soluble mixture. A structural determination 
identified the crystalline material obtained after removal of the solvents as the 
THF-solvated [PPN]+ salt (2~) of 2. This same dianion was also the major product 
of the reaction of 1 with chlorodiphenylstibine and was crystallized and analyzed as 
the acetone-solvated [NMe,]+ salt (2b). The unsolvated [NMe,Ph]+ salt (2d) of 2 
was also the major product obtained from another reaction of 1 with chlorodiphen- 
ylstibine. Structural determinations of the four different salts (2a-2d) not only have 
allowed an assessment of the effect of crystallographic packing forces on the 
geometrical parameters of the [Ni,,(SbPh),(CO),,]*~ dianion (2) but also have 
enabled a comparative geometrical analysis to be made with the other two crystallo- 
graphically characterized members of the homologous [Ni,,(ER)2(C0),,]2- series 
(E = P, R = Me [5]; E = As, R = Me [4]). 

The other isolated nickel-antimony complex, Ni,(CO),(p2-PhzSbOSbPh2), (3) 
was obtained in ca. 5% yield from the room-temperature reaction of 1 with Ph,SbCl 

* Reference number with asterisk indicates a note in the list of references. 
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in THF solution. Both the composition and molecular geometry of this centrosym- 
metric dimer were established from an X-ray diffraction study (presented herein). 
The assignment of the electron-density peak connecting the two antimony atoms in 
each of the two centrosymmetrically related bridging Ph,SbOSbPhz ligands as an 
oxygen atom was initially based upon structural-electronic considerations. Compell- 
ing crystallographic support for this assignment was obtained from anisotropic 
least-squares refinements, and its identity was ascertained from an analysis of laser 
desorption Fourier transform mass spectra. That halostibines. R,SbX (R = alkyl, 
aryl), have been found [16,17] to hydrolyze to the corresponding molecular oxides, 
R,SbOSbR,, provides a ready explanation for the origin of Ph,SbOSbPh,, and 
hence of 3 as a side product. The existence of PhzSbOSbPh, as a molecular 
compound per se was initially established by Schmidt [ 181 in 1920 and later 
substantiated by Jaffe and Doak [19]. The fact that its solid-state structure was 
investigated by X-ray diffraction [20] and “‘Sb Mossbauer spectroscopy [21] has 
allowed a stereochemical-bonding examination (reported here) between the “free” 
molecule and the “l&and-bridging” entity in 3 which is the first known “adduct” 
complex of the “free” molecule. 

Details of our attempts to isolate nickel bismuthene carbony-1 clusters by reac- 
tions of 1 with a dihalobismuthine reagent, ( p-tolyl)BiBr,, are also given. 

Experimental 

A. Methods and materials. All reactions including sample transfers and manipu- 
lations were carried out with standard Schlenk techniques either on a preparative 
vacuum line under nitrogen or argon or within a Vacuum Atmospheres drybox 
under nitrogen. 

The following solvents were freshly distilled under nitrogen from the indicated 
drying agent immediately prior to use: toluene (Na); hexane and cyclohexane 
(CaH, ); dichloromethane (P,O, ); acetone and acetonitrile ( BzOJ ); THF. benzene, 
diethyl ether. and diisopropyl ether (K/benzophenone); and methanol (Mg). Deu- 
terated solvents were dried over molecular sieves. frozen and degassed three times. 
and finally vacuum-distilled before use. NMR samples were prepared in the drvbox, 
transferred to a vacuum line, and then frozen and degassed three times before being 
hermetically sealed. 

The [Ni,(CO),,]’ d’* ranion (1) was prepared by a modification [3] of the general 
method of Longoni, Chini, and Cavalieri [l]. The following materials were used 
without further purification: BiBr, (Strem); bis(triphenylphosphoranylidene)am- 
monium chloride ([PPNICI). tetramethylammonium chloride. iodomethane. and 
t-BuLi (Aldrich). SiO, (Kieselgel 60, 230--400 mesh; Merck) was activated by 
heating under vacuum to 150’ C for 24 h: after being cooled to ambient tempera- 
ture, distilled water (5% by weight) was added under N, to ensure a consistent 
activity. SbPh, and SbCl, (Aldrich) were sublimed prior to use. 

Proton NMR spectra were recorded on either a Bruker WP-200, a Bruker 
AM-360. or a Bruker AM-500 spectrometer and were referenced indirectly to 
tetramethylsilane by use of residual solvent protons. ‘jC NMR spectra were 
recorded on a Bruker AM-500 spectrometer at 125 MHz. and were referenced 
indirectly to tetramethylsilane. 
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Infrared spectra were obtained on a Beckman Model IR-4240 spectrophotometer. 
Solution spectra were obtained by use of nitrogen-purged CaF, cells, while solid-state 
samples were prepared in the drybox as KBr disks; their spectra were recorded 
immediately after their removal from the drybox. 

Electrochemical measurements were performed with a Bioanalytical Systems 
Electrochemical Analyzer (BAS-100) equipped with a Princeton Applied Research 
(PAR) electrochemical cell enclosed in a N,-filled Vacuum Atmospheres drybox. 
The cell consisted of a platinum disk working electrode and a coiled platinum wire 
counter electrode. The reference electrode was a porous Vycor-tipped aqueous 
saturated calomel electrode separated from the test solution by a Vycor-tipped salt 
bridge with a 0.1 M tetra-n-butylammonium hexafluorophosphate/CH,CN filling 
solution. The top of the salt bridge was situated ca. 5 mm from the working 
electrode. Solution volumes were ca. 5 ml with a sample concentration of ca. 10m3 
M. An iR compensation for solution resistance was made before measurement of 
the current vs. voltage curves. 

Mass spectra were obtained by use of a Nicolet FTMS-2000 Fourier transform 
mass spectrometer equipped with a 3.0-tesla superconducting magnet, a Nicolet 
laser desorption interface, and a Tachisto 215G CO, pulsed infrared laser operated 
as an aperture-controlled stable resonator. Each sample (0.01 to 0.1 mg) was 
dissolved in methanol or dichloromethane, and a few drops of the solution were 
allowed to evaporate on the stainless steel tip of the direct insertion probe of the 
mass spectrometer. The laser was focused onto the probe tip to give an estimated 
spot size of approximately 100 microns with an estimated output energy of ap- 
proximately 0.01-0.05 J/pulse. The probe was rotated several degrees after each 
laser shot such that the laser always struck a new spot on the sample layer. A 
five-second delay-time between each laser shot and ion detection was used so that 
spectral quality was not reduced by the effects of the pressure burst accompanying 
the laser desorption. During each delay-time the ions produced in the laser desorp- 
tion process were stored in the cell of the spectrometer. Room-temperature electron 
impact (EI) spectra were obtained on the same instrument by use of the same 
sample-handling technique. The background pressure in the mass spectrometer was 
well below lo-’ torr for each of the LD/FT and EI/FT mass spectral measure- 
ments. Mass spectra were recorded in both the positive- and negative-ion modes. 
Peak assignments were based on exact mass determinations, isotope distribution 
patterns, and fragmentation plausibility. 

B. Preparation of PhSbCI,. The synthetic procedure of Wieber et al. [22] was 
essentially utilized. A solution of SbPh, (3.0 g; 8.5 mmol) in 50 ml of degassed, dry 
Et,0 was added via a stainless-steel cannula to a 250 ml round bottom flask (RBF) 
containing SbCl, (3.89 g 17.0 mmol) dissolved in 25 ml of Et,O. The colorless 
solution was refluxed with stirring for 30 h and then stirred at room temperature for 
40 h. Removal of the solvent in vacua gave a viscous yellow oil, which crystallized 
under vacuum after approximately 24 h. The crude crystalline PhSbCl, was loaded 
into a water-cooled sublimator in the drybox and then placed on a high-vacuum 
line. The solid melted at about 50°C (lop4 torr) and distilled onto the sublimator 
probe forming oily, colorless crystals in 90% yield. The colorless solid was stored in 
the Vacuum Atmospheres drybox at - 30” C. At room temperature, even in the 
drybox, the solid turned to a pinkish color after a few days. M.p. 52-55°C 
(uncorrected). ‘H NMR (acetone-d,): S 7.47 (m, 3 H), 8.04 (m, 2 H). Positive-ion 
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LD/FT mass spectrum; prominent ion peaks correspond to the molecular parent 
ion, [Ml+, at m/z 268/270. [SbCl,]~’ at m/z 191/193, [ShCl]’ at m/2 156/l-58. 
and [Sb] ’ at m/z 127/123. 

c‘. Preparation of Ph,ShC/. This compound was prepared analogously to 
PhSbClzexcept that the ratio of SbCl, to SbPh, was l/2 [22]. In a typical reaction. 
SbCl, (5.7 g; 25 mmol) in 50 ml of Et10 was added via cannula to SbPh a (17.65 g; 
50 mmol) in 50 ml of Et,O. This solution was refluxed with stirring for 15 h and 
then stirred at room temperature for 96 h. The solvent was removed in v~acuo to give 
a yellow oil which crystallized with difficulty in vacua. The crude solid Ph,SbCl was 
loaded into a sublimator inside the drybox. The sublirnator was removed from the 
drybox, attached to a high vacuum line, brought to vacuum (10 ’ torr). and heated 
with an oil bath. The solid melted at about 50 ‘C and distilled onto the water-cooled 
condenser as oily colorless crystals (21 g, 90%’ yield) leaving behind a thick yellow 
oil. Ph,SbCl must also be stored at -30°C in the drybox to prevent a gradual 
yellowing of the product, M.p. 46-48°C. ‘H NMR (acetone-d,): ci 7.41 (m, 3 H). 
7.76 (m. 2 H). 

D. Reaction of (NMe,] ’ 2 /Ni,(c‘O),,/‘~ with ~iiic~hlorophcri~~lstihllle. PhShC‘i ,: 
isolution of (NMr,] ’ 2 (Ni,,,(ShPh),(CO),,/’ ZTHF (2~) umi fP?‘X] ’ 2 (,Vi,i,- 
(ShPh),(C’O),,/’ ~~. 2TffF (2~). A solution of PhSbC‘l, (0.322 g, 1.2 mmol) in 10 
ml of THF was added slowly over five minutes with a cannula to [NMe,]~‘:[Ni,,- 
(CO),2]‘m (0.5 g; 0.6 mmol) slurried in 40 ml of THF contained in a 100 ml RBF 
under Nz. The solution darkened immediately from cherry-red to deep red-brow-n. 
An infrared spectrum showed the disappearance of the characteristic carhonyl 
stretching bands due to the [Ni,(CO),,]’ dianion (1) and the appearance of new 
bands in both the terminal and bridging carbonyl stretching regic>ns. 

