
DOI: 10.1002/chem.200801073

Comparative Analysis of Electron-Density and Electron-Localization
Function for Dinuclear Manganese Complexes with Bridging Boron-

and Carbon-Centered Ligands

Kathrin Gçtz,[a] Martin Kaupp,*[a] Holger Braunschweig,[a] and Dietmar Stalke[b]

Dedicated to Professor Werner Kutzelnigg on the occasion of his 75th birthday

Introduction

Boron chemistry is renowned for its interesting and peculiar
bonding patterns related to electron deficiency and high
Lewis acidity. These characteristics of boron compounds dis-
tinguish them also as suitable ligands for Lewis-basic transi-
tion-metal fragments. Boron centered ligands may be rough-
ly separated into three classes based on their level of satura-
tion: boranes (I), boryl (II) and borylene (III) groups. II and
III may additionally be subdivided into terminal and bridged
ligands.[1–5] Here we concentrate on the first complex[6,7] with
a bridging borylene ligand, 1 (see below), which has recently

been investigated in an experimental electron-density (ED)
study.[8,9] Analysis of the electron density of 1 by Bader�s
“quantum theory of atoms in molecules”[10] (QTAIM) sug-
gested not only the absence of the direct Mn�Mn bond ex-
pected from the 18-valence-electron rule. It also indicated
two “valence shell charge concentrations” (VSCCs) connect-
ing the bridging boron atom to each of the two manganese
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centers.[9] This is more consistent with a substituted borane
than with the expected delocalized borylene description of
the bridging ligand (analogous to bridging carbonyl li-
gands[11]).

Given the prototype nature of 1 as complex with a bridg-
ing boron ligand, and the somewhat unexpected results of
the experimental QTAIM study (accompanied by computa-
tions at the BP86/TZVP level),[9] we provide here a system-
atic computational bonding comparison for 1 and its homol-
ogous amido-substituted complex 2.[6,7,9, 12,13] Furthermore,
we extend the comparison to the closely related carbon-
bridged complexes 3[14] and 4. Complex 3 represents the first
methylene-bridged complex ever obtained,[15] and its early
electron-density measurement has been interpreted to ex-
hibit a direct Mn�Mn bond[16] Complex 4 in turn represents
a related prototypical vinylidene-bridged complex. We sys-
tematically compare the electronic structure of these four
bridged complexes, taking the unsupported dinuclear
Mn2(CO)10 complex 5 as a reference with a direct Mn�Mn
bond. We use various methods such as QTAIM, the elec-
tron-localization function (ELF[17,18]), and natural-popula-
tion analyses (NPA[19]), based on density-functional calcula-
tions. Our aim is to answer the following questions:

a) Is there a direct metal�metal bond in any of the com-
plexes 1–4? For example, the methylene-bridged com-
plex 3 has been taken as the prototypical example of a
dimetallacyclopropane.[20] Is this appropriate? There has
been substantial discussion of the question of metal�
metal bonding in supported multinuclear carbonyl com-
plexes,[21–25] also with bridging alkyne ligands,[26,27] and
both QTAIM and ELF have been employed in this con-
text.[11,26–36] We will include this in the discussion appro-
priately.

b) Is the bridging ligand in 1 or 2 a borylene with three va-
lences, or does the bridge exhibit two well-defined local-
ized two-center bonds, as suggested by the two VSCCs
between the bridging boron and the two Mn atoms ob-
served[9] experimentally for 1? And what about the
methylene and vinylidene bridges in 3 and 4? It turns
out that the interpretation of these questions depends in
an unexpected way on the computational level (choice of
exchange-correlation functional) employed, and we thus
compare different methods.

c) Finally, we wish to compare the donation and back-dona-
tion from and to the bridging ligand for 1–4, in the con-
text of a classification of the binding ability of boron-
versus carbon-centered bridging ligands,[37] and in view
of the competition between bridge and direct metal�
metal bonding.[11]

Computational Details

All structure optimizations and harmonic frequency analyses were per-
formed at the B3 LYP/TZVP[38–42] level of theory using the Turbomole

package[43–45] (versions 5.8 and 5.9). As starting point for the structure op-
timizations we used either coordinates from X-ray diffraction studies di-
rectly, or modified them to construct structural derivatives.

