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Reaction of [((CH3)C3H4)Mo(CO)2(CH3CN)2Cl], 2, with [Bi(OEt)3]x provides the hetero-
tetranuclear complex [((CH3)C3H4)Mo(CO)2(µ-OEt)3Bi(µ-OEt)2Bi(µ-OEt)3Mo(CO)2((CH3)-
C3H4)], 3, in good yields. If 2 is reacted with [Bi(OCH2CH2OCH3)3]2, a dinuclear chloro al-
koxide [((CH3)C3H4)Mo(CO)2(µ-κO,2κO′-OCH2CH2OCH3)2(µ-Cl)BiCl], 4, is obtained, while pre-
treatment of 2 with AgBF4 and subsequent reaction with [Bi(OCH2CH2OCH3)3]2 leads to
the chloride-free complex [((CH3)C3H4)Mo(CO)2(µ-κO,2κO′-OCH2CH2OCH3)3Bi(thf)][BF4], 6,
with a Bi center surrounded by seven oxygen donors. All compounds have been characterized
by NMR and IR spectroscopy as well as elemental analysis, and their crystal structures
were determined by means of single-crystal X-ray diffraction. 3, 4, and 6 belong to the few
compounds known (there is only one other precedent) where Mo and Bi centers are bridged
by oxygen-containing ligands and can therefore be considered as cornerstones on the way to
the synthesis of yet unknown molecular compounds with Mo-O-Bi functions resembling
those occurring on the surface of nMoO3-Bi2O3 catalysts.

Introduction

The unique property of nMoO3/Bi2O3 to act as a
heterogeneous catalyst for the technical propene oxi-
dation1a to acrolein remains a subject of intense
discussion.1b The results of their experiments on isotopic
enrichment lead Grasselli and Burrington to suggest the
intermediate formation of symmetric π-allyl complexes
(or the chemisorption of delocalized allyl radicals)1b,2 at
Mo centers of the catalysts surface. Furthermore recent
investigations concerning heterogeneous oxidation ca-
talyses on Mo/Bi oxides suggest that the oxygen atoms
found in the organic oxidation products have their origin
in previously bridging positions,1c so that Bi(µ-O)Mo
moieties are currently thought to be the active oxo
transfer sites also in propene oxidation. If this hypoth-
esis is correct, the formation of acrolein in this process
may well be explained in terms of an allyl shift to (or
trapping of allyl radicals by) Bi(µ-O)Mo functions,
followed by a hydrogen atom abstraction from the
resulting allyloxy unit. This encourages research with
the aim of preparing molecular species containing both
Mo and Bi in oxo environments being linked by oxygen-
containing (or ideally “pure” oxo) ligands. In this context
the corresponding heterometallic alkoxides are of par-
ticular interest, as studies concerning polynuclear metal
alkoxides have clearly shown that they are capable of

simulating the structures and some of the properties of
metal oxides.3 There is, however, a dearth of information
about even the homometallic alkoxides of bismuth.4
While several groups have claimed the existence of a
bismuth-transition metal precursor in their sol-gel
processes5 only two heterometallic alkoxide complexes
containing Bi and a transition metal (V4a and Ti6a) had
been isolated and described structurally until recently.
This is particularly surprising, as an increasing number
of advanced oxide materials based on bismuth appear
to display attractive properties,6 and mixed-metal alkox-
ides could act as single-source precursors.

Recently we have reported the synthesis of the first
mixed Bi/Mo alkoxide, representing at the same time
the only structurally characterized example of a molec-
ular compound with a discrete oxo linkage of any type
between Bi and Mo.7 All initial attempts to prepare the
aforementioned type of species via methods established
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for the synthesis of other heterometallic alkoxides8slike
for instance Lewis acid-base reactions of certain alkox-
ides of Mo and Bi, or by applying the principles of the
non-hydrolytic gel formation process9shad yielded (in
agreement with observations described in the litera-
ture5) insoluble, intractable solids. Since this is almost
certainly a result of high aggregation levels, we decided
to employ molybdenum organyls as starting materials,
where a part of the coordination sphere at Mo is
shielded by tightly bound organic ligands.10 [Cp2MoCl2]
was treated with in situ prepared [Bi(OEt)3]x at 70 °C,
yielding [Cp2Mo(µ-OEt)2Bi(OEt)2Cl], 1, where a Mo and
a Bi center are bridged by two ethanolate ligands.

