4400

Inorg. Chem.1996, 35, 4400-4405

Isolation of a Bismuth Chloride—Iron Carbonyl Adduct: Synthesis and Structural
Characterization of [PhCH2NMes]2[Bi2Cla(u-Cl) A u-Fe(CO} |
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The reaction of bismuth(lll) chloride with [PhGNMes],[Fe(CO)] at a ratio of 2:1 in acetonitrile yields the iron
carbonyt-bismuth chloride adduct [PhGNMes] 2[Bi>Cla(u-Cl){ u-Fe(CO}}] cleanly in high yield. The complex
consists of two BiG] groups bridged by an [Fe(Cgj~ unit. Two chloride ligands are shared between the Bi
atoms, producing square-pyramidal coordination at bismuth and octahedral coordination at the iron center. The
production of this complex represents the synthesis of a stable adduct of a highly nucleophilic metal carbonyl
anion with a strongly Lewis acidic main group halide. The compoupH§N,04BiClgFe crystallizes in the
orthorhombic space groupba2 (No. 32) with cell parameters = 14.624(3) A,b = 17.010(3) A,c = 7.1990-

(10) A, V = 1790.8(5) B, andZ = 2.

Introduction

Complexes and clusters between transition metal (M) car-

bonyls and group 15 main group (E) elements have been the

subject of intensive study in recent years, with a wide variety
of compounds having new and interesting structures and
properties being producéd.These compounds range in size
from very small moleculés® to very large clusters with

transition metatgroup 15 element complex in which a simple
adduct of a highly nucleophilic metal carbonyl anion with a
group 15 halide has been structurally characterized.

The anion [Fe(CQJ)? is known in particular for its high
reactivity in nucleophilic substitution reactions and has even
been referred to as a “supernucleophiié”In a wide variety
of reactions of both inorganic and organic substrates, it readily

structures closely resembling close-packed arrays of metal atomdisplaces halide ions. The [Fe(C4%) anion is also strongly

one would expect to see in a solid-state compdufidHowever,
relatively few such compounds have been produced which
preserve intact main groughalide bond$:16 Here we report

reducing and undergoes facile electron transfer reactions. Thus
these properties would lead one to expect either (1) nucleophilic
attack of the iron carbonyl anion on the bismuth centers with

the synthesis, isolation, and characterization of a novel bismuthdisplacement of the chloride ligands from bismuth or (2)

chloride—iron carbonyl complex, [PhCiNMes]2[Bi 2Cl4(u-Cly)-
{u-Fe(CO)}] (1). To our knowledgel represents the first

T Rice University.
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reduction of the bismuth halice16.18 Bismuth centers, on the
other hand, are often highly Lewis acidic, as has been
demonstrated with numerous conventional coordination com-
plexes as well as in a variety of organometalated bismuth
halides. The latter have been studied extensively by Norman
and co-workerd8 The Lewis acidity of the bismuth center thus
opposes the displacement of halide ions.

Experimental Section

General Considerations. All reactions were performed under an
inert atmosphere of nitrogen or argon using standard Schlenk/vacuum
line techniques. Diethyl ether and tetrahydrofuran were dried by
distillation from CaH followed by distillation from Na/benzophenone
ketyl. Acetonitrile and dichloromethane were distilled from Galdor
to use. Water used to wash the product was deoxygenated by sparging
with argon for 30 min prior to use. Infrared spectra were obtained
with a Perkin-Elmer Model 1640 FTIR instrument, aHd (250.13
MHz) and *C{H} (62.90 MHz) NMR spectra were measured on a
Bruker AC 250 spectrometer in the solvent noted. Analyses for carbon
monoxide content were performed by digestion of the compound with
[PyH]Br; in degassed Ci€l, at 75°C in a vacuum flask, followed by
guantitation of the liberated CO using a Toepler pump. Collman’s
reagent, NgFe(CO)]-3/,C4HsO,, was prepared by the literature
method!® BiCl; was purified by overnight reflux in SOgfollowed
by removal of the volatile componeritsvacua [PhCHNMe;|Cl and

(17) Collman, J. P.; Finke, R. G.; Cawse, J. N.; Brauman,JJAm. Chem.
Soc, 1977, 99, 2515.

