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ARTICLE INFO ABSTRACT
Article history: In this contribution, we give a brief overview of studies on the bonding between transition metals
Received 12 March 2008 (TM) and N-heterocyclic carbenes (NHC) and report on a systematic bond analysis of the bonding of
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‘ ; 1,3-diorganyl-imidazol-2-ylidenes (R,Im) in a series of nickel, palladium and platinum complexes Dyy,-
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and D,4-M(H2Im);, to exemplify the dependence of the TM-NHC bonding on the group-10 transition
metal. Furthermore complexes with seemingly different complex fragment group electronegativities,
Keywords: i.e., [Ni(RIm)3], [Ni(RpIm), ], [Ni(RpIm)(CO)], [Ni(R,Im)(CO), ], and [Ni(R;Im)(CO)s] have been analyzed, a
Bond theory series that provides theoretical evidence that the bonding of 1,3-diorganyl-imidazol-2-ylidene ligands to

Coordination complexes . .
Density functional calculations metal-complex fragments strongly depends on the nature of the ligand environment. Our results confirm

Group-10 metals the currently accepted idea that NHCs are not pure o-donors. In the series of complexes examined here

N-heterocyclic carbenes m-contribution is at least 10% and up to 40%, depending on the transition metal complex fragment bonded
to the carbene. The dependence of the bonding mechanism on the R substituent in RyIm has also been
investigated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decades, N-heterocyclic carbenes (NHCs; 1,3-

diorganyl-imidazol-2-ylidenes, RyIm) have evolved from elusive

- intermediates for which only indirect evidence could be provided
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Fig. 1. Important orbital interactions between H,Im and a transition metal M.

ity into the organometallic chemistry of these versatile ligands.
There has been considerable interest in N-heterocyclic carbenes
as spectator ligands in organometallic chemistry, particularly as
alternatives to phosphine ligands in the field of homogeneous catal-
ysis [3]. Specifically, NHCs have a greater thermal and air stability
and lower toxicity, making them ideal candidates for catalysis. The
vast majority of reported transition metal (TM) NHC complexes in
catalysis have been utilized in olefin metathesis [4] or in palladium
catalyzed coupling chemistry [5]. The success story of NHCs in these
areas contributed to the wide use of NHC for a diverse set of other
catalytic transformations [3]. Thus, NHC have become ubiquitous
ligands in organometallic chemistry and catalysis. Nevertheless, the
bonding of NHCs to transition metals is still not fully understood
[6].

It was generally assumed that NHCs have bonding proper-
ties similar to electron-rich trialkylphosphanes (strong o donors
with negligible m-accepting ability) [2,3]. This belief arose mainly
from theoretical studies of the electronic structure of NHCs, which
assigned a strong N-C(carbene) m-donation as the main reason for
the high kinetic stability of this class of compounds [7]. This interac-
tion leads to a high occupancy of the formally unoccupied carbene
carbon p(7r) orbital and there is thus no need for TM-NHC back
donation to stabilize the complex. In a number of papers, it has
been shown that the ligand-binding energies of NHC are usually
larger compared to trialkylphosphines [2,3,6]. To assess the M-C
orbital interaction in TM-NHC complexes completely, three inter-
actions might be of relevance (see Fig. 1): (a) o donation I from the
NHC o-donor orbital to a TM acceptor orbital, (b) m-backdonation
II from an occupied TM d orbital into the NHC carbon p orbital,
and (¢) delocalization of the NHC 1r-system into an unoccupied TM
d+ (or ps, not shown) orbital, i.e., ™ donation III.

2. Bonding in TM-NHC complexes: a brief overview

In the last few years, several theoretical studies have sug-
gested various degrees of m-bonding in TM-NHC complexes [6].
In a first theoretical analysis on complexes of the type [(NHC)MX]
(M =Cu,Ag, Au), Frenking et al. [6b] demonstrated that the TM-NHC
bonds have large electrostatic contributions and that the covalent
part of the bonding (i.e., orbital interactions) shows negligible -
backbonding from the TM to the NHC ligand. Already in the 1970s,
however, Taube and Clarke [6a] reported, in an experimental paper,
m-backbonding in carbon bound ruthenium xanthine complexes,
and calculations of Lammertsma et al. [6d] on iridium NHC com-
plexes as well as of Meyer et al. on copper, silver and gold NHC
complexes [6e,f] led to the conclusion that NHCs are not only excel-
lent o-donors, but also fair m-acceptor ligands, even for cationic TM
d'% complexes. According to their work, m-backbonding can be sig-
nificant with electron-rich metal centers and might contribute up to
20-30% of the orbital interaction. In a more recent computational
study in which the bonding in [(NHC)MX] (M =Cu, Ag, Au) com-
plexes was reinvestigated [6g]. Frenking and co-workers estimate
that the orbital interaction part of the bonding has approximately
20% m-backbonding. Furthermore, in this study the authors stated
that the metal-carbene bonds are mainly held together by classi-

cal electrostatic attraction, which contributes at least 65% of the
binding interactions.

