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ABSTRACT: A number of local and integral topological parameters of the electron
density of relevant bonding interactions in the binuclear molybdenum complexes
[Mo,(u-CH,CO,),Br,]*7,
[Moz(ﬂ'CF3C02)4Brz]2_: [Moz(ﬂ'CH3C02)zCI4]2_; [Moz(ﬂ'CHz,COz)z(ﬂ'CI)2CI4]2_;
have been calculated and interpreted under the perspective of the
quantum theory of atoms in molecules (QTAIM). These data have allowed a comparison
between related but different atom—atom interactions, such as different Mo—Mo formal
bond orders, ligand-unbridged versus Cl-bridged, CH;CO,-bridged, and CF;CO,-bridged

[Mo,Clg]*", [Mo,(u-CH;CO,),], [Mo,(u-CF5CO,),],

and [Mo,(u-Cl),Cl,]*~

[Moz(u-Cl)3Clg]*~

Mo—Mo interactions, and Mo—Clng and Mo—Clyg, versus Mo—Br and Mo—O
interactions. Calculations carried out using nonrelativistic and relativistic approaches

afforded similar results.

B INTRODUCTION

The experimental and theoretical chemistry related to metal—
metal multiple bonds was extensively developed after the
seminal papers that reported the synthesis and characterization
of the anionic complex [Re,Cl;]*”, which was the first example
of a complex having a formal quadruple bond between metal
atoms." Most of this research was carried out by F. Albert
Cotton’s group.” In recent times, the appearance on the scene
of a compound with a very short Cr—Cr bond distance,®
corresponding to a formal Cr—Cr quintuple bond,>* has
prompted again the search for new compounds having metal—
metal bonds with high bond orders.”

However, in contrast to the abundant theoretical works that
have been devoted to study metal-metal bonds under the
perspective of the molecular orbital (MO) theory,>™” only a few
systematic studies on this kind of bonding interactions® have
hitherto been based on the alternative and complementary
approach of the quantum theory of atoms in molecules
(QTAIM),” which has recently become a powerful tool for
studying chemical bonds. QTAIM studies on systems
containing light atoms (periods 1—3 of the periodic table)
have allowed the establishment of useful links between bonding
modes and topological properties (both local and integral) of
the electron density and its Laplacian, from both theoretically
and experimentally determined electron densities.'® However,
such links cannot be straightforwardly extended to compounds
with transition-metal atoms because they display a different and
much narrower spectrum of topological indexes.'' Bonding
interactions between transition-metal atoms constitute a
particular case, because the QTAIM approach assigns very
little (or none at all) electron density to these bonds when they
have a low formal bond order (<1) and, with few exceptions,
only finds metal—metal bond paths in these compounds when
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no bridging ligands are present.*'> Additionally, most QTAIM
studies on transition-metal complexes have been performed on
compounds that have no metal—metal bonds. Therefore, more
QTAIM studies on this class of complexes are desirable in
order to shed additional light on the relationship between
metal—metal bonds and the topology of their associated
electron density.

This paper reports the results of a QTAIM study of the
bonding in several dimolybdenum complexes with high Mo—
Mo formal bond order (>3). The complexes shown in Figure 1,
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Figure 1. Schematic structures of the dimolybdenum complexes
studied in this work.

[Mo,Clg]*™ (1), [Mo,(u-CH;CO,),] (2), [Mo,(u- CF3C02)4]
(3), [Moz(ﬂ'CH3C02)4sz] (4), [Mo,(u- CF3C02)4BY2]
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Figure 2. Perspective views of compounds 1—8, showing the bond paths (solid lines) and bond (small red circles) and ring (small yellow circles)
critical points. Larger images are provided in the Supporting Information file.

