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ABSTRACT: The concept of diastereoselectivity switch in gold catalysis is investigated,

Specific ligand and counterion

which primarily depends on the effects of ligand and counterion. The origins of gold- IHI . P K
catalyzed post-Ugi ipso-cyclization for the diastereoselective synthesis of spirocyclic pyrrol- L ﬁ|\j P \

o ~ I~ \—
2-one-dienone have been explored with density functional theory calculations. The - )j'o "
reported mechanism emphasized the importance of the cooperation of ligand and s e ]
counterion in diastereoselectivity switch, leading to the stereocontrolling transition states. .. .. .¢ \J"”"%SC .

terion %
Furthermore, the nonbonding interactions primarily between the catalyst and the substrate (‘"‘;:"“ e 9"* -
play a significant role in the cooperation of ligand and counterion. This work would be — DFT insights f\ a
useful to further understand the reaction mechanism of gold-catalyzed cyclization and the A/ J1oiginof :*”\“ =
X . L diastereoselectivity B
effects of ligand and counterion. 7~ =/ || switch 7
N ) 2.Synergistic effect
| by ligand and
- counterion

Bl INTRODUCTION

Spirocycles play an important role in drug discovery and
development owing to their inherent three-dimensionality and
structures.' ~ Furthermore, the preparation of spirocycles in
enantio- and diastereomerically enriched forms is of great
significance in the pharmaceutical industry and materials
science.” Dearomatization is an effective method to synthesize
three-dimensional molecular scaffolds. Dearomatization strat-
egies in a multicomponent fashion often result in complex
heterocyclic scaffolds, which have attracted the attention of the
synthetic organic community due to their great significance in
asymmetric catalysis.”~” Importantly, asymmetric catalysis has
been recognized as the most enabling strategy for accessing
spirocycles in enantio-enriched forms.® Therefore, it is
pertinent to mention that the development of novel post-
MCR (multicomponent reaction) transformations for complex
polycyclic molecular scaffolds is rather significant and
interesting.

Notably, catalyst optimization including gold catalysis is as
frustrating as it is compulsory.'”"" Specifically, ligands have
played a crucial role in advancing homogeneous gold
catalysis.">~'” Alternatively, the metal counterions proved to
be of pivotal importance in impacting both the reaction
mechanism and the regioselectivity of gold-catalyzed trans-
formations.'®™*° On the other hand, most of the approaches
that employ gold complexes as catalytic systems are sustainable
from a green chemistry perspective.”’ Encouraged by these
important results, we further explored the use of gold-catalyzed
dearomatization in the formation of spirocycles for under-
standing the remarkable stereoselectivity.

© 2023 The Authors. Published by
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More importantly, data science and physical organic
chemistry are integral to identifying and understanding the
key connections and patterns hidden within the data and
accelerating our fundamental understanding of chemical
reactions and reactivity.””~>> Nevertheless, Durand and Fey
demonstrated the applications in different aspects of catalyst
design in combination with computational mechanistic studies
and thus describe the process of their journey toward truly
predictive models in the homogeneous organometallic
catalysis.”®

The four-component Ugi reaction is one important platform
for obtaining various precursors for diversity-oriented syn-
thesis.”” The synthesis of bioactive natural products or versatile
synthons via tuning of the gold catalytic system is also
developing fast.”® In 2012, van der Eycken et al. reported a
method for the synthesis of indoxazosin using Ugi products as
reactants followed by gold-catalyzed intramolecular hydro-
formylation, which has a unique diastereoselectivity.”” In more
detail, the Ugi adduct catalyzed by gold results in the final
spiroindoline product, which are the merits of this approach.
Later, they successfully developed an efficient diversity post-
Ugi gold-catalyzed domino cyclization for the synthesis of
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tetracyclic scaffolds, which exhibit good yields as well as full
diastereoselectivity.” Computational experiments have identi-
fied that in such kinds of reactions, counterions play a critical
role in inducing multllple selectivity through a concerted or
cascade mechanism.”*> In 2018, van der Eycken and
coworkers described a gold-catalyzed post-Ugi ipso-cyclization
for the diastereoselective synthesis of spirocyclic pyrrol-2-one-
dienones (Scheme 1).>* Importantly, the diastereoselectivity

