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Abstract
The success of homogeneous catalysis can be attributed largely to the development of a diverse
range of ligand frameworks that have been used to tune the behavior of various systems.
Spectacular results in this area have been achieved using cyclic diaminocarbenes (NHCs) as a
result of their strong σ-donor properties. Although it is possible to cursorily tune the structure of
NHCs, any diversity is still far from matching their phosphorus-based counterparts, which is one
of the great strengths of the latter. A variety of stable acyclic carbenes are known, but they are
either reluctant to bind metals or they give rise to fragile metal complexes. During the last five
years, new types of stable cyclic carbenes, as well as related carbon-based ligands (which are not
NHCs), and which feature even stronger σ-donor properties have been developed. Their synthesis
and characterization as well as the stability, electronic properties, coordination behavior, and
catalytic activity of the ensuing complexes are discussed, and comparisons with their NHC
cousins are made.
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1. Introduction
In 1988, three years before the seminal publication by Arduengo et al. on the synthesis of
the crystalline cyclic diaminocarbene B1[1] we discovered that the (phosphino)-
(silyl)carbene A1 was stable enough to be isolated by flash distillation[2] (Scheme 1). Later,
we reported the single-crystal X-ray diffraction study and electron localization function
(ELF) analysis of A2[3] that definitively confirmed the carbene nature of (phosphino)
(silyl)carbenes, which had, for sometime, been debated.[4] In 2000,[5] apart from one
carbene of type A, and some 50 N-heterocyclic carbenes (NHCs) of types B, C,[6] D,[7] and
E,[8] only four other carbenes F,[9] G,[10] H,[11] and I,[12] had been structurally
characterized, all of them bearing two heteroatom substituents. From 2000 to 2004, our
research group expanded the variety of stable carbenes to (amino)(phosphino)carbenes such
as J,[13] but also to mono-heteroatom-substituted carbenes K,[14] L,[15] and M,[16] for which
the stabilization mode significantly differs throughout the series. These results were
summarized in a previous review,[17] which gives a good indication of the electronic and
steric requirements that make carbenes isolable.

NHCs bind more strongly to metal centers than most classical ligands, such as phosphines
(thus avoiding the necessity for the use of excess ligand). The NHC–transition-metal
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complexes are less sensitive to air and moisture, and have proven remarkably resistant to
oxidation.[18] Moreover, they are strong σ-donor ligands, and their steric environment,
which is best defined as fence- or fanlike,[19] differentiate them substantially from tertiary
phosphines, which are usually regarded as a cone. Thanks to these features, the use of NHCs
as ligands for transition metals have led to numerous breakthroughs in homogeneous
catalysis, as exemplified by the second generation of Grubbs catalysts.[20,21] Moreover, they
are excellent organic catalysts in their own right, as first shown by Enders and co-
workers[22] in studies inspired by the work of Breslow on the thiazolium catalyst used in the
benzoin condensation reaction.[23] This short analysis easily explains why so many
variations of the NHC backbone have been reported, and a myriad of reviews devoted to
NHC chemistry have been published.[24–27]

In marked contrast with NHCs, acyclic singlet carbenes A and G–M have found very
limited applications.[28] Indeed, (phosphino)(silyl)- and (phosphino)(phosphonio)carbenes A
and H are very reluctant to bind any transition metals, and complexes of carbenes I,[29–33]

J,[34] K,[35] L,[36] and M[16] are much more fragile than their NHC counterparts. This is
especially striking in the case of acyclic diaminocarbenes (ADCs), such as I, since these
compounds feature, similar to the NHCs, two amino groups directly bonded to the carbene
center. It was shown that, in contrast to the corresponding NHC analogues, [Mo(ADC)
(CO)5] and [W(ADC)(CO)5] complexes are very unstable even at room temperature.[29]

Similarly, reactions of ADCs with several PdII precursors resulted in reduction to palladium
black,[30] and free ADCs failed to displace phosphine ligands in Grubbs-type ruthenium–
alkylidene catalysts.[29b] Even a palladium–bis(ADC) complex was shown to undergo
reversible opening of the chelate ring.[31] The reactions and coordination behavior of acyclic
carbenes A and G–M, as well as ADCs and bis-(ADC)s, were reviewed recently by
Bourissou and co-workers[37] and Slaughter,[32] respectively.

Herrmann et al. suggested that the poor coordination behavior of acyclic diaminocarbenes I,
compared to NHCs B–E, might be due to the larger N-C-N angle (121° compared to 101–
106°).[29b] This hypothesis was corroborated by theoretical studies by Schoeller et al.[38] on
(phosphino)-(silyl)carbenes A. They concluded that the wide carbene bond angle (>150°)
necessitates conformational changes to a bent carbene structure to allow complexation to a
metal, a process that is energetically too costly. An extreme example was found
experimentally: coordination to a {RhCl(nbd)} (nbd = norbornadiene) fragment resulted in
the value of the carbene bond angle of (aryl)(phosphino)carbene K decreasing from 162° to
119° (Scheme 2).[35]

This analysis suggests that there is little hope that acyclic carbenes could find applications as
ligands for transition-metal catalysts. Moreover, it is generally admitted that acyclic
carbenes are more thermally, air, and moisture sensitive than their cyclic counterparts, which
clearly hampers the possibility of using them as organic catalysts. Therefore, beginning in
2005, we turned our attention to the design of novel types of cyclic carbenes, which are not
diaminocarbenes; in other words, we started a project on the chemistry of cyclic non-NHCs.
Since the efficiency of NHCs in transition-metal catalysis is mainly due to their strong σ-
donor properties, electron-rich carbenes were targeted, namely cyclic diphosphinocarbenes
(PHCs), (amino)(phosphino)carbenes (N-PHCs), (alkyl)(amino)carbenes (CAACs), and
(amino)-(ylidic)carbenes (N-YHCs; Scheme 3). Since a rather acute carbene bond angle
seems beneficial for coordination, an extreme example was investigated, namely
cyclopropenylidenes (CPs). Moreover, the robustness of carbene complexes is partly due to
the presence of a strong carbon–metal bond. Therefore, other types of carbon-based ligands,
such as cyclic bent allenes (CBAs) and the related cyclic carbodiphosphoranes (CCDPs) and
vinylidenephosphoranes (CVPs), as well as abnormal-NHCs (aNHCs) appeared to be highly
desirable compounds.
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This Review summarizes the results obtained so far for all the species shown in Scheme 3.
The rationale for the choice of the targeted compounds, their synthesis, characterization,
stability, and coordination behavior, as well as the catalytic activity of the ensuing
complexes will be discussed. Before the concluding remarks, the electronic properties of
these species will be compared, which includes a description of the differences and
similarities with NHCs.

2. Cyclic Diphosphinocarbenes
2.1. Background

One modification of the NHC backbone is to replace the two nitrogen atoms by their heavier
analogues, namely phosphorus, to give cyclic diphoapninocarbenes (PHCs).[39] Examination
of the literature pointed out some concerns regarding their stability and some difficulties in
their synthesis, but it also indicated that if they are suitably designed, PHCs might act as
strong σ-donor ligands for transition metals.

It was known that acyclic diphosphinocarbenes could not be characterized spectroscopically
in solution, even at −78°C, mainly because of intramolecular processes, especially 1,2-
migrations.[40] However, because of geometric constraints, these processes are much less
favored in cyclic systems, and therefore it was reasonable to believe that PHCs should be
more stable than their acyclic versions.

Calculations had shown that the nitrogen centers of the parent NHC are in a perfectly planar
environment,[41] whereas the phosphorus centers of the parent PHC are strongly
pyramidalized,[42] and therefore do not act as π donors. Consequently, the singlet/triplet gap
drops from 79 kcal mol−1 [41a] for the parent unsaturated NHC of type B to 21
kcalmol−1 [42b] for the corresponding PHC; the latter species is predicted to be highly
unstable with respect to dimerization.[42a] However, Schleyer et al.,[43] had stated that “in
contrast to the still common misconception that 2p-3p overlap is ineffective, the inherent π-
donor capabilities of the heavier elements (such as phosphorus) are as large as or even larger
than their second row counterparts (such as nitrogen); the apparent inferior donor ability is
due to the difficulty in achieving the optimum planar configuration”. In the same vein,
Nyulaszi[44] had shown, examining several criteria, that the planar phosphole is more
aromatic than pyrrole; for example the NICS value is −17.4 for planar phosphole and only
−14.7 for pyrrole.

These results suggested that, if a planar environment could be imposed at the phosphorus
centers, PHCs should be stable and also stronger σ-donor ligands than NHCs. Interestingly,
one way to achieve planarity is to use bulky substituents and to incorporate the phosphorus
center into rings.[44] To test this hypothesis, ab initio calculations were performed on PHC
derivatives PHC1–3, which feature hydrogen, phenyl, and bulky 2,4,6-tri(tert-butyl)phenyl
substituents at the phosphorus center.[39] Interestingly, the sum of the angles around the P
center, the singlet-triplet energy gap, as well as the energy of the highest occupied molecular
orbitals (HOMOs; Kohn–Sham (KS) orbital energies), increase significantly as the steric
demands of the substituents increase (Scheme 4). Moreover the HOMO of the most bulky
carbene PHC3 (−5.0 eV) is even higher in energy than that calculated at the same level of
theory for triazolin-5-ylidene D (−5.1 eV);[7] this finding can be regarded as a good
indication of the strongly basic character of PHC3.

2.2. Synthesis, Characterization, and Stability
The classical precursors of NHCs are the corresponding well-known protonated species
NHC(H+)s. However, the phosphorus analogues (PHC(H+)s) were unknown. Indeed, in
contrast to the very stable amidinium salts, acyclic diphosphaallyl cations of type I are
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unstable towards rearrangements, especially ring closure, which surprisingly leads to the
corresponding cyclic valence isomers II[45] (Scheme 5). This is again due to the reluctance
of phosphorus to achieve a planar configuration, and also to its ready accommodation in
three-membered rings. However, we reasoned that the rigid ring structure of PHC(H+)s
could prevent such a rearrangement, and indeed one C-silylated four-[46] and one five-
membered ring derivative (R′= SiMe3) were known.[47]

Another problem arose because none of the synthetic methods used for the preparation of
NHC(H+)s can be extended to that of their heavier congeners. Thus, original synthetic
approaches had to be designed. First, formal [3+2] cycloadditions of the transient
diphosphaallylic cation 2 with a nitrile or a cyanamide were performed (Scheme 6).[39,48]

The addition of silver trifluoromethanesulfonate to phosphaalkene 1,[49] which bears bulky
2,4,6-tri(tert-butyl)phenyl substituents, in the presence of a large excess of a nitrile or
dimethylcyanamide, cleanly afforded the desired salts PHC3–5(H+). This synthetic route has
some limitations. Alkynes, alkenes, ketones, and even imines cannot be used as
dipolarophiles, and so far only C≡N species gave the desired cycloaddition reaction.
Therefore, we attempted to develop a more broadly applicable route to PHC(H+)s starting
from 1,3-dichloro-1,3-diphosphapropane 3.[50] The addition of GaCl3 leads to the transient
phosphenium salt 4, which then reacts with excess nitrile or cyanamide to afford the five-
membered heterocycles 5. Dehydrohalogenation with DBU gave rise to the desired gallium
salts of PHC3–5(H+) in good yields. However, once again, only nitriles underwent
cycloaddition.

Then, we turned our attention to the deprotonation of PHC(H+)s, and found that the nature
of the counteranion/base combination has a crucial influence on the fate of the reaction.[48]

For example, the attempted deprotonation of PHC3(H+) (R =Me, X =GaCl4) with KH/
potassium tert-butoxide did not afford the free carbene; instead its GaCl3 adduct 6 was
obtained in 83% yield (Scheme 7). However, when the same PHC3(H+) with triflate as the
anion was treated with lithium bis(trimethylsilyl)amide, the corresponding PHC3 (R =Me)
was isolated as light yellow crystals in 72% yield after recrystallization. By using the same
procedure, PHC4 (R =NMe2) was obtained in 66% yield.

The X-ray diffraction analysis of PHC3 (R =Me) (Figure 1) revealed the almost planar
environment of the phosphorus centers (sum of the angles: 353 and 348°). However, the
slight deviation from planarity (trans arrangement of the aryl substituents) makes PHC3

chiral in the solid state. In solution, even at −100°C, both 1H and 13C NMR spectroscopy
show the equivalency of the diastereotopic tert-butyl groups. This finding suggests that the
two enantiomers are in rapid equilibrium, which is in agreement with the expected low
inversion barriers at the phosphorus centers. The strong donation of the phosphorus lone
pairs of electrons to the electron-deficient carbene center is clearly apparent from the P–
Ccarbene bond lengths (1.67 and 1.71 Å), which are significantly shorter than P–C single
bonds (>1.80 Å). The other geometric parameters show that the interaction between the NC
unit and the PCP fragment is weak. The same conclusions were drawn for the triazolin-5-
ylidene D, which is the direct NHC analogue of PHC3. Interestingly, the carbene bond angle
is very acute (98.2°); in fact it is very similar to the carbene bond angle recently reported for
four-membered NHCs that feature a boron or a phosphorus atom in the ring skeleton (96.7°
and 94.0°).[51]

The signals for the carbene carbon atoms of PHC3,4 in the 13C NMR spectra (δ =184 and
187 ppm, respectively) are strongly deshielded compared to those of the PHC3,4(H+)
precursors (δ =119 and 115 ppm); a similar trend was observed between NHC and
NHC(H+)s. The 13C chemical shifts of the carbene are also at slightly higher field than those
of NHCs (δ =205–244 ppm).[26b]
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Although PHC3 is indefinitely stable at room temperature in the solid state (m.p. 123–
127°C), it undergoes a [3+2] retro-cycloaddition in solution to afford the previously
described 1,3-diphosphaallene 7[52] and acetonitrile (Scheme 8). This reaction shows first
order kinetics, and a half-life for PHC3 in THF solution of about 5 h at 16°C. This behavior
is very surprising since the nitrogen analogue, namely triazolin-5-ylidene D, is very stable
under the same experimental conditions. However, there is no evidence of retro-
cycloaddition of PHC4 after 24 h in benzene at 25°C. This is presumably due to the
existence of a zwitterionic resonance form PHC4’, which significantly stabilizes the system
thermodynamically.

From these results as a whole, it appears that a saturated backbone, or a six-membered ring
skeleton, could be beneficial for the stability of PHCs, since the major issue faced so far is
the retro-cycloaddition that leads to 1,3-diphosphaallenes such as 7. However, other
synthetic routes have to be developed to test this hypothesis. Importantly, one could also
conclude that PHCs can only be stable if a very bulky substituent is attached to both
phosphorus centers. However, as shown in the following section, one can hope that one of
the phosphorus nuclei could act as a spectator substituent (therefore, it would not have to
bear a bulky group to impose planarity) without precluding isolation of the carbene. If this
hypothesis is correct, many stable PHCs could be prepared.

2.3. Ligand Behavior
So far, only three complexes[39,48] have been prepared from free PHCs, namely [RhCl(cod)
(PHC3)], [RhCl(CO)2-(PHC3)], and [RhCl(CO)2(PHC4)]. The rhodium carbonyl
complexes will be discussed in Section 9, for comparison of the electronic properties of
PHCs with the other cyclic non-NHCs and classical NHCs. [RhCl(cod)(PHC3)] was
prepared by the simple addition of [{RhCl(cod)}2] to PHC3, and isolated as highly
thermally stable single crystals (78% yield; m.p. 187–189°C). Notably, no significant
decomposition was observed when a solution of the complex in dichloromethane was stirred
for several hours under an atmosphere of air. As observed for the heteroatom–Ccarbene bond
in NHCs, the complexation induces a very small lengthening of the P–C bonds, which
however remain shorter than those in the corresponding cation PHC3(H+). Interestingly, the
phosphorus centers are not strongly pyramidalized: the sum of the angles around the
phosphorus center (350 and 351°) are essentially identical to those observed for the free
PHC3. These data suggest a very weak π backdonation from the metal to the carbene ligand.
This is confirmed by the Ccarbene–Rh bond length of 2.06 Å, which is at the upper limit of
those observed for [RhCl(cod)(NHC)] complexes (2.00–2.06 Å), and significantly longer
than that found for the analogous complex featuring NHC D as the ligand (2.00 Å).[53]

A zirconium complex with a PHC ligand was prepared by Le Floch and co-workers[54] by
using a 1,3-diphospholene thioacetal as a carbene precursor (Scheme 9). This complex
proved to be stable for at least a week in THF at room temperature, but unstable in the
absence of solvent; moreover, it is highly water sensitive. So far, no catalytic data are
available for PHC complexes.