(8), [Mo,(u-CH;CO,),CLI*" (6), [Mo,(u-CH;CO,),(u-
C1),C1,]1*™ (7), and [Mo,(u-Cl1);Cls]*~ (8), have been chosen
because they allow interesting comparisons between various
local and integral topological properties of the electron density
of related but different atom—atom interactions. Thus, for a
family of complexes having a Mo—Mo formal bond order of 4
(1—6), we now provide comparisons between Mo—Mo bonds
for ligand-unbridged (1) versus ligand-bridged complexes (2—
6), acetate-bridged (2, 4) versus trifluoroacetate—bridged
complexes (3, 5), tetracarboxylate-bridged complexes without
axial ligands (2, 3) versus tetracarboxylate-bridged complexes
with two axial ligands (4, S), and complexes having four
carboxylate ligands (2, 3) versus a complex having four terminal
Cl ligands and only two bridging carboxylate ligands (6).
Topological data are also provided for the Mo—Mo bonds of
two complexes with a formal bond order of 3 (7 and 8) that
have different structures, namely, edge-shared bioctahedral (7)
and face-shared bioctahedral (8). In addition, this paper also
discusses various topological parameters of the Mo—Cl, Mo—
Br, and Mo—O bonds of complexes 1—8. A systematic QTAIM
study on binuclear transition-metal complexes of high M—M
formal bond order has no precedent in the chemical literature.

Having in mind that it has been previously shown that the
use of relativistic Hamiltonians is important to obtain accurate
quantitative results from calculations on compounds containing
third-row transition-metal atoms,gb’13 we decided to use both
nonrelativistic and relativistic wave functions for our
computations on complexes 1—8 with the objective of
confirming whether or not QTAIM calculations on compounds
having a second-row transition-metal, such as molybdenum, are
affected by relativistic effects.

B COMPUTATIONAL METHODS

Density functional theory (DFT) computations with nonrelativistic
wave functions were performed with the GAUSSIANO03'* and
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GAUSSIANO09"® program packages using both B3PW91 and B3P86
hybrid functionals'® (in order to check the accuracy of both methods
in our calculations). The structures were optimized using the effective
core potential LanL2DZ for the Mo atoms and the all-electron 6-
31G(dp) for the remaining atoms. The previously reported X-ray
diffraction structures of [C,H;,N,],[Mo,Cly]-4H,0,"” [Mo,(u-
CH;CO0,)4],"* [Mo,(u-CF3CO0,),],"" [CsHN],[ Mo, (u-
CH,C0,),Br,],>° [NBu,],[Mo,(u-CF;CO,),Br,],*" [As-
Ph,],[Mo,(u-CH;CO,),Cl,] -ZCH3OH,22 [PPh,],[ Mo, (u-
CH3C02)2(/4'CI)2C14];23 and [NEt,],[H;0] [MOZ(H'CI)3C13]'2H2024
were used as starting points to calculate the optimized geometries of
complexes 1—8, respectively. All theoretical models were able to
render optimized structures close to the experimental ones, albeit
more symmetric (tables of coordinates are available in the Supporting
Information file). For instance, all chemically equivalent bonding
distances and angles were found to be identical in the optimized
structures, although no symmetry constraints were imposed in the
geometry optimization processes. The single-point electronic structure
calculations at the optimized geometries were performed using B3P86
functional, the large all-electron WTBS (“well-tempered basis set” of
Huzinaga and co-workers®®) for the Mo atoms and the all-electron 6-
311++G(3df,3pd) basis set for the remaining atoms.

Computations with relativistic wave functions were performed using
the scalar ZORA Hamiltonian, the BP86D3 density functional, and the
all-electron TZ2P and QZAP basis sets for all atoms, as implemented
in the ADF2010 program package.*

The calculated nonrelativistic (B3P86/WTBS/6-311++G(3df,3pd))
and relativistic (ZORA-BP86D3/TZ2P) ground-state electronic wave
functions, which were found to be stable, were then utilized for
calculations on the topology of the electron density within the
framework of the QTAIM approach. These calculations included both
local and integral properties and were carried out with the ATIM2000*”
and DGrid?*® programs from GTO- and STO-based wave functions,
respectively. The accuracy of the integrated properties was finally set at
least at 1.0 X 107* (from the Laplacian of the integrated electron
density), whereas the accuracy of the local properties was 1.0 X 107"
(from the gradient of the electron density at the bond critical points).
Both all-electron nonrelativistic B3P86/WTBS/6-311++G(3df,3pd)
and relativistic ZORA-BP86D3/TZ2P models, applied to the
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Figure 3. Gradient trajectories mapped on total electron density plots (contour levels at 0.1 e A=) in selected planes containing the Mo atoms of 1—
8, showing the atomic basins, bps (red lines), beps (red circles), and rcps (green circles). For symmetry-related atoms, only one atom is labeled.
Larger images are provided in the Supporting Information file.