(18) Clegg, W.; Compton, N. A.; Errington, R. J.; Fisher, G. A.; Hockless,
D. C. R.; Norman, N. C.; Orpen, A. G.; Stratford, S. E.Chem.
Soc., Dalton Trans1992 3515 and references cited therein.
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A Bismuth Chloride-Iron Carbonyl Adduct

Table 1. Crystal Data and Structure Refinement Parameterd for

empirical formula G4H32BioClsFeNOs

fw 1099.03

temp 223(2) K

radiation Mo Ko (A = 0.71069 A)

system [space group]
unit cell dimensions

orthorhombkeda2 (No. 32)]
a=14.562(3) A
b=17.062(3) A
c=7.2210(10) A

V=1794.1(5) R
z 2
Pcalc 2.034 Mg/rﬁ‘
10.660 mm
R, = 0.0521,,R, = 0.1257
R, = 0.0873,,R, = 0.1514
flack param [extinction coeff] 0.27(2) [0.0008(4)]
largest diff peak and hole 0.873 and 0.858 €A

ARy = Y||Fol — IFcll/ZIFol; wRe = { J[W(Fo? — FA/ Y [wFe*} Y2

Yz
final Rindices | > 20(1)]2
Rindices (all dat&d
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structure were part of the Siemens Analytical X-Ray Instruments data
reduction and refinement package SHELXTL P@nd refinement of

the structure was performed using the data refinement program package
SHELXL-93%

Large dark crystals of were obtained by the procedure described
above. A columnar crystal (0.8 0.3 x 0.5 mn¥) was used for data
collection, with the primitive unit cell determined from 25 random
reflections and shown to be orthorhombic. Data were collected for
+h,+k,£l, ranging fromh = —16 to+16,k = —19 to+19, andl =
—8 to +8 with Omax = 23.98. The acentric space growba2 (No.

32) was determined after resolving an orientational disorder problem
which caused it to be pseudocentrosymmetric. The structure was solved
by direct methods using the program XS, part of the SHELXTL-PC
package, to locate the Bi and Fe atoms and subsequent least-squares
difference maps and Fourier syntheses using SHELXL-93 to find the
remaining non-hydrogen atoms. The hydrogen atom positions of the
counterion were calculated using the HFIX routine and were treated
via a riding model tied to the carbon atom to which they are associated.
All non-hydrogen atoms were refined anisotropically, with the exception

methyldichlorophosphine were used as received from Janssen Chimicaof the carbonyl ligands and three carbon atoms of the counterion. Upon

and Strem Chemicals, respectively.
Synthesis of [PhCHNMej],[Bi.Clf g-Fe(CO)}], 1. Method 1.

A 0.589 g (3.17 mmol) sample of [PhGNMe;]Cl was added to a
solution of 0.549 g (1.59 mmol) of NBe(CO)-1.5(dioxane) in 60 mL

of MeCN. The mixture was stirred for 1.5 h and filtered. In a separate
flask, 1.00 g (3.17 mmol) BiGlwas dissolved in 80 mL of MeCN.
The iron carbonyl solution was added dropwise to this solution via a
dropping funnel over a period of 1 h. The resulting orange solution
was filtered and the solvent removedvacua The solid was washed

refinement, three large residual peaks were located in the vicinity of
the cluster which were finally recognized as the metal atoms of a second
orientation of the anion. Two orientations of the anion were thus
refined, with the occupancies tied to a free variable such that their sum
was 1. The disordered components lie 18Werted with respect to
each other as shown in Figure 2. The terminal chloride ligands are
common to both orientations. Given this disorder in the acentric space
group setting, a new crystal was carefully chosen and examined for
the possibility of a doubled or tripled axis. Prolonged exposures in

with deoxygenated water, dichloromethane, and tetrahydrofuran andtaking axial photographs revealed no X-ray intensities in the intermedi-

