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Abstract Quantum chemical DFT calculations at the
BP86/TZ2P level have been carried out for the complex
[HSi(SiH,NH);Ti—-Co(CO)4], which is a model for the
experimentally observed compound [MeSi{SiMe,N(4-
MeCgH,) }3Ti—-Co(CO),4] and for the series of model sys-
tems [(H,N);M-M'(CO)4] (M = Ti, Zr, Hf; M’ = Co, Rh,
Ir). The Ti—Co bond in [HSi(SiH,NH);Ti—Co(CO),] has a
theoretically predicted BDE of D, = 59.3 kcal/mol. The
bonding analysis suggests that the titanium atom carries a
large positive charge, while the cobalt atom is nearly
neutral. The covalent and electrostatic contributions to the
Ti—Co attraction have similar strength. The Ti—Co bond
can be classified as a polar single bond, which has only
little © contribution. Calculations of the model compound
(H,N)3Ti—Co(CO), show that the rotation of the amino
groups has a very large influence on the length and on the
strength of the Ti—-Co bond. The M-M’ bond in the series
[(H,N)sM-M'(CO)4] becomes clearly stronger with
Ti < Zr < Hf, while the differences between the bond
strengths due to change of the atoms M’ are much smaller.
The strongest M-M’ bond is predicted for [(H,N);Hf-
Ir(CO)4].

Dedicated to the memory of Professor Jiirgen Hinze and published as
part of the Hinze Memorial Issue.

A. Krapp - G. Frenking (D<)

Fachbereich Chemie, Philipps-Universitit,
Hans-Meerwein-Strasse, 35039 Marburg, Germany
e-mail: frenking@chemie.uni-marburg.de

A. Krapp

Senter for teoretisk og beregningsorientert
kjemi, Kjemisk institutt, Universitetet i Oslo,
Postboks 1033 Blindern, 0315 Oslo, Norway

Keywords Bonding analysis - Multiple bonding -
Transition metal compounds - Metal-metal bond

1 Introduction

The chemistry of metal-metal bonds, which dates back to
1926 when a direct bond between Hg(I) ions was evi-
denced through an X-ray structure analysis [1] was strongly
vitalized since the 1960s when Cotton showed that there
were molecules, which even have multiple bonds between
metal atoms [2]. A large number of compounds with
metal-metal bonds have been synthesized and structurally
characterized to date, where the majority of them have M-
M bonds between identical metal atoms [3]. Heterodinu-
clear compounds between different metal atoms M-M’
have become the focus of experimental research in the last
two decades because of the potential interest of such
species as catalysts in metal-mediated reactions [4—8]. The
so-called “early-late” complexes, R,M-M'L,,, play a
particular role, in that the early metal M is in a high oxi-
dation state and bonded via electron-sharing bonds to
substituents R, while the late metal M’ is in a low oxidation
state and bonded via donor—acceptor interactions with the
ligands L [6-9]. The M—M’ bond in the compounds may be
a single or multiple bond.

Several quantum chemical studies of compounds with
metal-metal bonds have been published in the last decade’
[31], but only few theoretical investigations have dealt
with heterodinuclear complexes [12, 31]. We became
interested in such compounds through the synthesis and
X-ray structure analysis of MeSi{SiMe,N(4-MeC¢H,)}3
M—Co(CO), where M = Ti, Zr, which posed numerous

! Representative examples [10-31].

@ Springer



142

Theor Chem Acc (2010) 127:141-148

questions about the description of the bonding situation.
The latter compounds were synthesized and the bonding
situation in the molecules was analyzed by Jansen et al.
[31]. We took this work as a starting point for our ongoing
work, which aims at a systematic investigation of the
chemical bond in transition metal complexes [32, 33], with
the help of the energy decomposition analysis (EDA) [34—
36]. To this end, we calculated first the model compound
HSi{SiH,NH}3M—Co(CO),. However, the focus of this
work lies on the calculation of the compounds (H,N);M—
M'(CO), M =Ti, Zr, Hf; M' =Co, Rh, Ir) 1-9
(Scheme 1) and on the analysis of the metal-metal bonding
situation.

