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The gas-phase interaction of HyC—CH,—XH; and H,C=C(H)XH; (X = C, Si, Ge) with Ni" has been
investigated through the use of high-level density functional theory methods. The structures of the
corresponding Ni* complexes were optimized at the BSLYP/6-311G(d,p) level of theory. Final energies were
obtained in single-point B3LYP/6-311+G(2df,2p) calculations. In all cases, the most stable complexes are
stabilized through agostic-type interactions between the metal cation and the hydrogen atoms of the XHj;
group. Only for propene is the conventional n-complex the global minimum of the potential energy surface.
These agostic-type linkages can be viewed as three-center bonds resulting from electron-donor interactions
between ¢ bonding orbitals of the neutral and the empty s orbital of the metal and back-donation from pairs
of valence electrons of the metal into the corresponding o* antibonding orbitals of the neutral. As a
consequence, these bonds are particularly stable for Si- and Ge-containing compounds, because of the high
electron-donor ability of the XH; group when the heteroatom is Si or Ge. Vinylsilane and vinylgermane lead to
non-conventional complexes in which the metal bridges the C, atom of the C=C double bond and one

of the hydrogen atoms of the XH; group. In contrast with the behavior predicted when the reference acid is
Cu*, Si- and Ge-derivatives, both saturated and unsaturated, bind Ni* more strongly than propane and
propene, respectively. Ni™ binding energies are systematically greater than Cu™ binding energies and the bond
activation effects observed upon Ni'" attachment are sizably larger than those found upon Cu™ association.

Introduction

Many relevant processes in chemistry and biochemistry
involve interactions with transition metal cations. This has
motivated a considerable interest in the study of the gas-phase
reactions between organic and inorganic compounds with
transition metal monocations.''° In spite of this, the number
of accurate cation metal binding energies is still scarce'' and
much of this information was obtained by means of ab initio
or density functional theory (DFT) calculations.!! The situa-
tion is even worse when dealing with compounds that present
second- and third-row atoms as active centers.

In our group we have devoted some efforts to investigating
the intrinsic reactivity of organic bases containing second-,
third- and fourth-row basic centers with the aim of establishing
reactivity trends with respect to different reference acids.!*>
These analyses allowed us to conclude that, very often, there
is a dramatic change in the reactivity patterns when a first-
row basic center is replaced by a second-row or a third-row
one. Phosphines and arsines are suitable examples of com-
pounds that exhibit a behavior markedly different from that
observed for the corresponding amines.'? Another interesting
set is that represented by silanes and germanes in contraposi-
tion to the corresponding alkanes. Also in this case the
reactivity of silanes and germanes in protonation and/or
deprotonation processes might be very different from that
exhibited by the corresponding carbon-containing analogs.

This is the case, for instance, for o,B-unsaturated silanes and
germanes. '$2%2324 Not much is known about the chemistry of
these species because they have been synthesized for the first
time only a few years ago and because some of them are not
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very stable.”>?® The experimental determination of their intrin-

sic acidities and a theoretical estimate of their intrinsic basici-
ties were reported recently in the literature'®*® and show
significant dissimilarities between C- and Si- or Ge-containing
compounds. Later on we have also shown'*?° that the reactiv-
ity of these compounds toward Cu™ presents important pecu-
liarities. Even though the Cut complexes very often closely
resemble the corresponding protonated species due to the
non-negligible covalent character of the neutral-Cu* inter-
actions,'?7 3% this is not the case for silanes and germanes,
for which agostic-type interactions between the transition
metal cation and the hydrogen atoms of the XHjz (X = Si,
Ge) moiety are extremely strong,'*>%%* leading to an enhance-
ment of the basicity of these systems with respect to that of the
corresponding hydrocarbons, for which the interactions
between Cut and the CH; group are much weaker.

