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DFT Studies of Au(I) Catalysed Reactions: Anion Effects

and Reaction Selectivity

Ryan G. Epton,** William P. Unsworth,"” and Jason M. Lynam**!

Abstract: Density functional theory (DFT) is a powerful tool
that can aid in the exploration and development of synthetic
chemistry, and its use is often applied in the chemistry of
gold(l) catalysis. In this review, we discuss two different
facets of these calculations — namely, the exploration and
explanation of anion effects, and the regioselectivity and
speciation of gold(l)-catalysed reactions. The research
described herein clearly shows the importance of including

Keywords: catalysis - gold - DFT - anion effects - Tr-acids

1. Introduction

Interest in gold catalysis has increased exponentially over the
last 20 years.!"! Primarily, the catalytic applications of gold(I)
are based on its ability to act as a m-acid. Au(I) complexes are
able to coordinate to and activate unsaturated C—C bonds,
particularly alkynes,™ although similar reactivity has also been
observed with alkenes™ and allenes.™ The typical mechanism
proposed for gold(I)-catalysed reactions involves the coordina-
tion of the gold(I) complex to the unsaturated C—C bond,
forming an n*(m) complex, which activates the m-system to
undergo attack by a nucleophile (1—2). Protiodemetallation
then occurs (2—3), regenerating the Au(l) catalyst and
allowing further reactions to take place (Figure 1).”

The nature of the gold catalyst used, and its coordination
environment, can have a significant effect on reaction out-
comes. This may be by simply increasing the reaction yield,
but in many cases, it can also alter the reaction selectivity and
change the ratio of products that are formed. The ligand used
can also influence the reaction outcomes, with phosphine or
N-heterocyclic carbene (NHC) ligands being the most com-
mon, and the counterion used is also often altered during
reaction optimisation.™

Computational chemistry utilising density functional
theory (DFT) is frequently used in studies of catalytic
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Figure 1. Typical scheme for alkyne activation by gold(l) cations.
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the anion in DFT studies of Au(l)-catalysed reactions,
especially when using low polarity solvents, or where hydro-
gen-bonding is prevalent. Additionally, we show that whilst
using DFT to study the selectivity of reactions can be
successful, benchmarking the computational results against
experimental data is vitally important for ensuring that the
model is accurately describing the observed results.

reactions.”) DFT offers a good balance of calculation time
versus accuracy and is, therefore, often the method of choice
to explore the mechanism of transition metal catalysed
reactions.

Papers benchmarking the success of DFT calculations to
study gold(I) complexes have been published, which provide
recommendations on the level of theory best employed for
studying reactions using gold(I) catalysis.® The double-hybrid
B2PLYP functional performed well across multiple studies,
with BP86,5>¢! PBE0,® wB97X® and M06%**® functionals
also shown to be successful at modelling the energies and
geometries of gold(I) complexes. Ahlrichs’ def2 basis sets
generally performed well, with a triple-{ type basis set with
polarisation recommended.® Electrostatic core potentials
(ECPs) such as LANL2DZ or SDD are commonly used on the
gold atom to account for relativistic effects.

In this review paper, we highlight potential considerations
when using DFT to explore gold(I) catalysis. Recent examples
of the use of DFT to explore reaction processes are provided,
focussing on the effects of including the anions used in the
reaction, and studying how DFT can be used to explore the
selectivity of gold(I)-catalysed reactions. With a wide range of
literature available, it was not possible to review them all,
however other papers which were instructive are highlighted.”

[a] R. G. Epton, Dr. W. P. Unsworth, Dr. J. M. Lynam
Department of Chemistry, University of York
Heslington, York, YO10 5DD (UK)
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Note, throughout this review, we use numbers to indicate
compounds, whereas DFT calculated states are denoted by
letters.

2. Using DFT to Explain the Effects of the Anion
on the Reaction Mechanism

In reactions utilising gold(I) catalysts, typically a ligated
gold(I) chloride (LAuCl) precatalyst is used, which is then
activated by a metal salt containing a weakly coordinating
anion. This results in salt metathesis, enabling the formation of
an active Lewis acidic cationic gold(I) species (LAu™) in
solution which is catalytically active.'” Other activation
methods, such as protonolysis of an alkylgold and hydroxide
species,!''! or via sonication and centrifugation,'” have been
used to avoid any competing “silver effects”.l'>!]

Many studies utilising DFT methods have successfully
captured the experimental reaction outcomes by focussing
solely on the cationic gold-based component of the catalyst
system without consideration of the counteranion."¥ However,
recent papers have detailed instances where optimising the
counterion has been important for the course of the
reaction.'!”]

In 2009, Tarantelli, Macchioni and co-workers studied ion
pairing in cationic olefin-gold(I) complexes.'? Two 4-Me-
styryl gold(I) complexes were synthesised with either a
triphenylphosphine (4PPh;) or NHC ligand (4NHC, NHC =
1,3-bis(di-iso-propylphenyl)-imidazol-2-ylidene)  (Figure 2).
Both complexes had a tetrafluoroborate anion which enabled
the use of "F,'H-HOESY NMR experiments to study the
preferred orientation of the anion with respect to the gold
complex under low temperature conditions.

Ryan G. Epton received his Masters’ degree in
2018 at the University of Leicester, completing
his Masters’ research project under the super-
vision of Dr Sandeep Handa. Ryan then joined
the University of York under the joint super-
vision of Dr William P Unsworth and Dr Jason
M Lynam, where he is now in the final year of
his Ph.D. studies. His current research inter-
ests are in the use of computational chemistry
in organic synthesis and transition metal
catalysis.

William P. Unsworth is a Senior Lecturer in
Organic Chemistry at the University of York.
His group‘s research interests include ring
expansion approaches for the synthesis of
medium-sized rings and macrocycles and the
development of new catalytic methods, using
metal-based catalysts, photochemical activa-
tion and biocatalysis. He has published over 60
peer reviewed papers to date won the RSC
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Figure 2. 4-Me-styrlyl gold(l) complexes studied by Zuccaccia et al.l"®

These NMR studies showed that the choice of ligand
influenced the ion-pairing (Figure 3), with strong contacts
observed between the olefinic protons and the tetrafluorobo-
rate anion in complex 4PPh;. In contrast, for complex 4NHC,
contacts were observed primarily with the imidazole protons
furthest away from the styrene.

The observed NMR data were further supported by DFT
calculations. Geometry optimisations (at the BLYP/ZORA/
TZ2P level of theory) of varying configurations were
performed, and these confirmed that the lowest energy
arrangement of the complexes agreed with the NMR experi-
ments (Figure 4).

This effect was rationalised by analysing the charge
distribution and the Coulomb potential of both the styrene
cationic complexes (Figure 5). The olefinic protons of the
coordinated styrene and, in the case of complex 4NHC, the
imidazolium protons at the back of the complex were shown
to have the greatest positive charge within the complex
(denoted as a blue colour on the isodensity surface), and
therefore be the most attractive points for counterion coordina-
tion.

