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ABSTRACT: The pentamethylcyclopentadienyl substituted
iron—bismuth halides [Bi{FeCp*(CO),}X,] [X = CI (1), Br
(2), I (3); Cp* = n>-CsMes] were synthesized starting from
[FeCp*(CO),], and BiX; (X = Cl, Br), followed by halogen
exchange reaction with KI in case of 3. From a reaction
mixture of [FeCp*(CO),], with BiCly in CH,Cl, to which
CH;CN had been added, a novel coordination polymer of the
formula [FeCp*(CO),(CH;CN)],,[Bi,Cl,,], (4) was iso-

.
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lated. The change of the molar ratio from 1:1 to 1:2 in the reaction of [FeCp*(CO),], with BiBr; afforded the novel ionic
complex [{FeCp*(CO),Br],[BicBr,,{FeCp*(CO),}]-CH,Cl, (5-CH,Cl,). It is demonstrated that treatment of [FeCp*-
(CO),X] (X = Cl, Br) with BiCl; and BiBr;, respectively, is a more convenient route to synthesize the new halido bismuthates 4

and S.

B INTRODUCTION

Pentamethylcyclopentadienyl ligands (Cp*) play an important
role in transition and main group metal chemistry, especially,
because of their steric bulkiness and strongly electron-donating
character, which gives access to unusual structures and
reactivity, while often providing high solubility."> For example,
this property led to the development of diverse transition metal
complexes with high potential in organometallic catalysis.>~"!
With regard to main group metal chemistry, iron carbonyl
ligands containing Cp* or its derivatives have gained
tremendous interest and have been proven to be versatile in
stabilizing various main group metal compounds such as
[Ge{FeCp*(CO),}sMes)] (sMes = 2,4,6-t-Bu;C¢Hs),"> [Ga-
{FeCp*(CO),}(n*-Cp*)C1]," [Sn{FeCp*(CO),}CL],"* [(u-
E){FeCp*(CO),},]*[BAr,]” [E = Ga, In; Arf = 3,5-
(CF5),CeH,1,"® [Sb{FeCp*(CO),}(SiMe;),],"¢ or [Bi{FeCp*-
(Co), )],

Within the family of transition metal—bismuth complexes,'
the [FeCp(CO),]™ ligand was introduced to bismuth chemistry
first by Cullen in 1971, by the synthesis of [Bi{FeCp(CO),}-
CL]."® The bromide analogue [Bi{FeCp(CO),}Br,] was used
by Wieber et al. as starting material for the synthesis of the
thiocarbamate [Bi{FeCp(CO),}(SC(S)NEt,),], following an
exchange reaction with NaSC(S)NEt,."” Other examples of
iron—bismuth complexes include [Bi{FeCp(CO),}Me,], [Bi-
{Fe(CsH,R)(CO),},Cl] (R = H, Me) and [Bi{Fe(CsH,R)-
(CO),}5] (R = H, Me), which were reported by Malisch,*
Norman,”' and Schmidbaur,* respectively. Later on Gréer and
Scheer presented the structure and reactivity of derivatives such
as [Bi{FeCp*(CO),}CL,] [Cp* = 1’-CsHy (Cp), 1°-CsH;'Bu,
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(Cp"'1.> Although the solubility of compounds with the Cp”’
ligand was enhanced as compared to the Cp derivatives, strong
intermolecular Bi—Cl interactions were present also in this type
of compound, providing coordination polymers of low
volatility. Nevertheless, Moniz et al. demonstrated recently
that [Bi{FeCp(CO),}ClL,] is a potential precursor in the
formation of BiFeO; films via the AACVD method (AACVD =
aerosol-assisted chemical vapor deposition).** In addition to
such bimetallic complexes, polynuclear transition metal main
group element clusters were obtained in the reaction of
[Bi{FeCp*(CO),}Cl,] (Cp* = Cp, Cp’’) with the transition
metalates K[Co(CO),] and Na,[Fe(CO),]. These reactions
led to the formation of bismuth transition metal clusters of the
type [(43-Bi){Co(CO),},{FeCp(CO),}], [{Fes(CO)o}{u-Bi-
FeCp”(CO),},] and [Bi4{ﬂ3-Fe(CO)3}{FeCp”(CO)Z}Z].ZS
Scheer and co-workers demonstrated that this synthetic
strategy offers an interesting opportunity to generate novel
transition metal main group clusters of bismuth. In addition to
its ability to form metal clusters, bismuth is well-known for the
formation of halido clusters as a result of the high Lewis acidity
of bismuth halides. Structurally characterized compounds range
from dinuclear to polynuclear halobismuthates. Typically, the
structures are based on distorted BiX4-octahedra, whereby
association via corners, edges, and faces was described. 26?7
Recently, we have reported on the synthesis and structure of
some dinuclear halobismuthates such as [NnBu,],[{Bi{FeCp-
(CO),}X;3},] (X = Cl, Br) and of iron—bismuth complexes
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including [Bi{FeCp*(CO),}Br,] [Cp* = n*-CsH; (Cp), 7
CsH;Bu, (Cp”’), n°-CsMe; (Cp*)].*® Here, in extension of
this work, we present a study on the synthesis of the series
[Bi{FeCp*(CO),}X,] [X = CI (1), Br (2),1 (3)] and report on
the formation and structures of the new coordination polymer
[FeCp*(CO),(CH,;CN)],,[Bi,Cl,,], (4) and the novel heter-
ometallic complex [{FeCp*(CO),},Br],[BicBr,,{FeCp*-
(CO),}]-CH,Cl, (5:CH,CL,), the latter showing an unprece-
dented heterobimetallic halobismuthate cluster.