The aim of this paper is to extend this study to complexes with
Ni*, that unlike Cu™, is an open-shell cation. The questions we
want to address are whether similar agostic-type bonds are
formed when the reference acid is Ni* and whether these inter-
actions are stronger or weaker than those obtained when the
reference acid is Cu™. This would also permit us to investigate
whether or not the reactivity trends along the group 14 elements
with respect to these two transition metal cations are similar or
different, for both saturated and unsaturated compounds.

Computational details

The B3LYP density functional theory approach, combined
with a 6-311+G(2df,2p) basis set, has been proved to be very
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well-suited for the description of Cu™ and Ni* complexes and
to obtain Cu™ and Ni" binding energies in fairly good agree-
ment with the experimental values.’'"*> In some cases this
approach has been found to be superior to the most commonly
used ab initio approaches due to frequent instabilities of
the HF wavefunction and to poor convergency of the MPn
series®!*¥3% that render these single-reference ab initio methods
less reliable. The B3LYP method, as implemented in the
Gaussian-98 series of programs,® combines Becke’s three-
parameter nonlocal hybrid exchange potential®® with the
non-local correlation functional of Lee, Yang and Parr.’” In
our theoretical model the single point B3LYP/6-311+
G(2df,2p) calculations were carried out on B3LYP/6-311
G(d,p) optimized geometries. The harmonic vibrational fre-
quencies were obtained also at the B3LYP/6-311G(d,p) level
in order to assess that the stationary points found in our sur-
vey of the potential energy surface (PES) correspond to local
minima and to estimate the corresponding zero point energy
(ZPE) corrections. The 6-311+G(2df,2p) basis set for Ni™ cor-
responds to the (14s9p5d/9s5p3d) basis set expansion of
Watchers®™ and Hay,* supplemented with a set of (1s2pld)
diffuse functions and with two sets of f functions and one set
of g functions. In all cases the (S?) expectation value was close
to the exact value for a doublet state (see Table 1), indicating
that the spin contamination of our unrestricted calculations
was reasonably small.

Table 1 Total energies (E), s? expectation values (<SZ)), zero point
energies (ZPE) and Ni" binding energies (Dy) of CH;CH,XHj; and
H,C=CHXH; (X = C, Si, Ge) compounds and their Ni™ complexes

ZPE’/ D/
E“ /hartree (8?) hartree kJ mol~!
CH; —39.8578097 0.753 0.0290 -
CH;3-Ni* —1547.8855986 2.004 0.0341 163.6
Propane —119.1884727 0.1009 -
S-C1 —1627.2037730 0.764 0.1014 143.2
(118.4)7
S-C2 —1627.1883634 0.788 0.1008 104.2
S-C3 —1627.1950078 0.783 0.1009 121.4
Ethylsilane —370.5826021 0.0880 -
S-Sil —1878.6106826 0.754 0.0894 174.3
S-Si2 —1878.5903214 0.783 0.0871 126.8
S-Si3 —1878.5816723 0.785 0.0879 102.0
S-Si4 —1878.6203777 0.757 0.0891 200.2
(170.7)¢
Ethylgermane —2158.0653597 0.0864 -
S-Gel —3666.0958984 0.754 0.0871 182.4
S-Ge2 —3666.0694019 0.775 0.0859 116.0
S-Ge3 —3666.0652331 0.785 0.0861 104.5
S-Ged —3666.1046354 0.757 0.0865 206.9
(179.5)7
Propene —117.9535866 0.0777 -
U-C1 —1625.9963154 0.761 0.0804 209.3
(200.0)7
U-C2 —1625.9547748 0.778 0.0779 106.8
Vinylsilane —369.3465658 0.0654 -
U-Sil —1877.3852236 0.762 0.0673 200.6
U-Si2 —1877.3695584 0.755 0.0660 162.9
U-Si3 —1877.3963555 0.759 0.0678 228.7
(192.5)7
Vinylgermane —2156.8281731 0.0636 -
U-Gel —3664.8665146 0.762 0.0655 199.9
U-Ge2 —3664.8654218 0.757 0.0639 201.2
U-Ge3 —3664.8797145 0.759 0.0657 234.1
(199.2)7