Table 1. Atomic Charges (e) for Selected Atoms of 1—8 [X = Clierminat (1, 6), Clyigge (7, 8), O (2, 3), Br (4, 5)]

atom 1 2 3 4 S 6 7 8
QTAIM

Mo? 1.107 1.344 1.367 1.354 1.359 1.216 1.588 1.480

Mo® 1.103 1.354 1.378 1.368 1.375 1.225 1.611 1.501

X* —0.775 —1.144 —1.107 —0.881 —0.814 —0.738 —0.567 —0.603

xb —-0.773 —1.144 —-1.111 —-0.879 -0.817 -0.737 —0.567 —0.606
Mulliken

Mo*” 0.835 1.327 1.362 1.370 1.331 1.158 1.718 1.181

Mo” 0.747 1.248 1.303 1.352 1.304 1.048 1.570 1.001

X —0.708 -0.579 —-0.575 —0.914 —-0.813 —0.671 —0.433 —-0.479

x? —0.686 —-0.514 —-0.517 —-0.921 -0.823 —0.617 —0.380 —0.431

NBO
Mo* 1.031 1.332 1.358 1.362 1.366 1.156 1.431 1.227
X —0.758 —-0.749 —0.699 —-0.922 —0.849 —-0.723 —0.500 —0.536

“Calculated using the nonrelativistic theoretical model BP86D3/QZ4P. bCalculated using the relativistic theoretical model ZORA-BP86D3/QZA4P.
“Calculated using the nonrelativistic theoretical model B3P86/ 6-311++G(3df,3pd) /WTBS.

theoretically optimized geometries, were able to find all critical points metal—ligand interactions, a bep and a bp were found for each
in all cases and provided similar local or integral topological of the two Mo—Br bonding interactions in compounds 4 and 5,
parameters for each complex. with the beps located not far from the center of each Mo—Br

vector, although slightly closer to the Mo atoms (see Table S9

B RESULTS AND DISCUSSION of the Supporting Information file for the exact A—bcp and
Topological Properties of the Electron Density. The bep—B distances in every A—B bond). Additionally, 8, 4, 8, and
images shown in Figure 2 were obtained by applying the 12 beps and bps, associated to Mo—Cl bonding interactions,
QTAIM approach to compounds 1—8. They show, along with were also found for compounds 1, 6, 7, and 8, respectively; all
the atoms corresponding to each complex, the complete set of these beps are located again slightly closer to Mo atoms than to
bond critical points (bcps) and ring critical points (rcps), Cl atoms. Similarly, eight beps and bps, associated to Mo—O
together with the bond paths (bps) that connect the bonded bonding interactions, were found for compounds 2—S§, while
atoms through their corresponding beps. Concerning metal— four of such beps and bps were located in complexes 6 and 7.
metal interactions, bps for both bridged and unbridged Mo— An rcp was obtained for each Mo,(#-RCO,) ring of complexes
Mo bonding interactions and their associated beps were clearly 2—7 and for each Mo, (u-Cl) ring of complexes 7 and 8.
found in the eight complexes, with the beps located exactly at Figure 3 displays gradient trajectory maps of the total
the geometrical center of each Mo—Mo vector. In regard to electron density in selected Mo,X planes of complexes 1—8 (X
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= Cl for 1, 7, and 8; X = C_pomyiate for 2—6), showing the
atomic basins of the Mo atoms as well as those of the ligand
atoms that are also contained in the chosen planes. The bps,
beps, and reps located in these planes can also be observed. As
expected, the maps corresponding to complexes 2 and 3 are
very similar to each other, and the same is true for those
corresponding to 4 and S. As clearly seen in Figure 3, all bps are
straight lines except those corresponding to Mo—Clyg,.
interactions (compounds 7 and 8) that are slightly curved
toward the interior of the Mo,(u-Cl) triangle.

