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The bonding situation of homonuclear and heteronuclear metal—metal multiple bonds in RsM—M’R3 (M, M’ = Cr, Mo,
W; R =Cl, NMe,) is investigated by density functional theory (DFT) calculations, with the help of energy decomposition
analysis (EDA). The M—M’ bond strength increases as M and M’ become heavier. The strongest bond is predicted for
the 5d—5dtungsten complexes (NMeg)sW—W(NMe,)s (De = 103.6 keal/mol) and Cl;W—WCl; (D, = 99.8 kcal/mol).
Although the heteronuclear molecules with polar M—M’ bonds are not known experimentally, the predicted bond
dissociation energies of up to 94.1 kcal/mol for (NMe,)sMo—W(NMe,)s indicate that they are stable enough to be
isolated in the condensed phase. The results of the EDA show that the stronger RsM—M’R3 bonds for heavier metal
atoms can be ascribed to the larger electrostatic interaction caused by effective attraction between the expanding
valence orbitals in one metal atom and the more positively charged nucleus in the other metal atom. The orbital
interaction reveal that the covalency of the homonuclear and heteronuclear RsM—M’R3 bonds is due to genuine triple
bonds with one o- and one degenerate sr-symmetric component. The metal—metal bonds may be classified as triple
bonds where z-bonding is much stronger than o-bonding; however, the largest attraction comes from the
quasiclassical contribution to the metal—metal bonding. The heterodimetallic species show only moderate polarity
and their properties and stabilities are intermediate between the corresponding homodimetallic species, a fact which
should allow for the experimental isolation of heterodinuclear species. CASPT2 calculations of ClsM—MCl; (M = Cr,

Mo, W) support the assignment of the molecules as triply bonded systems.

Introduction

The chemistry of metal—metal multiple bonds has been
extensively developed in the last few decades, after the first
isolation of the anionic [Re,Clg]*~ in the K5[Re,Clg]-2H,0
complex. It has a formal quadruple bond between the Re
atoms with an o°7*0> electron configuration."? Since then,
many compounds that possess metal—metal multiple bonds
have been synthesized and isolated, as summarized in the
prominent book by Cotton, Murillo, and Walton.? In recent
years, the chemistry of metal—metal multiple bonds has come
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into focus again, mainly because of the reports about very
short metal—metal bonds with high bond orders,”* triggered
by Power’s recent report about the very short Cr—Cr bond
with a formal quintuple bond.> The latter bonding type was
recently investigated with quantum chemical methods by
Gagliardi and co-workers.® Early theoretical studies of com-
pounds with metal—metal multiple bonds have been reported
by groups led by Hall,” Davidson,® and others.” The latter
studies focused on homodimetallic compounds.

In contrast to the numerous reports about homodinuclear
metal—metal bonds, the chemistry of their heterodinuclear
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Table 1. Nomenclature of the Compounds RsM—M'R3 (M, M’ = Cr, Mo, W;
R = Cl, NMe,)

M M compound
Cr Cr 1R
Mo Mo 2R
W W 3R
Cr Mo 4R
Cr W 5R
Mo W 6R

counterparts, which may have polar metal—metal bonds, is
less developed, especially when it comes to multiply bonded
systems. Heterodinuclear molecules with metal—metal single
bonds are relatively well-studied experlmentally, they are
mainly compounds of the so-called “early-late” type.'
These are of interest because of their potential as catalysts in
metal-mediated reactions. However, there is only one well-
developed class of compounds with heterodinuclear metal—
metal multiple bonds that was described by Collmann and
co-workers in their work on substituted metal porphyrin
dimers in which two transition metals are multiply bonded to
each other, as summarized in ref 14. The use of the porphyrin
rings in the Collmann systems enforces the same local 4-fold
symmetr y of the metal—metal bond as in the prototypical
[Re,Clg]~. The bonding situation in the Collmann systems
can thus be analyzed in comparison to that in [Re,Clg]*~ and
the formal metal—metal bond order in the Collmanns sys-
tems ranges from quadruple bonds with an electron config-
uration of o?7*0> as in [Re,Clg]*~ to electron-rich triple
bonds with a formal configuration of, e.g., 0>7*0?0**. These
systems are very interesting; however, these will be the focus
of an upcoming work.

Our interest in this work, however, will be on homonuclear
and heterodinuclear metal—metal multiple bonded systems
with electron-poor triple bonds with a formal o*z* electron
configuration. Such a bonding situation is realized in mole-
cules of the general formula RsM—M'R3, where the transi-
tion metals M and M’ have a formal electron count of (d—d)°.
Such systems are experimentally known, with M = M’ = Cr
or Mo and R being various univalent ligands, such as CR';,
NR’,, OR/, SR, and SeR’."> Despite several experimental
attempts to characterize their heterodinuclear congeners,
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only the corresponding cation [MoW(NMe,)s]" could be
observed by mass spectrometry, but not characterized
structurally.'® We consider only systems that have nonbridg-
ing ligands, excluding compounds such as MoW(O,CRy),,
where bidentate ligands are bonded to both metals.’
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To shed light on the bonding situation of the electron-poor
metal—metal triple bond and on terms that influence their
stability and character, we set out a computational study of
the homodinuclear and heterodinuclear systems R;M—M'R;
(M, M’ =Cr, Mo, W; R=Cl, NMe,) (see Table 1), which
may be classified as having a formal triple bond between two
d*—MR; fragments. Among the molecules in question, the
homodimetallic molybdenum and tungsten compounds with
NMe, ligands (i.e., (NMe,)sMo—Mo(NMe»); and (NMe2)3-
W—-W(NMe»);) have been reported experlmentally, 15eh and
a theoretical interpretation was given in the early 1980s.!”
The chromium homologue is only known as the monome-
tallic species Cr(NMe,)s.