Further studies examined the effects of changing both the
ligand and the unsaturated hydrocarbon coordinated to the

Hickinbottom Award for his work on the syn-
thesis of spirocycles and macrocycles.

Jason M. Lynam is a Reader in Inorganic
Chemistry at the University of York. His group’s
research interests are focussed on mechansitic
aspects of organometallic chemistry. This in-
cludes the application of computational
chemistry and time-resolved spectroscopy to
the study of metal-catalysed reactions. He has
published over 110 peer reviewed papers and
. was a principal investigator in the team that
was awarded the 2021 RSC Horizon Prize in
Physical Organic Chemistry for work on unveil-
ing the mechanistic steps in Mn-catalysed
reactions.
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Figure 3. Low temperature '°F,"H-HOESY spectra of 4PPh; (left) and
4NHC (right). Key ion-pairing contacts have been highlighted with
assignments made by Zuccaccia et al. Reprinted with permission
from ref [16]. Copyright 2009 American Chemical Society.

Figure 4. Lowest energy arrangements of 4PPh, (left) and 4NHC
(right) as calculated by DFT by Zuccaccia et al., calculated at the
BLYP/ZORA/TZ2P level of theory. Structures reproduced using
coordinates located in the original paper’s ESI.

gold(I) cation, which highlighted that the anion coordination
depends greatly on the ligands in the cationic unit, with
coordination most likely observed around the most acidic
protons, rather than the gold centre.!'”"”

This body of work has demonstrated that the location of
the anion with respect to the catalytically active cation can be
predicted and is often near the most positively charged sites
within the complex, providing a starting point for other
researchers to consider when including the counterion in their
DEFT calculations.

In 2021, an extensive report by Sorbelli efal. on the
gold(I)-catalysed Meyer-Schuster rearrangement of 1-phenyl-
2-propyn-1-ol 5§ was published, particularly focused upon the
effects of both the solvent and the counteranion on the

Isr. J. Chem. 2022, €202200033 (3 of 19)
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Figure 5. Side (left) and back (right) views of the DFT calculated
structures of 4PPh; (top) and 4NHC (bottom), without counterion.
Coulomb potential is mapped on an electronic isodensity surface
(p=0.007 e/A’. Coulomb potential in au). Reprinted with permission
from ref [16]. Copyright 2009 American Chemical Society.

turnover frequency (TOF) of the reaction.”” Experimentally,
clear trends were found in the turnover frequency (TOF) of the
reaction, with the efficiency of the reaction decreasing with
increasing polarity of the solvent, and the specific counterion
used (TfO™ >TsO™ >BF, >TFA™). Selected optimisation
results are shown in Table 1.

The authors used DFT studies to rationalise these data.
Formation of n*(m)-alkyne complex B from the uncoordinated
species (5 and 7) was considered. Intermediates involved
during de-coordination of the counterion demonstrated that the
anion interacts with both the gold atom and the hydrogen of
the terminal alkyne (Figure 6).

Whereas both the tosylate and triflate anions (X =TsO~
and TfO™, Figure 6) were predicted to be able to form complex

Table 1. NHCAuX catalysed Meyer-Schuster rearrangement of 1-
phenyl-2-propyn-1-ol 5 to cinnamaldehyde 6 at 50°C.

OH NHCAUX (0.5 mol%) H
F’h)\ Solvent, 50 °C phMo

5 6

Entry Solvent Catalytic System®  Conv.!/% TOFH/h™!

1 p-Cymene NHCAuOTf 91 394

2 p-Cymene NHCAuCl/ 1 44
AgOTs!

3 p-Cymene NHCAuCl/ 0.4 2
AgTFAY

4 p-Cymene NHCAuCI/ 7 28
AgBF ¥

5 p-Cymene NHCAuCI/ 30 115
AgOTfd

6 y-Valerolactone NHCAuOTf 23 105

[a] NHCAuOTf (0.0025 mmol), 5 (0.5 mmol), solvent (200 pL). [b]
Determined by the average value of three measurements after
30 minutes by 'H NMR. [c] TOF = (Mol o4,ct/MOleaays) /£ calculated
after 30 minutes. [d] 1.1 eq of silver salt used. NHC =1,3-bis (di-iso-
propylphenyl)-imidazol-2-ylidene

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Figure 6. Proposed intermediate structures calculated for the for-
mation of n*()-alkyne complex B from the uncoordinated species 5
and 7.

B, a low-lying transition state (+4.2 kcalmol ™' from 5 and 7
at the BP86/ZORA//B2PLYP/CPCM level of theory) was
found when trifluoroacetate was calculated as the anion
(X=TFA, Figure 6), in which the alkyne was deprotonated,
resulting in o-bonded gold alkynyl complex 8 (Figure 7). It
was postulated that this was the reason behind the poorest
efficiency observed in the experiments using AgTFA as the
co-catalyst.

The proposed mechanism for the Meyer-Schuster rear-
rangement, and the intermediates studied, are shown in
Figure 8. To explain the difference in reactivity when using
the other anions (namely OTf", OTs™ and BF,"), the energies
of the proposed transition states and intermediates involved in

HO \N o
ph/\ = AU%N] F3C)J\OH
/
8 9

Figure 7. 0-Bonded gold alkynyl complex 8 with the formation of acid
9, calculated by DFT when trifluoroacetate was the counterion.

O
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~ o !
C D E

Figure 8. Intermediates studied in the Meyer-Schuster rearrange-
ment of 5. X=OTs, OTf or BF,. A simplified NHC was used in the
calculations (R=Me).
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the catalytic cycle were calculated (BP86/ZORA/D3//
B2PLYP/CPCM), with the anion proposed to coordinate to the
alcohol of the starting material. The authors found that the first
transition state (TS¢p), corresponding to attack of the alcohol
into the gold-coordinated alkyne, was the highest energy, and
the relative energies for the three counterions were consistent
with the experimental data, in which the triflate was fastest
(+32.6 kcalmol™" relative to C), followed by the tosylate
(+343kcalmol™) and then the tetrafluoroborate
(4-36.9 kcalmol™!). The authors proposed that the main factors
in the energy of transition state (TS¢p) were the hydrogen-
accepting ability of the anion, and how well the anion
coordinates to the gold atom.

Finally, the effect of solvent polarity was also considered.
In low polarity media it is understood that an ion pair is
formed due to the solvent’s inability to strongly coordinate the
cation and anion. In more polar solvents, solvation of the
cation and anion is efficient, separating the ions.*"! This effect
was studied by explicitly modelling a molecule of 7y-
valerolactone to coordinate to the alcohol. Whilst a structure
for the equivalent oxetene intermediate (D, Figure 8) couldn’t
be found, the transition state for a one-step process was
calculated (F, Figure 9) which showed a higher energy than
the triflate-assisted process (+33.4 vs +31.6 kcalmol ™" in the
gas phase at the BP86/ZORA/D3//B2PLYP level of theory),
which is consistent with the experimental observations.

