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Abstract

The primary aim of this thesis was to develop an efficient synthetic route of peganumin A and
its application to the discovery of potent analogues. Peganumine A was isolated from the seeds
of Peganum harmala in 2014, and is distinguished from the classic tetrahydro-S-carboline
alkaloids due to the unique 5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one ring system, as
well as the excellent cytotoxicity.

In the initial total synthesis of racemic peganumine A, three different strategies were
investigated. One strategy could realize the total synthesis of peganumine A in a protection
group free fashion, which relied on a Bischler—Napieralski type annulation and a Pictet—
Spengler reaction cascade to construct the two tetrahydro-4-carboline cores. With the powerful
synthetic route in hand, 11 analogues were designed and synthesized based on the function-
oriented strategy. By further cytotoxic assay, not only the preliminary SAR was illustrated, but

also a potent analogue was discovered.

O
Ose. OO N N Bischler—Napieralski type N
MeO H 223 /@f\C\H annulation A 3
1 step MeO N 1 step MeO H
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IC50 = 10.0 uM with racemate

Based on the racemic synthetic route, organocatalysis was applied to the asymmetric syntheses
of peganumine A and its analogues. The enantioselective synthesis of was realized by a chiral
disulfonimide catalyzed Pictet-Spengler reaction cascade. However, the highly
enantioenriched analogues could not be obtained by the chiral disulfonimide catalyzed Pictet—
Spengler reaction cascade. Through design, synthesis and screening of chiral N-phosphinyl

phosphoramides, a highly enantioselective synthesis of the potent analogue was achieved.
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O | owe! O
H O F peganumine A 9,9'-didemethoxy peganumine A}
CFsE :

97.1% ee with DSI-31 H 94.6% ee with NPPA-1

Besides the original three strategies, two new N-acyliminium ion cyclization strategies were
further explored to improve the efficiency of the synthetic route. Another 5-step synthesis of
peganumine A was realized and featured a Pictet—Spengler reaction—iminium ion cyclization—

aminalation cascade to assemble the two tetrahydro-g-carboline motifs in a one-step synthesis.

NH,
A\ Bac Bac
Osxg 00 N
MeO N 22 | i 1 step N\ 2
> N —_—
N
1 step MeO bv MeO
lo) S
4.77 4.78

2.27
l 2 steps
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N N \ o)
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MeO H 223 N (0]
Oome = peo N
4.79

1 step

peganumine A

In the protection group free total synthesis of peganumine A, an annulation reaction was
discovered, which was then developed into a general methodology to construct the polycyclic
fused quinolizidine scaffolds. This new approach was then applied to the total synthesis of
harmalanine, harmalacinine, nortetoyobyrine and ilicifoline B, and the formal total synthesis of

deplancheine, 10-desbromoarborescidine A, hirsutine, rhynchophylline and isorhynchophylline.

exo-trig cyclization H 1

gvi); -------------- \ 4_(\‘ \/40

ester activation 1R-NH :
i 7 amide bond E In

o O CFs
endo-dig PTTpTTTTT ey
cyclization : R @®  electrophilic; ll
via ! N cyclization !
ili : \ via : .
electrophilic ! various natural products

\ e .
R2 nitrilium ion
...................... H

amide activation
In summary, this thesis focused on the development of efficient synthetic routes towards
peganumine A, which promoted the discovery of a potent analogue, design of new

organocatalyst and investigation of new synthetic methodology.
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Zusammenfassung

Das primé&e Ziel dieser Dissertation war die Entwicklung einer effizienten Route zur Synthese
von Peganumin A und die Anwendung dieser Route zur Entdeckung potenter Analoga.
Peganumin A wurde aus den Samen der Steppenraute Peganum harmala in 2014 isoliert und
unterscheidet sich von den Klassischen Tetrahydro-g-carbolin-Alkaloiden durch das
einzigartige 5,5-Dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-on-Ringsystem, sowie eine hohe
Zytotoxizita.

Bei der anfénglichen Totalsynthese von racemischem Peganumin A wurden drei verschiedene
Strategien untersucht. Eine dieser Strategien lieferte schlief@ich den Naturstoff in einer
schutzgruppenfreien Synthese. Dabei wurde das Tetrahydro-g-carbolin-Gerist durch eine
Bischler-Napieralski-artige  Anellierung und einer Pictet-Spengler-Reaktionskaskade
aufgebaut. Mit Hilfe dieser Syntheseroute wurden 11 weitere Analoga, basierend auf dieser
funktionsorientierten Strategie, entworfen und synthetisiert. Durch zytotoxische Tests konnte

nicht nur eine vorlaufige SAR ermittelt, sondern ein potentes Analogon entdeckt werden.

NH,
A\ O 0
o) 0 [e) N N Bischler-Napieralski-artige N
MeO H 223 \ Anellierung A\ 3
1 Stufe MeO' N 1 Stufe MeO N
H o H
OMe
2.27 2.33b 2.56b
NH l 2 Stufen
o) 2
A o]
MeO ” 223 A N
MeO -« \
1 Stufe MeO N
H H X OMe Pictet-Spengler H
19,9'-didemethoxy peganumine A ! peganumine A Reaktionskaskade 2.61b

{10502 52 pM mit Racemate | 'Cao = 10.0 1M mit Racemate

Die Verwendung von Organokatalyse erlaubte, basierend auf der Strategie fCr die Synthese des
Racemats, eine asymmetrische Synthese von Peganumin A und dessen Analoga. Wé&arend die
hohe Enantioselektivita fUr Peganumin A durch ein chirales Disulfonimid als Katalysator fir
die Pictet-Spengler-Reaktionskaskade erreicht werden konnte, war dieses fiUr die
entsprechenden Analoga nicht mcglich. Durch Design, Synthese und Screening chiraler N-

Phospinylphosphoramide gelang es schliefdich einen geeigneten Katalysator fUr die hoch

enantioselektive Synthese eines potenten Analogons zu finden.
VI
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OMe:

H E E O F 1 peganumine A EQ,Q’-didemethoxy peganumineAE

97.1% ee mit DSI-31 H 94.6% ee mit NPPA-1

Neben den urspringlichen drei Strategien wurden zus&zlich zwei neue Strategien zur
ZykKlisierung von N-Acyliminiumionen untersucht, um die Effizienz der Syntheseroute zu
verbessern. Dabei konnte eine fUnfstufige Synthese von Peganumin A durch eine Kaskade,
bestehend aus Pictet-Spengler-Reaktion, Iminiumionenzyklisierung und Aminalbildung, die es

ermdylichte die Tetrahydro-/-carbolin-Motive in einer Stufe aufzubauen, realisiert werden.

NH,
N BOC Boc
[e) (o) (0] N
MeO H 1 step
1 Stufe K)jv

2.27 4.78
2 Stufen

QC gy

1 Stufe

peganumine A

Die Anellierungsreaktion aus der Synthese von Peganumin A wurde anschlief&nd zu einer
allgemeinen Methodik fCr den Aufbau von polyzyklischen, fusionierten Chinolizidingeristen
weiterentwickelt. Dieser neue Ansatz wurde schliefdich auf die Totalsynthese von Harmalanin,
Harmalacinin, Nortetoyobyrin und Ilicifolin B, sowie die Formalsynthese von Deplanchein, 10-

Desbromarborescidin A, Hirsutin, Rhynchophyllin und Isorhynchophyllin angewandt.

)CFs!
exo-trig Cyclisierung H O H
(i H o
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Zusammenfassend konnten mit dieser Arbeit effizienter Syntheserouten von Peganumin A
realisieren werden, wodurch sich die Entdeckung eines potenten Analogons sowie das Design

eines neuen Organokatalysators und Untersuchungen neuer Synthesemethoden ergaben.
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1.1. Introduction

As the science of matter, chemistry is considered by many as the center discipline standing
between physics and biology.™ Besides analyzing existing molecules, the power of chemistry
is rooted in its ability to create new chemical entities by synthesis. One of the most important
subdisciplines of chemistry is organic synthesis, which addresses the construction of natural or
artificial carbon-based molecules. Being the flagship of organic synthesis, total synthesis is
regarded as not only an art, but also a science to endeavor the replication of the molecules of
nature in laboratory.?!

Total synthesis of natural products is a marvelous development in human history.l®! The
pioneering landmark, synthesis of urea, was accomplished by German chemist F. Wéhler in
1828, counting as the beginning of organic chemistry (Scheme 1-1).! In the 19" century, many
natural products were synthesized, such as alizarin® and indigo.”®! Another remarkable
achievement was the total synthesis of (+)-glucose by E. Fischer” which is regarded as the first
total synthesis concerning stereochemistry.

: O._.OH
@0 JCJ)\ : O wOH HO
- ! HO R — . .

NN™ T0-CaN ———= A /\<_Z — Ho™ “OH

HO OH OH

H
ammonium cyanate urea ' D-arabinose D-glucose

Scheme 1-1: Remarkable total syntheses in the19" century.

The 20™ century has witnessed tremendous development of science and technology and has
seen enormous achievements in total synthesis. According to the classification of Nicolaou
et al., total synthesis in the 20" century could be divided into four eras, 1) the pre-World War
I era; 2) the Woodward era; 3) the Corey era; 4) the 1990s era."!

In the pre-World War Il era, the significant change of total synthesis was in the complexity of
the natural products. More complicated molecules were synthesized by using target-oriented
strategy. The elegant biomimetic synthesis of (3-tropinone by Sir Robinson, using
succinaldehyde, methylamine and dicarboxylic acid 1.1, is considered as the first alkaloid total
synthesis (Scheme 1-2a).!®! The total synthesis of Haemin by Fischer et al. is another landmark
in this period, starting from diverse pyrrole building blocks (1.2, 1.3 and 1.4) even without the

assistance of modern structure elucidation methods (Scheme 1-2b).1)
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Scheme 1-2: Landmark total syntheses in the pre-World War II stage.
In the Woodward era, total synthesis was improved and became both a science and an art. Even
till modern day, Woodward’s achievement is one of the peaks in total synthesis. In 1954,
Woodward accomplished the total synthesis of strychnine by utilizing the Fischer indole
synthesis!*® with phenylhydrazine and acetophenone 1.5, which established the foundation of
Woodward’s contribution to total synthesis as a genius (Scheme 1-3a).*Y] This achievement
also unveiled the golden age of total synthesis. Another milestone contribution of Woodward
was the total synthesis of reserpine. His brilliant application of the Diels—Alder reaction*?

between dienophile 1.6 and diene 1.7 realized a highly efficient construction of the reserpine

scaffold (Scheme 1-3b).[*]

o
B
+ o
o COOMe -,
MeoOC ~ OMe
1.6 1.7 reserpine

Scheme 1-3: Representative total syntheses of Woodward.
The total synthesis of vitamin Bi, was probably the most challenging synthetic problem in

Woodward’s career.™! It was accomplished by the collaboration of the Woodward group and
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the Eschenmoser group, with the participation of no less than 91 postdoctoral researchers and
12 Ph.D. students from 19 different nations over a period of almost 12 years.™® The
monumental achievement of the total synthesis of vitamin B, is not only the construction of
the molecule itself, but also expanding the margin of human knowledge and yielding novel
methodologies and theories. The breakthrough theory, Woodward and Hoffmann rule, was

developed during the total synthesis of vitamin By,.[®

Bernhauser's
transformation

cobyric acid

vitamin B4,

Scheme 1-4: Vitamin B, was traced back to cobyric acid.
During the Corey era, the two main characteristics were the increased emphasis of
retrosynthetic analysis and an effort to develop new synthetic methodologies. In 1969, Corey
et al. completed the total synthesis of racemic prostaglandin Fy,, utilizing the concept of
retrosynthetic analysis to simplify the target by several disconnections.'” The disconnections
of the double bonds by Wittig reaction™® and Horner—Wadsworth-Emmons reaction™ led to
phosphonium ylide 1.8, phosphonate 1.10 and lactone 1.9. The lactone 1.9 was traced back to
carboxylic acid 1.11, which could be constructed from bridged ketone 1.13 through a Baeyer—
Villiger oxidation.? The bridged ketone 1.13 was simplified to diene 1.15 and dienophile 1.14
by a Diels—Alder reaction (Scheme 1-5a).1*?l In 1987, Corey et al. achieved its enantioselective
synthesis, using a Corey—Bakshi—Shibata (CBS) reduction.”! The CBS reduction relied on
chiral oxazaborolidine 1.17, realizing the reduction of ketone 1.16 to chiral secondary alcohol

1.18 (Scheme 1-5b).
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Scheme 1-5: Retrosynthetic analysis of prostaglandin F», and CBS reduction.
While Woodward and Corey are the two main representatives of that era, there were also lots
of masters of total synthesis in the same period. The total synthesis of penicillin V from simple
aldehyde 1.19 and D-valine by Sheehan et al. was a milestone to promote the development of
diverse g-lactam antibiotics (Scheme 1-6a).1??! The total synthesis of progesterone unlocked the
area of steroidal molecules.”®! Johnson et al. employed the polyene cyclization of 1.21 as the
key step to complete the total synthesis of progesterone, demonstrating the profound power of
biomimetic strategies in total synthesis, which were inspired by the biosynthetic pathway
(Scheme 1-6b).[24 Later in the era, Stork addressed the challenge to construct polycyclic
lycopodine-type alkaloid from ester 1.22 and ethyl acetoacetate (Scheme 1-6¢).[5! Besides
these breakthrough achievements, there are a multitude of brilliant chemists who also

accomplished a variety of natural products to expand the knowledge of total synthesis.



1.1. Introduction
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1.19 D-valine penicillin V

2-methylfuran 1,4-dibromobutane

1.22 ethyl acetoacetate lycopodine

Scheme 1-6: Other breakthrough total syntheses in Woodward and Corey era.
Since the 1990s, the total synthesis of natural products is frequently accompanied with the study
of bioactivity, due to the increasing development of biology and medicine. In addition, with the
progress of related areas, such as isolation methods, structure elucidation and synthetic
methodologies, total synthesis encountered a blooming and competitive stage. The 6 concurring
syntheses of Taxol in the 1990s is a good example of competition and development within the
field of total synthesis. In 1994, Holton et al. reported their enantioselective total synthesis of
Taxol from epoxide 1.28 in 46 linear steps, featuring a Grob fragmentation® and a Dieckmann
condensation?” (Scheme 1-7a).1?®! Simultaneously, Nicolaou et al. published their 40-step
convergent total synthesis, employing two Diels—Alder reactions® of dienophile 2-
chloroacrylonitrile and diene 1.23, as while as dienophile 1.24 and diene 1.25 (Scheme 1-7b).*
The key steps are a Shapiro reaction®™ to integrate the two fragments and a McMurry
coupling®¥ to close the eight-membered ring. Two years later, Danishefsky et al. provided
another 52-step synthesis starting from diketone 1.26 and ketone 1.27 (Scheme 1-7¢).*? The
Mizoroki—Heck reaction®®® was the key step in the synthesis. In 1997, another 38-step linear
synthesis was accomplished by Wender et al (Scheme 1-7d).B* They commenced the synthesis
from natural monoterpene verbenone and utilized a Grob fragmentation®®! and an aldol reaction

to construct 1.32. Kuwajima et al. achieved the first total synthesis of Taxol using artificial

small molecules 1.35 and 1.36 as starting material via a 66-step synthesis (Scheme 1-7e).
6



Motivation and Background

Through the key Mukaiyama aldol reaction,'®®! Reformatski reaction,=” and pinacol coupling,®®

Mukaiyama et al. also completed the total synthesis of Taxol from L-serine in 61 steps in 1998

(Scheme 1-7f).1*%

b) Nicolaou's synthesis

c) Danishefsky's synthesis
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Scheme 1-7: Total syntheses of Taxol in the 1990s.
This is a unique example in the history of total synthesis that manifold total synthesis routes

were published in such a short period (1994-1998) for such a complex molecule. The main
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driving forces for the intensive research of its total synthesis was because of its extreme scarcity
and extraordinary bioactivity with novel interaction with tubulin by stabilizing the microtubule
polymer.“% Additionally, the bioactivity of natural product became a paramount consideration
of total synthesis since then.

On the other hand, the structures of the natural products being synthesized were increasingly
complex. Palytoxin was considered as “the Mount Everest of organic synthesis, the largest
molecule that anyone has ever even thought about making”."Y The structure contains more than
100 stereocenters, which was elucidated by Uemura et al.*? After 12 years, Kishi et al.
completed its total synthesis by subsequent connections of 9 fragments.¥ It is undoubted that
the completion of the total synthesis of palytoxin is a “pivotal moment” in the field of natural
product synthesis. Tt is also an epitome of human’s development. Starting from the synthesis of
urea, within 200 years exploration, humans could manipulate and construct such a giant and

complex molecule (Figure 1-1).

H,C=PPhj

palytoxin LiCH,P(O)(OMe),
Figure 1-1: Structure and synthetic fragments of palytoxin.
However, it was also a moment to discover potential new directions in the field of total synthesis.
During the pre-World War 1l era, many methodologies and theories were undeveloped. This
has altered vastly since then, going via the Woodward and Corey era and then into a time where

high throughput screening and computer-aided technology played a more important role in the
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drug discovery pathway. In the 21* century, the sustainability and efficiency of natural product
synthesis underlay the precepts of modern chemistry.*¥ These developments have all
contributed to the current era of natural product synthesis, based on the results and
methodologies of the pioneers in the past to mold the field of modern drug discovery and
organic synthesis to allow for simplified and strategic total synthesis towards natural
products.[*!

The 6-m electrocyclization—-rearomatization strategy was proposed by Li et al., by which concise
total syntheses of various complex natural products were achieved. In the total synthesis of
xiamycin A, indole-based triene 1.37 underwent a 6-m electrocyclization—rearomatization
cascade reaction to afford carbazole 1.38 (Scheme 1-8a).l*) The polyphenol natural product
clostrubin was also synthesized through a 6-m electrocyclization-rearomatization tandem

reaction of highly conjugated triene 1.39 (Scheme 1-8b).1”) Triene 1.41 was converted to arene

1.42, which was the key intermediate of the total synthesis of ileabethoxazole (Scheme 1-8c).!"

thermal condition photochemical condition
N ~
X"“Me S e ‘Me
67 electrocyclization

s “0TBS
MéE COOETMS

Me 365 nm light
Y e

air
mesitylene
140 °C

1.41 1.42 ileabethoxazole

Scheme 1-8: 6-n electrocyclization—rearomatization strategy in total synthesis.
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continued

1) toluene, 145 °C
Me 2) DDQ, DCM

Me°\ MeH
1.48 rubriflordilactone B

Scheme 1-8: 6-n electrocyclization—rearomatization strategy in total synthesis. (continued)
Besides those natural products with heterocycles, the 6-n electrocyclization—rearomatization
strategy was also applied to the less activated triene system. In the total synthesis of
daphenylline, the photochemically induced 6-m electrocyclization of triene 1.43 afforded
conrotatory product 1.44, which underwent rearomatization under DBU/air condition yielding
arene 1.45 (Scheme 1-8c).*”! The strategy was also used in the total synthesis of
rubriflordilactone AP% and B,°" whereby trienes 1.46 and 1.48 were converted to arene 1.47
and rubriflordilactone B (Scheme 1-8d and ¢).

Inspired by the biosynthesis of terpenoids, Baran et al. proposed a two-phase synthesis strategy
for highly oxidized terpenoids. In this strategy, the first cyclase phase is to construct the carbon
skeleton, which can be realized by various C-C bond formation methodologies. The
challenging second phase is to functionalize the hydrocarbon skeletons of the complex terpenes.
In the total synthesis of ingenol,? starting from (+)-carene, the cyclase phase end point 1.49
was synthesized through a 7-step sequence, featuring a Pauson—-Khand reaction (Scheme 1-
9a).%¥ In the oxidase phase, by utilizing the C—C double bonds, the four hydroxyl groups were
successfully introduced by OsO, catalyzed dihydroxylation®! and SeO, mediated Riley
oxidation respectively. The two-phase strategy was also applied to the total synthesis of the
more oxidized terpenoid thapsigargin. The final product of cyclase phase 1.51 only needed a

one-step Robinson annulation®® between ethyl vinyl ketone and (+)-dihydrocarvone (Scheme

10
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1-9b). By exploiting the double bonds, five of the six hydroxyl groups were installed. It is
noteworthy that the C10 hydroxyl group was introduced in the same process of the
photochemical rearrangement.5”! In 2020, after 13-year effort, Baran et al. accomplished the
two-phase total synthesis of Taxol, which demonstrated that the two-phase logic could be a
favorable guiding strategy to the terpenoid total synthesis (Scheme 1-9c). The unique 6/8/6
tricyclic taxane 1.52 was construct by a six-step cyclase phase from simple building blocks.®®
It is remarkable that in the oxidase phase, there was no skeleton rearrangement, which means
all the C—H functionalization were achieved by direct manipulation of the 6/8/6 tricyclic carbon

skeleton.[d
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Scheme 1-9: Two-phase strategy in total synthesis.
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This brief overview of the development of natural product total synthesis indicates that it has
evolved to a mature scientific subject from an empirical technique. However, huge terra
incognita still needs to be explored. It is anticipated that one day in the future, with the
assistance of computational technology, the reactivity of every atom in any molecule could be
predicted precisely. This would allow natural product total synthesis to become more efficient
and environmentally friendly by avoiding the time-consuming optimization of reaction
conditions. It is also envisioned that with the development of new theories, novel methods for
bond formation can be discovered which will provide new concise strategies for natural product
total synthesis. Moreover, being the flagship of organic synthesis, natural product total

synthesis will certainly play an important role in the development of humans.

1.2. Natural product and drug discovery

1.2.1. Natural product as drug

The importance of natural products in the treatment of human disease is well documented
throughout history. Sumerian cuneiform tablets (2400 BC) from Mesopotamia record
prescriptions for medicine. The ancient Egyptian Ebers Papyrus recorded roughly 800
prescriptions using 700 drugs. Greek physician Pedanius Dioscorides wrote De Materia Medica
covering over 600 medicinal plants. The earliest known Chinese manual on Materia medica is
the Shennong Bencao Jing dating back to the 1% century AD. After the isolation of morphine
from opium by SertUrner, humans have since started to investigate the active ingredient of
medicinal plants.’®® The isolation and total synthesis of natural product become more and more
important in drug discovery, as it can provide the pure active ingredient. Additionally, the
unique structure of natural product is a good starting point for drug discovery.

Natural products are usually classified into two major classes: primary and secondary
metabolites. Primary metabolites are organic molecules of basic metabolic pathways that are
required for life, such as nucleic acids, amino acids, sugars, and fatty acids, and the major
macromolecules from these simple building blocks, for example DNA, RNA, proteins,

carbohydrates, and lipids. In contrast, secondary metabolites are organic molecules that
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typically have an extrinsic function and mainly affects other organisms rather than the one
synthesizing them.® Secondary metabolites are not essential for survival but increase the
competitiveness of the organism within its environment. Since secondary metabolites have
diverse structures and activities, they attract more attention of research. Based on their
structures, natural products can be divided into four major classes: alkaloids, terpenoids,
phenylpropanoids and polyketides. Alkaloids are a diverse group of nitrogen-containing basic
compounds. Terpenoids are oxygenated hydrocarbons composed of isoprene units.
Phenylpropanoids are chemical compounds characterized by the presence of aromatic ring
structure bearing one or more hydroxyl groups. Polyketides contain alternating carbonyl groups
(or hydroxyl groups) and methylene groups.

The discovery of the biologically active natural products has dramatically changed human life
and society. Alkaloid contains diverse natural products with a wide range of pharmacological
activities. Morphine was the first isolated natural product and exhibited excellent interaction
with the central nervous system to decrease the feeling of pain. It is also on the World Health
Organization’s List of Essential Medicines. Although both cocaine and anisodamine contain a
tropane scaffold, they show distinct medicinal effect. The activity of cocaine is related with the
neurotransmitters, such as dopamine and serotonin.® But anisodamine mainly interacts with
o1 adrenergic receptor to treat acute circulatory shock.[%! Tetrahydroisoquinoline and
isoquinoline alkaloids exhibit diverse bioactivities® making them frequently used in clinic,
such as noscapine,®! papaverine,’®® emetine,® tubocurarine®® and so on. The unique
Colchicum autumnale has been used as early as 1500 BC to treat joint swelling. The active
component is colchicine, which was approved by FDA in 1961 and is still a first line drug for
gout.l®® Caffeine is probably the most widely consumed psychoactive drug, as it is legal and
unregulated in most parts of the world, and even appears in coffee and tea. Its prominent
mechanism is believed to be through reversible blocking the action of adenosine on its
receptors.’™ The discovery of cinchona alkaloid quinine is a landmark in the treatment of
malaria. It not only spurred the development of synthetic chemistry,™ but also inspired the
invention of lots of low-toxic anti-malaria drugs, such as chloroquine (Figure 1-2).["2

Terpenoids is also an important type of natural product. Andrographis paniculate is a widely
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used traditional Chinese medicinal herb. One of the active compounds was isolated as
andrographolide,[™™ which is an anti-inflammatory terpenoid drug. The terpenoid digoxin is a
representative of the cardiac glycosides, which usually applied to increase the output force of
heart and decrease its rate of contractions through the interaction with the cellular sodium-
potassium ATPase pump.l"4 Digoxin is on the World Health Organization’s List of Essential
Medicines with millions prescriptions per year (Figure 1-2).

The phenylpropanoids is a class of molecules that contains lots of excellent drug applications
as well. Podophyllotoxin is usually the active ingredient of medicinal cream to treat external
warts.l”® Etoposide is a topoisomerase inhibitor, acting as a chemotherapeutic agent for the
treatment of cancer. Polyketides are produced in bacteria, fungi, plants, and certain marine
animals, exhibiting special bioactivities. Erythromycin is an antibiotic which usually is

regarded safer than penicillin concerning the potential allergic effects (Figure 1-2).
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Figure 1-2: Examples of natural products as drugs.
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Figure 1-2: Examples of natural products as drugs. (continued)

In the history of mankind, natural products played a crucial role to conquer diseases. In ancient
times, people were only able to use the herbs based on observational experience, which in most
cases is not an effective way. With the development of isolation methods, people could utilize
the pure active component of the natural remedies, which is more efficient due to the
elimination of the other potential toxic compounds. For example, during World War Il, the
successful application of penicillin saved the lives of thousands of wounded people and
attracted scientists’ attention to discover more active antibiotics. With the blooming of
pharmaceuticals, the strict safety criteria of drugs are also updated. Gentamicin is an
aminoglycoside antibiotic, produced by the fermentation of Micromonospora purpurea and
was widely used in the 1960s (Figure 1-3). However, it had serious side-effects, such as kidney
damage and inner ear problem, which were discovered during the usage, thereby limiting its

application in clinic.
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Figure 1-3: Structure of gentamicin.
Although the direct usage of natural product as drug is challenging to meet the modern standard
of drug, natural products still play an important role in the drug discovery,® due to their
scaffold diversity, structural complexity and molecular rigidity.'’’? In the modern drug
discovery, the research based on natural product and computer design are two of the most
important methods to discover new druggable entities and they promote each other to hit the

potent candidates of drugs indeed.[”®
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1.2.2. Strategies for natural product analogues synthesis in drug discovery

Historically, a natural product total synthesis was usually a target-oriented synthesis, which was
mainly focused on the natural product itself before the Corey stage. The value of total synthesis
for drug discovery was only to provide the rare natural products themselves. The design and
synthesis of 9,11-diazo-prostaglandin H; by Corey et al. is an early natural product analogue
design, synthesis and evaluation (Figure 1-4).[¥! It is not only more stable, but also about eight

times faster to promote irreversible aggregation of platelets than prostaglandin Ha.

COOH COOH

H OH H OH
prostaglandin Hy 9,10-diazo-prostaglandin H,

Figure 1-4: PGH; and 9,11-diazo-PGH..
Nicolaou as one of the masters of total synthesis in the post Woodward and Corey era, focused
on total synthesis incorporating biological and medicinal consideration in his endeavors.’®”
After accomplishing the total synthesis of calicheamicin y1, Nicolaou et al. designed

calicheamicin 61 which exhibited one thousand times improvement of DNA cleaving property

[81]

and apoptosis inducing activity.

calicheamicin y4 calicheamicin 64

Figure 1-5: Calicheamicin v, and its analogues.
Besides the strategy of changing the side chain, the modification of core carbon scaffold is also
an important strategy for the design of natural product analogues. Platensimycin is a novel cage-
like antibacterial natural product which inhibits bacterial fatty acid biosynthesis.®? In 2009,
Nicolaou et al. completed the total synthesis of platensimycin,’® together with its analogues,
such as carbaplatensimycin,® adamantaplatensimycin®! and the bicyclic analogue.®
Although these attempts of structure simplification were not fruitful, the result showed the

unique cage-like structure was crucial for the bioactivity and provided guidance for the further
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design of analogues (Table 1-1).

Table 1-1: Minimum inhibitory concentration of platensimycin and its analogues.

H OH OH OH
HOOC
ST L0 B & S o
e O Wl e 0 HO HN’<’, e NJ&/Q Vo2
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o
N
HOHQ@ Ho  H
7 VAW,
/7
S [ ’

HOOC

Me Me Me

platensimycin [ug/mL] carbaplatensimycin [ug/mL] adamantaplatensimycin [ug/mL] bicyclic analogue [ug/mL]
MRSAP! 0.2-0.4 1.1-2.2 1.3-1.8 3.5-4.3
VREFD! 0.4-0.8 1.1-2.2 1.3-1.8 6.5-8.5

[a] Methicillin-resistant Staphylococcus aureus. [b] Vancomycin-resistant Enterococcus

Since then, various strategies were developed to guide the design and synthesis of natural
product analogues. The most popular strategies are hybrid synthesis (HS),” complexity to
diversity (CtD),”®® diverted total synthesis (DTS), function-oriented synthesis (FOS)®” and
biology-oriented synthesis (B10S).l°

The hybrid synthesis is generally a way to integrate two active molecules to a single molecule.
Compared to the combinatorial chemistry approach, the advantage of hybrid synthesis is the
inherent biological activity of the hybrids. One interesting example exits in nature is the
antimicrobial antibiotic thiomarinol, which is a hybrid of the pseudomonic acid C analogue and

holothin (Figure 1-6).1°%

S
S
OH OH (0] I
2 NH
Me HO. . % O\/\/\/\)LN
Mej/:\/\\\v 0O Me O o
OH thiomarinol
OH H S,S
HO O(CH;)sCOOH
Me \é‘\\\w ( 2)s [e) / /
: . NH
MeY\/\\\\ O Me O HO\/\/\/\)]\N
H
OH pseudomonic acid C holothin 0

Figure 1-6: Hybrid in nature.
The most common hybrid strategy is a straightforward connection between two components by
a linker. Geldanamycin is an ansamycin antibiotic, which could bind to the Hsp90 chaperone
protein and lead to the degradation of several important proteins. The interaction is non-
selective thereby compromising its applicability as a drug lead. Therefore, a hybrid with
estradiol was anticipated to increase the affinity to estrogen receptor. The assay revealed that
1.53 targeted the estradiol receptor-Hsp90 interaction exclusively without affecting other

Hsp90 associated proteins (Figure 1-7).1°%
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MeO.

: o : 0 oMe i MeO yg X 0 “oMe
estradiol ! Me Me)\ ! Me Me)\
: d NH, ! g NH,

1.53 E geldanamycin

Figure 1-7: Hybrid with linker.
Complexity to diversity is another strategy to generate new chemical entities by utilizing the
functional groups of natural products. The efficiency of this strategy was exhibited in the
diversification of diterpene pleuromutilin, which transformed the tricyclic ring system of
pleuromutilin into a variety of novel and complex polycyclic compounds in short synthetic
sequences.® Through a retro-Michael ring cleavage and oxidation sequence, pleuromutilin

was converted to lactone 1.54, which could undergo a Beckmann rearrangement(®

yielding
1.55 (Scheme 1-10).°! The ring expansion product 1.56 was obtained by the carbocation
rearrangement of 1.57. An isomerization and subsequent 1,5-hydride shift afforded 1.57 from
pleuromutilin.®? The 8-membered ring of pleuromutilin could also be contracted to a 7-
membered ring resulting in diene 1.58, which was able to be further transformed into 1.59.°¢!
The side chain could also be modified yielding 1.61, which underwent autoxidation to afford

lactone 1.60.°% Tetracyclic 1.62 was obtained via an alkylation type reaction of pleuromutilin.

