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a b s t r a c t

The steric implications of the wingtip groups and tether length in bidentate N-heterocyclic carbene ligands
on the structural features of NHC complexes are still not fully understood. Steric crowding causes pitch
and yaw angles of unsymmetrically coordinated NHC ligands, equatorial or axial coordination of the
vailable online 3 August 2009

eywords:
arbenes
tructure
igands

carbene in trigonal bipyramidal complexes and the close approach of halogen atoms to the C2 atom in
some complexes, although electronic factors have been implicated in all instances.

© 2009 Elsevier B.V. All rights reserved.
ransition-met. (early) compl.
rganometallic compd

. Introduction

N-heterocyclic carbenes, NHC, popular ligands ever since their
rst isolation some twenty years ago, sparked not only a renais-
ance [1–3] of their transition metal chemistry, but prompted
he development of a host of related stable carbenes of unprece-
ented and rich diversity [4]. As these carbenes “traditionally”

eplace the ubiquitous phosphane ligands in transition metal com-
lexes [5], questions relating to their stereoelectronic properties are

ncreasingly important for the rational design of NHC ligands [6],
specially for applications in catalysis. The modification of wingtip1

E-mail address: dockuhl@gmail.com.
1 Wingtip or wingtip group is an established term and denotes the N-substituents

n the NHC. The term arises from the likening of the Wanzlick–Arduengo carbene’s
tructure to a bird in flight with the N-substituents as the wings.

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.07.019
substituents and alterations of the imidazole ring have notable
influences on their electronic properties due to annelation [7,8] and
their steric properties due to folding [9]. The early perception that
NHC act solely as innocent spectator ligands had to be revised in
view of the observed reductive elimination of imidazolium salts
from transition metal alkyl complexes with cis-NHC ligands, a main
catalyst degradation pathway [10,11] (see Fig. 1).

The main contribution to the stability of NHC or Wanzlick–
Arduengo carbenes comes from a combination of the large elec-
tron withdrawing effect of the electronegative nitrogen atom on
the �-electrons of the C–N single bond paired with a �N → �C back-
donation via the p-orbitals [12–14]. The presence of a C C double

bond in the backbone provides additional thermodynamic stabil-
isation of at least 20 kcal/mol [15]. To destabilise the Np� → Cp�

interaction and make the “empty” p-orbital on carbon available for a
donor interaction, �-electron density has to be withdrawn from the
nitrogen p-orbital, either by annelation [7,8,16] or by introducing

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:dockuhl@gmail.com
dx.doi.org/10.1016/j.ccr.2009.07.019
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Fig. 1. Reductive elimination of 2-alkylimidazolium salts from transition metal NHC complexes.
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non-parallel coordination of the carbene ligands in the homoleptic
[M(NHC)2] complexes (M = Ni, Pd, Pt) [35–43] (see Fig. 3). The same
structural features are observed in the cationic homoleptic group
11 complexes [M(NHC)2]X (X = anion) [44–47]. It is perhaps inter-
Fig. 2. Three pairs of struct

uitable electron withdrawing substituents on the imidazole back-
one (C4/C5) [8]. There is strong experimental evidence against the
ossibility of a Wanzlick–Arduengo carbene to act as a Lewis acid or
lectrophile towards a �-donor ligand [17]. There is only limited �-
ackbonding observed in transition metal NHC complexes precisely
ecause the receiving p-orbital on carbon is already sufficiently
lled with �-electron density from the nitrogen lone pairs. The �-
cceptor strength of NHC is believed to be rather low [18], although
t is no longer thought to be negligible [19]. It is well known that
espite the excellent �-donicity of NHC, excess of free NHC added
o transition metal NHC complexes does not result in a bonding
nteraction between the lone pair of the singlet carbene and the
-orbital of the coordinated NHC. No such interactions have been
bserved in crystal structures of free NHC, although electronically
estabilised NHC are known to coexist with their dimers [20–22].

Against this background, could crystal structures that feature
ucleophilic coligands in close proximity to the C2 p-orbital [23–25]
e explained by steric considerations rather than by weak donor

nteractions into an already occupied orbital that is fully embedded
nto a delocalised 6 �-electron system? Could the unsymmetrical
oordination of a tethered and chelating NHC ligand [26] not be
xplained by an insufficient tether length rather than undirected
ionic” bonding [27,28] and could the equatorial coordination
f NHC ligands in a trigonal bipyramidal coordination geometry
24,29–31] not be caused by the steric demand of the wingtip
roups rather than any irregularities of the NHC’s electronic struc-

ure (see Fig. 2)? In its accustomed axial position [32,33], the
ingtip groups of the NHC cannot avoid all three ligands in the

quatorial plane simultaneously making steric clashes between the
ingtip groups and third row elements in the equatorial plane

nevitable.
different NHC complexes.