2 Methods

The geometries of the molecules were optimized at the
gradient-corrected DFT level of theory using Becke’s
exchange functional [37] in conjunction with Perdew’s
correlation functional [38] (BP86). Uncontracted Slater-
type orbitals (STOs) were employed as basis functions in
SCF calculations [39]. Triple-{-quality basis sets were
used, which were augmented by two sets of polarization
functions, that is, p and d functions for hydrogen atoms and
d and f functions for the other atoms. This level of theory is
denoted by BP86/TZ2P. An auxiliary set of s, p, d, fand g
STOs was used to fit the molecular densities and to rep-
resent the Coulomb and exchange potentials accurately in
each SCF cycle [40]. Scalar relativistic effects were con-
sidered using the zeroth-order regular approximation
(ZORA) [41-45]. The vibrational frequencies of the mole-
cules were calculated using analytical derivatives. The
calculations were carried out using the ADF(2005.1) pro-
gram package [46].

In the EDA, bond formation between the interacting
fragments is divided into three steps, which can be inter-
preted 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 AEgq.

X
Ti Zr Hf
Co 1 4 7
Y| Rh 2 5 8
Ir 3 6 9

Scheme 1
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In the second step, the product wave function becomes
antisymmetrized and renormalized, which gives the
repulsive term AEp,;, termed Pauli repulsion. In the third
step, the molecular orbitals relax to their final form to yield
the stabilizing orbital interaction AE,y,. The last term can
be divided into contributions of orbitals having different
symmetry. This step is crucial for the present study. The
sum of the three terms, AEqga + AEpau; + AEqm, gives
the total interaction energy AFE;,:

AEint = AEe]stat + AEPauli + AEorb-

The EDA calculations involving open-shell fragments
neglect, for technical reasons, the spin polarization in the
fragments. This means that the interaction energies AFE;,,
are slightly larger (in the order of a few kcal/mol 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 discussion in
this study. Further details on EDA can be found in
literature [46, 47].

3 Results

We first optimized the geometry of the complex [HSi
(SiH,NH);Ti—Co(CO)4](M), which is a model for the
experimentally observed [31] compound [MeSi{Si-
Me,N(4-MeCgH,) }3Ti—Co(CO),] where the substituents at
nitrogen and silicon are replaced by hydrogen. Figure 1
shows the calculated structure and the most important bond
lengths and angles. The comparison with the experimental
data of the real compound shows a very good agreement,
which means that the bonding situation in M is very similar
to that in [MeSi{SiMe,N(4-MeCgH,) }5Ti—-Co(CO),]. The
CO groups in the equatorial position of the Co(CO),
moiety are tilted toward the titanium fragment, which
indicates that the n-bonding interaction in the Ti—Co bond
is as expected weaker than in the Co—COy,,; bond. Note
that the Co—CO,;s bonds in the experimental and theoretical
structure are clearly shorter than the Co—COy.,,s bond.
The optimized geometry of M has C; symmetry. The
projection along the Ti—Co bond, shown in Fig. 1, indicates
that the equilibrium geometry may be considered as a
slightly distorted structure, which has C5, symmetry where
the Si-N bonds are aligned along the Ti—Co bond. We
optimized the geometry of M with enforced Cz, symmetry
and found that the latter species, shown in Fig. 1b, is only
2.4 kcal/mol higher in energy than the energy minimum.
Since the EDA calculation of the Cs, structure makes it
possible to separate the ¢ and = orbital contributions, we
used the latter species for the bonding analysis. However,
Fig. 1 shows that the Ti—Co bond in the Cj, structure is
significantly shorter (2.502 A) than in the equilibrium
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Fig. 1 Optimized geometries at
BP86/TZ2P for the equilibrium
structure of M (C, symmetry)
and the structure with
constrained Cs, geometry. Bond

1.152 1.796 (0
(1.156)(1.784)@

lengths are given in A. \ \ /C
Experimental values for the @‘-(Q\/ Co
substituted homolog of M taken .
from Ref. [31] are shown in 1777 — \=
parentheses. Relative energy of (1.763) \
the Cs, structure with respect to <
the equilibrium form is given in 1.159 —
kcal/mol (1.150)

structure (2.546 A). We conclude that the conformation of
the amino ligands at titanium has a rather strong influence
on the Ti—Co bond. This will be addressed in the section
below.