Scheme 1. Gold-Catalyzed Post-Ugi Ipso-Cyclization
Described by van der Eycken;*’ [Reproduced from J. Org.
Chem. 2018, 83(15), 8170—8182. Copyright 2018 American
Chemical Society]

Ry

A Au(PPhaicquOTf =
N

Ry
e e
O "N R2 HN
(o]
R

(0]

3
‘I
N-R, BAuJothhoscquan

N
(o]
Rz
HN

switch is modulated by the appropriate catalytic system. The
production of diastereoselectivity is different from chiral
induction, similar to asymmetric synthesis (the interaction
between the initial chiral center and the reaction conditions
results in diastereoselectivity). This novel strategy is useful for
designing and optimizing stereoselective metal-catalyzed trans-
formations.”* The involvement of the diastereoselectivity
switch controlled by the synergistic effect of ligand and
counterlon on gold catalysis has particularly attracted our
attention.”” In gold-catalyzed dearomatization reactions, the
absence of a comprehensive mechanistic understanding has
hindered the rational selectlon of counterions and ligand,
which is still empirical.*® Further mechanistic studies and novel
control experiments are needed for a deeper understanding of
the role of additives in gold catalysis.”” Computational
chemistry has made a sustained contribution to the under-
standing of the detailed reaction mechanism and regioselec-
tivity in organic reactions.’® For example, the transition states
and intermediates contributing to the transformation of
reactants into desired and undesired products can now be

determined, including their geometries, energies, charges,
etc.””™" Here, density functional theory computations are
carried out to further understand the origin of the
diastereoselectivity sw1tch in gold-catalyzed post-Ugi ipso-
cyclization (Scheme 1),** and a relevant mechanism diagram
(Scheme 2) is revealed through theoretical calculations.

B COMPUTATIONAL DETAILS

All calculations in this studI were conducted using the
Gaussian 16 program package.”" The geometries of all species
were fully optimized by density functional theory (DFT) with
the M06 and 6-31G(d,p)** basis set for all atoms, except for
Au;*7* and the Lan2DZ(f) basis set was applied for Au.*
Vibrational frequency calculations conducted at the M06/6-
31G(d,p) theoretical level were used to characterize the
minimum points (free from imaginary frequencies) or TS
points (with only one imaginary frequency). In several
significant cases, calculation of intrinsic reaction coordinates®’
was performed to unambiguously connect the TS with the
reactants and products. The relative energies were corrected
including the vibrational zero-point energies. In order to obtain
much more exact energy profiles, the single-point energies
were calculated at the M06/Lanl2TZ(f)~6-311G(d,p) level of
theory where Lanl2TZ(f) is used for the Au atom and the 6-
311G(d,p) basis set is used for the other atoms, and the single-
point energies including the solvation effect of THF or
CH,;NO, were also calculated at the MO06/Lanl2TZ(f)-6-
311G(d,p) level.* Graphical representations of optimized
geometries were created by using CYLView.” The non-
covalent interaction (NCI) study was performed with
Multiwfn.>® All of the NCI isosurfaces were presented by
using VMD version 1.9.3.°"

B RESULTS AND DISCUSSION

General Consideration. According to the experimental
results,® the reaction goes through metal gold coordination,
dearomatization to form spiro rings, and final dissociation to
form the product. In their controlling experlments, the proto-
demetallation step is an irreversible step®® (2inta to 2a or
3inta to 3a, as shown in Scheme 2), and the calculations of the
ring closing step and the proto-demetallation step of the
condition ¢ (PAu(PPh;)OTf) indicate that the energy barrier
of the proto-demetallation step (the 24.6 kcal/mol of 4tsc and
the 23.6 kcal/mol of Stsc) is much higher than that of the ring

Scheme 2. General Mechanistic Scheme for the Gold(I)-Catalyzed Ipso-Cyclization
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Figure 1. Optimized geometries for the primary coordination mode of substrate 1, with ligands and counterions of [PPh;AuOTf] (1¢/1c’),
[PPh;AuNTf,] (1d/1d’), [JohnPhosAuOTf] (1e/1e’), and [JohnPhosAuNTf,] (1f/1f").