then dried under vacuum. The solid was extracted with 100 mL of
MeCN, the extract was filtered, and 500 mL of diethyl ether was added
to effect precipitation. The solvent was filtered off and the bright orange
solid driedin vacuq giving analytically purel (yield 1.43 g, 82%).
The compound may be crystallized by vapor-phase diffusion of diethyl
ether with a concentrated MeCN solutionbat —10 °C. IR (vcoin
cmt, MeCN): 2084 (ms), 2025 (vs)!H NMR (250.13 MHz, CR-
CN, 295 K): 0 7.55, 7.52, 7.49 (m, 5H, ¢Els), 4.34 (s, 2H, CH), 2.95
(s, 9H, N(CH)3). *C{*H} NMR (62.90 MHz, CICN, 295 K): ¢
210.0, 186.7 (s, CO), 134.3, 131.7, 130.2, 128.5 (& 71.3 (s,
CHy), 54.5 (t, N(CH)s). Anal. Calcd forl: 0.84 mmol of CO.
Found: 0.83 mmol of CO.1is soluble in MeCN, slightly soluble in
Me,CO, but insoluble in CkCl,, THF, toluene, BO, and hexanes.
Method 2. A 50 mL portion of MeCN was added to a 100 mL
Schlenk flask containing [PhGNMejs],[I] (0.500 g, 0.290 mmol). A
3.0 equiv amount of MePg[0.87 mmol, 0.10 g, 0.08 mL) was then

ate locations, so that the original disorder model was chosen as the
correct solution. The data were corrected for absorptiprs¢ans),
and a secondary extinction coefficient was calculated. Decay was
insignificant, so no correction for this was made. The structure was
refined as a twin, with a refined Flack parameter of 0.27(2). The largest
peak in the final difference map was 0.873 &/A

Computational Details. Calculations were carried out within the
standard extended ldkel formalisn?? using the modified Wolfsberg
Helmholz formul& and with the CACAO package developed by
Proserpio and Mealf* Standard atomic parameters were assumed for
H, C, and &?° Parameters for Bt and Fé&” were taken from the
literature. It has been confirmed that a reasonable variation of these
parameters do not modify significantly the qualitative conclusions of
this study. An idealized geometry @f; symmetry was used for the
calculations. The assumed bond distances were taken from averaged
experimental values (A): FeBi = 2.70; Fe-C = 1.83; C-O = 1.09;

added by syringe to the solution. The solution turned a deeper red Bi ~Clemina = 2.62; Bi=Clyigger = 2.90; Bi—Cloriggez = 2.94. The

color and was allowed to stir for approximately 10 h, during which it

became dark green/orange. The solution was filtered through diato-

different bridging distances were used to reflect the asymmetry in the
experimentally determined structure, in which the bridging chlorine

maceous earth and the solvent removed under vacuum. The dark oillldands are unequally shared between the bismuth centers.

was washed with several 50 mL portions of,&t and the solid

remaining was placed in a Soxhlet extraction thimble and extracted

with additional E£O for a few hours to remove the residual phosphine

Results and Discussion
Structure of [PhCH ;NMe3],[BiCle{ g-Fe(COu}], 1. The

byproducts. The solid was extracted with a few 20 mL portions of reaction of 2 equiv of bismuth(lll) chloride with [PhGNMe3]-

THF, and the dark green filtrates were combined. The remaining solid

was extracted with MeCN and the orange solution filtered. The MeCN
was removedh vacuoand the material worked up as described above.
Yield: 0.117 g, 18% (based on Bi). The green compound, [PACH
NMe;s][(u-H)FexCO)Bi(u-Cl)], which will be described elsewhere,
forms exclusively in the reaction with precisely 2.0 equiv of MePClI

1 forms at its expense in greater quantity as more of the phosphine

reagent is added.

X-ray Structure Determination of 1. A summary of data collection
parameters for compourids found in Table 1. The data were acquired
using a Rigaku AFC5S four-circle automated diffractometer (Rigaku
CONTROL Automatic Data Collection Series, Molecular Structure
Corp., The Woodlands, TX) using graphite-monochromated Mo K
radiation (0.7107 A). The crystal was mounted on a glass fiber with
Epoxy cement, and data were collected witlscans at #min. Three

[Fe(CO)] producesl cleanly. It may be isolated in 82% yield
as a bright orange solid. The compound is unstable in solution

(20) SHELXTL-PC, crystal structure solution and refinement package
Siemens Analytical X-Ray Instruments, Inc.: Madison, WI, 1990.

