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ABSTRACT: The Au(III) complex Au(OAcF)2(tpy) (1,
OAcF = OCOCF3; tpy = 2-p-tolylpyridine) undergoes
reversible dissociation of the OAcF ligand trans to C, as seen
by 19F NMR. In dichloromethane or trifluoroacetic acid
(TFA), the reaction between 1 and ethylene produces
Au(OAcF)(CH2CH2OAc

F)(tpy) (2). The reaction is a formal
insertion of the olefin into the Au−O bond trans to N. In TFA
this reaction occurs in less than 5 min at ambient temperature,
while 1 day is required in dichloromethane. In trifluoroethanol
(TFE), Au(OAcF)(CH2CH2OCH2CF3)(tpy) (3) is formed as
the major product. Both 2 and 3 have been characterized by X-
ray crystallography. In TFA/TFE mixtures, 2 and 3 are in
equilibrium with a slight thermodynamic preference for 2 over
3. Exposure of 2 to ethylene-d4 in TFA caused exchange of ethylene-d4 for ethylene at room temperature. The reaction of 1 with
cis-1,2-dideuterioethylene furnished Au(OAcF)(threo-CHDCHDOAcF)(tpy), consistent with an overall anti addition to ethylene.
DFT(PBE0-D3) calculations indicate that the first step of the formal insertion is an associative substitution of the OAcF trans to
N by ethylene. Addition of free −OAcF to coordinated ethylene furnishes 2. While substitution of OAcF by ethylene trans to C
has a lower barrier, the kinetic and thermodynamic preference of 2 over the isomer with CH2CH2OAc

F trans to C accounts for
the selective formation of 2. The DFT calculations suggest that the higher reaction rates observed in TFA and TFE compared
with CH2Cl2 arise from stabilization of the −OAcF anion lost during the first reaction step.

■ INTRODUCTION

There has been a growing interest in gold chemistry during the
last two decades.1,2 Gold complexes catalyze a variety of organic
transformations, including aldol reactions, benzannulations, and
additions of nucleophiles to C−C multiple bonds.3−13

Although Au(I) is still used most frequently in catalysis,
Au(III) complexes are currently rising to prominence and
finding new applications as catalysts.14 It is of considerable
practical interest that Au(III) complexes are usually quite
tolerant toward water and oxygen, which facilitates their use as
catalysts under ambient conditions.3 In addition, the partic-
ipation of Au(III) complexes as catalysts or intermediates in
oxidative catalytic reactions15−19 has triggered the growing
interest in understanding and developing further the reactivity
of such complexes.
Although homogeneous gold catalysis is an active and

maturing field, a better understanding of reaction mechanisms
is still desired. Computational methods have been successfully
used to shed light on and supplement experimental data for the
preferred mechanisms of several reactions.20−25 Experimental
efforts have been dedicated to the isolation or observation of
key intermediates26−29 and elementary steps30−37 that are

suggested by either experiments or computations.38,39 It is
worth noting that an Au(III) hydride27 as well as several
Au(III) vinyl complexes have been isolated recently. By analogy
to the chemistry of Au(I), Au(III) π-complexes are assumed to
be key intermediates in the catalytic functionalization of
olefins,28,29 as these may be functionalized by the addition of
nucleophiles.40 Au(III) complexes with π-bonded ligands, such
as alkenes, allenes, alkynes, and CO, have, however, rarely been
observed,28 and it was only very recently that the first
unambiguously characterized Au(III) alkene complexes were
reported. Bochmann and co-workers41 successfully prepared a
series of Au(III) alkene complexes bearing the C^N^C pincer
ligand depicted in Scheme 1a, and our group42 reported the
first X-ray structure of a Au(III) alkene complex, [Au(cod)-
Me2][BArf] (cod =1,5-cyclooctadiene; BArf = B(3,5-
C6H3(CF3)2)4). There are so far no examples of isolated
Au(III) complexes of alkynes, allenes, or CO.
The functionalization of alkenes has great practical value.40

There are, however, only a handful of examples of the
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functionalization of alkenes with Au(III) and no mechanistic
studies of the reactions. This contrasts with the detailed
mechanistic insight that is established for the well-known Pd-
catalyzed Wacker oxidation of ethylene.43,44 Atwood and co-
workers recently reported that ethylene and propylene could be
stoichiometrically functionalized with Au(III) complexes in
water.45 The group of Bochmann showed that ethylene slowly
inserts into the Au(III)−OAcF (OAcF = OCOCF3) bond in A
in dichloromethane; see Scheme 1a.41

In this paper, we report details of the reactivity of
Au(OAcF)2(tpy) (1, tpy =2-p-tolylpyridine) with ethylene.
Formal ethylene insertion occurs selectively into one of the two
available Au−OAcF bonds. Interestingly, the insertion occurs at
the position that is trans to the weakest trans effect atom (N) of
the tpy N−C chelate (Scheme 1b). Whereas the reaction
proceeds slowly in dichloromethane, with rates comparable to
those reported in the same solvent by Bochmann and co-
workers (1−3 days),41 we find a remarkable acceleration of the
reaction in the protic solvents trifluoroacetic acid (TFA) and
trifluoroethanol (TFE); the insertion is observed within
minutes in TFA-d (Scheme 1). The mechanistic details of
this reaction have been investigated experimentally and
computationally and provide a consistent description of the
system. Our findings, which bear relevance to Au-mediated
stoichiometric and catalytic functionalization of alkenes, reveal
that ethylene binding as well as attack by nucleophiles at the
coordinated ethylene ligand are reversible processes.