After 2 h. the red-brown solution was filtered from an insoluble green powder 
(presumably NiCl?) which was discarded. Removal of the sobent in vacua from the 
red-brown solution gave a brown powder. This powder was extracted successivelv 
with hexane, toluene, and THF. The hexane extracts were colorless. Only a small 
fraction dissolved in totuene to give a dark brown solution. This brown toluene 
extract was concentrated and loaded onto a totuene/SiO, chromatographic column 
under Nz. Solutions of the products from the column deposited solids over time. 
indicating poor stability in solution. Attempts to crystall& these products via vapor 
diffusion, solvent layering, and cooling failed. IR (THF): 2OXO(vw). 2035(s). 20lS(sh). 
1960(m), 1820(m) cm ‘. 

The majority of the powder dissolved in THF to give a deep red-brown solution. 
When the solvent was removed in vacua from the Tl-IF extract, 250 mg of brown 
powder was isolated. An estimated yield of 50% is based on the reaction: 

2[Ni,(CO),1]’ + 2PhSbCI, --f 

[Ni,,J(ISbPh)2(CO),~]Z + NifCO), + NiCt , -+ 2CI + 7CO 

A concentrated THF solution of the brown powder was crystalliz.ed (over several 
days) via layering with cyclohexane. Suitable single crystals were obtained anti 
identified as [NMe,] ‘2 [Ni,,,(SbPh)2(CO),,]’ . 2THF (2a) from an X-ray diffrac- 
tion investigation (vide infra). IR (THF): 2020(s), 184()(m). 17XO(w,sh) cm ’ (Fig. 
1). IR (KBr pellet): 1985(s), 1825(m), 1750(m) cm ‘. 

[PPN]+CIl was added to the THF extract containing the brown powder in an 
attempt to fractionally crystallize as the [PPN]’ salt any other anions, in particular 
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: 2020 cm-l 

Fig. 1. Infrared spectrum in the carbonyl region for the [Ni,,(SbPh)z(CO),,]2- dianion (2) in THF 
solution. The three observed bands at 2020, 1840, and 1780 cm-’ are assigned as terminal, doubly 
bridging, and triply bridging carbonyl stretching modes, respectively, in accordance with the solid-state 
arrangement of carbonyl ligands about the icosahedral Ni,,Sba core. 

the hypothetical [Ni,(SbPh),(CO),,]*- and/or [Ni,(SbPh),(CO),,]2~ dianions, 
which might form along with 2. However, only the THF solvated [PPN]+ salt (2~) of 
the Ni,,Sb* dianion was isolated. 

E. Attempted protonation and carbon-insertion reactions with the (Ni,,(SbPh),- 
(CO),,]‘- dianion (2a). The following two reactions with 2a were carried out: (1) 
A 1.2 M solution of HCl(aq) (0.25 ml; 0.3 mmol) was added via a syringe to 
[NMe,]+, [Ni,,(SbPh)2(CO),,]2- (250 mg; 0.14 mmol) dissolved in 20 ml of THF. 
The reactants were stirred at room temperature for two days. Infrared spectra taken 
periodically showed no significant changes in the carbonyl stretching region, and 
240 mg of 2a were recovered upon solvent removal. (2) Solid CBr, (24 mg, 0.07 
mmol) was added to [NMe,]‘,[Ni,,(SbPh),(CO),,]‘-- (240 mg; 0.13 mmol) dis- 
solved in 25 ml of THF in an attempt to form an interstitial carbide cluster. This 
mixture was stirred at 45550” C for 6 h and then at room temperature for an 
additional four days. A series of infrared spectra of the reaction mixture showed the 
carbonyl absorptions of the starting material and of the decomposition product, 
Ni(CO),. 

F. Reactions of [NMe, Ph] + and [NMe,] + salts of the [Ni,(CO),,]‘~ dianion 
with chlorodiphenylstibine, PhlSbCI: isolation of (NMe_,Phj i [Ni,,(SbPh),- 
(CO),,]‘~ (Zd), (NMe,] ~~(Ni,,(SbPh),(CO),,/’ ’ ZMe,CO (2b), and Ni,(CO),- 
(p,-Ph,SbOSbPh,), (3). A solution of Ph,SbCI (0.65 g; 2.08 mmol) in 20 ml of 
THF was added slowly via a cannula to ~NMe,,Ph]+,[Ni,(CO),,]*~ (1.0 g; 1.04 
mmol) slurried in 80 ml of THF. During the addition, the reaction mixture turned 
from cherry-red to brown. The solution was stirred at room temperature for 2 h. An 
infrared spectrum showed the disappearance of the characteristic carbonyl stretch- 
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ing bands of the [Ni,(CO),,]“-- dianion (1) and the appearance of new bands in 
both the terminal and bridging regions. Solvent removal in vacua left an oily brown 
residue, from which successive extractions were performed with hexane. toluene. 
and THF. 

The major product isolated from this reaction. [NMe,Ph]‘-2 [Ni,,,(SbPh),- 
(CO),,12~- (2d) was obtained in 50-60s yields from the THF extract. Its spectral 
properties closely resembled those given for 2a. Its formulation was unambiguously 
determined from an X-ray crystallographic study (vide infra). Similarly. the dianion 
2 was also obtained as the main product from the reaction of the corresponding 

WMe,l+ salt of 1 with Ph,SbCl. Removal of the solvent from the THF extract 
followed by crystallization from an acetone solution gave [NMe,] *Z [Ni,,(SbPh),- 

(CO),,12 . 2Me,CO (2b) in ca. 48% yield. Its formulation was obtained from an 
X-ray crystallographic study (vide infra). 

The initial hexane extraction of the brown powder isolated from the reaction of 
Ph,SbCl with either the [NMe,Ph]’ or [NMe,]’ salt of 1 gave in each case 
Ni(CO),(SbCIPh,), whose existence was inferred from infrared data, and 
Ni,(CO),(pJ.,-Ph,SbOSbPhz)Z (3), a hydrolyzed product. which was isolated and 
crystallographically characterized. Pale yellow crystals of 3 were obtained (yield, 
- 5%) by slow evaporation of the hexane solvent from the yellow solution. THF 
and CH,Cl, solutions of 3 were very air-sensitive and eventually decomposed to an 
unidentified black powder. 

Proton NMR spectra (CD,CI,) of 3 gave a single resonance at: 6 7.35 (m, 40 H). 
‘3C(‘H} NMR spectra (CD,CI,) of 3 exhibited resonances indicative of two 
distinct isomers. Major isomer: S 129.24 (C-marl. 16c’). 129.6 (C-~CII.U. KY). 135.6 
(C-o&o, 16C), 135.7 (CSb, 8C). Minor isomer: 6 128.9 (C-purrr, Z-K). 129.16 
(C-mefu, 16C), 136.5 (C-ortho. 16C). 139.0 (C-Sb. 8C). M.p. (sealed tube) 118.-123°C 
(decomp.). 

An infrared spectrum (Fig. 2) of the products extracted with hexane gave several 
carbonyl absorption bands at 2075(m), 2040(m), 2020(sh), 2005(s), and 1970(w) 
cm -‘. The frequency at 2040 cm ’ is readily assigned to the carbonyl stretching 
mode of Ni(CO), 1251. On the other hand, an infrared spectrum (Fig. 3) of crystals 
of 3 dissolved in THF gave two very strong bands at 2015 and 1960 cm ’ and a 
very weak band at 2078 cm ‘. This latter two-band spectrum (Fig. 3) is characteris- 
tic of a disubstituted Ni(CO),L, complex, for which group theoretical considera- 
tions [25.26] based on localized CZ,, symmetry lead to the prediction of two 
vibrational C-O stretching modes (A, + R,) which are IR active. The higher 
frequency of 2015 cm I is readily assigned to the symmetrical stretching nickel 
dicarbonyl mode ( A,) and the lower frequency of 1960 cm ’ to the corresponding 
antisymmetrical mode (R,). Furthermore, these two observed frequencies for 3 are 
in remarkably close agreement with the corresponding frequencies of 2016 and 1963 
crn~ 1 reported [26] for Ni(CO),(SbPh,),. The markedly different spectrum (Fig. 2) 
based on the hexane extract points to the primary product (in addition to 3 which 
accounts for the weak bands at 2020 and 1970 cm ‘) in solution being 
Ni(CO),(SbCIPhz). This tentative identification is based upon the two remaining 
bands at 2075(m) and 2005(s) cm-.’ closely resembling those of 2082(m) and 2009(s) 

;a:d 

’ reported [26] for Ni(CO),(SbCIEtz). The corresponding observed frequencies 

assignments under C’,,. symmetry) for Ni(CO),(SbPh,) are 2074 (A,) and 
2004.5 (E) cm ’ [26]. 
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i 
2075 cm-l 

1970 cm-l 

2005 cm-1 

Fig. 2. Infrared spectrum in the carbonyl region for the hexane extract from the room-temperature 
reaction of [Ni6(CO),,]2- dianion (1) with Ph,SbCl. Relatively strong bands at 2075 and 2005 cm-’ are 
assigned to Ni(CO),(SbClPh,), the weaker bands at 2020 and 1970 cm-’ to Ni,(CO),(p2- 
Ph,SbOSbPh,) (3) and the band at 2040 cm-’ to Ni(CO),. These assignments are based upon 
comparative infrared spectra either of these species per se and/or of closely related species. 

---%r---- 2078 cm-1 

1 

1960 cm-l 

2015 0-l 

Fig. 3. Infrared spectrum in the carbonyl region for Niz(CO),(p,-Ph,SbOSbPh,), (3) in THF solution. 
The two strong carbonyl absorption bands at 2015 and 1960 cm-’ are virtually identical with 
corresponding frequencies of 2016 and 1963 cm-’ reported [26] for Ni(CO),(SbPh,),. 
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Cyclic voltammetric measurements showed that in THF solution 3 undergoes 
only irreversible oxidation. The formulation of this compound was based upon an 
X-ray crystallographic study coupled with a detailed mass spectral analysis (vide 
infra). 

G. Mass spectral unu(ysis of Ni,(CO),(~.,-Ph,ShOShPh ,), 13). Mass spectra 
obtained from a Nicolet FTMS-2000 spectrometer in both eiectron impact (EI) and 
laser desorption (LD) modes identified the two centrosymmetrically- related dianti- 
mony-connecting groups in the cyclic molecule as oxygen atoms. 

Positive-ion EI mass spectra with high signal-to-noise peaks were obtained. but 
they provided no useful information concerning the nature of the diantimony-bridg- 
ing groups. The ions assigned from the major peaks observed in the 70-eV 
positive-ion EI spectrum are [SbPh] ’ at m/z 198/2OO. [Sb]’ at UI/: 1211’123. and 
[Ph]~’ at m/z 77. Positive-ion EI mass spectra at 20. 10, and 7 eV gave an additional 
peak. assigned as [SbPh,] +. at m/z 352/354. Negative-ion EI spectra and spectra 
obtained after reaction delay-times between ion formation and detection to facilitate 
self-chemical ionization (self-CI) yielded no additional data. 