Overall, the study demonstrates how DFT enables the
rationalisation of the reaction rates with different anions, in
both the formation of the active catalytic species, and then also
in the key intramolecular cyclisation step of the catalytic cycle.
Insight from computational chemistry was also able to ration-
alise the solvent effects, in that higher polarity solvents restrict
the ability for the anion to participate, with higher energy
transition states observed.

In 2021, Hussein and co-workers described the impact of
different ring-sized NHC ligands on the gold(I)-catalysed
cyclisation of propargylic amide 10 to give methylene-3-
oxazoline 11 (Figure 10a).”2' As part of this work, DFT was
used to study the mechanism of the reaction, to address the
role of the counterion in the reaction. It was proposed that the

F

Figure 9. DFT-calculated transition state structure for the Meyer-
Schuster rearrangement, in which y-valerolactone is modelled
coordinating to the hydroxyl group. Structures reproduced using
coordinates located in the original paper’s ESI.

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.



Figure 10. a) Reaction studied by Ma etal.,” the cyclisation of
propargylic amide 10, resulting in methylene-3-oxazoline 11, first
reported by Hashmi etal. and then used as a standard reaction
when comparing different NHC ligands.”?*! b) Mechanism pro-
posed by Hashmi et al. for the formation of 11!

reaction occurs via nucleophilic attack of the amide carbonyl,
aided by the lone pair of the adjacent nitrogen (Figure 10b)."**)

The authors first considered different coordination binding
modes, both with and without the anion. The n*(m) alkyne
gold(I) complex with hydrogen bonding of the triflimide anion
(H, Figure 11a) was found to be the lowest energy bound
complex at +9.6 kcalmol™ energy higher than the separate
species at the SMD(CHCl;)-PBE0-D3BJ/def2-TZVP,6-311 +
G(d,p)//PBE0-D3BJ/SDD,6-31G(d) level of theory. Other
coordination modes were studied, including O-coordinated
gold species, with (I, Figure 11b) and without deprotonation of
the amide nitrogen (J and K, Figure 11b), however these
complexes were much higher in energy.

Considering again the gold(I) alkyne complex with hydro-
gen bonding anion (H), transition states for the possible
cyclisations were found (Figure 12). 5-exo-dig cyclisation (L)
was calculated to be energetically preferred over 6-endo-dig
cyclisation (M) by  4.6kcalmol™’  (+16.1  vs
+20.7 kcalmol™"), which was consistent with the experimen-
tally observed outcome.

When gold(I)-coordination was considered without the
anion, the energy of the intermediate was greatly increased at
+16.7 kcalmol™ (N, Figure 13). Transition states for the
cyclisation of N were; however, higher in energy than the
equivalent triflimide-coordinated transition states, at +25.5
and +27.2 kcalmol ™' for the 5-exo- (0) and 6-endo-dig (P)
cyclisations respectively, strongly suggesting that the triflimide
anion does indeed play an active role in the reaction.

Isr. J. Chem. 2022, €202200033 (5 of 19)
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Figure 11. DFT-calculated structures at the SMD(CHCI;)-PBEO-D3B)/
def2-TZVP,6-311 +G(d,p) //PBEO-D3BJ/SDD,6-31G(d) level of theory.
Energies are Gibbs energies in kcalmol™'. [Aul=IPrAu™. a) Preferred
configuration of gold(l)-coordination to 10. b) Other calculated
configurations of higher energy. [a] States resulting from loss of

HNTF, from 1.
H H
. Au
o j/\[AU] It %{ 1
L L
PMP)\‘ITJ PMP™ "N
H i
NTf, NTf,
L M
+16.1 +20.7

Figure 12. DFT-calculated energies for the transition states of 5-exo-
dig (L) and 6-endo-dig (M) cyclisations of H. Energies are Gibbs
energies at the SMD(CHCl;)-PBEO-D3BJ/def2-TZVP,6-311+ G(d,p)//
PBEO-D3BJ/SDD,6-31G(d) level of theory in kcalmol™ with G as the
reference point. [Aul=IPrAu*. PMP = p-methoxyphenhyl.

Whilst the cyclised oxazoline intermediate (Q, Figure 14a)
is calculated to be lower in energy than H, the calculated
energies when neutral triflimide has dissociated (R) are
significantly higher at + 19 kcalmol ', prompting further DFT
studies on the possible proton-migration processes.

Following reports that water clusters can aid in proton
transfer,”"! the possibility of a water-assisted mechanism was
considered for the protiodemetallation, however, the calcula-
tions predicted this to be higher in energy. Generation of the
protonated product T and vinyl-gold species S by participation
of the basic nitrogen of oxazole ring in the product was
therefore also considered (Figure 15). Transition state TSqg (+
10.4 kcalmol™") was found at a much lower energy than the
triflimide-promoted pathway. The transition state of protiode-
metallation was then calculated as TSg;, (+13.7 kcalmol ™)
resulting in two units of the product 11. Overall, this process
was calculated to be lower in energy than the equivalent
triflimide anion-assisted process, with the rate-limiting step

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Figure 13. DFT-calculated structures at the SMD(CHCI;)—PBEO-
D3B)/def2-TZVP,6-311+ G (d,p)//PBEO-D3BJ/SDD,6-31G(d) level of
theory. Energies are Gibbs energies in kcalmol™". [Au]=IPrAu®. a)
lon-separated-coordination of Au(l) to 10. b) Transition states
energies of 5-exo-dig (O) and 6-endo-dig (P) cyclisations of N.
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Figure 14. DFT-calculated structures at the SMD(CHCl;)-PBEO-D3B)/
def2-TZVP,6-311 4+ G(d,p)//PBEO-D3B/SDD,6-31G(d) level of theory.
Energies are Gibbs energies in kcalmol™'. [Au]=IPrAu®. Energies of
the intermediate gold(l)-oxazoline species, before and after the
removal of triflimide.

predicted to be the initial cyclisation (L) at 16.1 kcalmol ™ in
energy.

The DFT data enabled a catalytic cycle to be proposed
(Figure 16). First, an initiation cycle, in which cyclisation
occurs via a S-exo-dig cyclisation (L) promoted by initial
coordination of the gold(I) NHC complex to propargylic amide
10, with hydrogen bonding of the triflimide anion to the amide
nitrogen (H). A triflimide-assisted proton-migration then
occurs resulting in the product (11). After initiation, an
iterative cycle is predicted to take place, where the oxazole
product (11) deprotonates intermediate Q: this was calculated
to be a lower energy pathway than deprotonation by "NTf,.

