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The equilibrium geometries and first TM—ER bond dissociation energies of 35 transition
metal complexes with group-13 ligand atoms [(CO),Fe—ECp], [(CO)sFe—EN(SiHs),], [(CO)sW—
EN(SiHs3),], [(CO)4sFe—EPhA], and [TM(ECHj3)4] (TM = Ni, Pd, Pt; E = B, Al, Ga, In, TI) have
been calculated at the DFT level of theory using gradient-corrected exchange and correlation
functionals (BP86). The bonding situation in the complexes was examined with the help of
the NBO and CDA partitioning schemes. The calculations show that the bond energies of
the TM—ER bonds are rather high and follow in all cases the trend B > Al > Ga~ In > TI.
The TM—ER bonds where R is a poor z-donor (Ph, CH3) are shorter and stronger than those
where R is a 7-donating group (Cp, N(SiH3),). The NBO analysis of the TM—E interactions
indicates that the nature of the TM—ER bond is mainly ionic and that the covalent
contributions are less important. The covalent bond order of the TM—ER bonds is always <
1. The TM—ER o-donation is clearly larger than the TM—ER z-back-donation when R is a
strong -donor. TM—ER z-back-donation becomes larger and may even become bigger than
the TM—ER o-donation when R is a weak s-donor.
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1. Introduction

The coordination chemistry of group-13 elements E
= B to Tl is presently a topic of intensive experimental
research that has led to the successful synthesis of new
types of transition metal (TM) compounds.! In particu-
lar, TM complexes with terminal group-13 diyl ligands
ER where the dicoordinated atom E has the formal
oxidation state +1 could for the first time become
isolated and characterized by X-ray structure analysis.
Among the spectacular highlights of experimental re-
search are the first isolation of an terminal alane diyl
complex [(CO)4Fe—AICp*],2 the first examples of stable
borylene complexes [(CO);Fe—BCp*]2 and [(CO)sW—BN-
(SiMeg),],* the synthesis of the “ferrogallyne” [(CO);Fe—
GaAr*] (Ar* = 2,6-(2,4,6-triisopropylphenyl)phenyl),®
and the first homoleptic diyl complexes [Ni(E—C-
(SiMeg3)s)s] with E = Inf and E = Ga.” The latter three
examples indicate that even diyl complexes with ligands
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Figure 1. Schematic representation of the TM—E—-R
bonding situation when R has occupied p(x)-orbitals.

ER where R is not a strong s-donor can become isolated.
The experimental studies revealed that the group-13
diyl complexes are remarkably stable and that the
difficulty to prepare them lies mainly in the finding of
suitable precursor compounds.2~6 It can be expected that
the number of stable compounds of this class will soon
become larger.

The analysis of the structures and properties of the
complexes has led to speculations about the nature of
the TM—ER bonds, and some selected molecules have
been studied theoretically. The generally accepted bond-
ing model for the TM—ER bond is shown in Figure 1.
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There should be strong o-donation from the electron
lone-pair of the electropositive atom E into empty o-AOs
of the transition metal, while TM—ER z-back-donation
should be less important because of the low electrone-
gativity of E. The TM—ER x-back-donation would
compete with E—R s-donation when R has one or two
occupied p(x)-orbitals (Figure 1). It would be important
for an understanding of the bonding situation in the
complexes if the TM—E and E—R interactions would be
analyzed for different elements TM and E and particu-
larly for different substituents R.

Very few theoretical studies about the bonding in
TM—group-13 complexes that focused on selected mol-
ecules have been published so far. They have shown that
the relative size of TM—ER o-donation and TM—ER
m-back-donation can be quite different depending on the
nature of R. A charge decomposition analysis (CDA)8 of
[(CO)4Fe—AICp] indicated that the Fe—Al o-donation
is significantly larger than the Fe—Al z-back-donation
in this particular compound.2 The same method re-
vealed, however, that Ni—ECHj3 z-back-donation in [Ni-
(EMe3)q] (E = B to TI) is rather strong.” The former
complex has an ER group where R is a strong szz-donor,
while in the latter this is not the case. The X-ray
structure analysis of [(CO)4sFe—GaAr*], which also has
an ER group where R is a weak s-donor, shows a rather
short Fe—Ga bond with a linear Fe—Ga—C, arrange-
ment.5 A formulation of [(CO)4Fe—GaAr*] with an Fe—
Ga single bond would leave a strongly electron-deficient
gallium atom with only four electrons in the valence
shell, which is an unlikely valence configuration for a
stable group-13 compound. The authors suggested that
[(CO)4Fe—GaAr*] should be formulated with an Fe=
Ga triple bond.® Thus, the compound would be the first
example of a ferrogallyne. This is not an unreasonable
suggestion, because the ligand ER is isoelectronic to
CR™, and the bonding situation in Fischer-type carbyne
complexes L,TM—CR, which have TM=CR triple bonds,
can be discussed in terms of donor—acceptor interactions
between L,TM~ and CR™.° However, the ligand CR" is
much more electronegative than ER.

The assignment of an Fe—Ga triple bond in [(CO)4Fe—
GaAr*] has been strongly criticized, and on the basis of
DFT calculations it was suggested the Fe—Ga bond
order is only 1.1° A recent examination of the bonding
situation in [(CO)4Fe—Ga(CsHs)] using the CDA method
and the natural bond orbital (NBO)!! partitioning
scheme lends some credit to the formulation of an Fe=
Ga triple bond, because the (CO),Fe—Ga(CgHs) -back-
donation was found to be twice as high as in (CO)s-
Fe—GaCp.2 However, it was also found that the Fe—
Ga bond is dominantly ionic in character, which makes
the discussion about the degree of multiple bonding in
the remaining covalent part meaningless.

The metal—ligand bonding situation in [(CO)4Fe—L]
with L = CO, Ny, SiO, BF, BO~, BNH,, and BN(CH3);
has recently been investigated in a theoretical study
using DFT methods.?” The authors came to the conclu-
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sion that the BR ligands are much better o-donors than
CO and comparable w-acceptors (except BO™) but that
the high polarity of the BR ligands and the buildup of
positive charge on BR might lead to a low kinetic
stability. Complexes with sterically crowded ligands
BNR2 were suggested as promising candidates for
synthesis. This prediction has in the meantime been
supported by the successful isolation of the above-
mentioned examples.

All previous theoretical investigations of the struc-
tures and bonding interactions of group-13 diyl com-
plexes were restricted to selected molecules, and there
is clearly a need for a comparative study of the bonding
situation of complexes L,TM—ER with different groups
R, ligands Ly, and metals TM for all elements B to TI.
We present the first comprehensive quantum chemical
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Table 1. Calculated Bond Lengths (A) and Energies (kcal/mol) of [(CO),—Fe—ECp] at BP86//11
(Experimental Values Are Given in Parentheses)
Fe—COax Fe—COeqq OE—-Fe—CO. OE—Fe—COe AE2 D  Dg°

1.788 (1.793)° 1.765 179.6 84.7f 0.0 77.99 75.02
(1.774,1786)°

E isomer sym Fe—E E—Ccp

B ax  C; 1.962(2.010)° 1.830—1.838
(1.811-1.817)c

B eq no energy minimum

Al ax Ci  2.2242(2.231)9 2.240—2.243 1.768 (1.796)4 1.772 179.6 85.2f 0.0 53.12 51.35
(2.140-2.153)¢ (1.768)d

Al eq C, 2.233 2.254-2.256 1.778 1.772 79.5f 123.8f +0.8 52.36 50.49

Ga ax C; 2.330(2.273)¢ 2.355—2.356 1.755 (1.781)° 1.782 180.0 87.7f 0.0 32.89 31.62
(2.226)¢ (1.789)¢