The steric demand of an NHC ligand is largely governed by the
planar imidazole ring creating a wedge like ligand whose steric
properties can be described in terms of two angles – a small one
describing the height of the wedge and a large one for its width
– very similar to the phosphinidine ligands [34]. Alternatively, one
can describe the steric demand of an NHC ligand in terms of the area
it shades in the metal’s coordination sphere, a parameter known as
Vburr [6]. In either model, the wingtip substituents on the nitrogen
atoms are easily identified as the determining factors for the steric
demand of these carbene ligands.

The steric influence of the wingtip substituents on the structure
of a transition metal carbene complex is most readily seen in the
Fig. 3. Homoleptic and cationic trans-[M(NHC)2] complexes.
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Fig. 4. Structural differences

sting to note that the corresponding phosphane complexes feature
hree or four ligands compared to the two ligands in the case of the
arbene complexes [48] highlighting the different steric shielding
roperties of the two ligand families.
. Trans–bis-carbene complexes

The known, structurally characterised compounds trans-
M(NHC)2X2] (M = Ni, Pd, Pt; X = Cl, Br, I) [49–62] (see Fig. 4) show

remarkable likeness to the homoleptic complexes [M(NHC)2]

Fig. 5. trans-[M(NHC)2X2] comp

Fig. 6. trans-[M(NHC)2X2] comp
ns-[M(NHC)2X2] complexes.

(M = Ni, Pd, Pt) [35–43]. Contrary to those, they realise two differ-
ent structural types A and B. Type B is realised by both series of
complexes and shows the two linearly arranged NHC ligands tilted
against each other whereas in A the two carbene ligands are copla-
nar. The axis of the NHC ligands is perpendicular to the axis of the

halogens in both structure types.

There are roughly an equal number of examples for structure
types A (see Fig. 5) [49–54] and B (see Fig. 6) [55–62]. Examples
for cis-[M(carbene)2X2] (M = Ni, Pd, Pt; X = Cl, Br, I) often, but not
always, feature bis-carbene chelate ligands [63–65].

lexes of structure type A.

lexes of structure type B.
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Fig. 7. The reaction between [Ni(IMe)2] 1 and o-bromotoluen

The question presents itself, what is the driving force for the
ealisation of structure type A or B. In the structurally deter-

ined homoleptic bis-carbene complexes of the zero valent metals
ickel, palladium and platinum, only structure type B is found
35–43]. The carbene ligands in these complexes have sterically
emanding substituents at the nitrogen atom (mesityl, tert-butyl,
damantyl) [38–43], which raises the suspicion that the tilt-
ng of the carbene ligands may have steric reasons. The only
escribed homoleptic complex with methyl substituted carbene

igand [Ni(IMe)2] 12 was not structurally determined. However, it
eadily adds o-bromotoluene to form the square planar complex
rans-[Ni(IMe)2Br(o-tolyl)] 2 with almost coplanar carbene ligands
4.16◦) [35] (see Fig. 7).

The complexes of structure type A (see Fig. 5) are distinguished
y substituents at the carbene nitrogen atom that are sterically

ndifferent or are unsymmetrically substituted in such a way that
he sterically demanding substituents avoid each other in the com-
lex [49–54]. The complexes with unsymmetrical carbene ligands
re centrosymmetric with the metal atom located on the centre of
nversion. The coplanar arrangement of the carbene ligands is evi-
ently independent of the halogen atom on the metal. There are
xamples for iodine, chlorine and bromine. It is interesting to note
hat examples for the sterically demanding substituents mesityl
nd anthracenyl are only described for palladium which is larger
han nickel. This could be connected with the greater steric toler-
nce of a 12 pm longer M–C bond [66] in the palladium complexes.

In contrast, structure type B is reserved for structurally more
emanding and/or chelating carbene ligands. In the latter, trans-
oordination is enabled via alkyl bridges between the imidazole
ings and the ligand backbone; a coplanar arrangement is prevented
y geometrical constraints. The sterically demanding carbene lig-
nds carry mesityl, DIPP (2,6-diisopropylphenyl) or benzyl groups
54–62]. Interestingly, the steric hindrance in the benzyl substituted
arbene is generated by tert-butyl groups in 4,5 position that pre-
ent a backfolding of the phenyl groups and thus cause tilting of the
arbenes. The chelate carbenes possess a binaphthyl, ferrocenyl or
yclohexyl scaffold.

The closely related homoleptic complexes [M(NHC)2] (M = Ni,
d, Pt) and [M(NHC)2]+ (M = Cu, Ag, Au) [44–47] crystallise in struc-
ure type B, except for some gold(I) complexes that realise type A
tructures. In the silver(I) bis-carbene complex [Ag(MesI)2]CF3SO3
[45], the carbene ligands are tilted by 39.7◦ and thus it is the first

epresentative of structure type B. At the time, the authors pointed
o the sterically demanding mesityl substituents as the likely cause
or the observed tilting. This assumption proves correct. The neutral

epresentatives [M(NHC)2] (M = Ni, Pd, Pt) (see Fig. 3) [36–43] with-
ut exception realise structure type B as far as they are structurally
haracterised. This is obviously due to the sterically demanding
ubstituents.