Treating 1.62 with PCls, triggered a carbocation rearrangement cascade leading to a complex

pentacyclic compound 1.63.[%

Scheme 1-10: Complexity to diversity of pleuromutilin.
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Diverted total synthesis is probably the most frequently used strategy for natural product
analogues synthesis. This term was proposed by Danishefsky,® holding the central
consideration, that the natural products and analogues are equal concerning the properties
sought after in the eventual drug. The key of diverted total synthesis is an advanced intermediate
having access to both the natural product and the analogues. In the diverted total synthesis of
migrastatin, the advanced intermediate 1.67 was constructed by a sequence featuring a Lewis
acid-catalyzed diene aldehyde condensation (LACDAC) between 1.64 and 1.65 (Scheme 1-
11).129% Utilizing a divergent synthesis route from 1.67, both migrastatin and structure
simplified analogues (1.68-1.71) were synthesized. Further assay showed the simplified

analogues 1.68 and 1.71 have improved cytotoxicity against 4T1 cell.

él'\\/le, S/\/Q
migrastatin

ICs0 = 29 uM

IC5( tested on 4T1 tumor cells

OMe o
(o} Me |
1| X Me LACDAC 07Ny Me/
I + — _>,
OMe 2 0TMs I 0 [ “oTBS
Me OMe Me OMe
1.64 1.65 1.66 1.67

!

(0]
| Me o | Me
Me,,,
'OH Z [ “oH

mIZ

%

OMe OMe
1.68 1.69 1.70 1.71
IC59 =22 uM IC50 =100 uM IC50 = 255 uM IC50 = 24 uM

Scheme 1-11: The diverted total synthesis of migrastatin.
Function-oriented synthesis is another way to overcome the random design of analogues. This
strategy is usually based on a preliminary SAR study. Wender et al. demonstrated this strategy
in the analogue design and synthesis of bryostatin 1, which is a polyketide isolated from the
marine organism Bugula neritina and exhibits remarkable biological activities.**? However,
the poor natural abundance, low isolated yield (10 to 10® %) and long total synthesis steps

limited its application in clinic. Based on the preliminary SAR study, the pharmacophoric
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1.2. Natural product and drug discovery

regions were identified; being the upper lipophilic A and B rings and the C1 carbonyl group
and the C19 and C26 hydroxyl groups. After intensive investigation, Wender et al. discovered
that analogue 1.72 exhibits better activity and can be prepared by a shorter and more simplistic

synthetic route (Scheme 1-12).[1%!

bryostatin 1 over 100 bryostatin analogues 1.72
PKC K;=1.35nM PKC K; = 0.67 nM
42 LLS (63 total steps) 17 LLS (32 total steps)

Scheme 1-12: Function-oriented synthesis of bryostatins.
As the primary SAR study with randomly designed analogues is required in the HS, DOS and
FOS, Waldmann et al. proposed a biology-oriented synthesis. The BIOS is based on the
understanding of structural conservatism of proteins and natural products in the evolution.[**!
Waldmann et al. considered that it could be an efficient way to design analogues by utilizing
the conservatism of the binding between natural products and proteins.®*! One example of such
structural conservatism was discovered in ligand binding sites of APT1 and gastric lipase, by
an analysis of the protein structure similarity clusters. Based on the structural and spatial
arrangement similarities, Waldmann et al. hypothesized that lipase inhibitor might be a good
starting point for the development of novel APTL1 inhibitor (Scheme 1-13). Based on the
marketed lipase inhibitor tetrahydrolipstatin, a variety of p-lactones were designed and

synthesized. Finally palmostatin B was proven to be an efficient APT1 inhibitor.!X%°!

_ H Me
lipase inhibitor H o
o \\( o
°0¢ 2 |

o
gastric lipase Cn H;5\ CeH1s
tetrahydrolipstatin
high structural lipase inhibition
similarity

ATP1 inhibitor

B o)
screening

~

(0]
<@y 1 2

R R
APT1 inhibitors o B-lactones

\ O:/E
ST N oM
MeO\Q\ 10121

MeO palmostatin B

Scheme 1-13: Discovery of ATP1 inhibitor through biology-oriented synthesis.
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With the development of computational chemistry, the in silico techniques were utilized in the
analogue design and synthesis of bioactive natural products. Shenvi et al. reported a stabilized
analogue of salvinorin A, which overcome the epimerization problem at the C8 position
(Scheme 1-14).12%! By analyzing the epimerization mechanism, the C20 methyl group deleted
20-nor-salvinorin A was considered as a more stable analogue. The further docking with kappa-
opioid receptor showed the binding model of 20-nor-salvinorin A was similar as salvinorin A.
The investigation of the chemical reactivity and biological activity of 20-nor-salvinorin A

demonstrated it was more stable than salvinorin A with comparable bioactivity.

p——

I M H
MeOOC '° Me0OC
8-epi-salvinorin A salvinorin A 20-nor-salvinorin A
K; =140 nM K;=0.2nM Ki=1nM
ECs¢ = 531 nM ECs50=1nM ECsp =6 nM

Scheme 1-14: Dynamic strategic bond analysis of salvinorin A.

1.3. Natural product and organocatalyst

1.3.1. Organocatalysis

Catalysis is built on three pillars according to the modern classification, namely biocatalysis,
metal catalysis and organocatalysis.'*” Generally, organocatalysis could be further sub-divided
into four types, Lewis bases, Lewis acids, Brensted bases and Brensted acids. The fundamental
activation mode of these catalysts is either providing or removing electrons or protons from a
substrate or a transition state. Lewis base catalysts, such as amines and carbenes, and Brensted
acid catalysts are the prominent types in organocatalysis.

Although the concept of organocatalysis was proposed in the late 1990s, the application of
achiral organocatalyst can be trace back to the late 19" century. Knoevenagel found that amine

could catalyze the aldol condensation between malonate with aldehyde (Scheme 1-15).[%®!
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Scheme 1-15: Catalytic cycle of the Knoevenagel reaction.
The pioneering reaction in asymmetric organocatalysis was the proline catalyzed
intramolecular aldol condensation of 1.73 in the 1970s, namely Hajos—Parrish—Eder—Sauer—
Wiechert reaction, leading to bicyclic ketol 1.74 (Scheme 1-16).12%! Unfortunately, in the
following three decades, this type of catalytic rection was not fully explored. In the following
studies, different mechanisms were proposed for this reaction. Hajos et al. postulated the
reaction was via a hemiaminal intermediate.’® In contrast, Agami et al. hypothesized the
transition state involved an enamine with two proline units.!® Swaminathan et al. suggested a
heterogeneous mechanism on the surface of crystalline proline, despite the reaction was

homogenous.™ Houk et al. proposed another enamine participated mechanism. 2

: H Me OE
iMe Me L-proline (3 mol%) E
' DMF o H
! (e} 99%, 93% ee

..............................................................