Ga eq C, 2334 2.381-2.379 1.789 1.769 84.8f 121.4f +0.5 3241 31.01

In ax Cs 2.465 2.478-2.480 1.752 1.783 180.0 87.8f 0.0 33.86 31.69

In eq Cs 2470 2.498—2.501 1.789 1.767 84.9f 121.8f +0.6 33.30 32.03

Tl ax C; 2.580 2.432—3.056 1.748 1.789 179.6 88.6f 0.0 16.69 15.81

TI eq C; 2.607 2.508—-2.958 1.796 1.765 87.5,87.9 118.8,121.0 -0.4 17.11 16.13

a Energy difference between axial and equatorial isomers (kcal/mol). b Dissociation energy of the Fe—E bond (kcal/mol). ¢ Reference 3.

d Reference 2. ¢ Reference 25. f Average value of slightly different angles.

analysis of TM group-13 diyl complexes which gives
insight into the TM—ER chemical bond. In this paper
we report on calculated equilibrium geometries and
transition metal-ER (E = B to TI) bond dissociation
energies of the complexes [(CO)4Fe—ECP], [(CO)sFe—
EN(SiH3)2], [(CO)sW—EN(SiHs3);], [(CO),Fe—EPhA], and
[TM(ECH3)4] (TM = Ni, Pd, Pt). The calculations have
been carried out using gradient-corrected density func-
tional theory (DFT). The analysis of the bonding situ-
ation was performed using the CDA8 and NBO!! par-
titioning scheme.

2. Methods

The geometries of the molecules have been optimized using
gradient-corrected density functional theory (DFT) with the
functionals BP86.1* The BP86 calculations were performed
with our standard basis set 11** which has small-core effective
core potentials (ECP) and (441/2111/N1) valence basis sets (N
= 4, 3, 2 for first, second, and third TM row, respectively)®
for the transition metals in conjunction with all-electron
6-31G(d) basis sets for the main-group elements H, B, C, N,
0, Al, Si.'6 ECPs have also been employed for the heavier
group-13 elements Ga, In, and Tl, which have (31/31/1) valence
basis sets.!” The d-type polarization functions for these ele-
ments were taken from the literature.!®* The TM—E bond
energies and vibrational frequencies also have been calculated
at BP86/I11. All structures reported here are minima on the
potential energy surface. Calculations of the complexes TM-
(ECH3)4 have also been carried out using Becke's three-
parameter hybrid method B3LYP,* because we encountered
convergency problems with BP86 for some molecules. The
energy and frequency calculations have been carried out using
Gaussian 94 and Gaussian 98.2° The program CDA 2.1 has
been employed for the CDA calculations.?

Inspection of the metal—ligand donor—acceptor interactions
was performed using the natural bond orbital (NBO)! parti-
tioning scheme and the charge-decomposition analysis (CDA).8
The CDA has been developed as a quantitative expression of
the Dewar—Chatt—Duncanson (DCD) model?? of synergistic
metal—ligand bonding, which considers the ligand—metal
o-donation and ligand<—metal z-back-donation as the dominant
factors for the metal—ligand bond. In the CDA, the wave
function of a complex [L,TM—L] is expressed as a linear
combination of the fragment molecular orbitals of the ligand
L and the remaining metal fragment L,TM. The orbital
contributions are divided into four parts: (i) mixing of the
occupied o-type MOs of L and the unoccupied o-type MOs of
L,TM (o-donation L—TML,); (ii) mixing of the unoccupied
m-type MOs of L and the occupied z-type MOs of L ,TM (-
back-donation L—TML.y); (iii) mixing of the occupied MOs of

L and the occupied MOs of L,TM (repulsive polarization
L<TML,); (iv) mixing of the unoccupied MOs of L and the
unoccupied MOs of L,TM (rest term A). The latter term should
not contribute to the electronic structure of the complex. It
has been found that the rest term is a sensitive probe if the
compound can be classified as a donor—acceptor complex. A
significant deviation from A = 0 indicates that the bond L,-
TM—L has the character of a normal covalent bond between
two open-shell fragments, rather than a donor—acceptor bond
between a Lewis acid and Lewis base.®?® All complexes that
have been studied in this investigation gave A = 0. The CDA
method has been proven to be very useful to estimate the
relative donor/acceptor strength of a ligand L.?*

3. Results

The presentation of the results is arranged in the
following way. For each class of compounds we give first
the calculated geometries and TM—E bond dissociation
energies. Then we discuss the analysis of the bonding
situation. We focus on the TM-—ER o-donation and the
TM—ER z-back-donation, which is estimated in two
different ways. One way is by using the CDA method
as described in the Methods section. The NBO parti-
tioning scheme is another way to gain information about
the TM-ligand donation and back-donation. The
TM—ER z-back-donation is taken from the difference
in the p(r) population of atom E between the complex
[L,-TM—ER] and the free ligand ER calculated with the
frozen geometry of the complex. This is termed Aq.(E).
The TM—ER o-donation Ag4(E) is then the difference
between the change in the total charge Aq(E) caused
by the complex formation and Aq,(E). We also present
the changes in the partial charges of the substituents
R between the free ligands ER and the complexes [L,-
TM—ER], which gives information about the intraligand
charge exchange. Although any partitioning scheme
such as CDA or NBO uses plausible yet arbitrary
decisions in order to divide the interatomic charge
distribution into atomic spheres, we think that the
results of two different methods should give a reason-
able estimate of the relative sizes of donation and back-
donation.

3.1. [(CO)4Fe—ECp] (E = B to TI). Table 1 shows
the calculated bond lengths and bond angles and the
theoretically predicted Fe—E bond dissociation energies
of the axial and equatorial isomers of [(CO)4sFe—ECp].
Figure 2 exhibits the optimized structures of the axial
and equatorial forms of [(CO)4,Fe—GaCp] and [(CO)4Fe—
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Figure 2. Optimized geometries at BP86/11 of the axial
and equatorial isomers of [(CO),Fe—GaCp] and [(CO),Fe—
TICp]. Bond lengths are given in angstroms. Experimental
values are given in parentheses.
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TICp]. The boron, aluminum, and indium homologues
have similar structures as the gallium complexes and,
thus, are not shown.

The calculations predict that the [(CO);Fe—ECp]
complexes with an axial position of the ECp ligand are
slightly more stable than the equatorial forms, except
for E = TI, where the equatorial form is 0.4 kcal/mol
lower in energy than the axial form. The energy differ-
ences between axial and equatorial isomers are for all
complexes very small (<1 kcal/mol). Because of the very
small energy difference, we cannot be sure if the
theoretical predictions about the most stable form are
always correct. However, theory and experiment agree
for all molecules where experimental geometries of
substituted analogues have been reported.

For the boron complex [(CO)4Fe—BCp] only the axial
form was found as an energy minimum. Geometry
optimization using the equatorial form as starting
geometry led to the axial isomer. The lower energy of
the axial form of the Al and Ga complexes is in
agreement with experimental results of the complexes
[(CO)4Fe—AICp*] and [(CO)4Fe—GaCp*]. The X-ray
structure analyses of the compounds showed that the
ECp* ligand is in the axial position.2?%> The calculated
bond lengths of [(CO)4Fe—AICp] and [(CO)4Fe—GaCp]
are in satisfactory agreement with the experimental
values of the Cp* analogues (Table 1). The calculated
Al—Cc¢p and Ga—Cc;, distances are ~0.1 A longer than
the experimental values. This can be explained with the
use of the Cp model ligand in the calculations, which is
a weaker z-donor ligand than Cp*. The Cp ligand in
the complexes is bonded in an »°>-mode to the group-13
atoms, except for the thallium compound. The axial and
equatorial isomers of [(CO)4Fe—TICp] have one short
TI—-C bond, while two TI—C bonds have medium length
and two TI—C distances are very long (Table 1). This
shows clearly that Tl is a poorer w-acceptor than the
lighter group-13 elements. Thallium also has the weak-
est bond to iron, while boron clearly has the strongest
bond. We give for comparison the Fe—CO bond energy
of [Fe(CO)s], which is D = 48.7 kcal/mol at BP86/11 (D,
= 45.9 kcal/mol). The experimental value is D, = 41 +
2 kcal/mol.?6 The theoretically predicted Fe—E bond
energies at BP86/11 might also be slightly too high, but
not very much. The calculated values show that the
Fe—E bonds are rather strong except for E = TI. The
trend for the Fe—ECp bond strength is E = B > Al >
Ga ~ In > TIL. It will be seen that this ordering holds
for the bond dissociation energies of all TM—ER bonds
that have been investigated in this study. All complexes
show a small umbrella effect where the cis-CO ligands
are slightly bend toward ER. The umbrella effect is
somewhat stronger in the equatorial isomer of the AICp
complex, where the bond angle <Al-Fe—CO is 79.5°
(Table 1). The umbrella effect becomes weaker in the
complexes with heavier elements E as ligand atoms. It
is interesting to note that the umbrella effect has the
same trend as the TM—ECp bond energies.