2 IMe: I = imidazole stands for the NHC scaffold; Me = methyl stands for the N-
ubstituents on the NHC.
rm the square planar complex trans-[Ni(IMe)2Br(o-tolyl)] 2.

The homoleptic compounds are coordinatively and electron-
ically unsaturated, which explains their reactivity regarding
oxidative addition [35–37], coordination of donor molecules [35]
and their activity in various catalytic reactions [39]. The compounds
are stabilised by sterically demanding substituents and therefore
crystallise in structure type B. Sterically less demanding carbenes
should be able to form homoleptic complexes of stoichiometry
[M(NHC)n] (n = 3,4). In contrast, some homoleptic gold(I) complexes
realise structure type A, since the greater stability of gold(I) NHC
adducts [67–73] enables less bulky NHC ligands to form stable com-
plexes.

Within the crystal structure, the transition metal NHC com-
plexes adopt a minimum energy conformation that is not identical
with the structure in solution. In solution, the NHC ligands can usu-
ally rotate fairly freely around the metal carbene bond, since it is
essentially a single bond. So, what is the practical significance of this
minimum energy conformation when it is not preserved in solu-
tion. In many catalytic applications, the catalytic cycle is thought
to go via a [M(NHC)2] intermediate that coordinates and subse-
quently couples the substrates. The substrates are obviously larger
than the halide atoms they replace in the coordination sphere of the
metal and thus require more space. This forces the NHC ligands to
adopt a conformation that minimises steric interaction between the
wingtip groups. The solid state structures of the trans-[M(NHC)2X2]
serve as a good model for this situation and assist us in designing
sterically optimised transition metal NHC complexes.

3. Abnormal NHC complexes

In abnormal NHC complexes, an NHC is coordinated by the C4 or
C5 carbon atom to the metal rather than by the customary C2 atom.
Excellent reviews on this topic have recently appeared from Arnold
and Pearson [74] and Albrecht [75]. Here, it suffices to say that the
factors governing the occurrence of abnormal coordination are not
entirely clear, but steric congestion seems to play a major role. This
steric congestion can be caused by the steric bulk of the wingtip
groups, the tether length (and thus the bite angle) and indeed the
nature of the anion of the imidazolium salt or the ligand on the
metal. Some typical examples are given in Fig. 8.

The complex [Pd(IMes)2Cl2] 4 is formed with two normal coor-
dinated IMes ligands and structure type B 4b or alternatively with
one abnormal coordinated IMes ligand and structure type C 4a
depending on the steric bulk of the ligand on the starting material
PdX2 (X = Cl, OAc). The sterically more demanding acetate yields the
abnormal complex with structure C [59]. In the methylpyrido func-
tionalised NHC iridium complexes the formation of the abnormal
complex 5b depends on both the steric bulk of the wingtip group of
the carbene and the size of the anion of the imidazolium salt [76].

The former is rather unsurprising, but the latter needs an explana-
tion. Crabtree et al. showed that the anion assists in the abstraction
of a proton from the imidazolium salt and in doing so becomes ster-
ically relevant within the coordination sphere of the iridium atom.
The larger tetrafluoro borate anion thus causes abnormal coordi-
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Fig. 8. Normal and abnormal coordin

ation of the carbene to a much greater extent than the sterically
ess cumbersome bromide anion. Shortening the tether between
he imidazole ring and the pyridine substituent decreases the bite
ngle of the ligand and increases the steric impact of the wingtip
roup. Abnormal coordination relieves the steric strain [51].

. Trigonal bipyramidal and octahedral complexes of
ormula MXn(NHC)m
In the structures of some NHC adducts of main group and transi-
ion metal halides of the general formula MXn(NHC)m (M = S, Si, Sn,
i, Zr, Hf; n = 2–4; m = 1,2) (see Fig. 9), the N-heterocyclic carbene

s either seen in the equatorial position of a trigonal bipyrami-

Fig. 9. Size matters—“axial” as oppose
in transition metal NHC complexes.

dal tbp coordinated central atom or the conformation within the
octahedral complex is not the one that is electronically favoured.

