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Abstract The M-M, M-H, and M-CO bonding interac-
tions existing in the group 7 transition metal carbonyl com-
plexes [M,(CO),o] and [M;(n-H);(CO);,] M = Mn, T,
Re) have been theoretically studied under the perspective of
the Quantum Theory of Atoms in Molecules (QTAIM). Sev-
eral local and integral topological properties of the electron
density involved in these interactions, as well as the source
function (SF) and the electron localization function, have
been computed. The results confirm that the metal atoms in
the binuclear [M,(CO),,] complexes are connected through
a localized M-M bond that implicates little electron den-
sity (it increases from M = Mn to Tc and Re). On the other
hand, such a bonding has not been found in the trinuclear
[M;(n-H);(CO),,] complexes, which, instead, contain a
6¢c—6e bonding interaction delocalized over their six-mem-
bered M;(j.-H); ring, as revealed by the non-negligible non-
bonding delocalization indexes. The existence of significant
CO to M m-back-donation, slightly higher in the trinuclear
clusters than in the binuclear complexes, is indicated by the
M::-O( delocalization indexes and SF calculations.
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1 Introduction

In the last two decades, the analysis of the topology of the
electron density, under the perspective of the quantum the-
ory of atoms in molecules (QTAIM) [1-8], has been estab-
lished as a powerful tool, complementary to the molecular
orbital (MO) theory, to analyze chemical bonds. QTAIM
studies on systems containing light atoms (periods 1-3 of
the periodic table) have allowed the establishment of use-
ful links between bonding modes and topological proper-
ties of the electron density (both local and integral) and
its Laplacian, from both theoretically and experimentally
determined electron densities [9—19]. However, such links
cannot be straightforwardly extended to compounds with
transition metal (M) atoms since the latter display a dif-
ferent and much narrower spectrum of topological indexes
[20-39].

Regarding M-M bonds, although they have been exten-
sively studied (different metals and bond orders) under
the perspective of the MO theory [40-62], only a few sys-
tematic studies on M—-M interactions have hitherto been
based on the QTAIM approach [63—-93]. These studies have
shown that the electron density between metal atoms of
unbridged M-M bonds of a low formal bond order (<1) is
clearly smaller than that involved in bonds between lighter
nonmetallic atoms, whereas, in several instances, no critical
points have been found when the metal atoms are spanned
by bridging atoms.
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M =Mn (1), Tc (2), Re (3)

M = Mn (4), Tc (5), Re (6)

Fig. 1 Schematic structures of the two families of complexes studied
in this work

Previous topological studies on complexes containing
M-H bonds are very scarce and even rarer are topologi-
cal studies on di- or polynuclear transition metal com-
plexes containing bridging hydrides. This paper reports
the results of an in-depth QTAIM study of the bond-
ing in the group 7 transition metal carbonyl complexes
[M,(CO),)] M = Mn (1), Tc (2), Re (3)) and [M;(l-
H);(CO);,] M = Mn (4), Tc (5), Re (6) (Fig. 1). We
chose these two families of complexes because an analy-
sis of several (local and integral) topological properties
of their electron density would allow: (a) to establish
the effect of the transition metal atom in the M—M bond-
ing (comparing results of isostructural complexes that
only differ in the metal atom) and (b) to determine the
effect of the bridging hydrido ligand in the M—M interac-
tion (comparing data of unbridged (1-3) versus hydride-
bridged (4-6) complexes having the same metal atoms).
In addition, this paper also discusses and compares dif-
ferent topological parameters associated with M-CO
and M-H bonds for the two families of complexes. To
the best of our knowledge, a systematic QTAIM study of
isostructural unbridged and ligand-bridged M-M bonded
complexes for all the elements of a group of the transi-
tion metal series of the periodic table has no precedent in
the chemical literature.

