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ABSTRACT: f-Hydride eliminations for ethylgold(III) dichloride complexes are H/W H/ﬁ H/ﬁ
identified as reactions with an unusually long prechemical stage corresponding to the * | N o N
conformational preparation of the reaction complex and spanning six phases. The AL /A“ -

prechemical process is characterized by a geared rotation of the L—Au—L group (L = Cl) | o o

driving methyl group rotation and causing a repositioning of the ligands. This requires ¢

more than 28 kcal/mol of the total barrier of 34.0 kcal/mol, according to the unified [ »0"< """ ooyttt . petminaton
reaction valley approach, which also determines that the energy requirements of the Kinetically facile
actual chemical process leading to the S-elimination product are only about 5.5 kcal/mol.

A detailed mechanistic analysis was used as a basis for a rational design of substrates (via substituents on the ethyl group) and/or
ligands, which can significantly reduce the reaction barrier. This strategy takes advantage of either a higher trans activity of the
ligands or a tuned electronic demand of the ethyl group. The f-hydride elimination of gold(I) was found to suffer from strong
Coulomb and exchange repulsion when a positively charged hydrogen atom enforces a coordination position in a d'’-configured

gold atom, thus triggering an unassisted o—7x Au'—C conversion.

B INTRODUCTION eliminations reduces the number of undesired processes
accompanying catalysis with other metals and often derailing
well-planned syntheses. Diatomic Au—H, for instance, could
only be detected through codepositon of gold and hydrogen in
an argon matrix at S K.** Nevertheless, the elusive nature of
gold hydrides has not deterred chemists from proposing their
existence as reactive intermediates,36 and despite experimental
obstacles, the formation of Au—H bonds has been confirmed in
complexes with suitably chosen ligands. The first of those to be
isolated involved a strongly bound N-heterocyclic carbene
ligand to stabilize the labile Au—H interaction.”” Other gold
hydrides have been characterized since then,”® and the

chemistry of gold hydrides has received in the last years
39,40

P-Hydride eliminations are frequently used in organometallic
chemistry."”” They are typically found in metal alkyl complexes,
although they are common in metal alkoxide complexes and
other systems and, therefore, have been widely studied both
experimentally and theoretically.”~” A general objective of these
studies is finding a way of suppressing the elimination because
it is usually an unwanted byprocess competing with the desired
reactions such as cross-coupling, Buchwald—Hartwig amina-
tion,* ™! Ziegler—Natta polymerization, etc.”>™"> However,
there are also situations where a f-hydride elimination is a
desired reaction, for example, in connection with a chain-

walking polyn1erization16’17 or the synthesis of metal ) ) ) )
hydrides 5,18 increased attention, both experimentally and theoretically,

focusing on the stability"' and versatility of these species.”

In 2011, Fernandez and co-workers*’ reported an astonishing
example of gold reactivity in which cyclization of a gold-
activated allene was followed by an unexpected gold(III)-
catalyzed f-elimination reaction, leading to the formation of a
highly strained oxetene. If this catalytic activity could be
generalized, it would substantially broaden the scope and
applications of homogeneous gold catalysis. Two years later,

2
Gold catalysis has flourished in the last 20 years, leading to a

wealth of application possibilities.'”~>' The most common
catalytic pattern involves cationic gold acting as an extra-
ordinarily mild, yet effective, soft 7-acid capable of intra- or
intermolecularly activating C—C multiple bonds toward
nucleophilic attack.””** Beyond this, there exists an impressive
diversity of reactions in which gold catalyzes the assembly of
complex molecules via the activation of C—H**"* and C—C

bonds?> 3! or even cross-coupling reactions.2#31734 Koppel and co-workers™* performed a thorough experimental
The inability of gold to form hydrides and its closely related and computational study that led them to the conclusion that
failure at catalyzing f-hydride eliminations are generally known.
These properties are usually considered to be some of the Received: May 18, 2016
advantages of using gold in catalysis because avoiding S-hydride Published: August 18, 2016
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gold(I) cannot form gold hydrides via a f-elimination of
alkylgold complexes. The gold alkene hydride complex
produced in this reaction is unstable due to a d'° configuration
of the gold(I) center, which leads to a high activation barrier
that precludes its formation.” It is worth noting that the S-
hydrogen of a gold(I) complex is known to be hydridic to an
extent that it can be abstracted.” It is generally accepted that a
favorable f-hydride elimination reaction implies that (1) a
metal alkyl, alkoxide, or halide has a hydrogen atom in f
position to the metal, (2) the metal has an empty coordination
site, and (3) the migrating hydrogen is syn-periplanar to the
metal. In contrast to gold(I) complexes, conditions (1)—(3)
seem to be fulfilled by gold(III) complexes.

This work was triggered by the following findings: (1)
gold(I) alkyl complexes are inert toward p-elimination
reactions, and very detailed experimental evidence exists that
accounts for this behavior;** (2) on the contrary, gold(III) has
a d® electron configuration [valence isoelectronic with
palladium(II) and platinum(II)], for which S-hydride elimi-
nations are common;' ***7>* (3) gold(Ill)-catalyzed f-hydride
eliminations have recently been suggested to occur in a gold
complex featuring a highly strained cycloalkyl ligand.” Guided
by (1)—(3), we performed a detailed mechanistic study of -
hydride eliminations for a variety of gold(I) and gold(III) alkyl
complexes to shed light onto the different mechanisms
involving gold(I) and gold(IIl). First, we analyzed the f-
elimination step in the system reported by Fernandez and co-
workers, as depicted in entries ¢ and d of Figure 1 and Table 1.
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Fi§ure 1. f-Hydride elimination reaction proposed by Fernandez et
aB 4 . .