Laser desorption/ Fourier transform mass spectrometrv (LD/ FTMS) of both 
pure 3 and 3 doped with KBr was carried out. Positive- and negative-ion LD,/FT 
mass spectra were recorded. in which such parameters as sample concentration. 
laser power, and delay-time before ion detection (after each laser shot) were varied 
in order to optimize spectral quality. Although neither the molecular ion, [M] . IIOI 
pseudomolecular ions of 3 were observed, both negative- and positive-ion LD/FT 
spectra provided several rniljor peaks readily assignable as mono(lx~gen-cc,nt~lining 
ions. Of prime significance were the peaks displayed by the negative-ion mass 
spectra at nr,/z 291/293 and nr/z 377/379/381 which were rradilv attributed to 
the [SbPh,O] and ]SbPh,ONi(CO)] ions. respectively. These particular ion frag- 
ments are cleavage products from 3 without rearrangements. These results are 
completely consistent with the X-ray crystallographic analysis (vide infra) in unnm- 
biguously establishing an oxygen linkage between each of the two pairs of antimony 
atoms in 3. 

Il. Prepcwcrtior~ of (p-to(~ll)~, RI. ‘The procedure described below is a modification 
of those given in the literature ]23_24a]. A 2.2 M solution of t-BuLi (62 ml. 136 
mmol) in n-pentane was transferred via a cannula into 30 ml of THF at - 7XOC‘. 

p-bromotoluene (11.7 g: 6X mmol) in 50 ml of THF at .- 7X” C‘ was added over 30 
minutes to the t-BuLi solution. A milky white solid precipitated from the yellow 
solution during addition. The temperature was raised to O”<‘, and the solution 
became homogeneous again. The temperature was then lowered to - 7X“<‘. and 
BiBr? (10 g: 22 mmol) in 50 ml of TIIF was added slowlv via a cannula. The 
reaction mixture turned brown, and a brown precipitate settled to the bottom of the 
flask. A finely divided brown solid was left upon solvent removal. This solid was 
extracted with dichloromethane in a soxhlet extractor. Removal of the solvent from 
the colorless filtrate gave white needles which were recrystallized from an acetone,’ 
Et ,O mixture. The resulting quantity (3.95 g) of ( p-tolyl),Bi corresponded to a 37”;’ 
yield. ‘H NMK (CDCI,): S 2.30 (s. CIIJ-Ph. 9H) 7.17 (d. ‘J(II,, H,,,) X.3 HZ_. 
o-C’, H 4. 6H) 7.60 (d, ‘J(H,,-H,?,) 8.3 Hz, m-C’,H,, 6tt). M.p. 116 117°C (uncor- 
rected). 

1. Prepuruiiorr of (p-toJ~l)HiRr,. This procedure is closely related to those given 
in the literature [23,24b]. Yellow BiBr, (2 b, 0’ 4.6 mmol) was dissolved in 30 ml of 
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Et ,O to form a colorless solution. Bi( p-tolyl), (1.08 g; 2.23 mmol) in 30 ml of Et,0 
was added via cannula over five minutes to the BiBr, solution. A yellow precipitate 
formed during the addition.The solvent was removed, and the resulting yellow 
powder (2.3 g; yield, 75%) was dried in vacua. M.p. 222-224OC (decomp., sealed 
tube). 

J. Reaction of (p-tolyl)BiBr, with [NMe, Ph] iJ [Ni,(CO},,]‘p. [NMe,Ph]+,- 
[Ni,(C0),,12- (0.64 g, 0.67 mmol) was slurried in 100 ml of THF at -78”C, after 
which (p-tolyl)BiBr, (0.7 g; 1.52 mmol) was added with a spatula in several 
portions to give a dark red solution. An infrared spectrum of the reaction mixture at 
room temperature showed a large peak at 2040 cm- ’ indicative of the presence of 
Ni(CO),. The solvent was removed at 0 o C. Extracts of the gray residue with hexane 
and toluene were colorless, and an infrared spectrum was featureless. Extraction 
with THF gave a small amount of a yellow-brown solution which precipitated over 
time as a gray powder. Extraction with acetonitrile gave no further products. Hence, 
no stable carbonyl-containing products were isolated from this reaction. 

K. Structural determinations and refinements. 
(a) General. Each crystal was mounted under argon inside a Lindemann glass 

capillary which was hermetically sealed. A refurbished Siemens-Nicolet Pi dif- 
fractometer with graphite-monochromatized MO-K, radiation was used to collect 
intensity data for the four different salts (2a, 2b, 2c, and 26) of the 
[Ni,0(SbPh)z(CO),,]2p dianion (2) and for the structural determination of 
Ni,(CO),(p.,-Ph,SbOSbPh,), (3). The unit-cell dimensions for each structure were 
derived from a least-squares analysis of setting angles for 15-25 well-centered 
reflections obtained from either a rotation photograph or a thin shell of higher angle 
data collected at maximum scan speed. Axial photographs were taken to verify 
lattice lengths and cell symmetry. Intensities of three standard reflections periodi- 
cally measured after every 47 reflections for each crystal showed no significant 
variations during data collection for any of the crystal structures. Empirical absorp- 
tion corrections were applied to each data set [27*-291. Neutral atomic scattering 
factors with corrections for anomalous dispersion were taken from the International 
Tables for X-Ray Crystallography [30]. 

(h) Analysis of [NMe,] c2 [Ni,,(SbPh)z(CU),,]’ ~ . 2THF (2~). Crystals were 
obtained from the layering of cyclohexane onto a concentrated solution of 2a in 
THF. Intensities were obtained for two independent monoclinic octants from a 
parallelepiped-shaped crystal (of approximate dimensions 0.15 x 0.3 x 0.7 mm) at 
- 100 o C. Crystal data together with data-collection and least-squares refinement 
parameters are given in Table 1. Observed systematic absences of { h01} for h + I 
odd and {OkO} f or k odd uniquely define the probable space group to be P2,/n. 
This centrosymmetric space group, which was substantiated by the successful 
structural determination and refinement, resul_ts in the two [Ni,,(SbPh),(CO),,]‘- 
dianions each possessing crystallographic C,-1 site symmetry and the four tetra- 
methylammonium cations and four tetrahydrofuran molecules possessing general 
C,-1 site symmetry. 

Initial positions for the one independent antimony atom capping a pentagon of 
five independent nickel atoms were determined by direct methods [31]. The resulting 
centrosymmetric Ni,, Sb, core conforms to an icosahedral framework. The remain- 
ing nonhydrogen atoms were found from successive difference maps coupled with 



554 

Table 1 

Crystal data, data-collection and refinement parameters for the [Ni,,(SbPh)z(CO),,l~ &anion (2) as 

[NMe~l’ 2L212 .2THF(2a): [NMe,]‘,[2]’ ,2Me,CO(2b); [PPN]-‘z/2]2 ~.ZTHF(Zc): [NMe,Ph]‘z[2]’ 
LW 

Compound 2a 2b 2c 2d 

Formula weight (g/mol) 
Crystal system 

(I (A, 

b C;i) 

(’ (A) 

n (de& 

fl (de@ 
Y (de@ 

v (A”) 

Temperature (” C) 