Integration of the electron density inside each atomic basin
rendered the corresponding atomic electric charges. Table 1
compares relativistic and nonrelativistic QTAIM charges with
those obtained by other commonly used population analysis
methods. While Mulliken and natural bond orbital (NBO)
population analyses afforded results rather dependent on the
theoretical model used (both method and basis set), the
QTAIM approach was very consistent, giving nearly equal
values for the charge of each atom regardless of the theoretical
model used. In particular, relativistic and nonrelativistic
QTAIM charges calculated using the same functional
(BP86D3) and basis set (QZ4P) are equal within two
significant digits in complexes 1—8, being slightly greater (ca.
0.1 e) than the nonrelativistic NBO charges, while Mulliken
charges show significant differences between relativistic and
nonrelativistic calculations. As expected by symmetry, both Mo
atoms of each complex have identical positive charges, ranging
from +1.1 e for the most negatively charged complex (1) to
+1.6 e for complex 7. All nonmetal atoms (X) attached to the
Mo atoms are negatively charged, ranging from —0.56 e for the
bridging Cl atoms of complex 7 to —1.1 e for the O atoms of
complex 2. The O atoms of complexes 4—7 have similar
negative charges (not included in Table 1).

The electron configurations, obtained from nonrelativistic
NBO analyses, of the Mo atoms of complexes 1—8 are
[core]5s®2! 4d*78 [core]5s®** 4d**, [core]5s™** 4d**, [core]-
55023 4448 [core]5s0%S 4d*, [core]5s®? 4d*®* [core]$s0?S
4d*¥, and [core]5s®?” 4d*!, respectively, with other noncore
orbitals contributing less than 0.1 e.

There are several local (ie., calculated at the bcp) and
integral (ie., calculated over a whole atomic basin, over an
interatomic surface, or along a bond path) topological
properties of the electron density that have been successfully
used to analyze the bonding in compounds containing
transition metals. Among the former, the electron density
(py), the ellipticity (e,), the Laplacian of the electron density
(V?py,), the kinetic energy density ratio (G,/p,), and the total
energy density ratio (Hy,/py, with Hy(r) = G,(r) + V;(r) and
Y. V2py(r) = 2Gy(r) + Vi(r), where Vi(r) is the potential
energy density) are by far the most common.®”'> On the other
hand, the delocalization index 6(A—B), which is an integral
property, is a useful tool to measure the number of electron
pairs delocalized between atoms A and B and can be considered
a covalent bond order."**''***3® Vlues of these topological
properties for selected bonds of complexes 1—8 are collected in
Table 2. These data, obtained using the nonrelativistic B3P86/
WTBS/6-311++G(3df,3pd) model, are similar to those
obtained using the relativistic ZORA-BP86D3/TZ2P model,
which are provided in Table S9 of the Supporting Information
file. Therefore, as far as the topological properties studied in
this work for complexes 1—8 are concerned, the relativistic
effects are very small. However, this statement should not be
straightforwardly extended to other properties or other second-
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Table 2. Topological Parameters for Selected Bonds of 18,
Calculated Using the Theoretical Model B3P86/WTBS/6-
311++G(3df,3pd) on the Theoretically Optimized
Geometries

compd d? (A) Af N Hb/p ((1;1b/e€li) & (SI(;I;g
Mo—Mo
1 2.139 1.159 11438 —0.094 0213 0.000 3.314
2 2.131 1.184 12.105 —0.099 0.224 0.001 3.030
3 2.149 1.151 11.377  —0.094 0212 0.001 3.773
4 2.197 1.083 9.479 —0.086  0.185 0.002 2.907
S 2.243 1.012 8212 —0.078  0.163 0.002 2.749
6 2.140 1.162 11.564 —0.095 0.215 0.129 3.073
7 2.568 0.556 2.183 —-0.029 0.052 0.247 1.860
8 2.334 0.831 4915 —0.055  0.106 0.004 2237
Mo—Cl"
1 2.589 0.328 3.759 —0.100  0.901 0.156 0.524
6 2.499 0.402 4.601 —0.145 0.946 0.117 0.586
7 2.526 0.391 3.964 —0.143  0.853 0.121 0.598
8 2.483 0.418 4.460 —0.149  0.896 0.018 0.624
Mo—CI’
7 2.571 0.349 4.206 —0.121  0.966 0.171 0.516
8 2.616 0.324 4.061 —0.106 0.984 1.180 0.500
Mo—Br
4 3.119 0.158 1.372 —0.048  0.657 0.001 0223
S 2.879 0.248 2224 —-0.114 0.742 0.003 0.336
Mo—-0O
2 2.096 0.587 11.295 —0.099 1.447 0.164 0.526
3 2.091 0.592 11438 —0.102 1.454 0.155 0.526
4 2.117 0.550 10.708  —0.077  1.440 0.163 0.497
S 2.119 0.548 10.716 —0.075 1.444 0.135 0.494
6 2.113 0.554 10.893 —0.074 1451 0.190 0.513
7 2.078 0.603 11.923 —-0.097 1.481 0.148 0.576