H ~
~~~~~~~ AN ©0 )‘I
oy, & ) T o R H {
T 7 @\‘H—N@ 0 N
[0}
crystal surface
Hajos' model Agami's model Swaminathan's model Houk's model
1974 1984 1999 2001

Scheme 1-16: Organocatalytic Hajos—Parrish—-Eder—Sauer—Wiechert reaction.
It is noteworthy that in the total synthesis of erythromycin A, Woodward et al. employed a D-
proline promoted intramolecular aldol condensation to construct 1.76 from aldehyde 1.75

(Scheme 1-17).[*%]
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HO C j ""COOH

N H
S S
8 S\)\/\OBn H D-proline
—_— 6 —
(of3 opimer 1:1 H o8n
epimer 1:
o 36% ee O OH
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Scheme 1-17: Organocatalysis in the total synthesis of erythromycin A.
Finally, some less noticed but nonetheless important discoveries by Yamaguchi et al. and
Taguchi et al. broke the silence of the organocatalysis field in the early 1990s. They
independently reported enantioselective Michael additions using L-proline derivatives.
Yamaguchi et al. employed the rubidium salt of proline to realize an asymmetric Michael
addition to enones (Scheme 1-18a).1** Taguchi et al. discovered L-proline derived chiral
ammonium hydroxides could also catalyze the enantioselective Michael addition (Scheme 1-

18b). 1!

0 pr®
(o] QCOO Rb Me (0]
e 9 H 5 or 20 mol% 1
Me i i ° R OiPr
| 1 + lPr\OJ\/U\O/IPr *

CHCly

R P
58-91%, 35-77% ee o™ O
R = alkyl, aryl
b)
@\ /7 n=tor2 Q
O N< R2 o
n
o)
o o OR
R R4 RO OR® HFIP / tol o R¢
oluene 07 OR5

21-96%, 3.5-71% ee
R2, R%, R* = alkyl, aryl; R® = Me, Bn

Scheme 1-18: Pioneering organocatalytic Michael additions.

At the end of the 20" century and the beginning of the 21% century, the golden era of
organocatalysis arrived. In the beginning, most of the investigations were focused on the
organo-Lewis base catalysts.

In the late 1990s, Shi et al.,*!®! Denmark et al.'*! and Yang et al.l'®l showed that the
enantioselective epoxidation of simple alkenes could be achieved by a catalytic process with
enantiomerically pure ketones (1.77-1.79). Hydrogen-bonding catalysts CTU-1 and 1.80 were
demonstrated to be efficient in an asymmetric Strecker reaction by Jacobsen et al.*¥and Corey

et al.'? Miller et al. mimicked enzyme-substrate interaction and introduced tripeptide 1.81 for
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the enantioselective kinetic resolution of alcohols (Figure 1-8).1*24
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Figure 1-8: Organo-Lewis base catalysts.
The year 2000 is considered as the first year of the era of organocatalysis, as the systematic and
extensive research started to bloom. Additionally, two landmark publications announced the
concept of organocatalysis in 2000. One is from List et al. which illustrated the L-proline as an
enamine catalysis for the direct asymmetric aldol reactions (Scheme 1-19a).122 The other from
MacMillan et al. reported an organocatalyzed Diels—Alder reaction via iminium catalysis and

conceptualized as “organocatalysis” (Scheme 1-19b).[2]
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MeOH / H,0 e
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Scheme 1-19: Landmark works of organocatalysis.
The field of organocatalysis grew very fast in the first decade of the 21% century. A variety of
catalysts were developed.!?! Many secondary amines were designed to achieve various
asymmetric reactions by using prolines and imidazolidinones as templates (Figure 1-9a).l?%
The cinchona alkaloid was regarded as a privileged scaffold and frequently employed as
organocatalyst. By introducing a primary amine moiety at C9 position, the multifunctional

cinchona-based primary aminocatalysts were obtained, which have been utilized in the
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activation of hindered carbonyl compounds (Figure 1-9b).?81 The C9 alkoxyl cinchona
alkaloids could act as a tertiary amine catalyst to generate reactive ammonium enolates (Figure
1-9c¢).*?1 The chiral quaternary ammonium salts also exhibited the value in organocatalysis
(Figure 1-9d).12%81 The bridge nitrogen alkylated cinchona motifs and N-spiro binary scaffold
have catalyzed diverse asymmetric transformations. Inspired by the vitamin B, in nature, the
chiral N-heterocyclic carbene as bivalent carbon based motif was also applied to

organocatalysis (Figure 1-9e).['?!
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Figure 1-9: Representative organo-Lewis base catalysts.
Meanwhile, the chiral Brensted acid catalysts were well-developed as another important branch
of organoctalysis. Since Akiyama et al.l!*! and Terada et al.'®Y independently reported the
pioneering utilization of the BINOL-derived chiral phosphoric acids to catalyze C-C bond
formation reactions, a wide range of phosphoric acids with other chiral backbones were
developed, such as Hg-BINOL, VAPOL, TADDOL, SPINOL. In addition, investigations also
focused on the core of the chiral Brensted acid, such as chiral phosphoric acids (CPA),*? chiral
dicarboxylic acid (DCA),**! phosphorodiamidic acid (PDA),***! N-triflylphosphoramide
(NTPA),®! N N-bistriflylphosphoramidimidate (NBPI),[**! N, N*-bistriflylphosphoramid-
imidate (NBPI),%! bis(sulfuryl)imide (JINGLE),* disulfonimide (DSI),*8 binaphthyl-
allyl-tetrasulfone (BALT)™*¥ as the mono-BINOL unit catalysts. The dual-BINOL units

catalysts were developed by List et al., such as imidodiphosphate (IDP),**! imino-
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imidodiphosphate (iIDP),[ imidodiphosphorimidate (IDPi) (Figure 1-10).142
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Figure 1-10: Representative scaffolds of chiral Brensted acids.
Hydrogen bond is a relatively weaker noncovalent bond which can also utilized in
organocatalysis.*! Due to the two hydrogen bonds provided by coplanar amino substituents,
thiourea is probably the most popular motif of hydrogen bond organocatalysts (Figure 1—
11a).244 Hydroxy! group is also a good hydrogen bond donor, which can integrate with various
chiral backbones to serve as the catalysts for many reactions (Figure 1-11b). As the
conjugated acid of guanidine, guanidinium inherits the well-established electrostatic and
hydrogen-bonding abilities, making it widely used in organocatalysis (Figure 1-11c).[
Similar as guanidine, amidine is also employed as hydrogen bond organocatalysis (Figure 1—

11d). Due to the rigid planar structure, squaramide exhibits binding properties and catalytic

capacities, which appears in some novel hydrogen bond organocatalysts (Figure 1-11e).014®!
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Figure 1-11: Hydrogen bond catalysts.

another criterion for categorization. With regards to the molecular orbits, they can be divided
into HOMO activation, LUMO activation and SOMO activation.!*?**! The special dual-BINOL-

unit catalysts increase the importance of confinement in the activation mode.
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Figure 1-12: The general activation modes of organocatalysts.

1.3.2. Organocatalytic asymmetric total synthesis

In chemistry, chirality is a property of molecule or ion, whereby it cannot be superposed on its
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mirror image by any combination of rotations and translations.™ The natural products are
often chiral and usually enantiomerically pure, as they are constructed by enzyme catalyzed
reactions. The building block of enzymes, the amino acids are also chiral. This asymmetric
property is crucial for the bioactivity of natural products in many cases. Therefore, realizing the
total synthesis of natural products in an asymmetric fashion is significant. However, the
chirality of a compound can only be generated in a chiral atmosphere. In the early time of
synthesis, chemists used chiral resolution to separate the enantiomers. This method not only
wasted half of the material, but also cannot be applied to every natural product, as not every
compound had proper resolving agents. In modern times, the asymmetric total synthesis using
a chiral catalyst is more practical and reliable. Organocatalysis as an important catalysis type
was proven to be a powerful approach to achieve asymmetric total synthesis.

Even in the early stage of organocatalysis, Terashima completed the asymmetric total synthesis
of (-)-huperzine A through a cinchona alkaloid promoted Michael—aldol cascade between

achiral 1.82 and aldehyde 1.83 constructing enantioenriched tricyclic ester 1.84 (Scheme 1-

=z
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Scheme 1-20: Organocatalytic asymmetric total synthesis of (—)-huperzine A.
In the total synthesis and structure revision of callipeltoside C, MacMillan et al. demonstrated
the power of organocatalysis. The L-proline catalyzed enantioselective aldol reaction between
propanal and aldehyde 1.85 afforded 1.86 with 99% ee. The enantioselective a-oxyamination
reaction of aldehyde 1.88 with nitrosobenzene yielded 1.89 with 99% ee catalyzed by L-proline.
Aldehyde 1.92 was obtained with 99% ee through the L-proline catalyzed enantioselective aldol
dimerization of aldehyde 1.91.185Y Through further transformations, the intermediates 1.87 and

1.90 led to 1.94, which reacted with 1.93 affording callipeltoside C (Scheme 1-21).
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Scheme 1-21: Total synthesis of callipeltoside C by L-proline.
Enzyme-catalyzed cascade reactions play a crucial role in nature to construct the complex
structures of natural products. By mimicking nature’s strategies using organocatalysis,
MacMillan et al. reported the landmark total synthesis of six complex alkaloids, akuammicine,
strychnine, kopsanone, kopsinine, aspidospermidine and vincadifformine via an asymmetric
Diels—Alder reaction—elimination—conjugate addition cascade catalyzed by imidazolidinone,

transforming tryptamine derivative 1.95 to tetracyclic aldehyde 1.96 (Scheme 1-22).1152]
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Scheme 1-22: Unified total synthesis of indole alkaloids.

29



1.3. Natural product and organocatalyst

Besides these total syntheses which usually utilized the organocatalysis in the early stage
synthesis, MacMillan et al. demonstrated that organocatalysis could also be applied to an
advanced complex system, by realizing the alkylation—cyclization cascade between the
complex intermediate 1.97 and propynal (Scheme 1-23). This asymmetric transformation
yielded 1.98 and achieved the installation of the challenging C10 stereocenter of diazonamide
A with high enantioselectivity.***!

Q Me
o}
g
/\“ N~ “tBu
Ph H
-TC

A

86%, dr > 20:1

diazonamide A

Scheme 1-23: Organocatalyst in the total synthesis of diazonamide A.
Chiral Brensted acids also exhibited potential in asymmetric total synthesis. In the total
synthesis of estrone, List et al. realized a chiral dinitro-disulfonimide (dnDSI) catalyzed
enantioselective Torgov cyclization*® of 1.99 leading to the tetracyclic intermediate 1.100

with 94% ee (Scheme 1-24).1*%

estrone

Me Me © T
nDSI (5 mol%) SFq _ ‘
MeO toluene MeO'
88%, 94% ee
1.99 1.100

Scheme 1-24: DSI catalyzed asymmetric total synthesis of estrone.
Another remarkable application of chiral Brensted acid catalysis is the asymmetric total
synthesis of (-)-rhazinilam and (-)-leucomidine B by Zhu et al. The enantioenriched

intermediate 1.102 was provided by the dimeric imidodiphosphoric acid IDP-1 catalyzed
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desymmetrization of bicyclic bislactone 1.101 with 84% ee (Scheme 1-25).1%¢!

IW@\ MeOH (2.0 equiv.) g
2 1o DP-1 (10 mol%) Q s

O Ar  Ar HN \O
O rhazinilam

N2
=N—
W OLe
e SIS e
H of O o o
Ofio;/ro a al w
H > M
e 1,4-dioxane © Ef CHO OMe
Et 95%, 84% ee
1.101 1.102 leucomidine B

Scheme 1-25: Chiral imidodiphosphoric acid in total synthesis.
In 2012, Kwon et al. reported the first enantioselective total synthesis of (+)-ibophyllidine using
a chiral phosphine catalyzed asymmetric [3 + 2] annulation between 1.103 and 1.104, yielding

all-syn pyrrolidine 1.105 with 99% ee (Scheme 1-26).[5"]
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Scheme 1-26: Chiral organophosphine in the total synthesis of (+)-ibophyllidine.
Scheidt et al. utilized an asymmetric desymmetrization in the total synthesis of bakkenolide S.
Lactone 1.107 was afforded with 98% ee from 1,3-diketones 1.106, through a homoenolate
protonation—intramolecular aldol addition—acylation tandem in the presence of chiral NHC

catalyst (Scheme 1-27).[158]
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Scheme 1-27: NHC catalyst in the total synthesis of bakkenolide S.
Chiral thiourea as hydrogen bond catalyst also plays an important role in natural product total
synthesis. In 2007, Jacobsen et al. developed a thiourea-catalyzed asymmetric Pictet-Spengler-
type cyclization. This methodology was applied to the cyclization of 1.108, yielding lactam
1.109 with 97% ee. The enantioselective synthesis of (+)-harmicine was completed by the

reduction of lactam 1.109 (Scheme 1-28).1*>
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Scheme 1-28: Hydrogen bond catalysis in total synthesis.
Organocatalytic reactions generally involve mild and metal-free conditions with convenient
procedure and are amenable to the construction of complex and diverse molecules in
enantioselective manner. These virtues bestow them a crucial role in the total synthesis of
natural products. With the various recently developed organocatalysts in hand, numerous
efficient total syntheses can be envisaged. Meanwhile, exploration and application of new chiral

scaffolds and activation modes are the developing directions of organocatalysis.

1.4. Natural product and synthetic methodology development

Natural product total synthesis and methodology development are not only two of the most
important pillars in organic synthesis, but also promote each other. That means natural product
total synthesis provides a complex platform to test new methodologies, while new
methodologies can inspire natural product total synthesis with efficient strategies.

In 2017, Christmann et al. developed a modular synthesis of functionalized carbocyclic
propellanes 1.111 from diketone 1.110, providing a flexible strategy to a variety of polycyclic
scaffolds (Scheme 1-29a).*% In 2018, Christmann et al. utilized this methodology in the total
synthesis of dichrocephone A and B, by preparing [3.3.3]propellane 1.113 from diketone 1.112

(Scheme 1-29b).1eH

catalytic desymmetrization
conjugate addition O,
olefin metathesis n
= o

R =H, Me, X =H, Br

(0] Im
1111
b)
Me Me Me Me
0 (0} —» + .
HO Me O Me~O
(0]

Me

1.112 1.113 dlchrocephones A dichrocephones B

Scheme 1-29: Modular synthesis of propellanes and their application in total synthesis.
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Total synthesis also promoted new reagent development. In the total synthesis of axinellamine
A and B, Baran et al. discovered an intramolecular chlorospirocyclization of guanidine 1.114
affording 1.116. N-chloroguanidine intermediate 1.115 was considered as the functioning
chlorinating agent (Scheme 1-30a).**% This finding inspired further exploration of similar
reagents for chlorination. A novel chlorinating reagent named Palau’chlor was invented, which

exhibited excellent reactivity for various substrates (Scheme 1-30b).1¢%!

tBuOClI, TfNH, (cat.)

h H (0]
: SN : [oNe OMe
, ! ! %
Palau'chlor imeooc. I _coome! sZ, -
H —— : N7 N : J\ N
CHCl3 : H H ' N l\llle

Palau'chlor

SIOZPh
Scheme 1-30: Total synthesis of axinellamines and development of Palau’chlor.

In fact, methodology development and natural product total synthesis are synergistic with each
other, promoting the development of organic synthesis together. In the total synthesis of (+)-
pancratistatin, Sarlah et al. designed a straightforward strategy via triple functionalization of
benzene (Scheme 1-31).1%! It is a creative and efficient strategy to employ the benzene as
starting material, providing a platform to evaluate the existing methodology and discover new
synthetic methodology. Although a methodology for dearomative dihydroxylation of arene was
developed,*® it was still challenging to introduce the aryl group to realize the dearomative
carboamination. By incorporating the nucleophilic addition to unsaturated hydrocarbon ligand
of transition metal cations!*®® with the visible light-promoted para-cycloaddition, Sarlah et al.
realized a dearomative trans-carboamination of benzene with high enantioselectivity. This

carboamination installed the first two vicinal stereocenters, efficiently furnishing 1.117 with
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96% ee in 65% yield. With diene 1.117 in hand, trans-diol 1.118 was prepared through a
chemo- and diastereoselective epoxidation and subsequent epoxide hydrolysis. Under Upjohn
dihydroxylation condition,*®” alkene 1.118 was converted to tetraol 1.119, completing the
trifold olefin functionalization sequence. (+)-Pancratistatin was obtained by further

transformation of 1.120.
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Scheme 1-31: Total synthesis of (+)-pancratistatin through dearomatization.
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1.5. Brief summary

This chapter has given a brief overview of natural product total synthesis, and the related
research areas, including drug discovery, asymmetric synthesis by organocatalysis and
methodology development. In the early stage of natural product total synthesis, research
focused on the construction of the carbon-based structure. Diverse synthetic methodologies
were blooming in this time to realize efficient total synthesis. With the development of biology,
the bioactivity information of natural product exhibited its importance in drug discovery. Many
novel strategies were evolved to design and synthesize natural product analogues. Chirality is
a crucial consideration of drug discovery.'® Therefore, the asymmetric total synthesis of
natural product and its analogues is a lucrative goal. As one of the most important catalysis
types, organocatalysis plays an essential role in asymmetric synthesis. Different activation
modes include a variety of organocatalysts, which have applied frequently in natural product
total synthesis. Additionally, natural product total synthesis and methodology development
incorporates each other to promote organic synthesis. Therefore, as the flagship of organic
synthesis, the study of natural product total synthesis can integrate the related areas to stimulate

the progress of organic synthesis.
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2. Total Synthesis of Racemic Peganumine A and Its

Analogues
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2.1. Introduction

2.1.1. p-Carboline alkaloids

S-Carboline alkaloids are an important group of natural products sharing a common tricyclic
pyrido[3,4-b]indole ring motif. They are widely distributed in nature. Their numerous
biological activities are attractive, such as intercalation with DNA, inhibition of cyclin-
dependent kinases (CDK), topoisomerases, and monoamine oxidases (MAO), as well as
interaction with benzodiazepine receptors and serotonin receptors. 6

Moreover, many g-carboline alkaloids are directly used as drugs, for example reserpine is an
antipsychotic and antihypertensive drug for the regulation of high blood pressure and relief of
psychotic symptoms for decades; ajmalicine is used for the treatment of high blood pressure;
its analogue, yohimbine is used in veterinary medicine; vincamine is a peripheral vasodilator
(Figure 2-1). Besides these well-known drugs, some S-carboline alkaloids are under preclinical
investigation, such as lavendamycin (anti-proliferative activity).'’? Additionally, synthetic
analogues of S-carboline alkaloids also exhibit their potential in drug discovery. ET-736 is a

natural product isolated from the ascidian species Ecteinascidia turbinata.l*™!

Its synthetic
analogue lurbinectedin was approved by FDA for the treatment of metastatic small cell lung
cancer in 2020. Vinpocetine is derived from vincamine as a treatment of cerebrovascular
disorders.[7?

As a privileged scaffold, g-carboline core is frequently applied in drug discovery. Tadalafil is
a medication used to treat erectile dysfunction containing a g-carboline motif. Cipargamin was
discovered as an antimalarial drug candidate.l'”®! Abecarnil was proven to be a partial agonist
acting selectively at the benzodiazepine site of the GABAAa receptor,:” which might overcome
the tolerance problem of the nonselective benzodiazepine agonist.2”® Eudistomin C is able to
inhibit the process of protein translation by binding to the subunits of ribosomes.[" In addition,
by hybridizing s-carboline scaffold with salicylic acid, 2.1 displayed potent anti-proliferative
activity.['’”"! Therefore, it is worthy to investigate not only the total synthesis of s-carboline

alkaloids, but also utilizing the efficient synthetic route to discover potent natural product

analogues.
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Figure 2—1: f-Carboline alkaloids.
p-Carboline alkaloids can be divided into three subtypes. The fully aromatic members are

named fS-carbolines (5Cs), whereas the members with partially saturated C-rings are known as

3,4-dihydro-f-carbolines (DHSCs) and 1,2,3,4-tetrahydro-f-carbolines (THSCs) (Figure 2-2).

ook o o
H H H
p-carbolines (ACs) dihydro-g-carbolines (DH/Cs) tetrahydro-/-carbolines (THACs)
Figure 2-2: Three types of S-carboline alkaloids.
Some evidence indicates that the f-carboline scaffolds are synthesized from L-tryptophan by
an enzymatic tandem process. Waldmann et al. considered that 3a-strictosidine aglycone is the
central linchpin of diverse monoterpenoid indole alkaloids,!*’”® according to the results of
isotope-labeled feeding experiments.l*”® The THAC core of strictosidine is synthesized by the
strictosidine synthase catalyzed Pictet—Spengler reaction between tryptamine and secologanin
(Scheme 2-1a)."®% After hydrolysis of 3o-strictosidine, the 3o-strictosidine aglycone is
afforded, which can convert to various alkaloids. Recent research discovered that McbB is able
to catalyze biosynthesis of DHAC 2.3 from L-tryptophan and aldehyde 2.2 via a Pictet-Spengler
reaction—decarboxylation sequence. Through an oxidation reaction, 2.3 can be converted to fC

2.4, which is the key intermediate to synthesize marinacarbolines A-D (Scheme 2—1b).[8%
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Scheme 2-1: Biosynthesis of S-carboline scaffolds.
The artificial synthetic approaches of f-carboline motifs are more diverse, compared to the
biosynthetic pathways. The classic ways to construct SCs rely on a condensation, cyclization
and oxidation—aromatization sequence. The condensation provides amides 2.13 for Bischler—
Napieralski reactions™® or imines 2.14 for Pictet-Spengler reactions (Scheme 2-2).1%1 After
these reactions the amides 2.13 can be transformed to DHfCs, and the imines 2.14 are able to
be converted to THACs. From DHJCs, preparation of fCs can be achieved by aromatization.
From THfACs, fCs can be obtained either through a stepwise mono-oxidation™*! and
aromatization procedure or a direct oxidative decarboxylation—aromatization sequence.*!
Meanwhile, some novel methods were developed to construct SC scaffolds. Larock indole

synthesis was utilized in the preparation of SCs by cross couplings between tert-butylimines
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2.6 and acetylenes 2.7.1%81 Banwell et al. utilized iodide 2.10 and enone 2.11 to synthesize fC
scaffolds, through a Ullmann cross-coupling—reductive cyclization-aromatization sequence.!8"!
Thermal electrocyclization of oxime 2.9 was also used to the synthesis of AC backbones.™®!
Recently, Wu et al. established a biomimetic straightforward synthesis of fC motifs starting

from L-tryptophan and amino acid 2.5.1%
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Scheme 2-2: Chemosynthesis of f-carboline scaffolds.

2.1.2. Peganumine A

2.1.2.1. Background

Besides the famous f-carboline alkaloids mentioned above (Figure 2-1), dimeric p-carboline
alkaloids are a special class.™® In most cases, the dimerization patterns can be classified as a
direct link (such as (-)-accedinisine),*®™ chain link (such as (+)-macralstonine)®** or ring-
fused link (such as (+)-macralstonidine) (Figure 2—-3).®! The synthesis of the first two classes
mostly relies on the C—C bond formation with a linker to integrate two S-carboline motifs in
the late-stage of the synthesis.[**! For the synthesis of the polycyclic fused link, the fundamental
idea is relatively similar as the direct link and chain link, which is based on the pre-construction

of the two S-carboline motifs and late-stage connection.r®! All these links can be regarded as
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a “loose” link, which means the link did not make the connection between two f-carboline
motifs constrained. This “loose” property makes the total synthesis of such dimeric g-carboline
alkaloids unified, relying on a strategy to construct two fragments separately and integrated
them later.
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Figure 2-3: Dimeric f-carboline alkaloids.
Hua et al. isolated a novel tetrahydro-g-carboline alkaloid from the seeds of Peganum harmala
in 2014, namely peganumine A (Figure 2-4).1%! The unique 5,5-dimethyl-2,7-
diazabicyclo[2.2.1]heptan-3-one ring system makes the dimeric s-carboline cores not only link
with a bridged ring system, but also merged into the same ring system. In addition, it exhibits
selective cytotoxic effects on HL-60 cell line (human leukemia) with an ICs of 5.8 uM and
moderate cytotoxic activity against MCF-7 (human adenocarcinoma), PC-3 (prostate cancer),
and Hep G2 (human liver cancer) cell lines. Unfortunately, the low isolation yield (3.5 mg
peganumine A out of 15.4 kg seeds of Peganum harmala) not only limits the further research
towards this unique alkaloid, but also demands total synthesis to prepare peganumine A and its

analogues in greater quantities for further scientific analysis and potential future application.

5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one

peganumine A

MeO'
—OMe

Figure 2—4: Structure of peganumine A.

2.1.2.2. Structure determination

Since the structure of peganumine A is unique and there are no previous reports in literature for

the 5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one scaffold, the determination of both
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planar structure and absolute configuration is important before the total synthesis. According
to the research by Hua et al., the molecular formula of CH3oN4Os with 17 degrees of
unsaturation was determined by HR-ESI-MS. The functional groups, such as amide carbonyl
group, two methoxy groups and two methyl groups, were elucidated by the *H NMR and **C
NMR. With the assistance of 2D NMR, two g-carbolines motifs were assigned. The relative
configuration was unveiled by NOESY spectrum. Meanwhile, the planar structure was
unambiguously confirmed by a single crystal X-ray diffraction study. With the assistance of
CD exciton chirality method™ and additional comparison between the experimental and

calculated ECD spectra, the absolute configuration of peganumine A was also established (S,S).

2.1.2.3. Proposed biosynthesis hypothesis

Hua et al. postulated a biosynthetic pathway of peganumine A (Scheme 2-3). This hypothesis
is based on the classic dimeric p-carboline alkaloid synthesis route, which relies on constructing
the two f-carboline motifs first and integrating them together later. Tryptamine could undergo
Pictet—Spengler reactions with aldehyde 2.16 and pyruvic acid to afford two S-carboline motifs
2.17 and 2.19 respectively. With further transformations, S-carbolines 2.18 and 2.21 are
obtained, which can be coupled by a Claisen-type reaction, yielding dimeric g-carboline 2.15.

Through the lactamization of 2.15, peganumine A could be synthesized.
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Scheme 2-3: Biosynthetic hypothesis of peganumine A.
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2.2. 1° generation synthetic approach towards peganumine A

2.2.1. 1% generation retrosynthetic analysis

As the unique 5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one motif of peganumine A is
merged into the dimeric S-carboline cores, it is efficient to incorporate the two S-carboline cores
with the bridged linker simultaneously. Based on this fundamental consideration, the first
disconnection was at C1’ aminal and lactam motifs. The formation of the C-N bond of the
aminal could be realized by a Hofmann—Loeffler—Freytag reaction (Scheme 2-4).1'%! The
amide bond of 2.22 could be constructed through a carbonyl activation group promoted
lactamization. Then peganumine A was simplified to the dimeric f-carboline 2.22 connected
by a linear 7C linker. The two p-carboline cores of 2.22 could be constructed via a double
Pictet-Spengler reaction of 7C-motif 2.24 with two-fold 6-methoxytryptamines. The highly
oxidized 7C-motif 2.24 could be obtained from anhydride 2.27 via a redox-ring opening

sequence.
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Scheme 2—4: 1% generation retrosynthetic analysis.

2.2.2. Synthesis of the 7C motif

The 1% generation total synthesis attempt was started with the preparation of the 7C motif. Since
there were various activation groups for the terminal C14-carbonyl group, such as carboxylate
acid, ester and amide, a flexible strategy to prepare these replacements was envisioned. A
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nucleophilic lactone opening strategy was proposed. Lactone 2.28 was prepared through the
reduction of anhydride 2.27 in 90% yield (Scheme 2-5).% After a hydroxylation by Davis
oxaziridine 2.29,°! the precursor of the nucleophilic lactone opening, o-hydroxylactone 2.26,
was obtained in 47% vyield. The hydrolysis of the a-hydroxylactone 2.26, using H,O as
nucleophile, was proceeded with full conversion, but the resulting potassium carboxylate salt
2.25d was difficult to be isolated and purified.?® To overcome such problem, the in situ
esterification was screened with EtBr and BnBr, but the corresponding esters 2.25b and 2.25¢
were not observed. Then the in situ Mel trapping approach®? was applied. There was still no
formation of ester 2.25e. It was hypothesized that these results could be attributed to the
regeneration of the a-hydroxylactone 2.26 which was promoted by the Thorpe—Ingold effect!2%!
of the gem-dimethyl group of those linear intermediates (2.25b—e). Based on this explanation,
the formation of a more stable amide could be a solution. Therefore, by utilizing an aminolysis

of the a-hydroxylactone 2.26,°*! Weinreb amide derivative 2.25a was obtained, which was

converted to amide 2.24a by a Swern oxidation.?%!
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Scheme 2-5: Preparation of 7C motif.
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2.2.3. Study of the double Pictet—Spengler reaction

With the amide 2.24a in hand, the investigation of the double Pictet-Spengler reaction was
commenced. Due the cost and availability of 6-methoxytryptamine, the screening was
conducted with tryptamine. Although the Pictet-Spengler reaction™®! is a classic reaction to
construct THACs and tetrahydroisoquinolines, there was still no report about the double Pictet—
Spengler reaction with two different fragments of the same compound. It is even more
challenging to control the enantioselectivity of such double Pictet-Spengler reaction, as the
enantioselectivity of Pictet-Spengler reaction is still not fully solved for the unfunctionalized
substrates. Thus, the double Pictet-Spengler reaction was initially screened with some racemic
Brensted acids,?° all the reactions led to decomposition (Scheme 2—6). It was rationalized that
the ketoaldehyde 2.24a was highly reactive to undergo complex condensation reactions and the
Weinreb amide fragment might not be compatible with the reaction condition, leading to
hydrolysis or substitution.
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Scheme 2—-6: Model study of double Pictet—Spengler reaction.
The next idea was to screen other amide 7C units, however the preparation of different
alternatives 2.25f—h was unsuccessful (Scheme 2—7).due to the complexity of the double Pictet—