An example of the former is the complex [Si(IPri)Cl4] 6 [31],
where the carbene occupies an equatorial position in the �-trigonal
bipyramidal arrangement around silicon. Due to the electron with-
drawing nitrogen atoms and the formal positive charge on the
carbene carbon atom, the effective electronegativity of this car-
bon atom should be greater than those of the chlorine atoms [30]

and thus the carbene should be in the axial position (see Fig. 10).
The situation in the related compound [S(IPri)Cl2] 7a [30] is very
similar, except that the two electron lone pairs on sulphur take
the equatorial positions of two chlorine atoms in [Si(IPri)Cl4]. In
both compounds, the Cl–M–Cl bond angles of the axial substituents

d to “equatorial” coordination.
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Fig. 10. Trigonal bipyramidal main group element NHC complexes with the carbene in equatorial position.

NHC ligands in trans-[M(NHC)2X4] complexes.
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Fig. 11. The different relative positions of

eviate from linearity, 175.2(1)◦ for [Si(IPri)Cl4] and 175.9(1)◦for
S(IPri)Cl2] and the chlorine atoms bend towards the carbene as
redicted by the VSEPR-concept [32,33]. It appears that the com-
aratively large Cl and Br atoms force the carbene into the equatorial
osition, where the NHC wingtip groups have more space and thus
teric strain is released.

Arduengo and Burgess published a related series of [S(IMe)X2]
X = Cl, Br, I) complexes [29] of which the bromide compound 8b was
tructurally characterised featuring the carbene ligand in equatorial
osition (S–C 173(2) pm) and the bromine atoms axially with exact

inear orientation.
Let us first examine an example where the structural deviations

rom the electronically preferred conformation are comparatively
mall. Erker et al. have synthesised a series of trans-[M(NHC)2Cl4]
omplexes 10 (M = Zr, Hf; NHC = IPri, BusIPri, MeICH2Mes) [77] and
alculated their preferred conformations using DFT methods. In the
lectronically preferred conformation of the calculated molecule
rans-[Zr(IH)2Cl4] the two carbene ligands are perpendicular to
ach other and each carbene is coplanar with a ZrCl2 unit (see
ig. 11). In the structurally determined complex trans-[Zr(IPri)2Cl4]
0a, the actual conformation changes to an arrangement where
he carbene ligands are coplanar, but bisect the Cl–Zr–Cl angle of
he central ZrCl4 plane. The difference in the two possible con-
ormations is low and was calculated as 0.1 kcal/mol between the
wo conformations with the carbenes coplanar or perpendicular
o each other. It appears that the two carbenes do not interact
terically when the M–Ccarbene bond length is 243.2(3) pm as in
rans-[Zr(IPri)2Cl4]. The same holds true for trans-[Hf(IPri)2Cl4] 10b,

here the M–Ccarbene bond length is shorter at 240.1(2) pm and the
nergy difference somewhat larger at 0.3 kcal/mol. Interestingly,
he transition state, where the isopropyl groups of the carbenes
nteract with the chlorine atoms of the ZrCl2 plane, is very low at
.7 and 2.8 kcal/mol and indicative of a weak steric interaction at

uch a long M–Ccarbene bond length.

In contrast, the M–Ccarbene bond lengths in [Si(IPri)Cl4] 6 [31],
Sn(IPri)Ph2Cl2] 9 [31] and [S(IPri)Cl2] 7a [30] are much smaller at
91.1(7), 217.9(3) and 173.2(3) pm, respectively. They are some 52,
5 and 70 pm shorter than in trans-[Zr(IPri)2Cl4] 10a.
Fig. 12. Size matters—a minimum of distortion in rhenium NHC complexes.

An octahedral complex featuring a short M–Ccarbene bond length
of 218.1(4) pm, similar to that of the tin(IV) compound, and copla-
nar IPri ligands was published by Royo et al. [78] (see Fig. 12).
The two carbene ligands in trans-[Re(IPri)2OCl3] 11 are coplanar
whereas the four carbene ligands in the closely related complex
trans-[Re(IPri)4O2] 12 are arranged in a propeller mode around
the linear O Re O unit. Although the M–Ccarbene bond length
at 218.4(3)–220.8(5) (av. 219.6) pm is almost identical to that in
trans-[Re(IPri)2OCl3], the carbene ligands are no longer copla-
nar. It is interesting to note that one of the carbene ligands in
trans-[Re(IPri)2OCl3] is coplanar with the O Re Cl unit meaning
that there is no steric repulsion to this second row element at a
M–Ccarbene bond length of 218.5(5) pm.

5. Complexes with bent NHC

An interesting structure of an annelated carbene ligand coor-
dinated to a W(CO)5 moiety 13 was published by Hahn et al.

