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The reaction of [QBisFey(CO)3 ([Q]21]; [Q] = [EtsN]™, [PhCHNMes]™) with MePCL in MeCN is a
complicated reaction which gives different results depending upon the stoichiometry of the reaction. At a ratio
of 1:1.33 (cluster:phosphine), the reaction yields a mixture of the new bisrimath carbonyl compounds [Q]-
[(u-H)FexCO)Bi{ Fe(CO)}] ([QI[ 2]), which has a tetrahedral fi, core edge-bridged across the bismuth centers

by an [Fe(CO)%~ fragment, and [Q]BizCls(u-Cl)s{ Fe(CO}}] ([Q]2[3]), containing a reduced complex ion
[BisClg]~ stabilized by coordination to an iron tricarbonyl fragment. Extendéckiimolecular orbital calculations

on this unusual anion are consistent with each bismuth atom possessing the same reduced oxidation state of
+2.33. The compound [EN][2] crystallizes in the triclinic space growl (No. 2) witha = 10.246(2) Ab =
11.859(2) Ac=12.474(2) Ao = 71.11(3}, B = 79.60(3}, y = 76.37(3), V = 1384.7(4) B, andZ = 2, while
[PhCH:NMe;]4[3]-0.87E+O was characterized in the orthorhombic space gfeloga(No. 61) witha = 20.801-

(4) A, b=19.937(4) A.c = 25.480(5) A,V = 10566.8(36) & andZ = 8. When the reaction is carried out at

a ratio of 1:2, the novel hydridg Q}{ («-H)Fex(CO)Bi{ 1-Cl} 2} ] ([{ Q}{4}]w) is isolated. This cluster also

has a “tetrahedral” core, with the BBi vector bridged by a chloride ligand and the molecules joined into infinite
polymeric chains in the solid state by the second intermolecularly-bridging chloride ligdRthCH.NMes} -

{4}] crystallizes in the monoclinic space gro@gi/n (No. 14) witha = 7.864(2) A,b = 22.465(4) A,c =
13.797(3) A8 = 105.96(3}, V = 2343.5(9) &R, andZ = 4. The metal framework of4]~ is similar to that of

[2]~ with the notable exception that the-BBi bond present ing]~ is missing in ]~ because of the additional
electrons provided by the chloride ions. At stoichiometries greater than 2:1, the previously reported
[Fe(CO)Bi,Clg]?~ ion is formed.

Introduction cluster molecules served to open synthetic pathways for larger

In the last decade, a great deal of attention has been given tocluster systems with very interesting structures and reactivity

. ) ; ) o
complexes and clusters of transition metal carbonyls with main patggrrggs 14 A cluster of particular interest is §Be(COLd®"
group elements:> The reactivity of the metal clusters is ([1]%)**14which has a novel cage structure reminiscent of Zintl

profoundly influenced by the presence of main group elements

as vertex atoms. Compounds containing the heavy group 15 Fe(CO)q z
element bismuth have received particular attention for a variety Bi

of reasons, among which is its large size. In initial studies on (OC)aF@F‘\FC@Oh
bismuth-containing transition metal carbonyl complexes, pri- 3 /

marily open-framework systems such ag ®d(CO)} s were \ é‘Bi’ /
produced, and it was thought thdbsoclusters would not form Bi Bi

because of the steric bulk of Bilt was later found that a wide - -
variety of closo systems of bismuth with first-row transition (1>

metal carbonyls such as Big{€0),%° [BiFes(CO)q ~,1° Bi,-
Fex(CO),'t and CpFe(COXBIi'? could be synthesized, and anions such as£ (E =P, As, Sb) with some vertices replaced
these were in fact remarkably stable. The production of these by transition metal fragment§-17 In order to understand the

T Rice University. (8) Whitmire, K. H.; Leigh, J. S.; Gross, M. B.. Chem. Soc., Chem.
* Universitede Rennes 1. Commun.1987, 926.
® Abstract published iAdvance ACS Abstract#ugust 15, 1997. (9) Martinengo, S.; Ciani, Gl. Chem. Soc., Chem. Comm@887, 1589.
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(3) Norman, N. CChem. Soc. Re 198§ 17, 269. (11) Churchill, M. R.; Fettinger, J. C.; Whitmire, K. H.. Organomet.
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chemistry of this intriguing cluster, we have begun to probe its layering a concentrated solution of it in MeCN with,6t Crystals
reactivity with a variety of reagents. In particular, we were appeared upon standing atO for a few of days. Yield: 0.24 g (21%
interested in determining if the opensBace could be capped ~ Pased upon Bi). IR, cm% MeCN): 2029 (w), 1980 (vs).'H

by an additional fragment. In the reaction with MeRGhe g'\H"R (1C9|313CN7NFIJ\§|)m):1§C=N7ML|1?8 1(:" %25)~ 70-/2?:(”,\}[ %Hg)' C3H9C7 C()&
metal-containing products obtained were found to be quite ), 1.94 (s, NMe). . {*H} (0.5 wt % r[_e ©) ©)-
different from those anticipated, were dependent upon the Me]; added as a relaxation agent, 295 K, ppm)= 217.3 (s, CO),

' 136.3, 131.6, 130.2, 128.1 (sgi), 75.1 (s, CH), 58.2 (t, NMe).

stoichiometry of the reaction, and did not incorporate phospho- anaj calcd (found): CO, 0.97 mmolig (0.95 mmol/g). [PhEH
rus. This work reports the isolation and structural/spectroscopic NMe;]4[3] is soluble in MeCN, slightly soluble in acetone, but insoluble

characterization of [BN][(x-H)Fex(CO)Bi{Fe(CO)}] in CH,Cl,, THF, EtO, and hexanes.

([EuN][2]), [PhCHNMes]3[BisCla(u-Cl)4sFe(COY] ([PhCH,- Synthesis of [Q][4] from [Q]J[1] and MePCl,. A 50 mL portion

NMe;][3]) and [PhCHNMes][(u-H)FexCO)Bi{u-Cl} 2] of MeCN was added to a 100 mL Schlenk flask containing [PRCH

([PhCH:NMezs][ 4]), which arise from reactions of salts df]f~ NMes],[1] (0.509 g, 0.295 mmol); 2.0 equiv of MePGD.07 g, 0.05

with MePC). mL) was then added via syringe. The solution became deep red and
was allowed to stir for approximately 10 h, during which it became

Experimental Section dark green. The mixture was then filtered through diatomaceous earth,

and the solvent was removed under vacuum. The resulting dark green
_ General Considergtions. All reactions_ were performed under an  oj| was washed with several 50 mL portions of@t and the residue
inert atmosphere of nitrogen or argon using standard Schlenk/vacuum-was placed in a Soxhlet extraction thimble and extracted with additional
line techniques. Diethyl ether and tetrahydrofuran were dried by Et,0 for a few hours to remove the residual phosphine byproducts.

distillation from CaH followed by distillation from Na/P}CO ketyl. The remaining dark green solid was extracted with a few 20 mL portions
Acetonltl’l|e was dIStI||ed fl’0m CaH)I'IOI’ to use. Infrared Spectra were of THF’ and the Combined dark green ﬁltrates were Concentrated to
obtained with a Perkin-Elmer Model 1640 FTIR instrument, aHd ca. 15 mL. The solution was layered with hexanes and allowed to

