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High-resolution X-ray diffraction data, in conjunction with DFT(B3LYP) quantum calculations, have been
used in a QTAIM analysis of the charge density in the trimethylenemethane (TMM) complex Fe(η4-C{CH2}3)-
(CO)3. The agreement between the theoretical and experimental topological properties is excellent. Only one
bond path is observed between the TMM ligand and the Fe atom, from the central CR atom. However, much
evidence, including from the delocalization indices and the source function, suggests that there is a strong
chemical interaction between the Fe and Câ atoms, despite the formal lack of chemical bonding according to
QTAIM.

1. Introduction

The quantum theory of atoms in molecules (QTAIM) of
Bader1 has enjoyed great popularity as a tool for charge density
analysis.2 Within the QTAIM, the idea of achemical bondhas
no definable or identifiable physical form, and Bader3 has
suggested that this concept should be replaced with one of
chemical bondingbetween nuclei. It is proposed3 that a universal
indicator of such chemical bonding is a shared interatomic
surface and associated bond critical point (bcp) and bond path.
A bond path is a unique trajectory inF between two atoms,
where the density is maximal compared with any normal
displacement, and where at the bcp (i.e., where∇(F) is zero), it
is minimal along that line. The topological properties of the
densityF(rb) and the Laplacian of the density∇2F(rb) at the
bcp may be used to classify4 chemical interactions between
atoms as either shared-shell (covalent) or closed-shell (ionic,
van der Waals, H-bonded). This inductive approach works well
for many examples of compounds of the light elements of
periods 1 and 2. For heavier elements, such as the transition
metals, where the bcp’s are invariably found in a region of
charge depletion, the sign of∇2F(rb) alone is no longer a useful
indicator of the nature of the chemical interaction. It is found
necessary to extend the dichotomous scheme4 by considering
other topological criteria.2b,5

In the vast majority of cases, a bond path is found where
“chemical intuition” leads us to expect a chemical bond, and
the recovery of chemical structure must be considered as one
of the triumphs of the QTAIM.1 However, the association of a
bond path with a chemical bond is neither straightforward nor
uncontroversial.3,6-9 Chemically unusual bond paths are some-
times observed, for instance, between F- ions in LiF 6 or
between the He and tertiary C atoms in He@C10H16.7 Cioslowski
et al.8 initially proposed that these type of bond paths are
associated with repulsive steric interactions. Bader has disagreed
with this view3 and has recently reiterated his opinion that the
presence of a bond path always “implies not only the absence
of repulsive Feynman forces on the nuclei, but also the presence
of attractive Ehrenfest forces acting across the interatomic
surface”.9a

The presence of extra, chemically unexpected bond paths is
relatively common, and as pointed out by Coppens2c recently,
QTAIM is being increasingly used to describe and understand
unusual and/or weak intermolecular interactions. Indeed, the
ubiquity of bond paths associated with weak intermolecular
interactions has led some authors10 to question their significance.
However, the other case, i.e., the absence of a bond path where
chemical intuition would lead us to expect a bond, is less well
documented. One well-established example is a lack of a bond
path for transition metal-metal interactions that are bridged by
ligands such as CO5a,11,12or an alkylidyne.13 Another example
is the lack of basal B-B bond paths in the carbaborane C2B3R5

as determined by both theory14a,b and experiment.14c In both
these cases, it is worth noting that there are reasonable chemical
arguments to support the lack of bonding. For instance, in
C2B3R5 one could argue that this compound does not have
electron-deficient B-B bonds, despite the rather short B-B
distances, but instead contains trigonal B atoms with electron
precise bonds.15

A different class of complexes that illustrate this phenomenon
are those involvingπ-bonded unsaturated hydrocarbyl ligands,
such as the ubiquitous cyclopentadienyl ligand, which have a
delocalized interaction between the metal center and the ligand.
When the M(η5-C5H5) fragment has exactC5V symmetry, e.g.,
in ferrocene, the expected five bond critical points and bond
paths between the M atom and the five ring C atoms are
observed.16 Associated with this ring of five bcp’s is a ring of
five (3, +1) ring critical points (rcp), which have a very similar
densityF to that of the bcp’s. Identical topologies were observed
for the M(η5-C5H5) interactions in M(η5-C5H5)2 (M ) Mg,
Ca)17a and (η5-C5H5)Mn(CO)2(H)(SiCl3),17b but in other cases,
particularly when the molecular symmetry is lower, then fewer
bond paths between the formalη5-C5R5 ligand and the metal
may be found. For instance, in Ti(η5-C5H5)(η5-C7H9)18a only
four Ti-Cp bp’s are observed, while for (MeC5H4)(CO)2Mn-
[η2-OdCdC(µ-η2-CtCPh)Co2(CO)6Ph],18b only three Mn-
MeCp bp’s are reported. Moreover, in Zr(2,4-C7H11)[(i-Pr)-
NCHPhCH2CMedCHCMedCH2], only one bond path is
observed between the metal atom and both the (formally)η4-
butadiene andη5-pentadienyl ligands.19 The metal-ring topology
in Na+ π-complexes of substituted benzenes has also been
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shown20 to be highly dependent on the substituents. Bader has
suggested16,17b that the interaction of a metal atom with a ring
is best viewed as involving an interaction with the delocalized
density of the entire ring perimetersa viewpoint which accounts
for the well-known fluxional mobility of such systems. This
suggestion has not been further developed, and on the face of
it seems in contradiction to the assertion3 of the bond path as a
universal indicator of chemical bonding between atoms.

