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Introduction

The significance of N-heterocyclic carbenes (NHCs) has bur-
geoned apace over the last few years. The first transition-
metal complexes with NHC ligands had already been syn-
thesized in 1968 by $fele[1] and by Wanzlick and Schçn-
herr.[2] Great impact on research in the field was made by
the isolation of the first free NHC by Arduengo et al. in
1991.[3] The revitalized experimental work showed that
NHCs are versatile ligands in transition-metal chemistry.[4]

Intensive investigative efforts in the synthesis[5] and catalytic
applications, such as olefin metathesis,[6] carbon–carbon cou-
pling,[7] hydrogenation,[8] and hydrosilylation,[9] of NHC
complexes soon followed.

NHC ligands most commonly coordinate to metals in the
C2 position (Scheme 1, left), and until recently, only com-
plexes that carry “normal” NHC ligands (nNHCs) were
known. The first C4/C5-coordinated NHC complex, the so-
called “abnormal” carbene complex, was synthesized by
Crabtree and co-workers[10] by the addition of variously sub-
stituted 2-pyridylimidazolium salts to [IrH5ACHTUNGTRENNUNG(PPh3)]. No rear-
rangement to the C2-bonded isomer occurred, even under
heating. Since then, a number of other complexes with “ab-
normal” carbene ligands (aNHCs; Scheme 1, center) have
been synthesized by the same group[11] and by others.[12] Spe-
cifically, it was found that two properties of the 2-pyridylimi-
dazolium salt determines whether it binds normally (C2) or
abnormally (C4/C5). First, the shorter the linker (hence, the
smaller the bite angle), the more the C4/C5 carbene com-
plex is formed, except when these positions are blocked.
The product ratio is also shifted in favor of the C4/C5 car-
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Scheme 1. The imidazole tautomers nNHC, aNHC, and IMID.

Chem. Asian J. 2007, 2, 1555 – 1567 L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1555

www.interscience.wiley.com


bene complexes with increasing size of the so-called wingtip
groups R.[11b] Nonchelating examples of aNHCs have also
been isolated,[11d] but they were found to be less stable. It
was later discovered that the choice of counterion to the car-
bene ligand plays a critical role in determining whether the
carbene coordinates normally or abnormally.[11a,c] Interest-
ingly, the C4/C5 carbenes are expected to be better electron
donors than their C2 counterparts, even though they were
suggested to be more weakly bonded to the metal.[13] DFT
calculations showed that free and complexed abnormal car-
benes are higher in energy than normal carbenes.[14] The
chemistry of abnormal carbenes was recently reviewed by
Arnold and Pearson.[15]

The nNHC (imidazol-2-ylidene) and aNHC (imidazol-4-
ylidene) carbenes are tautomeric forms of the most stable
isomer imidazole (IMID; Scheme 1, right). As the imidazole
ring is a moiety of histidine, in which it plays an important
role in a variety of biologically important systems,[16] it has
been studied extensively both as a free species and as a
ligand in transition-metal complexes. The preferential C
versus N binding in imidazole complexes was studied by
Sini, Eisenstein, and Crabtree (SEC).[14a] They found that an
important factor in deciding the ratio of N- to C2-coordinat-
ed groups in transition-metal complexes lies in the ligand
trans to the carbene position. High-trans-effect ligands gen-
erally favor the N-imidazole, probably because transition-
metal–N bonds tend to be longer than transition-metal–C
bonds. However, in moving down the periodic table, the bal-
ance is shifted towards the carbene form, probably because
the longer bonds overall tend to cancel the trans ef ACHTUNGTRENNUNGfect.[14a]

Protonation reactions of aNHC, nNHC, and IMID were
studied theoretically by Magill and Yates.[14b]

As NHCs have been termed the most important ancillary
ligands after cyclopentadienyls and the ubiquitous phos-
phines,[13] much effort has been made to understand their
electronic structure and binding modes. Chemically, nNHCs
are best compared to phosphines, as both classes of ligands
are monodentate, two-electron donors. However, nNHCs
have many properties that set them apart from phosphines.
The former are generally regarded as better s donors than
the latter, while the p-acceptor strength is often thought to
be weak, although the carbene carbon atom has a formally
empty pp orbital.[17] Theoretical studies showed that p-elec-
tron density is donated from the two nitrogen atoms in the
1- and 3-positions of the azole ring to the empty pp orbital
of the sp2-hybridized carbene carbon atom.[18] The electron
donation increases upon coordination of the carbene carbon
atom to a metal center, partly to offset its s donation to the
metal. This diminishes the ability of the carbene to accept
electron density from the metal atom, but enables it to be a
good s donor.[19] The cyclic p delocalization in unsaturated
six-p-electron imidazol-2-ylidenes yields weak aromaticity in
the five-membered ring, but N!C p donation in C–C satu-
rated imidazoline-2-ylidenes is not much less than in the
former species.[18b] Thus, the carbene carbon atom with its
two N substituents in nNHCs can be regarded as a three-
center, four-electron p system.[20]

The weakness of p backdonation from the metal to the
nNHC ligand in complexes of Groups 10 and 11 has been
controversially discussed in some recent work. Whereas
some p interaction was suggested for bis ACHTUNGTRENNUNG(carbene) com-
plexes of nickel(0) and platinum(0), the complexes of
Group 11 metals were suggested to be purely s-bonded.[21]

In contrast, a significant amount of p interaction between
Group 11 metals and carbene ligands was suggested on the
basis of structural data and by visual inspection of the shape
of the calculated molecular orbitals.[22,23] An energy-decom-
position analysis of [(nNHC)TMX] and [(nNHC)2TM]+

complexes (TM=Cu, Ag, Au; X=F, Cl, Br, I) showed that
p backdonation in the latter compounds is not much weaker
than in classical Fischer carbene complexes that bear two p-
donor groups R at the CR2 carbene ligand.[24]

Recent computational evidence[25] shows that the bonding
situation for nNHCs may be even more varied. When the
metal centers are very electrophilic, they may be stabilized
by p donation from the nNHC ligand to an electron-defi-
cient metal center. A computational study by Jacobsen
et al.[26] suggests that nNHCs are not exclusively s donors,
but can also receive significant p-electron density; in the
case of electrophilic d0 systems, even p donation from the
nNHC is possible. Thus, nNHCs may act as p acids or p

bases, depending on the metal center to which they are coor-
dinated. The stereoelectronic parameters that are associated
with NHC ligands were recently summarized in a compre-
hensive review by DRez-GonzSlez and Nolan.[27]

It would be a significant contribution to the knowledge of
the strength and the nature of metal–ligand bonding if the
complexes LnTM ACHTUNGTRENNUNG(nNHC), LnTM ACHTUNGTRENNUNG(aNHC), and LnTM ACHTUNGTRENNUNG(IMID)
were calculated and the bonding situation analyzed with
modern quantum-chemical methods. Herein, we report the-
oretical studies of early, middle, and late transition metals
with the ligands nNHC, aNHC, and IMID. The calculated
complexes are [Cl4TM ACHTUNGTRENNUNG(nNHC)] (1TM(n)), [Cl4TM ACHTUNGTRENNUNG(aNHC)]
(1TM(a)), and [Cl4TM ACHTUNGTRENNUNG(IMID)] (1TM(I)) (TM=Ti, Zr, Hf),
[(CO)5TM ACHTUNGTRENNUNG(nNHC)] (2TM(n)), [(CO)5TM ACHTUNGTRENNUNG(aNHC)]
(2TM(a)), and [(CO)5TM ACHTUNGTRENNUNG(IMID)] (2TM(I)) (TM=Cr, Mo,
W), [(CO)4TM ACHTUNGTRENNUNG(nNHC)] (3TM(n)), [(CO)4TM ACHTUNGTRENNUNG(aNHC)]
(3TM(a)), and [(CO)4TM ACHTUNGTRENNUNG(IMID)] (3TM(I)) (TM=Fe, Ru,
Os), and [ClTM ACHTUNGTRENNUNG(nNHC)] (4TM(n)), [ClTM ACHTUNGTRENNUNG(aNHC)]
(4TM(a)), and [ClTM ACHTUNGTRENNUNG(IMID)] (4TM(I)) (TM=Cu, Ag, Au).
The investigated complexes are shown in Table 1. The theo-
retically predicted equilibrium geometries and metal–ligand
bond-dissociation energies (BDEs) are given. The nature of
the metal–ligand interactions was investigated with energy
decomposition analysis (EDA). We compared the nature of
the bonding in [(CO)5TM(L)] (TM=Cr, Mo, W) for L=

nNHC, aNHC, and IMID with the bonding in the related
phosphine complexes [(CO)5TM ACHTUNGTRENNUNG(PX3)] (X=H, Me, F, Cl),
which was analyzed by us in a previous paper.[28] To the best
of our knowledge, this is the first comprehensive study that
compares the bonding behavior of the different tautomers
of imidazole as well as phosphine in a variety of chemical
environments by using a quantitative bonding analysis that
goes beyond descriptions in terms of orbital interactions.[43]
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Thus, for the first time, we prove rigorously much of what
was previously only speculation.