B RESULTS AND DISCUSSION

The iron—bismuth compounds [Bi{FeCp*(CO),}Cl,] (1) and
[Bi{FeCp*(CO),}Br,] (2) were obtained by the reaction of
[FeCp*(CO),], in CH,Cl, with BiX; (X = Cl, Br), according
to a literature procedure described for 2,”® but reaction with
Bil; did not provide the iodide analogue. The IR spectrum
obtained for a precipitate did show mainly absorption bands
assigned to the starting material [FeCp*(CO),],. Thus,
[Bi{ FeCp*(CO),}L,] (3) was prepared by halogen exchange
reaction with KI in acetone starting from 1, following a
procedure adapted from the literature (Scheme 1).”
Compounds 1-3 are highly soluble in CH,Cl, and THF but
show very low solubility in n-hexane.

Scheme 1. Synthesis of Compounds 1-3

ﬂ» [Bi{FeCp*(CO),}Br,] + [FeCp*(CO),Br]
(2)
[Bi{FeCp*(CO),}Cl5] + [FeCp*(CO),Cl]
1)
+ Kl
Acetone

CH,CI
[FeCp*(CO),l, —2-4

+BICl,
e

[Bi{FeCp*(CO)}o] (3)

The compounds reveal three absorption bands in the
carbonyl region of their IR spectrum at 1997 (s), 1957 (s),
1947 (s) cm™ for 1 and at 1993 (s), 1954 (s), 1946 (s) cm™
for 2, while only two broad bands (at 1954 (s) and 2006 (s)
cm™') are observed for 3. The stretching frequencies are
slightly blue-shifted, in comparison to those reported for
[Bi{FeCp(CO),}CL,], [IR/CH,Cl,: 2048 (w), 2016 (s), 1970
(s) em™']*® which probably is a feature of the stronger
electron-donating nature of Cp* compared with Cp.*" Thus,
the higher values of stretching wavenumbers for 1-3 in
comparison to [Bi{FeCp(CO),}Cl,] indicate the influence of
the iron—carbonyl backbonding to be stronger in the Cp*
derivatives. A similar influence of the Cp* ligand was observed
by Hill et al., who described a series of [{FeCp*(CO),}R] (R =

n-C3H, to n-Ci,H,5) complexes and compared the electronic
influence of the Cp* ligand with Cp.**

In the "H NMR spectra of 1—3, a singlet is observed (5 1.72
(s) for 1, 5 1.83 (s) for 2, and § 1.97 ppm for 3) that is assigned
to the methyl groups of the pentamethylcyclopentadienyl
ligand. The increase of the chemical shift correlates with a
decrease of the electron-withdrawing effect of the halides. The
room-temperature UV-vis spectra of compounds 1-3 in the
solid state show absorption in the visible-light region and
absorption edges were observed at 531 nm for 1, 652 nm for 2,
and 800 nm for 3 (see Figure Sla in the Supporting
Information). Compound 1 shows a structure in the solid
state, which is quite close to the previously reported bromide
derivative [Bi{FeCp*(CO)Z}BrZ].ZS Similarly, it is characterized
as a one-dimensional coordination polymer resulting from
asymmetric intermolecular y-Cl—Bi coordination. The details
of the crystal structure analysis, bond lengths and angles are
given in the Supporting Information (Figure S2, Table S1).

Based on a similar protocol as used for the synthesis of
[Bi{FeCp*(CO),}CL,] (1), but using CH,CL/CH,CN as
solvent, the novel coordination polymer [FeCp*-
(CO),(CH;CN)],,[Bi,Cl;,], (4) was obtained as a byproduct
of 1. The addition of CH;CN to the CH,Cl, reaction solution
is crucial for the formation of 4 and, after three months of
crystallization at 4 °C, a crop of red crystals of 4 was obtained.
Most probably, crystallization of 4 instead of 1 results from its
lower solubility.