“ Calculated at the B3LYP/6-311+G(2df,2p) level. * Calculated at
the B3LYP/6-311G(d,p) level. ¢ Calculated at the B3LYP/6-311+
G(2df,2p) level including ZPE corrections (see text). ¢ Cut binding
energies taken from ref. 19.
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The corresponding Ni*™ binding energies, Dy, were evalu-
ated by subtracting from the energy of the complex the energy
of the neutral and that of Ni™, after including the correspond-
ing zero point energy (ZPE) corrections, which were scaled by
the empirical factor 0.98.4°

Unfortunately, there are not many experimental Nit bind-
ing energies involving hydrocarbons accurate enough as to
be used as a reference to assess the reliability of our theoretical
method.!" As a matter of fact, we are only aware of the differ-
ent values reported by Georgiadis er al*' for the Nit—CHj,
binding energies. Hence, we have used this molecule to test
our model. The value obtained for the corresponding Ni™
binding enthalpy, after including the corresponding thermal
corrections and the PV term, is 169 kJ mol ™, which lies within
the error limits of the different experimental estimates
(174.9+15.5 and 188.3410.0 kJ mol™") reported in ref. [41],
and which is in fairly good agreement with previous theoretical
estimates reported by Bauschlicher er al** using different
theoretical schemes.

The atoms in molecules (AIM) theory of Bader*® was used
to investigate the bonding characteristics of the different Ni*
complexes investigated and, in particular, the possible bond
activations undergone by the neutral upon Ni' association
and to characterize the possible agostic-type linkages arising
from these interactions. The AIM theory is based in a topolo-
gical analysis of the electron charge density, p(r) and its Lapla-
cian, V?p(r). More specifically, we have located the so-called
bond critical points (bcps), that is the points where p(r) is a
minimum along the bond path and a maximum in the other
two directions. In general the values of p and V?p at these
points provide useful information on the bonding characteris-
tics. In most cases negative values of the Laplacian are asso-
ciated with covalent linkages, while positive values are
usually associated with closed-shell interactions such as those
found in ionic bonds, van der Waals complexes and hydrogen
bonds. More reliable for this purpose is the energy density,
H(r), in the sense that negative values of H(r) are always asso-
ciated with covalent linkages even in those particular cases,
such as the F, molecule, where the Laplacian is positive. This
analysis will be complemented with that carried out in terms of
the lengthening or shortening of the bond lengths and in terms
of the shifting of the corresponding stretching frequencies. A
second-order perturbation analysis in the framework of the
NBO population method** will be used to quantitatively char-
acterize the donor-acceptor interactions between occupied
(empty) orbitals of the neutral and vacant (occupied) orbitals
of Ni" that are responsible for the agostic-type interactions
that stabilize these complexes.

Results and discussion

Structures, relative stabilities and bonding

The structures of the different saturated CH;CH,XH3 and
unsaturated H,C=CHXH; (X = C, Si, Ge) species as well as
those of their Ni™ complexes are given in Fig. 1. Their total
energies are summarized in Table 1. Table 1 contains also
the calculated binding energies, Dy. In our discussion the
numbering showed in Scheme 1 will be systematically used.

Saturated compounds. The structures of Ni™ complexes clo-
sely resemble those described before in the literature for the
analogous Cu" complexes.?’ More specifically, although the
interaction of Ni* with the CH,, CH; and XHj; groups leads
to stable structures that are local minima of the corresponding
potential energy surface (PES), with propane the global mini-
mum, S—C1, corresponds to a complex in which Ni™ interacts
simultaneously with the two terminal CH; groups. A similar
structure was reported before in the literature for the
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Fig. 1 B3LYP/6-311G(d,p) optimized geometries of CH;CH,XHj; and H,C=CHXHj (X = C, Si, Ge) and their Ni* complexes. Bond lengths in

A and bond angles in degrees.

propane-Co™ complex.*’ The other two local minima, namely
S—C2 and S-C3, are predicted to be 39.0 and 21.8 kJ mol ™"
higher in energy, respectively. It is worth noting that these
energy gaps are significantly larger than those calculated for
the corresponding Cu™ complexes. These changes in the energy
gaps between the different local minima, when Cu™ is replaced
by Ni, point to sizable bonding differences between these
metal cations, which will be analyzed later.

