
“Bent Bonds” between Bismuth and Carbon Atoms as a Result of C�H
Activation in Mo�Bi Complexes

Stefan Roggan,[a] Gregor Schnakenburg,[a] Christian Limberg,*[a] Steffen Sandhçfner,[b]

Hans Pritzkow,[b] and Burkhard Ziemer[a]

Dedicated to Professor Hubert Schmidbaur on occasion of his 70th birthday

Introduction

Recently we have communicated[1] the results of an investi-
gation concerning the reaction between [MeCp2MoH2] and
[Bi(OtBu)3]: Three novel complexes (II, III, IV) were identi-
fied in course of the reactions shown in Scheme 1. C�H acti-

vation reactions initiated by complex-induced proximity ef-
fects in II allow the formation of IV (and also an isomer IV’
differing from IV in the position of the methyl group at the
bridging Cp ring), which features a hitherto unprecedented
bonding situation, in which a planar m3-h

5:h1:h1-MeCp ligand
bridges three metal centres that are additionally linked
through metal–metal bonds. This unusual arrangement is
made possible through nonlinear orbital overlaps, that is,
“bent bonds” between Bi and C atoms.[1]

Parallel to the investigation outlined above we have stud-
ied the parent system with unsubstituted cyclopentadienyl
rings, that is, [Cp2MoH2]/[Bi(OtBu)3]. Surprisingly, this
study proved to be notably more demanding, both with
regard to synthetic and analytical aspects: It turned out, that
changing from the methylcyclopentadienide to the parent
cyclopentadienide ligand has a significant chemical influence
on the system, for example, on 1) the courses of some of the
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Abstract: The reaction of molybdo-
cenedihydride with two equivalents of
[Bi(OtBu)3] proceeds via alcohol elimi-
nation and provides the compound
[Cp2Mo{Bi(OtBu)2}2] (1), which con-
tains two Mo�Bi metal bonds, in good
yields. If the two reagents are em-
ployed in a 1:1 ratio continuative con-
densation reactions occur. These ini-
tially lead to [{Cp2Mo}2{m-Bi(OtBu)}2]
(2), which, however, is very unstable in
solution and decomposes via additional
alcohol elimination: Complex-induced
proximity effects facilitate the cleavage
of C�H bonds within the cyclopenta-
dienyl ligands by the residual alkoxide
ligands, so that spontaneously two fur-
ther equivalents of alcohol are re-
leased, thereby yielding two isomeric

compounds 3 and 4 with Cp ligands
bridging Mo�Bi metal bonds: The first
isomer (3) contains two m2-h

5:h1-C5H4

ligands, the second isomer (4) contains
one bridging m3-h

5:h1:h1-C5H3 ligand.
The binding of these ligands to molyb-
denum and bismuth atoms at the same
time is made possible through “bent
bonds” between the bismuth and cer-
tain carbon centres. These unusual
bonding situations were analysed by
means of calculations based on density
functional theory (DFT), the atoms in
molecules (AIM) theory, natural bond

order (NBO) considerations and the
electron localisation function (ELF).
According to the results the bonds can
be understood in terms of carbanionic
centres interacting with bismuth cati-
ons (i.e. closed-shell interactions). The
formation of these bonds and the ther-
modynamics/kinetics involved on going
from 2 to 3 and 4 were also studied by
theoretical methods, so that the prod-
uct formation is rationalised. The crys-
tal structures of all four new com-
pounds were determined. These struc-
tures but also the properties and mech-
anisms of formation are discussed
against the background of the corre-
sponding results obtained while study-
ing the system [MeCp2MoH2]/
[Bi(OtBu)3].
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reactions, 2) the properties of the compounds, and 3) in one
case also on the product formation. Here we report these re-
sults in combination with a detailed theoretical analysis of
the bonding situations within the products obtained after
C�H activation.

Results and Discussion

Formation, investigation and properties of 1–4 : The 1:2 reac-
tion of [Cp2MoH2] with [Bi(OtBu)3] in toluene provides
after workup a bright red solid, which is very sensitive to air
and which can be identified as [Cp2Mo{Bi(OtBu)2}2] (1) by
NMR spectroscopy (Scheme 2).[2] To obtain structural infor-
mation about 1, crystals were grown at �30 8C from hexane
and investigated by a single-crystal X-ray diffraction study.