The formation of 1 can be envisaged to proceed via
contacts between [Cp2MoCl2] and coordinatively unsat-
urated [Bi(OEt)y](3-y)+ centers mediated by Cl or EtO
ligands. These initial contacts trigger ligand exchange
reactions, which finally lead to a stable Mo(µ-OEt)2Bi
moiety. Only one of two original Cl ligands is found at
the Bi center in 1, the second one having been replaced
by external EtO-. After the concept of employing orga-
nomolybdenum compounds in reactions with Bi alkox-
ides had thus proved suitable for the synthesis of
heteronuclear Mo/Bi alkoxides, experiments with allyl
molybdenum compounds were considered, as allyl spe-
cies play a significant role during the propene oxidation
on the bismuthmolybdate surface (vide supra). Certainly
alkoxide ligands cannot simulate special functions of oxo
ligands, but once the next step (away from alkoxide
toward oxo ligands, where current research focuses) is
taken, allyl ligands will become very valuable: as the
Mo-allyl linkage is easily cleaved homolytically if oxo
ligands are present at the Mo center at the same time,11

the Mo-allyl unit could serve as a source of allyl
radicals in such compounds, thus enabling studies
concerning their trapping by neighboring ligands.

Results and Discussion

Bearing the abovementioned arguments in mind and
following Scheme 1, the employment of allyl molybde-
num chloride compounds in reactions with [Bi(OEt)3]x
seemed reasonable. A well-known π-allyl-Mo compound
with a Mo-Cl function and potential leaving groups
(acetonitrile) is [((CH3)C3H4)Mo(CO)2(CH3CN)2Cl], 212

(Scheme 2). Although the corresponding derivative of 2
with an unsubstituted allyl ligand can be readily made,

too, 2 was chosen as the starting material, as methallyl
ligands have the advantage of increasing the steric bulk
at the Mo centers somewhat, so that the resulting
products gain kinetic stability, and second they greatly
facilitate NMR spectroscopic investigations. After treat-
ment of 2 with 2/x equiv of [Bi(OEt)3]x in thf a brown
precipitate and a brownish-red solution were obtained.
Layering of the filtrate with 40/60 petroleum ether lead
to the precipitation of very air-sensitive red crystals of
compound 3, which was characterized by IR and NMR
spectroscopy as well as by elemental analysis. A single-
crystal X-ray structure determination finally revealed
a constitution [((CH3)C3H4)Mo(CO)2(µ-OEt)3Bi(µ-OEt)2Bi-
(µ-OEt)3Mo(CO)2((CH3)C3H4)] for 3 (Scheme 2), and
selected bond lengths and angles of its crystal structure
(Figure 1) are listed in Table 1.

3 contains two ((CH3)C3H4)Mo(CO)2(µ-OEt)3Bi units
bridged by two µ-OEt ligands in a fashion that creates
a (crystallographical) inversion center. The Bi centers
are thus pentacoordinated with a distorted square-based
pyramidal arrangement of the ligands and the stereo-
active lone pair occupying the ligand site missing for
an octahedron. The two BiO5 pentagons share one edge
of their squares, so that these (and therefore O(40/40A),
O(20/20A), and O(30/30A)) are situated roughly within
a plane. The two axial ligands (O(10/10A)) are positioned
on opposite sides of this plane, “pushing” the Bi centers
out by 0.43 Å. There is precedent for this type of
geometry in dinuclear Bi alkoxides of the general
formula [Bi2(OR)4(µ-OR)2L2].13,14 The arrangement of
ligands around the Mo centers in 3 is comparable to
the one found in the anion15 [((CH3)C3H4)Mo(CO)2-
(µ-OMe)3Mo(CO)2((CH3)C3H4)]-,leadingtosimilar(slightly
longer) Mo-O bond distances. Also in close analogy,
the Mo-O bond found trans to allyl (2.080(5) Å) in 3
is somewhat shorter than the bonds trans to CO
(2.248(5) and 2.250(5) Å), consistent with a stronger
trans influence of CO. As a consequence, Bi-O(30) is
significantly longer (2.405(5) Å) than Bi-O(20)
(2.215(6) Å), which is in turn longer than Bi-O(10)
(2.124(5) Å), having no ligand bound trans to it. The
Bi(µ-OEt)2Bi unit is therefore asymmetric, too, contain-
ing two significantly different Bi-O distances (Bi-O(40)
) 2.224(5) Å and Bi-O(40A) ) 2.407(5) Å). The confor-
mation of the allyl ligand concerning a plane constructed
from the two carbonyl carbons and the terminal carbon
atoms of the allyl ligand is exo, an arrangement that is
often found to be more stable in comparison to the
corresponding endo conformation16 and that is fre-
quently accompanied by a decreased M(CO)2 angle
(<90°), while the angle in endo structures is increased
(> 90°).17 Accordingly the Mo(CO)2 angle in 3 amounts
to only 79.3(3)°.