2 Computational details

It has been previously shown that the use of relativistic
hamiltonians is essential in order to obtain accurate quan-
titative results from calculations on compounds contain-
ing third-row transition metal atoms [64, 94—101], but the
effect of using such hamiltonians on calculations involving
second-row transition metals is not yet clear. In this work,
we decided to use both nonrelativistic and relativistic wave-
functions in all our calculations because this wide approach
would provide enough data to unambiguously establish
the extent to which the use of nonrelativistic hamiltonians
affect QTAIM calculations on isostructural compounds
having first-, second-, and third-row transition metals of the
same group of the periodic table.
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Density functional theory (DFT) computations with
nonrelativistic ~wavefunctions were performed with
the GAUSSIANO9 program package [102], using both
B3PWO91 and B3P86 hybrid functionals in order to check
the accuracy of both methods in our calculations [103—
105]. The all-electron 6-31G(d,p) and 6-3114++G(3df,3pd)
basis sets were employed for C, H, and O atoms at different
steps of the procedure (the former basis set for the geome-
try optimization processes and the latter for the single-point
electronic structure calculations at the optimized geom-
etries), while the Lanl.2DZ effective core potential and the
large all-electron WTBS (‘Well-Tempered Basis Set’ of
Huzinaga and co-workers [106, 107]) basis set were used
for Mn, Tc, and Re atoms (again, the former for the geom-
etry optimizations and the latter for the electronic structure
calculations).

Computations with relativistic wavefunctions were per-
formed using firstly the scalar ZORA hamiltonian, the
PWOI1 density functional, and the all-electron relativistic
QZAP basis set for all atoms [108], as implemented in the
ADF2012 program package [109], in order to obtain rela-
tivistically optimized geometries, while the fully relativistic
four-component hamiltonian, including spin—orbit terms in
double-group symmetry, and the hybrid BIPWO91 density
functional with relativistic QZ4P basis sets were then used
for single-point electronic structure calculations at the opti-
mized geometries.

The previously reported X-ray diffraction structures
of [M(CO);o]] M = Mn [110], Tc [111], Re [112]) and
[M;(j1-H);(CO),,] (M = Mn [113], Tc [114], and Re [115])
were used as starting points to calculate optimized geom-
etries. All theoretical models were able to render optimized
structures close to the experimental ones, albeit more sym-
metric, since the binuclear complexes were found to be of
exact D,, symmetry (staggered conformation of equatorial
CO ligands) and the trinuclear complexes were found to be
of exact D5, symmetry (atomic coordinates are available in
the Supplementary Information, Tables S1-S6).

The obtained nonrelativistic and relativistic ground-state
electronic wavefunctions, which were found to be sta-
ble, 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 inte-
gral properties and were carried out with the AIMAII [116],
AIM2000 [117], and DGrid [118] programs from GTO- and
STO-based wavefunctions. The accuracy of the local prop-
erties was 1.0 x 107" (from the gradient of the electron
density at the bond critical points), whereas that of the inte-
gral properties was finally set at least at 1.0 x 10~* (from
the Laplacian of the integrated electron density). Both all-
electron nonrelativistic B3P86/6-311++4G(3df,3pd)/WTBS
and relativistic SpinOrbit-B1PW91/QZ4P models, applied
to the theoretically optimized geometries, were used in all
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Fig. 2 Topological graphs of compounds 1 (top) and 4 (bottom),
showing bond paths (solid beige lines), ring paths (solid yellow lines),
and bond (small red circles) and ring (small yellow circles) critical
points

cases to find the critical points. NBO, SF, and ELF analyses
were carried out with the program packages, basis sets, and
methods already mentioned.

3 Results and discussion
3.1 Ciritical points and atomic charges

The images shown in Fig. 2 were obtained by applying
the QTAIM approach to compounds 1 and 4. Analogous
images corresponding to compounds 2, 3, 5, and 6 are given
in the Supplementary Material (Figure S1). They show,
along with the atoms corresponding to each complex, the
complete set of bond critical points (bcps) and ring critical
points (rcps) together with the bond paths (bps) that con-
nect bonded atoms through their corresponding bcps. Con-
cerning M-M interactions, bps and their associated bcps
were clearly found in the binuclear complexes (1-3), with
the beps located exactly at the geometrical center of each
M-M vector. On the contrary, no direct bps or bcps were
found between the hydride-bridged metal atoms of the tri-
nuclear clusters (4-6). In regard to M-ligand interactions,
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Fig. 3 Gradient trajectories mapped on total electron density plots
(contour levels at 0.1 ¢ A~3) in selected planes containing the metal
atoms of compounds 1 (fop) and 4 (bottom), showing the atomic
basins, bps (red lines), beps (red circles), and a rcp (green circle)

a bep and a bp were found for each of the M—C, M—H, and
C-O bonding interactions in all compounds (1-6), with
the beps located not far from the center of each M—C vec-
tor, slightly closer to the H atom in the case of M—H bcps,
and clearly closer to the C atom in the case of C—O bonds
(the Supplementary Information gives the exact M—bcp and
bcp-B distances of every M-B bond in Table S7). Addi-
tionally, a rcp, located exactly at the geometrical center of
each M;(j.-H); ring, was obtained for each trinuclear clus-
ter (4-6).