Results and Discussion

Geometries and Energies

The optimized geometries of the free imidazole isomers
nNHC, aNHC, and IMID at the BP86/TZ2P level are
shown in Figure 1, along with the most important bond
lengths and angles and the relative energies of the com-
pounds. The full set of geometrical data is listed in the Sup-
porting Information, Table S1. The imidazole molecule
IMID is 26.7 kcalmol�1 lower in energy than the nNHC

isomer, which in turn is 17.4 kcalmol�1 more stable than the
aNHC form. This is in agreement with the previous work by
SEC, who reported that the relative energies are IMID
(0.0 kcalmol�1)<nNHC (28.9 kcalmol�1)<aNHC (48.9 kcal
mol�1).[14a]

Figure 2 shows the optimized geometries of the calculated
complexes [Cl4TM(L)], [(CO)5TM(L)], [(CO)4TM(L)], and
[ClTM(L)] (L=nNHC, aNHC, IMID). The full set of geo-
metrical data is given in the Supporting Information,
Table S2.

The equilibrium geometries of the Group 4 complexes
[Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] (TM=Ti, Zr, Hf)
have the carbene ligand in the equatorial position, whereas
the imidazole ligand IMID occupies an axial position in
[Cl4TM ACHTUNGTRENNUNG(IMID)] (Figure 2). The energy differences between
the axial and equatorial isomers of the [Cl4TM(L)] com-
plexes are quite small. Geometry optimization of the axial
form of [Cl4TM ACHTUNGTRENNUNG(nNHC)] and [Cl4TM ACHTUNGTRENNUNG(aNHC)] gave struc-
tures that, in all cases, are less than 1 kcalmol�1 higher in
energy than the equatorial energy minima. The axial forms
have one or sometimes two imaginary modes with low fre-
quencies. Likewise, the equatorial isomers of [Cl4TM-
ACHTUNGTRENNUNG(IMID)] are less than 1 kcalmol�1 less stable than the axial
forms.

Table 2 gives the optimized TM�L bond lengths, the rela-
tive energies of the isomers, and the calculated TM�L
BDEs. The calculated data reveal interesting trends. The
aNHC ligand is always more strongly bonded than the
nNHC ligand. The difference DDe lies between 3.7 kcal
mol�1 for 3FeL and 2CrL and 5.8 kcalmol�1 for 1HfL. The
stronger TM–aNHC bonds make the energy difference be-
tween the complexes TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(aNHC) smaller
than those between the free ligands, so that the TM ACHTUNGTRENNUNG(nNHC)
complexes are only 11.7–13.7 kcalmol�1 lower in energy
than the TM ACHTUNGTRENNUNG(aNHC) species. For the BDEs of the TM-
ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) compounds, much larger differen-
ces were calculated, as the latter molecules have significant-
ly weaker metal–ligand bonds than the former. The differen-
ces DDe are between 14.2 kcalmol�1 for 1ZrL and 28.4 kcal
mol�1 for 4AuL. The weaker bonds yield smaller energy dif-
ferences between the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) com-
pounds than between the free nNHC and IMID ligands, to
the extent that the TM ACHTUNGTRENNUNG(nNHC) and TM ACHTUNGTRENNUNG(IMID) complexes
are energetically nearly degenerate for 3TM(L) and 4AuL.
Without exception, the trend in BDE for the three ligands
with all the metals is TM(a)>TM(n)>TM(I). The trend in
BDE for the different groups of the transition metals of
each row is 1TM(L)<2TM(L)<3TM(L)<4TM(L), except
for the Mo/Ru and W/Os species, for which the trend is
2TM(L)>3TM(L). These exceptions do not arise from a re-
versal in the trend of the metal–ligand attraction but rather
from differences in the preparation energies of the metal
fragments (see below). The BDEs for all ligands in the com-
plexes 1TM(L) decrease in the order third row> second
row> first row. For the complexes 2TM(L) and 4TM(L), the
De values exhibit the BDE trend third row> first row>

Table 1. Overview of the complexes investigated.

Descriptor Complex[a] Central atoms

1
Ti (1Ti)
Zr (1Zr)
Hf (1Hf)

2
Cr (2Cr)
Mo (2Mo)
W (2W)

3
Fe (3Fe)
Ru (3Ru)
Os (3Os)

4
Cu (4Cu)
Ag (4Ag)
Au (4Au)

[a]

Figure 1. Calculated geometries of the ligands at the BP86/TZ2P level of
theory. Relative energies (kcalmol�1) are given in parentheses.
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Figure 2. Geometries of all the complexes at the BP86/TZ2P level of theory. Distances are given in T, angles in degrees.
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second row, whereas for 3TM(L), the order is first row>
third row> second row.

Thus, it is clear that the significantly stronger metal–
ligand bonds of the nNHC ligand relative to those of IMID
largely compensate for the lower energy of the free imida-
zole ligand. Therefore, the complexes TM ACHTUNGTRENNUNG(nNHC) may
become lower in energy than their TM ACHTUNGTRENNUNG(IMID) isomers. This
was also found by SEC, who calculated 17 TM ACHTUNGTRENNUNG(nNHC) com-

plexes and their TM ACHTUNGTRENNUNG(IMID) isomers.[14a] The energy differ-
ences between the TM(a) and TM(n) complexes are also
somewhat decreased relative to the free ligands because the
TM–aNHC bonds are stronger than the TM–nNHC bonds.
However, as the effect is not as large as in the case of
nNHC/IMID, the TM(n) complexes always remain lower in
energy than their TM(a) counterparts. SEC calculated only
one metal fragment, PtCl3

�, bonded to the ligand aNHC.

Table 2. Metal–ligand bond lengths d ACHTUNGTRENNUNG(TM–L), relative energies Erel of the complexes, bond-dissociation energies De, and free dissociation energies D0
298

of the ligands.[a]

L nNHC aNHC IMID
d ACHTUNGTRENNUNG(TM–L) Erel De D0

298 dACHTUNGTRENNUNG(TM–L) Erel De D0
298 d ACHTUNGTRENNUNG(TM–L) Erel De D0

298

Free L 0.0 17.4 �26.7
1Ti 2.230 0.0 26.5 12.0 2.213 11.9 32.0 17.4 2.311 �12.1 11.8 �1.9
1Zr 2.378 0.0 33.5 18.8 2.358 11.7 39.1 24.4 2.420 �12.6 19.3 5.7
1Hf 2.346 0.0 34.0 19.3 2.327 11.7 39.8 25.0 2.386 �12.4 19.7 6.0
2Cr 2.090 0.0 52.2 36.6 2.108 13.7 55.9 41.7 2.161 �5.5 31.0 17.2
2Mo 2.238 0.0 49.4 36.5 2.252 13.6 53.1 39.9 2.299 �8.0 30.7 17.5
2W 2.228 0.0 55.7 42.7 2.245 13.5 59.6 46.4 2.282 �6.2 35.1 22.0
3Fe 1.968 0.0 60.1 45.4 1.993 13.7 63.8 48.3 2.042 0.4 33.0 18.1
3Ru 2.108 0.0 48.0 36.0 2.129 13.4 52.0 39.3 2.183 �1.5 22.8 10.7
3Os 2.119 0.0 53.8 40.9 2.141 13.2 58.0 44.1 2.189 0.8 26.3 12.9
4Cu 1.846 0.0 67.9 56.0 1.850 13.4 71.9 59.9 1.865 �6.6 47.7 36.1
4Ag 2.050 0.0 53.4 42.0 2.054 12.8 57.9 45.9 2.109 �7.3 33.9 22.5
4Au 1.978 0.0 76.3 64.4 1.986 13.2 80.6 68.0 2.044 1.8 47.9 35.8

[a] Bond lengths in T, energies in kcalmol�1. All calculations were performed at the BP86/TZ2P level.