The molecular structure of 1 is depicted in Figure 1. In
contrast to the structure of I, which contains a crystallo-
graphic C2 axis, the structure of 1 is asymmetric with two
different Mo�Bi bond lengths (Mo�Bi1 2.897(2) and Mo�
Bi2 2.851(1) P). Both are comparable to those found in the
known MoBi compounds,[2–5] one of them being almost iden-
tical to the corresponding bond lengths found in I
(2.8551(9) P).[1] As in I the Bi�Bi distance (3.526(2) P;
3.487(2) P in I)) is too long to be interpreted in terms of a
Bi�Bi bond, but considering the Bi-Mo-Bi angle of only
75.66(4)8 there cannot be significant repulsive forces be-
tween the two Bi(OR)2 moieties, either. All other structural
data are quite similar in comparison to those of I ; thus at
this stage it appeared that employing [Cp2MoH2] (! 1) in-

stead of [MeCp2MoH2] (! I) did not seem to lead to signifi-
cant alterations in the reaction.

Considering the unstrained nature of 1 it appeared ideally
suited for continuative condensation reactions with molyb-
docene dihydride under elimination of two further equiva-
lents of tert-butyl alcohol and the formation of 2
(Scheme 2); hence, the stoichiometry of the two reagents
[Cp2MoH2] and [Bi(OtBu)3] in Scheme 2 was adjusted from

Scheme 1. Products I–IV of the reaction between [MeCp2MoH2] and [Bi(OtBu)3].

Scheme 2. Products 1–3 of the reaction between [Cp2MoH2] and
[Bi(OtBu)3].
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1:2 (as required for the formation of 1) to 1:1. Since the me-
thylated analogue of 2, II, is unstable in solution (e.g. in
benzene), where it quickly decomposes to give III, the isola-
tion of II had only been possible after its synthesis in light
petrol, from which it precipitates directly after its forma-
tion;[1] in the solid state it then appeared reasonably stable
at room temperature. Compound 2 proved to be even more
reactive: Performing an analogous reaction between
[Cp2MoH2] and [Bi(OtBu)3] in light petrol indeed leads
within 6 h to the precipitation of black crystals, whose ele-
mental analysis and spectroscopic data, however, proved
that not a single compound but rather two compounds—2
and its elimination product, that until identification (vide
infra) is designated 2–2 tBuOH—had crystallised. This
means that the rather short time 2 requires for precipitation
from petrol is still not short enough to suppress alcohol
elimination. Both compounds are insoluble in common or-
ganic solvents (note that all compounds depicted in
Scheme 1 show good solubilities in benzene!), so that nei-
ther a separation by washing nor a spectroscopic characteri-
sation in solution was procurable. However, it proved possi-
ble to sort out crystals of 2 mechanically under the micro-
scope so that an X-ray diffraction analysis could be per-
formed, and the crystal structure of 2 is depicted in Figure 2.

The molecule has C2h symmetry with an inversion centre
in the middle of the planar Mo2Bi2 ring. The Mo�Bi bonds
(2.966(2) and 2.916(2) P) are somewhat longer than those in

1 (2.851(1) and 2.896(1) P), and the same is true for the Bi�
O bonds. Bi-Mo-Bi and Mo-Bi-Mo angles of 77.41(3)8 and
102.59(3)8, respectively, are indicative of an unstrained
structure (vide supra). The “ligands” around each Bi centre
form a distorted tetrahedron (if the imaginary lone pair is
considered as a ligand, too) with angles between 102.4(2)
and 106.2(2)8. All bond lengths and angles compare well to
those of II. Particular consideration of the calculated hydro-
gen positions reveals that some cyclopentadienyl protons
are located very closely to the alkoxidic O atoms: For each
O atom there are two H atoms, namely those at C6/C5’ and
C6’/C5, whose positions are calculated at distances of only
2.230 and 2.217 P away from it (the corresponding O···C
distances are 3.040 and 2.899 P), and in fact the oxidic free
electron pairs can be deduced to point towards these H
atoms.

Although the geometrical arrangement of 2 as shown in
Figure 2 will be less rigid in solution, the crystal structure in-
dicates the possibility that these or (after rotation) other hy-
drogen atoms of the Cp rings are situated in very close prox-
imity to the O atoms. This in turn could mean that due to its
structure 2 is positioned quite high on the C�H activation
barrier already, higher than a Cp ligand and an alkoxidic
unit would be when they approach each other from a longer
distance (note that for instance 1 does not eliminate alcohol
intramolecularly). To cross the residual barrier then less
energy is required than in the “long-distance-scenario”, that
is, within 2 the C�H bonds are activated by complex-in-
duced proximity effects (see below) and they may well be
cleaved in solution during a vibration of the molecule under
elimination of alcohol, as observed (see below for a more
detailed thermodynamic and kinetic discussion).