■ RESULTS AND DISCUSSION
The starting Au(III) complex for this investigation, Au-
(OAcF)2(tpy) (1),46 can be readily synthesized in good yields
by the use of microwave heating from either Au(OAc)3 (as
previously reported) or from the less expensive Au(OH)3.
Complex 1 provides easy access to a range of cyclometalated
Au(III) mono- or dialkyl species via reactions with Grignard or
organolithium reagents.46

The solution behavior of 1 as seen by 19F NMR bears direct
relevance to the reaction chemistry. In the poorly coordinating
solvents dichloromethane-d2 and benzene-d6, two quite sharp
singlets are observed (half-height peak widths ω = 4.3 and 4.7

Hz in benzene-d6; 3.5 and 4.0 Hz in dichloromethane-d2), as
expected for the CF3 groups of the nonequivalent OAc

F ligands.
These were unambiguously assigned by a 19F−1H HOESY
experiment.46 However, in acetonitrile-d3 the signal at the lower
ppm value, arising from the CF3 group trans to the C of the tpy
chelate, is considerably broadened (ω = 90 Hz).47 A lowering
of the temperature from ambient to 10 °C causes this signal to
sharpen to 37 Hz. In acetic acid-d4, the signal is even broader
(ω = 281 Hz). The signal at the higher ppm value, caused by
CF3 trans to N, remains sharp with ω = 2.1 Hz in acetonitrile-d3
and 4.3 Hz acetic acid-d4 (spectra are shown in the Supporting
Information). When NaOAcF is added to a solution of
Au(OAcF)2(tpy) in acetonitrile-d3, two signals are still seen in
the 19F NMR spectrum. The signal corresponding to the CF3
group trans to N remains sharp. Free −OAcF and the OAcF

ligand trans to C give rise to one broadened signal. This signal
appears at a chemical shift that is slightly dependent on the
amount of NaOAcF added, but the ppm value is always between
that of the coordinated OAcF groups (at −74.8 and −75.6 ppm
in the absence of added NaOAcF) and that of pure NaOAcF in
acetonitrile-d3 (−76.6 ppm).
A further investigation of the dependence of the signal

broadening on temperature, solvent, or concentrations has not
been undertaken, as the conclusions to be drawn are quite clear.
The pronounced broadening that is seen in polar solvents
suggests that the OAcF ligand trans to C (the part of the N−C
chelate ligand that has the strongest trans effect) undergoes fast
and reversible dissociation in solution. The broadening is
caused by exchange of bonded OAcF and free −OAcF anion.
This is further supported by a 19F−19F NOESY spectrum
obtained for 1 (Figure 1). The spectrum, recorded in

acetonitrile-d3, shows two expected cross peaks, which confirms
that the two CF3 groups are indeed in close proximity in space
as they are both bonded to the Au center. A complete
dissociation of the OAcF ligand to form an ionic species can be
ruled out, since a free −OAcF anion would not show the
NOESY interaction with the OAcF that remains bonded at gold.
There are a few reported examples of 19F−19F NOESY spectra
in the literature,48−53 including an Ru organometallic system,48

and multidimensional fluorine NMR applications have been
reviewed.54

Scheme 1. Formal Insertion of Ethylene into Au−OAcF
Bonds:a (a) Bochmann’s Reported Pincer Complex A; (b)
Reaction of Au(OAcF)2(tpy) (1) with Ethylene in TFA To
Form 2

aTFA = CF3COOH.

Figure 1. 19F−19F NOESY spectrum of Au(OAcF)2(tpy) (1).55 The
broad signal corresponds to the CF3 group trans to the C of the N−C
chelate.
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Reactivity of Au(OAcF)2(tpy) with Ethylene. When
ethylene was bubbled through a solution of 1 in trifluoroacetic
acid-d at room temperature, an almost immediate color change
from light yellow to colorless was observed. The only product
seen by 1H NMR was Au(OAcF)(CH2CH2OAc

F)(tpy), 2
(Scheme 2), arising from a formal insertion of ethylene into the
Au−O bond trans to N. It is particularly intriguing that the
formal insertion has occurred at the coordination site of the
OAcF ligand that is trans to N (weakest trans effect), whereas
the one-dimensional 19F and 19F−19F NOESY NMR showed
that OAcF ligand dissociation occurs at the site trans to C
(strongest trans effect). This issue will be further addressed in
the discussion of DFT calculations, which helps to provide a
comprehensive view of the reaction mechanism (vide infra).
When the reaction is followed by 1H NMR in TFA-d, full
conversion of 1 to 2 is complete within less than 5 min, as seen
from the appearance of two new triplets at 4.79 and 2.40 ppm
with 3JHH = 7.9 Hz for the two new methylene groups arising
from inserted ethylene. The reaction was essentially quantita-
tive by NMR, and complex 2 was isolated in 76% yield.
Interestingly, reaction of Bochmann’s C^N^C pincer complex
A41 (Scheme 1a) in the presence of protic species led to
protolysis of one Au−C chelate bond. No hint of such behavior
was seen for 1, even in a medium as acidic as TFA. The
difference between the two systems may be attributed to a
greater ring strain in the doubly chelated system in A. Note also
that there is no regiochemical issue for the formal insertion in
Bochmann’s system which contains only one OAcF ligand,
positioned trans to the chelate N atom.
The reaction between 1 and ethylene in trifluoroethanol

(TFE) yields Au(OAcF)(CH2CH2OCH2CF3)(tpy) (3) as the
major product, instead of 2 (Scheme 2). When this reaction is
performed in TFE-d3 and monitored by 1H NMR, it is seen that
the conversion to 3-d2 is completed in ca. 30 min, as seen from
the appearance of two new triplets at 3.97 and 2.26 ppm with
3JHH = 7.8 Hz for the methylene protons derived from the
inserted ethylene (the methylene unit from TFE-d3 is of course
1H NMR silent). The reaction to form 3-d2 in TFE-d3 is
considerably slower than the reaction to form 2 in TFA-d.
Monitoring of the reactions between 1 and ethylene to furnish
2 and 3-d2 by

1H NMR spectroscopy is very convenient, as the
singlet for the aryl−H ortho to Au and Me in the tolyl group,
the aromatic signal at the lowest chemical shift, moves
significantly to a higher ppm value upon reaction (Δδ between
0.65 and 0.31 ppm depending on complex and solvent) when 1
is converted to 2 or 3-d2. In situ NMR analysis showed
essentially quantitative yield of 3-d2 in TFE-d3; traces of 2 were
detectable, estimated at <0.5%. When 3 was isolated on a larger
scale, 2 was always present in the isolated product, ca. 5% of the
reaction mixture. These results suggests that, in addition to the
occurrence of the initial formal insertion of ethylene into an
Au−OAcF bond, external nucleophilic addition of a solvent
molecule (TFA or TFE) to a putative, unobserved Au−
ethylene intermediate complex is feasible. A related reaction
was observed when Bochmann’s complex A (Scheme 1a) was

treated with norbornene and methanol. However, protolysis of
one chelated Au−C bond accompanied this reaction.41

