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This review describes the stabilization of various coordina-
tively unsaturated metal centers through the incorporation of
N-heterocyclic carbene (NHC) ligands. Such species are
more thermally stable compared to the more ubiquitous terti-
ary phosphane systems. Although NHCs can be considered
as phosphane mimics it has become apparent that there are
substantial differences between the two ligand families. In
general, NHC ligands are much more electron-donating and
sterically demanding than bulky phosphane ligands. We also
discuss the various thermochemical and infrared studies of
metal carbene species that have provided insight into NHC
ligands properties, and at last allowed meaningful compari-

son to tertiary phosphane ligands. While NHCs are generally
viewed as strong binding low reactive ligands, in some in-
stances they have been found to be not so innocent and can
undergo facile intramolecular C-H activation as well as ab-
normal ligand binding [C-5(4) vs. C-2]. Here we highlight
such reactions with late-transition metal centers that have
allowed the isolation of various unsaturated LTM species.
These have so far eluded isolation in analogous phosphane-
based systems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introductions

Since the first speculation on the existence of transient
carbene intermediates in the early 1900s,!!?l carbenes have
evolved from real intermediates whose existence could be
demonstrated by kinetic and trapping studies in the

[a] Chemistry Department, University of New Orleans,
2000 Lakeshore Drive, New Orleans, Louisiana 70148, USA
Fax: +1-504-280-6860
E-mail: snolan@uno.edu

1960si*1 to stabilized forms currently being studied in
many research groups.'>® For the last 6 years we have been
interested in the coordination of N-heterocyclic carbenes
(NHCs) (imidazol-2-ylidenes, 1; Scheme 1) to various metal
centers and, like many other research groups, have found
that NHCs stabilize highly reactive organometallic spe-
cies.’-13] Many of these carbene species show high catalytic
activity in many metal-mediated organic transformations,
e.g. ruthenium-mediated olefin metathesis,!'* ! iridium-
catalyzed hydrogenation and hydrogen transfer?°-231 plati-

transition metals) and homogeneous catalysis.
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num-catalyzed hydrosilylation,” and palladium C-C
coupling reactions;>>2%1 however, the strong c-donor na-
ture of the ligands often results in more stable catalysts than
analogous phosphane-based systems.

R = alkyl, aryl, amine, ether...

Scheme 1.

A number of studies have suggested that as ligands, nu-
cleophilic carbenes have similar properties to electron rich
trialkylphosphanes (strong ¢ donors with negligible m-ac-
cepting ability) (Scheme 1).['7-2%-36] Yet phosphane ligands
suffer from significant P-C bond degradation at elevated
temperatures,*”) while NHCs have been shown to possess
greater thermal stability in addition to stronger donating
ability.3”] Already, the easily modified NHC ligands are
highly acclaimed affording more stable, yet highly reactive,
metal catalysts where phosphane analogues have been
found less effective or ineffective.['>-2428:38-44] T addition,
they have allowed the stabilization of many reactive or-
ganometallic intermediates that have never been fully char-
acterized in analogous phosphane chemistry despite the use
of sterically demanding ligands.[*>#7] The pioneering stud-
ies of Tolman on phosphanes have had a major impact on
the development of new and improved phosphane ligands
for catalysis,*® binding studies involving carbene ligands
have only just begun to shed light on this ligand
class.36:4549-331 In this report we describe efforts directed
toward the understanding of the NHC ancillary system and
their ability to stabilize unsaturated late-transition metal
species.

Ruthenium NHC Metathesis Catalysts

The use of more thermally stable NHC-ruthenium cata-
lysts (1,111 2541 Figure 1) in olefin metathesis has resulted
in the preparation of new functionalized carbocycles and
heterocycles from acyclic diene precursors unattainable
using Grubbs catalyst 35371 or the alkoxy imido molybde-
num catalyst 4 developed by Schrock.®! The differences in
reactivity between ruthenium and molybdenum arise from
the fact that carbene ruthenium complexes have a greater
functional group tolerance and higher moisture and atmo-
spheric oxygen stability relative to those of the extremely
sensitive molybdenum system.[> 611
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Figure 1. Olefin metathesis catalysts

We have been involved in the catalyst development efforts
aimed at improving catalyst activity, functional group toler-
ance, and versatility for many years. In 1999 we examined
electronic and steric properties of bulky NHC ligands with
an unsaturated ruthenium complex and compared those re-
sults to a PCys-containing system.!!>-3¢l The unsaturated
tetrameric species [Cp*RuCl], (Cp* = 1n°-CsMes)®? rapidly
reacts with sterically demanding phosphanes and various
NHC ligands [Equation (1)] in THF to afford deep blue
coordinatively unsaturated [Cp*Ru(PR;)Cl] (R = cyclo-
hexyl or isopropyl)®! and [Cp*Ru(NHC)CI] complexes.
The reactions were exothermic and quantitative; facts that
allowed for the determination of enthalpies of reaction by
anaerobic solution calorimetry. In general, the results
showed that the examined NHCs, with the exception of the
sterically demanding IAd, are better donors than the best
phosphane donor ligands.