Space group 
% 

d,,,,‘,, (g/cm3 ) 
~~~~~~ (cm ‘) 
Scan mode 
20 limita (deg) 
Scan speed (deg/min) 
No. check refl/freq 
No. data collected 
No. indep data 1 F j 1 3a( F) 
No. parameters refmed 
Data/parameter ratio 
K,( i;‘) I’ 
K z ( F ) iI 
Goodness-of-fit (GOP) “ 

1781.51 
monoclinic 

21351(X) 

12.X95(5) 

11.105(6) 
90.00( -) 
96.45(4) 
90.00( ) 

3029 (2) 

I00 

P2, /” 

L 

1.95 
3Y.7 
LLI 
355 
4-24 
3/47 
3869 
2346 
2x2 
x.3/i 
4.60 
6.55 

1753.46 2710.39 
triclinic tridinic 

10.102(3) 13.667(5) 

11.097(S) 34.4X3(6) 

12.645(5) 15.156(6) 
90.1X(3) 115.20(3) 

90.70( 3) Y4.01(4) 
93.59(3) 93.1714) 

1415 (I) 26X7 (2) 
-- 100 I00 
Pi fl 
I 1 
2.06 1.6? 
42.X 23. I 
8- 28 l4 2H 
4- so 3- 35 

4 -29.3 4 29.3 
3/41 3/ 37 
5752 3866 
4262 19x7 
340 570 

12.4/l 5.2,‘l 
4.0 I 2.w 
4.x1 4.23 
1.21 0.X6 

1771.44 
triclinic 

)O.Y34(6) 

13.077(X) 

11).319(S) 
X9.64(5) 
9.?.84(4) 
108.61(4) 

liY6(l) 

100 

1’1 

isotropic least-squares refinement. The tetramethylammoni~Im cation. the 
antimony-attached phenyl substituent. and the THF molecule of crystallization were 
refined as rigid groups with hydrogen atoms included at idcalir.ed positions (321. 
Full-matrix least-squares refinement with RAELS [29] converged at K,( I-‘) 4.60~~~ 
and RZ( F) 6.55% with a data-to-parameter ratio of X.3/1. T‘he largest parameter 
change-to-esd ratio in the final least-squares cycle ~21.4 0.5. A final difference map 
showed no unusual features. 

(c.) (NMe,] +? (Ni,,,(ShI’h),(C0),,~]’ . -7Mtyi’O (Zh). Crystals were obtained 
by the layering of diisopropyl ether over a concentrated solution of 2b in LtcetcJne. 
Intensities were measured at - 100” C for four independent triclinic c>ct:tnts from ;t 
parallelepiped-shaped crystal (of approximate dimensions 0.3 x 0.4 x 0.7 mm). 
Crystal data along with data-collection and refinement parameters are given in 
Table 1. The successful structural determination and refinement under centrosym- 
metric Pi symmetry necessitates that the crystallographically independent unit he 
composed of one-half of the dianion (2) along with one tetramethylammonil~m 
cation and one solvated acetone molecule. 



555 

The positions of the independent antimony atom and the five independent Ni 
atoms were found by direct methods. The remaining nonhydrogen atoms were 
found from successive difference Fourier syntheses coupled with isotropic least- 
squares refinement. The phenyl substituent on the antimony atom was refined as a 
rigid group in which all hydrogen atoms were included in idealized positions with 
fixed isotropic thermal parameters. Anisotropic least-squares refinement converged 
at R,(F) 4.0%, R,(F) 4.8%, with a goodness-of-fit value of 1.207. A final 
difference map showed no abnormal features with the largest positive residual peak 0 
of 1.4 e/A3 located at 0.96 A from Sb(l). The largest parameter change-to-esd ratio 
in the final cycle was 0.023. Positional and equivalent isotropic thermal parameters 
for the nonhydrogen atoms are given in Table 2 and anisotropic thermal parameters 
are listed in Table 3. Selected interatomic distances are presented in Table 4. All 
computations were performed on a Data General Eclipse S/140 system with the 
SHELXTL (1984) program package. 

(d) Analysis of [PPNJ +? [Ni,,(SbPh),(CO),,/‘~ .2THF (2~). Crystals were ob- 
tained by layering a concentrated THF solution of 2c with cyclohexane. Intensities 
were measured at - 100°C for four independent triclinic octants from a rod-shaped 
crystal (of approximate dimensions 0.2 x 0.3 x 0.5 mm). Crystal data together with 
data collection and least-squares refinement parameters are listed in Table 1. The 
structure was determined and refined under centrosymmetric P? symmetry which 
requires that one-half the dianion (I), one [(PPN)]+ monocation, and one solvated 
THF molecule make up the crystallographically independent part of the unit cell. 

Preliminary positions for the independent antimony and five independent Ni 
atoms were located by direct methods. The remaining nonhydrogen atoms were 
found from successive difference maps coupled with isotropic least-squares refine- 
ment. The one antimony-attached and six phosphorus-attached phenyl rings were 
each refined as a rigid group. All hydrogen atoms were included in idealized 
positions with fixed isotropic thermal parameters. Least-squares refinement con- 
verged at R,(F) 2.98%, R,(F) 4.23%, and a goodness-of-fit value of 0.86. A final 
difference map exhibited no unusual features. The largest positive residual peak was 
only 0.3 e /A’. The largest parameter change-to-esd ratio in the final cycle was 
0.153. All computations were performed on a Data General Eclipse S/140 system 
with the SHELXTL(1984) program package. 

(e) Analysis of [NMe, Phj c T (Ni,,(SbPh),(CO),,] -’ _ (2d). Crystals were ob- 
tained by a layering of cyclohexane on a concentrated solution of 2d in THF. 
Intensities were measured at - 100°C for four independent triclinic octants from 
an irregularly shaped crystal (of approximate dimensions 0.1 X 0.2 X 0.3 mm). 
Crystal data and data-collection parameters are given in Table 1. The determined 
structure is based on centrosymmetric Pi symmetry, under which one-half of a 
dianion (2) and one [NPh,Me]+ monocation constitute the crystallographically 
independent unit. 

Initial positions for the independent antimony and five nickel atoms were 
determined by direct methods. All other nonhydrogen atoms were located from 
successive difference syntheses. The antimony-attached and the nitrogen-attached 
phenyl rings were each refined as a rigid group. All hydrogen atoms were included 
in idealized positions and refined to a common isotropic thermal parameter. 
Least-squares refinement converged at R,(F) 7.30%, R.,(F) 8.29%, and a good- 
ness-of-fit value of 1.25. A final difference map exhibited no unusual features. The 

(conhued on p. 558) 
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Table 2. Atomic coordinates (X 104) and equivalent isotropic thermal parameters (A’ X 10”) for 
[NMe4]+2[Ni,0(SbPh)z(CO),,]“~‘~2Me,C0 (2b) 

_-- ________~_ 
.x .Y ; K, 

Sb(1) 
Ni(l) 
Ni(2) 
Ni(3) 
Ni(4) 
Ni(5) 

C(l) 
O(1) 
C(2) 
O(2) 
C(3) 

O(3) 

C(4) 
O(4) 
C(5) 
W5) 
(x13) 
O(13) 
C( 14) 

(x14) 
C( 235) 
O(235) 
C( 245) 
0(245) 

PhU) 
PhG) 
Ph(3) 
Ph(4) 
Ph(5) 
Ph(6) 
N(l) 
Me(l) 
Mc(2) 
Me(3) 
Me(4) 
C(10) 
CT1 1) 
c‘(12) 

O(lO) 
H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
He(7A) 
He( 1 B) 
He(lC) 
He(2A) 
He(2B) 
He(2C) 
He(3A) 
He(3B) 
He(3C) 

5383(l) 
2911(l) 
4906( 1) 
7232( 1) 
6838( 1) 
427X( 1) 
2467( 7) 
2167(6) 
4453(7) 
4049( 6) 
X463(7) 
9235(5) 
7X99(7) 
X578(5) 
368X( 7) 
3291(6) 
1650(7) 

717(5) 
2054( 7) 
1272(5) 
3297(7) 
2749( 5 ) 
5820(7) 
6060(5) 
5556(5) 
5821 

6352 
6678 
6353 
5822 
9571(6) 

10431(10) 
10422(9) 

X772(8) 
8669(X) 
1992(X) 
3427(X) 
1248(12) 
1420(6) 
5191 
563X 
6534 
6983 
6535 

11013 
9892 

10949 
9868 

11018 
10923 

8218 
822X 
9356 

1198(l) 
552(l) 

- 907( 1) 
-257(l) 

1610(l) 
2110(l) 
1469(6) 
2012(6) 

-6X3(6) 
- 548(6) 

500(7) 
1021(6) 
2771(h) 
3464( 5) 
3537(7) 
445X( 5) 
1070(7) 
1605(5) 

I’.‘” Y 3O( 6) 
1219(5) 
1666(6) 
2205( 5) 
2527(6) 
342X(4) 
3691(4) 
4499 
4095 

2X84 
2076 
2480 
4750(6) 
3936(8) 
5744(9) 
406S( 9) 
.5300(V) 
2423( 8) 
2431(g) 
1254(10) 
3342(6) 
3969 
5333 
4651 
2606 
1242 
3580 
3311 
4389 
6275 
5400 
6190 
4603 
3434 
3718 

1114(l) 
1005(l) 
1863(l) 

966(l) 
- 485(l) 
-- 499( 1) 
20X3(5) 
2X03(4) 
3200( 5) 
4028(4) 
1X17(6) 
2319(S) 

134(5) 
536(5) 

- 176(6) 
--4X(5) 
‘- 35(5) 
.- 46(4) 
14X0(5) 
2112(4) 

- 1821(S) 
~ 2465(4) 
- 1503(6) 
- 1976(4) 

2272(3) 
3 106 
4055 

4170 
3335 
23X6 

-265X(5) 
-20X3(8) 
- 31 h6(7) 
- 34X7(7) 
- lXXY(7) 

51 X3(6) 
50x0(7) 
5343(Y) 
SihO(5) 
1619 
302x 
4630 
4823 
3414 

~ 2573 
- 1744 
-- 1558 
~ 3540 
~ 3651 
-.- 2628 

~ 3854 
-~ 3161 
-39X1 

144(l) 
l%(2) 
159(2) 
163(2) 
159(2) 
162(2) 
224( 20) 
412(20) 
227(21) 
432(21) 
246( 21) 
41 l(lY) 
211(20) 
362( 18) 
‘67(22) 
432(W) 
233(21) 
?37( 17) 
214(20) 
325( 17) 
209( 20) 
2X1( 16) 
224( 20) 
267(15) 
777( 22) 
352(?5) 
119~24) 

2W( 23) 
245(21) 
173( I X) 
25X(1X) 
490( 32) 
SlS(3.7) 
437(2X) 
45 I ( 30) 
327( 24) 
405(2X) 
691(43) 