For the electronic structure analyses, subsequent single-point calculations
were performed. In view of qualitative discrepancies of our B3 LYP/
TZVP data with the results of the experimental QTAIM study[9] (see
below), we carried out further analyses with the gradient-corrected non-
hybrid functionals BP86[46, 47] and BLYP,[40, 41, 46, 48] with the BHLYP hybrid
functional[48] incorporating as much as 50% Hartree–Fock exchange, and
at the Hartree-Fock (HF) level. Addition of an f-function for manganese
(TZVPP basis) changed the results negligibly (data not reported). Also,
structures optimized with the other functionals (BP86, BLYP, BHLYP)
give almost the same QTAIM and ELF results (data not shown) as the
B3 LYP/TZVP structures, and we can thus restrict our discussion to the
latter.

QTAIM analyses used the AIM2000[49] program package, whereas the
ELF was analyzed and computed with a locally modified version of the
TopMod program.[50, 51] The ELF isosurfaces were visualized with the Mo-
lekel software.[52] Natural population analyses[19] were performed with
Turbomole 5.9.

Results and Discussion

Optimized structures : The recurring entity of the complexes
1–4 is the dicarbonyl-cyclopentadienyl manganese unit,
which is related to the remaining organometallic fragment
by a C2-symmetry operation in the trans isomers studied.
The well-studied reference compound 5 exhibits overall
crystallographic C2 symmetry, but the computations con-
verge to a more symmetrical D4d structure. All computed
distances and angles are within acceptable deviation of the
available crystallographic data (within a few hundredths of
an �; only for 5 the deviations are somewhat larger), and
the structures are confirmed as minima on the potential
energy surface. The dimanganese decacarbonyl, 5, is proba-
bly the paradigmatic example of an unsupported Mn�Mn
single bond (but note that some 1–3 interactions have been
discussed even in this case[11, 32]). Its Mn�Mn bond length be-
tween 2.903 and 3.033 �,[32,53,54] depending on the means of
determination (see also Table 1), will be the reference value.
Obviously, measured and optimized Mn–Mn distances of
the bridged compounds 1 to 4[6,13] are all significantly shorter
and range from 2.806 to 2.857 �. Together with the 18-va-
lence-electron rule, this has been a main reason for the as-
sumption of a direct metal�metal bond in these and related
complexes.

QTAIM analysis

B3 LYP/TZVP results : Figure 1 provides molecular graphs
and 521 plots for 1–5 obtained with the B3 LYP hybrid func-
tional. We note first of all, that no “bond critical point”
(BCP) and thus no bond path is found between the two Mn
atoms for any of the bridged systems 1–4, in contrast to the
unsupported bond in reference complex 5. The Mn–Mn mid-
point is located in an area of positive 521 and low 1 in all
bridged systems 1–4. This agrees with the experimental re-
sults for 1[9] and is consistent with the good bridging abilities
of both borylene- and carbene-type ligands.
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It is a general observation in QTAIM analyses of (so far
carbonyl- or alkyne-bridged) di- or oligonuclear carbonyl
complexes[11,26,27, 30] that direct metal�metal bonds compete
with delocalized bonding via the bridge, and strong symmet-
rical bridges with good p-acceptor ligands tend to exclude
direct M�M bonds (the same holds for results obtained with
ELF[34,55]). The VSCCs associated with the bridged bond are
connected to the bridging ligand in all cases. Delocalized
bonding via the bridge dominates thus clearly over the
direct Mn–Mn bonding in all of 1–4, in contrast to 5. The
latter has a negative Laplacian at the BCP (which exists on
the straight Mn–Mn connection line, compare Figure 1) but
with a clear local maximum in �521, comparable to F2

[8]

(see extensive discussion of the bonding in 5,[28,32, 33,53, 56] as
reviewed also in ref. [11]). We will see below that the ELF
analyses provide a similar picture. There have been argu-
ments that weak M–M interactions may nevertheless be
present but may not be identified using the standard instru-
ments of QTAIM (but with alternative instruments like
plots of total energy density or source functions, or orbital
decomposition of the electron density).[26,27, 29,35, 36,57] Inspec-
tion[9] of the source function for 1 indicated strongly delocal-
ized bonding, and the ratio jV j /G was low. For the present
discussion it suffices to note that bonding via the bridge
dominates in all four cases, as the electrons from those
metal d-orbitals potentially able to establish a direct Mn�
Mn bond instead are delocalized mostly into the acceptor
orbitals of the bridge. In this, the four ligands studied here
resemble bridging carbonyl or alkyne ligands.[11,21–36] Note
that the density topology in small ring systems may also be
influenced by the core densities of the atoms in the perime-
ter.[58]