Figure 1. Molecular structure of 1; all hydrogen atoms were omitted for
clarity. Selected bond lengths [P] and angles [8]: Mo�Bi1 2.897(2), Mo�
Bi2 2.851(2), Bi1�O1 2.094(9), Bi1�O2 2.144(8), Bi2�O3 2.151(9), Bi2�
O4 2.15(2), Bi1�Bi2 3.526(2); Bi1-Mo-Bi2 75.66(4), O1-Bi1-O2 88.1(3),
O3-Bi2-O4 90.0(3), Mo-Bi1-O1 94.1(3), Mo-Bi1-O2 102.8(3), Mo-Bi2-O3
93.5(2), Mo-Bi2-O4 100.6(2).

Figure 2. Molecular structure of 2 ; the butyl hydrogen atoms were omit-
ted for clarity. Selected bond lengths [P] and angles [8]: Mo�Bi1
2.916(2), Mo�Bi1’ 2.966(2), Bi1�Bi1’ 3.678(2), Bi1�O1 2.195(8); Bi1-Mo-
Bi1’ 77.41(3), Mo-Bi1-Mo’ 102.59(3), Mo-Bi1-O1 102.4(2), Mo’-Bi1-O1
106.2(2).
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Having learned that 2 eliminates tBuOH so readily in so-
lution, we were interested in an investigation of the equimo-
lar reaction between [Cp2MoH2] and [Bi(OtBu)3] in toluene,
as we hoped, that the solubility of 2 in this solvent would at
least be somewhat higher than in petrol—in fact high
enough to allow its complete conversion into its elimination
product (2–2 tBuOH) before any precipitation occurs, there-
by allowing the investigation of the pure elimination prod-
uct. This strategy proved to be successful. Addition of tolu-
ene to a solid mixture of [Cp2MoH2] and [Bi(OtBu)3] leads
to a black solution from which large black crystals precipi-
tate overnight: An IR spectrum revealed the absence of any
tert-butoxide ligands. A low-resolution mass spectrum
showed a peak at m/z 868 which corresponds to the core
[Cp2MoBi2MoCp2�2H]+ , and the corresponding formula
C20H18Mo2Bi2 was confirmed by a high-resolution mass spec-
trum for the isotope [C20H18

92Mo2Bi2] as well as by matrix-
assisted laser desorption ionisation (MALDI) measurements
and elemental analyses. Such a composition formally arises,
when 2 eliminates two equivalents of tert-butyl alcohol, so
that it was certain that this pure compound corresponded to
the one designated 2–2 tBuOH, that had previously contami-
nated 2 after its synthesis in petrol. Bearing in mind the
findings depicted in Scheme 1 it was expected that 2–
2 tBuOH would represent a complex analogous to IV. How-
ever, a single-crystal X-ray diffraction study revealed a dif-
ferent constitution, 3 (the corresponding molecular structure
occurs in two split sites within the crystal packing; see Sup-
porting Information): It turned out, that the alcohol elimina-
tions had occurred within two h5-C5H5Mo�Bi(OtBu) moiet-
ies thus leading to h5:h1-C5H4 ligands that bridge the Mo
and Bi centres still being connected through metal–metal
bonds in compound 3 (Scheme 2, Figure 3). This unusual
type of bonding situation (a M�M’ bond that is supported
by a h5 :h1-C5H4 ligand) is without precedent in bismuth
chemistry, but it has been observed previously for some di-
nuclear transition-metal compounds (e.g. for the first time in
[Cp(CO)Mo(m-h5 :h1-C5H5)Mn(CO)4]

[6]).
As in 2 all four metal atoms lie within a plane, and the

Mo�Bi bonds that are part of the h5 :h1-C5H4Mo�Bi(OtBu)

moieties are with 2.900(2) P as expected somewhat shorter
than the other ones or those found in 2. To realise the Bi�C
bonding two of the four Cp rings are oriented such that
their mean planes come to lie almost parallel to the Mo2Bi2
plane (one above and one below this plane). The Bi�C
bonds thus resulting are somewhat longer (2.28(2) P) than
those found in IV (2.24(2) and 2.26(2) P, respectively),[1]

probably since the “metal” ring has to stay planar in 3, where-
as it can fold in IV. The peculiar feature about these bonds
is the fact that they are bent considerably (by about 408) out
of the plane defined by the cyclopentadienyl rings. This as
well as the observation, that the Cp rings bridging the two
metals are only slightly distorted from planarity and retain
their aromatic character (as evidenced by C�C bond lengths
that compare well with those in the other Cp-rings) strongly
indicate “bent bonds” between the Bi and the C atoms.