A two-step mechanism for the formation of 4 is assumed
(Scheme 2). In the first step, [Bi{FeCp*(CO),}Cl,] and
[FeCp*(CO),Cl] are formed from [FeCp*(CO),], and BiCl,,
followed by the reaction of the very soluble [FeCp*(CO),Cl]
with CH;CN to give [FeCp*(CO),(CH;CN)]Cl, which reacts
with so far unreacted BiCl;. Hereby, the chlorido ligand in
[FeCp*(CO),Cl] is replaced by one molecule of acetonitrile to
give [FeCp*(CO),(CH;CN)]* and the chloride is trapped by
BiCl, to give the bismuth chlorido complex [Bi,Cl,,],>"", finally
both crystallizing as [FeCp*(CO),(CH;CN)],,[Bi,Cl,,], (4).
Noteworthy, without addition of CH;CN, compound 4 does
not form, because of the lack of activation of [FeCp*(CO),Cl],
as confirmed by separate NMR experiments. Thus, it is
concluded that [FeCp*(CO),], and [FeCp*(CO),Cl] are
concurring for BiCl;. The proposed mechanism is supported by
a separate experiment, starting from a solution of [FeCp*-
(CO),Cl] in acetonitrile to which two equivalents of BiCly
were added at room temperature (eq 2). After 2 days at 4 °C a
red precipitate (yield 62%) was obtained, which was identified
as complex 4 by IR, UV-vis and NMR spectroscopy, and PXRD
analysis (see Figures S3 and S4 in the Supporting Information).

In the IR spectrum of 4, two strong absorption bands, at
2044 (vs) and 1996 (vs) cm™', are observed, which are assigned

Scheme 2. Formation of 4 by a Two-Step Process

CH,CI
2 [FeCp*(CO),J, + 2 BiCl; ———2= 2 [Bi{FeCp*(CO),)Cl,] + 2 [FeCp*(CO),Cl] (Eq. 1)
2 [FeCp*(CO),CI] + 4 BiCly + 2 CHyCN ——— 2> [FeCp*(CO)o(CH5CN)lon[BisClial, (4) (Eq. 2)
CH.CI 1/2 [FeCp*(CO)y(CH3CN)]2n[BisClyal, (4)
[FeCp*(CO),l, + 3 BiCl; + CHCN — 22> + (Eq. 3)
[Bi{FeCp*(CO),]Cl]
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Figure 1. Thermal ellipsoid model of a fragment of the coordination polymer [FeCp*(CO),(CH;CN)],,[Bi,Cl,,], (4). Thermal ellipsoids are set at
50% probability level. Hydrogen atoms are omitted for clarity. Symmetry transformations: a =1 —x,2 —y, —z,andb=1 -2 —y, -1 — z
Selected bond lengths [A]: Fel—Dcys, 1.7209(16); Fe2—Dgyx 1.7275(15) (DCP* = Centroid of the Cp* ring); Bil—Cl, 2.836(2); Bil—Cl2,
2.502(2); Bil—Cl3, 2.4624(19); Bil—Cl4, 2.623(2); Bil—ClS, 3.0490(19); Bil—Cl7, 3.1117(20); Bi2—ClS, 2.5473(17); Bi2—Cl6, 2.4635(19); Bi2—
Cl7, 3.0877(18); Bi2—Cl8, 2.7614(19); Bi2—Cl14b, 2.9633(18); and Bi2—Cl17b, 2.6903(18). Selected bond angles [°]: Cl1-Bil—Cl2, 93.22(7);
Cl1-Bil—ClI3, 84.45(7); Cl1-Bil—Cl4, 173.62(6); Cl1—-Bil—ClS, 87.24(6); Cl1-Bil—Cl7, 102.60(5); CI2—Bil—Cl3, 94.06(9); CI2—Bi1—Cl4,
91.98(7); Cl2—Bi1—ClIS, 175.74(7); CI13—Bil—Cl4, 91.49(7); CI3—Bi1—ClS, 81.76(7); CI3—Bil—Cl7, 157.006(7); Cl4—Bi1—ClSs, 87.31(6); CIS—
Bi2—Cl6, 91.58(6); CI5—Bi2—Cl7, 85.00(5); Cl6—Bi2—Cl7, 173.27(6); Cl6—Bi2—Cl8, 92.66(7); Cl6—Bi2—Cl4b, 89.48(6); Cl6—Bi2—Cl7b,
91.37(6); Cl7—Bi2—Cl8, 93.18(6); Cl7—Bi2—Cl4b, 92.54(5); CI8—Bi2—ClIS, 90.69(6); CI8—Bi2—Cl4b, 102.45(6); CI8—Bi2—Cl7b, 174.67(6).

Figure 2. Ball-and-stick representation of the one-dimensional (1D) arrangement of corner-sharing octahedral in units in %,[Bi,Cl;,]*".

to the CO groups. The latter differ in position as reported for 3.173(2) A (Figure 1). Each anion of the type L[Bi,Cl,,]*" is
compounds such as [Cp*(CO),FeCl] (2012 (s), 1967 (s) best described as being composed of four distorted edge-
em™1),'® [Cp*(CO),FeBr] (2033 (s), 1978 (s) cm™),* and sharing BiCly octahedra, which self-assemble to give a 1D
[Cp*(CO),Fe(CsH;;)] (IR/n-hexane: 1987 (s), 1933 (s) coordination polymer (see Figure 2).