The authors demonstrated that coordination of the anion
can be important when discussing reaction mechanisms,
potentially changing the viability of a predicted mechanism. In
this reaction the product itself is predicted to take part in the
catalysis. Product participation in this manner could have a
pronounced effect on the observed kinetics, and without

Isr. J. Chem. 2022, €202200033 (6 of 19)
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Figure 15. DFT-calculated pathway for oxazoline-assisted proton-
migration of Q. Energies are Gibbs energies at the
SMD(CHCI3)—PBE0-D3BJ/def2-TZVP,6-311 + G (d,p)//PBEO-D3B)/
SDD,6-31G(d) level of theory in kcal mol™". [Aul=IPrAu™.
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Figure 16. Catalytic cycle proposed by Ma et al. for propargylic amide
cyclisation. The anion plays a role in the reaction process
throughout. Reproduced with permission from ref[22]. Copyright
2022 Royal Society of Chemistry.
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considering the anion effects, the rationale for this could be
missed.

The handful of papers discussed here only shows a small
subset of the studies within the field of gold(I) chemistry
where anion effects have been studied by computational
chemistry. It is hoped that highlighting these recent examples
brings to light the importance of considering the anion when
beginning to study a process theoretically. Ligand, substrate,
anion, and solvent all should be considered, with the studies
herein demonstrating that ion pairing is more notable in less
polar solvents, with coordination then present often in areas of
greater positive charge density, and through hydrogen bonding
of substrates.

3. Using DFT to Explore the Regioselectivity and
Coordination in Gold(l) Catalysis

DFT has been used extensively to provide evidence and
understanding to observed experimental results, with a view
that by understanding reaction mechanism, then improvements
or further development can then take place. This has been
useful in gold chemistry, in the study of reaction regioselectiv-
ity, due to either carbon atom of the gold-coordinated
unsaturated C—C bond being potential options for nucleophilic
attack.

Amongst the simplest gold-catalysed reactions of alkenes
and alkynes, are their hydration and hydroamination reactions,
which typically progress via Markovnikov addition. However,
methodologies are being published which accomplish the less-
common anti-Markovnikov addition.

Timmerman et al. reported a gold(I)-catalysed hydroami-
nation reaction of alkylidenecyclopropanes 13 (ACP) deriva-
tives which resulted in the anti-Markovnikov addition of
imidazolidone 14 (Figure 17).! Couce-Rios and co-authors
used DFT to explore the origins of the observed
regioselectivity.*®

First, DFT was used to calculate the energies of the
intermediates and transition states for the proposed mecha-
nism, using the n*(m) gold(I)-coordinated benzyl-substituted

Me

N
R2 O [(L)AUNCCHg)ISbFs g2 O j
.M (5 mol%) N
— HN” “NMe — - e
R3 \/ dioxane, 80 °C, 18 hr R3

R’ R’

13 14 15

13 examples

PCY2

Figure 17. Gold(l)-catalysed hydroamination of ACP derivatives 13
with 1-methyl-imidazolidin-2-one 14 as reported by Timmerman
et al.”!

63-93%, 7:1 to > 25:1
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ACP derivative (U) as the reference compound. Energies
(calculated at the M06/6-31G(d,p)&SDD(¥) level of theory) of
+21.7 and +21.0 kcalmol ™!, were calculated for the transition
states of Markovnikov (TSyw) and anti-Markovnikov (TSyy)
addition respectively (Figure 18).

When considering the relative energy difference between
pathways, it is important to note that due to the logarithmic
relationship between the calculated energy and both the
equilibrium and rate constants, a small difference in energy
can contribute to a significant difference in the predicted
outcome.” In this instance, whilst the calculated energies of
the transition states are similar, and a mixture of products
might be predicted, the formation of 15 was seen predom-
inantly via lower energy transition state TSy,, highlighting the
need to consider both the experiments and calculations
together.

The energies for the possible protiodemetallation pathways
were also calculated, which suggested that the initial
nucleophilic addition was the rate-determining step. The
height of the energy barriers is consistent with the elevated
temperature required for these reactions to occur.

Next, alkenes bearing various substituents were considered
to compare the geometries of the 1*(m)-alkene gold(I) complex
and the transition state energies for Markovnikov and anti-
Markovnikov addition (Table 2). These data were then
compared to the experimental results where available. It
should be noted that all the calculations use CyJohnPhos (L1)
as the ligand, however the experimental results of ethylene,
styrene and isobutene were only available for TrixiePhos
(L2).”® Most of the experimental results match the predicted
outcomes.”* Alkenes 16a, 16e, 16g and 16h proceeded with
Markovnikov addition, and alkene 16f is the previously
discussed benzyl-substituted ACP derivative, which occurred

t
° NMe

H.

N2 14 ;
)>—|: ® 0
; Ag® | 1A

(0]
HN)kNMe
-/
+

Bn [Alu]
Bn
+21.7 +21.0

; (ot
NMe
(6]
P [
Bl [y [Au]
w \'
+13.5 +20.2

Figure 18. DFT-calculated transition state energies for Markovnikov
and anti-Markovnikov addition into gold(l)-coordinated ACP U.
Energies are Gibbs energies in kcalmol™ at 298 K, calculated at the
M06/6-31G(d,p)&SDD(f) level of theory with SMD solvent correc-
tion in 1,4-dioxane.
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Table 2. Transition state energies for Markovnikov (AG,,") and anti-
Markovnikov (AG,,,") addition of 14 catalysed by (L1)Au*, and
geometrical parameters for the initial n?(1r)-alkene gold(l) com-
plexes. All data were computed at the M06/6-31G(d,p)&SDD(f) level
of theory.

O
) SR Wt
Conditions 1: k/ R1R2

R? [(L1)Au(NCCH3)]SbFg (5 mol%)
16 dioxane, 80 °C 17
+
JZ) Conditions 2: o +
~ L2)AuClI (5 mol%
N (L2) ( 0) \N/(

L NH AgSbFs (5 mol%)

. N
dioxane, 100 °C
14 ~ ;\rRZ

18

0
PBu,

Substrate  AG,*/ AG,uF/ AAGT/ di— 17:18
kcalmol™  kcalmol™  kcalmol™  d,)/A  Ratio
H H
= 1154 - —0.002 100:08
H H
16a
FiC  H
)= 4232 +8.1 +15.1 0.007 -
FsC H
16b
H H
= 1190 +10.6 +8.4 —0.002 -
FsC  H
16c
Me H
>—<_ +23.5 +16.1 +7.4 —0.105 -
F:C  H
16d
Ph H
>:< +21.4 +19.4 +2.0 —0.154 100:0
H H
16e
Bn H
M +21.7 +21.0 +0.7 —0.119 0:100"
H
16f
Me H
= 4204 274 ~7.0 ~0.257 100:0¢
Me H
16g
H
<>=< +20.0 +27.3 -73 —0.256 100:0¢
H

16h

[a] dy =Au—Ciermina distance; d; = Au—Ci,rmar distance. [b] Conditions
1 were used. [c] Conditions 2 were used. [d] Conditions 1 were used
at 100°C.

with anti-Markovnikov addition. Styrene (16e) was the only
example which the experimental outcome doesn’t match the
predicted outcome.
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A trend was observed in which the energy difference
between the Markovnikov and anti-Markovnikov addition
could be related to the degree that the gold(I) catalyst has
slipped across the alkene (Figure 19). Additional work by the
group showed that strain from the disfavoured addition was
significantly higher than the favoured addition, which further
highlighted the importance of the initial geometry of the gold-
coordinated alkene.