Table 2 shows the NBO results of the complexes. The
Fe atom carries in all complexes a rather large negative
charge, while the partial charge at the ligand atoms E
is positive and very high for E = Al to TI. The calculated
charge distribution suggests that the Fe—E bond has a
strong ionic character. The Fe—E bonds have in all



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on January 25, 2000 on http://pubs.acs.org | doi: 10.1021/0m990936k

Transition Metal—Group-13 Element Bonds
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E isomer q[Fe(CO)4] q(Fe) q(E) q(CsHs) px(E)° py(E)° Pz(E) P(Fe—E) P(Fe—CO)®
Complexes [(CO),—Fe—ECp]

B ax —0.51 —0.56 0.32 0.19 0.51 0.51 0.71 0.48 0.70
B eq no energy minimum

Al ax —0.67 —0.58 1.18 —0.51 0.29 0.29 0.26 0.48 0.69
Al eq —0.60 —0.59 1.12 -0.52 0.33 0.23 0.26 0.44 0.65
Ga ax —0.46 —0.51 0.96 —0.50 0.27 0.27 0.21 0.49 0.77
Ga eq —-0.37 —0.55 0.88 —0.51 0.29 0.22 0.21 0.41 0.69
In ax —0.53 —0.49 1.06 —0.53 0.25 0.25 0.19 0.48 0.78
In eq —0.44 —0.54 0.98 —0.54 0.20 0.19 0.27 0.40 0.69
Tl ax —0.41 —0.45 0.89 —0.48 0.20 0.18 0.14 0.39 0.67
TI eq —0.30 —0.51 0.81 —0.51 0.32 0.73

Free Ligands ECp¢

B ax 0.05 —0.05 0.31 0.31 0.69

B eq no energy minimum

Al ax 0.59 —0.59 0.14 0.14 0.26

Al eq 0.59 —0.59 0.14 0.14 0.25

Ga ax 0.59 —0.59 0.15 0.15 0.18

Ga eq 0.59 —0.59 0.15 0.15 0.17

In ax 0.61 —-0.61 0.15 0.15 0.18

In eq 0.61 —0.61 0.15 0.15 0.17

Tl ax 0.64 —0.64 0.16 0.14 0.10

TI eq 0.63 —0.63 0.15 0.16 0.10

a Partial charges g, p-orbital population, Wiberg bond indices P.  p(x)-AO of atom E. ¢ COa trans to ECp; COgq in case of the equatorial
isomer. 9 Calculated using the frozen geometries in the complexes.

Table 3. NBO and CDA Data of the Changes in the Metal and Ligand Population of [(CO),—Fe—ECp] at

BP86/112

E isomer Aq(E) Ad-(E) Agq(E) Aq(CsHs) d(CpE—Fe) b(CpE—Fe)
B ax +0.27 —0.40 +0.67 +0.24 0.598 0.277
B eq no energy minimum

Al ax +0.59 —0.30 +0.89 +0.08 0.401 0.188
Al eq +0.53 —0.28 +0.81 +0.07 0.364 0.164
Ga ax +0.37 -0.24 +0.61 +0.09 0.413 0.039
Ga eq +0.29 -0.21 +0.50 +0.08 0.399 0.051
In ax +0.45 —0.19 +0.64 +0.06 0.361 0.187
In eq +0.35 —0.09 +0.44 +0.07 0.342 0.153
TI ax +0.25 —0.08 +0.33 +0.16 0.238 0.102
TI eq +0.18 +0.12 0.240 0.063

a Change in partial charges Aqg; difference of the z-population Ag,; and the o-charges Ag, of the atom E; change in the partial charges
Aq(CsHs) of the CsHs fragments between the complex and the free ligand; positive values indicate that the electronic charge decreases;
negative values indicate that the electronic charge increases; charge donation d and back-donation b.

complexes a rather low Wiberg bond order of < 0.5,
which is even less than the bond orders of the Fe—CO
bonds (Table 2). This is another strong indication that
the nature of the Fe—E bond is largely ionic and that
the covalent contributions to the binding interactions
are less important. Note that the partial charges at
atoms E show the rather irregular trend B < Al > Ga
< In > TI. This comes from the trend of the electrone-
gativities and ionization energies of the atoms that do
not exhibit a smooth trend along the column of the
periodic table of the elements.

Table 3 gives the NBO and CDA results that show
the changes that take place in the electronic structure
when the Fe—E bond is formed. The population of the
degenerate p(7)-AOs at atom E given by the NBO
method increases, while the positive atomic charge at
E increases in the complexes. Thus, there is a significant
reorganization of the o- and z-charges at atom E, which
leads to comparatively small changes in the total charge.
The calculated Aq,(E) values suggest that there is a
substantial o-donation Fe<—ECp, which is clearly higher
than the sz-back-donation Fe—ECp. The same result is
given by the CDA calculations (Table 3). The changes
in the partial charge of the Cp ligand are rather small,
except for the boron complex. The alteration in the

partial charges at boron (+0.27 e) and the Cp substitu-
ent (+0.24 e) shows that nearly half of the total charge
donation Fe<——BCp given by the NBO method comes
from the Cp ligand. However, this is a somewhat
misleading number, because the actual boron—iron
o-donation is much higher (+0.67 e).

3.2. [(CO)4Fe—EN(SiH3),] and [(CO)sW—EN(SiH3)2]
(E =B to TI). Table 4 shows the optimized bond lengths
and bond angles and the calculated Fe—E bond energies
of the iron complexes [(CO)4Fe—EN(SiH3)2]. The theo-
retically predicted interatomic distances and bond ener-
gies of the tungsten complexes [(CO)sW—EN(SiH3),] are
shown in Table 5. Figure 3 displays the calculated
structures of the compounds with E = Ga. The B, Al,
In, and Tl complexes have a similar structure and
therefore are not shown here.

The only complex of the series for which an experi-
mental geometry of a related compound is available is
[(CO)sW—BN(SiH3),].* Table 4 shows that the agree-
ment between theory and experiment is quite good. The
calculated W—E bond is slightly too short and the E—Si
bond is too long by 0.044 A, which may partly be due to
the model substituent that is used in the calculation
(SiH3 instead of SiMe3). The theoretically predicted
relative energies of the axial and equatorial isomers of
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Table 4. Calculated Bond Lengths (A) and Energies (kcal/mol) of [(CO),—Fe—EN(SiHs),]

E isomer sym Fe—-E E-N Fe—COax Fe—CO¢q UE-Fe—COaxx UE-Fe—CO¢q  AE? De? Do°
B ax no energy

minimum
B eq Ci1 1.818 1.382 1.777 1.790 77.6 125.7 - 85.83 83.09
Al ax Cs 2.211 1.802 1.771 1.777 177.4 86.1°¢ 0.0 51.84 50.23
Al eq Cs 2.199 1.810 1.782 1.777 80.2 124.2 -11 52.98 51.18
Ga ax Cs 2.274 1.876 1.764 1.783 178.7 87.9¢ 0.0 39.68 38.20
Ga eq Cs 2.273 1.887 1.791 1.774 84.5 122.7 +0.2 39.53 37.87
In ax Cs 2.420 2.023 1.758 1.783 179.1 88.0¢ 0.0 38.92 37.49
In eq Cs 2.422 2.034 1.791 1.770 84.5 1235 +0.7 38.20 36.65
Tl ax Cs 2.530 2.123 1.752 1.789 179.5 89.2°¢ 0.0 2535 24.17
Tl eq Cs 2.540 2.144 1.796 1.769 87.5 121.4 +0.4  24.95 22.47

a Energy difference between axial and equatorial isomers [kcal/mol]. ® Dissociation energy of the Fe—E bond [kcal/mol]. ¢ Average value

of slightly different angles.