With a view to gathering some spectroscopic information
on 2 or 3 the reaction between [Cp2MoH2] and [Bi(OtBu)3]
in the ratio 1:1 was monitored at low temperatures as well
as at ambient temperatures by 1H NMR spectroscopy in
[D8]toluene. In all those experiments the entire [Bi(OtBu)3]
immediately reacted with half an equivalent of [Cp2MoH2]
to give (besides the corresponding amounts of tert-butyl al-
cohol) 1, which accordingly is then present in solution to-
gether with [Cp2MoH2] in an exact 1:1 ratio. There was no
evidence for any monohydride intermediate, as had been
observed for the corresponding reaction of [MeCp2MoH2]
(compare Scheme 1). This either means that such an inter-
mediate reacts so quickly that it is not detected, or that it is
not formed at all. We believe that the latter is the case,
since, if the monohydride was formed, it should be expected
to react in analogy to III rapidly and mainly to give 2, which
should attract attention to it by precipitation. However, for-
mation of a precipitate is observed only after several hours:
when the sample is left to stand at room temperature the
signals of [Cp2MoH2] and 1 decrease continuously within
two days in favour of those corresponding to the alcohol,
while 3 precipitates. However, at no stage did a detectable
concentration of 3 or 2 or any other intermediate build up.
In conclusion, the methyl substituents on the Cp rings of
molybdocenedihydride have a pronounced effect on 1) the
course of its reaction with [Bi(OtBu)3], 2) the solubilities of
the products and 3) on the nature of the products—an ob-
servation that had not really been expected in advance (a
decrease of the solubilities is commonly observed on going
from MeCp to Cp,[7] but usually to a smaller extent). Natural-
ly the question arose, why in the case of unmethylated mo-
lybdocenedihydride was 3 formed and not an isomer 4 cor-
responding to IV. Of course, it could be argued that the
crystalline material obtained from the toluene reaction as

Figure 3. Molecular structure of 3. Selected bond lengths [P] and angles
[8]: Mo�Bi1 2.922(2), Mo’�Bi1 2.900(2), Bi1’�C1 2.288(9), Bi1�Bi1’
3.629(2), C1�C2 1.44(2), C2�C3 1.44(2), C3�C4 1.44(2), C4�C5 1.43(2),
C5�C1 1.43(2); Bi1-Mo-Bi1’ 77.1(2), Mo-Bi1-Mo’ 102.86(3), Mo-Bi1-C1’
107.0(2), Mo’-C1’-Bi1 79.1(3), Bi1’-C1-C5 120.1(6).

K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 225 – 234228

C. Limberg et al.

www.chemeurj.org


described above also contains the isomer 4, and that by
chance a crystal of 3 was picked. Since the solid is insoluble
in common organic solvents this hypothesis had to be
checked by an X-ray powder diffraction analysis of the bulk
crystalline material. The results, however, showed, that the
material exclusively contains 3 in the two split sites men-
tioned above; no signals of a corresponding isomer 4 (see
below) were detected.

Nevertheless, finally, we have been able to isolate also the
missing analogue of IV, 4 : an experiment was performed as
described before, the resulting crystals of 3 were isolated by
filtration and the filtrate was set aside again. Crystals of 4
precipitated, which were suitable for a single-crystal X-ray
structure analysis (Figure 4). Whereas there were no striking
features in the crystal structure of IV,[1] 4 (like 3) occurs in
two split sites within the crystal packing (see Supporting In-
formation). As in the case of 3 it has to be assumed that 4 is
formed starting from 2 with the difference that only one Cp
ligand is involved in the elimination reaction, that is, the
two equivalents of alcohol were eliminated from a h5-
CpMo(Bi(OtBu))2 moiety, so that both Bi centres are con-
nected to the same ring. To check the purity of the second

batch of crystals isolated from the mother liquor, as before
a powder diffraction measurement was performed. This re-
vealed the presence of 3 beside 4 (1:1 ratio); the reasons for
this somewhat peculiar product formation and crystallisation
behaviour are addressed in the theoretical section below.
Compound IV had been the first precedent for a complex,
in which a still almost planar m3-h

5 :h1:h1-Cp ligand bridges
three metal centres that are additionally linked by metal–
metal bonds, and such an arrangement is observed here, too.
All structural data are quite similar to those observed in IV,
that is, the Mo2Bi2 ring is folded along the Bi–Bi axis and
the Bi�C bonds are shorter than those in 3. As in IV, all
structural parameters for 4 suggest non-linear orbital inter-

actions, that is, “bent bonds” between the Bi and the C
atoms.