This study is part of our ongoing work, the objective of
which is systematic il’lVCS'[l%dthl’l of the chemical bond in
transition-metal complexes, ® with the help of energy decom-
position analysis (EDA). 19-23 Our work is the first study
where the o and 7 contributions to the homodinuclear and
heterodinuclear bonds of RsM—M'R; are quantitatively
evaluated.

Computational Methods

All geometries were optimized at the gradient-corrected
density functional theory (DFT) level of theory, using Becke’s
exchange functional,>® in conjugation with Perdew’s correla-
tion functional®® (BP86). Uncontracted Slater-type orbitals
(STOs) were employed as basis functions in SCF calcula-
tions.?® Triple-C-quality basis sets were used, which were
augmented by two sets of polarization functions, that is
p and d functions for the hydrogen atom, and d and f
functions for the other atoms. This levels of theory is denoted
as BP86/TZ2P. An auxiliary set of s, p, d, f, and g STOs was
used to fit the molecular densities and represent the Coulom-
bic and exchange potentials accurately in each SCF cycle.?’
Scalar relativistic effects were considered using the zero-order

(16) Chisholm, M. H.; Extine, M. W.; Kelly, R. L.; Mills, W. C.; Murillo,
C. A.; Rankel, L. A.; Reichert, W. W. Inorg. Chem. 1978, 17, 1673.

(17) Bursten, B. E.; Cotton, F. A.; Green, J. C.; Seddon, E. A.; Stanley,
G. G. J. Am. Chem. Soc. 1980, 102, 4579.

(18) (a) Frenking, G.; Wichmann, K.; Frohlich, N.; Loschen, C.; Lein,
M.; Frunzke, J.; Rayon, V. M. Coord. Chem. Rev. 2003, 55, 238. (b) Lein, M.;
Frenking, G. In Theory and Applications of Computational Chemistry: The
First 40 Years; Dykstra, C. E., Frenking, G., Kim, K. S., Scuseria, G. E., Eds.;
Elsevier: Amsterdam, 2005; p 367.

(19) Morokuma, K. J. Chem. Phys. 1971, 55, 1236.

(20) Kitaura, K.; Morokuma, K. Int. J. Quantum Chem. 1976, 10, 325.

(21) Bickelhaupt, F. M.; Baerends, E. J. Rev. Comput. Chem. 2000, 15, 1.

(22) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1.

(23) Ziegler, T.; Rauk, A. Inorg. Chem. 1979, 18, 1755.

(24) Becke, A. D. Phys. Rev. A 1988, 38, 3098.

(25) Perdew, J. P. Phys. Rev. B 1986, 33, 8822.

(26) Snijders, J. G.; Baerends, E. J.; Vernooijs, P. A¢. Nucl. Data Tables
1982, 26, 483.

(27) Krijn, J.; Baerends, E. J. Fit Functions in the HFS Method (in Dutch);
Internal Report, Vrije Universiteit: Amsterdam, The Netherlands, 1984.



Article

regular approximation (ZORA).? 32 Stationary points were
characterized as minima on the potential energy surface by
calculating the Hessian matrix analytically at this level. The
energy decomposition analysis was also carried out at BP86/
TZ2P. The calculations were performed using the ADF(2006)
program package.* The natural bond orbital analysis (NBO)
was carried out to calculate the atomic partial charges and
the Wiberg bond orders using the Gaussian03 program
package®* at BP86 with split-valence basis sets of doubly
polarized triple-g-quality developed b%/ Weigend and Ahlrichs,
which are denoted as def2-TZVPP.*>¢

Complete Active Space (CAS) SCF?’ calculations have
been carried out for homometallic ClsMMCI; molecules, to
compare the results with the DFT calculations. The CASSCF
calculations were then used to add dynamic correlation
via multlconﬁgurational second-order perturbation theory
(CASPT2).37% Scalar relathlstlc effects were included via a
Douglas—Kroll Hamiltonian.*'*> Large ANO-RCC basis
sets of Roos, such as those implemented in the program
package MOLCAS,* were used in the following contractions:
(17s12p5d4f2g) — [S5s4p3dif] for Cl, (21s15p10d6f4g2h) —
[6s5p3d2flg] for Cr, (21s18p13d6fdg2h) — [7s6p4d2flg] for
Mo (24s21p15d11f4g2h) — [8s7p5d3flg] for W. These calcula-
tions were performed with the program MOLCAS6.** The
CASPT2/ANO-RCC calculations were performed using
BP86/TZ2P geometries. In the CASSCF calculations of the
CI:MMCl; systems, we choose an active space that consists of
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6 electrons in 10 orbitals CAS(6,10). We want to point out that
a systematic comparison of the results that are obtained at
BP86/TZ2P with CASPT?2 calculations for a series of homo-
nuclear and heteronuclear systems with a formal metal—metal
quadruple bond [MM’'Clg]* (M, M’ = Tc, Re, Ru, Os, Rh, Ir
and x = 2—, 1—, 0, 14+, 24) has recently been published by

# The dgreement between the DFT and ab initio calcula-
tlons is very good.

In the EDA, bond formation between the interacting
fragments is divided into three steps, which can be interpreted
in a plausible way. In the first step, the fragments, which are
calculated with the frozen geometry of the entire molecule,
are superimposed without electronic relaxation, yielding the
quasiclassical electrostatic attraction (A FEgjsa¢)- In the second
step, the product wave function becomes antisymmetrized
and renormalized, which gives the repulsive term (AEp,u;),
termed Pauli repulsion. In the third step, the molecular
orbitals relax to their final form to yield the stabilizing orbital
interaction (AEy). The latter term can be divided into
contributions of orbitals having different symmetry. This
latter step is crucial for the present study. The sum of the
three terms AFEq st + AEpau; + AEo gives the total inter-
action energy (AEjy):