The trimethylenemethane (TMM) ligand21 is another interest-
ing example of a delocalizedπ-hydrocarbyl ligand, one where
the unsaturated C-C bonds are arranged in a stellated fashion
rather than a ring or chain. The high formal valency of the
central carbon atom renders the ligand unstable. In the free state,
the molecule is a highly reactive22 triplet radical, but on
complexation to transition metals, it gives stable diamagnetic,
closed-shell 18-electron compounds.21 The compound Fe(η4-
C{CH2}3)(CO)3 (1)23 (Figure 1) was the first example of a TMM
complex and is now used as a stereoselective reagent in organic
synthesis.24 It has been previously structurally characterized by
X-ray diffraction in a thiourea cocrystal25 and in the gas phase
by electron diffraction,26 but this article reports the first crystal
structure of pure1. Our experimental and theoretical charge-
density study on1 provides a particularly clear-cut example of
the absence of “expected” bond paths and highlights the
difficulties in defining the nature of the interaction of a metal
atom with a delocalizedπ-hydrocarbyl ligand within the AIM
methodology.

2. Experimental Section

2.1. Synthesis.Compound1 was prepared by the method of
Ehrlich and Emerson.23b A mixture of Fe2(CO)9 (8.26 g, 22.71
mmol) and 2-chloromethyl-3-chloropropene (1.33 g, 10.0 mmol)
in 60 mL diethyl ether was stirred at ambient temperature under
a nitrogen atmosphere for 54 h. The resultant green-yellow
solution was filtered, and most of the solvent and Fe(CO)5 was
carefully removed under reduced pressure. Kugelrohr distillation
gave a crude yellow oil (0.9 mL) containing1 and traces of
Fe(CO)5. Eight crystallization cycles fromn-hexane at-96 °C
afforded pure1. Complex1 is a very volatile compound that

melts close to ambient temperature (∼27 °C). All attempts to
grow a single crystal in a capillary directly from a melt by
freeze-thaw cycles gave a plastic phase, with only a few, very
intense, low-angle reflections. Further cooling below the freezing
point gave a microcrystalline phase. Very large single crystals
suitable for X-ray diffraction were finally grown by cooling
liquid 1 containing a small amount of hexane at-5 °C over a
period of several weeks in a refrigerator. These were moderately
air stable and were handled on a glass plate cooled with solid
CO2 to prevent melting.

2.2. Data Collection, Processing, and Spherical Atom
Refinement.Details of data collection procedures are given in
Table 1. A single crystal of suitable size was cleaved from a
much larger specimen. It was attached to a glass fiber using
silicone grease and transferred rapidly to a goniometer head
that was precooled at 100 K with an Oxford Instruments Series
7 Cryostream. Data were collected on a Nonius KappaCCD
diffractometer, running under NoniusCollect software.27a The
Collect software calculates and optimizes the goniometer and
detector angular positions during data acquisition. A total of
three runs were measured, using eitherω- or æ-oscillation scans.
In total, 3827 frame-images in 74 scan-sets were measured over
a time period of 59.5 h. Run 2 used the same scan angles as

Figure 1. ORTEP diagram of1, showing the atomic labeling scheme.
Ellipsoids are drawn at the 70% probability level, with H atoms
represented as arbitrary spheres. Important metrical parameters: Fe-
(1)-C(1)) 1.9449(2), Fe(1)-C(2)) 2.1237(2), Fe(1)-C(3)) 2.1326-
(3), Fe(1)-C(4) ) 2.1343(3), av Fe-C(O) ) 1.7983(3), C(1)-C(2)
) 1.4294(3), C(1)-C(3) ) 1.4288(3), C(1)-C(4) ) 1.4304(3) Å; Fe-
(1)-C(1)-C(2) ) 76.310(14), Fe(1)-C(1)-C(3) ) 76.729(14), Fe-
(1)-C(1)-C(4) ) 76.769(14)°.

TABLE 1: Experimental Detailsa

compound formula C7H6FeO3

compound color pale yellow
Mr 193.97
space group P21/c
crystal system monoclinic
a/Å 11.1211(2)
b/Å 6.86700(10)
c/Å 11.1440(2)
â/deg 113.7090(10)
V/Å-3 779.22(2)
Z 4
Dcalc/g cm-3 1.653
F(000) 392
λ/Å 0.71073
µ(Mo-KR)/mm-1 1.885
crystal size/mm3 0.58× 0.38× 0.33
transmission coefficients (range) 0.442-0.772
θ range/deg 3.58-49.1
sin(θmax)/ λ 1.067
no. of data used for merging 197502
no. of unique data 7825
Rint 0.0332
Rσ 0.0115

Spherical Atom Refinement
no. of data in refinement 7825
no. of refined parameters 125
FinalR [I > 2σ(I)] (all data)
Rw

2 [I > 2σ(I)] (all data)
0.0190 (0.0215)
0.0537 (0.0545)

goodness of fitS 1.053
largest features in residual

density map/e Å-3
0.638(max)-1.132(min)

0.058(rms)
max shift/esd in last cycle 0.001

Multipole Refinement
no. of data in refinement 7066
no. of refined parameters 301
FinalR [I > 3σ(I)] (all data)
Rw [I > 3σ(I)]