Spengler reaction, it was considered that it is reasonable to explore a mono-Pictet-Spengler

reaction thoroughly, before the realization of this challenging strategy.
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Scheme 2-7: Diverse C; units.
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2.3. 2" generation synthetic approach to peganumine A

2.3.1. 2" generation retrosynthetic analysis

Based on the previous result, the double Pictet-Spengler reaction strategy was simplified to a
mono-Pictet-Spengler reaction strategy (Scheme 2-8). Same as the previous retrosynthesis, the
central 5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one unit was also disconnected by a
Hofmann—Loeffler—Freytag reaction at the C1' aminal, tracing back to lactam 2.29. The east j-
carboline motif could be constructed by a mono-Pictet-Spengler reaction and the west f-
carboline core was envisioned to install at early stage. The key intermediate, a-ketolactam 2.30,
would be prepared from tetracyclic lactam 2.31 through an oxidation sequence. The west -
carboline core could be synthesized by a Bischler—Napieralski reaction and lactamization
sequence of 2.33, which could be traced back to 6-methoxytryptamine and anhydride 2.27.
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Scheme 2-8: 2™ generation retrosynthetic analysis.

2.3.2. Construction of the west f-carboline core

Due to the very high cost of 6-methoxytryptamine, an initial model study was conducted by

using tryptamine, although the methoxy group could make a difference. Methyl ester 2.33a was
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obtained by the condensation between tryptamine and anhydride 2.27 in MeOH and subsequent
SOCI, promoted esterification in 97% overall yield (Scheme 2-9). A Bischler—Napieralski
cyclization furnished g-carboline 2.32a in 68% yield. The reduction of 2.32a by NaBH. and in
situ cyclization afforded the tetracyclic lactam 2.31a in 76% yield. The Boc protection of the

indole nitrogen led to tetracyclic lactam 2.34a in 95% yield.

O 0. 0

2 27
then SOCIZ \ POCI3
MeOH N toluene
97% H 68%

tryptamine 2. 33a 2.32a

76%

(o)
(Boc),0, Et3N, N
— < ADMAP A
THF N
95% H

confirmed by X ray crystallography 2.34a 2.31a

l NaBH,, EtOH

Scheme 2-9: Construction of the west f-carboline core.
2.3.3. C—H oxidation to prepare the a-ketolactam

Before assembling the east s-carboline core, the oxidation state of C1 needed to be increased.
A stepwise oxidation strategy was utilized to prepare a-ketolactam 2.36a. The hydroxyl group
was installed successfully in 70% yield under the optimized condition (Table 21, entry 6).5*
2071 supsequently, the a-hydroxyl lactam 2.36a was converted to a-ketolactam 2.70a by a
Corey-Kim oxidation®® in 92% yield.

Table 2-1: C—H oxidation of tetracyclic lactam.

(¢] 0O (o]
N . N N
, MepS, Elg
N\ conditions N\ OH NCS, Me;S, Et;N \ o
—_—
1 1 1
N N CH,Cl, N\
\
Boc Boc 92% Boc
2.34a 2.35a 2.36a
entryldl conditions yield®!
1 LDA, oxaziridine decomposition | i ¥ /lY
2 LDA, mCPBA low conversion “ >
3 LDA, tBUONO no desired product f I ;
4 LDA, DMDO no conversion N\
5

LDA, MeSSO,Me decomposition ' \
6 LDA, O,, P(OMe)3 70%, dr = 1.6:1 A
XX

[a] Reactions were performed with lactam (15 mg, 41 pmol); [b] isolated i
yield; [c] dr was determined by '"H NMR confirmed by X-ray crystallography
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2.3.4. Mono Pictet—Spengler reaction

With a-ketolactam 2.36a in hand, the key Pictet-Spengler reaction was investigated (Table 2—
2). Numerous Brensted and Lewis acids failed to promote the mono Pictet-Spengler reaction.
Most conditions led to the Boc cleavage compound 2.39. The formation of imine 2.37 was
detected, but the envisaged Friedel—Crafts type reaction did not take place, which was probably
inhibited by steric hindrance between the indole ring with the lactam ring.

Table 2-2: Screening for mono Pictet—Spengler reaction.

O
N NH2  pictet-Spengler reaction
(e - o e
N\ N
Boc H

2.36a tryptamine 2.29a
H\ 7 imine formation
) N 36 h 80°C, 4A MS
‘/\’/\ full conversion

confirmed by X-ray crystallography

o]
7 Q N‘{O H QA = H
Criye SRR X X,
N
H

Boc
2.39 2.37 2.38
T acids ‘
entryl@l acid solvent T[°C) yield
1 TFA (0.2 equiv.)®! toluene 10 de-Boc
2 TFA (0.2 equiv.) toluene 110 de-Boc
3 TFA (1.0 equiv.) toluene 110 de-Boc
4 TFA (5.0 equiv.) toluene 110 decomposition
5 TfOH toluene 23t0 110 de-Boc
6 PhCOOH toluene 23to 110 N.D.
7 CSA toluene 110 de-Boc
8 BF3¢Et,0 CH,Cl, 23 de-Boc
9 octadecylphosphonic acid toluene 23to 110 de-Boc
10 TMSOTf CH,Cl, 23 recovery of SM
1 bis(trifluoromethanesulfonyl)imide toluene 23to 110 de-Boc

[a] Reactions were performed with lactam (7.0 mg, 18 umol) and 4A MS; [b] with NaSOy; [c] N.D. = not determined

2.3.5. Zhu’s total synthesis of peganumine A

At the same time of the mono-Pictet-Spengler reaction screening, Zhu et al. published their
total synthesis of peganumine A (Scheme 2-10).2%! They utilized a chiral thiourea catalyzed
Pictet—Spengler reaction between a-ketoenamide 2.45b and 6-methoxytraptamine to install the
east p-carboline core of peganumine A. Through a hydroxylamine-mediated intramolecular

oxidative coupling of w-isocyano aldehyde 2.44, the a-ketoamide 2.45 was readily available.
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The aldehyde 2.44 was obtained by the dehydration of N-formamide 2.43. The
Liebeskind—Srogl cross coupling!?’®! between aldehyde 2.40 and thioate 2.42 delivered the N-
formamide 2.43. It is noteworthy that 9'-demethoxy-peganumine A as an analogue of

peganumine A was also prepared in their synthesis.

(0]
o} %o»—c
NH, 1) HCOOEt N’( :
2) Boc,0, DMAP, DMF N\ H H 1) TFAA, PhSH

> SnBus 2) Oy, PPh
R N 3) LiTMP, Bu3SnCl, THF R N‘ s 3

H Boc (0]
R=H, tryptamine R=H, 2.40a ; R=MeO, 2.40b o)
R=MeO, 6-methoxytryptamine 242 SPh

Pd,dbaz, CuDPP, AsPhj
hexane / THF = 3/1

NC
Ng o POCIg, EtzN
B S —
R N CH,Cl,
Boc
o]

R=H, 2.44a ; R=MeO, 2.44b

MeNHOH-HCI
AcOH, NaHCO; 9O 4

4A MS, MeOH )KrN N CF3
N g
(0] Me iPr S

N\ N o CF, catalyst

R N‘ 6-methoxytrptamine, toluene, 4A MS, reflux, 24h
Boc then CH,Cl, (10%), catalyst, PACOOH, 4d

then TFA (0.2 equiv.) reflux 2d OMe

R=H, 2.45a ; R=MeO, 2.45b R=MeO, peganumine A
R=H, 9'-demethoxy-peganumine A (PAA-1)

Scheme 2-10: Zhu’s total synthesis of peganumine A.
2.3.6. Comparison between the a-ketolactam and the a-ketoenamide

In Zhu’s reported results, the Pictet—Spengler reaction was achieved between a-ketoenamide
2.45 and 6-methoxytryptamine. However, in the 2" generation total synthesis attempt, the o-
ketolactam 2.36a could not undergo the Pictet—Spengler reaction with tryptamine.

Initially, it was hypothesized that the difference of reactivity between 6-methoxytryptamine
and tryptamine could be crucial for the Pictet-Spengler reactions (Scheme 2-11). Therefore, a
mono Pictet-Spengler reaction was tested using a-ketolactam 2.36a and 6-methoxytryptamine.
Unfortunately, the desired mono Pictet-Spengler reaction product 2.29b was still not detected.

0]
N NH, TFA (0.2 equiv.), MgSO,
A\ O+ A\ e
N MeO N toluene

\
Boc H

2.36a 6-methoxytryptamine 2.29b

OMe

Scheme 2-11: Updated mono Pictet—Spengler reaction.
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Excluding the influence of the amine, attention was paid to the difference between the a-
ketolactam 2.36a and the a-ketoenamide 2.45a. The distinct results were rationalized by the
assistance of DFT calculations performed by collaboration with Dr. Yinghan Chen and
Professor Dr. Yong Liang at Nanjing University. Geometry optimizations were carried out at
the B3LYP-D3/6-31G(d) level in toluene with the SMD model. Then the energy was computed
at the more accurate B3LYP-D3/6-311+G(d,p) level in toluene with the SMD model. A
quasiharmonic correction was applied during the entropy calculation.

Zhu’s successful pathway is thermodynamically favorable (AG = —12.2 kcal/mol) (Scheme 2—
12b). The generation of iminium ion 2.47 was kinetically accessible (4Grs:” = +24.2 kcal/mol)
under toluene reflux condition from the a-ketoenamide 2.45a and 6-methoxytryptamine via
imine 2.46. The TS-1 showed the forming 6-membered ring was a chair conformation and the
distance of the forming C—C bond between C1 and C13 is 2.01 A. Additionally, there was a
hydrogen bond interaction between the indole N-H and the Boc group to further stabilize the

transition state.

a)

OMe
8 1
0
N—/
Nl g
N Fle ] |
Boc OMe

OMe

Scheme 2-12: DFT calculation of Zhu’s reaction pathway.
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continued
b) TS-2

/ \

/ (283) 3

247 7 M. 2.48 / \

- —_\ 2.50 / \

AGg (kecal/mol) 1 (22.0) (222) — \
/ \ / (20.2) \

| \ ! [}
1 “

\

Scheme 2-12: DFT calculation of Zhu’s reaction pathway. (continued)

Meanwhile, the reaction pathway with a-ketolactam 2.36a was also thermodynamically
favorable (AG = -10.5 kcal/mol) (Scheme 2-13). However, the reaction pathway through TS-
3 was kinetically more disfavored by 10.3 kcal/mol (34.5 kcal/mol versus 24.2 kcal/mol). The
remarkable difference between the energy barriers illustrated the distinct reaction outcomes. In

addition, the forming 6-membered ring was shown to process a twist-boat conformation and
under a more sterically hindered circumstance.

OMe
2.36a )

Boc OMe
2.56
e
P.T.

Scheme 2-13: DFT calculation of the mono Pictet—Spengler reaction.
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continued
b)
r \
7 \
254 / \, 2.55 A
4Gy (koalimol) [ (28 3) (28.9) 4
! |
N 1
! \
I» CF3C00 \
1
1
CF3COOH [ \ 2.56
! (135) 3
/I . \
253 | CF4CO0 \‘\\_»
—]
00) . CF3COOH
' \ 2.29b
\—
(-10.5)

Scheme 2-13: DFT calculation of the mono Pictet-Spengler reaction. (continued)

2.3.7. Selective benzylic oxidation attempt

Since the DFT calculations revealed the difficulty to realize the Pictet—Spengler reaction with
a-ketolactam 2.36a, it was proposed to convert a-ketolactam 2.36a to a-ketoenamide 2.45a
achieving a formal total synthesis of 9'-demethoxy-peganumine A following Zhu’s synthetic
route. In order to accomplish this transformation, a two-step procedure was designed through
the selective benzylic oxidation of 2.36a at C1' position to obtain 2.57, which could eliminate
to 2.36a. Although some traditional benzylic oxidation conditions were investigated, no
promising result could be obtained. By careful analysis, it was speculated that a selective
benzylic oxidation for this steric hindered tertiary carbon is difficult. Intriguingly, with a CoCl,
and O, system, o-ketolactam 2.36a was reduced to o-hydroxylactam 2.35a.

Table 2—3: Screening for selective benzylic oxidation.

Q selective P o P
N N o benzylic oxidation N N o elimination N Q o
— > ———

N\ conditions N\ HO N\

Boc Boc Boc
2.36a 2.57 2.45a
entrylal conditions solvent T[°C] yield [%]®!

1 K,CO3, O, DMF 120 de-Boc

2 KOH, O, DMF 120 decomposition

3 KOH, O, MeOH 60 de-Boc

4 NBS, AIBN MeCN 70 no conversion

5 NCS, BPO CHCl3 70 no conversion
6 CuCly, pyridine, O, CHCl3 120 no conversion
7 DDQ, tBuONO, O,, blue LED toluene 23 no conversion
8 RuO,, NaCIO EtOAc 23 no conversion
9 Mn(OAc), H,0, O, CH,Cl, 23 no conversion
10 CsCO;3 O,, DMF 23 no conversion
1 Pd/C, O, EtOH 23 no conversion
12 CoCly, O, MeCN/iPrOH 23 80 (2.35a)
13 N-hydroxyphthalimide, AIBN, O, MeCN 23 no conversion
14 Cr(CO)g, O, Pyridine 23 decomposition
15 Ru/C, MeCOOOMe EtOAc 23 no conversion
16 RuCl;, MeCOOOMe EtOAc 23 no conversion

[a] Reactions were performed with ketolactam (10 mg, 26 umol) ; [b] isolated yield
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2.4. 3" generation improved synthesis towards peganumine A

2.4.1. Discovery of an annulation reaction

In the optimization of the Bischler—Napieralski reaction in the 2™ generation approach, a minor
product 2.58a with enamide motif was isolated in 10% yield. Treating imine 2.32a with K,CO;
in MeOH, enamide 2.58a was also obtained. It was proposed that imine 2.32a was formed by
a Bischler—Napieralski reaction, which underwent an imine—enamine
tautomerization { Lammertsma, 1994 #996;Lammertsma, 2000 #995;Pérez, 2001 #994} and
subsequent lactam formation to afford enamide 2.58a (Scheme 2-14). Based on this

consideration, the annulation reaction was optimized in a one-pot fashion.

K,CO3, MeOH

o |
N POCI, N OMe N
H tol >4 ¥ J \
oluene N (0] N
H H
o
OMe

2.32a, 68% 2.58a, 10%

Iz

2.33a

imine-enamine I
tautomerism —

SN T
NH/‘\ OMe / j’-’\/__r
A\ ~7 T
\ )
H confirmed by X-ray crystallography
2.59 ¢

POCIj, toluene
then K,COj3, BuyNBr, MeOH

Scheme 2—-14: Concise annulation reaction.

2.4.2. 3" generation improved retrosynthetic analysis

Inspired by the Bischler—Napieralski reaction triggered annulation and Zhu’s elegant total
synthesis of peganumine A, an idea to realize a transition metal free formal total synthesis was
proposed. Utilizing Zhu’s Pictet-Spengler reaction cascade, the synthesis was simplified to a-
ketoenamide 2.45b which could be functionalized from tetracyclic enamide 2.60b (Scheme 2—
15). With the Bischler—Napieralski reaction triggered annulation, tetracyclic enamide 2.60b
could be prepared from methyl ester 2.32b, which can be traced back to a condensation between

6-methoxytryptamine and anhydride 2.27.
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O Zhu's o
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OMe Boc H
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”l OMe

oxidation A o

z
z
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Bischler-Napieralski reaction
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N
H condensation NH; Oy 00
)  — N\ .
MeO N MeO' N
H
2.27

32b 2.2

Boc Boc
2.60b 2.45b

w

Scheme 2-15: 3 generation improved retrosynthetic analysis.
2.4.3. Construction of the west f-carboline core

A model study was also conducted by using tryptamine due to the same reason mentioned
before. Followed the same condensation as the 2" generation synthetic approach afforded
methyl ester 2.33a in 97% yield (Scheme 2-16). With the Bischler—Napieralski reaction
triggered annulation, enamide 2.58a with west $-carboline core was obtained in 90% yield. The
structure of tetracyclic enamide 2.58a was unambiguously elucidated by X-ray crystallography.

The Boc protection of the indole nitrogen led to 2.60a in 95% yield.

Oge 00
NH N POCIj, toluene
A 2 then SOCI, then K,COg3, BuysNBr, MeOH
_—
N MeOH

Z;/;%
sy
IZ o
oz

90%

H 97% H o
OMe
tryptamine 2.33a 2.58a
vt /1
(o] N
N (Boc),0, Et;N AN T
AN 4-DMAP 1 /o ir
\ B S S R E
N THF
) 95% -
Boc ° confirmed by X-ray crystallography
2.60a 2.58a

Scheme 2-16: Construction of the west -carboline core.
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2.4.4. C—H oxidation to prepare the a-ketoenamide

With the tetracyclic enamide 2.60a in hand, the same C—H oxidation condition which
successfully delivered a-hydroxyl lactam 2.35a in the 2" generation synthetic approach, did
not furnish the desired a-hydroxylation product 2.61a. Firstly, following the enolate oxidation
strategy, various bases and oxidants were investigated (Table 2-4, entries 1-15). It was
proposed that the reactivity of tetracyclic lactam 2.34a was different from that of tetracyclic
enamide 2.60a. Therefore, different oxidation strategies were tested. The direct oxidation of
amides to a-keto amides developed by Maulide et. al.™* resulted in the recovery of starting
material (Table 24, entry 16). Some classic oxidation mediated by TEMPO, Ruthenium,
Selenium and Manganese also did not yield the desired a-hydroxylation product (Table 24,
entries 17-22).

Table 2—4: o-hydroxylation of the Boc-protected a-ketoenamide.

(o] (o]
N conditions N

A\ \ vyl AN A\ OH

N y

Boc Boc

2.60a 2.61a

entrylal condition solvent yield

1 LDA, O,, P(OMe)3 THF recovery of SM
2 LDA, TMSCI, O,, P(OMe)3 THF recovery of SM
3 LDA, (iPrO)3TiCl, O, P(OMe); THF recovery of SM
4 tBuLi, O,, P(OMe); THF recovery of SM
5 LDA, oxaziridine THF recovery of SM
6 LDA, TMSCI, oxaziridine THF de-Boc
7 LDA, (iPrO)3TiCl, oxaziridine THF de-Boc
8 tBuLi, oxaziridine THF recovery of SM
9 LDA, TMSCI, mCPBA THF recovery of SM
10 LDA, MeSSMe THF recovery of SM
11 LDA, MeSSO,Me THF recovery of SM
12 LDA, DMF-dimethyl sulfate adduct THF no product detected
13 tBuLi, PhCOOOBu THF no conversion
14 tBuLi, tBuOOH THF no conversion
15 tBuLi, CeCls, oxaziridine THF no product detected
16 LNO, Tf,0 THF recovery of SM
17 TMSOTf, TEMPO THF no conversion
18 RuO,, NalO,4 EtOAc no product detected
19 SeO, 1,4-Dioxane recovery of SM
20 MnO; CH,Cly no product detected

[a] Reactions were performed with ketoenamide (7.0 mg, 19 pmol)

Since the Boc-group of 2.60a could act as a directing group to promote the lithiation of the
indole ring, the a-hydroxylation of the protection group free enamide 2.58a was tested (Scheme
2-17). Surprisingly, a-hydroxyenamide 2.62a was obtained in 80% yield. After a Corey—Kim
reaction, o-ketoenamide 2.63a was obtain in 90% yield. After a Boc protection, the key

intermediate 2.45a in Zhu’s total synthesis was obtained. With 2.45a in hand, a TFA promoted
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Pictet-Spengler reaction cascade delivered both 9,9'-dididemethoxy peganumine A (PAA-2)

and its analogue 2.64 successfully.

tBuLi NCS, Me,S
then P(OMe)3 then Et3N
THF
g CH,Cl,

61%

2.58a 2.62a 2.63a
J\l\ {
> ol
Y NL_F o l
’\/‘-—.f—‘\/‘?\_ N
' ,\ _ N4 PO BociO. EuN. DMAP +“A J\,\
- = - T
ﬂ N CH,Cl, ’\/-\/‘\
: 95% s
confirmed by X-ray crystallography 2.45a confirmed by X-ray crystallography
QT\C Xt
N ‘
TFA, MgSO, ’ ’ = 0=
toluene E
PAA-2, 10% 2.64, 36% confirmed by X-ray crystallography

Scheme 2-17: Construction of 5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one.
Inspired by this Pictet-Spengler reaction cascade with less electrophilic tryptamine, rather than
6-methoxytryptamine in Zhu’s synthesis, the protection group free a-ketoenamide 2.63a was
also anticipated to undergo the cascade reaction. Therefore, a protection group free Pictet—
Spengler reaction cascade was conducted. Gratifyingly, this reaction afforded PAA-2 in 47%

yield (Scheme 2-18).

NH, /
i ©j§\ 7 )2
N ~
A o H  TFA, MgSO, — ) /Y\
\ /S \
N toluene \,_\/A
47%
2.63a PAA-2 confirmed by X-ray crystallography

Scheme 2-18: Protection group free Pictet—Spengler reaction cascade.

2.4.5. Scalable and reliable synthesis to 6-methoxytryptamine

2.4.5.1. Indole synthesis strategy

With the successful model procedure in hand, the preparation of 6-methoxytryptamine was next
challenge. There are numerous methods to construct indole scaffold.[?'?l Considering the
structural characteristic of 6-methoxytryptamine, Fischer,? Hemtesberger-Buchwald?**! and

Sundberg—Larock!?4 strategies are plausible to be investigated (Figure 2-5).
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A
\— Sundberg & Larock Strategies
H

Hemtesberger & Buchwald Strategies
Figure 2-5: Indole synthesis strategies.

At first, the traditional Fischer indole synthesis was investigated (Scheme 2-19). Hydrazine

hydrochloride salt 2.66 was prepared from m-anisidine 2.65 by diazotization in quantitative

yield. However, the condensation with either aldehyde 2.67 or acetal 2.68 and the followed [3,3]

sigmatropic rearrangement always led to a complex mixture of products.

[ J_J:O
OMe (>5<\<N (0]
NaNo2 HClI o 267 oy
NH 77
SnCI2 HCl N” ZCI EtOH reflux MeO N

H H
quant. H
2.66 or  EQ 2.69
0 OEt
N
zoé 2.68

Scheme 2-19: Modified Fischer indole synthesis.
Since the high reactivity of the hydrazine hydrochloride salt 2.66 could be a reason for the
formation of the side-products, Buchwald’s modification™*! was tested, which utilized a
hydrazone exchange reaction between 2.73 and aldehyde 2.67 or acetal 2.68 following a
subsequent [3,3] sigmatropic rearrangement (Scheme 2-20). Unfortunately, no desired product

2.69 could be detected from the reaction mixture.

MeO : Br

2.72 H
NH .
)OI\ HaN-NH,*H20 )N|\ 2 NaOt-Bu, Pd(OAc),, rac-BINAP N N\@/C’Me
—_—
Ph Ph EtOH Ph Ph toluene Ph)\Ph
70%
2.70 2.71 2.73

O

N ::: 2 67
0.

MeO H 7

EtOH reflux
or

2.69
EtQ

O OEt

@Nﬁ

(0]

Scheme 2-20: Buchwald indole synthesis.

Analyzing the two failed cases, the activity of the hydrazones was suspected to be a key factor.
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Thus, hydrazine 2.75 with moderate reactivity was synthesized (Scheme 2-21). However, the
[3,3] sigmatropic rearrangement also proved to be difficult in this case. These failed
experiments indicated that Fischer strategy which was normally used for 2,3-subsituted indoles,
is probably not suitable for the synthesis of 3-subsituted indole such as 6-methoxytryptamine.

In addition, regioselectivity of the [3,3] sigmatropic rearrangement was also a potential problem.

o] j‘:o
N
2.67 o
O .
/@\ Cs,C03, NH,NHBoc, Cul /@\ / acid é/o\\"‘
NH; 77
e ! S0% Meo N EtOH reflux MeO N

90% Boc or H
2.73 2.74 EtO 2.69
o FOEt
N
:Oé 2.68

Scheme 2-21: Modified Fischer indole synthesis.
Following these initial investigations, Larock’s indole synthesis®®**) was explored, because of
its high regioselectivity for 3-substituted indoles. For the butynylamine fragment synthesis,
TES protected butynylamine 2.77a was prepared from 3-butyn-1-ol 2.76 via a terminal alkyne
protection with TES, following azide substitution and reduction (Scheme 2-22a). The Boc-
protected butynylamine 2.77b was also prepared. The iodoanisidine fragment 2.79a was
reduced from 2.78 (Scheme 2—-22b). The Boc protected derivative 2.79b was also prepared.

a) .
1) TESCI, n-BuLi

/\/ then HCI, H,0 /\/TES Boc,0, Et;N /\/TES

- -

HO 2) MeSO,CI, EtsN, DCM  H,N THF BocHN
2.76 3) NaN;, DMF 2.77a 70% 2.77b

4) PPh3, H,0, THF
63% over 4 steps

I FeCls, NHoNH,+H,0 I |
/(:E actived carbon /@ NaHMDS, Boc,0 /@
_— —_—
MeO NO, MeOH MeO NH, THF MeO NHBoG
278 98% 2.79a 68% 2.79b

Scheme 2-22: Preparation of the precursors of Larock reaction.
By extensive screening, the Larock reactions turned out to be a practical way to construct the
scaffold of 6-methoxytryptamines. The results indicated that the Boc protection of the
butynylamine was necessary, as the Larock reaction of amine 2.77a could not afford the desired
product (Table 2-5, entries 1-2). Additionally, the Boc protection of both reactants resulted in
good yields (entries 5-6). With TEACI and DIPEA, the reaction between 2.77b and 2.79b

afforded 2.80c in 96% vyield (entry 5).
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Table 2-5: Optimization of Larock indole synthesis.

Pd(OAc), (10 mol%)

| . /\/TES base, CI” source TES
RZHN DMF MeO N

MeO NHR? R
2,77 2.79 2.80

entryl?! R’ R? CI" source base yield!®!
1 H H TEACI DIPEA complex mixture
2 H H LiCl K,CO3 complex mixture
3 H Boc TEACI DIPEA 11 (2.80b)
4 H Boc Licl K,CO3 51 (2.80b)
5 Boc Boc TEACI DIPEA 96 (2.80c)
6 Boc Boc LiCl K2CO3 74 (2.80c)

[a] Reactions were perfformed with iodoanisidine (92 umol, 1.0 equiv.), amine (184 pmol, 2.0 equiv.), CI” source
(92 pmol, 1.0 equiv.), base (184 pmol, 2.0 equiv.); [b] isolated yield

With these protected 6-methoxytryptamines in hand, the next aim was to cleave the protection
groups. The TES removal reactions of 2.80b and 2.80c were successful by using TBAF
(Scheme 2-23). The indole N-Boc deprotection of 2.81a afforded 2.81b in 50% yield. However,

the aliphatic N-Boc removal of 2.81b led to complex mixture under various conditions.

HBoc HB: H
TBAF oc 2
e >
MeO H

entry condition 223
2.80bR = H, 69% Silica gel 2.81aR = Boc
2.80c R=Boc, 75% 50% I: _ 1 TFA neat
281bR=H 2 TFA, CH,Cl,
3 25% HCI, EtOH
4 H,0, Dioxane

Scheme 2-23: Global deprotection in the Larock indole synthesis.
2.4.5.2. Indole functionalization strategy

After investigation of the indole synthesis strategies, an indirect C—H functionalization was
adapted to obtain 6-methoxytryptamine.[®® Starting from indole, through a pivaloyl group
protection and regioselective chloroacetylation, 6-acyl indole derivative 2.82 was prepared
(Scheme 2-24). The following Baeyer—Villiger oxidation and subsequent deacylation afforded
6-hydroxyindole 2.83, which was converted to 6-methoxyindole 2.84 by an O-methylation. 6-
Methoxytryptamine was finally obtained by a Vilsmeier—Haack reaction, followed by

nitromethane addition and reduction.
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@ 1) NaH, t-BuCOCI 3) mCPBA, Na,HPO, m
e _—

N 2) CICH,COCI, AlCl;  Cl N 4)15% NaSMe (aq)  HO N
H 41% o} )\tBu 85% H

. over 2 steps 0 over 2 steps
indole 2.82 2.83

5) NaH, Mel
56%
6) POCl3, DMF

- 7) NH,OAc, MeNO,
2 8) LiAlH,, THF m
-
31%
N N
MeO H over 3 steps MeO H

2.23 2.84

Scheme 2-24: Synthesis of 6-methoxytryptamine.
2.4.6. Improved protection group free synthesis of peganumine A

With the successful tryptamine model procedure and the scalable 6-methoxytryptamine
synthesis in hand, the protection group free synthesis towards peganumine A was initiated.
Starting with 6-methoxytryptamine, methyl ester 2.33b was obtained in 87% yield through a
condensation and esterification sequence (Scheme 2-25). The one-pot annulation furnished
tetracyclic enamide 2.58b in 91% vyield. The a-hydroxylation of 2.58b was realized by an
enolate oxidation following a Corey—Kim oxidation,?®®! a-ketoenamide 2.63b was obtained in
71% yield. Both structures of 2.58b and 2.63b were confirmed by X-ray crystallography.

Racemic peganumine A was obtained in 42% yield by treating the a-ketoenamide 2.63b with

TFA.
O, O (0]
2 )
2 27 N POCIj, toluene N
A then SOCIZ A\ H then K,COg3, BuyNBr, MeOH= N\ 3
N T weon MeO N 91% MeO N
H 87% H o H
OMe
2.23 2.33b 2.58b
%
LiTMP ) 4_,—-{\‘_‘,
_NCS, MesS, EtN { . thenP(OMe);, 0 ﬁ/“% \ =
> CHzC|z N ~ >
N 71% H 71% X )
2.63b 2.62b confirmed by X-ray crystallography
NHy o)
\_-‘ﬁ’\ ! N\
[ 1 MeO N
, 7N\ H TFA, MgSO
VeV S S MeO
toluene . OMe
confirmed by X-ray crystallography 42% peganumine A

Scheme 2-25: Protection group free total synthesis of peganumine A.
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2.5. Analogues design, synthesis and bioactivity evaluation

2.5.1. Motivation and strategy of the study of the analogues of peganumine A

The examples in the section “1.2. Natural product and drug discovery” illustrate that natural
products are undoubtedly important for drug discovery. It is still worthy to point out that the
artificially designed drugs by medicinal chemists usually contain aromatic heterocycles and
aliphatic linkers as the fundamental motifs, which make the molecules more flexible, while the
natural products are usually more rigid with diverse functional groups, which usually interact

with the targets in unique modes (Figure 2-6).

o | o“”ej@ Q\S(: @%N
: (Do e
S R Yy b LI,

brexpiprazole ranolazine lurasidone mirabegron
Rexulti® Ranexa® Latuda® Myrbetriq®
CNS drug cardiovascular drug CNS drug nephrology drug

Figure 2-6: Artificially designed drugs.
Peganumine A exhibits selective effects on HL-60 cell line with an ICso of 5.8 uM, which was
the motivation to identify the SAR and clarify the mechanism of the cytotoxicity. As the 5,5-
dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one is a unique motif of peganumine A, it was
proposed to retain this special scaffold in the initial analogue design. Relying on the strategies
in the section “1.2.2. Strategies for natural product analogues synthesis in drug discovery”,
different ideas for the analogue design were proposed. Based on the function-oriented synthesis,
the pharmacophoric p-carboline cores were intended to be modified by changing the
substitution of the indole rings and by switching to different heterocycles (Figure 2-7). Inspired
by the hybrid synthesis, other fragment was envisioned to be installed to the S-carboline motifs
to enhance the selectivity and activity of the analogues. With the idea of complexity to diversity,
the lactam could also be modified by reduction or thionation, which will illustrate the role of

the geometry of the unique ring system in bioactivity.
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Hybrid strategy
biotin for target identification

. oo ) Complexity to diversity strategy
introducing ligands for E3 ligase w” lactam reduction or thiolactam
O

Function-oriented strategy
various substitution groups and heterocycles

Figure 2—7: Consideration of analogues design.
The initial investigation was employing the function-oriented strategy, focusing on the
introduction of new groups at C9 and C9'. Due to the special character of fluorine in small
molecule drug discovery,?® such as small atom radius, great electronegativity and bond
polarity, fluorine was selected. Deuterium, a stable isotope of hydrogen, was utilized in tracer
studies of medicinal research.”?! Compared to C—H bond, C—D bond is shorter, leading to
reduced electronic polarizability, lesser hyper-conjugative stabilization of adjacent bonds and
weaker van der Waals stabilization,?® which lead to difference in metabolism between
deuterium and hydrogen. Therefore, the deuterated methoxy groups were introduced.
Meanwhile, a bromo substitute was envisioned to install at the C9 and C9’ positions, which
could be a handle for introducing of various functional groups by cross coupling reactions

(Figure 2—8a). The position of the methoxy groups is also worth exploring. (Figure 2-8b).

a) substitution groups at C9 and C9'

Figure 2-8: Design of the analogues.
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PAA-23b

O
i<

H NH
i H
Q S
9

PAA-24b

PAA-24a

Furthermore, it was anticipated to introduce various new heterocycles or permutate among
these heterocycles (Figure 2-8c). In addition, the N-H alkylation of peganumine A was also
anticipated to increase the lipophilicity for the improvement of the membrane permeability
(Figure 2-8d). Although the core of peganumine A is unique, slight changing of the spatial
arrangement was also anticipated by the manipulation of the lactam group (Figure 2-8e).
Inspired by the PROTAC technology,?*®! thalidomide as the ligand for E3 ligase was a proposed

hybrid. The biotinylated analogue was designed for the target identification (Figure 2—8f).

2.5.2. Synthesis of analogues

Following the same procedure as the synthesis of peganumine A, eight analogues with different

indole substitutions were prepared (Scheme 2-26). However, PPA-6 was not obtained, as the
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a-hydroxylation might lead to lithiation of the indole ring.

Ose 0 0
NH 2.27 N POCI3, toluene N
2 then SOClI, A N\ H then K,CO3, BuyNBr, MeOH I A N\
_ R=— -
MeOH PN Z \

R TN
7 N
i H o H
2.23 233 OMe 2.58
LiTMP
then P(OMe)3, O,
[
: 4 7
' / f
L e e e
A NCS, Me,S, Et;N A Y T N ALY DY :
R_: \ \ o 82 3 _: — \ :-"\\./‘“/ , H ~N -
AN CHZCIZ N ' \ 2 :
H H : R =6-F Foa R = 7-MeO
2.63 2.62 : confirmed by X-ray crystallography '
R
H H PAA-2
N H 9-MeO PAA-1
N ? 9-MeO H PAA-11
L A~N 9'-CD;0 9-CD30 PAA-4
H TFA, MgSO, 7'-MeO 7-MeO PAA-8
toluene 8-MeO 8-MeO PAA-9
10'-MeO 10-MeO  PAA-10
9-F 9-F PAA-3

Scheme 2-26: General synthetic route of the analogues.
Next, the syntheses of the analogues with other heterocycles were commenced. Unfortunately,
the benzene ring enamide 2.87 could not tolerate the Corey—Kim reaction (Scheme 2-27a). The
a-hydroxylation of thiophene enamide 2.92 was unsuccessful (Scheme 2-27b). Due to the

synthetic efficiency, the case-by-case optimization was not conducted initially.

a) Ose 0.0
j\;;rlﬂ POCIj, toluene
MeO NHz  then SOCI, MeO D/\/ m Me  then K,COs, BugNBr, MeOH
_—
MeOH VO

MeO. MeO
N.__O NCS, Me,S, Et;N LiTwe
MeO | , MesS, Ets MeO IN 0o then P(OMe)3 02  MeO
= 7
(o) CH,Cl, OH

b) O 0.0
I;C 27 POCI3, toluene

(]/\/NHZ then SOCI, (j/\/ O'V'e then K,CO3, BuyNBr, MeOH
S T meon

2.90 2.91
LITMP
a then P(OMe)s, O, 7]
s NoO , s N.__O
| THF |
OH
2.93 2.92

Scheme 2-27: Attempt for the analogues with different heterocycles.

65



2.5. Analogues design, synthesis and bioactivity evaluation

Attention was also paid to the N-alkylation of indole and the core modification. The alkylation
with methyl and iso-butyl groups were successful respectively (Scheme 2-28). However, as the

lactam group is sterically hindered, the manipulation of it was still challenging.

P3S40
or
Lawesson's reagent
toluene

PAA-26
Scheme 2-28: Alkylation and attempt of core modification.

In order to introduce the hybrids, a didemethylation was needed to liberate the hydroxyl groups.

As the supply of 6-methoxytrypamine was limited, PAA-9 was selected as the model substrate

for the demethylation screening. Unfortunately, the classic demethylation conditions did not

afford the desired product PAA-28 (Scheme 2-29).

BBr3

% -

or
Mgl,, quinoline

AICl3 PAA-28 8

Scheme 2-29: Didemethylation screening.