AEim = AEelstal + AE‘Pauli + AEorb

The EDA calculations, which involve open-shell frag-
ments, do, for technical reasons, neglect the spin polarization
in the fragments. This means that the interaction energies
AE;, are slightly larger (on the order of a few kilocalories per
mole per unpaired electron) than those using fully relaxed
orbitals. This error has been neglected in the present study,
because the small differences are unimportant for the discus-
sion in this paper. To obtain the bond dissociation energy
(De), the preparation energy (AE,.,) must be considered,
which is the energy difference of the fragments between their
equilibrium geometry and the geometry that they have in the
molecule.

AE (= — D) = AEin+AEpep

Further details about the EDA can be found in the
literature.?!3

Metal—metal bonded systems are considered to be multi-
determinantal problems. We have already reported that well-
behaved systems such as those studied in this work can, at
least for the purpose of bond analysis and for discussing
stability and propert}/ trends, efficiently and reliably be
described using DFT.

Results and Discussion

We begin the discussion with the (NMe,);M—M'(NMe,);
M, M" = Cr, Mo, W) molecules 1INMe,—6NMe,. The
molybdenum and tungsten compounds (NMe,);Mo—
Mo(NMe»); and (NMe,); W—W(NMe,); are experimentally
known and have been fully characterized,'>*" so that we can
compare our computational with experimental data. The
optimized geometrical parameters, the number of imaginary
frequencies, the M—M’ bond dissociation energies, the NBO
partial charges, and the Wiberg bond orders are summarized
in Table 2.

All (NMe,);M—M’'(NMe,); molecules (INMe,—6NMe,)
adopt a staggered, D3q (C;y for heterodinuclear species)

(44) Takagi, N.; Krapp, A.; Frenking, G. Can. J. Chem. 2010, 88, 1079.
(45) Krapp, A.; Lein, M.; Frenking, G. Theor. Chem. Acc. 2008, 120,
313.
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Table 2. Calculated Bond Lengths (R(M—M")), Bond Angles (A(M—M'~N) and 4(M'=M~—Cl)), Number of Imaginary Frequencies (Nimag), Bond Dissociation Energies
(D) of the M—M' Bond, NBO Partial Charges (¢), and Wiberg Bond Orders (P(M—M’)) of Compounds 1NMe,—6NMe, with Staggered D34 (C3, for Heteronuclear

Molecules) Symmetry at the BP86/TZ2P Level

compound 1NMe, (Cr—Cr) 2NMe, (Mo—Mo) 3NMe, (W—W) 4NMe, (Cr—Mo) 5NMe, (Cr—W) 6NMe, (Mo—W)
R(M—M) 1.892 A 2232 A 2318 A 2.069 A 2.130 A 2279 A
AM—M'—N) 105.3° 103.9° 103.8° 105.2° 104.7° 104.0°
AM'—M—N) 105.3° 103.9° 103.8° 103.9° 103.7° 103.5°
Nimag 0 0 0 0 0 0
D, 25.9 kcal/mol 85.4 kcal/mol 103.6 kcal/mol 54.0 kcal/mol 60.8 kcal/mol 94.1 kcal/mol
q(M) 0.66 ¢ 0.86 ¢ 1.02 e 0.40 ¢ 0.23 ¢ 0.74 ¢
qgM") 0.66 ¢ 0.86 ¢ 1.02e 1.05¢ 141 e I.lle
¢((NMe,);M) 0.00 ¢ 0.00 e 0.00 e —0.25¢ —0.42¢ —0.12¢
P(M—M) 2.11 2.26 2.26 2.14 2.11 2.24
E." 26.8 26.9 25.6 26.2 25.1 26.2

“Relative energies between staggered and eclipsed structures, given in units of kcal/mol.

(a)

conformation of the two M(INMe,)s units. The eclipsed Dsq
(Csp) structures do not correspond to minima on the poten-
tial energy surface, and they are less stable, by 25.1—
26.9 kcal/mol, with respect to the staggered ones, according to
constraint geometry optimizations. This observation agrees
with the experimental X-ray structures of (NMe,);Mo—
Mo(NMe»); and (NMe,);W—W(NMe»);, because only the
staggered conformers exist in the crystals. The optimized
M—M' distances for 2NMe;, (2.232 A) and 3NMe, (2.318 A)
reproduce those from the X-ray structures of 2.214 A and
2.292 A, respectively, well. Also, the remaining structural
features of the optimized 2NMe, and 3NMe, agree very well
with the experimentally reported ones,'>" which makes us
confident that the current computational method is reliable
for the purpose of this study.

As shown in Figure 1, the N—C—C plane in the NMe,
ligands of 1NMe,—6NMe; lies always parallel to the central
M—M’'—N plane. In a recent work on the bonding in early-
late complexes,*® we observed a rather strong dependency of
the M—M’ bond length on the orientation of NR; ligands.
This could be explained by the lone-pair orbitals on the
amino groups mixing into the M—M’ g-orbital. Although,
following the conclusions in ref 46, a 90° rotation of the
NMe, groups is expected to strengthen (and lengthen) the
M—M'’ bond, such conformers become energetically un-
favorable in the present case, by more than 90 kcal/mol,

(46) Krapp, A.; Frenking, G. Theor. Chem. Acc. 2010, 127, 141.

