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Whereas the excellent s-donor qualities of N-heterocyclic
carbenes (NHCs) are undisputed and extensively used as an
enabling feature for homogeneous catalysis, the p-acceptor
properties of such ligands are usually considered weak or
even negligible.[1] Only in the last decade has experimental[2]

and in silico[3, 4] evidence been acquired that suggests that the
p acidity of NHCs deserves more serious consideration, even
though this issue is still a matter of debate.[1, 5] The case study
outlined herein may help to clarify this aspect. Rather than
relying on the interpretation of spectroscopic and structural
fingerprints, we present reactivity data which demonstrate
that the course of three mechanistically distinct gold-cata-
lyzed processes can be determined solely by changing the p-
acceptor properties of the ancillary NHC ligand.[6]

We previously introduced the cyclophanic NHCs 2–4[7] as
novel analogues of the known imidazopyridine-2-ylidene
derivatives 1 (Table 1).[8] These chiral compounds exhibit
interesting spectroscopic characteristics and are studied in
some detail by our research group. As part of these
investigations, the energies of the orbital occupied by the
carbene lone pair of electrons (Es)

[9] and of the lowest
unoccupied orbital with a nonzero coefficient at the carbene
center (Ep)[9] were determined by density functional theory
(DFT) calculations at the BP86(RI)/TZVP level.[10,11]

The computed data revealed various salient features
(Table 1): whereas the Es values of the parent NHC 1a
(R = Me) and its cyclophanic counterpart 2 are almost
identical, the Ep value drops significantly from �0.63 eV in
1a to �1.14 eV in 2 ; moreover, the energy of the p-type
acceptor orbital is highly responsive to the type of substitu-
ents present on the top layer; thus, the Ep values of the
tetrafluoro- and tetramethoxy-substituted carbenes 3 and 4
are almost 0.5 eV apart. These findings are readily explained
by the representation of the p acceptor orbital in Figure 1,

which shows a strong interaction between the two aromatic
planes, as expected for a cyclophane skeleton.[12]

Similarly informative is the comparison between 1 and its
triazo analogue 5.[13] As expected, the energy Ep drops upon

Table 1: Computed energies of the carbene lone-pair orbital (Es) and the
p-acceptor orbital (Ep) for different ligands L,[9] and electrochemical
redox potential (E1/2) of the corresponding rhodium complexes of the
type [L·RhCl(cod)].[a]

Compound Es [eV] Ep [eV] E1/2 [V]

�4.97[b] �0.63[b] 0.805[c]

�5.00 �1.14 0.858

�5.14 �1.34 0.905

�4.86 �0.85 n.d.[d]

�5.33 �0.97 0.955

�4.18 �0.92 0.573

[a] Calibrated against ferrocene/ferrocenium (E1/2 = 0.46 V), Bu4NPF6

(0.1m) in CH2Cl2. [b] R = Me. [c] R = mesityl. [d] Not determined. cod =

1,5-cyclooctadiene.

Figure 1. The p-acceptor orbital of 2.
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the formal exchange of a CH group in the backbone for N; in
contrast to the cyclophanic series, however, the incorporation
of the more electronegative heteroelement into the molecular
frame also reduces the donor capacity of the ligand, as evident
from the noticeable change in the Es value of 5 relative to that
of 1a (R = Me).[14] In contrast, the formal replacement of a
nitrogen atom adjacent to the carbene center with an
electron-releasing phosphorus ylide makes the resulting
amino–ylide carbene (AYC) 6, which is readily available in
multigram quantities,[15] by far the strongest donor of all
ligands in Table 1 (Es =�4.18 eV). The energy of its p ac-
ceptor orbital, however, is hardly affected. Specifically, the
Ep value is similar to that of the triazolylidene 5 and
considerably lower than that of 1a (R = Me). This particular
combination of exceptional donor and appreciable acceptor
qualities may set AYCs apart from conventional NHCs in
terms of their overall ligand properties.[16]

Electrochemical results (Table 1) support the conclusions
drawn from the computational data. Thus, the oxidation
potential E1/2 of the corresponding rhodium complexes
[LRhCl(cod)] (L = 1–6) closely follows the trends observed
for the computed data.[17] Specifically, a second aromatic layer
spanned over the basal imidazopyridine-2-ylidene plane of 1
decreases the net electron density at the metal and hence
increases E1/2 to a considerable extent. This finding is in
excellent accord with the notion that the p acidity of 2 is
enhanced relative to that of 1, whereas the s-donor qualities
of 1 and 2 are similar; the electrochemical and computational
results are also in agreement in that fluorination of the “lid”
augments this effect. The incorporation of an extra nitrogen
atom into the basal plane (in 5) has similar consequences,
whereas the electron-releasing capacity of the AYC 6
considerably lowers the redox potential of the corresponding
rhodium complex.

In contrast to the prevailing perception of carbene
ligands,[1] these results suggest that the energy of their
p acceptor orbital can be tuned readily by as much as
0.6 eV while keeping the donor capacity almost constant.
We conceived that this remarkable electronic leeway should
provide a handle to control the reactivity of metal–NHC-
based catalysts. Therefore, a set of new NHC–gold com-
plexes[18, 19] was prepared and applied to the cycloisomeriza-
tion of eneallene 7 (Scheme 1 and Table 2).[20] This trans-
formation was chosen because intermediate 8, which is
initially formed upon coordination of [LAu]+ to the allene
group, may evolve along two different pathways. An electron-
rich gold template could stabilize an adjacent cation and
therefore favor the formal [3+2] pathway via intermediate 11;
in contrast, a more electron-deficient catalyst might favor the
formation of intermediate 9, in which the carbenium center is
not directly bound to gold, and hence ultimately deliver the
known alkylidenecyclobutane 10 by a formal [2+2] cyclo-
addition.[20]

In line with our expectations, complex [1b·AuCl] and its
cyclophanic cousin [2·AuCl] (Figure 2) showed strikingly
different behavior in the cycloisomerization of 7 (Table 2).
Thus, [1 b·AuCl], which contains the stronger net donor,
exclusively furnished the [3+2] adduct (as a mixture of the
two double-bond isomers 13 and 14), whereas [2·AuCl], with

Scheme 1. Control over the cycloaddition of eneallene 7 through
adjustment of the p-acceptor properties of the carbene ligand L bound
to Au+: a) [LAuCl] (5 mol%), AgSbF6 (5 mol%), CH2Cl2, �5 8C (see
Table 2; E = COOMe).