(250.13 MHz) and*C{*H} (62.90 MHz) NMR spectra were measured  stand for about 3 days at°C, giving dark green needlelike crystals of

on a Bruker AC 250 spectrometer in the solvent noted. Analyses for [PhCH,NMe;|[4]. Yield: 0.27 g (49% based upon Bi or Fe). IR,

carbon monoxide content were performed by digestion of the compound ¢m-%; THF): 2025 (m), 1997 (s), 1956 (m, sh), 1943 (mél NMR

with [PyH]Brs in degassed C¥l, at 75°C in a vacuum flask, followed (CDsCN, ppm): 6 = 7.50 (m, GHs), 7.28 (m, GHs), 3.98 (s, CH),

by quantitation of the liberated CO using a Toepler pump. The-[Q] 193 (s, NMg), —17.67 (s,u-H). 3C NMR (THF-ds, 0.5 wt % Cr-

[BisFey(CO)q complexes were prepared by the literature metiéés.  [MeC(O)CHC(O)Me} added as a relaxation agent, 295 K, ppriy=

Methyldichlorophosphine was used as received from Strem Chemicals. 215 g (s, CO), 195.5 (s, CO), 134.1, 131.6, 130.1, 129.3 {&5)C
Synthesis of [Q][2] and [QK[3] from [Q] 2[1] and MePCl, (1:1.33). 71.5 (s, CH), 53.4 (t, NMe). Anal. Calcd (found): CO, 1.08 mmol/g

In these preparations the il and [PhCHNMe]™ ions perform (1,06 mmol/g). [PhChNMes][4] is soluble in MeCN and THF, very

chemically the same, but the X-ray crystallography was complicated slightly soluble in CHCI, and acetone, but insoluble in J&x and

for one or the other because of disorder of the cation or problems in hexanes.

crystallization. Approximately 50 mL of MeCN was added to @ 100 |sojation and Characterization of Phosphine Byproducts. The

mL Schlenk flask containing [PhGNMej|;[1] (1.01 g 0.586 mmol).  Et,0 fractions from the Soxhlet extraction described above for the

MePCb (1.33 equiv, 0.09 g, 0.07 mL) was then added via syringe t0 synthesis of salts o]~ were combined, and the solvent was removed

the solution, upon which the red-brown color of the initial solution ynder vacuum. The colorless oil obtained was then distilled at room

changed slightly to a deeper red. The resulting solution was allowed temperature and a pressure of @ to give a less viscous fraction

to stir for 1 h under argon, after which it was filtered through a glass (fraction 1) and a very thick residue (fraction 2). These fractions were

frit and the solvent was removéal vacua The residue was extracted  then used for the spectral analyses.

with several portions of EO to remove the phosphorus-containing (a) Fraction 1. IR (cm™%, neat on KBr): 2087 (br, m), 1653 (s),

byproducts. The dark solid was then extracted with a few 20 mL 1479 (w). 'H NMR (THF-ds, 293 K, ppm): 6 = 8.22 (s), 6.06 (s),

portions of THF, and the combined deep red-brown filtrates were 5 g, (m), 5.08 (s), 4.84 (dd), 3.98 (d), 3.62 (t), 1.78 (p), 1.44 (t), 1.38

concentrated to 15 mL, layered with hexanes, and allowed to stand for(s), 0.88 (m), 0.83 (M) 3P NMR (THF-ds, 293 K, ppm): & = 45.01

2—3 days at 0°C, during which large columnar crystals of [Ph&H (), 44.35 (br), 37.59 (S)3'P{*H} NMR (THF-0g, 293 K, ppm): 44.42
NMe;][2] appeared. Yield: 0.51 g (65% based upon Fe). The synthesis (d, e = 533 Hz), 37.59 (s).

_of the [E4N] " salt was performed in a similar manner using:Ngt[1] (b) Fraction 2. IR (cm™, neat on KBr): 2385 (m), 1718 (m, sh),
in place of [PhCHNMej][1]. The spectroscopic data for both salts ;544 (br, m), 1417 (w), 1305 (m), 1260 (m) 1102 (s, br), 1017 (s),
are essentially identical, and the values reported here are those of theyg, (m, sh), 846 (m), 798 (M), 737 (W}H NMR (C4DsO, 293 K
[BLN]" salt. IR @co, cm % THF): 2033 (w), 1992 (S), 1985 (S),  ppm): ¢ = 11,62 (s), 7.68 (m), 7.54 (mult), 5.90 (mult), 5.27 (sept),
1934 (br, m). "H NMR l(schgc'\" ppm): 0 = 3.15 (g, CH), 1.20 (L 5.18'(t) 5,03 (d), 4.48 (br), 4.21 (s), 1.29 (5), 0.89 (MURP NMR
CHy) —14.74 (s,u-H). C{*H} NMR (THF-dg, 0.5 wt % Cr{MeC- (C4DgO, 293 K, ppm): 43.57 (s), 36.86 (br); decoupling hydrogen had
(O)CHC(O)Me} added as a relaxation agent, 295 K, pp)y= 212.4 no effect on the spectrum.

(Sf’ IS?\I)1+2171.50 (s, Cg)’cﬁo'? S l\?*o) 229'71 (Sé ﬁ%) ?31(§S&Gg|é The mass spectrum (€ of fraction 1 showed the highest mass
of ELN™), 7.5 (s, CHsCH, of ELN™). Anal. Calcd (found): ’ (M*) atm/e1117 and a regular loss of groups witlle 74—75 down

g—ggcrl“mO'GgT(afbrqu"@ll)-bl[a.“'][zl is Sg"ﬁble in MeCN, acetone, to m/e523, below which there was no obvious pattern. The species
212, an ut insoluble in BD and hexanes. were present in larger percentages as the mass decreased. Similarly,

'Ehl\e/l sglli\ld r;ma;rg)ingLafte_:_r:hef_lT HF extraction wz_s fuorlthe:jefﬁtraczed the mass spectrum of fraction 2 (Glshowed the highest massrate
with Me (2 x mL). e filtrates were combined and filtere 1113 and a regular loss of groups witlle 74—75 down tom/e 207,

through diatomaceous earth. After the solvent was removedcuq below which there was no obvious pattern. As with fraction 1, as the

the S_Ol?d was washed Wi_th two pqrtions each of THF angDEtThe . mass decreased the relative amount increased. In both cases, the masses
remaining red-orange solid was dried thoroughly under vacuum to yield appeared in two groups separated by-16 mass units, which is

pure [PhCHNMes]3[3]. The compound was recrystallized at© by attributable to the use of GHs the carrier -

. . . gas for the CI experiment.
layering a concentrated MeCN s_olutlon of the product widOEtAfter There was an intensity difference in these two groupings, however,
1~2 days, small block-shaped light orange crystals of [PiV]s- between fractions 1 and 2. For fraction 1, the two groupings had
[3]-0.87E4O had formed. This compound was recrystaliized by roughly the same intensity, while, for fraction 2, the intensity of the

lighter series was about twice that of the heavier set.
(15) fg%pgg(’%&@ Corbett, J. D.; Merryman, DJJAm. Chem. Soc. These phosphine compounds are soluble in MeCN, acetone, and

(16) Schmettow, W.; von Schnering, H. Bingew. Cheml977, 89, 895: THF, slightly soluble in EO, but insoluble in hexanes.
Angew. Chem., Int. Ed. Endl977, 16, 857. X-ray Crystal Structure Determinations of [Et4N][2],