(b)

Figure 1. Optimized D34 symmetric geometry of 3NMe, from (a) side view and (b) top view at the BP86/TZ2P level.

and do not correspond to minima on the potential energy
hypersurface. Therefore, in the following, we will consider only
the D34 (Csy) symmetric structures, as illustrated in Figure 1.

The optimized M—M’ distances in INMe,—6NMe; are all
considerably shorter than the sum of their van der Waals
radii, indicating multiple bond character of the M—M’
bonds. As expected, the M—M’ distance increases for heavier
M and M. In the heterodinuclear compounds, the M—M’
bond lengths are very close to the geometrical mean of the
corresponding homodinuclear M—M values, only for SNMe,
the optimized value of 2.130 A is slightly larger than the
geometrical mean of INMe, and 3NMe, of 2.105 A.

The bond strength increases significantly as M and M’
become heavier, as indicated by the bond dissociation energy
(De). D increases in the order of 1INMe, (25.0 kcal/mol) <
2NMe, (85.7 kcal/mol) < 3NMe;, (103.6 kcal/mol) for the
homodinuclear molecules. We want to note that the chro-
mium compound 1NMe, has a much weaker bond than the
molybdenum and tungsten homologues. This is consis-
tent with the experimental finding that (NMe,);Mo—
Mo(NMe,); and (NMe,);W—W(NMe,); are experimentally
known'>*" but the chromium species is only known as
monomer (NMe,);Cr.">™ If thermal and entropic corrections
are considered for the bond dissociation energy, the molecule
(NMe,);Cr—Cr(NMe,); is only weakly bonded. The experi-
mental observations suggest that the intramolecular interac-
tions provide sufficient stability to the monomer (NMe,);Cr,
preventing the formation of 1NMe, in a condensed phase.



Article

Table 3. EDA for Compounds 1INMe,—6NMe; at the BP86/TZ2P Level under C3, Symmetry*
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compound INMe, (Cr—Cr)  2NMe;, (Mo—Mo)  3NMe, (W—W)  4NMe, (Cr—Mo)  5NMe, (Cr—W)  6NMe, (Mo—W)
AE;y (kcal/mol) —61.6 —108.7 1275 —83.1 —89.7 ~117.6
AEpuui (kcal/mol)  367.2 418.1 4474 386.1 386.6 429.4

AEc]slznh (kcal/mol)

AEyp, (keal/mol)”
alé(o)(.

a

e (m)°

AE,;., (kcal/mol)
—D, (kcal/mol)

—242.2(56.5%)
—186.7 (43.5%)
—68.2(36.5%)
—0.9 (0.5%)
—117.6 (63.0%)
36.6

25.0

—326.9 (62.1%)
—199.9 (37.9%)
—71.1 (35.6%)
—0.6 (0.3%)
—128.2 (64.2%)
23.0

85.7

—377.5 (65.7%)
—197.5 (34.4%)
—69.4 (35.1%)
—0.5(0.3%)
—127.6 (64.6%)
23.9

103.6

—279.7 (59.6%)
—189.5 (40.4%)
—69.1 (36.5%)
—0.7 (0.4%)
—119.7 (63.2%)
29.3

53.8

—293.7 (61.7%)
—182.6 (38.4%)
—66.6 (36.5%)
—0.7 (0.4%)
—115.3 (63.2%)
28.3

60.4

—349.9 (64.0%)
—197.2 (36.1%)
—69.5 (35.2%)
—0.5(0.3%)
—127.2 (64.5%)
234

94.2

“The respective quartet *4, state was chosen for the interacting fragments M(NMe,)s. ® The percentage values given in parentheses represent the
contribution to the total attractive interactions AE.g. + AEom. < The percentage values given in parentheses represent the contribution to the total

orbital interactions AE,,y,.

The trend for the bond strengths of the heterodinuclear
compounds is 4NMe, (53.8 kcal/mol) < SNMe, (60.4
kcal/mol) < 6NMe, (94.2 kcal/mol). The strongest M-M’
bond is predicted for the heaviest compound 3NMe, in which
two 5d metals are bound together. We note that the experi-
mental difficulties in the synthesis of heterodinuclear species
and especially also 6NMe, are not due to the intrinsic
instability of the polar M—M’ bonds. All heterodinuclear
compounds 4NMe,—6NMe, are predicted to be thermody-
namically sufficiently stable, with respect to decomposition
to M(NMe,); fragments, to allow for an experimental
observation, once a synthetic path has been found. The
decomposition of two heterodinuclear species into the homo-
dinuclear compounds is almost thermoneutral, and careful
low-temperature experiments should allow the isolation of
the heterodinuclear species 4NMe,—6NMe;.

The bond strength of the heterodinuclear compounds
corresponds almost exactly to the geometrical mean of
the corresponding homodinuclear compounds. This in-
dicates a very similar bonding situation in both the
homodinuclear and heterodinuclear systems, with the
bond polarity in the heterodinuclear species being either
small or without effect on the structural parameters and
the bond strengths.

For the relaxed &’-M(NMe,); fragments, we considered
two electronic structures: a quartet and a doublet state. The
trigonal planar quartet state (*4,) corresponds to the electro-
nic ground state for all M(NMe,); fragments. In the W-
(NMe,); fragment, the terminal NMe, groups lie exactly
perpendicular to the central N—W—N plane, suggesting C3,
symmetry, whereas they are rotated along the M—N axis
(24°—27°) for Cr(NMe,); and Mo(NMe,);, which adopt C;
symmetry. The trigonal pyramidal doublet states (*4,) cor-
respond to the electronic excited state. The excitation energies
*4,— 24, are calculated to be 18.9, 10.6, and 3.8 kcal/mol for
Cr(NMe,)3, Mo(NMe,)3, and W(NMe,)s, respectively.

