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Abstract: Bonding and stabilizing effects in gold carbene
complexes are investigated by using Kohn—Sham density
functional theory (DFT) and the intrinsic bond orbital (IBO)
approach. The m-stabilizing effects of organic substituents at
the carbene carbon atom coordinated to the gold atom are
evaluated for a series of recently isolated and characterized
complexes, as well as intermediates of prototypical 1,6-enyne
cyclization reactions. The results indicate that these effects are
of particular importance for gold complexes especially because
of the low m-backbonding contribution from the gold atom.

There has been an ongoing debate regarding the nature of
the gold-carbon bond in various intermediates in the field of
gold catalysis.'! At the heart of this discussion is the question
whether these intermediates are best described as gold
carbene complexes or gold-stabilized carbocations. It was
only recently that gold complexes of this type could be
isolated and structurally characterized, allowing further
insight.”) As these complexes mimic reactive intermediates
they are often stabilized through strongly electron-donating
groups, such as electron-rich arenes in 1 (Figure 1, left)?®! or
heteroatom substituents in 2 (Figure 1, middle).”® A some-
what different strategy was employed by Harris and Widen-
hoefer in the preparation of cycloheptatrienyl-substituted
gold complex 3, in which aromaticity is the origin of
stabilization (Figure 1, right).”

The carbene character is often implied by depicting the
bond between the gold and carbon atoms as a double bond,
where one line represents o donation and the other line
represents 7 backdonation, while the gold atom carries
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Figure 1. Representative recent examples of gold carbene complexes.

a positive formal charge. Based on the structural parameters
of complex 1, Seidel and Fiirstner challenged this way of
depicting the bond.”! They observed a rather long Au—C
bond (2.039(5) A) and significantly contracted C—C bonds
(1.429(7) and 1.455(6) A) between the carbon atom coordi-
nated at gold and the adjacent carbon atoms from the
aromatic substituents in the solid state. This situation led
them to conclude that there is no significant C—Au double-
bond character, and hence, no pronounced m backbonding is
present in complexes of this type. Instead, they suggest that
the carbon atom coordinated to gold is strongly stabilized
through the organic fragment as evidenced by the contraction
of the C—C bonds.

Seidel and Fiirstner’s observations can be corroborated
with experimental and computational studies on gold car-
bonyl complexes, which indicate that the bonding between the
gold atom and the bound carbon atom is dominated by
electrostatic interactions, some o donation, and only a small
amount of m backbonding.®! This situation has also been
reported for gold carbene complexes.!

Herein we investigate the bonding and the stabilizing
effects in these complexes using Kohn-Sham density func-
tional theory (DFT) and the intrinsic bond orbital (IBO)”
approach to clarify and strengthen the observations and
conclusions made by Seidel and Fiirstner. We further extend
this analysis to bonding in intermediates of 1,6-enyne
cyclization reactions as a prototypical transformation cata-
lyzed by gold.”! Throughout we focus on the role of the
organic fragments and their stabilizing effects, which have
received little attention in gold catalysis to date. The
stabilization of a cationic formal charge in cyclopropyl-
substituted intermediates in gold catalysis has previously
been alluded to by Echavarren and co-workers.®7!

The geometries of the complexes were first optimized
using the TPSS® functional in combination with Grimme’s
D3 dispersion correction using Becke-Johnson damping.”
The def2-TZVPP!'" basis set and the conductor-like screening
model (COSMO)™! simulating solvation effects of CH,Cl,
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(¢=8.51),”1 a commonly used solvent in the
field of gold catalysis, were used in all
calculations (for full computational details
see the Supporting Information).

The structural parameters obtained are in
good agreement with the experimental values.

We subsequently turned our attention to the CAu (0.103) CAu (0.106)

. . . Ca (0.990) CAu (0.352) Ca (0.991)
analysis of the bonding using the IBO Cp (0.866) 0(1612) Ch (0.027)
method. The IBO method is a novel approach Cc (0.028) Cc (0.864)

to analyze chemical bonding. Based on
a simple mathematical criterion, a set of
local orbitals (the IBOs) is determined,
which exactly represents the computed
Kohn-Sham wave function—without any
approximation, pre-defined bonding motives,
or empirical input. Nevertheless, the IBOs
generally depict occupied orbitals in an intui-
tive way and allow for a direct interpretation
of chemical bonding. The method allows for
the assignment of charges to individual atoms,
without any free parameters. The electrons in
the doubly occupied IBOs are assigned pro-
portionally to the individual atoms, allowing
further quantitative interpretation of bond-
ing.