em™),>* as a result of the ionic character of [Cp*(CO),Fe- Two cations of the type [FeCp*(CO),(CH;CN)]*
(CH;CN)]*. As a consequence, z-back bonding is reduced compensate the negative charges and separate the polymer
which results in the stretching wavenumbers shifted to higher strands in the crystal lattice. The coordination sphere for Bil is
values. The 'H NMR spectrum of complex 4 in DMSO-d composed of two terminal and four p-bridging Cl™ atoms, Bi2
shows singlet resonances at 6 1.82 ppm and 6 2.12 ppm, which and Bi3 exhibit one terminal and five bridging, whereas Bi4
are assigned to the Cp* ligand and CH;CN, respectively. In the shows three terminal and three bridging CI™ atoms. The
visible region of the UV-vis spectrum of compound 4, the chlorido ligands in terminal positions show bond lengths in the
absorption edge is observed at 619 nm (see Figure S1b in the range Bi—Clinina 2-4624(19)—2.502(2) A and the y- and p5-
Supporting Information). bridging sites show Bi—Clyq4,,, distances in the range

The complex [FeCp*(CO),CH,CN)],,[Bi,Cl,,], (4) crys- 2.5466(18)—3.0490(19) and 2.6903(18)—3.0857(19) A, re-

tallized at 4 °C from CH,Cl,/CH;CN. Selected bond lengths spectively. These values are in good agreement with those
and angles for 4 are listed in Table S2 in the Supporting reported for the clusters in [Et,N]¢[BigCly] (Bi—Climina

Information. In the asymmetric unit, two halves of crystallo- 2.469-2.543 A, Bi—Cly iqging 2.544-3.207 A),**
graphically independent [Bi,Cl;,]*" units are connected by Bi--- [Ph,P],[Bi,Cl;4]-3CH;CN  (Bi—Clyomina 2-509—2.534 A, Bi—
Cl interactions with distances in the range of 2.6886(19)— Clyrigging 2-687—3.045 A),** and [bpyr],[Bi,Cl,s] [bpyr =

3.173(2) A (Bil—Cl1 2.836(2) A; Bi3—Cll 2.6886(19) A; CsHN(CHy)] (Bi—Clieymina 2.509-2.555 A, Bi—Clyigging
Bi2—CI8 2.7614(19) A; Bi3—CI8 2.9938(19) A; Bi4a—CI8 2.685—3.057 A).>® The cis CI-Bi—Cl angles in the octahedra
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range from 81.76(7)—96.82(5)° and are similar to those
reported for [bpyr],[Bi,Cl;s] (Cl-Bi—Cl angles 81°—98°).>°
In contrast to [bpyr],[Bi,Cl,s] reported by Mahjoor et al,*
which, in the crystal lattice, forms only tetramers and separated
cations, compound 4 forms a coordination polymer as a result
of a different number of chlorido ligands (Figure 2).

In the literature a series of cluster anions, which are
composed of assembled [BiX;]>~ octahedra, is reported.*®*’
For example, Zaleski et al. prepared the bismuth chlorido
cluster [BigCly,]®, where the anion is formed by eight edge-
sharing octahedra and connected to give a polymeric chain.**
Four edge-sharing [BiX,]*~ (X = Cl, Br) octahedral units are
observed in [Bi,Cl,4]* > and [Bi,Bri4]*".>” The anion
[BigBr,,]*" is based on two trimeric units built from six edge-
sharing BiX, entities®® and the bismuth iodido cluster [Bi,I,4]*
consists of edge-sharing [Bil;]*~, forming an infinite anionic
chain.*® Recently, Monakhov et al. reported the molecular
structure of the first heptanuclear bismuth iodido cluster in
[Bi(OAc),(thf),]5[Bi;I,,]. The structure of the trianion
[Bi,I,,]>” is consistent with six edge-sharing Bil; moieties
arranged in a cyclic manner (Big(y-1)¢ ring) through six Bi—(u-
I)—Bi bridges connected to the central Bil; octahedron through
six pi5-1 ligands (Anderson-type structure).*” Another example
is represented by [Biglys]*”, which is composed of polymer
strands built up from symmetrical [Bi,I;,]*~ fragments joined
by edge-sharing octahedra,*' while compound 4 forms
polymeric chains composed of corner-sharing infinite
[Bi,Cl;,]*” polyhedra (see Figure 3).

Figure 3. Ball-and-stick model of the packing diagram of compound 4.
Hydrogen atoms are omitted for clarity.