2.5.3. Cytotoxicity assay of analogues

Hua et al. reported that the peganumine A has selective cytotoxicity on HL-60 cells with an
ICso value of 5.8 M. Based on this pioneering result, the cytotoxicity assay of the synthetic
rac-peganumine A and its analogues was initiated by collaboration with Dr. Wan Li and
Professor Dr. Jinhua Wang at the Institute of Materia Medica, Chinese Academy of Medical
Sciences and Peking Union Medical College. PAA-2 showed better cytotoxicity against HL-

60 cells with an 1Cs value of 5.2 uM, compared to 10.0 uM of rac-peganumine A.
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a) substitution groups at C9 and C9'

D,c07¢

peganumine A PAA-4
1C50=10.0 uM IC59 =26.2 uM IC59 =18.3 pM

PAA-8 7 PAA-9 PAA-10

ICs0 = 18.3 UM ICs0 = 23.6 uM ICs0 = 20.4 uM

Figure 2-9: Cytotoxicity assay of the synthetic rac-peganumine A and its analogues.
Based on the cytotoxicity assay, the primary SAR was summarized. 1) The N-H is important
for the activity, as alkylation of N-H led to activity decrease. 2) The unsubstituted S-carbolines
analogue was the best (Figure 2-11).

9,9'-substitution is favored
unsubstituted indole is better

N-alkylation lead to activity descreasing

Figure 2—10: Primary SAR.

2.5.4. Gram scale synthesis of PAA-2

Since PAA-2 was discovered as a potent analogue, the gram scale synthesis of it was required
for further biological studies. Therefore, various Brensted acids®??” were screened for the
Pictet-Spengler reaction, which showed that TFA was still the most efficient acid for the
cascade reaction (Table 2-6, entries 1-10). Acids which are weaker than TFA resulted in lower
yields (entries 3-10). However, Tf,NH with stronger acidity also led to lower yield (entry 2).

Interestingly the reaction with dodecylbenzene sulfonic acid afforded a comparable yield as
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TFA, which indicated that the hydrophobic micro-atmosphere generated by the long aliphatic
chain of dodecylbenzene sulfonic acid might be beneficial for the cascade reaction (entry 10).
This hypothesis was supported by the lower yield with sulfonic acid (entries 11 and 12) and
relatively high yield with octanoic acid (entry 13). Arachidic acid, with a longer aliphatic chain,
did not furnish the desired product, indicating carboxylate acid might not be favored (entry 14).
Based on these results, sulfonic acids with different chains were screened (entries 15-20). As
the reactions with selected sulfonic acids did not afford improvement of yield, the attention was
switched to the fluorinated acids (entries 21-24). Fortunately, with trifluoropropionic acid the
reaction furnished a slightly improved yield (entry 21). Additionally, the hydrophobic effect
was also shown with the fluorinated acids (entries 22-24). However, due to the cost of such
fluorinated acids, TFA was still regarded as the most efficient Brensted acid for this reaction.

Table 2-6: Screening of the Brensted acids for the annulation.

NH,
N o
9 N
H t—

N
D 0 acid (0.2 equiv.), MgSO;
H toluene
2.63a 120 °C, 66 h PAA-2
entryl?l acid yield [%]1)

1 TFA 42
2 TfHNH 13
3 CSA 16
4 rac-BINOL phosphoric acid 18
5 4 M HCI trace
6 AcOH trace
7 PhCOOH trace
8 phenylpyruvic acid recovery of SM
9 oxalic acid 16
10 4-dodecylbenzenesulfonic acid 34
" pTsOH recovery of SM
12 MeSO3H trace
13 C7H;5COOH 27
14 C1gH39COOH recovery of SM
15 MoPslcl recovery of SM
16 amidosulfonic acid recovery of SM
17 hydroxylamine-o-sulfonic acid recovery of SM
18 TfOH trace
19 taurin recovery of SM
20 sulfanilic acid recovery of SM
21 CF3CH,COOH 45
22 C,FsCOOH 26
23 C,F15COOH 34
24 CgF17COOH 28
25 TCA recovery of SM
26 TBA recovery of SM

[a] Reaction were performed with a-ketoenamide (10 mg, 36 pmol), tryptamine (0.6 mg, 38 pmol);
[b] isolated yield; [c] MOPS = 3-(N-morpholino)propanesulfonic acid

Since the reactions with those Brensted acids did not afford an improved yield, Lewis acid was
anticipated to promote the Pictet-Spengler reaction more efficiently.??! However, the

preliminary screening of the Lewis acids did not obtain the desired product (Table 2-7).
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Table 2-7: Screening of the Lewis acids for the annulation.

NH,
0 N
N N
A\ \ 0 H Lewis acid
H solvent
2.63a
entryd] acid solvent T[°C] t[h] yield
1 Yb(OTf); toluene 23 24 complex mixture
2 AICl3 toluene 23 24 complex mixture
3 Hg(OTf), toluene 23 24 complex mixture
4 Sc(0Tf)3 toluene 23 24 complex mixture
5 In(OTf)3 toluene 23 24 complex mixture
8 HA@TD foluene .2 .. 24 .. complexmixture__
7 AuClj, AgOTf DCE 80 66 complex mixture
8 PPh3AuCl, AgOTf DCE 80 66 complex mixture
9 tBuzPAuCI, AgOTf DCE 80 66 complex mixture
10 Yb(OTf); toluene 120 66 complex mixture
1" La(OTf)3 toluene 120 66 complex mixture

[a] Reaction were performed with a-ketoenamide (10 mg, 36 umol), tryptamine (0.6 mg, 38 umol).

Since the screening of both Brensted acids and Lewis acids did not afford improvement in the
cascade reaction, TFA was still selected for the further optimization of the reaction condition.
The reaction time was investigated first, showing that the yield could not be increased after
66 h (Table 2-8, entries 1-6). Next, the screening of temperature indicated that high
temperature is necessary for the cascade reaction (entries 7-9). The best stoichiometry of the
TFA in the reaction was proven as 0.1 or 0.2 equivalent (entries 10-14). Although different
solvents and mixtures of solvents were tested, the best option was still toluene (entries 15-20).

Table 2-8: Optimization of reaction condition with TFA.

NH, o}
O
\ @f\C T4
. -

N \ N A MgSO,
” solvent
2.63a PAA-2

entry®  equivalent solvent T[°C] t[h] yield [%]M!

1 0.2 toluene 120 17 34

2 0.2 toluene 120 40 33

3 0.2 toluene 120 66 42

4 0.2 toluene 120 121 41

5 0.2 toluene 120 162 43
602 toluene 120 325 40

7 0.2 toluene 90 162 33

8 0.2 toluene 60 162 trace
- R 02 toluene . 23 . 162 ] trace__

10 0.5 toluene 120 66 30

1 1.0 toluene 120 66 31

12 2.0 toluene 120 66 14

13 0.1 toluene 120 66 43
B L 0.05 ... toluene 120 66 trace _

15 0.2 toluene/hexane 1:1 120 66 30

16 0.2 toluene/perfluorohexane 1:1 120 66 24

17 0.2 toluene/perfluorotoluene 10:1 120 66 25

18 0.2 octane 120 66 27

19 0.2 DMF 120 66 16

20 0.2 1,4-dioxane 120 66 37

[a] Reaction were performed with a-ketoenamide (10 mg, 36 umol), tryptamine (0.6 mg, 38 umol);
[b] isolated yield
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2.6. Brief summary

In order to further improve the efficiency of the synthetic route, the gram scale rapid preparation
of a-ketoenamide 2.63a was realized with only one purification in the last step (Scheme 2—-30).
With a-ketoenamide 2.63a in hand a large-scale synthesis of PAA-2 was achieved in 47% yield.
This robust synthetic route could pave the avenue to further investigation of this potent

analogue.

o)
1) 7¢g NH,
o N\
then SOCI,, MeOH N
2) POCl3, toluene 0 H
S N2 then K,CO4, MeOH N o TFA, MgSO,
N 3) LITMP, THF ’\T N\ toluene
H

H then O,, P(OMe);
4) NCS, Me,S, CH,Cl, 2.58a
then Et3N 2.0 g scale, yield 51% 0.9 g scale, yield 47%
only one purification over 4 steps

Scheme 2-30: Efficient gram scale synthesis.

2.6. Brief summary

In this chapter, three strategies were investigated to discover an efficient synthetic route towards
peganumine A. The 1% generation route relying on a challenging double Pictet-Spengler
reaction turned out to be unfruitful with the Weinreb amide derivative. Based on this experience,
the 2" generation route was simplified to a mono-Pictet-Spengler reaction to construct east /-
carboline motif. The west g-carboline fragment was assembled by a stepwise cyclization.
Unfortunately, the mono-Pictet-Spengler reaction could not be realized, which was caused by
the hindrance of the 1,3-interaction revealed by DFT calculations. By thorough analysis, a
minor product of the cyclization with enamide motif was discovered. Inspired by Zhu’s
synthesis, an improved protection group free and transition metal free synthesis was realized.
Utilizing this synthetic route, 11 analogues were successfully obtained. With the collaboration
with Dr. Wan Li and Professor Jinhua Wang, a potent analogue was discovered and prepared

in large scale, which could pave the avenue for further cellular mechanism study.
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3. Organocatalyst Design and Asymmetric Total Synthesis

of Peganumine A and Its Analogues
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3.1. Introduction for the asymmetric Pictet—Spengler reaction

In order to realize the asymmetric protection group free total synthesis of peganumine A, an
enantioselective catalytic system for the Pictet-Spengler reaction cascade needed to be
discovered. The Pictet-Spengler reaction is a classic reaction to construct g-carboline core
through an iminium ion. As p-carboline is an attractive motif in various bioactive molecules,
the formulation of an asymmetric Pictet-Spengler reaction was a hot topic in the last decades.
In the early stage of research, the enantioenriched g-carbolines were obtained by a chiral
auxiliary group assisted Pictet-Spengler reaction.’?? The pioneering work was reported in
1994 whereby Waldmann et al. prepared the enantioenriched tetrahydro-p-carboline 3.2 by
using an L-valine derived methyl ester 3.1.12%! However, the L-valine derived chiral auxiliary
group was very difficult to be cleaved, which needed a five-step procedure to afford the
liberated tetrahydro-S-carboline 3.3a (Scheme 3-1a). Later, Waldmann et al. improved a one-
step reduction procedure to afford 3.3b by employing N,N-phthaloyl amino acid derivative 3.5

as chiral auxiliary group (Scheme 3—1b).[?24

(PPh3)4Pd, morpholine, THF

1)
_‘COOME s 2) EDCI, HOBt, NHy, DMF "
\ HN - CH3COOH O\ or 3) (CF3C0),0, NEt; A\
e — % > ”
N R'CHO N R! 4) HCl (aq.) N R!
5)

H 24-85%, de 0-97% H NaOH H
3.1 3.2 3.3a
R = aromatic, aliphatic
b) tBu
cl 2 Bu,
NPht NPht
N o 35 N , NH
"X Ti(OnPr), A o LiAIH, N
> ” E—— ”
N R CHaCl, N R? THF N R
H 44-99%, de 78%—98% H H
3.4 36 3.3b

R? = aromatic, aliphatic
Scheme 3—1: Asymmetric Pictet—Spengler reaction by amino acid derived auxiliaries.
Besides these amino acids derived chiral auxiliary groups, borane-based, sulfur-based and
silane-based chiral auxiliary groups were also applied in the asymmetric Pictet—Spengler
reactions. In 1998 Nakagawa et al. utilized (+)-diisopinocampheylchloroborane to form the
chiral iminium ion intermediate 3.8 in situ from nitrone 3.7, yielding the enantioenriched
hydroxylamine 3.9 (Scheme 3-2a). A reduction reaction could afford tetrahydro-f-carboline

3.10. Meanwhile, tetrahydro-S-carboline 3.13 could be constructed by the Pictet-Spengler
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reaction of p-tolylsulfinamine 3.11 employing a N-sulfinyl chiral auxiliary group (Scheme 3-
2b).12%! |ewis acidic chiral chlorosilane 3.16 was also applied to the asymmetric ketimine
Pictet-Spengler reaction by generating the chiral silane-amide complex 3.17 in situ

(Scheme 3-2c).2%!

a)
© P ACONHy, Z
®N-0 . ® N—O Cl N—OH C! 4, 2N
©\/§\<, (+)-Ipc,BCI (1.9 equiv.) Of\é/\ __MeOH, NH,OH i\
N R CH,Cl, L N N
39-94%, 0.6-91% ee H H,, Pd/C H
3.7 3.8
R" = aromatic, al|phat|c
o)
) 0 o9
- -~
©\/§|}N ® 1ol _ReCHO, Cs CSA_ N Tol HCI , N
N DCM N R? EtOH N R2
H H 57-63%, ee > 98% H
3.11 3.12 3.13
R? = aliphatic
c) Ph, o _ph RYF
Sil cl R \Me, N ,
o] F Me” N Si. = R NH
3 \ N
R (M N 316 Me N o'\© F D -w(o R
+ R —_— He N-H > N R
N PhMe o H HN
o o Me
H F 50-94% Ve Ci®
81-94% ee e F
3.14 3.15 3.17 3.18

R® = H, Br, OMe; R* = aliphatic
Scheme 3-2: Asymmetric Pictet—Spengler reaction by other auxiliaries.
Although the asymmetric Pictet-Spengler reaction could be achieved by the chiral auxiliary
strategy, the large stoichiometric excess of the chiral auxiliaries was required. The catalytic
asymmetric Pictet-Spengler reaction remained challenging until 2006, when List et al. made a
huge progress in this area, achieving the first catalytic asymmetric Pictet-Spengler reaction.??”]
With a BINOL derived chiral phosphoric acid catalyst CPA-1, tryptamines 3.19 were converted
to the corresponding tetrahydro-S-carbolines 3.20 in good yields and enantioselectivities

(Scheme 3-3).

iPr
O/P\OH
EtOOC‘\COOEt
\ iPr
S NHz , CPA-1 (20 mol%)
Rl=—- + RPCHO
Z~N toluene, Na,SO4
H -30°C, 3-5d
3.19 yield 40-98%, ee 62-96%

R" = H, OMe, OBn; R? = aliphatic, aromatic

Scheme 3-3: The first catalytic asymmetric Pictet—Spengler reaction.
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After the pioneering work of List et al., lots of different chiral phosphoric acid catalysts were
applied to the catalytic asymmetric Pictet-Spengler reactions for both aldehydel??® and
ketone!??”! substrates. For the reactions with aldehydes, Hiemstra et al. developed a catalytic
asymmetric Pictet-Spengler reaction of N-sulfenytryptamine 3.21 with CPA-2 as the catalyst
(Scheme 3-4a).122% An update of this system was studied, using N-benzyltryptamine 3.23 as
staring material to construct benzyl tetrahydro-g-carbolines 3.24 (Scheme 3—4b).[?%"! Tian et
al. realized the construction of chiral seven-membered ring scaffold 3.27 through a
transamination triggered catalytic asymmetric Pictet—Spengler reaction with up to 91% ee. This
transamination process of substrates 3.25 with PMP protected imines 3.26 could avoid the
generation of water as byproduct of imine formation, which might be beneficial for the
nonbonding interactions to enhance enantioselectivity (Scheme 3-4c).?%Y Besides the
construction of enantioenriched tetrahydro-p-carbolines, Hiemstra et al. achieved an
enantioselective Pictet—Spengler reaction for the synthesis of tetrahydroisoquinolines 3.29
from o-nitrophenylsulfenamide 3.28 with CPA-1 (Scheme 3-4d).[??%¢ Besides these BINOL
derived chiral phosphoric acid catalysts, CPA-5 with a SPINOL backbone could also catalyze
an enantioselective Pictet—Spengler reaction of Np-a-naphthylmethyl tryptamines 3.30, yielding

tetrahydro-S-carbolines 3.31 with up to 98% ee (Scheme 3-4e).

_ CFs .
a’ ®- v e,
. ®- Si’
: >2lpp
> CFs : CPA-3 (2 mol%) o
N S/NH CPA-2 (5 mol%) @QH : o\ NHBn  R2cHo, 4A MsS N N
N >rF’h R'CHO, BHT, 3A MS N R': N foluene N R?
H PH Ph then HCI, PhSH H E H 77-927A7, 68-87% ee H
3.21 3.22 H 3.23 R2 = alkyl, aryl 3.24

toluene
77-90%, 72-87% ee
R" = alkyl, aryl

o )
: i-Pr HO
CPA-4 (10 mol%) O NH N HOD/\ CPA-1 (5 mol%)
—_— W Ar ' —_— -
“PMP : _NH  (S)-BINOL (20 mol%) N

N 3aMs ) ;10 i R°CHO e i

| , .t ' NO, R NO,
A ” H toluene

51-92%, 24-86% ee

6 THF
ield 70-99%, 84-919
yield 70-99%, 84-91% ee RE = alkyl, aryl 3.20

R%or R* = H, Me
R® = H, Me, OMe, OPh, OCF;

3.27 : 3.28

Scheme 3—4: Catalytic asymmetric Pictet—Spengler reaction of aldehydes.

74



Organocatalyst Design and Asymmetric Total Synthesis of Peganumine A and Its Analogues

continued

O CPA-5 (2 mol%)

R8CHO, 4A MS
B HN > 7l \ N
R7—+ benzene = N
= H

A

” 76-99%, 90-98% ee
R” =H, OMe, CI

R® = alkyl, aryl

Scheme 3-4: Catalytic asymmetric Pictet-Spengler reaction of aldehydes. (continued)
Meanwhile, due to the hindrance, reactions using ketones are more challenging than those of
aldehydes. Although the catalytic asymmetric Pictet—Spengler reaction of inactivated ketones
is still an unexplored area, there are some examples with activated ketones. Dixon et al. utilized
N-acyliminium ions 3.34 as highly reactive intermediates to realize CPA-3 catalyzed
asymmetric Pictet-Spengler reactions between tryptamines 3.32 and enol lactones 3.33
(Scheme 3-5a).122%1 As a long preparation of the enol lactones 3.33 hampered the application,
the use of keto esters/acids 3.37 circumvented such drawback later (Scheme 3-5b).[22%"I Both
systems could achieve decent yields and enantioselectivities. Additionally, by employing
tryptamines 3.39 and isatins 3.40, diverse enantioenriched ispiroindolinones 3.41 with
spirocyclic quaternary chiral center could be obtained with up to 95% ee (Scheme 3-5¢).

a)

Fhen
= . Si’
o %> ph o)

® 0
N NH CPA-3 (10 mol%) N N N N
R1_| R1_I N n R1_: n
N R2 AN Rr? Z~N R?
H R 3.33 HoR H R
3.32 | O 3. 3.34 3.35
RS n toluene

R'=H, Br, F, Me; R? = alkyl, aryl

_______________________________ 63 99% 72-99% ee .. R®=H,COOMe, P(Q)OMe), SOPh;n=10r2
b) oo BMen
Q- s : :

“Ph o) ! '

N NH, . N : :
ri N\ CPA-3(10 mol%) red A N\ ) H H
: 4 . :
F N o) & RS " H O\p//o H

H : 0~ "ou!

o) H R® : OH;

5 ' :

3.36 R n 3.38 ' :

6 7
337 R OR R* = H, Br, Me; RS = alkyl; RS = alkyl;

toluene ' H
53-99%, 68-96% ee R7=H, Me, Et, tBu; n =1 or 2 e mmmmmm———aa o

8
RS NH pr : N\
A 2 CPA-1 (10 mol%) '(
- N N\
N 0 H Bn
H R
3.39 N o 3.41
‘g DMF R® = H, Br, OMe; R® = alkyl;

n R 10 - LR =
3.40 R"™ = alkyl; R" = H, Me, F, CI

74-97%, 71-95% ee

Scheme 3-5: Catalytic asymmetric Pictet—Spengler reaction of ketones.
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3.1. Introduction for the asymmetric Pictet-Spengler reaction

According to the activation mode, all the examples mentioned above could be classified as the
asymmetric counteranion directed catalysis (ACDC),?*” which usually needed a stronger chiral
acid, such as chiral phosphoric acid, to activate the imine. Besides the ACDC activation mode,
the ion pair binding activation through weaker hydrogen bond was explored by Jacobsen et al.
Since hydrogen bond is a weak non-covalent interaction, a highly reactive cationic reaction
partner is demanded. N-acyliminium ion?®"! was a better choice, compared with the normal
iminium ion. By utilizing N-acyliminium ions, chiral thiourea CTU-1 and CTU-2 could
catalyze the corresponding asymmetric Pictet-Spengler reactions with up to 95% ee. The N-
acyliminium ion was prepared either through an in situ fashion by treating the imine with acetic

chloride or by the elimination of hydroxylactams 3.44 (Scheme 3-6).1%° 232

a)

_ Bu tBu S
~A NH2 1) R2CHO, 3A MS or Na,SO, N\ N-Ac e Ao
R'T > R'= Bu” N7 N
Z~N 2) CTU-1 (5-10 mol%) Z~N R? H H
H

H AcCl, 2,6-lutidine, Et,0

MeUPh
3.42 65-81%, 85-95% ee 3.43 CTU-1

R'=H, OMe; R? = alkyl

o) N O Me Bu S
A N CTU-2 (10 mol%), TMSCI N\ N A
RO TBME R nesHn NN
F=N R AN RO o " aN

H 51-94%, 85-99% ee H Me Ph
n=1,2;R®=H, Br, F, OMe 3.45 CTU-2 U

R*=H, Me, nBu, Ph

Scheme 3—6: Thiourea catalyzed asymmetric Pictet—Spengler reactions.
Although the reactions using N-acyliminium ions and chiral thioureas could construct the
enantioenriched tetrahydro-S-carbolines, cleavage of the N-acetyl group turned out to be
difficult’??®®! and the preparation of hydroxylactams 3.44 needed a long synthetic procedure.*%%
To overcome such drawbacks, Jacobsen et al. developed a cocatalyst system using chiral
thiourea and benzoic acid to realize an asymmetric Pictet—Spengler reaction catalyzed by CTU-
3 and an iso-Pictet-Spengler reaction catalyzed by CTU-4 (Scheme 3-7a and b). It is
noteworthy that the unfunctionalized aromatic ketone 3.51 could also undergo the iso-Pictet—
Spengler reaction with good enantioselectivity (76% ee) (Scheme 3-7¢).>**! Recently, the
detailed mechanism of such cocatalyst system was revealed.’¥ The key is the anion-binding
interaction to stabilize the pentahydro-g-carbolinium ion intermediate, as well as multiple
hydrogen-bonding interaction by differential =—n and C—H—n= interactions to mediate enantio-

induction.
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a) CF,
NH, R?CHO NH Me iPr S
R A\ BZOH,CTU3 @0 mol%) _ qufl A Y NP NN Y or,
Z N toluene o FZ~N R2 o5 H H
H 39-94%, 86-99% ee H
3.46 R' = H, OMe; R? = alkyl, aryl 3.47 CTu-3
b M M
) R4 © © CF3
HoN RACHO N Pros
Rsm_) BZzOH, CTU-4 (20mol%) sl N Me N\n/’\NJLN oF
AN toluene F N 5 H OH :
H 83-99%, 79-95% ee ) 4;'
3.48 R®=H, F, Me, OMe, vinyl; R2 = alkyl, aryl . Me CTu-4

c) (0] CI\© Ve
HN Me)k@\ “o-NH CFa
P 2% S B
N BZOH (20 mol%) N Ph \g/\u N CFs

CTU-5 (20 mol%)
toluene 3.52
95%, 76% ee CTU-5

3.50
Scheme 3-7: Thiourea—benzoic acid system in asymmetric Pictet—Spengler reactions.

Beyond the ACDC and ion pair activation mode, Seidel et al. developed a conjugate base

stabilized Brensted acid strategy which also achieved catalytic enantioselective

Pictet—Spengler reactions (Scheme 3-8).[%°!
CF4
oS ¥e!
OgNH
Br COOH
NH, Br Br  cBSBA-1 (10 mol%) N—Boc
N\ Br - N
N RCHO, (Boc),0, 3A MS N R
H t H
. oluene
tryptamine 23-95%, 32-92% ee 3.53
R = aryl, alkyl

Scheme 3-8: CBSBA in asymmetric Pictet-Spengler reactions.

The first organometallic asymmetric Pictet—Spengler reaction was reported in 2019. Guinchard

et al. demonstrated that chiral Au(l) complex 3.55 could efficiently catalyze enantioselective
Pictet—Spengler reaction of tryptamine derivative 3.54.12%
o]
<0 O P’SAum
0 R-AuCI
RZ
<O O 3.55 (3 mol%)

HNT\ 1 N
©\/§\ Mes R'CHO, AgNTf, (5.8 mol%), 3A MS ©\/Q "\Mes
N CH,Cl, N R1

H
254 12-95%, 18-97% ee ;‘ .
. R = aryl; R? = 3,5-Me-CgHs -5

Scheme 3-9: Au(]) catalyzed asymmetric Pictet—Spengler reaction.
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In summary, the asymmetric Pictet-Spengler reaction could be achieved in either auxiliary
group assisted or catalytic fashion. The catalytic enantioselective reactions were realized by
ACDOC, ion pair and organometallic activation modes. To date, the asymmetric Pictet-Spengler
reaction of aldehydes is fruitful through diverse activation mode with various catalysts. In

contrast, the reaction of ketones, especially unfunctionalized ketones, is still less explored.
3.2. Asymmetric total synthesis of peganumine A

3.2.1. Analysis of the key cascade reaction

In the 3" generation improved synthesis, both quaternary chiral centers of peganumine A were
constructed through the Pictet-Spengler reaction and an N-acyliminium ion aminalation
cascade of a-ketoenamide 2.63b and 6-methoxytryptamine. The similar DFT calculation in
section “2.2.2.6. Comparison between the a-ketolactam and the a-ketoenamide” indicated that
the Pictet-Spengler reaction of iminium 3.57 followed a classic Friedel-Crafts electrophilic
reaction mechanism. Since the facial selectivity of the N-acyliminium ion aminalation was
fixed by the spiro C1 center of 3.59, the chiral center of C1’ was determined by the C1
quaternary chiral center generated by the Pictet-Spengler reaction. Therefore, the foundation
of the asymmetric total synthesis of peganumine A was the enantioselective Pictet-Spengler

reaction between a-ketoenamide 2.63b and 6-methoxytryptamine.

N
H
2.63b
Pictet-Spengler reaction
phase

MeO

Scheme 3-10: Analysis of the key cascade reaction.
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According to the previous overview of asymmetric Pictet-Spengler reactions, generally three
types of activation were developed. As the organometallic activation mode limited to simple
aromatic aldehydes, the ion pair binding and ACDC activation modes were investigated first.
In addition, Zhu et al. applied a thiourea and Brensted acid cocatalyst system in their elegant

total synthesis achieving 92% ee with Boc-protected substrate 2.45b.[2%]

NH,
N\
O MeO u o)

A\ o toluene, 4A MS, reflux, 24h _
MeO N \ then CH,Cl, (10% volume as toluene), CTU-6, BzOH, 4d MeO
\
Boc then TFA, reflux, 2d o OMe
H H peganumine A
2.45b N J\rN N CF,
. T
©/\Me iPr S \Q/
CTU-6 CF3

Scheme 3-11: Thiourea catalyzed asymmetric Pictet—Spengler reaction by Zhu et al.
3.2.2. Initial investigation of the asymmetric Pictet—Spengler reaction cascade

Inspired by the elegant synthesis of Zhu et al., the thiourea system was initially investigated.?3%
Surprisingly, with the chiral thiourea, the resulting enantioselectivity was only 9.2% ee for the
protection group free substrate 2.63b (Table 3-1, entry 2). Although the reaction parameters
were optimized concerning cocatalyst loading (entry 4), cocatalyst (entries 6 and 7), solvent
(entry 5) and temperature (entry 1), only slight increase of the enantioselectivity was achieved.

Table 3—1: Initial screening of asymmetric Pictet—Spengler reaction by chiral thioureas.

NH,
0 A\ 0
N N -
MeO' H -,

> \ © toluene, 4A MS, reflux, 24h _ MeO
MeO H then additional solvent (10% as volume) OMe
2.63b catalyst, cocatalyst, 4d, T peganumine A
entryld catalyst cocatalystl®! additional solvent T[°C) ee [%]d] yield [%]!
1 CTU-7 BzOH toluene 90 12.2 35
2 CTU-7 BzOH CH,Cl, 35 9.2 27
3 CTU-8 BzOH CH,Cl, 35 1.8 18
4 CTU-7 BzOH[ CH,Cl, 35 1.2 33
5 CTU-7 BzOH hexane 35 1.8 36
6 CTU-7 4-NO,-BzOH CH,Cl, 35 2.8 33
7 CTU-7 TFA CH,Cl, 35 1.8 1"

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine (0.75 mg, 4 pmol 1.2 equiv.);
[b] Cocatalyst Ioadlng was 20 mol%; [c] Cocatalyst loading was 40 mol%; [d] Determined by HPLC; [e] Isolated yield



3.2. Asymmetric total synthesis of peganumine A

This difference could be attributed to the impaired recognition between the substrate and the
catalyst which proposed the free indole N—H interrupted the substrate binding. Based on this
consideration, it was anticipated that the multi-binding-site catalysts could enhance the stability
of the transition state by anchoring the free N-H. Besides the conjugate-base-stabilized
Brensted acid (CBSBA) developed by Seidel et al.,[*"! Lambert et al. discovered a novel C—H
acid, utilizing a 1,2,3,4,5-pentacarboxycyclopentadiene (PCCP) scaffold as the backbone and
(-)-menthol as the chiral motif.?*! CBSBA-1 has already applied to catalytic enantioselective
Pictet—Spengler reactions (Scheme 3-8). PCCP-1 could catalyze enantioselective
Mukaiyama—Mannich reaction of imines 3.60 and silyl enol ether 3.61 which was also through
an iminium ion intermediate (Scheme 3-12a). PCCP-1 could be prepared by a one-pot

procedure from dimethyl malonate (Scheme 3-12b).12%%

a) oTMS
M
HO. e~ SoMe HO.
Kj Me 3.62
N PCCP-1 (0.1-2 mol%) HN
R)I\H EtOAc RN, -COOMe
43-99, 74-97% ee M Me
3.61 R = aryl, alkyl 3.63
b) 1)MeOOC—==—C0O0Me
pyridine, AcOH
CH,Cl, Meo_ o,
o o 2) BTMAC, K,COj (ag.) ooc.
PN 3) HCl Me (-)-menthol, NMI
MeO OMe - > COOMe
via toluene
8z—electro cyclization MeOOC

COOMe

67—elect) lizati
—electro cyclization 364

retro [2+2]
Scheme 3-12: PCCP catalyzed Mukaiyama—Mannich reaction and its preparation.
Inspired by these novel chiral Brensted acids, the application of multi-binding-site catalyst in
the Pictet—Spengler reaction cascade was investigated. The initial screening of these two
catalysts showed that PCCP-1 was able to catalyze the cascade reaction (Table 3-2, entry 3).
Inspired by this result, the cascade reaction catalyzed by PCCP-1 was optimized in the aspect
of catalyst loading (entries 8-11). Although the reactions afforded moderate yields, the ee value
of these reactions were less than 10%. Due to the importance of solvent for such non-covalent
interaction, different types of solvent were also screened. Unfortunately, other solvents still

turned out to be ineffective to the cascade reaction (entries 12-19).
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Table 3-2: Screening of multi-binding-site catalysts.

NH,
A\ 0
O MeO N -

H
N o toluene, 4A MS reflux 24h MeO
MeO N \ then catalyst, T OMe
H 2.63b peganumine A
entryd catalyst [mol%] solvent T[°C] time yield®!
1 PCCP-1(10) toluene 23 66h recovery of SM[!
2 PCCP-1 (10) toluene 60 66h recovery of SM
3 PCCP-1 (10) toluene 110 66h trace
S S PCCR1(20) _........ foluene ... 60 gon ] recovery of SM__..
5 CBSBA-1 (20) toluene 23 66h recovery of SM
6 CBSBA-1 (20) toluene 80 66h recovery of SM
7 CBSBA-1 (20) toluene 110 66h recovery of SM
""" 8 T TTTTTTRCCPA(20) T Ttoluene M0 T TT6d T 44%, 39% e
9 PCCP-1 (50) toluene 110 6d 40%, 3.7% ee
10 PCCP-1 (80) toluene 110 6d N.D.[
..M. PCCP-1(20), BzOH (20) __foluene o 6 . 4% 84%ee
12 PCCP-1 (50) toluene 80 4d reovery of SM
13 PCCP-1 (50) PhH 80 4d reovery of SM
14 PCCP-1 (50) dioxane 80 4d reovery of SM
15 PCCP-1 (50) EtOAc 80 4d reovery of SM
16 PCCP-1 (50) DCE 80 4d reovery of SM
17 PCCP-1 (50) PhCF3 80 4d reovery of SM
18 PCCP-1 (50) CHCly 60 4d reovery of SM
19 PCCP-1 (50) CoF14 60 4d reovery of SM

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine (0.75 mg,
4 pumol, 1.2 equiv.); [b] Isolated yield; [c] SM=starting material; [d] N.D. = not determined

As it was unsuccessful to utilize the ion pair binding activation mode by thiourea and multi-
binding-site catalysts, the attention was switched to the ADAC strategy. The optimization was
started with chiral phosphoric acids due to their wide utilization. The screening of different
CPAs showed that BINOL was a better backbone compared to VAPOL (Table 3-3, entries 1
8). Since the BINOL derived CPAs afforded relatively same results, CPA-1 was selected for
further optimization due to its wide applications. After screening the reaction temperature
(entries 9-13), an improved enantioselectivity was obtained with 31.0% ee (entry 9), which
proved that the ADAC strategy was a promising direction for the catalytic enantioselective
Pictet—Spengler reaction cascade. Next, the solvent was also screened, but it turned out to be

no remarkable improvement (entries 9-15).
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Table 3-3: Screening of chiral phosphoric acids.

NH,
A 0
0
MeO N -

N H
\ 0 toluene, 4A MS reflux 24h MeO
MeO H then catalyst (20 mol%), T OMe
2.63b peganumine A
entryla catalyst solvent T[°C) ee [%]P yield [%](]
1 CPA-1 toluene 110 10.0 32
2 CPA-2 toluene 110 9.8 33
3 CPA-4 toluene 110 10.0 33
4 CPA-6 toluene 110 4.2 42
5 CPA-7 toluene 110 0.8 0.8
6 CPA-8 toluene 110 9.8 26
7 CPA-9 toluene 110 9.4 18
8 CPA-10 toluene 110 9.6 37
9 CPA-1 toluene 90 31.0 60
10 CPA-1 toluene 70 19.6 50
11 CPA-1 toluene 50 11.6 40
12 CPA-1 toluene -26 3.0 46
13 CPA-1 toluene 23 2.7 59
14 CPA-1 DMF 23 4.4 24
15 CPA-1 CH,Cl, 23 7.3 51
16 CPA-1 THF 23 3.0 64
17 CPA-1 1,4-dioxane 23 3.4 41

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine (0.75 mg,
4 pmol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield;

3.2.3. Study of the asymmetric Pictet—Spengler reaction cascade by ACDC

Asymmetric counteranion directed catalysis (ACDC) is a useful strategy for organic
synthesis.”®®! Based on this concept, catalytic reactions that proceed via cationic intermediates
can be conducted asymmetrically by using a chiral counteranion. List et al. proposed and
utilized this strategy in organocatalysis and achieved remarkable enantioselectivities in many

asymmetric transformations. 29 21 The enantioselectivity of these reactions are derived from
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the confined chiral pocket of the corresponding counteranion.? Such pocket contains spatially
distributed reactive functional groups over nanometer dimensions within the catalyst
framework enabling excellent stabilizing of transition state and reaction selectivity.?*!
Meanwhile, high acidity is also a pivotal element in asymmetric catalysis, rendering the catalyst
robust for the activation of basic electrophiles.”*? Therefore, the enantioselectivity and yield
of the ACDC based catalytic asymmetric reaction are mainly determined by the confinement
and acidity of the chiral Brensted acid.

Based on these considerations, the promising improvement achieved by CPA-1 could be
attributed to the proper acidity and confinement (Figure 3—1a). The phosphoric acid core could
interact with the iminium ion through ACDC. The BINOL scaffold could provide a proper
confinement, and the n—m stackings were able to stabilize the favored transition state, which all
led to good enantioselectivity.

In contrast, it was proposed that the active pocket of the multi-binding-site catalyst PCCP-1
was too crowded, as the PCCP motif was based on a five-membered ring (Figure 3—-1b). In
addition, the lack of aromatic ring system made the corresponding transition state of PCCP-1
catalyzed traction less stable. The extra ester groups could also interrupt the favored hydrogen
bonding interactions (Figure 3—1b). For the thiourea—benzoic acid system and CBSBA-1, the
acidity was based on the benzoic acid or the carboxyl group, which turned out to be insufficient
to promote the cascade reaction. Meanwhile, as the chiral confined sites of the thiourea—benzoic
acid system and CBSBA-1 were all flexible, the favored conformation of the transition states
could not be stabilized leading to low enantioselectivities (Figure 3—1c and d).

Therefore, it was proposed that stronger acidity was needed to activate the imine of the Pictet—
Spengler reaction cascade and proper chiral confinement was also demanded for the
enantioselectivity of the Friedel-Crafts type reaction of the iminium ion. Although the acidity
and confinement of CPA-1 led to the promising yield, the enantioselectivity still needed to be
improved. According to these hypotheses, proper acidity and confinement were the key factors