Based on DFT calculations on cyclometallation products of the
complexes [MCI(tBuyIm);] and [M(tBuyIm),]* [6h] (M=Rh, Ir),
Nolan et al. concluded that the key in understanding the unusual
stability of these complexes lies in w-donation of the NHC ligands.
One MO of the overall complex responsible for m-interaction seem-
ingly results from a mixing of NHC 7 (64%) and NHC 7" (3%) orbitals.
This was interpreted as to indicate the ability of NHC ligands to act
as m-electron donors. This idea was substantiated in a fine paper
published by Jacobsen and co-workers just recently [6k], which
contributes to the discussion with a systematic analysis of TM-NHC
bonding in a series of complexes, in which the formal d-electron
counts range from d° to d!0. Their results confirm the idea that
NHCs are not pure o-donors, leading to at least 10% w-contribution.
The lowest values have been calculated for early TM complexes
and for cationic complexes [M(H;Im)(PH3)]" (M = Cu, Ag, Au). These
Tr-interactions are dominated by the backbonding contribution,
whose significance increases with increasing d-electron count of
the TM. Most interestingly, they also find m-contributions for for-
mally d° TM complexes, which accounts for some ligand-to-metal
m-donation. In their calculations over a whole range of NHC com-
plexes Jacobsen et al. find a large spectrum of overall TM-NHC
bonding energies, ranging from 98 kcal/mol for [Au(H,Im)(PH3)]*
to 27 kcal/mol for [Ti(H,Im)Cl5]~. They propose that, with the
exception of the cationic d1° systems [M(H,Im)(PH3)]* (M =Cu, Ag,
Au), orbital interaction is the dominant bonding contribution in
TM-NHC complexes. For the cationic systems, electrostatic inter-
action constitutes the most important bonding force. Furthermore,
they provide evidence that systems with higher formal d-electron
count form stronger TM-NHC bonds. Roesler et al. [6m] con-
firmed these results in a recent theoretical study on the electronic
structures and ligand properties of various NHCs with inorganic
backbones. Inspection of the nature of the TM-carbene bonds in
complexes [M(NHC)Cls ]~ (M =Ti, Zr, Hf), M(NHC)(CO)s5 (M = Cr, Mo,
W) and M(H;Im)Cl (M = Cu, Ag, Au) revealed that w-contribution is
moderate to important in all systems studied, ranging from approx-
imately 10% to almost 35% of the total orbital interaction energy.
According to their energy decomposition and charge decompo-
sition analyses, the maximum for r-interaction is reached for
group-11 metal-NHC complexes, contrarily to the findings of Jacob-
sen and co-workers.

These recent calculations suggest that NHC ligands in TM com-
plexes exhibit an ambivalent m-bonding character, depending on
the metal-complex fragment coordinated to the carbene. There-
fore, we wish to provide a detailed account on the bonding of NHC
ligands binding to metal-complex fragments mainly of the same
metal (nickel) with seemingly different complex-fragment group
electronegativities. We aim to provide here a deeper understand-
ing of the nature of the 7w bonding and its significance for the overall
stability of the Ni-NHC coordination bond. We also investigate, for
selected examples, the role of the nitrogen substituent (H, Me, iPr,
Ph; abbreviations for the NHC ligands used: HyIm, Me;Im, iPryIm,
PhyIm) on the Ni-NHC bonding as well as the role of the metal by
including palladium and platinum complexes in our set of model
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systems. We have chosen Ni-NHC complexes for the present study
because of our own research interests and because of a wealth of
experimental data, which has been reported for this class of com-
plexes over the last few years. [8-10] This background provides a
sound basis for comparing our computational results with experi-
ment.

3. Methods
3.1. Computational details

All calculations are based on density functional theory (DFT)
[11] and were carried out using the Amsterdam Density Functional
(ADF) program [12,13] The BLYP density functional was used, [14]
in combination with a large uncontracted set of Slater-type orbitals
(STOs) containing diffuse functions. This basis set is designated
TZ2P: it is of triple-{ quality and has been augmented with two
sets of polarization functions: 2p and 3d on H, 3d and 4f on C and
N, 5p and 4f on Pd. The core shells of carbon (1s), fluorine (1s),
chlorine (1s2s2p), nickel palladium and platinum; (1s2s2p3s3p3d)
were treated by the frozen-core approximation [12]. An auxiliary
set of s, p, d, f and g STOs was used to fit the molecular density
and to represent the Coulomb and exchange potentials accurately
in each SCF cycle [13]. Relativistic effects were accounted for using
the zeroth-order regular approximation (ZORA) [15]. Recently, we
showed that our approach is in good agreement with high-level ab
initio benchmarks for oxidative addition reactions [16]. Equilibrium
geometries were fully optimized using analytical gradient tech-
niques. All structures were verified to be energy minima through a
vibrational analysis.