(17) Critchlow, S. C.; Corbett, J. Dnorg. Chem.1984 23, 770. [PhCH:NMe3]3[3], and [PhCH;NMe;s][4]. All crystallographic data
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Table 1. Crystal Data and Crystallographic Data Collection and Structure Refinement ParametersN{2JEfPhCH.NMes][3]-0.87E+O,

and [ PhCHNMez}{4}]»

[ELN][2] [PhCH,NMe]4[3]-0.87E$O [{PhCHNMes]} {4} ]..
empirical formula QgHuBizFeg,Nolo C33H43Bi3C|8FeNgO3‘0.87C4HloO CmH]jBizCleQNOa
fw 996.87 1564.88 919.87
temp (K) 293(2) 293(2) 223(2)

system [space group] triclinic [ANo. 2)]

cell parameters

orthorhombicPbca(No. 61)]

monoclinic P2:/n (No. 14)]

a(h) 10.246(2) 20.801(4) 7.864(2)
b (A) 11.859(2) 19.937(4) 22.465(4)
c(A) 12.474(2) 25.480(5) 13.797(3)
o (deg) 71.11(3)
p (deg) 79.60(3) 105.96(3)
y (deg) 76.37(3)
V (A3) 1384.7(4) 10 566.8(36) 2343.5(9)
VA 2 4 4
pealc (g/cn?) 2.391 1.967 2.604
u (mmh) 14.247 10.671 16.445
goodness of fit (orfF?) 1.021 1.022 1.027
final R[1 > 20(1)]
R (onF) 0.0397 0.0691 0.0286
wR? (0N F?) 0.0711 0.1417 0.0564
final R (all data)
Ri2(onF) 0.1070 0.1979 0.0560
wRA2 (on F?) 0.0879 0.1894 0.0639

ARy = I||Fo| — [Foll/ZIFol; wRe = [SW(F2 — FAYIWFAY% wt = 0%(F2) + aP? + bP; P = (F2 + 2F2)/3.

were measured with a Rigaku AFC5S four-circle automated diffrac-
tometer (Rigaku CONTROL Automatic Data Collection Series, Mo-
lecular Structure Corp., The Woodlands, TX) using graphite mono-
chromated Mo K radiation (0.7107 A). A summary of data collection

Crystals of {PhCHNMes}{4}]. suitable for single-crystal X-ray
diffraction were grown by vapor phase diffusion of hexanes into a
concentrated solution of the compound in THF & A dark green
needlelike crystal (0.% 0.3 x 0.5 mn¥) was chosen for data collection,

parameters for the three compounds is given in Table 1. The crystalsand the starting cell was determined to be monoclinic. The centrosym-
were mounted on a glass fiber with epoxy cement, and data were metric space grougP2/n (No. 14) was selected on the basis of

collected with #—w scans at #min. Three standard reflections were
monitored for decay every 150 reflections throughout the data collection.
An absorption correction from azimuthab) scans was applied to the

systematic absences and intensity statistics. All non-hydrogen atoms
were refined anisotropically. The bridging hydride ligand of the anion
was refined isotropically. Hydrogen atoms on the cation were included

data. The programs used in solving each structure were part of thein calculated positions.

Siemens Analytical X-Ray Instruments data reduction and refinement

package SHELXTL PC% and refinement of each structure was

performed using the data refinement program package SHELX-93.
A dark, columnar crystal of [EN][2] (0.3 x 0.3 x 0.5 mn?) grown

as described above was used for data collection and found to be triclinic.

Data were collected fot-h, £k, &I over the ranges & h < 13,—-15

< k = 15, -16 = | = 16 with 22 = 55°. The more common
centrosymmetric space grolfi (No. 2) was chosen on the basis of
reflection intensity statistics and its natural occurrence and shown to
be correct by successful structure solution and refinement. The bismuth

Computational Details. Calculations on 3]~ were carried out
within the standard extended ekel (EH) formalism®2! using the
modified Wolfsberg-Helmholz formul&2? The calculations were
carried out with the CACAO package developed by Mealli and
Proserpic® Standard atomic parameters were used for C arfid O.
Parameters for Ct Bi,?®> and Fé° were taken from the literature. It
has been confirmed that a reasonable variation of the atomic Bi, Cl,
and FeH; parameters do not modify significantly the qualitative
conclusions of this study. Calculations were run both on the experi-

,mental structure and on an averaged idealized geometr{,of

iron, carbon, and oxygen atoms of the anion and the nitrogen atom of symmetry, which would be an exact symmetry if the slight variations

the counterion were refined anisotropically, while the non-hydrogen
atoms of the cation and the cluster-bound hydride ligand were refined
isotropically. All hydrogen atoms of the cation were included in
calculated positions, while the hydride ligand attached to the cluster
was located and refined isotropically.

The crystal (0.3x 0.3 x 0.3 mn¥) of [PhCH:NMejs]3[3]-0.87EtO
chosen for study was grown fromE¥MeCN as described above. Data
were collected fort-h, +k, +1 over the ranges & h < 20,0=< k <
20,—21 < | < 0 with 20max= 45°. The centrosymmetric space group

in Bi—Cl and Fe-CO bond parameters were ignored (see below).

Results and Discussion

Syntheses.The reaction of tetraalkylammonium salts &
with MePCL in MeCN at a ratio of 1:1.3 yields two main
products, 2]~ and B]3~, along with small amounts of metallic
residues and polymeric phosphine-containing byproducts.
Note: To facilitate discussion, the counterions have been omitted

Pbca (No. 61) was chosen on the basis of systematic absences andand the compounds will be referred to by the anion only. In

intensity statistics. The phenyl rings of the cations were restrained to

all cases, the cations were either J&t" or [PhCHNMez]™

refine as rigid bodies. Because of the weighting of the data by the and the chemistry did not seem to depend upon which was
large number of heavy atoms, bond parameters to the carbon atoms of:hgsen. The crystallography, however, was sometimes cation

the carbonyl ligands were outside of normal ranges, so theCFand
C—0O distances were also restrained in the final refinement. The
bismuth, iron, and oxygen atoms of the anion and all non-hydrogen
atoms of the cations were refined anisotropically. The remaining carbon
atoms in the anion were refined isotropically. The largest peak in the
final difference map was 2.28 e?&nd was a shadow of the bismuth
atom.

(18) Sheldrick, G. M.SHELXTL PC Siemens Analytical X-Ray Instru-
ments, Inc.: Madison, WI, 1990.

(19) Sheldrick, G. MSHEXL-93 In University of Gdtingen: Gitingen,
Germany, 1993.

dependent, and the sample chosen was selected in order to
overcome problems in the cation for the other salt. For example,
we were unable to obtain single crystals of [PhSiMes][2],

(20) Hoffmann, RJ. Chem. Physl963 39, 1397.

(21) Hoffmann, R.; Lipscomb, W. NI. Chem. Phys1962 36, 2179.

(22) Ammeter, J. H.; Bigi, H.-B.; Thibeault, J. C.; Hoffmann, R.. Am.
Chem. Soc1978 100, 3686.

(23) Mealli, C.; Proserpio, D. MJ. Chem. Educ199Q 67, 399.

(24) Summerville, R. H.; Hoffmann, R. Am. Chem. Sod976 98, 7240.