For complex 1, two IBOs were identified which contribute
similarly to the stabilization of the carbon atom coordinated
to gold (C,,). The m systems of the aromatic rings attached to
Cy, are equally polarized towards C,, (Figure 2, top). The
carbene o lone pair coordinated to the gold atom was also
identified (Figure 2, bottom left). This IBO is largely located
at C,, in agreement with a coordinative bond. A similar

Cau (0.292) Cau (0.306)
Ca (1.002) — Cq (1.002)
Cp (0.238) cy Ce (0.236)
Ce (0.323) N Cf (0.312)

Au (0.473)
Cau (1.444)
P (0.025)

Au (1.892)
Cay (0.057)

Figure 2. C,-stabilizing IBOs of complex 1. Numbers in parentheses
indicate the fraction of electrons of the doubly occupied orbital
assigned to the individual atoms.
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Au (0.428)
Cau (1.516)
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Au (1.880)
Cau (0.081)

Figure 3. C,-stabilizing IBOs of complex 2. Numbers in parentheses indicate the fraction
of electrons of the doubly occupied orbital assigned to the individual atoms.

bonding situation was observed for the lone pair of phospho-
rus. The IBO representing the filled d orbital at gold, aligned
for potential i backbonding, is largely located at the gold
atom (95 %; Figure 2, bottom right) and therefore, does not
appear to contribute to the stabilization of C,, significantly.

In complex 2 we identified a strong covalent stabilization
which is mainly achieved through the O lone pair of the
neighboring methoxy group (= stabilization; Figure 3, top
middle) and thus resembles the stabilization in carbonyl
compounds.”’! In addition, small contributions from the
cyclopropyl banana bonds were identifiable (Figure 3, top
right and left). These contributions may be attributed to
partial charge delocalization into the cyclopropane ring, an
anchimeric effect that Brooner and Widenhoefer also con-
cluded made a contribution when studying complex 2
experimentally.”® Regarding the bonding between the gold
and the carbon atom (C,,), we identified the lone pair at C,,
as expected for a singlet carbene (Figure 3, bottom left). This
lone pair is largely located at C,,, consistent with coordinative
bonding (o donation). The filled d orbital that is suitably
aligned for m backbonding is, however, again located largely
at gold (94%; Figure 3, bottom right) suggesting little
contribution to the stabilization of C,,.

In complex 3, no heteroatom substitution is present. The
7t stabilization of C,, from the organic fragments is therefore
realized in a somewhat different way, namely through
aromaticity (Figure 4). The three IBOs of the six 7 electrons
of the aromatic system are fairly equally distributed among
the seven atoms. The total contributions are: C,, 0.731, C,
0.845, C, 0.876, C. 0.885, C, 0.885, C, 0.873, C; 0.853. This
distribution accounts for 99 % of the six m electrons of the
aromatic system. Again, the bonding between Au and C,,
seems to fall within the same range as for the other two
complexes described above, the respective d orbital is located
to 95% at gold.
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IBOs for a series of gold-substituted diphe-
nylcarbene complexes and we found a linear
correlation between the Hammett parame-
ters (electrophilic substituent constant, o,*;
for details see the Supporting Information).
This correlation supports our notion that

o
Cau (0.311)

Cau (0.324)

& (0:045) Chu (0.096) Cp (0.061) IBOs allow for the assignment of the relative
Cb (0.654) gb §3;§;§ Cc (0.040) energetic stabilization of the gold complexes
Cc (0.079) CC (0'777) Cg (0.071) ted herei
C4(0.037) cg 0472) Ce (0.638) presente erelI_L )
Ce (0.063) Cr(0.853) The comparison made in Table 1 demon-
strates that m donation from the organic
G S substituents is particularly strong for Au com-
gy TG L plexes raising the question of the influence of
J=E this effect on intermediates during catalytic
transformations, especially when m-stabiliz-
5 ing substituents are absent.

We therefore calculated IBOs for inter-
mediates of an oxidative 1,6-enyne cycliza-

Au (0.477) Au (1.895) : T [15] i7d i
G tiide) i e tion (Figure 6, top)."™ Knizia and Klein have
P (0.023) recently demonstrated that IBOs can be

utilized to study the electron flow in organic

Figure 4. C,,-stabilizing IBOs of complex 3. Numbers in parentheses indicate the fraction ) ; 3
reactions, which is usually represented by

of electrons of the doubly occupied orbital assigned to the individual atoms.

In the three complexes investigated, the stabilizing con-
tribution to C,, from m backbonding appears to be minor
compared to the effects caused by the organic fragments.
Despite the vastly different ligands and organic components
present, the Au d orbital aligned with C,, is strongly located
at gold to very similar degrees (94-95% ). To avoid potential
bias from the localization procedure used, we also computed
IBOs for complex 4.%1 This complex was recently reported to

have enhanced &t backbonding. Therefore, 4 should serve as g:lfo(.%;?;) g?‘zé%:;f)
a validation of the ability of IBOs to assess this type of Cp (0.297) iPrN\/\" Cb/ \ Ce (0.281)
Cc (0.393) p—NPr v C§(0.387)

interaction in gold complexes. Indeed, we did observe an IBO
consisting of a gold d orbital which is polarized towards C,,
(Figure 5, bottom right). As a result, this IBO is now only
located at gold to 87 %, a significantly smaller value than in
complexes 1-3. Furthermore, the IBOs that are observed to
cause 7 stabilization from the aromatic rings display a reduced
overlap with C,, (0.191 and 0.213) compared to complex
1 (0.292 and 0.306). Nevertheless, even in complex 4 these
contributions from the organic fragments clearly remain
dominant over Au &t backbonding.