A similar substituent-directed effect was studied in the
gold(I)-catalysed cyclisation of B-yne furans, reported by
Dong et al, as a method to make cyclohexafuran and
cycloheptafuran derivatives.”” The cycloheptafuran skeleton
is found in natural products,”” but their synthesis is challeng-
ing using conventional methods.

With B-yne furans (e.g. 19), nucleophilic attack can take
place into the n*(m)-alkyne gold(I)-coordinated complex (Fig-
ure 20), either through a 6-exo cyclisation (19—22) resulting
in cyclohexafuran species 23, or alternatively, attack can occur
on the other carbon via a 7-endo cyclisation (19—20), giving
cycloheptafuran derivatives 21.

Typically, cyclohexafuran analogues are formed when
reacting B-yne furans with transition metal catalysts (Fig-
ure 21a).°" However, it was proposed by Dong efal. that
tuning the electronic properties of the alkyne may allow for
better control of the regioselectivity. Using internal alkyne 26,
it was possible to optimise for the formation of the desired
cycloheptafuran product 27 using gold(I) catalysis (Fig-
ure 21b).

To explore the mechanism using DFT (at the B3LYP/SDD-
6-31G(d) level of theory), transition states for the 7-endo
(TSxy) and 6-exo (TSxz) pathways were calculated (Fig-
ure 22), from n’(n)-alkyne gold(I) complex X, for different

0.05
R?=0.91

0.00

-0.05 4

< -0.10
«
i . 1
1'; -0.15 anti-Markovnikov
-0.20
Au
dJ/ \!\dz R'
-0.25 P
7 _ =
Markovnikov
-0.30 : ! . - . .
-10 5 0 5 10 15 20

AAG? (kcal mol™)

Figure 19. Plot of the difference in transition state energy between
Markovnikov and anti-Markovnikov addition (AAG=) against the
difference in distance of the gold centre from the terminal (d;) and
internal (d,) carbons. Values refer to the entries in Table 2. Adapted
with permission from ref[26]. Copyright 2019 American Chemical
Society.
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Figure 20. Proposed 6-exo and 7-endo cyclisations of B-yne furan
derivative 19.

a)
0
| ) (L3AU(NCCMe)SbFg (1 mol%) | 0
— DCM, 18 °C, 5 min 0
0
24 25, quant.
b) . 0
;T \ |
TsN /0 (L3AU(NCCMe)SbFg (5 mol%)
\_Q DME, RT, 3 hr N
Ts
26 PRy 27,90%
2

Figure 21. Synthesis of cyclohexafuran 20 as reported by Menon
et al. in their total synthesis of furansesquiterpenes.?'¥ b) Optimised
conditions for the 7-endo-dig cyclisation of B-yne furan 21.

substituents. This was successful at matching the experimental
outcomes, with the terminal alkyne favouring the 6-exo
transition state by 2.3 kcalmol™', and the methyl- and phenyl-
substituted pathways favouring the 7-endo transition state by
3.1 and 4.8 kcalmol™' respectively.

To determine the reasons between the difference in
reaction outcome, natural population analysis (NPA) was used
to compare the charges of the alkyne carbon atoms. This
demonstrated that the different alkyne substituents affected the
charge density of the alkyne, with nucleophilic attack then
occurring onto the most ‘positively’ charged carbon of the
alkyne. This then highlighted further ways the scope of the
reaction could be expanded (Figure 23).

Firstly, introduction of a ketone on the tether to make an
internal ynone moiety 28 still resulted in formation of the
cycloheptafuran product 29, which was proposed to be due to
the synergistic effects of the substituents. Secondly, the
calculations highlighted that substituting the alkyne with an
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Figure 22. DFT-calculated energies for 6-exo and 7-endo cyclisation
of B-yne furans. Energies are Gibbs energies at 298 K in kcalmol™" at
the B3LYP/SDD-6-31G(d) level of theory. Calculated NPA charges for
the alkyne carbons of X are given. L=PMe;. Reproduced with
permission from ref [29]. Copyright 2013 Wiley-VCH.

o) Ph o
——Ph < )
/=0 (L3AU(NCCMe)SbFg (5 mol%)
— DME, RT, 2 hr o
28 29, 93%
CO,Me
/—==—CO,Me |
TsN /=0 (L3AU(NCCMe)SbFg (5 mol%) | 0
\_Q DME, RT, 4 hr TsN J
30 31, 92%
o)
TsN o (L3Au(NCCMe)SbFg (5 mol%) \
\_C TsN
= DME, RT, 20 hr
32 PlBu, 33,47%

Figure 23. Additional reactions to explore the substrate scope
following the DFT analysis.

ester functionality (30) would promote formation of the 6-exo
products, which was observed experimentally (31). Finally, by
extending the tether (32), 7-exo cyclisation could be achieved

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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O| LAu\
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Ph Z Ph
34 Ph™ " AAg

¥ R® | TR L R
AuL |= =
X N\ N\
N N N
H H H
AC,R=H 35, R=H 35 R=H
AD, R = Me 36, R=Me 36, R=Me
34+AC =0 AA3, + 35, = +12 ABj34 + 35, = +18
34+AD= 0 AAz, + 36, = +8 ABg, + 36, = +14
Figure 24. Energies are Gibbs energies at 298.15K at the

D3(B))—PBEO/def2-TZVPP//BP86/SV(P) level of theory with COSMO
solvent correction in toluene. Energies are in k| mol™". L=PPh;.

with terminal alkynes (33). This highlights well the power of
DFT to inform new directions for synthesis.

In our own groups, we have used DFT to explore the
selectivity of gold(I) coordination in a study exploring the
formation of 3-vinylindole species using alkynes with elec-
tron-withdrawing functionalities." First, the relative energy
difference between coordination to indoles (35 and 36) and
ynone (34) species were compared (Figure 24). Coordination
to both the ketone (AA) and alkyne (AB) of the ynone was
considered. It was found that the indole gold(I)-coordinated
species (AC and AD) was calculated to be the lowest energy-
binding mode (at the D3(BJ)-PBEO/def2-TZVPP//BP86/SV(P)
level of theory), followed by n'(O)-binding (412 and
+8kJImol™" for indole and skatole respectively), with 1*(m)-
binding being the highest (+ 18 and + 14 kJmol™" for indole
35 and skatole 36 respectively).

