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Abstract: Computational methods were used to analyse the interactions around the metal centres in three
transition metal (TM) complexes for which the X-ray data are available. We were particularly interested in
understanding the metal-metal interactions. We used concepts of bond order, natural population, quantum
theory of atom in molecules, electron localisation functions (ELFs) and non-covalent interactions (NCIs). Our
results indicate that these tools can be used effectively to help in having insights into the bonding of TM
complexes.
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Introduction

In 1916, Lewis proposed the chemical bond as a line representing a pair of electrons shared between two atoms
[1]. However, this representation was based on chemical intuition rather than the laws of physics [2]. Heitler and
London provided the first description of the chemical bond, which obeyed elementary physics; they employed
quantum theory to describe interactions between two hydrogen atoms in the bonding and anti-bonding state of
the hydrogen molecule [3]. However, Heitler and London’s description of the chemical bond did not replace that
of Lewis. Pauling bridged the gap between the two descriptions of the chemical bond through the valence bond
(VB) theory [4]. The molecular orbital (MO) theory developed by Mulliken and Hund was much less accepted than
the VB theory because delocalised MOs do not explain the localised chemical bond [5]. However, the MO theory
successfully explains spectroscopic data and stability of aromatic compounds.

Although, to date, the line representation remains the basis of how chemists draw molecules and interpret
reactions, much is still unknown about the chemical bond [2]. There is no well-established difference between
the chemical and non-chemical interatomic interactions and this is the reason for the ongoing controversies
about the chemical bond [2]. The chemical bond of main-group elements differs from that of transition metals.
One major difference is that main-group elements make use of the s and p electrons in bonding whereas the
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bonding in transition metal (TM) complexes is best described by the s and d orbitals [2, 6]. This description of
the chemical bond gave rise to the 18-electron rule [2].

The 18-electron rule is referred to as a way to make an initial guess about the presence of a bond [7]. The
18-electron rule correctly describes complexes with terminal ligands, such as (CO),MM(CO),,. However, complexes
with bridging ligands prove to be more complicated [8]; for instance, six different bonding descriptions are
available for the Os3(CO),o(1,-H), complex are available in literature with the Os—Os bond orders varying from zero
to two [8-11]. Moreover, in molecules with bridging hydrogen atoms, the 3-centre-2-electron (M(u-H)M) interaction
may be represented in different ways, leading to varying and debatable electron counts and bond orders [7].

A metal-metal interaction is expected when the interatomic distance is shorter than the sum of the van der
Waals radii of the two metal atoms [12]. While this proximity of metal atoms may be considered as a metal—
metal bond, this is not the scientific way of determining the presence of such a bond [7, 12-14]. Cotton and
co-workers broached this matter by synthesising the M,(p-CH;C¢H,NCHNCgH,-p-CHs), [M = Cu(I) and Ag(I)]
complexes; X-ray crystallography displayed short M—M distances [13]. The authors optimised a model of the
complex (M,(HNCHNH),) using the SCF-Xa-SW method and performed MO calculations. They deduced that
direct metal-metal bonds were not present in the complexes [13]. Cui et al. reported that the Be,Bg and Be,B;~
complexes exhibit the shortest Be—Be interatomic distances (1.910 and 1.901 A, respectively) [14]. However,
these short interatomic distances do not translate to the presence of a Be-Be bond due to absence of valence
electrons in the two Be atoms: the quantum theory of atoms in molecules (QTAIM) analysis shows no bond
critical point and no bond path between the two Be atoms [14].

TM complexes have been extensively studied both experimentally and theoretically [15-19]. One of the
experimental methods to determine the geometry, electron density distribution and the chemical bonding of a
compound is the X-ray crystallography [15, 20]. However, when extended to organometallic complexes with
heavy atoms, X-ray crystallography may be subject to limitations [15], for instance, the positions of the Co and
Rh metals were not distinguishable in a TM complex [21]. Computational methods available for the charac-
terisation of TM complexes are the bond order [22], natural bond orbital (NBO) population [23, 24] and
topological analyses [12], among others.

