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Oxidative Addition of Carbon—Carbon Bonds to Gold**
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Abstract: The oxidative addition of strained C—C bonds
(biphenylene, benzocyclobutenone) to DPCb (diphosphino-
carborane) gold(l) complexes is reported. The resulting
cationic organogold(Ill) complexes have been isolated and
fully characterized. Experimental conditions can be adjusted to
obtain selectively acyl gold(Ill) complexes resulting from
oxidative addition of either the C(aryl)—C(O) or C(alkyl)—
C(0) bond of benzocyclobutenone. DFT calculations provide
mechanistic insight into this unprecedented transformation.

The carbon—carbon bond cleavage by transition-metal com-
plexes is one of the most challenging reactions in organome-
tallic chemistry.l'! The oxidative addition of C—C bonds is
hampered thermodynamically by the strength of C-C
o-bonds and kinetically by steric and orbital factors (the C—C
o-bond is hindered and highly directional, which prevents its
interaction with metal centers).”! In comparison with other
types of nonpolar E—E and E—H o-bonds, the oxidative
addition of C—C bonds by transition metals under stoichio-
metric or catalytic conditions is much less developed.** Only
few efficient complexes, all based on late transition metals
(mostly Rh and Pt), have been described to date.

In the field of transition-metal-mediated o-bond activa-
tion, gold was considered inappropriate and thus left aside for
a long time. However, the ability of gold(I) complexes to an
undergo oxidative addition of o-bonds, such as S—S, Si—Si,
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Sn—Sn, and C(aryl)—X bonds, has been recently demonstrated
in intramolecular® as well as intermolecular versions.*! In
particular, we recently reported that rationally designed two-
coordinate cationic gold(I) complexes [(DPCb)Au]*
(DPCb =diphosphino-carborane) with a bent PAuP angle
(ca. 100°) readily achieve the oxidative addition of aryl
iodides, a transformation that was so far considered highly
disfavored, if not impossible, with gold.’) These results
prompted us to investigate the oxidative addition of C—C
o-bonds to gold as the archetype example of nonpolar o-bond
activation at transition metals. Herein we report that
[(DPCb)Au]" complexes activate biphenylene and benzocy-
clobutenone to form stable cationic organogold(III) com-
plexes. The selectivity and reversibility of the oxidative
addition process with benzocyclobutenone has been thor-
oughly studied experimentally and theoretically.

Several features make biphenylene a prototypical sub-
strate for C—C bond activation at transition metals (ring
strain, formation of strong M—C(aryl) bonds, possible -
coordination of the metal prior to oxidative addition).["! Its
reactivity with 1,2-diphosphino-1,2-dicarba-closo-dodecabor-
ane (DPCb) gold complexes!® was thus explored. The neutral
precursor 1 was treated with GaCl; at —30°C and five
equivalents of biphenylene were added to the resulting
cationic species. The reaction mixture was heated at 120°C
in dichloromethane in a pressurizable Schlenk flask. *'P NMR
monitoring indicated the formation of a major species (0 =
69.9 ppm), that is, the cyclometallated gold(III) complex 3
derived from the oxidative addition of biphenylene
(Scheme 1). The reaction is complete within 3 h at 120°C.
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Scheme 1. Oxidative addition of biphenylene to gold.