Table 2: Cycloisomerization of eneallene 7 catalyzed by different gold
complexes.[a]

Entry Precatalyst 10/13 + 14 Yield [%]

1 [1b·AuCl] 0:62 + 38 63

2 [2·AuCl] 100:0 71

3 [5·AuCl] 85:10 + 5 87

4 [6·AuCl] 100:0 94

5 [Ph3PAuCl] 50:32 + 18 83[23]

[a] Reaction conditions: [LAuCl] (5 mol%), AgSbF6 (5 mol%), CH2Cl2,
�5 8C.
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the supposedly better p-acceptor ligand, gave the [2+2]
adduct 10 as the only product. The constitution of the
previously unknown compound 13 was confirmed by X-ray
crystallography (Figure 3).[21,22] The notion that the large

difference in the acceptor quality of the ligands causes this
switch from one pathway to the other is supported by the fact
that complex [5·AuCl] (Figure 4), which contains a triazoly-
lidene ligand, also favored the [2+2] pathway. Even the novel
AYC–gold complex [6·AuCl] (Figure 5) gave 10 in excellent
yield, probably as a result of effective intervention of the low-
lying acceptor orbital of the ligand. To put these results into
perspective, we performed a control experiment with

[Ph3PAuCl]: a standard precatalyst in the field of gold
catalysis. This reaction delivered a mixture of products
under our reaction conditions.[23]

When exposed to [1b·AuCl], compound 10 (99% ee)[24]

underwent rearrangement to the thermodynamically favored
ring-expanded products 13/14 (Scheme 2). As this process is

accompanied by a partial loss of enantiomeric purity, this
result implies that recoordination of Au+ to the double bond
in 10 does not cause a conventional strain-driven Wagner–
Meerwein-type rearrangement. The positive charge must be
delocalized over several carbon atoms to erode the enantio-
meric purity. Such a high degree of charge delocalization on
the carbon framework is consistent with our current inter-
pretation of the character of the reactive intermediates in
gold catalysis.[25–27]

Importantly, other gold-catalyzed reactions, which were
previously shown to be mechanistically distinct from the
stepwise processes outlined above and amenable to ligand
tuning, also responded to the modulation of the acceptor
properties of the ancillary NHCs. Specifically, the cyclization
of allene–diene 15, which is thought to commence with a
concerted cycloaddition step,[28] exclusively furnished the
[4+3] adduct 18 when strong donor NHCs 1 governed the
reactivity of the metal center, whereas the competing [4+2]
pathway dominated with the cyclophanic counterpart 2

Figure 2. Molecular structure of the NHC complex [2·AuCl] in the solid
state.[21]

Figure 3. Structure of the [3+2] cycloadduct 13 in the solid state.[21]

Figure 4. Molecular structure of the NHC complex [5·AuCl] in the solid
state.[21]

Figure 5. Molecular structure of the AYC complex [6·AuCl] in the solid
state.[21]

Scheme 2. Ring expansion of 10 is accompanied by partial loss of
enantiomeric purity: a) [1b·AuCl] (5 mol%), AgSbF6 (5 mol%), CH2Cl2,
�5 8C.
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(Scheme 3). This outcome is consistent with the current
mechanistic interpretation:[28] p-acidic ligands remove elec-
tron density from the initial intermediate 16 and hence foster
ring contraction by a 1,2-alkyl shift to a largely cationic
center; in contrast, electron donation from the ancillary
ligand engenders a greater “carbene” character of 16, as
expressed in preferred 1,2-H migration.[27, 29]

Finally, competition between a pinacol rearrangement
and a [3,3] sigmatropic rearrangement served as an additional
probe (Table 3).[30] Increased p-acceptor properties of the
ligand L render the initial alkyne–gold complex 20 more
electrophilic and hence enable the only weakly nucleophilic
silyl ether oxygen atom in enyne 19 to compete with the
olefin. In accordance with this interpretation, [2·AuCl] and
[5·AuCl], which contain carbenes with appreciable p-acceptor
qualities, discriminate less between the nucleophilic reaction
partners and hence furnished respectable amounts of product
24 ; the net outcome corresponds to that observed with
[Ph3PAuCl] as the precatalyst.[30] In contrast, [1·AuCl] and
[6·AuCl], which contain stronger donor ligands, clearly
favored the formation of ketone 22.[31] The fact that the
AYC 6[15] expresses its donor ability in the gold-catalyzed
cyclization of enyne 19, whereas its acceptor function prevails
in the reaction with 7 corroborates the view that AYCs are
more than just simple cousins of the prevalent NHCs.

In summary, the results outlined herein suggest that it can
be much easier to tune the p-acceptor properties of NHCs
than to alter their s-donor qualities by similar margins. Since

the p acidity of NHCs, however, was previously often
neglected or considered irrelevant, this study may help to
change the perception of this important class of ancillary
ligands in general.
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