477(22) 
X00 
X00 
X00 
x00 
X00 
XlJ(J 
MU0 
K( IO 
x00 
800 
800 
800 
800 
X00 
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Table 2 (continued) 

He(4A) 8107 
He(4B) 9189 
He(4C) 8132 
H(llA) 3699 
H(llB) 3847 
H(1lC) 3680 
H(12A) 1850 
H(12B) 608 
H(12C) 800 

x .V Z 
_ 

5830 - 2257 
5751 -1365 
4672 - 1551 
1619 5119 
2904 5641 
2715 4411 

619 5343 
1119 4781 
1263 6007 

u 
-4 

800 
800 
800 
800 
800 
800 
800 
800 
800 

Table 3. Anisotropic thermal parameters (A2 X 104) for [NMe4]+2[Ni,,(SbPh),(C0),,]2-~2Me,C0 (2b) 

6, u22 u 33 u23 lJ 13 42 

SW) 149(2) 141(2) 
Ni(1) 151(4) 160(4) 
Ni(2) 177(4) 153(4) 
Ni(3) 146(4) 176(4) 
Ni(4) 150(4) 152(4) 
Ni(5) 174(4) 150(4) 
C(l) 199(33) 234(36) 
O(1) 452(34) 489( 36) 
C(2) 304(37) 173(34) 
O(2) 613(39) 475(37) 
C(3) 222(35) 256( 37) 
O(3) 244( 28) 537(38) 
C(4) 187(32) 232(36) 
O(4) 329(29) 285(29) 
C(5) 242(36) 324(43) 
O(5) 523(37) 295(32) 
C(13) 205( 34) 302(39) 
O(l3) 286(28) 454(33) 
C(14) 202(33) 212(35) 
O(14) 339(29) 252(28) 
C(235) 198(32) 219(35) 
O(235) 284(27) 296(28) 
C(245) 257(34) 173(35) 
O(245) 235(25) 244(27) 
Ph(l) 374(41) 212(36) 
Ph(2) 442(46) 219(39) 
Ph(3) 332(40) 295(41) 
Ph(4) 292(38) 347(42) 
Ph(5) 247(35) 306(40) 
Ph(6) 157(30) 204( 34) 
N(l) 236(30) 278( 33) 
Me(l) 540(56) 316(47) 
Me(2) 467(53) 664(67) 
Me(3) 343(43) 572(58) 
Me(4) 322(43) 528(56) 
C(10) 355(42) 391(46) 
C(11) 353(44) 482(53) 
C(12) X17(81) 591(69) 
O(lO) 443(35) 525(40) 

141(2) 
167(4) 

- 2(2) 
- 7(3) 

150(4) 2(3) 
167(4) - 2~3) 
174(4) -S(3) 
165(4) 5(3) 
241(37) 28(30) 
304(30) - 183(28) 
206(37) 22(28) 
223(30) - 12(26) 
271(37) 12(31) 
444( 34) - 201(30) 
221(34) - 6(29) 
461(33) - 139(26) 
234(36) 54(31) 
508(37) - 68(27) 
187(33) - 12(29) 
293(28) - 40(25) 
243(35) 34(29) 
382(30) 17(23) 
208( 34) 57(28) 
271(27) 28(22) 
245(35) - 60(29) 
321(28) 102(23) 
243(37) - 55(30) 
393(46) - 89(34) 
328(41) - 106(33) 
223(36) 16(32) 
175(33) lO(30) 
153(31) - 36( 26) 
261(31) 19(26) 
620(62) - 64(43) 
384(50) 153(46) 
323(44) - 72(41) 
502(54) - 201(45) 
212(37) - 52(33) 
389(47) - 69(40) 
622(69) - 64(56) 
481(37) -29(31) 

14(3) 1W) 
12(3) 

l(2) 

18(3) 

‘W) 

l(3) 14(3) 
9(3) O(3) 
2(3) 24(3) 
2(28) 16(28) 

46(26) 106(29) 
- 9(29) 21(29) 
92( 27) 134(31) 
68( 30) X4( 30) 

- 77(25) - lO(26) 
19(27) 65(28) 

- 1 OO(26) - 52(24) 
- 2(29) 19(32) 
50(291 261(28) 

5(27) - 12(30) 
17(221 211(26) 
54(28) - 9(27) 

182(25) - 38(23) 
25(27) - 13(27) 

- 56(22) 82(22) 
- 17(28) W28) 

13(21) 12(21) 
- 87(31) 25(31) 
- 93(37) 25(34) 

lO(33) 19(33) 
- 33(30) - 97(33) 

13(27) - 32(30) 
28(24) - 36(25) 
23(25) 24(25) 

- 201(48) 114(42) 
45(41) - 218(49) 
1 l(35) - 62(40) 
42(39) 28(40) 
21(31) - 30( 36) 

- 8(36) 93(39) 
162(60) - 337(61) 

9(29) 169(31) 

The anisotropic displacement exponent takes the form: 
-2?r?(h’u X’lJ,, + +2hka x h x U,,) 
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Table 4 

Selected interatomic distances for the close-1.12-disuhstituted icosahedral Ni,,,Sh, core in the centrosym- 
metric [Ni,,(SbPh),(CO),,] * dianion (2) as [NMe,]+,[2]‘~.2THF (2a); [NMe,]‘?[2]’ -2Mc,CO 
(2b): [PPN]’ 2[2]2m. 2THF (k); [NMe,Ph] ‘2[2]2 (2d) 

2a 2b 2c 2d 

Ni(l)-Ni(la) 
Ni(2)--Ni(2a) 
Ni(3)--Ni(3a) 
Ni(4)- Ni(4a) 
Ni(5)-“Nt(Sa) 

5.203(7) 
5.124(S) 
5.165(S) 
S.l45(5) 
5.154(5) 

5.16 (av) 

%(I )-Sb( 1 a) 3.YO4(4) 

B. .YI Sh drstunces (A-) 
Ni(l)-%(I) 2.561(2) 
Ni(2)~Wl) 2.541(2) 
Ni(3)-Sb(l) 2.557(2) 
Ni(4)-Sb(l) 2.531(2) 
Ni(S)-Sb(1 J 2.552(2) 

2.55 (av) 

C‘. Inrrupenragonal NI - NI d~~ronce~ (ff) 
Ni(l)--Ni(2) 2.X70(2) 
Ni(2)-Ni(3) 2.6X0(2) 
Ni(3)--Ni(4) 2.799(2) 
Ni(4)- Ni(5) 2.6X9(2) 
Ni(5)pNifl J 2.8X4(2) 

2.7X (av) 

n. rnrerpentogonai NI -- .!vI dLcrunc~es (A) 
NiC 1 )-Ni(3a) 2.51X(2) 
Ni(l)-Ni(4a) 2.5180) 
h’i(Z)pNi(4a) 2.555(4) 
Ni(2)-Ni(5a) 2.370(2) 
Ni(3)- Ni(5a) 2.543( 3) 

2.50 (av) 

5.163(2) 5.225(j) 5.223(5) 
5.131(2) 5.153(3) 5.14X(5) 
5.167(2) 5.18213) .5.16?(S) 
5.151(2) 5.1X0(3) 5.1(92(5) 
5.147(2) 5.1X5(3) 5.155(S) 

5.15 (av) 

.i.Y05(2) 

5.19 (av) 

3.xX9(2) 

5.18 (W) 

3.94614) 

2.556(l) 
2.543( I ) 
2.553(l) 
2.541(l) 
2.556( 1) 

2.55 (av) 

2.86X( 1) 
2.681(l) 
2.876(l) 
2.679(l) 
2.X81(1) 

2.78 (av) 

2.514(l) 
2.514(l) 
2.54X(l) 
2.366(2) 
2.546( 1) 

2.50 (av} 

2.572( 1) 
2.554( 1) 
2.573( I 1 
2.560(l) 
2.561(l) 

2.56 (a\,) 

2.xX2(2) 
2.707( I ) 
2.833(l) 
2.722(2) 
2.XX7Y 1) 

2.81 (av.) 

2.520(l) 
2.524(l) 
2.541(l) 
2.397( I ) 
2.533(3 ) 

2.50 (a\~) 

2.5X1(3) 
2.559(3) 
2.575(3) 
2.560(3) 
2.564(3) 

7.57 (a\) 

2.X61 (4) 
?.705(3) 
2.X23(4) 
2.700( 3 ) 
2.90X(4) 

2.x0 (ilV) 

2.52X(3) 
L.5?1(3) 
‘x5X(3) 
2.3X1(3) 
2.513(?) 

2.51 (av) 

largest positive residual peak was 1.09 e/A’. The largest parameter change-to-esd 
ratio in the final cycle was 0.167. All computations were performed on a Data 
General Eclipse S/140 system with the SHELXTL (1984) program package. 

(f) Anulysis of Nil(C’O),(~l,-PhlShOShPh,), (3). Crystals of 3 were obtained by 
the cooling of a concentrated hexane solution to - 20” c‘ for several days. Intensi- 
ties were measured at ambient temperature (ca. 18°C‘) for two independent mono- 
clinic octants from a plate-like crystal (of approximate dimensions 0.1 x Cl.3 x 0.4 
mm). Crystal data along with data-collection and refinement parameters are lihted 
in Table 5. Systematic absences uniquely defined the monoclinic space group as 
J’2,/n. 

Compound 3 was found to possess crystallographic C-,-i site symmetry such that 
one nickel, two antimony, and one oxygen atoms comprise the independent half 01 
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Table 5 

Crystal data. data-collection and refinement parameters for Ni,(CO),(p2-Ph,SbOSbPh,), (3) 

Formula weight (g/mole) 1365.31 
Crystal system monoclinic 

u, h. c (A) 12.1870(2). 15.5393(3). 13.2431(3) 

p (de&: V (A33, 90.37(l): 2508(l) 
Temperature (” C) -100 
Space group P2,/n 
2 2 

LM (g/cm3 ) 1.82 

hdcd tcm ’ ) 29.4 
Scan mode Wyckoff w 
213 limits (deg) 3-55 
Scan speed (deg/min) 4-29.3 
No. check refl/freq 3/41 
No. data collected 6579 
No. indep data 1 FI z 3u( F) 3872 
No. parameters refined 241 
Data/parameter ratio 16.1/l 

R,(F). R,(F), GOF 5.72.6.83. 1 II27 

an eight-membered (NiSbOSb), ring. Initial positions for the nickel atom and two 
antimony atoms were determined by application of the direct-methods program 
RANT [33]. The remaining nonhydrogen atomic positions including those for the 
two independent carbonyl and four independent phenyl ring substituents were 
determined from successive difference maps coupled with isotropic least-squares 
refinement in which each phenyl ring was constrained to a regular hexagon with a 
C-C bond length of 1.395 A; hydrogen atoms were included in idealized positions 
at a C-H distance of 0.96 A,. Anisotropic least-squares refinement converged at 
R,(F) 5.72%, R,(F) 6.83%. and a goodness-of-fit value of 1.027. The largest 
parameter change-to-esd ratio for the final cycle was 0.015. A final difference map 
revealed no anomalous features; the magnitude of the largest positive residual peak 
was only 0.79 e-/A’. Atomic positional parameters and equivalent isotropic thermal 
parameters for the nonhydrogen atoms are given in Table 6. and atomic anisotropic 
thermal parameters are listed in Table 7. Interatomic distances and bond angles are 
presented in Table 8. 

Our initial assignment of the peak bridging the two antimony atoms as an oxygen 
atom was based upon structural-electronic considerations. Convincing evidence for 
this formulation of 3 was provided from least-squares refinements. When this ring 
atom was designated as an oxygen, the equivalent isotropic thermal parameter (cl) 
acquired from the anisotropic refinement conformed to a physically meaningful 
value (Table 6) in that it was larger than those of the two independent antimony 
atoms but smaller than those for the carbonyl carbon and oxygen atoms. A separate 
refinement in which the bridging ligand was assumed to be an isoelectronic CH, 
group yielded a physically unacceptable small equivalent isotropic thermal parame- 
ter (i.e., significantly smaller than any of the other atomic U values in the structure) 
because of the insufficient electron-density for the bridging atom. These results are 