[9] (see Fig. 13). It constitutes the first example of a bent NHC
ligand. The ligand, N,N′-bis-neopentylbenzimidazolin-2-ylidene, is
reported to have its carbene carbon atom dislodged from the
plane of the imidazole ring by 20.7(11) and 19.0(11) pm (two
crystallographically different molecules in the asymmetric unit),
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es with folded NHE (E = C, Ge) ligands.
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Fig. 13. Transition metal complex

espectively. A recent search of the CCSD reveals that such a
islocation is very rare for coordinated carbene ligands and if

t occurs is limited to a few pm [9,79–83]. However, for the
igher homologues, N-heterocyclic silylenes NHSi [84–89] and
ermylenes NHGe [26,90,91] the occurrence is far more frequent
nd appears to be the rule for annelated NHSi and NHGe. In a
ecent publication, Ullah et al. described the extent and causes
or the bending of N,N′-bis-neopentylbenzimidazolin-2-ylidene in
he nickel complex [Ni(NHGe)4] 14 and the molybdenum com-
lex fac-[Mo(NHGe)3(CO)3] 15 [92]. The authors concluded that the
elocalised �-electron system in the five-membered ring features a
educed heteroaromatic stabilisation that enables bending, but that
ctual bending is triggered by steric factors, i.e. increased bulk and
on-symmetry in the N,N′-substituents. Although heteroaromatic
tabilisation is significantly greater in NHC than in the homologous
HGe [14,15,93], annelation destabilises the heteroaromatic five
embered ring [8,9,17,94] and may make the separation into two

elocalised �-electron systems possible: the annelated phenyl ring
nd a N–Ge–N entity with 4 �-electrons. Bending is then observed
n the two “hinges” the CN–CN and the N–N vectors.

What are the steric implications in a trigonal bipyramidal geom-
try around the central metal atom. In an octahedron, the equatorial
lane consists of an MX4 unit with X–M–X bond angles of 90◦. The
arbene ligand can bisect these and thus avoid interaction with
quatorial ligands. In a tbp geometry, the situation is fundamen-
ally different as the X–M–X angle is now 120◦ and the arrangement
f the three equatorial ligands thus that bisecting one angle brings
he axial carbene in direct close contact with the third equatorial
igand. We know from trans-[Zr(IPri)Cl4] that this transition state
s only 2.7 kcal/mol higher in energy, but even for tin with a 25 pm
horter M–Ccarbene bond length, this energy difference is likely to be
uch higher and prohibitive. Therefore, the equatorial coordination

n the trigonal bipyramidal complexes of sulphur(II), silicon(IV) and
in(IV) rather than the axial coordination predicted by the VSEPR-
oncept [32,33] has purely steric reasons and is not indicative of a
educed electronegativity of the carbene carbon.
A good example, where the carbene is located in axial posi-
ions of a tbp geometry is given in Fig. 14. In the yttrium complex
Y(IMe)2{N(SiMe3)2}3] 16 [95] with Y–Ccarbene distances of 266 pm
av.), the carbene ligands are tilted by 87.6◦ against each other
nd the three equatorial amido ligands feature N–Y–N angles of
Fig. 14. Trigonal bipyramidal NHC complexes with the carbene in axial position.

132◦, 116◦ and 113◦, respectively. In addition, the Ccarbene–Y–Namido
angles reveal the dislocation of one of the amido ligands due to
steric interaction with one of the carbene ligands (94◦ and 84◦). In
the other example, the carbene ligand in [Sb(IMes)(CF3)3] 17 [26]
displays a noticeable pitch angle (see Fig. 16) due to the interaction
of the mesityl wingtip substituent with the equatorial CF3 groups.
The very long Sb–Ccarbene bond length of 282.1(5) pm shows the
steric crowding in the coordination sphere of the antimony atom
and the preference of the carbene for an axial binding site.

6. Square pyramidal complexes

The best known application of NHC in homogenous catalysis
is as a ligand in ruthenium catalysed olefin metathesis. The struc-
turally characterised Grubbs catalysts [Ru(NHC)2Cl2( CR2)] 18 [96]
and [Ru(NHC)LCl2( CR2)] (L = phosphane; usually PCy3) 19 [97–99]
feature a square base pyramidal geometry with the Schrock car-
bene in the apex and the two chlorine atoms trans to each other
[98–100] (see Fig. 15). The four ligands in the base move away from

the apical carbon atom filling the “void” of the unoccupied position
of an imaginary octahedron around the 16 VE ruthenium(II) centre.
Again, the deviation from linearity shown by the chlorine atoms
can be interpreted as moving towards the p-orbital of the NHC lig-
ands. In the case of [Ru(NHC)2Cl2( CR2)] the inappropriateness of
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ig. 15. Square pyramidal ruthenium NHC complexes, second generation Grubbs
atalysts.

uch an interpretation is immediately obvious as the pair of chlo-
ine atoms cannot move towards both NHC ligands simultaneously.
ather, the deviation from linearity is the consequence of steric
equirements within the square base pyramidal geometry around
he ruthenium atom and the absence of a lone pair opposite to the
chrock carbene.

Later, we will see a similar arrangement in related complexes
here the interpretation is not so self-evident.

