Open Access Article. Published on 19 January 2023. Downloaded on 3/8/2026 8:53:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 2896

Received 3rd October 2022
Accepted 5th January 2023

DOI: 10.1039/d2ra06210k

rsc.li/rsc-advances

Introduction

Impact of counteranions on N-heterocyclic
carbene gold(i)-catalyzed cyclization of propargylic
amides

Hafiz Saqib Ali,? Ageel A. Hussein © *° and Mohammed Obies & ¢

N-Heterocyclic carbene (NHC) Au()-catalyzed organic synthesis has recently been receiving increasing
attention, especially with the activation of alkynes. In contrast, counteranions, being widely problematic
in Au()-catalyzed transformations, are commonly considered as innocent partners and are not
respectably included in a computational model. Herein, we report density functional theory (DFT)
investigations of the Au(i)-catalyzed cyclization of propargylic amides to exploit the mechanistic effect of
several counteranions to shed some light for further future developments. Among the counteranions
used in this study, NTf,”, ClO4~, TsO~, TFA™, TfO™, MsO™~, and SbFg~, both the cyclization and
protodeauration step favor the 5-exo-dig product over the 6-endo-dig product when the alkyne moiety
is terminated with hydrogen. These anions reveal a crucial influence on the energy profile through
lowering the barriers of the reaction. Mechanistically, the results obtained from all counteranions show
that the protodeauration is slower than the cyclization. By using an energetic span model, the results
clearly indicate that the rate-determining state is the protodeauration step for all counteranions, and
thus protodeauration is the turnover-limiting step. The turnover frequency (TOF) results for the
formation of the 5-exo-dig product show cyclization reactivity in the order of MsO™ > TFA™ > ClO4™ >
NTf,” > TfO™ > TsO™ > SbFg~, whereas an order of TFA™ > MsO~ > NTf,” > TfO™ = ClO4 > SbFg~
3> TsO™ is calculated for the protodeauration, suggesting that SbFg™ and TsO™ are disfavored due to
their slow protodeauration. In this regard, and for the 6-endo-dig pathway, our conclusions demonstrate
an order of TfO™ > TFA™ > MsO™ > NTf,” > ClO4,~ > TsO™ >> SbFg for the cyclization and TFA™ >
TsO™ > MsO™ > TfO™ > NTf,” > ClO4~ >> SbFe for the protodeauration, advocating that the anions
SbFg™, NTf,~ and ClO4  are unlikely partners for the 6-endo-dig pathway because of their slow
protodeauration. Finally, the findings here advise that any engineering of the counteranion to increase
the efficiency of catalytic system would be more effective on the protodeauration step rather than the
cyclization step.

oxygen-based (OTs™, OMs ™, OTf, TFA™, ClO, "), nitrogen-based
(NTf,"), carbon-based (CN~ and CTf; "), boron-based (BF,~ and