3.2. Bond analysis

The overall coordination-bond energy AE is made up of two
major components (Eq (1)):

AE = AEprep + AEip (M)

In this formula, the preparation energy AEprep is the amount of
energy required to deform the separate bases from their equilib-
rium structure to the geometry that they acquire in the pair. The
interaction energy AE;,; corresponds to the actual energy change
when the prepared fragments are combined to form the overall
coordination complex. It is analyzed in our model systems in the
framework of the Kohn-Sham MO model using a decomposition of
the bond into electrostatic interaction, exchange repulsion (or Pauli
repulsion), and (attractive) orbital interactions (Eq (2)) [17]:

AEint = AVelstat + AEl’auli + AEoi (2)

The term AVgsar cOrresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
prepared (i.e., deformed) fragments and is usually attractive.
The Pauli-repulsion AEp,y; comprises the destabilizing interac-
tions between occupied orbitals and is responsible for the steric
repulsion. The orbital interaction AEy in any MO model, and
therefore also in Kohn-Sham theory, accounts for charge trans-
fer (i.e., donor-acceptor interactions between occupied orbitals
on one moiety with unoccupied orbitals of the other, including
the HOMO-LUMO interactions) and polarization (empty/occupied
orbital mixing on one fragment due to the presence of another frag-
ment). Since the Kohn-Sham MO method of DFT in principle yields
exact energies and, in practice, with the available density function-
als for exchange and correlation, rather accurate energies, we have
the special situation that a seemingly one-particle model (an MO
method) in principle completely accounts for the bonding energy
[18a].

The orbital interaction energy can be decomposed into the con-
tributions from each irreducible representation I" of the interacting
system (Eq. (3)) using the extended transition state (ETS) scheme
developed by Ziegler and Rauk [18]:

AEg; = ZAEF (3)
r

Note that our approach differs in this respect from the
Morokuma scheme [19], which instead attempts a decomposition
of the orbital interactions into polarization and charge transfer. In
systems with a clear o/m separation, the above symmetry parti-
tioning proves to be most informative.

3.3. Analysis of the charge distribution

The electron density distribution is analyzed using the Voronoi
deformation density (VDD) method [20]. The VDD charge Qa is
computed as the (numerical) integral of the deformation den-
sity Ap(r)=p(r)—> pps(r) associated with the formation of the
molecule from its atoms over the volume of the Voronoi cell of atom
A(Eq.(4)).The Voronoi cell of atom A is defined as the compartment
of space bounded by the bond midplanes on and perpendicular to
all bond axes between nucleus A and its neighboring nuclei (cf. the
Wigner-Seitz cells in crystals) [21].

Qu=- (o(r) = _pa(r))dr 4)
B

Voronoi cell A

Here, p(r) is the electron density of the molecule and » " og(r) the
superposition of atomic densities pB of a fictitious promolecule
without chemical interactions that is associated with the situation
in which all atoms are neutral. The interpretation of the VDD charge
Qa is rather straightforward and transparent. Instead of measur-
ing the amount of charge associated with a particular atom A, Qa
directly monitors how much charge flows, due to chemical interac-
tions, out of (Qa >0) or into (Qa <0) the Voronoi cell of atom A, that
is, the region of space that is closer to nucleus A than to any other
nucleus.
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Fig. 2. Comparison of frontier orbitals and orbital energies (in eV) of imidazol-2-
ylidene (H,Im), CO, C¢Hg and PMes.
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4. Results and discussion
4.1. Electronic structure of NHC and other ligands

Our purpose is to discuss TM-NHC bonding in electron-rich
d0 nickel complexes. It is instructive to preface our analysis of
the complexes with some considerations emerging from the free
ligand. Therefore, we recall the main electronic features of the par-
ent imidazol-2-ylidene H,Im. Important orbitals of H,Im emerging
from our DFT calculations are given in Fig. 2 as well as a comparison
of the orbital energies with two ubiquitous ligands in organometal-
lic chemistry, the carbonyl and the benzene ligand.

Shortly after the discovery of stable singlet carbenes by
Arduengo etal.[22],a number of theoretical papers appeared which
presented models for the bonding and structure in imidazol-2-
ylidenes and diaminocarbenes in general [7]. It has been shown
that the groundstate electron distribution in imidazol-2-ylidenes
reflects a remarkable similarity to those in some of the more clas-
sical 'A; carbenes, such as CF,, and it seems now to be generally
accepted that two main effects are responsible for the stabiliza-
tion of singlet carbenes in comparison with triplet carbenes, that
is o-polarization and m-donation. The polarization of the electron
pairs located in the bond between the carbene carbon atom and
its neighbor atoms can be achieved by the introduction of elec-
tronegative substituents X at the carbene carbon atom. This leads
to an increase of p-character in the C-X bond and an increase of
s-character in the carbene o-sp orbital and thus to a lowering of
the orbital energy of the o-orbital. The second effect is m-donation
from a heteroatom X attached to the carbene carbon into the car-
bene carbon p orbital, which leads - in terms of molecular orbitals
- to an occupied combination with large contributions on the het-
eroatom and an unoccupied combination with large contribution
of the carbene carbon p orbital. Both effects lead to an energy gap
between o- and m-orbital, which is large enough to lead to a singlet
groundstate.