“Bond path length. bElectron density at the bcp. “Laplacian of the
electron density at the bcp. “Total energy den51ty ratio at the bcp.
“Kinetic energy density ratio at the bcp. Elhptlaty at the bcp.
£Delocalization index. "Average values for terminal Cl ligands.
‘Average values for bridging Cl ligands.

row transition-metal compounds because the relativistic effects
are particular for each molecule. For instance, in a recent study
of the Fukui function, no significant relativistic effects were
observed for the Au atom of [AuCI(SMe,)] due to the specific
environment of this atom in this molecule,®’ while other Au
compounds do show strong relativistic effects.

Mo—Mo Interactions. For the Mo—Mo interactions of 1—
8, the values given in Table 2 for the electron density at the
beps (between 0.56 e A% and 1.18 e A7%), the positive values of
the Laplacian at the beps (between 2.18 e A™ and 12.11 e A™%),
the positive but less than unity values of G,/p;, (between 0.05 h
e”!and 0.22 h e7'), and the small negative values of H,/p,
(between —0.03 h e! and —0.10 h e™") are typical for open-
shell metal—metal interactions, intermediate between values for
pure covalent and pure ionic bonds between nonmetal atoms.
In addition, the bp lengths are very similar to the interatomic
distances obtained from X-ray diffraction data'’~>* and also
from the theoretically optimized structures (Tables S1—S8 of
the Supporting Information). As discussed in the following
paragraphs, the topological indexes of compounds 1—8 are
definitely affected by the structural and compositional features
of each complex.

The higher Mo—Mo formal bond order of 1—6, with respect
to that of 7 and 8, results in shorter bp lengths, greater py,
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Table 3. Integrated Electron Density over the Whole Interatomic Surface, f MoNxP (e A1), of Selected Bonding Interactions of
1-8, Calculated Using the Theoretical Model B3P86/6-311++G(3df,3pd)/WTBS

Mo—-X 1 2 3
Mo—Mo 3.060 2473 2418
Mo—Clierminal 1.294
MO_CIbridge
Mo—Br
Mo-0 1.263 1.256

4 S 6 7 8
2.351 2254 2.701 1.083 1.544
1.268 1.433 1.487
1.118 1.049
0.610 0.869
1252 1.249 1.281 1.417

much greater Vpy, and greater IHy/py| and G,/p,, than those of
complexes 7 and 8.

Within the family of the tetracarboxylate-bridged complexes
2—6, the Mo—Mo bonds of the trifluoroacetate complexes 3
and § have longer bp lengths, smaller p;, smaller V’p,, and
slightly smaller |Hy/p,| and Gp/p, than those of complexes 2
and 4, respectively. The presence of axial ligands in
tetracarboxylate-bridged complexes is known to result in a
small lengthening of the metal—metal bond.? Accordingly, the
Mo—Mo bonds of the bromide complexes 4 and $ have slightly
longer bp lengths, smaller py, smaller V*py, and slightly smaller
|Hy/pyl and G,/p, than those of complexes 2 and 3,
respectively.

The number of acetate bridges in complexes 1—6 does not
seem to affect the local topological indexes of their Mo—Mo
bonds because those of 1 (with no acetate bridges), 2 (with
four acetate bridges), and 6 (with two acetate bridges) are very
similar. In other words, terminal chlorides and bridging acetates
have a similar influence on the local topological indexes of the
Mo—Mo bonds.

Despite having Mo—Mo formal bond orders of three, the
local topological indexes of the Mo—Mo bonds of complexes 7
and 8 are considerably different. As both have chloride bridges
and terminal chloride ligands and as we have herein shown that
terminal chlorides and bridging acetates have a similar influence
on the topological indexes of the Mo—Mo bonds, the different
topological indexes of complexes 7 and 8 should be a
consequence of their different structures, edge-sharing bio-
ctahedral and face-sharing bioctahedral, respectively. The
presence in both complexes of bridging chloride ligands,
which have been previously shown to be very efficient at
delocalizing the electron density of the metal—metal bonds they
bridge,8b and their smaller Mo—Mo formal bond order, in
comparison with that of 1—6, may account for the
comparatively small values of the local topological indexes of
their Mo—Mo bonds (p,, Vp,, —Hy/pr, and Gy/py).