The analysis of this feature had been initiated in the case
of IV by preliminary density functional theory (DFT)/Bader
calculations at the B3LYP/[Lanl2dz] (Stuttgart RSC 1997,
ECP (Mo) cc-pVDZ-PP (Bi)) level of theory.[1] Below the
results of the computationally very demanding all-electron
treatment of 4 as well as the corresponding investigation of
the novel compound 3, the determination of the electron lo-
calisation function (ELF), the detailed analysis of the results
and their interpretation are reported.

Theoretical analysis of the “bent” Bi�C bonds and the reac-
tion paths leading to them : Gradient corrected DFT calcula-
tions of 3 and 4 were carried out without symmetry re-
straints by using B3LYP functionals and the Lanl2dz basis
set (=basis set “I”).[8] The calculated geometrical parame-
ters compare well with the experimental values (cf. Support-
ing Information). All-electron single-point calculations using
the WTBS[9] basis set for Mo and Bi and 6–311G* for H and
C (=basis set “II”) were done to improve the quality of the
wavefunction and exclude pseudo-potential effects. The cal-
culated electronic structures were analysed by various quan-
tum-chemical methods to obtain further information about
the bonding situation in these systems. Both isomers 3 and 4
are very close in energy, but isomer 3 lies somewhat higher
than 4 (about 9 kJmol�1 (B3LYP/I) and about 12 kJmol�1

(B3LYP/II), respectively).
The non-linear Bi�C interaction in 3 and 4 can be nicely

seen in the orbital analysis of the wavefunction. Several
Kohn–Sham orbitals contribute significantly to the Bi�C in-
teraction. A Mulliken bonding population analysis reveals
an overall overlap population of 0.362 (0.384) between Bi
and C in 3 (4), an overlap population using extended
H9ckel theory[10] yields an overlap population of 0.678
(0.691) for 3 (4) (cf. Supporting Information). The high
Wiberg bond index (WBI) between the bismuth and carbon
centres of 0.84 in 3 (0.86 in 4) indicates a comparatively
strong covalent interaction. Natural bond orbital analyses[11]

of 3 and 4 show 2c–2e natural bonds that are polarised to-
wards the carbon atoms and consist of an sp2.36 (sp1.91)
hybrid at carbon and a p orbital at the bismuth centre in 3
(4) (Table 1). Both natural bond orbitals are displayed in
Figure 5.

Figure 4. Molecular structure of 4. Selected bond lengths [P] and angles
[8]: Mo2�Bi1 2.914(2), Mo2�Bi2 2.901(2), Mo1�Bi1 2.914(2), Mo1�Bi2
2.897(2), Bi2�C5 2.25(2), Bi1�C1 2.28(2), Bi1�Bi2 3.530(2), C1�C5
1.45(2), C1�C2 1.43(2), C2�C3 1.43(2), C3�C4 1.46(2), C4�C5 1.46(2);
Bi1-Mo1-Bi2 74.76(3), Mo2-Bi1-Mo1 103.83(3), Mo2-Bi1-Mo1 104.56,
Mo1-Bi1-C1 49.3(3), Mo2-C5-Bi1 80.3(4), Bi1-C1-C5 117.3(10), C2-C1-
C5-C4 �1.2(15), C3-C4-C5-C1 2.6(15).

Table 1. Results of the NBO analyses of 3 and 4 at the B3LYP/II//
B3LYP/I level of theory.