The choice of solvent for the reaction between 1 and
ethylene has a strong influence on the reaction rate, not only on
the identity of the product (2 vs 3). In the poorly coordinating
and less polar solvent dichloromethane-d2, only 40% conversion
of 1 to 2 was seen after 2 h at room temperature, compared
with full conversion in less than 5 min in TFA-d. After 24 h, the
yield from the reaction in dichloromethane-d2 was ca. 94% (1H
NMR, internal standard). Thus, in a qualitative sense, the
reaction rate increases with increasing solvent polarity and with
hydrogen bonding ability.
The new complexes 2 and 3 are stable in dichloromethane-d2

solution over the course of several weeks (as monitored by 1H
NMR). In TFA-d, the stability of 2 is somewhat diminished,
with some observable decomposition of 2 within a day.
Approximately 25% of 2 had decomposed to unidentified
products over the course of 5 days. The complexes 2 and 3
were further characterized by 13C and 19F NMR spectroscopy
and mass spectroscopy.
The reaction comes to a stop after one formal ethylene

insertion. Catalysis of neither ethylene polymerization nor
addition of HOAcF to ethylene was observed. Attempts to make
the latter reaction catalytic were performed by monitoring the
reaction in TFA-d at elevated pressures (60 atm ethylene, 50
°C),56 or by adding the stronger triflic acid to the medium in
order to facilitate a protolytic cleavage of the Au−alkyl bond in
the insertion product 2 (which would complete a catalytic
cycle). The apparent difficulty with protolysis of the Au−alkyl
bond in 2 agrees with our previous finding that treatment of
Au(tpy)Me2 leads to initial protolytic cleavage of the chelate
Au−C(sp2) bond rather than of an Au−Me(sp3) bond.42

Crystallographic Structure Determination of the
Au(III) Complexes 2 and 3. The structures of 2 and 3
were determined by single-crystal X-ray diffraction analysis.
ORTEP plots of the structures are shown in Figures 2 and 3,
respectively. Crystallographic data and metric parameters are
given in the Supporting Information. The two complexes
exhibit square planar coordination geometry, as expected for
Au(III) complexes, and show quite similar solid-state
structures. The Au−N bond distances are approximately 0.1
Å greater in 2 and 3 than in 1.46 This is likely due to the
stronger trans influence of the alkyl ligands in 2 and 3
compared to the OAcF ligand in 1. The alkyl ligands formed
from ethylene insertions are trans to a pyridine N and have
rather similar Au−C distances at 2.042(3), 2.040(4), and
2.055(11) Å in 2, 3, and B,41 respectively. The Au−O bond
distances to the OAcF ligand trans to C are quite similar,
2.111(5), 2.104(2), and 2.110(3) Å, for 1, 2, and 3,
respectively. The bond angles around the Au central atom are
fairly similar in the three complexes 1, 2, and 3, with no
differences greater than 4.3° for corresponding angles. The
chelate angles are normal for such cyclometalated species at
81.8(3)°, 81.80(11)°, and 81.48(17)° for 1, 2, and 3,
respectively. The bond angles described by the two non-

Scheme 2. Formal Insertion of Ethylene To Form 2 and 3 in TFA and TFE, Respectively
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chelating ligands are close to 90° (O−Au−O 88.8(2)° for 1,
C−Au−O 90.20(10)° for 2, and C−Au−O 91.77(16)° for 3).
The dominating intermolecular interactions that are discernible
for the packing in the crystal structures of 2 and 3 appear to be
π-interactions. In 2, there is a Au−π stacking (Au−tolyl
distance of 3.570 Å). In 3 there is a pronounced π-stacking
between the tolyl ring and the pyridine ring of a neighboring
molecule, with a distance between the stacked aromatic rings of
3.697 Å. There appear to be no significant Au···Au interactions
in the crystal structures of 2 and 3, as the shortest
intramolecular Au···Au distances are 4.826 and 4.831 Å,
respectively.
Reversibility of the Reaction of 1 with Ethylene in TFA

and TFE. The observation of 3, rather than 2, as the major
product in the reaction between 1 and ethylene in TFE led us
to consider whether the reaction might be reversible. Reversible
amination of alkenes has been observed at Au(I).57 It was
postulated that the reversible step constituted an anti addition
of amine to the alkene and that the subsequent protiodeaura-
tion was irreversible. Thus, the possible interconversion of 2
and 3 was explored in the appropriate solvents (Scheme 3).

When isolated 3 was dissolved in TFA-d at room temperature,
it reacted in less than 5 min to form only 2 (the reaction was
completed before a 1H NMR spectrum was acquired).
Analogous behavior was observed for 2; dissolution of 2 in
TFE-d3 converted it to 3-d2, but more slowly. Full conversion
of 2 to 3-d2 was achieved by overnight heating at 50 °C. In a
solution of 1:1 (v/v) TFA-d and TFE-d3, a 2:3-d2 ratio of
approximately 9:1 resulted after allowing the solution to
equilibrate. The equilibrium was investigated further by 1H
NMR by varying the TFA-d/TFE-d3 solvent composition. The
spectra shown in Figure 4 are recorded after equilibrium was
reached within a few hours. The ratio between 2 and 3-d2
however changed only slightly from the first spectrum recorded
after ethylene addition. At a given solvent composition, the
relative 2 and 3-d2 concentrations were determined by 1H
NMR and the equilibrium constant Keq was calculated from eq
1. The measured Keq data are given in the Supporting
Information. Changes in the solvent composition from 90%
TFA to 95% TFE caused a remarkably small variation of Keq,
and the average equilibrium constant for the interconversion of
2 to 3 in the entire solvent range was 0.18 ± 0.08,
corresponding to a ΔG° difference of 1.1 ± 0.35 kcal/mol.58

This indicates a slight thermodynamic preference for 2 over 3.

=K
3
2

[ ][TFA]
[ ][TFE]eq

(1)

To further substantiate the conclusion that 2 was the
thermodynamically preferred species between 2 and 3, and to
check if the preference also pertained to less polar and aprotic
solvents, 1 was reacted with ethylene in dichloromethane-d2
with 1.2 equiv of TFE present in the solution. Under these
conditions, the cationic Au(III) moiety that results after a
hypothetically complete OAcF ligand dissociation was exposed
to approximately equal concentrations of −OAcF and TFE. Full
conversion to 2 was seen within 1 day. There was no sign of
complex 3 after 5 days, as confirmed by spiking the NMR
sample with an authentic sample of 3. This establishes that 2 is
thermodynamically clearly preferred over 3 in this aprotic
solvent.
The observed interconversion of 2 and 3 does not necessarily

imply a complete reversibility of the reaction of 1 with ethylene
in TFA or TFE. Rather, the observation is consistent with a
reversible nucleophilic attack (−OAcF or TFE) at coordinated
ethylene, a behavior that is a common feature of such
reactions,40 and provides no information about the eventual
reversibility of ethylene coordination. Therefore, a separate
experiment was designed to probe for such reversibility. Thus,
ethylene-d4 was added to a solution of 1 in TFA-d at room
temperature (see Scheme 4 and Figure 5). The expected signals
for the insertion product 2-d4 complex were observed in the 1H
NMR spectrumcharacteristically without the two methylene
group signals of 2. Then unlabeled ethylene was bubbled
through the solution of 2-d4. After approximately 5 min, the
signals for the two methylene groups had appeared in the 1H

