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Abstract: Gold—carbene complexes are essential intermediates
in many gold-catalyzed organic-synthetic transformations.
While gold—carbene complexes with direct, vinylogous, or
phenylogous heteroatom substitution have been synthesized
and characterized, the observation in the condensed phase of
electronically non-stabilized gold—carbenes has so far
remained elusive. The sterically extremely shielded, emerald-
green complex [IPr**Au= CMes,]*[NTf,]~ has now been
synthesized, isolated, and fully characterized. Its absorption
maximum at 642 nm, in contrast to 528 nm of the red-purple
carbocation [Mes,CH]", clearly demonstrates that gold is more
than just a “soft proton”.

Gold complexes catalyze the addition of nucleophilic
functional groups across C—C triple bonds."! The unraveling
of reaction mechanisms in homogeneous gold catalysis is of
fundamental importance for the rational development of
catalyst complexes and synthetic transformations. Thus, the
identification and the synthetic, spectroscopic, and computa-
tional characterization of highly reactive transient catalyst
intermediates such as gold—carbene complexes has been in
the focus of ongoing research.”’ Gold carbenes without
stabilization by heteroatom substituents are proposed as
mandatory intermediates in many catalytic cycles. A contro-
versy has emerged about the electronic character as either
carbene-like with significant gold-to-carbon back-bonding®
or carbenium-like with marginal back-bonding."! However,
structurally®®! or spectroscopically”™” characterized gold-
carbene complexes that have been reported are comprised
either of iminio ylide-type or oxonio ylide-type ligands
(Figure 1). The synthesis of non-heteroatom-stabilized gold
carbenes has been rated as a formidable challenge: “Back-
donation of electron density from gold to the vacant carbene
m-orbital” ... “alone is evidently too small to impart finite
lifetimes onto such species.”l®!

Owing to our long-standing interest in d'® metal carbene
complexes,'”) Weber in our research group synthesized the
extremely sterically demanding N-heterocyclic carbene ancil-
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Figure 1. Structurally characterized gold—carbene complexes with pre-
vailing iminio ylide (left),”* oxonio ylide (center left and center
right),* and phenylogous oxonio ylide ligand character (right).®

lary ligand IPr*+' It is an octa-tert-butyl derivative of
Berthon-Gélloz’s and Marké’s IPr# ligand."? The ligand
system IPr** has been rationally designed for the isolation
and characterization of highly reactive transition-metal com-
plexes. Indeed, IPr**AuCl caught AgSbF, red-handed in the
abstraction of a chloride ligand."¥ An IPr**Au cation without
donor-solvent coordination heterolytically cleaves a C—B
bond of the [B{C¢H;-3,5-(CF;),}4]” counterion within days at
room temperature.'¥ Despite (or rather because of) its steric
shielding, IPr** AuNTH, (1) is highly catalytically active in the
Hashmi phenol synthesis.'”! In this study, we used a sterically
demanding diazomethane substrate as carbene precursor
compound, aiming to prepare, isolate, and characterize
spectroscopically a “true” gold—carbene complex with high
carbenoid character. Indeed, the reaction of red dimesityl-
diazomethane!™ with colorless IPr**AuNTf, (1)" in
dichloromethane yields an intensely emerald-green, diamag-
netic, and remarkably water-, air-, and thermostable gold—
carbene complex nearly quantitatively within hours
(Scheme 1).

The gold bistriflimide 1 releases a 12-valence-electron
gold cation that coordinates dimesityldiazomethane and
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Scheme 1. Synthesis of a gold—carbene without heteroatom stabiliza-
tion.
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eventually eliminates the ideal leaving group N,. The key
point in the successful preparation of gold—carbene complex 2
is the steric inhibition of the undesired C—N bond formation
of the electrophilic carbene ligand with the nucleophilic
terminal nitrogen of a second molecule dimesityldiazome-
thane (Scheme 1, bottom). The extreme steric shielding of the
carbene center becomes evident in the ball-and-stick repre-
sentation of the cationic gold—carbene complex from a single-
crystal X-ray diffraction study (Figure 2).