Important changes in the intrinsic reactivity of the system
are found when one of the terminal methyl groups is replaced

by an XH; (X = Si, Ge) group. Indeed the structures in which

* bridges the CH; and the XHj; terminal groups, namely
S-Sil and S-Gel, are not the global minima of the PES
because the interaction of Ni* exclusively with the XH; group
(X = Si, Ge) to yield structures S—Si4 and S—-Ge4, is predicted
to be about 25 kJ mol ™' stronger. Again, the S-Si4/S-Sil and
S-Ge4/S-Gel energy gaps are twice as large as those estimated
for the corresponding Cu™-containing analogs. In all cases the
attachment of the metal cation to the CH; group yields the less
stable complexes, namely S—C3, S-Si3and S-Ge3.
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Scheme 1

The strong interaction of Ni* with the XH; (X = Si, Ge)
group of ethylsilane and ethylgermane results in a quite large
binding energy, which is more than 57 kJ mol~" higher than
that of propane. To understand these differences, let us analyze
in some detail the bonding characteristics of these complexes.
In Fig. 2 we have plotted the bond paths and the position of
the beps for the more stable Nit complexes. It can be observed
that the interaction of Nit with propane to yield complex
S—C1 results in the formation of two Ni-H linkages. The cyclic
character of this structure is ratified by the existence of a ring
critical point with an electron density of 0.030 ¢ au™>. Concomi-
tantly, the charge density at the bep of the C-H bonds that
interact with Ni* (C1-H7 and C3-H6) is significantly smaller
than that calculated for the C—H bonds that do not participate
in the interaction. Consistently, the bond lengths of these two
C-H linkages significantly increase upon Ni™ association (see
Fig. 1) and the corresponding C-H stretching frequencies
appear significantly red-shifted and combined as symmetric
and antisymmetric modes (see Table 2). A similar topological
analysis for S-Si4 and S-Ge4 clearly shows that the interac-
tions between Ni* and Si-H or Ge-H bonds are much stron-
ger than the interactions between this cation and C-H
linkages, as reflected in a larger value of p(r) at the Ni-HSi
or Ni-HGe beps. Also, in these two cases the Si-H or Ge-H
bonds involved in the interaction considerably lengthen (see
Fig. 1) and the corresponding stretching frequencies appear
significantly shifted to the red (see Table 2).

It is also important to emphasize that in all cases the value of
p(r) at the Ni-H beps is, at least, three times larger than the
values typically found in ionic bonds, indicating that the bond
has a non-negligible covalent character. This partial covalent
character is also mirrored in the sign of the energy density,
which in all cases is negative. In both S-Si4 and S-Ged, a ring
critical point associated with the XH,Ni four-membered ring
was located.

The origin of these stabilizing interactions can be traced
through the use of an NBO second-order perturbation analy-
sis. An inspection of the second-order interaction energies
for S—C1 reveals the existence of a dative bond from the two
C1-H7 and C3-H6 o bonding orbitals towards the empty s
orbital (actually a 94% 4s, 6% 3d hybrid) of Ni, and back-
donation from one of the pairs of valence electrons of Ni into
the corresponding C-H o* antibonding orbitals (see Table 3).
The population of these antibonding orbitals (with occupation
number 0.04) is responsible for the weakening and lengthening
of these bonds. The situation is rather similar as far as the
S-Si4 and S-Ge4 complexes are concerned, with the only dif-
ference being that now the Si-H or Ge-H o bonding and o*
antibonding orbitals belong to the XH; (X = Si, Ge) group
(see Table 3). This orbital picture is not essentially different
from that explaining®® the bonding between Co™* and H, in
terms of donation from the lo, orbital of H, towards the
empty 4s orbital of Co* and back-bonding from an occupied
Co™ d,. orbital to the H, antibonding orbital (15,).