Table 1 gives the results of the charge distribution and
the Wiberg bond indices for M. It becomes obvious that the
Ti—Co bond is polarized toward the cobalt atom and that
the even more polarized Ti-N bond has a much higher
bond order than the Ti—Co bond. There is a small charge
donation from the HSi(SiH,NH);Ti moiety to the Co(CO),
fragment, which amounts to 0.23¢ in the equilibrium form.
A similar finding was reported in the work by Jansen et al.
[31]. Table 2 gives the EDA results for the C; and Cs,
structures where the HSi(SiH,NH);Ti and Co(CO), frag-
ments in the respective doublet state were chosen as
interacting moieties. The data suggest that the electrostatic
and covalent contributions to the Ti—Co interactions, which
are given by the AE, and AE,,, terms, have nearly the
same strength. The EDA values for the C; and Cj, struc-
tures are very similar and it is thus justified to use the
results for the latter species as probe for the strength of the
o and 7 bonding. Table 2 shows that the m orbital inter-
actions in M comprise only 12.6% of the AE,, term. The
e orbital term includes interactions from orbitals which
have 6 symmetry. However, our previous EDA study of
the quadruple bond in Re,Clg>~ has shown that the

Erel=2'40 kcal/mol
(b)

Table 1 NBO charges ¢ (in €), Wiberg bond indices P(X-X') for
model compound M in C; and C3, symmetry

Parameter Symmetry
Cl C3v

q(Co) —0.02 —0.02
q(Ti) 1.01 0.99
q(N) —1.22 —1.24
q[Co(CO)4] —0.23 —0.15
P(Ti—Co) 0.32 0.40
P(Ti-N) 1.05 1.00

contribution of the orbitals, which have genuine 6 sym-
metry to the AE, 4, term, is negligible [48].

Next, we calculated the structures of the model com-
pounds 1-9 (Scheme 1) and analyzed the M-M’ bonding
situation. The parent system (H,N);Ti—-Co(CO)4 (1) has
been studied in more detail to understand the influence of
the conformation of the amino substituents at titanium on
the Ti—Co bonding situation. Figure 2 shows the calcu-
lated geometries of the equilibrium structure 1 and the
structures la—d, which where optimized with frozen
torsion angles about the Ti—N bonds. The Newman pro-
jections in Fig. 2 show that the lone-pair orbitals at
nitrogen in conformation la are aligned parallel to the
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Table 2 EDA results for model compound M in C; and Cs, sym-
metry using the uncharged fragments Ti(NHSiH;);SiH and Co(CO),
in the doublet state (2A in C; symmetry and 2A1 in C3, symmetry)

G Csy
AE;q —68.2 —63.5
AEpaui 130.7 121.5
AE e —100.4 (50.5%) —91.5 (49.5%)
AER —98.6 (49.5%) —93.5 (50.5%)
AE@)® o - —81.6 (87.3%)
AE(ay)° - —0.2 (0.2%)
AE(e)® /o - —11.8 (12.6%)
Eprep 7.3 43
—D, —61.0 —59.3

All values in kcal/mol

* The percentage values in parentheses give the contribution to the
total attractive interactions, AEgga + AEqm,

° The percentage values in parentheses give the contribution to the
total orbital interactions, AE,y,

Ti—Co bond and that there is a stepwise rotation of the
three amino groups, which leads to the conformations 1b,
1c, 1d. In the latter conformation 1d, all three lone-pair

Fig. 2 Optimized geometries at

BP86/TZ2P for the equilibrium

structure of 1 and the

conformations 1a—1d, which are 1153 1.785

calculated with frozen torsion 0(1'156 SR

angles of the Ti-NH, moieties.

Bond lengths are given in A.