3. Cyclic (Amino)(phosphino)carbenes
3.1. Background

Acyclic (amino)(phosphino)carbenes such as J feature short N–C and long P–C bond
lengths, as well as planar nitrogen and strongly pyramidalized phosphorus centers.[13] These
geometric parameters indicate that only the nitrogen atom acts as a π donor towards the
vacant orbital on the carbene, and therefore the phosphorus center is not involved in the
stabilization of these species; electronically, P acts as a spectator substituent. Indeed, it is
possible to functionalize the phosphorus, while retaining the carbene center, as shown with
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the reaction with sulfur (Scheme 10).[13a] Carbenes J thus behave as bidentate ligands, as
demonstrated by the preparation of the palladium dichloride complex JPd,[34b] which readily
promotes the aryl amination of electron-rich and electron-poor aryl bromides with
morpholine, although low conversions were obtained with aryl chlorides.

Despite the presence of only one stabilizing substituent, carbenes of type J appeared to be
quite stable. We reasoned that cyclic (amino)(phosphino)carbenes (N-PHCs) should be
equally stable, and importantly behave as stronger donor ligands than NHCs, since
phosphorus is more electropositive than nitrogen. Moreover, in contrast to the acyclic
version in which P only acts through the inductive effect, in N-PHCs its ρ-donor ability can
be favored by increasing the steric hindrance of the P substituent, as shown for PHCs (see
Section 2).

3.2. Synthesis, Characterization, and Stability
NHC(H+)s can be readily prepared by the addition of a compound with two leaving groups
to 1,3-diazaallyl anions.[55] By analogy, phosphaformamidinates 8 appeared to be potential
starting materials for the desired N-PHC precursors (Scheme 11). However, although a few
examples of phosphaamidines and phosphaamidinates[56] had been reported, none of the
known synthetic approaches could be used for the preparation of formyl derivatives. It was
found that N-aryl formimidates with bulky aryl groups react with primary aryl phosphides,
in the presence of one equivalent of n-butyl-lithium to afford phosphaformamidinates 8.[57]

The addition of 1,3-dibromopropane or 1,3-dibromobutane in diethyl ether, followed by
heating, then gives the desired N-PHC1-3(H+) in acceptable yields.[58]

Surprisingly, all attempts to deprotonate N-PHC1(H+) (R =H) with a variety of strong bases
(LDA, LiHMDS, etc) led to the cyclic alkene 10a, which was isolated in 75% yield (Scheme
12). Monitoring the deprotonation reaction in THF at −78°C by multinuclear NMR
spectroscopy showed the disappearance of N-PHC1(H+), and the clean formation of a new
product, which was tentatively identified as the cyclic azomethine ylide 9a,[59] instead of the
desired N-PHC. Warming the solution to room temperature again afforded the alkene 10a.
The latter probably results from the intermolecular deprotonation of the carbon atom at the
position β to the nitrogen atom by the negatively charged azomethine ylide carbon atom.
These results, which are in marked contrast to those observed with NHCs, suggest that the
electropositivity of phosphorus decreases the acidity of the iminium proton of N-PHC1(H+),
and favors the deprotonation at the position α′ to the nitrogen atom. This is of course a good
indication that, as expected, N-PHCs are more basic than NHCs. The position α′ to the
nitrogen atom was then protected by a methyl substituent. However, deprotonation of N-
PHC2(H+) again yielded the corresponding alkene 10b.

As explained for PHCs, bulky substituents decrease the inversion barrier at the phosphorus
center, which allows for maximum donation of the lone pair of electrons. This phenomenon
is also true for nitrogen centers,[43,44a] and consequently the presence of a bulky substituent
at the N atom should increase the acidity of the iminium proton and also the stability of the
ensuing N-PHC. Therefore, the deprotonation of N-PHC3(H+), which has a 2,6-
diisopropyl-phenyl group (Dipp) instead of the mesityl group of N-PHC2(H+), was
investigated. Depending on the experimental conditions and the nature of the base,
heterocycles 10c and 11c, which result from the deprotonation in the position α′ to the
nitrogen and phosphorus centers, respectively, were obtained and isolated in good yields
(Scheme 13). However, the desired N-PHC3 was obtained when a solution of N-PHC3(H+)
and LDA in THF was kept for only two minutes at −78°C and rapidly warmed to room
temperature. The 31P NMR spectrum showed a signal at δ =−32.8 ppm (> 90%), while
the 13C NMR spectrum showed a doublet at very low field (δ =314.5 ppm, JPC = 122 Hz).
This carbon signal is shifted much further downfield than those observed for both NHCs (δ
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=205–245 ppm)[26b] and PHCs (δ = 184 ppm),[39] but is in the range observed for the
acyclic (amino)(phosphino)carbenes J (δ =320–348 ppm, JPC = 22–101 Hz).[13] This
finding implies that, despite the presence of the bulky 2,4,6-tri(tert-butyl)phenyl group, the
phosphorus center plays the role of a spectator substituent, just as it does in the acyclic
version J. Indeed, the X-ray crystal structure of N-PHC3(H+) reveals that the phosphorus
center is in a strongly pyramidalized environment (sum of angles: 330°). All attempts to
obtain single crystals of N-PHC3 failed.

After two days at −30°C, N-PHC3 rearranges quantitatively into 12c by carbene insertion
into the C–H bond of a tert-butyl group (Scheme 13). This decomposition pathway is very
surprising, since no C–H insertion has been observed for PHC3, which features the same
2,4,6-tri(tert-butyl)phenyl substituent, and this result is not yet understood. This observation
does not, however, imply that N-PHCs cannot be isolated. One way to circumvent this
difficulty would be to use a phosphorus substituent without reactive C–H bonds, and since
the phosphorus lone pair of electrons does not seem to interact with the vacant orbital on the
carbene, a simple phenyl group could be used. It is also necessary to protect the position α′
to the nitrogen atom, and maybe to the phosphorus atom, to avoid the competitive
deprotonation; clearly, the preparation of unsaturated five-membered N-PHCs might be an
excellent option. Interestingly, since the phosphorus lone pair of electrons probably remains
active, it can potentially be used to change the coordination number of P, which offers an
opportunity to tune the electronic properties of N-PHCs. So far, no complexes featuring a N-
PHC as a ligand have been prepared.

4. Cyclic (Alkyl)(amino)carbenes
4.1. Background

The direct observation of singlet alkyl carbenes usually requires matrix isolation
conditions.[60] Indirect observation and kinetic measurements in solution can be performed
by the pyridine ylide method developed by Platz and co-workers.[61] When the π-donating
and σ-accepting methoxy substituent was present, Moss and co-workers[62] were able
characterize the singlet (methoxy)(methyl)carbene by UV and IR spectroscopy, but only in a
nitrogen matrix at 10 K, and in solution by a nanosecond time-resolved LFP technique (t1/2
< 2 ms at 20 °C). In 2002, we demonstrated that the [bis(diisopropylamino)phosphino](tert-
butyl)carbene 13a has a lifetime of about three minutes at −10°C, whereas the
corresponding [bis(diisopropylamino)phosphino](methyl)-carbene 13b could only be
observed by 31P NMR apectroscopy up to −50°C (t1/2 ≈ 10 min at −50 °C; Scheme 14).[63]

In both cases, 1,2-migration occurred. This is not surprising since the activation energies for
1,2-hydrogen shifts are essentially zero for simple alkyl carbenes, and were calculated to be
between 11 and 25 kcalmol−1 for heteroatom-substituted alkylcarbenes.[64] In 2004 we were
able to isolate the (tert-butyl)(diisopropylamino)carbene M, as light yellow crystals (m.p.
<20°).[16] Carbene M can be stored indefinitely in the solid state at 0°C, but in solution at
room temperature it transforms quantitatively within three days into the corresponding E
imine and propene.

From these results, it can be concluded that 1) amino groups are more efficient than
phosphino groups for stabilizing a carbene center, at least in the case of acyclic carbenes;
and 2) the major obstacle for the isolation of a wide range of (amino and phosphino)(alkyl)
carbenes are intramolecular processes, especially 1,2-migrations. These processes should be
much less favored in cyclic systems, because of geometric constraints, and therefore we
reasoned that cyclic (alkyl)-(amino)carbenes (CAACs), which have a quaternary carbon
atom in the position α to the carbene center, should be very stable species.
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Importantly, it was clear that the replacement of one of the electronegative amino
substituents of NHCs by a σ-donor alkyl group would make CAAC ligands more electron
rich than NHCs, and of course phosphines. Indeed, our calculations showed that the HOMO
(−5.0 eV) of the parent CAAC (H at all positions) is slightly higher in energy than for the
parent saturated NHC (−5.2 eV; Figure 2). We also found that the singlet–triplet gap for the
parent CAAC (46 kcal mol−1) is significantly smaller than for the parent saturated NHC (68
kcalmol−1). Consequently, CAACs should be more nucleophilic (σ donating), but also more
electrophilic (π accepting) than NHCs. Moreover, the presence of a quaternary carbon atom
in a position α to the carbene center should provide steric environments that differentiate
CAACs from all other ligands, and allows for the placement of a chiral center in a position α
to the carbene.

4.2. Synthesis, Characterization, and Stability
The method used to prepare the precursor of (tert-butyl)(amino)carbene M, namely the
alkylation of the corresponding enamine, cannot be extrapolated to cyclic versions.
Therefore, a new synthetic approach had to be designed.[65] Aldimines with a secondary
alkyl substituent at the carbon atom are readily available from aldehydes and amines.
Deprotonation leads to the corresponding aza-allyl anion, which can react with a variety of
compounds with two leaving groups, thereby giving rise to the desired carbene precursors,
namely the cyclic aldiminium salts. This synthetic strategy was first tested with aldimine 14
prepared from 2,6-diisopropylaniline and the simplest aldehyde with a secondary alkyl
substituent, namely 2-methylpropanal (Scheme 15). Deprotonation with LDA affords the
aza-allyl anion, which readily induces the ring opening of 1,2-epoxy-2-methylpropane to
afford the corresponding alkoxide 15. Subsequent treatment with triflic anhydride at −78°C
gives rise to the triflate derivative, which upon warming to room temperature affords the
aldiminium salt CAAC1(H+) in 58% yield (based on the imine). Deprotonation with LDA
then gives carbene CAAC1 quantitatively as a pale yellow solid.

Although the synthetic route described above has a broad scope of application, some of the
reagents are quite expensive. Since we wish to make CAACs available in large quantities,
we searched for a practical and economical synthesis of their direct precursors, namely their
conjugate acids. Among the different methods we have developed, the “hydro-
iminiumation” route appears to be the most suitable. The idea was based on one of the most
appealing synthetic approaches for the preparation of nitrogen-containing heterocyclic
systems, that is, the intramolecular hydroamination of alkenes.[66] Various sophisticated
catalysts have been used to effect this transformation, but when an electron-withdrawing
group (W) is present on the nitrogen atom, traces of acid promote the hydroamination
reaction (Scheme 16).[67] The first step is protonation of the amine, followed by intra-
molecular transfer of the proton to the double bond, and lastly trapping of the generated
cation by the amino group. Accordingly, cyclization does not occur in the absence of
electron-withdrawing groups at the nitrogen atom, because the excessive basicity of the
amino group prevents the transfer of the proton to the olefin. Imines are certainly not overly
basic, and therefore the feasibility of “hydro-iminiumation” reactions was quite likely, and
indeed this chemical transformation is quite general.[68]

The preparation of the enantiomerically pure CAAC2 without time consuming enantio- or
diastereoselective separation is given here as an illustration of this method (Scheme 17).
There is a well-known propensity for relatively bulky reactants to approach a cyclohexane
moiety from the equatorial direction (this effect being reinforced here by the presence of the
isopropyl group); thus, 3-bromo-2-methyl-propene was added to the aza-allyl anion derived
from (−)-menthone, and the corresponding enantiomerically pure alkenyl aldimine 16 was
obtained in 94% yield. After addition of HCl to form the alkenyl aldiminium salt 17 (which
can be isolated), the intramolecular hydro-iminiumation occurred, and was complete after 5
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h at 50°C. The optically pure cyclic iminium salt CAAC2(H+) was isolated in 92% yield,
and deprotonated with LDA to give CAAC2 in 95% yield.

It is apparent from the molecular structure of CAAC2 (Figure 3) that the steric environment
is very different from that of phosphines and NHCs. The N–Ccarbene bond length (1.31 Å) is
shorter than in NHCs (1.34–1.38 Å), which is not surprising since only one nitrogen atom
interacts with the carbene center in CAACs. The Ccarbene–C bond length (1.52 Å) is in the
range expected for a single bond, and the carbene bond angle (106.5°) is comparable to that
observed for NHCs (102–107°). However, the signal for the carbene carbon atom of CAACs
appears at much lower field (309–323 ppm) than for NHCs (205–244 ppm) in the 13C NMR
spectrum.[26b]

CAAC1, which features a Dipp group at the nitrogen atom but only two methyl substituents
on the carbon atom adjacent to the carbene center, is stable at room temperature in the solid
state and in solution for at least two weeks. Therefore, it is clear that the choice of the
substituents on the carbon atom is virtually unlimited (except that they cannot be H), without
precluding isolation of CAACs. This offers the possibility of constructing stable carbenes
with very different types of steric environment.

The enantiomerically pure CAAC2 is an example of what we named “rigid” CAACs.
Indeed, the chair conformation of the cyclohexane is locked (Figure 3), since a ring flip
would put both the isopropyl and methyl groups in unfavorable axial positions (Scheme 18);
even a boat conformation would be highly adverse—in this conformation, the cyclohexane
moiety constitutes a “wall of protection” not only for the carbene center, but also for any
metal bound to the CAAC2. Other examples of rigid CAACs that we have also isolated are
CAAC3[69] and CAAC4,[70] with the latter being by much cheaper to synthesize (Scheme
18). Indeed, CAAC2 and CAAC3 have to be prepared from the rather expensive (−)-
menthone and 2-adamantanone, respectively, and an homologation step is required. CAAC4

is formed from a 95:5 mixture of cis- and trans-2,4-dimethyl-3-cyclohexenecarbox-aldehyde
(trivertal), a common fragrance and flavor material produced in bulk quantities.

CAAC5, with a nonsubstituted cyclohexane ring, illustrates the concept of “flexible steric
bulk”. It was successfully developed for catalytic purposes by Glorius and co-
workers,[25h,71] and can be incorporated into this ligand family. The idea is to have a ligand,
which has a conformation that generates a small steric bulk (conformation a) to accept
sterically hindered substrates, and another sufficiently bulky conformation (b) to support
monoligation and promote reductive elimination (Scheme 18). In contrast to the NHCs B2

developed by Glorius and co-workers, there is only one cyclohexane ring in CAAC5, but it
is much closer to the carbene and to the eventually coordinated metal center. Therefore, the
effect of the “flexible wing” is amplified in CAAC5 compared to NHC B2.

Although a lot of substitution patterns are possible on the quaternary carbon atom, this is not
the case for the substituent on the nitrogen atom. So far, only a Dipp group has allowed for
the isolation of CAACs. However, it should be mentioned that with a 2,6-diethylphenyl
group, the corresponding CAAC(H+)s can be deprotonated in situ in the presence of a metal
fragment, thereby allowing the preparation of the corresponding CAAC–metal complex.[72]

It seems quite likely that the instability of CAACs that do not bear a Dipp group on the
nitrogen atom is due to the high basicity of the carbene center. The latter can deprotonate
primary or secondary alkyl groups of the N-aryl substituents, which are more acidic than in
NHCs because of strong donation of the single nitrogen atom to the carbene center.
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4.3. Ligand Behavior
The coordination behavior of CAACs and the catalytic activity of the ensuing complexes are
by far the most studied of all the species discussed in this Review. As can be seen below,
CAACs ligands can give rise to unusual transition-metal complexes, and the catalytic
activity of CAAC–palladium, –gold, and –ruthenium complexes is unique.

