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35042 Rennes Cedex, France
Received July 25, 2005

A topological analysis of the electron density in the ketene complex
(η5-MeC5H4)(CO)2Mn[η2-OdCdC((µ-η2-CtCPh)Co2(CO)6)Ph] in-
dicates a predisposition for the carbene component of the ketene
ligand to bind the neighboring C atom of the adjacent CO ligand.

Current advances in instrumentation and analytical meth-
ods have rendered experimental electron density (ED) studies
a very valuable tool for investigating electronic structures
and bonding schemes within molecules and materials,
including organometallic complexes.1

We have recently reported that the carbonyl of the ketene
ligand in manganese complexes of the type (η5-RC5H4)(CO)2-
Mn[η2-OdCdC(R′)Ph] exchanges rapidly [NMR time scale]
with the carbonyl ligands.2 A key step in this unprecedented
dynamic behavior involves a rapid transfer of the ketene’s
carbene component, C(R′)Ph, onto an adjacent CO ligand
(Scheme 1).

Having in hand high-quality single crystals of the ketene
complex (η5-MeC5H4)(CO)2Mn[η2-OdCdC((µ-η2-CtCPh)-
Co2(CO)6)Ph] (1), we envisioned that a topological analysis
of the experimental ED might provide mechanistic clues on
the above dynamic process.

An accurate high-resolution X-ray data set was thus
collected on1 at 100 K up to 2θmax ) 137° (Mo KR

radiation).3 The experimental ED was derived from the X-ray
data using the MoPro program4a based on the multipole
model as formulated by Hansen and Coppens.4b For the sake
of comparison, a theoretical model of the ED was computed
by carrying out density functional theory (DFT) single-point
calculations on the X-ray structure of1.5 Subsequent
topological analysis of the experimental and theoretical EDs
based on Bader’s quantum theory of atoms in molecules
(AIM) 6 was achieved using the NEWPROP7 and XAIM8

programs.
The structure of1 shown in Figure 1 is naturally analogous

to the previously reported one (from a 298 K data set).2 The
most striking geometrical feature is the occurrence of a
dissymmetrical coordination of the ketene ligand about Mn,
with the Mn1-C3 distance of 1.9572(4) Å being significantly
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shorter than the Mn1-C10 distance [2.1989(4) Å;∆d )
0.2417(8) Å]. Actually, the Mn1-C3 distance in1 lies in
the low limits of the Mn-C bond distance within aπ ligand
coordinated to the (η5-RC5H4)(CO)2Mn fragment.9

Bond paths (bp’s) and bond critical points (bcp’s) revealed
by the topology of the experimental ED for complex1 are
shown in Figure 2a. In the following, we will focus on the
Mn-η2-C,C-ketene complex facet of1 where the fluxional
process sits.10 Table 1 lists salient parameters at selected
bcp’s. Topological parameters derived from the theoretical
calculation are in good agreement with those obtained
experimentally, despite the somehow common discrepancies
for the Laplacian of the carbonyl bonds.1c,11 Within the
Mn1-C3-C10 triangle, the AIM analysis shows two bcp’s
only, one between Mn1 and C3 and one between C3 and
C10 (Figure 2b). Surprisingly, no bcp between Mn1 and C10
could be detected. Indeed, in their pioneering experimental
ED-based AIM analysis of a metal/π-bounded ligand com-

plex, namely, Ni(1,5-COD)2, Macchi et al.12 have found, for
a typical ring structure topology for the NiC2 triangles with
two bcp’s between Ni and each C atom, one bcp between
the two C atoms and one ring critical point (rcp).13 Going
from such a ring structure to the present situation, one has
to consider that the elongation of Mn1-C10 has caused the
associated bcp to vanish owing to merging with the rcp into
a singular point inF(r) through a phenomenon corresponding
to a bond fission in the AIM framework.14 According to the
molecular graph, the Mn-ketene interaction would be
described asη1; however, the Mn1-C3 and C3-C10 bp’s
are slightly outwardly curved, which indicates that these two
bonds belong to a more complex system.15 A comparison of
the parameters at the M-C bcp’s within 1 and Ni(1,5-
COD)211 also reveals that ED at the Mn1-C3 bcp of1 is
relatively high [0.72 e/A3 versus an average of 0.55 e/A3 at
the Ni-C bcp’s] and that the ellipticity of Mn1-C3 is very
small [0.10 versus 2-5 at the Ni-C bcp’s]. In addition,F-
(r) at the bcp between C3 and C10 is relatively low, and
using the same rough approximation as that of Macchi et
al.,12 we get an approximate bond order value of only 1.16
for that bond versus 1.77 for the coordinated CdC bonds in
Ni(1,5-COD)2. In the present complex, the lengthening, or
opening, of Mn1-C10 seems to be concomitant with the
reinforcement of the Mn1-C3 bond, which tends to acquire
a σ character, and a decrease in the C3-C10 bond order to
practically unity.