The aim of this manuscript was to use computational methods to have insights into the interactions around
the metal centres in three TM complexes for which the crystallographic information files (CIF) are available. In
particular, we were interested in the metal-metal interactions in these complexes. Figure 1 shows the TM
complexes. Gross et al. reported that the X-ray crystal structure of osmium(IIl) pentamethylcyclopentadienyl
(TM,) displays an Os-Os single metal bond, two bridging and two terminal bromide ligands [25]. TM, is a
monomer of the p-cymene-osmium which was obtained in a dimeric state with two bridging and one terminal
Br ligands and no Os—Os interaction [26]. The y-chloro-y-hydrido-bis[chloro(n6-p-cymene)-ruthenium(II)]
(TM3;) was reported to consist of one terminal and one bridging Cl ligands and an Ru—Ru bond [27].

TMi [25] T™: [ 26]
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("1211\43 [27] Fig. 1: TM complexes studied in

this manuscript.
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Computational methods

The CIFs of the TM;, TM, and TM; complexes were obtained from the Cambridge Crystallographic Data Centre
(CCDC, May 2019 version). The Mercury 3.7 package [28-32] was employed to extract the crystallographic
parameters of the complexes. The B3LYP [33-35] functional integrated in the Gaussian 16 suite [36] available
on SEAGrid [37-41] was employed for all computations. A geometry optimisation of the crystallographic
coordinates was performed with the LANL2DZ [42-45] relativistic effective core potential for the TM atoms
(Ru and Os) and the 6-31G(d,p) basis set for the other atoms (C, H, Cl and Br). The LANL2DZ basis set has been
used to analyse TM complexes in previous reports [18, 46]. No symmetry constraint was imposed. The electron
count method was employed to predict the presence of metal-metal bonds in the organometallic complexes.
The Multiwfn program [47] was employed to determine the Mayer, Fuzzy and Wiberg bond orders. We per-
formed natural population analyses for the optimised geometries using NBO Version 3.1 [48, 49]. QTAIM
analyses were performed using the AIMAII Version 17.11.14 software [50]. Electron localisation function (ELF)
and non-covalent interaction (NCI) analyses were also performed using the Multiwfn software. The Visual
Molecular Dynamics program [51], the Gnuplot 4.2 program [52] and Ghostscript interpreter [53] were employed
to facilitate the NCI analyses. Visualisation software employed were CylView [54], GaussView 6.0 [55] and
Chemcraft [56].

Results and discussion

Figure 2 depicts the optimised geometries of the TM complexes. The substituents of the rings surrounding the
metal (M) atoms have been faded.

™, ™, ' ™, Fig. 2: Optimised geometries of
Os Ru Br Cl C H the TM;, TM; and TM3
99000, complexes.

Structural parameters

Table 1 gives a comparison of the M—-M bond distances of the optimised TM complexes with those of the X-ray
crystal structures [25-27]. A complete list of bond lengths and bond angles is provided in the Supplementary
Material (SM) file. The RMSD of all bond lengths and bond angles of the TM complexes are included in Table 1.
The bond lengths of the optimised structures are longer than those in X-ray structures because the optimised
structures are in gas phase whereas the X-ray structures are in the solid state [57]. This phenomenon is
attributed to structural breathing in complexes [58].

Table 1: A comparison of the M—M bond distances in A and the RMSD of the bond lengths in A and bond angles in °.