Figure 2. (Continued)

Chem. Asian J. 2007, 2, 1555 – 1567 L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 1559

Bonding in NHC Tautomers and Phosphine Ligands



The [Cl3Pt ACHTUNGTRENNUNG(aNHC)]� complex was found to be 23.3 kcal
mol�1 higher in energy than the [Cl3Pt ACHTUNGTRENNUNG(nNHC)]� isomer,
whereas the free ligand aNHC is only 20.0 kcalmol�1 less
stable than nNHC.[14a]

Bonding Analysis

To understand the nature of the metal–ligand bonds, we first
discuss the electronic structure of the free ligands nNHC,
aNHC, and IMID. Table 3 shows the five highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbital (LUMO) of the molecules.

The HOMOs of the heterocyclic carbenes nNHC and
aNHC are the lone-pair orbitals of the s carbon atom,
which have only small coefficients at the other carbon and
nitrogen atoms. Below the HOMO, each cyclic carbene has
three occupied p orbitals that look very similar to the p or-
bitals in the cyclopentadienyl anion, Cp�. We showed in pre-
vious work that free nNHCs have some aromatic charac-
ter.[18b] The shape of the orbitals indicates that aNHC and
IMID may also contain some aromatic stability. The nitro-
gen s lone-pair orbital of the imidazole ligand IMID is
HOMO-1. Notably, this orbital is energetically much lower
lying (�6.33 eV) than the carbon s lone-pair orbitals of
nNHC (�4.97 eV) and aNHC (�4.25 eV). The energy levels
of these orbitals suggest that the s-donor strength of the li-
gands has the trend aNHC>nNHC> IMID.

Figure 3 shows schematically the relevant orbital interac-
tions between a transition metal and the nNHC ligand by
using C2v symmetry. A similar outline applies for the other

two ligands. Figure 3a and b displays the nNHC!TM s and
p donations, whereas Figure 3c shows the nNHC !TM p

backdonation. The nNHC ligand also has a second p orbital
that is in the plane of the ring. This orbital may give rise to
in-plane pk interactions with the metal. Figure 3d shows the
nNHC !TM pk backdonation. This interaction, however, is
not relevant as it is only the out-of-plane p? contribution
that is considered as p bonding in most discussions of car-
bene complexes. The in-plane pk interactions are usually ab-
sorbed in the s interactions. We follow this convention.
EDA calculations were carried out with Cs symmetry for
most molecules, which means that the a’’ orbitals give the
p? contribution, whereas the a’ orbitals give the s+pk in-
teractions. For the Group 11 complexes 4TM(L) with L=

nNHC, we also report EDA calculations with C2v symmetry,
which make it possible to distinguish between p? and pk in-
teractions.

The EDA results for Group 4 d0 metal compounds
(Table 4) suggest that the nature of the Cl4TM–L interac-
tions is quite similar among the ligands L=nNHC, aNHC,
and IMID. The percentage contribution of the orbital inter-
actions varies between 30.8 and 34.7%, which means that
the Cl4TM�L bonds are roughly two-thirds electrostatic and

Figure 3. Schematic representation of the orbital interactions between a
transition-metal fragment and the nNHC ligand by using C2v symmetry.
a) L!TM s donation. b) L!TM p? donation. c) TM!L p? backdona-
tion. d) TM!L pk backdonation.

Table 3. Kohn–Sham valence orbitals (BP86/TZ2P) of the ligands nNHC,
aNHC, and IMID.[a]

Orbital

LUMO

�0.32 (a2) �1.25 (a’’) �0.57 (a’’)

HOMO

�4.97 (a1) �4.25 (a’)
�5.76 (a’’)

HOMO-1

�5.85 (b1) �5.49 (a’’)
�6.33 (a’)

HOMO-2

�7.50 (a2)
�7.76 (a’’)

�7.03 (a’’)

HOMO-3

�10.68 (b1)
�9.79 (a’) �9.99 (a’)

HOMO-4

�10.71 (a1)
�11.10 (a’’) �10.67 (a’’)

[a] Orbital energies are given below in eV.
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about one third covalent. The breakdown of the orbital
term DEorb into contributions from s and p orbitals indicates
that the orbital interactions come mainly from the s orbitals,
which contribute 83.3–87.2% to DEorb in all cases. The trend
of the total interaction energy DEint for the three ligands
neatly follows that of the s-donation term DEs(a’) and the
orbital term DEorb: aNHC>nNHC@ IMID (Table 4). This
trend is in agreement with the energy levels of the highest
occupied s lone-pair orbitals of the ligands (the HOMOs of
the cyclic carbenes and HOMO-1 of the imidazole; Table 3).
Previous EDA studies of transition-metal compounds
showed that DEorb is often in agreement with the trend of
the overall bond strength even when it is a minor contribu-
tor to the attractive interactions, although there are also
cases in which the electrostatic interactions DEelstat or the
Pauli repulsion DEPauli determine the trend.[29] We will
return to the correlation between the various energy terms
of the EDA and the strength of the binding interactions at
the end of this section.

Table 4 shows that the p-orbital contributions DEpACHTUNGTRENNUNG(a’’) to
the overall attractive interactions as well as to DEorb in the
series 1TM(L) are rather small. However, the L!TM p

donation and the TM!L p backdonation are nearly equal.
The ability of the nNHC ligand to serve as a p donor was
recently suggested by Nolan and co-workers[25] and by Ja-
cobsen et al.[26] Importantly, the Cl4TM–L interaction ener-
gies, DEint, differ significantly from the BDE values, De, be-
cause the preparation energies of the Cl4TM fragments
(which have a tetrahedral equilibrium geometry) are rather
large, particularly for the carbene ligands (Table 4). Howev-
er, the De values exhibit the same trend for the three ligands
as the DEint values, that is, aNHC>nNHC@ IMID. Thus, it
is not justified to use the De values as the only measure of
the intrinsic strength of the metal–ligand interactions. For

example, the titanium compound [Cl4Ti ACHTUNGTRENNUNG(nNHC)] has a
smaller BDE (De=26.5 kcalmol�1) than its zirconium ho-
mologue [Cl4Zr ACHTUNGTRENNUNG(nNHC)] (De=33.5 kcalmol�1), although the
DEint values of these compounds are the same (�55.5 kcal
mol�1). The BDE values and the intrinsic interaction ener-
gies DEint of the heaviest metal hafnium for all the ligands
are slightly larger than for the lighter metals. This is in
agreement with the common knowledge that transition
metals of the third row generally have stronger bonds than
those of the second and first rows.

Table 5 gives the EDA results for the Group 6 d6 com-
pounds [(CO)5TM(L)] with the labels 2TM(L). The BDEs
of these complexes are clearly larger than those of the d0

compounds [Cl4Ti(L)] (Table 4). This comparison is some-
what misleading, as the preparation energies of the former
compounds are very small in comparison to those of the
latter. In fact, the interaction energies of [(CO)5TM-
ACHTUNGTRENNUNG(nNHC)] and [(CO)5TM ACHTUNGTRENNUNG(aNHC)] are actually somewhat
smaller than the DEint values of [Cl4Ti ACHTUNGTRENNUNG(nNHC)] and [Cl4Ti-
ACHTUNGTRENNUNG(aNHC)]. The overall trend in DEint for 2TM(L) is the same
as before: aNHC>nNHC@ IMID, and the nature of the
bonding in [(CO)5TM(L)] is very similar to that in
[Cl4Ti(L)]. Again, the orbital term DEorb contributes around
one third to the attractive interactions, and the s contribu-
tion dominates. However, the percentage of the p contribu-
tion to DEorb is slightly larger than in [Cl4TM(L)] and comes
mainly from (CO)5TM!L p backdonation.