Table 5. Calculated Bond Lengths (A) and Dissociation Energies (kcal/mol) of [(CO)s—W—EN(SiHs),]
(Experimental Values Are Given in Parentheses)

E sym W-E E—N W—=COtrans W—=COcis OE—W—COtrans OE-W—-CO¢is? De? D°
B C, 2.125 (2.152)° 1.383 (1.339)° 2.078 2.059 180.0 88.3 75.08 73.41
Al Coy 2.530 1.816 2.028 2.057 180.0 89.1 44.40 43.48
Ga Cov 2.551 1.893 2.022 2.058 180.0 89.6 36.69 35.79
In Coy 2.679 2.033 2.015 2.057 180.0 89.9 36.46 35.57
Tl Coy 2.792 2.134 2.004 2.057 180.0 89.7 25.24 24.52

a Average value of slightly different angles. P Dissociation energy of the W—E bond [kcal/mol]. ¢ Reference 4.

[(CO)4Fe—EN(SiH3),] are quite interesting, because they
are partly different from the results for the Cp com-
plexes reported above. In particular the results for the
boron complex are intriguing, since only the equatorial
isomer was found to be a minimum on the potential
energy surface. This is opposite the Cp complex, where
only the axial isomer is a stable species (Table 1). The
compound [(CO)4Fe—BN(SiMes),] has been synthesized,
but the authors did not report the structure of the
complex.* A recent theoretical study of the parent
compound [(CO)sFe—ENH;] at the DFT level predicted
that the axial isomer is a minimum on the potential
energy surface and that it is lower in energy than the
equatorial form.?” The axial isomer encounters steric
interactions between the NR; ligand and three equato-
rial CO groups (bond angle NR,—Fe—COg¢q ~90°), while
the equatorial isomer has steric repulsion between NR>
and only two axial CO ligands (bond angle NR,—Fe—
COax ~90°). The other two equatorial CO ligands are
bent away from NR; (Figure 3). However, steric argu-
ments are not the reason only the equatorial isomer of
[(CO)4Fe—EN(SiH3);] was found as a minimum on the
potential energy surface. Calculations of the parent
molecule [(CO)sFe—ENH,] at BP86/11 predicted that the
equatorial isomer is 2.08 kcal/mol lower in energy than
the axial form, which is a transition state (i = 1). We
do not know the reason for the difference between our
results and those reported in ref 27. For the aluminum
complex [(CO)4Fe—AIN(SiH3)2] both isomers were ob-
tained, but the equatorial form is lower in energy than
the axial form. Only for the heavier analogues E = Ga,
In, and TI, which have longer Fe—E and E—N bonds,
are the axial forms more stable than the equatorial form
(Table 3). The calculations predict that the complex
[(CO)4sFe—BN(SiMes),], which was synthesized by Braun-
schweig, should have the BN(SiMes), ligand in the
equatorial position, because it is even bulkier than BN-
(SiHg)2.4

Both sets of complexes [(CO);Fe—EN(SiH3),] and
[(CO)sW—EN(SiH3),] exhibit a small umbrella effect

where the cis CO ligand is bent toward ER. The bending
angle becomes smaller when E becomes heavier. A
comparison of the calculated Fe—E bond distances of
[(CO)4Fe—EN(SiH3)2] with those of [(CO)4Fe—ECPp]
shows that the former bonds are always shorter than
the latter (Tables 1 and 4). A particularly noteworthy
bond length is the Fe—B bond distance in [(CO)4Fe—
BN(SiHs)2], which is substantially shorter (1.818 A)
than in [(CO),Fe—BCp] (1.962 A). The differences in the
Fe—E bond lengths between [(CO)4,Fe—EN(SiH3)2] and
[(CO)4Fe—ECP] do not correlate with the differences in
the bond dissociation energies. Tables 1 and 4 show that
only the boron compound of the former series is more
strongly bonded than the BCp complex. The aluminum
complexes of the two series have nearly the same bond
energy, while the ECp complexes of the heavier ana-
logues, E = Ga, In, Tl, are clearly more strongly bonded
than the respective EN(SiH3), complexes. The [(CO)4Fe—
EN(SiH3),] compounds have generally stronger TM—E
bonds than the [(CO)sW—EN(SiH3),] compounds (Tables
4 and 5). The difference in the bond energy becomes
smaller for the heavier group-13 elements and finally
vanishes for the thallium complexes, where the Fe—TI
and W—TI bond strengths are nearly the same. For both
series of [TM—EN(SiH3)2], however, the trend of the
TM—E bond energies is the same as that for the TM—
ECp complexes, i.e., B > Al > Ga~ In > TI.

Tables 6 and 7 show the results of the NBO partition-
ing scheme for the aminoborylene complexes. The Fe—E
and W—E bonds have a strong ionic character. This
becomes obvious from the calculated charge distribution,
which gives large positive charges for the group-13
elements E and large negative charges for the transition
metals, and from the Wiberg bond indices P(TM—E),
which are in most cases lower than the P(TM—CO)
values. The largest covalent contributions are found for
the TM—boron bonds, which arise from the compara-
tively high TM—B z-back-donation (see below). We want
to point out that the population of the nitrogen p(x)-
AO changes little when the N(SiH3), ligand becomes
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13
Figure 3. Optimized geometries at BP86/11 of the axial
and equatorial isomers of [(CO),Fe—GaN(SiH3),] and
[(CO)sW—GaN(SiH3),]. Bond lengths are given in ang-
stroms.

bonded to the metal. This means that the TM—EN-
(SiH3), m-back-donation has only a small influence on
the E~—N(SiH3), 7-donation.

The difference in the population of the in-plane and
out-of-plan p(7)-AO of E (Figure 4) between the free
ligand and the complex gives insight into the w-donation
of the amino group and the iron atom toward E. Tables
6 and 7 show that the in-plane p(z)-AO of E is nearly
empty in the free ligand, but it becomes equally or even
higher occupied than the out-of-plane p(z) in the
complex. Both p(7)-AOs of E become more highly
populated in the complexes, which shows that the Fe—E
m-back-donation is quite effective. Tables 8 and 9 show
the differences in the charge distribution of the frag-
ments when the TM—E bond is formed. Note that the
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change in the partial charge at the boron atom of
[(CO)4Fe—BN(SiH3)2] (Ag(E) = +0.08 e) is smaller than
the alteration in the partial charge of the aminosilyl
group (Aq(N(SiHz), = +0.23 e). And yet, the changes in
the electronic structure at boron are much higher than
at the aminosilyl group, because there are large changes
in the o- and w-charges at the boron atom of [(CO)sFe—
BN(SiH3),] Ag«(B) = +0.68 e and Ag.(B) = —0.60 e
(Table 8). The same result is given by the charge
decomposition analysis. Large changes in the o/n-
charges are also predicted for [(CO)sW—BN(SiH3)2] and
for the heavier analogues [(CO)4Fe—EN(SiH3)2] and
(CO)sW—EN(SiH3), (Tables 8 and 9). The NBO analysis
suggests that the TM<—EN(SiH3), o-donation is very
high for all elements E and that the largest o-donation
is found for E = Al. The CDA results indicate that the
o-donation becomes less for the heavier group-13 ele-
ments. Both methods agree, however, that the o-dona-
tion is larger than the z-back-donation.