also consistent with the relative sizes, shapes, and orientations of the atomic thermal 



‘Table 6 

Atomic coordinates (X 104) and equivalent isotropic thermal parameters (A2 X 10’) for ~i2(C()),(P2- 

Ph 2 ShOSbPh 1) 2 (3) 
- 

-___ 
Sh(l) 
W2) 
Ni(l) 
C( 1 J 
WI ) 
C(2) 
O(2) 
C(3) 

c’(4) 
C( 5) 
C(6) 
c‘(7) 
c‘(X) 
C(9) 
c‘(l0) 
c‘(11) 
(‘(12) 
C(13) 
CC14) 
c‘(15) 
(‘(16) 
c‘(17) 
C( 18) 
(‘( 19) 
C(20) 
c‘(21) 
c’(22) 
(‘(23) 
(‘(24 J 
(‘(25) 
C(26) 
O(3) 
f-10) 
H(4) 
H(5) 
1f(6) 
lfC7) 
t{(o) 
H(10) 
H(11) 
kf(l2) 
tf(13) 
f1(15) 
H(f6) 
H(17) 
f-1(18) 
f-1(19) 
H(21) 
H(22) 
i-1(23) 
H( 24) 
l-1(25) 

.x 

-1891(l) 
666( 1) 

-1307(1,l 
-- 1605(9) 
-- 185Y(X) 
-1904(X) 
-22X1(X) 
- 15X2(5) 
-1123 

-~ 249 
167 

-- 292 
-1167 
m-4151(6) 
-- 5239 
~~ 5731 
..- 5 134 
~ 4046 
- is55 

2507(5) 
2999 
2391 
1303 
x 10 

1412 
1 X50(6) 
2048 
1581 

915 
717 

11x4 
1 X04(5) 

-21X4 
- 1409 

67 
769 
-- 6 

-3X13 
~ 5650 
--. 64X0 
- 5473 
~- 3636 

2921 
3753 
2736 

XXX 
57 

2171 
2507 
171x 

594 
25x 

>‘ 

- 557(l)_ 
~ 1301(l) 

9X4(1) 
142(S) 
347(6) 

- 1996(X) 
- 2636(6) 

- 974(4) 
~ 13Y7 
~~ 1967 

2113 
- 1690 
--1120 

-21(4) 
- 149 
- 954 

- 1632 
-- 1505 

~- 699 
- 1572(5) 
- 1511 
- I205 

-- Y59 
- 1020 
-- 1326 
-. 2509(4) 
- 32x9 
- 4049 
- 4030 
- 3250 
- 2490 

- 656(4) 
- 5x2 

- 1297 
2259 

- 2506 
- 1790 

533 
31X 

~- 1042 
-21X7 
- 1971 

1783 
-~ 16X0 

1163 
- 74x 
-x51 

- 1986 
-~ 3302 
--45X5 
-4553 

3237 

z 
___-__ 

-- 34X( 1 ) 
1395(l) 
1354(l) 
2212(8, 
2X12(7) 
1625(X) 
1X35(7) 

~ 2621(5) 
- 3449 
- 3304 
~ 2333 
-- 1 SO6 
-- 1 hS0 
- 1219(h) 
-1525 

1402 
~ 474 
~~ 669 
- 791 
297X(S) 
3931 
4751 
4617 
3663 
2X44 
-- Yh(5) 
5X9 

.- 227 
62X 

1121 
759 
h99(5) 

-- 2722 
--4117 
~~ 3X74 
-- 2234 
” x3x 

-. 1304 
-~~ 1 X 1 9 

IhI? 
-. x90 

374 
2414 
402 3 
540’7 
51x1 
357 I 
‘- 346 

--- 117X 
- 566 

87X 
1709 
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Table 7 

Anisotropic thermal parameters (A’ x 10’) for Ni,(CO),(p,-Ph,SbOSbPh,), (3) 

VI, u 22 43 U23 u,, u 12 

SW) 
SW) 
Ni(1) 
C(1) 
W) 
C(2) 
O(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(l0) 
C(11) 
C(12) 
C(l3) 
C(l4) 
C(l5) 
C(16) 
C(17) 
C(l8) 
C(19) 
C(20) 
CC211 
CC221 
C(23) 
~(24) 
C(25) 
C(26) 
O(3) 

41(l) 
43(l) 
430) 
58(6) 

113(7) 
53(6) 

109(7) 
56(6) 
85(9) 
79(8) 
W9) 
72(7) 
38(5) 
64(7) 
51(7) 
33(5) 
52(6) 
42(5) 
39(5) 
80(8) 
96(10) 

146( 14) 
153(14) 

96(9) 
63(6) 
69(7) 

117(11) 
115(12) 
llS(12) 

73(R) 
47(5) 
50(4) 

44(l) 
39(l) 
48(l) 
70(7) 
99(7) 
63(7) 
79(6) 
63(7) 
96(100) 

113(11) 
128(13) 
104(10) 

40(5) 
65(8) 

lOl(10) 
104(10) 

58(7) 
57(7) 
5U6) 
54(7) 
77(9) 
71(9) 
70(8) 
68(@ 
52(6) 
62(7) 
74(9) 
7U9) 
46(7) 
47(7) 
43(5) 
51(4) 

42(l) l(l) 
420) -O(l) 
42~1) -l(l) 
53(6) - 15(5) 
84(6) - 35(6) 
67(7) 4(6) 

120(8) 12(6) 
53(6) 4(5) 
44(6) - 8(6) 
54(7) - 16(7) 
74(g) - 17(8) 
55(6) - lO(6) 
51(S) 3(4) 
77(S) 2(6) 
88(9) 19(X) 
91(9) -20(X) 

102(9) - 7(7) 
89(8) - 7(6) 
47(5) - 6(4) 
70(7) - 3(5) 
95(10) 7(8) 
69(9) 7t71 
41t6) O(6) 
55(7) O(6) 
38(5) S(4) 
57(6) - 3(5) 
64(7) - 6U) 
98(10) - 27(8) 

121(12) - 7(8) 
93(9) - 3(6) 
54(5) 4(4) 
66(4) 5(3) 

-O(l) 
00) 
4(l) 
8(5) 
7(5) 
6(5) 

15(6) 
- 13(5) 

-6(5) 
17(6) 

7(7) 
7(5) 

- 2~4) 
l(6) 

- lO(6) 
- 14(5) 

g(6) 
- lO(5) 

6(4) 
- 18(6) 
- 51(8) 
-40(9) 

- 3(7) 
7(6) 

- lO(4) 
O(5) 

-O(7) 
- 22(9) 

- 6(10) 

7(6) 
- 5(4) 

3(3) 

-O(l) 
-O(l) 
-l(l) 
12~5) 
27(6) 

- 8(5) 
- 49(6) 

7(5) 
- 4(7) 

4(8) 
30(9) 
34(7) 

2(4) 
5(6) 

14(7) 
- 4(6) 
- 4(5) 
- O(5) 
- 2(4) 

l(6) 
l(8) 

- 20(9) 
- 7(9) 
- 4(7) 

- 15(5) 
20(6) 
32~8) 
32(9) 

-12(X) 

-l(6) 
g(4) 
l(3) 

ellipsoids obtained from the anisotropic refinement based on the assignment of an 
oxygen scattering factor for the diantimony-connecting ring atom. 

Results and discussion 

Isolation and characterization of the (Ni,,(SbPh),(CO),,J ‘- dianion (2). The 
main product isolated in 50-60% yields from reactions of the [Ni6(C0),2]2- 
dianion (1) with either chlorodiphenylstibine, Ph,CISb, or dichlorophenylstibine. 
PhCl,Sb, in THF solutions at room temperature is the [Ni,,(SbPh),(CO),,]‘- 
dianion (2). Its identity was established from X-ray crystallographic determinations 
of four different ionic compounds-viz. [NMe,]+, [2]‘- 2THF (2a), [NMe,]+, [212-. 
2Me,CO (2b), [(Ph,P),N]+, [2]*-. 2THF (2c), and [NMe,Ph]‘, [2]‘- (2d). 

Table 4 reveals that the corresponding distances within the Ni,,Sb, core in 2 for 
the four different salts (2a-2d) are remarkably alike. The carbonyl ligand arrange- 
ment is also unchanged, and the corresponding carbonyl distances and bond angles 



562 

Table 8 

Intramolecular distances and bond angles for Ni,(CO),( p2-Ph,SbOSbPh,), (3) 

Bond lengths (/i) 
Sb(l)-Ni(1) 
Sb(I)-C(14) 
Sb(2)-Ni(l) 
Sb(2)-C(26) 
Ni(l)--C(l) 
(‘(1)-O(l) 
O(3)-Sb(l A) 

Bond anR1e.r I”) 
Ni(l)-Sb(I)-C(X) 
C(8)-Sb(l)-C(14) 
C(8)-Sb(l)-O(3A) 
Ni(l)-Sb(2)-C(20) 
C(20)-Sh(2)-C(26) 
C(ZO)--Sh(2)-O(3) 
Sb(l)-Ni(l)-Sb(2) 
Sh(2)-Ni(l)-C(1) 
Sh(2)-Ni(l)-C(2) 
Sb( 1 )-C(X)-C(3) 
Sb(l)-C(14)-C(9) 
Sh(2)-C‘(ZO)-C(15) 
Sh(2)-C(26)-C‘(21) 
Ni(l)-C(I)-O(1) 
Sh(2)-O(3)-Sb(lA) 

2.447(l) 
2.114(7) 
2.450( 1) 
2.124(7) 
1.770( 1 1) 
1.140(15) 
1.941(7) 

120.9(2) 
97.7(3) 

100.4( 3) 
116.0(7) 
102.5(3) 

97.X(3) 
110.7(l) 
709.X(3) 
102.X(3) 
121.9(2) 
121.9(2) 
121-h(2) 
120.9( 2) 
173.5(10) 
1X.7(3) 

Sb(l)-C(8) 
Sb(l)--0(3A) 
Sb(2)--C(20) 
Sb(2)-O(3) 
Ni(1) -C(2) 
<‘(2)p)(2) 

Ni(I)-Sb(l)-C(14) 
Ni(l)-Sh(l)-O(3A) 
C(14)-Sh(l)- O(3A) 
Ni(l)-Sb(2)-C(26) 
Ni(l)-Sh(2)-O(3) 
C(26)-Sh(2)-O(3) 
Sh(l)-Ni(l)-C(l) 
Sb(l)-Ni(l)--C(2) 
C‘(l)-N1(1)-(‘(2) 
Sh(l)-C(8)-C‘(7) 
Sh(I)-C(14)m-C(1.7) 
Sb(2)~~C(20)-<.( 19) 
Sh(2)-<‘(26)~~(‘(25) 
&I(1 ) C(2)- O(2) 

are essentially invariant within experimental errors. These results support the 
premise that interionic packing interactions (which are dissimilar for the four saIts) 
do not have a significant influence on either the configuration or dimensions of the 
dianion. Since the structural determination of the [NMe,] * 7 [Ni,,,(SbPh),(~‘O),,]~ 

2Me,CO (2b) yielded the most precise dimensions, as evidenced directly by the 
smallest esd’s (Table 4) and indirectly by the relatively high data-to-parameter ratio 
and low discrepancy indicies (Table I), the crystallographic data are presented 
herein only for this salt. 

2.126(h) 
1.941(7) 
2.114(7) 
1 Y44(7) 
1.766(1?) 
l.I2Y(lS) 

1 lY.Y(2) 
117.812) 

Y5.0(2) 
117.?(Z) 
12&O(2) 
Y2.6( 3) 

109.3(4) 
10X.0(4) 
116.l(i) 
11X.0(2) 
11X.1(2) 
11X.2(2) 
11X.4(2) 
177.5(11) 

An infrared spectrum (Fig. 1) of 2 in THF solution displays a characteristic 
three-band pattern resembling that obtained for the INi,,,(PMe),(CO),,]~ homo- 
logue [5]. Based upon the structural determination of 2, the strong band at 2020 
cm ’ is ascribed to the ten terminal carbonyl liganda. the medium band at 1X40 
cm ’ to the four doubly bridging carbonyl ligands, and the weak, partially resolved 
band at 1780 cm-’ to the four triply bridging carbonyl ligands. 

Attempts to isolate other possible anions. in particular the hypothetical 

]Ni,(SbPh),(CO),,]‘~ and [Ni,(SbPh),(C’O),2]’ dianions (i.e.. homologucs of the 
known Ni,E, (E = P, As) and Ni,P, clusters) which might be formed along with 2. 
were unsuccessful. Since either of these hypothetical dianions would possess direct 
Sb-Sb bonding, their presumed nonexistence (at least under our reaction condi- 
tions) may be rationalized on the basis of both bond-energy and covalent size 
considerations which readily lead to the prediction of much greater instability of 
icosahedral Ni,E, and Ni,E, cores for E = Sb than for E = P. 
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Sbl 

Fig. 4. The icosahedral Ni,,Sb, core in the [Ni,,(lLs-SbPh),(CO),,1”- d’ tanion of the acetone-solvated 
INMe.,]+ salt (Y&b). The anisotropic thermal ellipsoids are drawn at the 50% probability level. 

Fig. 5. Configuration of the [r\li,,(SbPh),(CO),,~*- dianion of the acetone-solvated [NMe,]+ salt (2b). 
The entire dianlon of crystallographic C,-i site symmetry closely conforms to Czb-2/n? symmetry with 
the pseudo mirror plane passing through Ni(l), Nifla), Sb(l), Sb(la) and symmetry relating the W(2), 