to discover a catalyst to afford increased the yield and enantioselectivity.
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R = (-)-menthol
PCCP activation

o” S
! ’
o FsC
CTU activation CBSBA activation

Figure 3-1: Proposed activation modes of different catalysis systems.

A variety of chiral Brensted acids were developed, since Akiyama et al.**”! and Terada et al.™**”
independently reported the pioneering applications of the chiral phosphoric acids to catalyze
C-C bond forming reactions. Besides diverse chiral phosphoric acids,[**? chiral dicarboxylic
acids (DCASs),! N-triflylphosphoramides (NTPAS)®! and bis(sulfuryl)imides (JINGLESs)*"]
were invented (Figure 3-2). In addition, List et al. made a great contribution to this area. They
developed chiral disulfonimides (DSls),**! N,N"-bistriflylphosphoramidimidates (NBPIs),!**¢!
binaphthyl-allyl-tetrasulfones (BALTS)!**! and N-phosphinyl phosphoramides (NPPASs)!4%! as
the mono-BINOL unit catalysts. For the dual-BINOL units catalysts, they designed
imidodiphosphates (IDPs),[% imino-imidodiphosphate (ilDPs),!**Y! imidodiphosphorimidates

(IDPis).1#2

o}
C Koo C°°si’ ; 9
/p\ :N—H N—H 0 0 ‘ C O
Py =N R ’P\ Cg>P:
00 "%
NBPI pK, = 2 JUNGLE pK, =5 DSIpK, =8 IDP pK, = 11 CPA pK, =13 DCA pK, = 14
l l ¢ l l pK, in MeCN
OTf
b Oy H H
i S8 )t N ,o &7
C; /P\ / ,O _Ar
/p\N/P\ J o \\ ,P\ \\N P\Ar
o™\ (e}
e}
IDPi pK, < 2 BALT pK, = 3 NTPA pK, <7 ilDP pK, = 9 NPA pK, < 13

Figure 3-2: pK, trend of Brensted acids in MeCN.
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Meanwhile, the chirality of the catalysts is derived from the chiral backbones, which could be
classified as 1,1'-bi-2-naphthol (BINOL), octahydro-1,1'-bi-2-naphthol (Hs-BINOL), 1,1'-
spirobiindane-7,7'-diol (SPINOL), vaulted 3,3'-biphenanthrol (VAPOL) and biphenyl (BP)
(Figure 3-3). Due to the advantages, such as easier to functionalize and control the

conformation, BINOL is the most frequently used chiral backbone.

Ar Ar ‘O Ar

OH OH OH Ph OH OH

oH oH on Ph OH OH

OO Ar ‘O Ar Ar OO ‘ Ar
BINOL Hg-BINOL SPINOL BP

VAPOL

Figure 3-3: Typical backbones of chiral Bronsted acids.
The initial selection of diverse Brensted acid catalysts included an acidic mono-BINOL unit
catalyst—DSI"*®) and two types of dual-BINOL units catalysts—IDP!"*") and IDPi!"**! with
various substitutes (Figure 3—4). A special of type mono-BINOL unit catalyst, namely
NPPA,**! was also chosen. The NPPA contains a same core as IDP but with one side BINOL
unit and bisaryl substitutes at the other side. This unique characteristic contributed the

confinement of NPPA in the middle of mono-BINOL unit catalyst and dual-BINOL unit catalyst.

Cor S0 * &
/EO }&QCFS

o v [ & F
9 L L.
Ph Ph OO
ooy &

Figure 3—4: The catalyst selection of the first round screening.
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Initially, the experiment was followed the same one-pot procedure as before, which was
conducted in the sequence: the imine formation at neutral condition, then the addition of the
corresponding chiral Brensted acid to the reaction mixture. Surprisingly, the reactions furnished
no enantioselectivity, but resulted in relatively good yields even at room temperature with
0.5 mol% catalyst loading (Table 3—4). This could be attributed to the strong acidity of these
catalysts, which promoted the reaction too efficiently to decimate the enantioselectivity.

Table 3—4: Screening of novel chiral Brensted acids by one-pot procedure.

NH,
A\ 0
0
MeO N -

H
A\ A\ o toluene, 4A MS, reflux, 24h

» MeO
MeO H then catalyst (0.5 mol%) OMe
2.63b toluene 23°C peganumine A
entryl?l catalyst ee [%]®! yield [%]1
1 IDPi-1 0 82
2 IDPi-2 0 30
3 IDPi-3 0 33
4 IDPi-4 0.4 19
5 IDP-2 0.4 35
6 IDP-3 1 26
7 NTPA-1 0.6 19
8 NTPA-2 0.6 14
9 NPPA-1 0.8 100
10 DSI-1 0 20

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.),
6-methoxytryptamine (0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined
by HPLC; [c] Isolated yield;

It seemed to be a dilemma that the less acidic chiral thiourea could not promote the reaction
efficiently, moderate acidic chiral phosphoric acids could afford improved enantioselectivity
and yield, but more acidic chiral Brensted acid devastated the enantioselectivity in high yield.
It was hypothesized, the enantioselectivity of the reaction following one-pot imine preformation
procedure should be determined by the ion pair between the iminium ion and the counteranion
of the chiral Bransted acid (Figure 3—5a). But it was considered that such complex tended to be
separated by the increasing of acidity, as a more stable anion led to a less tight ion pair.2**"*]
Meanwhile, it was envisioned that the reaction could undergo through a bifunctional activation
mode leading to an amine—ketone—chiral Bronsted acid complex, if a cascade procedure was
utilized (Figure 3—5b). Such complex could pre-organize the favored position of the substrates

spatially, which would be beneficial for the enantioselectivity. In addition, compared to the one-
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244

pot procedure, the cascade procedure**) precludes the addition of new reagents making the

reaction easier to manipulate.

a) : b) H

: ! o
og et

. W-H,
“H.@ H N

X=P, S ; X=P s
Y=0,N g Y=ON

; 1 2 . 2
v=on R R . v=onN R R
proposed activation mode for E proposed activation mode for
one-pot precedure ' cascade precedure

Figure 3-5: Proposed activation modes for asymmetric Pictet—Spengler reaction.
Based on this hypothesis, the exploration of the asymmetric Pictet-Spengler reaction in a
cascade fashion was commenced. Indeed, a remarkable improvement of the enantioselectivity
was obtained with 50.4% ee (Table 3—5, entry 9). It is noteworthy that the reaction needed
higher temperature by the cascade procedure.

Table 3-5: First screening of novel chiral Brensted acids by cascade procedure.

NH,
) O
o} N
MeO H

A o catalyst (0.5 mol%), 4A MS

\ » MeO
MeO N toluene, 90°C OMe
2.63b peganumine A
entrytl catalyst ee [%]®! yield [%]1
1 IDPi-1 N.D.[ trace
2 IDPi-2 3 15
3 IDPi-3 0.6 62
4 IDPi-4 0.2 18
5 IDP-2 2 10
6 IDP-3 5 6
7 NTPA-1 1.6 10
8 NTPA-2 0 8
9 NPPA-1 50.4 18
10 DSI-1 3 29

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.),
6-methoxytryptamine (0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined
by HPLC; [c] Isolated yield; [d] not determined

Additional catalysts were selected for the 2" round screening (Figure 3-6). iIDP is a dual-
BINOL-unit catalyst, which can be considered as a hybrid of IDP and IDPi, regarding the
acidity and confinement. It has been demonstrated more acidic than IDP.Y Considering the
diversity of the chiral backbone, the dual-VAPOL-unit IDPis were also chosen. IDP-5 was also
selected, containing a less confined active site. In order to cover a large pKa range, the highly
acidic N, N'-bistriflylphosphoramidimidates (NBPIs)™® and binaphthyl-allyl-tetrasulfone
(BALT)™ were also selected. Since NPPA-1 showed an improved result, a less acidic NPPA-

2 was also planned to test.
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Figure 3-6: Additional catalysts selection for the screening.
The 2" round screening was launched with 5 mol% catalyst loading. With the ilDPs (Table 3—
6, entries 14-18), the reactions furnished the enantioselectivity up to 39.2% ee, which was
obtained by iIDP-3 (entry 16). For the more acidic IDPis (entries 1-7) and less acidic IDPs
(entries 9-13), the results were not as satisfying as ilDPs. It was hypothesized that a balance
existed between the acidity and confinement. The mono-BINOL-unit catalysts afforded an
acidity-dependent result. The more acidic NPBIs (entries 19-20) and BALT (entry 21) yielded
nearly racemic product. In contrast, relatively less acidic NPPAs (entries 22—-23) and DSI (entry

24) achieved the promising enantioselectivities (75.2-85.2% ee).
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Table 3-6: 2™ screening of novel chiral Bronsted acids by cascade procedure.

NH,
b (0]
Q0 MeO H /

A\ \ O catalyst (5 mol%), 4A MS o
N » Me
MeO H toluene, T OMe
2.63b peganumine A
entryl@ catalyst T[°C] ee [%]®! yield [%]1

1 IDPi-1 90 N.D.M trace
2 IDPi-2 90 3.0 8
3 IDPi-3 90 1.0 52
4 IDPi-4 90 22.8 26
5 IDPi-5 90 76 21
6 IDPi-6 90 N.D. trace
7 IDPi-7 90 1.2 21
8 IDPi-8 90 5.6 18
9 IDP-1 90 20.6 19
10 IDP-2 90 0.2 26
1 IDP-3 90 0.2 53
12 IDP-4 70 12.8 15
13 IDP-5 90 35.8 60
14 ilDP-1 90 16.4 14
15 ilDP-2 90 10.8 30
16 ilDP-3 90 39.2 19
17 ilDP-4 90 0 77
18 ilDP-5 70 6.6 10
19 NBPI-1 70 0.6 19
20 NBPI-2 70 4.6 46
21 BALT 70 0.6 19
22 NPPA-2 70 85.2 86
23 NPPA-1 70 75.2 41
24 DSI-1 70 79.1 60
25 CPA-1 90 45.0 61

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine
(0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield; [d] not determined

For all the mono-BINOL-unit catalysts, the best result was obtained by DSI-1 with moderate
acidity (pKa = 8) (Figure 3-7). The NBPI, BALT and CPA cores resulted in low
enantioselectivity, especially reactions with the highly acidic NBPI and BALT afforded
racemic product. For the other catalysts, it was interesting that the best result was furnished by
NPPA-2 with less acidity (pKa = 13), which is eclectic among these catalysts concerning
confinement and acidity. It was hypothesized that the confinement and acidity were not
independent but synergistic to influence the yield and enantioselectivity of the catalytic
asymmetric Pictet—Spengler reaction cascade. If the catalyst was too confined like the IDP,
iIDP and IDPi, the ion pair tended to separate, and the interaction might be inefficient between
the catalyst and the substrate. Therefore, it was envisioned that the cascade reaction required
moderate acidity to activate the iminium ion and proper confinement to arrange the transition

state in the chiral pocket of the catalyst.
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Figure 3-7: Analysis the screening result.
The selection between NPPA and DSI was needed for the further screening, due to the
promising result achieved by them. Although the preparation of DSI needs 7 steps (LLS) from
BINOL, and NPPA needs 5 steps (LLS), DSIs have been applied to a variety of
transformations, %8¢ 13891 which renders DSI more practical for the further screening

(Scheme 3-13).
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Scheme 3-13: Preparation of DSI and NPPA.
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To discover the best DSI for the reaction, diverse DSIs were selected, including large = system

substitutes, various phenyl substitutes and long linear triple bond substitutes (Figure 3-8).

large = system substitution

DSI-20
DSI-19
o - --OMe DSI-17 $-CF, DSI-1 ;rq|<CF3 ?inj/me
= F
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§-sFs CsF7 DSI- DSI-27 DSI-3
c|=3 CF3 iPr Y CsF;
CFs \“JS }r" \c"“ C,F5
FiC .
Pr iPr CF C,Fs
F CF,4 F3C Pr 033|; DSI-6
DSI7 DSI-11 DsI-8 .
CF4 CFs
NO, NO, F
Me
oy SOl
bt * NO, > F
DSI-25 DSI-22 DSI-24

= longer linear substitutions

Me Me tBu

DSI-12 DSI-13 DSI-14 DSI-15

Figure 3-8: The selection of DSIs.
Although no better result was obtained in this screening, some tendency could be rationalized:
1) EWG was favored (Table 3-7, entries 3, 8, 21 and 23), and EDG was disfavored (entries 16—
17), which showed the reaction was acidity demanding.
2) Polycyclic aromatic groups resulted in decreased enantioselectivity (entries 9, 15, 18, 19, 24
and 25), which illustrated steric m-substituents might weaken the substrate—catalyst interaction.
3) Long linear substitutes with carbon—carbon triple bond (entries 11-14) led to poor
enantioselectivity, which also indicated the substrate was sensitive to steric hindrance.
4) Large functionalized phenyl group at 3,5-position could be tolerated at some degree (entries
1-2,4-7, and 10), also EWG group was favored.

5) For the functionalized 1-naphthalyl group, neither 4,7-substitution (entry 1) nor 3,7-
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substitution (entry 22) could achieve a good result.
6) The 4-position of phenyl group was tolerated with small substitutes (entry 21), but as the
size increasing, both enantioselectivity and yield were decreased (entries 24, 25 and 26).

Table 3—7: First screening of DSIs.

NH,
A\
0 MeO ”

N\ ;! O  catalyst (5 mol%), 4A MS
N N\ N » MeO
MeO' H toluene, 70°C OMe
2.63b peganumine A
entryldl catalyst ee [%]! yield [%]1
1 DSI-2 4.2 60
2 DSI-3 63.4 17
3 DsSI-4 73.0 24
4 DSI-5 4.2 25
5 DSI-6 39.4 41
6 DSI-7 2.6 29
7 DSI-8 16.8 37
8 DSI-9 63.0 30
9 DSI-10 37.8 14
10 DSI-11 66.4 40
1" DSI-12 8.6 50
12 DSI-13 21.8 9
13 DSI-14 33.8 31
14 DSI-15 7.0 17
15 DSI-16 2.2 20
16 DSI-17 14 33
17 DsI-18 20.6 10
18 DSI-19 22.0 21
19 DSI-20 20.6 96
20 DSI-21 26.6 17
21 DSI-22 75.6 28
22 DSI-23 52.0 6
23 DSI-24 61.2 21
24 DSI-25 14.2 44
25 DSI-26 2.6 29
26 DSI-27 8.2 33

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.),
6-methoxytryptamine (0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined
by HPLC; [c] Isolated yield;

To improve the enantioselectivity and yield, the reaction parameters with DSI-1 were optimized,
such as catalyst loading, solvent and temperature. For the catalyst loading, 5 mol% was the best
at 70 T (Table 3-8, entries 1-3), and lower temperatures required higher catalyst loading
(entries 14-15 and 19-20). Reactions with polar solvents could hardly afford the desired
product (entries 6-9), indicating that the compact ion pair was crucial for the yield and
enantioselectivity. Aliphatic non-polar solvents resulted in low yield, which could be caused
by the poor solubility of both substrates and catalyst (entries 4-5). In contrast, aromatic non-
polar solvent was preferable for the reaction, which could enhance the ion pair interaction. As
the temperature decreased, the reactivity was also reduced (entries 14-23), showing the DSI-1

catalyzed reaction still had a relatively high energy barrier.
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Table 3-8: Reaction optimization by DSI-1.

NH,
A
O MeO N

N\ N 10 catalyst loading, 4A MS _ MeO
MeO ” \ solvent, T - . OMe
2.63b peganumine A
entryl?l  cat. loading [mol%] solvent T[°C] ee [%]P! yield [%]!
1 2.5 toluene 70 46.0 28
2 5.0 toluene 70 791 53
3 10.0 toluene 70 67.4 19
4 5.0 hexane 70 194 10
5 5.0 cyclohexane 70 64.4 12
6 5.0 EtOAc 70 N.D. trace
7 5.0 MeCN 70 N.D. trace
8 5.0 THF 70 N.D. trace
9 5.0 1,4-dixoane 70 N.D. trace
10 5.0 p-xylene 70 64.4 14
" 5.0 m-xylene 70 72.0 48
12 5.0 o-xylene 70 N.D. trace
13 5.0 benzene 70 54.2 23
RV 50 T toluene 50 ] ND. T trace
15 10.0 toluene 50 64.8 5
16 5.0 p-xylene 50 58.4 13
17 5.0 m-xylene 50 N.D. trace
LT 50 . benzene .50 .. ND. . fece
19 5.0 toluene 60 N.D. trace
20 10.0 toluene 60 68.8 24
21 5.0 p-xylene 60 71.6 32
22 5.0 m-xylene 60 34.8 13
23 5.0 benzene 60 47.4 20

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine (0.75 mg,
4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield; [d] not determined

Since the enantioselectivity could not be improved with DSI-1 by changing the reaction
parameters. Four new DSIs were synthesized based on the SAR which showed that 3,5-EWG

substitution was favored, and small group could be tolerated at 4-position (Figure 3-9).

long linerar disfavored

®

small subsitution
tolerance at C4

OO s0, ! F F NO, F

H ! DSI-28 DSI-29 DSI-30 DSI-31
R B 58% 70% 59% 91%

Figure 3-9: New DSIs preparation.

With DSI-28, DSI-29, DSI-30 and DSI-31 in hand, the investigation of the cascade reaction
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was initiated. The improved enantioselectivity was achieved with DSI-28, DSI-29 and DSI-31
(Table 3-9, entries 5, 9, 10 and 14-16). The yield was higher with DSI-31 than those with DSI-
28 and DSI-29, indicating the reaction was acidity demanding. The reactions with DSI-30
resulted in low enantioselectivity (entries 11-13).

Table 3-9: New DSIs screening.

NH,
b (o]
0 N
MeO H

N\ § 0 catalyst, 4A MS MeO
MeO' N solvent, T OMe
2.63b peganumine A
entry@ catalyst [mol%] solvent T[°C] ee [%]P! yield [%]1
1 DSI-28 (5) toluene 60 41.0 57
2 DSI-28 (5) fluorobenzene 60 322 26
3 DSI-28 (5) p-xylene 60 7.7 42
4 DSI-28 (5) toluene 70 38.6 35
5 DSI-28 (10) toluene 60 83.8 48
6 DSI-29 (5) toluene 60 47.4 20
7 DSI-29 (5) fluorobenzene 60 48.2 30
8 DSI-29 (5) p-xylene 60 52.0 27
9 DSI-29 (5) toluene 70 80.8 23
10 DsSI-29 (10) toluene 60 83.8 58
11 DSI-30 (5) toluene 60 10.8 48
12 DSI-30 (5) toluene 70 4.4 44
13 DSI-30 (10) toluene 60 48.2 39
14 DSI-31 (5) toluene 60 83.0 66
15 DSI-31 (5) toluene 70 83.0 27
16 DSI-31 (10) toluene 60 92.4 62

[a] Reactions were performed with ketolactam (1.0 mg, 3 pmol, 1.0 equiv.), 6-methoxytryptamine (0.75 mg,
4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield;

Inspired by the improved results, the reaction conditions were further optimized with DSI-31.
Finally, the enantioselectivity was improved to 93.6% ee (Table 3-10, entry 7).

Table 3—-10: Screening with DSI-31.

NH,
b 0
O MeO N

H
A o} talyst, 4A MS
catalyst,
’: \ MeO
MeO' H solvent, T OMe
2.63b peganumine A
entryl®  catalyst [mol%] solvent T[°C] ee [%]P! yield [%]!
1 DSI-31 (5) toluene 50 N.D.[I trace
2 DSI-31 (10) toluene 50 87.4 39
3 DSI-31 (5) p-xylene 50 89.4 26
4 DSI-31 (5) m-xylene 50 75.2 6
5 DSI-31 (5) p-xylene 60 91.0 62
6 DSI-31 (5) m-xylene 60 90.2 47
7 DSI-31 (10) toluene 70 93.6 34
8 DSI-31 (5) p-xylene 70 91.0 62
9 DSI-31 (5) m-xylene 70 90.2 47

[a] Reactions were performed with ketolactam (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine (0.75 mg,
4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield; [d] not determined

Based on the previous results, the reaction condition with 10 mol% catalyst loading, toluene as
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solvent at 60 <C was utilized. The result was confirmed by a scale-up reaction (Scheme 3-14a).
Additionally, (S)-DSI-31 was also prepared to synthesize the enantiomer of peganumine A,
which was obtained with the same enantioselectivity (Scheme 3-14b).

a)

NH,
A\
0 MeO H 4A MS
N ] R 0,
MO (R)-DSI-31 (10 mol%)
toluene
N
MeO N 60 °C 40h
2.63b 66 mg scale, 81%, 97.1% ee
b) NH,
A\
0 MeO ” 4AMS

/@\/Q:%O (S)-DSI-31 (10 mol%)
\

toluene
MeO N 60 °C 40h

10 mg scale, 68%, 97.1% ee

ent-peganumine A

Scheme 3-14: Scale-up reactions with DSI-31.

3.3. Asymmetric synthesis of the analogues of peganumine A

3.3.1. Asymmetric synthesis platform for the analogues with DSI

With the optimized conditions in hand, it was anticipated to realize the asymmetric synthesis
for the analogues of peganumine A. Surprisingly, the application of the optimized reaction
condition furnished remarkable different results. Only the asymmetric synthesis of PAA-11
achieved 97% ee, which also used 6-methoxytryptamine (Table 3-11, entry 4).

Table 3—11: Initial application of DSI-31 to asymmetric synthesis of analogues.

NH,

-|=
\ 7/
IZ_

R2
0
N K
0 o DSI-31 (10 mol%)  4A MS
PN \ toluene, 60 °C
H 60h
2.63
entryll R! R? ee [%]®] yield [%]!
1 H H N.D.[I trace (PAA-2)
2 7'-MeO 7-MeO N.D. trace(PAA-8)
3 9'-F 9-F N.D. trace (PAA-3)
4 H 9-MeO 97.0 36 (PAA-1)

[a] Reactions were performed with ketolactam ( 15 pmol, 1.0 equiv.), amine
(20 pmol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield; [d]
not determined

In order to overcome the problems in the asymmetric synthesis of the analogues, specific
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reaction conditions need to be optimized case by case. For the asymmetric synthesis of PAA-
2, the reaction could not afford full conversion below 90 <C with less than 10 mol% catalyst
loading (Table 3-12, entries 1-4). The best enantioselectivity was 78.9% ee (entry 5). By
further increasing the reaction temperature and catalyst loading, the enantioselectivity started
to decrease (entries 6-11). In the asymmetric synthesis of PAA-8, 4-methoxytryptamine was
used. Surprisingly, the result was even worse. While the enantioselectivity remained in the same
range as PAA-2, the yield dropped to less than 25% (entries 12-19). Additionally, the
asymmetric synthesis of PAA-3 was investigated (entries 20-25). The results were still
comparable with those of PAA-2 and PAA-8. Taken these results into consideration, it was
proposed that the DSI might not be a unified catalyst to realize the asymmetric synthesis of the
analogues.

Table 3—-12: Asymmetric synthesis of the analogues with DSI-31.

NH,
Z N
H

(0]
SN N o DSI-31 4AMS .
= \ toluene, T 9
H 60h 2
2.63 PAA 7 R
entryl® cat. loading [mol%] R' R? T[°C] ee [%]P! yield [%]1
1 10 H H 60 N.D.14I trace
2 10 H H 70 N.D. 64% (conv.)!
3 20 H H 70 N.D. 61% (conv.)
4 10 H H 90 N.D. 64% (conv.)
5 20 H H 90 78.9 56
6 10 H H 110 61.9 20
S LA 20 . Hoo L Mmoo 637 .. 24 .
8 30 H H 90 67.4 55
9 40 H H 90 57.5 72
10 30 H H 80 62.8 38
" 40 H H 80 62.2 71
12 10 7'-MeO 7-MeO 50 N.D trace
13 20 7'-MeO 7-MeO 50 N.D trace
14 10 7'-MeO 7-MeO 60 N.D trace
15 20 7'-MeO 7-MeO 60 58.4 24
16 20 7'-MeO 7-MeO 80 67.0 22
17 5 7'-MeO 7-MeO 90 30.0 10
18 10 7'-MeO 7-MeO 90 34.6 16
19 20 7'-MeO 7-MeO 90 77.8 22
20 10 9'-F 9-F 60 N.D trace
21 20 9'-F 9-F 60 N.D trace
22 10 9'-F 9-F 80 N.D trace
23 20 9'-F 9-F 80 65.6 37
24 10 9'-F 9-F 90 51.6 1"
25 20 9'-F 9-F 90 68.2 78

[a] Reactions were performed with ketolactam ( 3 umol, 1.0 equiv.), amine (4 pmol, 1.2 equiv.); [b] ee was
determined by HPLC; [c] Isolated yield; [d] not determined; [e] conversion was determined by "H-NMR

Since the NPPAs also achieved high enantioselectivity in the asymmetric synthesis of

peganumine A, it was anticipated that the NPPAs could catalyze the enantioselective cascade
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reaction in the asymmetric synthesis of the analogues. Initially the asymmetric synthesis of
PAA-2 was investigated using NPPA-1 as the catalyst. Gratifyingly, all the screening
conditions resulted in over 90% ee (Table 3-13, entries 1-4). Due to the low acidity of NPPA,
the yields with 10 mol% catalyst loading were remarkably less than those with 20 mol% catalyst
loading.

Table 3—13: Asymmetric synthesis of PAA-2 with NPPA-1.

NH,
N\
(0] H N

H
N o NPPA-1, 4A MS
N \ toluene, T
H 263a
entry!? cat. loading [mol%] T[°C] ee [%]®! yield [%]©)

1 10 80 90.4 31
2 20 80 91.8 75
3 10 90 93.4 38
4 20 90 96.0 64

[a] Reactions were performed with ketolactam ( 3 umol, 1.0 equiv.), amine (4 umol, 1.2 equiv.); [b] ee was
determined by HPLC; [c] Isolated yield

3.3.2. Asymmetric synthesis platform for the analogues with NPPA

Inspired by the promising results of the asymmetric synthesis of PAA-2 with NPPA-1, it was
proposed that NPPA could be a general catalyst for the asymmetric synthesis of the analogues.
Therefore, a thorough design and synthesis of NPPAs were commenced to prepare a catalyst
pool for the asymmetric synthesis of the analogues. It was considered that the NPPA could be
divided into two parts structurally, one was a phosphoric amide fragment, defining both
chirality and acidity; the other was a phosphinic amide fragment, which mainly influenced the
acidity (Figure 3—10). As the enantioselectivity was the primary goal, the initial design of NPPA
was focus on the phosphoric amide fragment and kept the phosphinic amide fragment as the

simple and commercially available phenyl group.
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Figure 3—-10: Structural analysis of NPPA.
With the diphenyl phosphinic amide (3.73a) in hand, the NPPAs could be synthesized through
a two-step sequence from the corresponding 3,3'-substituted-BINOL 3.66. Except NPPA-5 and
NPPA-7 with EWGs, all the rest designed NPPAs were successfully obtained in moderate yield

(Table 3-15).

I OH 1) POCIj, pyridine

NPPA-3 NPPA-4 NPPA-5 NPPA-6 E

56% 42% not obtained 41%
CF3 Et Et
iPr
0, =
* CFy Pt Me Et
NPPA-7 NPPA-8 NPPA-9
not obtained 44% 68%

Scheme 3-15: 1% round synthesis of NPPA
Since peganumine A was the targeted natural product, which was a reasonable starting point
for the catalyst screening of the analogues, the asymmetric synthesis of peganumine A was
selected as a model to investigate the NPPA catalyzed cascade reaction. The results showed
some interesting discoveries. NPPA-3 was regarded as a control catalyst, as the phenyl group
is the smallest substitute (Table 3-14, entries 4-7). The catalysts with 4-substituted phenyl
group, such as NPPA-3 and NPPA-10, could improve the enantioselectivity (entries 8-11 and
24-26). However, the enantioselectivity of the reaction with NPPA-3 was found to be better
than that with NPPA-10, indicating a larger substitution group was disfavored. The results with
NPPA-6 showed that a large & system could enhance the interaction between the substrate and
catalyst leading to an improved enantioselectivity (entries 12-15). The catalysts with 2,4,6-

trisubstituted phenyl group, such as NPPA-2 and NPPA-9, exhibited good enantioselectivity
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(entries 1-3 and 20-23). The enantioselectivity of the reaction with NPPA-2 was better than
that with NPPA-9, which could be explained as a larger iPr group provided a proper confined
catalytic site. In this round of screening, it could be concluded that the 2,4,6-triisopropyl-phenyl
group was the best substitute for the chirality control of NPPA.

Table 3—14: 1% round screening of NPPAs.

NH,
b 0
O MeO N

A o} talyst 41 MS
AN \ catalyst, -~ MeO
MeO H solvent, T OMe
2.63b peganumine A
entryt?l catalyst [mol%] T[°C] ee [%]"] yield [%]1
1 NPPA-2 (10) 90 27.2 27
2 NPPA-2 (20) 90 50.4 48
3 NPPA-2 (5) 70 83.8 86
4 NPPA-3 (10) 60 9.2 32
5 NPPA-3 (20) 60 31.4 24
6 NPPA-3 (10) 90 10.8 49
7 NPPA-3 (20) 90 24.0 51
8 NPPA-4 (10) 60 6.8 46
9 NPPA-4 (20) 60 51.6 69
10 NPPA-4 (10) 90 68.0 33
1 NPPA-4 (20) 90 46.6 23
12 NPPA-6 (10) 60 51.6 20
13 NPPA-6 (20) 60 70.0 20
14 NPPA-6 (10) 90 63.0 19
15 NPPA-6 (20) 90 53.4 48
16 NPPA-8 (10) 60 12.2 31
17 NPPA-8 (20) 60 3.2 31
18 NPPA-8 (10) 90 39.2 31
19 NPPA-8 (20) 90 6.0 42
20 NPPA-9 (10) 60 42.0 30
21 NPPA-9 (20) 60 52.8 41
22 NPPA-9 (10) 90 44.6 4
23 NPPA-9 (20) 90 47.8 15
24 NPPA-10 (5) 60 45 5
25 NPPA-10 (10) 60 24.6 18
26 NPPA-10 (20) 90 40.0 12

[a] Reactions were performed with ketoenamide (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine
(0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield;

N mm e e —eeeaem : Me
e OGNS S
O Q ; NPPA-3 NPPA-4 NPPA-6

QQ W“\PQ ji;r o) Qﬁ;(
P H Me Et XO/

NPPA
-------------------------------- NPPA-2 NPPA-8 NPPA-9 NPPA-10

As 2,4,6-triisopropyl-phenyl group was discovered as the best substitution group for phosphoric
amide fragment, the next issue was to clarify the best phosphinic amide fragment. Since most
of the substituted phosphinic amides were not commercially available, a practical synthetic
route was necessary for the further investigation. According to the related literatures,

phosphinic amides 3.73 were usually prepared from the corresponding aryl bromides and
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3.3. Asymmetric synthesis of the analogues of peganumine A

diethylamino phosphinous dichloride 3.76 which was synthesized from PCl3 and diethylamine
(Scheme 3-16). In the classic synthetic route, the key intermediate chlorophosphine 3.75 was
prepared through lithiation of aryl bromide, reacting with diethylamino phosphinous dichloride
3.76 and hydrolysis with HCI. After oxidation of diethylamino phosphinous dichloride 3.76
with oxygen following amidation by liquid ammonia, the phosphinic amide could be obtained.
However, there were some practical problems for this synthetic route, especially for small-scale
preparation. The purification of crude chlorophosphine 3.75 required distillation at high
temperature, but 3.75 was not thermally stable and prone to be oxidized. In addition, phosphinyl

chloride 3.74 was sensitive to moisture leading to the corresponding phosphinic acid.

Et

! 1) nBuLi, Et,0O Ar{ __Ar 1}
Ar—pr s N C DrBubh B P O: o-RAT
S 2) HCl in E,0 & benzene N
] distillation
3.76 3.75 3.74
Et,NH NH (liq.)
Et,0 recrystallization
distillation
g :
~-R—Ar
P. \
ci” cl HaN™Sr
3.73

Scheme 3-16: Synthetic route of the phosphinic amides.
Due to such drawbacks, a modified route was implemented (Scheme 3-17). By using the crude
chlorophosphine 3.75, the decomposition caused by the high temperature of distillation was
avoided. The partly hydrolyzed phosphinic acid could be converted to phosphinyl chloride 3.74
by using SOCI,. Utilization of ammonia solution simplified the amidation procedure. With this

updated route, phosphinic amides were successfully prepared.

! 1) nBuli, Et,0 Ar___Ar 0,

1]
— N.,.Cl P R—-Ar
+ - - -
Ar'—Br Et” P 2) HCl in Et,0 a benzene  C! \A,—v
Cl without
3.76 purification 3.75 3.74
1) SOCl,, CH,Cl,
EEthc? 2) 0.5M NH; in dioxane
2 hromatograph
distillation chromatography
¢ :
~R—Ar
P; \
a1 el HaNTN L
3.73

Ar= CFs F F F
O/CF;.; O/F @\ i ©i|: Jijiuf3
5 s - CF3 4 F - F - E

3.73b 3.73c 3.73d
52% 38% 50%

3.73e 3.73f 3.73g

40% 52% not obtained

Scheme 3-17: Updated synthesis of the phosphinic amides.
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Following the same procedure, the synthesis of the NPPAs with privileged phosphoric amide
motif was commenced. Since the reactivity was needed to be improved, phosphinic amides

with EWGs were introduced to increase the acidity (Scheme 3-18).

1) POCIj, pyridine
2) NaH o]

HzN’IFI".
O

THF 3.73

Scheme 3-18: 2" round synthesis of NPPAs.

Unfortunately, the enantioselectivity was not improved as expected in the 2" round screening

(Table 3-15).
Table 3-15: 2™ round screening of NPPAs.
NH,
) O
(o] N
. MeO H
o catalyst, 4A MS
’: \ MeO
MeO' H solvent, T OMe
2.63b peganumine A
entrylal catalyst [mol%] T[°C] ee [%]®! yield [%]]
1 NPPA-1 (5) 60 35.0 42
2 NPPA-1 (10) 60 62.2 37
3 NPPA-1 (20) 60 71.2 25
4 NPPA-1 (10) 50 58.6 55
5 NPPA-1 (20) 50 704 38
6 NPPA-11 (10) 60 52.0 36
7 NPPA-11 (10 50 66.2 27
8 NPPA-12 (5) 60 49.8 61
9 NPPA-12 (10) 60 66.6 51
10 NPPA-12 (20) 60 44.4 43
1 NPPA-13 (10) 60 52.0 17
12 NPPA-14 (10) 60 60.4 64
13 NPPA-14 (20) 60 456 22
14 NPPA-15 (10) 60 32.4 31

[a] Reactions were performed with ketoenamide (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine
(0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield;

. =
CF, F tBu
e C pe C %C

NPPA-1 NPPA-11 NPPA-12
CFs F F
pas CFy F s F
NPPA-13 NPPA-14 NPPA-15
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3.3. Asymmetric synthesis of the analogues of peganumine A

In addition, some related catalysts with different cores were also screened. However, there was
no further improvement for the enantioselectivity. IDP-5 and IDP-6 resulted in remarkable
decrease of enantioselectivity, indicating the NPPA core was a privileged motif for the cascade
reaction (Table 3-16, entries 1-4). Meanwhile, the enantioselectivity of the reaction catalyzed
by PPA-1 was also low, which was evidence that the phosphinic amide motif of NPPA played
a crucial role in the substrate—catalyst recognition. Although the 3 round screening did not
furnish an improvement of enantioselectivity, the catalysts with related structure clarified that
the achiral phosphinic amide fragment was also critical for the cascade reaction.
Table 3-16: 3™ round screening of NPPA.

NH,
b o)
o} MeO N

H
N
0 catalyst, 4A MS

N \ > MeO
MeO' H solvent, T OMe
2.63b peganumine A
entryl?l catalyst [mol%] T[°C] ee [%]! yield [%]]

1 IDP-5 (5) 70 35.8 60
2 IDP-6 (5) 60 0 50
3 IDP-6(10) 60 17.8 54
4 IDP-6 (20) 60 18.2 57
5 PPA-16 (5) 60 6.2 32
6 PPA-16 (10) 60 3.8 26
7 PPA-16 (20) 60 16.8 26

[a] Reactions were performed with ketoenamide (1.0 mg, 3 upumol, 1.0 equiv.), 6-
methoxytryptamine (0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated
yield;

Based on these results, NPPA-1 and NPPA-2 were considered as the promising catalysts for
the asymmetric synthesis platform of the analogues. Therefore, scale-up reactions of
asymmetric synthesis of the analogues were commenced. For the dimethoxy substituted
substrates, such as PAA-8 and peganumine A, the enantioselectivities were not satisfying
(Table 3-17, entries 1-2). However, the mono-methoxy and fluoro substituted analogues

furnished over 90% ee (entries 3-5).
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Table 3—17: Scale-up reactions of analogues.

N
A\ 8 o catalyst, 4A MS _
! —
Z N toluene, T 9
H 2
2.63 R
entry®®  catalyst [mol%] scale [mg] R! R2? T[°C] ee [%]P!  yield [%]
1 NPPA-1 (20) 17 7'-MeO 7-MeO 60 69.0 40 (PAA-8)
2 NPPA-2 (7.5) 15 9'-MeO 9-MeO 60 71.0 31
3 NPPA-1 (10) 21 9'-F 9-F 90 98.6 72 (PAA-3)
4 NPPA-2 (10) 18 H 9-MeO 60 97.8 30 (PAA-1)