0.0110 (0.0151)
0.0117

goodness of fitS 1.7098
largest features in residual

density map/e Å-3
0.227(max)-0.118(min)

0.03(rms)
max shift/esd in last cycle <1.0× 10-5

a R ) ∑(|Fo| - |Fc|)/∑(Fo); Rw ) {∑[w(Fo - Fc)2]/∑[w(Fo)2]}1/2;
Rw

2 ) {∑[w(Fo
2 - Fc

2)2] /∑[w(Fo
2)2]}1/2; Rσ ) ∑[σ(Fo

2)]/∑ [Fo
2]; Rint

) ∑[n/(n - 1]1/2|Fo
2 - Fo

2(mean)|/∑Fo
2 (summation is carried out only

where more than one symmetry equivalent are averaged).
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run 1, but with a shorter exposure time to measure high-intensity
low-angle data more accurately. The unit cell dimensions and
errors were determined by postrefinement of the setting angles
of the reflections from run 3, using the Scalepack program.27b

The cell errors obtained from this least-squares procedure are
undoubtedly serious underestimates28 but are used here in the
absence of better estimates. The frame images were integrated
usingDenzo(SMN),27b with a sufficiently large integration spot
size to encompass theKR1-R2 splitting, which becomes quite
significant atθ ≈ 50°. In our experience, the neighborhood
profiling used inDenzo(SMN) appears to cope quite well with
the KR1-R2 splitting, and a scatter plot of the individual scale
factors after multipole refinement showed no significant trends
(see Supplementary Information Figure S1). The resultant raw
intensity files fromDenzo(SMN) were processed using a locally
modified version ofDENZOX,29 which calculates direction
cosines for the absorption correction, as well as applying
rejection criteria on the basis of badø2 of profile-fit and ignoring
partial reflections at the starting or final frame of a scan set.
Absorption corrections by Gaussian quadrature,30 based on the
(approximated) crystal faces, were then applied to the reflection
data. A second semiempirical correction31 (without aθ-depend-
ent correction) was applied to remove any residual absorption
anisotropy due to the mounting medium and to account for other
instrumental instabilities. Typical correction factors for the latter
were in the range 1.0-0.85. A total of 197 502 intensity
measurements were then sorted and merged using SORTAV,32

giving 7825 independent data with a mean redundancy of 15.6.
The dataset is 99.4% complete for 0< θ e 49.1°, with only
one missing low-angle reflection (1 0 0). A spherical atom
refinement usingSHELXL97-233 was initially undertaken, with
full-matrix least-squares onF2 and using all the unique data
with the weighting schemew ) [σ(Fo)2 + (AP)2 + BP]-1 where
P ) [Fo

2/3 + 2Fc
2/3] andA ) 0.0279,B ) 0.0977. All non-H

atoms were allowed anisotropic thermal motion. The hydrogen
atom positions were obtained from a difference map and refined
without restraints. The mean refined C-H distance was 0.95-
(2) Å. Neutral atom scattering factors, coefficients of anomalous
dispersion, and absorption coefficients were obtained from ref
34. Details of this refinement are given in Table 1. Thermal
ellipsoid plots were obtained using the programORTEP-3for
Windows.35 All calculations were carried out using theWinGX
package36 of crystallographic programs.

2.3. Multipole Refinement. The multipole formalism of
Hansen and Coppens37 as implemented in theXD program
suite38 was used. The function minimized in the least-squares
procedure was∑w(|Fo| - k|Fc|)2, with only those reflections
with I > 3σ(I) included in the refinement. The multipole
expansion was truncated at the hexadecapole level for the Fe
atoms, at the octapole level for the C and O atoms, and at the
dipole level for the H atoms. The C-H distances were
renormalized to 1.081 Å, this being the distance determined
from a DFT geometry optimization (see below). In the absence
of neutron diffraction data, the isotropic thermal parameters were
estimated from a spherical atom refinement, using the contracted
scattering factor of Stewart et al.39 for the H atom. Each
pseudoatom was assigned a core and spherical-valence scattering
factor derived from the relativistic Dirac-Fock wave functions
of Su and Coppens40 expanded in terms of the single-ú functions
of Bunge, Barrientos, and Bunge.41 The radial fit of these
functions was optimized by refinement of the expansion-
contraction parameterκ. The valence deformation functions for
the O, C, and H atoms used a single-ú Slater-type radial function
multiplied by the density-normalized spherical harmonics. The

radial terms used for the Fe atom were the relevant-order
Fourier-Bessel transforms of the Su and Coppens40 wave
functions. The radial fits were optimized by refinement of their
expansion-contraction parametersκ′, with the sameκ′ param-
eter for all multipoles (KEEP KAPPA option inXD). Separate
κ and κ′ were used for the chemically distinct TMM and
carbonyl C atoms. It is well-established42 that the 3d transition
metals pose special problems when refining the deformation
density because of the significantly different radial extensions
of the 3d and 4s valence orbitals. Attempts to refine the 4s
population independently through thel ) 0 deformation function
(the second monopole) were unsuccessful; all such models
proved unstable or gave physically unrealistic populations. In
the model reported here, the 4s2 scattering contribution is
included as a fixed one in the “core” contribution. Adequate
deconvolution of the thermal motion was judged by the
Hirshfeld43 rigid bond test, with a mean∆-msda of 9.0× 10-4

Å (max of 24× 10-4 for Fe-C(3) Å).
The kinetic energy densities at the bcp’sG(r ) given in Table

2 for the experimental densities were estimated using the
approximation of Abramov44

while the corresponding potential energy densities at the bcp’s
V(r ) were obtained from the local virial

This approximation44 for G(r ) holds well in regions where∇2F-
(r ) > 0 and is a good approximation for the Fe-C bonds in1.
It is a much poorer approximation close to the nuclei or in
regions of local charge concentration where∇2F(r ) is negative
and gives only qualitative results45 in these cases, such as the
C-C and C-H bonds.