(25) Kahlal, S.; Halet, J.-F.; Saillard, J.-Y.; Whitmire, K. H.Organomet.
Chem.1994 478 1.
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Scheme 1
(CO)4 z
a Fe\ cl
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Cl
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MePCl Figure 1. Plot of the anion of [EN][2] showing 50% thermal
ellipsoids and the atom-labeling scheme.
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4 \\\I o
(OC)3FeC— Fe(CO)3
H

(4r

so the [E4N] ™ salt was structurally characterized instead. The
reaction is rapid with approximately 80% of the starting carbonyl
compound being converted within £20 min. ]~ is obtained
via the same reaction but at a stoichiometric ratio of one cluster
to two MePC}. Several hours are required for completion of
this reaction. When greater than 2 equiv of MepPBlused,
the major isolated product is [BElsFe(CO)]2-, whose char-
acterization has been report®d This compound may also be
obtained directly by reaction of two equiv of BiClwith Figure 2. Plot of the anion of [PhCENMe;]5[3]-0.87EtO showing
[Fe(COXJ2~. These reactions are summarized in Scheme 1. 50% thermal parameter ellipsoids and the atom-labeling scheme.
Salts of P]~ and B]3~ may be isolated from the reaction using
a 1:2 stoichiometry if the reaction is quenched by addition of
EtO prior to the formation of4]~. As will be discussed below,
the anions 2]~ and B]~ are structurally related andl][" is
derived from P]~ upon addition of MePGlbut the fate of §]3~
under such conditions is unknown. Significant amounts of
insoluble and non-carbonyl-containing residues result from the
second reaction, s@[F~ apparently undergoes decomposition.
The differing solubilities of 2]~ and [B]3~ allow their easy
separation. The monoanionig]{ is soluble in THF, CHCIy,
and MeCN and somewhat soluble in acetone, although the
compound is not very stable in MeCN solution, decomposing
over a period of several hours to 1 day. Compousjd, on
the other hand, becalfse. of its high c.harge is soluble only in Figure 3. Plot of the anion of {PhCHNMes}{4}]. showing 50%
MeCN. Compound4]~ dissolves readily in MeCN and THF  yhermal ellipsoids and the atom-labeling scheme.
but not in CHCI,. The latter insolubility makes separation of
mixtures of P]~ and @]~ facile (the solubilities of the [GN]* Clizb) Clt2a)
and [PhCHNMes] " salts were very similar). Compound|[ ,
is more unstable in MeCN solution, with complete decomposi-
tion occurring in 2-3 h. Both P]~ and []~ are only moderately ~ Bi2c
air sensitive in the solid state as the tetraalkylammonium salts. «
Structure and Bonding Considerations. Thermal ellipsoid
plots of the cluster anion<[~, [3]3~, and @]~ are given in
Figures 14, and selected bond parameters are provided in
Tables 2-4. Since the anion<]~ (Figure 1) and4]~ (Figures Figure 4. Plot of a portion of the polymeric chain structure found in
3 and 4) are structurally related, they will be discussed together.the solid state for{PhCHNMesz}{4}]o.
Both compounds are monoanionic with one countercation
present in the crystal lattice, and both may be derived by starting
with a BioFe&, tetrahedral core. The parent is the as-yet-unknown
tetrahedral dianion [BFeXCO)]?~, possessing six skeletal

9
1a}

electron pairs for edge-localized bonding within the tetrahedron.
Protonation of this structure across the-fre edge results in

no change to the electron count or the core structure except for
a lengthening of the metametal bond. The FeFe bond

(26) Eveland, J. R.; Whitmire, K. H.; Saillard, J.-¥horg. Chem.1996 distances are the same fdlf{ and {]~ within experimental
35, 4400-4405. error (2.753(4) and 2.759(2) A, respectively) and are consistent
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Table 4. Selected Bond Distances (&) and Angles (deg) for
[{PhCHNMes}{ 4}].?

Distances

Bi(1)—Bi(2) 3.102(1) Bi(1)>-Fe(1) 2.701(3)

Bi(1)—Fe(2) 2.702(2) Bi(1)Fe(3) 2.896(3)

Bi(2)—Fe(1) 2.695(3) Bi(2)yFe(2) 2.705(2)

Bi(2)—Fe(3) 2.882(3) Fe(HFe(2) 2.753(4)

Fe(1)-H(12) 1.74(11) Fe(2yH(12) 1.60(13)

Bi(2)--*Bi(2A)2 3.610(2)

Angles

Fe(1}-Bi(1)—Fe(2) 61.26(8) Fe(HBi(1)—Fe(3) 103.28(8)
Fe(1)}-Bi(1)—Bi(2) 54.82(6) Fe(2yBi(1)—Fe(3) 103.19(8)
Fe(2)-Bi(1)—Bi(2) 55.05(6) Fe(3)Bi(1)—Bi(2) 57.32(5)
Fe(1)-Bi(2)—Fe(2) 61.30(8) Fe(bHBi(2)—Fe(3) 103.81(8)
Fe(1)}-Bi(2)—Bi(1) 55.00(6) Fe(2yBi(2)—Fe(3) 103.48(8)
Fe(2)-Bi(2)—Bi(1) 54.95(5) Fe(3)Bi(2)—Bi(1) 57.76(5)
Bi(1)—Fe(1)-Bi(2) 70.17(7) Bi(1»Fe(1)>-Fe(2) 59.39(7)
Bi(2)—Fe(1)-Fe(2) 59.54(8) Bi(1)}Fe(2)-Bi(2) 70.00(7)
Bi(1)—Fe(2)-Fe(1) 59.35(7) Bi(2yFe(2)>-Fe(1) 59.17(8)
Bi(1)—Fe(3)-Bi(2) 64.92(6)

a Symmetry transformation used to generate the equivalent atom
Bi(2A): —x+1,-y+1,—-z+ 1.

Table 3. Selected Bond Distances (&) and Angles (deg) for
[PhCH:NMeg]4[3]-0.87E:O

Distances
Bi(1)—Fe(1) 2.602(4) Bi(2yFe(l) 2.646(4)
Bi(3)—Fe(1) 2.612(4) Bi(2)Cl(1) 2.594(11)
Bi(1)—CI(2) 2.610(8) Bi(1)-CI(3) 3.094(9)
Bi(1)—Cl(4) 3.154(10) Bi(2)-CI(3) 2.814(10)
Bi(2)—Cl(4) 2.763(8) Bi(2)-CI(5) 2.775(9)
Bi(2)—CI(6) 2.838(9) Bi(3)-CI(5) 3.125(9)
Bi(3)—CI(6) 2.964(8) Bi(3)-CI(7) 2.598(9)
Bi(3)—CI(8) 2.662(8) Fe-C (range) 1.80(3)1.83(3)
C-0O (range) 1.12(3)1.14(3)