Figure 3 displays gradient trajectory maps of the total
electron density in a Mn,C, plane of complex 1 and in the

@ Springer
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Table 1 Atomic charges,

QO(A) (e) for selected atoms of Method Atom ! 2 3 4 > 6
complexes 1-6 QTAIM M? 0.872  0.953 1.046 0.952 1.060 1.125
MP 0.898 1.003 1.165 0.981 1.058 1.209
M* 0.898 1.003 1.166 0.981 1.058 1.212
H* -0.322 -0.363 -0.366
H® -0.324 -0.360 -0.365
H¢ -0.324 -0.360 -0.365
Mulliken M? 1.306 1.233 1.301 0.837 0.982 1.046
MP 1.349 1.321 1.415 1.434 1.410 1.443
M° 1.349 1.321 1.422 1.434 1411 1.452
H? 0.524 0.120 0.065
H® -0.496 -0.476 -0.442
H¢ -0.496 -0.477 -0.444
Multipole MP 1.628 1.691 1.658 2.944 2.900 3.074
M¢ 1.628 1.692 1.661 2.943 2.900 3.070
H® —-1.543 —1.358 -1.492
H¢ —-1.544 -1.358 —-1.489

# Calculated using the nonrelativistic theoretical model B3P86/6-311 ++G(3df,3pd)/WTBS
® Calculated using the scalar relativistic theoretical model ZORA-B1PW91/QZ4P
¢ Calculated using the fully relativistic theoretical model SpinOrbit-B1PW91/QZ4P

Mn; plane of cluster 4, showing all bps and bcps, a rcp,
and the basins of the atoms contained in the chosen planes.
As clearly seen in Fig. 3, all bps are straight lines. Anal-
ogous images corresponding to compounds 2, 3, 5, and 6
are given in the Supplementary Material. As expected, the
maps corresponding to complexes 1-3 are very similar to
each other and the same is true for those corresponding to
compounds 4-6.

Integration of the electron density inside each atomic
basin rendered the electric charge, Q(A), of each atom (A).
Table 1 compares relativistic and nonrelativistic QTAIM
charges with those obtained from other commonly used
population analysis methods. Whereas Mulliken and
‘Multipole’ population analyses afforded results rather
dependent on the theoretical model used (both method and
basis set), the QTAIM approach was very consistent, giv-
ing nearly equal values for the charge of each atom regard-
less of the theoretical model used. In particular, for the Mn
complexes 1 and 4, relativistic and nonrelativistic QTAIM
charges calculated using different functionals and basis
sets are approximately equal within two significant digits,
showing that relativistic effects are unimportant for these
first-row transition metal compounds. On the contrary,
results for the Tc complexes 2 and 5 are slightly different
when using a nonrelativistic approach, although both rela-
tivistic treatments (ZORA and SpinOrbit) gave exactly the
same results, showing both the small, but admittedly non-
negligible, effect that a relativistic treatment has in these
second-row transition metal compounds and the versatility
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of the scalar (ZORA) approach. On the other hand, for the
Re compounds 3 and 6, charges obtained from both rela-
tivistic treatments are not only clearly different from those
obtained using nonrelativistic approaches but also different
from each other. As expected by symmetry, all metal atoms
in each complex (1-6) have identical positive charges,
ranging from +0.9 e for 1 to 4+1.2 e for 3 in the binuclear
complexes, and from +1.0 e for 4 to +1.2 e for 6 in the tri-
nuclear clusters. Both Mulliken and ‘Multipole’ population
analyses overestimate these charges, while ‘Natural Bond
Orbital’ (NBO) charges (not given in Table 1), calculated
using only the nonrelativistic hamiltonian, are closer to the
QTAIM charges, with values around 4-0.7 e and +0.8 e for
the metal atoms of the binuclear and trinuclear complexes,
respectively. QTAIM charges of the hydrido ligands of 4-6
are negative, ranging from —0.3 e for the hydrides of 4 to
—0.4 e for the hydrides of 6. However, it is noteworthy that
the nonrelativistic Mulliken charges of these hydrides are
positive, whereas the relativistic ones are negative, even in
the first-row transition metal cluster 4.