The bond paths between the bridging atom and the two
Mn centers in 1 to 4 exhibit a pronounced inward curvature
at the bridging atom. This is known to indicate bond deloc-
alization[10] and is thought[59,60] to be related also to the don-
ation of charge density from the bridge to the two metal
centers. Near the Mn centers, the bond paths are almost
linear. This cannot be taken to indicate low back donation,
as the relevant Mn d-orbitals point anyhow largely into the

direction of the bridging ligand. The values of 1 ACHTUNGTRENNUNG(rBCP) and
521ACHTUNGTRENNUNG(rBCP) for these bonds are in all cases slightly asymmetric
for the two Mn–B sides (no symmetry constraint was ap-
plied during the optimization). Borylene complex 2 has
small negative 521 values, complex 1 equally small positive
ones at the BCPs. Both manganese–boron interactions may
thus be taken as borderline cases between closed-shell
dative and covalent shared bonding. The M�Cbridge bonds in
3 and 4 exhibit comparable values of 1 ACHTUNGTRENNUNG(rBCP) and 521 ACHTUNGTRENNUNG(rBCP).
The latter are positive, which would be consistent with more
ionic Mn�C bonds in 3 and 4 than Mn�B bonds in 1 and 2
(see also below). We note in passing the expected,[11] rela-
tively pronounced positive 521ACHTUNGTRENNUNG(rBCP) values for terminal
dative carbonyl metal-ligand interactions.

For the complexes 1, 3, and 4, the B3 LYP/TZVP calcula-
tions provide one VSCC near the bridging atom, pointing
towards the Mn�Mn midpoint. This is similar to the
QTAIM description of bridging carbonyl[11,30, 31,56] and phos-
phane[55] ligands but clearly contradicts the experimental
QTAIM results for 1, which provided two B�Mn bond
VSCCs, each one of them pointing from the bridging boron
atom towards one of the Mn centers.[9] While the experi-
mental study is thus more consistent with a description of
the bridging ligand as a substituted borane, the B3 LYP/
TZVP picture is that of a delocalized three-center bond of a
genuine borylene. Interestingly, the calculations do provide
two B–Mn VSCCs for 2. That is, the result already is in tune
with the substituted-borane approach. However, the separa-
tion between the two attractors in 521 is only marginal (see
below). We will discuss below that the actual interpretation
obtained by theory for 1, 2, and 4 depends remarkably on
the computational level. At all levels, an additional VSCC is
located between the bridging atom and each of its substitu-
ents (two in case of the CH2 bridge in 3).

In agreement with the experimental QTAIM study of 1,[9]

the valence shells of the metal atoms in 1 to 4 feature six
VSCCs in an octahedral configuration with one of the edges
of the octahedron pointing towards the cyclopentadienyl
ligand. All other ligands face regions of charge depletion.
This is interesting, as within QTAIM the cyclopentadienyl
ligand behaves thus topologically as a single (six-electron)
donor ligand. We note in passing that, in agreement with
previous work,[11] eight VSCCs in a distorted cubic arrange-
ment are found for each Mn atom in 5.

Table 1. Selected distances [�] for the B3 LYP/TZVP-optimized struc-
tures compared to experiment.

Compound Theory Experiment

1 Mn···Mn 2.841 2.78190[a]

Mn�Bbridge 2.037, 2.034 2.0215, 2.0206[a]

B�C 1.614 1.6092[a]

2 Mn···Mn 2.857 2.790(6)
Mn�Bbridge 2.047, 2.048 2.03, 2.03(6)
B�N 1.404 1.39(6)

3 Mn···Mn 2.836 2.799(16)
Mn�Cbridge 2.026, 2.025 2.026(16)

4 Mn···Mn 2.806
Mn�Cbridge 1.981
Cbridge=C 1.326

5 Mn···Mn 3.034 2.9042(32), 2.9078(54)

[a] Supporting Information in ref. [9].

Table 2. BCP properties of selected bonds.