Experimental values for the

substituted homolog of 1 taken

from Ref. [31] are shown in

parentheses. Relative energies

of 1la—1d with respect to 1 are

given in kcal/mol. The number

of imaginary frequencies 1i is

given after the energy value 1.882
2.653

1.8 (i=1)

1.889
2561

1.895

4.2 (i=1)
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orbitals of the nitrogen atoms are orthogonal to the Ti-
Co bond.

Figure 2 shows that that the Ti-Co bond becomes
gradually shorter on rotation of the amino groups in the
order 1a (2.653 A) — 1b (2.596 A) - 1¢ (2.561 A) >
1d (2.530 A), while the Ti-N bond length changes only
very little. Since the energy of the conformations increases
in the same order as the bond length decreases, it follows
that the shorter Ti—~Co bonds have lower bond dissociation
energies (BDEs) and thus are weaker than the longer Ti—Co
bonds. The finding that a shorter bond may be weaker than
a longer bond has been pointed out before [49]. Figure 3
shows that the change in the Ti—Co distance correlates well
with the number of the rotated amino groups. Note that the
equilibrium structure 1 has a value, which is between 1a
and 1b.

Figure 4 shows orbital correlation diagrams for the
conformations 1la and 1d where the nitrogen lone-pair
orbitals are parallel (1a) or orthogonal (1d) to the Ti—Co
bond. Table 3 gives the EDA results for 1, 1a and 1b. The
data for the latter two conformations give quantitative
information about the strength of the orbital interactions,
which are schematically shown in Fig. 4.

0.0 (i=0)

3.1 (i=1)

1.901

1d

12.3 (i=3)
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Fig. 3 Plot of the Ti—Co bond length of 1a—1d with respect to the
number of rotated Ti—-NH, groups

The EDA results for 1 are very similar to the data for M
(Table 2), which justifies the use of the former values for
the analysis of the bonding situation in the real compound.
Note that the interaction energy in 1a (AE;,, = —68.2 kcal/
mol) is only slightly less than in 1 (AE;,; = —70.9 kcal/
mol), but that the values for the three energy components
differ more. Both attractive interactions, AEqq, and AE,
and the repulsive term AFEp,,; are weaker in 1a than in 1,
which precludes the identification of a single component as
reason for the slightly weaker bonding in the former
structure.

The EDA results for the conformations 1a and 1d are
very interesting. The data show that the total interaction
energy in 1d (AE;,, = —65.8 kcal/mol) is only 2.4 kcal/
mol weaker than in la (AE;, = —68.2 kcal/mol). This
means that the substantially higher energy of the former
species, which is 10.3 kcal/mol less stable than the latter,
comes mainly from the preparation energy of the frag-
ments. Table 3 shows that the calculated value for AE,,
in 1d (21.8 kcal/mol) is significantly higher than in 1a
(13.9 kcal/mol). The energy difference between 1a and 1d
is thus mainly determined by the intra-fragment interac-
tions and less by the bonding between the fragments.

It is interesting to compare the orbital interaction dia-
gram shown in Fig. 4 with the EDA results in Table 3. The
data show that the slightly weaker orbital interactions in 1d
compared with 1a come from the ¢ orbitals, while the «
bonding in the former conformations is even stronger
(—10.1 kcal/mol) than in the latter (—6.9 kcal/mol). The
orbital interaction diagram allows for an interpretation of
this effect, since it becomes clear how the rotation of the
amine groups effects both the o- and = orbitals of the
Ti(NH,); fragment. In 1a, the lone pairs of the NH,-groups
overlap positively with the o-bonding d_,-orbital (1a,) and
the n-bonding d,..- and d,-orbitals (1e) of Ti, whereas in 1d

the lone pairs on N cannot overlap with the o- and
n-orbitals on Ti and mix only with orbitals of J-symmetry
(1 e in Fig. 4b). The delocalization of the N-lone pair
density into the m-orbitals of Ti in 1a leads to a weakening
of the Co-Ti m-bond, since the 2 e orbital in 1a gets a Co—
Ti n-antibonding character. On the other hand, the rotation
of the N-lone pairs leads to a partial depopulation of the Ti
d-orbital in 1d, which results in a stabilization of the 1 a;
orbital of the Ti(NH,); fragment. Thereby, the tendency for
partial charge transfer out of this orbital from Ti to Co,
which is necessary for the formation of the polar Ti—Co
o bond, is reduced.