Electron configurations of the metal atoms in complexes
1-6, as obtained from nonrelativistic NBO analyses, are
[core]4s%40 34°80 D), [core]5s%% 44°%3 2), [core]6s™+
54780 (3), [core]ds®3T 380 (4), [core]5s"% 44787 (5),
and [core]6s”4" 54%85 (6), with other non-core orbitals
(Rydberg orbitals) contributing less than 0.1 e.

There are several local (i.e., calculated at the bcp) and
integral (i.e., calculated over a whole atomic basin, over
an interatomic surface, or along a bond path) topological



Theor Chem Acc (2016) 135:64

Page 50f 11 64

g:r‘;ﬁ:ter:"gfol‘;izgd vondsop | Bond  Comp. d(A) p AT Vi, @A) Hyp he)' GpyheF o SA-B
complexes 1-6 MM 2.899  0.184 0.182 ~0.236 0.305 0.000 0.279
2 3.070  0.193 0.567 0.159 0.364 0.000 0330

3 3.084 0212 0.678 0.175 0.398 0.000 0.338

M-H 4 1699 0519 4.834 0332 0.985 0.063 0.430

5 1.838 0513 4612 0.303 0.933 0.053 0473

6 1852 0.534 4371 0.320 0.893 0.048 0.477

M-C, I 1780 1.060 12.557 0.481 1310 0.000 1.120

2 1936 0.957 11.432 ~0.423 1259 0.000 1.152

3 1935  1.032 11.763 0.463 1261 0.000 1.195

4 1797 1.007 13.732 0.448 1.403 0.008 1.087

5 1936 0918 12.229 0.391 1324 0.025 1.126

6 1944 0.990 12.537 ~0.431 1318 0.014 1.158

M-C,, I 1.835 0917 12.250 0.405 1.341 0.006 0.940

2 1995 0811 11.205 0.336 1302 0.015 0.960

3 1.995  0.877 11.767 0372 1311 0.021 0.993

4 1.843 0910 13.056 ~0.401 1.405 0.015 0.943

5 1.991  0.811 11.672 0.329 1337 0.018 0.960

6 1.997  0.866 12.127 0.361 1.341 0.020 0.990

Calculated using the fully relativistic theoretical model SpinOrbit-B1PW91/QZA4P on structures optimized
with the scalar relativistic model ZORA-PW91/QZ4P

* Bond path length

® Electron density at the bep

¢ Laplacian of the electron density at the bcp

d
e

! Ellipticity at the bcp

¢ Delocalization index

properties of the electron density that have been success-
fully used to analyze the bonding in compounds con-
taining transition metals. Among the former, the elec-
tron density (py,), the ellipticity (g,), the Laplacian of the
electron density (Vzpb), the kinetic energy density ratio
(Gy/py), and the total energy density ratio (H,/p,, with
Hy(r) = Gy(r) + V() and %V?p,(r) = 2 G(r) + V(1)
where V,(r) is the potential energy density) are by far the
most common [63-93]. On the other hand, the delocaliza-
tion index, §(A-B), which is an integral property, is a use-
ful tool to measure the number of electron pairs delocalized
between atoms A and B and can be considered as an esti-
mation of the bond order [12, 20, 80, 85]. Values of these
topological properties for selected bonds of complexes 1-6
are given in Table 2.

3.2 M-M interactions in the binuclear complexes 1-3

For the M-M bonds of 1-3, where a bcp has been found
between the metal atoms, the small values given in Table 2
for the electron density at the bcps (between 0.18 and
0.21 ¢ A%, the small positive values of the Laplacian at

Total energy density ratio at the bep

Kinetic energy density ratio at the bcp

the bcps (between 0.18 and 0.68 e A7), the positive but
less than unity values of G/p, (between 0.31 and 0.40 h
e~ !), and the small negative values of H,/p, (between —0.16
and —0.24 h e™!) are typical for open-shell M-M interac-
tions and intermediate between values found for pure cova-
lent and pure ionic bonds between nonmetal atoms. A slight
increase in the electron density and also of its Laplacian is
observed on going from 1 to 3. This suggests that the M—-M
bond strength is greater for Re than for Tc and Mn. The bp
lengths are very similar to the interatomic distances obtained
from both X-ray diffraction data [110-112] and theoreti-
cally optimized geometries (see the Supplementary Infor-
mation, Table S7), with an ellipticity equal to zero in the
three cases, indicating straight bonding interactions with a
cylindrical topology of the bond at the bcp. Rather interest-
ingly, the topological indexes of the M—M bonds of 1-3 are
comparable to those previously obtained for [Mn,(CO),]
(from both experimental and theoretical electron densities)
[29, 82, 110] and for other complexes with an unbridged
M-M bond with a formal bond order of about unity, such
as [Co,(CO)gz] and [Co,(CO)4(AsPh;),] [20], [CryCpy(CO)el
[67], [Zn,Cp,] [23], [Rus(CO),,] [72, 78], and [Os;(CO),,]