Previously, we have described the synthesis of [Bi{FeCp*-
(CO),}Br,] (2), which was synthesized by the reaction of
[FeCp*(CO),], with BiBry in a 1:1 molar ratio.”® An

unexpected complex was obtained upon changing the molar
ratio to 1:2. Red single crystals suitable for X-ray crystallog-
raphy were isolated upon crystallization from CH,Cl,/n-hexane
at 4 °C, revealing formation of an iron—bismuth cluster of the
following composition: [{FeCp*(CO),},Br],[Bi¢Br,,{FeCp*-
(CO),},]-CH,CL, (5:CH,ClL,). The IR spectrum shows three
strong absorption bands [2031 (s), 1988 (s), 1968 (s) cm™'],
which are shifted to higher v(CO) values in comparison to
[Bi{FeCp(CO),}Br,] [2008 (s), 1976 (s), 1961 (s) cm™'].*
The absorption bands are a combination of CO stretching
frequencies of cationic [{FeCp*(CO),},Br]" [2052 (s), 2009
(s) em™]* and neutral [FeCp*(CO),Br] moieties [2033 (s),
1978 (s) cm™'].>* However, the 'H NMR spectrum shows only
one singlet at 1.84 ppm for the CH; groups, probably due to
fast exchange between the FeCp*(CO), fragments in solution.

Formation of $ is explained by the following steps. First,
[FeCp*(CO),], and BiBr; react to give [Bi{FeCp*(CO),}Br, ]
and [FeCp*(CO),Br], followed by the reaction of the latter
molecule with BiBry to give [{FeCp*(CO),},Br],[Bis-
Br,,{FeCp*(CO),},] (5). This assumption is supported by
the following experiment, which is based on a two-step reaction
sequence (see Scheme 3). First, the reaction between
[FeCp*(CO),], and BiBr; in a 1:1 molar ratio was carried
out. After 18 h, an IR spectrum of the solution was measured,
which revealed the formation of [Bi{FeCp*(CO),}Br,]. A
second equivalent of BiBr; then was added to the red solution
and the IR spectrum now was indicative of the formation of S.
The latter was separated by crystallization from a CH,CL,/n-
hexane solution at 4 °C. In an additional experiment,
compound 5 was independently prepared by the reaction of
[FeCp*(CO),Br] with BiBr; in a 1:1 molar ratio in 64% yield
(eq 5) and characterized by IR, UV-vis, and NMR spectroscopy
and PXRD analysis (see Figures SS and S6 in the Supporting
Information). In the solid-state UV-vis spectrum, the
absorption edge for § is observed at 732 nm (see Figure S1b
in the Supporting Information).

The asymmetric unit of compound 5-CH,Cl, consists of two
halfs of two crystallographically independent entities of
[{FeCp*(CO),},Br],[BigBr,,{FeCp*(CO),},] (5) and one
molecule of CH,Cl,. Only slight differences in bond lengths
and angles are observed for the crystallographically independ-
ent clusters Sa and Sb; thus, only Sa is discussed. The
molecular structure is shown in Figure 4, and selected bond
distances and angles are given in Table S3 in the Supporting
Information.

Compound Sa is composed of twice as many [{FeCp*-
(CO),},Br]" cations than anion [BiéBrzz{FeCp*(CO)Z}Z]Z_.
The latter is best described as being composed of six edge-
sharing BiBry octahedra to formally give [BigBry,]*", coordi-
nated by two [FeCp*(CO),]" cations (see Figure S). The

Scheme 3. Reaction Sequences for the Formation of Compound $

CH,CI
3 [FeCp*(CO),], + 3 BiBrs 272, 3 [Bi{FeCp*(CO),}Br,] + 3 [FeCp*(CO),Br] (Eq. 4)
) CH,Cl, .
3 [FeCp*(CO),Br] + 3 BiBr3 1/2 [{FeCp*(CO),},Br];[BigBrox{FeCp*(CQO),},] (6) (Eqg.5)
3 [Bi{FeCp*(CO),}Br,]
3 [FeCp*(CO)Z]Z + 6 BlBrs E— + (Eq 6)

1/2 [{FeCp*(CO),}.Brl[BigBro,{FeCp*(CO),},] (5)
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Figure 4. Thermal ellipsoid plot of the molecular structure of [{FeCp*(CO),},Br],[Bi¢Br,,{FeCp*(CO),},] (Sa). Thermal ellipsoids are set at 30%
probability level. Hydrogen atoms were omitted for clarity. Symmetry transformations used to generate equivalent atoms: a = 1.5 — x, 1.5 — y, 1.5 —
z. Selected bond lengths [A]: Fel—Dcyx 1.7209(16); Fe2—Dg,+ 1.7275(15) (Dcp* = Centroid of the Cp* ring); Fel—Brl, 2.4325(17); Fe2—Br12,
2.4318(19); Fe3—Brl2, 2.434(2); Bil—Brl, 2.8388(10); Bil—Br2, 2.7210(10); Bil—Br3, 2.6414(11); Bil—Br4, 3.0472(11); Bil—BrS, 2.9078(10);
and Bil—Br8a, 3.1586(10). Selected bond angles [°]: Fel—Br1—Bil, 119.80(S); Fe2—Br12—Fe3, 117.99(7); Br1—Bil—Br2, 86.88(3); Br1—Bil—
Br3, 94.81(3); Br1—Bil—Br4, 98.28(3); Br1—Bil—BrS, 168.81(3); Br1—Bil—Br8a, 84.36(3); Br2—Bil—Br3, 93.45(3); Br2—Bil—Br4, 171.12(3);
Br2—Bil—BrS, 88.33(3); Br2—Bil—Br8a, 88.51(3); Br3—Bil—Br4, 93.31(3); Br3—Bil—BrS, 95.57(3); Br3—Bil—Br8a, 177.83(3); Br4—Bil—BrS,

85.29(3); Br4—Bil—Br8a, 84.83(3); BrS—Bil—Br8a, 85.41(3).