2.4. Theoretical Studies.DFT(B3LYP) calculations were
performed on 1 using the programGAMESS-UK,46 with
6-311++G(2d2p) bases for the C, O, and H atoms and
Wachters+f for Fe.47 Properties were obtained from the wave
function using the AIMPAC48 suite of programs or AIM2000.49

The properties reported herein were obtained from calculations
at the optimizedC3V geometry (GEOM A), but essentially
identical results were also obtained from calculations at the
experimental geometry. Source functions50 were calculated from
the wave function using a modified version of PROAIMV kindly
supplied by Carlo Gatti. Since the source function requires only
knowledge of the density and its derivatives, it is, in principle,
obtainable without approximation from the experimental density,
though this option has not yet been coded. Calculations were
also carried out at other geometries related to the normal modes
of vibration of1. As detailed below, one such geometry, where
the Fe-CR-Câ angle is reduced from the equilibrium value to
72° (GEOM B), gives rise to bond critical points between the
Fe and Câ centers. The source function for the adduct H3B-
CO, calculated for comparison purposes as discussed below,
was obtained from a DFT(B3LYP) wave function with opti-
mized geometry, using 6-311++G(2d2p) bases for all atoms.

3. Results and Discussion

An ORTEP view is shown in Figure 1. The TMM ligand
displays the usual “umbrella” conformation,21 with the Fe atom
being closer to the central CR carbon than to the methylene Câ
carbons. In the previous X-ray structure determination of1 as
a cocrystal with thiourea,25 molecules of1 reside on a crystal-

G(r ) ) (3/10)(3π2)2/3F(r )5/3 + (1/6)∇2F(r )

V(r ) ) (1/4)∇2F(r ) - 2G(r )
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lographic threefold site, while in this structure, they lie in general
positions, with no imposed symmetry. Nevertheless, the mo-
lecular geometry of1 is close to the idealizedC3V symmetry
and is essentially identical to the previous determinations.25,26

However, the high accuracy of our determination shows there
are small deviations from exactC3V symmetry in the crystal
phasesfor instance, the Fe-C(2) distance differs from the other
Fe-Câ distances by substantially more than 3σ.

The deformation density maps (Figures S3-S5 and S8,
Supporting Information) show the expected charge buildup in
the covalent C-C and C-H bonds of the TMM ligand and in
the Fe-C(O) and C-O bonds, but are quite ambiguous
regarding the interaction between the TMM ligand and the Fe
atom. There is no detectable redistribution of charge between
Fe and CR and only a suggestion of one between Fe and one of
the Câ carbon atoms C(4). More insight into the charge density
in 1 is obtained through the QTAIM analysis of the charge
densityF(r ) reconstructed from the experimental atomic mul-
tipole populations. This gave the topological properties at the
bcp’s shown in Tables 2 and 3 and the molecular graph shown
in Figure 2. The QTAIM analysis on the ab initio theoretical
density at the DFT(B3LYP) level led to very similar results
(Tables 2 and 3), and this excellent agreement gives us
confidence in our description of the charge density in1. While
we report here our calculations for the optimizedC3V geometry,
our calculations on the experimental geometry gave essentially
identical results. The atomic charges obtained by integration

within the atomic basins (Table 3) indicate that the Fe atom, as
expected, bears a small positive charge of∼+0.81. This arises
from an overall transfer of 0.12 e to each CO group and 0.41
e to the TMM ligand. The theoretically derived AIM charges
indicate a slightly larger transfer of 0.15 e to each CO and a
slightly smaller transfer of 0.32 e to the TMM ligand, but the
overall charge on the metal is identical.

The topological properties at the bond critical points for the
Fe-CO interactions (see Table 2) are similar to many previous
experimental11,13,51 and theoretical studies5a,16 on transition
metal-carbonyls and are now well-established as typical of their
bond types.2a,5aThese Fe-C bonds show moderate values for
F(r), positive values of the Laplacian∇2F(r), and negative values
of the total energy densityE(r ). As previously argued by Macchi
and Sironi,5a these results are consistent with a considerable
degree of covalency. The only notable disagreement between
experiment and theory lies in the magnitudes of the Laplacian
for the C-O bonds, which is a well-understood issue regarding

TABLE 2: Topological Analysis of Bond Critical Points for ( η4-C4H6)Fe(CO)3a

bond Rb
b d1b d2b F(r b)c ∇2F(r b)d λ1

d λ2
d λ3

d ε G(r b)e,f G(r b)/F(r b) V(r b)e E(r b) e

Fe-C(1) 1.9452 1.0245 0.9207 0.678(6) 8.470(8) -1.53 -1.18 11.18 0.30 0.82 1.20 -1.04 -0.22
1.9534 1.0193 0.9341 0.665 7.987 -1.73 -1.73 11.44 0.00 0.75 1.13 -0.94 -0.19