Ni(5) atoms and the Ni(3), Ni(4) atoms. The anisotropic thermal ellipsoids are drawn at the 35% 
probability level. 
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Table 9 

Comparative geometrical analysis of the centrosymmetric [Ni,,(ER),(CO),,J’- homologues (E = I’. 
R = Me “; E = As. R = Me “; E = Sb. R = Ph’) under assumed D,,,m 2 )II symmetr! “ 

Ni,,,Sb, 

A. Dtstunces (A”) between cerltros~mmetri~ul~~ rehted wre atom 
Ni(l)-Ni(la) 4.900( 2) 5.043(3) 
Ni(2)-Ni(2a) 4.X57(2) 4.974( 3) 
Ni(3)-Nl(3a) 4.929(2) 5.034(3) 
Ni(4)-Ni(4a) 4.970(2) 5.037(3) 
Ni(S)-Ni(5a) 4.X62( 2) 4.957( 3) 

4.90 (a\‘) 5.01 (av) 

E(l)-E(la) 

B. Ni ~ E distunces (A) 
NI(~)-E(I) 
Ni(Z)-E(1) 
Ni(3)-E(I) 
Ni(4)-E(1) 
Ni(5)-E(1) 

3.16X(2) 

2.364(2) 
2.353(2) 
2.344(2) 
2.343(2) 
2.33X(2) 

2.35 (av) 

C. Intrapentagonal Ni- NI distances (A^) 
Ni(l)-Ni(2) 2.655(l) 
Ni(Z)-Ni(3) 2.563(2) 
Ni(3)-Ni(4) 2.615(2) 
Ni(4)-Ni(5) 2.563(2) 
Ni(S)-Ni(1) 2.650(2) 

2.61 (av) 

D. Interpentagonal Nr - Ni distances (A?) 
Ni(l)-Ni(3a) 2.495(2) 
Ni(l)-Ni(4a) 2.521(2) 
Ni(2)-Ni(4a) 2.538(2) 
Ni(2)-Ni(Sa) 2.389(l) 
Ni(3)-Ni(5a) 2.531(2) 

2.50 (av) 

E. Nt - CO (hdgmg) distances (k) 
Ni(l)-C(13) 1.917(7) 
Ni(l)-C(14) 1.94468) 
Ni(3)-C(13) 1.900(7) 
Ni(4)mC(14) 1 .X98(X) 

Ni(2)-C(235) 2.034(7) 
Ni(2)-C(245) 7.971(9) 
Ni(3)-C(235) 1.974(7) 
Ni(4)-C(245) 1.953(7) 
Ni(5)-C(235) 2.007(7) 
Ni(5)pC(245) 2.0X4( 8) 

i.l63(2) 
5.131(2) 
5.167(2) 
5.151(2) 

5.147(21 

5.15 (:I\) 

3.6X9(2) 

2.450(2) 2.556( 1 

2.412(2) 2.543( I 
2.431(2) ?.S.si(l 
2.440(2) 2.541(1 
2.405(2) 2.556( 1 

2.43 (av) 2.55 (av) 

2.731(2) 
2.635(2) 
2.712(2) 
2.621(2) 
2.731(2) 

2.X68(1 ) 
2.681(l) 
2.816(l) 
2.679( 1) 
2.8X1(1) 

2.69 (av) 2.7X (av) 

2.502(2) 
2.500(2) 
2.510(2) 
2.417(l) 
2.522(2) 

2.514(l) 
2.514(l) 
2.54X(11 
2.366(1 j 
2.546( 1) 

2.49 (av) 2.50 (av) 

1.93(l) 
1.90(l) 
l.%(l) 
1.90(l) 

2.26( 1) 
1.90(l) 
1.95(l) 
1.96(l) 
1.91(l) 
2.19(l) 

1.934(7) 
1.912(7) 
1.905(7) 
1 .X82(7) 

2.050(7) 
1.950( 7) 
1.954(7) 
1.964(7) 
1.97X(7) 
2.U53(7) 
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Table 9 (continued) 

Nid’~ Ni,,As, Ni,,Sb, 

F. Ni -CO (terminal) distances (A) 
Ni(l)-C(1) 1.791(8) 1.81(l) 1.778(7) 
Ni(2)-C(2) 1.766(7) 1,76(l) 1.777(7) 
Ni(3)-C(3) 1.784(9) 1.78(l) 1.800(7) 
Ni(4)-C(4) 1.790(g) 1.77(l) 1.795(7) 
Ni(5)-C(5) 1.768(7) 1.76(l) 1.775(8) 

1.78 (av) 1.78 (av) 1.78 (av) 

G. C - 0 (bridging) distances (A) 
C(l3)-O(13) 1.17(l) 1.17(l) 1.145(9) 
C(14)-O(14) 1.15(l) 1.15(l) I .162(9) 

C(235)-0(235) 1.17(l) 1.17(l) 1.166(8) 
C(245)-0(245) 1.18(l) 1.20(l) 1.180(8) 

H. C - 0 (terminal) distances (i) 

C(l)-O(l) 1.14(l) 1.11(l) 1.145(9) 
W-O(2) 1.13(l) 1.12(l) 1.142(9) 
W-O(3) 1.12(l) 1.13(l) 1 .129(9) 

C(4)-O(4) 1.12(l) 1.15(l) 1.115(8) 
C(5)-O(5) 1.14(l) 1.12(l) 1.134(10) 

1.13 (av) 1.13 (av) 1.13 (av) 

I. E - R distance (A) 
P-C(Me) 1.881(S) 
As-C( Me) _ 1.99(l) _ 

Sb-C(Ph) 2.167(4) 

a [PPN]+ salt; ref. 5. h [NMe,]+ salt; ref. 4, 5b. ’ Acetone-solvated [NMe,]+ salt; this work. * The 
pseudo principal fivefold axis passes through E(1) and E(la). 

Structural features of the [Nilo(ShPh),(CO),,] 2 ~ dianion (2). The icosahedral 
Ni,,Sb, core in 2 can be viewed as a pentagonal antiprism of ten nickel atoms which 
are capped on the upper and lower pentagonal faces with antimony atoms (Fig. 4 
and 5). 

The only crystallographically imposed symmetry on the dianion in each salt is a 
center of symmetry, but the entire dianion closely approximates C,,-2/m site 
symmetry. As expected for a heteroatomic Ni,,Sb, core, the dianion (2) is signifi- 
cantly distorted from a regular icosahedron of I,, symmetry by a compression along 
the pseudo fivefold axis passing through Sb(1) and Sb(la). This distortion is easily 
seen from a comparison of the nonbonded distances between opposite pairs of core 
atoms (Tables 4 and 9). Whereas the five centrosymmetrically related pairs of Ni 
atoms in 2b are all within 0.02 ,,& of the mean value of 5.15 A, the Sb-Sb distance of 
3.905(2) A is 1.25 A shorter. 

Each Ni atom of the dianion has a terminal carbonyl ligand with an average 
Ni-C bond length of 1.78 A. There are eight nearly symmetrical bridging carbonyl 
ligands (Table 9), of which four are doubly bridging (mean Ni-C distance, 1.91 A; 
range, 1.882(7)-1.934(7) A) and four are triply bridging (mean Ni-C distance, 1.99 
A; range, 1.950(7)-2.053(7) A). Figure 5 gives a view of the pseudo C,, ligand 
arrangement surrounding the Ni,,$b, core; the eight bridging carbonyl ligands 



connect the two antimony capped nickel pentagons either by spanning interpentago- 
nal edges or by capping triangular faces. 

Geometrical comparison of the /Ni,,,(ER),(CO),,J’ ~ &anions (E = P, As, Sh) and 
resulting implications. A tabulation of the corresponding interatomic distances 
under assumed DsJ lo 2 m symmetry is given in Table 9 for the members of the 

N,o(ER),(CO),81’m 1 series (E = P, As, R = Me; E = Sb, R = Ph). A comparative 
analysis reveals the following interrelationships: (I) The five independent Ni-E(1) 
distances expectedly increase in accordance with the increased size of the E atom. 
Subtraction of the tetrahedral covalent radii for P (1 .I0 A), As (1.22 A). and Sb 
(1.42 A) from the mean Ni--E(l) distance yields values of 1.25. 1.21. and 1.13 A for 
the covalent nickel radius. (2) The icosahedral Ni,,,E, corr is similarly deformed for 
all three members by a large compression along the pseudo fivefold E(l) E(la) axis. 
The observed variations in the E(l)-E(la) distances among the noncentered Ni!,,P, 
(3.17 A), Ni,,,Asz (3.49 A). and Ni,,,Sb, (3.90 A) cores are considerably greater 
than the variations in mean Ni-Ni distances of 4.90, 5.01, and 5.15 A. respectively. 
among the five centrosymmetrically related pairs of Ni atoms. (3) The five indepen- 
dent intrapentagonal Ni-- Ni distances within the E-capped nickel pentagons also 
increase uniformly as E increases in size, viz., from 2.67 A (av) for E = 1’. to 2.69 A 
(av) for E = As, to 2.78 .& (av) for E = Sb. (4) The five independent interpentagonal 
Ni-Ni distances between the E-capped pentagons of 2.50 A (av) for E = P. 2.49 A 
(av) for E = As, and 2.50 A for E = Sb are invariant to the increased size of E. 

These trends provide a logical explanation for our failure to isolate the homolo- 
gous [Ni,,(ER),(CO),,]‘~- dianions for E = Bi, as the intrapentagonal Ni--Ni dis- 
tances would then be too long to support reasonable Ni-Ni bonding interactions. 

According to Benfield and Johnson 1341. the structures of many transition metal 
carbonyl clusters are merely the result of the insertion of a metal polyhedron within 
a regular or semi-regular polyhedron of carbonyl ligands. In 2 as well as in the 
analogous [Ni,,,(ER)2(CO),,]‘.- d’ ianions (E = P. As). each of the icosahcdral N i ,,) E, 
cores is similarly encompassed by a semi-regular 20-vertex polyhedron composed of 
18 carbonyl oxygen atoms and two E-attached carbon atoms. This polyhedral ligand 
arrangement, presented in detail elsewhere [5]. consists primarily of triangular and 
rectangular faces. Of particular interest is that the resulting analogous array of 10 
terminal, four doubly, and four triply bridging carbonyl groups has a marked 
influence on the geometry of the Ni ,“Ez core, as shown in Table 9 by large 
variations of certain Ni-Ni bonds from mean distances under assumed D5,T IO 2 tn 
symmetry. These particular distortions in the geometry of a Ni,,,E2 core reduce its 
pseudo symmetry to C,,-2/nz which expectedly is the same pseudo symmetry 
exhibited by the 20-vertex ligand polyhedron. 

Isolation and characterization of Ni(CO),(SbCIPh,) und Niz(CO),(Ph,ShOSbPh ,), 
(3). Although a large number of monosubstituted. disubstituted. and trisubstituted 
tertiary phosphine derivatives of Ni(CO), are known [35*~-3X], only a few mono- 
substituted Ni(CO),L and disubstituted Ni(CO);L, stibine complexes (L = SbPh ?. 
SbEt,, SbClEt 2) have been isolated and characterized by infrared spectral measure- 
ments [26]. These two types of Ni(CO),L and Ni(CO)? L, complexes (for a given L 
ligand) may be readily distinguished from each other by their infrared active 
vibrational carbonyl frequencies [26,36]. For example, an infrared spectrum for each 