Figure 2. ORTEP view of the solid-state structure of 2 (100 K) with
50% probability displacement ellipsoids. Selected bond distances (Å)
and angles (deg): Au1−C1, 2.042(3); Au1−C2, 1.993(3); Au1−N1,
2.098(2); Au1−O1, 2.104(2); C1−Au1−C2, 95.12(12); C1−Au1−
N1, 176.80(11); C1−Au1−O1, 90.20(10); C2−Au1−N1, 81.80(11);
C2−Au1−O1, 174.42(10); N1−Au1−O1, 92.90(9). The CF3 group
on the ligand where ethylene inserted was disordered with a 1:1
population of the two orientations, of which only one is shown.

Figure 3. ORTEP view of the solid-state structure of 3 (100 K) with
50% probability displacement ellipsoids. Selected bond distances (Å)
and angles (deg): Au1−C1, 2.040(4); Au1−C2, 2.006(4); Au1−N1,
2.107(4); Au1−O1, 2.110(3); C1−Au1−C2, 92.09 (18); C1−Au1−
N1, 173.52(16); C2−Au1−N1, 81.48(17); C1−Au1−O1, 91.77(16);
C2−Au1−O1, 175.61(16); N1−Au1−O1, 94.68(14).

Scheme 3. Interconversion between Complexes 2 and 3-d2 in
Solution
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NMR spectrum (labeled with * in Figure 5), indicating a ca. 4:1
2-d4:2 ratio.
The experiment described above demonstrates that ethylene-

d4 and ethylene undergo exchange at Au. In principle, this
might occur by a complete reversal of all steps back to 1, or it
might occur by an ethylene ligand-exchange process involving
some other intermediate along the reaction pathway of the
ethylene insertion. Attempts were made to probe whether the
starting complex 1 could be accessed from preformed 2 by
ethylene removal, either under vacuum or by purging a solution
of 2 with inert gas. Several freeze−pump−thaw cycles on a
solution of 2 in CD2Cl2 did not produce any observable
quantities of 1; neither did bubbling argon gas through a
solution of 2 in TFA-d. However, when 2 was heated in TFA
with slow Ar purge (50 °C, 1 h 15 min), detectable quantities
of 1 were seen by 1H NMR, along with considerable sample
decomposition. This finding leaves the possibility open, but
does not firmly prove, that 1 is involved in the ethylene/
ethylene-d4 exchange. This issue will be addressed when
computational results are discussed later.
Nucleophilic Addition of −OAcF at 1: External or

Internal Attack? Presuming ethylene coordination at Au by

ligand substitution at 1, an intermediate with the composition
[Au(tpy)(OAcF)(CH2CH2)][OAcF] may be generated.
From this, the formation of the O−CH2 bond may occur
externally (intermolecularly), by attack of the dissociated
−OAcF on coordinated ethylene,39,59 or internally (intra-
molecularly), in which case the OAcF ligand still coordinated
at Au attacks the coordinated ethylene.60 The former process
will result in an anti addition of Au and O to ethylene, whereas
the latterwhich may be viewed as a type of direct insertion
results in a syn addition (Scheme 5). Although both inter- and
intramolecular additions have been previously proposed, the
intermolecular process has more experimental61,62 and
computational support.57,59,63,64 The nature of the nucleophilic
attack by water on coordinated ethylene has also been a key
issue in mechanistic studies of the Wacker process.44

In order to establish whether the addition of OAcF to
coordinated ethylene occurs by an intermolecular or an
intramolecular pathway, the reaction was conducted using cis-
1,2-dideuterioethylene. Two diastereomers may result from the
reaction between 1 and cis-1,2-dideuterioethylene, with the
relative configurations threo (arising from an external, anti

Figure 4. 1H NMR (500 MHz, 25 °C) of 2 (left) and 3-d2 (right) with varying solvent composition TFE-d3/TFA-d. The solvent compositions (v/v)
of TFE-d3 and TFA-d are shown in the middle of the spectra. The signals shown arise from the OCH2 groups in 2 and 3-d2. The large signal at ca.
3.9 ppm in the bottom spectrum (labeled “solvent”) arises from residual protons in the TFE-d3 of the solvent mixture. The chemical shifts of all
protons are slightly solvent dependent. The full spectra are shown in the Supporting Information.

Scheme 4. Reversibility of the Ethylene Insertion
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attack of −OAcF) and the erythro (internal, syn attack) at the
two stereogenic centers that are produced (see Scheme 6).65,66

The expected different vicinal 3JHH coupling constants between
the two methylene H atoms for the threo and erythro
stereoisomers should give insight into whether there is an
external or internal attack on ethylene. Bercaw and co-workers
reported that 3JHH for the threo and erythro isomers of the
Pt(IV) complex [Pt(CHDCHDOH)Cl5]

2− are 6 and 8 Hz,
respectively.66 The observed spectra (Supporting Information)
exhibit two doublets as expected, with observed vicinal 3JHH
coupling constants of approximately 6 Hz (6.1 and 5.7 Hz in
TFA-d and dichloromethane-d2, respectively), corresponding to
the threo configuration. Formation of the threo product
(Scheme 7) therefore strongly suggests that the product arises
from external nucleophilic attack by −OAcF anion on
coordinated ethylene. The product from the reaction was

monitored over time, and no interconversion from the threo
diastereomer to the erythro diastereomer could be observed in
dichloromethane-d2 over the course of several days. Also, no
interconversion was observed in TFA-d after 1 day, but the
onset of slow decomposition of 2-d2 in TFA-d precluded
monitoring of the reaction for a longer time.