Angles
Cl(2)—-Bi(1)—CI(1) 92.9(3) CI(3yBi(1)—Cl(1) 98.5(3)
Cl(4)—-Bi(1)—CI(1) 171.5(3) CI(3)yBi(1)—CI(2) 168.4(3)
Cl(4)—Bi(1)—CI(2) 95.2(3) Cl(4yBi(1)—CI(3) 73.3(2)
CI(1)-Bi(1)—Fe(1)  98.2(3) Cl(2yBi(1)—Fe(1) 97.2(2)
CI(3)-Bi(1)—Fe(1) 83.6(2) Cl(4yBi(1)—Fe(1) 83.5(2)
Cl(4)—Bi(2)—CI(3) 84.0(3) CI(5¥Bi(2)—CI(3) 178.4(3)
CI(6)—Bi(2)—CI(3) 99.1(3) CI(5¥-Bi(2)—Cl(4) 94.9(3)
CI(6)—Bi(2)—Cl(4) 176.8(2) CI(6)Bi(2)—CI(5) 82.0(2)
CI(3)-Bi(2)—Fe(1)  88.5(2) Cl(4yBi(2)—Fe(1) 90.8(2)
CI(5)—-Bi(2)—Fe(1)  90.3(2) CI(6)yBi(2)—Fe(1) 88.5(2)
CI(6)—Bi(3)—ClI(5) 74.3(2) CI(7»Bi(3)—CI(5) 169.9(2)
CI(8)—Bi(3)—CI(5) 97.0(3) CI(7»Bi(3)—Cl(6) 95.6(3)
CI(8)—Bi(3)—Cl(6) 171.0(3) CI(8)Bi(3)—ClI(7) 93.1(3)
CI(5)-Bi(3)—Fe(1)  83.6(2) CI(6yBi(3)—Fe(1) 86.5(2)
CI(7)-Bi(3)—Fe(1) 96.2(2) CI(8)yBI(3)—Fe(l) 95.0(2)
Bi(2)—CI(3)—Bi(1) 74.4(2) Bi(2)-Cl(4)—Bi(1) 74.1(2)
Bi(2)—CI(5)—Bi(3) 73.6(2) BIi(2)-CI(6)—Bi(3) 75.3(2)
C(11)-Fe(1)-C(12) 93.4(14) C(1hyFe(1)-C(13) 173.3(14)
C(12)-Fe(1)}-C(13) 92.2(14) Bi(1}Fe(1)-Bi(2)  86.04(12)
Bi(1)—Fe(1}>-Bi(3) 170.8(2) Bi(2)-Fe(1»-Bi(3) 84.77(13)
Bi(1)-Fe(1}-C(11) 90.6(10) Bi(1yFe(1)-C(12) 95.6(10)
Bi(1)—Fe(1}-C(13)  90.1(10) Bi(2)yFe(1}-C(11) 85.3(10)
Bi(2)—Fe(1)-C(12) 178.4(10) Bi(2yFe(1)-C(13) 88.1(10)
Bi(3)—Fe(1}-C(11)  88.3(10) BI(3)Fe(1}-C(12) 93.6(10)
Bi(3)—Fe(1}-C(13)  90.1(10)

with distances found for other Fé-e bonds which have been
elongated by the presence of a bridging hydride liginéf A
good comparison can be made with the isostructural and

(27) Hay, C. M.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R.; Whitton, A.
J.J. Chem. Soc., Dalton Tran$988 2091.

(28) Vites, J. C.; Eigenbrot, C.; Fehlner, T. R.Am. Chem. Sod 984
106, 4633.

(29) Huttner, G.; Schneider, J.; Mohr, G.; von SeyerlJ.JOrganomet.
Chem.198Q 191, 161.

(30) Whitmire, K. H.; Raghuveer, K. S.; Churchill, M. R.; Fettinger, J. C.;
See, R. FJ. Am. Chem. S0d.986 108 2778.

(31) Curka, P.; Barrett, C. S\cta Crystallogr.1962 15, 865.

Distances
Bi(1)—Fe(1) 2.662(2) Bi(2yFe(2) 2.641(2)
Bi(1)—Fe(2) 2.653(2) Bi(2)CI(1A) 2.867(3)
Bi(1)—CI(1) 2.818(3) Bi(2)-ClI(2) 2.867(3)
Bi(1)—ClI(2) 2.906(3) Fe(LyFe(2) 2.759(2)
Bi(1)---Bi(2) 3.4620(10) Bi(2)-Fe(1) 2.658(2)
Fe(1-H(12) 1.83(9) Fe(2rH(12) 1.55(9)

Angles
Fe(1>-Bi(1)-Fe(2)  62.54(5) Fe(BBi(2)—Bi(l)  49.45(4)
Fe(1)}-Bi(1)—CI(1) 100.37(7) Fe(:)yBi(2)—Fe(2) 62.75(5)
Fe(1>Bi(1)—CI(2)  92.63(7) Fe(1}Bi(2)—CI(1A) 95.66(7)
Fe(2)-Bi(1)—Cl(1) 102.02(7) Fe(:)yBi(2)—Cl(2) 93.38(7)
Fe(2-Bi(1)—CI(2)  92.39(7) Fe(2}Bi(2)—CI(1A) 98.09(7)
Cl(1)-Bi(1)—Cl(2) 163.88(8) CI(1B)Bi(2)—ClI(2) 167.80(8)
Bi(1)—Fe(1)-Bi(2) 81.19(4) BIi(1)}-Fe(2)-Bi(2) 81.69(4)
Bi(1)—Fe(1)-Fe(2) 58.57(4) Bi(1)yFe(2)>-Fe(1) 58.89(5)
Bi(2)—Fe(1)-Fe(2) 58.32(5) Bi(2)yFe(2)-Fe(1) 58.93(4)
Bi(1)—CI(1)-Bi(2B) 101.56(9) Bi(1)-Cl(2)—Bi(2) 73.56(6)

a Symmetry transformations used to generate equivalent atoms: (A)
x+1,y,z(B)x—1y,z

isoelectronic [E4N][BiFeCo(CO)g], which has no bridging
hydride and an FeFe bond distance of 2.682(7) R.

The major difference between the structurespf [and @]~
lies in the effect of the group which adds across the-Bi
bond. From one viewpoint, the Fe(CQjroup considered as a
16-electron fragment does not serve to add electrons to the
cluster core but rather may be viewed as accepting the electron
pair present in the BiBi bond to form a three-center two-
electron bond. Even so, substantial i bonding is
retained-the distance is 3.102(1) A, consistent with a bond order
of ca. 1. For comparison, the closest bonding contact in
elemental Bi is 3.07 & Similar values have been found for
clusters with bismutkbismuth single bonds, such asgBiin
the compounds [B]2[Bi 2Clg][BiCl 5]4 (3.103(6)A$2 and [Bi]-
[BIi][HfCI ¢] (3.094(3) A)33 as well as in [EfN]2[1] (3.14(2)
3.168(2) A}4 and [EsN][Bi 2F&Co(CO)q] (3.092(2) A) The
bonding situation is not so simple, however. Our calcula#ons
have shown that the interaction between the 16-electron M(CO)
unit and the 6-SERlosoM3Bi; cluster results in a significant
donation from the:-M fragment to the BiBi o* orbital. This
is the electron pair of psymmetry which is the “extra” (i.e.,
seventh) pair of thelosotetrahedron. Thishinteraction may
be viewed as the cluster counterpart to hypervalency normally
associated with single-center heavy main group element com-
pounds such as BF In the Pk molecule, a similar orbital
results from the donation of an electron pair from 6 a o*
orbital of a PR+ fragment. There is thus a synergism in the
Bi,—u—Fe bonding: the metal atom receives an electron pair
via the a orbital from the tetrahedron, but it also donates a
nonbonding pair in atorbital to the cluster. The latter donation
has no effect on the 18-electron configuration of the metal, since
this electron pair remains in the metal coordination sphere. The
& electron pair donated to the metal may be better described
as a Bi lone pair combination (preserving the-Bii o bonding),
while the h interaction weakens the BBi bond by partially
occupying the B+Bi o* orbital.

