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Abstract: A formal gold-for-chromium transmetalation
allowed the gold carbenoid species [Cy3PAuCAr2]NTf2 (11)
(Ar = pMeOC6H4-) to be obtained in crystalline form. The
structure in the solid state suggests that there is only little back
donation of electron density from gold to the carbene center of
11 and hence very modest Au�C double-bond character;
rather, it is the organic ligand framework that is responsible for
stabilizing this species by resonance delocalization of the
accumulated positive charge. Because 11 is capable of cyclo-
propanating p-methoxystyrene even at low temperature, the
discussion of its structure is deemed relevant for a better
understanding of the mechanisms of p-acid catalysis in general.

It is undisputed that many transformations induced by gold
catalysts proceed via carbenoid intermediates, but the very
nature of the Au�C bond in such species has been a matter of
debate.[1–6] The ambiguity is basically due to the fact that
structural data are largely missing and most information had
to be inferred from the analysis of reactivity patterns in
solution or in the gas phase.[1–6] Computational chemistry
partly filled this gap, but was not considered unambiguous
either with regard to its methods and conclusions.[7]

Only recently have Widenhoefer and co-workers man-
aged to observe by NMR spectroscopy at low temperature
a bare gold carbenoid formed by a prototype enyne rear-
rangement (Scheme 1).[8, 9] Interestingly, it is the cyclobutenyl

resonance extreme 2a,b that describes this intermediate
better than the cyclopropylmethyl form 2c, which is prevalent
in the literature otherwise. This benchmark corroborates our
early interpretation of p-acid catalysis, which implied build-

up of considerable charge density on the organic ligand that
gets delocalized over more than one position.[10–12]

Complementary information comes from the solid state
structures of gold complexes of the Fischer carbene type.[13–15]

However, the presence of a stabilizing heteroatom substituent
at the carbene center reduces the reactivity to the extent that
the relevance of the acquired knowledge for the interpreta-
tion of gold catalysis can be questioned. In fact, prototype
complexes such as 4 feature little “ordinary” carbene
character, as the Au�C bond order is very close to one,
whereas the C�O distance is notably contracted
(Scheme 2).[16] These metric data suggests that the oxocarbe-

nium structure 4 a is the most appropriate description.[17] Even
if a heteroelement substituent with largely reduced donor
capacity is present, as in complex [(Ph3P)AuCH2Cl], the Au�
C distance (2.088(9) �) does not contract; rather, the C�Cl
bond becomes unusually short.[18]

This picture does not change either upon shifting the
heteroelement substituents to the vinylogous position,
although the resulting carbenoids have lost much of their
thermal stability and must be prepared and handled at low
temperature (Scheme 3).[20, 21] Detailed NMR analysis
revealed surprisingly low barriers to rotation about the Au�
C and the vinylogous C�C(OR)2 bonds in 6 (X = OMe). The
carbene resonance extreme 6b obviously contributes very
little to the ground state structure of this species, which is
basically a regular alkenyl gold complex bearing a cationic
ligand (6a).[20] Attempts at making analogous complexes
devoid of the heteroatoms were largely unsuccessful. Sub-
sequent computations indicated that the rotational barriers in
putative species of type 6 (X = alkyl) would be higher, as one

Scheme 1. Generation of a gold carbenoid, which is stable enough for
NMR analysis, by enyne rearrangement (see Ref. [8]). For the sake of
clarity, the noncoordinating counterion is not depicted. L = two-elec-
tron donor ligand.

Scheme 2. Representative Fischer-type gold carbenoids formed by
facile gold-for-chromium exchange. Tf = trifluoromethylsulfonyl.[16]
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might expect, although the overall Au�C bond order remains
close to one.[22] A peculiar three-center/four-electron bonding
mode was made accountable for this situation; the proposed
model suggests that the character of these intermediates lies
on a continuum between cations and carbenes, depending on
the ancillary ligands and the particular substitution patterns.