Figure S. Ball-and-stick model of the molecular structure of the
anionic cluster [BigBr,,]*” with coordinated [{FeCp*(CO),},Br]".
The octahedral environment at the Bi atoms is depicted.

coordination sphere for Bil consists of one terminal and three
p- and two p;-bridging Br atoms; Bi2 shows one terminal, two
u- and three p;-bridging Br™ ligands; and Bi3 is coordinated by
three terminal, two p-, and one p;-bridging Br atoms. The
terminal bond lengths amount to 2.666 A (average), which is
slightly longer than the average value of 2.64S A for terminal
Bi—Briping bond lengths, as observed in the isostructural
[BigBry,]*~ anion, as described by Ahmed and Blachnik.>® The
bridging bonds in Sa (average length of 2.989 A) are slightly
shorter than reported for [BigBr,,]*” (average Bi—Briiging =
3.015 A)® If given separately, the - and p;-bridging sites

3909

show bond distances in the ranges of 2.7069(12)—3.2330(11)
A and 2.8994(11)—3.2382(11) A, respectively.

The cation [{FeCp*(CO),},Br]" can be described to be
composed of two [FeCp*(CO),]* cations bridged by a
bromido ligand (see Figure S7 in the Supporting Information).
Complexes of this type with the Cp ligand [{FeCp(CO),},X]*
(X = Cl, Br, 1), are well-known and were first reported by
Fischer et al.*® For example [{FeCp(CO),},Br]AlBr, was
prepared by reaction of [FeCp(CO),Br] with AlBry in a 2:1
ratio. Later, it was shown that reactions of [FeCp(CO),X] (X =
Cl, Br, I) with AgY (Y = BF,, PF) or HPF;/H,SO, result in
compounds of the general type [{FeCp(CO),},X]Y.*** In
addition, Lorenz et al. previously described several complexes
of the formula [{FeCp(CO),},X]SbY,; (X = Cl, Br, ; Y = C,
F).* In [{FeCp(CO),},Br][SbCls] Fe—Br distances amount
to 2.433(2) A and 2.413(2) A. These distances are comparable
with those in [{FeCp*(CO),},Br]" (Fe2—Brl2, 2.432(2) A;
Fe3—Brl2, 2.434(2) A). The Fe—Br—Fe angle Fe2—Br12—Fe3
117.99(7)° in Sa is slightly larger than the angle Fe—Br—Fe
112.55(6)° in [{FeCp(CO),},Br][SbCly], most likely due to
packing forces.

B CONCLUSIONS

Heterometallic bismuth halides of the type [Bi{FeCp*(CO),}-
X,] [X = Cl (1), Br (2), I (3)] were prepared starting from
pentamethylcyclopentadienyl iron derivatives [FeCp*(CO),],
and bismuth halides BiX; (X = Cl, Br). Because of the different
reaction conditions, the new one-dimensional (1D) coordina-
tion polymer [FeCp*(CO),(CH;CN)],,[Bi,Cl,,], (4) and the
heterometallic complex [{FeCp*(CO),},Br],[Bi¢Br,,{FeCp*-
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Table 1. Crystallographic Data and Structure Refinement Details for [Bi{FeCp*(CO),}Cl,] (1),
[FeCp*(CO),(CH;CN)],,[BiyCly4], (4), and [{FeCp*(CO),},Br],[BigBr,,{FeCp*(CO),},]-CH,CL, (5:CH,Cl,)

empirical formula

1
C,H,BiCL,FeO,

M (g mol™) 526.97
temperature (K) 105

A (4) 0.71073
crystal system monoclinic
space group P2(1)/c

a (A) 9.1207(2)
b (A) 8.8866(2)
c (A) 18.7907(5)
a (deg) 90

P (deg) 94.562(2)
7 (deg) 90

Vv (A%) 1518.20(6)
VA 4

Deye (g em™) 2.306

# (Mo Ka) (mm™)
F(000)

12.873 (Mo Ka)
984

crystal size (mm) 0.3 X 0.3 X 0.2
reflections collected 8035
independent reflections 2947

R 0.0399
number of data/restraints/parameters 2947/0/163
goodness-of-fit on P 1.012

final R indices [I > 20(I)]

R, 0.0292

WR, 0.0692

R indices (all data)