The NBO analysis shows that the metal atoms carry a
relatively large positive charge, because of the strong electro-
negative NMe, ligands. For the homodinuclear molecules,
the positive charges of M increase in the following order:
INMe;, (0.66 ¢) < 2NMe, (0.86 ¢) < 3NMe, (1.02 ¢). The
largest bond polarity in the heterodimetallic systems, as
measured by the charge of the M(NMe,); units, is predicted
for the 3d—>5d system 5SNMe,. The charge transferred from
W(NMe,); to Cr(NMe,); amounts to 0.4 e. The charge
transfer in 4NMe, and 6NMe, is 0.3 ¢ and 0.1 e. In all
heterodinuclear systems, the polarity is such that charge is
transferred from the heavier metal to the lighter metal.

Interestingly, note that the Wiberg bond index P(M—M’),
as an indicator of the covalency of the M—M’ bond, is almost
constant, ~2.1—2.2 for the entire set of (Me,N);M—
M'(NMe,); systems considered, meaning that one could
assign a triple bond character to all of these M—M’ bonds.
Furthermore, this can be seen as an indication that the
covalent part of the M—M’ bonds has similar character and
strength, whereas the substantial difference in bond strength
(D) must be mainly a result of the change in the electrostatic
contribution to the bond energy. The results of the energy
decomposition analysis (EDA) for 1INMe,—6NMe,, as pre-
sented in Table 3, will shed light on this hypothesis.

The respective *4; quartet states for the neutral (NMe,)sM
and M'(NMe,); fragments were chosen as the interacting
moieties in the EDA. The interaction energy (AE;,) follows
the same trend as the dissociation energy (D). The observa-
tion that the values for the heterodinuclear species almost
match the geometrical mean of the homodinuclear congeners
also holds for the interaction energies. This means that one
can disregard the deformation of the fragments, as measured
by the preparation energy, to explain the increase in the
dissociation energy with increasing mass of the metal M.
There are two important observations to be made when
considering the stabilizing contributions to the interaction
energy (AEgswc + AEom,). First, they are dominated by the
electrostatic contribution AFEa, Which amounts to 57% of
the total stabilizing contributions (AEgsa; + AFEym) In
INMe,, 62% in 2NMe,, 66% in 3NMe,, 60% in 4NMe,,
62% in SNMe,, and 64% in 6NMe,. Second, the absolute
value of the orbital term is very similar for INMe,—6NMe,,
because it only varies between —183 kcal/mol and —200
kcal/mol, compared to the variation in A Egg,, (between —242.2
kcal/mol and —377.5 kcal/mol). Also taking into account
that the repulsive Pauli term (AEp,,;) varies relatively little,
we conclude that the increase in the stability of the M—M’
bond when going to heavier metal atoms M and M is due to
an increase in the quasiclassical attraction of the M(NMe,);
and M'(NMe,); fragments. The lower electrostatic contribu-
tions for the lighter metal atoms can be explained by the
more-compact valence orbitals of the lighter metal atoms and
their smaller positive partial charge, which is due to a
decrease in N—M bond polarity.

The covalent bonding, as measured by the orbital relaxa-
tion contribution AE, 4, is relatively constant, which corro-
borates the finding of the Wiberg bond orders. The orbital
contributions can be split up in components of a;, a,, and e
character. The a,-symmetric contributions are negligibly
small, whereas the a;- and e-symmetric contributions can
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LUMO (e : -0.72eV)

HOMO-3 (a, : -5.05¢V)

Figure 2. Plot of relevant orbitals and eigenvalues of 3NMe;, at the
BP86/TZ2P level.

be identified as the M—M'—0¢- and M—M'—z-bonding con-
tributions, respectively. The numerical values of the a;(0) and
e(r) components for INMe,—6NMe, show that the M—M’
bonds consist consistently of one o-bond, which contributes
~36% to the total orbital relaxation energy, and two z-bonds
of almost equal importance as the o-bond (2 x 32%). We
note that the heterodinuclear compounds 4NMe,—6NMe,
exhibit very similar behavior in the EDA as their homodi-
nuclear counterparts, as expected from the charge analysis.
The individual energy contributions to the interaction energy
for the heterodinuclear systems are between the respective
values of the homodinuclear compounds, except for the
electrostatic contribution AE gy in SNMe, and 6NMe,,
where it is slightly smaller. It seems that the small charge
transfer between the different metal atoms remains without
major effects on the bonding situation.