Overall, the local topological indexes of the Mo—Mo bonds
of 1-8 are in line with those previously reported for
[Mo,(HNCHNH),], that is the only binuclear complex having
a formal quadruple bond between metal atoms that has been
previously studied by QTAIM,™ for which py = 1.118 e A= and
V2p, = 12481 e A™5, very similar to the values found in the
present study for compound 2. Remarkably, the local
topological indexes given in Table 2 for the Mo—Mo bonds
of 1-8 are considerably different from those previously
reported for complexes having metal—metal bonds of lower
(mostly single) formal bond order, such as, for instance, the
Zn—Z7n bond in [an(ns—CsMes)z],lld Co—Co bonds in several
organometallic compounds,''*™ Ru—Ru bonds in [Ru-
(CO)4]m12e [Ru3(co)12];12a’g and [Ruy(u-H),(p3-MeImCH)-
(CO).;],12f and Os—Os bonds in [053(CO)12],8b among
others.* In particular, the values listed in Table 2 for V?p,
are between twice and eight times those found for typical
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metal—metal single bonds. A similar situation has been found
for py, although the electron density itself is not as sensitive as
its Laplacian in order to discriminate between different bond
orders. Additionally, the values of H,/py, and G,/py, of the Mo—
Mo bonds of 1—-8 are closer to zero than those found for
typical metal—metal single bonds. For instance, for [Zn,(7*-
CsMes), ] 14 which contains an unbridged Zn—Zn single bond,
values of 0.428 e A~ and 1.622 e A~ were found for its p, and
its Laplacian at the bcp, respectively, and of —0.361 h e™" and
0.627 h e™! for its Hy/py, and Gy/py, respectively. Similar values
of these indexes have been found for unbridged Co—Co''*™®
and Ru—Ru'?*#f Jocalized single bonds.

On the other hand, it has been proposed that some integral
topological properties are more useful for characterizing metal—
metal bonds than the local topological properties.'® The
delocalization index, 5(A—B), which measures the number of
electron pairs delocalized between atoms A and B, is the
integral topological property that has been most frequently
used.' 041132930 The high §(Mo—Mo) values calculated for 1—8
(between 1.9 for complex 7 and 3.8 for complex 3, see Table 2)
clearly indicate that they correspond to Mo—Mo multiple
bonds. In comparison, §(Zn—Zn) = 0.9 for [Zn,(n -
CsMe;),],"'¢ §(Co—Co) = 0.5 for Coy(CO)g "™ and (Mo—
Mo) = 2.9 for [Mo,(HNCHNH),].%*

The integrated electron density over the whole interatomic
surface, [ snpp, which is an integral property too, is also a useful
tool to characterize bonding interactions because it is related to
the A—B bond strength,sa’ ved bt unfortunately, it has been
seldom applied to metal—metal bonds. The values of f MonMoP
for 1—8 are shown in Table 3. Those of 1—6 (in the range
3.06—2.25 ¢ A™") not only are clearly higher than those found
for the Zn—Zn bond in [Zn,(7*-CsMes),] (1.25 e A™),M the
Ru—Ru bond in [Rus(u-H),(4*-MeImCH)(CO),] (1.36 e
A™"),"*f the Os—Os bonds in [Os;(CO),,], [Oss(u-
H),(CO)yp), [Os3(u-H)(u—OH)(CO),o], and [Osi(ﬂ'H)(ﬂ'
C1)(CO),o] (between 1.44 ¢ A™' and 1.52 e A7), and the
Co—Co bond in [Co,(CO)g] (1.56 ¢ A™),'* but also are
noticeably related to the number of bridging ligands, the more
bridging ligands the lower the value of / MonMof, indicating that
some electron density of the Mo—Mo bond is delocalized
through their bridging ligands. On the contrary, the f MoMoP
values listed in Table 3 for complexes 7 and 8 indicate weaker
Mo—Mo interactions than in complexes 1—6. This is likely due
not only to their lower formal bond order (3 in 7 and 8 versus
4 in 1—6) but also to a more efficient delocalization of the
electron density of their Mo—Mo bond through their bridging
chloride ligands, which form three-membered Mo, (u-Cl)
rings.8b