The optimized equilibrium structures of 2-9 at BP86/
TZ2P are very similar to the calculated geometry of 1
except for (H,N);Hf-Rh(CO), (8) where the optimization
yielded a structure where one CO ligand is in a bridging
position between the metal atoms. The geometry optimi-
zation of 8 at BP86 with Gaussian 98 using a DZP quality
basis set,> which was proven to provide accurate geome-
tries for transition metal compounds [53-57], gave an
optimized structure without a bridging CO ligand (as
given).”> Table 4 gives the optimized M—M’ bond lengths,
the theoretically predicted BDEs and the results of the
charge partitioning analysis.

The calculations predict that the M-M’ bond strength
significantly increases when the group 4 element becomes
heavier, Ti < Zr < Hf. The differences between the BDEs
of the group 9 elements M’ (Co, Rh, Ir) for a given atom M
are smaller. The strongest M-M’ bond is predicted for
(H,N);Hf-Ir(CO)4 (9). The group 4 elements carry a large
positive  charge, which strongly increases with
Ti < Zr < Hf, while the partial charge at atom M’ changes
very little (Table 4). The calculated charge distribution
could be taken as a sign for a larger electrostatic contri-
bution to the M—M’ bonds. Note that the bond order P(M—
M’) decreases when M becomes heavier.

We analyzed the nature of the M—M’ bonds in 1-9 with
the EDA method. The results are given in Table 5. The
EDA data support the conclusion that the M—M’ bonds of
the heavier group 4 elements Zr and Hf have a larger
electrostatic character than the titanium compounds. A

2 For the transition metals, we used small-core effective core
potentials [50] in combination with the contracted valence basis set
[441/211(N-1)1] as described in: [51]; the basis set for the main group
atoms is the standard Pople basis 6-31G(d) as implemented in
Gaussian98: Gaussian 98 (Revision A.7), [52].

3 The use of the BP86/DZP (GTOs) geometry of 8 does not mean that
we consider the geometries at this level of theory to be in better
agreement with experiment than the structures which are predicted at
BP86/TZ2P (STOs). Compound 8 is a model for the real system
which has bulky substituents that prevent ligand bridging. We use the
BP86/DZP optimized geometry of 8 because it does not give a
structure with a bridging CO ligand.
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Fig. 4 Orbital correlation
diagram for (a) 1a and (b) 1d
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Table 3 EDA results for compounds 1, 1a and 1d

1 1a 1d

Ti(NH,)§” Ti(NH,)§” Ti(NH,)§”

Co(CO,)@ Co(CO,)@ Co(CO,)@
AE; —-70.9 —68.2 —65.8
AEpaui; 135.8 125.1 125.7
AF% gt —106.5 (51.5%) —98.3 (50.9%) —97.9 (51.1%)
AER, —100.1 (48.5%) —94.9 (49.1%) —93.6 (48.9%)
AE@a) e - —88.0 (92.8%) —83.3 (89.0%)
AE(ay)° - 0.0 (0.0%) —0.2 (0.2%)
AE@E)P /o - —6.9 (71.2%) —10.1 (10.8%)
Eprep 14.8 13.9 21.8
—D, —56.1 —54.3 —44.0

Energy values in kcal/mol
* The percentage values in parentheses give the contribution to the
total attractive interactions, AEqjga + AEom

® The percentage values in parentheses give the contribution to the
total orbital interactions, AE,y,

Table 4 Calculated (BP86/TZ2P) bond lengths R(M-M’) (in A),
bond dissociation energies D, of the M-M’ bond (in kcal/mol), NBO
charges q (in ) and Wiberg bond orders P(M-M’) of compounds 1-9

correlation between atomic partial charges and electrostatic
character is not generally valid. Atomic partial charges do
not give any information about the spatial distribution of
the electronic charge. It has been shown that the anisotropy
of the electronic charge, which belongs to an atomic basin,
is much more important for the electrostatic interaction
between two atoms than their partial charges [58]. The
spatial distribution of the charge density in 1-9 is very
similar and thus the changes in the electrostatic interactions
for the molecules are mainly determined by the different
electronegativities. This is the reason that the atomic partial
charges and the contribution of AE., to the M-M’
attraction have the same trend.