[Cp*RuCl], + 4L _—>1}tlF Cp*Ru(L)Cl )

-AH,., relative BDE

L R (kcal/mol) (keal/mol)
. N.__R c¢yclohexyl ICy: 85.0(0.2) 212
R-n~NR 4-methylphenyl 1Tol: 753(0.4)  18.8
= 4-chlorophenyl IpCl: 743(0.3) 186
2,4,6-trimethylphenyl IMes: 62.6(0.2) 156
adamanty] 1Ad: 27.4(04) 638
PCys: 41.9(02) 105
PiPry: 37.4(03) 94

These enthalpy values can be converted into relative
bond dissociation enthalpies (BDE) on the basis of a mol
of product and clearly indicate that NHCs are better donor
ligands than PCyj; in the [Cp*Ru(L)Cl] system. To further
verify the thermochemical results, ligand exchange reac-
tions between [Cp*Ru(PCy;)Cl] and IMes or ICy were ex-
amined and indeed the formation of free PCy; and
[Cp*Ru(PCy;)Cl] was observed [Equation (2)].
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Cp*Ru(PCy;)Cl + NHC —HF

Cp*RuNHO)CI + PCy; ()

NHC = IMes, ICy

The next step in our physicochemical studies was to ex-
amine whether this ligand substitution pattern was also va-
lid for a catalytically related system: Ruthenium-based ole-
fin metathesis. This did indeed proved feasible. The better
donor ability of the NHC ligands (not including IAd) in
supporting activity in metathesis-active ruthenium systems
is thought to have a steric and an electronic component.

After our initial studies had been reported, Fiirstner and
Hermann!®4 studied substitution effects on catalytic behav-
ior (Figure 2). They observed that 7 and 8 bearing benzylic
residues on the carbene ligands exhibit the lowest activity,
whereas high activity was displayed for 5 and 6. This result
is in contrast to the behavior of 1, in which replacement of
PCy; by PiPr; results in a noticeable loss of catalytic ac-
tivity. As we had observed, complexes bearing only one
NHC ligand (10, 11) showed significantly higher activity
compared to bis-NHC systems. Mechanistically, since the
Ru-NHC is a stronger bond than the Ru-PCy; bond, the
mixed PR;/NHC ligand system would proceed by phos-
phane ligand displacement if a dissociative-type pathway,
leading to the active catalyst, is at play.['>-3%] Another inter-
esting result is that despite changing halogens in complexes
6 and 9 no difference in catalytic activity was observed. This
result contrasts reactivity pattern for 1 where a decrease in
activity from chloride to bromide to iodide was ob-
served.>!
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Figure 2. Substitution effects in Ru-NHC metathesis systems
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Much work has been and continues to be published in
the area of ruthenium-based olefin metathesis since our ini-
tial observation of the beneficial use of NHC as supporting
ligand. A fundamental understanding of the sterics and
electronic properties of the ligands themselves proved in-
valuable. To say that these results provided a systematic li-
gand design approach would be incorrect but surely assisted
our ligand exploration.

Palladium(0) NHC Complexes

The stability imparted by the NHC ligands to metal cen-
ters is further observed in palladium chemistry with the
preparation of efficient catalysts that have been shown to
possess considerable potential in many C-C bond forming
reactions, which have included the Heck reaction,!®>-%% the
telomerization of alkenes*>7%711 and the Suzuki-Miyaura
cross-coupling reaction.l”>73] These Pd-mediated processes
have been shown to proceed through a d'°-Pd° center. In
particular, recent work by Hartwig,[7%7”1 Cloke!’8 and No-
lant! on reactions involving Ar-X with the precatalyst
[PA(NHC),] suggest dissociation of one NHC to generate a
PdL fragment, which then undergoes oxidative addition of
aryl halide (Scheme 2), a reaction pathway similar to that
proposed in analogous phosphane systems.[76-80-81]

Pd(NHC), ====== Pd—NHC
ArNRR' +
HOBu + KC1
NHC-— Pd
KOrBu
NHRR'

NHRR'

Scheme 2. Proposed mechanism for aryl amination.

While Amatore and Jutand!®?! proposed an alternative
route for phosphane palladium-catalyzed systems through
an anionic three-coordinate complex of the type [Pd°L,CI-
or [Pd°L,(OAc")] as the active intermediate, detailed kinetic
studies by Cloke suggest that oxidative addition reactions
occur via a two-coordinate 14-electron [Pd°-NHC] com-
plex.®3 Furthermore, the ability of the oxidative addition
products [Pd(I/Bu),(R-4-C¢H,4)CI] (R = Me, CO,Me, OMe)
to reversibly dissociate free carbene according to Scheme 3
was demonstrated. The Pd-NHC dissociation enthalpy
value of 25.57 kcal/mol ™! for [Pd(I1zBu),(Me-4-CcH,)CI] was
determined suggesting that the three-coordinate arylpalla-
dium chloride product was the most likely intermediate in
amination reactions.
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Scheme 3.

Studies by Hermann on the Heck reaction with
[PA(NHC),] also suggest the intermediacy of this same Pd—
L complex.[®] Hermann noticed short induction periods for
Pd"™ complexes on addition of a reducing agent. However,
when Pd° was used no induction period was observed sug-
gesting Pd® complexes enter in the catalytic cycle faster. De-
spite an increasing interest in this area over the last 5 years,
there are only a few examples of fully characterized Pd°-
carbene complexes.[67-68.70.74.84-86] The jsolation of two-co-
ordinate unsaturated NHC Pd° complexes was first
achieved by Cloke and co-workers.[® While they prepared
a homoleptic [Pd(IzBu),] (ItBu = 1,3-di-N-tert-butylimid-
azol-2-ylidene) complex by co-condensation palladium
vapor with N,N’-di-tert-butylimidazol-2-ylidene (17Bu).
This route was low yielding and limited to NHC ligands
that could be sublimed [Equation (3)]. A ligand exchange
reaction between [Pd(PR3),] (R = o-tolyl) and two equiva-
lents of free NHC afforded [PA(NHC),] in higher yields.
Furthermore addition of only one NHC equivalent to
[Pd(PR3),] (R = o-tolyl) resulted in a mixed
[PA(PR3)(NHC)] species [Equation (4)]. Alternatively, the
synthesis of mixed species can also be generated by mixing
the [PA(NHC),] complex with free phosphane [P(o-tolyl)s,
PCys], suggesting some reversibility is associated with the
reaction.[87-88

tBl'u Bu
{
—\ N
pd’ + 2 tBu-N\\“/N—lBU—> [?>—Pd—<g\l ] &)

1
Bu tBlu
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The derivatives are readily prepared from reaction of
[Pd(COD)(alkene)] (COD = cyclooctadiene) with the
NHCs [1,3,4,5-tetramethylimidazol-2-ylidene (IMe) and
IMes] to afford the complexes [Pd(IMe),(alkene)] [alkene =
maleic anhydride (MAH) (12), tetracyanoethylene (TCNE)
(13)] (Figure 3).[°71 Spectroscopic studies showed significant
back-bonding of the olefin on the Pd center suggesting that
the carbene ligands are strongly donating. Although 12 and
13 are envisaged as approaching Pd!! these complexes read-
ily undergo oxidation reactions typical of Pd°.