"7 as a step in the gold-catalyzed transformation of a-allenols into
oxetenes.

Table 1. COSMO(CH,Cl,)-DPLNO-CCSD(T)/TZVPP//
PCM(CH,Cl,)-M06/def2-SVP and PCM(CH,Cl,)-M06/
def2-SVP Reaction (E,) and Activation (E¥) Electronic
Energies (kcal/mol) for the Reactions Depicted in Figure 1

system DPLNO-CCSD(T) Mo06
R1 R3 E, Ef E, E¥
a H Me 28.72 30.52 22.32 23.18
b H Ph 32.19 33.67 2527 2623
c 0-PhOMe Me 1322 2232 8.85 17.29
d 0-PhOMe Ph 17.78 26.14 13.50 21.62

Next, we undertook a detailed mechanistic study of the f-
elimination reaction of a gold(III) and a gold(I) ethyl complex
to provide ethylene and a gold hydride [reactions (R1) and
(R2) in Figure 2]. These are the simplest model systems for a
P-hydride elimination reaction of a gold complex. The
simplicity of the two systems made it possible to analyze the
potential energy surfaces (PESs) in a detail that would not be
possible for larger systems. We used quantum-chemical
methods based on features of the PES to identify those parts
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Figure 2. f-Hydride elimination reactions of ethylgold(III) dichloride
[reaction (R1)] and ethylgold(I) chloride [reaction (R2)].

of the reaction mechanism that determine the barrier and the
features of the system (structural, electronic, electrostatic, etc.)
affecting its height. In this way, we have developed a basis to
design gold-catalyzed reactions with a lower barrier. We applied
the unified reaction valley approach (URVA), which follows the
reaction complex (the union of reacting molecules) along the
reaction path and registers all changes in its electronic structure
to obtain a detailed picture of all chemical events occurring
during the chemical reaction.”” > The large difference in the
barriers between the gold(I) and gold(IIl)-catalyzed processes
made it possible to analyze the role of the oxidation state of the
metal, the associated changes in its coordination sphere, and
their influence on the reaction mechanism.

The information gathered from this mechanistic study
provides a basis to rationally propose and explore structural
modifications that could be successful in lowering the reaction
barrier, thus providing a convincing example of the possibilities
of URVA to design and optimize catalysts for a given reaction.

B COMPUTATIONAL METHODS

Quantum-chemical investigation was carried out following a dual-level
strategy. The energetics of the reaction was determined utilizing
coupled-cluster theory based on all single and double excitations and a
perturbative treatment of all triple excitations [CCSD(T)]*® where
preliminary density functional theory (DFT) calculations with the
M06"” exchange-correlation functional were used to determine the
geometries of the stationary points. For the coupled-cluster
calculations, the approximate domain-based local-pair natural-orbital
coupled-cluster (DLPNO)*® approach, as implemented in ORCA,*
has been used.

Unless otherwise stated, DFT investigations were carried out with
the def2-SVP basis set of the Ahlrichs group® and the ECP-60-MWB
pseudopotential for gold.”’ The DLPNO-CCSD(T) calculations were
performed with the def2-TZVPP basis set and its associated ECP and
auxiliary basis sets for Coulomb fitting procedures.””®> Because these
organometallic reactions are usually carried out in solution, the effect
of solvation has been included in the calculations using implicit models
for CH,Cl, at both the DFT and DLPNO-CCSD(T) levels:
PCM®*~®® was used in the case of DFT calculations, and COSMO®’
was used when the DLPNO-CCSD(T) energies were computed.

For a reliable account of the reaction mechanism, the PES was
calculated and analyzed along the energy valley embedding the
reaction path, where the valley was defined by its floor line and the
harmonic part of the valley walls in 3N — (L + 1) orthogonal
directions (N = number of atoms of the reacting molecule; L =
number of translations and rotations; plus an additional translation
along the path). The curving and winding of the reaction path through
the reaction valley reflects the electronic structure changes of the
reactant during the reaction.®”> This is a direct result of the
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following: (1) Any electronic structure change is registered by the
vibrational normal modes of the reactant. (2) Changes in the normal
modes lead to changes in the coupling pattern between molecular
vibrations and the translational mode along the reaction path, as
reflected by the curvature coupling coefficients.”® (3) The curvature
coupling coefficients determine the curving of the path;*® (4) The
scalar curvature of the reaction path can be decomposed into internal
coordinate components,”® which can be used to identify and
characterize the electronic structure changes of the reacting molecule
as they relate to bond cleavage (formation), rehybridization,
conjugation, charge transfer, etc., where especially the latter can be
confirmed by a natural bond orbital (NBO) analysis.”