Fe-C(11) 1.7983 0.9159 0.8824 0.953(6) 13.105(14)-4.33 -4.21 21.64 0.03 1.35 1.42 -1.79 -0.44
1.8059 0.8970 0.9089 0.927 13.999 -3.51 -3.40 20.91 0.03 1.30 1.41 -1.62 -0.32

Fe-C(12) 1.7993 0.9141 0.8852 0.964(7) 13.287(14)-4.43 -4.32 22.03 0.03 1.38 1.43 -1.82 -0.45
1.8059 0.8970 0.9089 0.927 13.999 -3.51 -3.40 20.91 0.03 1.30 1.41 -1.62 -0.32

Fe-C(13) 1.7989 0.9052 0.8938 0.976(6) 13.704(15)-4.52 -4.32 22.54 0.05 1.41 1.45 -1.86 -0.45
1.8059 0.8970 0.9089 0.927 13.999 -3.51 -3.40 20.91 0.03 1.30 1.41 -1.62 -0.32

O(11)-C(11) 1.1463 0.3904 0.7559 3.247(16)-2.22(13) -34.58 -34.09 66.45 0.01 5.62 1.73 -11.4 -5.78
1.1462 0.3951 0.7511 3.128 7.499 -32.97 -32.94 73.40 0.00 5.94 1.90 -11.36 -5.42

O(12)-C(12) 1.1469 0.3969 0.7500 3.296(16)-13.54(13) -34.63 -33.52 54.60 0.03 5.24 1.59 -11.42 -6.19
1.1462 0.3951 0.7511 3.128 7.499 -32.97 -32.94 73.40 0.00 5.94 1.90 -11.36 -5.42

O(13)-C(13) 1.1496 0.3953 0.7543 3.260(17)-9.01(14) -34.06 -32.78 57.83 0.04 5.34 1.64 -11.32 -5.97
1.1462 0.3951 0.7511 3.128 7.499 -32.97 -32.94 73.40 0.00 5.94 1.90 -11.36 -5.42

C(1)-C(2) 1.4298 0.7101 0.7197 1.939(11)-14.731(26) -14.11 -10.98 10.36 0.29 1.74 0.90 -4.50 -2.77
1.4280 0.7000 0.7280 1.940 -17.667 -14.05 -11.61 7.99 0.21 0.63 0.33 -2.50 -1.87

C(1)-C(3) 1.4291 0.6948 0.7343 1.968(11)-14.900(28) -14.34 -11.01 10.45 0.30 1.79 0.91 -4.62 -2.83
1.4280 0.7000 0.7280 1.940 -17.667 -14.05 -11.61 7.99 0.21 0.63 0.33 -2.50 -1.87

C(1)-C(4) 1.4307 0.7113 0.7193 1.922(10)-14.421(26) -13.79 -10.84 10.21 0.27 1.72 0.89 -4.44 -2.73
1.4280 0.7000 0.7280 1.940 -17.667 -14.05 -11.61 7.99 0.21 0.63 0.33 -2.50 -1.87

C-Hg 1.0812 0.7105 0.3707 1.837(33)-16.80(42) -17.08 -16.35 16.64 0.05 1.43 0.78 -4.04 -2.61
1.0812 0.6788 0.4024 1.937 -25.252 -18.54 -18.17 11.46 0.02 0.30 0.16 -2.37 -2.07

a Top line experimental values, second line (italic) theoretical values from isolated molecule DFT calculation.b In units of Å. c In units of e Å-3.
d In units of e Å-5. e In units of hartree Å-3. f Estimated by the approximation of Abramov.44 g Averaged values.

TABLE 3: Integrated Atomic Charges

atom q(Ω)a q(Ω)b atom q(Ω)a q(Ω)b

Fe1 0.8098 0.8153 C12 0.9686 0.9885
O11 -1.1249 -1.1452 C13 0.9686 0.9159
O12 -1.1249 -1.0957 H21 -0.0026 0.0823
O13 -1.1249 -1.0367 H22 -0.0026 0.0977
C1 -0.0749 -0.0221 H31 -0.0026 -0.0137
C2 -0.0771 -0.2805 H32 -0.0026 0.0694
C3 -0.0771 -0.2711 H41 -0.0026 0.1033
C4 -0.0771 -0.2674 H42 -0.0026 0.0917
C11 0.9686 1.0052

sum 0.019 0.0369

a From DFT wave function.b From experimental density.

Figure 2. Experimental molecular graph of1, in the same view as
Figure 1. Atomic centers are drawn as large blue spheres and bond
critical points as small red spheres. The red and green arrows show,
respectively, the directions of the minor and major principal axes of
the ellipticity.
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the position of the bcp.5a,51 The topological properties at the
Fe-CR bcp imply a similar degree of covalency, but all the
indicators suggest a weaker chemical bond than between Fe
and the carbonyl C atoms.