In the case of imidazol-2-ylidenes, the electrons responsible for
Tr-interaction are embedded into a 6 electron mr-aromatic system
at the five membered ring. These -orbitals along with the cor-
responding orbital energies are shown in Fig. 2. Similarly to the
well known cyclopentadienide anion, the occupied orbitals have
no nodal plane (orbital 1b, in G,y symmetry, at —10.31eV) or one
nodal plane (1a,, —7.20eV and 2b,, —5.60 eV), whereas the unoc-
cupied m-orbitals (2a,, —0.13 eV and 3b,, +0.12 eV) have two nodal
planes. These pairs of orbitals are not degenerate due to the het-
erosubstitution of the aromatic ring. The HOMO of the NHC is the
orbital 6a; at —4.75 eV, which contains 49.5% p, and 33.5% s of the
carbene carbon atom as main contributions. The orbital 3b; is also
mainly centered on the carbene carbon atom with 71.4% p,. We
calculate an energy gap of 4.87 eV between these two important
carbon-centered orbitals. When it comes to TM-NHC binding in
the z direction, orbital 6a; is responsible for o-bonding, whereas an
interaction of 3b, with metal centered orbitals of the appropriate
symmetry can lead to m-backdonation.

Before entering into the analysis of a TM-NHC bond, it is worth
to take also the other orbitals of the w-system into consideration.
Orbitals of a, symmetry have no contributions of the carbene car-
bon atom, but 1b, and 2b; have carbene carbon py contributions of
13.2% (1by) and 20.0% (2b,), respectively. Whereas the orbital 1b,
is too low in energy to play an important role in TM-NHC bind-
ing, the orbital 2b, might be well suited for some m-donation. As
a comparison, energy levels for the orbitals of CO and CgHg which
are important for a description of TM-CO and TM-CgHg bonding
are also given in Fig. 2. The unoccupied 21 acceptor orbitals of CO
[23] are energetically much lower (at —1.93 eV at our level of the-
ory, containing approximately 76% C 2p) compared to H,Im’s 3b,, a

strong indication that CO is indeed the much better -acceptor lig-
and. The w-donation properties of CO are usually neglected, since
the 11 orbital of CO is low in energy and there is only a small con-
tribution of CO carbon p orbital to these MOs [23]. Using the same
method as for the calculations of H,Im, we calculate the CO energy
levels 11 at —11.58 eV with a carbon p contribution of roughly 25
(24.7)%. On the other side, the importance of 8 contributions to the
bonding of arenes in metal arene complexes such as bisbenzene
chromium is well established [24] and the energy calculated for
the C¢Hg ey, orbitals is in a similar energetic region (—0.98 eV) as
the orbital 3b; of HyIm. Interestingly, the importance of 7 contribu-
tions to arene TM bonding is also well documented (approximately
15% for bisbenzene chromium according to Ref. [24]) and the energy
calculated for the CgHg e1¢ orbitals is in the same energetic region
(—6.03 eV) as the orbital 2b, of HyIm. However, in the case of CgHg
this orbital is exclusively built up from carbon p orbitals, which
are excellently directed to the metal atom. For further comparison,
we also calculated PMejs as a typical electron rich phosphine and
obtained an energy of —5.11 eV for the lone pair, indicative for ear-
lier predicted and experimentally observed better donor properties
of NHCs as compared to PMes.

Following Fukui’s frontier orbital concept [25], imidazol-2-
ylidenes should therefore be regarded as excellent o-donor ligands
with m-acceptance properties (although much worse than those

> Y al!

. *%;\ ) \ﬁfy -
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Fig. 3. Structures of our model complexes with M-C(carbene) distances.
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of CO) as well as ligands with m-donating properties, depending
on the nature of the transition metal complex fragment which is
coordinated to the NHC ligand.

4.2. Ni-NHC bonding

For an analysis of TM-NHC bonding in dependence of the nature
of the metal-complex fragment, we chose to first analyze models of
known nickel complexes. Electron-rich NHC nickel complexes are
amongst the first NHC metal compounds that have been synthe-
sized starting from isolated N-heterocyclic carbenes [8a]. Starting
from Ni(COD); and sterically demanding, aryl substituted carbene
ligands, two-fold coordinated, homoleptic complexes of the type
Ni(NHC), have been synthesized in the groups of Arduengo and
Herrmann, respectively, namely, Ni(Mes,Im), [8a] (Mes=2,3,5-
Me3CgH, ) and Ni(Dip,Im), [8b] (Dip=2,5-iPr,CgH3). Cloke et al.
reported the synthesis of the alkyl substituted Ni(‘BuyIm), in 10%
yield via co-condensation reaction of nickel vapor and 1,3-di(tert-
butyl)imidazol-2-ylidene [8c]. We have shown just recently that
the outcome of the reaction of Ni(COD), with alkyl-substituted
carbenes critically depends on the steric demand of the nitrogen
substituent[10]. In the case of the reaction with an isopropyl substi-
tuted carbene, the dinuclear complex Ni (iPr,Im)4(COD) is formed
as main product, whereas the reaction with the methyl substituted
carbene afforded exclusively homoleptic three-fold substituted
Ni(Me,Im)3 [10b]. These types of homoleptic complexes seem to
be ideal for our purpose to analyze Ni-NHC bonding, since they
contain only the metal and imidazol-2-ylidene ligands. To avoid
any steric influence we performed these calculations on reduced
models of the complexes of the type Ni(NHC), and Ni(NHC)s, i.e.,
Ni(HIm); and Ni(H;Im)3. An overview of the model complexes
under investigation along with calculated metal carbon distances
of the optimized structures is given in Fig. 3. All the compounds

have been optimized without any symmetry constraints as well as
under symmetry restrictions.