@ Springer
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Table 3 Integrated electron

N Bond 1 3 4 5 6
density over the whole
interatomic surface, Junx P M-M 1.815 1.662 1.732
A1), for sel i

(e A™), for selected bonding M-H 1.586 1.492 1.598

interactions of 1-6
M-C,, 2.481 2.258 2.382 1.989 1.729 1.856
M-C,, 2417 2.223 2.329 1.938 1711 1.807

Calculation level as in Table 2

[64]. On the other hand, the data given in Table 2 for M-M
bonds in 1-3 are considerably different from those previ-
ously reported for complexes having M—M bonds of higher
formal bond order, for which shorter bp lengths, greater p,,
much greater V2p,, and greater |H,/p,| and Gy/p, have been
reported [63—71]. In particular, values listed in Table 2 for
Vz,ob are approximately between one-third and less than one-
tenth times those found for typical M—M multiple bonds. For
instance, for the Tc—Tc interaction in [Tc,(u-HNCHNH),],
which has a formal quadruple bond between the Tc atoms,
Vz,ob = 12.088 ¢ A [63], a value rather similar to those
obtained for other binuclear compounds with M-M for-
mal bond orders of three or four, such as [M02C18]4’ [68],
[Moz(u-CH3C02)2(u-Cl)2C14]2_ [68], [Crz(M'ﬂs'CsHs)sz]
[67], or [Crz(u-n3-C3H5)2Cp2] [67]. The electron density at
the bep, py, also increases with the bond order, but it is not
as sensitive as its Laplacian in order to discriminate between
different bond orders. Additionally, values of H,/p, and
G,/ p,, for M-M bonds in 1-3 are farther away from zero than
those found for typical M—M multiple bonds.

On the other hand, it is well known that some integral
topological properties are more useful than local topologi-
cal properties for characterizing M-M bonds with transi-
tion metals [3, 4, 12]. The delocalization index, §(A-B),
which estimates the number of electron pairs delocalized
between atoms A and B, is by far the integral topological
property that has been most frequently used in theoretical
QTAIM studies [12, 20]. The low §(M-M) values calcu-
lated for 1-3 (between 0.28 for the Mn complex and 0.34
for the Re complex, see Table 2) are comparable to those
found for other carbonyl complexes having single M—-M
bonds, such as [Cr,Cp,(CO)¢] (0.27) [67], [Coy,(CO),
(AsPh;),] (0.51) [20], and [Os5(CO),,] (0.38) [64], whereas
8(M-M) values found for multiple M—M bonds are always
greater than unity [67, 68].

The integrated electron density over the whole intera-
tomic surface, [4~z0, Which is also an integral property, is
an additional tool for characterizing bonding interactions
since it is related to the bond strength [1, 3, 4, 63], although
it has been seldom applied to M—M bonds. The values
of [y~ye found for 1-3 (in the range 1.73-1.82 ¢ A7},
Table 3) are only a bit higher than those calculated for
M-M bonds in [Zn,Cp,*] (1.25 ¢ A~") [23], [Rus(pt-
H),(j13-MeImCH)(CO),] (1.36 ¢ A1) [77], [Os4(CO),,],

@ Springer

Table 4 Source function contributions (%) of all atoms to the elec-
tron density at the M—M bcp of complexes 1-3

Atom 1 2 3

M —28.60 —-14.04 -11.52
Cux 2.62 1.49 1.81
Ceq -1.20 -1.24 -0.31
O 10.38 8.75 791
(0] 17.60 14.69 13.26

Calculation level as in Table 2

[Os3(1-H),(CO)yl.  [Os(-H)(-OH)CO)yl,  and
[Os;(n-H)(n-C1)(CO),] (between 1.44 and 1.52 e A’l)
[64], [Co,(CO)g] (1.56 ¢ A1) [20], [Mo,(j1-CH;CO,),(ju-
CI),C1,1>~ (1.08 e A1) [68], and [Mo,(-C1);Cl]*~ (1.54
e A=) [68].