Once the PES has been determined along the reaction valley,
analysis of the reaction mechanism is carried out with the URVA
d,>*%° which has already been successfully applied for a series
of mechanistic studies.>>”' "> Each point along the reaction path is
characterized in an URVA calculation by its distance from the
transition state (TS) given by the arc length s (s = 0 at the TS, with
negative values in the entrance channel, s < 0, and positive values in
the exit channel, s > 0), the path direction given by the normalized
path tangent vector, and the path curvature given by the scalar
curvature k(s) that corresponds to the length of the curvature vector
K(s). The scalar curvature represented as a function of s has maxima
and minima, where the former denote valley regions with distinct
electronic structure changes and the latter path regions where the
switch from one mechanistic event to the next occurs. We use the
minima of the scalar curvature M1, M2, .., Mn (indicated by dashed
vertical lines in the curvature diagrams) to determine the different
phases of a reaction (not to be confused with separate reaction steps).
This simplifies the description of the reaction mechanism.>*’® In
previous work, curvature minima Mn could be related to hidden
intermediates and hidden TSs, which can become real after suitable
changes of the substitution patterns or environmental conditions.”>~>*

In this work, URVA studies were carried out at the DFT level using
the B3LYP””® hybrid functional. Although the M06 functional®” has
been shown in several benchmark studies to provide a better
description of catalytic cycles involving gold, and transition metals in
general,””~* it sometimes leads to path instabilities, as reflected by the
appearance of imaginary frequencies along the reaction path.
Therefore, we have chosen M06 to explore the effects of substitution
on the reaction barriers and B3LYP to construct the PES and to
perform the subsequent URVA analysis of the reaction path and the
reaction valley.

URVA calculations required the use of an ultrafine grid for
numerical integrations with 99 radial shells and 590 angular points per
shell.** For analysis of each reaction valley from its early stages in the
entrance channel to the latest stages in the exit channel, calculation of
1000—1400 points along the reaction path were needed where a step
size of 0.03 amu'/2bohr (henceforth, denoted as s-units) was
employed. Analysis also required as many geometry optimizations of
the reaction complex along the path (using tight convergence criteria:
1077 hartree/A) and as many Hessian calculations to obtain normal
and local vibrational modes.** For calculation of the intrinsic reaction
coordinate (IRC), we have used an advanced Hessian-based
predictor—corrector integrator,*> which makes it possible to follow a
chemical reaction far out into the entrance and exit channels.”!

In this work, we analyzed the reaction path curvature in terms of its
internal coordinate components because the latter are unaffected by
any path instabilities.”” The stability of the Kohn—Sham wave function
was tested for all stationary points (minima and TS) of a given
reaction utilizing the procedure of Bauernschmitt and Ahlrichs.*®

All URVA and local mode calculations were carried out with the
program COLOGNE2016.*” For the coupled-cluster calculations, the
program ORCA>® was used, whereas DFT calculations were performed
with the program Gaussian09.*® Analysis of the atomic charges was
done with the NBO program of Weinhold and co-workers.*”

metho

B RESULTS AND DISCUSSION

The results of this work will be presented in three sections. The
first will briefly explain the computational methodology used
because URVA is not yet a mainstream tool in the
computational study of reaction mechanisms. This will be
followed by a section analyzing the mechanism of the f-hydride
eliminations (R1) and (R2) (see Figure 2). The third section
summarizes the insights gained from this analysis, which will
then be used to propose and test different structural
modifications that can lead to an improved reaction with
lower barriers.

Energetics of the pg-Elimination Reaction on the
Oxetane Ring. The results of the investigation of the
reactions shown in Figure 1 are summarized in Table I,
where, besides the target systems ¢ and d, also the model
systems a and b are included for the sake of comparison and to
help to determine the effect of the electron-rich aryl group on
RI1. The energetics calculated for c and d (Table 1; activation
free energies of 17.3 and 21.6 kcal/mol, respectively) compare
reasonably well with the results obtained by Fernandez and co-
workers™ (15.7 and 21.1 kcal/mol). Substitution of a methyl
group by a phenyl group on C3 is clearly detrimental to the
reaction, as reflected by an increase of the reaction barrier of
3.2—3.8 kcal/mol [DLPNO-CCSD(T) electronic energies].
Conversely, the same reaction without the effect of the o-
methoxyphenyl group on C2 leads to considerably higher
reaction barriers (increase of 7.5 or 8.2 kcal/mol).

The effect of the o-methoxyphenyl group on C2 can be
explained by better stabilization of the positive charge left by
the migrating hydride. However, the effect of substitution on
C3 is not as evident and merits further analysis. Therefore, we
have carried out URVA analyses of some model reactions for
the purpose of answering the question of whether the gold(III)-
catalyzed f-elimination can be generalized to other substrates
or whether it is restricted to strained oxetanes.

Energetics and a Detailed Mechanistic Study of the f-
Elimination Reaction on Simple Alkyl Substituents. A
detailed analysis of the energetics of reactions (R1) and (R2)
(Figure 2) is summarized in Table 2 and Figure 3. The fS-
hydride elimination reaction involving ethylgold(IIl) dichloride
[reaction (R1)] is strongly endothermic [DLPNO-CCSD(T),
21.1 kcal/mol; MO06, 29.1 kcal/mol] and, accordingly, has a

Table 2. B3LYP/def2-SVP/ECP-60-MWB Gas-Phase
Electronic Energies for the Phases in Reactions (R1) and
(R2) in kcal/mol (see Figure 2)“

(R1) (R2)
phase  contribution energy contribution energy
1 0.7 0.7 2.8 2.8
2 6.0 6.7 0.7 3.5
3 7.8 14.5 5.3 8.8
4 4.4 18.9 222 31.0
S 4.0 22.9 42.7 73.7
6 35 264 —122 (23) 61.5 (76.0)
7 14 27.8 -22.0 39.5
8 5.8 33.6
9 —2.0 (0.4) 31.6 (34.0)