The experimentally observed trends in M-C bond lengths in
complexes of the type M(NHC), is well reproduced by our calcula-
tions (see Fig. 3). X-ray crystal structures of the nickel complexes
reveal Ni-C bond lengths of 1.827 A and 1.830A for Ni(Mes;Im),
[8a], and 1.874 A for Ni(tBuyIm), [8c]. The Pt-C distances in the
solid-state structure of Pt(Mes;Im), were found to be 1.942 and
1.952 A [8a], and the Pd-C distances of three X-ray analyses on dif-
ferent palladium complexes Pd(R,Im), are in a range between 1.990
and 2.084 A [8d-f]. We calculate the shortest M-C distances for
nickel complexes (e.g., 1.8461 A for D,,,-Ni(H,Im), ) and the longest
for the palladium complexes (e.g., 2.0260 A for D,,-Pd(H,Im), ). The
computed Pt-C bond distances (e.g., 1.9973 A for Dyp,-Pt(HyIm),)
are slightly shorter than the corresponding Pd-C distances (e.g.,
2.0260 A for Dyp,-Pd(HpIm),).

For simplicity, we want start our analysis of the bonding with
complexes of the type Ni(NHC),, but not with the experimentally
observed rotamers of pseudo D,4 symmetry, but with the D5}, sym-
metric molecule, i.e., D,,-Ni(H,Im),. This optimized molecule is a
transition state for the twist of the ligands to give the D4 sym-
metric molecule, but it is only 0.61 kcal/mol higher in energy than
D,-Ni(HzIm). A schematic frontier orbital interaction diagram for
the interaction of the metal atom with two H,Im ligands is given
in Fig. 4. On the left side of Fig. 4 the orbitals are shown of the two
NHC ligands separated by 3.6922 A. In principle, this part reveals
exactly the orbital introduced for H,Im twice, since for each orbital
asymmetric and antisymmetric combination has now to be consid-
ered. On the right side of Fig. 4, the nickel 3d, 4s, and 4p orbitals are
shown, labeled according to D,;, symmetry. When the interaction
between these two fragments is switched on, there is significant
orbital overlap between the orbitals of ag, by, and b3z symmetry.
The interaction of ligand 1ag orbital with nickel d,» and s leads
to a o-type orbital 1ag of the complex. Similarly, ligand 1by, has

Energy

... dbyy by, by

..... ——

pl¥ g oo §

Fig. 4. Schematic orbital-interaction diagram for a fragment consisting of two imidazol-2-ylidenes (left side) binding to a nickel atom (right side) yielding D,,-Ni(HzIm),.
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a9

1 hl‘u

3bs,

Fig. 5. 3D plots of important o- and m-bonding orbitals of D,,-Ni(H,Im),.

the right symmetry to interact with nickel p; to form another o-
bonding orbital. For m interaction, the bs, orbitals of the ligand
have the right symmetry to interact with nickel dy,. Ligand orbital
1bsg is too low in energy for efficient interaction, but the occupied
orbital 2bsg and the unoccupied orbital 3bsg interact significantly
with nickel dy,. Whereas interaction of 2bs; and the occupied nickel
d1o dy, orbital leads to m-repulsion, the interaction of unoccupied
2bsg and the occupied nickel d' d,; is a strong bonding interac-
tion. The highest occupied orbitals of the complex are the nickel
centered d orbitals 2ag (dxy), 1bqg (dxz_yz ), and 2byg (dxz).
Summarizing, three orbitals of D}, -Ni(H,Im) are mainly respon-
sible Ni-NHC bonding. These are the o-type orbitals 1ag (in Dy,
symmetry) and 1b,,, which represent the two o-bonds in the
molecule, and the m-interaction 3bsg, representing a w-bond in the
molecule. These orbitals are shown schematically in the box on the
right side of Fig. 4 and plots of these orbitals are provided in Fig. 5.
The importance of nickel-carbon m-backbonding in this type
of complex was substantiated by the energy decomposition of
the Ni-C¢,pene Orbital interaction of the two fragments Ni(H,Im)
and HyIm in C,, symmetry (see Table 1). Out of a total orbital
interaction of —47.06 kcal/mol, —22.83 kcal/mol stem from inter-
action of a; symmetry (i.e., o-contribution), —16.92 kcal/mol from

Table 1

interaction of b, symmetry (i.e., w-contribution), —7.31 kcal/mol
from interactions of a, and b; symmetry (i.e., interaction of
nickel-centered orbitals with the o-frame of the carbene). For
this complex, 7 bonding contributes as much as 36% to the net
orbital interaction. This value even increases up to 43% for Dyq-
Ni(H,Im);, a model for the experimentally observed complexes
Ni(RyIm),. Note how important orbital interaction of the car-
bene carbon atom with the metal atom is, in this case, since it
contributes —47.06 kcal/mol (D,,-Ni(HzIm);) and —48.55 kcal/mol
(Dpgq-Ni(HyIm);), respectively, to the overall coordination-bond
energy AE of —50.19 kcal/mol (D,;,-Ni(H;Im), )and —51.59 kcal/mol
(Dy4-Ni(HzIm), ). Without this contribution the complexes would
be hardly bound at all.