Gold(r) catalysis has been become an important synthetic
methodology,’” and N-heterocyclic carbene (NHC)-gold()
complexes have been shown to be an elegant combination®™®
for activation of alkynes or alkenes to access a plethora of
organic transformations.”*>" Gold(1) catalysis always requires
optimization of the counteranions.”” For example, among the
diverse range of counteranions, halides (Cl™, Br, and I'),
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B(CeF5), ), and fluorinated (SbFs~ and PFs ) counteranions
have been employed extensively.”® However, OTf , SbFs , and
NTf,” are the most commonly used counteranions in gold-
catalyzed transformations owing to their high stability and
low price.?*2* Mechanistically, Au(i) catalysis in general involves
association/dissociation of the counteranions from the cationic
gold center, but this process is affected by the polarity of the
solvents. On one hand, low dielectric constant solvents make
the gold catalyst exist as a contact ion pair,***® accordingly
playing an essential role in the reaction pathway.** On the other
hand, a dissociated ion pair due to the solvation around the ion
may exist in the presence of high dielectric constant solvents,
resulting in a negligible impact on the catalytic mechanism
pathway.>*** In this regard, it has been reported that the pres-
ence of peculiar functional groups in the solvent regulates and
impacts the gold catalysis steps, ie., the nucleophilic attack,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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protodeauration steps, or coordination with the cationic gold
center rather than m-coordination of Au(i) with the alkyne/
alkene substrate.**** Additionally, the effect of counteranions
on gold affinity is important since a high affinity for gold with
its counteranion implies a high energy barrier to overcome,
thus preventing the coordination with the alkyne moiety and
therefore impeding the fluency of the catalytic cycle.*® Besides
the affinity, another important factor is the proton transfer in
a reaction. Here, the counteranions are more likely to be
hydrogen-bond acceptors with that proton, so affecting the
overall rate of the reaction and consequently enhancing the
nucleophilicity of the attacking nucleophile, however it may
have a high affinity for gold and thus shut down the catalytic
cycle.*” Moreover, the stability of gold catalysts has been also
reported to be affected by their counterions.**** Therefore,
counteranion selection is very important and the overall effec-
tiveness will be delicately determined by the affinity, hydrogen
bonding basicity and stability of the gold catalyst; however, the
understanding of counteranions is still unclear. Understanding
the total role of these counteranions in a reaction will allow
further industrial optimization and then minimize harsh
conditions and costs accordingly. We were recently interested in
understanding the effect of expanded-ring N-heterocyclic car-
benes on the Au(i)-catalyzed cyclization of propargylic amides by
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Fig. 1 Gold-catalyzed cyclization of propargylic amides 1 via 5-exo-
dig cyclization, showing our recently computed catalytic cycle when
the counteranion is NTf,™ and the NHC ligand (L) is IPr.
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means of density functional theory (DFT) simulations.** Our
results showed that the corresponding catalytic cycle is
composed of four main steps, shown in Fig. 1, namely
complexation, cyclization, deprotonation and protonation/
protodeauration. These steps are greatly facilitated by the
counteranion NTf,” in which the reaction becomes highly dis-
favored when NTf,  is absent. We indicated that the counter-
anion is required to increase the nucleophilicity of the carbonyl
group. Although the proton transfer enabled by NTf,” anion
was seen to be moderately slower than that by product 2, once
the product 2 is formed, the autocatalyzed 2-assisted proton
transfer will dominate the reaction. Recent work reported by
Hammond and Xu on the cyclization of propargylic amides with
JohnPhos-Au-X (X = counteranions) allowed them to ratio-
nalize the kinetic effects of counterions, where high hydrogen-
bond basicity, like with OTf, assists the proton transfer to
accelerate the reaction.’” Since each counteranion behaves
differently, our debate is focused on the kinetic impact of each
anion on cyclization and protodeauration, and therefore how
counteranions affect these steps. More specifically, can coun-
teranions turn the mode of cyclization from 5-exo-dig to 6-endo-
dig in the gold-catalyzed reaction of propargylic amide? Broadly,
can these anions change the rate-determining step for the
reaction shown in Fig. 1? Herein we report the effect of various
counteranions on the NHC Au(i)-catalyzed cyclization and pro-
todeauration steps of propargylic amide based on our recent
DFT-calculated mechanism to obtain deeper insights into this
important transformation from a molecular perspective to
establish an index of reactivity in gold catalysis.*

Results and discussion

In this work, IPr is used as the model ligand and all our
investigations are calculated at the SMD(CHCI;)-PBE0-D3BJ/
def2-TZVP,6-311+G(d,p) level of theory based on solvated opti-
mization calculated at the SMD(CHCI;)-PBE0-D3BJ/SDD,6-
31G(d) level of theory (see computational details). Under the
experimental conditions shown in Fig. 1, the presence of
IPrAuCl with AgNTf, leads to salt metathesis to give IPrAuNTf,
as an active catalyst. In this aspect, the presence of positively
charged IPrAu’ as a “naked” counterion, without its negative
part NTf,, is unlikely due to its tight binding to the key
intermediates and transition states (TSs) through both
hydrogen bonding and direct Au-counterion interaction.*
Some previous computational studies have indicated a small
impact from the anion SbFs~ on calculations of Au(i)-catalyzed
pathways.**~* Initially, the energy profile for one of the selected
counteranions, MsO™, is considered for both the exo and endo
pathways. Fig. 2 shows the energy profile for the Au(i)-catalyzed
5-exo-dig and 6-endo-dig cyclization of propargylic amides 1
when the counteranion is MsO™ and L is IPr. The reaction is
initiated by coordination of the Au center to the alkyne moiety
whereas the counteranion interacts with the amide site in
a slightly endergonic step (1.8 kcal mol %), giving intermediate
Intl_MsO. We showed in our previous work that the deproto-
nation of the amide site by the counteranion is highly dis-
favored, instead strong hydrogen bonding between the

