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Abstract: The specific electronic properties of bent o-carbor-
ane diphosphine gold(I) fragments were exploited to obtain the
first classical carbonyl complex of gold [(DPCb)AuCO]+

(n(CO) = 2143 cm�1) and the diphenylcarbene complex
[(DPCb)Au(CPh2)]+, which is stabilized by the gold fragment
rather than the carbene substituents. These two complexes were
characterized by spectroscopic and crystallographic means.
The [(DPCb)Au]+ fragment plays a major role in their
stability, as substantiated by DFT calculations. The bending
induced by the diphosphine ligand substantially enhances p-
backdonation and thereby allows the isolation of carbonyl and
carbene complexes featuring significant p-bond character.

The tremendous progress achieved recently in gold cataly-
sis[1] has stimulated renewed interest in the coordination
chemistry and reactivity of gold complexes.[2] Compared with
other transition metals, the variety of gold complexes has long
remained very limited. However, increasing efforts have been
made over the past few years to isolate and characterize
important classes of gold compounds such as p complexes,[3–6]

vinyl complexes,[7] hydrides,[8] fluorides,[9] hydroxides and
peroxides,[10] carbonyls,[11] and carbenoids.[12–14] Accordingly,
our fundamental knowledge of gold organometallic chemistry
has significantly progressed from both synthetic and bonding
standpoints.

Owing to our interest in the development of new
reactivity patterns for gold complexes,[15] we recently
designed bent (L2Au)+ fragments to achieve oxidative
addition of aryl iodides, a transformation so far considered
highly disfavored, if not impossible, with gold.[16] We took
advantage of o-carborane diphosphines (DPCb)[17] and dis-
covered that the ensuing cationic gold(I) fragments
[(DPCb)Au]+ indeed readily activate Csp2�I bonds under

mild conditions.[18] The bending induced by the DPCb
diphosphine ligand was shown to play a key role in this
process. We were keen to further explore the peculiar
properties of [(DPCb)Au]+ fragments, and we herein report
a joint experimental/theoretical study of corresponding
carbonyl and carbene complexes. Enhanced p-backdonation
from [(DPCb)Au]+ allows the isolation of unusual carbonyl
and carbene complexes with significant p-bond character.

First, we sought to prepare and characterize the
[(DPCb)AuCO]+ complex. Although carbonyl complexes of
gold are exceedingly rare, several examples of cationic gold(I)
have recently been isolated and the nature of the Au�CO
bonding interaction has been analyzed computationally.[11e–g]

The tricoordinate cationic gold carbonyl complex 2 was
prepared by reacting the gold(I) chloride complex 1 with
GaCl3 and then with CO in dichloromethane (Scheme 1).
NMR monitoring shows selective and quantitative formation
of complex 2. A single 31P NMR signal is observed at d =

134.4 ppm, thus indicating symmetric coordination of the two
phosphorus atoms.

X-ray diffraction analysis of 2 (Figure 1) showed that the
gold atom sits in a distorted trigonal-planar environment. The

Scheme 1. Synthesis of the cationic bis(phosphine) gold(I) carbonyl
complex 2.
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PAuP bite angle is rather small [93.95(5)8] and the AuCO
skeleton is quasi-linear [176.7(9)8]. The Au–C and C–O
distances [1.971(7) � and 1.126(10) �, respectively] fall
within the same range as those of the few structurally
characterized gold carbonyl complexes.[19]

More salient features of complex 2 are the 13C NMR and
IR data. The 13C NMR spectrum of 2 displays a resonance
signal at d = 191.8 ppm for the carbonyl ligand bound to gold,
which is shifted downfield compared to the signal for free CO
(d = 184 ppm). This situation contrasts with the upfield shift
observed for gold carbonyl complexes known so far (d = 164.0
to 182.6 ppm).[11] The n(CO) stretching frequency of 2 is also
remarkable at 2113 cm�1. In fact, complex 2 stands as the first
classical carbonyl complex of gold, i.e., one with a CO
stretching frequency lower than that of free CO (2143 cm�1).
Indeed, all gold carbonyl complexes reported to date display
CO stretching frequencies higher than that of free CO (from
2144 to 2237 cm�1),[11] whatever the coordination number of
gold and the charge of the complex (neutral and cationic
complexes). Theoretical studies performed on these com-
plexes have highlighted the importance of electrostatic effects
and the small contribution of Au!CO p-backdonation
compared with other transition metals.[11e–g]

A different bonding situation is apparently met in
complex 2 and this was analyzed in detail computationally.
Calculations were carried out on the real [(DPCb)Au(CO)]+

cation (2*). The optimized geometry of 2* well reproduces the
key Au�C, C�O bond lengths (< 0.03 �) and PAuP angle.[20]

The stretching of CO in complex 2* was compared to that of
free CO and the computed harmonic frequencies indicate
a red shift of �35 cm�1 upon coordination to gold, which also
compares very well with experimental observations.