12

Figure 3. NHC-Pd° complexes

Reports of monocarbenepalladium(0) complexes without
additional phosphane donors are scarce. Beller et al. re-
cently synthesized a number of monocarbene(diolefin)pal-
ladium(0) complexes.[°®9] The addition of IMes to either
palladium(0)—diallyl ether complex [Pd,(dae);] (dae = dial-
Iyl ether) in 1,1,3,3-tetramethyl-1,3-divinyldisiloxane or
[(COD)Pd(quinone)] [quinone = p-benzoquinone (BQ), 1,4-
naphthoquinone (NQ)] at low temperatures afforded the
complexes [(IMes)Pd(dae)] (14), [(COD)Pd(BQ)] (15) and
[(COD)PA(NQ)] (16), respectively. Complexes 14-16
showed remarkable productivities and selectivity in a
number of telomerization and Heck reactions, again con-
cluding that the active species in carbene Pd-mediated or-
ganic transformations appears to be a Pd%-carbene center.

www.eurjic.org Eur. J. Inorg. Chem. 2005, 1815-1828
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Steric Factors of NHC in Palladium(11) Complexes

Recently we reported the synthesis and cross-coupling
catalytic reactivity of a family of [(NHC)Pd(allyl)CIl] com-
plexes (Scheme 4).°% These were synthesized either through
addition of two equivalents of free carbene to [Pd(allyl)-
Cl], under inert atmosphere (an adapted procedure from a
protocol employed in the preparation of [(PCy;)Pd(allyl)-
CIJ®%) or by an in situ liberation of the imidazolium salts,
followed by slow addition of [Pd(allyl)Cl],. The catalytic re-
activity of these [(NHC)Pd(allyl)Cl] complexes varied sub-
stantially as a function of the identity of the NHC. While
electronic differences were ruled out after crystallographic
evidence showed little to no difference in the Pd—C_, penic
bond lengths, this suggested that steric factors associated
with the saturated and unsaturated imidazole backbone and
side arm groups on the NHC were involved.

Prompted by this, we undertook a detailed investigation
focusing on the steric factors of NHC ligands. The use of
the classical “cone angle” steric factor described by Tolman
for phosphane ligandst*®! cannot be applied to the “fence”-
or “fan”-type NHCs. Instead a wing-span model was con-
ceptualized taking into account the wing-span angle (clos-
est carbon substituent on the NHC) to the palladium cen-
ter. This intial model was recently refined by imposing a
sphere of radius (3 A) centered around the palladium atom
and the volume occupied by the ligand determined (Table 1)
was then taken as the steric factor associated with any given
NHC. Recently, a similar method was used to estimate the
steric factor for a series of ruthenium-NHC complexes.[*)

By quantifying the steric demand of each NHC in these
complexes, this has allowed a realistic comparison, not only
between NHCs but also to tertiary phosphane ligands. The
most sterically demanding I7Bu, IAd and SIPr ligands re-
sulted in a decreased activity in the studied amination reac-
tion. Furthermore IPr and IMes showed marked differences
in reactivity compared to their saturated analoges SIPr and
SIMes in spite of having almost identical structures. We as-
sociated this difference to the presence of two sp® carbon
atoms inducing deformation of the dihydroimidazol-2-ylid-
ene ring resulting in supplementary rotation of the aryl
moieties around the N-C,,,; bond. As a consequence, the

Table 1. Buried volume calculated for [(NHC)Pd(allyl)Cl] com-
plexes.

Complex Buried volume®  Buried volume!™ (%)
(%)
[(IPr)Pd(allyl)Cl] 26.10 24.99
[(IMes)Pd(allyl)Cl] 26.50 25.87
[(1/Bu)Pd(allyl)Cl] 33.37 3225
[(ICy)Pd(allyl)CI] 25.17 23.90
[(IAd)Pd(allyl)CI] 33.56 32.20
[(SIPr)Pd(allyl)CI] 33.03 3207
[(SIMes)Pd(ally)Cl] 27.49 26.91

[a] Calculated buried volume for a fixed distance Pd—Cearpenic Of
2 A. [b] Buried volume calculated based on crystallographic dis-
tances.

Pd center is more sterically protected, thereby presumably
facilitating reductive elimination in Scheme 2.

Carbonyl NHC Nickel Complexes

The importance of quantifying steric and electronic ef-
fects of ligands have had a major impact in the development
of new and improved phosphane ligands for catalysis.*8! In
the case of the NHC ligands surprising differences in cata-
lytic activities of the corresponding metal catalysts have al-
ready been observed, but could not be rationalized or ex-
plained experimentally. Although many spectroscopic stud-
ies have indicated the similarities between NHCs and phos-

L
Cl, THF1h | +2L(HBF PN
<€—Pd/ ,Pd%> +2L — /Pd 4——£——4) &Pd\ ,Pd%>
“cf c” Y NaH, KOBu cI
THF,2 h
L R
.. 2,6-diisopropylphenyl  IPr
R- N¢\\N -R 2,4,6-trimethylphenyl  IMes
\—/ Bu [1Bu
cyclohexyl ICy
adamanty] IAd
R‘N/AN -R 2,6-diisopropylphenyl  SIPr
\ |/ 2,4,6-trimethylphenyl  SIMes

Scheme 4.
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phane, we felt that it was important to experimentally deter-
mine properties associated with the most widely used NHCs
(depicted in Scheme 5). This would then allow for the direct
comparison of NHC and phosphane steric/electronic prop-
erties.