Another topological property of integral character is
the so-called source function, S(A), which estimates the
contribution of every atom basin to the electron density
localized at any point of the molecule, in particular at
any critical point [63, 70]. The contribution (%) of each
individual atom in complexes 1-3 to the corresponding
M-M bcp is given in Table 4. Interestingly, the major con-
tributions come from the carbonyl O atoms (the equato-
rial ones contributing more than the axial ones, and those
of the Mn complex more than those of Tc and Re com-
plexes). On the other hand, the large negative S(M) values
at the M-M bcps indicate that M atoms act as sinks for
the electron density, instead as sources. Additionally, the
fact that S(M) at the M—M bcp in 1 is more than twice
that in 3 is a clear indication that carbonyl ligands are less
essential to the M—M bonding in the Re complex than in
the Mn complex. As a comparison, for the similar car-
bonyl complex [Co,(CO)g], S(Co) = —4.4 % at the Co—Co
bep [90].

3.3 M-M and M-H interactions in the trinuclear
clusters 4—6

As stated above, no bcp has been found between any pair
of metal atoms in compounds 4-6. Therefore, there is no
localized electron density between metal atoms in these
clusters.
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Table 5 Source function contributions (%) of selected atoms to the
electron density at M—H bcps of complexes 4-6

Table 6 Delocalization indexes, §(A---B), for selected non-bonding
A---B interactions of 4-6

Atom 4 5 6 Interaction 4 5 6
M (bond) 16.74 23.84 24.45 M---M 0.128 0.134 0.166
M (no bond) -1.91 -1.31 -1.31 H---H 0.012 0.008 0.005
H (bond) 33.51 34.97 34.54 M.--H 0.014 0.013 0.013
H (no bond) 1.10 1.06 1.11 ] ]

Calculation level as in Table 2
Cy 2.30 1.70 1.52
Ceq 1.38 0.47 0.67
Oux 6.67 5.83 356 at these points comes mainly from both bonded atoms
(0} 7.42 6.48 5.99

€q

Calculation level as in Table 2

Concerning M-H interactions in 4-6, the values given
in Table 2 for the electron density at the M—H bcps
(between 0.51 and 0.53 e A™%), the positive values of
the Laplacian at the bcps (between 4.37 and 4.83 e A7),
the positive and close to unity values of G,/p, (between
0.89 and 0.98 h e!), and the negative values of H,/p,
(between —0.30 and —0.33 h e™!) are comparable to that
of pure covalent single bonds between nonmetal atoms
[1-19]. In addition, the bp lengths are similar to the inter-
atomic distances obtained from both X-ray diffraction
data [113-115] and the theoretically optimized geom-
etries (see the Supplementary Information, Table S7),
with and ellipticity only slightly greater than zero in the
three complexes, indicating nearly straight bonding inter-
actions between metal and hydrogen atoms. To the best
of our knowledge, previous topological studies on com-
plexes containing M—H bonds on di- or polynuclear tran-
sition metal complexes containing bridging hydrides are
restricted to just three works that study the complexes
[Cry(1t-H)(CO),] ™ [91], [Rus(-H)y(11>-MeImCH)(CO),]
[77], and [Os;(i-H)»(CO) ), [Os3(n-H)(1-OH)(CO),0],
and [Os;(u-H)(n-CI)(CO),,] [64]. Table 2 indicates that
the §(M-H) delocalization indexes for 4-6 (between
0.430 and 0.477) are comparable to those found for Ru—H
(0.474) and Os—H (between 0.426 and 0.449) bonds of the
above-mentioned triruthenium and triosmium clusters,
while they are higher than those of [Cry(w-H)(CO),,]1™
(0.38) and only a bit lower than that of the terminal
hydrido complex [CrH(CO)s]~ (0.59). Interestingly, the
8(M-H) values of 4-6 suggest that just half an electron
pair is shared in each of the six M—H bonds, in spite of
the fact that the integrated electron density over the whole
interatomic surface for each M-H bond (with values in
the range 1.492-1.598 e A~!, Table 3) confirms that the
strength of these bonds is comparable to that of pure cova-
lent single bonds between nonmetal atoms. Table 5 shows
SF contributions (%) of selected atoms of complexes 4—6
to their M-H bc¢ps, indicating that the electron density

(between a 50 % for the Mn cluster 4 and a 59 % for the
Re cluster 6), with a non-negligible contribution from the
axial and equatorial carbonyl O atoms (ranging from 14 to
12 %, respectively). On the other hand, the remaining two
M atoms, not bonded to the corresponding H atom, act as
sinks for the electron density, instead as sources, showing
small negative contributions of the SF that are similar in
the three complexes (between —1.3 and —1.9 % from each
M atom, in average), with the other two bridging H atoms
almost compensating this behavior, with very small and
nearly equal positive contributions (1.1 % from each H
atom, in average).