The Kohn—Sham orbital pictures of 1INMe,—6NMe,, as
shown in Figure 2, allow for a visualization of the M—M’—
o- and —m-bonds. Interestingly, note that 1INMe,—6NMe,
have energetically lower-lying degenerated lowest unoccupied
molecular orbitals (LUMOs), which correspond to metal—
metal 0-bonds and 0*-bonds. The LUMO energies increase in
the following orders: for the homonuclear molecules, 1INMe,
(—1.81 eV) < 2NMe, (—1.22 eV) < 3NMe, (—0.72 eV); for
the heteronuclear molecules,4dNMe, (—1.53 eV) < SNMe,
(—1.33eV) < 6NMe, (—0.97 eV). Anionic states of INMe,
under Ds;, symmetry constraint have much shorter M—M’
distances (1.808 A at the dianionic singlet state, and 1.819 A
at the dianionic triplet state). The latter is more stable than
the former by 8.5 kcal/mol. They clearly have short Cr—Cr
bonds, comparable to the recently reported molecules, which
have very short Cr—Cr bonds (1.740—1.823 A) 49
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The results of the model molecules RsM—M'R3, where
R = Cl (1C1-6Cl), are presented in Tables 4 and 5. We
considered two possible conformers: the staggered structures
1C1-6Cl and the eclipsed structures 1CI'—6CI'. The calcula-
tions show that the staggered structures are the most favor-
able ones among the isomers that have direct M—M’ bonds,
except for 3Cl, which has a small imaginary frequency
(6.1 ecm ™ "), whose vector is pointing toward the correspond-
ing eclipsed structure. However, for all Cl,M—M’Cl; mole-
cules, the energy differences between the staggered and the
eclipsed structure are small, with a preference for the staggered
structure for all species but CI3W—WCI;. The small energy
differences come from weak repulsion between the chlorine
ligands, as indicated by the slightly longer M—M’ distances,
and the tilted bond angles of M—M'—Cl and M'—=M—Cl for
1CI'—6CI'. In the following, for the sake of simplicity, we will
mainly discuss the staggered structures 1Cl1—6Cl.

The central M—M’ bonds in 1CI—6Cl are almost equally
long, compared to INMe,—6NMe,, except for the chromium
compound 1Cl, which has a 0.03-A-longer Cr—Cr bond than
1NMe,.

The bond dissociation energies (D,) of 1C1—6CI follow the
same trends as in 1NMe,—6NMe,. Also, in this case, a
heavier metal leads to stronger M—M’ bonds. Hence, the
strongest M—M’ bond is predicted for the (5d—5d) com-
pound 3Clwith D, = 99.8 kcal/mol. The change of ligands R
in RsM—M'R; from R = NMe, to R = CI leads to
destabilization of the metal—metal bond. This is most pro-
nounced for the lighter systems with M = Cr.

The NBO analysis shows that the metal atoms M and M’ in
1CI1-6Cl always carry a positive charge, but much less so
than the metal atoms in 1NMe,—6NMe,. However, the
amount of charge transfer and, thereby, the polarity of the
metal—metal bond in the heterodinuclear compounds is very
similar for both classes of compounds with ligands R = Cl
and R = NMe,. Also, the Wiberg bond orders remain almost
unchanged by the change of ligand in R;M—M'R;. Based on
the charge analysis, we expect the M—M’ bond in 1C1-6Cl to
have a similar degree of covalency, but a reduced quasiclas-
sical electrostatic contribution, because of the less-positive
character of the metal atoms.

For detailed analysis of the M—M’ bonding situation, the
EDA is carried out for 1C1—6CL. The respective quartet *4;
states were chosen as the interacting moieties for the Cl;M
and M'Cl; fragments. The EDA results are summarized in
Table 5. The EDA shows that the AE;, values increase as the
metal atoms become heavier in the following order: for
the homodinuclear molecules, 1Cl (—29.9 kcal/mol) < 2Cl
(—90.2 keal/mol) < 3Cl (—115.8 kcal/mol); for the heterodi-
nuclear molecules, 4Cl (—60.5 kcal/mol) < 5CI (=71.9
kcal/mol) < 6Cl (—102.7 kcal/mol). As for INMe,—6NMe,,
the behavior of AE;,, closely resembles that of D., because all
molecules have similar AE,..,, values of 13.1—17.8 kcal/mol.
When it comes to the individual contributions to the inter-
action energy, we note the general similarity to the amino
systems 1NMe,—6NMe,. The EDA supports the above
statement that the covalent contribution is very much the
same for the chloride and the amino compounds, both
exhibiting triple bonds with a slightly dominating o-bond
contribution and a degenerate sw-contribution. In 1C1-6Cl,
the amount of z-bonding is slightly reduced and the
amount of o-bonding is slightly increased, compared to
INMe,—6NMe,. The EDA also gives an explanation for
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Table 4. Calculated Bond Lengths (R(M—M’)), Bond Angles (4(M—M’~Cl) and A(M'=M~Cl)), Number of Imaginary Frequencies (Nimag), Bond Dissociation Energies
(D) of the M—M’ Bond, NBO Partial Charges (¢), and Wiberg Bond Orders (P(M—M")) of Compounds 1CI-6Cl with Staggered-Ds4 (Cs, for Heteronuclear Molecules) and

1CI'—6Cl' with Eclipsed-Dsy, (Csy, for Heteronuclear Molecules) Symmetry at the BP86/TZ2P Level”

Staggered

compound 1C1 (Cr—Cr) 2Cl (Mo—Mo) 3C1(W—W) 4Cl1 (Cr—Mo) 5CI (Cr—W) 6Cl (Mo—W)
RM—M’) 1.926 A 2228 A 2308 A 2.078 A 2128 A 2271 A
AM—-M'—CI) 105.0° 102.8° 103.2° 105.5° 105.0° 103.3°
AM'—=M~-Cl) 105.0° 102.8° 103.2° 101.9° 101.5° 102.5°
Nimag 0 0 1(6.1icm™ ) 0 0 0
D, 12.1 kecal/mol 77.1 kcal/mol 99.8 kcal/mol 44.8 kcal/mol 54.9 kcal/mol 88.2 kcal/mol
q(M) 0.32¢ 0.53 ¢ 0.65¢ 0.16 ¢ 0.06 ¢ 0.47 ¢
qM’) 0.32¢ 0.53 ¢ 0.65 ¢ 0.72 ¢ 093¢ 0.73 e
q(ClsM) 0.00 e 0.00 ¢ 0.00 ¢ —0.24 ¢ —0.39¢ —0.13 ¢
P(M—M) 2.12 2.20 2.26 2.13 2.12 2.23