R, 0.0385

WR, 0.0736

Ap i (e A73) -1272

Ap e (e A73) 2.127

4 S-CH,Cl,
CasH3Bi,Cl 4 Fe;,N, 0,4 C73HyyBigBr,,CLFecOy,
1908.51 4739.19
108 100
1.54184 1.54184
triclinic monoclinic
P1 I2/a
12.8907(4) 28.3992(10)
15.1214(5) 10.9024(3)
15.7675(6) 40.7714(6)
99.255(3) 90
112.110(3) 106.750(3)
106.598(3) 90
2601.20(15) 12088.0(6)

2 4

2.437 2.604

37.265 (Cu Ka) 32421 (Cu Ka)
1744 8616

0.2 X 0.2 X 0.04 0.15 X 0.04 X 0.03
16924 31412

8596 9707

0.0335 0.0537
8596/0/489 9707/164/466
1.024 1.036

0.0371 0.0423

0.0922 0.1117

0.0434 0.0543

0.0949 0.1212

—-1.972 —1.847

2.322 2.894

(CO),}]-CH,Cl, (5-CH,Cl,) showing a unprecedented
heterobimetallic halobismuthate cluster were isolated. Both
result from the reaction of the formed [Cp*(CO),FeX] (X =
Cl, Br), as obtained upon the formation of 1 and 2, starting
from [FeCp*(CO),], and BiX; (X = Cl, Br), respectively, with
excess or unreacted BiX;. Compounds 4 and § are accessible
more conveniently by the reaction of separately synthesized
[FeCp*(CO),X] with BiX;. This type of reaction provides
access to novel anionic 1D coordination polymers and clusters
of the general type [Bi,X,,]9”, which show promising electronic
properties, with regard to the development of perovskite-based
solar cells.** The bismuth—iron halogen complexes 1—3 are
promising precursors for the synthesis of the multiferroic
material BiFeO3, and they might be good starting materials for
the formation of novel bismuth—transition metal clusters.

B EXPERIMENTAL SECTION

General Procedure. All operations were carried out under dry
nitrogen using standard Schlenk techniques. Solvents were freshly
distilled over appropriate drying reagents immediately prior to use.
The BiCl; was dried with SOCI, while BiBr; was used without further
purification. The compounds [FeCp*(CO),],,*” [FeCp*(CO),Br],**
[FeCp*(CO)ZCI],48 and [Bi{FeCp*(CO),}Br,] (2)*® were synthe-
sized corresponding to literature procedures. Infrared spectra with 4
cm™ resolution were recorded on a Nicolet FTIR-200 spectropho-
tometer as KBr pellet samples. 'H NMR spectra were recorded with a
Bruker Avance 500 (Type Avance III 500) spectrometer at room
temperature. The 'H (500 MHz) chemical shifts are reported in &
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units (ppm), relative to the residual peak of the deuterated solvent (ref
CDCl: 'H 7.26 ppm, DMSO-dg: 'H 2.50 ppm). Diffuse reflectance
UV-vis spectroscopy was performed using a single-beam simultaneous
spectrometer MCS 400 (Carl Zeiss Jena GmbH). The UV and vis
radiation were generated using a deuterium lamp CLD 300 and a
xenon lamp CLX 11, respectively, at 298 K, using BaSO, as a
reference. The CHN analyses were carried out with a CHN-Analysator
FlashAE 1112 (Thermo). Melting points of the compounds were
measured with a Melting Point B-540 apparatus (Biichi). PXRD was
carried out with a STOE-stad IP device using Cu Ka (4 = 154.184
pm) radiation.

Crystallographic Studies. Crystal data, data collection and
refinement parameters for 1, 4, and 5-CH,Cl, are given in Table 1.
All data were collected on an Oxford Gemini S diffractometer at 105 K
(1, 4), or 100 K (5-CH,Cl,) using Mo Ka radiation (4 = 0.71073 A)
for 1 or Cu Ka radiation (1 = 1.54184 A) for 4 and $-CH,Cl,. For
protection against oxygen and moisture, the preparation of the single
crystals was performed in perfluoro alkyl ether (ABCR GmbH&Co
KG; viscosity 1600 cSt). The structures were solved by direct methods
using SHELXS-97* and refined by full-matrix least-squares procedures
on F2 using SHELXL-97.* The drawings were created with the
Diamond program.*® All non-hydrogen atoms were refined anisotropi-
cally and a riding model was employed in the refinement of the
hydrogen atom positions.

Synthesis of [BifFeCp*(CO),}Cl,] (1). Solid BiCl; (0.640 g, 2.03
mmol) was added to a vigorously stirred solution of [FeCp*(CO),],
(1.000 g, 2.03 mmol) in SO0 mL of CH,Cl, to give a red-colored
solution. After 18 h of stirring, the solvent was reduced to 20 mL and
n-hexane (20 mL) was added. Crystallization from a mixture of
CH,Cl,/n-hexane at 4 °C gave red crystals of [Bi{FeCp*(CO),}CL]
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(1) (0.600 g, 56%) suitable for single-crystal X-ray diffraction (XRD)
analysis. Melting point (mp): 150 °C (dec.) '"H NMR (500 MHz,
CDCL): 5 1.72 (s, C(CH;)s). 'H NMR (500 MHz, DMSO-dy): &
1.68 (s, Cs(CHj;)s). IR/KBr [v, cm™'): 1997 (s); 1957 (vs); 1947 (vs);
1654 (m); 1385 (m); 1261 (m); 1097 (m); 1022 (m); 801 (m);
622(m); 580 (m); 541 (w); S18 (w). Anal. Calcd for
C,H,BiCL,FeO, (526.98 g/mol): C, 27.35; H, 2.87. Found: C,
27.30; H, 2.70.