4.3. Effect of transition metal on M-NHC bonding

The amount of m-backbonding also critically depends on the
nature of the metal atom involved in TM-NHC bonding: For
Pd- and Pt-complexes of the type D,4-M(H;Im), (M=Pd, Pt), we
calculate 30 and 26% -contribution to the total orbital inter-
action, strongly reduced as compared to 43% obtained for the
corresponding nickel complex. For the overall coordination-bond
energy AE, we recognize a trend typically observed for bonding
energies within a group of metals, i.e., a minimum for the 4d
metal palladium: [26] —51.59 kcal/mol (Ni), —43.27 kcal/mol (Pd),
and —54.86 kcal/mol (Pt). The analyses of the present series of
model systems show that the decrease in bonding interaction from
the nickel to the palladium compound mainly originates from a
reduced m-backdonation whereas the strengthening from the pal-
ladium to the platinum compound is associated with a much more
favorable o-orbital interaction for the heaviest congener. Note,
however, also that it is especially the sharp increase of the elec-
trostatic attraction from the palladium to the platinum complex
that contributes to the concomitant increase in overall TM-NHC
bond strength.

4.4. Effect of nitrogen substituent on M—NHC bonding

To investigate the dependence of the Ni-NHC bonding on
the nitrogen substituent of the carbene ligand, we analyzed

Metal-carbene bond energy decomposition (in kcal/mol) for complexes M(H,Im), (M =Ni, Pd, Pt)?

Ni(HzIm); Dyq(Cav) Ni(HzIm), Dyp(Cay)

Pd(HzIm); D3g(Cay)

Pd(Hz2Im)z Dap(Cov) Pt(H2Im)z Dya(Cav) Pt(HzIm), Dyn(Cay)

Decomposition of orbital interactions®

o -21.86 -22.83 -23.44
1'r -20.94 -16.92 -11.92
Other -5.75 -7.31 -4.32
AE,; —48.55 —47.06 -39.69
% T to AEo; 431 36.0 30.0
Decomposition of interaction energy*
AE,; —48.55 —47.06 -39.69
AEpayii 137.81 136.84 136.52
AVeyseat —143.46 —142.67 —141.36
AEin -54.21 -52.89 —44.52
Decomposition of overall bond energy?
AEin -54.21 -52.89 —44.52
AEprep (MLy) +2.23 +2.35 +1.01
AEprep (L) +0.39 +0.35 +0.24
AE —51.59 -50.19 —43.27

—23.47 —38.90 —38.95
—11.17 —16.31 —15.26
—4.61 —6.68 -7.14
—39.26 —61.89 —61.35
28.4 26.4 249
—39.26 —61.89 —61.35
135.89 197.41 196.97
—140.73 —195.33 —194.97
—44.10 —59.81 —59.35
—44.10 —59.81 -59.35
+1.05 4.57 4.62
+0.23 0.38 0.37
—42.82 —54.86 —54.31

2 Computed at BLYP/TZ2P.

b AEsi=AEg(I"1)+ AEgi(I2)+. ...

¢ AEin; = AEg; + AVeistar + AEpayji.

4 AE= AEipt + AEprep(MLy ) + AEprep(L).
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Table 2
Metal-carbene bond energy decomposition (in kcal/mol) of complexes Ni(R,Im),?

U. Radius, EM. Bickelhaupt / Coordination Chemistry Reviews 253 (2009) 678-686

Ni(H2Im)z Dag(Coy)  Ni(HzIm)z Don(Cov)

Ni(MezIm); Dy¢(Coy)  Ni(MezIm)z Dan(Cov)

Ni(iPr2Im)z Dyq(Cov)

Ni(iPralm)z Don(Cov)  Ni(PhzIm)z Daa(Cav)

Decomposition of orbital interactions®

o -21.86 -22.83 —23.95
m —20.94 —16.92 —20.00
Other -5.75 -7.31 —7.04
AE,; —48.55 —47.06 -50.99
% T to AE; 43.1 35.9 39.2
Decomposition of interaction energy*®
AE,; —48.55 —47.06 -50.99
AEp,yii 137.81 136.84 145.47
AVelstar —143.46 —142.67 —148.02
AEin —54.21 -52.89 —53.55
Decomposition of overall bond energy?
AEin; -54.21 -52.89 —53.55
AEprep(MLy) 223 2.35 2.07
AEprep(L) 0.39 0.35 0.36
AE —51.59 -50.19 —51.12

—24.86 -25.29 —25.91 -21.52
—16.55 —19.58 —16.53 -21.76
-8.77 —7.61 -9.39 -7.50
—-50.18 —52.48 —51.84 -50.78
329 373 31.9 42.9
—50.18 —52.48 —51.84 —50.78
143.56 150.00 148.25 137.24
—144.82 —150.72 —147.69 —139.08
—51.55 —53.20 —51.27 —52.61
—51.55 —53.20 -51.27 —52.61

241 1.97 2.30 2.01
0.37 0.37 0.37 5.74
—48.77 —50.86 —48.60 —44.86

2 Computed at BLYP/TZ2P.

> AEgi= AEg(I'1)+ AEg(Iy)+. ...