It is interesting to compare the results of the bonding
analysis of [(CO)4Fe—BCp] with [(CO)4Fe—BN(SiH3),],
because these molecules are models for the first borylene
complexes that have been synthesized.®* The results of
the NBO and CDA methods show that the Fe—B
s-back-donation in the Cp-substituted borylene complex
is smaller than in the aminosilyl-subsituted borylene
(Tables 3 and 8). However, the results of the bonding
analysis do not suggest a fundamental difference in the
bonding situation between the two compounds, which
is in both molecules mainly determined by charge
interactions.

3.3. [(CO)4sFe—EPN] (E = B to TIl). The TM com-
plexes [(CO), TM—ER] discussed so far had substituents
R at the group-13 atom which are strong z-donors. The
phenyl group in [(CO)4sFe—EPH] should provide only
weak s-stabilization of the out-of-plane p(r) of E through
conjugation with the s-electron of the phenyl ring, and
the in-plane p(7)-AO should not receive any stabilization
by the phenyl ring (Figure 5). Electronic stabilization
of the electron-deficient group-13 atoms should mainly
come from Fe—E n-back-donation.

Figure 6 shows the optimized geometries of the axial
and equatorial isomers of [(CO);Fe—GaPh]. The other
group-13 homologues have a similar structure and are
therefore not shown. Table 10 shows the most important
calculated bond lengths and bond angles. The experi-
mental values for the complex [(CO)4Fe—EPh*] are also
given.> They are in good agreement with the theoretical
results.

The calculated Fe—E interatomic distances of the
complexes [(CO)4Fe—EPhH] are clearly shorter than the
bond lengths of the [(CO)4Fe—ECp] and [(CO)sFe—EN-
(SiH3)2] molecules (Tables 1 and 4). The shorter bond
lengths support the assumption that the Fe—E sz-back-
donation in the phenyl-substituted complexes is larger
than in the cyclopentadienyl- and amino-substituted
compounds. The calculated Fe—EPh bond dissociation
energies are also significantly higher than the Fe—ECp
and [Fe—EN(SiH3z)2] compounds. Even the thallium
complex [(CO)sFe—TIPh] has a rather high bond energy
De = 42.5 kcal/mol and, thus, may be a promising target
for experimental studies. The isomers with axial EPh
ligands are slightly lower in energy than the equatorial
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Table 6. NBO Data of [(CO),—Fe—EN(SiH;),] at BP86/112
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E isomer  q[Fe(CO)4] q(Fe) q(E) a(N) P(E)P  Py(E)  pAE)  pu(N)) P(Fe—E)  P(Fe—CO)
Complexes [(CO)s—Fe—EN(SiH3);]

B ax no energy minimum

B eq —-0.31 —0.58 0.59 —1.49 0.39 0.48 0.61 1.67 0.65 0.62

Al ax —0.64 —0.60 1.31 —-1.79 0.26 0.23 0.20 1.79 0.53 0.67

Al eq -0.57 —0.63 1.23 -1.79 0.20 0.30 0.21 1.78 0.51 0.63

Ga ax —0.53 —0.56 1.14 —-1.73 0.24 0.20 0.19 1.79 0.53 0.71

Ga eq —0.43 —0.60 1.06 —1.73 0.17 0.25 0.20 1.78 0.50 0.65

In ax —0.57 —0.53 1.21 —-1.71 0.21 0.17 0.16 1.79 0.50 0.73

In eq —0.48 —0.58 1.13 —1.71 0.15 0.23 0.17 1.78 0.47 0.65

TI ax —0.46 —0.48 1.07 —1.66 0.18 0.14 0.13 1.79 0.44 0.79

TI eq —0.36 —0.54 1.00 —1.67 0.13 0.17 0.13 1.78 0.40 0.69

Free Ligands EN(SiH3),®

B ax no energy minimum

B eq 0.51 —1.62 0.21 0.06 0.57 1.72

Al ax 0.79 —1.83 0.11 0.02 0.23 1.77

Al eq 0.79 —1.83 0.11 0.02 0.23 1.77

Ga ax 0.76 —1.78 0.11 0.02 0.23 1.77

Ga eq 0.77 —1.78 0.11 0.02 0.23 1.77

In ax 0.78 —1.75 0.10 0.01 0.22 1.76

In eq 0.78 —-1.75 0.10 0.01 0.22 1.76

TI ax 0.79 —-1.72 0.10 0.01 0.20 1.76

TI eq 0.77 —-1.72 0.10 0.01 0.19 1.77

a Partial charges g, p-orbital population and Wiberg bond indices P. ° p(x)-AO of atom E which is perpendicular to the Si—N—Si plane.
¢ p(m)-AO of atom E which is in the Si—N—Si plane. ¢ COu trans to EN(SiH3)2; COgq in case of the equatorial isomer. ¢ Calculated using
the frozen geometries in the complexes. f Population of the nitrogen lone-pair orbital.

Table 7. NBO Data of [(CO)s—W—EN(SiH53),] at BP86/112

E q[W(CO)s] aw) a(E) a(N) pPx(E)° py(E)° P2(E) P(N)f P(W-E) P(W—CO)“
Complex [(CO)s-W—EN(SiH3)2]
B —0.36 -0.87 0.69 —1.50 0.30 0.31 0.66 1.78 0.82 0.75
Al —0.61 —0.99 1.30 —1.81 0.17 0.11 0.23 1.78 0.56 0.84
Ga —0.54 —0.96 1.20 —1.75 0.16 0.10 0.21 1.78 0.53 0.87
In —0.60 —0.93 1.27 —-1.73 0.14 0.08 0.17 1.78 0.50 0.89
Tl —0.50 —0.86 1.15 —1.68 0.12 0.07 0.14 1.78 0.44 0.94
Free Ligand EN(SiH3)2®

B 0.51 —1.62 0.21 0.06 0.57 1.72

Al 0.79 —1.83 0.11 0.02 0.22 1.77

Ga 0.77 -1.78 0.11 0.02 0.23 1.77

In 0.78 —1.75 0.10 0.01 0.22 1.76

TI 0.77 —-1.72 0.10 0.01 0.19 1.76

a Partial charges g, p-orbital population and Wiberg bond indices P. ° p(x)-AO of atom E which is perpendicular to the Si—N—Si plane.
¢ p(m)-AO of atom E which is in the Si—N—Si plane. 4 COu trans to EN(SiH3),; COgq in case of the equatorial isomer. ¢ Calculated using
the frozen geometries in the complexes. f Population of the nitrogen lone-pair orbital.
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Figure 4. Schematic representation of the s-bonding
interactions in E—NH,.

forms, except for the aluminum compound, where the
axial and equatorial isomers are nearly degenerate
(Table 10). The ordering of the bond strength is the
same as for the other compounds, i.e., B > Al > Ga ~
In > TI. The complexes with EPh ligands show a similar
umbrella effect as the other compounds with ER ligands.

Table 11 shows the results of the NBO analysis. Like
in the other complexes with TM—E bonds, there is
strong Coulombic attraction between the positively
charged atom E and the negatively charged iron atom
(Table 11). The p(x)-AOs of E, which are nearly empty
in the free ligands EPh, become significantly populated
in the complexes. Please note that, in the axial isomers
of the complexes, the out-of-plane p(;)-AO of E carries

more electronic charge than the in-plane p()-AO, while
the equatorial isomers show the opposite order. The
covalent contributions to the Fe—E bonding remain
small, however. The Wiberg bond indices for the Fe—
EPh bonds are < 1 for all ligand atoms E, and only the
Fe—BPh bond order is slightly higher than the Fe—CO
bond index.