Mo—-Cl, Mo—Br, and Mo—O Interactions. Previous
QTAIM studies on complexes containing M—X bonding
interactions (M = transition metal, X = halogen) are very
scarce, and even rarer are topological studies on di- or
polynuclear transition metal complexes containing bridging
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Figure 4. Laplacian of the electron density in relevant planes containing the Mo atoms of 1—8 (contour levels at 0.0 and + (1,2,4,8) X 10" e A3,
with 7 ranging from +3 to —3). Blue and red lines represent negative and positive values, respectively. For symmetry-related atoms, only one atom is
labeled. Larger images are provided in the Supporting Information file.

halogen ligands, which, to the best of our knowledge are
restricted to only one example, namely, the already mentioned
triosmium cluster [053(/4—H)(/4—C1)(CO)lO].sb In this context,
we considered it interesting to compare Mo—Clygg,, with
Mo—Cliermina bonds, on the one hand, and the latter with Mo—
Br bonds, on the other hand. Although the strength of the Mo—
Clysigge bonds of complexes 7 and 8 is slightly weaker than that
of the Mo—Cl,,a bonds, as indicated by their f MonClP
(Table 3), the remaining local and integral topological indexes
of these bonds are comparable (Table 2). Notably, most
topological properties of the Mo—Cly 4, bonds in 7 and 8 are
not only very similar to those found for the Os—Clyy45 bonds
in [Os;(u-H)(u-C1)(CO),,], but also very much like the M—
Hyrigge (M = Os, Ru) bonds in [053»(/4'1’1)2(CO)10];813 [Os;(u-
H)(u—OH)(CO),0]," [Osy(u-H)(u-C1)(CO),0),*" and
[Ru3(/J—H)z(;43—Me:Im(:H)(CO)g],12f despite the fact that the
M—Hyigge bond path lengths of the latter are ca. 0.7 A shorter.
As previously commented, these M,(u-X) interactions exhibit
some degree of electron delocalization,*® notably different from
that of the Co,(u-CO) moieties of [Co,(u-CO),(CO)¢] and
[Co,4(1-CO);(CO)g(PPh,], for which a 3c-4e kind of bonding
has been proposed.'!*!?"

The Mo—Clmina interactions of complexes 7 and 8 may be
also be analyzed by looking at the Laplacian representations
shown in Figure 4, where the valence shell charge depletion
(VSCD) of each Mo atom has a pseudocubic shape due to their
pseudo-octahedral coordination, slightly deformed due to the
off-axis location of their bridging CI ligands. Valence shell
charge concentrations (VSCCs) of both Climipa and Clyygge
atoms are distorted toward their bonded Mo atoms, with only
one maximum appearing in any of them, as has previously been
found for bridging H atoms.®™* However, while the VSCCs of
all Cliemina atoms are placed exactly opposite to a VSCD of its
Mo counterpart, the dispositions of Cly,g,e VSCCs are slightly
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displaced, causing the Mo—Clg, bps to be slightly curved
inward, as observed in Figure 3. On the other hand, the local
topological indexes of the Mo—Cliy,a interactions in
compounds 1 and 6 (Table 2) are very similar to those of 7
and 8, while their integral topological properties are somewhat
intermediate between those calculated for the Mo—Cl,,in and
Mo—Clyygqe interactions of 7 and 8 (Tables 2 and 3).

It has been experimentally demonstrated that the axial X
ligands of [M,(#-RCO,),X,]"” complexes are weakly bound to
the metal atoms.” Consequently, except for their long bp
lengths, all local and integral topological properties of the Mo—
Br interactions of complexes 4 and § are systematically smaller
than those of the Mo—Clieyiny and/or Mo—Cly,q.. interactions
of the remaining complexes. It is also worth noting that, in
contrast with that of other atoms, the Laplacian of the electron
density around the Br atoms is quite spherical (Figure 4),
characterizing the Mo—Br bonds as the closest to pure closed-
shell interactions among all bonding types exhibited by
complexes 1—-8.