closing step (6.2 and 13.7 kcal/mol) (Figure S1). Therefore,
the proto-demetallation step can be confirmed as a rate-
determining step. Meanwhile, the energy barriers of two proto-
demetallation steps are similar, which indicates that the proto-
demetallation step may not determine the diastereoselectivity.
Thus, we speculate that the diastereoselectivity of the reactions
is determined in the ring closing step (1A to 2inta or 3inta, as
shown in Scheme 2), and we mainly investigated the ring
closing step. Furthermore, diastereomers have different
conformations of the initial chiral center rather than the
second chiral center after ring closure. The initial chiral center
does not produce any chemical changes, but the reaction
conditions can control the diastereoselectivity. The initial
chiral center should control the diastereoselectivity together
with the reaction conditions. Therefore, we start with the
reactants with different conformations. In the stereocontrolling
intramolecular spiro-cyclization step, the product can exist as
either the 2a or 3a isomer (Scheme 1). We explored the
conformations for each of these possible structures and then
predicted the diastereoselectivities.

Energy Profiles for the Synthesis of Vinyl Gold(l)
Intermediates. The selectivity of other gold-catalyzed
multicomponent de-aromatic domino cyclization reactions
can be regulated by ligands; therefore, we first calculated the
ring closing step in the case of only ligands. The two ligands
used in the experiment (L, = PPhs, L, = JohnPhos) were used
to investigate the step of dearomatization to form spiro rings in
the presence of a single ligand. The calculated results did not
show the diastereoselectivity as shown in the experiment.
Therefore, counterions play a key role in the regulation of
diastereoselectivity.

The geometry and electronic properties of the primary
structures of substrate 1 with different ligands and counterions
(1c/1c’, 1d/1d’, 1e,1e’, and 1f/1f") are presented in Figure 1.
The reaction starts from the substrates with different initial
configurations, uses the ligands and counterions used in the

22639

experiment to obtain the reactants lc/lc’ and 1f/1f, and
cross combines the ligands and counterions in the experiment
to obtain the reactants 1d/1d’ and le/1e’. 1/1'(1c/1c’, 1d/
1d’, 1e,1e’, 1f/1f'), two initial complexes between the gold-
complex [L—Au—X] and the reactant with the chiral center
(C4), are the starting points of the diastereo-divergent spiro-
cyclization, respectively, which are controlled by activation
mode. For comparison, the zero-energy reference point of the
reaction is set as 1 (1c, 1d, le, and 1f).

To gain a better understanding of the activation mode and
origin of the synergy effect between counterion and ligand-
mediated catalytic cycles, we calculated the energy profiles for
[PPh;AuOT{] (Figure 2a), [JohnPhosAuNTf,] (Figure 2b),
[PPh,AuNTf,] (Figure 2c), and [JohnPhosAuOTf] (Figure
2d). The reactants are racemic, and the energies of the two
different chiral isomers are the same. However, as observed
with the combination of ligands and counterions with the
reactants, there are great energy differences between the
different chiral reactants. Thus, the observed diastereoselec-
tivity for the reaction with a different [L—Au—X] complex can
be rationalized by comparing the relative energies of 1c—f vs
1c'—f. The free energy difference AAG* catalyzed by
PPh;AuOTf between 1c and 1c’ is calculated to be 8.0 kcal/
mol (AG,. — AG,.); 1c’ is more stable than lc, and the
reaction tends to produce reaction intermediates 3intc instead
of 2intc. For the JohnPhosAuNTf,™ catalyzed reaction, the free
energy between 1f and 1f is calculated to be —9.1 kcal/mol
(AG— AGyp).1f is more stable than 1f/, the reaction tends to
produce reaction intermediates 2intf instead of 3intf. These
are consistent with the experimental results. In addition,
according to the Curtin—Hammett principle, the diastereose-
lectivity of the model reaction is controlled by the competition
between the competing diastereoselectivity-determining tran-
sition states. Thus, the observed diastereoselectivity for the
reaction with a different [L—Au—X] complex can be
rationalized by comparing the relative energies of 2tsc-f vs

https://doi.org/10.1021/acsomega.3c01279
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Figure 2. Comparison of the energy profiles associated with different ligands and counterions for L;-Au-OTf (a), L,-Au-NTf%, (b), L;-Au-NTf, (c),
and L,-Au-OTf (d). 1c—f and 1c’—1f" are reactants. 2tsc-f and 3tsc-f are reaction transition states. 2intc-f and 3intc-f are reaction intermediates.