Compound Interaction 1 [e ��3] 521 [e ��5]

1 Mn�B 0.658 �0.004
0.662 �0.004

2 Mn�B 0.642 0.158
0.640 0.165

3 Mn�Cbridged 0.685 3.452
0.685 3.446

4 Mn�Cbridged 0.739 4.155
0.739 4.171

5 Mn�Mn 0.160 0.119
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Dependence on exchange-correlation functional : Given the
discrepancy between the number of computed (B3 LYP/
TZVP) and experimentally obtained B�Mn bonding VSCCs
in 1, we have compared charge densities obtained with dif-
ferent functionals (BP86,[46,47] BLYP,[40,41, 46,48] B3 LYP[38,40, 41]

and BHLYP[40,41, 48]) and at the HF level. It is known that the
local density approximation (LDA) and the generalized gra-

dient approximation (GGA) tend to suffer from self-interac-
tion errors and provide metal�ligand bonds in transition-
metal complexes for which the covalent character is overes-
timated.[61–64] On the other hand, the semilocal exchange
holes of GGA-type functionals like BP86 or BLYP are also
thought to simulate non-dynamical correlation.[62,65] Hence,
exact-exchange admixture renders the bonds more polar but

Figure 1. Molecular graphs and Laplacian maps; BCPs are indicated as red dots; charge accumulations (521 < 0) are printed in blue (grey), charge de-
pletions (521 > 0) in red (black). B3 LYP/TZVP results.
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may also reduce the amount of non-dynamical correlation
simulated. It should be noted that there is no clear prefer-
ence in the literature for one type of functional when it
comes to transition-metal systems. The above-mentioned
balance between minimal self-interaction and adequate sim-
ulation of nondynamical correlation is difficult to achieve.
While B3 LYP is clearly the most popular functional in main
group chemistry (albeit it also has been shown to exhibit
severe shortcomings even in organic chemistry), it appears
that the optimum amount of exact-exchange admixture
varies for different systems and different properties (see,
e.g., discussions in refs. [27,64, 66–72]). B3 LYP incorporates
20 % and the BHLYP functional 50 % HF exchange, and
thus a comparison of these two hybrid functionals with the
BP86 and BLYP GGA functionals should provide insight to
an interrelation between charge transfer between metal and
bridging ligand (and vice versa) and the computed features
in 521.

The number of VSCCs for Mn-Lbridge-Mn bonding de-
pends on this exact-exchange admixture for all bridged com-
plexes but 3 (Table 3). At all levels, the latter methylene-
bridged complex exhibits only one VSCC, consistent with
the delocalized three-center bonding picture that is common
also for bridging carbonyl ligands.[11,30, 31,56] In contrast, with
GGA functionals (BP86, BLYP), complexes 1 and 4 feature
two VSCCs and thus a localized two-center bonding picture.
Exact-exchange admixture changes this to a delocalized pic-
ture with one VSCC already at B3 LYP level (and also with
50 % exact exchange at BHLYP level). Finally, the amido-
substituted borylene complex 2 has two VSCCs at B3 LYP
and BLYP, BP86 levels, and switches to one VSCC only at
BHLYP level (pure HF results give the same qualitative top-
ology as BHLYP for all complexes; data not shown). In all
bridged complexes except 3, the Laplacian distribution near
the bridging ligand appears thus borderline between one
and two VSCCs, thereby explaining the unusual dependence
on the exchange-correlation functional. Apparently the nu-
clear configurations of complexes 1, 2, and 4 are close to a
catastrophe point within Bader�s topological theory of mo-
lecular structure, indicating a borderline between two topo-
logically different bonding situations.[10, 73] A somewhat relat-
ed situation has very recently been observed for the Co-(C2)
QTAIM bond topology in an alkyne-bridged dicobalt com-
plex, where either one or two
Co�C bond paths were ob-
tained, with qualitative differ-
ences even between closely
similar, crystallographically in-
dependent molecules.[26] The
topologically unstable situation
was attributed to a very shal-
low density distribution in the
Co-(C2) triangles marking the
interactions between the two
cobalt centers and the bridging
alkyne ligand, and it was
argued that discrepancies may

well be caused by measurement errors or artefacts in the
multipole refinement of the experimental charge density.[26]

As shown here, a bifurcating bonding situation may also
cause a high sensitivity to the computational level.