The EDA results for the complexes [(CO)5TM(L)] (L=

aNHC, nNHC, IMID) are compared with the data for
[(CO)5TM ACHTUNGTRENNUNG(PR3)] (R=Me, Cl) below. We showed earlier[28]

that the nature of the metal–PR3 bond in trihalophosphine
complexes (R=F, Cl) is very different from that in PH3 or
PMe3 complexes. The orbital interactions in [(CO)5TM-
ACHTUNGTRENNUNG(PF3)] and [(CO)5TM ACHTUNGTRENNUNG(PCl3)] are stronger than in [(CO)5TM-

Table 4. EDA results for the Cl4TM�L bond of the complexes 1TM(L) at the BP86/TZ2P level.[a]

1Ti(n) 1Zr(n) 1Hf(n) 1Ti(a) 1Zr(a) 1Hf(a) 1Ti(I) 1Zr(I) 1Hf(I)

DEint �55.5 �55.5 �59.0 �63.6 �64.0 �67.8 �23.6 �28.6 �30.2
DEPauli 115.3 109.8 125.7 120.9 116.1 133.6 65.7 62.5 72.8
DEelstat

[b] �112.0 �111.8 �127.7 �120.5 �121.8 �139.3 �59.4 �61.5 �70.1
ACHTUNGTRENNUNG(65.6) ACHTUNGTRENNUNG(67.7) ACHTUNGTRENNUNG(69.1) ACHTUNGTRENNUNG(65.3) ACHTUNGTRENNUNG(67.6) ACHTUNGTRENNUNG(69.2) ACHTUNGTRENNUNG(66.6) ACHTUNGTRENNUNG(67.5) ACHTUNGTRENNUNG(68.0)

DEorb
[b] �58.8 �53.4 �57.0 �64.0 �58.3 �62.0 �29.9 �29.6 �32.9

ACHTUNGTRENNUNG(34.4) ACHTUNGTRENNUNG(32.3) ACHTUNGTRENNUNG(30.9) ACHTUNGTRENNUNG(34.7) ACHTUNGTRENNUNG(32.4) ACHTUNGTRENNUNG(30.8) ACHTUNGTRENNUNG(33.4) ACHTUNGTRENNUNG(32.5) ACHTUNGTRENNUNG(32.0)
DEs(a’)

[c] �51.3 �46.2 �49.3 �55.4 �50.1 �53.3 �25.5 �24.7 �27.6
ACHTUNGTRENNUNG(87.2) ACHTUNGTRENNUNG(86.5) ACHTUNGTRENNUNG(86.4) ACHTUNGTRENNUNG(86.6) ACHTUNGTRENNUNG(85.8) ACHTUNGTRENNUNG(85.9) ACHTUNGTRENNUNG(85.5) ACHTUNGTRENNUNG(83.3) ACHTUNGTRENNUNG(83.9)

DEp ACHTUNGTRENNUNG(a’’)
[c] �7.6 �7.2 �7.8 �8.6 �8.3 �8.8 �4.3 �4.9 �5.3

ACHTUNGTRENNUNG(12.8) ACHTUNGTRENNUNG(13.5) ACHTUNGTRENNUNG(13.6) ACHTUNGTRENNUNG(13.4) ACHTUNGTRENNUNG(14.2) ACHTUNGTRENNUNG(14.1) ACHTUNGTRENNUNG(14.5) ACHTUNGTRENNUNG(16.7) ACHTUNGTRENNUNG(16.1)
DEp ACHTUNGTRENNUNG(L!TM)[d] �3.8 �3.4 �3.7 �4.5 �4.0 �4.4 �1.7 �2.1 �2.4

ACHTUNGTRENNUNG(48.7) ACHTUNGTRENNUNG(45.0) ACHTUNGTRENNUNG(45.1) ACHTUNGTRENNUNG(51.6) ACHTUNGTRENNUNG(47.8) ACHTUNGTRENNUNG(47.8) ACHTUNGTRENNUNG(39.8) ACHTUNGTRENNUNG(42.3) ACHTUNGTRENNUNG(43.7)
DEp ACHTUNGTRENNUNG(TM!L)[d] �4.0 �4.1 �4.5 �4.2 �4.4 �4.8 �2.6 �2.9 �3.1

ACHTUNGTRENNUNG(51.3) ACHTUNGTRENNUNG(55.0) ACHTUNGTRENNUNG(54.9) ACHTUNGTRENNUNG(48.4) ACHTUNGTRENNUNG(52.2) ACHTUNGTRENNUNG(52.2) ACHTUNGTRENNUNG(60.2) ACHTUNGTRENNUNG(57.7) ACHTUNGTRENNUNG(56.3)
DEprep 29.0 22.0 24.9 31.6 24.8 28.0 11.8 9.2 10.5
DEprep(L) 1.7 1.6 1.7 2.0 1.7 1.8 0.5 0.5 0.6
DEprep(TM) 27.2 20.4 23.2 29.7 23.1 26.2 11.3 8.7 9.9
DE (=�De) �26.5 �33.5 �34.1 �32.0 �39.1 �39.8 �11.8 �19.3 �19.7
d ACHTUNGTRENNUNG(TM–L) 2.230 2.378 2.346 2.213 2.358 2.327 2.311 2.420 2.386

[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergetic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).
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ACHTUNGTRENNUNG(PH3)] or [(CO)5TM ACHTUNGTRENNUNG(PMe3)] due to more TM! ACHTUNGTRENNUNG(PR3) p

backdonation. However, the BDEs of the latter species are
significantly larger than those of the trihalophosphine com-
plexes. The weaker bonds in [(CO)5TM ACHTUNGTRENNUNG(PF3)] and
[(CO)5TM ACHTUNGTRENNUNG(PCl3)] are caused by weaker electrostatic attrac-
tion due to the more pronounced s character of the phos-
phorus donor orbital. This leads to the orbital being more
compact, which brings about less-efficient overlap with the
metal nucleus. Thus, the bonding analysis of the [(CO)5TM-
ACHTUNGTRENNUNG(PR3)] complexes reveals a striking example in which the
trend of the metal–ligand interactions is not determined by
the strength of the orbital interactions but by the electro-
static term.

Table 6 shows the EDA results for [(CO)5TM ACHTUNGTRENNUNG(PR3)] (R=

Me, Cl). A comparison with [(CO)5TM(L)] in Table 5 shows
that the metal–ligand bonding is similar in both cases. As
the preparation energies are always quite small, we can

compare the interaction energies directly. The DEint values
of the [(CO)5TM ACHTUNGTRENNUNG(PMe3)] complexes are about 10 and
15 kcalmol�1 smaller than those of [(CO)5TM ACHTUNGTRENNUNG(nNHC)] and
[(CO)5TM ACHTUNGTRENNUNG(aNHC)], respectively. The percentage contribu-
tion of the orbital term DEorb in the [(CO)5TM ACHTUNGTRENNUNG(PMe3)] com-
plexes is slightly higher than for the complexes of the imida-
zole tautomers. Interestingly, the EDA data shows that the
DEp contribution of the [(CO)5TM ACHTUNGTRENNUNG(PMe3)] complexes is
higher and the DEs contribution is lower than in the
[(CO)5TM(L)] (L=aNHC, nNHC, IMID) complexes. For
the trichlorophosphine complexes [(CO)5TM ACHTUNGTRENNUNG(PCl3)], the
DEp contribution is, as expected, even higher. Previous stud-
ies of the electronic effects of nNHC complexes suggest that
they are stronger s donors than phosphines.[13,17e,f] This is in
agreement with our EDA results. Notably, the phosphine li-
gands have two degenerate p components for the p-orbital
interactions, which are only compared to the out-of-plane

Table 6. EDA results for the (CO)5TM�PR3 bonds at the BP86/TZ2P level.[a]

[Cr(CO)5PMe3] [Mo(CO)5PMe3] [W(CO)5PMe3] [Cr(CO)5PCl3] [Mo(CO)5PCl3] [W(CO)5PCl3]