The AIM analysis offers considerable insight into the bonding
within the TMM ligand and its interaction with the Fe atom.
The topological properties at the bcp’s of the C-C bonds (Table
2) are clearly indicative of a substantialπ-character. The high
values ofF(r ) and ∇2F(r ) resemble those for benzene,52 and
the major axes of the ellipticitiesε lie normal to the plane
containing the three Câ (see Figure 2). The atomic graph of an
atom, i.e., the set of critical points inL(r ) ≡ -∇2F(r ) in the
valence-shell charge concentration (VSCC) provides a graphic
display of the distortions in the VSCC arising from chemical
bonding.1 The atomic graphs for Fe, CR, and Câ have been
obtained from both the theoretical and experimental densities
and are evidently of the same topology (except that two critical
points for the Fe graph could not be located in the experimental
density). The atomic graphs of both CR and Câ (Figure S9,
Supporting Information) show three (3,-3) cp’s of charge
concentration, which are approximately coplanar with the C
atom and which lie along the directions of the covalent C-C
or C-H bonds. This is good evidence for sp2 hybridization for
these atoms and is again consistent with their pseudo-benzenoid
character. Both atoms CR and Câ have four (3,+1) cp’s of
charge depletion in their VSCC. For CR, one of these lies along
the direction of the Fe- CR axis and is aligned with a (3,-3)
charge concentration in the VSCC of the Fe atom. This “lock
and key” interaction1,5a,16 is indicative of a donor-acceptor
interaction between the Fe atom and the CR of the TMM ligand
(see Figure 3). The Fe atom has an atomic graph of the [8, 12,
6] cuboidal form (see Figure S9), which is quite typical5a,13,51

of transition metals, having eight (3,-3) charge concentrations
at the corners of a distorted cube, twelve (3,-1) saddle points,
and six (3,+1) charge depletions in the face of the cube. Three
of these (3,+1) charge depletions are oriented toward the three
Câ carbons, but there are no corresponding charge concentrations
on these latter atoms. The other three (3,+1) charge depletions
are associated in a “lock and key” fashion with the charge
concentrations of the three CO ligands. The commonly accepted
view that the L ligand in “piano-stool” complexes of the type
LM(CO)3 is associated with three of the metals’ octahedral
coordination sites is borne out by these observations.

The evidence regarding the nature of the Fe-Câ interaction
is ambiguous and is compounded by the molecular graph of1
(Figure 2), which shows thatno bond critical point is obserVed
for any of the Fe-Câ interactions. The topological interaction
between the TMM ligand and the Fe center is thus described
by a single bcp between Fe and CR. We stress that the lack of
appearance of any Fe-Câ bcp’s in the experimental or optimized
geometry is not a model-dependent featuresthe same molecular
graph is obtained regardless of the level of theory examined or
of the elaboration of the multipole model used for the
experimental study. This implies that, within Bader’s definition,3

there is nochemical bondingbetween the Fe and Câ centers.
This is a quite surprising result, especially in view of the
observed “umbrella” conformation of the TMM ligand, which
leads to shorter Fe-Câ distances. The enhanced overlap53

between the Câ centers and the Fe(CO)3 fragment resulting from
this distortion is thought to be one of the main driving forces
for the loss of planarity of the TMM ligand in metal complexes.

Moreover, there is much other physicochemical evidence that
suggests that there is a significant Fe-Câ π-interaction:

(a) A normal-mode analysis54 of the vibrational spectrum of
1 shows that theν(Fe-TMM) stretch has a large force constant
of 3.7 mdyn/Å. The authors conclude that a model with a single
bond from Fe to CR is inadequate, and that significantπ-interac-
tions with the C-C bonds occur.

(b) ESCA55 and photoelectron spectra56 of 1 show that the
donor/acceptor character of the TMM ligand resembles that of
cyclobutadiene, i.e., strongπ-interactions are indicated.

(c) The NMR barrier to rotation of the TMM ligand in
complexes is generally found to be quite high,21 again indicative
of significant metalπ-interactions. The electronic structure and
rotational barrier of1 has been investigated by Hoffmann et
al.53 These EHMO calculations show that rotation leads to a
decrease in the interaction between the 2e and e′′ orbitals, in
turn leading to an increase in the energy of the HOMO.
Moreover, the13C NMR chemical shifts of the Câ carbons are
much more sensitive to the peripheral ligands on the metal than
the CR carbon.21

(d) Our analysis of the Kohn-Sham orbitals from the DFT
calculation shows the qualitative EHMO scheme of Hoffmann
et al.53 to be essentially correct. The frontier orbitals primarily
responsible for the Fe-TMM bonding (15e and 18a1, shown
in Figure 4) imply significant Fe-Câ interactions.

Figure 3. Plot of the experimental LaplacianL ≡ -∇2F(r ) in the planes (a) C(2)-C(3)-C(4) and (b) Fe(1)-C(1)-C(2), with positive contours
drawn in blue and negative contours in red. Contours are drawn at-1.0 × 10-3, (2.0 × 10n, (4 × 10n, (8 × 10n (n ) -3, -2, -1, 0,+1, +2)
e Å-5.
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This evidence led us to consider more deeply the implications
of the QTAIM analysis for1. The separatrix surfaces of∇F(r ),
i.e., the zero-flux surfaces57 separating the QTAIM atoms, are