Molecular orbital analysis of 2* (Figure 2) provides
further insight into the nature of the Au�CO interaction.
The HOMO corresponds to a bonding combination of the
occupied dxz(Au) orbital with the vacant p*CO orbital. This
bonding interaction is retrieved in the corresponding natural
localized molecular orbital (NLMO), thus indicating substan-

tial Au!CO p-backdonation. The o-carborane diphosphine
plays a major role here. It imparts a three-coordinate
environment to gold, and bending of the [PAuP]+ fragment
raises the energetic level of the occupied dxz orbital at gold[17]

and thereby enhances its interaction with the vacant p*CO

orbital (an energy gap DEdxz(Au)/p*CO of 8.4 eV is computed for
2*).[20] The linear dicoordinate phosphine gold carbonyl
complex [(Mes3P)Au(CO)]+[11e] behaves very differently.
The corresponding occupied dxz orbital at gold is significantly
lower in energy (DEdxz(Au)/p*CO = 11.4 eV),[20] and Au!CO p-
backdonation is therefore much weaker. The difference in
Au�CO bonding between the two complexes is also apparent
from: 1) the donation/backdonation ratio, as estimated by
charge decomposition analysis (CDA; d/b = 2.13 for 2* vs.
3.25 for [(Mes3P)Au(CO)]+), and 2) the charge transfer
between the CO and gold fragments as deduced from NPA
charges (CO acquires positive charge upon coordination to
[(Mes3P)Au]+, with a net charge transfer of 0.14e� , but
remains neutral in complex 2*). Together, these data indicate
that the bent dicoordinate fragment [(DPCb)Au]+ features
singular electronic properties. The presence of the high-
energy occupied dxz orbital at gold enhances p-backdonation
in 2* and this counterbalances the electrostatic effect
associated with the positive charge of the complex.[11e–g]

The unusual electronic structure of the gold carbonyl
complex 2 prompted us to investigate related gold carbenoid
species. The preparation and characterization of cationic gold
carbenoid species has recently attracted considerable atten-
tion (Figure 3) and analysis of their bonding has also
stimulated much fundamental interest.[13g,21] Most of the
complexes reported to date are stabilized by p conjugation
of the electrodeficient carbenoid center with heteroatoms,[13]

Figure 1. Molecular structure of complex 2. Hydrogen atoms, counter
anion, and solvate molecules are omitted; isopropyl and methylene
groups are simplified for clarity.

Figure 2. a) HOMO plot for complex 2* (cutoff: 0.04). b) NLMO plot
accounting for the dxz(Au)!p*CO interaction in complex 2* (cutoff:
0.04).

Figure 3. Recently isolated gold carbenoid complexes.
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as nicely illustrated by complex A.[13g] Two examples of non-
heteroatom-stabilized complexes have also been reported
very recently.[14] In complex B,[14a] the carbene moiety is
incorporated into an aromatic cycloheptatrienylidene frame-
work and is thereby stabilized by p delocalization. In complex
C,[14b] the dimesityl carbene moiety CMes2 is combined with
a bulky [(NHC)Au]+ fragment, thus resulting in very strong
steric shielding of the gold carbenoid motif.

The peculiar electronic properties of the [(DPCb)Au]+

fragment may open a new way to stabilize such carbene
complexes, with significant participation of the gold fragment
via p-backdonation. To test this hypothesis, we decided to
target the [(DPCb)Au(CPh2)]+ carbene complex. All
attempts to generate [(L)Au(CPh2)]+ complexes, either by
decomposition of diphenyldiazomethane or by transmetalla-
tion from tungsten Fischer carbene complexes, have so far
been unsuccessful.[13f,g,14a] Gratifyingly, the [(DPCb)AuNTf2]
complex 3 was found to rapidly and cleanly react with
diphenyldiazomethane at temperatures as low as �40 8C
(Scheme 2). Complex 4 was isolated (93 % yield) as a dark
violet solid. It is highly thermally stable [mp.: 158–160 8C
(decomp)] and was fully characterized.