The visualization as a contour plot of 521 (Figure 2) indi-
cates, that the splitting into two VSCCs at BP86 or BLYP
level for 1 (and also for 4 ; data not shown) is not very pro-
nounced, certainly less so than suggested by the experimen-
tal Laplace map for 1[9] (see footnote [b] to Table 3; note
that the experimental density distribution around boron is
also more asymmetric than computationally suggested). This
is confirmed by the values of 521 given in Table 3: In those
cases where a splitting into two VSCCs occurs (1, 2, and 4
with BLYP and BP86, and additionally 2 with B3 LYP), the
separatice 521 values are only slightly less negative than the
attractor with the lower j521 j value. For 1 and 4, the sepa-
ratice value is only about 0.02–0.06 e ��5 or 0.2–0.7 % below
the attractor value (separation is somewhat clearer with
BP86 than with BLYP), compared to more than 1.6 e ��5 or
25 % determined experimentally (footnote [b] to Table 3).
The separation is more pronounced for 2 with GGA func-
tionals (about 6–7 % for BLYP and BP86) but becomes less
with the B3 LYP hybrid functional (1.2 %), compare Table 3.

As we move from BHLYP to B3 LYP to BP86 or BLYP,
we notice furthermore that the overall region of negative
521 becomes wider and more distinct (Figure 2), indicating
the expected enhanced covalency at GGA level. We note
also that, as the two VSCCs present at GGA level merge
into one VSCC at hybrid level, the 521 value at the attrac-
tor of the corresponding merged basin is more negative than
those at the two previously separate attractors (Table 3).
Additionally, increased exact-exchange admixture renders
521 at the single attractor more negative even for 3, while
the qualitative topology remains unchanged. We may gener-
alize these observations by stating that exact-exchange ad-
mixture in the hybrid functionals accumulates charge in the
region below the bridging atom pointing towards the
Mn···Mn midpoint, at the expense of the regions close to the
direct Mn-bridge connection lines.

On the other hand, a change in the number of VSCCs
with different functionals is not accompanied by large
changes in the BCP properties 1ACHTUNGTRENNUNG(rBCP) and 521 ACHTUNGTRENNUNG(rBCP). These
respond marginally, with a slightly more positive 521 ACHTUNGTRENNUNG(rBCP)

Table 3. Number of attractors in �521, with 521 values, and separatice 521 values [e ��5] for the di- or trisy-
naptic VSCCs at the bridge.[a]

VSCC 521

values
BP86 BLYP B3 LYP BHLYP

1[b] separative 2 : �5.561,�5.359 2 : �5.896, �5.683 1: �6.287 1: �7.554
attractor �5.324 �5.663

2 separative 2 : �5.247, �5.226 2 : �5.566, �5.546 2 : �5.769, �5.788 1: �6.871
attractor �4.872 �5.218 �5.699

3 separative
attractor 1: �14.863 1: �15.740 1: �16.639 1: �18.973

4 separative 2 : �16.466, �16.478 2 : �17.210, �17.222 1: �18.281 1: �20.757
attractor �16.406 �17.178

[a] At B3 LYP/TZVP structures. Number of attractors in bold italics. [b] Experimentally determined values for
1 are:[9] �7.493 e ��5 and �6.566 e ��5 for the two VSCCs and �4.868 e��5 for the separative.
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value upon increasing exact-exchange admixture, consistent
with the above-mentioned more ionic metal-ligand bonding.
Finally, it is worth mentioning, that at none of the computa-
tional levels employed, a Mn–Mn BCP appears for any of
the four complexes 1–4.

To what extent is the change in the topology of the charge
density with the functional related to charge transfer from
and to the bridging ligand? Table 4 summarizes NPA charg-
es for the bridge and the metal fragments, as well as for Mn
and the bridging atom, in 1 to 4, comparing different func-
tionals. We note first a pronounced inequivalence of the two
metal fragments for 1, in contrast to the other three com-
plexes. This is related to the conformation of the alkyl sub-
stituent on boron. In case of the two boron complexes 1 and
2, there is moderate yet notable net charge transfer from
the bridging ligand to the two MnCp(CO)2 moieties. This
contrasts with the methylene and vinylidene complexes 3
and 4, where charge transfer of similar magnitude occurs to
the bridge. These observations are consistent with the more
pronounced curvatures of the L�Mn bond paths at the
bridging atom for 1 and 2 compared to 3 and 4 (cf.
Figure 1): Significant donation from the bridge to the metal
fragments is expected to enhance the curvature.[11,59, 60]