Previous studies have demonstrated the mobility of
the ((CH3)C3H4)Mo(CO)2 complex fragment in alkoxide
ligand spheres,18 and the NMR spectroscopic investiga-
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tion of 1 provided evidence for a rapid exchange of the
OEt ligands at room temperature.7 Temperature-de-
pendent 1H NMR spectra of 3 in thf-d8 revealed that it
shows a dynamic behavior in solution, too: the broad
singlet at 4.78 ppm (rt) corresponding to the average
resonance for the methylene protons of all ethoxy groups
shifts to 5.01 ppm on cooling to -10 °C, splitting at -30
°C to give two complex structured signals at -60 °C.
Further cooling below -70 °C leads to changes in the
fine structures and to the evolution of a third signal
before the fine structure and resolution are lost due to
viscosity effects; that is, at no stage is a constant signal
pattern reached. Corresponding changes are also ob-
served in the region for the signals of the methyl groups,
while the allyl signals split at approximately -50 °C.
Evidently the fluctionality of the system cannot be
frozen out completely in the temperature range avail-
able, and the broadness of all signals combined with
serious overlap did not allow for a determination of the
nature of the process responsible. Although for these

reasons the signals in the ethoxide region of the 1H
NMR spectrum could not be assigned, we can be sure
about the observation of only one set of allyl signals at
room temperature, suggesting that either the principal
constitution of 3 persists or it splits into two equivalent
halfs. Consequently 3 is isolated because it is either the
thermodynamically favored or the least soluble species
of a solution equilibrium, which lies almost completely
on one side. Formally 2 equiv of [Bi(OEt)2Cl] are
generated per molecule of 3, whichsprobably after
dismutation reactionssform the precipitate obtained. In
fact it turned out that the raw material isolated after
removal of all volatiles from the filtrate directly after
the reaction contains almost exclusively 3, as judged by
1H NMR spectroscopy. No additional signals could be
detected, but the integrals for the ethoxide signals were
somewhat too high (12%) and elemental analysis re-
vealed a contamination by chloride (3%). These findings
suggestthepresenceofadismutationproduct,[EtOBiCl2]x,
as the sole contamination (14 wt %) in the crude
product, and from this information a near quantitative
(84%) formation of 3 can be inferred.

Why does the reaction of [Cp2MoCl2] with [Bi(OEt)3]x
provide a dinuclear heterometallic alkoxide, while an
alkoxide-bridged dimer of such is formed in the reaction
of 2? An answer could be sought in the charge condi-
tions: 1 contains a Cp2Mo2+ unit, while 3 contains an
(allyl)Mo(CO)2

+ entity. To form neutral complexes with
a Bi(OEt)3 moiety, Cp2Mo2+ needs two additional nega-
tively charged ligands (EtO- and Cl-), while (allyl)Mo-
(CO)2

+ requires only one (EtO-). When these ligands
become part of the coordination sphere of Bi, this leads
to a commonly found4 five-coordinated center in the first
case yielding 1, while the Bi remains unsaturated (four-
coordinated) in the latter. The resulting [(allyl)Mo(CO)2-
(µ-OEt)3Bi(OEt)] species has two options: it can coor-
dinate a neutral ligand (thf) or dimerize. Apparently it
prefers dimerization yielding 3.

To obtain dinuclear compounds we decided to use
alkoxide ligands, which intrinsically provide the desired
neutral donors mentioned above. Hence [Bi(OCH2CH2-
OCH3)3]2

13 was employed instead of [Bi(OEt)3]x. Its
equimolar reaction with 2 in thf yields a brown precipi-
tate as well as an orange solution. Layering of the
filtrate with hexane yields an orange, crystalline mate-
rial, which consists of [((CH3)C3H4)Mo(CO)2(µ-κO,2κO′-
OCH2CH2OCH3)2(µ-Cl)BiCl], 4, (Scheme 3), as evi-
dencedbyelementalanalysisandIRandNMRspectroscopy,
as well as a single-crystal X-ray structure determination
(Figure 2, Table 2).

The geometry of the ((CH3)C3H4)Mo(CO)2 unit is very
similar to that of 3, with Mo-O distances comparable
with the ones found there. The bridging Cl ligand is
found in trans positions to the allyl group at the Mo
center and to the terminal Cl ligand at the Bi center

(18) Borgmann, C.; Limberg, C.; Zsolnai, L.; Heinze, K. Z. Natur-
forsch. 1999, 54b, 473.

Scheme 2

Figure 1. Molecular structure of 3 with partial atom-
labeling scheme.