. Unsymmetrically coordinated NHC ligands

The description of metal complexes with chelating ligands
lways raises the question whether the ligand or the metal deter-
ines the geometric parameters like the bite angle [101,102] or the

ptimal length of the tether between the two ligating atoms. In
his context, it should be noted that N-heterocyclic carbenes are in
ome respects fundamentally different from other popular ligands
ike chelating phosphanes [103,104]. In particular, the ligating car-

ene carbon atom of the NHC is embedded in a rigid heterocyclic

ramework which places the flexibility of this functional carbene
etween the extremely flexible Ph2P(CH2)nPPh2 series of chelat-

ng diphosphanes [102] and the rigid Xantphos family (see Fig. 16)
105].

Fig. 16. Bidentate ligands of vary

Fig. 17. Size matters—pitch and yaw angles a
Fig. 18. Graphical definition of the pitch and yaw angles.

It can be expected that this rigidity will have an influence on
the optimal tether length between the carbene and a pendant
chelating functional group with respect to the size of the metal
centre. An excellent example for this was presented by Arnold
et al. [27] in a series of amido tethered chelating carbene com-
plexes of lithium, magnesium and uranium with the ligand (see
Fig. 17). The ethylene linker between the imidazole ring and amide
functional group is ideal to differentiate between central atoms of
different size. The second steric factor in the chelate ligand are the
wingtip substituents on the amido and the second imidazole nitro-
gen atoms. In the lithium complex {Li[�2-ButN(CH2)2IBut]}2 20, the
carbene unit is unsymmetrically coordinated in two directions to
the lithium ion, whereas the corresponding magnesium complex
Mg[�2-ButN(CH2)2IBut]2 21 features the unsymmetric coordina-
tion of the carbene unit only in one direction. The two directions
are described by the pitch (out of plane tilting) and yaw (in plane
tilting) angles (see Fig. 18), respectively [106]. Both central ions,
lithium and magnesium, prefer tetrahedral coordination [107], but
in the present case only the magnesium complex has a four coordi-
nate metal centre whereas the lithium ion is three coordinate (see
Fig. 18). As a consequence, the ligand bite angle in the magnesium
complex is 94.1◦ and in the lithium complex 99.7◦. Interestingly,

using the appropriate trigonometric equation, this translates into a
distance between the carbene carbon atom and the amido nitrogen
atom of 332 pm for the magnesium and 328 pm for the lithium com-
plex. It seems that for both complexes the ligand is at the end of its
tether and thus the occurrence of unsymmetric coordination of the

ing bite angle and rigidity.

s a question of metal and wingtip size.
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HC unit is due to geometrical constraints rather than electronic
nfluences.

With the same ligand system, two uranium complexes with a
entral O U O unit were structurally characterised 22 a,b [27].
ere, the two amido-NHC ligands occupy the equatorial plane of the
ctahedral complex in a trans configuration (see Fig. 17). Whereas

n the magnesium complex, the chelate ligands were perpendicular
o each other due to the tetrahedral geometry around the metal, in
he uranium complexes they are essentially coplanar. This brings
he wingtip groups in close proximity to each other. In the case of
he tert-butyl substituted NHC-ring this leads to steric crowding and
arge pitch (23◦) and yaw (17◦) angles, whereas the mesityl wingtip
an avoid the tert-butyl group on the amido nitrogen atom due to
ts disc like appearance. The bite angle of the ligand is some 74◦

nd the distance between the carbene carbon and the amido nitro-
en atoms 316 pm meaning that the chelate ligand in the uranium
omplexes is somewhat relaxed.

It should be mentioned that the great majority of structurally
etermined amino functionalised NHC ligands with two spacer
toms between the imidazole ring and the pendant donor atom
s coordinated to metal atoms with square planar or octahe-
ral [108] geometry where the central atom has a preferred
ite angle of 90◦ and thus significantly smaller than the 94.2◦

r 99.7◦ observed in the lithium and magnesium complexes
metal preferred bite angle 109.5◦), respectively. Unsurprisingly, the
orresponding lithium alkoxy-NHC complex [Li([OCHButCH2(1-
{NCHCHNBut})])·LiI] features a similarly large yaw angle of 19◦

28].
In Schrock carbenes with the structural element M C(H)R, a piv-

ting of the carbene ligand is observed that brings the C–H hydrogen
tom in close and bonding proximity of the metal atom [109]. This
gostic interaction increases the electron density on the electron
eficient metal centre. In contrast, the “pivoting” observed with
he Wanzlick/Arduengo carbenes discussed here is clearly different.
he most obvious difference is the coordination chemistry: tricoor-
inate (electronically and coordinatively unsaturated) for lithium

n 20 and tetracoordinate (electronically and coordinatively satu-
ated) for magnesium in 21.

Although an electrostatic bonding situation is described for
arium NHC complexes, the corresponding magnesium NHC com-
lexes are described as covalently bonded by the same authors [110]

eaving steric reasons as the likely cause for the observed unsym-
etrical bonding angles in these tethered chelate complexes.