¢ AEin = AEg; + AVeistac + AEpayii-

4 AE= AEi + AEprep(MLy) + AEprep(L).

complexes of the type D,,- and D,y-Ni(RyIm), for different
substituents R, i. e. in addition to the parent carbene (R=H) com-
plexes with R=Me, iPr, Ph. As a model for the known two-fold
homoleptic substituted complexes of aryl substituted carbenes we
performed calculations on the compound D,4-Ni(PhyIm),, using
a phenyl substituent instead of the widely employed mesityl or
diisopropylphenyl groups to reduce computational effort. Compar-
ing the alkyl substituted complexes of D,4 symmetry, it is evident
that the overall coordination-bond energy AE slightly decreases,
we calculate —51.59 kcal/mol for D,4-Ni(HyIm),, —51.12 kcal/mol
for D,4-Ni(Me,Im),, and —50.86 kcal/mol for D,4-Ni(iPryIm),,
whereas the orbital interaction AE,; increases in the same row:
—48.55 for Dy4-Ni(HyIm);, —50.99 kcal/mol for D,4-Ni(MeyIm),,
and —-52.48 kcal/mol for D,4-Ni(iPryIm),, This trend can also
be observed for complexes of Dy, symmetry. We attribute the
slight reduction of overall coordination-bond energy AE to steric
repulsion. The contribution of 7-interaction is in this row also
slightly reduced. A closer inspection, however, reveals that the
orbital interaction emerging from w-symmetry decreases only
slightly (—20.94 for D,4-Ni(HIm);, —20.00kcal/mol for Do4-
Ni(Me,Im);, and —19.58 kcal/mol for D,4-Ni(iPr,Im);), whereas
orbital interaction emerging from o-symmetry increases much
more significantly (-21.86 for D,4-Ni(HpIm),, —23.95 kcal/mol
for Dy4-Ni(MeyIm),, and —25.29 kcal/mol for D,q-Ni(iPryIm);).
Most interesting for us was a comparison of the bonding
features of the complexes stabilized with (i) the isopropyl sub-
stituted carbene [10] and (ii) the phenyl substituted carbene as
a model for mesityl or diisopropylphenyl substituted NHC lig-
ands. As shown in Table 2 is the NHC ligand in D,q-Ni(iPryIm),
much stronger bound (AE=50.86 kcal/mol) as compared to Do4-
Ni(PhyIm), (AE=44.86k]J/mol). This reduction of the overall
coordination-bond energy AE stems on one hand from increased
steric interaction in the case of D,4-Ni(Ph;Im),, which is reflected
in the large preparation energy for the ligand and on the other
hand from a decrease in orbital interaction for D,4-Ni(PhyIm),.
The preparation energy for the ligand mainly arises from a twist
of the phenyl substituent of the ligand out of the plane of the
imidazole ring into an orthogonal position which is accompa-
nied by a loss of resonance energy (see Fig. 6 for the geometry
optimized structures). The orbital interaction energy of Do4-
Ni(iProIm)j; is slightly larger (AE,; = —52.48 kcal/mol) as compared

to D,4-Ni(PhyIm); (AE,; =—50.78 kJ/mol), which is mainly due to
the better o-interaction in Dy4-Ni(iProIlm),. In Dog-Ni(PhyIm),,
o- and T-contributions are well balanced (—21.52 kcal/mol (o)
vs. —21.76kcal/mol (), whereas in D,4-Ni(iPrpIm), the o-
contributions dominate (—25.29 kcal/mol (o) vs. —19.58 kcal/mol
(11)). This means that the ligand iPr,Im is a better o-donor and a
worse T-acceptor than PhyIm and transfers therefore more electron
density to the transition metal.

4.5. Effect of metal-complex fragment on M-NHC bonding

We further wanted to systematically vary the nature of the
nickel complex fragment ML, attached to the H,Im ligand to
investigate the influence of the group electronegativity of the
complex fragment on Ni-NHC bonding. Experimentally, the sub-
stitution reaction involving [Ni(CO)4] and NHCs critically depend
on the steric properties of the NHC ligand, similar to what has
been observed for the reaction of NHCs with Ni(COD),. In the
case of aryl-substituted carbenes, such as Mes,Im, Dip;Im and
others, complexes of the type [Ni(NHC)(CO)s3] are formed. The
most bulky NHC ligands tBuyIm and Ad,Im (Ad=adamantly),

»
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Ph,Im

D,¢-Ni(Ph,Im),

Fig. 6. Optimized structures of Ph,Im (left side) and D,4-Ni(Ph,Im), (right side).
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Table 3

Metal-carbene bond energy decomposition (in kcal/mol) for complexes Ni(H,Im),(CO),?