Table 1. Selected Bond Lengths (Å) and Bond
Angles (deg) for 3

Mo-O(10) 2.248(5) Bi-O(10) 2.124(5)
Mo-O(20) 2.250(5) Bi-O(20) 2.215(6)
Mo-O(30) 2.080(5) Bi-O(30) 2.405(5)
O(10)-C(10) 1.446(9) Bi-O(40) 2.224(5)
O(20)-C(20) 1.423(9) Bi-O(40A) 2.407(5)
O(30)-C(30) 1.405(9) O(40)-C(40) 1.435(9)

O(40)-Bi-O(40A) 69.6(2) O(30)-Mo-O(20) 74.8(2)
O(10)-Bi-O(30) 69.98(19) O(10)-Mo-O(20) 69.01(19)
O(20)-Bi-O(30) 69.34(18) Bi-O(10)-Mo 97.2(2)
O(10)-Bi-O(20) 71.88(17) Bi-O(20)-Mo 94.58(19)
O(30)-Mo-O(10) 74.0(2) C(1)-Mo-C(2) 79.3(3)

1046 Organometallics, Vol. 19, No. 6, 2000 Hunger et al.
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(Cl-Bi-Cl ) 159.47(8)°). The Bi-Cl(2) bond length of
2.544(3) Å is quite similar to the average of 2.532 Å
found in a Cl3Bi(µ-O(R)-)3 moiety4a and typical for
terminal Bi-Cl bond distances, which are usually about
2.6 Å.19 The Bi-Cl(1) bond (2.906(3) Å) is quite long
(even for a bridging Cl ligand), and it should therefore
be regarded as weak.4b The additional four donor
functions provided by the alkoxide ligands force the Bi

center into a coordination sphere, which can be de-
scribed as a distorted pentagonal bipyramid where one
of the equatorial ligands is represented by the stereo-
active lone pair of Bi: O(20/21/30/31) are lying in a plane
leaving enough space for the lone pair to be located
within this plane, too, as O(31)-Bi-O(21) amounts to
not less than 147.5(2)°. The axial ligands of the bipyra-
mid are represented by the two Cl atoms. A noncrys-
tallographic plane of symmetry can be drawn through
Mo/Bi/Cl(1) mirroring O(20) into O(30) and O(21) into
O(31), so that it is not surprising that these pairs of
atoms show similar bond distances to Bi. Those of O(20)
and O(30) (being bonded to Mo trans to CO) are in turn
similar to Bi-O(10/20) in 3.

As mentioned above, the reaction in Scheme 3 yields
a solution as well as a precipitate. 4, which was isolated
from the solution, contains two Cl ligands, although only
one is present in the starting material. Therefore an
alkoxide-rich species lacking Cl ligands must be formed
simultaneously, and accordingly the yield of 4 amounts
to only 48%. Indeed, 1H NMR investigations of the
filtrates obtained from concentration-dependent experi-
ments revealed that in the reaction of 2 with 0.5 equiv
of [Bi(OCH2CH2OCH3)3]2 (i.e., Mo:Bi ) 1:1) three allyl-
containing products are generated, one of them repre-
senting the main product 3 (no precipitate is formed!).
However, in the equimolar reaction (Mo:Bi ) 1:2) of 2
and [Bi(OCH2CH2OCH3)3]2 (from which 4 can be iso-
lated) 4 is surprisingly formed as the sole soluble
product, and consequently the alkoxide-rich species
must undergo further aggregation reactions with exces-
sive [Bi(OCH2CH2OCH3)3] units, finally becoming part
of the precipitate. Hardly any precipitate is obtained if
2 is employed in a 4-fold excess (Mo:Bi ) 2:1) with
respect to [Bi(OCH2CH2OCH3)3]2. 4 forms as the mayor
product, which is, however, contaminated again, prob-
ably by a homonuclear Mo alkoxide. Consequently the
equimolar reaction provides the purest 4, with the
disadvantage that a part of [Bi(OCH2CH2OCH3)3]2 is
sacrificed then.

As mentioned above, it is very likely that the reaction
of Scheme 3 additionally provides an alkoxide-rich Mo/
Bi compound, but the simultaneous formation of the
chloro compound 3 together with at least one other allyl
molybdenum species as well as subsequent aggregation
reactions prevented its isolation. To generate a chloride-
free Bi/Mo/-OCH2CH2OCH3 compound as the main
product and to thereby facilitate its isolation, the Cl
ligand of 2 was removed by AgBF4 (producing complex
5 as shown in Scheme 4)15 prior to its treatment with
the bismuth alkoxide. The equimolar reaction of 5 with
[Bi(OCH2CH2OCH3)3]2 again yields a brown precipitate
and an orange solution. Layering of the filtrate with 40/
60 petroleum ether leads to [((CH3)C3H4)Mo(CO)2(µ-
κO,2κO′-OCH2CH2OCH3)3Bi(thf)][BF4], 6, in 20% crys-
talline yield (before this purification step the yield is
probably far higher), as shown in Scheme 4. 6 was

(19) Norman, N. C. Phosphorus Sulfur Silicon Relat. Elem. 1994,
87, 167. Carmalt, C. J.; Norman, N. C. In Chemistry of Arsenic,
Antimony and Bismuth; Norman, N. C., Ed.; Blackie Academic &
Professional: London, 1988; Chapter 1.