. Donation into the “empty” p-orbital of NHC ligands?

Recently, several reports have appeared in the literature con-
erning the �-donation from cis-ligands into the “empty” p-orbitals
f NHC ligands coordinated to transition metals. How important or

ven credible are these claims?

The electronic structure and properties of NHC have been the
ubject of many experimental and theoretical studies [13–15,93].
t is now universally accepted that these carbenes derive their
emarkable stability from the strong N → C carbene �-donation

Fig. 19. “Donation” or just steric crowding?—thre
views 253 (2009) 2481–2492 2489

which leads to a largely filled p(�) orbital at the carbene carbon
atom [13]. It has long been established that carbenes have a low
�-acceptor ability when bonded to transition metals [12,111,112].
Indeed at times, the unsaturated carbenes seem to have a greater
net donicity then their saturated analogues [113] suggestive of their
ability to act as �-donors [114].

One of the most common degradation pathways involving tran-
sition metal carbene complexes in catalysis is reductive elimination
forming an imidazolium salt [10,11]. This occurs frequently when
an alkyl ligand is positioned cis to the NHC ligand on the transi-
tion metal. Then the alkyl group attacks the carbene carbon atom
electrophilically as a carbocation forming a C2 alkyl substituted
imidazolium cation (see Fig. 1).

Against this background, “short intramolecular Cl· · ·Ccarbene con-
tacts” [23–25] have been reported. These contacts are supposed
to be the result of donor interactions involving the halogen lone
pairs and the “formally empty” p-orbital of the carbene [23]. But,
as described above, the carbon p-orbital is not empty, but filled
owing to a strong N → C carbene �-donation. The halogen atom
will now attack the carbene carbon atom nucleophilically and thus
with opposite polarity to the known reductive elimination pathway
above. As evidence, the authors cite crystallographic data and DFT
calculations.

Let us consider the compounds [Si(IPri)Cl4] 6 [31],
[Ti(IMes)Cl2(NMe2)2] 23 [24] and [V(IMes)OCl3] 24 [23] (see
Fig. 19). Each compound was described in terms of a trigonal
bipyramidal geometry around the central metal atom. In each
structure, the carbene ligand is reported in equatorial position
with the two axial chloride atoms dislocated from linearity and
moved towards the equatorial NHC ligand in a way that may
suggest Cl· · ·Ccarbene interactions between the chlorine lone pairs
and the formally “empty” p-orbital of the NHC carbon atom.

Kuhn et al. correctly remark that the NHC ligand should be
found in the axial rather than equatorial position on account of the
formally positive charge on the NHC carbon atom upon coordina-
tion [31]. They also state that the departure of the axial chlorine
atoms from linearity is predicted by VSEPR theory [32,33] and
thus a consequence of the coordination geometry and not due to
interactions between individual ligands. With other words, there
is no need and no evidence for a donor interaction between the
chlorine lone pairs and the NHC carbon p-orbital, a fact worth to
remember.

In the equally trigonal bipyramidally coordinated compound
[Ti(IMes)(NMe2)2Cl2] 23 [27] the NHC is again in the equatorial
position. In 23 the Ti–C bond is expectedly much longer (231.3 pm),
but some 50 pm shorter than in the antimony complex 17. As a con-
sequence, the carbene ligand is in the equatorial position in 23, but
axially in 17. The Ti–N bonds are much shorter (average 187.6 pm).
This has steric consequences. Only one of the two NMe2 groups in 23

can turn its methyl groups into the equatorial plane, the other has to
orientate them axially. Because of the short Ti–N bond lengths, the
hydrogen atoms of their methyl substituents come in close contact
with the axial chlorine atoms (Cl–H 272.7 pm and Cl–H 277.4 pm).
These Cl–H distances are in the range of strong Cl–H hydrogen

e NHC complexes with “unusual” structure.
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Fig. 20. A selection of square pyra

onds [115] and responsible for pushing the chlorine atoms towards
he carbene carbon atom.

The high oxidation state of the Ti4+ centre is stabilised by strong
–Ti �-donations of the NMe2 substituents. It should be mentioned

hat in the synthesis of 23 a second equivalent of carbene IMes is
ormed that does not bind to the titanium atom. Obviously, the Ti4+

entre is sufficiently stabilised by the strong N–Ti interactions to
ake binding of a second nucleophilic carbene unnecessary. In the

bsence of NMe2 substituents MCl4 (M = Zr, Hf) [70] reacts with two
olecules of IPri to form [M(IPri)2Cl4] [77].

