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Abstract

Kopsane alkaloids possess a complex heptacyclic scaffold and exhibit significant biological activities, including cholinergic,
anti-inflammatory, and anti-cancer effects. While we previously reported PtCl,-catalyzed [3 4 2] cycloaddition for their
synthesis, the high cost and toxicity of platinum necessitate sustainable alternatives. In this study, we employed density
functional theory (DFT) to investigate MCl, (M = Ni, Pd, and Pt) catalyzed [3 4 2] cycloaddition in Kopsane alkaloid
synthesis. Our results indicate consistent reaction characteristics across all metals, with the second cyclization acting as the
diastereoselectivity-determining step. The calculated energy gaps between transition states (TS2s) for NiCl,, PdCl,, and
PtCl, were 5.57, 1.45, and 12.25 kcal/mol, respectively. These energy profiles suggest that NiCl, can achieve high
diastereoselectivity similar to PtCl, due to its significant energy gap (> 4 kcal/mol). The implementation of this
computational chemistry technique provides theoretical evidence that could help to improve the efficiency of the catalyst
designing process.
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Introduction display differences in biological activities such as pharma-

cology, toxicology, pharmacokinetics, metabolism, etc.

In the pharmaceutical industry, more than half of the
available drugs are chiral compounds. Although two enan-
tiomers have the same chemical structure, most of them
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Therefore, the enantiomerically pure synthesis is necessary
to eliminate the production of unwanted isomer during
preparation [1-3]. The selectivity of reactions has become a
major interest for both academics and industry. A detailed
understanding of chemical reactions is an essential piece of
information that would help in the design of synthetic
pathways, design of molecules that interact in specific ways
with other molecules, develop a new catalyst, which pro-
vides a better specificity, etc [4-11]. In recent decades,
computational simulation has been proved to be of high
accuracy and precision. For example, the reactivity of a
molecule can be obtained with reliable accuracy. It has been
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Fig. 1 Structure of the representative of Kopsane alkaloid compounds
used to verify the catalytic reactions that provide insights  catalyzed indole-fused structure using intramolecular

into the mechanistic features, including the catalytic process
and selectivity of products. A short-life species (e.g. tran-
sition state) can be captured theoretically, which provides
useful information in mechanistic study. However, it is very
important to choose the most suitable computational
method to investigate a specific chemical problem [12, 13].
The computational simulation of the possible reaction
pathways enables to achieve an atomistic understanding of
the reaction features. To date, computational simulation has
also been used as a prediction tool rather than only ratio-
nalization, which serve as a rational starting point for
experimental work.

The kopsane alkaloids are a family of natural products
that are derived from Kopsia plant available in China,
Southeast Asia, South Asia, and some parts of Australia
[14-17]. Several studies showed that they have interesting
biological activities including antitumor, antimanic, anti-
tussive, and antileishmanial effects, and have been used for
the treatment of dropsy and rheumatoid arthritis[18, 19].
The core structure of these compounds consists of a rigid
heptacyclic framework composed of seven fused rings and
several stereogenic centers,typically six to seven depending
on the derivative. This highly congested polycyclic archi-
tecture renders the synthesis of kopsane alkaloids particu-
larly challenging and has attracted significant interest in
synthetic methodology development (Fig. 1). Therefore, the
major challenge for synthetic chemists is the construction of
this polycyclic skeleton. One of the common techniques is
the transition-metal catalyzed cycloaddition reactions. To
date, noble metal catalysts dominated the cycloaddition
[20-22]. For instance, Zhang’s group reported the Pt(II)

[3 4 2] cycloaddition compared to their previous Au(l)-
catalyzed similar reactions. Different products were
obtained depending on the metal and condition used
[23-25]. Pt(II)-catalyst was applied to catalyze the [3 + 2]
cycloaddition of o, p-unsaturated carbene intermediates from
diverse propargyl ethers. It is an important step in the for-
mation of polycyclic compounds in high yield and selec-
tivity [26]. In 2015, Mei and co-workers showed that the
stereo- and regioselectivity of indole-fused synthesis are
catalyst-dependent. The [3 4 2] cycloaddition proceeded
when an Au- or Pt-catalyst was used, while [2+4 2]
cycloaddition took place in the presence of IPrAuCl and
AgNTf, [27].