In addition to 3, the four-coordinate complex [(DPCb),Au]*
(0=42.0 ppm) stemming from the decomposition of the
cationic complex [(DPCb)Au]’, GaCl,” was detected in
minor quantity. Complex 2 bearing isopropyl substituents at
phosphorus also reacts with biphenylene under these con-
ditions. In this case, complete conversion is achieved within
5h and oxidative addition proceeds very cleanly. Gold(III)
complex 4 is obtained as the sole product according to
3P NMR spectroscopy (6 = 89.5 ppm).
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Complexes 3 and 4 were isolated as stable crystalline
solids (63% and 95 %, respectively). Molecular structures
were unambiguously established by spectroscopic and crys-
tallographic analyses. Most diagnostic is the *C NMR signal
observed in the typical region for C(aryl) atoms bound to
gold(IIT)P%%! (5 =165.1 ppm for 3 and 165.6 ppm for 4).
These signals appear as doublets of doublets because of the
coupling of the carbon atom with the two phosphorus atoms
in trans and cis positions (Jpc=111.2/9.0 Hz for 3, 114.3/
9.7Hz for 4; Figurel, left). Recrystallization provided
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Figure 1. Complex 3. a) Characteristic >C NMR signal associated with
the C(aryl) carbon atom bound to gold. b) Molecular structure
determined by single-crystal X-ray diffraction. The GaCl,” counter
anion and hydrogen atoms are omitted for clarity. Selected bond
lengths [A] and angles [°]: Au-C 2.073(7), Au-P 2.369(2), C-Au-C
81.1(4), P-Au-P 89.43(8).

crystals of 3 and 4 suitable for X-ray diffraction analyses
(Figure 1, right).’! The two complexes display very similar
structures in the solid state. The gold center is four-coordi-
nated (the GaCl,” counter anion remains at long distance)
and adopts a square-planar geometry (P-Au-P=87+2°,
C-Au-C=81+1°). The Au-P and Au-C distances are com-
parable to those previously reported for gold(IIT) complexes
(2.30-238 A and 2.02-2.08 A, respectively).'"”! The only
noticeable structural difference between 3 and 4 is the
arrangement of the three contiguous rings of the metal-
lafluorene moiety, which remains almost perfectly coplanar in
3, but adopts a bowl-shape conformation in 4 (the lateral
aromatic rings are tilted away from the gold coordination
plane probably because of the steric shielding of the isopropyl
substituents at P).['!]

The reactions of [(DPCb)Au]* complexes with bipheny-
lene represent the first examples of the oxidative addition of
C—C bonds to gold."” These transformations are reminiscent
of those reported earlier with neutral Pt° fragments and
actually occur under nearly the same conditions. Indeed,
depending on the precursor, insertion of Pt into biphenylene
was shown to require heating at 55-120°C for a few hours up
to several days.”!

Encouraged by the results obtained with biphenylene, we
then turned our attention to benzocyclobutenone. The
presence of a strained and functionalized four-membered
ring makes this substrate particularly valuable for transition-
metal-mediated C—C bond cleavage, as demonstrated pre-
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viously with Rh complexes."”! The reaction of complex 2 with
benzocyclobutenone (10 equiv) was investigated in the pres-
ence of GaCl; as chloride abstractor. Strikingly, a reaction
takes place spontaneously at room temperature, as apparent
from the *P NMR spectrum. The starting material 2/GaCl,
(0 =74 ppm) slowly converts into a new complex 5, which
displays two doublets at 6 =79.7 and 78.3 ppm with a Jpp
coupling constant of 13.9 Hz. The desymmetrization of the
diphosphine environment is consistent with the oxidative
addition of benzocyclobutenone.

Complete conversion of 2/GaCl; requires about 24 h at
room temperature. In the late stage of the reaction, another
set of doublets (6 =91.8 and 74.4 ppm, Jpp = 14.4 Hz) appears
in the *'P NMR spectrum. This observation suggests the
formation of another gold(IIT) complex 6, possibly an isomer
of 5 resulting from the oxidative addition of another C—C
bond of benzocyclobutenone. Based on *C NMR analyses, !
the molecular structures of 5 and 6 were unequivocally
assigned to the acyl gold(III) complexes resulting from
oxidative addition of the C(aryl)-C(O) and C(alkyl)—C(O)

bonds of benzocyclobutenone, respectively (Scheme 2,
ath a ; ’
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Scheme 2. Oxidative addition of benzocyclobutenone to gold: selective
formation of the two acyl-gold(l11) complexes 5 and 6 upon activation
of either the C(aryl)—C(O) or the C(alkyl)~C(O) bond.

paths a and b). Acyl complexes of gold are extremely rare.
A few [(Ph;P)Au(COR)] complexes have been prepared by
acyl transfer,™ and to the best of our knowledge, the only
related gold(III) species are [(Ph;P)AuMe,(COOR)] com-
plexes obtained by carbonylation.!'”)