It has already been shown that sterically hindered NHCs allow for the isolation of low-
coordinate unsaturated metal complexes,[73] as exemplified by the preparation of three-
coordinate carbonyl nickel derivatives [Ni(CO)2(NHC)] (NHC =N,N′-di(tert-butyl)- or
di(adamantyl)imidazol-2-yli-dene).[74] Along this line, a very unusual rhodium complex was
prepared with the bulky, rigid CAAC2. The addition of [{RhCl(CO)2}2] to CAAC2, and
even treatment of [RhCl-(cod)(CAAC2)] with excess CO, did not afford the expected
dicarbonyl complex, but instead cleanly led to the 14-electron [RhCl(CO)(CAAC2)]
complex (Scheme 19).[75]

Related [RhCl(L)2] complexes, exemplified by the active species of Wilkinson3s catalyst
[RhCl(PPh3)2], were known only as transient species.[76] They are only generated in situ by
ligand dissociation[77] or by changes in the hapticity;[78] otherwise they readily form chloro-
bridged dimers, even when two very bulky ligands L are present.[79] The surprising stability
of [RhCl(CO)(CAAC2)], formally a 14-electron species, is partly due to the extreme
hindrance provided by the menthyl ring, but also to the presence of metal–hydrogen
interactions (Figure 4). Indeed, the X-ray crystal structure shows short Rh–H distances (2.18
and 2.23 Å), and in the 1H NMR spectrum there is a broad multiplet (1H) at d = 0.08 ppm.
The complex [RhCl(CO)(CAAC2)] is indefinitely stable at room temperature in the open
air. Although other neutral T-shaped formally 14-electron RhI complexes have been
isolated, they are still very rare, and none of them have a halogen that can act as a bridging
ligand.[80]

CAAC2 has also been used to prepare the cationic 14-electron palladium complex [Pd(allyl)
(CAAC2)]BF4 by simple treatment of the corresponding palladium chloride with AgBF4. As
expected, this complex features a T-shaped geometry (Figure 5, left) with no interaction
between the metal center and the tetrafluoroborate anion. However, similar to the previously
mentioned [RhCl(CO)(CAAC2)] complex, at least one of the axial H atoms of the menthyl
ring provides a stabilizing interaction (Pd–H: 2.05 and 2.51 Å), which is confirmed by the
presence of a broad multiplet (1H) at δ =−0.17 ppm in the 1H NMR spectrum. This result is
especially striking since all attempts failed to prepare similar complexes by using bulky
NHCs and phosphines.[81] Indeed, even with the help of intramolecular stabilization by
complexation with the alkene, complex 18 (Figure 5, right) appeared to be rather unstable,
and was only characterized by 1H NMR spectroscopy.[82] [Pd(allyl)(CAAC2)]BF4 is the
first example of a stable, formally 14-electron, PdII cation, although neutral, three-
coordinate, T-shaped d8 palladium(II) complexes were isolated.[83]

Similarly, bulky rigid CAACs can stabilize unusual cationic gold(I) species. The addition of
the adamantyl-substituted CAAC3 to (Me2S)AuCl affords the [Au-(CAAC3)Cl] complex in
excellent yield.[84] The chloride is then abstracted by reaction of a suspension of this
complex in toluene with the silylium-like salt [(Tol)SiEt3]+ [B(C6F5)4] −[85] to afford
CAAC3

Au+. The X-ray diffraction study showed that it was not a naked [Au(L)]+ complex,
since a toluene molecule was η2-coordinated to the metal center (Figure 6).[69] However, in
CAAC3

Au+ there is little perturbation of the aromatic toluene ring, which implies weak
coordination. Interestingly, this complex appeared to be indefinitely stable in solution and in
the solid state. Although this complex is not unique, only a few other similar π–arene
complexes with very bulky phosphine ligands have been isolated.[86,87]
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The isolation of low-coordinate Rh, Pd, and Au complexes clearly demonstrates that it is
possible to design CAAC ligands that feature a wall of protection for the eventually
coordinated metal center by manipulating the quaternary carbon atom adjacent to the
carbene center. Moreover, since low-coordinate metals often play a key role in catalytic
processes, these results show that catalysts based on CAAC ligands deserve extensive
studies.

4.4. Catalysis
4.4.1. Palladium–CAAC Complexes—The steric and electronic properties of CAACs
should benefit the numerous catalytic processes that require bulky electron-rich ligands at
the metal center. As a first example, we studied the palladium-catalyzed α-arylation of
carbonyl compounds, a process discovered simultaneously in 1997 by the research groups of
Buchwald,[88] Hartwig,[89] and Miura.[90]

Three [PdCl(allyl)(CAAC)] complexes were prepared by the addition of [{Pd(allyl)(Cl)}2]
to CAACs with very different steric environments at the quaternary carbon atom, which is
next to the carbene center (Figure 7). They were isolated in high yields as air-stable
colorless crystals. Table 1 summarizes the results obtained using these complexes for the α-
arylation of propiophenone and isobutanal, the classical substrates for such a reaction.

With nonhindered aryl chlorides (entries 1–4), the most bulky CAAC2
Pd complex is by far

the best catalyst for the α-arylation of propiophenone. A turnover number (TON) of up to
7200 was obtained at room temperature (entry 3). This compares extremely favorably with
the best TON reported so far of 4100 at 120°C by using an NHC ligand.[91] No catalytic
activity was observed with CAAC2

Pd nor with CAAC1
Pd when a di-ortho-substituted aryl

chloride was used (entries 5–8), but in marked contrast, CAAC5
Pd was active, even at room

temperature. Clearly, carbene CAAC1 is not sterically hindered enough to favor reductive
elimination at room temperature with any aryl chloride. This step is easily promoted by the
very rigid and bulky CAAC2 ligand. However, entry 6 shows that CAAC2 gives rise to a
catalyst that is very sensitive to excessive steric hindrance, probably by preventing the
oxidative addition step. This step becomes possible when the flexible carbene CAAC5 is
used. In the solid state this carbene presents a steric environment around the metal center
that is very similar to that of CAAC1 (Figure 7), however, in solution, the cyclohexane
moiety of CAAC5 can easily undergo a ring flip. This second conformer certainly has a
steric environment very similar to that of CAAC2, which consequently aids the reductive
elimination step.

Although the α-arylation of carbonyl compounds has a broad scope of application,[92] very
little success has been reported with aldehydes,[93] mostly because of the competing aldol
condensation. By taking advantage of the mild conditions that can be used with Pd–CAAC
complexes, it is possible to prevent this side reaction, as shown by the highly efficient
coupling of chlorobenzene with isobutanal (entry 9). The α-arylation occurred at room
temperature in 98% yield by using 1 mol% of CAAC2

Pd, with no evidence of aldol
condensation products.

Up to now, and despite enormous progress in the palladium-catalyzed α-arylation of
ketones[94] and aldehydes,[95] CAACs are the only ligands that efficiently promote these
reactions with aryl chlorides at room temperature. Similarly, no other α-arylations of
carbonyl compounds with ortho-disubstituted aryl halides have been reported.

4.4.2. Gold–CAAC Complexes—A very surprising catalytic reaction was
serendipitously discovered using [Au(CAAC3)(η2-toluene)]B(C6F5)4 (CAAC3

Au+; Scheme
20).[69] Indeed, many transition-metal complexes, including gold complexes, are known to
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catalyze the addition of terminal alkynes to enamines, thereby affording propargyl
amines.[96] In marked contrast, CAAC3

Au+ efficiently mediates the catalytic coupling of
enamines and terminal alkynes to yield allenes with the loss of imines. Mono-, di-, and
trisubstituted enamines can be used, as well as aryl-, alkyl-, and trimethylsilyl-substituted
terminal alkynes. The reaction tolerates sterically hindered substrates, and is
diastereoselective. Importantly, when AuCl, AuCl/(Tol)SiEt3+B(C6F5)4

−, [AuCl(PPh3)]/
KB(C6F5)4, and even neutral [AuCl(CAAC)] complexes were used as catalysts, the
propargyl amine was the major product (>95%), with traces of allene (<2%) detected only in
the case of [AuCl(PPh3)]/KB(C6F5)4. From these results it is clear that the gold center must
be coordinated by the CAAC ligand to efficiently catalyze formation of the allene, and it
must also be rendered cationic by Cl abstraction. Mechanistic studies indicate that the
reaction most probably proceeds through an unprecedented “carbene/vinylidene cross-
coupling reaction”. This is the first general catalytic protocol to directly couple two
unsaturated carbon centers to form the C3 allenic core.

Since NH3 is one of the largest volume and least expensive bulk chemicals, one of the
greatest challenges of synthetic chemistry is to find atom-efficient processes that are capable
of combining NH3 with simple organic molecules to create nitrogen–carbon bonds. The
most appealing process is the addition of NH3 to C–C multiple bonds, a process that ideally
occurs with 100% atom economy. Although various homogeneous catalysts have been used
to effect the so-called hydroamination reaction,[66,97] none of them were reported to be
effective when NH3 was used as the amine partner.

In 2008, it was found that cationic [Au(CAAC)]+ complexes, including the Werner-type
complex [Au(CAAC3)-(NH3)]B(C6F5)4, readily catalyze the addition of ammonia to a
variety of unactivated alkynes and allenes, thereby providing access to a diverse array of
linear and cyclic nitrogen-containing compounds (Scheme 21).[98] As an illustration, the use
of 3-hexyne as a substrateled to isolation of the corresponding imine in almost quantitative
yield. Furthermore, the catalyst is very thermally robust, with no decomposition observed
after heating it for 20 h at 200°C. Since nitrogen heterocycles are an important class of
compounds that widely occur in natural products and often display potent biological activity,
we attempted the direct synthesis of heterocycles from diynes and NH3. For example, the
use of hexa-1,5-diyne led to the corresponding 2,5-disubstituted pyrrole in 96% yield. The
scope of the NH3-hydroamination reaction was then expanded to allenes. A mixture of
mono-, di-, and triallylamine was obtained in excellent yield by using 1,2-propadiene. Allyl
amines are among the most versatile intermediates in synthesis and are of industrial
importance. For example, the parent compound, which is produced commercially from
ammonia and allyl chloride, is used in antifungal preparations and polymers. As can be seen,
the selectivity of this reaction can be controlled by varying the NH3/allene ratio. It is
particularly interesting that the parent allylamine and the triallylamine can be obtained with
86 and 91% selectivity, respectively (not optimized). The addition of NH3 to 1,2-dienes is
not restricted to the parent allene: Even tetrasubstituted allenes undergo hydroamination
with ammonia. However, a different regioselectivity is observed (probably because of steric
factors), and only the mono hydroamination product is formed.

Catalytic systems that are able to promote the intermolecular hydroamination of alkynes and
allenes with secondary amines are also quite rare. In the case of alkynes, it was reported that
benzocyclic amines can be used, in the presence of cationic ruthenium hydride, in a
hydroamination/C–H bond-activation process.[99] Similarly, lanthanide complexes were
found to promote the addition of secondary amines to terminal alkynes, as a part of tandem
hydroamination/C–C bond-forming processes.[100] In addition, several examples of the
hydroamination of terminal alkynes with secondary (aryl)(alkyl)amines in the presence of
mercury and thallium compounds are known,[101] but the high toxicity of the catalyst is a
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major drawback. The only hydroamination reaction of allenes with a secondary amine was
reported by Nishina and Yamamoto,[102] who used morpholine, and mono- and disubstituted
allenes at 80°C, with 10 mol% of a 1:1 mixture of [AuCl(Ar3P)] and AgOTf.

It was found that, in the presence of 5 mol% CAAC3
Au+, diarylamine, arylalkylamine, and

benzocyclic amine add to terminal alkynes as well as internal alkynes at 60–120°C, with
reaction times of 7–24 h.[103] More strikingly, this catalytic process is also efficient for
simple dialkylamines such as diethylamine (Scheme 22). The only noticeable difficulties
were found with phenylacetylene, because of competitive oligomerization processes. The
expected mixture of Markovnikov and anti-Markovnikov products was obtained with
methylphenylacetylene, but more surprising were the results observed with diethylacetylene.
Indeed, a mixture of the expected hydroamination adduct and an isomer, in which the
unsaturation had been shifted, was observed. So far, there is no explanation for this
isomerization.

Similarly, CAAC3
Au+ promotes the hydroamination of allenes with a variety of amines.[104]

Morpholine, as well as benzylic and benzocyclic amines, react smoothly at 70–90°C to
afford the hydroamination products in yields of 93–99% after only 8–12 h. More
importantly, although drastic conditions are required with diethylamine (130–165°C, 24–36
h), the addition occurs to yield the Markovnikov adduct in 61–98% yield (Scheme 23).
These results emphasize the robustness of the CAAC catalyst.

The availability of catalysts able to perform the hydroamination reaction of alkynes with
secondary amines (Scheme 22) opens the way for cascade reactions. By combining the
reactions showed in Schemes 20 and 22, the one-pot preparation of allenes by coupling two
alkynes was first investigated by using a sacrificial secondary amine. As an example, the
homocoupling of tert-butylacetylene in the presence of one equivalent of 1,2,3,4-
tetrahydroisoquinoline (THQ) was complete after 16 h at 120°C by using 5 mol%
CAAC3

Au+, and the expected allene was formed in 89% yield (Scheme 24).[103] The scope
of this tandem reaction was expanded to the cross-coupling reaction of alkynes. Solutions of
an internal alkyne and 0.9 equivalent of THQ in benzene were first heated at 120°C in the
presence of 5 mol% CAAC3

Au+. The reactions were monitored by NMR spectroscopy, and
after complete conversion of the amine, 0.9 equivalent of a terminal alkyne was added to the
reaction mixtures. The expected allenes were formed in good to excellent yields after
heating the solution for 16 h at 130°C. This reaction appeared to be quite general, although
with some regioselectivity issues, and is of course limited to the use of terminal alkynes for
the second step.

Inspired by the recent works of Yi et al.[99,105] and Che and co-workers,[106] we then studied
the one-pot three-component synthesis of 1,2-dihydroquinoline derivatives by a tandem
hydroamination-hydroarylation reaction (Scheme 25).[70] Both homo- and cross-coupling
reactions are possible, the only serious limitation is, as for the tandem reaction shown in
Scheme 23, the use of a terminal alkyne for the second step. Consequently, the
dihydroquinoline skeleton can be readily decorated with three different (R1, R2, and R3)
substituents. For the cross-coupling process, the hydroamination of the first alkyne has to be
monitored by spectroscopy, and only after complete conversion can the terminal alkyne be
added.

Tanaka and co-workers[107] reported that a cationic gold(I) complex, similar to CAAC3
Au+

but bearing triphenylphosphine as an ancillary ligand, promoted the intermolecular
hydroamination of terminal as well as internal alkynes with a variety of primary aryl amines,
but the protocol did not tolerate alkyl amines and secondary amines.[108] Similarly, NHC
analogues of CAACAu+ did not allow the use of internal alkynes for the three-component
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synthesis of 1,2-dihydroquinoline derivatives.[99,105] The comparison of these results with
our findings clearly demonstrates the specific properties of the CAAC ancillary ligand.