“For each reaction, the first column indicates the phase’s contribution
to the reaction barrier and the second column the energy of the
reaction complex at the end of the phase. For the phases that include
the TS, the energy of the TS is included in parentheses.
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Figure 3. Energy as a function of the reaction path parameter s (solid
black line) for the gold(Ill)-catalyzed f-hydride elimination (R1)
(top) and the corresponding gold(I)-catalyzed reaction (R2) (bottom;
see Figure 2). Reaction phases (blue numbers) are delimited by
vertical dashed lines at curvature minima M1, M2, .., Mn (Figure 5).
The TS at s = 0 amu'/2bohr is also indicated with a vertical dashed
line. Small black numbers denote the contribution of each phase to the
reaction barrier (in kcal/mol); compare with Table 2. B3LYP/def2-
SVP/ECP-60-MWB level of theory.

high barrier [DLPNO-CCSD(T), 21.3 kcal/mol; M06, 30.0
kcal/mol]. As soon as the electron configuration of gold is
changed from 5d® to 5d'°, thus changing gold(III) to gold(),
the f-hydride elimination [reaction (R2)] becomes energeti-
cally highly unfavorable, as is reflected by an MO06 activation
energy of 69.6 kcal/mol [DLPNO-CCSD(T), 72.0 kcal/mol].

According to URVA analysis, reaction (R1) follows a nine-
phase mechanism, whereas reaction (R2) is characterized by a

seven-phase mechanism (Figures 3 and S). A summary of the
mechanistic features is given in Table 2. A thorough analysis of
the most significant features for both mechanisms is provided
below.

Mechanism of the f-Hydride Elimination on the Gold(lll)
System. Reaction (R1) is insofar peculiar as the prechemical
phases, in which conformational changes prepare the molecule
for the reaction, encompass six phases stretching over almost 34
s-units; i.e., 94% of the entrance channel is needed for the
preparation of the reactant before the actual chemical processes
take place in phases 7 and 8. The prechemical processes can be
characterized by a geared rotation of the o-bonded Cl—Au—Cl
unit driving the methyl group of the ethyl ligand, so that at its
end (1) a reactive gold complex with a vacant coordination site
is generated, (2) the alkyl substituent is tilted from a ¢ toward a
7 kind of interaction with the metal center, and (3) one of the
methyl hydrogen atoms is poised to slide as a “hydride”
(actually its charge is always slightly positive or neutral; see
Figure 4) to the coordination vacancy, where it is led by a
buildup of the Au—Cl1 density. These processes are detailed in
the following discussion.

In the reactant 3a, the linear Cl—Au—Cl unit is oriented
perpendicular to the C—C bond to minimize destabilization of
eclipsing interactions. In phase 1, the Cl—Au—Cl unit rotates by
more than 50° relative to the C—C bond, so that the reactant
adopts a sterically less favorable conformation (increase in E,
0.7 kcal/mol; Figure 3, top). This is indicated by the small
curvature peak in phase 1 (Figure S). Stronger changes take
place in phase 2, which causes a 6.0 kcal/mol large energy
penalty and a second curvature peak at s = —27 units associated
with the continued rotation of the alkyl group relative to the
Cl—Au—Cl plane (by another 45°) and a bending and tilting
(widening of the C2—Au—ClI1 angle by 65°) of this group. The
increase in the exchange repulsion between the eclipsed Au—
Cl1 and C—C bonds (according to the distance between them)
is responsible for the 6.0 kcal/mol raise in energy (Figure 3,
top). The curvature components related to the Cl—Au—Cl
rotation and angle reduction are all negative, thus indicating
that the reactant resists these changes, and energy is needed to
overcome this resistance.

In phases 3 and 4, the energy increases by 7.8 + 4.4 = 12.2
kecal/mol, which is 36% of the energy barrier (Figure 3, top).
The energy increases almost linearly with the reaction
parameter s, which is typical for conformational changes,
leading to increasing steric hindrance. Curvature peaks are
found at s = —15 units (phase 3) and s = —13 units (Figure S),
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Figure 4. Variation of the key distances (left) and NBO charges (right) as a function of the reaction path parameter s for the gold(III)-catalyzed f-
hydride elimination (R1). For the numbering of atoms, see Figure 3. B3LYP/def2-SVP/ECP-60-MWB level of theory.
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Figure S. Scalar curvature as a function of the reaction path parameter
s (solid black line) for the ethylgold(IIl) S-hydride elimination (R1).
Curvature components are given in colors (top, bond-length
components; bottom, bond-angle components). For the numbering
of atoms, see Figure 3. B3LYP/def2-SVP/ECP-60-MWB level of
theory.

which are associated with the rotation of the methyl group (in
phase 3, resisting the reaction; in phase 4, supporting the
reaction) and to a minor extent with the coupled rotation and
bending of the Cl—Au—Cl unit. At this point, the C—C—Au
angle starts to decrease, thus indicating that, with the geared
rotation of the Cl—Au—Cl and methyl units as well as the Cl—
Au—Cl angle decrease, the nature of the gold(III) o-complex
starts to change. In phase 4, Cl1 (CI2) becomes more (less)
negatively charged as the charge is withdrawn from C2 and, to a
lesser extent, from Au to accumulate at Cl1 (Figure 4). This can
be explained by the strengthening of the CI2—Au bond (Figure
4), which becomes trans to a developing vacant coordination
site at Au (caused by the reduction of the Cl—Au—Cl angle).
The charge relocation in the reacting molecule indicates a
differentiation between the two Au—Cl bonds: CI1 will adopt
an axial (trans) position, where it can accumulate more negative
charge (Figure 4, right), whereas CI2 will become an equatorial
(cis) ligand with less negative charge.

