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Various prenylated indoline alkaloids with diverse biological activities, including (—)-debromoflustramine B
with significant butyrylcholinesterase inhibitory activity, could be synthesized by dearomative prenylation
reactions of tryptophan derivatives. However, previously reported dearomative prenylations were limited
to batch reactions at the milligram scale, requiring multistep reactions and complex post-processing to
obtain the desired natural products. The more efficient synthesis of alkaloids remains challenging, as
does the recovery of expensive catalysts. Herein, we developed a chiral heterogeneous Pd nanoparticle
(NP) catalyst supported on a polymer, which produces indoline alkaloids in high yields with excellent
enantioselectivities. Additionally, the first gram-scale four-step continuous-flow total synthesis of
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Introduction

Dearomative prenylation reactions of tryptophan derivatives
produce prenylated indoline alkaloids, featuring a skeleton of
hexahydropyrrolo[2,3-b]indole with diverse biological activities
(Fig. 1A).** Well-known natural products with such a skeleton
include flustramines isolated from the bryozoa Flustra foliacea
and (—)-debromoflustramine B, which contain significant
butyrylcholinesterase inhibitory activity,>” potentially offering
curative effects for Alzheimer's disease.® Therefore, the total
synthesis of these compounds has received great attention in
the field of pharmaceutical chemistry (Fig. 1B). In the past two
decades, total synthesis of (—)-flustramine B and (—)-debro-
moflustramine B has been well developed using three different
approaches: (i) asymmetric non-metal catalysis including imi-
nium,’ bisguanidinium, chiral phosphoric acid (CPA),"* and
phosphine'? catalyzed synthesis; (ii) asymmetric metal catalysis
including Ru,* Ir,"* and Pd**¢ catalyzed synthesis; (iii) chiral
auxiliary-assisted synthesis, such as the use of chiral sulfinyl
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requiring only a simple post-processing step.

amides.”” Although numerous synthetic methods have been
developed,™ these processes are still confined to multistep
reactions at a small scale and require tedious post-processing.
Furthermore, the recovery of expensive catalysts in the above
syntheses remains challenging since homogeneous catalysts
were employed.

Combining continuous-flow technology with heterogeneous
catalysts provides tremendous advantages over conventional
batch reactions in terms of reaction efficiency, scalability,
safety, environmental friendliness*>* and catalyst recovery.
Besides these practical advantages, successful employment of
heterogeneous catalysts in packed-bed reactors®”*® under flow
processes further demonstrates their merits in line with the
green chemistry concept and catalyst recovery. Additionally, the
multistep continuous-flow total synthesis can achieve better
efficiency by avoiding the tedious post-processing and the
isolation of intermediates,* realizing automated processes in
synthetic chemistry. Therefore, developing a heterogeneous
catalyst for the synthesis of prenylated indoline alkaloids under
continuous-flow conditions holds significant importance in
terms of step economy and column economy. This paves the
way for feasible industrial-scale production, which benefits the
ongoing research and the clinical application of these natural
products.

Even though excellent pioneering studies on heterogeneous
catalysts have been reported,**™° cases employing multistep
continuous-flow conditions for the synthesis of natural prod-
ucts remain a key challenge. Following our previous work on
a chiral heterogeneous Cu NP catalyst,** we have developed
a chiral heterogeneous Pd NP catalyst supported on a polymer.
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Fig. 1 (A) Representative indoline alkaloids with a hexahydropyrrolo
[2,3-b] indole skeleton; (B) reported asymmetric syntheses of
(=)-debromoflustramine B and (—)-flustramine B; (C) Pd NP enabled
multistep continuous-flow total synthesis of (—)-debromoflustramine B.

This Pd NP catalyst exhibits excellent durability and maintains
its activity compared to its homogeneous counterpart, leading
to the production of various indoline alkaloids in high yields
with excellent enantioselectivities. In addition, we have
accomplished the first four-step continuous-flow total synthesis
of (—)-debromoflustramine B on a gram scale (Fig. 1C). Impor-
tantly, there is no need for tedious post-processing or isolation
of intermediates, as only one column chromatography step is
required to obtain the optically pure product.

Results and discussion
Catalyst synthesis and catalyst characterization

The chiral heterogeneous Pd NP catalyst was prepared using
a modified procedure described in our previous work.** The
catalyst synthesis began with the installation of a styrene
substituent on the BINOL skeleton, leading to the production of
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the phosphoramidite monomer M1, which was then subjected
to simple polymerization conditions to obtain the polymer.
Lastly, the Pd NP catalyst was prepared by complexation of the
polymer and a homogeneous palladium source (Fig. 2A). The
Pd/ligand ratio was found to be approximately 2:1, as
confirmed by ICP-OES analysis (Pd, 19.3%, 1.82 mmol g%
P, 3.09%, 1 mmol g~ ') of the Pd NP catalyst.