Complex M-M bond distance/A RMSD

Optimised X-ray Bond distances/A Bond angles/°
™, 3.0327 2.9873 [25] 0.0305 0.8
™, 4.0111 3.9006 [26] 0.0453 3.6

™; 2.9904 2.9572 [27] 0.0948 3.0
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Electron count methods

In general, a stable organometallic complex satisfies the 18-electron rule. The metal atom must possess a total
of 18 electrons in its valence shell [2, 59]. With an electron configuration of [Xe]6s%f*5d® for the Os atom and
[Kr]4d’5s" for the Ru atom, either the covalent or ionic methods may be used to count the number of valence
electrons. According to the electron count method, the presence of an M—M bond is required for TM; and TM;
to satisfy the 18-electron rule. In the TM,, however, the 18-electron rule is satisfied without the M—M bond
(Fig. S1).

Bond order

The Mayer, Fuzzy and Wiberg bond orders (Table 2) were obtained using the Multiwfn software. All three bond
orders indicate the presence of an M—M bond only in TM, and TMj3. The Wiberg bond order was decomposed
into the contributions from the natural atomic orbital (NAO) pairs of the M atoms. Tables S7-S9 show the
Wiberg bond orders and their decomposition analysis of M—A (A is the atom bonded to the TM M) bonds. The
bond orders in Table 2 show the significant 0-bonding character between the 5d orbitals of Os1 and Os2 atoms
in TM;, no Os1-0s2 bonding in TM, and weak o-bonding between the 4d orbitals of Rul and Ru2 atoms.

Table 2: Mayer, Fuzzy and Wiberg bond orders and the Wiberg bond order decomposition analysis.

Complex M-M bond orders Wiberg bond order decomposition analysis
Mayer Fuzzy Wiberg Contribution NAO type

™, 0.5590 0.7619 0.5276 0.3676 5d (0s1) - 5d (0s2)

™, - 0.0979 0.0255 a -

™3 0.2236 0.5110 0.2580 0.1175 4d (Rul) - 4d (Ru2)

?No contribution is detected from the M atoms.

Frontier molecular orbital analyses

The frontier molecular orbital (FMO) was developed in the 1950s by Fukui [60]. The FMO is a description of the
chemical reactivity and stability. The highest occupied molecular orbital (HOMO) represents the electron-
donating ability of the complex while the lowest unoccupied molecular orbital (LUMO) is the ability to accept
an electron [18]. HOMO and LUMO factors are of fundamental importance in understanding the chemical
stability and reactivity of both organic and inorganic molecules [61]. Figure 3 shows the HOMO and LUMO of
the TM complexes.

The HOMO of TM;, TM, and TM3 are —4.96, —5.44 and -5.39 eV, respectively. The contributions to the
HOMO of TM, are from the d,y orhitals on the Os atoms. The p, orbitals on terminal Br atoms and the d2and d,,
orbitals on the Os atoms contribute to the HOMO of TM,. Moreover, the HOMO of TM; is made up of the dy,
orbitals on Ru atoms and the p,, orbitals on neighbouring C atoms.

The LUMO of TM;, TM, and TM;3 are —3.10, —1.58 and —-2.29 eV, respectively. The main contributions of the
LUMO of TM, are the d,’ orbitals on Os atoms, the py orbitals on bridging Br atoms and the s orbitals on
neighbouring C atoms. As for the LUMO of TM,, the main contributions come from the d orbitals of the Os
atoms. Furthermore, the main contributions to the LUMO of TMj are the dy; orbitals on the Ru atoms and the
dy’_,” orbital on Rul.
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Complex HOMO LUMO

™,

Fig. 3: HOMO and LUMO of the
TM complexes.

Natural population analysis

Table 3 shows the NBO analysis of the TM,; complex. M and A are the extent of polarisation of the M—A
bond and the hybridisation of the orbital on the M or A atoms; A is the atom bonded to the TM M. %s, %p and
%d represent the extent of hybridisation of the M—A bond at the M or A atoms. The s character for the M atom
is higher in the M—Cl bond than in the M—C bond, which is the opposite of what was observed from main
group chemistry [62, 63]. The same observation is made from the NBO analyses of TM, and TMj3 (Tables S13
and S14). The M—-M bond is not detected by the NBO program in any of the TM complexes.