The substitution reaction involving [Ni(CO),] and NHC
ligands (IMes, SIMes, IPr, SIPr, ICy) gave rise to the ex-
pected, saturated complexes [Ni(CO)s;(IMes)], [Ni(CO)s-
(SIMes)], [Ni(CO)s(IPr)], [Ni(CO);5(SIPr)], [Ni(CO)5(ICy)]
(Scheme 5), [Equation (5)].4! However, the most bulky
NHC ligands, I7Bu and TAd, led to the isolation of novel,
unsaturated three-coordinate carbonyl nickel compounds
[Ni(CO),(1zBu)] and [Ni(CO),(I1Ad)].P1

Ni(CO), + NHC

-CO

(NHC)Ni(CO); or (NHC)Ni(CO), 5)

X-ray characterization was obtained for most of the
[Ni(CO);(NHCQ)] series and for both [Ni(CO),(NHC)] com-
plexes (see below for discussion). Ball-and-stick diagrams
of [Ni(CO);(IMes)] and [Ni(CO);(SIMes)] are presented in
Figure 4 and [Ni(CO);(IPr)] and [Ni(CO);(SIPr)] in Fig-
ure 5. All complexes show the expected tetrahedral geome-
try around the metal center, with the Ni-C(NHC) bond
lengths lying within the range of 1.96-1.98 A {[(Ni(CO);-
(IMes)] 1.971(3) A; [Ni(CO)5(SIMes)] 1.960(2) A; [Ni-
(CO)5(IPr)] 1.979(2) A; [Ni(CO)5(SIPr)] 1.962(4) A}. The
saturated NHC ligands SIMes and SIPr showed slightly
shorter bond lengths than their corresponding analogues
containing the unsaturated NHC ligands. However, all the
Ni-NHC distances are in good accordance with their ex-
clusive ¢ donor characteristics.[®”°?l As observed in other
crystallographic studies on saturated NHC species, the pres-
ence of two sp? carbon atoms in the heterocyclic ring imid-
azole backbone, results in torsion angles of 6.4° {for [Ni-
(CO)3(SIMes)]} and 2.6° {for [Ni(CO)s(SIPr)]}. Surpris-
ingly, the former value is significantly lower than the one
for free SIMes (13.4°). The unsaturated NHCs have the aryl
substituents disposed at an angle of 90° (+/-10°) with re-
spect to the imidazole backbone plane.

Figure 4. Ball-and-stick representation of [Ni(CO)s;(IMes)] (left)
and [Ni(CO);(SIMes)] (right).

Figure 5. Ball-and-stick representation of [Ni(IPr)(CO);] (left) and
[Ni(SIPr)(CO);] (right).

The CO infrared frequencies obtained for the [Ni(CO)s-
(NHCQ)] complexes confirmed that N-heterocyclic carbenes
are better 6 donors than tertiary phosphanes (Table 2). Un-
like the substantial electronic differences seen in phosphane
ligands when moving from ary- to alkyl-substituted P li-
gands, the overall electronic difference in NHC data was
relatively small. Expectably the NHC data showed that ICy
was the most basic ligand due to its alkyl substitution.
Furthermore, the saturated NHC ligands, SIMes and SIPr,
were found to be slightly less electron-donating than their
unsaturated analogues IMes and IPr. This supports our re-
cently observed trends in the relative bond disruption en-
thalpies of ruthenium complexes involving the aforemen-
tioned ligands.[®™ These experimental results clearly contra-
dict the common assumption that saturated NHC ligands
are more electron-donating and that metal complexes incor-
porating them perform better in catalysis for this reason.
Our experimental data suggest that electronic factors are
unlikely to play a major role in the differences in catalytic
activity, or if this is indeed the case, substantial differences

IRVICRUESS O < g Qf*gﬁ G

1Bu IMes

SIPr

SIMes

Scheme 5.
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take origin in extremely small electronic differences within
the NHC ligand class.

Table 2. CO infrared frequencies in [Ni(CO)3(L)] complexes.

Complex veo [Ay (em )]; veo [E (em )],

CH,Cl, CH,Cl,
[Ni(CO)5(IMes)] 2050.7 1969.8
[Ni(CO)5(SIMes)] 2051.5 1970.6
[Ni(CO)5(IPr)] 2051.5 1970.0
[Ni(CO)5(SIPr)] 2052.2 1971.3
[Ni(CO)(ICy)] 2049.6 1964.6
[Ni(CO)5(PBuy)[! 2056.1 1971
[Ni(CO)5(PiPrs)|® 2059.2 1977
[Ni(CO),(PPhy)[i 2068.9 1990
[a] Taken from ref.[4®!

As previously mentioned the most bulky NHC ligands,
17/Bu and IAd, led to the isolation of novel, unsaturated 16-
electron three-coordinate carbonyl nickel compounds
[Ni(CO),(ItBu)] and [Ni(CO),(IAd)] (Figure 6).°!1 While
carbonyl-free, three-coordinate Ni® complexes are not un-
common,®* 23 such unsaturated carbonyl nickel systems
are exceedingly rare and the only example known in litera-
ture has been isolated as a mixture of [Ni(CO);(L)] and
[Ni(CO),(L)] compounds.®®192l The closest carbon atom
on one of the side-arm R groups in [Ni(CO),(NHC)] ap-
pears to approach the metal center. However, the distances
lie outside the range seen for agostic interactions.[193-194] Tn
fact, within the series of NHCs studied these two ligands
are the only ones to contain o-carbon atoms in the side
chains that are bound to three additional C atoms. While
the aromatic IMes, SIMes, IPr and SIPr as well as ICy can
minimize steric interactions with the metal center by orien-
tation of their R-groups perpendicularly to the imidazole
plane, such an arrangement cannot be reached for IAd and
17Bu.