Figure 2. Ball-and-stick model of the gold—carbene cation of salt 2 in
the solid state."” Bistriflimide counterion and two toluene molecules
have been omitted for clarity. Bond lengths: Au—C(IPr**) 203.0(6),
Au—CMes, 201.4(6) pm. Angles: C-Au-C 178.5(2), N-C-Au 127.2(4) and
128.0(4), N-C-N 104.8(5), C(Mes)-C-C(Mes) 116.3(6)°. Angle sum for
Au=CMes, 359.95°.

In the solid-state structure, the mesityl substituents are
twisted by 44 +3° out of the gold—carbene plane, thereby
diminishing the resonance stabilization of the carbene by the
aromatic w systems. The Au—CMes, bond is slightly shorter
(Ad sy =1.6 pm) than the Au—C(IPr**) bond. According to
Bent’s rule,'® the more electronegative nitrogen atoms in the
IPr** ancillary ligand and the larger Au-C-N angles lead to
higher carbon s orbital percentage in the Au—C(IPr**) o bond
than in the Au—CMes, o bond. Without & back-bonding,™”
the Au—CMes, bond should have been longer. We attribute
the observed overcompensation to a significant, but not
predominant double bond character Au=CMes,. This inter-
pretation is in accord with Brooner and Widenhoefer’s
elegant structural observation of a weak gold-to-carbene
back-bonding (Figure 1, center right) that “exceeds that of
a methyl or phenyl group”.”

The “*C{'H} NMR spectrum underlines the distinct differ-
ence of the iminio ylide-type N-heterocyclic carbene ligand
with a chemical shift of 6 =185.1 ppm, and the carbene ligand
with a signal at 0 =321.3 ppm (Figure 3). It is even more
deshielded than the gold—carbene signal of Aznar at é =
281.5 ppm, of Widenhoefer at 6=2303.9 ppm,” and of
Firstner at 6 =284.5 ppm (Figure 1, second to fourth struc-
ture).l%!

Angew. Chem. Int. Ed. 2014, 53, 93729375

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

.

3220 3210  ppm 186.0 185.0 ppm

| ,

380 360 340 320 300 280 260 240 220 200

180 ppm
Figure 3. C{'"H} NMR spectrum (150.93 MHz, 298 K, CDCl,) of com-

plex 2: carbene ligand signal (left) and IPr¥** iminio ylide ligand signal
(right).

In the crystal structure, the ortho methyl groups of the
mesityl substituents are pairwise diastereotopic. At room
temperature, 'H NMR spectra display only one ortho methyl
group signal with an intensity of twelve protons, indicating
rapid rotation of the mesityl groups. At low temperatures,
however, broadening of the signal is observed, leading to two
signals below —90°C (Figure 4, top). A similar behavior

188K f//\</;/ g

183K \g
178K

1.20 0.90 ppm

Figure 4. "H NMR coalescence of the signals of the diastereotopic
ortho-methyl groups at —90°C (top spectrum) and of one of the IPr¥*
tert-butyl substituent sets at —95°C (bottom spectrum) at 300 MHz in
CD,Cl,.

occurs with a signal at 6=1.19 ppm (Figure 4, bottom),
comprising the 36 protons for the four fert-butyl substituents
of the IPr** ligand in close proximity to the intrinsically C,-
symmetrical dimesitylcarbene ligand.

The free energy of activation for the concerted mesityl
group rotation of approximately 36 +2 kJmol ™" stems from
both the energetically unfavorable orientation of the two
mesityl substituents in the transition state (Scheme 2), and the
reorganization of IPr** tert-butylphenyl fragments.