The lower electronegativity of B versus C is particularly
notable from the charge of the bridging atom itself, which is
appreciably positive for 1 and 2, strongly negative for 3 and
weakly negative for 4, reflecting charge distributions within
the various bridging ligands, as well as the donation/back-
donation between bridging ligand and metal fragments.
With the exception of 3, the Mn centers themselves exhibit

negative partial charges, most significantly for the boron
complexes 1 and 2 (Table 4). The extensive backbonding in
3 (and the resulting slightly positive charge on Mn) has al-
ready been discussed previously as origin of the high stabili-
ty of the methylene-bridged complex[20,74] (albeit under the
pretext of a metallacyclopropane topology with direct M�M
bond). Bridging carbene ligands are of potential interest in
catalysis and various applications, and their extent of dona-
tion/back-donation has therefore been under extensive dis-
cussion.[75] Bridging boron ligands have been rarely studied,
and therefore their bonding is of current interest. The charg-
es in Table 4 suggest that a) the significant thermochemical
stability of bridged borylene complexes[13] may derive partly
from electrostatic contributions (cf. fragment charges of 1
and 2), and b) the appreciably positive charge at boron ex-
plains the accessibility towards nucleophilic attack at the
bridging ligand.[12,76–78]

Turning to the dependence on the functional (Table 4), we
see more charge transfer from the bridge to the metal frag-
ments for the boron complexes 1 and 2 with increasing
exact-exchange admixture from BLYP to B3 LYP to BHLYP
(with the exception of the BHLYP result for 2, which is
lower, for as yet unknown reasons). That is, the enhanced
“localization” of charge with exact-exchange admixture
works from the bridge to the metal. The situation is re-
versed for the carbon-bridged complexes 3 and 4, where the
net charge transfer to the bridge increases with increasing
exact exchange. All four systems have thus in common that
the overall charge transfer is enhanced with exact-exchange
admixture, but the direction differs between boron and
carbon ligands.

The experimentally obtained QTAIM charges for 1[9] indi-
cate even more charge transfer from the bridging ligand to
the Mn centers (cf. footnote [b] in Table 4). This larger bond

Table 4. NPA charges for atoms and molecular fragments.[a]

BLYP B3 LYP BHLYP

1 Mn1[b] �0.395 �0.397 �0.345
Mn2[b] �0.385 �0.386 �0.331
B[b] 0.752 0.780 0.800
MnCp(CO)2 1 �0.146 �0.156 �0.160
MnCp(CO)2 2 �0.078 �0.085 �0.089
B ACHTUNGTRENNUNG(tBu) ligand 0.224 0.241 0.249

2 Mn[c] �0.355 �0.352 �0.295
B 0.683 0.705 0.724
MnCp(CO)2

[c] �0.114 �0.116 �0.111
B ACHTUNGTRENNUNG(NMe2) ligand 0.228 0.231 0.222

3 Mn[c] 0.058 0.058 0.056
C �0.529 �0.541 �0.561
MnCp(CO)2

[c] 0.093 0.100 0.114
CH2 ligand -0.187 �0.200 �0.227

4 Mn[c] �0.217 �0.220 �0.223
C �0.034 �0.038 �0.056
MnCp(CO)2

[c] 0.181 0.121 0.127
CH2=C ligand �0.237 �0.242 �0.255

[a] Functional/TZVP//B3 LYP/TZVP results. [b] Experimental QTAIM
charges for 1[9] are �0.73 and �0.76 e for the two Mn atoms, +1.04 e for
B, and overall +0.69 e for the bridging ligand. [c] Averaged over both
MnCp(CO)2 fragments.