(21) Sheldrick, G. M. SHELXL-93, crystal structure refinement program.
University of Gdtingen, 1993.

(22) (a) Hoffmann, RJ. Chem. Phys1963 39, 1397. (b) Hoffmann, R.;
Lipscomb, W. N.J. Chem. Phys1962 36, 2179.

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

(24) Proserpio, D. M.; Mealli, CJ. Chem. Educl199Q 67, 399.

(25) Hinze, J.; JaffeH. H. J. Chem. Physl963,67, 1501.

(26) ) (a)Albright, T. A.; Yee, K. A.; Saillard, J.-Y.; Kahlal, S.; Halet,
J.-F.; Leigh, J. S.; Whitmire, K. HInorg. Chem1991, 30, 1179. (b)
Kabhlal, S.; Halet, J.-F.; Saillard, J.-Y.; Whitmire, K. Bl. Organomet.
Chem.1994,478, 1.

standard reflections were monitored for decay every 150 reflections (27) ) (a)Hoffmann, RAngew. Chem., Int. Ed. Englo82 21, 711. (b)

throughout data collection. An absorption correction from azimuthal

(y) scans was applied to the data. The programs used in solving the

Albright, T. A.; Burdett, J. K.; Whangbo, M.-HOrbital Interactions
in Chemistry John Wiley and Sons: New York, 1985.
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Table 2. Selected Atomic Coordinates(0*) and Equivalent Table 4. Selected Bond Angles (deg) far

Isotropic Displacement Parameters?(A 10%) for 12 Fe(1)-Bi(1)—Bi(la) _ 48.56(7) CI(1)Bi(1')—CI(3) 93.1(2)
X y z Ueq) % occ Bi(1)—Fe(1)-Bi(1a) 82.9(2) CI(1yBi(1)—Cl(2) 96.5(3)
: Bi(1)-CI(2)-Bi(la)  75.3(2) CI(1}Bi(1)-Cl(2a) 171.6(5)
B LLITAE)  o4Z80(1)  3438703) 334G) 897D Fe(i)-Bi(1)-Cl(2a) 86.6(2) CI(1)Bi(1)-Bi(la) 1261(1)
Pell) o aooo . %23 () 36 ciay-i(l)—Fe(1)  95.2(1) CIA}BI()-Fe(t)  958()
Cin) 238%@)  4813(2)  4BSE(E) - SS(L) 1000 Ci1)-Bi(l)-Bi(la) 12583(9) CI@-Bi(1)—Cl(2a) 76.5(6)
ca S0 2006 193 A%@) 0913 ciuy-Bi()-—Cl2)  949(2) CI@-Bi1)-CI3)  169.3(5)
c@ 1ar23) es2i(@) - 4808 o4 1000 | Cin)-Bi(l)—Cl(2a) 174.2(2) C(@-Bi(1)-Bi(la) 53.9(3)
cn . 0@ - 401900 0010630) 32D 9D ciy-Bi()—CI3)  929(2) CI@-Bi1)—Fe(r)  89.5(5)
QU2 maais)  Saeiy o109 8@ Gol) Ci@-Bi()-Fe(n)  87.4() CIBI(1)-CIZa)  936(3)
S Baad)  g3a(ia) 79100 3O D ci@-Bi(1)-Bila) 527(1) CI3)Bi(1)-Bi(la) 122.8(1)
o) 14350L) - Se2s()  BTT0G0) S8) 891D Cio)-si(1)—Cl2a)  79.6(2) CI3BI(L)-Fe(l)  94.3(2)
B 1) Baasn)  L2vlE - Ar) 3090 ci)-Bi(1)—Ci(3) 172.0(2) Cl(2a)r-Bi(l)-Bi(l'a) 513(3)
e Qg 00 FAEO D) 155D Cioa)-Bi(1)-Bi(la) 520(1) Fe()-Bi(1)-Bi(l'a) 48.1(3)
CD)  oi00b)  4oibih  aviode) e aoe CE-BI(L-Fe() = 94.11) Fe(-Bi1)-Ci2a) 888(5)
O((ll’)) 8302203 3441%13% 36305803 62%113 3019%2% CI(3)-Bi(1)-Bi(la) 123.2(1) Bi()—Fe(I)-Bi(l'a)  83.9(5)
C(12) 790(40)  5390(40) 1780(80) 60(20) 30.9(2) Cl®)~Bi®)=Cl(2a) ~ 92.5@2) BI(Y—CI2)~Bi(l'a)  73.0(4)
O(12) 1350(30)  5610(30) 930(60) 50(20)  30.9(2) a Symmetry transformation used to generate equivalent atoms: (a)