The emerald-green color of complex 2 is due to the
absorption of violet-blue and red light (Figure 5): absorption
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Scheme 2. Rapid degenerate rearrangement of the C,-symmetrical
cationic gold—carbene by concerted rotation of the mesityl substitu-
ents.
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Figure 5. UV/Vis spectrum of gold—carbene 2 in dichloromethane.

bands were observed at 312 nm (log ¢ =3.8), 401 nm (log e =
3.9), 435 nm (log ¢ =3.8), 490 nm (log ¢ =3.4), and at 642 nm
(log £ =3.9). We have performed TDDFT™” calculations on
an optimized structure of the C,-symmetric 1,3-dimethylimi-
dazol-2-ylidene gold—dimesitylcarbene cation in the gas phase
at the MO6/LACV3P** + 4 level of theory,”!] as implemented
in the jaguar program package.”” The observed 642 nm
absorption maximum essentially corresponds to the elec-
tronic transition from the HOMO, which is based on an
antibonding o interaction of an sp>-hybridized singlet carbene
with a gold 5d orbital, into the LUMO, which is dominated by
the empty p orbital of the carbene (Scheme 3).

Apart from comparison of structural parameters, such as
C—C and Au=C versus Au—C bond lengths, the bathochromic
red-shift is a superb measure of the electronic classification as
gold—carbene complexes with high carbenoid character, in
contrast to complexes with predominant iminio ylide or
oxonio ylide ligand character.

The bathochromic shift by formal replacement of the
benzhydrylic proton in red-purple [Mes,CH]| [HSO,]™ (Ao =
528 nm, Figure 6 left)*! by IPr**Au* to the emerald-green
carbene complex 2 (Figure 6, right) literally shows that
gold(I) fragments are more than just “soft protons”. Thus,
a dualistic discussion about “carbene” character (Au=C bond
order of 2) versus “carbenium” character (Au—C bond order
of 1) is incomplete. A carbenoid resonance structure with
a gold—carbon bond order of zero must be considered as third
relevant electronic contribution (Scheme 4). The antibonding
interaction of the gold 5d'° shell with the sp? donor-electron
pair of the carbene ligand (HOMO in Scheme 3) weakens the
o bond of gold—carbenes, being a major cause for the kinetic
and thermodynamic lability of the gold—carbene moiety. As
a rule of thumb, weak metal-carbene bonds lead to the
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Scheme 3. Assignment of observed absorption bands and representa-
tion of the electronic transitions from occupied molecular orbitals to
the lowest unoccupied molecular orbital in gold—carbene complex 2.
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Figure 6. Solutions of red-purple [Mes,CH]*[HSO,]” (left) and of the
emerald-green gold—carbene complex 2 (right) in CH,Cl,.
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Scheme 4. Au—C bond orders of gold—carbene resonance structures.

cyclopropanation of alkene substrates, while strong metal—
carbene bonds favor alkene metathesis reactions. The UV/Vis
data of complex 2 supports Toste’s quantum-chemical con-
clusion that the overall bond order of gold-carbenes is
“generally less than or equal to one”.* The contribution of
a third resonance structure with an AuC bond order of zero
resolves the paradox of bond orders of less than one based on
resonance structures with higher bond orders of one and two.

In summary, we have synthesized and fully characterized
a non-heteroatom-stabilized gold-carbene complex with pre-
dominant carbenium character. The solid-state structure
corroborates a minor contribution of an Au=C double-bond

Angew. Chem. Int. Ed. 2014, 53, 93729375


http://www.angewandte.org

resonance structure. The UV/Vis absorption spectrum under-
lines the essential role of the antibonding interaction of the
filled gold 5d" shell with the carbene ligand sp* donor-
electron pair, resulting in a thermodynamically weak gold-
carbene bond. As a consequence, the conceptual limits of the
isolobal designation of gold as a “soft proton” should be
acknowledged. With these results at hand, the detection and
even isolation of highly reactive gold—carbene complexes with
even more pronounced gold—carbene back-bonding and an
even larger bathochromic shift seems possible, opening the
path for direct investigations in the condensed phase of
proposed intermediary carbene species in homogeneous gold
catalysis.
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