On the basis of preliminary mechanistic studies we postulated that the key step in the
catalytic cycle for the hydroamination processes described above was the formation of a
tricoordinate gold complex, which was followed by an inner-sphere C–N bond formation, as
first postulated by Tanaka et al.,107 as well as by Nishina and Yamamoto.[109] We attempted
to isolate such a tricoordinate gold(I) complex to confirm this hypothesis. For entropic
reasons, intramolecular hydroamination reactions occur under much milder conditions than
the intermolecular version, and are therefore better suited for characterizing reaction
intermediates. We chose 2-alkynyl-N,N-dimethylbenzenamine 19, since the rigidity of the
phenyl spacer places both the amino group and the alkyne in perfect positions to coordinate
the metal center. Moreover, the absence of an N–H bond would prevent the hydroamination
process going to completion. A stoichiometric amount of CAAC3

Au+ was added at room
temperature, and we observed the instantaneous disappearance of 19 and the concomitant
formation of complex 20, which was isolated in 98% yield. The single-crystal X-ray
diffraction study demonstrated that 20 was not the desired tricoordinate gold(I) complex, but
a gold(I)–vinyl complex resulting from the addition of the tertiary amino group to the
coordinated alkyne (Scheme 26).[110] Complex 20 is reminiscent of complexes recently
isolated by Hammond and co-workers[111] as well as by Gagné and co-workers[112] in the
gold-promoted cyclization of allenoates and intramolecular hydroarylation of allenes,
respectively.[87c,113] The formation of 20 argues against the hypothesis of an inner-sphere
mechanism for the hydroamination, and is in favor of an outer-sphere nucleophilic attack on
the alkyne π complex. Such a mechanism had been postulated for several gold-catalyzed
reactions.[108a,b,114]

Not surprisingly, treatment of complex 20 with one equivalent of trifluoromethanesulfonic
acid instantaneously induced the protodeauration to afford the corresponding gold-free
cyclic ammonium salt 21. The stoichiometric two-step transformation of 19 into 21 via 20
led to the question of whether this process could be catalytic in gold, or if the presence of
triflic acid would induce the protonation of the basic tertiary amine and prevent the
cyclization process. Protonation of 19 but no cyclization occurred in the absence of a gold
catalyst, but in the presence of triflic acid, even under heating in a sealed tube at 120°C for
three days. In contrast, heterocycle 21 was obtained in 98% yield after only 3 h at 70°C in
the presence of 5 mol% of a 1:1 mixture of [AuCl(CAAC3)]/AgOTf and one equivalent of
triflic acid, (Scheme 26). The scope of this hydroammoniumation reaction was briefly
explored. It was found that aryl and alkyl groups are tolerated on the alkyne, and that the
cyclization process occurs under milder conditions when a weaker basic amine is used.

Examples of the direct carboamination of alkynes (the addition of a carbon–nitrogen bond to
a carbon–carbon triple bond) are very rare. Yamamoto and co-workers[115] reported the
platinum- and palladium-catalyzed intramolecular C–N bond addition of amides and N,O-
acetals, and Cacchi et al.[116] the palladium-catalyzed cyclization of 2-alkynyl-N-allyl-N′-
trifluoroacetylbenzenamine. Although, in both cases, the cleavage of a relatively weak
carbon–nitrogen bond was involved, these results prompted us to investigate the related
methylamination reaction. 2-Alkynyl-N,N′-dimethylbenzenamines, such as 19, were
transformed into 2,3-disubstituted indoles 22 in good to excellent yields after 20 h at 160°C
in the presence of 10 mol% of a 1:1 mixture of [AuCl(CAAC3)]/KB(C6F5)4 (Scheme 26).

It is noteworthy that some of the catalytic hydroamination reactions discussed in this section
were performed at very high temperatures, which demonstrates the robustness of cationic
gold(I)–CAAC complexes. In fact, no decomposition was observed on heating [Au(CAAC3)
(NH3)]B(C6F5)4 at 200°C for 2 days.
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4.4.3. Ruthenium–CAAC Complexes—The most dramatic advance in ruthenium
catalysts for olefin metathesis was observed after exchanging a single PCy3 ligand of
Gr1[20] and HG1[117] with an NHC of type C (Scheme 27). The higher activity of Gr2 and
HG2 has been rationalized by the superior σ-donating ability of the NHC over PCy3, which
increases the affinity of the metal center for olefinic substrates.[118] Therefore, CAACs
appeared to be excellent candidates as ligands for ruthenium catalysts for olefin metathesis,
a project that we are developing with the the Grubbs research group.

We first attempted to prepare ruthenium–CAAC complexes by substituting the pyridine
ligands of 23.[72a] However, in contrast to NHCs, which replace both pyridine ligands and
retains the phosphine to give Gr2,[119] the addition of CAACs led to pyridine adducts 24a,b.
These results are not yet understood. We then moved to the Hoveyda–Grubbs catalyst HG1,
and were able to exchange the phosphine ligand and isolate complexes CAAC1,5,6

Ru in
good to excellent yields (Scheme 27). X-ray diffraction studies on CAAC1,5,6

Ru show that
the Ru–Ccarbene bond lengths are about 0.04–0.05 Å shorter and the Ru–O bond lengths
0.04–0.09 & longer than the corresponding NHC complex HG2. These findings are
consistent with the CAACs acting as stronger σ donors than their NHC counterparts.

The catalytic activity of the air-stable CAAC complexes CAAC1,5,6
Ru in ring-closing

metathesis reactions was explored with three prototypical substrates that targeted di-, tri-,
and tetrasubstituted olefins (Scheme 28). The best results were obtained with CAAC6

Ru, but
none of these CAAC complexes were active for the formation of the tetrasubstituted
olefins.[72a] The dramatic increase in activity observed after slightly decreasing the steric
bulk of the N-aryl group [Dipp (2,6-diisopropylphenyl) to Dep (2,6-diethylphenyl)] is
attributed to catalyst initiation. We postulate that this step requires dissociation of the ether
moiety and rotation of the benzylidene ring into a plane parallel to the N-aryl group to open
a coordination site for the incoming olefin; for complexes CAAC5

Ru and CAAC5
Ru (with

the Dipp group) this process may be disfavored for steric reasons.

We then turned our attention to the catalytic activity of complexes CAAC1,5,6
Ru toward

olefin cross-metathesis reactions, an area of significant interest. Indeed, highly active NHC
based catalysts such as Gr2 and HG2 generally produce mixtures in which the
thermodynamic products predominate: more E than Z isomers, and more internal olefins
than terminal olefins (ethenolysis).[24w,120] We found[72b] that relative to the commercially
available catalysts Gr1,2 and HG1,2, CAAC-substituted complexes enhanced the Z/E
stereoselectivity in favor of the desired Z olefin (3:1 at 70% conversion) in the cross-
metathesis of cis-1,4-diacetoxy-2-butene with allylbenzene. Similar Z/E ratios were only
observed by Blechert and co-workers[121] when utilizing a ruthenium complex bearing an
unsymmetrically substituted NHC.

More striking are the results obtained with complexes CAAC1,5,6
Ru for the ethenolysis of

methyl oleate.[72b] This is an important process that transforms internal olefins derived from
seed oils to terminal olefin feedstocks,[122] and for which a highly efficient and selective
catalyst has yet to be developed. Previous detailed studies showed that Gr1 and
HG1[24w,120] are highly selective for the production of the desired terminal olefins c and d
(over self-metathesis products e and f; Scheme 29). However, catalyst decomposition, as a
consequence of the instability of the propagating methylidene species, and catalyst
inhibition by the ethenolysis products occurred. Conversely, Gr2 and HG2 demonstrated
relatively low selectivity for the synthesis of the desired terminal olefins. Under the same
conditions, at a loading of 100 ppm, catalysts CAAC1,5,6

Ru exhibited good selectivity (73–
94%) for terminal olefins c and d, and achieved TONs ranging from 4200 to 5600. By
lowering the catalyst loading of CAAC6

Ru to 10 ppm, TONs of 35000 were achieved. Prior
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to this study, the highest TON reported was 14000, which was obtained when using a bis(9-
cyclohexyl-9-phospha-9H-bicyclononane)ruthenium complex.[123]

Catalyst CAAC6
Ru, the smallest of the series, appeared to be the most active in all the

metathesis reactions studied so far. These results provide a clear direction for the design of
ruthenium catalysts for olefin metathesis.

5. Cyclic (Amino)(ylidic)carbenes
5.1. Background

Replacing one nitrogen center of NHCs by an sp3-hybridized carbon atom leads to CAACs,
which are already more nucleophilic (σ donating). One way to increase the electron density
at the carbene carbon atom even further is to replace the sp3-carbon atom of CAACs by a
carbanion. Of course, a carbene has to be neutral, which implies that the carbanion has to be
part of an ylide, and as a consequence some of its electron density will be shifted towards
the cationic component. This rather intuitive approach was confirmed by calculations.
Nuylasziet al.[124] showed that there is an excellent linear correlation between the
nucleophilicity of carbenes and the value of the energy E1 obtained in the isodesmic reaction
shown in Scheme 30. For the parent saturated NHC C, an E1 value of 91.4
kcalmol−1[124,42a] was calculated, while for carbenes N-YHC2 and N-YHC2, which feature
a phosphorus ylide moiety, the E1 values were 97.5 and 104.5 kcalmol−1, respectively.[42a]

These results not only show the superior donor ability of a carbanion compared to an amino
group in the α position of the carbene, but also show that the substituents on the phosphorus
atom could allow for a fine-tuning of the carbene’s electronic properties. Clearly, compared
to H, the NH2 substituents stabilize the P+ moiety of N-YHC2, thereby preventing some
back donation of the carbanion lone pair of electrons to the P center. Experimentally,
carbenes N-YHC1,2 are not interesting targets since, considering the resonance structure N-
YHC′, it is quite likely that such carbenes would be unstable towards ring opening, as found
for isoxazole[125] and isothiazole carbenes.[126] To prevent such a process, the positive part
(Y) of the ylide has to be exocyclic, as in N-YHC3, since the formation of an endocyclic
triple bond is highly unlikely.

5.2. Synthesis, Characterization, and Stability
All the reports on N-YHC were published in 2008.[127–130] The first attempt to prepare a
free N-YHC was reported by Kawashima and co-workers.[127] Treatment of phosphonium
tetraphenylborate salt N-YHC4(H+) with mesityllithium at −78°C, and then warming the
mixture to room temperature afforded heterocycle 25 as the major product (Scheme 31). As
postulated by the authors, it is quite likely that 25 results from the transient formation of the
desired N-YHC4 followed by a formal 1,3-phenyl shift. Although, the half-life of N-YHC4

did not permit its characterization by NMR spectroscopy, its transient formation was
demonstrated by the formation of thioamide 26 when the deprotonation was carried out at
−78°C in the presence of elemental sulfur. Furthermore, the transient N-YHC4 was also
trapped with transition-metal species. Importantly, calculations showed that although N-
YHC4 is not a poorer π acceptor than NHCs, it should behave as a very strong σ-donor
ligand since its HOMO (−4.4 eV) is significantly higher than those of NHCs (−5.2 eV) and
even CAACs (−5.0 eV).

Our research group[128] attempted the deprotonation of another potential precursor of N-
YHC by also using a triphenylphosphorus ylide as well as a ring system based on the
skeleton of imidazolin-2-ylidenes (unsaturated NHCs B), instead of the benzimidazolin-2-
ylidene E used by Kawashima and co-workers.[127] Treatment of the tetraphenyl borate salt
of N-YHC5(H+) with a variety of bases (LDA, TMPLi, tBuLi, KHMDS) led to a complex
mixture of products, but with no evidence for the desired carbene. However, the use of two
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equivalents of methyllithium resulted in a clean reaction taking place and isolation of the
lithium complex 27 (Scheme 32). Monitoring the reaction of N-YHC5(H+) with one
equivalent of methyllithium by variable-temperature multinuclear NMR spectroscopy
showed the formation of the phosphorane intermediate 28. Based on literature
precedents,[131] it is reasonable to postulate that the next step is the elimination of benzene
with concomitant formation of ylide 29. The second equivalent of methyllithium can then
deprotonate the heterocycle to afford the observed lithium complex 27. Although 27 is not
the expected carbene, it can be viewed as a lithium adduct of an N-YHC, with the metal
cation being coordinated further by an ylidic carbon atom and THF molecules.[132]

Therefore, one can expect that the observed chemical shift of the carbene carbon atom of 27
(δ =204 ppm, JPC = 54 Hz) in the 13C NMR spectrum gives a good indication of the
chemical shift of free N-YHCs (see below).

Very interestingly, Fürstner et al.,[129] using a triazolin-5-ylidene-like skeleton (D) with a
phenyl group at the nitrogen atom instead of a benzimidazolin-2-ylidene as Kawashima and
co-workers[127] or an imidazolin-2-ylidene as our research group,[128] was able to generate
the free N-YHC6 (Scheme 33). This compound was sufficiently stable for spectroscopic
characterization. A signal was observed at δ =218 ppm (JPC = 51.2 Hz) in the 13C NMR
spectrum, which leaves no doubt to the formation of N-YHC6. Furthermore, the addition of
sulfur gave the corresponding thioamide.

In the same publication, Fürstner et al.[129] reported the attempted preparation of N-YHC7

with a sulfur ylide moiety instead of a phosphorus ylide, and using a benzimidazolin-2-
ylidene-like skeleton (Scheme 34). They noted that the solid-state structure of the precursor
(N-YHC7(H+) revealed a significant degree of charge delocalization from the sulfonium
group into the ring, and concluded that this transmission of charge predisposed the salt for
deprotonation. However, although they could trap the putative N-YHC7 with metal species,
they were not able to characterize it spectroscopically. In marked contrast, Kawashima and
co-workers[130] used an imidazolin-2-ylidene type ring system and mesityllithium as a base,
and observed a signal at δ =199 ppm in the 13C NMR spectrum recorded at −40°C. This is
an unambiguous identification of N-YHC8, although they mentioned that N-YHC8 was part
of a complex mixture of unidentified products.

By comparing Schemes 26 and 29, one could conclude that benzimidazolin-2-ylidenes are
not the correct skeleton to build stable N-YHCs. However, it should be noted that a methyl
group has always been used as the substituent on the nitrogen atom; therefore, the instability
of the corresponding N-YHCs might be due to a lack of steric bulk. From the results of the
deprotonation of N-YHC5(H+) and N-YHC6(H+), it is clear that the triazolin-5-ylidene is
better than the imidazolin-2-ylidene-like skeleton, which is in line with the weaker basicity
of the former. Lastly, the fate of the deprotonation reaction of N-YHC5(H+) versus N-
YHC8(H+) tends to indicate that sulfur ylides are more appropriate than phosphorus ylides
for stabilizing N-YHCs.

As shown by Fürstner et al.,[129] other types of ylides can be envisaged. It is quite likely that
the right combination of ylides and ring skeleton will allow for the preparation of isolable N-
YHCs, which are desirable ligands for transition-metal-based catalysts. Simply by
combining the observations described above, one can predict that a sulfur ylide analogue of
N-YHC6 should be isolable.

5.3. Ligand Behavior and Catalysis
Very few studies have been carried out on the coordination properties of N-YHCs.
[RhCl(CO)2(N-YHC)] complexes were prepared, essentially to compare the electronic
properties of N-YHCs with the other cyclic non-NHCs and classical NHCs (see Section 9).
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[RhCl(cod)(N-YHC)] complexes of most of the carbenes discussed in this section were also
synthesized. The Rh–Ccarbene bond length and other parameters around the metal center are
within the range of those reported for the analogous NHC complexes. However, it was noted
that the Ccarbene–N bond lengths (ca. 1.38 Å) are slightly longer than those observed for
NHCs, thus suggesting that, as expected, π donation of the amino group to the carbene
center is weaker.

The two palladium complexes N-YHC4
Pd [127] and YHC5

Pd
[128] were also characterized

crystallographically. Preliminary experiments showed that 5 mol% of YHC5
Pd promotes the

amination of p-tolyl bromide and morpholine at 80°C in 2 h.[127a] Although these results are
not spectacular, they suggest that N-YHCs deserve further study.

6. Cyclopropenylidenes
6.1. Background

Up until 2006, four-membered NHCs[51] were the smallest ring systems featuring a carbene
center. Moreover, it was generally believed that singlet carbenes could be isolated only if
their electron deficiency was reduced by the presence of at least one π-donor heteroatom,
preferably nitrogen or phosphorus, directly bonded to the carbene center. Clearly, three-
membered ring carbenes with two (or one) nitrogen atoms such as 30 (Scheme 35) could not
be stable; they would readily isomerize into carbodiimides (or ketene-imines). Since some
kind of electronic stabilization is necessary for a carbene to be isolated, we targeted
cyclopropenylidenes. Indeed, they are the conjugate bases of cyclopropenium ions, the
prototypical 2π-Huckel aromatic compounds discovered by Breslow over 50 years ago,[133]

and therefore could benefit from aromaticity.