At room temperature, complex 5, arising from C(aryl)—
C(O) bond activation, is formed as the major species, and only
traces of 6, resulting from C(alkyl)-C(O) bond activation is
observed. By optimizing the reaction conditions, both com-
plexes could be obtained selectively and were isolated.
Reaction of 2/GaCl; with five equivalents of benzocyclobu-
tenone for 1 h at 60°C exclusively gives complex 5 (the kinetic
product), while complex 6 (the thermodynamic product) is
formed selectively when the same reaction mixture is heated
for 3h at 120°C.

The behavior of the gold complex [(DPCb)Au]* toward
benzocyclobutenone differs markedly from that of rhodium
complexes.'®!7 Liebeskind demonstrated early on the ability
of Wilkinson’s complex [RhCl(PPh;);] to react with benzo-
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cyclobutenones at high temperature (130°C). However, the
process is not selective and gives a mixture of acyl Rh™
complexes as a result of the competitive insertion of Rh
into the C(alkyl)~C(O) and C(aryl)-C(O) bonds.'"! More-
over, activation of the C(aryl)~C(O) bond was favored
thermodynamically with [CIRh(PPhs)], contrary to what we
noticed with [(DPCb)Au]*. Very recently, Yamashita, Nozaki,
and Murakami described the site-selective oxidative addition
of benzocyclobutenone to an original T-shaped PBP-pincer
Rh complex.””! In this case, the reaction occured at room
temperature and proceeded selectively at the sterically less
hindered C(alkyl)~C(O) bond, probably because of the bulky
Bu substituents at P. Thus, [(DPCb)Au]" is the only complex
to cleave selectively either the C(aryl)—C(O) or the C(alkyl)—
C(O) bond of benzocyclobutenone as a result of kinetic/
thermodynamic control.

Complexes 5 and 6 are the first acyl gold(III) that were
characterized by single-crystal X-ray crystallography
(Figure 2).”! They both adopt ion-pair structures with the
gold center positioned in a square-planar environment. The
five-membered ring resulting from the insertion of gold into
benzocyclobutenone adopts an envelope conformation (the
gold center deviates by 0.47-0.76 A from the C4 plane) and
the C-Au-C bond angle is rather acute (78-80°). The Au—CH,
and Au—C(aryl) bond distances are in typical ranges and the
Au—C(O) bond length is similar to that reported for
[(Ph;P) AuMe,(COOMe)] (2.08(2) A).I"")

To gain mechanistic insight, the activation of benzocyclo-
butenone at gold was investigated computationally. DFT
calculations were carried out on the real system at the B97D/
SDD + f(Au), 6-31G**(other atoms) level of theory. The
results obtained taking into account counter anion (GaCl,")
and solvent (dichloromethane) effects are described herein
(Figure 3)."! Accordingly, GaCl; was pre-
dicted to readily abstract a chloride ion from
complex 2 to give an ion pair complex 2’
(AG = —18.6 kcalmol !, shortest Cl---Au con-
tact: 2.604 A). Oxidative addition of the
C(aryl)-C(O) bond of benzocyclobutenone
was explored first. Accordingly, the formation
of the acyl complex § was found to be about
thermoneutral (AG=0.7 kcalmol ') and to
involve a rather low activation barrier
(AG* =20.5 kcalmol™), in line with experi- P NP
mental observations (spontaneous reaction at 2
room temperature in the presence of an
excess of benzocyclobutenone). Activation
of the C(alkyl)~C(O) bond was then studied.
Comparatively, the formation of the isomeric
acyl complex 6 is more favored energetically
(AG =—82kcalmol™), but the associated
activation barrier is substantially larger
(AG* =27.3 kcalmol ). To assess the impor-
tance of steric effects on the selectivity of the
reaction, calculations have been performed
on a model system featuring Me instead of iPr
substituents at P (see Figure S4). Similar
results were obtained, indicating that the
kinetic preference for C(aryl)-C(O) bond