In phase S, the linear increase of the energy continues (AE =
4.0 kcal/mol). This phase is characterized by conformationally
driven (reaction-resisting) Cl1—Au interactions, which start to
develop. Phase 6 follows (AE = 3.5 kcal/mol; Figure S), which
is dominated by the Au—C2 adjustment (loss of the o-bond).
An agostic Au—H interaction is established, which is
characterized by a distance of 2 A or smaller. After the six
prechemical phases, the reactant is ready to undergo changes in
bonding; ie., the chemical processes take place in just two
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phases (7 + 8) within a short path region of less than 3 s-units
next to the TS and a final increase in energy of 7.6 kcal/mol.
The dominating peak in phase 8 corresponds to the formation
of a nonclassical Au—C1 bond and an edge-located hydrogen
bridge supporting the Au—C1 interactions (Au—H distance of
1.85 A or smaller). The dominating peak in phase 9 (shortly
after the TS) is associated with cleavage of the nonclassical H—
Cl1 interaction and the coordination of hydrogen to gold via the
newly generated coordination vacancy. In these phases, the
electrons of the C—C and Au—C2 bonds are delocalized in the
Au—C1—C2 unit and are essential for the formation of a z-
complex between gold(III) and the newly formed ethylene unit
in phase 9. In a short postchemical phase, the z-complex can
adopt its equilibrium geometry.

Mechanism of the p-Hydride Elimination on the Gold(l)
System. The reaction has an unusually high barrier of 69.6
kcal/mol at the MO6 level of theory, which using DLPNO-
CCSD(T) is corrected to 72.0 kcal/mol and thereby of
magnitude similar to that of the bond dissociation energy of
Au—H (784 kcal/mol).” The high barrier of (R2) is a direct
result of the lack of an empty coordination site in the d'
configuration of gold(I) [compared to that in the d*
configuration of gold(III)]. Clearly, the reaction is of little
experimental relevance, as has already been discussed by
Koppel and co-workers.** However, it nicely shows how the
reaction mechanism is changed when gold(IIl) is replaced by
gold(I) with its reduced possibility of coordinating an extra
ligand. In the following, we will focus on the mechanistic
differences and similarities between reactions (R1) and (R2).

1. Phases 1 and 2. Clearly, reaction (R2) involving gold(I)
is mechanistically simpler because there is only one chloride
ligand and the geared rotation of the Au"'L, group driving the
alkyl rotation is no longer needed. As a result, the number of
phases in the mechanism is reduced to 7. Reaction (R2) is
initiated by a methyl group rotation in phase 1. The large
curvature peak in phase 2 is due to a path bifurcation; i.e., there
is a point where a clockwise or counterclockwise rotation of the
methyl group can occur, converting a symmetrically staggered
conformation into a symmetrically eclipsed one. This brings
either H or HI into a position that is suitable for a hydride
transfer to gold(I). The methyl rotation requires 2.8 kcal/mol
(phase 1) and leads to a platform of the energy profile (phase 2
in Figure 3). Phase 2 is also the starting point for deformation
of the C—C—Au—Cl unit, as indicated by the C—C—Au and
C—Au—Cl bond-angle components to the scalar curvature peak
(Figure 6).

2. Phases 3—5. The curvature peak in phase 3 at —9 s-units
gives the onset of formation of a nonclassical Au—Cl1
interaction (a negative value indicates resistance), which
continues to be formed in phase 4 (AE = 22.2 kcal/mol) by
steady Au—C2—C1 bending and Au—C2 bond weakening
requiring 42.7 kcal/mol in phase 5 and leading to a large
curvature peak at —1 s-units. This is also the position where the
H—CI1 bond is converted from a classical 2e” bond into a
nonclassical one being part of the 2e™-3c-bonded C2—C1-H
unit. The largest contribution to the barrier (42.7 kcal/mol in
phase 5) can be assigned to the establishment of the Au—H
interaction in the form of a donor (Au)—acceptor (H) bonding,
in which electrostatic repulsion (between two positively
charged atoms), besides exchange repulsion, has to be
overcome. Once 0.2e” are obtained by hydrogen (from
approximately charge 0.2 to 0.0; see Figure 7), reaching the
TS in phase 6 requires only an additional 2.3 kcal/mol.
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Figure 6. Scalar curvature as a function of the reaction path parameter
s (solid black line) for the ethylgold(I) f-hydride elimination (R2).
Curvature components are given in colors (top, bond-length
components; bottom, bond-angle components). For the numbering
of atoms, see Figure 3. B3LYP/def2-SVP/ECP-60-MWB level of
theory.

3. Phases 6 and 7. The actual bond finalization steps are all
after the TS, as indicated by two broad curvature peaks, one in
phase 6 and one in phase 7. The H—Au bonds start to change
from a donor—acceptor interaction to a formally dative but
strongly covalent ligand—Au bond, which is finalized in phase 7
(Figure 6). The Au—Cl1 (blue line) and Au—C2 (green line)
interactions are converted in two steps into those typical of a 7-
complex with delocalized 2e™-3¢ bonding. The C—C bond
establishes its double-bond character (red line), the H—Cl1
bonding interaction is dissolved (phase 7, purple line), and the
Au—Cl bond (dashed red component line) gets its final
(weakened) form because it has to compete with hydrogen for

a suitable coordination site at gold(I), which actually prefers
dicoordination rather than tricoordination.