The effects of m-stabilization have already been recog-
nized in the early work of Fischer and co-workers, in which
the presence of donating groups allowed the isolation and
characterization of carbene complexes."¥ To compare the
effects of mdonation we also computed IBOs for the
diphenylcarbene-substituted complexes 1b, 5, and diphenyl-
carbene (6) itself (Table 1). With decreasing 7 backdonation
from the transition-metal center, an increase of the m dona-
tion from the phenyl groups is observed (1b>4>5). This
effect is less pronounced in the free diphenylcarbene, in which

Au (0.494)
Cau (1.412)

Au (1.743)
Cauy (0.175)

Figure 5. C,,-stabilizing through m backbonding in 4. Numbers in
parentheses indicate the fraction of electrons of the doubly occupied
orbital assigned to the individual atoms.

there is increased electron density of the olone pair at C*
owing to the absence of metal coordination.

Our assignment made is based on the partial charges of
the IBOs on the individual atoms. To evaluate if this charge
can be directly linked to energetic stabilization, we computed
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curly arrows in mechanistic schemes."! This approach is
therefore promising for the study of gold-catalyzed reac-
tions,"'" as bond transformations can be followed along
reaction paths. For the first intermediate formed (8) we
indeed found a bonding situation where stabilization of the
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Table 1: 1BO values for 1b, 4, 5, and 6.2

'PrN/\'

B P’N Pr
A~
B B/l

(CO)sCr=C* lE—A AUT=CH,
NN
JNPr
‘PrN\)

5 4 1b 6

Complex 5 4 1b 6
7 Backbonding

- 0.260 0.175 0.074 -
%C
o Coordination at C*/CAu 0.365 0.494 0.452
M~—0C (4s1)  (1.412) (.43 (3%
Sum of m donation!

0.349 0.404 0.551 0.453

/
M—C, é

N

Ph

[a] Values indicate the fraction of electrons of the doubly occupied orbital
assigned to the individual contribution. [b] For depictions of the IBOs of
1b, 5, and 6, see the Supporting Information. [c] Accounts for the
contribution from both Ph substituents.

form found in the isolated complexes above, is not accessible.
While it could be anticipated that s backbonding may
compensate, we observed little change in the IBO represent-
ing the Au d orbital. Instead stabilization is realized through
the cyclopropyl substituent (Figure 6, middle). This anchi-
meric effect was also observed for complex 2, albeit in a much
less pronounced way. Addition of the sulfoxide in the next
step makes the need for stabilization unnecessary and results
in the formation of defined C—C banana bonds in the
cyclopropyl moiety in structure 9 (Figure 6, bottom).

It should be noted that cyclizations of this type are usually
carried out with substrates that have aryl substituents.
Examples with alkyl substituents are scarce.'¥ We indeed
noticed that in the case of aryl substitution the bonding
situation changes and the formation of a cyclopropane ring is
less complete and the intermediate formed still has vinyl Au
character (see the Supporting Information for details). These
observations are consistent with a previously suggested
bonding scenario./>”)

In summary, we conclude that Seidel and Fiirstner's
description of the bonding in gold carbene complexes
currently represents the best overall classification of bonding
for such species and intermediates in catalytic transforma-
tions. Furthermore, we note that the m-stabilizing effects of
the organic fragment are substantial and highly depend on the
organic fragment bound to the carbene carbon coordinated to
the gold center, an effect that might assist in the systematic
planning of experimental studies. IBO analysis represents
a useful method for the elucidation of these effects based on
simple DFT computations and might augment future compu-
tational studies in this field.
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oA ®, - Au—PH;

HsC
o 2
- [PHIAU(SMe,I" HaG gf
Au
H SPH,
(o}
9

Polarized cyclopropane bond

Cpu (0.367) o
cau(o 940) k \ _H

Cp (0.641)

o-coordination at Au
Au (0.501)
CAu (1.447)

" HP—Au—
® EXS

Polarized cyclopropane lg'ond Au d-orbital with smail

CAu (0.149) T-backbonding contribuition
Ca (0.933) Au (1.869)
Cc (0.797) CAu (0.084)
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(o=

ocalized cyclopropane bon o ocalized cyclopropane bon
Localized | bond H.C S/® Localized I bond
Cau (0.027) \ Cau (<0.02)
Ca (0.994) CH, Ca (0.952)
Cp (0.933) § Cc (0.958)

Figure 6. Pathway of 1,6-enyne cyclization and C,,-Stabilizing through
7 backbonding in 8 and 9. Numbers in parentheses indicate the
fraction of electrons of the doubly occupied orbital assigned to the
individual atoms.
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