Figure 2. Molecular structure of one of the two indepen-
dent molecules found in the unit cell of 4 with partial atom-
labeling scheme. The thf molecule was omitted for clarity.

Scheme 3

Table 2. Selected Bond Lengths (Å) and Bond
Angles (deg) for 4

Bi(1)-O(30) 2.195(6) Mo(1)-O(30) 2.227(6)
Bi(1)-O(20) 2.206(6) Mo(1)-O(20) 2.213(6)
Bi(1)-Cl(2) 2.544(3) Mo(1)-Cl(1) 2.549(3)
Bi(1)-O(21) 2.595(6) O(20)-C(20) 1.442(11)
Bi(1)-O(31) 2.597(6) Bi(1)-Cl(1) 2.906(3)

O(30)-Mo(1)-Cl(1) 78.71(17) Cl(2)-Bi(1)-O(31) 84.14(16)
O(20)-Mo(1)-Cl(1) 78.61(17) O(30)-Bi(1)-Cl(2) 92.67(17)
O(20)-Mo(1)-O(30) 71.6(2) O(20)-Bi(1)-Cl(2) 91.88(17)
O(30)-Bi(1)-O(20) 72.3(2) Cl(2)-Bi(1)-O(21) 84.27(15)
O(30)-Bi(1)-Cl(1) 71.58(17) Mo(1)-Cl(1)-Bi(1) 76.11(7)
O(20)-Bi(1)-Cl(1) 71.13(17) Bi(1)-O(20)-Mo(1) 99.6(2)
O(20)-Bi(1)-O(21) 69.6(2) Bi(1)-O(30)-Mo(1) 99.5(2)
O(30)-Bi(1)-O(31) 69.3(2) Cl(2)-Bi(1)-Cl(1) 159.47(8)
O(21)-Bi(1)-O(31) 147.5(2)

Scheme 4

Heteronuclear Mo/Bi Alkoxides Organometallics, Vol. 19, No. 6, 2000 1047
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characterized by elemental analysis as well as IR and
NMR spectroscopy, and a single-crystal X-ray diffraction
study gave the molecular structure shown in Figure 3
(compare Table 3).

As in 3, the Mo and Bi centers in 6 are bridged by
three alkoxide functions again. Aided by the chelating
effect, all three ether donor functions are coordinated
to the Bi center, too, so that the [((CH3)C3H4)Mo(CO)2-
(OCH2CH2OCH3)3]2- entity can be formally regarded as
a cryptant type “ligand” (being, however, open at one
end), burying the Bi3+ center in its inside. However, the
thirst of Bi for oxygen donors seems not to be quenched
completely by that, as it coordinates an additional thf
molecule, which can be removed under vacuum. The
ligands at the Bi center reach a geometry that can be
described as distorted dodecahedral if the stereoactive
lone pair is considered, too: one face of the dodecahe-
dron is represented by O(10), O(20), and O(30). The Bi
center is sandwiched between this face and a plane
roughly defined by O(11), O(21), O(31), and O(100), and
it is located 0.64 Å above the best plane in a direction
toward the Mo center. On the other side of this plane
there remains a void, where probably the lone pair of
Bi occupies the site missing for a complete dodecahedral
coordination sphere. As one would expect, the bond
distances Bi-O(10/20/30) (2.204(3), 2.180(3), and 2.226-
(3) Å) are similar to those found in 3 and 4. As in 3, the

binding of O(30) to Bi is weakened by its strong binding
to Mo [due to the weaker trans influence of allyl (Mo-
O(30): 2.135(3) Å) as compared to CO (Mo-O(10/20):
2.237(3)/2.213(3) Å)]. Also, not surprisingly, these Bi-
O(10/20/30) distances are shorter than those found for
the ethereal functions (Bi-O(11/21/31) ) 2.595(3),
2.708(3), and 2.649(3) Å), and the thf molecule coordi-
nates at a distance of 2.572(3) Å, which is close to the
usual range found4b for Bi-O bonds where O belongs
to thf (2.6-2.8 Å). This remarkable compound contains
a (π-allyl)Mo unit in an oxygen-rich coordination sphere
with a Bi center in the second coordination sphere being
complexed itself by not less than seven O donors. It
therefore meets some of the requirements for a struc-
tural model complex with respect to potential surface
intermediates during bismuthmolybdate-catalyzed pro-
pene oxidation.