4 Summary and conclusion

The results of this work can be summarized as follows. The
Ti—Co bond in the molecule [HSi(SiH,NH);Ti—Co(CO),],
which is a model for the experimentally observed com-
pound [MeSi{SiMe,N(4-MeC¢Hy)}3Ti—-Co(CO),4], has a
theoretically predicted BDE of D. = 59.3 kcal/mol. The
bonding analysis suggests that the titanium atom carries a

Compound RM- D, qM) qM) qIM(NH,);] P(M- large positive charge, while the cobalt atom is nearly
(M-M') M) M) neutral. The covalent and electrostatic contributions to the
1 (Ti_Co) 2610 S61 102 —0.03 035 0.27 Ti—Co attraction have similar strength. The Ti—Co bond
3 (Ti_Rh) 2'725 56.4 1'07 0'01 0'35 0'33 can be classified as a polar single bond, which has only
1— . B . B . . . . . .
3 (Titn) 801 594 108 026 036 030 little = contribution. Calculations of the model compound
1-1r . B . . . . . . .
4 (Zr-Co) 2754 662 164 —0.05 043 0.22 [(H,N);Ti—Co(CO),4] show that the rotation of the amino
s Zr_RE 2.864 66.2 1.65 0'03 0'41 0'27 groups has a very large influence on the length and on the
P (Zr_I ) 2.916 69.3 1.66 _0'22 0’42 0‘26 strength of the Ti—Co bond. The M-M’ bond in the series
7 EH?(?) 2710 716 181 —0.06 043 021 [(FoN);M-M'(CO)al (M = T, Zr, Hf; M’ = Co, Rh, Ir)
O o B : : ’ becomes clearly stronger with Ti < Zr < Hf, while the
8 (H-Rh) 2.833% 7437 1.81 =003 042 0.26 differences between the bond strengths due to change of
9 (Hf-In) 2882 757 182 0.20 042 0.25 the atoms M’ are much smaller. The strongest M—M’ bond
* Using a BP86/DZP optimized geometry; see text is predicted for [(HoN);Hf—Ir(CO),].
Table 5 EDA results for compounds 1-9
1 2 3 4 5 6 7 9
(NH,);Ti® (NH,);Ti® (NH,);Ti® (NH,);Zr? (NH,);Zr? (NH,);Zr? (NH,);Hf” (NH,);Hf®
Co(CO)Y Rh(CO) I(CO)Y Co(CO) Rh(CO){ I(COYY Co(CO)Y I(CO)Y
AE,, —70.9 —70.2 —72.3 —79.3 —79.0 —79.2 —81.8 —83.7
AEp.; 135.8 131.4 131.6 168.1 163.8 162.8 178.8 175.2
AEY o —106.5 —112.8 —115.7 —132.1 —142.1 —1435 —140.3 —155.0
(51.5%) (55.9%) (56.7%) (53.4%) (58.5%) (59.3%) (53.8%) (59.9%)
AES,  —100.1 —88.8 —88.2 —115.2 —100.6 —98.5 —120.3 —103.9
(48.5%) (44.1%) (43.3%) (46.6%) (41.5%) (40.7%) (46.2%) (40.1%)
Eprep 14.8 13.8 12.9 13.1 12.8 10.0 10.2 8.0
—D. —56.1 —56.4 —-59.4 —66.2 —66.2 —69.3 —71.6 —75.7

Energy values in kcal/mol

* The percentage values in parentheses give the contribution to the total attractive interactions, AEqigai + AEom
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