The 31P NMR spectrum of 4 displays a single 31P NMR
resonance at d = 144.7 ppm, shifted slightly downfield com-
pared to the starting complex 3 (138.3 ppm). The carbene
center of 4 resonates in 13C NMR as a triplet (JCP = 75.2 Hz) at
d = 316.2 ppm, a chemical shift at the upper range of those
observed previously in gold carbenoid complexes (d 225–
321 ppm).[13, 14]

According to X-ray diffraction analysis (Figure 4), com-
plex 4 adopts a discrete ion pair structure and the gold center
is arranged in a trigonal-planar environment. The DPCb
ligand chelates the gold center and the PAuP fragment is
strongly bent [90.26(4)8]. The carbene center is perfectly
planar and essentially perpendicular to the PAuP coordina-
tion plane (with a twist angle of 85.28). This orientation
minimizes steric repulsion and enables optimal interaction
between the high-energy occupied dxz(Au) orbital in the plane
of the [DPCbAu]+ fragment and the vacant 2p orbital at the
carbene center (see above). The Au�C bond length
[1.984(4) �] is consistently slightly contracted compared to
those of complexes A–C (2.014–2.035 �). Note also that the
bonds between the carbene center and the Cipso(Ph) carbons
are not contracted [1.454(6) and 1.464(5) �] and the two
phenyl rings are twisted by 588 from the carbene plane, thus
indicating very weak, if any, p interaction.

Computational studies were carried out on complex 4 to
gain insight into its bonding and assess the role of the

[(DPCb)Au]+ fragment on its stability. Calculations were
again performed on the actual complex [(DPCb)Au(CPh2)]+

(4*) at the B3PW91/SDD + f(Au),6-31G**(B,P,N,C,H) level
of theory. The optimized geometry of 4* fits nicely with that
determined crystallographically.[20] A bonding interaction
between the dxz(Au) and 2pp(C) orbitals in the coordination
plane of gold is apparent in the HOMO of 4*, as well as in the
related NLMO (Figure 5).[20] This indicates significant Au!
carbene backdonation and thus some degree of Au�C
p bonding.

The electronic structure of complex 4* was compared with
that of the related diarylcarbene complexes A[13g] and C.[14b]

The respective molecular orbitals display much less inter-
action between the vacant 2pp(C) and the occupied dxz(Au)
orbitals, thus indicating that the [(L)Au]+ fragment does not
substantially contribute to the stabilization of the carbenoid
species in these compounds.[20] The different bonding situa-
tions are also indicated by the donation/backdonation ratio
estimated by CDA (d/b = 1.72 for 4* vs. 5.67 and 3.61 for
complexes A and B, respectively), and by the charge transfer
between the carbene and gold fragments (no CT for 4* vs.
carbene!Au transfers of 0.35e� and 0.28e� computed for
complexes A and C, respectively). The bonding in complex 4
is thus significantly different from that in complexes A–C.

Scheme 2. Synthesis of the bis(phosphine) gold carbene complex 4.

Figure 4. Molecular structure of complex 4. Hydrogen atoms, counter
anion, and solvate molecules are omitted; isopropyl and methyle-
negroups are simplified for clarity.

Figure 5. a) HOMO plot for complex 4* (cutoff: 0.04). b) NLMO plot
accounting for the dxz(Au)!2pp(C) interaction in complex 4* (cutoff:
0.04).
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Enhanced p-backdonation from the [(DPCb)Au+] indeed
results in a significant contribution from the gold fragment to
the stabilization of the carbene center. In turn, this enlarges
the variety of accessible carbene gold complexes, as illus-
trated by the isolation of the first diphenylcarbene complex 4.

In conclusion, we have synthesized and fully characterized
the first classical carbonyl complex of gold and the first
carbene complex stabilized by the gold fragment rather than
the carbene substituents. As substantiated by DFT studies,
bending of the PAuP+ fragment raises the energetic level of
the occupied dxz(Au) orbital and thus enhances backdonation.
This induces unique bonding situations with significant Au�C
p bonding. In future work, we will seek to further develop this
approach to prepare new types of gold complexes.

Received: July 28, 2014
Published online: October 30, 2014

.Keywords: carbenoids · carbonyl ligands · diphosphines · gold ·
p-backdonation

[1] For representative reviews: a) A. S. K. Hashmi, G. J. Hutchings,
Angew. Chem. Int. Ed. 2006, 45, 7896 – 7936; Angew. Chem.
2006, 118, 8064 – 8105; b) A. S. K. Hashmi, Chem. Rev. 2007, 107,
3180 – 3211; c) A. F�rstner, P. W. Davies, Angew. Chem. Int. Ed.
2007, 46, 3410 – 3449; Angew. Chem. 2007, 119, 3478 – 3519; d) Z.
Li, C. Brouwer, C. He, Chem. Rev. 2008, 108, 3239 – 3265; e) A.
Arcadi, Chem. Rev. 2008, 108, 3266 – 3325; f) E. Jim�nez-NfflÇez,
A. M. Echavarren, Chem. Rev. 2008, 108, 3326 – 3350; g) D. J.
Gorin, B. D. Sherry, F. D. Toste, Chem. Rev. 2008, 108, 3351 –
3378; h) A. F�rstner, Chem. Soc. Rev. 2009, 38, 3208 – 3221; i) A.
Corma, A. Leyva-P�rez, M. J. Sabater, Chem. Rev. 2011, 111,
1657 – 1712; j) M. Rudolph, A. S. K. Hashmi, Chem. Soc. Rev.
2012, 41, 2448 – 2462; k) A. S. K. Hashmi, F. D. Toste, Modern
Gold Catalyzed Synthesis, Wiley-VCH, Weinheim, 2012, pp. 1 –
402.