Figure 2. Contour plots of 521 for 1 with different exchange-correlation
functionals; values for the most negative contour a) BP86: �5.302 �,
b) BLYP: �5.591 �, c) B3LYP: �6.169 �, d) BHLYP: �7.422 � (the
area around bridgehead atom is shown).
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polarity is well in line with previous comparisons between
QTAIM and NPA charges.[19]

ELF analysis : The electron-localization function (ELF[17,18])
provides an alternative real-space function for the analysis
of non-trivial bonding situations. While the ELF exhibits
certain similarities to the negative of 521 in terms of topo-
logical analysis,[79] it differs from the latter in a number of
points, for example, in the precise position of the attractors
or in the number of attractors for covalent bonds.[80] The
ELF has an extensive history of application to transition
metal systems (see, e.g., reviews in refs. [18,81]), including
questions of metal�metal bonding in polynuclear carbonyl
and related clusters.[34,82–87] For example, the ELF shows no
direct M�M bonding attractors for the triscarbonyl-bridged
Fe–Fe interaction in [Fe2(CO)9]

[34] or for the bridged edge in
the C2v isomer of [Fe3(CO)12],[87] in both cases yielding con-
clusions consistent with the QTAIM results (as another ex-
ample, no direct Rh�Rh bonding attractors are found on
the carbonyl-bridged faces of [Rh6(CO)16)

[34]). The topologi-
cal discussion of the ELF is typically based on the synaptic
order of its attractors and the associated basins,[88,89] where
monosynaptic valence attractors are assigned to lone pairs,
disynaptic attractors to two-center bonds, and attractors of
higher synapticity to delocalized multicenter bonding.

Consistent with the QTAIM results above, none of the
bridged complexes 1 to 4 exhibits a direct Mn�Mn bonding
attractor (cf. Figure 3), in contrast to the unsupported com-
plex 5, which exhibits a disynaptic bonding attractor at an
ELF value of 0.42. The delocalized Mn-bridge-Mn bonding
is apparent from the saddle-shaped areas of the ELF= 0.7
isosurfaces in Figure 3. Interestingly, further increase of the

isosurface value reveals in some cases the separation into
different attractors with associated basins in ELF, dependent
again on the exchange-correlation functional.

The trends in this case are closely consistent with the be-
havior of the VSCCs in the density, as discussed above: At
BHLYP hybrid level with 50 % HF exchange, only one trisy-
naptic attractor with ELF values near 0.82–0.88 is observed
in all cases 1–4 (cf. Table 5). It points towards the Mn···Mn

midpoint, as is the case for the corresponding VSCC. Con-
sistent with the discussion for �521 (cf. Figures 1 and 2), a
decrease of exact-exchange admixture tends to diminish the
high-ELF area in this trisynaptic domain and creates high-
ELF attractors close to the connection line between Mn and
the bridging atom. While no further attractors are found for
the methylene-bridged complex 3 at any level (Table 5), al-
ready at B3 LYP level complex 2 develops two disynaptic at-
tractors in addition to the central trisynaptic attractor. This
is also the case for 1, albeit in a less pronounced fashion
(the two disynaptic attractors and their basins are clearly
nonequivalent). In case of 4, the B3 LYP results exhibit only
the trisynaptic attractor, whereas two disynaptic attractors
appear additionally at BLYP level. This behavior is consis-

Figure 3. ELF isosurface plots; B3 LYP/TZVP results; ELF=0.7 isosurfaces, unless noted otherwise.

Table 5. Number of trisynaptic (disynaptic) ELF attractors associated
with the bridge�Mn bond; dependence on the functional.

Compound BLYP B3 LYP BHLYP

1 1 (2) 1 (2) 1 (0)
2 1 (2) 1 (2) 1 (0)
3 1 (0) 1 (0) 1 (0)
4 1 (2) 1 (0) 1 (0)
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tent with the pronounced bond covalency at GGA level and
enhanced charge transfer to or from the bridge discussed
above. The overall trends in �521 and ELF are thus very
similar (wider areas of very negative 521 and high positive
ELF values at GGA vs hybrid level). However, the develop-
ment of disynaptic VSCCs in the density destroys the trisy-
naptic ones, whereas the trisynaptic ELF attractors survive
even when the disynaptic ones appear. Again, we see close
similarity but subtle differences between these two quanti-
ties. As for the density, the di- and trisynaptic ELF basins at
GGA (BLYP) level tend to be separated only little. To give
just one example, the ELF values at the tri- and disynaptic
attractors for 2 (BLYP data) are 0.815 and 0.830, respective-
ly, whereas the separative (merging of the three domains) is
at ELF= 0.806 (in contrast, the single trisynaptic attractor at
BHLYP level is at ELF=0.883). Thus we conclude that the
ELF for these systems (except for 3) is close to a bifurcation
point between two different bonding topologies, just as ob-
served for �521. This explains again the extreme sensitivity
to the computational level, notably to the exchange-correla-
tion functional.