Furthermore the compounds 3, 4, and 6 with five, six,
and seven-coordinate Bi centers nicely highlight why
difficulties have been encountered in attempts to pre-
pare heterodinuclear Mo/Bi alkoxides simply by reacting
their alkoxides with each other: if Mo in addition to Bi
is provided with a maximum freedom for coordination
of O-donors, i.e., if it is not partly shielded by organic
ligands, high-nuclear, insoluble alkoxides are formed,
which elude characterization (a principal alternative
might be the employment of bulky organic groups at the
alkoxide ligands; however, in our hands only intractable
solids were obtained, for instance, in reactions of Bi-
(OtBu)3).

Making use of the principles described, current re-
search focuses on the preparation of the first compounds
with oxo-bridges between Mo and Bi. Bearing this goal
in mind, additional reactions with 3 and 4 will be carried
out, aiming at substituting the chloride ligands for
instance by Mo-O- functions.

Experimental Section

General Procedures. All manipulations were carried out
with a vacuum line (at a background pressure < 10-3 mbar),
or in a glovebox, or by means of Schlenk-type techniques
involving the use of a dry argon atmosphere. Microanalyses
were performed by the Analytische Laboratorien des Orga-
nisch-Chemischen Institutes der Universität Heidelberg using
a CHN-Analyser Heraeus. Samples were prepared in a glove-
box. During the procedure necessary to be able to handle the
substances in the glovebox, 4.thf lost hardly any thf; 6,
however, lost almost all thf. Residual and missing thf, respec-
tively, explain why the deviations of the carbon analyses are
slightly outside the usual range. The deviation of the value
for 3 probably results from the extreme sensitivity of the
substance. The deuterated solvents were condensed into the
NMR tubes before the tubes were flame-sealed. All NMR
spectra were recorded using a Bruker Avance-DPX 200 (1H
200,132 MHZ; 13C 50.323 MHZ) spectrometer. Infrared (IR)
spectra were recorded using samples prepared as KBr pellets
using a Bruker FT-IR spectrometer IFS-66.

The melting/decomposition points were recorded in a sealed
glass tube using a Gallenkamp type melting point apparatus
MFB 595010.

Materials. Tetrahydrofuran (thf) was distilled from potas-
sium metal under Ar. Petroleum ether (40/60) was distilled
from P4O10 under Ar. [Mo(η3-C3H4(CH3))(CH3CN)2(CO)2Cl],12

[Bi(OEt)3]x,13 and [Bi(OCH2CH2OCH3)3]2
14a were prepared by

published procedures.
[((CH3)C3H4)(CO)2Mo(µ-OEt)3Bi(µ-OEt)2Bi(µ-OEt)3Mo-

((CH3)C3H4)(CO)2] (3). A solution of 0.25 g (0.77 mmol) of

Figure 3. Molecular structure of 6 with partial atom-
labeling scheme.

Table 3. Selected Bond Lengths (Å) and Bond
Angles (deg) for 6

Mo-O(10) 2.237(3) Bi-O(10) 2.204(3)
Mo-O(20) 2.213(3) Bi-O(20) 2.180(3)
Mo-O(30) 2.135(3) Bi-O(30) 2.226(3)
Bi-O(11) 2.595(3) Bi-O(31) 2.649(3)
Bi-O(21) 2.708(3) Bi-O(100) 2.572(3)
O(10)-C(10) 1.430(5)

O(30)-Mo-O(20) 75.31(11) Bi-O(10)-Mo 93.88(11)
O(30)-Mo-O(10) 70.75(11) Bi-O(20)-Mo 95.22(11)
O(20)-Mo-O(10) 68.71(11) Mo-O(30)-Bi 96.11(12)
O(20)-Bi-O(10) 69.90(11) O(20)-Bi-O(30) 74.15(11)
O(10)-Bi-O(30) 69.75(11)
O(11)-Bi-O(31) 109.47(9) O(100)-Bi-O(11) 83.33(10)
O(100)-Bi-O(21) 76.52(11) O(31)-Bi-O(21) 76.52(9)
O(31)-Bi-Mo 96.75(7) O(21)-Bi-Mo 108.32(7)
O(11)-Bi-Mo 101.06(7) O(100)-Bi-Mo 114.00(7)
O(21)-Bi-O(11) 149.19(9) O(31)-Bi-O(100) 144.10(10)
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[Mo((CH3)C3H4)(CO)2(CH3CN)2Cl] in 20 mL of thf was added
dropwise to a suspension of 0.53 g (1.54 mmol) of [Bi(OEt)3]
(prepared by ethanolysis of [Bi(OtBu)3]) in 40 mL of thf,
yielding (initially) a clear red-orange solution. After the
addition of all [Mo((CH3)C3H4)(CO)2(CH3CN)2Cl] a dark brown
precipitate and a brownish-red solution were obtained. The
filtrate was reduced to dryness, leading to 0.45 g of a crude
product consisting of 0.32 mmol (84% yield) of 3 contaminated
by 0.19 mmol of [EtOBiCl2] (as indicated by a Cl analysis of
3% and the integrals of the ethoxy signals in the 1H NMR
spectrum). For further purification the solid was dissolved in
20-30 mL of thf, layered with hexane, and stored at 0 °C for
2 weeks, yielding red-orange crystals of 3 (decomposition at
130 °C).1H NMR (thf-d8): δH ) 4.85 (br, 16H, µ-OCH2CH3);
2.85 (s, 4H, HsHaCC(CH3)CHaHs); 2.05 (s, 6H, HsHaCC(CH3)-
CHaHs); 1.25 (br, 24H, µ-OCH2CH3); 0.76 (s, 4H, HsHaCC(CH3)-
CHaHs). 13C{1H} NMR (thf-d8): δ ) 234.3 (s, CO), 86.4 (s,
H2CC(CH3)CH2), 64.9 (br, OCH2CH3), 55.5 (s, H2CC(CH3)CH2),
21.6 (s, OCH2CH3), 20.8 (s, H2CC(CH3)CH2). IR/KBr [cm-1]:
2958 (vs); 2919 (sh); 2860 (s); 1925 (vs); 1826 (vs); 1444 (m);
1377 (m); 1088 (vs); 1037 (vs); 881 (s); 514 (br). Anal. Calcd
for C28H54Bi2Mo2O12: C, 28.20; H, 4.56. Found: C, 27.72; H,
4.47.