To confirm and elucidate the interior structure of the
heterogeneous Pd NP catalyst, comprehensive characterization
studies were performed. The X-ray diffraction (XRD) patterns of
the polymer (Fig. S11) and Pd NPs (Fig. S21) indicated that both
are highly polymerized and amorphous. Connected peaks
observed in solid-state **C NMR spectra ranging from 127.87 to
149.99 ppm for the polymer and 128.18 to 148.60 ppm for the Pd
NPs indicated the presence of aromatic rings in both. Similarly,
peaks at 65.05/48.41 ppm for the polymer and 65.25/48.93 ppm
for Pd NPs suggested the presence of an N-allyl substituent in
both. Additionally, the characteristic peaks of the vinyl group in
monomer M1 ranging from 110 to 120 ppm disappeared, and
strong connected peaks from 22.59 to 40.05 ppm (polymer) and
22.78 to 40.69 ppm (Pd NPs) appeared, suggesting the
successful polymerization of monomer M1 and immobilization
of the chiral vinylbenzyl-substituted phosphoramidite ligands
respectively (Fig. 2B). In solid-state *'P NMR spectra of the
polymer and Pd NPs, peaks observed at 146.23 ppm and 153.91
ppm™ were similar to the peak in monomer M1, suggesting that
the active centers (phosphorus) of chiral ligands remain stable
after polymerization and coordination (Fig. 2C).

In FT-IR spectra, the characteristic absorption bands of
polystyrene (PS) at 2924 and 2847 cm™ " were also presented in
the polymer and Pd NPs. In addition, similar connected peaks
ranging from 900 to 1330 cm ™" in monomer M1 were observed
in the and Pd NPs, indicating
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Fig. 2 Catalyst synthesis and characterization. (A) Synthesis of the
chiral Pd NP catalyst; (B) solid state *C NMR spectra of M1, the
polymer, and Pd NPs; (C) solid state 3P NMR spectra of M1, the
polymer, and Pd NPs; (D) FT-IR spectra of PS, M1, the polymer and Pd
NPs; (E) P 2p of XPS analysis for M1 and Pd NPs; (F) Rh 3d of XPS
analysis for Pd NPs; (G) TEM of Pd NPs.
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polymerization and coordination. This finding is consistent
with the above conclusion (Fig. 2D). To better understand the
coordination environment of the Pd NPs, X-ray photoelectron
spectroscopy (XPS) analysis was conducted. The spectra showed
the successful coordination of the palladium atom to the
phosphorus atoms, as supported by the shift (0.5 eV) in binding
energies between P 2p of monomer M1 and Pd NPs (Fig. 2E).
Moreover, the metal species in Pd NPs was confirmed to be
palladium using the spectra of Pd 3d (Fig. 2F).” Energy
dispersive X-ray spectroscopy (EDS) and transmission electron
microscopy (TEM) of Pd NPs (Fig. S81) were also performed to
confirm the uniform distribution of the P, S, and Pd elements
over the Pd NPs. Clear lattices were found uniformly in the
image of TEM of Pd NPs (Fig. 2G), which contain a lattice
spacing of 0.2403 nm (2.403 A), similar to the average Pd-Pd
distance® (2.38 A) in Pd NPs. In summary, the above charac-
terization studies confirmed the successful and uniform
immobilization of Pd atoms with the polymer and the desired
coordination environment of the Pd atoms with the ligands.

Activity evaluation

This chiral heterogeneous Pd NP catalyst was first evaluated for
enantioselective dearomative prenylation of tryptophan deriva-
tives 1a under batch conditions at a 0.1 mmol scale (Table S17).
It was revealed that this Pd NP catalyst was applicable with
excellent immobilization efficiency, enabling the production of
desired alkaloid 3a in high yield (95%) with excellent enantio-
selectivity (91% ee).