Figure 6. Ball-and-stick representation of [Ni(CO),(I1zBu)] (left)
and [Ni(CO),(IAd)] (right). Hydrogen atoms are omitted for clarity.

According to Equation (5), Ni-NHC bond energies
could be determined if the reaction was reversible. For satu-
rated complexes [Ni(CO);(NHC)] no reactivity was ob-
served, despite applying high CO pressures, showing these
complexes to be inert towards displacement of NHC and
carbonyl ligands. In contrast, the unsaturated analogues
were highly reactive towards ligand substitution and oxidat-
ive addition of substrates. Reacting [Ni(CO),(IzBu)] and
[Ni(CO),(IAd)] with 1 atm of CO resulted in the quantita-
tive formation of [Ni(CO)4],l'% without any formation of
[Ni(CO);(NHC)] (NHC = I7Bu, IAd) complex and thus,

Eur. J. Inorg. Chem. 2005, 1815-1828 www.eurjic.org

allowed the determination of Ni-NHC bond dissociation
energies (Table 3).

Table 3. CO and L BDE values, in kcal/mol, in the [Ni(CO),(L)]
and [Ni(CO)3(L)] complexes, L = NHC ligand or phosphane, and
calculated % Vg, of the free NHC and PR3 ligands.

BDE of L in Ni(CO)  %Vgur
2(L)
I/Bu 13.3 (15.6)4  24.0 443 37
SI/Bu 103 (13.1)  21.8 45.1 38
IAd 7.6 (14 204 46.5 37
IMes 283 (27.2)@ 4l.1 46.5 26
SIMes  26.8 (26.4)4  40.2 472 27
IPr 26.7 (27.2) 385 454 29
SIPr 25.6 (25.8)41 380 46.1 30
ICy 27.0 26.1)" 396 46.3 23
PH, 30.7 227 25.7 17
PPh, 30.4 26.7 30.0 2
PBu, 274 28.0 34.3 30

[a] Values in brackets obtained with the QM/MM technique.

DFT-calculated BDE values indicated that CO is weakly
bound to the SIzBu-, SirBu- and TAd-based complexes
(BDE around 10 kcal/mol). However, CO is much more
strongly bound to the IPr, SIPr, ICy, IMes and SIMes com-
plexes (BDE greater than 25 kcal/mol). These results are in
good qualitative agreement with the experimental fact that
[Ni(CO),(NHC)] complexes are observed for NHC = IAd
and I7Bu, while [Ni(CO)3(NHC)] complexes are observed
for the other NHC ligands. Calculated BDE of the NHC
ligands showed a similar pattern, with BDE of NHC li-
gands in the SIfBu-, SirfBu- and ITAd-based [Ni(CO);-
(NHC)] complexes roughly 20 kcal/mol lower than the
BDEs of the NHC ligand in the IMes, SIMes, IPr, SIPr and
ICy complexes. Furthermore, the calculated BDE of the
NHC ligand in [Ni(CO),(IzBu)] and [Ni(CO),(IAd)] (46.5
and 44.3 kcal/mol, respectively) are in excellent agreement
with the experimental values (43+3 and 39 3 kcal/mol,
respectively). The BDE values were experimentally tested
by treatment of [Ni(CO),(IzrBu)] with one equivalent of IAd
[Equation (6)]. Quantitative formation of [Ni(CO),(IAd)]
was observed with no detection of the saturated, but steri-
cally disfavored, [Ni(CO),(IAd)(IzBu)] species.

Ni(I/Bu)(CO), + IAd Ni(IAd)(CO), + IBu (6)

In view of the wing-span model seen to describe the ste-
ric influence of NHC ligands for palladium (see above), we
have now used DFT-optimized geometry studies to extend
this model for a greater number of free NHC ligands and
again positioned a putative metal atom at 2 A from the co-
ordinating C atom. The volume as a sphere centered on the
metal was measured, buried by overlap with atoms of the
various NHC ligands, %V, The volume of this sphere
represented the space around the metal atom that must be
shared by the different ligands upon coordination. For ex-
ample bulkier NHC ligands require a larger occupied
sphere volume (% Vgy,). A list of % Vg, values is presented
in Table 3. The rather different values of % Vg, between the
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NHC ligands is in qualitative agreement with the different
BDEs we calculated.

Unlike data obtained for NHC, the similar carbonyl val-
ues for the phosphane-based systems (Table 3) clearly indi-
cated that the steric factor’s influence is insignificant in de-
termining the stability of the [Ni(CO)3;(PR3)] systems.
Furthermore, comparison of the BDE of the CO values be-
tween the less bulkier NHC systems and the phosphane sys-
tems suggest a high stability of the phosphane-based tricar-
bonyl complexes. The remarkably higher BDE of the NHC-
Ni systems vs. the BDE of the PR3-Ni complexes is in good
agreement that NHC ligands bind more tightly to transition
metals.

Since the difference between [Ni(CO);(NHC)] and
[Ni(CO),(NHC)] complexes was attributed to steric factors
alone, a substitution reaction between [Ni(CO),(NHC)]
(IrBu, TAd) and two equivalents of smaller NHC ligands,
IMes and ICy, afforded the saturated complexes of general
composition [Ni(CO),(NHC),].53 Other reactions showed
that substitution of one carbonyl ligand when reacting
[Ni(CO),(NHC)] with trifluoropropene was possible and se-
lectively afforded the unsaturated [Ni(NHC)(CO)(Cs;H3F3)]
compound [Equation (7)]. Furthermore both CO ligands
were displaced when [Ni(CO),(NHC)] was treated with
either allyl chloride or allyl bromide [Equation (8)]. The
resulting allyl halide complexes of general formula
[NiX(C3Hs5)(NHC)] were obtained through oxidative ad-
dition of these substrates to the Ni® center.[*”!