The major difference in the two reactions results from the
manner and magnitude of charge transfer to H. In reaction
(R1), the transfer of electrons occurs predominantly from Cl1
to H (0.24e”; apart from another 0.1—0.2¢” transferred from
Cl2 and Au to Cll, the ligand trans to C2). However, in
reaction (R2), charge transfer to H is more than twice as large
(0.52e at the end of the reaction; in phase 6, it peaks at 0.6e™)
and involves some charge from C1 and C2, but most of the
charge is transferred from Au. Hydride bonding involves in
product 4a an electroneutral hydrogen atom and a strongly
positively charged gold(III) (0.Se”), whereas in product 6a, a
strongly negatively charged hydrogen is bonded to a somewhat
positive gold(I) (0.3e™). In the energy-consuming phase S,
gold(I) is only slightly charged (0.1—0.2¢™). Hence, most of the
222 + 42.7 = 64.9 kcal/mol energy contribution of phases 4
and 5 is due to the establishment of Au—Cl and Au—H
interactions against charge repulsion.

The evidence collected so far suggests that the reaction can
be formally (using the academic arrow-pushing diagrams)
described in two steps: (1) The electron pair forming the Au—
C2 bond becomes the s-electron pair of the newly formed
alkene double bond in phase S. (2) The electron pair forming
the C1—H bond establishes the new Au—H single bond in
phase 6. The high energy penalty in phase S is due to repulsive
interactions between gold and hydrogen atoms that are rapidly
becoming negatively charged. In phase 6, the destabilizing
interactions convert first into anagostic noncovalent and then
into covalent Au—H bonding interactions, thus prompting a
further displacement of the chlorine ligand from linearity. This
displacement is finalized in phase 7, which is associated with the
rearrangement of the ligands at the gold center. There is a
decisive change in the H—Au—Cl and C2—Au—ClI angles as
the complex adopts its final trigonal geometry.

Because the closed-shell repulsion between the d'° gold
center and the migrating hydride is the origin of the high
energy contribution of 42.7 kcal/mol to the reaction barrier in
phase 5, there is little chance of reducing this by changing the
structure of the alkyl fragment. This was already demonstrated
by Koppel and co-workers.** The activation barriers for f3-
hydride eliminations of some substituted gold(I) alkyl
complexes, which confirm this, have been included in the
Supporting Information.

Optimization of the Gold(lll) System for an Improved
p-Hydride Elimination. The f-hydride elimination of gold-
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Figure 7. Variation of key distances (left) and NBO charges (right) as a function of the reaction path parameter s for the gold(I)-catalyzed f-hydride
elimination (R2). For the numbering of atoms, see Figure 3. B3LYP/def2-SVP/ECP-60-MWB level of theory.
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(II) complexes is insofar peculiar because the prechemical
steps require an unusually high energy amount of more than 28
kcal/mol, whereas the actual chemical processes require just 6.2
kcal/mol. The largely linear increase of the energy in the
prechemical phases indicates that, apart from singular electronic
effects such as the trans-positioning of CI2 with regard to the
newly developed coordination site at gold(III) or the agostic
C—H interaction, there seems to be little chance of reducing
the barrier by modifying the reactants investigated. A geared
rotation of the Cl-Au—Cl and CHj; groups coupled with the
angle reduction of the former and the positioning of Au above
the center of the C—C bond leads to an overall penalty of 28
kcal/mol.

The insight gained by URVA analysis provides guidance on
how to reduce the relatively large barrier of 34.0 kcal/mol
(B3LYP result, obtained from the IRC calculation). For this
purpose, we have focused on reaction phases with large
curvature values because these indicate strong electronic
structure changes that are associated with a significant energy
increase. This applies to phases 3 (7.8 kcal/mol increase;
rotation to the C—C—Au—Cl eclipsed form and Cl—Au—Cl
bending), 4 and S (8.4 kcal/mol; methyl rotation and increased
bending), and 8 (5.8 kcal/mol; formation of a nonclassical,
hydrogen-bridged gold alkyl complex).

Phases 3—5. These are characterized by an energy penalty of
16.2 kcal/mol, which is associated with the eclipsing of the Au—
Cl and C1-C2 bonds and deformation of the Cl—Au—Cl
group (apart from the rotation of the methyl group). The
changes in the Cl—Au—Cl moiety force Cl1 to adopt a position
trans to an alkyl group. CI1 therefore labilizes the Au—C2 o-
bond and facilitates conversion into a gold(Ill) z-complex.
Chloride is a relatively poor o-donor and an even poorer z-
acceptor. However, both properties are needed to labilize the
Au—C2 bond trans-positioned to it (trans effect).”’ Clearly, a
cyano ligand has a stronger trans-labilization effect than
chloride, and therefore the phase 4 contribution to the
activation barrier should be decreased in the presence of this
ligand. Accordingly, we calculated the activation barrier for the
p-hydride elimination of the ethyldicyanogold(IlI) and
ethylchlorocyanogold(III) complexes 7b and 7c (see Figure 8
and Table 3).

R2 R4
T1 R1\:T;R3
Rz C1 R b2 R2, __ R4
H/ \CZ‘ /U R1/_:\R3
| L2 L H-Aiu—LZ
AU’ —
L1 7 ts7-8 L1 8

Figure 8. f-Hydride elimination reactions on different substituted
ethylgold(III) complexes. The numbering used for ligands corre-
sponds to the entries in Table 3.