We also report the donor-acceptor interactions that involve the NBOs of the TM complexes (Table 4) from
the second order perturbation theory analysis. The LP*4(0s2) NBO of TM; shows considerable interaction
(27.8 kcal mol™) with the LP*3(0s1); this indicates the presence of the 0s1-0s2 bond. No such interaction is
found between the NBOs of TM, which indicates the absence of an Os—0Os bond. In TMj3, several interactions
are observed between the NBOs of Rul and Ru2 (Table 4). However, none are as strong as in TM,.

Table 3: NBO analysis of the TM; complex.

Bond m? %s(M)  %p(M)  %d(M) A® %s(A)  %p(A)  %d(A)  Occupancy
0s1-Br3  29.6% sp**4d®% 8.6 38.0 53.4  70.4%sp”® 9.4 90.5 0.1 1.90
0s1-Br3  17.3% sp¥d*** 21.2 29.0 49.9  82.7%sp*? 24.3 75.6 0.1 1.58
0s1-Br5  25.2% sp>%4d*** 16.2 57.3 26.6  74.8% sp>*° 20.0 79.8 0.2 1.89
0s1-C7 39.6% sp*72d**14 3.0 35.7 61.3  60.4% sp?*** 4.6 95.4 0.1 1.38
0s51-C8 43.7% sp”>88d°%° 0.4 28.1 715  56.3% sp?% 4.6 95.4 0.1 1.42
0s1-Br4  26.8% sp*¥°d*** 19.5 42.7 37.8  73.2% sp*® 17.1 82.8 0.1 1.87
0s2-Br4  27.6% sp*'°d>"® 11.2 46.5 423 72.5% sp*®® 17.1 82.8 0.1 1.88
0s2-Br6  28.8% sp®%7d>! 29.6 25.8 44.6  71.2% sp>*° 20.0 79.8 0.2 1.95
0s2-C14  45.8% sp®®d** 14.9 12.4 72.7  54.2% sp**&! 4.6 95.3 0.1 1.45
0s2-C13  60.2% sp***d™>"7 5.8 6.9 87.3  39.8% sp?’'® 3.6 96.4 0.1 1.49
0s2-C12  36.3% sp>3'd>* 8.1 43.7 48.2  63.7% sp®>3* 4.6 95.3 0.1 1.38

Percentage of polarisation of the M—A bond and hybridisation of the orbital on the M or A atoms.



584 —— N. Savoo et al.: Molecular insights of metal-metal interactions DE GRUYTER

Table 4: Second order perturbation theory analysis of the donor-acceptor interactions in the TM complexes.

Donor NBO Acceptor NBO Interaction energy/kcal mol™
™;

LP*4(0s2) LP*3(0s1) 27.8
™;

LP*4(Rul) LP*6(Ru2) 9.4
LP*5(Rul) LP*6(Ru2) 1.5
LP*5(Rul) LP*6(Ru2) 9.7

QTAIM analysis

The QTAIM approach was employed to determine the covalent character of the M—M interactions. Figure 4
shows regions of minimum electron density called the bond critical points (1,) and the ring critical points (r,) in
the TM, complex in the QTAIM analysis. The electron density maps of the TM, and TM3 complexes are shown
in Figs. S2 and S3 in the SM. The lines in black are the bond paths, which have the maximum electron density
[o(r,)] between two chemically-bonded atoms. Table 5 lists the topological descriptors, such as the Laplacian
of the electron density [V2p(r)], the distances (d, and d,) of the r, and r, from the nuclei of the M1 and M2 atoms,
the perpendicular and parallel curvatures at the ry, (A;, A, and A3), the electron delocalisation index [6(M;,M,)]
and the total energy density [H(ry,)].

Fig. 4: Electron density map of
the TM; complex. The r, and r,
are in green and red,
respectively.

Table 5: Topological properties and QTAIM properties (in a.u.) at the r, in the TM complexes.