The parent cyclopropenylidene CP1 (Scheme 36) is the most abundant cyclic hydrocarbon
observed in interstellar space,[134] but is recognized to be highly unstable in condensed
phases. Reisenauer et al.[135] were able to detect the molecule in a solid argon matrix by
infrared spectroscopy, but it survives for only several hours at 35 to 40 K before
polymerizing. The quest for free cyclopropenylidenes in the laboratory had not been
restricted to the parent compound CP1. As amino groups are known to stabilize the
corresponding cyclopropenium salts,[136] bis(dialkylamino)cyclopropenylidenes, such as
CP2, have been among the most frequently targeted derivatives. The research groups of
Weiss and Yoshida attempted lithium–halogen exchange from CP2-(Cl+)X− (X =
ClO4),[137] and deprotonation of CP2(H+) X−(X = ClO4),[138] respectively, with nBuLi.
They were not able to isolate the resulting product. Initially, Yoshida et al. claimed the
successful synthesis of the free cyclopropenylidene CP2,[138] but several years later he[139]

and Weiss[137] concluded concurrently that the compound in question was more likely to be
the carbene-LiClO4 adduct. However, the only spectroscopic data that exist for this adduct
are the single report of a 7Li NMR chemical shift.[139b] In the 1990s, Tamm et al.[140]

repeated the lithium–halogen exchange reaction of CP2(Cl+)X− (X =ClO4 and CF3SO3)
with n-butylllithium, and described the product as stable only at low temperatures. It has
also been shown that this compound, generated in situ, effectively transfers the
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cyclopropenylidene moiety CP2 to a number of substrates, including transition metals and
main-group species.[137–141]

Despite these previous rather discouraging results, calculations prompted us to tackle the
synthesis of a stable, free cyclopropenylidene. Indeed, it was predicted that the
rearrangement of CP1 into the other C3H2 isomers, propadienylidene (31) and
propynylidene (32), was quite unlikely, because the latter were predicted to be higher in
energy by 10–13 and 13–22 kcalmol−1, respectively, depending on the level of calculations
(Scheme 37).[142] Our own calculations predicted a relatively small singlet–triplet energy
gap (45 kcal mol−1) for the parent cyclopropenylidene CP1, which might explain its
tendency to polymerize. In contrast, we found a singlet–triplet energy gap of 60 kcalmol−1

for the simplest amino-substituted derivative CP3 (R =NH2), which should definitely
prevent the dimerization and subsequent polymerization.[143] Indeed, this value is
comparable to that found for triazolin-5-ylidene D (58 kcalmol−1).[144]

6.2. Synthesis, Characterization, and Stability
First, we reproduced the Weiss–Yoshida–Tamm lithium–halogen exchange reaction with n-
butyllithium, but using the tetrafluoroborate salt of CP2(Cl+) as a precursor to avoid any
potential explosive hazards arising from the perchlorate anion.[145] Luckily, a very clean
reaction occurred. A single-crystal X-ray diffraction study revealed that the resulting
product 33 was a polymeric chain, with an overall stoichiometry of five LiBF4 units for four
carbene ligands, and with each cyclopropenylidene moiety bonded to a lithium cation
(Figure 8, left). To test the lability of the C–Li bond and attempt to isolate the free
cyclopropenylidene CP2, we tried to sequester the metal ion into strong complexing agents.
The addition of an excess of [12]crown-4 to a solution of 33 in diethyl ether led to isolation
of the tertiary complex 34 in 60% yield (Figure 8, right). In contrast to all known carbene–
lithium complexes characterized crystallographically at that time,[146] 34 is a monomeric
carbene–lithium complex. These results are in contrast to the observation of Alder et al.[33a]

that the addition of [12]crown-4 to the N,N-diisopropyltetra-hydropyrimid-2-ylidene lithium
BF4 complex induces the liberation of the free carbene. This result suggests that
cyclopropenylidene CP2 coordinates lithium cations very strongly compared to
diaminocarbenes. Indeed, the carbene–lithium bond length in 34 (2.093 Å) is significantly
shorter than those observed in the few other reported carbene–lithium ion adducts (2.135–
2.155 Å).[146] The polymeric carbene–lithium complex 33 can also be cleanly obtained by
deprotonation of the tetrafluoroborate salt of CP2(H+) with n-butyllithium.

Alder et al. have shown that sodium or potassium bases must be used, instead of lithium
bases, if the salt-free derivative of a highly basic compound is desired.[147] After several
unsuccessful attempts, it was found that potassium bis(trimethylsilyl)amide reacted with the
tetraphenylborate salt of cyclopropenium CP2(H+) to afford the desired free
cyclopropenylidene CP2 in 20% yield.[148] Later on, CP2 was isolated in 53% yield by
using the same base but the terafluoroborate salt[145] (Scheme 38). Importantly, it was
shown that only certain combinations of counteranion and base allowed for the isolation of
free cyclopropenylidene CP2, as well as its lithium complexes 33 and 34. This explains why
the early attempts to isolate CP2, and even its lithium complexes, failed.

The X-ray diffraction study of bis(diisopropylamino)cyclopropenylidene CP2 (Figure 9)
indicates, as expected, significant π donation from the amino groups to the electron-deficient
ring; however, this donation is weaker than in the starting conjugate acid CP2(H+). Not
surprisingly, the carbene bond angle in CP2 (57.2°) is extremely acute, and it is smaller than
that in its conjugate acid precursor (62.6°). This trend is observed for all known stable
singlet carbenes. Similarly, the signal for the carbene carbon atom of CP2 in the 13C NMR
spectrum (δ =189 ppm) is strongly deshielded compared to that of CP2(H+) (δ =100 ppm).
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Although CP2 is sensitive to air, it is thermally very stable (m.p. 107–109°C); heating a
toluene solution at 80°C for two hours resulted in only approximately 10% decomposition.

Tamm and co-workers[149] have shown that the amino substituents can easily be varied, and
of special interest is that this allowed the introduction of chirality. By using the
deprotonation route, they prepared cyclopropenylidene CP4

, which features two (R)-1-
phenylethylamino groups (60% yield). The spectroscopic data, especially the 13C NMR
chemical shift (δ = 188 and 161 ppm), are very similar to those observed for CP2.

Diphenylcyclopropenylidene CP5 has recently been characterized by McMahon and co-
workers[150] by infrared spectroscopy, but only in an argon matrix at 10 K. It was obtained
by photochemical isomerization of the triplet diphenylpropynylidene (35), a process that is
photochemically reversible at λ =232 nm (Scheme 39).

Attempts to prepare cyclopropenylidene CP6 with extremely bulky aryl substituents
failed.[151] When a solution of dichlorocyclopropene 36 in THF was treated with an excess
of magnesium at room temperature, triafulvalenes 38 were obtained in a total yield of 94%
as a mixture of E and Z isomers (Scheme 40). The E/Z ratio (60:40) reflects the relative
thermodynamic stability of 38a and 38b arising from steric repulsion between the bulky
substituents. Derivatives 38 are the first examples of triafulvalenes[152] that could be isolated
in pure form. These compounds are the smallest members of a class of hydrocarbons named
fulvalenes,[153] which are formed by formally cross-conjugating two rings through a
common exocyclic double bond.

It is important to note that there is no evidence for the mechanism of the reaction that leads
to 38. Breslow et al. have shown that zinc cleanly promotes the coupling of cyclopropenium
salts to afford bis(chlorocyclopropene) of type 37.[154] Thus, the formation of triafulvalenes
38 does not imply that CP6 is involved as an intermediate, and consequently does not prove
that diarylcyclopropenylidenes cannot be isolated. Indeed, there are several reports that
demonstrate that, in some cases, both a carbene and its dimer can exist.[9,155] Moreover, a
singlet–triplet energy gap of 43 kcal mol−1 was calculated for diphenylcyclopropenylidene
CP5.[150] Although this value is smaller than that of the bis-(amino)cyclopropenylidene CP3

(60 kcalmol−1),[148] it is much larger than that of the already isolated (phosphino)-
(silyl)carbene A (27 kcalmol−1). In addition, the noncatalyzed dimerization[9,124,147,156,157]

of singlet carbenes is believed to follow a nonleast motion pathway.[158] The reaction
involves the attack of the occupied in-plane σ lone pair of electrons of one singlet carbene
center on the out-of-plane vacant pπ orbital of a second carbene, with the latter orbital being
reasonably high in energy because of the 2π-electron system of the ring. In other words,
there is an energy barrier for the dimerization that is due to electronic factors, and bulky
substituents might be able to enhance this barrier sufficiently by kinetic stabilization to make
diarylcyclopropenylidenes isolable.
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6.3. Ligand Behavior and Catalysis
A few transition-metal complexes have been prepared from stable, free cyclopropenylidene
CP2. However, it should be mentioned that at the end of the 1960s Öfele had already
reported chromium pentacarbonyl[159] and palladium dichloride[160] complexes bearing a
diarylcyclopropenylidene ligand. The metal complexes of the so-called carbocyclic carbenes
were recently reviewed by the pioneers of the field.[161] Therefore, we will focus in this
section on the coordination behavior of the free CP2,[162] but will summarize all the
catalytic data available for cyclopropenylidene complexes, independently of the method
used to prepare them.

CP2 is able to cleave [{Rh(CO)2Cl}2] to afford the [RhCl(CO)2(CP2)] complex, which will
be used to assess the donor capabilities of cyclopropenylidenes (see Section 9). More
surprisingly, it reacts with [{Rh(cod)Cl}2] to afford [Rh(cod)(CP2)2]+[RhCl2(cod)]−
(Scheme 41), a type of complex rarely obtained with NHCs.[163] CP2 can also displace
standard ligands, and even neutral bidentate ligands, as shown by the clean formation of
[RhCl(PPh3)2(CP2)] and [PdMe2-(CP2)2] from Wilkinson’s catalyst and [PdMe2(tmeda)],
respectively. This ligand-exchange reaction is also efficient for metal(0) complexes, as
evidence by the formation of [Ni(cod)(CP2)2] from [Ni(cod)2] at room temperature. This
type of complex has not been isolated with NHC ligands, where either a bridging cod ligand
connects two {Ni(NHC)2} fragments[164] or alternatively a homoleptic [Ni(NHC)2] complex
is formed.[165]

We believe that the minimal steric bulk of CP2 is responsible for the formation of some of
the rather unusual complexes mentioned above. Importantly, it is quite likely that the
availability of stable cyclopropenylidenes paves the way for the synthesis of complexes with
a variety of metals in the zero oxidation state, since such complexes are more difficult to
prepare without free carbenes.

With the exception of a short note by Tamm and coworkers,[149] which stated that free chiral
CP5 promotes the benzoin condensation of benzaldehyde with enantioselectivities of only
up to 18% ee, no catalytic reactions have been reported when using free cyclopropenylidene
as an organo-catalyst or as a precursor for transition-metal catalysts. However, the first
catalyzed reaction involving a cyclopropenylidene metal complex was described as early as
1988 by Yoshida and co-workers.[166] They found that a series of air-stable
cyclopropenylidene palladium complexes efficiently catalyze the exothermic isomerization
of quadricyclane to norbornadiene. Interestingly, they found that the most active catalyst
was [{PdCl2(CP2)}2] (Scheme 42).

Several mixed palladium(II) complexes bearing a 2,3-diarylcyclopropenylidene and a
phosphine were tested by Wass et al.[167,168] and Herrmann et al.[169,170] as catalysts in
Suzuki–Miyaura and Heck coupling reactions, as well as in the Hartwig–Buchwald aromatic
amination. Wass et al. found high activities, especially for the Heck reaction. Herrmann et
al. concluded after a detailed study that these complexes were less active than the most
effective NHC–phosphine systems, but, in contrast to the latter,[171] they did not exhibit an
induction period.[172] The best results were obtained with the most bulky CP that bears
mesityl groups.

The attempts to use rhodium(III) complexes with a diphenylcyclopropenylidene ligand and
two phosphines in hydroformylation catalysis were rather disappointing.[173] Indeed, no
hydroformylation of 1-hexene was observed after 3 h at 90°C under 20 bar of CO and H2.
High conversion was seen when Zn was used as a reducing agent, but the authors suggested
that the cyclopropenylidene fragment was lost during the process. In marked contrast,
rhodium complexes bearing classical NHCs led to very promising results.[25c]
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It is important to mention that all the coupling reactions described above have been
performed with diaryl-substituted cyclopropenylidenes. Since all these processes are known
to benefit from strong σ donors, it is quite likely that much higher catalytic activities could
be obtained by using bis(amino)cyclopropenylidenes such as CP2. As a matter of fact, the
successful isomerization of quadricyclane to norbornadiene was performed with palladium
catalysts bearing CP2.

7. Cyclic Bent Allenes, Carbodiphosphoranes, and
Vinylidenephosphoranes
7.1. Background

All the carbenes described so far are stable because of the donation of a lone pair of
electrons from a heteroatom (in the α or β position) into the vacant p orbital of the carbene.
In other words, the carbene carbon atom has a lone pair of electrons (σ orbital) and a
pseudo-filled p orbital. Consequently, they are strong σ-donor and weak π-acceptor ligands.
We reasoned that one way to retain the strong σ-donor properties and, at the same time, to
further diminish the π-acceptor character of the carbon atom would be to design a compound
featuring a carbon atom with two lone pairs of electrons.

On playing with the resonance forms of diaminocyclo-propenylidenes, such as CP2 (Scheme
43), we realized that one of them (g) is an allene, while another (h) features two lone pairs
of elctrons on the carbon atom. However, in line with the hybridization theory, allenes have
a linear C-C-C skeleton with orthogonal pairs of substituents.[174] The allene framework is
so rigid that even minor deviations from linearity are of note. In a publication from 1995
entitled “A remarkably bent allene. X-ray crystal structure and ab initio calculations”,
Weber et al.[175] described 39 with a C-C-C bond angle of 170.1°. Therefore, resonance
form g of diaminocyclopropenylidenes seems unrealistic, since the carbene bond angle is
close to 57° and furthermore the amino substituents are coplanar with the ring. Nevertheless,
by analogy, we wondered if strong π-donating substituents, such as amino groups, at the two
termini of an acyclic allene framework, as shown in 40, could polarize the C–C bonds up to
the breaking point of the π system, thereby leading to a resonance form similar to h. If this
hypothesis proved to be correct, the C-C-C backbone of 40 should not be linear, and the
central carbon atom would formally have two lone pairs of electrons. We also recognized
that this type of compounds, which we named bent allenes, resembles carbodiphosphoranes
41. This is a well-known family of stable phosphorus compounds, which are also
nonlinear.[176,177]

Before we published our experimental studies, Tonner and Frenking[178] reported a detailed
computational investigation of derivative 42, which is directly related to bent-allenes 40 and
also carbodiphoshoranes 41 (Scheme 43). They described 42 as a “carbodicarbene”, a
compound with “a divalent carbon(0)”[179] and two “NHC ligands”.[180] They predicted an
equilibrium geometry for 42 with a C-C-C bond angle of 131.8°. Experimentally, we were
pleased to find that bis(deprotonation) of 43 with potassium hexamethyldisilazane afforded
44.[181] Although the allene bond lengths are only slightly longer (C–C 1.34 &) than the
standard C=C bond length of an allene (1.31 Å),[182] the two NCN planes are not
perpendicular, but twisted by 69°. More strikingly, the allene framework is severely bent
with a C-C-C bond angle of 134.8°, a value very similar to that calculated by Tonner and
Frenking for 42. Clearly the central carbon atom is not sp hybridized as in a typical allene,
but likely approaches a configuration with two lone pairs of electrons. Although extremely
water sensitive, allene 44 is indefinitely stable at room temperature both in solution and in
the solid state (m.p. 150–152°C).
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Bent-allene 44, as well as other carbon(0) derivatives (L:→C←:L), are predicted to be
extremely basic (strong σ-donor ligands). Computational studies showed that bent-allene 42
not only has a very high first proton affinity (294 kcalmol−1, versus 262 kcalmol−1 for
imidazolin-2-yli-denes B), but also a large second proton affinity (168 kcal mol−1 versus 72
kcalmol−1 for B).[183] Consequently, bent allenes are prone to double protonation, and
should also be capable of bonding two transition metals at the same carbon site. This
hypothesis was supported by the existence of dimetalated carbodiphosphoranes,[184] and
confirmed by recent results by Fürstner et al.,[185,186] who were able to isolate a dinuclear
gold complex of a carbon(0) derivative, with the carbon atom bound to a phosphine and a
dialkoxy-carbene as “ligands” (Scheme 44).