aU(eq) is defined as one third of the trace of the orthogonalizgd %oyt lz
tensor.

Table 3. Selected Bond Lengths (A) fd®

Bi(1)—Fe(1) 2.695(4) Bi()—Fe(1) 2.673(13)
Bi(1)—ClI(1) 2.594(4) Bi(1)—CI(1) 2.584(5)
Bi(1)—ClI(2) 2.905(6) Bi(1)—CI(2) 2.99(2)
Bi(1)-Cl(2a)  2.932(6) Bi()-Cl(2a)  3.02(2)
Bi(1)—ClI(3) 2.648(4) Bi(1)—CI(3) 2.651(5)
Bi(1)-Bi(la)  3.567(2) Bi()-Bi(l'a)  3.573(5)
Fe(1)-C(11) 1.83(2) Fe(}—C(11) 1.84(2)
Fe(1)-C(12) 1.84(2) Fe(}—C(12) 1.83(2)
Cl2)-Bi(la)  2.943(10)  CI(3-Bi(l'a)  3.02(2)
C(1)-0(11)  1.09(2) C(17-0(11)  1.09(2)
C(12)-0(12)  1.09(2) C(13-0(12)  1.08(2)

a Symmetry transformation used to generate equivalent atoms: (a)
=X -y+1z

but can be recrystallized. Qarbon_monomde analys_'s of the Figure 1. Thermal ellipsoid plot of the anion in the major component
compound gave results consistent with the formula derived from f the structure ofl showing 50% probability ellipsoids and the atom-
the crystal structure determinatiodH and'3C NMR spectra labeling scheme.

of the complex showed resonances for the cation in the expected

regions, while thé3C resonances of the carbonyl ligands showed present in an almost exactl§/s to Y3 ratio indicated the
two equal-intensity carbon sites at room temperatiire ¢10.0, possibility of an axis being too short. Therefore, tests for the
186.7). The carbonyl resonances were somewhat broad, whichpresence of weak zones were performed both by using a
presumably is due primarily to slow exchange of the carbonyl software routine in the diffractometer control system and by
ligands in the two environments relative to the time scale of taking photographic images. Both of these methods failed to
the experiment. The signal at 186.7 ppm is at unusually low |ocate any weak-zone reflections. A thermal ellipsoid plot of
field for an iron carbonyl complex, especially an anionic one, the major component of the structure bfs shown in Figure
and most likely represents that of the C@ansto Bi. This is 1. Figure 2 gives a plot of both components together, in order
consistent with a substantiédans influence induced by the  to show the relationship between the two molecules. The

electronegative BtCl fragments. It is noteworthy that the  ensuing discussion will concentrate only on the major compo-
adductl is stable to water, since Bigitself is highly moisture nent of the molecule.

sensitive, readily forming BiOCI. _ Both the bridging and terminal €EBi—Fe angles (87.6(2)
_The solid-state structure of this complex, as determined by average and 94.4(2javerage, respectively) are very close to
single-crystal X-ray diffraction, consists of a discrete[Bli- the expected angle of 9dor square-pyramidal coordination,