[((CH3)C3H4)(CO)2Mo(µ-OCH2CH2OCH3)2(µ-Cl)Bi-
Cl.thf] (4). A solution of 0.48 g (1.47 mmol) of [Mo((CH3)-
C3H4)(CO)2(CH3CN)2Cl] in 30 mL of thf was added dropwise
to a solution of 1.27 g (1.47 mmol) of [Bi(OCH2CH2OCH3)3]2

in 50 mL of thf. The resulting orange solution was filtered off
the precipitate, which had formed simultaneously, and reduced
to 30 mL. After layering with 40/60 petroleum ether and
storing at -20 °C for 2 weeks orange crystals of 4 (0.50 g (0.7
mmol), 48%; decomposition at 140 °C) were obtained. 1H NMR
(thf-d8): δH ) 4.84 (m, br, 4H, µ-OCH2CH2OCH3); 3.65 (m, 4H,
µ-OCH2CH2OCH3), 3.46 (s, 6H, µ-OCH2CH2OCH3); 2.82 (s, 2H,
HsHaCC(CH3)CHaHs); 2.13 (s, 3H, HsHaCC(CH3)CHaHs); 0.89
(s, 2H, HsHaCC(CH3)CHaHs). 13C{1H} NMR (thf-d8): δ ) 231.7
(s, CO), 86.4 (s, H2CC(CH3)CH2), 76.5 (s, OCH2CH2OCH3), 68.2
(s, OCH2CH2OCH3), 58.8 (s, OCH2CH2OCH3), 54.0 (s, H2CC-
(CH3)CH2), 21.2 (s, H2CC(CH3)CH2). IR/KBr [cm-1]: 2912 (vs);
2850 (s); 1942 (vs); 1835 (vs); 1452 (m); 1375 (w); 1350 (m);
1262 (w); 1234 (m); 1195 (m); 1064 (s); 1012 (s); 900 (s); 836
(s); (805 (w); 615 (w); 587 (m); 555 (w); 513 (w); 462 (m). Anal.
Calcd for C16H29BiCl2MoO7 (709.22): C, 27.10; H, 4.12; Cl, 10.0.
Found: C, 26.60; H, 4.11; Cl, 10.48.

[((CH3)C3H4)(CO)2Mo(µ-OCH2CH2OCH3)3Bi(thf)][BF4]
(6). A solution of 0.24 g of AgBF4 (1.23 mmol) in 10 mL of thf
was added dropwise to a solution of 0.40 g (1.23 mmol) of [Mo-
(η3-C4H7)(CO)2(CH3CN)2Cl] in 20 mL of thf, leading to the
precipitation of AgCl. After stirring overnight, the orange
solution was filtered directly into a solution of 1.06 g (1.23
mmol) of [Bi(OCH2CH2OCH3)3]2 in 40 mL of thf. The resulting
beige precipitate was filtered off, and the clear solution was
reduced to dryness. The residue was dissolved in 20-30 mL
of thf, layered with 40/60 petroleum ether, and stored at -20