CFy
ocC -CO /
~ . 7
_Ni-IBu /\Ch - \Ni—ItBu @
oc
oc
0oC_ -2C0

_Ni-NHC /\ CHX ————

X NHC =[tBu, X =Cl
\Ni'NHC NHC = I1Bu, X = Br ®)

\\/—{_ NHC =1Ad, X=C]

NHC =1Ad, X =Br

Overall, the performed DFT calculations on the series of
[Ni(L)(CO),] and [Ni(L)(CO);] compounds (L = NHC,
PR3) are supported by experimental results, with the calcu-
lations showing that both [Ni(IAd)(CO)s] and [Ni(I/Bu)-
(CO);] are inherently unstable as seen in the BDE values
for both the CO and NHC ligands. The lower PR3;-Ni BDE
values compared to NHC-Ni are in agreement with the
common assumption that NHC ligands bind more tightly
to metals. The establishment of a method to quantify the
steric factors characterizing NHCs and phosphanes has at
last been realized, finally enabling a direct comparison be-

1822 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tween these ligand classes. The values for the different li-
gands are measured as buried volume (% V4,,). All of these
values obtained are in perfect agreement with experimental
data, showing that TAd and IzBu are more bulky than
P(#Bu); and other PR3 and NHC ligands.

NHC Late-Transition Metal (LTM) Carbonyl Complexes

A recent study by Crabtree et al. also confirmed the
stronger electron-donor properties of NHC ligands.[>?l In
lieu of using the synthetic approach of direct complexation
of the free NHC to rhodium or iridium centers, a transmet-
alation reaction from the corresponding silver NHC salt to
[M(COD)CI], (M = Rh, Ir) afforded the complexes
[((TMIY)Rh(COD)CI] [TMIY = 1,3-bis(4-tolylmethylimid-
azolin-2-ylidene], [(TMIY)Ir(COD)CI] and [(IBu)Ir(COD)
Cl] (IBu = 1,3-dibutylimidazolin-2-ylidene) in high yield
(Scheme 6). COD was easily displaced from these com-
plexes by CO (1 atm) to give the corresponding dicarbonyl
compounds [(TMIY)RhCI(CO),] (18), [(TMIY)IrCI(CO),]
(19) and [(IBu)IrCIl(CO),] (20) with CO (atm).

R R
M(coDC, />
[ P—ae—( | j /A
CH,Cl, ’/M
\ AgX, / r.t., 1 h
R R
M =Rh, Ir CO, 1 atm
R = 4-tolylmethyl 10 min
R=Bu
R
\N/\>
ST
oC Cl
R
18, M = Rh, R = 4-tolylmethyl
19, M = Ir, R = 4-tolyimethyl
20,M=1Ir,R=Bu
Scheme 6.

A mutually cis geometry of the carbonyl groups for com-
plexes 18-20 was proposed despite '3C NMR spectroscopy
revealing two inequivalent CO carbon atoms. 'H NMR
spectroscopy supported the cis geometry with dia-
stereotopic N—CH, protons. Low-temperature NMR stud-
ies on 18 and 19 showed that the metal-carbon bond had
restricted rotation. The activation free energies for metal—-
carbene bond rotation in 18 and 19 [AG*(kcal-mol) 16.7 and
15.7, respectively] closely agreed to those of Doyle and Lap-
pertl!% on 21 (AG* = 16 kcal/mol) (Figure 7). Previous
studies have strongly indicated that no electronic rotation
barrier exists for NHCs. For the sterically crowded systems
(22,1071 2311081 and 24111y no M—C rotation at room tem-
perature was evident. However, studies by Ender and Gi-
elen!!'% on 25 and 26 directly supported a steric origin to
the rotation barrier, with 25 showing no rotation at room
temperature, whereas a lower rotational barrier was ob-
served for 26.
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Figure 7. NHC complexes containing a low-energy rotational bar-
rier.

Compounds 19 and 20 were investigated using FT-IR
spectroscopy. A plot (Figure 8) of the average v(CO) values
for 19 and 20 together with the v(CO) data for structurally
analogous phosphane compounds [Ir(PR3)CI(CO),Ji!-112]
were plotted vs. the Tolman electronic parameter (TEP).
Also included are the v(CO) frequencies obtained for the
[Ni(CO);(NHC)] system described above. The plot shows a
good linear correlation on exclusion of phosphite ligands.
The IR data indicate that the NHCs listed are more electron

donating than even the most basic phosphane ligand. This
correlates well to other studies by Crabtree,[''3! and with
our own studies on [Ni(CO) (NHC)] (x = 2,3) systems, in
addition to the already discussed calorimetric investigation
on ruthenium-NHC compounds.”® Furthermore, a quali-

tative comparison of IR data obtained with our rhodium—
[114]

NHC compound also supports this conclusion.

2075 1
2070
2065
2060 1
2055 A
2050 A
2045 T . T !
2010 2020 2030 2040 2050

TEP (em'!)

vm‘g(CO)(cm") for (L)IN(CO),CL

Figure 8. Plot of average vco for LIr(CO),Cl (L = NHC, PRj) vs.
veo for LNi(CO)s, the Tolman electronic parameter (TEP).
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Abnormal Binding Modes for NHC Ligands

There have been an increasing number of reports of un-
expected late-transition metal products with NHC ligands
ranging from unusual binding modes to oxidative addition
through C-H bond activation of alkyl side-arm substituents
suggesting that these spectator ligands are much less inno-
cent than originally thought. While previous examples in
this review show normal metal binding at C-2 (Figure 9,
I), abnormal C-5(4) (Figure 9, II) binding has now been
reported.l''>-118] The C-5(4) binding mode was previously
considered as an unlikely binding possibility because free
carbenes isolated by Arduengo et al.l''”l always adopted a
C-2 binding mode (Figure 9, III) with adjacent nitrogen
atoms considered as stabilizing both the free carbene (Fig-
ure 9, I) and the M-C bond.