Table 12 gives the changes in the charge distribution
of the fragments after the Fe—E bond is formed. The
calculated data support the conclusion that the Fe—~EPh
sm-back-donation in [(CO)4Fe—EPhH] is stronger than in
the other group-13 complexes. This is revealed by the
NBO data for Aq,(E) and by the CDA results for the
ratio of Fe—EPh donation to Fe—~EPh z-back-donation.
We want to point out, however, that the calculated
Fe—EPh m-back-donation is only slightly higher than
the Fe—EN(SiH3), m-back-donation (Table 8), although
the p()-AOs of E in free EPh are nearly empty (Table
11), while they are partly occupied in EN(SiH3), (Table
6). The Fe——EPh o-donation is also the largest among
the investigated group-13 complexes. Part of the Fe—EPh
o-donation comes from the phenyl group, which donates
between 0.15 and 0.31 e toward E (Table 12).
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Table 8. NBO and CDA Data of the Changes in the Metal and Ligand Population of [(CO),-Fe—EN(SiH3),]

at BP86/112

E isomer AqQ(E) AQ(E) AQ.(E) AQx(N) AQ(N(SiH3)2) d(E—Fe) b(E—Fe)
B ax no energy minimum

B eq +0.08 —0.60 +0.68 +0.05 +0.23 0.583 0.476
Al ax +0.52 —0.36 +0.88 —0.02 +0.12 0.419 0.237
Al eq +0.44 —0.37 +0.81 —0.01 +0.13 0.368 0.208
Ga ax +0.38 -0.31 +0.69 —0.02 +0.15 0.393 0.128
Ga eq +0.29 —0.29 +0.58 —0.01 +0.14 0.356 0.145
In ax +0.43 -0.27 +0.70 —0.03 +0.14 0.214 0.165
In eq +0.35 -0.27 +0.62 —0.02 +0.13 0.211 0.175
TI ax +0.28 -0.21 +0.49 —0.03 +0.18 0.243 0.079
Tl eq +0.23 —0.19 +0.42 —0.01 +0.13 0.222 0.061

a Change in partial charges Aq; difference of the -population Aq,; and the o-charges Ag, of the atom E; change in the partial charges
Aq(N(SiH3),) of the N(SiH3), fragments between the complex and the free ligand; positive values indicate that the electronic charge
decreases; negative values indicate that the electronic charge increases; charge donation d and back-donation b.

Table 9. NBO and CDA Data of the Changes in the Metal and Ligand Population of [(CO)s—W—EN(SiH3);]

at BP86/I12
E Aq(E) Ag+(E) Ago(E) Agx(N) Aq(N(SiHs)) d(E—W) b(E—W)
B +0.18 —0.34 +0.52 —0.06 +0.18 0.750 0.329
Al +0.51 ~0.15 +0.66 ~0.01 +0.10 0.566 0.287
Ga +0.43 ~0.13 +0.56 ~0.01 +0.10 0.509 0.258
In +0.49 —0.11 +0.60 —0.02 +0.11 0.309 0.186
Tl +0.38 —0.08 +0.46 —0.02 +0.12 0.432 0.155

a Change in partial charges Aq; difference of the -population Aq,; and the o-charges Ag, of the atom E; change in the partial charges
Aq(N(SiH3),) of the N(SiH3), fragments between the complex and the free ligand; positive values indicate that the electronic charge
decreases; negative values indicate that the electronic charge increases; charge donation d and back-donation b.
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Figure 5. Schematic representation of the s-bonding
interactions in E—Ph.

3.4. [TM(ECHz3)4] (TM = Ni, Pd, Pt; E = B to TI).
The compounds [Ni(ECHS3)4], [Pd(ECH3)4], and [Pt-
(ECH3)4] are different from the other complexes with
group-13 ligands that have been discussed so far,
because they are homoleptic complexes of late transition
metals. Two related nickel compounds with larger
substituents, [Ni(Ga—C(SiMes3)3)s] and [Ni(In—C(Si-
Mes)s)4], have recently been synthesized.5” The BP86/
Il calculations of [TM(ECHS3)4] encountered severe con-
vergence problems, which could not be resolved in a few
cases. We decided to carry out calculations at B3LYP/
11, which did not suffer from the same SCF problems.
We report the results for [TM(ECH3)4] at both levels of
theory, which makes it also possible to see the alter-
ations of the results when different methods are used.

Table 13 shows that the optimized Ni—E and E—C
bond lengths of the model complexes are in very good
agreement with the results of the X-ray structure
analyses. The differences between BP86/11 and B3LYP/
Il for the calculated bond lengths are rather small.
Figure 7 shows the optimized geometry of [Ni(GaCHs)4].
The other [TM(ECH3)4] complexes have a similar struc-
ture and are therefore not shown.

The calculations show that the first TM—ECH3 bond
dissociation energies are rather high. The theoretical
bond energies at B3LYP/Il are always 5—8 kcal/mol
higher than the BP86/11 values (Table 13). The strength
of the TM—ECH;3 bonds becomes obvious by comparison

Figure 6. Optimized geometries at BP86/11 of the axial
and equatorial isomers of [(CO)4,Fe—GaPh]. Bond lengths
are given in angstroms. Experimental values are given in
parentheses.

with the TM—CO bonds in [TM(CO),], which have much
lower bond energies. The calculated first TM—CO bond
dissociation energies at the CCSD(T)/II level of theory
are D, = 22.3 kcal/mol for [Ni(CO)4], D, = 7.5 kcal/mol
for [Pd(CO),], and D, = 10.9 kcal/mol for [Pt(CO)4].28

(28) (a) Ehlers, A. W.; Frenking, G. Organometallics 1995, 14, 423.
(b) Ehlers, A. W.; Dapprich, S.; Vyboishchikov, S. F.; Frenking, G
Organometallics 1996, 15, 105.
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Table 10. Calculated Bond Lengths (A) and Energies (kcal/mol) of [(CO),—Fe—EPh] at BP86/11
(Experimental Values Are Given in Parentheses)

E isomer sym Fe—E E—Cpn Fe—COax Fe—CO¢q [OE—Fe—COux UOE—-Fe—CO¢q AE® D¢ DoP
B ax Cs 1.800 1.515 1.824 1.774 179.3 85.1d 0.0 102.77 99.79
Al ax Cs 2.206 1.952 1.777 1.775 179.4 85.2d 0.0 6351 61.54
Al eq Coy 2.199 1.955 1.782 1.777 78.4 1254 —0.1 63.60 61.53
Ga ax Cs 2.263(2.225)¢ 1.983(1.943)° 1.771(1.766)¢ 1.780 (1.764) 179.6 86.8¢ 0.0 5503 53.16
Ga eq C: 2264 1.988 1.787 1.774 81.9 124.6 +1.7 53.33 51.36
In ax Cs 2411 2.134 1.764 1.780 179.7 86.9d 0.0 5324 5148
In eq C, 2414 2.141 1.787 1.770 82.0 124.9 +2.0 51.29 49.43
Tl ax Cs 2.506 2.216 1.760 1.784 179.8 88.0d 0.0 4252 40.95
Tl eq Cy 2515 2.229 1.790 1.768 84.7 123.7d +2.5 40.04 38.36

a Energy difference between axial and equatorial isomers (kcal/mol).  Dissociation energy of the Fe—E bond (kcal/mol). ¢ Reference 5.
d Average value of slightly different angles.