DEint �43.7 �40.9 �46.4 �27.8 �26.1 �31.1
DEPauli 96.5 85.6 99.3 78.4 70.1 83.3
DEelstat

[b] �85.1 �80.7 �94.9 �49.6 �45.3 �55.8
ACHTUNGTRENNUNG(60.7) ACHTUNGTRENNUNG(63.8) ACHTUNGTRENNUNG(65.1) ACHTUNGTRENNUNG(46.7) ACHTUNGTRENNUNG(47.3) ACHTUNGTRENNUNG(48.8)

DEorb
[b] �55.1 �45.8 �50.8 �56.6 �51.0 �58.5

ACHTUNGTRENNUNG(39.3) ACHTUNGTRENNUNG(36.2) ACHTUNGTRENNUNG(34.9) ACHTUNGTRENNUNG(53.3) ACHTUNGTRENNUNG(52.9) ACHTUNGTRENNUNG(51.2)
DEs

[c] �41.0 �33.1 �37.3 �30.4 �26.3 �31.2
ACHTUNGTRENNUNG(74.3) ACHTUNGTRENNUNG(72.3) ACHTUNGTRENNUNG(73.4) ACHTUNGTRENNUNG(53.7) ACHTUNGTRENNUNG(51.5) ACHTUNGTRENNUNG(53.3)

DEp
[c] �14.2 �12.7 �13.5 �26.2 �24.7 �27.3

ACHTUNGTRENNUNG(25.7) ACHTUNGTRENNUNG(27.7) ACHTUNGTRENNUNG(26.6) ACHTUNGTRENNUNG(46.3) ACHTUNGTRENNUNG(48.5) ACHTUNGTRENNUNG(46.7)
DEprep 2.5 3.0 2.6 1.0 2.5 2.5
DE (=�De) �41.2 �37.9 �43.8 �26.8 �23.7 �28.6
d ACHTUNGTRENNUNG(TM–L) 2.390 2.553 2.553 2.300 2.457 2.459

[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb.

Table 5. EDA results for the (CO)5TM�L bonds of the complexes 2TM(L) at the BP86/TZ2P level.[a]

2Cr(n) 2Mo(n) 2W(n) 2Cr(a) 2Mo(a) 2W(a) 2Cr(I) 2Mo(I) 2W(I)

DEint �53.9 �51.5 �58.3 �57.5 �55.4 �62.1 �31.9 �31.8 �36.6
DEPauli 112.3 103.7 124.3 112.5 106.7 126.0 58.4 56.5 69.2
DEelstat

[b] �110.6 �107.8 �129.1 �113.1 �112.9 �133.5 �59.6 �59.8 �72.1
ACHTUNGTRENNUNG(66.5) ACHTUNGTRENNUNG(69.5) ACHTUNGTRENNUNG(70.7) ACHTUNGTRENNUNG(66.5) ACHTUNGTRENNUNG(69.6) ACHTUNGTRENNUNG(70.9) ACHTUNGTRENNUNG(66.0) ACHTUNGTRENNUNG(67.7) ACHTUNGTRENNUNG(68.1)

DEorb
[b] �55.7 �47.4 �53.5 �57.0 �49.2 �54.7 �30.7 �28.5 �33.7

ACHTUNGTRENNUNG(33.5) ACHTUNGTRENNUNG(30.5) ACHTUNGTRENNUNG(29.3) ACHTUNGTRENNUNG(33.5) ACHTUNGTRENNUNG(30.4) ACHTUNGTRENNUNG(29.1) ACHTUNGTRENNUNG(34.0) ACHTUNGTRENNUNG(32.3) ACHTUNGTRENNUNG(31.9)
DEs(a’)

[c] �46.0 �38.6 �43.5 �48.2 �41.1 �45.6 �25.5 �23.4 �27.7
ACHTUNGTRENNUNG(82.6) ACHTUNGTRENNUNG(81.5) ACHTUNGTRENNUNG(81.3) ACHTUNGTRENNUNG(84.6) ACHTUNGTRENNUNG(83.5) ACHTUNGTRENNUNG(83.4) ACHTUNGTRENNUNG(82.9) ACHTUNGTRENNUNG(82.1) ACHTUNGTRENNUNG(82.0)

DEp ACHTUNGTRENNUNG(a’’)
[c] �9.7 �8.8 �10.0 �8.8 �8.1 �9.1 �5.3 �5.1 �6.1

ACHTUNGTRENNUNG(17.4) ACHTUNGTRENNUNG(18.5) ACHTUNGTRENNUNG(18.7) ACHTUNGTRENNUNG(15.4) ACHTUNGTRENNUNG(16.5) ACHTUNGTRENNUNG(16.6) ACHTUNGTRENNUNG(17.1) ACHTUNGTRENNUNG(17.9) ACHTUNGTRENNUNG(18.0)
DEp ACHTUNGTRENNUNG(L!TM)[d] �2.5 �2.1 �2.3 �2.8 �2.4 �2.6 �1.5 �1.5 �1.7

ACHTUNGTRENNUNG(23.6) ACHTUNGTRENNUNG(22.5) ACHTUNGTRENNUNG(21.7) ACHTUNGTRENNUNG(30.1) ACHTUNGTRENNUNG(29.0) ACHTUNGTRENNUNG(28.0) ACHTUNGTRENNUNG(27.7) ACHTUNGTRENNUNG(29.3) ACHTUNGTRENNUNG(28.2)
DEp ACHTUNGTRENNUNG(TM!L)[d] �7.9 �7.2 �8.3 �6.5 �6.0 �6.8 �3.8 �3.6 �4.4

ACHTUNGTRENNUNG(76.4) ACHTUNGTRENNUNG(77.5) ACHTUNGTRENNUNG(78.3) ACHTUNGTRENNUNG(69.9) ACHTUNGTRENNUNG(71.0) ACHTUNGTRENNUNG(72.0) ACHTUNGTRENNUNG(72.3) ACHTUNGTRENNUNG(70.7) ACHTUNGTRENNUNG(71.8)
DEprep 2.2 2.2 2.6 1.7 2.3 2.5 1.0 1.2 1.5
DEprep(L) 0.7 0.4 0.4 0.5 0.5 0.5 0.3 0.3 0.4
DEprep(TM) 1.5 1.8 2.2 1.1 1.9 2.0 0.6 0.9 1.1
DE (=�De) �51.7 �49.3 �55.7 �55.9 �53.1 �59.6 �31.0 �30.6 �35.1
d ACHTUNGTRENNUNG(TM–L) 2.090 2.238 2.228 2.108 2.252 2.245 2.161 2.299 2.282

[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).
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p? contribution in the cyclic ligands. As discussed earlier,
the in-plane pk interactions of the latter are incorporated in
the DEs term.

Table 7 gives the EDA results for the Group 8 d8 com-
pounds [(CO)4TM(L)] (3TM(L)). The DEint values are 10–
20 kcalmol�1 larger than for the Group 6 compounds
[(CO)5TM(L)], but the trends and composition of the
metal–ligand bonds in the two sets of molecules are nearly
the same. The electrostatic bonding constitutes about two
thirds of the DEint values. The percentage of p contribution
to the orbital interactions in 3TM(L) is slightly smaller than
in 2TM(L), but also comes mainly from TM!L p backdo-

nation. However, the trend in BDE is different from that of
the other complexes: first row> third row> second row. This
is caused by the rather low preparation energies for the iron
complexes and not by the intrinsically strong metal–ligand
bonds.