NPA[a] partial NBO analysis[b]

charges occ. %(Bi) hyb. %(C) hyb. ENBO WBI

3 Mo: �0.34 1.94 24.0 p 76.0 sp2.36 �0.369 0.84
Bi: 0.82
C: �0.44

4 Mo: �0.32 1.80 26.2 p 73.8 sp1.91 �0.376 0.86
Bi: 0.80
C: �0.46

[a] Natural population analysis. [b] Natural bond orbital analysis of the
Bi�C bond: NBO occupancy (occ.), bond polarization in %(Bi) and
%(C), orbital hybridization (hyb.), energy of the NBO (ENBO) and
Wiberg bond index (WBI).
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The topological analysis of the electron density 1 using
the atoms in molecules (AIM) theory[12] pioneered by Bader
confirms this situation. The existence of bond critical points
between the respective Bi and C atoms argue for Bi�C
bonding (Figure 6). The significant ellipticity of the Bi�C
bond at the critical point (3 : 0.18, 4 : 0.18) reflects the curva-

ture of this bond. A comparison of the Hessian (the so-
called electron energy density) at the critical points h(rc),
shows that the Bi�C bonds in both compounds are of com-
parable strength and covalency (3 : �0.169, 4 : �0.186 Har-
treeP�3). The high values of the Laplacian of the electron
density 521(rc) (3 : 5.65, 4 : 5.79 eP�5) in combination with

Figure 5. Natural bond orbital of the Bi�C bond in 3 (left) and 4 (right).

Figure 6. Three-dimensional representations of molecular graphs resulting from AIM analysis of 3 (top left) and 4 (bottom left). Ring and cage critical
points are omitted for clarity. The two-dimensional cross section (light grey Mo-C-Bi-plane, right) represents the Laplace distribution with bond critical
points (squares), ring critical points (triangles) and nucleus positions (circles). The arrows show electron density concentration aside from the Bi�C
atomic interaction lines.
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the relatively low electron density 1(rc) at the bond critical
points (3 : 0.616, 4 : 0.616 eP�3) indicate electron depletion
and contraction of the charge density towards the nuclei and
therefore suggest closed shell (C–Bi) donor/acceptor interac-
tions as already shown by the highly polarised natural bond
orbitals. The electron localisation function[13] (ELF) in 3 and
4 shows no local maximum on the Bi�C bonding line, but
regions of localized electron density are apparent, which are
not symmetric with respect to the two atoms and are strong-
ly shifted away from the bonding lines between the nuclei
indicating the bent character of the Bi�C interaction
(Figure 7).

To obtain information about the thermodynamics (is DG
positive or negative?) and the kinetics (height of the C�H
activation barriers) involved in the formation of these
bonds, the reaction of 2 to give 3 and 4 was also studied at
the BP86/Lanl2dz level of theory using density fitting.[8] It
turned out that DE for the first alcohol elimination, that is,
the first step that is necessary for the formation of both 3
and 4, is 76.9 kJmol�1. However, since two molecules are
generated from one there is a gain in entropy that leads to a
DG value of 25.1 kJmol�1 (DG values are computed at stan-
dard conditions (298.15 K/1atm)). The reaction is thus only

slightly endothermic. DG¼6 is 89.2 kJmol�1, that is, the barri-
er can be easily crossed at room temperature; in the absence
of complex-induced proximity effects it would probably be
much higher. The resulting intermediate A (Figure 8) is sep-
arated by a considerable barrier of 133.0 kJmol�1 from its
isomer B, which is generated by an edge inversion[21] of the
second [Mo]2Bi�OtBu unit. A and B basically have the
same energy and by eliminating a further equivalent of alco-
hol they give 3 and 4, respectively, through moderate barri-
ers (A ! 3, B ! 4) of comparable height (DDG¼6 =

3.2 kJmol�1). As pointed out above, 3 and 4 differ only
slightly in energy, too, but the trend as revealed by B3LYP

(9 and 12 kJmol�1, respectively,
in favour of 4) is confirmed by
calculations at the B86 level of
theory (11.8 kJmol�1). Figure 8
summarises all these theoretical
results concerning the kinetic
and thermodynamic situation in
the system which may serve to
rationalise the very peculiar ob-
servation that the reaction be-
tween [Cp2MoH2]/[Bi(OtBu)3]
first of all leads to pure crystals
of 3 in good yields, while on
setting aside the mother liquor
after separation of the first
bunch of crystals a 1:1 mixture
of 3 and 4 is isolated.

First of all it is evident that
all the reactions should repre-
sent equilibria lying on the side
of the starting materials. How-
ever, the final products are con-
stantly removed from these
equilibria through precipitation,
so that the reactions are none-
theless driven to the product
side.