As a result of the three-center nature of the bonding, the Bi
u-Fe distances (2.896(3) and 2.882(3) A) are almost 0.2 A longer
than the Bi-Fe distances within the tetrahedral core (2.70 A,
average). The formal addition of the electronically similar CI
ion (which also requires two additional electrons to fill its
valence shell) across the BBi bond in [4]~ is substantially

(32) Herschatft, A.; Corbett, J. Dnorg. Chem.1963 2, 979.
(33) Friedman, R. M.; Corbett, J. Dnorg. Chim. Actal973 7, 525.
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different owing to its ability also to donate additional lone pairs. probably reflect the hypervalent nature of the bismuth atom. It
This is commonly observed in cluster compounds which is noteworthy that the intramolecular interactions are, if
incorporate halogen atoms (or halide ions) as bridging ligands. anything, weaker than those between cluster units. TheCBi
The result would be the hypothetical, neutral RO )sBix(u- interactions for 4]~ must be reasonably strong, however, or
Cl) (6), in which there is no Bi+Bi bond. The actual observed [Et4N][CI] would be expected to precipitate from solutions using
solvents in which that salt is insoluble but in which JH}{ 4]

el remains dissolved. The BICI—Bi angles are quite different
. / \Bi-. for the two types of bridging Cl atoms. For that bridging the
B‘\ Bi—Bi vector, the angle is quite acute (75.56(6) A), while the
intermolecularly bridging Cl ion has a more closely tetrahedra
l i lecularly bridging Cl ion h losel hedral
(OC)3F°\ = Fe(co), value (101.56(9) A). Despite these additional perturbations to
the tetrahedral core, the BFe framework remains well-bonded
6 and the resulting Bt Fe distances (2.654, A average) are actually

significantly (differences 40) shorter than those found ig][".
These interactions are similar to the halide ion interactions with
the Te atoms in T#e(CO) recently reported for the solid state
structures of Tge(CO)[EtsN]X (X = CI, Br).51 It makes
some sense to formulate [@][as a double salt of the form
[8]-[QIICI], but all attempts made so far to remove the “extra”
Cl~ ligand have failed to give reaction or have led to
decomposition.

We believe that the solution structure dfT is different from
the solid state structure in that (1) the compound is soluble in
common organic solvents and (2) the simple nature of the
infrared and NMR spectra is consistent with that expected for
a symmetrical anionic compound of the form [HE&O)s(u-
BiCl)z]~ ([9]7). The conversion o8 to the structure shown

distance in 4]~ is 3.462(1) A, well outside the range for Bi

Bi single bonds although still within the van der Waals contact
distance of 4.30 &4 This hypothetical molecule would be
electron precise with 34 electrons as predicted for the metal
metal-bonded dinuclear compound.

The structure of4]~ is further complicated by the formation
of intermolecular hypervalent BiCl interactions so that an
extended polymeric network is obtained in the solid state as
can be seen in Figure 4. Hypervalency of bismuth atoms which
are attached to transition metals as [ is now well-
established in the literatuf®. Particularly relevant examples
include tetrahedral [BICo(CO)} 4] ~,%36as well as the oligomers
[Fp2BICI (7, Fp< = Cp or substituted Cp), which exist in the
solid state as cyclic trimei;3° and [Cp(CO3Mo],Bil and [Cp-

(COXMn],BICl, which exist as dimers8j*>-41 owing to hyper- . . R
Bi Bi
Fp Fp a” N\ / ~a
N/ N
Bi (OC)3FeC— Fe(CO)3
PR s
cl cl M(CO),Cp H
CpM(CO)x X /
T P Se e (o1
1\ _Bi A \
Fp/ Cl \Fp cpmco)” X M(CO),Cp o . L .
for [9]~ upon addition of Cf in solution is appealing because
7 8 it allows the molecule to maintain the 34-electron count

preferred for dinuclear metametal-bonded compounds. The
entering Ct ligand is thus accommodated by displacing the
lone pair donated by the-Cl ligand.

An alternative view of 2]~ can be considered by beginning
with the closotrigonal bipyramidal BiFe;(CO), molecule,
which possesses six skeletal pairs of electrons. Addition of two
electrons produces the seven-skeletal-pair system which has the
square pyramidal configuration shown d€Jf~.52 Addition
of another ligand produces the bridged-tetrahedral structure
[11)2~ found here in protonated form. This breakage of another
Fe—Fe bond upon addition of an electron pair, i.e. on going
from [10]2~ to [11]%-, is consistent with bonding expectations,
but the transformation is interesting in that the-Bii bonding
interaction is retained. This structural conversion was first

valent Bi—X (X = halide) bonding. Also in this class is the
anion [Fe(CO)BiClg]?~ ([5]%7), which will be described in
more detail below owing to its relationship t8]} .26 For [2]~,
a weak Bi--Bi intermolecular interaction at 3.610(2) A is seen.
This value is well under the sum of the van der Waals radii
and may denote a similar tendency for hypervalency of Bi in
[2]~, but this interaction is clearly very weak if even present.
In light of these reports, the BiCl distances deserve some
comment. The values associated with the Cl atom intramo-
lecularly bridging the two Bi atoms are 2.876(3) and 2.906(3)
A, and the contacts to the Cl atoms which bridge between cluster
units are 2.818(3) and 2.876(3) A. These values are at the long
end of the range found for bismuth chloride complé%e$ and

(34) Biondi, A.J. Chem. Phys1964 68, 441. observed by Rauchfuss for the addition of CO and phosphines
(35) Clegg W.; Compton, N. A,; Errington, R. J.; Fisher, G. A.; Hockless,
.C. Ry Norman N. C,; Orpen A G, Stratford S. E.Chem. (43) Battaglia, L. P.; Corradi, A. B.; Nardelli, M.; Vidoni Tani, M. B.
Soc Dalton Trans1992 3515 Chem. Soc., Dalton Tran§978 583.
(36) Leigh, J. S.; Whitmire, K. HAngew. Chem., Int. Ed. Endl988 27, (44) Morss, L. R.; Robinson, W. Rcta Crystallogr.1972 B28 653.
396; Angew. Chem1988 100, 399. (45) Clegg, W.; Errington, R. J.; Fisher, G. A,; Flynn, R. J.; Norman, N.
(37) Wallis, J. M.; Miller, G.; Schmidbaur, HJ. Organomet. Cheni987, C. J. Chem. Soc., Dalton Tran%993 637.
325 159. (46) Mammano, N. J.; Zalkin, A.; Landers, A.; Rheingold, A.lborg.
(38) Clegg, W.; Compton, N. A.; Errington, R. J.; Norman, N.JCChem. Chem.1977, 16, 297.
Soc., Dalton Trans1988 1671. (47) Aurivillius, B.; Stalhandske, CActa Chem. Scand.978 A32, 715.
(39) Clegg, W.; Compton, N. A.; Errington, R. J.; Norman, N. C. (48) Wiley, G. R.; Collins, H.; Drew, M. G. BJ. Chem. Soc., Dalton Trans.
Polyhedron1987, 6, 2031. 1991 961.
(40) Clegg, W.; Compton, N. A.; Errington, R. J.; Fisher, G. A.; Hockless, (49) Frank, W.; Schneider, J.; Mer-Becker, S.J. Chem. Soc., Chem.
D. C. R.; Norman, N. C.; Williams, N. A. L.; Stratford, S. E.; Nichols, Commun.1993 799.
S. J.; Jarrett, P. S.; Orpen, A. G.Chem. Soc., Dalton Tran£992 (50) Schier, A.; Wallis, J. M.; Miler, G.; Schmidbaur, HAngew. Chem.
193. 1986 98, 742; Angew. Chem., Int. Ed. Endl986 25, 757.
(41) von Seyerl, J.; Huttner, G. Organomet. Cheni98Q 193 207. (51) (a) Bachman, R. E.; Whitmire, K. H. Organomet. Cheni994 479,
(42) Vezzosi, I. M.; Zanoli, A. F.; Battaglia, L. P.; Corradi, A. 8.Chem. 31. (b) Shieh, M.; Shieh, M.-HOrganometallics1994 13, 920.