Due to the ability of the gold cation to coordinate to either
the carbonyl or the alkyne, further calculations were performed
to compare the affinity of the gold in a range of carbonyl-
substituted alkynes (Figure 25a). Esters and amides were
considered, both with and without a strong electron-donating
substituent on the aryl group. *'P{'H} NMR spectra were then
recorded with a 2:1 substrate to gold ratio (Figure 25b), and
by comparing the chemical shifts observed with two reference
species (DMF and an unsymmetrical bis-aryl alkyne, Fig-
ure 25c), conclusions were able to be made regarding the
assignments of the resonances.

Coordination to the carbonyl was predicted to be favoured
with amide 38, and the resonance observed was consistent
with the DMF reference (e.g. spectra (7) and (3)), at dp 29.7.
Esters (40 and 41) were predicted to favour alkyne coordina-
tion and whilst ester 40 showed no evidence of coordination in
NMR spectrum (5), a resonance at d, 35.8 was observed with
the ester 41, bearing an electron-donating 4-NMe,-substitutent,
consistent with coordination to the alkyne (e. g. spectra (4) and
(2)). 4-NMe,-substituted amide 39 was predicted to show
coordination to both the carbonyl and alkyne, with both
resonances indeed observed (spectrum (6)).
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37 Me NMe, -1
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(b)
[Au(NTf,)(PPh,)], Tol + 38
A (7)
[Au(NTf,)(PPh,)], Tol + 39 l
1 AN

[AU(NTf,)(PPh,)], Tol + 40
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) @)
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Figure 25. a) Isodesmic reaction used to compare n'(0)-binding and
n’(m)-binding of substituted alkynes. Energies are Gibbs energies at
298.15 K at the in D3(BJ)—PBEO/def2-TZVPP//BP86/SV(P) level of
theory with COSMO solvent correction in CH,Cl,. b) *'P{"H} NMR
spectra in  CD,Cl, showing the interaction between
[(PPh;)AuNTf,],.Tol and different substrates at a 2:1 substrate to
gold ratio. c) Proposed n'(O)-binding and n’(m)-binding for DMF
and PhC,C¢H,—4NMe, respectively.
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Figure 26. Isodesmic reaction used to calculate gold affinity for
substituted alkynes. Energies are Gibbs energies at 298.15 K at the
D3(BJ)—PBEO/def2-TZVPP//BP86/SV (P) level of theory with COSMO

solvent correction in CH,Cl, (top). Linear free energy relationship
between the calculated change in energy and the Hammett
parameter, 0,. Dashed line shows the fit to a least mean squares

linear regression (R*=0.92) (bottom).
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Figure 27.°'P{"H} NMR spectra in CD,Cl, showing the interaction
between [(PPh;)AuNTf,],.Tol and different ynones at a 10:1 substrate

to gold ratio.

The effects of substitution on the aryl group were also
considered, and the isodesmic reaction between n*(m)-coordi-
nated alkyne AB;, and uncoordinated alkynes with both
electron-donating and withdrawing groups were considered. A
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Figure 28. Formation of pyrylium salt 45 from the dimerisation of

ynone 37.
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Figure 29. DFT-calculated pathways of gold-mediated ynone dimer-

isation. Energies are Gibbs energies at 298.15 K in kJmol™" at the
D3(BJ)—PBEQ/def2-TZVPP//BP86/SV(P) level of theory with solvent

correction in CH,Cl,.
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Figure 30. Gold-catalysed transposition reaction of ynone 46.

Hammett plot of the energy difference demonstrated a strong
substituent effect on the nature of the equilibrium (Figure 26).

*'P{'H} NMR spectra were recorded with a large excess of
substrate (10:1 substrate to gold ratio, Figure27) which
supported the DFT-predicted enhanced gold affinity for
electron-rich alkynes. The NMR spectra with 4-Br substituted
ynone 43 and unsubstituted ynone 34 showed a large amount
of remaining uncoordinated catalyst (e.g. spectra (4), (5) and
(1)). Ynone 34 (spectrum (5)) did show a series of new
resonances in the region between &, 40 and 45. The 4-OMe
substituted ynone 42 showed full coordination of the gold
catalyst but as before a complex set of resonances were again
observed (spectrum (3)).

Considering the NMR spectrum of 4-NMe,-substituted
ynone 37 (spectrum (2)), only a single sharp resonance at o,
41.9 was present, inconsistent with either carbonyl or alkyne
coordination. Through further NMR and mass spectroscopy
studies, this was assigned as a gold-pyrylium complex (45),
arising from the dimerisation of the ynone (Figure 28).
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Figure 32. Aldehydes used in the further studies.

DFT was used to examine the dimerisation mechanism in
detail (Figure 29). It was proposed that dimerisation occurred
via C-attack of the alkyne of one ynone into the n(m)-
coordinated alkyne of another ynone (TS,¢4s). The calculated
transition state energy for this was +71kJmol™ from
reference state AC. This would then be followed by an
intramolecular O-cyclisation from intermediate AG to afford
the gold-pyrylium complex 45, with an overall energy of
—201 kImol™" for the process. A structure for intermediate
carbocation AG couldn’t be located, suggesting that either
there is a bifurcated pathway from TS,c4s to the pyrylium
complex, or that AG sits in a shallow minimum.

To further explore the dimerisation process, the transition
state for C-attack onto the C2 carbon of the alkyne was found
(TSacap) Which was calculated to be much higher in energy
(4111 kImol™"). Additionally, two transition states were
located for oxo-nucleophilic attack of the carbonyl at + 69
(TSapar) and +93 kJmol™" (TS,par). It was proposed that the
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Figure 31. DFT-calculated energies for the gold-catalysed 1,3 transposition of ynone 46. Energies are Gibbs energies at the TPSS-D3/def2-
TZVP//TPSS-D3/def2-SVP level of theory in kcalmol™" with COSMO solvent correction in CH,Cl,. Reproduced with permission from ref [33].
Copyright 2019 American Chemical Society.
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Figure 34. Transposition reaction using challenging substrate 54.
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Figure 35. Gold(l)-catalysed 1,2-haloalkynylation reactions of haloal-
kynes, alkynes and alkenes.

strong thermodynamic driving force for the formation of the
pyrylium complex causes its irreversible formation.