In this communication, we would like to point out a
practical use of computational simulation that explores
reaction mechanisms and helps rationalize experimental
observations, and drives laboratory experiments by pre-
dicting synthetic ability [8, 9, 11, 28, 29]. In 2020, Jia and
coworkers reported that the combination of PtCl, and 4 A
molecular sieve in dichloroethane at 85 °C and reflux con-
dition delivered great stereoselectivity of [3 4 2] cycload-
dition reaction of indole alkyne substrates, which is a
molecular scaffold of Kopsane alkaloids [30]. The key step
of synthesis is depicted in Fig. 2, where the vicinal qua-
ternary centers and two rings are formed in a single step. A
plausible catalytic mechanism begins with the initial coor-
dination of Pt-catalyst to the triple bond (I), followed by the
intramolecular nucleophilic attack of methoxy group that
results in III and acetone. Then, it subsequently undergoes
[3 4 2] cycloaddition that V is obtained. However, Pt metal
is extremely expensive and environmentally toxic.
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Fig. 2 PtCl, catalyzed [3 + 2] cycloaddition in Kopsane alkaloids synthesis (ref. 30)

Therefore, using the same group metals (Pd and Ni), which
are cheaper could be an alternative solution for this issue.
Thus, we exploited computational simulations to verify the
reaction profiles and rationalize the possibility of replacing
Pt with other group 10 metals.

Results and discussion
PtCl, catalyst

The energy diagram for PtCl,-catalyzed reaction is shown
in Fig. 3a. The reactant complexes (RC) employed in this
study represent the metal-activated 1,3-dipole intermediates
generated upon coordination of PtCl, to the alkyne moiety,
which correspond to the key intermediate proposed in the
previously reported catalytic mechanism [30]. Throughout
this study, the notation P(R,R) and P(R,S) refers to the
configurations at C3 and C7, respectively. The first
descriptor denotes the stereochemistry established during
the first cyclization step (C3-C7 bond formation) and the
second descriptor denotes that established during the second
cyclization step (C2-C9 bond formation). These correspond
to P(3R,7 R) and P(3 R,7S).

The RCs for the two pathways are comparable, with a
difference in relative energy of less than 1 kcal/mol at the
level of theory used. The first cyclization is almost bar-
rierless (AG* <2 kcal/mol). This step yields relatively
stable intermediate 1 (Intl), which also provides two
different C7 diastereomeric intermediates. It was found
that the AG* of TSls are approximately equal, which
revealed that the first step is competitive between C7(R-)

@ Springer

and C7(S-) formation. The second ring formation is the
rate-determining step and distinguished between two
diastereomeric products. The AAG* between the two
diastereomeric TS2s was 12.25 kcal/mol, favoring the
P(R,R) pathway and consistent with the observed sole
product of P(R,R). The P(R,R) Int2 is more stable than that
of P(R,S), indicating that the reverse reaction is more
difficult for P(R,R) path. Moreover, the P(R,R) proceeded
through TS3 and yielded stable Int3 that PtCl, coordinates
to the indole moiety. Compared to the P(R,S) path, the
TS3 of P(R,R) was 9.02 kcal/mol lower. Thus, P(R,R) is
favorable due to kinetic (TS2 and TS3) and thermo-
dynamics controls (Int2 and Int3).

Close examination of each reaction path revealed several
explanations for stereoselectivity. The first [3 4 2] cycliza-
tion occurs at the cation C7 and electron-rich C3. This step
is facile due to the low steric and pre-chiral S-C3 which is
pointing to the beta-face of the indole plane. Without any
hindrance, both R-C7 and S-C7 formations are comparable.
As shown in Fig. 3a, the Intls have relatively low energy (~
—10 kcal/mol). Both intermediates showed similar stability.
The obtained chiral C7 from the first ring formation causes
the different conformation of Intl. The Intl undergoes
another [3 4 2] cyclization where the C2-C9 bond is
formed. The difference in energy between both TS2s shows
that the P(R,R) product is preferred. We determined the
structures of two-diastereomeric transition state, and cause
of difference in energy. Several interesting points were
drawn: 1) The initial conformation of C7 at Intl caused the
steric hindrance for the C2-C9 bond formation. The side
chain of P(R,R)-Intl is directed to the C2 position that is
ready to form a new bond, whereas the positions of the side
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Fig. 3 Full energy diagrams of a) PtCl,-catalyzed reaction, b) PdCl,-catalyzed reaction, and ¢) NiCl,-catalyzed reaction, as determined at the
B3LYP(SCRF)/[SDD(metal atom), 6-311 + G(d,p)(others)]//B3LYP/[SDD(metal atom), 6-31 G(d,p) (others)]

chain and hydrogen atom of P(R,S)-Intl are switched.
Therefore, this cost more energy for the P(R,S) path to
overcome the steric hindrance. 2) The frontier molecular
orbital analysis found that the LUMO is located around the
indole N atom for both cases, while the HOMO is different
(Supporting information). In the case of P(R,R)-Intl, the
HOMO is located along the n-orbital of the C8-C9 bond and
non-bonding electrons of PtCl, moiety, which is ready to
form a bond between C2 and C9. Meanwhile, HOMO of
P(R,S)-Int1 is only located on the non-bonding orbital of

PtCl, moiety that is not suitable for bond formation.
However, the electron of m-orbital along the C8-C9 bond is
found to be the HOMO-1, which has lower energy. As
shown in Fig. 4, the charge distributions at C2 are almost
identical for all paths, while the C9 is more negative for
P(R,R) path indicating that more electrons were located on
this carbon. Hence, the C9 is more reactive for nucleophilic
attack reaction. Therefore, both charge and frontier mole-

cular orbital analysis are complementary tools in deter-
mining chemical reactivity.