DFT Calculations on the Reaction Mechanism. A
computational study of the formal ethylene insertion into the
Au−OAcF bond in 1 was performed using DFT (PBE0-D3, see
the Computational Details) calculations to support our
experimental findings, guide experiments, and provide a deeper
insight into the mechanism. As discussed in the presentation of
the experimental results (vide supra), two fundamentally
different mechanisms can be envisioned for this reaction:
direct insertion of ethylene into the Au−OAcF bond, or
substitution of one OAcF ligand by ethylene followed by
nucleophilic addition of −OAcF. All attempts to find a transition
state (TS) for the direct insertion of ethylene into the Au−O
bonds were unsuccessful, and hence the initial substitution of
one −OAcF anion by ethylene was explored (Scheme 8). This
substitution process can be either dissociative or associative.
The dissociation of the OAcF ligand trans to N yields the 3-
coordinate intermediate 4, while dissociation trans to C leads to
4C. The free energies of the two intermediates are 30.6 and 16.3
kcal/mol, respectively, above 1. The higher trans effect of C
compared to N is in agreement with the lower energy of 4C. It
is also found that 4C is close in energy to the alternative isomer
5 with a κ2-OAcF ligand (17.2 kcal/mol; Au−O distances of
2.08 and 2.39 Å for the O atoms trans to N and trans to C,
respectively). The computed free energy of 4C compared to
reactants suggests that dissociation of the OAcF ligand trans to
C should be feasible at room temperature. This conclusion is in
agreement with the experimentally observed (19F NMR) rapid
equilibrium dissociation of the OAcF ligand trans to C in polar
solvents. In contrast, the high energy of 4 (30.6 kcal/mol)
makes the involvement of this species highly unlikely.
Interestingly, this high-energy species has the vacant coordina-
tion site in the appropriate position for the observed chemistry
but is unlikely to be a kinetically competent intermediate under
the reaction conditions.
Coordination of ethylene to 4 and 4C yields 6 and 6C, which

have associated free energies of 9.2 and 12.1 kcal/mol,
respectively. The lower energy of 6 demonstrates a
thermodynamic preference for the coordination of ethylene
trans to N. The difference between the two is readily
understood in terms of trans effects; the chelate C and ethylene
are both high trans effect ligands and therefore prefer a mutual
cis, rather than trans, relationship.
Since the formation of intermediate 6 (which has the

ethylene in the appropriate position to give the observed
product) by a dissociative pathway seems prohibited due to the
high energy of 4, the associative substitution of OAcF trans to N
was explored. To our satisfaction, such a transition state could
be located (TS1-6, Scheme 8) with an energy of 21.8 kcal/mol,

Figure 5. 1H NMR (500 MHz, 25 °C, TFA-d) spectra showing the
reversibility of the ethylene insertion. (Top) Spectrum of freshly
dissolved Au(OAcF)2(tpy) (1). (Middle) After addition of D2C
CD2; spectrum shows 2-d4. (Bottom) After addition of H2CCH2 to
the deuterated complex 2-d4 to give a mixture of 2-d4 and 2. The 2-
d4:2 ratio shown in the bottom spectrum is 4:1. Parts of the spectra
have been omitted to improve the clarity. The full spectra are shown in
the Supporting Information.

Scheme 5. Schematic Representation of the Inter- and
Intramolecular Nucleophilic Additions of a −OAcF Anion or
a OAcF Ligand at Coordinated Ethylene

Scheme 6. Threo and Erythro Diastereomers of
Au(OAcF)(CHDCHDOAcF)(tpy) (2-d2)

Scheme 7. Reaction of 1 with cis-1,2-Dideuterioethylene
Forms threo-2-d2 by External Nucleophilic Attack
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which is reasonable for a reaction that takes place at room
temperature. Associative substitution trans to C is also possible
and has an energy slightly higher than 4C (TS1-6C = 17.8 kcal/
mol). Thus, three energetically accessible pathways have been
located that allow ethylene to coordinate at the Au center: trans
to C by associative or dissociative pathways, and trans to N by
an associative pathway. Since 6 and 6c are accessible,
nucleophilic addition of −OAcF was considered from both
intermediates.
Starting from the more thermally stable intermediate 6,

intermolecular and intramolecular mechanisms for the addition
of OAcF to the coordinated ethylene to form the observed
product 2 were considered (Scheme 9). External (intermo-
lecular) nucleophilic addition of the dissociated −OAcF anion
was found to occur with a low barrier through transition state
TS6-2 with a free energy of 13.8 kcal/mol, indicating a fast
process. This addition leads directly to the experimentally
observed product 2, which is 6.9 kcal/mol lower in energy than
the reactants (1 and ethylene).
In contrast to the intermolecular mechanism, the calculations

suggest that several steps are required in the alternative
intramolecular addition pathway. It was not possible to locate a
transition state that allows the direct, intramolecular
nucleophilic attack by OAcF on coordinated ethylene in the
square planar complex when the ethylene CC bond axis is
oriented perpendicular to the coordination plane. Instead, the
calculations suggest that before the nucleophilic attack by
coordinated OAcF can occur, the CC bond axis must rotate
from its preferred perpendicular orientation to a parallel (in-
plane) orientation as depicted in 7 (Scheme 9). Subsequently,
the intramolecular nucleophilic addition by the two oxygen
atoms of coordinated OAcF can take place through the two
transition states TS7-8 and TS7-9 depicted in Scheme 9,
leading to the six- and four-membered-ring intermediates 8 and
9, located 1.4 and 14.5 kcal/mol above the reactants,
respectively. Substitution of the κ(O) bonds of 8 and 9 by
the external −OAcF anion would finally yield the product 2.

Although the energy barriers for the two intramolecular
addition pathways from 7 (7.0 and 6.7 kcal/mol, respectively)
are comparable to the energy barrier for the intermolecular
addition from 6 (4.6 kcal/mol), the added energy cost (8.4
kcal/mol) incurred by changing the coordination mode of
ethylene from perpendicular to parallel renders the intra-
molecular process kinetically much less favorable than the
intermolecular one. These results are in complete agreement
with the experimental results of the reaction between 1 and cis-

Scheme 8. Ethylene Addition in 1 by Associative and Dissociative Substitution of OAcF Trans to C and Na

aFree energies are in kcal/mol in TFE. The energies of −OAcF and ethylene have been included in the calculations where needed to maintain mass
balance.