Table 11. NBO Data of [(CO),—Fe—EPh] at BP86/112

E isomer  g[Fe(CO)]  q(Fe)  q(E)  d(CeHs)  p«(E)°  py(E)  pAE)  pa(CeHs)  P(Fe—E)  P(Fe—CO)
Complexes [(CO),—Fe—EPh]
B ax —0.36 —0.59 0.65 —0.29 0.41 0.34 0.65 5.88 0.76 0.57
B eq —0.39 —-0.91 0.66 —0.27 0.31 0.41 0.66 5.84 0.64 0.53
Al ax —0.73 —0.60 1.27 —0.54 0.23 0.20 0.24 5.93 0.51 0.65
Al eq —0.66 —0.62 1.20 —0.54 0.15 0.30 0.27 5.90 0.50 0.63
Ga ax —0.63 —0.56 1.12 —0.49 0.21 0.18 0.24 5.94 0.52 0.68
Ga eq —0.54 —0.59 1.05 -0.51 0.13 0.27 0.26 5.94 0.51 0.64
In ax —0.67 —0.53 1.16 —0.49 0.18 0.16 0.23 5.95 0.49 0.70
In eq —0.58 —0.56 1.08 —0.50 0.11 0.26 0.25 5.90 0.48 0.66
TI ax —0.60 —0.50 1.04 —0.44 0.15 0.14 0.19 5.96 0.44 0.74
TI eq —0.54 —0.59 0.98 —0.44 0.10 0.19 0.21 6.03 0.42 0.66
Free Ligands EPhe

B ax 0.45 —0.45 0.11 0.01 0.69 5.85

B eq 0.45 —0.45 0.11 0.01 0.69 5.87

Al ax 0.73 —0.73 0.05 0.00 0.34 5.93

Al eq 0.73 —0.73 0.05 0.00 0.34 5.94

Ga ax 0.70 —0.70 0.05 0.00 0.36 5.95

Ga eq 0.70 —0.70 0.05 0.00 0.36 5.94

In ax 0.70 —0.70 0.05 0.00 0.36 5.95

In eq 0.70 —0.70 0.06 0.00 0.35 5.94

Tl ax 0.68 —0.68 0.04 0.00 0.36 5.95

Tl eq 0.68 —0.68 0.04 0.00 0.35 5.96

a Partial charges g, p-orbital population and Wiberg bond indices P. ? p(r)-AO of atom E which is perpendicular to the phenyl plane.
¢ p(m)-AO of atom E which is in the phenyl plane. ¢ CO4 trans to EPh; COgq in case of the equatorial isomer. ¢ Calculated using the frozen
geometries in the complexes.

Table 12. NBO and CDA Data of the Changes in the Metal and Ligand Population of [(CO),—Fe—EPh] at

BP86/112
E isomer Aq(E) AQq(E) AQ.(E) Aq(CsHs) AQ(CsHs) AQ,(CeHs) d(PhE—Fe) b(PhE—Fe)
Complexes [(CO),—Fe—EPhH]
B ax +0.20 —0.63 +0.83 +0.16 —0.03 +0.19 0.516 0.473
B eq +0.21 —0.60 +0.81 +0.18 +0.03 +0.15 0.453 0.526
Al ax +0.54 —0.38 +0.92 +0.19 +0.00 +0.19 0.453 0.345
Al eq +0.47 —0.40 +0.87 +0.19 +0.04 +0.15 0.399 0.335
Ga ax +0.42 —0.34 +0.76 +0.21 +0.01 +0.20 0.383 0.264
Ga eq +0.35 —0.35 +0.70 +0.19 +0.00 +0.19 0.343 0.283
In ax +0.46 —0.29 +0.75 +0.21 +0.00 +0.21 0.388 0.277
In eq +0.38 -0.31 +0.69 +0.20 +0.04 +0.16 0.333 0.277
Tl ax +0.36 —0.25 +0.61 +0.24 —0.01 +0.25 0.273 0.180
TI eq +0.30 —0.25 +0.55 +0.24 —0.07 +0.31 0.236 0.161

a Change in partial charges Aq; difference of the w-population Ag,; and the o-charges Ag, of the atom E; change in the partial charges
Aq(CsHs) of the CgHs fragments between the complex and the free ligand; positive values indicate that the electronic charge decreases;
negative values indicate that the electronic charge increases; charge donation d and back-donation b.

The trend of the TM—ECH; bond energies shows for the
transition metals the order Ni ~ Pt > Pd, while for the
group-13 elements the same trend as for the other
complexes is found, B > Al > Ga~ In > Tl.

The results of the NBO partitioning scheme are
shown in Table 14. The BP86 and B3LYP values are
not very different from each other. The p(x)-orbitals of
the atoms E, which are nearly empty in the free ligand
ECH3, become significantly populated in the complexes.

This is a strong indication that there is substantial
TM—ECH; z-back-donation in the molecules. The NBO
data suggest that the TM—ECHS3 z-back-donation is in
some complexes even larger than the TM<—ECHS3 o-do-
nation. This can be taken from Table 15, which gives
the changes in the charge distribution caused by the
TM—E bond formation. The CDA results support the
picture of strong TM—ECH3; w-back-donation, although
the TM<—ECHS3 o-donation is still larger. However, the
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Table 13. Calculated Bond Lengths (A) and Energies (kcal/mol) of [TM(ECH5;)4] at BP86/11 and B3LYP/II
(Experimental Values Are Given in Parentheses)

TM—-E E-C De? Dy?

sym BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 d B3LYP
Complexes [N|(ECH3)4]

B Td 1.771 1.764 1.553 91.36 83.80 87.26 79.70

Al Ty 2.153 2.142 1.995 1.987 61.58 55.64 59.18 53.24

Ga T4 2.214 2.210 (2.170)® 2.047 2.037 (2.014)° 49.62 43.15 47.13 40.66

In Tq 2.347 2.341 (2.310)¢ 2.190 2.182 (2.195) ¢ 51.07 45.44 49.07 43.44

TI Td 2.451 2.452 2.291 2.281 e 28.39 e 27.00
Complexes [Pd(ECH3)4]

B Ty 1.923 1.923 1.552 1.547 76.19 67.46 72.49 63.76

Al Ty 2.295 2.295 1.994 1.987 52.86 46.02 50.46 43.62

Ga Td 2.355 2.362 2.051 2.040 40.34 33.43 38.24 31.33

In Ty 2.466 2.468 2.192 2.185 43.71 37.42 41.70 35.41

Tl T4 2.603 2.622 2.307 2.293 26.81 19.88 25.40 18.47
Complexes [Pt(ECH3)4]

B Tq 1.931 1.928 1.551 1.546 89.34 82.68 85.64 78.98

Al Td 2.302 2.298 1.993 1.983 62.80 57.32 60.31 54.83

Ga Ty 2.347 2.345 2.040 2.028 48.89 43.34 46.70 41.15

In T4 2.467 2.464 2.180 2171 51.85 46.79 49.85 44.79

Tl Tq 2.576 2.578 2.286 2.272 32.07 26.20 28.58 24.71

a First dissociation energy of TM—E bond (kcal/mol). ® Reference 7. ¢ Reference 6. 9 Calculated with ZPE corrections from B3LYP/II.
¢ No SCF convergence.

Table 14. NBO Data of [TM(ECHj3)4] at BP86/11 and B3LYP/I12

A[TM(ER)s] q(T™M) a(E) q(CHs) Px(E)P py(E) P2(E) P(TM-E)

E BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP
Complexes [Ni(ECH3)4]

B d 0.04 d 0.16 d 0.31 d -035 d 039 d 039 d 073 d 0.56

Al -0.11 -0.10 -042 -048 0.71 076 -0.61 -0.64 032 031 032 031 0.34 0.33 0.55 0.52

Ga -0.07 -0.07 -0.24 -0.30 062 067 -056 -060 0.28 0.26 0.28 0.26 035 034 055 051

In -0.11 -0.14 -037 -044 066 072 -057 -061 0.29 0.29 0.29 0.29 0.31 0.30 0.56 0.53

TI -0.06 -0.08 -0.23 -030 058 064 -052 -057 024 021 024 021 0.31 0.30 0.56  0.52
Complexes [Pd(ECH3)4]

B 0.06 0.02 0.24 020 027 030 -0.33 -0.35 040 0.38 0.40 0.38 0.73  0.73 0.61 0.60

Al -0.13 -0.10 -049 -050 0.74 0.77 —-0.62 -0.64 0.28 0.26 0.28 0.26 035 034 046 044

Ga -0.10 -0.11 -0.37 -040 066 070 -0.67 -060 0.25 0.23 0.25 0.23 0.36 0.35 0.46  0.43

In -0.14 -0.18 -056 -059 072 077 -058 -062 025 0.23 0.25 0.23 0.31 0.30 0.47 045

TI -0.11 -0.13 -043 -046 064 069 -053 -058 0.19 0.17 0.19 0.17 0.31 0.30 0.45 042
Complexes [Pt(ECH3)4]