In another attempt to prepare gold carbenoids devoid of
any stabilizing heteroelements, we relied on a transmetalation
approach (Scheme 4).[23] Because Fischer carbene complexes
of chromium or tungsten are known to undergo exceptionally
facile carbene transfer upon treatment with an appropriate

AuI source (the complexes 4 were prepared this way),[13] the
analogous reaction of Ph2C=Cr(CO)5 (7 a) with LAuNTf2

(L = Cy3P, Me3P, Ph3P, IMes) was investigated. Surprisingly
though, formation of the putative gold carbenoid of type 10
could not be enforced. h2-Coordination of the gold fragment
was observed instead, which deprives the chromium carbene
unit of electron density to the extent that the primary adduct
8a has to abandon one of the electron-withdrawing CO
ligands even at �50 8C. The resulting bimetallic species 9a
escapes breakdown to the targeted gold carbenoid 10 by using
one of the neighboring phenyl rings for protection. Despite
the close contact, the electronic gain for the [Cr(CO)4]
fragment is small as any significant bonding interaction would
deprive this aryl group of its resonance stabilization; the
proximal phenyl ring therefore mainly serves as a steric
guard.[23] Nevertheless, this unorthodox situation is preferred
over release of the “unstabilized” gold carbenoid 10. When
allowed to reach ambient temperature, the bimetallic com-
plex 9 a simply decomposed.

The reluctance of 7a to gold-for-chromium exchange
stands in striking contrast to the ease with which the more
stabilized Fischer carbenes 3 underwent this transformation
(see Scheme 2).[23] This antagonistic situation insinuates that
a [LAu] fragment alone is not able to impart sufficient
stability onto a gold carbenoid to allow spectroscopic or
structural interrogation. Even two flanking phenyl groups, if
unsubstituted, do not suffice to compensate the evidently only
small contribution of the [LAu] fragment. More effective
ways to satisfy the empty orbital are needed to ensure
appreciable lifetimes. With this idea in mind, we set out to
prospect the borderline at which gold carbenoids transition
from fleeting to discrete intermediates by subjecting various
complexes of the type Ar2C=Cr(CO)5 (7, Ar¼6 Ph), which
solely differ in the electronic properties of their aryl rings, to
transmetalation.

The known complex 7b[24] seemed to be a promising
candidate en route to a gold carbenoid that remains reactive,
yet becomes stable enough for structural inspection. Hence, it
was treated with [(Cy3P)Au]NTf2 in CD2Cl2 at �78 8C to give
a mixture of the expected bimetallic adducts 8 b and 9b as the
primary products, which were easily discerned by their
characteristic spectroscopic fingerprints.[25] However, an addi-
tional species with a distinctive low-field signal at dC =

284.5 ppm (d, JC,P = 95 Hz) was present. This spectral signa-
ture suggested that the new compound might be the sought-
after gold carbenoid 11,[26] whose unsubstituted analogue 10
had remained elusive. Upon raising the temperature to
�50 8C, the initial adduct 8b disappeared; careful fractional
crystallization of the resulting mixture of 9b (ca. 40% by
31P NMR spectroscopy) and 11 as the major constituent (ca.
60%) at low temperature furnished bright-red crystals of the
latter compound suitable for X-ray diffraction.

Inspection of the structure of 11 in the solid state
(Figure 1) shows that the Au�C1 “carbene” bond
(2.039(5) �) has the exact same length as that in 4 (X =

OMe, 2.0398(15) �), which bears the OMe substituent
directly at the carbene center.[19, 27] This striking insensitivity
of the Au�C distance to a substantial change in the first
coordination sphere of the metal stands in marked contrast to

Scheme 3. Gold carbenoids formed by cyclopropene rearrangement.
The species are stable enough for characterization by NMR spectros-
copy, provided X = OR (see the main text).[20]

Scheme 4. Transmetalation of chromium carbenes with AuI. The out-
come of the reaction is dependent on the nature of the aryl groups
(Ar) flanking the carbene center. The photograph shows the character-
istic pink color of the gold carbenoid 11 dissolved in CD2Cl2. L = Cy3P.
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the unmistakable shortening of the bonds between the
carbenoid center and the aryl groups (C1–C9, 1.429(7) �;
C1–C2, 1.455(6) �). The more contracted C1�C9 bond
connects to an aryl ring that is nearly co-planar with the
carbene center to enable efficient orbital overlap and seems
to carry much of the electronic burden for the stabilization of
11; the other arene is somewhat tilted to relieve the van der
Waals repulsion of the protons in ortho position. However,
this conformational situation averages out in solution because
the two aromatic rings give rise to only a single set of signals,
even at �50 8C. Further lowering of the temperature to
�80 8C allowed the barrier of the rotation about the C1�Cipso

bonds to be roughly estimated as 35 kJmol�1; the truly
carbenoid-like character of 11 is nicely manifested in this
value.[28]