Complex d? dy? p(ry) VzP("b) A A, A; |A41/A5 (M, M,) H(ryp)
™, 1.530 1.530 0.03520 0.03805 -0.0168 -0.0077 0.0625 0.2688 0.5253 -0.0061
™, 2.011 2.011 0.01731 0.05324 -0.0101 0.0102 0.0532 0.1898 0.0293 0.0013
TM; 1.542 1.542 0.03332 0.07494 -0.0206 0.0409 0.0547 0.5037 0.2352 —-0.0032

2d, and d, are the distances of the r, and r, to the metal nuclei in A.
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The p(rp), V’o(r) and |A|/A; values are used to characterise the M—-M interactions in the TM complexes [64].
The p(1y,), V2o(r) and |A;|/A; values of the TM complexes are small, greater than zero and less than one, respec-
tively. This implies a typical closed-shell (electrostatic) interaction between the M atoms [64]. However, the
negative H(r,) values show that the M—M bonds in TM, and TM; have covalent character. The covalent character
of the M-M bond in TMj; is lower as the H(r,) is lower than that of TM;. Although low 8(M;,M,) values are
associated with M—M bonds, the near-zero 6(M;,M,) for the TM, complex shows that no M—M bonding occurs.

Electron localisation functions

We performed a topological analysis of the ELF of the electronic structures of the TM complexes whereby these
structures are described by local maxima (attractors) and localisation domains of the ELF. The attractors and
localisation domains characterise core regions, lone pairs of electrons and valence regions. The points, by
which a steepest ascent leads to the attractor, form the basin of the attractor. Two types of basins are observed
in a molecule: core and valence. The valence basins may be monosynaptic or polysynaptic, which correspond
to a lone pair of electrons or a many-centre bond [65]. An integration of the basin gives the electron population
of the basin.

Figure 5 shows the ELF attractors and the localisation domains of the TM complexes. Table 6 lists the
electron population to which the selected disynaptic basins integrate and the ELF values of the attractors. In
TM,, the attractors along the Os—Br bonds are located closer to the Br atom (Fig. 5a), which reflects the higher
electronegativity of the Br atom. This is shown by the localisation domain (orange) with ELF value of 0.77
(Table 6) located closer to the Br atom and in the direction of the Os atom (Fig. 5b). From the ELF basin analysis
of the TM,; complex, it is observed that the disynaptic basins of the bridging ligands [V(Os1,Br3), V(0s2,Br3),
V(0s2,Br4) and V(0s2,Br4)] have a higher electron population (0.75 e) than those of the terminal ligands
(V(0s1,Br5) and V(0s2,Br6); 0.60 e).The attractor for the Os1-0s2 bond is located in the middle of the bond

(a) ELF attractors

(b) ELF localisation domains
0.900 14.92
I 0.800 12791

0.700

10.600

|
0.500

[ 0.400

0.300

0.200 2.13

ne
0.100 o M : 0! 0} —
0 2.13 426 6.40 8.53 10.6612.7914.92 0 2.13 426 6.40 8.53 10.6612.7914.92 0 2.13 426 640 8.53 10.6612.7914.92
Length unit: Bohr Length unit: Bohr Length unit: Bohr
M, ™, ™,

Fig. 5: (a) ELF localisation domains and (b) ELF attractors of the TM complexes. The attractor between the Os atoms in TM, is
encircled in red.
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Table 6: The electron population of selected basins (attractors shown in Fig. 6). M and A can be understood from Fig. 5.