(u-Cl)2{ u-Fe(CO)}]%~ ion sitting about a crystallographic, but the Bi(1)-Fe(1) bond leans slightly toward the bridging ClI
axis which passes through Fe(1) and the midpoint between theligands. A similar distortion is seen in the -€Bi—Cl angles
two bismuth atoms. Selected atomic coordinates, bond dis-in the basal plane of the square-pyramid, with the Ci@j
tances, and bond angles are given in Tabled 2espectively.  (1)—Cl(2a) angle (79.2(4) being significantly smaller and the
There is one unique [PhGNMes]™ counterion, giving an  CI(1)—Bi(1)—CI(3) angle (92.5(3) slightly larger than ideal.
overall ratio of two cations per anion. The complex anion has These effects are most likely caused by the restraints imposed
a structure consisting of two square-pyramidally coordinated by the bridging nature of the Fe atom and the CI(2) ligands.
bismuth atoms and one octahedrally coordinated iron atom. TheThe square-pyramidal coordination geometry at bismuth is
iron atom occupies the apical positions of both Bi atoms, as consistent with a stereochemically active lone pair of electrons
required by the symmetry of the molecule. The anion is transto the Bi-Fe bond and is common to a number of simple
disordered in the solid state, with two orientations occupying inorganic Bi coordination complexes, such as,{Bi]?~ (2).28

the same location but rotated by T8@lative to one another.

The occupancies of the orientations were refined to ap- (2g) Alcock, N. W.; Ravindran, M.; Willey, G. RJ. Chem. Soc., Chem.
proximately 67% and 33%. The fact that the orientations were Commun.1989 1063.
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Figure 2. Thermal ellipsoid plot of both anionic components of the
structure ofl showing 50% probability ellipsoids and the atom-labeling
scheme. Shaded isotropic spheres and thermal ellipsoids represent th
major component, and unshaded atoms belong to the minor component
CI(2), CI(3), and their symmetry counterparts are shared between the
two orientations.

The square-pyramidal coordination geometry about bismuth in

1 2-
T 2
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1 e.'
a g~ ’\a OC/' Bicl,
Cl C
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2) 3)
1-
ol a cl
Cl\\B’ \\ /_—a
1\Cl731
ci
%)

2 is very regular, with mean €IBi—Cl angles of 89.9 but

the geometry irl is distorted by the bridging configuration of
the iron carbonyl fragment. Compouddnay be viewed as a
bis(chloride ion) adduct of the hypothetical molecule [Fe(£0)

Inorganic Chemistry, Vol. 35, No. 15, 199@403

and has been rationalized as involving back-bonding interactions
of the M—E o-bonds with ther* CO molecular orbital$? The
most similar molecule available for comparisorits Fe(CO)-
{BiPhy} (4),%°in which the octahedral Fe atom is coordinated
by two cis BiPh, functions, bu4 does not show the distortion

of the C-Fe—C angle observed ifh. In addition, the Bi-Fe—

Bi angle for 4 (90.39(6)) conforms to that expected for
octahedral coordination, as opposed to 82°3(2). The origins

of the differences in the angles may be ascribed to the
restrictions imposed by the bridging chlorides.

The Bi—Cl bond parameters show some interesting effects.
The Bi—Cherminal bonds average 2.639(9) A, which is within
the normal rangé? but the distances to the bridging chloride
ligands (2.922(10) A average) are considerably longer. While
other Bi—Clyrigge distances may be found in this rantfenost
are only slightly longer than BiClierminaidistances. In general,
if the bridging chloride ion has such a long distance to one metal,
fhe other distance is considerably shorter. In the present case,
the two bridging chloride atoms are shared almost equally
between the two bismuth atoms. The fact that the @iCl)
bonds in1 are much longer than one would expect, even
considering the equal sharing of the ligands, may be due to the
presence of a third bridging group. The-Bte distance of
2.694(5) A is norma&l2-1535and actually somewhat shorter than
that found in4, where the steric demand of the Ph groups may
cause lengthening of the F&i bonds.