The EDA results for the Group 10 d10 complexes
[ClTM(L)] (4TM(L) ; Table 8) reveal insightful differences
to the previous molecules. The strength of the ClTM–L in-
teractions is similar to that of the [(CO)4TM(L)] complexes,
but the former species have a clear trend in DEint for all the
ligands: third row> first row> second row. The relative
amount of covalent character (% of DEorb) of the ClTM�L

Table 7. EDA results for the (CO)4TM�L bonds of the complexes 3TM(L) at the BP86/TZ2P level.[a]

3Fe(n) 3Ru(n) 3Os(n) 3Fe(a) 3Ru(a) 3Os(a) 3Fe(I) 3Ru(I) 3Os(I)

DEint �68.4 �68.3 �76.6 �72.5 �72.7 �81.0 �40.2 �40.6 �46.7
DEPauli 143.9 142.4 168.5 145.0 143.9 169.6 76.2 74.9 90.8
DEelstat

[b] �138.0 �142.8 �168.7 �139.9 �145.9 �171.5 �74.6 �75.8 �90.3
ACHTUNGTRENNUNG(65.0) ACHTUNGTRENNUNG(67.8) ACHTUNGTRENNUNG(68.8) ACHTUNGTRENNUNG(64.3) ACHTUNGTRENNUNG(67.3) ACHTUNGTRENNUNG(68.4) ACHTUNGTRENNUNG(64.1) ACHTUNGTRENNUNG(65.6) ACHTUNGTRENNUNG(65.7)

DEorb
[b] �74.3 �67.9 �76.5 �77.6 �70.8 �79.1 �41.8 �39.7 �47.3

ACHTUNGTRENNUNG(35.0) ACHTUNGTRENNUNG(32.2) ACHTUNGTRENNUNG(31.2) ACHTUNGTRENNUNG(35.7) ACHTUNGTRENNUNG(32.7) ACHTUNGTRENNUNG(31.6) ACHTUNGTRENNUNG(35.9) ACHTUNGTRENNUNG(34.4) ACHTUNGTRENNUNG(34.3)
DEs(a’)

[c] �62.8 �57.7 �65.1 �67.0 �61.4 �68.8 �35.7 �34.1 �40.6
ACHTUNGTRENNUNG(84.5) ACHTUNGTRENNUNG(85.0) ACHTUNGTRENNUNG(85.1) ACHTUNGTRENNUNG(86.3) ACHTUNGTRENNUNG(86.8) ACHTUNGTRENNUNG(86.9) ACHTUNGTRENNUNG(85.2) ACHTUNGTRENNUNG(85.9) ACHTUNGTRENNUNG(85.9)

DEp ACHTUNGTRENNUNG(a’’)
[c] �11.5 �10.2 �11.4 �10.6 �9.3 �10.3 �6.2 �5.6 �6.7

ACHTUNGTRENNUNG(15.5) ACHTUNGTRENNUNG(15.0) ACHTUNGTRENNUNG(14.9) ACHTUNGTRENNUNG(13.7) ACHTUNGTRENNUNG(13.2) ACHTUNGTRENNUNG(13.1) ACHTUNGTRENNUNG(14.8) ACHTUNGTRENNUNG(14.1) ACHTUNGTRENNUNG(14.1)
DEp ACHTUNGTRENNUNG(L!TM)[d] �2.7 �2.2 �2.3 �3.3 �2.7 �2.8 �1.7 �1.5 �1.8

ACHTUNGTRENNUNG(21.7) ACHTUNGTRENNUNG(20.2) ACHTUNGTRENNUNG(19.1) ACHTUNGTRENNUNG(29.2) ACHTUNGTRENNUNG(27.6) ACHTUNGTRENNUNG(25.7) ACHTUNGTRENNUNG(26.2) ACHTUNGTRENNUNG(26.8) ACHTUNGTRENNUNG(25.8)
DEp ACHTUNGTRENNUNG(TM!L)[d] �9.8 �8.7 �9.8 �8.0 �7.1 �8.1 �4.7 �4.2 �5.1

ACHTUNGTRENNUNG(78.3) ACHTUNGTRENNUNG(79.8) ACHTUNGTRENNUNG(80.9) ACHTUNGTRENNUNG(70.8) ACHTUNGTRENNUNG(72.4) ACHTUNGTRENNUNG(74.3) ACHTUNGTRENNUNG(73.8) ACHTUNGTRENNUNG(73.2) ACHTUNGTRENNUNG(74.2)
DEprep 8.3 20.2 22.8 8.7 20.7 23.0 7.2 17.8 20.5
DEprep(L) 0.6 0.6 0.7 0.8 0.8 0.9 0.5 0.5 0.6
DEprep(TM) 7.6 19.6 22.1 8.0 19.9 22.2 6.7 17.3 19.8
DE (=�De) �60.1 �48.0 �53.8 �63.8 �52.0 �58.0 �33.0 �22.9 �26.3
d ACHTUNGTRENNUNG(TM–L) 1.968 2.108 2.119 1.993 2.129 2.141 2.042 2.183 2.189

[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).

Table 8. EDA results for the ClTM�L bonds of the complexes 4TM(L) at the BP86/TZ2P level by using Cs symmetry.[a]

4Cu(n) 4Ag(n) 4Au(n) 4Cu(a) 4Ag(a) 4Au(a) 4CuI 4AgI 4AuI

DEint �68.6 �53.9 �77.4 �72.7 �58.5 �81.9 �48.4 �34.4 �48.6
DEPauli 124.4 129.6 210.4 125.7 132.0 211.4 81.9 73.1 117.7
DEelstat

[b] �148.1 �143.0 �217.1 �153.1 �149.4 �222.3 �95.2 �79.4 �117.8
ACHTUNGTRENNUNG(76.7) ACHTUNGTRENNUNG(77.9) ACHTUNGTRENNUNG(75.5) ACHTUNGTRENNUNG(77.2) ACHTUNGTRENNUNG(78.4) ACHTUNGTRENNUNG(75.8) ACHTUNGTRENNUNG(73.1) ACHTUNGTRENNUNG(73.9) ACHTUNGTRENNUNG(70.8)

DEorb
[b] �44.9 �40.6 �70.6 �45.3 �41.1 �70.9 �35.1 �28.0 �48.5

ACHTUNGTRENNUNG(23.3) ACHTUNGTRENNUNG(22.1) ACHTUNGTRENNUNG(24.5) ACHTUNGTRENNUNG(22.8) ACHTUNGTRENNUNG(21.6) ACHTUNGTRENNUNG(24.2) ACHTUNGTRENNUNG(26.9) ACHTUNGTRENNUNG(26.1) ACHTUNGTRENNUNG(29.2)
DEs(a’)

[c] �32.9 �32.8 �57.4 �34.6 �34.1 �59.1 �27.1 �23.6 �41.1
ACHTUNGTRENNUNG(73.3) ACHTUNGTRENNUNG(81.0) ACHTUNGTRENNUNG(81.2) ACHTUNGTRENNUNG(76.4) ACHTUNGTRENNUNG(83.0) ACHTUNGTRENNUNG(83.4) ACHTUNGTRENNUNG(77.4) ACHTUNGTRENNUNG(84.1) ACHTUNGTRENNUNG(84.7)

DEp ACHTUNGTRENNUNG(a’’)
[c] �12.0 �7.7 �13.3 �10.7 �7.0 �11.8 �7.9 �4.5 �7.4

ACHTUNGTRENNUNG(26.7) ACHTUNGTRENNUNG(19.0) ACHTUNGTRENNUNG(18.8) ACHTUNGTRENNUNG(23.6) ACHTUNGTRENNUNG(17.0) ACHTUNGTRENNUNG(16.6) ACHTUNGTRENNUNG(22.6) ACHTUNGTRENNUNG(15.9) ACHTUNGTRENNUNG(15.3)
DEp ACHTUNGTRENNUNG(L!TM)[d] �1.2 �0.9 �1.4 �1.2 �0.9 �1.4 �0.7 �0.6 �0.9

ACHTUNGTRENNUNG(9.4) ACHTUNGTRENNUNG(10.8) ACHTUNGTRENNUNG(10.3) ACHTUNGTRENNUNG(10.2) ACHTUNGTRENNUNG(12.2) ACHTUNGTRENNUNG(11.2) ACHTUNGTRENNUNG(8.8) ACHTUNGTRENNUNG(12.1) ACHTUNGTRENNUNG(11.7)
DEp ACHTUNGTRENNUNG(TM!L)[d] �11.5 �7.3 �12.5 �10.2 �6.5 �10.9 �7.4 �4.0 �6.7