5 NPPA-1 (10) 15 9'-MeO H 90 93.2 24 (PAA-11)

[a] Reactions were performed with ketoenamide (1.0 mg, 3 umol, 1.0 equiv.), 6-methoxytryptamine
(0.75 mg, 4 umol, 1.2 equiv.); [b] ee was determined by HPLC; [c] Isolated yield;

It was proposed that in the transition state of the Pictet—Spengler reaction, the ketoenamide was
constrained in the chiral catalytic pocket of the catalyst and stabilized by hydrogen bonding and
n—n stacking (Figure 3-11). Additionally, the two separated phenyl groups of the phosphinic
amide motif were relatively flexible, which could be induced the substrate to get a proper
alignment for the interaction.**® It was also speculated that the dimension of the pocket was
probably not fit for the ketoenamide with large substitution group, such as the methoxy group.
The methoxytryptamine could interrupt the affinity with phosphoric amide motif. Therefore,
the enantioselectivities of the dimethoxy analogues, such as PAA-8 and peganumine A, are
relatively low. Since the van der Waals radius of fluorine is similar with that of hydrogen, 4
the asymmetric synthesis of PAA-2 and PAA-3 achieved over 90% ee. For the mono-methoxy
substituted analogues, PAA-1 and PAA-10, the high enantioselectivity could be explained as
the flexibility of the phosphinic amide motif enables the tolerance of the mismatching with the
chiral pocket.

indole fragment indole fragment
of ketoenamide of tryptamine

- hydrogen bonding;

- Q
< \

H,/
L
/

+ n—n stacking

repulsion

......................

core of NPPA

Figure 3—11: Proposed stereochemical mode of the NPPA catalyzed system.
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3.3. Asymmetric synthesis of the analogues of peganumine A

3.3.3. Asymmetric synthesis of PAA-2

Inspired by the proposed model of the NPPA catalytic system, it was envisioned that this type
of catalyst was ideal for the asymmetric synthesis of PAA-2, which was regarded as a potent
analogue of peganumine A. Realizing the asymmetric synthesis of it would clarify the
difference of the cytotoxicity and target affinity between the two enantiomers.

Based on the previous results, the catalyst screening was started with 20 mol% catalyst loading
at 100 <C. The screening of the phosphoric amide part showed that the 2,4,6-triisopropyl-phenyl
group was also the privileged chirality determining group (Table 3-18, entries 1-6). Further
optimization indicated that NPPA-1 was the best catalyst (entries 7-11).

Table 3—-18: Optimization of the asymmetric synthesis of PAA-2.

NH,
D O
o N
g8

H
i\ N o catalyst, 4A MS
N\
” toluene, 100 °C
2.63a PAA-2
entryl?l catalyst [mol%)] ee [%]"! yield [%]!
1 NPPA-2 (20) 86.4 75
2 NPPA-3 (20) 7.2 53
3 NPPA-4 (20) 21.0 30
4 NPPA-6 (20) 8.8 63
5 NPPA-8 (20) 39.2 44
6 NPPA-9 (20) 51.6 53
7 NPPA-1 (20) 91.0 81
8 NPPA-11 (20) 78.0 35
9 NPPA-13 (20) 34.8 59
10 NPPA-14 (20) 57.0 46
11 NPPA-15 (20) 66.2 33

[a] Reactions were performed with ketoenamide (0.9 mg, 2.9 umol, 1.0 equiv.),
tryptamine (0.67 mg, 3.5 pmol, 1.2 equiv.); [b] ee was determined by HPLC; [c]
Isolated yield;

O ?:/N\P Pr iPr Et Et
pN=
\\ iPr:
Q o /H g e
i ple
NPPA fPr Me Et
--------------------------------- NPPA-2 NPPA-8 NPPA-9
o " O
e X7
NPPA-1 NPPA-11
CFs F F
oo NN o
N e
NPPA-13 NPPA-14 NPPA-15
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With the optimized condition in hand, the scale-up reactions were investigated. Both

enantiomers of PAA-2 were obtained with high enantioselectivity (Scheme 3-19).
a)
NH,
b
0 H 4A MS
N N o (R)-NPPA-1 (20 mol%)
N \ toluene
H 90 °C 60h

2.63a 20 mg scale, 66%, 94.6% ee

N 4AMs

O H
N N o (S)-NPPA-1 (20 mol%)
N \ toluene
H 90 °C 60h

2.63a 10 mg scale, 40%, 94.0% ee

ent-PAA-2

Scheme 3-19: Scale-up reactions for the asymmetric synthesis of PAA-2.
Since the crystal structure of either of the two enantiomers of PAA-2 was difficult to obtain,
the absolute configuration of the stereocenters were initially determined by the comparison of
the ECD spectra of the synthetic (+)-peganumine A and (+)-PAA-2. The result showed that the
curves matched well with each other, indicating both compounds had the same absolute
configuration (Figure 3-12). As the absolute configuration of (+)-peganumine A was
determined by Hua et al. as (S,S) configuration,'® (+)-PAA-2 was assigned also as (S,S)

configuration.

15 1

10 +

Ag
w
I
Ag

N

T T T
200 250 300 350 400
/\ Wavelength (nm)
-5
—— At (+)-peganumine A
At (+)-PAA-2

Figure 3—12: ECD spectra of (+)-peganumine A and (+)-PAA-2.

Additionally, comparisons were later made between the experimental and calculated ECD

spectra with the assistance of DFT calculations performed by collaboration with Yu Chen and
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3.4. Brief summary

Professor Dr. Yong Liang at Nanjing University. The calculated ECD curve matched well with
the experimental one, unambiguously confirming the absolute configuration of (+)-PAA-2 as

(S,S) configuration.

~——— calcd. of (S,5)-PAA-2
~—— calcd. Of (R,R)-PAA-2

exptl. of (+)-PAA-2

S

Ma;.x 340 360 380 400

wavelength (nm)

N

Ae (MY, cm™)

v o
NN )
&)
\ N i ’\
/—\ \_/ /‘
- > NS N\
/F 7 “ / \

Figure 3-13: Experimental and calculated ECD spectra of (+)-PAA-2.

3.4. Brief summary

In this part, a variety of chiral organocatalysts were screened to achieve the asymmetric total
synthesis of peganumine A based on the 3" generation improved synthetic route. With a chiral
DSI, the asymmetric synthesis of peganumine A was accomplished with high enantioselectivity
(97% ee). However, the application of the chiral DSI to the asymmetric synthesis of the
analogues of peganumine A was fruitless. After further investigation, the chiral NPPA was
selected to perform the asymmetric synthesis of the analogues. With the chiral NPPA, four
analogues were achieved over 90% ee synthesis, including the potent analogue PAA-2. And

the absolute configuration of the enantioenriched PAA-2 was determined by ECD.
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4. New Routes to the Total Synthesis of Peganumine A
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4.1. Iminium ion and NV-acyliminium ion

4.1.1. Iminium ion and its reactions

In 1864, Schiff discovered a condensation reaction between primary amines and aldehydes or
ketones, resulting in an equilibrium presenting imines.?*” The imines are also named as Schiff
bases, which exist as iminium ions in acidic solution. Secondary amines can condense with
aldehydes and ketones to form iminium ions. These iminium ions can be isolated as salts of
strong acids. Iminium ions/salts are more electrophilic than the corresponding aldehydes or
ketones. Kinetic studies of the reactions of benzaldehyde-derived iminium ions in acetonitrile

revealed the electrophilic reactivities (E) of some iminium substrates (Figure 4-1).12%]

M
o @0 e

Ph)LH Ph)LH Ph)LH I Ph)l\Me Ph)LH
1
Electrophilicity (E)
PN Ph)LH . U\CI F>hj):|-—|—BC3

Ph

Figure 4-1: Electrophilicity parameter of some iminium ions and related compounds.
Due to the high reactivity of iminium ions/salts, the preparation of them has attracted attention
from the scientific community. While iminium ions/salts are usually generated in situ, it is also
possible to synthesize the isolatable iminium ions/salts. In principle, the most straightforward
way to prepare iminium ions/salts is direct condensation of amines with aldehydes or ketones
under acidic conditions (Scheme 4-1a). Selective alkoxy group cleavage of hemiaminals also
furnishes iminium ions/salts (Scheme 4-1b).2*! Iminium ions/salts can be obtained through
hydride abstractions of tertiary amines by Mercury(Il) acetate (Scheme 4-1c).”%% In some
special cases, iminium ions/salts are obtained from N-methylproline derivatives by
decarbonylation of a-tertiary amino acids (Scheme 4-1d).1? In addition, imines and enamines

are able to convert to iminium ions/salts by N-alkylation or protonation (Scheme 4—1e and f).[25%
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3@ R4t
RUCR? . H R1ll\RzE
___________________________ direct condensation
if) VT Tt H
‘R3 R3® R4 b) )R\ . RE :
N 4 N7 _R 4
e RE0™ N —— Sy
RURLLLLLRUR 0 Y R ] RS
i i imi cleavage of hemiaminals
alkylation or protonation of imines \ R3® R4 / g
N
R‘JLRZ
E-e-) ------------------------------- E / \ EC) ;
iR RIOR! ! : Hg(OAc) 102!
v NH R4X N o ! R TOZ> ﬁ/ '2104 H
' —_— ' H 4 H
ER1J\/\R2 R1J]\/\R2: : és é;,
z:]lklylationt(_)r pr?tonatign hydride abstraction of tertiary amines
or halogenation of @namines - oo oot )
oocLer
he Poct O\MAC
HOOoC ﬁ 4 >N 4 1 R2 R3 R4
-------- '\_"?i_\f'___________________l\lfl_e_z_______i R, R%, R’ R" = alkyl, aryl

decarbonylation of a-amino acids
Scheme 4-1: Selected strategies for the preparation of isolatable iminium ions/salts.
Due to the high electrophilicity, iminium ions were utilized in many useful transformations
during the past centuries. The Strecker reaction first reported in 1850 is one of the earliest one-
pot and atom economic multicomponent reactions (Scheme 4-2a). The key step of this reaction
is the addition of cyanide to an iminium ion affording a-amino nitrile product. Subsequent
hydrolysis of the a-amino nitrile furnished a-amino acid.[?®¥! This facile synthesis constituted
the first amino acid synthesis in the laboratory even before the isolation from natural sources.
Various strategies were also reported to achieve asymmetric Strecker reactions.”® The
Mannich reaction is another transformation in organic synthesis via a nucleophilic attack to an
iminium ion by an enolate (Scheme 4-2b).[® Reductive amination is a frequently used
approach for C—N bond construction via a nucleophilic addition to an iminium ion by hydride
(Scheme 4-2¢).[2%81 Iminium ion is also able to react with electro-rich aromatic rings, leading
to various fused ring systems, such as Pictet-Spengler reaction (Scheme 4-2d).1#
Chloroiminium ion is a highly reactive species, which plays a crucial role in Vilsmeier—Haack

Reaction by reacting with electro-rich aromatics (Scheme 4—2¢).1%"]
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Iminium ions have been widely applied in natural product total synthesis. A Strecker reaction
was employed to construct the fused ring system of indole alkaloid trigonoliimine A via the
attack of cyanide anion to iminium ion 4.2 (Scheme 4-3a).1?*®! Qin et al. accomplished the total
synthesis of Kopsia indole alkaloid (—)-kopsine by using an intramolecular Mannich reaction
via iminium ion 4.6 (Scheme 4-3b).125% In the synthesis of deoxygalanthamine, Trost et al. used
two reductive aminations for the construction of the azepine ring (Scheme 4-3c).%"! The
hydride attacked iminium ions 4.9 and 4.12, leading to the corresponding tertiary amine 4.10
and deoxygalanthamine. The Pictet-Spengler reaction of amine 4.13 and aldehyde 4.14 was
utilized to construct the g-carboline scaffold of suaveoline through iminium ion 4.15 (Scheme

4-30d).11 The chloroiminium ion 4.17 was applied to the total synthesis of homofascaplysin C

RS _R*
O °N
M"Rz
R R
Mannich reaction
R3, _R* R3, _R*
N b) N
11R2 11R2
NC/kR1 OH H/kR1
Strecker reaction R/& reductive amination
)
a) CN R3® R4 c) eH
R "R? d
e) Me\N,Me ) NH,
A\
N
H
Me., .Me

N
N-R*
\ "/RZ
N R!
H

Pictet-Spengler

H
Vilsmeier—Haack reaction

reaction

Scheme 4-2: Iminium ions in organic reactions.

through a selective formylation of 4.18 (Scheme 4—3e).[?62]

MeO

4.1

NHCHO

DCM

H
trigonoliimine A

Scheme 4-3: The iminium ions in total synthesis.
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continued

MeOOC  OH
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Scheme 4-3: The iminium ions in total synthesis. (continued)

4.1.2. N-acyliminium ion and its application in total synthesis

The iminium ion is a highly reactive species, which plays an important role in the construction
of C—C and C-N bonds. However, in the synthesis of isoquinoline alkaloid erythrinane, Belleau
et al. found iminium ion 4.19 was ineffective to undergo the designed reaction, and in contrast,
the N-acyliminium ion 4.21 could undergo the electrophilic cyclization. It was attributed to

extra activation of the electron-withdrawing of the carbonyl group (Scheme 4—4).[2%]
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N N

Scheme 4—4: Iminium ion vs N-acyliminium ion.
In principle, most of the characteristics of N-acyliminium ion are similar with that of iminium
ion, such as the electrophilicity, preparation and reactivity. But one distinct property of N-
acyliminium ion is that it is likely to not generate stoichiometrically in the reaction but exists
in an equilibrium (Scheme 4-5).% As a cationic species, N-acyliminium ion can undergo an
elimination process yielding enamide. This process depends on the acidic reagent, the solvent
and the structure of the N-acyliminium ion.?®® As the subsequent electrophilic reaction of
cyclic N-acyliminium ion is usually more difficult, the equilibrium tends to accumulate the
cyclic enamide. In addition, the regeneration of N-acyliminium ion from cyclic enamide is hard

in some cases leading to dimerization. 2%

0 o ° o
R%NJ\R“ Rsﬁ))l\m ” RS\NJ\R“
—eeeeeeee e ————
R1)|\R2 Rwﬂ\Rz R\/\Rz

Scheme 4-5: Common disfavored equilibriums of N-acyliminium ion.
As an important and highly reactive species, N-acyliminium ions have applied to various natural
product total syntheses. In the divergent total synthesis of monoterpene indole alkaloids, Zhu
et al. showed the power of N-acyliminium ions (Scheme 4-6a). The linchpin intermediate (+)-
melodinine E was prepared by aminalization via N-acyliminium ion 4.24. Treating (+)-
melodinine E with sulphuric acid, (-)-leuconolam could be obtained via an intermolecular
addition of H,O to N-acyliminium ion 4.29. Vinylogous addition of trifluoroacetate anion to N-
acyliminium ion 4.28 afforded 4.27, which could convert to (-)-leuconodine A by hydrolysis
and aminalization through N-acyliminium ion 4.26. Meanwhile, under oxidative acidic
condition, synthesis of (—)-leuconodine C could be furnished from (+)-melodinine E via N-

acyliminium ions 4.31 and 4.32.%%7 In the total synthesis of alkaloid erysotramidine (-
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erythrinan, Tu et al. utilized N-acyliminium ion 4.34 to react with electro-rich arene yielding
the tetracyclic compound 4.35 (Scheme 4-6b).1?%®! Besides the aromatic rings, N-acyliminium
ions are also able to react with alkynes and alkenes. Sato et al. disclosed the unified total
synthesis of the madangamine alkaloids using the cyclization of N-acyliminium ion 4.37 to
construct the caged tetracyclic 4.38 (Scheme 4-6¢).[?%% In the synthesis of ()-cephalotaxine,

Hong et al. achieved the cyclization of N-acyliminium ion 4.40 with alkene (Scheme 4—6d).[2"
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4.26 4.27 4.28 4.29
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Scheme 4—6: N-acyliminium ions in total synthesis.
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4.2. 4™ generation synthetic approach to peganumine A

4.2.1. Retrosynthesis of peganumine A

In the section “2.3.6. Comparison between the a-ketolactam and the a-ketoenamide”, the
remarkably different reactivity between the a-ketolactam 2.36a and the a-ketoenamide 2.45a
was clarified by the DFT calculations performed by collaboration with Dr. Yinghan Chen and
Professor Dr. Yong Liang. Steric hindrance was considered as a crucial factor for the Pictet—
Spengler reaction, therefore a linear intermediate 4.44 was envisioned to be the substrate of the
Pictet-Spengler reaction (Scheme 4-7). Based on this idea, the 4™ generation retrosynthesis of
peganumine A was proposed. The C1’ quaternary carbon center could also be constructed by a
Hoffmann—Loeffler—Freytag reaction®®® and a N-acyliminium ion cyclization. The
construction of C1 quaternary carbon center relied on the Pictet-Spengler reaction of the linear
a-ketolactam 4.44 which could be synthesized from a-ketolactone 4.45. Anhydride 2.27 was
considered as the starting material to prepare the a-ketolactone 4.45 via redox reactions.

o o}
' 1 N‘4
Lz A Z —H
. o N
MeO C————)» MeO N

OMe

OMe

peganumine A 4.42

o
M E: {—————= me0 N 1 H’\LJT\@\
OMe

N-acyliminium ion
Hoffmann-Loeffler—Freytag cyclization
reaction

MeO H OPG o
4.43

H
4.44 NH, IN
OMe Pictet-Spengler
reaction
2.23
0 0]
NH, O
o4 OH
/©\/§\ v V?L 0 — Q
1
MeO (0]
2.26 2.27

2.23 4.45

Scheme 4-7: Fourth generation retrosynthesis of peganumine A.

4.2.2. 4" generation synthesis of peganumine A

a-ketolactone 4.45 was obtained from the a-hydroxylactone 2.26 which was prepared according
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to the procedure in the section “2.2.2. Synthesis of the 7C motif”. It was initially anticipated that
a ring opening reaction would occur, resulting in lactone 4.45 and followed an in situ protection
of the free hydroxyl group by TBDPSCI. Unfortunately, this sequence yielded hemiacetal 4.46.
The TBDPS protected linear a-ketoamide 4.44a was afforded by a hemiacetal ring opening and
in situ protection sequence. However, neither the Pictet-Spengler reaction of a-ketoamide

4.44a nor the formation of the corresponding imine was turned out to be successful (Scheme

4-8).
0\\ 0
o Ss
X ZZ/I\Ph o o
OH o)
NaBH4 L|HMDS ¢} DMP, NaHCO3 O
—_—
THF THF CH,Cl,
90% 47% 2.26 83% 4.45
NH,
A\
H N TtBDPSCI
TBDPSCI DMAP H
CHZCIZ Crgz‘;?lz
OTBDPS 96% A °
4.44a AN

U ‘:?va
N HN { ' N
H OTBDPS

R = OTBDPS confirmed by X-ray crystallography
4.47

4.44a

Scheme 4-8: 4™ generation synthetic attempt.

4.3. 5™ generation synthetic approach for peganumine A

4.3.1. Retrosynthesis of peganumine A

Based on the unfruitful attempt of the total synthesis of peganumine A, a 5" generation
synthetic route was proposed. In the 1% generation approach, the Pictet-Spengler reaction of
the highly functionalized intermediate 2.24a was challenging in an intermolecular fashion.
According to the 2" generation attempt and the 3™ generation improved synthesis, it was
demonstrated that the Pictet-Spengler reaction of the tetracyclic ring system was sensitive to
steric hindrance. The 4™ generation attempt indicated that the Pictet-Spengler reaction also
required a relatively fixed conformation, as the linear intermediate 4.44a with the freely rotated
bonds could not realize the cyclization. Therefore, it was envisioned that using a mono-ring
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system to “lock™ the conformation could avoid the steric problems in previous syntheses
(Scheme 4-9). In this strategy, the key reactions are the intramolecular N-acyliminium ion
cyclization of 4.42 and the Pictet-Spengler reaction of monocyclic a-ketolactam 4.49. The key

intermediate 4.49 can be prepared from the anhydride 2.27 and 6-methoxytryptamine.

o o}
J 1 N4
L~ 5 A\ Z —H
] HN N
MeO C————> MeO N

OMe

peganumine A 4.42 OMe

N-acyliminium ion
Hoffmann-Loeffler-Freytag cyclization

reaction

1 I
MeO N 0 " kJi©~owle
4.49 H 4.48
NH, |
OMe Pictet-Spengler
||| reaction

H
H HN 0 H N
5 ! e > © |
'MeO N ' o HoN OMe
! N H

2.27 2.23

Scheme 4-9: 5" generation retrosynthesis of peganumine A.
4.3.2. 5" generation synthesis of peganumine A
4.3.2.1. Mono-ring a-ketoenamides preparation via oxidative pathway

Starting from the a-hydroxylactone 2.26 which was synthesized in the section “2.2.2. Synthesis
of the 7C motif”, dihydroxyamide 4.50 was prepared through an AlMes; promoted aminolysis
in 80% yield.[?! The synthetic attempt to mono-ring enamide 4.49a was carried out by a global
hydroxyl groups oxidation of dihydroxyamide 4.50 following a hemiaminal formation-
elimination sequence (Scheme 4-10). Unfortunately, that oxidation sequence could not be

realized through various classic oxidation reactions.
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90% 479 80%
227 2.28 % 2.26 °
HN o
OJ\/\N o OX|dat|on codmons
. Y‘XV
4.49a
entry@ conditions solvent  T[°C] yield
1 (COCl),, DMSO, DIPEA CH,Cl, -78 complex mixture
2 DMSO, Et3N, py.SO3-polymer CH,Cl, 23 recovery of SM
3 IBX DMSO 23 complex mixture
4 DMP, NaHCO, CH,Cl, 23 complex mixture
5 TFAA, DMSO, DIPEA CH,Cl, 23 complex mixture
6 cyanuric chloride, DMSO, Et;N THF 30 lactam formation

[a] Reactions were performed with 4.50 (10 mg, 33 umol)

Scheme 4-10: Mono-ring enamide intermediate preparation.
Analysis of the oxidation reaction showed the indole fragment, especially the free C, position
of indole, could lead to various side reactions (Scheme 4-11).2"Y1 Meanwhile, the stepwise
oxidation of the two hydroxyl groups could afford hemiacetal or hemiketal, which might

suspend the desired reaction pathway.

T
NN OH
\HOWN\/\EQ
AW
N— )& : \NH{V R-NH ) : \/?ﬁ@

HO

Scheme 4-11: Potential side-reactions.
In order to avoid these possible side reactions, the removal of the secondary hydroxy! group of
4.50 was proposed, simplifying the oxidation with the amide 4.51a. Although the desired
enamide 4.52a was not obtained, the cyclization product 2.31a was afforded under classic Ley
oxidation[?"? condition, which indicated that the proposed iminium ion could be generated and

underwent a cyclization reaction (Scheme 4-12).
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E [e) NaBH, (¢) E H
' —_— !
He) THF . DCM

0,
227 90% 228 | 58%
HN \ 0
- . H
@J\/\@ B oxidation coditions Qj/\/N OH
' YK
N
HN o
4.52a 4.51a
entry conditions yield
1 PCC, 4A MS recovery of SM S
2 DMP, NaHCO3 complex mixture
N
3 IBX trace N\
4 (COCl),, DMSO, DIPEA complex mixture N
5 NCS, Me,S, then EtzN complex mixture H
6 Ag,CO3, Celite® recovery of SM 2.31a
7 TPAP, NMO 64% (2.31a)

[a] Reactions were performed with 4.51a (10 mg, 35 umol)
Scheme 4-12: Mono-oxidation with free indole.
To further investigate the oxidation—elimination sequence, alcohol 4.51b with a phenyl group
was utilized as a model to circumvent the indole initiated side reactions. The preparation of
4.51b worked successfully from anhydride 2.27 following the same procedure. Satisfyingly,
the desired enamide 4.52b was afforded with IBX?"®! in 58% yield (Scheme 4-13). This result
indicated that the oxidation—elimination sequence could construct the core of the mono-ring a-
ketoenamide motifs without the indole fragment.

NH,
o o @/\/
o) NaBH, o
_—
o THF CH,Cl,

90% 38%

(o]
©\/\N oxidation coditions HWOH
~ ©/\/ 0

4.52b 4.51b
entryl@l conditions yield [%]
1 PCC, 4A MS 28 (conv.)[]
2 DMP, NaHCO3 80 (conv.)
30 IBX 58d]
4 (COCl),, DMSO, DIPEA complex mixture
5 NCS, Me,S, then Et;N complex mixture
6 Ag,CO3, Celite® recovery of SM
7 TPAP, NMO trace

[a] Reactions were performed with 4.51b (10 mg, 40 pmol);
[b] conversion was determined by 'H NMR; [c] reaction was performed
with 4.51b (65 mg, 2.6 mmol); [d] isolated yield

Scheme 4-13: Mono-oxidation with phenyl group.

Inspired by the successful synthesis of 4.52b, it was considered to introduce the secondary
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hydroxyl group and indole fragment to the mono-ring enamide in late-stage synthesis. The
secondary hydroxyl group could be installed by an a-functionalization. The indole fragment

could be installed by diverse indole synthesis strategies (Scheme 4-14).

0 o)

0 o)
.

4.53 2.28 4.54 2.28

l [

o - - o
HN ' HN '
| " hdpies 01 °
\ N ' +
MeO * x MeO Y= MeO H’NHZ x

2.75a 2.28
Larock indole synthesis strategy

Scheme 4-14: Different strategies for the indole motif construction.
The indole C3 alkylation strategy was investigated first. Amide 4.51c was obtained in 69%
yield by using the TBDPS-protected ethanolamine 4.53a to open lactone 2.28 (Scheme 4-15).
The oxidation—hemiaminal formation—elimination cascade of 4.51¢ yielded mono-ring enamide
4.52¢ in 50% yield.

(e}
- Hy N/\/OTBDPS BRSO
a 4 4 53a TBDPSO\/\ ~"N
THF MeOH DMSO o

90% 69% 50%
4 51c 4.52¢

Scheme 4-15: Substrate preparation for the indole C3 alkylation strategy.
Based on previous experience, the a-functionalization of the enamide 4.52¢ was commenced
before the introduction of the indole fragment. Following the similar a- hydroxylation strategy
in the chapter “2. Total Synthesis of Racemic Peganumine A and Its Analogues”, the a-
hydroxylation®® 27 product 4.58a was obtained in 61% yield by using LiTMP as base and O
as oxidant(Table 4-1, entry 4). Additionally, the a-oximization®”*! was also realized with tert-

butyl nitrite yielding oxime 4.58b (entry 9).
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Table 4-1: a-functionalization of mono-ring enamide.

0 o
_R
TBDPSO\/\N reagent, base TBDPSO\/\N
_—
X THF X
4.52¢ R = OH, 4.58a; R =NOH, 4.58b
entrylal reagent base [equiv.] R yield®!
1 P(OiPr)3 O, LDA (3.0) OH (hydroxy) recovery of SM
2 P(OiPr)3, O, tBuLi (3.0) OH (hydroxy)  70% (conv.)!
3 P(QiPr); O, LiTMP (3.0) OH (hydroxy) 64% (conv.)
4l P(OiPr)3, O, LiTMP (8.0) OH (hydroxy) 61%
,,,,, 5 . POPr); O  __ BuLi (80) _ OH(hydroxy)  17%
6 tBuONO LDA (3.0) NOH (oxime) 60% (conv.)
7 tBuONO tBuLi (3.0) NOH (oxime) 67% (conv.)
8 {BUONO LiITMP (3.0) NOH (oxime)  96% (conv.)
glel {BUONO LiTMP (6.0) NOH (oxime) 54%

[a] Reactions were performed with enamide (5.0 mg, 12 pmol); [b] Isolated yield; [c]
conversion was determined by 'H NMR; [d] reaction was performed with enamide (25
mg, 60 umol); [e] reaction was performed with enamide (115 mg, 269 umol)

It was anticipated that enamide 4.52c could convert to a-ketoenamide 4.55a through a one-pot
procedure by the o-oximization of 4.52c and subsequent hydrolysis of oxime 4.58b.
Unfortunately, the hydrolysis of oxime 4.58b under acidic conditions was unsuccessful (Table
4-2, entries 1-4). The oxidative cleavage of oxime 4.58b was also screening with various
oxidants, most of the oxidants resulted in the recovery of stating material (entries 5-9).
Interestingly, the IBX with pg-cyclodextrin condition afforded the corresponding o-
nitroenamide (entries 11-14).

Table 4-2: Screening of oxime hydrolysis.

(¢} CI)H acidic or oxidative o
TBDPSO N conditions TBDPSO. 0o
\/\N // \/\N
X X
4.58b 4.55a
entry conditions solvent T[°C] yield
1 CuCly,, H,O MeCN 70 complex mixture
2 SnCl,, HCI (aq.) MeCN 23 complex mixture
3 15% HCI H,0 70 complex mixture
4 levulinic acid, 1N HCI H,0 23 complex mixture
5 NayS,03 H,O 23 recovery of SM
6 SDS, I, CH,Cl, 23 recovery of SM
7 Mn(OAc); PhH 80 recovery of SM
8 PCC CH,Cly/H,0 23 recovery of SM
9 DMP CH,Cly/H,0 23 recovery of SM
10 NBS, B-cyclodextrin acetone/H,0 23 complex mixture
110! IBX, B-cyclodextrin acetone/H,0 23 28% (conv.)
12 IBX, B-cyclodextrin acetone/H,0 23 83% (conv.)
13l IBX, B-cyclodextrin acetone/H,0 23 91% (conv.)
140! IBX, B-cyclodextrin acetone/H,0 23 61%!
15 0,, Fe(NO3)3 toluene 40 complex mixture
16 Oy, NaNO,, Amberlyst-15 CH,Cly/H,0 23 recovery of SM

[a] Reactions were performed with oxime (4.0 mg, 9 umol); [b] IBX (3.0 equiv.), B-cyclodextrin
(0.3 equiv.); [c] conversion was determined by H NMR; [d] IBX (1.0 eq), B-cyclodextrin (0.1
eq); [e] IBX (2.0 eq), B-cyclodextrin (0.2 eq); [f] Isolated yield, with oxime (25.0 mg, 56 umol),
IBX, B-cyclodextrin condition afforded a-nitro enamide;

Next, a stepwise a-hydroxylation-oxidation procedure was explored. Corey—Kim oxidation[?*®!

did not afford a-ketoenamide 4.55a, which could be caused by the chlorination of the enamide
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motif. With the milder Mukaiyama oxidation,”® a-ketoenamide 4.55a was obtained

successfully from 4.55a in 70% yield (Scheme 4-16).

NCS, MeZS Et3N

CHZCIZ
TBDF’SO\/\N TBDPSO\/\ (0]
4. 58a 4. 55a
DBU

CH,Cl,
yield 70%, 99% (b.r.s.m.)

Scheme 4-16: Preparation of a-ketoenamide 4.55a.
4.3.2.2. Pictet—Spengler reaction of the mono-ring a-ketoenamide

With the a-ketoenamide 4.55a in hand, the Pictet-Spengler reaction of the mono-ring system
was investigated (Scheme 4-17). Surprisingly, the Pictet-Spengler reaction product 4.60a was
formed in 60% yield under an acid-free condition, which was planned to prepare imine 4.59.
The structure of 4.60a was confirmed by 2D NMR. Furthermore, by the TBDPS group cleavage
of 4.60a, the terminal hydroxyl group was liberated yielding 4.61a. The 2D NMR and X-ray
crystallography of 4.61a confirmed the successful construction of the S-carboline scaffold in
this acid-free condition.

(¢] (0]
NH N
/@\/\(\ 2 . TBDPSO\/\N (0] MgSO, \Q]/\/ N/\/OTBDPS
N ™ toluene HN =
4.59

reflux
60%

2.23 4.55a
>’\[/‘f ’ 4 HO, TBDPSO,
I‘ y! / ] /I\/J \’\ /O \’\ /O
Yol ‘ N+ / TBAF N3/
oL — % H < 'S H
N = HN N THF HN N
!ﬁ“ | quant. |
confirmed by X-ray crystallography 461a 4.60a
— H-H COSY HMBC — H-HCOSY HMBC

Scheme 4-17: Acid-free Pictet—Spengler reaction and structure determination.
Inspired by the acid-free Pictet-Spengler reaction, the Pictet-Spengler reaction with tryptamine
and a-ketoenamide 4.55a was also explored (Scheme 4-18). However, the S-carboline scaffold
was not formed under the acid-free condition. By the addition of TFA, the Pictet-Spengler
reaction afforded 4.60b in 44% yield. In addition, aminal 4.62 was also obtained via a proposed

N-acyliminium ion 4.63 in 29% vyield.
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TBDPSO TBDPSO
o)
MgSO,
{ NH, TBDPSO_~ O 1 _TEA 02 equ) _
+
N A toluene
H 4.55a 4.60b 4.62
44% 29%
via
TBDPSO
o
ON—
=/
e
|

4.63

Scheme 4-18: The acid-free Pictet—Spengler reaction with tryptamine.
4.3.2.3. Late-stage construction of the indole motif

As the Pictet-Spengler reaction of mono-ring system was successfully achieved and the
formation of N-acyliminium ion 4.63 was indicated. Installation of the indole motif was
commenced by indole C3 alkylation strategy (Scheme 4-19). The selective C3 alkylation of
indole was realized by various methods. The classic strategy relied on the activation of alkyl
halides or related alkyl agents mediated by Lewis acid®® or catalyzed by palladium.?’! The
major drawback of the transformations using alkyl halides or related reagents was the
generation of by-products, which usually caused some side-reactions. Borrowing hydrogen
strategy?’® realized the C3 alkylation of indole with alcohols. Grigg et al. developed a
[Cp*IrCl,], catalyzed C3 alkylation of indoles with benzyl alcohols.?”® Since then, other noble
metals were utilized, such as Pt,[% Rul?Y and Pd.[?8?! |_ately, earth-abundant metals could be

[283]

employed, such as Fe and Co."** It was envisioned to install the indole motif by borrowing

hydrogen strategy with primary alcohol first.

C3 alkylatlon

by, - & TRy

X= 1) OH
2) halogens or related group

Scheme 4-19: C3 alkylation strategy.

Different metals were screened in the investigation of the borrowing hydrogen strategy (Table
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4-3). However, the introduction of an indole motif was not achieved. It could be explained that
the high reaction temperature required by the borrowing hydrogen strategy leading to side-
reactions. Additionally, the borrowing hydrogen strategy usually needed special ligands for the
hydrogen auto-transfer process.

Table 4-3: Screening of indole C3 alkylation by borrowing hydrogen strategy.

HN O O
] o L ’ i
; H conditions AN g H
* —H—
MeO HN | MeO N HN |
OMe OMe

4.61a 4.48a
entrylal catalyst [mol%] solvent T[°C] yield
1 Pton Al,O3 (5) xylene 135 decomposed
2 RuCls (10) toluene 110 complex mixture
3 [(IrCp*Cl),]2 (10) toluene 110 complex mixture
4 RhCl; (10) toluene 110 complex mixture
5 FeCl; (50) MeNO, 23 recovery of SM
6 FeCl, (50) xylene 135 complex mixture
7 Iron(ll) phthalocyanin (10) xylene 135 complex mixture

[a] Reactions were performed with alcohol (2.0 mg, 6 pmol) and indole (0.7 mg, 6 umol)

Due to the challenges of the borrowing hydrogen strategy, it was envisioned to utilize an alkyl
halide to realize a direct alkylation. Unfortunately alcohol 4.61a could not be transformed to

the corresponding alkyl bromide 4.64 through an Appel reaction (Scheme 4-20).12%4

N Nt
N N
;.4 H PPh,, CBr, ;4 H
HNTY] N —H— HNTY] N
CH,Cl,
OMe OMe
4.61a 4.64

Scheme 4-20: Attempt for the alkyl halide preparation.
Next, Fischer indole synthesis and Larock indole synthesis strategies were investigated to
introduce the indole motif. These two strategies relied on the g-carboline scaffolds with
different chains. The same lactone opening—oxidation procedure as before afforded enamides
4.52d and 4.52e (Scheme 4-21). Unfortunately, the a-hydroxylation of enamide 4.52e led to
decomposition (Scheme 4-21b). 4.55b was prepared through the a-hydroxylation—oxidation
sequence of enamide 4.52d. The acid-free Pictet-Spengler reaction yielded S-carboline 4.60c,
which was confirmed by 2D NMR. The precursor of Fischer indole synthesis, aldehyde 4.65,
was obtained by a deprotection and Mukaiyama oxidation.?”® Based on the previous