RSC Adv, 2023, 13, 2896-2902 | 2897
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Fig. 2 The Gibbs free energy profile (in kcal mol™) for the Au()-catalyzed 5-exo-dig (right) and 6-endo-dig (left) cyclization of propargylic
amides 1 when the counteranion is MsO~ and L is IPr. The results are calculated at the SMD(CHClz)-PBEOQ-D3BJ/def2-TZVP,6-311+G(d,p)//

SMD(CHClz)-PBEO-D3BJ/SDD,6-31G(d) level of theory at 298.15 K.

counteranion (MsO~) and the amide group drives the cycliza-
tion step.*® The cyclization step, with the counteranion MsO™
involved, proceeds through transition states (TSs) TS1_5ex-
0_MsO or TS1_6endo_MsO to give either the exo or endo
product, respectively. Our results here show that there is
a substantial regioselectivity preference for the exo product. The
exo cyclization through TS TS1_5exo_MsO is approximately
barrierless as an exergonic step of 15.9 kcal mol " (Int1_5ex-
0_MsO). Then, a deprotonation/protodeauration process has to
occur to furnish the product and propagate the catalytic cycle.
Based on our previous observations,*” the deprotonation of the
amide site and protodeauration by the counteranion could
smoothly move inside the solvation shell without a need for the
full dissociation to the discrete species. Thus, the proto-
deauration proceeds through TS TS2_5exo_MsO with a barrier
of 13.1 kecal mol™" as a moderately exergonic step (AG, =
—7 keal mol ™) to furnish the exo product 2exo and regenerate
the catalyst IPrAuOMs to propagate the iterative cycle. Based on
these results we will turn our attention to the impact of other
counteranions (see below).

2898 | RSC Adv, 2023, 13, 2896-2902

Impact of counteranions on mechanistic pathway

The strong binding of the counteranion to the Au center in the
in situ generated reactive catalyst, the key role in the cyclization
and protodeauration steps, and the strong Au-counteranion
interaction in various key species prompted us to investigate the
effects of various counteranions on the overall barrier and
regioselectivity. Generally, the roles of the counteranions are
not well understood and are often neglected in computational
studies, especially when an organometallic species is present or
any of the reagents is ionic. However, recent studies showed
that counterions influence organometallic
transformations.*****° Based on the energy profile shown in
Fig. 2, seven counteranions were examined for both 5-exo and 6-
endo pathways, namely NTf, , ClO,, TsO~, CF;COO™~ (TFA™),
TfO™, MsO ™, and SbF,~ (Fig. 3). These anions were involved in
all of the steps of the reaction pathway: coordination to the
alkyne moiety, cyclization, and protodeauration. Although no
experimental data are available for their basicity in unified
measurement conditions, our calculation shows that their
basicity follows the order of TFA™ > TsO™ > MsO~ > NTf, >
TfO~ > ClO,~ >> SbFqs in chloroform, whereas their Au
affinity follows the order of TFA™ > NTf,” > MsO™ > TsO~ >

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Free energy of barrier (AG") and reaction (AG,) for the cyclization and protodeauration steps for propargylic amide 1 with different
counteranions along the 5-exo-dig (right) and 6-endo-dig (left) pathways at 298.15 K according to Fig. 2. AG,, is the w-complexation energy of

the Au center to the alkyne moiety on propargylic amide 1.