Soc., Dalton Trans1988 191. (52) Eveland, J. R.; Whitmire, K. Hnorg. Chem. in press.
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_—Bi 2- (CO), a2 Scheme 2
(OC)sFe; Fe a ,
) Bi/ Bi a 2 s . B a o ¢ / ‘
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Bi ) cl BiCL L A
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to the square pyramidal Ffee;(CO), which is isostructural and  angles around each bismuth atom are reasonably regular and
isoelectronic with 10]2~.5% The structure of Tge3(CO)owas close to the anticipated value of 9fbr the square pyramidal
recently verified* and a similar structure has been found for arrangement. The greatest distortion occurs around Bi(2). This
CpMo2Fe(CO)Te,> Because the TeTe separation inthese  geometry about bismuth is commonly seen in a variety of
molecules is approximately the same as the Biidistance in ~ hypervalent bismuth(lll) coordination compounds. The-Bi
[2]~ , the degree of interaction for the chalcogenide system is C| hond distances are, however, very asymmetrical, falling into

correspondingly weaker since Te is a smaller atom. three general groups: Bi(1;3Clemina (2.616 A, average)x
One other view for these bridged-tetrahedral clusters should Bi(2)—Clbridge (2.798 A, average) Bi(1,3)—Clyridge (3.084 A,
be considered. This structure is based uponasachne average). Given the long Bi(13 lbridge distances, the frag-

pentagonal bipyramidal parent, as predicted by the presence ofment may perhaps be viewed more appropriately as being
eight skeletal electron pairs. The view has some merit but againcomposed of two BiGlunits and one BiGlgroup. The Bi-
does not account for the substantiaHBi bonding observed. (1,3)—Cliemina distances are within the range normally found
This issue has been previously analyzed by extendétkélu  for such complex ion&-4457while the distances to the bridging
calculations and discussed in some détail. Cl atoms are significantly longer but still consistent with values
We note also that the coordination geometry around the associated with hypervalent bismuth compounds having bridging
bismuth center in4]™ is similar to that recently reported for  halides. As with most hypervalent complexes, there is a give-
the related FeTe compound [FECO)s(u-Cl)(u-TeCkh]2[Tez- and-take in the bond distances such that the average of the long
Clig] (12).%° In 12, a FeTe; core with a butterfly geometry is  and short bonds to Bi(1) and Bi(3) is 2.850 A, which is not
significantly different, according to the error bars on these data,
/C' from the average for the four Bi(2)Clprigge bONds.
(OC);F /Fe‘co)s There is an obvious relationship between the structurd]&f [
a \> and that of [Fe(CQPBiClg]?~ ([5]%") reported earlier (Scheme
T~ e 2)26 Replacing a CO ligand orb[?~ with a BiCl,~ fragment
/ will achieve the production of3®~. Bismuth has a formal
\ a oxidation state oft-1 in BiCl,~; while this oxidation state has
been found for reduced bismuth halides in the solid state
/ \ compounds, it is not documented for discrete bismuth halide
compounds except in transition metal systems lik€gMn-
cl (CO)}2BiCl] 2,4 where the oxidation state assignments are
C ambiguous. Itis not unreasonable, however, that Bi@light
T have a fleeting existence, which would allow for a direct
Cl/\/Te\Cl substitution as shown in Scheme 2, especially given that both

complexes have been isolated from this same reaction system.
(OC)sFe\ /Fe(co)a Preliminary attempts, however, to convety into [3]3~ or
cl vice versa have not been successful. Since (1) the reaction is
12 complicated, giving a mixture of products , (] has a
limited solution stability, and (3) there are no convenient
spectroscopic handles to probe the system, we have not yet been
able to devise experiments that would answer this mechanistic
guestion.

observed with one terminal chloride ligand on each Te atom
and one chloride ligand bridging the two tellurium centers, very
similar to the coordination geometry observed for the bismuth

centers inf]~. The Clemina—Te—Cloriggeangle in12 (173.36- A sir_nple C(_)nsideration of_ electron counting in @Big]g"
(7)°, average) is close to the corresponding angles4im [ shows immediately that the bismuth atoms must be in a reduced
(165.85, average). oxidation state. The simple back-of-the-envelope calculation

The structure of3]3" is unique (Figure 2). At first glance, gives an average oxidation state®aft for each bismuth atom.

it may be viewed as a simple Fe(G@jagment coordinated to [N order to explore this unusual condition more thoroughly, EH
a complex [BiClg]*>~ moiety, although the distribution of charge ~ calculations were performed org8]f~, which were more
between the Fe and Bi fragments is not straightforward, as will consistent with the &s" oxidation state, as detailed below.
be discussed momentarily. The coordination environment about ~ Theoretical Study of [3F~. We first consider an idealized
iron is that of a conventional octahedron, and that for the Ca Structure for the anior8]3, in which all bond angles around
bismuth atoms is a square pyramid with a lone pair of electrons the Fe and Bi atoms are equal to 90 or 180rhus, in this

expected to occupy the sitésans to the Bi-Fe bonds. The  geometry, Bi(1) is perfectly square planar, while Fe is perfectly

octahedral. Figure 5 shows the MO diagram 8ff, based

(53) Lesch, D. A,; Rauchfuss, T. Brganometallics1982 1, 499. on the interaction between the Fe(G@pd BiClg fragments.

(54) Gervasio, GJ. Organomet. Chenl992 441, 271. The frontier orbital set of a T-shaped unit such as the Fe{CO)

(55) Bogan, J. L. E.; Rauchfuss, T. B.; Rheingold, A.J..Am. Chem.
So0c.1985 107, 3843.

(56) Eveland, J. R.; Whitmire, K. FAngew. Cherml996 108 841;Angew. (57) Drew, M. G. B.; Nicholson, D. G.; Sylte, |.; Vasudevan, lAorg.
Chem., Int. Ed. Engl1996 35, 741. Chim. Acta199Q 171, 11.
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Figure 5. MO diagram of the [Fe(CQBisClg]®~ C,, model, based on
the interaction of the [Fe(CgJ}~ (left) and [BkClg] ~ (right) fragments.

fragment is well-knowr859 |t is composed of the six levels
drawn on the left side of Figure 5. Three of them y(12&,
and 2h) are plotted at the bottom of Figure 6. The two highest
are hybrids ofy/lyzand s#/z? character. The former, 1jpoints
toward Bi(2) and Bi(3), while the latter, 2gooints toward Bi-
(1). Below these two hybrids lies a group of d-type levels, of
which the highest, Lais of y? character. Among these six
levels of the Fe(CQ)fragment, only the three highest (18a,
and 2h) have the proper directional properties to interact with
the Bi atoms. The lower three will not interact with the Bi
atoms, giving rise to the nonbondinggtset of the octahedrally
coordinated Fe atom in [Fe(C&BisClg]®~.