Additional calculations were done to compare the energies
of the transition states and intermediates for the lowest energy
additions of both C- and O-attack, for both the unsubstituted
(34) and 4-OMe-substituted ynones (42). In contrast to the 4-
NMe,-substituted ynone, O-attack was calculated to be the
lowest energy transition state for both substrates, and it was
proposed that the lack of selectivity observed in the NMR
spectra (Figure 27) discussed originated from side-reactions of
AE. The effect of the ligand was also explored; however, this
was predicted to have little to no effect on the experimental
outcomes.

In 2018, Aikonen and co-workers studied the gold-
catalysed 1,3-O-transpoisition of ynones (Figure 30).* Initial
kinetic studies highlighted that there was an order in 46 of 1.5
and a small order of 0.15 for 47, thus two ynone molecules are
required in the rate-determining step.

An intermolecular mechanism was therefore proposed,
with the energies calculated using DFT (at the TPSS-D3/def2-
TZVP//TPSS-D3/def2-SVP level of theory, Figure 31),
which O-attack of the carbonyl of one ynone, into the n(m)-
coordinated alkyne of another ynone occurs with a calculated
energy of +13.5 kcalmol™' (TS,pa1), followed by a low
energy transition state of 4 7.3 kcalmol™' for intramolecular
cyclisation (TS,;4;) to form cyclic acetal complex AJ. This
process then happens in reverse, with the overall reaction
yielding an unchanged ynone, and one in which the position of
the carbonyl has changed.

It was noted that the carbonyl of the uncoordinated ynone
acts as a nucleophile, so studies were performed to see if using
an electron-rich aldehyde can increase the rate of reaction. A
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Figure 36. C-labelling experiments of 1,2-haloalkynylation reactions. The red circled atoms denote "C-labelled atoms. [Au]®
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Figure 37. DFT-calculated energies for the initial nucleophilic attack
in gold(l)-coordinated alkyne. Energies are Gibbs energies in
kcalmol™' at the B3LYP-D3B)//6-311+ +G(d,p),def2TZVP//B3LYP-
D3B)/6-31G(d),def2-TZVP level of theory with SMD solvent correc-
tion in DCE. [Au]=JohnPhosAu™.
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range of substituted aldehydes (Figure 32) were tested exper-
imentally, and it was shown that the aldehyde did have a
marked effect on the reaction rate, with benzaldehydes bearing
electron-donating functionalities in conjugation with the
aldehyde showing the greatest increase in reaction rate.

The DFT-calculated energies of the highest transition state
barriers (TS ya; and TS,xar) Were compared to the n(m)-
coordinated alkyne AH and the cyclic acetal complex AJ, for
the different additives (Figure 33). This showed a difference in
the transition state energies that correlated with the exper-
imental rate differences, with aldehyde 52 showing the largest
energy decrease for transition state TS yya;-

Furthermore, the energy of the transition state for loss of
aldehyde (TS,kar), was calculated to be higher when
pivaldehyde 53 was used (422kcalmol™') suggesting a
greater kinetic stability for the cyclic acetal intermediate.
When the transposition reaction was done with 53 at 15°C, the
characterisation of the cyclic acetal intermediate was possible
by recording 'H and 2D NMR spectra at 15°C and 0°C
respectively.

Additionally, using this improved methodology allowed for
a challenging transposition reaction with terminal alkyne 54
(Figure 34). A marked improvement in the NMR yield of 55
was observed, from 11 % to 69 %, with fewer side products.

Recent work published by Kreuzahler and Haberhauer,'
explored the mechanism of the gold(I)-catalysed 1,2-haloalky-
nylation reactions of haloalkynes,® alkynes® and
alkenes®**?  (Figure 35) using DFT and "“C-labelling, to
compare previously proposed mechanisms.

C-labelling experiments (Figure 36) determined that in
the 1,2-haloalkynylation of internal alkyne 67, the '*C-labelled

34]
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Figure 39. DFT-calculated energies for the initial nucleophilic attack
in gold(l)-coordinated alkyne with isobutene. Energies are Gibbs
energies in  kcalmol™ at the B3LYP-D3BJ//6-311+ +G-
(d,p),def2TZVP//B3LYP-D3B)/6-31G(d),def2-TZVP level of theory
with SMD solvent correction in DCE. [Au]=JohnPhosAu™.

atom was heavily biased to be closest to the aryl group in both
alkyne products 68 (with chlorophenylacetylene 66) and 70
(with bromophenylacetylene 69). Further work which studied
the dimerisation reactions of 66 and 69 showed a much less
biased distribution of '’C-labelled atoms, and the 1,2-
haloalkylation reaction with alkene 73 showed a single product
(74). 1t was proposed that the selectivity was determined
during the initial step and the observed distribution was related
to the relative transition state energies.

Ist. J. Chem. 2022, €202200033 (15 of 19)

Initially, the energies of the transition states from both sites
of possible nucleophilic attack of an alkyne into the n(m)-
alkyne gold(I) complex were calculated (Figure 37). A range
of alkynes were considered and, in each case, route B was
significantly lower in energy than route A (7.0-7.4 kcalmol %),
corresponding to preferential attack adjacent to the aryl group
of the gold(I)-coordinated alkyne (TS nsp). Due to the large
difference in energies between the two transition states, only a
single product isomer of 68, 70, 71 and 72 would be expected,
if the initial nucleophilic step was key as initially proposed,
therefore, the reactivity of carbocation AP and AQ was
considered. Herein only carbocation AP, from the lowest
energy pathway will be discussed.

Considering vinyl cation AP (Figure 38), a transition state
for the formation of bicyclic indene complex AU was found,
however this pathway was predicted to be 8.3 kcalmol™ in
energy higher than the formation of chloronium complex AR.
This complex can then form enyne AS’ via direct phenyl
migration  TS,pagy, Or  alternatively, via  unusual
cyclopropenylmethyl cation AT (discussed further in the
paper), which facilitates an alkyl-migration via transition state
TS uras to also yield enyne AS, with the *C-labelled carbon in
a different position. These two pathways are predicted to differ
only by an energy of 1.0kcalmol™' and therefore both
pathways could be expected to be followed. It should be
highlighted here that no direct experimental outcome can be
compared as 1-phenyl-1-propyne was used as a model
substrate.

A similar series of calculations were performed for the
addition of isobutene into chlorophenylacetylene 66. Again,
both possible transition states were considered for the initial

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.