The delocalization indexes of the non-bonding M---M,
M---H, and H---H interactions in complexes 4-6 (Table 6)
also contribute to shed some light on the characteristics of
these interactions. Although small, they are not negligible
at all but comparable in magnitude to, or even greater than,
values found for other ligand-bridged M-M interactions
[20, 27, 63, 64, 77]. In fact, by adding up the six §(M-H)
values for the bonding interactions, the three §(M---M)
values for the non-bonding M---M interactions, the three
8(H---H) values for the non-bonding H---H interactions, and
the three §(M---H) values for the non-bonding M---H inter-
actions in each M;H; ring, a total of 3.042 (4), 3.303 (5),
and 3.414 (6) electron pairs are obtained, which is approxi-
mately the same as if three localized M—M bonds, each
one with a bond order of about unity, were present in each
cluster.

Further insight into the delocalized nature of M-M
bonding in clusters 4-6 may be appreciated from the elec-
tron localization function (ELF) [119-121]. The ELF of the
hydride-bridged Mn complex 4 is depicted in Fig. 4 (repre-
sentations of this function for complexes 1-6 are included
in the Supplementary Material), which clearly shows a
multicenter bonding between the M and H atoms (the
function is clearly observed in the regions of the hydride
ligands), as opposed to the more typical situation observed
for the three binuclear compounds 1-3 [122].

Then, by summarizing all these features, it can be con-
cluded that in clusters 4-6 there probably exists a multi-
center 6¢c—6¢ interaction involving the three metal atoms
and the three hydrides.

@ Springer
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isosurface, at

function

Fig. 4 Electron localization
n=0.8¢ A3, for complex 4

(ELF)

3.4 M-CO interactions in compounds 1-6

The topological indexes given in Table 2 for M—CO bonds
in 1-6 are very similar to those found in the literature for
other M—CO bonds [42-93]. These bonds are characterized
by p, values close to 1 e A3 (higher than those of M-M
and M—H bonds, but lower than those of pure covalent sin-
gle bonds between nonmetal atoms), large positive values
of V?p, (much higher than those of M—-M and M—H bonds),
values of around unity for G/p, (slightly higher than those
of M—H bonds and more than twice those of M—M bonds),
and small negative values for H,/p, (slightly more negative
than those for both M—M and M-H bonds). In addition, a
formal bond order of unity may be inferred from their §(M—
C) delocalization indexes.

Detecting m-back-donation from the metal to the CO
ligand is difficult since the cylindrical symmetry of the
density along a M—CO bond path hides any trace of pref-
erential accumulation planes [64, 77]. Moreover, charges
are sensitive to many different effects, like the polarity of
the M—CO bond, and therefore cannot be taken as indica-
tors of back-donation. The most reasonable sign of m-back-
donation comes from the §(M---O¢g) delocalization index,
since m-back-donation involves significant M:--O¢q inter-
action [20]. In fact, values of §(Cu:---O¢g) and 6(B---O¢q)
in [Cu(CO),]* and H;BCO, for which no mt-back-donation
exists, are very low, 0.09 and 0.04, respectively, whereas val-
ues of §(M---O¢() for Os, Ru, Fe, Co, and Ni carbonyl com-
plexes are much higher, ranging from 0.15 to 0.25 [20, 64,
77]. The values of the §(M::-O) index obtained for com-
plexes 1-6 are precisely within this range (0.16, 0.15, 0.15,
0.18, 0.17, and 0.17, respectively), clearly indicating the
presence of a significant w-back-donation, slightly higher in
the trinuclear clusters than in the binuclear complexes.