of the above three nickel tricarbonyl stibine molecules displays a characteristic 
two-band carbonyl pattern with one frequency of range 206772082 cm ml (A, mode) 
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and the other of range 1996-2020 cm-’ (E mode), whereas an infrared spectrum 
for each of the above three nickel dicarbonyl-bis(stibine) molecules exhibits a 
characteristic two-band carbonyl pattern with one frequency of range 2004-2034 
cm-’ (A, mode) and the other of range 1948-1984 cm-’ (B, mode) [26]. 

Both Ni(CO),(SbClPh,) and 3 were obtained from the hexane-extracted mixture 
of products resulting from the reaction of [Ni6(C0),2]2- (1) with chlorodiphenyl- 
stibine. Although not isolated from solution, the existence of Ni(CO),(SbClPh,) in 
hexane solution is predicated upon its infrared spectrum (Fig. 2) with carbonyl 
bands at 2075(m) and 2005(s) cm-’ being similar to that given above [26] for the 
analogous Ni(CO),(SbClEt,) and Ni(CO),(SbPh,). 

Yellow crystals of 3 isolated from a concentrated solution of the hexane extract 
were crystallographically and spectroscopically characterized. The structural de- 
termination of 3 represents the first X-ray study of a nickel-antimony carbonyl 
complex. The formation of the Ph,SbOSbPh, ligand, whose stoichiometry was 
conclusively established by combined X-ray diffraction and mass spectral analyses, 
is a consequence of the partial hydrolysis of the chlorodiphenylstibine reagent. An 
infrared spectrum (Fig. 3) of 3 dissolved in THF gave two strong carbonyl bands at 
2015 and 1960 cm-‘; these frequencies are virtually identical with those of 2016 and 
1963 cm-’ reported [26] for Ni(CO),(SbPh3),. It is noteworthy that yellow crystals 
were also isolated from the THF extract and tentatively identified as 3 from an 
infrared spectrum. Cyclic voltammetric measurements in THF solution showed that 
3 undergoes only irreversible oxidation. 

It is not surprising that no stibinido-bridged analogue of the known 34-electron 
Ni,(CO),(pCL,-PR,),-type dimer (with two tetrahedral Ni’ linked by a Ni-Ni bond; 
R = Ph [39], Cy [40], t-Bu [41,42], the known 32-electron Ni,(CO),(pZ-PR,),-type 
dimer (with one trigonal-planar Nit and one tetrahedral Ni’ linked by a 
Ni-Ni bond; R = t-Bu [43]), or the known 36 electron (OC),NiMezP-PMe,Ni- 
(CO),-type dimer [44] was isolated. Any such nickel-stibine species would be much 
more unstable on the basis of both electronic and steric effects. In addition to the 
considerably weaker coordinating ability of the less basic Sb”’ donor atoms relative 
to Pm donor atoms [37,45], intramolecular steric pressures would presumably 
preclude the existence of any hypothetical cycle-Ni,Sb, dimer due to the consider- 
ably larger Sb atoms imposing a much greater angular strain upon the four-mem- 
bered Ni,Sb, ring containing an electron-pair Ni-Ni bonding interaction. 

Fig. 6. The eight-membered [NiSbOSb] z ring in Ni2(CO),(~z-Ph,SbOSbPh,), (3). Its centrosymmetric 
chair-like conformation is attributed to steric effects arising from the bulky Sb-attached phenyl rings. 
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Fig. 7. Configuration of the Ni2(CO),(~,-Ph,SbOShPhZ)z molecule (3) possesses crystallographic C-,-i 

site symmetry. Only the Sb-attached carbon atom for each of the eight phenyl substituents is shown (for 

clarity). 

Structural features of Ni,(CO),(p,-Ph,SbOShPh,)_, (3). This molecular com- 
pound (Fig. 6 and 7) can be envisioned as a metal dimer in which two Ni(CO), 
fragments are connected by Ni--Sb bonds with two bridging Ph,SbOSbPh, ligands. 
The resulting eight-membered cycle-(NiSbOSb), system of crystallographic C,-1 site 
symmetry possesses a chair-like conformation which is readily attributed to the 
bulky phenyl rings attached to the four antimony ring atoms. This complex is best 
viewed as a disubstituted Ni(CO),L, derivative of nickel tetracarbonyl in which two 
electron-donating Sb”’ atoms have replaced two carbonyl groups around each 
zerovalent nickel atom. Its stability is presumably enhanced. relative to that of the 
known monomeric Ni(CO),(SbPh,),. by the chelation effect in that both Sb”’ 
donor atoms in each of the two bifunctionai Ph,SbOSbPh, ligands are coordinated 
to two different Ni(CO), moieties. 

The t!o independent Ni-Sb(1) and Ni-Sb(2) ring distances of 2.447( 1) and 
2.450(l) A. respectively, are equal within experimental error, as are also the two 
independent Sb(l)-O(3a) and Sb(2)-O(3) ring distances of 1.941(7) and 1.944(7) A. 
respectively.The two independent Ni-CO and CO bond lengths of 1.768 (av) and 
1.135 A (av). respectively. are normal for a tetrahedral-like Ni(CO),L, complex. 

A close examination of the four independent ring bond angles as well as the other 
15 independent tetrahedral-like bond angles (Table 8) about the Ni( 1). Ni(2). Sb(l), 
and Sb(2) atoms expectedly shows that the observed geometrical deformation of the 
(NiSbOSb), ring from equivalent bond angles as well as the particular axial-equa- 
torial orientations of the nickel-attached car-bony1 and antimony-attached phenyl 
ligands (Figs. 5 and 6) are dictated by steric effects. 

Comparative geometricul unuIysis of Ni,(CO),(p,-Ph,ShOSbPh ,), (3) wilh the _ _ 
“free” oxobis(diphenylstibine) iigand, Ph,SbOSbPh _, (4), and re,sulting implicutions. 
This nickel carbonyl dimer (3) is the first known “adduct” complex of the 
Ph,SbOSbPh, molecule (4). An X-ray crystallographic analysis of oxobis(diphenyl- 
stibine) (4) reported by Bordner et al. [20] in 1974 revealed a crystallographically 
independent, discrete molecule with the two nonidentical but similar four-coordi- 
nate Sb atoms possessing experimentally equivalent Sb-0 and Sb--C bond lengths 
of 1.970 (av) and 2.156 A (av), respectively [46*,47]. Since the C-Sb-C and 
CSb--0 bond angles are only slightly larger than 90”. it was concluded 1201 that 



the antimony lone-pair electrons are essentially s in character. The fact that a 121Sb 
Mossbauer spectrum of 4 displayed two distinct absorption peaks was attributed to 
an extremely large asymmetric parameter (i.e., q = 0.90) in the electric field gradient 
at the ‘*‘Sb nucleus [21]. 

A comparison of the molecular structures of 3 and “free” 4 is highly informative. 
A most striking feature is the significant increase in the two independent C-Sb-C 
bond angles from 94.6” (av) (range, 94.4(2)-94.9(3)“) in the “free” 4 [20] to 100.1” 
(av) (range, 97.7(3)-102.5(3)“) in 3. Under the assumption that the C-Sb-C bond 
angles reflect only orbital contributions, it follows that the Sb-C bonds in 3 have 
greater valence 5s Sb orbital character than those in 4. Further compelling evidence 
for greater 5s Sb orbital character in the four Sb-C bonds in 3 compared to that in 
4 is given by the Sb-C distances of 2.120 A (av) (range, 2.114(7)-2.126(6) A) in 3 
being markedly smaller than those of 2.156 A (av) (range, 2.150(7)-2.166(7) A) in 4. 
In turn, these arguments reflect the notion that the hybridized lone-pair Sb orbital 
used in forming each Sb-Ni bond has less 5s (and more Sp) character than that of 
the lone-pair orbital of each Sb atom in “free” 4. 

Geometrical comparisons of Cr(CO),(SbPh,) [48] with the closely related “free” 
Sb( p-tolyl), [49] and of bis(pentacarbonylchromium)-tetraphenyldistibine [50], 
(OC),CrPh,Sb-SbPh,Cr(CO),, with “free” tetraphenyldistibine [51], Sb,Ph,, show 
analogous bond-angle, bond-length trends [52 *,53 * ] consistent with the above-stated 
bonding interpretation. Similar bonding arguments were used by Carty, Lappert, 
and co-workers [48] in analyzing the structural changes within the crystallographi- 
tally isomorphous Cr(CO),(EPh,) series (E = P [54], As [4!], Sb [48], Bi [48]). 

The smaller symmetrical Sb-0 bond lengths of 1.942 A (av) in 3 compared to 
those of 1.970 A (av) in “free” 4 may be correlated with the larger Sb-0-Sb bridge 
angle of 130.7(3)” in 3 compared to that of 122.1(3)O in “free” 4. A similar trend 
between the Sb-O(bridge) distance and Sb-0-Sb bridge angle was observed for 
several oxybis(stibine) complexes containing trigonal-bipyramidally or octahedrally 
coordinated Sb” atoms linked by a bridging oxygen atom [55,56]. 
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