Table 4. Crystal Data and Structure Refinement Details for Compounds 3, 4, and 6
3 4.thf 6

empirical formula C28H54O12Mo2Bi2 C32H58Cl4O14Mo2Bi2 C19H36BO9F4MoBi
fw 1192.57 1418.4 800.21
cryst color, habit red/orange, blades orange, blades yellow, needles
cryst dimens, mm 0.30 × 0.40 × 0.10 0.050 × 0.15 × 0.10 0.20 × 0.20 × 0.25
cryst syst monoclinic triclinic triclinic
lattice type primitive primitive primitive
lattice params

a, Å 9.867(2) 7.338(2) 8.761(2)
b, Å 14.489(3) 12.245(2) 9.396(2)
c, Å 13.813(3) 26.194(5) 17.674(4)
R, deg 85.91(3) 103.35(3)
â, deg 107.13(3) 82.66(3) 93.88(3)
γ, deg 79.02(3) 108.50(3)
V, Å3 1887.2(7) 2288.90 1326.70

space group20 P21/n (14) P1h (2) P1h (2)
Z 2 2 2
Dcalcd, g/cm3 2.099 2.046 2.003
F000 1136 1344 776
temp, °C -73 -55 -73
µ (Mo KR), cm-1 99.99 84.90 71.68
diffractometer Nonius Kappa CCD
radiation Mo KR, graphite monochromated (λ ) 0.71073 Å)
detector position, mm 34
exposure time, s/frame 2 5 3
scan type ω(1 deg/frame)
2θmax, deg 52.0 49.0 52.0
no. of rflns measd.

total 9798 22826 20998
unique 3702 7063 5203

Rint 0.0425 0.0384 0.0559
corrns Lorentz-polarization factor
structure soln direct-method (SHELXS-97; SHELXL-97)21

refinement full-matrix least-squares
anomalous dispersion all non-hydrogen atoms
no. of observns (I > 2.σ(I)) 3135 5695 4766
no. of variables 206 495 335
rfln/param ratio 15.21 11.50 14.22
residuals:

R 0.0465 0.0483 0.0278
Rw 0.1168 0.1203 0.0629
R(all) 0.1222 0.1300 0.0649

goodness of fit 1.057 1.038 1.051
max peak, e/Å3 2.519 2.924 2.007
min peak, e/Å3 -3.157 -2.478 -1.070
abs corr SORTAN22
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°C for 2 weeks. Yellow crystals of 6 (0.19 g (0.24 mmol), 20%
yield, decomposition at 130 °C) were obtained. 1H NMR (thf-
d8): δH ) 4.86 (m, br, 6H, µ-OCH2CH2OCH3); 3.64 (m, 6H,
µ-OCH2CH2OCH3), 3.55 (s, 9H, µ-OCH2CH2OCH3); 2.88 (s, 2H,
HsHaCC(CH3)CHaHs); 2.01 (s, 3H, HsHaCC(CH3)CHaHs); 0,83
(s, 2H, HsHaCC(CH3)CHaHs). 13C{1H} NMR (thf-d8): δ ) 233.5
(s, CO), 87.7 (s, H2CC(CH3)CH2), 76.76 (s, OCH2CH2OCH3),
65.5 (s, OCH2CH2OCH3), 59.5 (s, OCH2CH2OCH3), 55.0 (s,
H2CC(CH3)CH2), 21.3 (s, H2CC(CH3)CH2). IR/KBr [cm-1]: 2921
(s); 2856 (sh); 1938 (vs); 1838 (vs); 1457 (m); 1350 (w); 1262
(w); 1234(w); 1195 (w); 1077 (br, vs); 900 (m); 837 (w); 801 (w);
590 (w); 559 (vw); 506 (vw); 473 (m). Anal. Calcd for C15H28-
BBiF4MoO8 (6-thf): C, 24.74; H, 3.88. Found: C, 25.28; H,
4.03.

Crystal Structure Determinations. Single crystals were
grown by diffusion of petroleum ether (4 and 6) or hexane (3)
into thf solutions of the compounds at 0 °C (3) or -20 °C (4, 6)
within 1-2 weeks. These crystals were preselected in a
glovebox and immersed in fluorocarbon oil there. Individual
crystals were then mounted on top of a fiber and quickly frozen
to -70 °C. Centered reflections were refined by least-squares
calculations to indicate the unit cells. Unit cell and collection
parameters for the complexes are listed in Table 4. Diffraction
data were collected in the appropriate hemispheres and under
the conditions specified also in Table 4. The structures were
solved by direct methods and expanded using Fourier tech-
niques. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in the calculated idealized

positions and refined isotropically. For complex 3 the hydrogen
atoms at C(3) and C(5) were refined isotropically and then
fixed. In the crystal of complex 4 there are two symmetry-
independent molecules (plus one noncoordinated thf molecule
each) per unit cell (one of these two molecules is shown in
Figure 2). For complex 6 an absorption correction using
SORTAV (a program included in the MAXUS22 package of
Nonius) was applied. For the graphical representation the
programs XPMA and ZORTEP were used.23
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