Similarly, the BClg fragment has six frontier orbitals (right
side of Figure 5), of which three will be mainly involved in the
interaction with the Fe atom. These six levels (plotted at the
top of Figure 6) can be constructed from the combination of
the frontier orbitals of two bent BiGlunits and one square
planar BiCl unit. Each BiC} fragment possesses two frontier
orbitals®® one of pure p type pointing toward the Fe atom and
one sp hybrid pointing “down”, in the BiGplane. The square
planar BiCl unit has two frontier orbitaf8 located on Bi(1)
with some chlorine antibonding admixture respectivelyg ahd

Eveland et al.

because of an overestimation of the overlap between the
nonbonded Bi atoms. When the Fe(G@hd BsCls fragments
interact, the 1a 1by, and 3a levels of BiClg, which pointtrans

to the Fe atom, remain mainly nonbonding, housing the three
Bi lone pairs. The 4aand 2a levels of BgClg interact with

the 1a and 2a metallic level (mainly 4awith 1a and 2a with

2&). Another strong bonding interaction occurs between 2b
of BisClg and 2k of Fe(CO}. Clearly, the bismuthkiron
interactions can be described within a localized two-electron/
two-center scheme. After interaction, the populations in the
1a and 2a levels of Fe(COjare 1.50 and 1.01, respectively,
with corresponding values of 1.21 and 0.57 in the &ad 4a
orbitals on the BiClg fragment. Then, onejdonding pair can

be formally considered as originating from tly¢ metallic
orbital, while the other one is fairly equally distributed on the
two fragments. The populations of thedrbitals are 0.94 and
1.10 for the metal and bismuth fragments, respectively. Again
this is a rather nonpolar interaction. From these results we
propose the formal occupation of the frontier orbitals before
interaction shown in Figure 5. It corresponds to an oxidation
state of 2- for Fe and’/3+ for the Bi atoms. There is no clear
need to attribute two different oxidation states to the two types
of Bi atoms. Their calculated net charges are close, respectively
1.16 and 1.13 for Bi(1) and Bi(2,3). The net charge of Fe
(—1.24) is also in agreement with the proposed oxidation state,
keeping in mind that the format2 charge before interaction

is significantly reduced by the strong +Bi covalent interac-
tions, as well as the FeCO interactions (in the isolated
[Fe(CO}]>~ anion, the computed Fe net charge-id.65).
These findings are in agreement with our initial postulate and
calculations for the related [Fe(CfBj.Clg]>~ molecule?®
wherein the iron carbonyl fragment functions as a pseudohalide,
donating electrons to the hypervalent bismuth atoms.

We now turn the discussion to the analysis of the long Bi-
(2,3)--Cl bonding contacts. In the consider€g, model, the
Bi(2,3)-:+Cl distances (3.34 A) are longer than the experimental
ones. Consistently, the corresponding overlap populations are
very small, but positive+{0.008), indicating a weak bonding
interaction. In the experimental structure, the Bi(2,3) atoms
bend slightly toward the Bi(1)@lunit and the CIBi(1)Cl angles
are distorted from 990 in such a way that the Bi(2,3)CI
distances are shorter. When we apply this distortion to our
model while maintaining thé&,, symmetry, the Bi(1,2)-Cl
distances are shortened (3.11 A) and the corresponding overlap
populations are larger{0.016), due to a better overlap between
the o*(BIiCl ») orbitals and the Cl p lone pairs of the square planar
BiCl4 unit. Clearly, these results are consistent with a tendency
to hypervalency for Bi(2) and Bi(3). However, it is likely that
the bonding energy associated with the Bi(2-,Z)| contacts is
somewhat underestimated in the EHMO calculations. Calcula-

s dominant character. When the three Bi fragments are putisng carried out on the experimental structure of [Fe(E0)

together, one obtains the energy level ordering shown in the BisClg]®~

right side of Figure 5. The s-type orbital on Bi(1) remains
almost unperturbed, generating the; 3avel of the BiClg
fragment. The sp hybrids of Bi(2) and Bi(3) mix to form an
in-phase (1g and an out-of-phase (Lcombination. A similar
situation occurs with pure p-type orbitals on Bi(2) and Bi(3),
giving rise to the 2aand 23 levels. However, the in-phase
23 combination overlaps somewhat with tkeype level of
Bi(1), acquiring some bonding admixture of this level, while
the latter (4@ aquires some antibonding admixture of the
former. This mixing may be overestimated by the calculations

(58) Hoffmann, RAngew. Chem., Int. Ed. Engl982 21, 711.
(59) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
in Chemistry John Wiley and Sons: New York, 1985.

lead to results that are very similar to those obtained
with the “distorted”C,, geometry. The main difference con-
cerns the energy of the Bi(1) lone pair (HOMO 8fJ~) which
is, because of a betterzsiybridization, close to the energies of
the other Bi lone pairs in the experimental structure, rendering
these three lone pairs chemically equivalent.
Phosphorus-Containing Byproducts. As is clear from the
isolation of the title compounds from the reaction df[” with
MePC}, no phosphorus has been incorporated into the resulting
metal-containing products. During the isolation of the clusters,
it was noted that the washes of the compounds contained foul-
smelling residues reminiscent of phosphine complexes, and so
an effort was made to isolate those compounds and determine
their nature. During the workup, it was clear that these materials
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Figure 6. CCAO4.0 plots of the major fragment frontier orbitals of the®4 (top) and Fe(CQ)(bottom) fragments.

could be separated into more and less volatile fractions of of these absorptions correlate well with those reported by King
colorless liquids, with the latter being somewhat viscous and et al. for some iror-phosphine species with bridgingP—
considerably higher boiling. The mass spectral data showed C(=0)—P— groups (3).5° A series of compounds of general
that the highest masses for both were in a similar range (

1117, 1113) consistent with the formation of polymeric materi- il)

als. The mass spectra showed a regular loss ef7/B4mass RN KR
units for both fractions, which could correspond to a variety of \P\ p”
fragments that could arise in this reaction, including;Rle-P— (oc>3F«! — |Fe(CO)3
CH,—P—, —P(H)—CH,—C(=0)—, or —C(=0)—P(H)—CH,—. 13

The more volatile fraction 1 gave an NMR spectrum which

indicated 'ghe presence ofiM b.on.ds (-lpr =.533 Hz), but formulas Fe(CO){ R:NP}2CO and Fe(CO){ R:NP}sCO were
such f_unctlo_nal_ groups were missing in fraction 2. The NMR prepared via the similar reaction ofRPCl, with [Fe(CO)]2.

data did not indicate the incorporation of sc_)lve_nt THF, hOW‘?VGf- These results suggest that metalation and carbonylation of the
Metal carbpnyl groups appear to be lacking in both frgcnons, methyldichlorophosphine may in fact occur in our system in
as determined by the infrared spectra, but the frai::tlons d0 spite of our inability to isolate metal complexes which retain
CO”‘?"” bands in the organic ca_rbonyl region (1653 Eior phosphorus. If such complexes are unstable, it is reasonable
fraction 1 and 1643 cni for fraction 2), which suggested the

presence of fragments such-a€(=0)—P(H)—-CH,—, —P(H)— (60) King, R. B.: Wu, F.-J.; Holt, E. MJ. Am. Chem. Sod.987, 109,
CH,—C(=0)—, or —P(R)}-C(=0)—P(R)-. The peak positions 7764.
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