@ Springer
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Fig. 4 Charge distribution (Q)
and charge difference (AQ) of
C2 and C9 of intermediate 1
calculated at B3ALYP(SCRF)/
[SDD(metal atom), 6-31 G(d,p)
(others)] level

Pt-Int1 P(

PdCl, catalyst

The energy diagram for PdCl, is presented in Fig. 3b. The
Pt(I) center was replaced by Pd(II), which is in the same
group. Surprisingly, only RC of P(R,S) was obtained.
Nevertheless, the A G of TSI is lower than that of RC
(—0.25 kcal/mol) at the level of theory used. Therefore, the
first ring formation is rather barrierless. The energy level of
both Intls is approximately equal (~—15 kcal/mol). Again,
the second cyclization is the stereoselective step. The rela-
tive energies of TS2 are 7.59 and 9.04 kcal/mol for P(R,R)
and P(R,S), respectively. The products have a slightly lower
energy than that of RC. According to the energy diagram,
the smaller energy gap between the two diastereomeric
TS2s indicated a lower selectivity of the catalyst.

The structural observation provided similar aspects as
found when PtCl, was a catalyst. Even though the RC was
found in the case of the P(R,S) path, the free energy profile
showed that there is no energy required for the first cycli-
zation. The Intls are much more stable compared to the RC.
The second cyclization required around 23-25 kcal/mol of
energy with respect to each Intl. The energy gap between
two diastereomeric TSs is around 1.45kcal/mol, which

@ Springer
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resulted in a theoretical diastereomeric ratio of 93.5:6.5 with
P(R,R) preferred. However, the TS3 differentiated between
two pathways. The TS3 of P(R,R) is more favorable by
7.95 kcal/mol. This leads to relatively stable Int3 in P(R,R).

A comparison of the energy diagrams for PtCl, and
PdCl, catalyzed [3 + 2] cycloadditions showed that the C3-
C7 bond formation is much easier for the PdCl, catalyst that
is barrierless. Even though the energy gap of TS3s and Int3
are suggested that sole product could be obtained, the
energy gap between TS2s in PdCl,-catalyzed reaction is
smaller, hence suggesting that PdCl, could provide less
stereoselective products. In addition, the highest activation
energy of PdCl, catalyzed reactions is lower than that of
PtCl,. It suggested that this reaction requires less energy to
achieve the product.

NiCl, catalyst

Similar to the PtCl, catalyzed reaction, the RC of P(R,R) is the
most stable, with RC of P(R,S) lying slightly higher in energy
(Fig. 3c). The subsequent cyclization through TS1 has a very
low energy barrier or nonexistent for P(R,R) and P(R,S),
respectively. The first cyclization leads to the formation of the
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C3-C7 bond. After Intl, the second step is still the rate-
determining step for this reaction. The second cyclization
required 25.74 and 30.18 kcal/mol of energy with respect to
each Intl for P(R,R) and P(R,S), respectively. These energy
barriers are of similar magnitude to that of PtCl, catalyzed
reaction. However, the relative energy level of TS2 is much
lower at the theory level used. The energy gap between the
two diastereomeric TSs is around 5.57 kcal/mol, which indi-
cates the theoretical sole product of P(R,R) would be obtained.
The P(R R)-Int2 is relatively stable than RC. The relative
barrier of P(R,R)-TS3 to Int2 is 5.81 kcal/mol. Compared to
P(R,S), the P(R,S)-TS3 is around 11 kcal/mol higher. Finally,
this result is consistent with the PtCl,-catalyzed reaction.

A comparison of the energy diagrams clearly shows that
the reaction features are similar for both PtCl, and NiCl,-
catalyzed reactions. Similar situations were found for the
first step where the P(R,S)-TS1 has a lower energy barrier.
Nevertheless, the P(R,R) Intl is slightly more stable
(AG < 1 kcal/mol). The sole product could be obtained
using NiCl, catalyst according to a large energy gap
between the diastereoselective TSs (TS2). Moreover, the
activation energies are lower than that of PtCl, catalyzed
reactions. Thus, the NiCl, catalyst could therefore be used
as a catalyst, replacing the expensive PtCl, catalyst.