Although some topological properties of the Mo—O and
Mo—Clipying bonds of 1—8 are equal within two significant
digits, like, for instance, the total energy density ratio at the bcp,
the ellipticity at the bcp, the delocalization index (Table 2), and
the integrated electron density (Table 3), other properties are
clearly different, most notably, the Laplacian of the electron
density at the bep. In fact, the values of V2p, for the Mo—O
bonds in complexes 2—7 (in the range 10.7—11.9 e A™5) are
more than twice the values found for the Mo—Cl bonds, being
close to those found for the Mo—Mo interactions. Additionally,
the calculated charges for O and Cl atoms are also very
different, independent of the population analysis method used,
with values around —1.1 e for the former and —0.7 e for the
latter (Table 1). These differences are also apparent in Figure 4,
where the Laplacian of complexes 2—6 is depicted in planes
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including four Mo—O interactions for each complex. The key-
lock mechanism, prototypical of donor—acceptor interactions
between a transition-metal atom and a nonmetal atom, is
clearly appreciated here. Each O atom points a VSCC directly
toward a VSCD of its parent Mo atom, which also exhibits trans
ligand-induced charge concentrations (LICCs), also called
ligand-opposed charge concentrations (LOCCs), in its valence
shell. Other examples of this behavior have been found in
compounds with carbonyl and alkyl ligands, for which the
atomic graph of the metal atom in the Laplacian representation
shows vertices (that is, [3, —3] critical points for the Laplacian),
that are opposite to a face (that is, a region centered at a [3, +3]
critical point for the Laplacian) linked to the Iigand.mb’32
Additionally, a bond charge concentration (BCC), opposite to
the Mo—Mo bond and pointing toward each axial coordination
site, is also observed in the valence shells of the Mo atoms of
the carboxylate-bridged complexes 2—6 (Figure 4).

B CONCLUDING REMARKS

Theoretical nonrelativistic and relativistic QTAIM topological
analyses of the electron density in the binuclear molybdenum
complexes [Mo,Clg]*™ (1), [Mo,(4-CH;CO,),] (2), [Mo,(u-
CF;CO,),] (3), [Mo,(u-CH;CO,),Br,]*” (4), [Mo,(u-
CF3C02)4Br2]2_ (9), [Moz(ﬂ'CH3C02)2Cl4]2_ (6), [Moy,(u-
CH3C02)2(ﬂ'Cl)2CI4]2_ (7), and [Moz(ﬂ‘CI)3C16]3_ (8) have
allowed a comparison between various local and integral
topological properties of related but different atom—atom
interactions. The main conclusions of this study follow.

(a) For the studied systems, the data provided by non-
relativistic calculations agree, both qualitatively and
quantitatively, with the data obtained using relativistic
calculations.

(b) A higher Mo—Mo formal bond order (as that of 1-6)
results in shorter bp lengths, greater py, much greater
V?p,, and greater |Hy/pyl and Gy/p, (compared with
those of 7 and 8). Concerning integral properties, both
the delocalization index, §(Mo—Mo), and the integrated
electron density over the whole interatomic surface,
/ MonMof?, are also able to clearly discriminate between
different Mo—Mo formal bond orders, with their values
for complexes 1—6 being markedly greater than those of
7 and 8.

(c) Within the family of the tetracarboxylate-bridged
complexes 2—5, the Mo—Mo bonds in the trifluor-
oacetate complexes 3 and 5 have longer bp lengths,
smaller py, smaller V2py, and slightly smaller |H,/p,| and
Gy/py, than those of the acetate complexes 2 and 4,
respectively.
The Mo—Mo bonds of the tetracarboxylate-bridged
complexes 4 and S, which contain axial bromide ligands,
have slightly longer bp lengths, smaller p,, smaller V*py,
and slightly smaller |H,/pyl and G,/p, than those of
complexes 2 and 3, respectively, which do not contain
axial ligands.

Terminal chlorides and bridging acetates have a similar

influence on the local topological indexes of the Mo—Mo

bonds of their complexes.

Despite having a Mo—Mo formal bond order of three,

the topological indexes of the Mo—Mo bonds of

complexes 7 and 8 are considerably different as
consequence of their different structures, edge-sharing
bioctahedral and face-sharing bioctahedral, respectively.

(d)

(e)

(f)
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(g) Bridging chloride ligands are more efficient than bridging
carboxylate ligands at delocalizing the electron density of
the metal—metal bonds they bridge.
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