Substrate scope

With the optimized reaction conditions in hand, we further
investigated the scope of the reaction. The Pd NP catalyst was
confirmed to have excellent functional group tolerance to
a series of tryptophan derivatives in enantioselective dear-
omative prenylation (Fig. 3). In the case of employing NHCO,Me
as the nucleophile, both electron-deficient (Br-substituted) and
electron-rich (OMe-substituted) tryptamines tolerated the
system and gave products 3b and 3c in good yields (75-97%)
with excellent enantioselectivities (89-90% ee). Substrates with
different N-protecting groups, such as CO,Et, CO,'Pr, tert-
butoxycarbonyl (Boc), cyclopentoxycarbonyl and benzylox-
ycarbonyl (Cbz), also delivered excellent results (3d-3i, 74-99%
yields with 90-93% ee). Moreover, using a flavoring agent and
pharmaceutically useful r-menthol (-) menthyl oxycarbonyl as
the N-protecting group yielded product 3j in 84% yield with 96%
ee. Even the natural hormone melatonin and its derivate were
readily transformed into the desired products 3k and 3l in
excellent yields (88% yield for both) with excellent enantiose-
lectivities (89-90% ee). Additionally, substrates possessing an
alcohol nucleophile and a carbon (diester) nucleophile were
able to produce the desired products 3m-30 with good yields
and enantioselectivities (81-90% yields, 82-91% ee).

Multistep continuous-flow

The batch recycling experiment revealed Pd leaching during the
catalyst recovery process. This occurred as the aqueous NH,Cl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scope of the Pd NP catalyzed dearomative prenylation.

solution removed both Cs,CO; and Pd from the catalyst (Tables
S2 and S3t). Consequently, we believe that the flow process,
which eliminates the need for post-processing, could be a more
viable solution. To elucidate the versatility of the Pd NP catalyst
and develop a more step- and column-economical approach for
the synthesis of (—)-debromoflustramine B, a four-step
continuous-flow process was developed, which required only
one column chromatography step (Fig. 4). Although employing
heterogeneous catalysts in packed-bed reactors provides
numerous benefits, there are also problems such as system
incompatibility in multistep natural product synthesis. To solve
this problem, we improved the synthetic circuit by dividing it
into four flow pathways. First, tryptophan derivatives 1a (0.6 M
in Et,0," 1 equiv.) and methyl prenyl carbonate 2 (0.9 M in
Et,0,** 1.5 equiv.) were pumped into a column packed-bed
reactor containing the chiral heterogeneous Pd NP catalyst
and Cs,CO; at the same velocity (15 pL min~ ") in flow 1, leading
to the production of prenylated indoline alkaloid 3a (Fig. 4),
flow 1. Upon generation of 3a, it was premixed with tBuOK

Chem. Sci., 2024, 15, 16205-16209 | 16207
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Fig. 4 The four-step continuous-flow total synthesis of (—)-debromoflustramine B.

(0.45 M in THF, 1.5 equiv., 30 pL min~') in an FEP tube for
5 min in flow 2 before being mixed in flow 3 with prenyl
bromide (0.45 M in THF, 1.5 equiv., 30 L min~") to afford the
precursor of (—)-debromoflustramine B. Subsequent reduction
with LiAlH, (1 M in THF, 10 equiv., 90 pL min %) in flow 4
delivered the desired natural product (—)-debromoflustramine
B on a gram scale (1.1 g). The product was obtained with an
overall yield of 69% and complete retention of the enantiomeric
purity (86% ee). It was worth noting that this process would
produce solid blockage in the flow path. Therefore, a FEP tube
with a large inner diameter was conducive to the process, and
ultrasonic treatment was performed in the flow path to further
prevent clogging. This four-step continuous-flow total synthesis
method not only avoids multistep reactions and post-
processing, but also enhances synthesis efficiency through
improved step and column economy. Additionally, the catalyst
can be easily recovered once the process is completed.

Conclusions

In conclusion, we have elaborated the design and synthesis of
an efficient polymer-supported chiral Pd NP catalyst for the
enantioselective dearomative prenylation of tryptophan deriva-
tives. The comprehensive characterization studies of the cata-
lyst revealed that it is a highly polymerized matrix with well-
distributed active catalytic centers. Meanwhile, the first four-
step continuous-flow total synthesis of (—)-debromoflustr-
amine B on a gram scale was successfully achieved, producing
the desired product in 69% yield with 86% ee over 4 steps.
Notably, the process requires only one multistep continuous-
flow process and one column chromatography step, compared
to the previously reported 3-7-step synthesis with at least 3

16208 | Chem. Sci, 2024, 15, 16205-16209

column chromatography steps. This work demonstrates the
potential of developing an efficient heterogeneous catalyst for
asymmetric catalysis, and its application in continuous flow
systems offers a more efficient and industrially friendly solution
for large-scale natural product synthesis.
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