AG (kcal mol™)

iPr, iPr
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Figure 2. Molecular structures of the acyl gold(lIl) complexes 5 (a)
and 6 (b) determined by single-crystal X-ray diffraction. The GaCl,~
counter anions and hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [°]: 5 C(O)-Au 2.112(3), Au-C,, 2.081(3),
Au-P1 2.454(1), Au—P2 2.393(1), C-O 1.187(4), C-Au-C 77.98(13), P-
Au-P 85.61(3); 6 C(O)-Au 2.106(4), CH,~Au 2.107(4), Au-P1 2.436(1),
Au—P2 2.388(1), C-O 1.205(5), C-Au-C 80.81(17), P1-Au-P2 89.69(3).

activation and thermodynamic preference for C(alkyl)—C(O)
bond activation are intrinsic of the [(DPCb)Au]* complex. In
addition, analysis of the transition states TS5 and TS, by the
activation strain model™! indicates minimal contribution of
the AE*dist_[(Dcph) au+) distortion term to the activation barrier
AE* (Table S3), as in the case of Ph—T activation.l! This
result substantiates the preorganized character of the
[(DPCb)Au]* fragment and the role of bending in the
oxidative addition of C—C bonds to gold.

The formation of the regioisomeric complex 6 may result
from the direct isomerization of § or from the reductive
elimination of the C(aryl)=C(O) bond followed by the
oxidative addition of the C(alkyl)—C(O) bond. According to
the reaction profiles computed by DFT, reductive elimination
of the C(aryl)—C(O) bond of benzocyclobutenone can readily
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Figure 3. Energy profile in dichloromethane (Gibbs free energy, in kcalmol™) for the
reaction of benzocyclobutenone with the gold complex 2 in the presence of GaCl,.
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occur from the gold(III) complex 5 on both kinetic and
thermodynamic grounds. Experimentally, the acyl complex 5§
was found to be stable in the solid state, but to evolve slowly
back to the cationic gold(I) complex 2’ and benzocyclobute-
none in dichloromethane at room temperature. Over time or
upon heating, the oxidative addition of the C(alkyl)—C(O)
bond takes place and the acyl complex 6 is obtained as
thermodynamic product. These observations support the
latter mechanistic hypothesis and corroborates the ability of
the [(DPCb)Au]" fragment to activate both the C(aryl)—C(O)
and C(alkyl)~C(O) bonds of benzocyclobutenone.

It is also important to note that the backward reaction
from 5 to 2’ provides evidence for a spontaneous reductive
elimination of a C(aryl)=C(O) bond at gold. Reductive
eliminations of C—C bonds from square-planar complexes
are common in organometallic chemistry, but very rare with
gold and so far limited to C(aryl)~C(aryl) bond forma-
tion. 1211

In conclusion, the oxidative addition of C—C bonds to gold
was disclosed. Bent gold(I) complexes [(DPCb)Au]" readily
insert into the four-membered rings of biphenylene and
benzocyclobutenone. Remarkably, [(DPCb)Au]* is the only
complex to cleave selectively either the C(aryl)—C(O) or the
C(alkyl)-C(O) bond of benzocyclobutenone as a result of
kinetic/thermodynamic control. The resulting acyl gold(III)
regioisomers have been isolated and fully characterized. A
reverse reaction, namely the reductive elimination of a
C(aryl)=C(O) bond has also been substantiated from a well-
defined gold(IIT) complex.

These results further confirm that contrary to what was
long believed, gold(I) complexes do undergo oxidative
additions and are thus promising candidates for o-bond
activation.’” The properties of the thereby generated cationic
organogold(IIT) complexes are currently under investigation.

Keywords: C—C bond activation - gold chemistry -
oxidative addition - reductive elimination - selectivity
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