Scheme 9. Inter- and Intramolecular Nucleophilic Addition
of OAcF to 6a

aFree energies in kcal/mol in TFE. The energy of −OAcF has been
included in the calculations where needed to maintain mass balance.
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1,2-dideuterioethylene (vide supra), which clearly demonstra-
ted the intermolecular and anti addition of −OAcF. Interest-
ingly, however, the computational results suggest that should a
system exist in which a coplanar orientation of the olefin CC
bond axis and the nucleophile is preferred, then an intra-
molecular addition might be the favored pathway.
All the mechanistic alternatives computed for the nucleo-

philic addition of −OAcF to 6 have also been considered
starting from 6C (see that Supporting Information). All
intermediates and transition states arising from 6C have
substantially higher energies than the analogous species
originating from 6. For instance, the intermolecular addition
of −OAcF to 6C (TS6C-2C), which represents the lowest-energy
pathway from 6C, has a global free energy barrier of 23.3 kcal/
mol and the final product 2C is 13.7 kcal/mol above the
reactants (Scheme 10). The endergonic nature of the formal
insertion of ethylene into the Au−O bond trans to C is in stark
contrast to the exergonic insertion trans to N and is in excellent
agreement with the selective formation of product 2.
In addition to the nucleophilic attack of −OAcF on 6, the

nucleophilic addition of TFE to this intermediate was also
considered since reaction of 1 with ethylene in TFE yields 3
instead of 2 (vide supra). Taking into account the large energy
difference between the inter- and intramolecular addition of
−OAcF (Scheme 9), the intramolecular alternative was not
considered with TFE. The intermolecular addition of TFE to 6
to form 3 and HOAcF can evolve through the protonated
intermediate [Au(tpy)(OAcF)(CH2CH2OHCH2CF3)]

+ (3H+)
or directly by assisted deprotonation of the alcohol by the
−OAcF anion (TS6−3, Scheme 11). The latter pathway is the
lowest in energy with an energy barrier of 8.3 kcal/mol and is
exergonic by 12.1 kcal/mol. A comparison of these energies
with the ones obtained for 2 (ΔΔG⧧ = 4.6 and ΔΔG° = −16.1
kcal/mol), as shown in Scheme 11, suggest a kinetic and
thermodynamic preference for the nucleophilic addition of
−OAcF over TFE. The thermodynamic preference for 2
calculated in TFE (ΔΔG° = 4.0 kcal/mol) is also observed in
dichloromethane (ΔΔG° = 5.2 kcal/mol). This preference is in

agreement with the experimental ΔG° = 1.1 kcal/mol in favor
of 2, and with the observation that 3 is not formed in
dichloromethane when 1 is reacted with ethylene in the
presence of 1.2 equiv of TFE. Importantly, the continuum
SMD model used for solvation does not include explicit
hydrogen bonds between dissolved species and the solvent.
The rate-determining step for the overall functionalization of

ethylene is now, according to the calculations, the associative
substitution of OAcF trans to N by ethylene. As found
experimentally and described earlier, the formation of 2 is much
faster in TFA (ca. 5 min) and TFE (ca. 30 min) than in
dichloromethane (ca. 1 day). A comparison of the energy
profiles obtained in TFE (Scheme 11) and dichloromethane

Scheme 10. Free Energy Profile (in kcal/mol) for the Formation of 2 (Right) and 2C (Left)a

aThe energies of all minima and transition states [in brackets] are computed in TFE. The energies of ethylene and −OAcF have been included in the
calculations to maintain mass balance.

Scheme 11. Free Energy Profile (in kcal/mol) for the
Insertion of Ethylene to 1 (Black), Addition of TFE to 6
(Red), and Exchange of Ethylene of 6 (Green)a

aThe energies of all minima and transition states [in brackets] are
computed in TFE. The energies of ethylene, −OAcF, and TFE have
been included in the calculations where needed to maintain mass
balance.
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(Scheme S2, Supporting Information) reveals that the higher
free energy obtained for TS1-6 in dichloromethane (25.1 kcal/
mol) compared to the one in TFE (21.8 kcal/mol) accounts for
the higher reaction rate observed in TFE. This is reasonable
due to the incipient charge separation associated with TS1-6,
which can be better stabilized by the more polar solvent TFE (ε
26.7467). However, the similar polarities of TFA and dichloro-
methane (ε 8.42 and 8.93, respectively67) suggest that this
parameter is not enough to explain the reaction rate in TFA.
Therefore, we propose that the ability of TFA to assist the
departure of the −OAcF anion by protonation could be the
reason for the faster formation of 2 in TFA. The magnitudes of
the computed energies of TS6-2 and TS6-3 and the
corresponding products 2 and 3 are consistent with the
occurrence of thermal equilibration of 2 and 3 at ambient
temperature (Scheme 11). Hence, considering equilibration to
occur through intermediate 6, the energy barrier that must be
passed at TS6-3 to form 2 from 3 is 20.4 kcal/mol, while the
reverse process has an energy barrier of 24.4 kcal/mol defined
from 2. These free energy barriers are probably overestimated
because they are computed using a 1 atm ideal gas standard
state at 298.15 K and do not take into account the
concentration effect of using TFE vs TFA (the source of the
−OAcF anion) as the solvents. Indeed, just by applying the 1 M
standard state for the free energy calculations, the energies of 2,
3, and TS6-2 are reduced by 1.9 kcal/mol, and the energy of
TS6−3 is reduced by 3.8 kcal/mol (see Scheme S3, Supporting
Information).
Finally, the experimentally observed exchange of ethylene for

ethylene-d4 in 2 (Scheme 4) has been addressed computation-
ally. The fact that the ethylene has been demonstrated to be
reversibly attacked by the nucleophiles suggests that
intermediate 6 may be involved in the exchange process. One
obvious pathway may be considered to be the regeneration of
1, i.e., the reverse of the initial ethylene coordination that
furnishes 6 from 1 via TS1-6. Starting from 2, the energy
barrier (TS1-6) for this process is as high as 28.7 kcal/mol.
Alternatively, ethylene exchange might occur through an
associative pathway via intermediate 10 (Scheme 11, green
line), in which two ethylene units are simultaneously bonded to
Au. Our recently reported,42 structurally characterized complex
Me2Au(cod)

+ serves to demonstrate the viability of a
bis(alkene) Au(III) species. The energy of the transition state
to form this pentacoordinated intermediate (TS6-10) is 10.7
kcal/mol lower than TS1-6 and 2.7 kcal/mol lower than TS6-2.
Therefore, associative ethylene exchange through 10 appears to
be the preferred process with an associated energy barrier of
18.0 kcal/mol starting from 2. This is consistent with the
observation of this exchange process at ambient temperature.
Furthermore, this implies that the ethylene/ethylene-d4
exchange does not occur by the regeneration of 1, which
agrees with the difficulties in regenerating 1 from 2 (as heating,
with accompanying induced sample decomposition, is needed
to observe 1).