shown in the gradient vector field plot of1 at the optimized
geometry (Figure 5a). This figure graphically illustrates why
there is no Fe-Câ bond path. The trajectories ofF within the
basin of Fe follow the surface separating Fe from the CR carbon.
There are several normal modes54 of vibration of1 that lead to
instantaneous reduction in the Fe-Câ distance, and which might
therefore generate a bcp for Fe-Câ. The average mean
displacement amplitude of Câ in the direction of Fe is 0.12 Å,
as determined from the thermal parameters at 100 K. Simulation
of the molecular vibrations using DFT calculations on model
geometries show that reducing the Fe-TMM separation along
the Fe-CR bond vector (corresponding to the symmetricν(Fe-
TMM) mode54) does not give rise to an Fe-Câ bcp, even for
unrealistically short Fe-CR distances. On the other hand, the
symmetric TMM deformation, where the Fe-CR-Câ angle is
reduced from the optimized equilibrium value of 76.6° to 73°
(while retaining exactC3V symmetry) results in a highly curved
Fe-Câ bond path (Figure 5b). At this geometry, the Fe-Câ
distance is 0.08 Å shorter, and the energy∼25 kJ mol-1 higher.
The associated ring cp is extremely close to the new bcp, but a
reduction in the Fe-CR-Câ angle to 72° (geometry B, Figure
6) leads to a larger separation of these cp’s and to a more
(topologically) stable structure. Therefore, it seems likely that
there are nonequilibrium geometries of1, instantaneously
accessible through molecular vibrations, which do indeed
possess an Fe-Câ bond path and thus have a different molecular
graph and hence AIM structure1 from the equilibrium geometry.

It should be emphasized that, while the appearance of these
bond paths is an “on or off” phenomenon, which may depend
on very subtle features of the electron density, the overall
features of the density in the two geometries are hardly different.
Thus, the topological characteristics are almost unchanged from
the equilibrium geometry (see Figure 5 and Table S4, Supporting
Information). The new Fe-Câ bcp and the associated rcp are
only 0.24 Å apart, and their densities differ by only 0.007 e

Figure 4. Frontier MOs of1 which are primarily responsible for Fe-
TMM bonding: the 15e orbitals in (a,b) and the 18a1 orbital in (c).

Figure 5. Plots of the gradient vector field ofF for 1 in the plane
Fe-CR-Câ: (a) for the optimized DFT geometry (GEOM A) and (b)
for the TMM deformation geometry (Fe-CR-Câ angle) 73°). Bond
paths and zero-flux surfaces are shown in blue, with bcp’s shown as
blue solid circles.

Figure 6. Molecular graph of1 at GEOM B with Fe-CR-Câ angle
of 72°. Bond critical points are drawn as small red spheres and ring
critical points as small yellow spheres.

TABLE 4: Delocalization Indices and Integrated Densities
at Interatomic Surfaces

δ(A, B)a IA∩BF(r ), e Å-1 a δ(A, B)b

Fe-CR 0.369 3.506 0.351
Fe-Câ 0.571 0.609
Fe-H 0.025 0.028
Fe-CCO 1.045 2.162 1.026
CR-Câ 1.204 3.534 1.191
C-H 0.966 1.882 0.959
C-O 1.605 3.170 1.600

a For equilibrium geometry A.b For nonequilibrium geometry B.
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Å-3, and moreover, they are very close in density to the Fe-
CR bcp (∼0.65 eÅ-3). As stated in the Introduction, Bader16,17b

has proposed that the interaction of a metal atom with a
cyclopentadienyl ring may best be viewed as an interaction with
the delocalized ring density, and a similar situation is applicable
in 1. An isosurface plot of the density at 0.6 e Å-3 (see Figure
S10, Supporting Information) shows there to be a stellated ridge
of isodensity connecting the Fe atom and the four TMM carbon
atoms in geometry B, which is absent in the equilibrium
geometry A. Consistent with this, we find that the new Fe-Câ

bcp is characterized by a high ellipticity (Table S4), the major
axis of which is oriented toward the associated rcp. Finally,
while we refer rather loosely to the atomic interaction lines and
their associated (3,-1) critical points in the distorted geometry
B as bp’s and bcp’s, this is not strictly applicable. As stated
clearly by Bader,1a,3atomic interaction lines and their associated
(3, -1) critical points in molecules can only be treated as bond
paths and bond critical points when no forces are acting on the
molecule. This is clearly not the case for geometry B, which is
a nonequilibrium geometry. Nevertheless, it is commonly used

terminology in the literature to refer to these topological features
as bp’s and bcp’s in both cases (see ref 5a for several examples).

One QTAIM indicator that does not rely on the presence of
a bond path is the delocalization indexδ(A, B).58 This index
provides a measure of the Fermi correlation shared between two
centers (and hence the number of electrons delocalized between
the centers). The delocalization indices59 for 1 are given in Table
4 and show the surprising result thatδ(Fe, Câ) is substantially
larger thanδ(Fe, CR), despite there being no Fe-Câ bond path.
The sum of allδ(Fe, C) between the Fe atom and the TMM
carbon atoms is 2.08, which is similar to the value of∑ δ(Fe,
C) ) 2.25 reported16 for the Fe-C5H5 interaction in ferrocene
(from which it is suggested16 that ∼4 electrons are shared
between the Fe atom and the C5H5 ring). While Bader
emphasizes that the delocalization index does not provide a
measure of bond order,58b since these indices exist for every
atom pair, the same index proposed by AÄ ngyán et al.58c is treated
as a bond index. Moreover, in the presence of delocalized
bonding, such as is found in the Cr2(µ-H) unit in [Cr2(µ-H)-
(CO)10]- 61 and in complex1, it becomes more difficult to

Figure 7. Percentage atomic source contributions to the electron density from the atomic basins of1, at the reference points (a) CR-Câ bcp, (b)
C-H bcp, (c) Fe-C(O) bcp, (d) C-O bcp, (e) Fe-CR bcp, and (f) the Fe-Câ midpoint. The volume of the spheres are proportional to the source
contributions from the respective atomic basins, with positive contributions (sources) in blue and negative contributions (sinks) in red.
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interpret the magnitude ofδ(A, B). Nevertheless, it is quite
unusual62 to find the situation described here, where a formally
nonbondedpair of atoms have a significantly largerδ(A, B)
than a relatedbondedpair.