Preliminary studies by infrared spectroscopy using As and
Sb halides suggest similar reactivity patterns for those com-
pounds. These products decrease in stability toward the lighter
element, so that it has not yet proven possible to isolate pure
samples of those compounds. The reaction between [PhCH
NMeg]o[Fe(CO)] and 2 equiv of Bik was attempted to
determine if the iron anion could be used to solubilize BiF
but a mixture of [HFe(CQ]~ and [B{ Fe(CO)} 43~ resulted,
along with an insoluble residue which lacke¢CO) bands in
its IR spectrum. Substituting Bi(®Bu); for BiF; produced a
similar result, with the only detectable carbonyl-containing
product being [HFe(CQ) .

Calculations. In order to gain some insight into the bonding
in the [Fe(CO)Bi,Cl¢]?~ anion, we carried out extended ekel
(EH) calculations on this compound. The idealized model
considerered in the calculations is an averaged structure of the
[Fe(CO)BI,Clg]?~ anion, having overalC, symmetry, but with

(BiCl,);] (3), analogous to Fe(CG@)BiPhy}, (4).2° Alterna-
tively, one may view the molecule as one in which the
[Fe(COY]%~ ion serves as a pseudohalide donor ligand by
replacing au-Cl~ ion in the hypothetical ion [BCls(u-Cl)3]~
(5). Such adduct formation is reminiscent of metal basicity
studies which showed the ability of electron-deficient group 13
trihalides to complex to the metal center in electron-rich
transition metal carbonyl complexés. The donoracceptor
complexes [CpM(CQBICl3]~ (M Mo, W) have been
reported but were not characterized in detail due to experimental
difficulties 31
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Figure 3. MO diagram forl based on the interaction of the [Fe(GD)
(left) and [BpClg] ~ (right) fragments.

the Fe(COyBiy(Clierm)2 moiety havingC2, symmetry. The
(OC)—Fe—(CO) and Ckii—Bi—Clierm bond angles were set to
the idealized value of 30 while the experimental BiFe—Bi
angle was used (8B It has been confirmed that reasonable
geometrical variations in this Fe(CB)2(Clierm). fragment do
not significantly change the results of the calculations. The
bridging chloride ions (Ql) have been placed in such a way
that they lie in the plane of the Bi(hy)2 groups, with the Bt

Eveland et al.

1b

Figure 4. CACAOA4.0 plots of major fragment frontier orbitals for

C_|br distances equal to 2.90 af‘d 2_-94 A, "eSp_eCtiVGW- For this (top) [Fe(CO)]~ (contribution of the CO ligand situated in front of
distorted square-planar coordination of the bismuth atoms, thethe picture omitted for clarity); (middle, bottom) [®ls] .

Clp—Bi—Cly, angle is equal to 71 a value close to the
experimental one (78. The overall computed data obtained

It follows that the two Bi-Fe bonds result principally from

with this idealized model are very much the same as those the interaction of the Fe(C@}1b; orbital with the 2b orbital of

obtained for the experimental structures, which will not be
discussed here.

Figure 3 shows the MO diagram of the [Fe(GBixClg]2~
anion, based on the interaction between the Fe{@G@)l Bp-
Clg fragments. The frontier-orbital set of the Fe(GQjit is
well-known?” It is composed of two hybrid orbitals pointing
toward the Bi atoms, namely 1land 1a (plotted in Figure 4)
lying above a set of three d-type levels which do not interact
significantly with the Bi atoms, giving rise to the nonbonding
“tog’ set of the octahedrally coordinated Fe atom in
[Fe(CO)BI,Clg)*.

The BikClg fragment has four frontier orbitals which are

Bi,Clg and from the metallic 1, devel with the 1a combination

of Bi,Cls. As long as the Cl character of the,Big frontier
orbitals is not considered, the bismutinon interactions can

be described within a localized 2-electron/2-center scheme. After
interaction, the populations in the {1land 1h frontier orbitals

of Fe(CO) are 0.93 and 1.39, respectively. The overall
populations of the frontier orbitals are 3.04 for the -ta2a
orbitals of BpClg and 2.56 for the 18- 2b orbitals. Subtracting