These computational and experimental results clearly showed that cyclic bent allenes
(CBAs) were desirable ligands. Examination of the literature showed that even the low-
temperature NMR spectroscopic characterization of cyclic allenes was limited to those
containing more than seven carbon atoms;[187] the only exception was the 1,2,4,6-
cycloheptatetraene (45), which was elegantly incarcerated in a molecular container by
Warmuth and Marvel[188] (Scheme 45). The kinetically protected 1,2-cyclooctadiene 46
(calculated C-C-C angle: 158°),[189] the trisilicon-[190] and diphosphorus-containing[191] six-
membered rings 47 and 48, respectively (crystallographically observed C-C-C angles: 166,
161, and 156°, respectively), and the hafnium-containing five-membered ring 49[192] were
the smallest cyclic allenes isolated. The presence of a heavier main-group element or a
transition metal does not result in the allene fragments of 46–49 being significantly more
distorted than in the eight-membered ring 45. Smaller ring allenes were known as reaction
intermediates,[193] which is in line with the predictions that strain should approximately
double with each successive removal of a carbon atom from the ring.[194]

The lack of stability of cyclic “regular” allenes is of course associated with the energy
required for bending the allene skeleton. However, from consideration of the bent geometry
of acyclic allene 44, it seemed likely that push-push allenes could be incorporated into rings
that were typically too strained to accommodate a C=C=C framework. This hypothesis was
reinforced by calculations by Tonner and Frenking, who found that widening the bond angle
of 42 from the equilibrium geometry (131.8°) up to the “classical” linear structure requires
only 3.7 kcalmol−1.[178] Push-push allenes are clearly not rigid but highly flexible.

7.2. Synthesis, Characterization, and Stability
By analogy with the ring size of the most studied NHCs, we chose to attempt the synthesis
of a five-membered ring allene. The thermally and air-stable 3,5-diaminopyrazolium salt
CBA2(H+),[195] which is readily prepared from dichloro derivative CBA1(H+),[196] was a
logical precursor. Indeed, the C-C-C fragment of the ensuing CBA would be substituted by
four π-donor amino groups, similar to the isolated acyclic bent-allene 44. Deprotonation
with n-butyllithium did not lead to the free cyclic bent-allene CBA2, but to its monomeric
lithium adduct 50, which was isolated as thermally stable orange crystals in 26% yield[197]

(Scheme 46).

Just as for the lithium adduct of diaminocyclopropenylidene CP2, all attempts to sequester
the metal ion of 50 into a strong complexing agent failed. Moreover, although the free CP2

could be obtained by using a potassium base, no clean reaction occurred on treating
CBA2(H+) with KN(SiMe3)2 or KN(iPr2)2. This is an indication that bent allenes are highly
basic and strongly coordinate metals. We therefore decided to modify the pyrazolium
scaffold to make the central carbon atom less basic. The exocyclic amino groups of
CBA2(H+) were replaced by weaker π donors and more electronegative aryloxy groups.
Indeed deprotonation of CBA3(H+) with KHMDS led to the desired free, cyclic bent-allene
CBA3, which was isolated as pale yellow crystals in 47% yield (Scheme 46).
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A single-crystal X-ray diffraction study showed that CBA3 features an extremely acute C-C-
C bond angle of 97.5° (Figure 10). In contrast to the perpendicular arrangement of the
substituents found in classical allenes, and the 69° twist angle observed for the acyclic bent-
allene 44, the two nitrogen and two oxygen atoms of CBA3 are coplanar with the allene
fragment. The C–C bond lengths (1.37 Å) are significantly longer than the standard allene
value (1.31 Å).[182] All these peculiar features are in agreement with a strong polarization of
the allenic π bonds towards the central carbon atom. Surprisingly, CBA3 exists in the solid
state as a racemic mixture as a result of the pyramidalization of the nitrogen atoms, with a
trans arrangement of the Ph groups (sum of the angles at N: 347 and 351°). Therefore,
although the endocyclic C–N bond lengths (1.38 Å) are shorter than single bonds, the
nitrogen lone pairs of electrons do not significantly interact with the allene π system.
Consequently, the exocyclic phenoxy groups are responsible for the polarization of the C-C-
C framework. Indeed, the oxygen centers are sp2 hybridized (CO-C: 120 and 117°); they are
arranged so that the lone pair of electrons can conjugate with the allene π system (C-O-C-C
torsional angles: 2.6 and 6.3°), and the O–C bonds are short (1.35 Å).

The chemical shift of the signals for the central and terminal allenic carbon nuclei of CBA3

in the 13C NMR spectrum (δ =115 and 175 ppm, respectively) is similar to that observed for
the acyclic bent-allene 44 (δ =110 and 145 ppm, respectively), but is the reverse of that
observed for non-polarized allenes (δ =185–215 and 60–130 ppm, respectively),[198] thus
arguing again in favor of the presence of an electron-rich central carbon atom.

Cyclic bent-allene CBA3 is stable for weeks at room temperature, both in solution and in the
solid state (m.p.: 95°C, decomp). Since CBA3 has been prepared by deprotonation of the
pyrazolium ion CBA3(H+), it has been suggested that its stability comes from its aromatic
character.[199,200] On the other hand, Tuononen and co-workers[201] concluded their
computational investigation by stating that CBA3 is best described as a carbenoid.
Calculations,[202] including HOMA and NICS aromaticity indices, showed that allenes
derived from 3,5-bis(π-donor)-substituted pyrazolium salts are weakly aromatic to non-
aromatic. More surprisingly, we found experimentally that 1) CBA3(H+) with exocyclic
aryloxy substituents features planar endocyclic nitrogen atoms (Figure 11, left), as expected
for an aromatic system; and 2) CBA4(H+) with stronger exocyclic π-donor amino
substituents exhibits highly pyramidalized endocyclic nitrogen centers, but planarized
exocyclic ones (Figure 11, right). Therefore, it seems that exocyclic delocalization is
preferred at the expense of aromaticity in CBA3, and even in CBA4(H+).

To assess the limit of the stability of cyclic bent allenes we attempted to synthesize an all-
carbon four-membered ring allene, which cannot gain any stabilization other than from the
two exocyclic π-donor substituents. Treatment of 51[203] with triethyloxonium
tetrafluoroborate, followed by the addition of excess piperidine gave rise to salt CBA5(H+)
in 72% yield (Scheme 47). The addition of LDA at room temperature to a solution of
CBA5(H+) in THF at −20°C cleanly led to CBA5 (or possibly its lithium adduct).[204] The
signals for the central and terminal carbon atoms of the allene moiety appear at δ =151 and
185 ppm in the 13C NMR spectrum; these resonances are shifted downfield by δ =58 and 13
ppm, respectively, compared to those of the conjugate acid precursor.

Importantly, we found that the addition of an excess of the tetrafluoroboric acid/diethyl ether
complex to CBA5 [or CBA5(H+)] led to the corresponding dication 52, which was isolated
in 90% yield as white crystals, which were subjected to a diffraction study. This double
protonation of cyclic allene CBA5 (Scheme 48) provides definitive evidence for the
possibility of using two negative charges at the central carbon atom of cyclic bent allenes.
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CBA5 is only stable for several hours at −20°C, and readily decomposes above −5°C to give
a complex mixture of unidentified products. However, the relative stability of this very small
carbocycle clearly indicates that a wide variety of push-push substituted cyclic allenes can
be isolated.

As mentioned at the beginning of this section, there are strong similarities between bent
allenes and carbodiphosphoranes. Schmidbaur et al.[205] described the synthesis of cyclic
carbodiphosphoranes CCDP1–3 in 1980, and more recently, Baceiredo and co-workers[206]

prepared CCDP4 (Scheme 49).

According to X-ray diffraction studies, six- and five-membered carbodiphosphoranes
CCDP2 and CCDP4 (Figure 12) feature a PCP angle of 117 and 105°, respectively. The
signal corresponding to the central carbon atom is noteworthy, as it appears at extremely
high field (CCDP2: δ = −3.1; CCDP4: δ =+21.5 ppm) in the 13C NMR spectrum—as
expected for a strongly negatively charged carbon atom.

The major problem associated with cyclic carbodiphosphoranes is their thermal instability.
Schmidbaur et al.[205] reported that five-membered CCDP1 decomposed within a few hours
at 20°C, and even the six-membered CCDP2 was unstable above 35°C; however, they did
not discuss the decomposition pathways. Baceiredo and co-workers[207] found that heating a
solution of CCDP4 in benzene for 60 h at 80°C induces its rearrangement into 1,2λ5-
azaphosphete 54 (Scheme 50). This rearrangement is analogous to that observed for cyclic
diphosphinocarbene PHC3. Indeed, a [3+2] retro-cycloaddition occurs in both cases to
afford benzonitrile and diphosphinocarbene 53, and acetonitrile and 1,3-diphosphaallene
7,[39] respectively. Phosphinocarbene 53 then reacts in a formal [2+2] cycloaddition with
benzonitrile to afford the isolated azaphosphete 54; the latter reaction has precedents with
other phosphinocarbenes.[28a,208]

From these results as a whole, it appears that cyclic carbodiphosphoranes are less stable than
cyclic bent allenes, and this is a real concern for their potential use. On the other hand, as
indicated by the 13C NMR spectroscopic data (see Section 9), the carbon center of CCDPs is
more electron-rich than that of CBAs, which is of course a very interesting feature. This
analysis led us to consider a mixed system with a phosphorus–carbon ylidic bond and a
carbon–carbon double bond; such compounds are known as vinylidenephosphoranes
(Scheme 51). In contrast to the numerous examples of acyclic derivatives,[176,209] only one
cyclic vinylidenephosphorane CVP1 had been reported. Interestingly, this compound could
be isolated in a crystalline form, and was stable “for a limited period with cooling”, but
no 13C NMR spectroscopic data, crystallographic data, or coordination chemistry were
reported.[210]

Since no dimerization pathway and skeleton rearrangements, or even fragmentation
processes seem possible, we believed that the reported limited stability of CVP1 was due to
its air sensitivity. Therefore, as a proof of concept, we investigated the synthesis of a simple
CVP derivative, not bearing a heteroatom at the carbon terminus (Scheme 52).[211] The
conjugate acid CVP2(H+) was prepared in three steps from the readily available diene
55[212] by using slightly modified known procedures. A formal [4+1] cycloaddition with
bis(diisopropylamino)phosphenium triflate[213] gave rise to phospholenium salt 56.
Deprotonation with NaNH2 in ammonia, and subsequent treatment with one equivalent of
CCl4 at room temperature led directly to the desired phospholium chloride CVP2(H+).[214]

Deprotonation with KHMDS finally afforded CVP2, which was isolated as brownish red
crystals in 32% yield.

According to a single-crystal X-ray diffraction study (Figure 13), CVP2 has a planar five-
membered ring. The most surprising feature is the P–C bond distance of 1.783 Å, which is
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essentially the same as that of the phosphonium precursor CVP2(H+) (1.786 Å). This bond
is exceptionally long compared to those observed in nonstabilized phosphorus ylides (1.66
Å),[215] the five-membered cyclic carbodiphosphorane CCDP4 (1.64–1.66 Å),[206] and,
even more strikingly, in acyclic vinylidenephosphoranes (1.68 Å).[216] This observation
clearly indicates that there is almost no back donation from the lone pair of electrons on the
carbon atom to the phosphonium center. The only significant change in geometry between
CVP2(H+) and CVP2 is the P-C-C bond angle, which decreases significantly from 107 to
100°. This phenomenon is always observed for carbenes and bent allenes when compared
with their conjugate acid precursors. The signal of the central carbon atom in the 13C NMR
spectrum was observed at δ =184 ppm, which is significantly low-field shifted relative to the
starting material (δ =109 ppm), but also to bent allenes (δ =110–151 ppm) and cyclic
carbodiphosphoranes (δ =−3–+ 2 ppm).

Derivative CVP2 appeared to be quite stable in solution and in the solid state (m.p.: 81–
82°C), but was, as expected, very sensitive to moisture. Future initiatives will include the
preparation of cyclic vinylidenephosphoranes with a π-donor group at the carbon terminus to
increase even further the electron density at the central carbon atom.

From the results discussed in this section it can be concluded that carbodiphosphoranes are
potentially the most electron-rich ligands of all of the compounds described so far in this
Review. However, since their thermal stability is a serious concern, cyclic bent allenes and
vinylidenephosphoranes constitute better alternatives, and certainly deserve further study.

7.3. Ligand Behavior and Catalysis
As for cyclopropenylidenes, this section will focus on the coordination behavior of the free
cyclic bent allenes, carbodiphosphoranes, and vinylidenephosphoranes, but will summarize
all the catalytic data available, independently of the method used to prepare the complexes
bearing these ligands.

It is first worth mentioning that “regular allenes” react with transition-metal species to give
η2 complexes involving one of the C–C π bonds.[217] In marked contrast, an η1-coordination
mode to rhodium and iridium centers was observed for CBAs[197,204] (but also for the
acyclic bent-allene 44),[181] as shown for [RhCl(CO)2(CBA3)] (Figure 14, left), and
[RhCl(cod)(CBA5)] (Figure 14, right). This is a striking demonstration of the very peculiar
electronic structure of bent allenes.

Similarly, free cyclic carbodiphophorane CCDP4 and vinylidenephosphorane CVP2 react
with different metal fragments to afford the corresponding η1 complexes in high yields
(Scheme 53). Baceiredo and co-workers[206] noted that the P–C bond lengths in the CCDP4

complexes lay between those of single and double bonds, thus indicating that the remaining
lone pair of electrons on the carbon atom interacts with the two phosphonio groups.
Interestingly, the metal–carbon bonds (Pd–C: 2.12 Å; Rh–C: 2.11 Å) are significantly longer
than those reported for the corresponding NHC complexes (Pd–C and Rh–C: 2.00–2.06 Å),
which suggests very weak π donation from the metal to the carbodiphosphorane.

In 2009, the first applications of CCDP4 for catalysis were disclosed in which CCDP4
Cu

and CCDP4
Au complexes prepared by depronation of CCDP4(H+) with potassium tert-

butoxide were used, followed by the addition of CuCl and AuCl(SMe2), respectively[218]

(Scheme 54). Although the Cu complex is air- and moisture-sensitive, the gold complex was
described as stable in the solid state in the presence of air. Both complexes were active in
the addition of amines and alcohols to acrylonitrile. Higher conversions were obtained with
copper, and the hydroxylation was slower than hydroamination. A 72% conversion was
obtained at room temperature after 40 h when phenol was used. The authors noted that this
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catalytic performance was superior to that reported for analogous Cu–NHC complexes
(64%, 80°C, 40 h),[219] but also that decomposition of the catalyst occurred, which
prevented the achievement of better conversions.

Lastly, Huynh and co-workers[220,221] reported the catalytic activity of palladium complexes
featuring cyclic bent allenes based on the pyrazole skeleton as ligands (Scheme 55). These
complexes were prepared by oxidative addition of 4-iodopyr-azolium salts to [Pd2(dba)3],
followed by addition of PPh3 or pyridine. They were found to promote Suzuki–Miyaura
coupling reactions of activated substrates at ambient temperature in water, under aerobic
conditions. However, low yields ranging from 14 to 52% were obtained with more difficult
substrates such as 4-chlorobenzaldehyde. The same conclusions apply to the Heck cross-
coupling reaction.

The conclusions we drew following the disappointing catalytic activity observed so far for
cyclopropenylidene complexes, also apply here. Indeed, Huynh and co-workers have shown
that the best results are obtained with the bulkier pyrazolin-4-ylidene, and this ligand has
simple phenyl groups in position 3 and 5. It is quite likely that much higher catalytic
activities should be attainable with more sterically hindered cyclic bent allenes such as
CBA3.