[2] a) A. S. K. Hashmi, Angew. Chem. Int. Ed. 2010, 49, 5232 – 5241;
Angew. Chem. 2010, 122, 5360 – 5369; b) L. P. Liu, G. B. Ham-
mond, Chem. Soc. Rev. 2012, 41, 3129 – 3139; c) C. Obradors,
A. M. Echavarren, Chem. Commun. 2014, 50, 16 – 28.

[3] For recent reviews: a) H. Schmidbaur, A. Schier, Organometal-
lics 2010, 29, 2 – 23; b) R. E. M. Brooner, R. A. Widenhoefer,
Angew. Chem. Int. Ed. 2013, 52, 11714 – 11724; Angew. Chem.
2013, 125, 11930 – 11941.

[4] For recent contributions: a) E. Langseth, M. L. Scheuermann, D.
Balcells, W. Kaminsky, K. I. Goldberg, O. Eisenstein, R. H.
Heyn, M. Tilset, Angew. Chem. Int. Ed. 2013, 52, 1660 – 1663;
Angew. Chem. 2013, 125, 1704 – 1707; b) N. Savjani, D. Rosca, M.
Schormann, M. Bochmann, Angew. Chem. Int. Ed. 2013, 52,
874 – 877; Angew. Chem. 2013, 125, 908 – 911; c) A. Das, C. Dash,
M. Yousufuddin, M. A. Celik, G. Frenking, H. V. R. Dias,
Angew. Chem. Int. Ed. 2012, 51, 3940 – 3943; Angew. Chem.
2012, 124, 4006 – 4009.

[5] For s,p-diaurated complexes: a) A. G�mez-Su�rez, S. Dupuy,
A. M. Z. Slawin, S. P. Nolan, Angew. Chem. Int. Ed. 2013, 52,
938 – 942; Angew. Chem. 2013, 125, 972 – 976; b) D. Weber,
M. R. Gagn�, Chem. Sci. 2013, 4, 335 – 338; c) A. S. K. Hashmi,
T. Lauterbach, P. Nçsel, M. H. Vilhelmsen, M. Rudolph, F.
Rominger, Chem. Eur. J. 2013, 19, 1058 – 1065.

[6] For gem-diaurated complexes: a) G. Seidel, C. W. Lehmann, A.
F�rstner, Angew. Chem. Int. Ed. 2010, 49, 8466 – 8470; Angew.
Chem. 2010, 122, 8644 – 8648; b) J. E. Heckler, M. Zeller, A. D.

Hunter, T. G. Gray, Angew. Chem. Int. Ed. 2012, 51, 5924 – 5928;
Angew. Chem. 2012, 124, 6026 – 6030.

[7] a) A. S. K. Hashmi, A. M. Schuster, F. Rominger, Angew. Chem.
Int. Ed. 2009, 48, 8247 – 8249; Angew. Chem. 2009, 121, 8396 –
8398; b) D. Weber, M. A. Tarselli, M. R. Gagn�, Angew. Chem.
Int. Ed. 2009, 48, 5733 – 5736; Angew. Chem. 2009, 121, 5843 –
5846; c) A. S. K. Hashmi, Gold Bull. 2009, 42, 275 – 279; d) X.
Zeng, R. Kinjo, B. Donnadieu, G. Bertrand, Angew. Chem. Int.
Ed. 2010, 49, 942 – 945; Angew. Chem. 2010, 122, 954 – 957;
e) O. A. Egorova, H. Seo, Y. Kim, D. Moon, Y. M. Rhee, K. H.
Ahn, Angew. Chem. Int. Ed. 2011, 50, 11446 – 11450; Angew.
Chem. 2011, 123, 11648 – 11652.

[8] a) E. Tsui, P. M�ller, J. P. Sadighi, Angew. Chem. Int. Ed. 2008,
47, 8937 – 8940; Angew. Chem. 2008, 120, 9069 – 9072; b) D. A.
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