ACHTUNGTRENNUNG(90.6) ACHTUNGTRENNUNG(89.2) ACHTUNGTRENNUNG(89.7) ACHTUNGTRENNUNG(89.8) ACHTUNGTRENNUNG(87.8) ACHTUNGTRENNUNG(88.8) ACHTUNGTRENNUNG(91.2) ACHTUNGTRENNUNG(87.9) ACHTUNGTRENNUNG(88.3)
DEprep 0.7 0.5 1.0 0.9 0.6 1.2 0.6 0.5 0.7
DEprep(L) 0.5 0.5 0.7 0.6 0.6 0.8 0.6 0.4 0.7
DEprep(TM) 0.2 0.0 0.3 0.3 0.0 0.4 0.1 0.0 0.0
DE (=�De) �67.9 �53.4 �76.4 �71.9 �57.9 �80.6 �47.7 �33.9 �47.9
d ACHTUNGTRENNUNG(TM–L) 1.846 2.050 1.978 1.850 2.054 1.986 1.865 2.109 2.044

[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parentheses (%) give the percentage contribution to the total attractive interactions
DEelstat+DEorb. [c] The values in parentheses (%) give the percentage contribution to the total orbital interactions DEorb. [d] The values in parentheses
(%) give the percentage contribution to the total nonsynergic p-bond interactions DEp ACHTUNGTRENNUNG(L!TM)+ DEp ACHTUNGTRENNUNG(TM!L).
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bonds in 4TM(L) is less than that of the TM�L bonds in
1TM(L)–3TM(L). Interestingly, though, the percentage con-
tribution of the p bonding in 4TM(L) is significantly higher
when the case of TM=Cu is compared to those of TM=Ag
or Au. This is surprising because it is often stated that the
particularly strong bonds of gold compounds are partly
caused by the relativistic expansion of the valence d orbi-
tals; this should enhance Au!L p backdonation. However,
the EDA results provide striking evidence that the stronger
bonds of the gold compounds are not caused by stronger p

bonding, but rather by the significantly larger amount of s

bonding and, particularly, the stronger electrostatic attrac-
tion, which lead to larger DEint values for the gold com-
pounds. The DEs and DEelstat terms are related to each other
as they come mainly from the interactions of the ligand s

lone-pair orbitals with the vacant orbitals of the metal
(DEs(a’)) and with the metal nucleus (DEelstat).

Our data indicate that the p contributions of the C and N
tautomers of imidazole ligands to the metal–ligand orbital
interactions are clearly smaller than the s contributions. The
largest relative contributions were found for the copper
complex [ClCu ACHTUNGTRENNUNG(nNHC)], in which the p bonding contributes
26.7% to the orbital interactions; the p bonding consists
mainly of backdonation (90.6%) with little contribution
from forward donation (9.4%). However, with the orbital
interactions being only a minor contributor to the metal–
ligand bonding, the bulk of the interaction is due to the elec-
trostatic attraction between the ligand lone-pair electrons
and the metal nucleus. On the other hand, the properties of
a molecule may be significantly influenced by a change in a
particular energy term even though that term may be a
minor contributor overall. Therefore, it is not justified to ne-
glect the p interaction. As mentioned earlier, we showed in
a previous study[24] that the p-bonding contribution in
metal–nNHC complexes is not substantially smaller than in
Fischer carbene complexes that bear two p-donor groups at
the ligand.[30]

Table 9 gives the EDA results for the complexes [ClTM-
ACHTUNGTRENNUNG(nNHC)], which were calculated with C2v symmetry. Data
obtained under this constraint make it possible to distin-
guish between the s(a1) and the pk(b2) interactions, that is,
the two components of the s(a’) orbital interactions under
Cs symmetry. The pk(b2) interactions are significantly
weaker than the s(a1) interactions, but they are half as
strong as the p? contribution in [ClAgACHTUNGTRENNUNG(nNHC)] and [ClAu-
ACHTUNGTRENNUNG(nNHC)].

In the light of our results, we comment on the EDA re-
sults of nNHC complexes reported by Jacobson et al.[26]

They, too, concluded that the p interactions make a substan-
tial contribution to the metal–ligand interactions, but ne-
glected the major contribution of the electrostatic term.
Moreover, the authors followed an early suggestion for in-
terpreting EDA results in which the first two terms, DEelstat

and DEPauli, are added to a single term, DE0, which is called
the “steric-energy term”.[31] It was later recognized that DE0

has nothing to do with the loosely defined steric interaction
that is often used to explain the repulsive interactions of

bulky substituents. As DEelstat is usually attractive and DEPauli

repulsive, the two terms often largely cancel each other.
This means that the focus of the discussion of the bonding
interactions rests almost exclusively on the orbital-interac-
tion term, DEorb. Thus, important information about the
electrostatic/covalent character of the bond, given by the
ratio DEelstat/DEorb, is lost. Furthermore, numerical values of
DE0 may become negative. This leads to an nonphysical de-
scription of attractive steric interactions.

After considering the bonding interactions for the four
groups of metal complexes, we return to the observed corre-
lation between the energy levels of the highest lying s orbi-
tal of the imidazole ligands and the strength of the interac-
tion energies, DEint. Figure 4 shows a graph of the correla-
tion between the orbital and interaction energies. The trend
clearly suggests that an energetically higher lying s-donor
orbital of a ligand induces stronger interactions. However,
the correlation lines of the different metals cross, and the
slopes of the lines vary. This indicates that, for a given
ligand, the magnitude of the interaction energy of the

Table 9. EDA results for the ClTM�nNHC bonds of the complexes
4TM(n) at the BP86/TZ2P level by using C2v symmetry.[a]

4Cu(n) 4Ag(n) 4Au(n)

DEint �68.6 �53.9 �77.4
DEPauli 124.4 129.6 210.4
DEelstat

[b] �148.1 (76.7) �143.0 (77.9) �217.1 (75.4)
DEorb

[b] �44.9 (23.3) �40.6 (22.1) �70.7 (24.6)
DEs (a1)

[c] �28.0 (62.3) �29.1 (71.7) �50.9 (72.0)
DEd (a2)

[c] �0.1 (0.2) �0.2 (0.6) �0.3 (0.4)
DEp? (b1)

[c] �11.9 (26.5) �7.5 (18.5) �13.0 (18.4)
DEpk (b2)

[c] �5.0 (11.0) �3.8 (9.3) �6.5 (9.2)
DEprep 0.7 0.5 1.0
DEprep(L) 0.5 0.5 0.7
DEprep(TM) 0.2 0.0 0.3
DE (=�De) �67.9 �53.4 �76.4
d ACHTUNGTRENNUNG(TM–L) 1.846 2.050 1.978

[a] Energies in kcalmol�1, bond lengths in T. [b] The values in parenthe-
ses (%) give the percentage contribution to the total attractive interac-
tions DEelstat+DEorb. [c] The values in parentheses (%) give the percent-
age contribution to the total orbital interactions DEorb.

Figure 4. Correlation between the calculated interaction energy of the
TM�L bonds for different metals TM and the energy level of the highest
occupied s orbital of the free ligand L. *= first-row, ~= second-row,
&= third-row TM.
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metal–ligand bond of a complex may not correlate with the
strength of the s-orbital interaction as the metals are varied.
This is indeed the case. For example, the DEint value for the
titanium complex [Cl4Ti ACHTUNGTRENNUNG(nNHC)] (�55.5 kcalmol�1; Table 4)
is smaller than that for the copper complex [ClCuACHTUNGTRENNUNG(nNHC)]
(�68.6 kcalmol�1; Table 8), but the strength of the s-orbital
interaction in the latter species is much less (DEs(a’)=

�32.9 kcalmol�1) than in the former (DEs(a’)=�51.3 kcal
mol�1). Given the rather small difference in the p-orbital
contributions, we conclude that the stronger ClCu–nNHC
bond relative to Cl4Ti–nNHC is not caused by orbital inter-
actions, but rather by the much stronger electrostatic attrac-
tion (ClCu–nNHC: �148.1 kcalmol�1 (Table 8); Cl4Ti–
nNHC: �112.0 kcalmol�1 (Table 4)). This also compensates
for the stronger Pauli repulsion in the former species
(DEPauli=124.4 kcalmol�1) when compared to the latter
complex (DEPauli=115.3 kcalmol�1). This is another striking
instance that complements the example of the phosphine
complexes, in which the trend in bond strength is not deter-
mined by the strength of orbital interactions but by the oft-
neglected electrostatic term.