3tsc-f. The rate-determining activation barrier difference
AAG* catalyzed by Ph;AuOTf between 2tsc and 3tsc is
calculated to be 0.5 kcal/mol (AG,y. — AGsy), which is in
line with the experimentally observed diastereoselectivity. For
the JohnPhosAuNTf,-catalyzed reaction, the rate-determining
activation barrier difference between 2tsf and 3tsf is —2.6 kcal/
mol (AGys — AGyyy), which is in qualitative agreement with
the experimental observation. These results are corroborated
by the analysis of the reactants. Therefore, the combination of
ligands and counterions can realize the diastereoselective
synthesis of products, and the diastereoselectivity of different
combinations is different. As discussed above, an interplay
between ligand and counterion could occur in gold-catalyzed
post-ugi ipso-cyclization. A synergistic effect by these factors
could solve the dilemma that existed in homogeneous catalysis,
which may pave the way toward bulk and green catalysis with
gold. Van der Eycken and co-workers’ work has well
demonstrated this concept via experimental findings. We first
investigated the synergistic effect by these factors based on
computational catalysis for organic synthesis. These computa-
tional results in this work described are remarkable as they
suggest that sustainable and stereoselectivity switch can be
achieved with homogeneous gold catalysis. Therefore, this
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work will help researchers to look at this promising area from
different perspectives with respect to optimization of catalysts
and conditions in gold catalysis.

In contrast, for the catalytic system JohnPhosAuOTf-
catalyzed reaction (Figure 2d), the free energy between le
and 1le’ is calculated to be —0.9 kcal/mol (AG;, — AG;.),
thus indicating a lower diastereoselectivity. Therefore, only a
specific combination of ligands and counterions can produce
diastereoselectivity. These energy data have a good correlation
with the geometric parameters of the reactant structures
(Figure 1). Intriguingly, the flexible electron-deficient PPh,
ligand favors combination with OTf (high hydrogen bond
basicity), and the bulky electron-abundant JohnPhos ligand
favors combination with NTf,- (low hydrogen bond basicity).
The geometrical details are used to visualize the unique
diastereo-divergent reactivity (Figure 3). Clearly, it can be seen
that the combination of small ligand and small counterion as
well as the combination of large ligand and large counterion
can all show good diastereoselectivity. This is consistent with
van der Eycken’s observation that the synergy of both
counterion and ligand is essential for highly diastereoselective
switchable control.”> We speculate that the different non-
covalent interactions between different reaction conditions and

https://doi.org/10.1021/acsomega.3c01279
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initial reactants lead to the nonenantioselectivity of the
reaction.

Origin of Diastereoselectivity. Owing to the current
research endeavors in the fields of homogeneous catalysis,””
innovative materials,***® and petrochemical research,”* sig-
nificant interest in weak noncovalent interactions has been
steadily growing, as these interactions are the driving forces.
Importantly, noncovalent interactions enable the rapid
identification of attractive and repulsive noncovalent inter-
actions from promolecular densities.”* Many examples are
provided with regard to how this new twist enables the
characterization and retrieval of local information in supra-
molecular chemistry and transition metal catalysis at the static
and dynamic levels.”> In order to understand how the
combination of large ligand and large counterion as well as
small ligand and small counterion controls the diastereose-
lectivity, NCI analysis of the eight reactants (1c—1f, 1c'—1f")
was performed, and the corresponding weak interaction
diagrams were obtained (Figure 4). The counterion and
chirality of the two reactants are shown in Figure 4 (1c and
1c’), and the interaction between the counterions and the
chiral center is different. The counterion in 1c is close to the
side of the benzene ring, and the counterion has a hydrogen
bond with the active proton, but there is basically no
interaction with the benzene ring. The counterion in 1¢’ is
close to the side of the amide group. It has a hydrogen bond
with the hydrogen ion on the amide group, stabilizing 1¢’. The
counterion and chirality of the two reactants are shown in
Figure 4 (1f and 1f’), and the weak interaction between the
counterions and the chiral center is different. Compared with
1f', in 1f, the counterion has a hydrogen bond with the

benzene ring, stabilizes 1f, and thus produces diastereoselec-
tivity.