Starting from 2 intermediate
A has to form, and a second al-
cohol elimination starting from
A necessarily leads to 3. Hence,
3 enriches the solution first, and
as a very low concentration is
already sufficient for its precipi-

tation, 3 crystallises selectively during the starting period of
the reaction. For the formation of 4, A would have to iso-
merise into B first. However, as the corresponding barrier
of 133.0 kJmol�1 is substantially higher than the competitive
barrier (83.7 kJmol�1) leading to 3 (continuously crystallis-
ing from solution!) the inversion process is initially not of
relevance, that is, 3 is favoured kinetically. After separation
of the first batch of crystals from the mother liquor the ener-
getic situation is naturally the same, but considerable
amounts of tBuOH are now present in solution that acceler-
ate the reverse reactions. Consequently, the alcohol slows

Figure 7. Results obtained utilising the ELF for the analysis of 3 and 4.
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down the precipitation of 3, so that the concentrations of
the species A and B—and thus also those of 3 and 4—are
determined by thermodynamic arguments, which even
slightly favour 4. Therefore, compounds 3 and 4 crystallise
at the same time in an almost 1:1 ratio.

Conclusion

Only recently an intramolecular carbanion attack at a non-
acidic C�H bond was reported[14] to occur within a calcium
complex, and this process has been discussed against the
background of cyclometallation reactions found in early-
transition metal chemistry (e.g. the formation of “tuck-in”
complexes, Scheme 3)[15] as well as ortho-directed lithia-
tions.[16]

Such a comparison is all the more appropriate considering
the conversion of 2 to 3 and 4, since it is clear here that the
reacting groups are in fact located very closely to each

other, so that complex-induced proximity effects can
become effective. Whereas the structure of 2 is ideally pre-
arranged for the elimination of two equivalents of alcohol
leading to 3, formation of 4 requires a sequential process:
Subsequent to the first Bi�C bond formation the resulting
molecule A has to rearrange by an edge inversion of the
second [Mo]2Bi�OtBu unit, so that both Bi atoms get linked
to the same ring. The barrier for this inversion is substantial-
ly higher than the one leading from A to 3 ; thus, 3 is kineti-
cally favoured over 4 and formed selectively in the first
period of the reaction. While the reaction proceeds, the con-
centration of tBuOH rises, which finally enables simultane-
ous formation of thermodynamically favoured 4 by influenc-
ing the state of the equilibria involved.

It remains unclear why the reaction of [MeCp2MoH2]
yields exclusively the analogue of 4, IV, whereas [Cp2MoH2]
yields mainly 3. Considering the results presented here a
combination of crystallisation properties and thermodynam-
ics is likely to be responsible. Future research will now focus
on the investigation of further electronic/inductive effects
on this novel type of C�H activation as well as on the analo-
gous cleavage of other types of C�E bonds.

Experimental Section

All manipulations were carried out in a glove-box, or by means of
Schlenk-type techniques involving the use of a dry argon atmosphere.

Figure 8. DG and DG¼6 values for the conversion of 2 to 3 and 4 as obtained with BP86/Lanl2dz using density fitting.

Scheme 3. Formation of “tuck-in” complexes.
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Solvents were purified, dried and degassed prior to use. Microanalyses
were performed by the Analytische Laboratorien des Organisch-Chemi-
schen-Institutes der Universit7t Heidelberg by using a CHN-Analyser
Heraeus. Infrared (IR) spectra were recorded using samples prepared as
KBr pellets with a Digilab Excalibur FTS 3000 FTIR-spectrometer. X-
ray powder diffraction data were collected with a XRD 7 Seiffert-FPM
using CuKa radiation. Low-resolution mass spectra were recorded on a
Finnigan MAT 8400. High-resolution mass spectra were performed by
the Zentrum f9r Massenspektrometrie des Organisch-Chemischen-Insti-
tuts der Universit7t Heidelberg by using a JEOL JMS-700 spectrometer.
The ions were generated by EI (70 eV). [Cp2MoH2] and [Bi(OtBu)3]
were prepared as described.[7, 17, 18]

1: Synthesis and spectroscopic data: see reference [2]. Elemental analysis
calcd (%) for C26H46Bi2MoO4: C 33.56, H 5.00; found: C 33.34, H 4.95.

2 : A solution of [Bi(OtBu)3] (0.094 g, 0.22 mmol) in light petrol (2 mL)
was added to a suspension of [Cp2MoH2] (0.050 g, 0.22 mmol) in light
petrol (1 mL). Agitation resulted in a red solution, which was filtered
and stored at room temperature. Small amounts of black needles formed
overnight, that were suitable for single-crystal X-ray structure analysis.
The elemental analysis indicates that 2 is formed only in small amounts,
while the bulk consists of 3.