Most importantly, it can be also observed, in agreement
with the AIM results discussed above, that both donation
and back-donation interactions with S-Si4 and S-Ge4 are
characterized by second-order orbital interaction energies sig-
nificantly greater than those calculated for the S—-C1 complex
(see Table 3). Two factors are responsible for this enhanced
interaction when the heteroatoms are Si or Ge. On the one
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hand, the hydrogen atoms of the Si-H and Ge-H bonds
behave as electron-rich systems*® because the electronegativity
of Si and Ge leads to a strong polarization of oxy toward the
outer (s-type, hydrogen) end of the orbital.** As a matter of
fact, the NBO net charges ratify the hydride character of the
Si-H and Ge-H bonds,? while the polarity of the C-H link-
ages is C°"-H%*. Accordingly, the Si-H and Ge-H bonds
are much better electron donors than the C—H linkages. On
the other hand, and due to the fact that Si and Ge are bulkier
and less electronegative than carbon, the X-H o* antibonding
orbitals are more diffuse and lie lower in energy than the C-H
o* antibonding orbitals, favoring the back-donation from the
electron pairs of the metal. Consistently, the occupation num-
bers of the X—H o* (X = Si, Ge) antibonding orbitals in com-
plexes S—Si4 and S—-Ge4 (0.08) are twice as large as those of the
C-H o* antibonding orbitals in species S-C1.

It is also worth noting that the aforementioned interactions
are not different in nature from the so-called agostic interac-
tions*”*° observed in many transition metal complexes and
which are characterized by unusual low field shifts in the 'H-
NMR spectrum,” C-H bond lengthening,’' reduced C-H
stretching frequencies,’! and remarkably short metal-hydrogen
distances.” For this reason we shall designate the Ni-HX
bonds as agostic-type bonds.

The strong back-donation from the d orbitals of the metal
into the o*xy antibonding orbitals of the base can be alterna-
tively viewed as three-center two-electron bonds,>? similar to
the ones responsible for the bonding in diborane, in many pro-
tonated alkanes®>*° or in the protonated form of P4.%” In the
Ni™ complexes involving saturated compounds, as illustrated
in Fig. 3, the highest occupied MOs correspond to three-center
bonding combinations that involve a d orbital of the metal and
the 1s orbitals of the two hydrogen atoms of the X—H group.

Unsaturated compounds. for unsaturated compounds there
are also significant dissimilarities between propene and
H,C=CHXH; (X = Si, Ge). As illustrated in Fig. 1, for pro-
pene the conventional m-complex, U-C1, is the most stable
form, while for the Si- and Ge-containing analogs, a non-con-
ventional structure in which the metal binds simultaneously to
C2 and to one of the hydrogen atoms of the XHj group
(U-Si3, U-Ge3) is predicted to be 28-34 kJ mol~! more stable
than the conventional n-complex (U-Sil, U-Gel).

The bonding in complexes U-C1, U-Si3 and U-Ge3 can be
understood again in terms of three-center bonds, with the only
difference being that, whereas in the U-C1 complex the d orbi-
tal of the metal interacts with the two p orbitals at C1 and C2
(see Fig. 4), in U-Si3 and U-Ge3, the interaction involves a p
orbital of C2 and the s orbital of one of the hydrogen atoms of
the XHj group (see Fig. 4).