Summary of the theoretical catalyst determination

Our comparative study shows that the MCI, catalyzed
[342] cycloaddition reactions have the same reaction
features that two rings are subsequently formed. The energy
barriers for the first cyclization step are small or non-
existent. Additionally, there is no RC found in the PdCl,
catalyzed P(R,R) path. The rate-determining and
diastereomeric-selective step is the second cyclization. The
relative energy barriers of diastereomeric TS2 of P(R,R) and
P(R,S) distinguish the product formation. The lower energy
barrier pathway is preferred. Thus, it was found that the
P(R,R) is the most favorable pathway for all the catalysts
used. Therefore, either Ni or Pd can be used as a substituted
catalyst in this [3 4 2] cycloaddition. A comparison of the
calculated TS2 energy gap clearly shows that, among them,
Ni(Il) is a better replacement for this reaction due to a

MeO
8\ +
EtO,C 3 4

Bn
[M] = PtCl,, PdCl,, NiCl,

Fig. 5 [3 + 2] cycloaddition reaction mechanism

higher energy gap compared to Pd(II). Moreover, the
reverse reaction from product shows that the reverse NiCl,-
catalyzed P(R,R) is much slower than P(R,S) due to higher
reverse barrier energy.

Conclusion

In conclusion, we have performed DFT calculations to
investigate the reaction mechanism of group 10 metal cat-
alyzed [3 + 2] cycloaddition for PtCl, replacement. Several
insights could be drawn from our study. The replacement of
Pt(Il) by Pd(II) or Ni(Il) does not change the reaction fea-
tures of [3 + 2] cycloaddition of Kopsane alkaloid synth-
esis. The low (or barrierless) first ring cyclization of all
MCl,-catalyzed reactions indicates that this step is fast and
difficult to control. The rate-determining and diaster-
eoselective step is the second-ring cyclization. All the
P(R,R) pathways have lower barrier indicating that there is
no difference in the preferable product for each catalyst. The
close examination of Intl-charge distribution and their
geometries draw a conclusion that both electronic and steric
factors are involved in the diastereomeric selectivity of this
reaction. The energy comparison between each reaction
path suggested that NiCl, is a better replacement due to a
higher AG-TS2 than that of PdCl,. Moreover, the energy
profiles of NiCl, catalyzed reactions are more similar to
PtCl, than that of PdCI,. These suggestions can be used as a
rational starting point for further experimental works. These
computational results provide mechanistic insight and sug-
gest that NiCl, could be a promising and more sustainable
alternative to PtCl,. However, further experimental studies
will be necessary to validate these theoretical predictions
and evaluate the practical catalytic performance.

Methods

The [3 + 2] cycloaddition step of the kopsane alkaloid
synthesis was investigated using the density functional
theory (DFT). The MCl, (M = Ni, Pt, and Pd) was used as a
catalyst (Fig. 5). There are two cyclization steps; i) C3-C7

Cbz Cbz
/ /
N}\\ N}\\
—= Oy
A “owe N o
Bn /T CO,Et M] Bn
M] CO,Et

® New quaternary center(s)
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bond formation, and ii) C1-C9 bond formation that pro-
vided two new pentacyclic rings. All DFT calculations were
performed using Gaussian 16 [31]. The B3LYP(SCRF)/
[SDD(metal  atom), 6-311 + G(d,p)(others)]//B3LYP/
[SDD(metal atom), 6-31 G(d,p)(others)] method was used
for geometry optimization and frequency calculations [12,
32-36]. The self-consistent reaction field (SCRF) implicit
solvation model was used for the solvation effects in 1,2-
dichloroethane (e =10.125) to imitate the experimental
condition [37]. Frequency calculations were performed at
the same level of theory to confirm the minima (no ima-
ginary frequencies) or transition states (one imaginary fre-
quency) and to obtain zero-point vibrational energy (ZPE)
corrections. Thermal corrections were computed at
298.15K and 1 atm pressure.

From the theoretical point of view, the selectivity is
related to the difference in Gibbs free energies of the tran-
sition state in each product formation [35]. The probability
of existence for the transition states of each product for-
mation is written as:

_ i
P(A) =3 Jexp 22

Z P(A, OFB,‘)

Sra) T s Y

Y%product =

>_P(A) — >_P(B)
>_P(A) + >_P(B)

Y%ee = x 100

where A and B are different diastereomers, P(A;) and P(B;)
are Boltzmann distribution of existence for the i transition
state of each product formation, and AAG is the Gibbs free
energy relative to the most stable transition state, R is the
gas constant, and T is the temperature in K (298.15 K).
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