The result of these structural modifications of the original
gold complex confirms our hypothesis. When only one of the
chlorine atoms is replaced (CIl in 7c), the reaction barrier
(from now on, we will use DLPNO-CCSD(T) energies, unless
otherwise stated) is lowered by less than 1 kcal/mol (Table 3).
This modest improvement is due to a balance between the
advantage of avoiding the trans interaction between L1 and L2
in phase 4 and the disadvantage of increasing the trans
interaction between L1 and C2 in phase 5. The replacement of
the second chloride ligand with cyanide in 7b increases the
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destabilization of the reactant (due to the two cyanide ligands
being trans to each other) and promotes the displacement of
L1, thus leading to a lowering of the reaction barrier from 21.3
to 18.5 kcal/mol (entries a and b in Table 3).

Phases 6 and 7. These are not characterized by major
electronic structure changes because there are no strong
curvature peaks. There is a steady increase in the negative
charge at C2, which is accompanied by formation of the Au—
C—C-H eclipsed form (via methyl rotation) and the
movement of H into a bridge position supported by anagostic
interactions. The energy penalty is just 4.9 kcal/mol.
Stabilization of the negatively charged C2 can be easily
accomplished by using appropriate substituents R3 and R4.

Rather than increasing the trans-directing power of the
ligands at gold(III), the strength of the Au—C2 bond can be
reduced by withdrawing charge from C2. To test this
possibility, we replaced one of the hydrogen atoms at C2 by
(1) a fluorine atom, expecting stabilization of the negative
charge by inductive electron-withdrawing effects, (2) a formyl
group, stabilization through resonance, and (3) a silyl group,
stabilization by hyperconjugation with a ¢*(C—Si) orbital (see
entries d—f in Table 3). Fluorine substitution resulted in a
barrier of 26.2 kcal/mol, which is higher than that found for the
model system, thus indicating that the m-donation of fluorine
outweighs its o-withdrawing ability. The formyl group reduces
the barrier by 0.6 kcal/mol, which can be attributed to an
insufficient overlap of the CHO s-orbital and the incipient
7(C1—C2) orbital (the O—C—C2—C1 dihedral angle is 155°).
The use of a silyl group leads to a 2.1 kcal/mol lowering of the
activation energy. This corresponds to a 44% energy reduction
with respect to the energy penalty of 4.8 kcal/mol associated
with these two phases.

Another possibility to reduce the activation barrier through
structural modification is given by the charge depletion at C1
(charge that is transferred to the migrating hydrogen and gold
atoms), as found in phases 7 and 8. These phases contribute a
total of 7.2 kcal/mol to the reaction barrier. The replacement of
hydrogen atoms by phenyl groups, which can stabilize both
cations and (to a lesser extent) anions, provides valuable
information on the effect of donor and acceptor ligands at C1
and C2. A phenyl ligand at C1 (ts7-8g) lowers the barrier from
21.3 kcal/mol in the reference system (ts7-8a) to 18.7 kcal/
mol, as expected for a donor substituent, whereas the same
substitution at C2 (ts7-8h) raises the barrier to 24.2 kcal/mol.
The latter barrier can be rationalized through the extra
stabilization provided to the reactant 7h with respect to its
isomer 7g (5.7 kcal/mol more stable) or 7a due to
hyperconjugative secondary orbital interactions of the phenyl
m-system with the C2—Au bond [NBO analysis: z(Ph) —
LP*(C2) and LP*(C2) — #*(Ph) charge-transfer effects,
leading to stabilization of the delocalization energies of —99.2
and —29.0 kcal/mol, respectively]. These two effects combine
and cancel each other when both C1 and C2 are substituted
with a phenyl group, as in ts7-8i and ts7-8j. Depending on
which direction is chosen for the rotation of the H-C1—-C2—
Au dihedral angle in 7i (7j has an equivalent structure), the
reaction will proceed to the (E)- or (Z)-alkene complex. In the
first case (ts7-81), the barrier barely changes with respect to the
reference. In the second case (ts7-8j), it is raised by 3.5 kcal/
mol because of the steric contacts between the two phenyl
groups on the same side of the alkene. The electronic effect of a
second phenyl group at C1 is unclear because the activation
energy in 7k is 1.1 kcal/mol higher at the DLPNO-CCSD(T)
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Table 3. COSMO(CH,CL,)-DPLNO-CCSD(T)/TZVPP//PCM(CH,CL,)-M06/def2-SVP and PCM(CH,Cl,)-M06/def2-SVP
Reaction (E,) and Activation (E*) Electronic Energies (kcal/mol) for the Reactions Depicted in Figure 8

system MO6 DPLNO-CCSD(T)
L1 L2 R1 R2 R3 R4 E, E* E, E*
a Cl Cl H H H H 29.1 30.0 21.1 213
b CN CN H H H H 25.7 27.0 17.7 18.5
c CN Cl H H H H 26.5 29.3 18.4 20.7
d Cl Cl H H F H =27 339 24.4 26.2
e Cl Cl H H CHO H -0.7 30.2 20.2 20.0
f Cl Cl H H SiH, H -0.8 282 19.4 19.2
g Cl Cl H Ph H H 19.5 24.1 16.3 18.7
h Cl Cl H H Ph H 28.8 32.5 21.7 24.2
i Cl Cl H Ph Ph H 23.7 28.0 18.6 22.0
j Cl Cl Ph H Ph H 29.0 33.0 22.3 24.8
k Cl Cl Ph Ph H H 16.8 22.7 16.9 19.8
1 Cl Cl H H p-NH," H 33.6 40.4 29.2 35.2
m Cl Cl H H p-NO b H 29.8 312 22.5 23.5
n Cl Cl H p-NH, H H 11.5 212 9.5 16.4
o Cl Cl H p-NO, H H 222 26.6 17.4 20.2
P Cl Cl H Me H H 20.7 26.0 17.1 18.5
q Cl Cl H H Me H 26.3 29.6 20.9 214
r Cl Cl Me Me H H 18.7 21.1 15.7 16.2
s Cl Cl H NH, H H —6.6 17.1 -9.1 17.4
t CN CN Me Me H H 16.4 19.3 13.5 14.5
“p-Aniline. “p-Nitrophenyl.
level and 1.4 kcal/mol lower at the DFT level (Table 3) with barrier for f-hydride elimination (17.4 kcal/mol) is notably
respect to ts7-8g. lower than the reference value of 21.3 kcal/mol.