Why are complexes U-Si3 and U-Ge3 favored with respect
to those in which the metal interacts only with the XHj; group
(U-Si2, U-Ge2), in contrast with what was observed for the
saturated compounds? The main reason is that the electron-
donor ability of the XH3(X = Si, Ge) group decreases on
going from the saturated to the unsaturated analog, because
in the latter compounds this group is attached to a C=C dou-
ble bond, which is a much more electronegative group than a
C-C single bond. Indeed, the NBO analysis shows that the net
negative charge of the hydrogen atoms of the XH; group, as
expected, decrease in absolute value on going from the satu-
rated to the unsaturated compounds. Consequently, the sec-
ond-order orbital interaction energies calculated for U-Si2
and U-Ge2 are smaller than those obtained for S-Si4 and
S—Ge4 (see Table 3). As an obvious consequence, it can be also
observed that the XHjz group of the saturated compounds
binds Ni" more strongly than the XH; group of the unsatu-
rated ones.

The reason why, for Si- and Ge-containing compounds,
complexes U-Si3 and U-Ge3 are also favored with respect to
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Fig. 2 Molecular graphs of the most stable Ni* complexes of CH;CH,XH; and H,C=CHXHj; (X = C, Si, Ge) derivatives showing the bond
paths, the positions of the bond critical points, ring critical points and the charge density (e au™>) evaluated at these points at the B3LYP/

6-311G(d,p) level.

the conventional m-complexes (U-Sil and U-Gel) can be
understood if one takes into account that, in contrast with
what happens in propene, the X—H linkages are better electron
donors than C-H bonds, hence the metal tries to interact
simultaneously with the two electron-rich groups in the system,
the m-cloud and the X-H bonds. From a more quantitative
point of view, it can be observed (see Table 3) that, although
in complexes U-Si3 and U-Ge3 the donation from the C1C2
1 bonding orbital into the sd hybrid orbital of Ni is much less
stabilizing than in complexes U-Sil and U-Gel, the overall
stabilization effect is greater due to the contribution of the
dative bond from the X-H o bonding orbital.

These orbital interactions are coherent with the existence of
a bond path between Ni and C2 and between Ni and one of the
hydrogen atoms of the XHj group, as well as with the existence
of a ring critical point inside the corresponding four-membered
ring (see Fig. 2).

It can be also observed that the back-donation from the elec-
tron pairs of the metal to the C1C2 n* antibonding orbital is
quantitatively smaller (see Table 3) in U-Si3 and U-Ge3 than
in U=Sil and U-Gel complexes. Consistently, the lengthening
of the C1-C2 bond is smaller in the former case (see Fig. 1).
For U-Si3 and U-Ge3 this back-donation is reflected in a sig-
nificant red-shifting of the C1=C2 stretching frequency, while

New J. Chem., 2003, 27, 1657-1664 1661
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Table 2 Harmonic vibrational frequencies (cm™') of CH3;CH,XH; and H,C=CHXHj; (X = C, Si, Ge) compounds and their most stable Ni™

complexes

CH;CH,XH,

Assignment X =C S-C1 X =Si

S-Si4 X =Ge S-Ge4

CHj; stretch 3084, 3081, 3018 3119,” 3112, 3102

3087, 3080, 3022

3116, 3112, 3043 3091, 3075, 3019 3120, 3109,“ 3100¢

CH, stretch 3034, 3014 3066, 3066 3052, 3019 3080, 3031 3034, 3067 3054, 3041¢
XHj stretch 3083, 3071, 3015 3064.,% 2537.> 2518° 2217, 2213,2212 2298, 1723,° 1371> 2129, 2125, 2122 2184, 1613.” 1537
C—C stretch 871, 10574 869,° 10447 982 970 980 968
C—X stretch 597 668 514 567
HzC:CHXH3
Assignment X=C U-C1 X =Si U-Si3 X = Ge U-Ge3

XHj stretch 3092, 3056, 3013 3112, 3086, 3028

2226, 2214, 2218

2331, 2295, 1634”2134, 2127, 2128 2228, 2197, 1491°

CH, stretch (asym.) 3208 3198 3187 3189 3186 3187

CH, stretch (sym.) 3127, 3120 3105, 3128¢ 3115, 3105 3099, 3129 3126, 3106 3099, 3140
CH stretch

C=C stretch 1712 1553 1656 1545 1656 1374

C-X stretch 924 904 618 697 527 613

“ Vibrational modes strongly coupled. ? Stretching of the X—H bond involved in the agostic interaction. ¢ CCC symmetric stretch. ¢ CCC

asymmetric stretch.

only one of the X-—H stretching modes appears significantly
shifted to low frequency values upon Ni't attachment.