2 electrons for the Bi lone pairs from these values, 1.04 and
0.56 electrons remain in the a and b sets, respectively, of the
Bi,Clg fragment involved in the bonding with iron. Thus, one
Fe—Bi bonding pair can be formally considered as originating
from the 1k metal orbital, while the other one can be considered

plotted in Figure 4. These four levels can be derived as resulting 55 formally being provided equally by both the metal aad

from the interaction of the frontier orbitals of two Bi atoms in

Bi»Clg 2b orbitals. This would correspond to an oxidation state

an approximate square-planar environment. Each square-planagf —1 for Fe and+2.5 for Bi. The calculated net charges of

Bi atom bears two frontier orbitals of (i.e. perpendicular to

Fe and Bi (0.87 andt1.13) are consistent with these oxidation

the square plane) and s dominant character, with some Clstates, taking into account the various charge tranfers associated

antibonding admixture. In the BTls fragment, interaction
between the two coupled square-planar units caugéwy/isrid-
ization on each Bi atom, giving rise to the in-phase and out-
of-phase combinations of two types of Bi,dp/brids, namely
la, 1b, 2a, and 2b (Figure 4). Only the combinations of the
hybrids which point toward the Fe atom (1a and 2b) interact
strongly with the metallic fragment. The 1b and 2a levels

with the different covalent interactions. In the isolated [Fe(TO)
and (BipClg)~ fragments, the Fe and Bi net charges ark04
and+1.12, respectively. These values indicate that the overall
[(CO)4Fel” — [BiClg]~ donation is largely delocalized on the
chlorine atoms, due to the significant halogen character of the
frontier orbitals of BjClg (Figure 4). This delocalization is
related to the hypervalent character of bismuth.

interact to a lesser extent and generate the nonbonding orbitals The calculated BtCly overlap populations (0.037 and 0.029)

associated with the Bi lone pairs.

are small, as compared to those ofBllierm (0.330 and 0.309).



A Bismuth Chloride-Iron Carbonyl Adduct Inorganic Chemistry, Vol. 35, No. 15, 199@405

This difference in the B+Cl bond strength is probably idealized model of have shown that, although the iron carbonyl
overestimated by the EH method. Although significant, the fragment remains highly charged, there is a significant degree
computed HOMO/LUMO gap (0.80 eV) is not very large, due of electron transfer to the BTl moiety. This electron density
to the high energy of the Bi lone pairs. We think that these are appears to be highly delocalized over the chloride ligands of
artifacts related to the overestimation of the antibonding Bi  this unit, and this may give a rationale for the observed stability
Clyr character of the Bi lone pairs. Their energy is very sensitive of the complex.
to the position of the bridging Cl atoms. It may be that the
experimental disordered structure is rather imprecise with respect Acknowledgment. The authors wish to thank the National
to the position of these atoms. Unfortunately, a full optimization Science Foundation and the Robert A. Welch Foundation for
of their positions is not possible at the EH level. However, it financial support of this research. Special thanks are extended
should be noted that it is possible to increase significantly the to Prof. George M. Sheldrick and Dr. Regine Herbst-Irmer for
HOMO/LUMO gap by displacing these atoms toward less their assistance in addressing the problems with crystallographic
symmetrical bridging positions. disorder.

Conclusions. In conclusion, the complex [PhGNMe3],[Bi -
Cla(u-Clo){ u-Fe(CO)}] (1) reported in this paper is observed Supporting Information Available: Full tables of data collection
to have a novel structure and unusual stability in light of the and refinement parameters, atomic coordinates, bond distances and
high nucleophilicity of the iron carbonyl anion and the Lewis angle_s, anisotropic thermal Qisp[acement param_eters, qnd‘hydrogen atom
acidity of the bismuth chloride fragments. The bismuth atoms, coordinates _and thermal glllpso!d plots of the minor anionic compongnt
despite their attachment to a highly reducing iron carbonyl &9 the unique counterion with atom labels (8 pages). Ordering
fragment, retain all chloride ligands and a geometrical arrange- information is given on any current masthead page.
ment typical of Bi(lll). Extended Hckel calculations on an  1C951262|