Synthesis of [Bi{FeCp*(CO),},] (3). Solid KI (0.350 g, 2.10 mmol)
was added to a solution of [Bi{FeCp*(CO),}Cl,] (1) (0.550 g, 1.05
mmol) in 40 mL of acetone at ambient temperature. The color
changed to dark brown and the suspension was stirred for 24 h. The
solid material was filtered off and the solvent was evaporated in vacuo.
[Bi{FeCp*(CO),}I,] (3) was obtained from a CH,Cl,/n-hexane
solution at 4 °C as brown precipitate (0.320 g, 43%). Melting point
(mp): 154 °C (dec.) 'H NMR (500 MHz, CDCL): § 197 (s,
Cs(CH,),). IR/KBr [v, cm™]: 2964 (m); 2921 (m); 2858 (m); 2006
(s); 1954 (s); 1627 (w); 1409 (m); 1381 (m); 1261 (m); 1095 (m);
1020 (m); 800 (m); 571 (w). Anal. Calcd for C;,H,BiFel,O, (709.88
g/mol): C, 20.30; H, 2.13. Found: C, 20.31; H, 2.63.

Synthesis of [FeCp*(CO),(CH;CN)],n[Bi,Cl14], (4). Solid BiCly
(0.313 g, 0.98 mmol) was added in a single portion to a solution of
[FeCp*(CO),Cl] (0.140 g, 0.49 mmol) in 20 mL of acetonitrile at
ambient temperature. After 2 days at 4 °C [FeCp*-
(C0),(CH,CN)],,Bi,Cl,,], (4) was obtained as a red precipitate
(0.294 g, 62%). Melting point (mp): 136 °C (dec.) 'H NMR (500
MHz, DMSO-d,): & 1.82 [s, 15H, Cs(CH,),], 2.12 (s, 3H, CH,CN).
IR/KBr [v, cm™']: 2985 (w); 2925 (w); 2044 (vs); 1996 (vs); 1475
(m); 1426 (m); 1384 (m); 1073 (m); 1022 (m); 803 (m); 593 (m);
569 (s); 525 (s); 443 (m). Anal. Calcd for C,gH,¢Bi,Cl,Fe,N,0,
(1908.55 g/mol): C, 17.62; H, 1.90; N, 1.47. Found: C, 17.61; H,
1.72; N, 1.47.

Synthesis of [{FeCp*(CO),},Br],[BisBr,,{FeCp*(CO),},] (5), Route
A. Solid BiBr; (0.800 g, 1.78 mmol) was added to a vigorously stirred
solution of [FeCp*(CO),], (0.440 g, 0.89 mmol) in 40 mL of CH,Cl,
to give a dark-red-colored solution. After 18 h of stirring, the solvent
was reduced to 20 mL and n-hexane was added. After 3 h at 4 °C, red
crystals of [{FeCp*(CO),},Br],[BisBry,{FeCp*(CO),},] (5) (0.450
g, 66%) were formed that were suitable for single-crystal XRD analysis.

Route B. To a solution of [Cp*(CO),FeBr] (0.500 g, 1.53 mmol)
in 20 mL of CH,Cl, was added in a single portion solid BiBr; (0.690 g,
1.53 mmol). Crystallization at 4 °C from a mixture of the mother
liquid to which n-hexane was added gave red crystals of 5 (0.740 g,
62%). Melting point (mp): 151 °C (dec.) 'H NMR (500 MHz,
CDCL): 6 1.84 (s, Cs(CH;);). IR/KBr [r, cm™]: 2963 (w); 2910
(w); 2862 (w); 2031 (s); 1989 (s); 1968 (s); 1617 (m); 1450 (w);
1380 (w); 1262 (m); 1074 (m); 1023 (m); 800 (m); 735 (m); 596
(m); 564 (m); 535 (m). Anal. Calcd for C,,HgoBi¢Br,,FesO,,
(4654.13): C, 18.58; H, 1.95. Found: C, 18.98; H, 2.43.

B ASSOCIATED CONTENT

© Supporting Information

UV-vis spectra of solids 1—5 (Figures Sla and S1b and PXRD
pattern of 4 (Figures S3, S4) and S (Figures SS, S6), View of
the molecular structures of compound 1, the cation [{FeCp*-
(CO),},Br]* of compound 5-CH,Cl, (Figures S2, S7) and
selected bond distances and angles of compounds 1, 4, and §
(Table S1, S2, and S3). This material is available free of charge
via the Internet at http://pubs.acs.org,
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