It is also informative to compare the solid-state structure
of 11 with those of other species that contain an sp2-
hybridized carbon center carrying two anisyl rings

(Figure 2). Two ruthenium carbenes of this type are
known;[29–31] interestingly, neither 13 nor 14 show any
significant shortening of the C1�Cipso bonds, the lengths of
which are comparable to those of the parent ketone 12.[32] In
contrast, the pattern in 11 echoes the situation in a series of
prototype diarylcarbenium ions, such as 15–18.[33] Manifestly,
the substituted arene rings play the dominant role in
stabilizing the gold carbenoid. This conclusion is consistent
with the fact that the bimetallic array 9b (X = OMe) does
release complex 11, whereas the parent complex 10 with
a carbenoid center flanked by unsubstituted and hence
somewhat less electron-rich phenyl rings could not be set
free as a discrete species from the analogous precursor
complex 9a (X = H).[23] Thus, electron back donation from the
filled d-orbitals of gold to the empty p-orbital of the carbene
alone is not sufficient to impart a finite lifetime onto such
species, even if the metal carries an electron-donating
trialkylphosphine ligand such as Cy3P.[34,35]

Complex 11 is a close relative of a series of
putative gold benzylidene species of type
[ArCHAuL]+ (20) that were implicated in
cyclopropanation reactions of various olefins
(Scheme 5).[36–38] To probe the functional link,
excess p-methoxystyrene was added to the
intensely pink-colored solution of the carbenoid
11 at �78 8C and the mixture was then slowly
warmed. The characteristic color (see
Scheme 4) started to fade away at �20 8C, and
full conversion (> 95 %, GC/MS) to the corre-
sponding cyclopropane 19 was observed when
room temperature was reached.[39] This obser-
vation confirms that the discussion of the
structural features of 11 is relevant for the
mechanistic understanding of p-acid catalysis.

Carbon species that carry a formal positive
charge (or a good leaving group) and a carbon�
metal bond at the same site are commonly
called “carbenoids”. Evidently, complex 11 and
analogues fall into this category.[40–42] Yet, it

Figure 1. Structure of the gold carbenoid 11 in the solid state. Only the
cationic entity is shown, the counterion [NTf2]

� was removed for clarity.
For the entire structure, see the Supporting Information. For selected
bond lengths, see Figure 2. Selected bond angles [8]: Au1-C1-C2
115.8(3), Au1-C1-C9 122.8(3), C2-C1-C9 120.9(4), P1-Au1-C1
176.78(13).

Figure 2. Characteristic C1�Cipso bond lengths in the solid-state structures of different
species comprising a [C(sp2)Ar2] core. The counterions are not shown for clarity.
Ad = 1-adamantyl.

Scheme 5. Cyclopropanation by the gold carbenoid 11 and comparison
with gold benzylidene species previously proposed in the literature.
Ar= pMeOC6H4-, L = neutral two-electron donor ligand.
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remains a semantic question if one prefers the expressions
“gold carbenes” or “gold-stabilized carbocations” over the
terminus “gold carbenoids” in an attempt to emphasize
certain aspects of their reactivity. What is not a matter of
taste, however, is the fact that the popular notion of gold�
carbon “double bonds” is currently not supported by any
structural or spectral evidence. Back donation of electron
density from gold to the vacant carbene p-orbital is certainly
operative and may even be tuned to some extent by proper
choice of the ancillary ligand,[22, 43] but this effect alone is
evidently too small to impart finite lifetimes onto such species.
Rather, the charge density at the carbenoid site has to obtain
stabilization from the organic ligand framework by other
means, such as resonance or delocalization (see the inter-
mediate 2).[8] We recommend to acknowledge this attribute by
not using the [Au=C] notation whenever referring to distinct
intermediates of this type in condensed phase.
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