B 0.09 0.05 0.37 035 023 024 -032 -033 043 041 0.43 041 0.77 0.78 0.69 0.68

Al -0.17 -0.16 -069 -0.69 0.77 080 -0.60 -0.63 0.29 0.29 0.29 0.29 0.36 0.36 0.49 048

Ga -0.15 -0.15 -058 -060 069 072 -054 -058 026 025 0.26  0.25 0.36 0.36 0.49 047

In -020 -0.16 -0.78 -081 075 079 -056 -059 0.26 0.25 0.26  0.25 0.30 0.30 0.49 048

TI -0.17 -0.13 -0.68 -0.69 067 071 -050 -054 0.21 0.20 0.21  0.20 0.30 0.29 0.47  0.46

Free Ligand ECH3¢

B 0.47 048 —047 -048 0.03 0.03 0.03  0.03 0.70 0.71

Al 0.73 074 -0.73 -0.74 0.01 0.01 0.01 0.01 0.37 0.37

Ga 0.69 0.70 0.69 -0.70 0.01 0.01 0.01 0.01 0.40 0.40

In 069 071 —-0.69 -0.71 0.01 0.01 0.01 0.01 0.39 0.39

TI 066 0.68 —0.66 —0.68 0.01 0.00 0.01  0.00 0.40 0.39

a Partial charges g, p-orbital population, Wiberg bond indices P. ° p(x)-AO of atom E which is perpendicular to the TM—E—C axis.
¢ Calculated using the frozen geometries in the complexes; identical values have been found in the free ligands for all complexes of Ni, Pd,

and Pt. 9 No SCF convergence.

sum of the TM—E donor—acceptor interactions leads to
a degree of covalent bonding that is less than a single
bond. The calculated bond orders for the TM—E bond
are always < 0.7 (Table 14). It follows that the high bond
dissociation energies are largely caused by charge
attraction. The NBO data show that the ligand atoms
E always carry a positive partial charge, while the
transition metals are negatively charged except in the
borylene complexes (Table 14). The positive atomic
charges at TM and boron in [TM(BCH3)4] might lead to
the wrong conclusion that the charge interactions
between TM and boron are repulsive. We want to point
out that the charge distribution of the electronic charge
around the atoms is highly anisotropic. This may lead

to strongly attractive Coulomb interactions even be-
tween atoms that carry positive partial charges. For
example, the interactions between CO and positively
charged transition metals are mainly caused by Cou-
lombic attraction, although the carbon atom of CO
carries a positive partial charge.?®

4. Summary and Conclusion

The results of this study give a comprehensive picture
about the bonding situation in transition metal com-

(29) (a) Lupinetti, A. J.; Fau, S.; Frenking, G.; Strauss, S. H. J. Phys.
Chem. A 1997, 101, 9551. (b) Diefenbach, A.; Bickelhaupt, M. F.;
Frenking, G. J. Am. Chem. Soc., submitted.
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Table 15. NBO and CDA Data of [TM(ECHy3),] at BP86//11 and B3LYP/I12
AQ(E) Ad(E) Ad,(E) Aq (CH3) d(H3CE—TM) b(H3;CE~—TM)

E BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP
Complexes [Ni(ECH3)4]

B b -0.17 b —-0.72 b +0.55 b +0.13 0.665 0.670 0.505 0.482

Al —0.02 +0.02 —0.62 —0.60 +0.60 +0.62 +0.12 +0.10 0.554 0.597 0.501 0.461

Ga  —0.07 —-0.03 —0.54 —-0.50 +0.47 +0.47 +0.13 +0.10 0.586 0.604 0.446 0.410

In —0.03 +0.01 —0.56 —0.56 +0.59 +0.57 +0.12 +0.10 0.513 0.526 0.418 0.384

Tl —0.08 —0.04 —0.46 —0.42 +0.54 +0.46 +0.14 +0.10 0.454 0.470 0.404 0.368
Complexes [Pd(ECH3)4]

B —0.20 —-0.18 —0.74 —-0.70 +0.54 +0.52 +0.14 +0.13 0.675 0.680 0.575 0.551

Al +0.01 +0.03 —0.54 —0.50 +0.55 +0.53 +0.11 +0.10 0.551 0.563 0.561 0.552

Ga —0.03 +0.00 —0.48 —0.44 +0.45 +0.44 +0.02 +0.10 0.536 0.541 0.468 0.429

In +0.03 +0.06 —0.48 —0.44 +0.51 +0.50 +0.11 +0.11 0.425 0.432 0.389 0.364

Tl —-0.02 +0.01 —0.36 —-0.34 +0.34 +0.35 +0.13 +0.10 0.413 0.525 0.368 0.329
Complexes [Pt(ECH3)4]

B —0.24 —0.24 —0.80 —0.76 +0.56 +0.52 +0.15 +0.15 0.645 0.650 0.633 0.610

Al +0.04 +0.06 —0.56 —0.56 +0.60 +0.62 +0.13 +0.11 0.619 0.639 0.553 0.551

Ga 0.00 +0.02 —0.50 —-0.48 +0.50 +0.50 +0.15 +0.12 0.571 0.576 0.496 0.494

In +0.06 +0.08 —0.50 —-0.48 +0.56 +0.56 +0.13 +0.09 0.480 0.488 0.401 0.402

Tl +0.01 +0.03 —0.40 —0.40 +0.41 +0.43 +0.16 +0.14 0.487 0.508 0.365 0.361

a Change partial charges q, difference of the z-population and the o-charges of the atom E between the complexes and the free ligands
Aq, and Aqg; positive values indicate that the electronic charge decreases; negative values indicate that the electronic charge increases;

charge donation d and back-donation b. ® No SCF convergence.

Figure 7. Optimized geometry at BP86/I11 of [Ni(GaCHy3),].
Bond lengths are given in angstroms. Experimental values
are given in parentheses.

plexes with terminal group-13 diyl ligands. The most
important conclusions about the TM—ER interactions
can be summarized as follows.

(@) The TM—ER bond dissociation energies are very
high. Substituents R that are weak s-donors lead to
particularly strong TM—ER bonds. The calculated bond
energies show the order B > Al > Ga ~ In > TI.

(b) The TM—ER bonds are mainly caused by charge
attraction between the negatively charged TM atoms
and the positively charged group-13 atoms. Covalent
contributions to the TM—ER bonds are less important
than Coulombic interactions. The TM—ER bond order
is in all cases < 1.

(c) The TM<—ER o-donation is clearly larger than the
TM—ER x-back-donation when R is a strong s-donor.

TM—ER n-back-donation becomes larger and may even
become bigger than the TM<—ER o-donation when R is
a weak s-donor. The NBO data show that the trend of
the TM—ER s-back-donation is in most cases B > Al >
Ga > In > TI, while the TM—ER o-donation has an
irregular sequence. AIR is always the strongest o-donor
and TIR is the weakest o-donor, while BR, GaR, and
INR have similar o-donor strength.

The results presented here show that a discussion
about the question whether the TM—ER bonds should
be considered as single bonds or triple bonds is mean-
ingless. The TM—ER n-back-donation may indeed be-
come as important as the TM—ER o-donation, but the
sum of the covalent interactions do not even give a bond
order 1. This is different from the bonding situation in
TM carbyne complexes, where the bond order for the
LnTM—CR bond is between 1.7 and 2.1 for Fischer-type
carbyne complexes, and even between 2.3 and 2.5 for
Schrock-type carbyne complexes.® Thus, [(CO)sFeGaAr*]
is not a “ferrogallyne”.> However, drawing a Lewis
structure of the molecule with an Fe—Ga single bond is
also not an appropriate representation of the bonding
situation.’® The problem lies in the weakness of the
graphical representation of the bond in terms of electron-
pair bonding. A triple-bond notation would be appropri-
ate if only the covalent contributions to the Fe—EAr*
bond are sketched, which are, however, only a minor
part of the iron—gallium bonding interactions.
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