3 and 4 : Toluene (10 mL) was added to a solid mixture of [Cp2MoH2]
(0.200 g, 0.88 mmol) and [Bi(OtBu)3] (0.375 g, 0.88 mmol) at room tem-
perature. A red solution was initially formed that spontaneously turned
black after about 120 s. Leaving the solution overnight at room tempera-
ture without stirring led to crystalline 3 (0.262 g, 0.26 mmol), which after
separation from the solution by decanting, washing repeatedly with light
petrol and drying was analytically pure (yield: 59%); according to
powder diffraction data these crystals are not contaminated by crystals of
the isomer 4. Elemental analysis calcd (%) for C20H18Mo2Bi2: C 27.67, H
2.08, found: C 27.77, H 2.17; IR (KBr): ñ=3078 m, 1630 w, 1406 m,

1310 m, 1169 m, 1096 s, 1059 m, 995 m, 915 m, 829 s, 775 s, 646 m, 593 w,
508 w, 458 m, 417 m cm�1; low-resolution MS (EI): m/z (%): 870 (40)
[M+], 660 (80) [M+�Bi], 448 (100) [M+�2Bi], 209 (45) [Bi+], 65 (20)
[Cp+]; high-resolution C20H18

92
Mo92

MoBi2: m/z 859.9218 (859.9152, Dm=

6.0 mm). When the mother liquor was left to stand for for three days a
1:1 mixture of crystalline 3 and 4 precipitated. There are no marked dif-
ferences between the spectroscopic data of 3 and 4 so that a distinction
was only possible by X-ray powder diffraction.

X-ray crystallography : The data of 1, 2 and 3 were collected (Table 2) on
a Nonius Kappa CCD spectrometer, the data of 4 on a Stoe IPDS I in-
strument using MoKa radiation, l=0.71073 P. In all cases, the structures
were solved by direct methods (program: SHELXS-97)[19] and refined
versus F2 (program: SHELXL-97)[20] with anisotropic temperature factors
for all non-hydrogen atoms. All hydrogen atoms were added geometrical-
ly and refined by using a riding model.

CCDC-244338–244341 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: (+44)1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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Table 2. Crystallographic data for 1–4.

1 2 3 4

empirical formula C26H46Bi2MoO4 C28H38Bi2Mo2O2 C20H18Bi2Mo2 C20H18Bi2Mo2

molecular mass 936.53 1016.42 868.2 868.2
crystal size [mm] 0.20Z0.20Z0.05 0.20Z0.20Z0.10 0.07Z0.10Z0.10 0.36Z0.24Z0.16
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c P2(1)/c P2(1)/n C2/c
Z 8 2 2 8
a [P] 30.819(6) 10.649(2) 8.222(3) 23.319(4)
b [P] 10.626(2) 14.483(3) 8.447(3) 7.750(1)
c [P] 20.616(4) 9.637(2) 13.110(6) 20.951(3)
a [8] 90 90 90 90
b [8] 115.27(3) 111.12(3) 91.468(5) 102.81(3)
g [8] 90 90 90 90
V [P3] 6105(2) 1386.4(5) 910.2(6) 3692.1(9)
1calcd [gcm�3] 2.038 2.435 3.175 3.124
T [K] 200(3) 200(3) 103(2) 150(2)
corrns Lorentz-polarisation-factor
absorption correction Semi-empirical from equivalents

m [mm�1] 11.932 13.561 20.620 20.333
F(000) 3536 944 780 3104
hkl range h: �39 to 39 h: �13 to 13 h: �11 to 11 h : �28 to 28

k: �13 to 12 k: �16 to 17 k: 0 to 11 k : �9 to 9
l : �26 to 26 L: �11 to 11 l : 0 to 17 l : �25 to 25

V range [8] 1.46 to 27.50 2.49 to 26.04 3.46 to 30.44 2.78 to 25.49
measured reflections 12762 4211 8835 15453
independent reflections 6923 2580 2521 3426
observed refl. [I>2s(I)] 3763 1814 2300 3074
parameters 312 159 119 211
R1 0.0723 0.0499 0.0371 0.0489
wR2 0.1493 0.1051 0.0957 0.1051
R (all) 0.1462 0.0810 0.0449 0.0555
residual el. density [eP�3] +2.506/�2.154 +1.533/�1.514 +2.830/�2.364 +3.356/�2.013
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mechanistische und reaktionstechnische Aspekte von Metallkatalysato-
ren” as well as the HLRN super computing center.
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