Ni(HzIm)s D3(C;)  Ni(HzIm)s D3p(Cov)  Ni(Hzlm); Daa(Coy)  Ni(HzIm); Dop(Goy)  Ni(HaIm)CO Goy(Goy)  Ni(HaIm)(CO)z Gov(Cov)  Ni(HzIm)(CO)s Cs(Cs)

Decomposition of orbital interactions®

[y (—35.55) -36.01 -21.86
A —5.47 -5.75 -7.31
T (—28.46) -23.17 -20.94
AE,; —64.01 —64.65 —48.55
% to AEy  (44.4) 35.8 431 35.9
Decomposition of interaction energy®
AE,; —64.01 —64.65 —48.55
AEpayii 172.19 171.19 137.81
AVeisear -145.21 -143.36 —143.46
AEiy -37.03 -36.82 -54.21
Decomposition of overall bond energy?
AEin -37.03 -36.82 -54.21
AEpep(ML,)  +19.10 +18.70 +2.23 +2.35
AEprep(L) +0.63 +0.46 +0.39 +0.35
AE -17.30 -17.66 -51.59

—22.83

—16.92
—47.06

—47.06
136.84
—142.67
—52.89

—52.89

—50.19

—20.63 —30.69 —39.32
-4.35 -3.02
-10.71 —11.48 -7.03
—35.69 —44.83 —46.35
30.0 25.6 15.2
—35.69 —44.83 —46.35
103.31 123.88 123.92
—125.48 —125.38 —118.42
—57.86 —46.33 —40.85
—57.86 —46.33 —40.85
+1.08 +7.01 +8.78
+0.36 +0.28 +0.33
—56.42 —39.04 -31.74

2 Computed at BLYP/TZ2P.

b AEqi = AEgi(I1 *AE(I2)*. . ..

¢ AEjn = AEg; + AVersar + AEpayii-

4 AE= AEint + AEprep(MLy) + AEprep(L).

however, led to the formation of complexes 16-electron three-
coordinate carbonyl nickel compounds Ni(NHC)(CO), [9]. The
complexes Ni(NHC),(CO), and Ni(NHC)(CO); show the expected
tetrahedral geometry at the metal center, the tricarbonyl com-
plexes Ni(NHC)(CO)3 and dicarbonyl complexes Ni(NHC)(CO), have
experimentally observed Ni-C(NHC) bond lengths in a range of
1.95-1.98 A [9h], which is in good agreement with our optimized
geometries.

We systematically varied for our calculations the nature of
the nickel complex fragment ML, by the introduction of carbonyl
ligands. The geometry optimized structures for the carbonyl com-
plexes under consideration are depicted in Fig. 3. The results of
the bond energy decomposition are summarized in Table 3 and
compared to the nickel compounds discussed above. Starting out
from the seemingly electron rich Ni(H,Im),, one of the NHC ligands
was replaced to give the (hypothetical) molecule Ni(H,Im)(CO),
which adopts a structure with a linear Cgyrpene—Ni-Cco axis. Anal-
ysis of the Ni-Cgypene bond reveals a drop in m-contribution
to 30% (from 43.1% for Dyy-Ni(H,Im),) and an increased impor-
tance of electrostatic contributions to Ni-NHC bonding. This trend
is continued when increasingly more CO ligands are added to
the nickel complex to give Ni(H,Im)(CO), (26% m-contribution),
and Ni(H,Im)(CO)3 (15% m-contribution). For a proper compar-
ison of the Ni-NHC bonding in three-coordinated complexes
Ni(H,Im)L; we included calculations on D3, -Ni(H;Im)3, a model for
the experimentally observed complex Ni(Me;Im); [10b]. Accord-
ing to the energy decomposition scheme, the trends are here
the same as observed for the two-coordinated complexes (see
Table 3).

Finally, we were interested if there is an electronic rea-
son why the energy minimum for complexes M(HyIm), is a
slightly twisted, D,4-symmetric structure. There is, of course,
also a steric component if the ligands RyIm get too bulky, but
here is also an electronic component for this distortion. The
complex D,4-Ni(iPr,Im); is only 2.26 kcal/mol lower in energy
compared to Dy;,-Ni(iPryIm),. The energy decomposition scheme
reveals that the slightly increased overall coordination-bond
energy AE for the D4 symmetric compound mainly stems from
a strengthening (by approximately 4 kcal/mol) in the 1 orbital
interactions.

5. Conclusions

We have shown that m-interactions have to be considered for
a proper description of the bonding of NHCs to transition metal
atoms. In the case of electron-rich nickel complexes, m-interaction
accounts for up to 43% of the total orbital interaction energy
AE,;. The importance of backbonding to the metal atom critically
depends on the nature of the metal (for d1° metals Ni>Pd> Pt)
and the nature/electronic situation of the metal complex frag-
ment. With increasing carbonyl content of our model complexes,
T-contributions become less important. This is probably one rea-
son for the picture of NHCs as more or less pure o-donating ligands
developed in the past. Previous theoretical investigations have been
mainly performed either on NHC stabilized carbonyl complexes
and/or on complexes of 4d and 5d metals, in which m-contributions
are less important as compared to 3d metals. TM-NHC bonding
has apparently more facets as commonly accepted and the nature
of the TM-NHC bonds varies in detail from metal to metal and
metal-complex fragment to metal-complex fragment.
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