Back to the solid-state structure of1, a closer look reveals
that the ketene ligand is off by 21.4° from the so-called
horizontal coordination mode (Figure 1, inset), which can
be expected, based on electronic grounds, for an ketene
ligand η2-C,C-bounded to a CpML2-type metal fragment.16

Actually, such a rotation brings C10 at 2.5020(4) Å only
from C2, thus favoring the possible buildup of a bonding
interaction between these two atoms.
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the neighboring C3, C11, and C31 atoms, as is expected for
covalent C-C bonds. The fourth cc, however, is clearly
pointing toward the carbon atom C2 of the adjacent carbonyl
ligand (Figure 2c). We believe that this reflects a predisposi-
tion for CC bond formation, with this cc being indeed
available for the formation of a covalent chemical bond with
C2.
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Figure 1. Perspective view of complex1. Inset on the left side: view of
the ketene complex component of1 seen from the Mn1-{centroid of the
C3-C10 bond} axis.
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Actually, in good agreement with the above observations,
the DFT-computed Mulliken overlap population between C2
and C10 (+0.014) is indicative of a weak bonding interaction,
or at least of the absence of the usual interligand repulsion.
Also noteworthy and fully consistent with the absence of
bcp between Mn and C10 is the corresponding overlap
population (0.093), which is much smaller than the Mn1-
C3 one (0.270).

Now, what are these observations coming from an
experimental study on the solid state telling us about the
carbene transfer process occurring in solution? The geometry
of the molecule, the topology of the ED and of the Laplacian
of the ED, and the Mulliken overlap population analysis
show, in particular, the weakening of Mn1-C10, the
decrease in the bond order C3-C10, and the possible buildup
of a bond between C2 and C10. Taken altogether, these data
are all consistent with the idea that the intramolecular
hopping of the ketene’s carbene component onto the adjacent
carbonyl takes place via a transient 16-electron metallacycle,
as depicted in Scheme 2.

Athough theirπ-bonding abilities are somewhat different,
carbonyl and carbene ligands have sufficient similarities for
being considered to some extent as isolobal analogues.
Taking also into account the isolobal analogy between

ketenes and alkenes, we are inclined to draw a parallel
between the present CO to CO carbene transfer and the
“Chauvin” mechanism, which governs olefin metathesis by
transition-metal complexes.17 Finally, the structure “frozen”
in the solid state would be close enough to the transition
state to express some of its character. The observed molecular
graph for this frozen structure results from the balance of
all forces acting on the atoms of the molecule (Ehrenfest
forces). It is easily understood that, in liquid, forces generated
by the crystal packing are left, allowing the dynamic fluxional
process to occur.

A detailed analysis of the theoretical ED redistribution and
the evolution of the theoretical molecular graph, along the
whole reaction path of carbene transfer, is needed to clarify
the proposal. A DFT investigation of this reaction in a
dynamic point of view is currently underway in our
laboratories and will be published in due course.
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Figure 2. (a) bp’s and bcp’s within complex1 (H atoms have been omitted for the sake of clarity). Small open dots are bcp’s. (b) Total experimental ED
F(r) (0.2 e/Å3 isocontours; 0.1-2.9 e/Å3 range), bond and atomic basins, in the Mn1-C3-C10 plane. Small open dots are bcp’s. (c) Experimental∇2F(r)
function in the Mn1-C2-C10 plane. Contours are drawn at 0.000,(2.0 × 10n, (4.0 × 10n, and(8.0 × 10n e/Å5 levels, wheren ) 0, -3, (2, and(1.

Table 1. Topological Properties of the Experimental and Theoretical
(Italics) ED at Relevant bcp’sa

bond d d1 d2 ∇2F(r) F(r) ε

Mn1-C1 1.7933(4) 0.884 0.910 12.25 1.03 0.04
0.874 0.918 12.74 1.03 0.05

Mn1-C2 1.8173(4) 0.876 0.942 12.11 0.97 0.07
0.892 0.923 11.93 0.99 0.12

Mn1-C3 1.9572(4) 0.927 1.033 7.24 0.72 0.09
0.943 1.001 6.49 0.82 0.15

C1-O1 1.1578(6) 0.391 0.767 3.22 3.22 0.00
0.404 0.749 -2.58 3.31 0.00

C2-O2 1.1490(5) 0.390 0.759 -0.94 3.31 0.01
0.402 0.745 -1.58 3.36 0.00

C3-O3 1.2025(5) 0.407 0.796 -8.00 2.91 0.05
0.424 0.777 -8.34 2.95 0.01

C3-C10 1.4381(4) 0.738 0.702 -13.22 1.86 0.10
0.699 0.737 -8.49 2.00 0.17

a d is the interatomic distance (Å);d1 andd2 are the distances (Å) from
the bcp to each of the linked atoms, respectively;F(r), ∇2F(r), andε are
the ED (e/Å3), the Laplacian of the ED (e/Å5), and the ellipticity of the
bond.

Scheme 2
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