It is also interesting to note that the Ni™ binding energy for
propene is predicted to be 19-25 kJ mol~! lower than that of
vinylsilane or vinylgermane, in contrast with what was found*
for Cu™.

Ni* association vs. Cu* attachment

A comparison between the Ni™ binding energies reported in
this paper and the Cu™ binding energies given in ref. 20(see
Table 1), clearly shows that H;C-CH,-XH; and H,C=C(H)-
XH; (X = C, Si, Ge) compounds bind Ni™ more strongly than
Cu™. These energetics are also consistent with the quantitative
differences observed in the bonding when Cu™ is replaced by
Ni*. Systematically, the values of p(r) at the Ni-H bcps in
complexes S-Si4 and S-Ged4, for instance, are systematically
larger (0.090 and 0.087 e au™>, respectively) than those
obtained®® for the corresponding Cu—H linkages (0.081 and
0.079 e au~>, respectively). Also, the lengthening of these
bonds is greater upon Ni™ attachment than upon Cu™ associa-

tion. For example, on going from ethylsilane to complex
S-Sid4, the Si-H linkages interacting with the metal lengthen
by 0.112 A when the metal cation is Ni*, while this lengthen-
ing® is only 0.087 A when the metal cation is Cu™. Similarly,
the red-shifting of the corresponding stretching frequency,
which upon Ni't association is, on average, 667 em ™!, reduces
to 447 cm~! upon Cu™ attachment.*

These dissimilarities are the direct consequence of more effi-
cient donation and back-donation interactions when the refer-
ence acid is NiT. Actually, an inspection of the second-order
orbital interaction energies indicates that donation from filled
orbitals of the base into empty orbitals of the metal are more
stabilizing for Ni* than for Cu™. At the same time, the back-
donation from the electron pairs of the metal to the antibond-
ing orbitals of the base is also stronger for Ni* than for Cu™.
To understand these differences it must be taken into account
that while Cu™ is formally a closed-shell system, with all its d
orbitals occupied, Ni" is an open-shell cation, with a vacancy
in one of the d orbitals, and therefore it must behave as a bet-
ter electron-acceptor. On the other hand, Cu™, as a closed-shell
system must be a poorer electron donor, as reflected in a higher

Table 3 Second-order interaction energies obtained in the NBO analysis. Orbital interaction energies are given in kJ mol™!