N@N\
T

ML,
1

e\
O N\R
ML,

II

Figure 9. Alternative binding modes of NHC.

Nonclassical carbene formation has been obtained ini-
tially from mixing pyridine-substituted imidazolium salts
(py-NHC) with [IrHs(PPhs),] in refluxing C¢Hg. Subse-
quent loss of H, afforded complexes of general composition
[(py-NHO)IrH;(PPhs),] in  moderate yield [Equa-
tion (9)].''3] The isolation of these first examples of C-4(5)-
bound carbenes was surprising since not only II is more
stable than III, but theoretical and density functional calcu-
lations!"?%! predict that binding at the C-4(5) position can
be thermodynamically less favored (23.3 kcal/mol) than C-
2 coordination.

In general, it is thought that C-4(5) binding is favored as
a result of lower steric congestion around the metal center.
Since the C-4(5) binding mode has only been isolated to
date using limited variation in the imidazolium salts, the
nature of the counterion (X = Br, BF,4, PF4, SbF4; R = Me,
iPr) was studied and indicated that it has a pronounced
effect on the kinetic activity of C-2 vs. C-5(4) binding
switching the kinetic product between 27 and 28 [Equation
(9)]. The use of bromide afforded almost quantitative yields
of C-2-bound iridium(i1) NHC product 27, while SbF re-
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=z
o
2H,
@%H + ItHs(PPhy), —>
Ny
R = iPr, nBu

/—|X

2
)
PPh; LPhs
S
N pph3 H R PPh; |1
27 28

sulted in the formation of the abnormal C-4(5)-bound 28
as the major product.l'?!]

Until recently C-4(5) binding was only linked to chelat-
ing N-heterocyclic carbenes, and as a result it was reasoned
to be mainly due to steric effects.l!!®] Lebel et al. recently
isolated a [(IMes)(IMes')PdCl,] complex containing both
C-2 and C-4(5) NHC ligands in high yield by reaction of
palladium(ir) acetate and the imidazolium salt IMes-HCI
[Equation (10)] under standard reaction conditions (diox-
ane, 80°C, 6h).I''81 In comparison, the C-2 ligated
[(IMes),PdCl,] could be obtained from PdCl,, Cs,COs3, and
2 equivalents of IMes-HCl in high yield. However, complex
29 was found to have greater catalytic activity for Suzuki—
Miyaura and Heck coupling reactions suggesting that this
binding mode results in complexes with enhanced reactivity.

N N
Mes™ N=F Mes

e

Pd(OAc) ©
Mes™ N\ 2N~ Mes 2w CI—Pi—Cl  (10)
e al
.1 equiv. MCS\N N H
>—=N@
N\
H Mes

29

Recent studies by Crabtree et al.l''” on the electronic and
steric properties of this abnormal C-4(5) coordination mode
for a series of NHCs (in which the C-2 position has been
blocked in one case) have allowed a useful comparison be-
tween the abnormal to the normal binding modes. Mono-
dentate abnormal NHC iridium(m) complexes 30 and 31
were synthesized by refluxing their corresponding simple
unsymmetrical imidazolium salts, pyridine and [IrHs(PPhs),]
in tetrahydrofuran (Figure 10).

1824 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Monodentate abnormal (30, 31) and normal (34-36)
iridium complexes.

A more sophisticated route was developed by block-
ing the C-2 and C-4(5) positions with a phenyl group [NHC
= l-isopropyl-3-methyl-4,5-diphenylimidazolin-2-ylidene
(PMINHC)] to generate the C-4(5) metal complex.['!”] A
transmetalation reaction between the silver salt of
PMINHC and [(COD)IrCl], resulted in the C-4(5)-bound
complex [(PMINHO)Ir(COD)CI] (32). Reaction of 32 with
CO yielded [(NHC)Ir(CO),Cl] (33) (Scheme 7).

Me I71 Ion Exchange
Ph 2 Ag,0
Ph
> (COD)IrCl I )
\[@) Ph Ir
\
zPr
zPr
32
JCO
}\/Ie
Ph N
| D—rpn
OC
A I\{
0c Cl iPr
33
Scheme 7.

A plot of the IR v(CO) measurements on the abnormal
C-4(5)-bound derivative 33 (Figure 11) indicated that the
NHC is substantially more electron donating than C-2-
bound analogues (34-36, Figure 12) in addition to v(CO)
data for the [(NHC)Ni(CO);] system described above.[*!
However, more data is clearly warranted to quantify the
stronger donor properties of this C-4(5)-bound carbene.
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Figure 11. Plot of average vco for (NHC)Ir(CO),Cl vs veo for
(NHC)Ni(CO);, the Tolman electronic parameter (TEP).
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ocy,
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Figure 12. Preparation of (NHC)Ir(I) dicarbonyl complexes.

NHCs with late-transition metals have been found to un-
dergo facile intramolecular C-H bond activation,[!!4122-130]
and in one example reported by Whittlesey et al. under
more forcing conditions C—C bond activation.!'3! In all but
three of these cases, N-substituted phenyl and mesityl
groups were present. Herrmann!!32! has reported that ICy
undergoes C-H bond cleavage by [(Cp*)IrCl,], (Cp* = n°-
CsMes) [B-hydride elimination resulted in the rapid forma-
tion of 1-(2-cyclohexenyl)-3-cyclohexylimidazol-2-ylidene
(L") with no direct activation product observed (IV)] afford-
ing [Cp*(L")IrH]*(OSO,CF5") (37) [Equation (11)].