To facilitate the comparison of the nature of the metal–
ligand interactions between the phosphine ligands PMe3 and
PCl3 and the NHC tautomers nNHC, aNHC, and IMID,
Table 10 contains the range of the percentage contributions
of DEelstat and DEorb to the total interaction energies DEint as
well as the s and p contributions to the orbital interactions
DEorb. The data make it clear that the NHC tautomers are
better s-donor ligands and weaker p acceptors than the
phosphine ligands, and that the metal–PR3 interactions have
a higher orbital (covalent) contribution than the metal–
NHC bonds.

Conclusions

The results of this work can be summarized as follows:

* The calculations of the free tautomers nNHC, aNHC,
and IMID predict that free imidazole IMID is 26.7 kcal
mol�1 more stable than the “normal” carbene tautomer
nNHC, which in turn is 17.4 kcalmol�1 lower in energy
than the “abnormal” carbene aNHC.

* The HOMOs of the carbene species nNHC and aNHC
are the carbon s lone-pair orbitals, whereas the nitrogen
s lone-pair orbital of IMID is HOMO-1. The energy

levels of the s lone-pair orbitals suggest the trend
aNHC>nNHC@ IMID for donor strength.

* The above trend of the s lone-pair orbitals is in agree-
ment with the trend in BDE for the three ligands with
all metals of Groups 4, 6, 8 and 10, that is, TM(a)>
TM(n)>TM(I).

* The total strength of the metal–ligand bond for a given
imidazole ligand depends not only on the orbital interac-
tions but also strongly on the electrostatic attraction.
Complexes TM(L) may have weaker orbital interactions
but stronger TM�L bonds than other metals TM’(L) be-
cause the electrostatic attraction in TM–L is much stron-
ger than in TM’–L.

* EDA of the TM�L bonds reveals little difference in the
nature of the metal–ligand interactions of nNHC,
aNHC, and IMID. The largest contribution to the attrac-
tive interactions comes from the electrostatic term,
DEelstat. The orbital term DEorb contributes about one
third to the attractive interactions in the molecules
1TM(L)–3TM(L) and even less in 4TM(L). The contri-
bution of the p orbitals to the metal–ligand bond is
rather small for all ligands, but not negligible.

* The comparison of the EDA results for the Group 6
complexes [(CO)5TM(L)] (L=nNHC, aNHC, IMID)
with the phosphine complexes (L=PMe3 and PCl3)
shows that the phosphine ligands are weaker s donors
and better p acceptors than the carbene ligands nNHC
and aNHC.

Theoretical Methods

All geometries were optimized under the constraint of Cs symmetry with
the ligand ring lying in the mirror plane. This enabled us to separate s-
and p-bonding contributions. These initial structures were optimized with
the generalized gradient approximation (GGA) to DFT by using the ex-
change functional of Becke[32] in conjunction with the correlation func-
tional of Perdew[33] (BP86). Uncontracted Slater-type orbitals (STOs)
were employed as basis functions for self-consistent field (SCF) calcula-
tions.[34] The basis sets for all elements have triple-z quality augmented
by two sets of polarization functions (Amsterdam density functional
(ADF) basis set “TZ2P”). Core electrons (i.e., 1s for second- and
[He]2s2p for third-period atoms including first-row transition metals,
[Ne]3s3p3d for second-row, and [Ar]4s4p4d for third-row transition

metals) were treated with the frozen-
core approximation. This level of
theory is denoted BP86/TZ2P. An
auxiliary set of s, p, d, f, and g STOs
was used to fit the molecular densi-
ties and to represent the Coulomb
and exchange potentials accurately in
each SCF cycle.[35] Scalar relativistic
effects were incorporated by applying
the zero-order regular approximation
(ZORA).[36] Calculations were car-
ried out with the program package
ADF2006.01.[37]

Table 10. Range of the interaction energy DEint, the percentage contributions of DEelstat and DEorb to the total
interaction energies DEint, and the s and p contributions to the orbital interactions DEorb of the metal–ligand
bonds in the calculated complexes.

Ligand P ACHTUNGTRENNUNG(CH3)3 PCl3 nNHC aNHC IMID

DEint [kcalmol�1] �40.9 to �46.4 �26.1 to �31.1 �51.5 to �58.3 �55.4 to �62.1 �31.8 to �36.6
DEelstat [%] 60.7–65.1 46.7–48.8 66.5–70.7 66.5–70.9 66.0–68.1
DEorb [%] 34.9–39.3 51.2–53.3 29.3–33.5 29.1–33.5 31.9–34.0
DEs [%] 72.3–74.3 51.5–53.7 81.3–82.6 83.4–84.6 82.0–82.9
DEp [%] 25.7–27.7 46.3–48.5 17.4–18.7 15.4–16.6 17.1–18.0
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Interatomic interactions were investigated by means of EDA developed
independently by Morokuma[38] and by Ziegler and Rauk.[39] The bonding
analysis focuses on the instantaneous interaction energy DEint of a bond
A�B between two fragments A and B in the particular electronic refer-
ence state and in the frozen geometry of AB. This interaction energy is
divided into three main components [Eq. (1)]:

DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ

The term DEelstat corresponds to the classical electrostatic interaction be-
tween the unperturbed charge distributions of the prepared atoms and is
usually attractive. The Pauli repulsion, DEPauli, is the energy change asso-
ciated with the transformation from the superposition of the unperturbed
electron densities 1A+1B of the isolated fragments to the wavefunction
Y0 ¼ NÂ YAYB½ 
, which properly obeys the Pauli principle through ex-
plicit antisymmetrization (Â operator) and renormalization (N=con-
stant) of the product wavefunction.[37a] DEPauli comprises the destabilizing
interactions between electrons of the same spin on either fragment. The
orbital interaction DEorb accounts for charge-transfer and polarization ef-
fects.[40] The DEorb term can be decomposed into contributions from each
irreducible representation of the point group of the interacting system.
As the molecules in our study have at least Cs symmetry, it is possible to
estimate quantitatively the intrinsic strength of orbital interactions from
orbitals with a’ and a’’ symmetry. This gives the contributions of the s-
and p-orbital interactions to the DEorb term directly [Eq. (2)]:

DEorb ¼ DEsða0Þ þ DEpða00Þ ð2Þ

An orbital-deletion procedure recently applied by our group to the ques-
tion of the strength of conjugation and hyperconjugation in molecules[41]

can shed further light on the bonding interactions between the ligand
and the metal. This method was also used by Jacobsen for the analysis of
the transition-metal complexes of nNHCs.[26a] It is possible to split the p-
interaction term DEp ACHTUNGTRENNUNG(a’’) into two terms, DEp ACHTUNGTRENNUNG(L!TM) and DEp ACHTUNGTRENNUNG(TM!
L), which denote the extent of p donation from the ligand to the metal
and from the metal to the ligand, respectively. This is done by repeating
the EDA for all the complexes while consecutively deleting the a’’ virtual
orbitals of the ligand to gain information on DEp ACHTUNGTRENNUNG(L!TM). Repeating
the same procedure for the a’’ virtual orbitals of the metal provides data
on DEp ACHTUNGTRENNUNG(TM!L). However, these terms do not add up to the DEp ACHTUNGTRENNUNG(a’’)
contribution of the DEorb term. Rather, a small residual term remains.
The constraint put on the variational space causes the deletion procedure
to affect all the other orbitals in the calculations so that the remaining in-
teracting orbitals in the deletion calculations are not the same as in the
undeleted ones.

To obtain the BDE, De (by definition with an opposite sign to that of
DE), the preparation energy DEprep (which gives the relaxation of the
fragments into their electronic and geometrical ground states) must be
added to DEint [Eq. (3)]:

DE ð¼ �DeÞ ¼ DEint þ DEprep ð3Þ

Further details on EDA can be found in the literature.[37]

To calculate the dissociation energies, we calculated each fragment in its
optimized geometry and derived DE by Equation (3). All complexes and
fragments investigated were characterized by an analysis of the analyti-
cally calculated harmonic frequencies as was recently implemented in
ADF.[42] By applying a standard state of 298.15 K and 1 atm, thermody-
namic quantities were also derived.
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