Clo,~ = TfO™ > SbF; (Table ESI1f). According to the
calculated energies, the complexation of the Au center to the
alkyne moiety in 1 has different thermodynamic stabilities for
all counteranions and ranges from ~—18 to ~+5 kcal mol™"
(Fig. 3). On one hand, among all selected anions, anion SbFs
shows the best m-coordination of —18.1 kcal mol " due to its
lowest basicity and consequently providing the highest gold
affinity (Table ESI1t). On the other hand, an endergonic
complexation of +5.6 kcal mol ™' was accounted for NTf,”.
Moreover, the anions MsO~ and TFA™ exhibit slightly ender-
gonic complexation of +1.8 and +2.1 keal mol ™", respectively.
Among these anions, the TsO™ and TfO™ display moderate
exergonic complexation of —3.6 and —4.9 kcal mol?,
respectively.

Based on their behavior, these anions have different effects
on the reaction pathway and the energetic impact on each step
is clearly pronounced, however the regioselectivity is not
changed. The relative free energies of reaction and barriers
along the three steps were examined and are shown in Fig. 3 for
both 5-exo-dig and 6-endo-dig cyclization. A correlation between
the calculated basicity and affinity of each anion with the
calculated barriers for the cyclization and protodeauration is
absent. In this regard, the recent work has also reached the
same conclusions, in which every counteranion behaves
differently, leading to a lack of a perspicuous relationship. The
hydrogen bonding, basicity, and affinity/coordination to Au all

© 2023 The Author(s). Published by the Royal Society of Chemistry

affect the reactivity of gold catalysts.?****%5! Therefore, the need
for a new parameter that determines the strength and behavior
of each anion in an informative index is necessary to under-
stand their reactivity in cationic gold catalysis.

Overall, for all anions the regioselectivity for 5-exo-dig cycli-
zation is substantially preferred over 6-endo-dig cyclization,
except for TfO™ in which the regioselectivity for TfO™ is
0.5 keal mol ™" (Fig. 3). Moreover, for all anions the computed
free energy of barrier and reaction for cyclization and proto-
deauration tend to be preferred for the 5-exo-dig over 6-endo-dig
pathways. This result clearly agrees with the experimental
observations in which the anion does not change the outcome
of the reaction when the alkyne moiety is terminated with
hydrogen rather than other electronic groups.® In a detailed
description of each anion's effect, the four anions TFA™, MsO ™,
NTf,”, and ClO,  exhibit a favorable forward reaction despite
each one of them having a different impact on the energy
barrier and reaction. In particular, the anions TFA™, MsO ", and
ClO,  have relatively lower energy barriers in terms of cycliza-
tion and protodeauration than NTf, . Interestingly, although
the cyclization step with the anions TsO~ and SbFs  proceeds
smoothly and quickly, the protodeauration step is disfavored.
The energy barrier for the protodeauration step for TsO™ is very
slow at 24.2 kcal mol™*, so the backward reaction of the cycli-
zation step is a significant competing pathway. In the case of
SbF¢~, the backward reaction (AG* = 17.7 keal mol ™) is

RSC Adv, 2023, 13, 2896-2902 | 2899


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06210k

Open Access Article. Published on 19 January 2023. Downloaded on 3/8/2026 8:53:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 1 Calculated apparent free energy of activation (in kcal mol™) and turnover frequency (TOF, in h™Y) for 5-exo-dig and 6-endo-dig
cyclization and the corresponding protodeauration step with different counteranions

5-exo-dig pathway

6-endo-dig pathway

Anion SE1 TOF1 dE2 TOF2 dE1 TOF1 dE2 TOF2
NTf, —1.6 3.3 x 10" 14.3 7.4 x 10° 7.8 4.3 x 10" 23 31x10"
Cclo,~ —2.3 1.1 x 108 16.8 1.1 x 10* 8.8 7.9 x 10° 24.2 4.0 x 1072
TsO™ 1.4 2.1 x 10'® 24.2 41 x 1072 13.4 3.4 x 10° 15.6 8.2 x 10*
TFA™ —4.5 4.5 x 10*° 10.2 7.5 x 10° 5.6 1.8 x 10*? 14.6 4.4 x 10°
TfO™ —0.9 1.0 x 10" 16.7 1.3 x 10* 1.5 1.8 x 10" 19.2 1.9 x 10%
MsO™ —5.2 1.5 x 10*° 13.1 5.6 x 10° 8.2 2.2 x 10*° 16.5 1.8 x 10*
SbFs~ 12.8 9.3 x 10° 19.2 1.9 x 10% 23.2 2.2 x10" 27.8 9.4 x107°
preferred over the protodeauration step [AGI = NTf,” > TfO" > TsO~ > SbFs whereas for protodeauration

19.2 keal mol "), Furthermore, notable competition between
the forward and backward direction is seen in the case of TfO™,
where the protodeauration requires 16.7 kcal mol™" to release
the product whereas the backward cyclization step needs
17.2 keal mol .