A second example for the alleged Cl· · ·Ccarbene bonding interac-
ions was reported in the compound [V(MesI)OCl3] 24 [23]. The
eported structure was described as a trigonal bipyramidal coor-
ination sphere of the central V5+ ion with two chlorine atoms
ccupying the axial positions. There is no obvious steric reason
hy the two “axial” chlorines shall form a 158◦ angle with the

anadium atom at the centre. However, closer inspection of the
tructure reveals that the E–V–E (E = C, Cl, O) angles formed by the
quatorial substituents are 105.83◦, 112.09◦ and 142.08◦, respec-
ively. Although the sum is 360◦, it is hard to imagine that the
arbene should push the “equatorial” chlorine by 22◦ while draw-
ng the oxygen by 14◦. The structural parameters of compound 24
re much better explained by a square base pyramidal arrangement
round vanadium in which the unoccupied position trans to oxygen
s blocked by the mesityl substituent on the carbene. The four sub-
tituents (other than the apical oxygen) relax towards the empty
osition. The carbene carbon atom and the “equatorial” chlorine
tom move towards each other as do the “axial” chlorine atoms
orming a distorted square base pyramidal geometry. The latter also
ppear to move towards the carbene carbon atom.

Arnold et al. published a compound with very similar geom-
try to 23 featuring a chelating amido carbene [Ti(L)Br(OiPr2)2]
L = ButNHCH2CH2[C{But(CHCH)N}]) 25 [116,117] (see Fig. 20). The
ompound has a square base pyramidal geometry around titanium.
he Ti–Br bond length of 267.3 pm is not indicative of a �-donor
ontribution of the bromine, but the Ti–O bond lengths of 179.1 and
83.5 pm do indicate �-donor contribution from the oxygen atoms
ith the contribution from the oxygen trans to the carbene ligand

tronger than from the one cis to it. This is reflected in the bond
ngles where the trans-alkoxy ligand features the largest angles
oving the bromine and the cis-alkoxy ligand closer to the car-

ene carbon atom. Arnold et al. performed a DFT calculation on
ompound 6 using the correct geometry and found no evidence for
n orbital interaction between either the bromine or oxygen atom
nd the carbene carbon atom.
A compound with a similar geometry to 24 was published by
raband and Abram [118]. The complex [ReN(SCN)L(L–H)] (L = 1,3,4-
riphenyl-1,2,4-triazol-5-ylidene) 26 features an orthometallated
henyl ring on the carbene and the other phenyl ring blocks the
oordination site trans to the nitrido ligand. In the precursor com-
transition metal NHC complexes.

plex [ReNCl2(PMe2Ph)2L] the Re–P bond trans to the carbene is
significantly longer than the Re–P bond cis to it suggestive of struc-
tural evidence for the �-donicity of the carbene. Royo et al. have
published a pair of rhenium carbene complexes [Re(iPrI)2OCl3] 11
and [Re(iPrI)4O2][ReO4] 12 featuring perfect octahedral geometry
around rhenium with the carbenes trans in 11 and the oxygen atoms
trans in 12 [70] (see Fig. 11).

It can be said that these close Cl· · ·Ccarbene distances occur only
with sterically crowded metal centres preferably of the 3d or 4p ele-
ments such as Ti, V and Sn whereas the 4d and 5d elements Zr, Hf
and Re are not affected. These effects are purely steric in nature and
are not suggestive of any electronic interaction between the chlo-
rine lone pairs and the 6 �-electron system of the imidazolydine
ring. On the contrary, the chlorine lone pairs are usually engaged
in �-donor interactions with the central metal to stabilise its high
oxidation state.

9. Summary and outlook

It could be shown that in many cases, deviations from the accus-
tomed structures of metal NHC complexes are attributable to steric
rather than electronic factors. In trans–bis-carbene complexes devi-
ations from the coplanar arrangement of the NHC ligands are due to
the steric demands of the wingtip groups. In extreme cases, abnor-
mal coordination of one of the NHC ligands is observed. Although,
for electronic reasons, the NHC ligand should be coordinated axi-
ally in a metal NHC complex with tbp geometry, for steric reasons it
is usually found in equatorial position. The only known exceptions
are large central atoms like antimony or small equatorial ligands
coordinated through second row elements like nitrogen or carbon.

Even unsymmetric coordination of the carbene ligand and the
occurrence of pitch and yaw angles can be attributed to steric fac-
tors. Either the avoidance of bulky coligands as in 17 or too short
a tether as in certain bidentate functionalised NHC ligands is the
reason for these “abnormalities”.

Knowledge of these steric factors can be used to optimise lig-
and design by matching the tether length to the intended metal
complex, directing the NHC ligand into the desired position by fine
tuning of the wingtip groups, the central metal atom and the size of
the coligands. It can also avoid misinterpretation of experimental
data by postulating electronic causes that are simply not there.

It is expected that a better knowledge of the steric influence on
the structure and reactivity of metal NHC complexes will result in
improvements in the design of NHC ligands in practical applications
like catalysis and materials science.
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