Figure 5 is a representation of the Laplacian of the
electron density in relevant planes of complexes 1 and 4

@ Springer

Fig. 5 Laplacian of the electron density in relevant planes containing
the metal atoms of complexes 1 (left) and 4 (right) (contour levels at
0.0 and £ (1,2,4,8) x 10" e 10\*5, with n ranging from +-3 to —3). Blue
and red lines represent negative and positive values, respectively

(analogous representations for complexes 2, 3, 5, and 6 are
given in the Supplementary Information), which is useful
to analyze M-M, M-H, and M-CO interactions. This fig-
ure shows that the valence shell charge depletion (VSCD)
of each M atom has a nearly perfect cubic shape in com-
pound 1 due to its octahedral coordination, although it is
slightly deformed in cluster 4 due to the off-axis location
of the bridging hydrido ligands. The valence shell charge
concentrations (VSCCs) of H atoms in 4 are distorted
toward the midpoint of each M—M edge, as has been previ-
ously found for other bridging H atoms [64, 77]. The key-
lock mechanism prototypical of donor—acceptor interac-
tions between a transition metal atom and a nonmetal atom
is clearly appreciated here in all M—CO bonds. Each C
atom points a VSCC directly toward a VSCD of its parent
M atom, which also exhibits trans ligand-induced charge
concentrations (also called ligand-opposed charge concen-
trations) in its valence shell. Other examples of this behav-
ior have been found in compounds with alkyl ligands, for
which the atomic graph of the metal atom in the Laplacian
representation shows vertices (i.e., [3, —3] critical points for
the Laplacian) that are opposite to a face (i.e., a region cen-
tered at a [3, +3] critical point for the Laplacian) linked
to the ligand [10, 17, 18]. Additionally, a bond charge con-
centration, opposite to the M—M bond and pointing toward
each axial coordination site, is also observed in the valence
shells of the M atoms, a feature that may be fully appre-
ciated in Figures S10-S15 of the Supplementary Informa-
tion, where critical points of the Laplacian are depicted
together with the contour lines.

4 Conclusions

Several local and integral topological properties of the
electron density associated with the different interatomic
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interactions present in the bi- and trinuclear group 7 tran-
sition metal complexes [M,(CO),,] and [M;(n-H);(CO);,]
(M = Mn, Tc, Re) have been obtained using nonrelativistic
and relativistic QTAIM calculations. A comparative analy-
sis of these results has allowed the establishment of the fol-
lowing main conclusions:

(a) For the Mn compounds 1 and 4, the results provided by
the nonrelativistic calculations agree, both qualitatively
and quantitatively, with those obtained using relativis-
tic calculations, whereas for the Tc compounds 2 and §,
relativistic corrections are small but significant (in this
case, the scalar ZORA treatment was enough to provide
accurate results). However, for the Re complexes 3 and
6, the use of a fully relativistic spin—orbit hamiltonian
was mandatory to achieve the same accuracy as that
obtained for the Mn and Tc compounds, as indicated by
the optimized geometries and atomic charges.

(b) The analysis of local and integral QTAIM topologi-
cal indexes, in combination with the information
obtained from the source function and the electron
localization function, constitutes a useful method for
studying and explaining M-—M and M-ligand interac-
tions.

(c) The presence of bridging hydrides considerably affects
the electron density distribution of M—M interactions.
In fact, the topological parameters of the unbridged
M-M formal single bonds of 1-3 complexes, for which
a localized bond has been identified, are very different
from those of the H-bridged M—M interactions of 4-6,
for which a bond critical point (and the correspond-
ing bond path) has not been found between the metal
atoms.

(d) The contribution of the carbonyl ligands to the M—-M
bonding in the binuclear Re complex 3 is smaller than
those in the Tc complex 2 and the Mn complex 1. In
addition, the metal atoms of 1-3 act as sinks for the
electron density at the corresponding M—M bcp.

(e) The non-negligible values of delocalization indexes
between the non-bonding interatomic interactions in the
six-membered M;(jv-H); rings of 4-6 clusters, as well
as the ELF, suggest the existence of a delocalized kind
of M-M interaction in these clusters. A multicenter
6¢c—6e interaction, involving the three metal atoms and
the three hydrides of compounds 4-6, is here proposed
to explain the bonding in these clusters. It seems that
the one-atom hydrido bridge that spans each M-M edge
of these clusters is efficient enough to delocalize elec-
tronic density from the bridged M atoms.

(f) The calculated &(M:--Orp) delocalization indexes
suggest the existence of significant CO to M m-back-
donation, which is slightly higher in the trinuclear clus-
ters than in the binuclear complexes.

5 Supplementary Material

Atomic coordinates for the theoretically optimized geom-
etries of complexes 1-6, further topological properties
obtained from relativistic and nonrelativistic calculations,
and complementary images of the graphical representations
provided in Figs. 2-5.
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