Furthermore, in order to answer our main concern about
determining the rate-limiting step/state for these anions in
cyclization and protodeauration, the calculated free energy
barriers shown in Fig. 3 for the catalytic cycle shown in Fig. 1 do
not provide a straightforward and informative answer. Thus, to
solve this issue and prove that all of the counteranions used in
this study do not change the rate-limiting state, we turn our
attention to the energetic span model as a more informative
approach than the classical free energy profile.

By using the energetic span model, the catalytic efficiency
and turnover frequency (TOF) of each anion in our theoretically
obtained free energy profile have been considered for all
counteranions through calculating the apparent free energy of
activation, allowing us to determine whether the rate-
determining state (RDS) is cyclization or protodeauration.
This model examines the compatibility of the resulting overall
barrier with the experimental conditions and establishes the
step that is a RDS in a catalytic system.>*** We recently used this
model for determining the turnover-limiting state in the
homogenously Os-catalyzed dihydroxylation of alkene and
successfully predicted it to be the reoxidation step rather than
hydrolysis.*>

This model requires two fundamental terms: the TOF-
determining transition state (TDTS) and the TOF-determining
intermediate (TDI). The calculated catalytic cycle presented in
Fig. 2 shows two states of TDTS, the cyclization (TDTS1, TS1) as
the energetic span 1 (3E1) and protodeauration (TDTS2, TS2) as
the energetic span 2 (3E2) steps. The calculated energetic span
and their TOFs for both cyclization and protodeauration steps
along 5-exo-dig and 6-endo-dig pathways are shown in Table 1.
According to the calculated results, we can clearly see that the
RDS is the protodeauration step rather than the cyclization step
for all counteranions, so protodeauration is the turnover-
limiting state and changing the counteranion would not
change the nature of the RDS.

In comparison between the TOF for 5-exo-dig pathway, the
TOF1 for cyclization follows the order of MsO™ > TFA™ > ClO, >

2900 | RSC Adv, 2023, 13, 2896-2902

(TOF2) the trend has the order of TFA™ > MsO™ > NTf,” > TfO™ =
ClO,” > SbFs~ >> TsO™. Although a considerable gap in TOF
between SbFs~ (TOF = 9.3 x 10° h™') and other anions (ranged
between ~1 x 10°° h™' to ~2 x 10" h™") is seen, this would
suggest that all the anions can facilitate the cyclization, but an
attention must be given to the protodeauration step prior
choosing a counteranion. For instance, protodeauration with the
anion TsO™ (TOF = 4.1 x 10> h™") is disfavored. Similarly, the
anion SbFs~ (TOF = 1.9 x 10> h™") would be also excluded in
comparison with other anions. For the 6-endo-dig pathway, the
TOF1 cyclization has an order of TfO™ > TFA™ > MsO™ > NTf,” >
ClO,” >TsO™ > SbF, whereas for the protodeauration (TOF2)
the order of reactivity is TFA~ > TsO™ > MsO~ > TfO™ > NTf, >
ClO,~ >> SbF . The general trend suggests that the anions
SbF,s~, NTf,  and ClO,  are not preferred. In particular, SbFs~
(TOF = 2.2 x 10~ h™") is unsuitable for cyclization and highly
unlikely for protodeauration (TOF = 9.4 x 10> h™"). In addition,
although the anions NTf,” and ClO, ™ have fast TOF of 4.3 x 10*°
h™' and 7.9 x 10° h™", respectively, in the cyclization step, their
protodeauration is very slow at 3.1 x 10~ h™" and 4.0 x 1072
h™", respectively. In summary, this approach provides us with
a good understanding of the turnover-limiting state and proposes
an index of preferred and unpreferred anions that can be used in
synthetic applications under gold catalysis.