Basin Electron population ELF value

™, ™, ™3 ™, ™, ™;
V(M1,M2) 0.15 - - 0.327 - -
V(M1,A3) 0.75 0.95 0.68 0.777 0.801 0.860
V(M2,A3) 0.75 0.96 0.68 0.777 0.802 0.860
V(M1,A4) 0.75 0.96 1.66 0.777 0.802 1.000
V(M2,A4) 0.75 0.95 1.66 0.777 0.801 1.000
V(M1,A5) 0.60 0.55 0.49 0.777 0.763 0.834
V(M2,A6) 0.60 0.55 0.49 0.777 0.763 0.834

(encircled in red in Fig. 5) with an ELF value of 0.33 and a V(0s1,0s2) disynaptic basin with 0.15 e. Similar
observations are made for the bridging and terminal ligands of TM, and TM;. The two differences are: (i) No
attractor is located between the M atoms of TM, and TMj; and (ii) the V(Rul,H4) and V(Ru2,H4) protonated
attractors are localised at the core of the H atom with an electron population of 1.66 e and an ELF value of 1.00.
Although the bond order and NBO analyses indicate the presence of an Ru-Ru bond in TMj3, no attractor was
observed between the Ru atoms due to the lower covalent character of the Ru-Ru interaction as determined by
the QTAIM analysis.

Non-covalent interactions

We also performed an NCI analysis of the TM complexes. The NCI plots generated allow for a visualisation of
NCIs between molecular fragments as real-space surfaces. Within the NCI framework, the sign of A, enables
identification of the interaction type. Attractive interactions are negative, van der Waals interactions occur
close to zero and steric repulsions are positive.

0.02
0.01
0
—0.01
—0.02
—-0.03 :
< S a <
2 = S S <
TT < T T
sign(Ay)p (a.u.) sign(A,)p (a.u.) sign(d)p (a.u.)

Fig. 6: 2D and 3D NClI plots of the TM complexes. The NCl isosurfaces correspond to an isovalue of s = 0.5 a.u.
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The NCI isosurfaces in Fig. 6 correspond to an isovalue of s = 0.5 a.u. In the 3D plot for the TM, complex, a
blue patch between the two Os atoms indicates an attractive NCI which produces a spike at almost
sign(A,)p = —0.04 a.u. Green isosurfaces representing van der Waals forces of attraction are present between the
Br atoms and the H atoms of the neighbouring methyl groups. These van der Waals forces of attraction span
over the 0 > sign(A,)p > —0.01. Between the Os and Br atoms and the Os and C atoms, an attractive isosurface is
observed which is enclosed by a repulsive wall at around sign(A,)p = 0.035 a.u. The non-bonded overlap
between the C atoms of the phenyl rings neighbouring the Os atoms causes a steric repulsion shown by the red
region in the 2D plot. The NCI plots for the TM, and TM3 complexes show similar isosurfaces. However, no
spike is observed in the attractive region of the 2D plot of the TM, and TM3 complexes. Instead, a trough at
approximately sign(A,)p = 0.01 a.u. is observed in the 2D plot of the TM, complex, which is represented by a
brown isosurface in the 3D plot. This is due to steric repulsion which arises due to the Os1-Br3—-0s2-Br4 ring.
The same is observed for the TM3 complex at around sign(A,)p = 0.03 a.u.

Conclusions

Computational methods were employed to gain insights into interactions in three TM complexes for which CIFs
are available. The methods of analysis employed were bond orders, NBO, QTAIM, ELF and NCI. The bond order
and NBO analyses indicate the presence of an M-M bond in TM; and TM; but not in TM,. The M—M bond in TMj3
appears weaker than that in TM;. The M-M bond in TM; was found to be electrostatic with some covalent
character by the QTAIM analyses. The ELF analysis confirms a two-centre bond between the Os atoms in TM;
with an electron population of 0.15 e. Moreover, an attractive isosurface exists between the Os atoms in TM;,
which was deduced by the NCI analysis. As for the TM, complex, no bond path, no attractor and a repulsive
isosurface were observed between the Os atoms, which imply the absence of an M—M bond in TM,. The QTAIM
analysis of TM; indicates that the M—M bond is electrostatic with lower covalent character than in the TM;
complex. This translates to the absence of an attractor and the presence of a repulsive surface between the Ru
atoms. We hope that this manuscript strengthens the idea of using computational methods to complement
X-ray data.
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