The Mn valence regions are characterized by an approxi-
mately octahedral distribution of ELF attractors, similar to
the arrangement of the VSCCs around the metal centers in
the QTAIM analysis (cf. Figure 4 for a comparison).[80] As
had been noted previously,[34] the non-bonding valence local-
ization regions around coordinated metal centers tend to be
arranged in the form of a dual polyhedron with respect to
the ligand framework.

Conclusion

Both QTAIM and ELF analyses of the borylene-bridged
complex 1 confirm the absence of significant direct Mn�Mn
bonding (question a in the introduction), as had been sug-
gested by the experimental charge density study. Indeed, in
none of the systems studied here we find any QTAIM or
ELF evidence for a direct Mn�Mn bond. This is most re-
markable for the methylene complex 3 (and probably also
for the vinylidene complex 4), because this was often taken
as the prototype of a dimetallacyclopropane. All four bridg-
ing ligands in our title systems 1–4 may serve as good to ex-
cellent p-acceptors towards the MnCp(CO)2 organometallic
moieties. Charge transfer from metal-metal-bonding MOs

into empty orbitals on the bridge provides a mechanism for
preventing the direct Mn�Mn bond. The two residues are
thus held together mainly by delocalized bonding across the
bridging ligand, consistent with previous analyses for car-
bonyl complexes (see, for example, ref.[11] and papers cited
therein). The consistency between the descriptions by
QTAIM and ELF is remarkable, because the ELF has a dif-
ferent connection to electron pairing and localization (and
to the Pauli principle) than �521 and thus provides a com-
plementary independent approach.

Unexpected behavior has been found for the synapticity
of the VSCCs and of the ELF attractors for the bridge in 1–
4. The methylene complex 3 exhibits the most clear-cut sit-
uation. A Mn-C-Mn three-center bonding picture is ob-
tained at all computational levels, with only one VSCC or
ELF basin associated with the bridgehead. We have found a
striking qualitative dependence on the exchange-correlation
functional in DFT calculations for the remaining bridged
complexes 1, 2, and 4 : Depending on the exact-exchange ad-
mixture in the functional, the two boron bridges in 1 and 2
and the vinylidene bridge in 4 may involve delocalized
three-center bonding across the bridge (as indicated by only
one VSCC or by one trisynaptic ELF attractor) or separate
into two two-center bonds (two VSCCs or overall three
ELF attractors). GGA-type functionals like BP86 and BLYP
favor a separation, whereas exact-exchange admixture in
hybrid functionals like B3 LYP or BHLYP shifts matters in-
creasingly into a three-center bonding situation by accumu-
lating charge in the area between the bridging atom and the
Mn···Mn midpoint. Thus, for 1, BP86 or BLYP calculations
agree qualitatively with the recent experimental charge den-
sity study by exhibiting two separated VSCCs (as well as
two disynaptic and one trisynaptic ELF basins). In contrast,
hybrid functionals collapse these basins (one VSCC in
�521, one trisynaptic ELF basin). In these complexes, we
are close to bifurcation points in both �521 and ELF, and
slightly altered charge transfer from or to the bridge may
switch matters from one to the other bonding situation. We
should note, however, that the separation between the two
VSCCs in 1 even at GGA level is much less pronounced
than found by the experimental charge density analysis. Of
course we cannot disregard the role of the multipole expan-
sion in the experimental determinations. At this stage, we
cannot even recommend a preferred functional. Question b
in the introduction remains thus open both theoretically and
experimentally. Further work on comparable nontrivial
bonding situations should be rewarding, both by experimen-
tal electron density studies and by computations.

Comparing finally the boron- and carbon-bridged com-
plexes in this study (question c in the Introduction), the
main difference is the net charge transfer from the bridge to
the two Mn atoms in the borylene complexes 1 and 2 com-
pared to the net charge transfer to the bridge in the methyl-
ene and vinylidene bridged complexes 3 and 4. This reflects
the overall better donor and diminished acceptor capabili-
ties of borylene compared to carbene ligands as bridging
units in this context. A positive charge at boron explains fur-

Figure 4. VSCCs in �521 (purple/black) mapped on ELF distribution
(isosurface ELF=0.73 in grey) around an Mn atom in 4.
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thermore the accessibility to attack by nucleophiles at the
bridging atom.
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