The hypothesis of charge donation stabilizing charge To further highlight the use of the URVA method as a tool
depletion at Cl in phases 6 and 7 and charge withdrawal for systematically designing a reactant that leads to a
stabilizing the increase in the negative charge at C2 in phases significantly decreased reaction barrier, we combined the
3-S5 is further confirmed when the barriers for systems 7g and energetically most promising structural modification of the
7h are compared with those corresponding to systems 71—7o. alkyl chain with the best ligand at the metal center among those
In these systems, electron-poor and -rich phenyl groups are studied (not a comprehensive study but enough to provide a
used by adding strong acceptor (nitro) and donor (amino) proof—of—c'oncep.t). This leads to system 7t in Table.?a,_wh_ich
substituents in the para position. Thus, the 24.2 keal/mol has a‘barrler of just 14.5 kcal/mol for the f-hydride elimination
barrier that we find for ts7-8h, with a phenyl on C2, is raised to reaction.

35.2 kcal/mol when its electron-donating properties are B CONCLUSION
enhanced by a p-NH, group (ts7-81) and decreases to 23.5
kcal/mol when an acceptor such as p-NO, (ts7-8m) is An UR_VA study of the ﬂ-hydride eliminatiéns Cff elthylg_old(ﬂl)
introduced. The opposite trend is observed when the same dlChlf’rlde compl‘exes has pr0v1dec.l a detailed 1n51.ght 1nto.the
substitution pattern is applied to C1. In this case, the p-NH, re.actlon mechar.nsm. The mechanism has been dlss.ected into
phenyl substituent significantly lowers the barrier (16.4 kcal/ nine pbases, which have been analyzed and characterized by the
mol, ts7-8n), whereas a p-NO, phenyl substituent raises it to following features: . . 0
20.2 keal/mol (ts7-80). (1) The prechemical phases. extfand to 34 s-units (94% of Fhe
A similar effect is found when methyl groups are used on C1 entrance channel) and comprise six of the nine phases, l‘eadmg
. . to the TS. Although all processes taking place in the
and C2 instead of phenyl groups. This is less affected by . ) . .
L ) o ] prechemical phases are conformational in nature, they require
stabilization of the reactant complex via electronic interactions 264 keal/mol or 78% of the reaction barrier. This is a
between the Au—C2 bond or the lone pairs at the chloride ) £ th d ion b h h | and Cl—
. . ] consequence of the geared rotation between the ethyl an
hgar-lc-ls and -t.he ethyl substituents. Methyl. groups, which can Au—Cl groups into a C1—~C2—Au—Cl1 eclipsed conformation,
stabilize positive charges through hyperconjugation, barely alter which leads to a bending of the linear Cl—Au—Cl moiety and
the barrier when located at C2 (ts7-80) but clearly lower the the formation of an axial and an equatorial Cl ligand.
barrier when placed at C1. One methyl group at C1 lowers the (2) The bending of the Cl—Au—Cl group generates a
barrier by 2.9 kcal/mol with respect to the reference model coordination site for another ligand. At the same time, the axial
(ts7-8p vs ts7-8a). The addition of a second methyl group has Cl ligand causes a trans effect, which weakens the C2—Au
in this case a clear amplification effect, and the barrier is further bond. Methyl group rotation brings one of the CH bonds into a
reduced at bOth the DLPNO-CCSD (T) (by 2.3 kcal/rnol) and Syn-perjplanar posjtion,
DFT (by 4.9 kcal/mol) levels (ts7-8r). (3) Once the conformational processes have been carried

Because the use of donor substituents at C1 seems to have out, relatively little energy (7.6 kcal/mol) is needed to convert
the largest effect on the reaction barrier, we included 7s in our the anagostically interacting C—H bond into a gold hydride,
study, containing a NH, group on C1. The resulting activation where the latter notation indicates that the positive charge of
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hydrogen is reduced to zero in the course of the Au—H bond
formation. Anagostic/agostic interactions trigger the formation
of a nonclassical gold alkene complex.

p-Hydride elimination of gold(I) suffers from Coulomb and
exchange repulsion when a positively charged hydrogen atom
tries to distort the density of a d'*-configured gold(I) atom to
generate a suitable coordination site. Accordingly, the activation
energy is as high as 70 kcal/mol [DLPNO-CCSD(T)] with the
possibility of reducing it to 53 kcal/mol as a result of phenyl
substitution.

URVA analysis of the mechanism of f-hydride elimination of
ethylgold(III) dichloride was used to design a system for which
the barrier of #-hydride elimination is substantially reduced. For
this purpose, the focus was on the electronic structure changes
of phases 3—8. By considering charge changes during rotation
and bending and then enhancing or counteracting these
changes by appropriate electron-withdrawing or -donating
substituents, a procedure was worked out to reduce the barrier
of p-hydride elimination from 21.3 to 14.5 kcal/mol.

Work is in progress to clarify how URVA analysis and the
design strategy pursued in this work can be generally applied
for the different forms of catalysis.
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