Review

route B7
®
TS Ph g
AWBB
A
195 [Au]
Cl
Ph ®
[Au]
" TSavaz
AY -0.3
-3.5
Ph o cl
®
[Au] Cl
Ph
BB [AU]
—-22.6
Ph%l
[Au]

Ph

Israel Journal

of Chemistry
route B2
Ph @ Cl
1’*% ol
(AUl TSpzpp
w707 O 0 A]
' TSazea'
L he--mTTTT 436
AZ : ;
17 \ “.
Cl
® , \
[Au] —
BA BA'
-25.0 —25.0
cl f
Ph—;’—% Ph—@=
1
(Au® (Au®

Figure 40. DFT-calculated energies of possible reaction routes from AW. Energies are Gibbs energies in kcal mol ™' at the B3LYP-D3B)//6-311 +
+G(d,p),def2TZVP//B3LYP-D3B)/6-31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au]=JohnPhosAu™.

nucleophilic attack in to the n*(r)-alkyne gold(I)-coordinated
complex (Figure 39), with addition into the alkyne directly
next to the aryl group predicted to be favoured by
6.3 kcalmol ™' via transition state TS yaw. The authors consid-
ered the reactivity of carbocation AW and AX, however, only
carbocation AW, from the lowest energy pathway will be
discussed here.

The fate of carbocation AW was considered (Figure 40). A
transition state for a cyclisation was found (TS ywgg) but this
was calculated to be 18.1 kcalmol ™! higher in energy than the
transition state for chlorine migration (TS way). The resulting
chloronium cation (AY) can then further migrate to gold(I)-
vinylidene complex AZ via low-lying transition state TS,y.z
(—0.3 kcalmol ' from carbocation AY). From vinylidene
complex AZ, either an aryl (TS,zga) or alkyl (TSazga)
migration can take place, but the transition state energy for
aryl migration is lower by 7.1 kcalmol ™', so it was proposed
that this was the only accessible pathway. This results in
alkyne product BA’ which matches the experimentally
observed position of the *C-labelled atom.

With the key transition states that control the position of
BC-labelled atom of the haloalkynylation reaction now known,
substituent effects were then considered (Figure 41). The
transition states TS,pasd and TS,pasd were found to only
have a 0.6 kcalmol ™' difference in energy when the p-meth-
oxy-substituted alkyne (d in Figure 41) was investigated. This
alkyne was selected as an analogue of 67 to directly compare
the experimental outcome (Figure 36) more accurately. The
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gold(I)-catalysed dimerisation of chlorophenylacetylene 66
was considered, and a 1.9 kcalmol™' energy difference
between routes B2 and B1, in favour of route B1, was found.
This matches the experimentally observed outcome for the
C-labelled position, albeit slightly, with 57% of B-aryl
labelled product 72 formed. When the dimerisation of
bromophenylacetylene 69 was considered, route B1 was again
predicted to be lower in energy by 2.4 kcalmol™'. Whilst it
might be expected that experimentally the ratio of B-aryl
labelled product 72 should increase, instead a 60 % yield of a-
aryl labelled product 72" was achieved, further highlighting
that care must be taken when working with calculated relative
energy differences which are small, with experimental bench-
marking required.

A more significant selectivity effect was observed when
comparing the effect of different ligands on the haloalkynyla-
tion reaction (Figure 42). Using trimethylphosphine instead of
JohnPhos as the gold ligand in the calculations showed a
significant change in the predicted selectivity. For the reaction
of chlorophenylacetylene 66 and 1-methoxy-4-(prop-1-yn-1-
yl)benzene (d and g), the transition state energy for route Bl
using trimethylphosphine (TS gArg) Was increased to be above
that of route B2 (TS rasg) by 1.4 kcalmol™'. Experimentally
(Figure 43), an increased yield of the a-aryl labelled product
68 was observed, more closely matching the DFT-predicted
outcome.

Furthermore, a similar effect was observed with the
dimerisation of chlorophenylacetylene 66. Instead of an energy

© 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.
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Figure 41. DFT-calculated energies of possible reaction routes from
AR, with different reactants. Energies are Gibbs energies in
kcalmol™ at the B3LYP-D3BJ//6-311+ +G(d,p),def2TZVP//B3LYP-
D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correc-
tion in DCE. [Au]=)JohnPhos™.

difference of 1.9 kcalmol™' in favour of route B1 (TS,gar€)
with JohnPhos, the selectivity was reversed and route B2
(TSsrasf) was favoured by an energy difference of
1.6 kcalmol™. Experimentally (Figure 43), rather than a
57:43 ratio of products, a 7:93 ratio was observed, with a
higher amount of "*C-labelling being next to the alkene (71,
matching the DFT-predicted outcome.

4. Summary

Computational chemistry can be an extremely useful tool to
better understand reactions when used correctly, with the
examples detailed herein demonstrating some such uses in
gold(I) catalysis. However, as well as considering the level of
theory used, care must also be taken that what is being
modelled is an accurate description of the experimental
conditions. This includes factors such as using a reasonable
conformation of the molecules, factoring solvation into the
calculations and whether to include the anion in the reaction.

The question of whether to include the anion from the
gold(I) precatalyst in the calculation appears to be best
answered on a case-by-case basis. In non-polar solvents, ion
separation is not as pronounced, so a consideration of anion
effects is particularly important — typically locating this in
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f, X =Y =Cl, Ar = Ph, [Au] = PMe;Au*
d, X =Cl, Y = Me, Ar = p-CgH,-OMe, [Au] = JohnPhosAu™*
g, X=Cl, Y = Me, Ar = p-CgH,-OMe, [Au] = PMesAu*

Figure 42. DFT-calculated energies of possible reaction routes from
AR, with different ligands. Energies are Gibbs energies in kcal mol™
at the B3LYP-D3BJ//6-311+ +G(d,p),def2TZVP//B3LYP-D3B)/6-
31G(d),def2-TZVP level of theory with SMD solvent correction in
DCE.
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Figure 43. Reactions comparing the "C-labelling of 1,2-haloalkynyla-
tion reactions using JohnPhosAu™ and PMe;Au™. Ar=C¢H,-4-OMe.

areas where a positive charge is localised or in positions that
hydrogen-bonding can occur. If the reaction modelled directly
involves groups where hydrogen-bonding is possible, alcohols
or amines for example, then the anion could potentially have a
pronounced effect on the observed energies calculated. In
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these cases, then it is proposed that the anion should be
modelled explicitly, especially if the DFT model does not
agree with experiment. In the case of close-contact ion-pairs,
then additional evidence may need to be gathered to determine
the topology of the ensemble.

Using DFT to explore the selectivity of gold(I)-catalysed
reactions is a natural fit due to the often-unsymmetrical nature
of the unsaturated C—C bonds which gold chemistry is famed
for activating. The regioselectivity can often be accurately
predicted by DFT, which can then lead to the development of
new substrates or different ligands to see if the selectivity can
be improved or altered. Therefore, care must be taken to
ensure that over-analysis of small-energy differences does not
contradict the experimental outcomes.

Benchmarking the DFT results with comparison to the
experiment is key to ensure that the model used is an accurate
description. Utilising methods such as NMR spectroscopy and
in situ IR to monitor reactions in progress could provide the
evidence which helps verify the model used. Additionally,
exploring the kinetic profile of the reaction and comparing
with the calculated transition-state energies is also important.
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