■ CONCLUSIONS
This study has provided a comprehensive, internally consistent
and detailed view of a stoichiometric functionalization of
ethylene at an Au(III) center. The mechanism of the formal
ethylene insertion that is consistent with the accumulated
experimental and computational data comprises a rate-limiting,
strongly solvent-dependent, associative substitution68−71 of the
OAcF ligand trans to N with ethylene, followed by

intermolecular (anti) attack of the dissociated ligand at the
coordinated ethylene to yield 2, as verified by experiment using
cis-1,2-dideuterioethylene as a stereochemical probe. Addition-
ally, the poorer nucleophile TFE, when used as a solvent, can
intermolecularly attack ethylene to provide 3. The nucleophilic
attack at ethylene has been shown to be reversible; such
behavior has been previously observed at Au(I)57 but to our
knowledge not at Au(III). The preference for an intermolecular
nucleophilic attack over an intramolecular one is a consequence
of the energy required to reorient ethylene from a preferred
coordination perpendicular to the Au(III) square plane to a
coordination parallel to the square plane. Ethylene exchange
takes place via an associative mechanism.
Complex 1 with the chelating tpy ligand provides two

potential reaction sites, trans to N and trans to C, that will be
kinetically nonequivalent because of their different trans effects.
The experimentally and computationally consistent reaction
mechanism illustrates the influence of this guiding principle.
The first step of the reaction, ethylene coordination, is
kinetically preferred trans to C (the ligand with the highest
trans effect). The second step of the reaction, addition of a
nucleophile to the ethylene, provides a product 2 or 3 that is
thermodynamically favored to be trans to N. Here, the
dichotomy is overcome through an associative substitution of
ethylene trans to N, via TS1-6 to give 6. While this process has
a higher energy barrier than that for ethylene substitution trans
to C to give 6C, as illustrated in Scheme 10, the thermodynamic
preference of 2 over 2C results in the exclusive formation of the
preferred trans to N products 2 and 3.
Our initial efforts to encourage a catalytic reaction have not

met with success. The Au(III)−alkyl σ bond can be remarkably
resistant toward acids, an aspect that must be further addressed
if catalysis is to be achieved. In this reaction, protic solvents
(TFA, TFE) accelerate the reaction (as compared to dichloro-
methane), most likely through stabilization of the dissociated
−OAcF anion, but they do not otherwise show any reactivity
with either 1, 2, or 3. The use of protic solvents in the
functionalization of olefins by Au(I) has been shown to be
essential in some catalytic processes because it promotes
concerted addition of the nucleophile and protodeauration.72

For a hypothetical Au(III) catalytic process, protodeauration
could again be preferred trans to C,73 suggesting that this trans
to C/trans to N dichotomy must again be overcome to
complete a catalytic cycle that does not require additional
stoichiometric reagents to regenerate a Au(III) species.
Investigations are ongoing in our laboratory that concern the

insertion of other alkenes and alkynes, the use of other
nucleophiles than TFA and TFE, and to utilize the insight
gained in the design of catalytic processes.

■ EXPERIMENTAL AND COMPUTATIONAL SECTION
General Experimental Methods. TFA, TFE, and NMR solvents

were used as received. The Au(III) complexes are not air sensitive, so
inert atmosphere was not utilized. The microwave oven used was of
the type Milestone MicroSYNTH with a rotor of the type SK-10.
NMR spectra were recorded on a Bruker Avance AV600 operating at
600 MHz (1H), DRX500 operating at 500 MHz (1H), AVII400
operating at 400 MHz (1H), and DPX200 operating at 200 MHz (1H).
1H and 13C spectra have been referenced relative to the residual
solvent signals. 19F spectra has been referenced to C6F6 (−164.9 ppm
with respect to CFCl3 at 0.0 ppm) as an internal standard. 1,2-
Dichloroethane (chemicals shifts in CD2Cl2: 3.76 ppm; TFA-d; 3.58
ppm, TFE-d3; 3.70 ppm) was used as an internal standard in several of
the 1H NMR experiments. All NMR spectra are recorded at ambient

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja504554u | J. Am. Chem. Soc. 2014, 136, 10104−1011510112



temperature unless otherwise noted. 1H NMR assignments were made
on the basis of COSY and NOESY experiments and refer to the
numbering schemes shown below. Mass spectrometry was performed
with Waters ProSpec (EI) and Q-TOF-2 (ESI) instruments. Elemental
analyses were performed by Mikroanalytisches Laboratorium Kolbe,
Mülheim an der Ruhr, Germany. Details of the crystallographic
methods and structure determinations are given in the Supporting
Information.

Preparation of Au(OAcF)2(tpy) (1). Compound 1 was prepared
according to the recently reported method,46 except that Au(OH)3
was used instead of Au(OAc)3 under otherwise identical conditions.
The only difference was that filtration instead of decantation was used
to remove the unreacted gold precursor, which did not settle to the
bottom of the microwave vessel in this case. Starting from Au(OH)3
the yield was however somewhat lower (72% vs 94%). See the
Supporting Information for NMR data in dichloromethane-d2
(previously reported) and other solvents.
Preparation of Au(OAcF)(CH2CH2OAc

F)(tpy) (2). Ethylene gas was
bubbled through a solution of Au(OAcF)2(tpy) (1) (0.202 g, 0.341
mmol) in TFA in a septum-capped round-bottom flask equipped with
a vent needle at ambient temperature for 2 h. The solution changed
from a light yellow color to colorless within a few minutes. The solvent
was removed under reduced pressure to yield a light gray powder
which was dissolved in dichloromethane and filtered to give a light
yellow solution. The solution was concentrated under reduced
pressure and layered with pentane. Crystallization gave large yellow
crystals (0.161 g, 76%). 1H NMR (600 MHz, CD2Cl2): δ 8.38 (ddd, 6-
CH, J = 5.5, 1.7, 0.8 Hz, 1H), 8.04 (ddd, 4-CH, J = 7.6, 7.6, 1.7 Hz,
1H), 7.93 (d, 3-CH, J = 8.2 Hz, 1H), 7.64 (d, 3′-CH, J = 7.9 Hz, 1H),
7.48 (ddd, 5-CH, J = 7.2, 5.6, 1.3 Hz, 1H), 7.36 (s, 6′-CH, 1H), 7.22
(ddd, 4′-CH, J = 7.8, 1.6, 0.8 Hz, 1H), 4.83−4.69 (m, CH2O, 2H),
2.45 (s, ArCH3, 3H), 2.43−2.36 (m, AuCH2, 2H).