Conclusions

In summary, the effect of counteranions on the mechanism and
regioselectivity of the Au(r)-promoted propargylic amide cycliza-
tion reaction was studied computationally using DFT simula-
tions. Seven counteranions were examined in this reaction to
understand their impact on the reactivity. In this scheme, both
the cyclization and protodeauration step favor the 5-exo-dig
product over 6-endo-dig formation when the alkyne moiety is
terminated with hydrogen rather than other substituents for all
counteranions used in this study. We have previously shown that
a counteranion such as NTf,  has a crucial influence on the
energy profile since it binds tightly to the key intermediates and
TSs through both hydrogen bonding and direct Au-counterion
interaction.® In this work, other counteranions used in gold
catalysis, such as ClO, , TsO~, TFA™, TfO, MsO™, and SbF,
have confirmed our previous findings that these partners lower

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the barriers of reaction and, more importantly, facilitate the
protodeauration step. Regarding the energetic impact, the
counteranions have shown different effects on all steps of the
reaction, m-coordination, cyclization and protodeauration.
However, changing the type of counteranion did not change the
rate-determining step, namely the protodeauration step. The
energetic span model was used to calculate the TOF for each
counteranion, and the results clearly indicated that the RDS is
the protodeauration step for all counteranions, and thus proto-
deauration is the turnover-limiting state. According to this
model, an index of preferred and unpreferred anions was
proposed. According to the calculated TOF for the 5-exo-dig
pathway, the results suggest that SbFs  and TsO are not
preferred due to their slow protodeauration. In this regard, the
reactivity of cyclization was seen to follow the order of MsO™ >
TFA™ > ClO, > NTf,” >TfO™ >TsO > SbFs whereas an order
of TFA~ > MsO™ > NTf,” > TfO™ = ClO, > SbFs >> TsO™ was
calculated for protodeauration step. For the 6-endo-dig pathway,
our calculations advised that the SbF,~, NTf,” and ClO,  are
undesired anions due to their slow protodeauration. Also,
according to the TOF results on the 6-endo-dig pathway the
reactivity of cyclization showed an order of TFO™ > TFA™ >MsO™ >
NTf,” >ClO,” >TsO~ 3> SbFs whereas on the protodeauration
follows the order of TFA™ > TsO™ > MsO™ > TfO™ > NTf, > ClO,~
3> SbFs . Finally, and based on our computed results, we
propose that engineering of the counteranion, especially for the
protodeauration step, can provide a catalytic system with higher
reactivity and selectivity. For example, with weakly basic coun-
teranions, the rate is limited by the protodeauration of the
cyclized intermediate Int2, and extra acid/base additives might
improve the rate. Further engineering of the shape of the coun-
teranion to tune the Au-counteranion interaction and finally
tune the energy profile is also a possible approach to improve
both reactivity and selectivity in gold catalysis.

Computational details

All calculations were performed using Gaussian 16 program®
with default integration grid settings. For geometry optimiza-
tion, the hybrid functional PBEO was used with the SDD*
pseudopotential basis set for Au and the 6-31G(d)***® basis set
for other atoms, in combination with Grimme's D3BJ disper-
sion®® correction during geometry optimization. The solvent
effect of chloroform was included via the SMD implicit solva-
tion model in the optimization calculations using chloroform
as a medium solvent.®* All minimums and TSs were verified by
frequency calculation. Furthermore, single point energy calcu-
lations were done with the def2-TZVP* basis set for Au and 6-
311+G(d,p)®*** for other atoms with SMD solvation/CHCl;.
Gibbs free energies were obtained through thermochemical
corrections derived from vibrational frequencies at 298.15 K
using unscaled frequencies under Grimme's quasi-RRHO
treatment®® at the (SMD/CHCl;)-PBE0-D3B]J/6-31G(d)/SDD
level, and single point energies at the (SMD/CHCI;)-PBEO-
D3BJ/6-311+G(d,p),def2-TZVP level of theory.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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