Electron-donor interaction

Back-donation

Complex Orbitals involved Second-order Energy Orbitals involved Second-order Energy
S-C1 o (C;-H;) — sd* (Ni) 61.5 ng (Ni) — o* (C;-H,) 17.9
o (C3-Hg) — sd* (Ni) 61.5 ng (Ni) — o* (C3-Hpg) 17.9
S-Si4 o (Siz-Hs) — sd* (Ni) 133.7 ng (Ni) — o™ (Si3—Hs) 44.6
o (Siz-Hg) — sd* (Ni) 1333 ng (Ni) — o™ (Siz—Hp) 448
S-Ge4 6 (Ge;—Hs) — sd* (Ni) 148.9 ng (Ni) — o* (Ge;—Hs) 50.4
o (Ges—Hg) — sd* (Ni) 148.8 ng (Ni) — o* (Ge;—Hp) 50.1
U-C1 n (C—C,) — sd* (Ni) 278.1 ng (Ni) = ¥ (C-Cy) 167.7
U-Sil 7 (C;-Cy) — sd* (Ni) 265.9 ng (Ni) = * (C,—-Cy) 175.4
U-Si2 o (Siz-Hs) — sd* (Ni) 113.5 ng (Ni) — o* (Siz-Hs) 333
o (Siz-He) — sd* (Ni) 113.5 ng (Ni) — o™ (Siz—Hp) 33.3
U-Si3 7 (C;—Cy) — sd* (Ni) 191.4 ng (Ni) = ¥ (C—-Cy) 128.0
o (Siz-Hg) — sd* (Ni) 162.9 ng (Ni) — o™ (Siz—Hp) 19.7
U-Gel 7 (C;—Cy) — sd* (Ni) 279.5 ng (Ni) = ¥ (C—-Cy) 157.9
U-Ge2 o (Ges-Hs) — sd* (Ni) 150.5 ng (Ni) — o* (Ges—Hs) 52.7
o (Ges—Hg) — sd* (Ni) 150.5 ng (Ni) — o* (Ge;—Hg) 52.7
U-Ge3 n (C—C,) — sd* (Ni) 188.5 ng (Ni) = * (C—-Cy) 127.5
6 (Ges—Hg) — sd* (Ni) 171.6 ng (Ni) — o* (Ge;—Hg) 23.2
1662 New J. Chem., 2003, 27, 1657-1664
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Fig. 3 Occupied molecular orbitals of propane-Ni" complexes, showing the three-centered bonding interaction between the d orbitals of the
metal and the 1s orbitals of the hydrogen atoms of the terminal CH; groups.

ionization potential, and its ny electron pair should be less
diffuse than that of Ni™,

These differences have also an important effect as far as the
binding energies are concerned, in the sense that while propene
behaves as a base slightly stronger than vinylsilane and vinyl-
germane towards Cu™, the Si and Ge derivatives, both satu-
rated and unsaturated, bind Ni* more strongly than propane
and propene, respectively.

Conclusions

The interactions between H3;C-CH»,—XH; and H,C=C(H)XH3;
(X = C, Si, Ge) compounds and Ni" in the gas phase involve
agostic-type interactions between the metal and the hydrogen
atoms of the XHj group. Only for propene is the conventional
n-complex the global minimum of the PES. These agostic-type
linkages can be viewed as three-center bonds resulting from
electron donor interactions between oy or nec bonding orbi-
tals of the neutral and empty sd hybrid orbitals of the metal
and back-donation from the electron pairs of the metal into

the corresponding c*xy or m*cc antibonding orbitals of the
neutral. As a consequence, they are particularly stable for Si-
and Ge-containing compounds, because of the high electron-
donor ability of the XH; group to which the metal binds, when
the heteroatom is Si or Ge. Consequently, ethylsilane and
ethylgermane are predicted to bind Nit much more strongly
than propane. Vinylsilane and vinylgermane lead to non-con-
ventional complexes in which the metal bridges the C, atom
of the C=C double bond and one of the hydrogen atoms of
the XHj; group, while propene yields a conventional n-complex
as the most stable structure. In contrast with the behavior pre-
dicted when the reference acid is Cu™, Si and Ge derivatives,
both saturated and unsaturated, bind Ni* more strongly than
propane and propene, respectively.

A comparison between Cu™ and Ni" binding energies
reveals that the latter are systematically greater than the for-
mer. One of the most important consequences of the greater
strength of the interactions with Ni* is that the bond activa-
tion effects observed upon Ni' attachment are sizably larger
than those found upon Cu™ association.

d

Fig. 4 Occupied molecular orbitals of propene-Ni™ and vinylsilane-Ni™ complexes. It can be seen that while in the former (orbitals a, b and c)
the bonding interaction involves the d orbitals of the metal and the n-system of the neutral, for the latter the orbitals (d, e and f) are three-centered
bonding combinations involving also the 1s orbital of one hydrogen of the SiH; group.
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