Eclipsed

compound 1CI (Cr—Cr) 2CI' (Mo—Mo) 3CI' (W—W) 4CI' (Cr—Mo) 5CI' (Cr—W) 6CI' (Mo—W)
RM—-M) 1.990 2.267 2.337 2.130 2.178 2.305
AM—-M'—-Cl) 106.9° 103.8° 103.5° 105.0° 104.4° 103.6°
AM'—M—CI) 106.9° 103.8° 103.5° 105.6° 105.4° 103.5°
Nimag 0 1(5.9icm™) 0 1 (2l.liem™) 1(20.3icm™") 0
D, 7.9 kcal/mol 76.2 kcal/mol 100.1 kcal/mol 41.6 kcal/mol 52.0 kcal/mol 87.9 kcal/mol
q(M) 0.29 ¢ 0.49 ¢ 0.62 ¢ 0.11e 0.03 ¢ 043¢
qgM") 0.29 ¢ 0.49 ¢ 0.62 ¢ 0.70 e 0.89 ¢ 0.70 e
q(ClsM) 0.00 e 0.00 e 0.00 e —0.24 ¢ —0.38 ¢ —0.14 ¢
P(M—M) 1.99 2.09 2.19 2.02 2.03 2.14
E. " +4.2 +0.8 —0.2 +3.2 +2.9 +0.3

“Relative energies between staggered and eclipsed structures, given in units of kcal/mol.
Table 5. EDA Results for Compounds 1C1-6CI at the BP86/TZ2P Level under C5, Symmetry”
compound 1Cl1 (Cr—Cr) 2C1 (Mo—Mo) 3C1 (W—W) 4Cl1 (Cr—Mo) 5CI (Cr—W) 6Cl (Mo—W)

AEj, (kcal/mol) -29.9 —90.2 —115.8 —60.5 =71.9 —102.7
AEp,; (kcal/mol) 249.5 320.3 371.2 287.4 304.1 342.3

AE‘elslul[7 (kcal/mol)
AEorbb (kcal/mol)

ay (0)° —65.5 (41.2%) —74.6 (38.5%)
a° —0.1(0.1%) —0.1(0.0%)
e (1) —93.3 (58.7%) —119.1 (61.5%)

AEy.p, (kcal/mol)

e

—120.5 (43.1%)
—158.9 (56.9%)

17.8
12.1

—216.8 (52.8%)
—193.8 (47.2%)

13.1
77.1

—289.3 (59.4%)
—197.7 (40.6%)
—75.5 (38.2%)
—0.1(0.0%)
—122.1 (61.8%)
16.0

99.8

—170.9 (49.1%)
—177.0 (50.9%)
—70.5 (39.8%)
—0.1(0.1%)
—106.4 (60.1%)
15.7

448

—198.5 (52.8%)
—177.5 (47.2%)
—71.3 (40.2%)
—0.1(0.1%)
—106.2 (59.8%)
17.0

54.9

—249.7 (56.1%)
—195.3 (43.9%)
—75.0 (38.4%)
—0.1(0.0%)
—120.3 (61.6%)
14.5

88.2

“The respective quartet *4, state was chosen for the interacting fragments MCls. ? The percentage values in parentheses give the contribution to the

total attractive interactions AFEsa + AEom. € The percentage values in parentheses give the contribution to the total orbital interactions AEy,

the reduced stability of the chloride systems, compared to the
amino systems. The absolute value of the stabilizing electro-
static contribution AFE, is reduced rather drastically in
1C1-6Cl, compared to 1NMe,—6NMe,. This can be ex-
plained by the reduced positive charge of the metal atoms
in the chloride compounds, as revealed by the charge anal-
ysis, because this leads to an effective screening of the nuclear
charge of the metal atoms, thereby reducing the net attraction
of the electrons from one fragment by the metal nucleus of the
other fragment.

We carried out additional CASPT?2 calculations for the
homometallic systems Cl;MMCI;, to check whether the

(47) (a) Brynda, M.; Gagliardi, L.; Roos, B. O. Chem. Phys. Lett. 2009,
471, 1. (b) Brynda, M.; Gagliardi, L.; Widmark, P.-O.; Power, P. P.; Roos, B. O.
Angew. Chem., Int. Ed. 2006, 45, 3804. (c) Roos, B. O.; Borin, A.; Gagliardi, L.
Angew. Chem., Int. Ed. 2007, 46(9), p1469-1472. (d) Gagliardi, L. In Reviews in
Computational Chemistry, Vol. 25; Lipkowitz. K. B., Cundari. T. R., Eds.; John
Wiley & Sons, Inc.: Hoboken, NJ, 2007; pp 249. (¢) La Macchia, G.; Aquilante,
F.; Veryazov, V.; Roos, B. O.; Gagliardi, L. Inorg. Chem. 2008, 47, 11455.
(f) Gagliardi, L.; Roos, B. O. Inorg. Chem. 2003, 42, 1599.