NN
[Cp*I(CH3), ] = >
0.5 equiv. HOSO,CF,
~2CH,

@
@N\Q
o 1S

IV-GR0,CF, 37-0SO,CF,

Eur. J. Inorg. Chem. 2005, 1815-1828 www.eurjic.org

We have very recently described® the solvent-selective
interaction of IzBu [IzBu = N,N-di(tert-butyl)imidazol-2-
ylidene] with [Rh(COE)Cl], (COE = cis-cyclooctene), which
resulted in the isolation of [Rh(COE)(I1zBu)Cl] (38) as well
as two precursors, [Rh(H)CI(I/Bu’)(IrBu)] (39) and
[Rh(IzBu’),Cl] (40), en route to a unique product by a
double cyclometalation process. Analogous reactions with
[Ir(COE)CI], led exclusively to the two en route precursors
[Ir(H)CI(IzBu')(1zBu)] (41) and [Ir(ItBu’),Cl] (42) with no
observation of a [Ir(COE)(IzBu)Cl], species using hydro-
carbon solvents (Scheme 8).[47] Abstraction of the chloride
ion from [M(IzBu’),Cl] (40, 42) allowed the preparation of
the unprecedented “naked” cis-divacant four coordinate 14-
electron d®-ML, Rh™ and Ir'™ complexes of the type
[M(1fBu’),](PFs) [M = Rh (43), Ir (44)]. These compounds
are neither stabilized by agostic interactions, nor by a
change in spin state as observed very recently by Caulton
et al. for a Ru'l compound.'33] Interestingly, the chloride
containing 16-electron precursors (40, 42) give complexes
that are stabilized by agostic interactions.

tBu
O 38

“1Bu
PV '\N C O
k/ “tBu
i CeHe

hexanes , Cl ,tBu

— [ %wj

[M(COE),Cll,

+4.16 equiv. I/Bu

[M =Rh, Ir] NHzC—[
. CH 39, M=Rh
e c\ Po4LM=1Ir
g
b% CoHol -H,
tBu
,1Bu ,Bu
[ > —g /  cHClL [ ) I\f/ :7
”CH3 + AgPF¢ Hy ,—[ .
HyC CHZ CH;, —AgCl CH, CHCH3
CH, CH}
43, M =Rh
PN = 40, M =Rh
44, M= 2. M=
Scheme 8.

Further examination of the coordinatively unsaturated
cationic 14-electron complexes [Rh(IzBu’),]PF¢ (43) and [Ir-
(ItBu’),]PF¢ (44) and of their neutral 16-electron analogues
RhCI(ItBu'), (40) and IrCl(IzBu’), (42) by the small linear
CO ligand generated the six-coordinate saturated complexes
and as a result confirmed the unsaturated nature of the
“precursor” complexes 40, 42-44 (Scheme 9).

The unusual stability of the unsaturated [M(IzBu’),Cl]
and [M(IzBu’),](PF¢) compounds was attributed to the elec-
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Scheme 9.

tron-donating nature of the all carbon-based NHC ligands
surrounding the metals. Detailed DFT studies suggested
that not only NHC ligands are simple ¢ donors but the ©
orbitals on the NHC ring can be deeply involved in the
bonding of the metal. A similar finding was recently pub-
lished by Meyer,['3* where NHCs were found to accept elec-
tron density from electron-rich metals through a d-n* back-
donation scheme. Conversely, our study indicates that
NHCs can also donate electron density to electron-poor
metal atoms through a n-d donation scheme. The stabiliza-
tion offered through this flexibility might certainly have im-
portant implications in catalysis explaining perhaps slower
decomposition of catalytically active highly unsaturated
species and increased thermal stability in comparison to
analogous LTM-PR; systems.

Whittlesey and co-workers recently described a rare ex-
ample of C-H bond activation of an alkyl-substituted N-
heterocyclic carbene by thermolysis of [Ru(IEt,Me,)-
(PPh3),(CO)H,] [IEt,Me, = 1,3-bis(ethyl)-4,5-dimethylimid-
azol-2-ylidene] (48) in the presence of CH,=CHSiMe;

= 1=

CH,=CHSiMe; CH;CH,SiMe;

Et/Nﬁ//N\Et Et’NYN‘CHZ
_— i
-
Ph3p//, u‘\\H H, or ROH, PhJP// u_‘\\\\CHZ
oc? | Yeph, 323K ocY | Vpph,
H H

8 EtOH,
T 298 K

Y—( =

N \ Et~ NY N~
—~
B
Ft— Y Et PhPy, | WH
Hy ot HY | YPPh,
ocY | Ypph, co
PPh,
Scheme 10.
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(Scheme 10).1'331 The process interestingly proved to be re-
versible by H, or alcohols to afford different isomers of the
starting dihydride complex.

Conclusions

The unique stabilization of coordinatively unsaturated
metal centers by N-heterocyclic carbene ligands has now
become well recognized. Many of these complexes have
been shown to catalyze a variety of organic transformations
through the stabilization of low-valent metal species. It is
now evident from thermochemical, structural and infrared
studies studies that NHCs are more electron donating and
sterically more demanding than the most basic/bulky phos-
phane ligands. As a result, the stabilization of many reactive
intermediates, which have been elusive so far in phosphane
chemistry, has helped elucidate the precise effects of the
NHC ligand in catalytic systems. Furthermore the versatil-
ity of NHCs has only begun to be realized with C-2 vs.
abnormal C-4(5) binding modes possible in addition to fac-
ile intramolecular C-H activation of the nitrogen substitu-
ents with LTM. In this report, we have presented a short
illustration of a selected number of important observations
dealing with NHCs, it is our belief that this ligand family
will continue to surprise.
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