8. Abnormal NHCs
8.1. Background

For many years, our research group has been interested in the synthesis of stable, unusual
isomers of well-known compounds.[222] Cyclic bent allenes derived from pyrazolium salts
are constitutional isomers of imidazol-2-ylidenes, the well-known unsaturated NHCs B
(Scheme 56). C5-Depro-tonated imidazolium salts (aNHCs) appeared as good candidates as
alternative stable isomers of CBA and NHC B. Transition-metal complexes with aNHCs as
ligands were known. In 2001 Crabtree and co-workers[223] discovered that imidazolium
salts, which usually add oxidatively to metals through the C2–H bond to afford a typical
NHC complex, can also bind “in the wrong way” at C5,[223] as shown in 57. Since no
reasonable canonical resonance forms for the free ligand aNHC can be drawn that show a
carbene center without introducing additional charges, the C5-bound compounds are often
referred to as “abnormal carbene” complexes or aNHC complexes.

Since 2001, many other complexes featuring aNHC ligands have been prepared, and the
results have been summarized in several reviews.[224] Most studies have concentrated on
developing synthetic protocols for preparing metal complexes of aNHCs (including
metalation by C5–H activation, oxidative addition of a C5–halogen bond, and
transmetalation), and on assessing the electronic and structural properties imposed by this
ligand. In the abstract of one of the most recent publications[225] on aNHC complexes,
Albrecht and co-workers[226] wrote: “Analytical investigations using X-ray diffraction and
X-ray photoelectron spectroscopy indicate that the C5 bonding mode increases the electron
density at the metal center substantially, classifying C5-bound carbene ligands amongst the
most basic neutral donors known thus far”. Therefore, the synthesis of free aNHCs was an
exciting challenge.

Before our studies, no free aNHCs had been isolated or even characterized in solution, but a
report by Lassaletta and co-workers[163c] is noteworthy. They showed that deprotonation of
imidazo[1,5-a]pyridinium salts NHC1(H+) leads to free NHC1 that can be isolated (Scheme
57). In contrast, they did not observe the corresponding free aNHC1 when they used C2-
substituted precursors such as aNHC1(H+). However, they were able to isolate the
corresponding aNHC1

(Rhcod) complex by performing the deprotonation reaction in the
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presence of [{RhCl(cod)}2]. The latter result clearly indicates that free aNHC1 has a
reasonable lifetime, and this encouraged us to attempt the preparation and isolation of an
aNHC.

Calculations predict that the parent aNHC (H atoms at C and N) is about 17 kcalmol−1

higher in energy than its NHC isomer.[227] However, in contrast to classical singlet
carbenes, no dimerization pathway is possible for aNHCs, and skeleton rearrangements or
fragmentation processes seem quite unlikely.

8.2. Synthesis, Characterization, and Stability
Calculations of the acidity constants for the C2-bound proton (leading to NHCs) and C5-H
(leading to aNHCs) revealed pKa values of 24.9[228] and 33.0, respectively.[229] The latter
value is comparable to that calculated for the CAAC precursors. Thus, bases used to prepare
CAACs, such as n-butyllithium, LDA, KHMDS, etc., could certainly deprotonate the
imidazolium salts at the C5 carbon atom. Since the C2-bound proton is more acidic than the
C5-H proton, a phenyl group was placed at C2. A bulky 2,6-diisopropyl-phenyl (Dipp)
substituent was appended to both nitrogen atoms and a second phenyl group was attached at
C4 to offer kinetic protection to the C5 position. Imidazolium salts aNHC2(H+) with various
counterions were prepared in high yields after slight modifications to known synthetic
procedures (Scheme 58).[230] All attempts to deprotonate the tetrafluoroborate salt of
imidazolium aNHC2(H+) failed. However, small anions are known to accelerate heterolytic
C–H bond cleavage through hydrogen bonding, and interestingly this effect has been used
with C2- and C5-unsubstituted imidazolium salts to favor metalation at C2 (with the more
acidic proton) over C5.[231] Since the C2 position of aNHC2(H+) is protected, small anions
should promote the desired deprotonation reaction at C5. Indeed, deprotonation occurred
when aNHC2(H+) with HCl2− as the anion was treated with two equivalents of a lithium
base such as n-butyllithium or LDA, but, as already observed with diamino-
cyclopropenylidene CP2 and cyclic bent-allene CBA2, the aNHC2(Li+) adduct was formed.
Potassium bases, especially KHMDS, have also proven here to be more appropriate for
generating the desired free aNHC2, which was isolated after workup as a green powder in
68% yield.[232]

In the solid state, free aNHC2 features a fully planar ring, with the five ring atoms also
being in a planar environment (maximum deviation, 1.9 pm; Figure 15). The endocyclic C–
N (1.33–1.40 Å) and C–C bond lengths (1.35 Å) are halfway between those of single and
double bonds. These geometric parameters suggest a delocalization of the π system.
Interestingly, the carbene bond angle for aNHC2 (101.0°) is more acute than the
corresponding angle in its cationic precursor aNHC2(H+) (108.0°), which is consistent with
an increased s character of the σ lone-pair orbital on the carbene atom compared to the C–H+

bonding orbital of the precursor. As already mentioned, this is the general trend for all the
species discussed in this Review.

In the 13C NMR spectrum the C5 atom of aNHC2 gives rise to a resonance at δ =202 ppm,
which is significantly downfield shifted compared with the corresponding resonance for
aNHC2(H+) (δ =124 ppm), and coincidently in the range observed for classical NHCs.[26b]

Although aNHC2 is stable at room temperature for a few days, both in the solid state (m.p.
65°C, decomp) and in solution, it rearranges quantitatively to 58 upon heating in benzene at
50°C for 48 h (Scheme 59). This fused heterocycle most likely results from the
deprotonation of an isopropyl substituent of the Dipp group by the carbene center, followed
by nucleophilic addition of the resulting benzyl anion to C2.
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The results reported above, including the latter rearrangement, gives a good indication of the
substituent patterns that will allow for the isolation of other aNHCs. Taking into account that
aNHC2 is stable despite the presence of a simple phenyl group on the carbon atom adjacent
to the carbene center, steric bulk does not seem to be a requirement. This is in line with the
absence of a possible dimerization pathway. However, accessible C–H bonds spatially close
to the carbene center should be avoided to prevent the intramolecular deprotonation as
observed in the rearrangement leading to 58. Notably, the substituent at C4 undergoes
conjugation with the carbene center, which opens the possibility of substantially modulating
the electronic character of the ring system.

8.3. Ligand Behavior and Catalysis
As for cyclopropenylidenes and cyclic bent allenes, this section is limited to the
coordination behavior of the free aNHC2, but all the catalytic data available for complexes
bearing an aNHC ligand are summarized.

In fact, [AuCl(aNHC2)] is the only complex reported so far with the stable aNHC2. It
appears to be very stable, and its catalytic activity is under investigation. Its preparation
serves as a proof of concept to demonstrate that, not surprisingly, the availability of the free
species will allow for the synthesis of a variety of metal–aNHC complexes which are not
always readily available by other routes.

As far as the catalytic activity of aNHC complexes is concerned, just a few reports are
available. The first was the discovery in 2004 by Lebel et al.,[233] who showed that the
mixed [PdCl2(NHC)(aNHC)] complex 59 promoted Suzuki–Miyaura and Heck reactions
(Scheme 60). Although, the catalytic activity of 59 was found to be inferior to that observed
for palladium complexes bearing a single normal NHC, they noted that the corresponding
bis(NHC) complex 60 was inactive for both coupling reactions.

A series of PEPPSI-based palladium complexes 61 (Scheme 60) have been reported to be
efficient precatalysts for the Sonogashira coupling of aryl iodides and bromides with
terminal acetylenes.[234] These reactions were carried out in air in a mixed aqueous medium
under copper-free and amine-free conditions. Significantly better performances were
obtained with 61 than with PdCl2 and [PdCl2(NHC)-(pyridine)].

Albrecht and co-workers[226,235] have shown that palladium complex 62aNHC (Scheme 61),
with a cis-chelating di(aNHC) ligand, promotes the hydrogenation of cyclooctene at room
temperature and 1 atm hydrogen. Comparative experiments allowed them to conclude that,
irrespective of the solvent, the conversions are substantially higher than with the
corresponding complex 62NHC, which bears the analogous bidentate ligand with a normal
NHC. Later, the same research group showed that similar bidentate aNHC rhodium(III)
complexes are active in hydrogen-transfer catalysis.[236] With 63aNHC, the most active
catalyst, the reduction of benzophenone to diphenylmethanol is essentially complete in 1 h,
with isopropanol acting as a hydrogen donor. Several other ketones are efficiently
hydrogenated, but no reaction was observed with imines as substrates. Although, the
catalytic activity is one or two orders of magnitude lower than the most active systems
known today,[237] it is interesting to note that, here also, the corresponding NHC complex
63NHC is essentially inactive.

In a series of studies, Peris and co-workers have compared the catalytic activity of analogous
complexes containing an NHC, an aNHC, and a pyrazol-3-ylidene ligand. They tested the
alkylation of benzyl alcohol with n-butanol, tert-butyl-amine with benzyl alcohol, and
aniline with n-hexylamine,[238] as well as the benzylation of toluene with benzyl alcohol by
using iridium complexes 64, 65, and 66 (Scheme 62).[239] All the complexes showed good
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activities, although 64 is slightly more efficient. A remarkable feature is that these processes
were carried out in the absence of base or any other additive.

Peris and co-workers used ruthenium–p-cymene complexes 67–69 to investigate the
catalytic dimerization of phenylacetylene, as well as the β-alkylation of secondary alcohols
with primary alcohols (Scheme 63).[240] For the first process, high conversions were
achieved in all cases, although the dimerization competes with the formation of
trisubstituted benzenes. For the second process, the normal NHC 67 shows the lowest
activity, with only moderate yields obtained after long reaction times. Both 68 and 69 show
good activity in terms of conversion, although longer reaction times are needed for 68 than
for 69. These results lie among the best reported to date.[241]

9. Comparative Electronic Properties of Cyclic Non-NHCs and NHCs
For a given metal, the chemical properties of a complex are determined by the electronic and
steric effects imposed by the ligands. Several methods have, therefore, been developed to
assess the electronic properties of ligands, most of them being the subject of debate in recent
publications. Tolman’s electronic parameter (TEP) is arguably the most well-known method
for phosphines and other classical ligands.[242,243] However, A method derived from the
TEP, but based on the CO vibrational frequencies of rhodium and iridium complexes of type
cis-[M(CO)2Cl(NHC)], is commonly used for NHCs. Crabtree and co-workers[244] have
shown that a good linear correlation is found between the average νCO value for
[Ir(CO)2Cl(L)] complexes versus the Tolman electronic parameter. It has recently been
confirmed that estimating the donor strength by using [Ni(CO)3(L)], [RhCl(CO)2(L)], and
[IrCl(CO)2(L)] as reference systems gives very similar trends.[243,245] Gusev[246] argued
that although a single parameter such as TEP is valuable for ranking ligands in the same
series (phosphines, carbenes, amines …), this is not the case for comparing ligands of
different types (for example, phosphines versus carbenes). The donor properties are
sometimes compared by using the trans-CO stretching frequency, because it is presumed to
be least influenced by steric effects. This approach is misleading, since two absorptions arise
in the IR spectrum from symmetric and asymmetric stretching vibrations, and they cannot be
assigned to the cis- and trans-CO modes.[247]

These introductory remarks explain why cis-[RhCl(CO)2(L)] complexes (sometimes, also
the iridium analogues) of cyclic non-NHCs have been prepared. The symmetrical,
asymmetrical, and average CO stretching frequencies are given in Scheme 64.[248–251] The
corresponding values for complexes bearing NHCs B–D have been added for comparison.

From the average νavCO frequencies of cis-[RhCl(CO)2(L)] it clearly appears that the donor
strength of the ligands follows the order: CCDPs (2001 cm−1) > N-YHCs ≈ CBAs ≈ CVPs
(2009–2017 cm−1) > PHCs ≈ aNHCs (2022–2025 cm−1) > CPs ≈ CAACs (2031–2036
cm−1) > NHCs (2039–2049 cm−1). The same relative donor strength is also apparent using
the few examples of cis-[IrCl(CO)2(L)] complexes. The most striking feature is certainly the
wide range of donating ability, which can be achieved using different scaffolds; the νavCO
frequencies span from 2001 up to 2049 cm−1. Even by varying the nature of the atoms of the
skeleton and the size of the ring, cyclic diaminocarbenes (classical NHCs) can barely reach
the donor strength of CPs and CAACs. The only exceptions are the five-membered 70,[247]

and six-membered NHCs 71,[252] 72,[253] and 73,[254] with the latter reaching the donor
strength of CBAs and N-YHCs (Scheme 65).

Importantly, in contrast to the general statement that NHCs are weak π acceptors, it has
recently been shown experimentally[255] and computationally[256] that the metal–NHC bond
consists of components originating from donation and back-donation, with both being of
comparable importance. In that regard, it is generally admitted that the ν(CO) frequencies of
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cis-[MCl(CO)2(L)] complexes reflect the overall donor ability of the ligand L, but this is
also under debate.[257] Thus, it is of interest to consider other methods to access the
electronic properties of ligands. The research groups of Yates[228] and Frenking et al.[183]

have shown that there is significant correlation between the calculated proton affinities
(PAs) and the pKa value and the energy of the HOMO. Of course, to compare the basicity of
different ligands, it is only possible to use PA values, which have been calculated at the
same level of theory, although these values are not yet available for all the species discussed
in this Review. However, as can be seen in Scheme 66, the first results suggest that the order
of basicity is CBAs >aNHCs >CCDP >NHC. The biggest difference between this and the
order of donor strength derived from IR data of cis-[MCl(CO)2(L)] complexes is the
relatively low calculated donor strength of CCDP, and this is not yet rationalized. It is also
important to note that the second proton affinity is especially high for CBAs and CCDPs,
which is in line with the experimentally observed diprotonation of CBA5.[204]

A way to distinguish the σ-donor and π-acceptor properties of a ligand is to locate its
HOMO and LUMO, although the energy of the latter can not usually be accurately
determined. Alternatively, it is possible to calculate the singlet–triplet energy gap.
Unfortunately, these values are not available at the same level of theory for the whole series
of ligands discussed in this Review. However, the energies of the HOMO and LUMO of N-
YHCs and NHCs B–D,[127] as well as of CAACs and NHC B and C[258] were determined
by using the same method, as well as the singlet–triplet gap and HOMO of CAACs and
NHC C[259] (Scheme 67). These studies confirmed that both N-YHCs and CAACs are
stronger σ donors than NHCs, but more importantly, they show that they are better π
acceptors by far, which is not apparent from the ν (CO) frequencies of cis-[MCl(CO)2(L)]
complexes. This is of considerable importance for the chemical reactivity of free carbenes,
and indeed we have shown that free CAACs can activate CO,[260] H2, and NH3,[259]

whereas free NHCs are unreactive.[261] Similarly, it is safe to predict that complexes bearing
CAACs and N-YHCs will behave very differently from the NHC analogues.

10. Summary and Outlook
The chemistry of cyclic non-NHCs is in its infancy and many issues have still to be solved,
but the preliminary results are very encouraging, and point to clear directions for the design
of useful species.

New synthetic routes to PHCs and N-PHCs that allow the preparation of different ring
skeletons have to be discovered. Interestingly, it is not necessary for the lone pair of
electrons on one (or the) phosphorus center to interact with the carbene vacant orbital to
make these species stable. Consequently, the lone pair of electrons can potentially be used to
change the coordination number of the P atom, which offers an opportunity to tune the
electronic properties of PHCs and N-PHCs.