conclusions that were made using DFT data might change
when multireference ab initio calculations are employed. It
has previously been shown in numerous studies by Gagliardi
and Roos*’ that compounds with metal—metal multiple
bonds are well-described using CASPT2. We want to point
out that our recent work on formally quadruply bonded
systems with the general formula [MM’'CL]* (M, M’ = Tc,
Re, Ru, Os, Rh, Irand x = 2—, 1—, 0, 1+, 2+) showed that
DFT performs quite well, in comparison with CASPT2.*
Table 6 shows the calculated bond dissociation energies
(BDESs) and the occupation of the bonding and antibonding
o- and sr-orbitals, as well as the bond order at CASPT?2 for
the homoatomic systems 1Cl, 2Cl, and 3Cl. The theoretically
predicted BDEs at CASPT2 are, in all cases, ~5 kcal/mol
smaller than the BP86 values; however, the relative values at
the two levels of theory are very similar to each other. It is
interesting to compare the EDA values for the o- and 7-
interactions with the relative contributions of o- and 7
molecular orbitals to the orbital interactions in 1Cl—
3Cl, which is given by the effective occupation numbers
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Table 6. Orbital Occupation Numbers, Effective Bond Orders (BOs), and M—M’
Bond Dissociation Energies (D) of Compounds 1C1—6Cl at the CASPT2(6,10)/
ANO-RCC Level Using BP86/TZ2P Optimized Geometries

compound 1C1 (Cr—Cr) 2C1 (Mo—Mo) 3C1 (W—W)
Occ.(%) 0.29, 0.30 0.13,0.13 0.10, 0.10
Occ.(0%*) 0.21 0.10 0.07
Occ.() 1.70, 1.69 1.87,1.87 1.89, 1.89
Occ.(0) 1.79 1.90 1.92
o(effective)’ 1.58 1.80 1.85
7 (effective)” 2.80 3.48 3.58
BO’ 2.19 2.64 2.72
D, (kcal/mol) 7.4 73.1 94.0
D, (kcal/mol)* (12.1) (77.1) (99.8)

“Calculated as differences of the o (Occ.(0) — Occ.(0%)) and =&
(Occ.(r) — Oce.(%)) MOs. ?Denotes bond order, which is given by
the sum of the effective occupation numbers o(effective) and 7 (effective)
divided by 2, as suggested in ref 47f. at BP86/TZ2P.

o(effective) and 7 (effective). The latter values are calculated
as differences between the bonding and antibonding orbitals
(Occ.(0) — Occ.(0*)) and (Occ.(;r) — Oce.(or*)) in the CAS-
PT?2 calculations. The effective occupation numbers and the
AE,,, values agree that the sz-bonding is stronger than
o-bonding for the ClsM—MCl; interactions. This is gratify-
ing, because the former values refer to the energy contribu-
tion to the covalent bonding, while the occupation numbers
refer to the charge contribution. Table 6 also gives the bond
orders gBOS), which have been suggested by Gaglidardi and
Roos*”" as a measure for the multiplicity of metal—metal
bonding. The calculated BO is between 2.19 for the chro-
mium compound and 2.72 for the tungsten compound, which
can be interpreted as partial triple bond character.

Summary and Conclusion

The metal—metal bonding situation in RsM—M'R3 (M,
M’ = Cr, Mo, W; R = Cl, NMe,) was investigated using
density functional theory (DFT) calculations, with the help
of energy decomposition analysis (EDA). The Rs;M—M'R;
compounds have short metal-metal bonds and prefer a
staggered structure to prevent steric repulsion between facing
ligands. The M—M'’ bond strength increases as M and M’
become heavier. The strongest bond is predicted for the
5d—>5d tungsten complexes (NMe,);W—W(NMe,); (D, =
103.6 kcal/mol) and CI;W—WCl; (D, = 99.8 kcal/mol).
The properties and stabilities of heterodinuclear species
are predicted to lie between the values for the respective
homodinuclear species. The most-stable heterodinuclear
M—-M'’ bond is predicted for (NMe,);Mo—W(NMe,);
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(De = 94.1 kcal/mol). The fact that the less-stable (NMe,);-
Mo—Mo(NMe»); (D. = 85.4 kcal/mol) is experimentally
known shows that the unsuccessful attempts to isolate
(NMe,);sMo—W(NMe,); are not due to an intrinsic thermo-
dynamic instability of the compound. The charge analysis
shows only moderate polarity of the M—M’ bond in the
heterodimetallic species. The Wiberg bond order for all
compounds is ~2.1, which indicates triple bond character
of the M—M’ bonds.

The EDA results show that electrostatic interaction dom-
inates the intrinsic bond strength of the M—M’ bonds.
Furthermore, the increase of stability of the metal—metal
bond with increasing atomic weight of the metal atoms M is
due to an increase in the electrostatic contribution. The
effective positive charge of the metal atoms are clearly
enhanced by the more electronegative NMe, ligands, com-
pared to the Cl ligands. Following the increase of the positive
charge, the electrostatic contribution is getting larger, in-
creasing by up to 65% for (NMe,); W—W(NMe,);. Although
the orbital interaction contributes less to the total attractive
interaction, one can identify two types of orbital interactions,
one of o- and one degenerate of m-symmetry. It is quite
noticeable that the o- and the two s-symmetric orbital
interactions have almost the same strength in the (NMe,)s-
M~—M’'(NMe,); molecules, which means that the total z-
bonding is much stronger than the o-bonding. For the
heteronuclear molecules, the bond strength as well as their
components of the Pauli repulsion, and the electrostatic and
orbital attraction always lies between the parent homonuclear
molecules. The moderate charge transfer between the MR3
and M'R; moieties does not alter the overall bonding picture
significantly. CASPT?2 calculations of 1Cl—3Cl support the
assignment of the molecules as triply bonded systems.

In conclusion, the M—M’ bonds in RsM—M'R3; may be
classified as triple bonds with significantly stronger zz-bond-
ing than o-bonding and a dominating quasiclassical contri-
bution. The heterodimetallic species show only moderate
polarity and their properties and stabilities are intermediate
between the corresponding homodimetallic species, a fact
that should allow for the experimental isolation of heterodi-
nuclear species.
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