As originally suggested by Cremer and Kraka,64 the integrated
density over the zero flux surface shared by the two atoms,
IA∩BF(r) ) N(A, B), may provide a better measure of the strength
of the interaction than just the density at the bcp, especially for
interactions involving atoms with diffuse valence densities.5a

The values ofN(A, B) for 1 at the equilibrium geometry A are
given in Table 4. Unfortunately, those for geometry B with the
Fe-Câ bond path are not available, since the surface integration
fails in this case. The magnitudes ofN(C-O), N(C-H), and
N(Fe-CCO) are typical5a for interactions of their type. The
magnitude ofN(Fe-CR) is considerably larger than that of
N(Fe-CCO) and implies a strong interaction. Despite there being
no bond path between Fe-Câ, and hence no shared interatomic
surface, it is clear that there must be a considerable contribution
of density towardN(Fe-CR) from the Câ carbon atoms (see
Figure 5).

Bader and Gatti50a have shown that it is possible to view the
electron density at any pointr within a molecule to consist of
contributions from a source operating at all other pointsr ′. The
local source (LS) contribution at position vectorr from r ′ is
given by

By integrating over the regions of space bounded by the zero-
flux surfaces, the density may be equated to a sum of atomic
contributionsS(r , Ω).

The integrated form of the source function (SF) provides a
measure of the relative importance of each atom’s contribution
to the density at a specific point. It has proved very useful in

the characterization of hydrogen bonds50b according to the
negative charge-, positive charge-, resonance-, and polarization-
assisted H-bonding scheme of Gilli and Gilli66 or as low-barrier
H bonds.50d More recently, the SF has been used to define
metal-metal interactions in bimetallic carbonyl complexes.50e

The reference pointsr are normally taken at the bcp’ssthe least
biased positions. Figure 7 shows the SF for1 at the optimized
geometry A, for a number of reference pointsr . Figure S11
(Supporting Information) shows the corresponding figure for
geometry B. The source at the bcp’s of the CR-Câ, C-H, and
C-O bonds (Figure 7a, b, and d) is substantially localized, with
82%, 91%, and 98% of the density, respectively, coming from
the two atoms directly involved in the interaction. This is
consistent with these bonds being treated as localized 2e-2c
bonds. In contrast, the SF at the Fe-C(O) bcp (Figure 7c) has
a significant additional contribution of 14% from the corre-
sponding O atom. A similar situation has been observed
previously50e for other metal carbonyl complexes, and it might
be tempting to ascribe this to substantial Fe-CO π back-
bonding. However, the SF for the donor-acceptor adduct H3B-
CO, shown in Figure 8, suggests that this is not the case. In
this adduct, it is generally assumed66 that any contribution from
hyperconjugativeπ back-bonding is small;67 the experimental
value68 for ν(CO) is∼2167 cm-1, above that for free CO and
consistent with purelyσ-donor interaction from the 5σ orbital
of CO. The ratio of the contributions from the B, C, and O
atoms at the B-C bcp is very similar to those for the Fe, C,
and O contributions in1. This similarity is evidently not due to
hyperconjugativeπ back-bonding, but may merely reflect a
similarity in the delocalization in these bonds.

The most striking feature in the SF is seen when examining
reference points for the Fe-TMM interaction. Here, the SF is
strongly delocalized and does not differ greatly whether the
reference point is taken as the Fe-CR bcp or the Fe-Câ
midpoint. Moreover, by comparing Figure 7 with Figure S11
(Supporting Information), it is clear that the SF contributions
do not depend strongly on whether an Fe-Câ bcp is found or
not. In all cases, the contribution from the Câ carbons atoms to
the density at the reference point is greater than from the CR
carbon atom. It is interesting to note that the SF at these points
show a small but significant contribution from the O atoms,
but a much smaller contribution from the carbonyl C atoms.
This delocalized distribution is also evident in the frontier MOs
shown in Figure 4.

In conclusion, we have shown that, despite the fact that there
is no bond path generated for the Fe-Câ interaction in1 at the
equilibrium geometry, there are a number of reasons (including
two QTAIM indicators) for believing in a significant sharing
of electrons between these centers. Moreover, a small distortion
of the molecule, along the coordinate of a normal mode
vibration, leads to the appearance of an Fe-Câ bond path. It is
supposed that this combined evidence would lead most chemists
to conclude that there is achemical bondbetween these atoms,
despite there being nochemical bondingin the sense of Bader.3

We take the view, already expressed by Bader,16,17b that it is
not profitable to view the interaction of transition metals with
delocalizedπ-hydrocarbyl ligands solely in terms of localized
M-C bond paths. Other tools, such as the delocalization
indices58 and the source function,50 play a vital role in the AIM
characterization of these chemical bonds.
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