13C NMR (151
MHz, CD2Cl2): δ 161.6 (q, CO, J = 37.1 Hz), 161.2, 158.0 (q, CO, J =
41.8 Hz), 146.5, 143.5, 142.4, 140.9, 136.5, 132.2, 129.7, 126.1, 124.6,
120.6, 118.3 (q, CF3, J = 290.0 Hz), 115.1 (q, CF3, J = 285.9 Hz), 68.9,
26.9, 22.1. 19F NMR (377 MHz, CD2Cl2): δ −77.0 (s, CF3 (cis to N),
3F), −77.8 (s, CF3 (trans to N), 3F). MS (EI in CH3CN): m/z = 505.9
(40, [M − COOCF3]

+), 477.9 (92, [M − CH2CH2OCOCF3]
+), 169.0

(100). MS-HR (CH3CN): m/z = 506.064479 (calcd for
C16H14AuF3NO2 506.064224 (−0.5 ppm)), 478.032024 (calcd for
C14H10AuF3NO2 478.032923 (1.9 ppm)). Anal. Calcd for
C18H14AuF6NO4: C, 34.91; H, 2.28; N, 2.26. Found: C, 34.53; H,
2.26; N, 2.24.
Preparation of Au(OAcF)(CH2CH2OCH2CF3)(tpy) (3). Ethylene gas

was bubbled through a solution of Au(OAcF)2(tpy) (1) (0.202 g,
0.341 mmol) in TFE in a septum-capped round-bottom flask equipped
with a vent needle at ambient temperature for 2 h. The solution
changed from a light yellow color to colorless over time. The solvent
was removed under reduced pressure to yield a light gray powder
which was dissolved in dichloromethane and filtered to give a light
yellow solution. The solution was concentrated under reduced
pressure and layered with pentane. Crystallization gave the product
as white needles (0.140 g, 68%). Due to the equilibrium between 2
and 3 it was not possible to isolate pure 3, as there was always some 2
present (<5%). 1H NMR (500 MHz, CD2Cl2): δ 8.32 (ddd, 6-CH, J =
5.5, 1.7, 0.8 Hz, 1H), 8.00 (ddd, 4-CH, J = 8.2, 7.5, 1.6, Hz, 1H), 7.90
(d, 3-CH, J = 8.2 Hz, 1H), 7.60 (d, 3′-CH, J = 7.9 Hz, 1H), 7.44 (ddd,
5-CH, J = 7.5, 5.5, 1.3 Hz, 1H), 7.24 (s, 6′-CH, 1H), 7.18 (ddd, 4′-CH,
J = 8.0, 1.7, 0.9 Hz, 1H), 3.95−3.92 (m, CH2O, 2H), 3.90 (q, CH2CF3,
J = 8.8 Hz, 2H), 2.40 (s, ArCH3, 3H), 2.37−2.31 (m, AuCH2, 2H).

13C
NMR (151 MHz, CD2Cl2): δ 161.5 (q, CO, J = 36.8 Hz), 160.9, 146.4,
143.0, 142.1, 141.0, 136.5, 132.1, 129.5, 126.0, 124.9 (q, CF3, J = 279.6
Hz), 124.5, 120.5, 118.4 (q, CF3, J = 290.0 Hz), 72.3, 68.3 (q, CH2, J =
33.6 Hz), 30.5, 22.1. 19F NMR (377 MHz, CD2Cl2): δ −76.9 (s,

CF3 (trans to N), 3F), −77.0 (s, CF3 (cis to N), 3F). MS (EI in CH3CN): m/
z = 491.9 (40, [M − COOCF3]

+), 477.9 (54, [M −
CH2CH2OCH2CF3]

+), 196.0 (100). MS-HR (CH3CN): m/z =
492.083643 (calcd for C16H16AuF3NO 492.084959 (2.7 ppm)),
478.032606 (calcd for C14H10AuF3NO2 478.032923 (0.7 ppm)). No
elemental analysis was performed for this compound because samples
always contained some 2 (see the Results and Discussion).

General Method for NMR Experiments. A J-Young NMR tube was
loaded with the pertinent Au(III) complex (ca. 5 mg) and internal
standard (CH2ClCH2Cl, 1.0 μL), whereupon the solvent (TFA-d,
TFE-d3, or CD2Cl2, ca. 0.5 mL) was added. A reference spectrum was
acquired. Ethylene was bubbled through the solution for 30−60 s. In
TFA-d and TFE-d3 this caused the yellow solution to turn colorless. A
new 1H NMR spectrum was acquired within 5−10 min.

High-Pressure NMR Experiments. The high-pressure NMR experi-
ments were conducted at École Polytechnique Fed́eŕale de Lausanne
(EPFL) using sapphire NMR tubes (for 10 mm probes) that can
endure pressures up to 100 bar.74,75

■ COMPUTATIONAL DETAILS
The calculations were carried out at the DFT level with Gaussian 09.76

PBE077 was the functional selected as it has been previously shown to
give the best results in recent studies on Au(III) alkene complexes.42,78

C and H were described with the all-electron triple-ζ 6-311+G** basis
set,79,80 whereas Au was described with the new Stuttgart−Köln basis
set including a small-core quasi-relativistic pseudopotential.81 Geo-
metries were fully optimized without any constraint. Vibrational
frequencies were computed analytically to verify that the stationary
points found were energy minima or transition states. Each transition
state was relaxed toward reactant and product by using the vibrational
data to confirm its nature. All optimizations were carried out in solvent
(2,2,2-trifluoroethanol) using the SMD solvation model.82 Grimme
dispersion corrections (D3)83 were included in the final energy by
performing single point calculations on the optimized structures.
Gibbs energies were obtained for T = 298.15 K and p = 1 atm within
the approximation of harmonic frequencies. The effect of using 1 M
standard state (T = 298.15 K and p = 24.465 atm) was evaluated in
some minima and transition states (see Scheme S3 in the Supporting
Information), and in all cases, the energy was reduced by 1.9 kcal/mol
when the molecularity changes from two to one, and by 3.8 kcal/mol
(as in TS1-6) when going from three to one (as in TS6-3). Optimized
energies and geometries of all stationary points reported in the text are
given in the Supporting Information.
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R. Dalton Trans. 2012, 41, 3633−3641.
(71) Monlien, F. J.; Helm, L.; Abou-Hamdan, A.; Merbach, A. E.
Inorg. Chim. Acta 2002, 331, 257−269.
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