Furthermore, the combination of the large ligand and the
small counterion does not affect the interaction between the
counter ion and the chiral center, as shown in Figure 4 (1e and
le’), so it does not show divergent diastereoselectivity in
experiment.” The situation in Figure 4 (1d and 1d’) is similar
to that in Figure 4 (1e and le’), but due to the existence of
small ligands, there is a weaker interaction between the
counterion and the ligand; therefore it also indicates the
presence of diastereoselectivity. These results are also
consistent with the previous reaction energy changes.
Compared with Figure 4 (1c and 1c’) and Figure 4 (1e and
le’), the interaction between counterion and the initial chiral
center is similar, but the interaction between counterion and
ligand is different. As observed in Figure 4 (le and 1e’), the
small counterions are far away from the ligand and have no
interaction with the substrate; therefore, there is no
diastereoselectivity. Compared with Figure 4 (1d and 1d’)
and Figure 4 (1f and 1f'), there is interaction between large
ligand and large counterion, but there is no interaction
between small ligand and large counterion. Therefore, the
interaction between different ligand and counterion combina-
tions and reactants determines the diastereoselectivity, and the
combination of small ligand and small counterion as well as
large ligand and large counterion has more advantages. The
NCI analysis revealed that the nonbonding interactions were
responsible for governing the diastereoselectivity switch in
gold-catalyzed ipso-cyclization.

Origin of the Diastereoselectivity Switch. The general
understanding of the gold-catalyzed dearomatization obtained
further inspired us to explore the effect of the interplay
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between ligands and counterions on the diastereoselectivity role in the divergent diastereoselectivity. Therefore, we have
switch. From the energy profiles above, it seems that the elucidated the origin of gold-catalyzed post-Ugi ipso-
cooperation between counterions and ligands play a substantial cyclization with switchable diastereoselectivity. The choice of
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the gold complex is key for the diastereoselectivity of this ipso-
cyclization. With the combination of PPh;PAuCl and AgOTf
as the catalyst, the reaction preferred 3a (Scheme 1). However,
when it came to the combination of JohnPhosAuCl and
AgNTf), the reaction diastereoselectivity switch turned to
afford 2a (Scheme 1). The diastereoselectivity switch might be
derived from the differences of electron population and steric
hindrance in the alkyne activated by gold catalysts. As shown in
Figure 2a, the energy barrier difference between 1c and 1c¢’ is
8.0 kcal/mol, and the product 3a (Scheme 1) was exclusively
achieved with the assistance of the rigid electron-abundant
PPh; ligand and counterion OTf". As shown in Figure 2b, the
calculated energy barrier difference between 1f and 1f’ is —9.1
kcal/mol. Obviously, this indicated that synergy of the ligands
and counterions should be responsible for the observed
diastereoselectivity switch.

We believe that further exploration of the factors affecting
the reaction outcome, such as ligand, counterion, solvent, and
temperature, represents a highly promising direction for
catalyst design. The new stereochemical model is consistent
with the observed experimental results in terms of selectivity
and levels of diastereo-control as catalytic system. It also sheds
light on the synergistic effect between ligand and counterion
on stereoinduction.

Solvation Correction. After solvation correction (Figure
S), it is found that the two optimal conditions are g
(triphenylphosphine as the ligand, OTf  as the counterion,
and MeNO, as the solvent) and n (using the JohnPhos ligand,
NTf,” as the counterion, and THF as the solvent). The energy
barrier difference between the two conformations 1g and 1g’ is
5.1 kecal/mol (Figure Sa). In addition, the energy barrier
difference between the two conformations 1n and 1n’ is —6.9
kecal/mol (Figure Sb). The solvent has a significant effect on
the energy of reactants and transition states, but it does not
change the direction of diastereoselectivity of the reaction.

B CONCLUSIONS

The origins of the diastereoselectivity switch of gold-catalyzed
post-Ugi ipso-cyclization synthesis of the spirocyclic pyrrol-2-
one-dione system have been theoretically explored for the first
time. The choice of the gold complex is shown to be an
important factor for the diastereoselectivity switch onto this
system. The synergistic effect by both ligand and counterion
was found to play a key role in the diastereoselectivity switch.
In contrast to previous computational results on gold-catalyzed
domino cyclization, it has been shown that nonbonding
interactions between substrate and ligand or counterions are
responsible for the stabilization of reactants and the
diastereoselectivity switch. Our results shed light on the
synergistic effects of ligand and counterion on gold complex on
stereo-induction. Systematic studies of other types of gold-
catalyzed asymmetric dearomatizing spiro-cyclizations are also
ongoing in our group and will be reported in due course.
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