CAACs are by far the most studied of the non-NHCs, which is in line with their earlier
discovery in 2005. The replacement of one of the electronegative amino substituents of
NHCs by a strong σ-donor alkyl group makes CAAC ligands not only more electron rich
than NHCs, but also more electrophilic. The presence of a quaternary carbon atom in
position α to the carbene center provides steric environments that differentiate them
dramatically from all other ligands, and allows for the placement of a chiral center next to
the carbene. Bulky, rigid, flexible, small, and enantiomerically pure CAACs are readily
available. The larger CAACs allow for the preparation of stable transition-metal complexes
with unusually low coordination numbers, which confer an extreme robustness to classical
complexes. These properties have been used to perform catalytic reactions that require high
temperatures, as exemplified by the first examples of hydroamination reactions of alkynes
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and allenes with NH3. The possibility of tuning the steric properties of CAACs has been
shown in the palladium-catalyzed α-arylation of ketones and aldehydes. The first examples
of such catalytic processes occurring at room temperature with non-activated aryl chlorides,
including di-ortho-substituted derivatives, have been reported. Moreover, small CAACs
give rise to active ruthenium catalysts for olefin metathesis. In this catalytic area, it is
noteworthy that the unsymmetrical nature of CAACs favors the formation of the kinetic
products in olefin cross-metathesis reactions. Turnover numbers of 35000 have been
achieved in the ethenolysis of methyl oleate, which is so far unparalleled.

Although no N-YHCs have yet been isolated, preliminary results indicate that the right
combination of the type of ylide and ring skeleton will allow for the preparation of very
stable N-YHCs. The variety of ylides available makes this class of carbenes highly tunable
electronically.

So far, only diamino-substituted cyclopropenylidenes have been isolated. However, the
calculated singlet–triplet energy gap of aryl-substituted CPs is much larger than those of
already isolated carbenes, and therefore bulky substituents might be able to enhance the
energy barrier for dimerization to such extent that diarylcyclopropenylidenes could be
isolated. The extremely acute carbene bond angle makes this class of compounds very
peculiar and attractive ligands for transition-metal complexes. It is important to note that
most of the catalytic applications of CP complexes have been performed by using small
diaryl-substituted cyclopropenylidenes. It is quite likely that much higher catalytic activities
will be obtained by using bis(amino)cyclopropenylidenes, which are much stronger donors,
or alternatively with bulkier CPs. As a matter of fact, the excellent catalytic results reported
for the isomerization of quadricyclane to norbornadiene have been observed with palladium
catalysts bearing bis(diisopropylamino)cyclopropenylidene.

Although only discovered in 2008, it already appears that a variety of stable cyclic bent
allenes are readily available. CBAs resulting from the deprotonation of pyrazolium salts that
are 3,5-disubstituted by π-donor groups can be prepared in large quantities from cheap
precursors. They are much stronger σ donors than NHCs or even CAACs, and in contrast to
regular allenes, which react with transition-metal fragments to give η2 complexes, an η1-
coordination mode to metals was observed. The electronic and steric properties of CBAs can
easily be tuned by changing the carbon substituents, and preliminary observations indicate
that bulky substituents are not required for their isolation. The only catalytic results reported
to date have been obtained by using CBAs that bear a very small alkyl or aryl group at both
carbon atoms, and it is quite likely that much higher catalytic activities should be attainable
with more sterically hindered and electron-rich CBAs.

As for PHCs and N-PHCs, novel synthetic routes have to be designed to make cyclic
carbodiphosphoranes and vinyl-idenephopshoranes attractive compounds, since so far they
have only been prepared by tedious multiple-step processes. CCDPs are the strongest σ
donors of all the non-NHCs studied so far, which make them very attractive ligands.
However, it seems that the corresponding complexes are rather fragile, and therefore CVPs
constitute interesting alternatives, especially since their electronic properties should be
easily tunable through the carbon substituent.

In contrast to classical carbenes, including NHCs, no dimerization pathway is possible for
aNHCs, and skeleton rearrangements or fragmentation processes are quite unlikely.
Therefore, a variety of these compounds should be available. Indeed, the only aNHC
isolated today bears a simple phenyl group on the carbon atom adjacent to the carbene
center, which proves that steric bulk is not a requirement. Importantly, the substituent at C4
undergoes conjugation with the carbene center, which opens the possibility of substantially

Melaimi et al. Page 32

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



modulating the electronic character of the ring system. The few catalytic experiments that
have been reported are encouraging. For example, the results obtained for the β-alkylation of
secondary alcohols with primary alcohols by using ruthenium–p-cymene complexes bearing
an aNHC lie among the best reported to date. Abnormal NHCs can be considered as a novel
class of stable meso-ionic compounds, and we believe that those resulting from C5
deprotonation of imidazolium salts are just the first type of a large series of aNHCs.[262]

Indeed, there is no reason that other nitrogen-, phosphorus-, or even sulfur-containing
cationic heterocycles cannot be deprotonated to afford stable derivatives.

In 2002,[263] Herrmann wrote: “from the work in numerous academic laboratories and in
industry, a revolutionary turning point in organometallic catalysis is emerging thanks to
NHCs”. However, it is arguable that phosphorus ligands are still the ligands of choice for
most industrial processes. This is certainly due to their long history but also to their
enormous structural diversity. Although it is possible to cursorily tune the structure of
NHCs, any diversity is still far from matching their phosphorus-based counterparts, and we
believe that the new carbon-based ligands discussed in this Review narrow the gap. Section
9 demonstrates the wide range of donating ability which can be achieved with the various
non-NHCs. Interestingly, cyclic diaminocarbenes (classical NHCs) can barely reach the
donor strength of most of the non-NHCs, even when the nature of the atoms of the skeleton
and the size of the ring is varied.

So far, only CAACs have been proven to afford complexes with really exciting catalytic
activities, but one has to keep in mind that although transition-metal–NHC complexes have
been known since the 1960s,[264] their first application in catalysis appeared only in
1995,[265] and clearly this has been facilitated by the availability of storable NHCs.
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Figure 1.
Solid-state structure of PHC3 showing the very weak pyramidalization of the phosphorus
centers.
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Figure 2.
Calculated data for the parent saturated NHC and CAAC. Schematic representations of
phosphines, NHCs, and CAACs, showing their very different steric environments.

Melaimi et al. Page 49

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Solid-state structure of enantiomerically pure CAAC2.
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Figure 4.
Molecular structure of [RhCl(CO)(CAAC2)] showing the metal–hydrogen interactions.
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Figure 5.
X-ray crystal structure of: left: [Pd(allyl)(CAAC2)]BF4 (anion omitted for clarity), and
right: complex 18 characterized only by 1H NMR spectroscopy (right).
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Figure 6.
X-ray crystal structure of [Au(CAAC3)(η2-toluene)]B(C6F5)4 (CAAC3

Au+)
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Figure 7.
Solid-state structures of palladium complexes showing the different steric environments
provided by small CAAC1 (left), bulky rigid CAAC2 (middle), and flexible CAAC5 (right).
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Figure 8.
Solid-state structures of CP2-LiBF4 polymer 33 (left) and tertiary complex 34 with the BF4
anion omitted for clarity (right).
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Figure 9.
Solid-state structure of CP2.
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Figure 10.
Molecular structure of CBA3 in the solid state.
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Figure 11.
Molecular structures of CBA3(H+) (left; the Dipp groups on the oxygen atoms have been
removed for clarity), and CBA4(H+) (right) in the solid state.
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Figure 12.
Solid-state structure of CCDP4.
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Figure 13.
Molecular structure of CVP2 in the solid state.
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Figure 14.
X-ray crystal structures of [RhCl(CO)2(CBA3)] and [RhCl-(cod)(CBA5)].
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Figure 15.
Molecular structure of aNHC2 in the solid state.
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Scheme 1.
Crystallographically characterized carbenes known before 2000 (A–I), and discovered
between 2000 and 2004 (J–M), with the carbene bond angle given in parentheses. Dipp
=2,6-iPr2C6H3, Dtbp =2,6-tBu2C6H3.
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Scheme 2.
Contraction of the carbene bond angle of K upon complexation. nbd = norbornadiene.
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Scheme 3.
Cyclic carbenes and related species discussed in this Review.
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Scheme 4.
Computational data for PHC1–3 and triazolin-5-ylidene D. S =singlet, T =triplet.
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Scheme 5.
Spontaneous ring closure of phosphorus analogues of amidinium salts, which can be
prevented by the ring structure of PHC(H+)s.
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Scheme 6.
Synthetic routes to PHC3–5(H+). Mes* =2,4,6-tBu3C6H2, Tf = trifluoromethanesulfonyl,
DBU =1,8-diazabicyclo[5.4.0]undec-7-ene.
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Scheme 7.
Influence of the counteranion/base combination on the deprotonation of PHCs; preparation
of PHC3 and PHC4. Ar =2,4,6-tBu3C6H2, HMDS = 1,1,1,3,3,3-hexamethyldisilazane.
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Scheme 8.
Decomposition of PHC3 in solution, and resonance form PHC4.
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Scheme 9.
Synthesis of a Zr-PHC complex by reduction of a thioacetal. Cp =cyclopentadienyl.
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Scheme 10.
Acyclic (amino)(phosphino)carbenes such as J feature an active lone pair of electrons on the
P center. cod =1,5-cyclooctadiene.
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Scheme 11.
Synthesis of phosphaformamidinates 8 and N-PHC1-3(H+). Mes =2,4,6-Me3C6H2, Mes* =
2,4,6-tBu3C6H2
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Scheme 12.
Deprotonation of N-PHC1,2(H+).

Melaimi et al. Page 74

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 13.
Deprotonation of N-PHC3(H+), spectroscopic characterization, and rearrangement of N-
PHC3. TMP =tetramethylpiperidide, LDA =lithium diisopropylamide.
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Scheme 14.
Evolution of persistent (alkyl)(phosphino)- and (alkyl)-(amino)carbenes in solution.
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Scheme 15.
First synthetic route for the preparation of the small CAAC1.
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Scheme 16.
Hydro-amination (left) and hydro-iminiumation (right).

Melaimi et al. Page 78

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 17.
Synthesis of enantiomerically pure CAAC2, which illustrates the hydro-iminiumation route.
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Scheme 18.
Rigid CAAC2–4, as well as NHC B2 and CAAC5 with flexible steric bulk.

Melaimi et al. Page 80

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 19.
Synthesis of 14-electron [RhCl(CO)(CAAC2)].

Melaimi et al. Page 81

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 20.
Metal-catalyzed coupling of enamines and terminal alkynes.
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Scheme 21.
[Au(CAAC3)(NH3)]B(C6F5)4-catalyzed NH3 hydroamination of alkynes and allenes.
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Scheme 22.
Hydroamination of alkynes with diethylamine by using 5 mol% CAAC3

Au+.
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Scheme 23.
Hydroamination of allenes with diethylamine by using 5 mol% CAAC3

Au+.
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Scheme 24.
One-pot synthesis of allenes from two alkynes and a sacrificial amine by using 5 mol%
CAAC3

Au+. THQ = 1,2,3,4-tetrahydroisoquinoline.
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Scheme 25.
Tandem hydroamination-hydroarylation reaction, promoted by CAAC3

Au+.
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Scheme 26.
Isolation of gold(I)–(η1-alkene) complex 20, as well as examples of catalytic
hydroammoniumation and methylamination reactions to give 21 and 22, respectively.
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Scheme 27.
Classical ruthenium olefin metathesis catalysts Gr1,2 and HG1,2. CAAC1,5,6 were used for
preparing 24a,b, and CAAC1,5,6

Ru.
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Scheme 28.
Application of CAAC1,5,6

Ru in ring-closing metathesis reactions.
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Scheme 29.
Comparative catalytic activity of various ruthenium catalysts for the ethenolysis of methyl
oleate.
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Scheme 30.
The E1 value correlates with the nucleophilicity of the carbenes. The cationic part of the
ylide has to be exocyclic to prevent ring-opening processes, as observed for other cyclic
carbenes.
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Scheme 31.
Generation, rearrangement, and trapping of N-YHC4.
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Scheme 32.
Deprotonation of N-YHC5(H+) affords stable lithium adduct 27, which has an N-YHC as
part of a bidentate ligand.
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Scheme 33.
Synthesis, spectroscopic characterization, and trapping of N-YHC6.
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Scheme 34.
Preparation of the transient N-YHC7 and persistent N-YHC8, showing the importance of the
ring skeleton.
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Scheme 35.
Three-membered N-heterocyclic carbenes would rearrange into cumulenes.
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Scheme 36.
CP1 and CP2, as well as the potential precursors CP2(H+) and CP2(Cl+).
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Scheme 37.
Singlet–triplet energy gap for CP1 and CP3, as well as the relative energy of CP1 isomers
31 and 32.
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Scheme 38.
Only certain combinations of anion and base allow for the preparation of CP2.
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Scheme 39.
Preparation of CP5, which is in photochemical equilibrium with 35.
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Scheme 40.
Preparation of triafulvalenes 38, and the possible reaction intermediates. Trip =2,4,6-
iPr3C6H2.
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Scheme 41.
Complexes prepared from free CP2. tmeda = N,N,N′,N′-tetramethylethylenediamine.
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Scheme 42.
Isomerization of quadricyclane to norbornadiene promoted by [PdCl2(CP)] dimers.
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Scheme 43.
Resonance forms of diaminocyclopropenylidenes; 39, the most severely bent acyclic allene
known up to 2008; resonance forms of tetrakis(amino)allene 40 and carbodiphosphorane 41;
calculated carbodicarbene 42 and the concept of carbon(0); synthesis of acyclic bent-allene
44.
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Scheme 44.
Synthesis a dinuclear gold complex of a carbon(0) derivative.
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Scheme 45.
Smallest ring allenes isolated before 2008, with the C-C-C bond angles.
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Scheme 46.
Synthesis of CBA2-lithium adduct 50, and stable free cyclic bent-allene CBA3. Ar =2,6-
Me2C6H3.
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Scheme 47.
Synthesis of CBA5(H+) and persistent cyclic allene CBA5.
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Scheme 48.
Double protonation of CBA5.
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Scheme 49.
Syntheses of cyclic carbodiphosphoranes CCDP1–4.
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Scheme 50.
Rearrangement of CCDP4; analogy with PHC3.
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Scheme 51.
Cyclic vinylidenephosphoranes (CVPs), which are hybrid compounds between CBAs and
CCDPs; CVP1, the only derivative reported[210] before 2008.
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Scheme 52.
Synthesis of CVP2.
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Scheme 53.
Complexes synthesized from free CCDP4 and CVP2. all =allyl.
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Scheme 54.
First catalytic applications of complexes bearing a CCDP as a ligand.
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Scheme 55.
Synthesis of complexes used for Suzuki–Miyaura coupling reactions. dba =trans,trans-
dibenzylideneacetone.
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Scheme 56.
Different resonance forms of CBA (derived from pyrazolium salts), NHC B, and aNHC.
Synthesis of the abnormal NHC complex 57.
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Scheme 57.
Synthesis of NHC1, and evidence for the transient formation of aNHC1 through the
formation of aNHC1

(Rhcod).
[163c]
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Scheme 58.
Synthesis of free aNHC2 and of its lithium adduct aNHC2

(Li+).
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Scheme 59.
Rearrangement of aNHC2 upon heating in solution.
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Scheme 60.
Palladium complexes for Suzuki–Miyaura and Heck reactions (59 and 60), as well as for
copper- and amine-free Sonogashira coupling reactions (61).
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Scheme 61.
aNHC complexes 62aNHC and 63aNHC are active in hydrogenation and hydrogen-transfer
catalysis, respectively, while NHC complexes 62NHC and 63NHC are not.
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Scheme 62.
Comparison of iridium complexes bearing NHC (64), aNHC (65), and pyrazol-3-ylidene
(66) ligands for alkylation reactions.
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Scheme 63.
Comparative activity of ruthenium complexes bearing NHC (67), aNHC (68), and
pyrazol-3-ylidene (69) ligands for the β-alkylation of secondary alcohols with primary
alcohols. M =major product, m =minor product.

Melaimi et al. Page 125

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 64.
Symmetric, asymmetric, and average CO stretching frequencies for cis-[RhCl(CO)2(L)]
(top) and cis-[IrCl(CO)2(L)] complexes (bottom).
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Scheme 65.
Members of the NHC family reaching the donor strength of CBAs and N-YHCs.
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Scheme 66.
Calculated first and second proton affinity [kcalmol−1].
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Scheme 67.
Calculated energy of the HOMO and LUMO (top),[127,258] and of the singlet–triplet energy
gap and HOMO (bottom) for selected carbenes.[259]
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