experience of Fischer indole synthesis in the section “2.2.3.5. Scalable and reliable synthesis
to 6-methoxytryptamine”, the hydrazine 2.66 and 2.75 were employed. However, the Fischer

indole synthesis led to decomposition, indicating the highly functionalized enamides were not
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compactible to the late-stage indole assemble strategy.

(0]
A~_OTBDPS
NaBH4 H,oN .54 TBDPSO\/\/\ TBDPSO\/\/\
R MeOH Tomso
90% 56% 50%
2.28 4.51d 4.52d
1) nBuLi, TMP
then P(Oi-Pr)3, O,
4 ) THF
N / 2 Cl
C ) TBAF, THF pond — H-HcosY ) i J<
Ph” SN
TBDPSO HN HMBC o DBU
2Cly
_S OMe 29% over two sreps
Ph
DBU 4.60c o
CH, CI
60% over tWO sreps 6-methoxytryptamine, MgSO, TBDPSO\/\/\N o
/@\ toluene X
(o] 47% 4.55b
_NH
MeO N2 N=—/ / il
H -HCI \ FF~+
2.66 . N NN TES S 0
7 N \/\
- oo™ | Sy Ao
OMe
_NH, 4.48b S
MeO N 4.58¢
2.75 Boc
nBuLi, TMP
l;)- ------------------------------------------------------------------------------------ then P(Oi-Pr);, O,
o THF
// TES o}
0 NaBH, 277 \/\ \/\
N
o) THF MeOH DMSO
90% 69% 40% N
2.27 2.28 4 51e 4.52e

Scheme 4-21: Fischer indole synthesis and Larock indole synthesis strategies.
4.3.2.4. Reduction of mono-ring a-ketoenamide and its Pictet—Spengler reaction

Next, it was anticipated to introduce the indole scaffold in the early-stage synthesis. Since it
was shown ineffective to prepare the mono-ring a-ketoenamide with indole fragment by
oxidation in the section “4.3.2.1. Mono-ring a-ketoenamide preparation via oxidative pathway”,
a reductive pathway was envisaged to obtain a-ketoenamide 4.49, which relied on the selective

reduction of imide 4.67 and in situ elimination of hemiaminal 4.66 (Scheme 4-22).

Scheme 4-22: Reanalysis of the preparation of mono-ring a-ketoenamide.

Initially the investigation of the reduction—elimination sequence was conducted with the model
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imide 4.68, which was prepared by a condensation reaction between anhydride 2.27 and amine
4.53a (Scheme 4-23). After the reduction of imide 4.68 by LiBHEts, the elimination was

triggered by the addition of PPTS. Enamide 4.52c was afforded in 45% yield over two steps.

o]
jév i i
" o 227 TBDPSO_~, LiBHEY, PPTS  TBOPSOS A~
TBDPSO” """ 2 —_— > Y
toluene / AcOH (1:1) o toluene
4.53a 54% 4.68 84% 4.52¢

Scheme 4-23: Model study of the selective reduction—elimination.
Inspired by the model study with imide 4.68, the reduction—elimination sequence was
investigated with the tryptamine derived imides. Using the same condensation reaction, imide
4.67a was prepared in 18% yield (Scheme 4-24). Additionally, imides with various protection

groups were also synthesized.

Tris\yl
N \ o)
NaH
triisopropylsulfony! chloride N
DMF o
99% 4.69a

N o
0 NaH, TsCl _ ! |
1% DMF
HN 0 71% o
NHz o 227 M 4,696
—_— —_—
> : N Boc
N toluene / AcOH (2:1) \N
H 18% o \ o
4.67a Boc,O, Et3N, 4-DMAP N
THF

90% O

\

NaH, SEMCI N o
> |
DMF
66% N
o

Scheme 4-24: Preparation of diverse imides.
With these imides in hand, the selective reduction—elimination sequence was investigated. The
protection group free imide 4.67a resulted in decomposition in all the tested reaction conditions
(Table 4-4, entries 1-3). Next, the Ts-protected imide 4.69b was selected for the dehydration
screening (entries 4-8). It was discovered that after the reduction by LiBHEts, the
corresponding hemiacetal intermediate was liable to decompose by the dehydration reagent
(entries 4-6). Surprisingly, the desired enamide 4.70b was obtained by heating the concentrated
hemiacetal intermediate (entries 7-8). This condition was applied to prepare the Boc (entry 9)

and Trisyl (entry 10) protected mono-ring enamides 4.70a and 4.70c. In addition, the SEM-
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protected imide 4.69d furnished the cyclization product 4.71 (entry 11).

Table 4—4: Preparation of the enamides by selective reduction—elimination.

R R=Trisyl
LiBHEt, N \ o}
degydratlng
N — I A_‘
)& toluene N / ‘-\ ,{ _'
R =H, 4.67a; R = Trisyl, 4.69a; R =H, 4.52a; R = Trisyl, 4.70a; confirmed by X-ray crystallography
R =Ts, 4.69b; R = Boc, 4.69c; R =Ts, 4.70b; R = Boc, 4.70c;
R = SEM, 4.69d R = SEM, 4.70d
entrytl dehydration reagent R yield [%]!
1 PPTS H complex mixture
2 MeS0,Cl, Et3N H complex mixture
3 - H complex mixture
4 PPTS Ts 47
5 MeSO,CI, EtzN Ts 59
6 TFAA, DMAP, DIPEA Ts trace
7 40 °C heating!® Ts 55
gldl 60 °C heating!®! Ts 80
glel 60 °C heating!®! Boc 97
101 110 °C in toluene with PPTS[ Trisyl 78
1 - SEM 70 (4.71)

[a] Reactions were performed with imide (30 pmol); [b] isolated vyield; [c] after quencheing and
concentration; [d] reaction was performed with 2.6 g scale imide; [e] reaction was performed with 1.6 g
scale imide; [f] reaction was performed with 3.3 g scale imide;

| SEM Q

LT i h

f N LiBHEt; N

H toluene N

i ° ‘SEM
4.69d 4.71

Following the previous a-hydroxylation—oxidation sequence, the corresponding mono-ring
enamides 4.70a and 4.70c were converted to a-ketoenamides 4.73 and 4.74, except the Ts-
protected substrate 4.70b (Scheme 4-25). The Pictet-Spengler reactions furnished the desired

Boc and Trisyl protected S-carboline products 4.75 and 4.76.

LiTMP
then 02 (Oi-Pr)3 DBU
CH,Cl,

R = Trisyl, 4.70a R = Trisyl, 4.72a, 51%
R=Ts, 4.70b R=Ts, 4.72b, N.D.
R =Boc, 4.70c R =Boc, 4.72c, 34%
P R
N7 / NH; N
AN 7~ H A\ \ (0]
HN N (o]
N | MeO H MgSO, N
— HHcosy R OMe toluene X
HMBC )
R = Trisyl, 4.75, 60% R = Trisyl, 4.73, 82%
R =Boc, 4.76,31% R =Boc, 4.74,59%

Scheme 4-25: Towards Pictet—Spengler reaction.

With the discovery of a successful route to construct the dimeric g-carboline model substrate,
the investigation with 6-methoxytryptamine was initiated. Before that, the inefficient
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condensation for the imide preparation needed to be optimized due to the limited supply of 6-
methoxytryptamine. The yield was not improved by increasing the amount of AcOH to promote
the formation of the mixture anhydride (Table 4-5, entries 1-2). Later, different combinations
of activation esters and coupling reagents were screened (entries 3—10). The condensation yield
was improved to 39% by using HOBT, EDC and DMAP (entry 4). However, through further
optimization of this combination, there was no improvement of the yield (entries 11-14).
Interestingly, with the Lewis acid and HMDS-promoted imide synthesis developed by Toru et
al.,[?®] a remarkably increased yield was achieved, although the major product was the TMS-
protected imide (entry 15). By screening the one-pot procedure of imide formation—desilylation
(entries 16 and 17), the yield of the desired imide 4.67a was finally increased to 74%.

Table 4-5: Optimization of imide synthesis.

o} HN o
NH, |
AN . (0] conditions N
—_—
” ¢ ¢
2.27

4.67a
entryl@l conditions solvent T[°C] yield [%][!
1 toluene / AcOH (2:1) toluene / AcOH (2:1) 120 13
2 toluene / AcOH (1:2) toluene / AcOH (1:2) 120 18
3 BOP, Et3N THF 60 22
4 HOBT, EDC, DMAP DMF 23 39
5 CDI THF 23 trace
6 DPPA, Et3N DMF 23 14
7 N-hydroxysuccinimide, EDC, DMAP CHxCl, 23 trace
8 pentafluorophenol, EDC, DMAP CH,Cl, 23 trace
9 cyanuric chloride, Et;N MeCN 23 30
10 Mukaiyama's reagentl®l, Et;N DMF 23 28
1" HOBT, EDC, DMAP DCE 70 24
12 HOBT, EDC, DIPEA DCE 70 27
13 HOBT, EDC, DMAP DMF 23 27
14 HOBT, DCC, DMAP DMF 23 31
15 ZnBr,, HMDS toluene 110 14 (85)4
16 ZnBr,, HMDS, then CsF toluene 110 to 230 52
17 ZnBry, HMDS, then TBAF toluene 110 to 23 74

[a] Reactions were performed with typtamine (150 mg, 0.938 mmol), anhydride (133 mg, 0.938
mmol); [b] isolated yield; [c] Mukaiyama's reagent = 2-chloro-1-methylpyridinium iodide; [d] 85%
yield is for the total yield of imide and TMS-imide; [e] the desilylation was performed at 23 °C

Next, the one-pot synthesis of the Boc-protected imide 4.69¢ was realized in 89% yield, through

the imide formation—desilylation sequence incorporating a Boc protection (Scheme 4-26).

(o}

(0]
(6] ch
ZnBr,, HMDS N o
NH, toluene 110 °C \
N - N
N then TBAF, THF, r.t.

H then Boc,0, DMAP o
89% 4.69¢
one pot

Scheme 4-26: One-pot synthesis of Boc-protected imide.
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With the efficient preparation of the Boc-protected imide in hand, the synthesis starting with 6-
methoxytrptamine was commenced. Following the one-pot procedure, the Boc-protected imide
4.77 was prepared in 81% vyield (Scheme 4-27). After the selective reduction—elimination,
enamide 4.78 was afforded in 89% yield. Through the two-step a-oxidation, the a-ketoenamide
4.79 was obtained in 24% yield. The acid-free Pictet-Spengler reaction of a-ketoenamide 4.79

worked smoothly leading to dimeric f-carboline 4.80.

o]

ﬁfjv
(6] Boc\ Boc
N
ZnBr,, HMDS o}
NH
N z toluene 110 °C OJ\/\N | eHe
MeO N then TBAF, THF, rt. ~ MeO T toene

H then Boc,O, DMAP o] quenched E/y N HCI
’ 9 {J
2.23 81% 477
one pot

) Litvme
then O,, P(OiPr)3
THF

2) ¢l J<
ph oSN

Q CH,Cl,
Boc 24% over two steps
MeO N N

H (0]
MeO - MgSO, I dgo
= H-H COSY toluene MeO
42% X
HMBC 81% (b.r.s.m.)

Scheme 4-27: Preparation of the key intermediate starting with 6-methoxytrptamine.

4.3.2.5. Study of the iminium ion cyclization

Since the Trisyl is a very robust protection group and very difficult to be removed, it was used
to provide a strong protection of the indole fragment to avoid false negative results. The further
exploration of the iminium ion cyclization was commenced with the Boc-protected substrate
4.76. Although both classic Brensted acids (Table 4-6, entries 1-5) and Lewis acids (entries 6—
8) were screened, most conditions led to a complex mixture of products (entries 4-8). With
relatively weaker Brensted acids, the iminium ion cyclization resulted in recovery of starting
material (entries 1-3). Based on this result, the reaction was further optimized under increased
temperature with weaker Brensted acids conditions (entries 9-14) or decreased temperature
with stronger acids conditions (entries 15-17). However, the formation of the desired

cyclization product was not observed under these reaction conditions.
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Table 4-6: Iminium ion cyclization.

O
N4
A\ p H conditions
N HNTY —_—

OMe
4.76
entryl@l acid solvent T[°C] yield
1 TFA CH,Cl, 23 recovery of SM
2 CSA CH,Cl, 23 recovery of SM
3 hydroxysulfamic acid CH,Cl, 23 recovery of SM
4 TfOH CH,Cl, 23 complex mixture
5 MeSOzH CH,Cl, 23 complex mixture
6 TMSOTf CH,Cl, 23 complex mixture
7 BF3+OEt, CH,Cl, 23 complex mixture
S BFy'ACOH CHCly .. .. 23 complex mixture

9 TFA DCE 60 recovery of SM
10 CSA DCE 60 recovery of SM
1" hydroxysulfamic acid DCE 60 recovery of SM
12 TFA toluene 80 complex mixture
13 CSA toluene 80 complex mixture
14 hydroxysulfamic acid toluene 80 complex mixture
15 TfOH CH,Cl, 0 recovery of SM
16 MeSO3H CH,Cl, 0 recovery of SM
17 TMSOTf CH,Cl, 0 recovery of SM

[a] Reactions were performed with sunstrate (1.0 mg, 2.2 pmol)

Based on these results, a hypothesis of the iminium ion cyclization was proposed. There were
competitive pathways concerning the attack to iminium ion 4.82 (Scheme 4-28). It was
considered that the indole attack pathway yielding 4.81 might be disfavored, as the Boc group
caused the steric hindrance and electron withdrawing, accompanying the electron deficiency of
the model substrate lacking the methoxy group. Therefore, the iminium ion cyclization
probably underwent the N attack pathway to afford aminal 4.83, which was prone to be

decomposed under acidic condition.!2%!

indole attack pathway

electron deficiency

0 o}
N (\',“@
N\ 7\ H® A\ Z=H
NOENTY >N N {HN
Boc OMe
4.76

Boc OMe

4.82

steric hindrance
electron withdraw

N attack pathway

OMe
unstabilized aminal

Scheme 4-28: Analysis of the iminium ion cyclization.
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Compared to the absence of the indole methoxy group, it was envisioned that the Boc group
might be more crucial for the reactivity, as it was closer to the reaction center. Therefore, in
order to afford the cyclization product 4.86, a tactic sequence need be followed (Scheme 4-29).
The Boc group should be cleaved selectively first, and then generate iminium ion 4.85 to receive

the attack from the indole fragment.

(o]
N~
—_—
N HN |
\
Boc OMe
4.76
H®

butene, CO, H ®

o] H® o P
N~/ AN
A\ Z —H E N EH
N AN N NN
\ \
H OMe H OMe
4.84 4.85

Scheme 4-29: Expected iminium ion cyclization.

Based on this hypothesis, it was important to discover an acid which could promote the iminium
ion cyclization in the expected reaction order. The novel confined Brensted acids developed by
List et al., %142 were anticipated to realize the expected reaction sequence through a different
activation mode. Although the desired cyclization product 4.86 was not obtained, the Boc group
cleavage was achieved by some novel confined Brensted acids to afford 4.84 (Table 4-7, entries
1, 3,5, 9 and 10). By further increasing the catalyst loading, neither the improved yield of 4.84
nor the formation of 4.86 was achieved (Table 4-7, entries 11-15). Compared with the results
of the classic Brensted acids (Table 4-6), it was proposed that the novel confined Brensted
acids could selectively interact with the Boc group through molecular recognition in the
catalytic pocket. Additionally, the large substitution groups of the confined Brensted acids
could inhibit the further iminium ion cyclization. The increased acid loading resulted in a
decrease of the yield of 4.84, indicating that 4.84 might be unstable in acidic condition.
Therefore, it was considered that this reaction needed a proper acid which could provide

selective recognition of Boc group and had a relatively small counterion.
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Table 4-7: Iminium ion cyclization with confined Breonsted acids.

O
N4
N P H acnd
N Hi | " toluene

Boc OMe 110 °C
4.76
entrylal acid [mol%] yield [%]!
1 DSI-1 (5) 58
2 NPPA-1 (5) 66
3 IDP-2 (5) 21
4 IDP-3 (5) trace
5 IDPi-1 (5) 30
6 IDPi-2 (5) trace
7 IDPi-4 (5) trace
8 IDPi-10 (5) trace
9 NBPI-1 (5) 66
o] NBPI-2(5) .. 5
1 DSI-1 (20) trace
12 IDP-2 (20) trace
13 IDPi-1 (20) trace
14 NBPI-1 (20) trace
15 NBPI-2 (20) trace
CF3
[a] Reactions were performed with sunstrate (1.0 mg, 2.2 umol);
[b] isolated yield O
O
O OO o- CFy
SOove
OQ QQ NOIN Qca T
IDP-2 IDP-3
IDP 4 DSI-1 CFs
N
o D [ &
OQ QQ X - CFs
R=CF,4 R=CF3
\R R, IDPi-1 IDPi-2

4.3.2.6. Pictet—Spengler reaction—iminium ion cyclization—aminalation cascade

Those reactions with the confined Brensted acids showed that DSI-1, NPPA-1, IDP-2 and
IDPi-1 could catalyze the Boc group cleavage efficiently, but the following iminium ion
cyclization was unsuccessful probably due to the large size of the corresponding counterions.

It was hypothesized that racemic Brensted acids with similar acidic cores, but smaller
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4.3. 5th generation synthetic approach for peganumine A

substitution groups could overcome the problems. DSI, IDP, NPPA and permutation of these
cores were selected to design the racemic Brensted acids. Initially, phenyl group was chosen as
the substitution groups. These racemic Brensted acids with different cores were obtained in

moderate to good yields (Figure 4-2).

a) N
\
Cp e
O/’S\\O /P\ /P\
DSIpK, = 8 IDP pK, = 11
T T pK, in MeCN

H
LT | e H

!
o M o o
Corvp<D Corig<O Coedeply

07 SN SaAr
TN 4

IDPi pK, < 2 ilDP pK, =9 NPA pK, <13
b)
H H !
1
PhO_ O OPh PhO__O Ph Ph{, @ __Ph
p >pg, P
Pho”%N///\oph Pho’P\\N/,',:(ph Ph~ \\N/O it Ph
o} o
RBA-1 26% RBA-2 67% RBA-3 74%
O‘\s’p ?PI OPh O‘\s'p (IP? Ph 0P AP
ONgir ONRr e )
PR N opn PR o PR” N Ph
H H
RBA-4 37% RBA-5 40% RBA-6 48%

Figure 4-2: Design of racemic Bronsted acids.
All of the above Brensted acids could remove the Boc group with different conversion, but the
iminium ion cyclization was still not realized. The screening showed that the combination
between phosphinyl and phosphonyl groups resulted in low conversion (Table 4-8, entries 1—
3). Introduction of the sulfonyl group furnished remarkable improvement of the conversion
(entries 4-6), especially the diphenyldisulfonimide (entry 6).

Table 4-8: Screening of Boc cleavage with racemic Bronsted acids.

(o]
N~
A\ 5 H acid (20 mol%)
HN
N
ia | toluene 110 °C
oc OMe Me
4.76

entrylal acid conversion [%]®!
1 RBA-1 8
2 RBA-2 1
3 RBA-3 8
4 RBA-4 20
5 RBA-5 22
6 RBA-6 50

[a] Reactions were performed with sunstrate (1.0 mg, 2.2 umol);
[b] conversion was determined by 'H NMR
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Since neither the novel confined Brensted acids nor the newly designed racemic Brensted acids
could realize the iminium ion cyclization of 4.76, it was speculated that the absence of the west
indole methoxy group could cause the unsuccessful iminium ion cyclization. Therefore, the
iminium ion cyclization of substrate 4.80 was investigated. Surprisingly, this reaction afforded
peganumine A. The proposed mechanism showed that the reaction was initiated by the Boc
group cleavage (Scheme 4-30a). The subsequent cyclization of 4.87 yielded 4.89 through
iminium ion 4.88. Dimeric p-carboline 4.89 was autoxidized by the triplet oxygen in the air
affording 4.90, which could generate N-acyliminium ion 4.91. Iminium ion 4.91 was attack by
the N atom leading to peganumine A. The hypothesis of the autoxidation was supported by a

control experiment with the addition of BHT as antioxidant (Scheme 4-30b).

air, 4A MS
toluene
OMe  60%

Ph/ W Ph o

|
/@\/(\ a|r BHT 4AMS
MeO
toluene
4.80

Scheme 4-30: Proposed mechanism of peganumine A formation.

peganumine A

Since the Pictet—Spengler reaction could also be promoted by acid, the cascade reaction
incorporated with Pictet-Spengler reaction, iminium ion cyclization and aminalation was
envisioned. Starting with a-ketoenamide 4.79, the cascade reaction underwent successfully,

leading to peganumine A in 50% yield (Scheme 4-31).
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NH,
Boc N\ O\\S,/O O\\S//O o)
N o MeO N Ph”" "N Ph
| H H
N 0 air RBA-6 7
MeO MeO'
N

toluene
4.79 50%

peganumine A
Scheme 4-31: Diphenyldisulfonimide promoted cascade reaction.

Till this point, the total synthesis of the racemic peganumine A was realized in a five-step

concise synthesis. The synthetic route can be divided into three stages. The first stage is mono-

cyclic enamide 4.78 preparation through a one-pot condensation—-Boc protection reaction and

reduction—elimination sequence. The second stage is the a-functionalization by an a-oxidation

sequence afforded a-ketoenamide 4.79. The last stage is cyclization stage via a Pictet—Spengler

reaction—N-acyliminium ion cyclization—aminalation cascade (Scheme 4-32).

[0}

iﬁv
© ch
N
/@f\g\ NH; tinjz:e :%ch . M L|BH4 /@J\AN o}
MeO N then TBAF, THF, rt. toluene MeO :jv
4.78

H then Boc,0, DMAP quenchegigob/y N HCI
2 81% A

one pot 1) LiTMP
then O,, P(OiPr);
THF

2) (I3I J<
SN

DBU
NH, CH,Cl,

A Boc 24% over two steps

N O\ /O O\ /O 3
MeO B il N’\S: N \ 0

air PR N"" Ph o
- MeO \
toluene © S

50% 4.79

peganumine A

Scheme 4-32: 5™ generation total synthesis route of peganumine A.

4.3.2.7. Asymmetric Pictet—Spengler reaction—cyclization—aminalation cascade

After the accomplishment of the total synthesis of the racemic peganumine A, the asymmetric
version of the cascade rection was anticipated. DSI-31 was selected to catalyze the asymmetric
cascade reaction initially, resulting in only 10% vyield and 52.8% ee (Table 4-9, entry 1). By
increasing the catalyst loading to 60 mol%, the yield was improved to 40%, but the
enantioselectivity was dropped to 37.6% ee (entry 2). The novel confined dual-core Brensted
acids IDPi-11 and IDPi-21 were also screened (entries 3-8). However, no improvement was

afforded.
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Table 4-9: Initial investigation of the asymmetric cascade reaction.

O
N~ H
—
A\ z catalyst 4AMS
MeO N 0 toluene
Boc

4.79 peganumine A

entrytel catalyst [mol%] T[°C] ee [%]®! yield [%]1

1 DSI-31 (20) 110 52.8 10

2 DSI-31 (60) 110 37.6 40

3 IDPi-11 (20) 110 8.7 trace

4 IDPi-21 (20) 110 N.D. trace
5T IDPi-1 (60) 110 T 5057 Thrace

6 IDPi-11 (100) 23to 110 16.7 20

7 IDPi-21 (60) 110 39.7 10

8 IDPi-21 (100) 23 to 110 27.6 30

[a] Reactions were performed with ketoenamide (1.0 mg, 2.4 umol), 6-methoxytryptamine (0.55 mg,
2.9 pumol) [b] enantiomeric excess (ee) was measured by HPLC. [c] yield was determined by 'H NMR.

EIDPi-11: Ar=2-naphthyl, R=perfluorophenyl
1IDPi-21: Ar=2-naphthyl, R=2-perfluoronaphthyl

In order to investigate the asymmetric cascade reaction thoroughly, the mechanism and origin
of the enantioselectivity were analyzed. The cascade reaction contained three main steps: 1,
Pictet—Spengler reaction; 2, N-acyliminium ion cyclization triggered by the Boc group cleavage;
3, C—N bond formation through an in situ benzylic autoxidation (Scheme 4-33). Each single
step contained unresolved problems. Firstly, the Pictet-Spengler reaction was the
enantioselectivity determining step. It was necessary to discover a proper catalyst for this
asymmetric Pictet-Spengler reaction. Secondly, the N-acyliminium ion cyclization was
proposed to be triggered by the Boc group cleavage in the total synthesis of racemic
peganumine A. Thus, the catalyst should also be able to promote the selective Boc group
cleavage and subsequent N-acyliminium ion cyclization. Additionally, the N-acyliminium ion
cyclization had not only a facial selectivity issue, but also a potential mismatch issue between
N-acyliminium ion 4.88 and the chiral catalyst. Thirdly, in the C—N bond formation step, the
stereocenter could influence the efficiency of the autoxidation and the chiral catalyst needed to
promote the generation of N-acyliminium ion 4.91. Due to the complexity of this cascade

reaction, it was envisioned to solve the problems step by step.
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Boc

enantioselectivity
determining step

OMe

match vs mismatch autooxidation ?
Re face attack vs Siface attack ?

Scheme 4-33: Analysis of the cascade.

4.3.2.7. Asymmetric Pictet—Spengler reaction of the mono-ring a-ketoenamide

The Pictet—Spengler reaction was investigated initially. In order to simplify and focus on the
Pictet—Spengler reaction, the modal system that without the west indole methoxy group was
selected for the screening, as the absence of that methoxy group cannot trigger the iminium ion
cyclization making the reaction suspension after the Pictet—Spengler reaction. The control
experiments revealed that there was no reaction under 60 <T without catalyst (Table 4-10,
entries 1 and 2), and substrates could partially convert to product at temperature over 80 C
(entries 3 and 4). The reactions catalyzed by DSI-31 and IDPi-11 with high catalyst loading
and temperature resulted in low enantioselectivity (entries 7-9 and 12—14). With high catalyst
loading of IDPi-11 at room temperature, the enantioselectivity was not improved (entries 5-6).
Meanwhile, with lower catalyst loading of IDPis at room temperature, the reaction cannot
undergo successfully (entries 15-17 and 21-23). With high catalyst loading of DSI-31 at room
temperature, there was slight improvement of enantioselectivity (entries 10—11). Interestingly,
with lower catalyst loading of DSI-31 at room temperature, the reaction worked well and the
enantioselectivity was slight increased (entries 18-20). Analyzing the results afforded by IDPis

and DSI-31, it was hypothesized that the dimeric BINOL backbone like IDPis was too
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sterically hindered to interact with the substrates, which indicated that the open-site catalysts,
like DSI, could be favored for the reaction.

Table 4-10: 1% screening of the Pictet—Spengler reaction.

NH,
o)
o) > N
N—7 MeO H A\ P
A\ P catalyst 4A MS N HN |
N

H
N
\
\ o toluene Boc OMe
Boc
474 476
entryld  catalyst [mol%] TI°Cl ee [%]P! yield [%]©]
1 23 N.D.[I full recovery of SM
2 60 N.D. full recovery of SM
3 - 80 N.D. 17 (conv.)®
,,,,,, 4 .~ ..o _ _ND ________ _S80fonv)
5 IDPi-11 (20) 23 2.6 30
6 IDPi-11 (40) 23 11.0 17
7 IDPi-11 (20) 60 2.6 47
8 IDPi-11 (40) 60 3.0 25
9 IDPi-11 (20) 80 0.4 28 (4.84)l1
10 DSI-31 (20) 23 19.4 27
1 DSI-31 (40) 23 235 52
12 DSI-31 (20) 60 14.6 31
13 DSI-31 (40) 60 9.6 50
,,,,, 14 Dbsk31(@o) 8 Mo 354s4f
15 IDPi-11 (10) 23 to 401! 0.6 40
16 IDPi-11 (5) 23 to 401! 1.0 14
17 IDPi-11 (2.5) 23 to 409! 1.4 17
18 DSI-31 (10) 23 26.6 15
19 DSI-31 (5) 23 7.0 19
20 DSI-31 (2.5) 23 6.0 1
21 IDPi-21 (10) 23 to 409! 1.0 13
22 IDPi-21 (5) 23 to 401! 0.8 20
23 IDPi-21 (2.5) 23 to 400! 0.4 18

[a] Reactions were performed with ketoenamide (1.0 mg, 2.6 pmol), 6-methoxytryptamine (0.60 mg, 3.1
pumol) [b] enantiomeric excess (ee) was measured by HPLC. [c] isolated yield; [d] N.D. = not determined;
[e] conversion was determined by "H NMR; [f] the Boc group was cleavaged; [g] product was not formed
at 23 °C, so the temperature was increased to 40 °C

Neouies
OQ O’R;N\N/F/g\o QQ
A0S 3

SOz AT

EIDPi—11: Ar=2-naphthyl, R=perfluorophenyl
\IDPi-21: Ar=2-naphthyl, R=2-perfluoronaphthyl

Next, open-site catalysts were screened. With the more acidic NBPIs and BALT, the
enantioselectivity was not as good as DSI (Table 4-11, entries 5-7 and 9). DSIs with different
substitutes resulted in various enantioselectivities and yields (entries 1-4). The result of NPPA
also supported this reaction system needed open-site catalyst (entry 8). The screening of the

solvents indicated that only aromatic solvents could promote the reaction (entries 10-17).
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Table 4-11: 2" screening of the Pictet-Spengler reaction.

0
H N~o
\ N/‘f catalyst (10 mol%), 4A MS @\gf\ ”
NN
N

5 solvent \
éoc 23 °C Boc OMe
4.74 4.76
entrylal catalyst solvent ee [%]P yield [%]1
1 DSI-31 toluene 26.6 15
2 DSI-28 toluene 10.8 22
3 DSI-29 toluene 20 29
4 DSI-1 toluene 4.0 10
5 NBPI-1 toluene 2.0 13
6 NBPI-2 toluene 24 13
7 NBPI-3 toluene 4.4 7
8 NPPA-1 toluene 1.0 30
9 BALT toluene 3.6 37
10 DSI-31 CHCl; N.D.[ trace
1" DSI-31 Et,0 N.D trace
12 DSI-31 p-xylene 33.0 1
13 DSI-31 benzene 224 11
14 DsI-31 PhCF3 29.0 16
15 DSI-31 PhF 21.8 33
16 DSI-31 octafluorotoluene N.D. trace
17 DSI-31 CH3CN N.D. trace

[a] Reactions were performed with ketoenamide (1.0 mg, 2.6 umol), 6-methoxytryptamine (0.60 mg, 3.1
pumol) [b] enantiomeric excess (ee) was measured by HPLC. [c] isolated yield; [d] N.D. = not determined;

OO CF3 F F F
OO - CFy - F % Foo- F

DSI-1 DSI-31 DsI-28 DsI-29

o &
e

\ : Ph
‘ ; O NBPI-2

CF,
NPPA-1
CFq ;
O : .= iPr- iPr
I e |
Noe
' iPr
: CF,
O pee 2
BALT NBPI-3 %% CFs
CFy :

The reason for the low enantioselectivities with these strong Brensted acids could be
rationalized by the over-acidity, so the next attempt was to utilize weaker Brensted acids to
increase the enantioselectivity. Fortunately, with CPA-1 and CPA-14, the enantioselectivities

were remarkably increased (Table 4-12, entries 1 and 2). CPA-1 was chosen to screen different
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solvents. For the ethereal solvents, only Et;O furnished 10% ee (entry 10). There was no
conversion in THF and 1,4-dioxane (entries 11 and 12). Other aromatic solvent (entries 13 and
14), such as PhCF3 and PhF, afforded slightly improved enantioselectivity. Surprisingly, using
chloroform (entry 16) led to an increased enantioselectivity (63.8% ee), although other
halogenated solvents afforded no such benefit (entries 18 and 19).

Table 4-12: 3" screening of the Pictet—Spengler reaction.

(0]
N7 ' § B
Q P catalyst (10 mol%), 4A MS N
N HN |
N
Boc

solvent \
o 23 °C Boc OMe
4.74 4.76

entry catalyst solvent ee yield
1 CPA-1 toluene 48.0% 18%
2 CPA-2 toluene 16.2% 64%
3 CPA-6 toluene N.D. N.D.
4 CPA-9 toluene 7.6% 18%
5 CPA-10 toluene 0% 31%
6 CPA-11 toluene 6.2% 40%
7 CPA-12 toluene 1.6% 22%
8 CPA-13 toluene 1.8% 13%
9 CPA-14 toluene -45.6% 23%

””” 10 cpa1t B0 M00% 0 20%

11 CPA-1 THF N.D. N.D
12 CPA-1 1,4-dioxane N.D. N.D.
13 CPA-1 PhCF3 53.4% 52%
14 CPA-1 PhF 50.6% 6.9%
15 CPA-1 CH,Cl, 18.4% 54%
16 CPA-1 CHCl3 63.8% 43%
17 CPA-1 CH3CN N.D. N.D.
18 CPA-1 CHBr3 4.2% 28%
19 CPA-1 CH,Br, 13.6% 49%

[a] Reactions were performed with ketoenamide (1.0 mg, 2.6 umol), 6-methoxytryptamine (0.60 mg, 3.1
pumol) [b] enantiomeric excess (ee) was measured by HPLC. [c] isolated yield; [d] N.D. = not determined;

”'U 8. &0:

CPA 1 CPA-2 CPA-9

CPA-11 CPA-12 CPA-13

With such promising results, further optimization was conducted. Taking the catalyst loading
and reaction temperature into consideration (Table 4-13, entries 1-10), 70.2% ee and 85%

isolated yield was afforded with 20 mol% catalyst at 45 <C (entry 7). Through amine equivalent
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4.3. 5th generation synthetic approach for peganumine A

screening, 1.2 equiv. amine was found to be the best (entries 11-15).

Table 4-13: 4% screening of the Pictet-Spengler reaction.

Q\/CNHZ

A o}

o) N—

N/ MeO N @\/\é/\/ L
N g CPA-2,4AMS N HOY N
N

\
Boc o CHCl;4 Boc OMe
4.74 4.76

entrylal CPA-2 [mol%]  amine [equiv.] T[°C] ee [%]®! yield [%]1
1 5 1.2 23 8.4 35
2 10 1.2 23 16.2 64
3 20 1.2 23 61.4 18
4 20 1.2 23 70.6 57
5 5 1.2 45 36.8 30
6 10 1.2 45 51.6 30
7 20 1.2 45 70.2 85
8 5 1.2 60 19.0 95
9 10 1.2 60 44.0 38

A0 200 ... 12 60 ... 616 ... 49 .
11 30 1.2 45 67.6 33
12 20 1.8 45 65.2 58
13 20 2.4 45 54.0 70
14 20 3.0 45 46.4 45
15 20 3.6 45 51.0 40

[a] Reactions were performed with ketoenamide (1.0 mg, 2.6 umol), 6-methoxytryptamine (0.60 mg, 3.1
umol) [b] enantiomeric excess (ee) was measured by HPLC. [c] isolated yield

Simultaneously, the preform-imine procedure was also tested, which could allow low catalyst
loading and low temperature. With low catalyst loading and low temperature, the
enantioselectivities improved slightly (entries 4 and 14). But the yields dropped, although the
reaction times were extended.

Table 4-14: 5™ screening of the Pictet-Spengler reaction.

O\ 0
0 N—
N~/ MeO N N\ A FZ—t
N P NN, N
N H
\BOC

then CPA-2 4A MS

(o)
toluene, T OMe
4.74 4.76
entrylal CPA-2 [mol%] amine [equiv.] T[°C) ee [%]P! yield [%]
1 20 1.8 23 to 45 47.4 37
2 20 1.8 45 206 30
3 10 1.8 23 72.8 34
4 5 1.8 23 17.2 trace
5 25 1.8 23 N.D.F! N.D.
6 10 1.2 23 31.4 38
7 5 1.2 23 44.2 28
8 2.5 1.2 23 45.6 25
””” 9 1o 18 20 ND.ND
10 20 1.8 -20 15.6 9
11 10 1.2 -20 56.2 3
12 20 1.2 -20 65.8 39
13 10 1.8 0 64.8 14
14 20 1.8 0 76.8 35
15 10 1.2 0 55.6 17
16 20 1.2 0 60.4 14

[a] Reactions were performed with ketoenamide (1.0 mg, 2.6 umol), 6-methoxytryptamine (0.60 mg, 3.1
pumol) [b] enantiomeric excess (ee) was measured by HPLC. [c] isolated yield; [d] after CPA addition, the
mixture was stirred at 23 °C for 1d and 45 °C for 1d; [e] N.D. = not determined
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4.4. Brief summary

In this chapter, two new synthetic strategies of peganumine A were explored, which were based
on a N-acyliminium ion cyclization to construct the west g-carboline motif and a Pictet—
Spengler reaction to install the east one. In the 4" generation route, the Pictet-Spengler reaction
with the acyclic substrate was unsuccessful, which probably caused by the free rotation of the
C—C bond leading to steric hindrance. Therefore, the Pictet-Spengler reaction of a mono-cyclic
enamide was employed in the 5" generation route. Various mono-cyclic enamides were
prepared either by the oxidation pathway or the reduction pathway. The Pictet-Spengler
reaction of the mono-cyclic enamide underwent successfully even in the acid free condition.
However, the N-acyl iminium ion cyclization turned out to be challenging. After some

screenings, the racemic disulfimide was able to promote the reaction in a cascade fashion.
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5. Complementary Carbonyl Activation Annulation and Its

Application to Natural Product Total Synthesis
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5.1. Introduction

5.1.1. Polycyclic compound

Polycyclic compound is a special type of organic molecule featuring several closed rings,
primarily including cycloalkanes and aromatics, e.g. tricyclic sesquiterpene longifolenel?®” and
pentacyclic aromatic hydrocarbon benzo[a]pyrene (Figure 5-1). Polycyclic aromatic
hydrocarbons (PAH) can be divided into planar PAHs and curved PAHs. Some PAHSs are
related to carcinogenic pollutants. The others are highly useful in materials science, as they
possess special optical and electrochemical properties.[®8] The research of PAHs is mainly
focused on the physical properties and applications.

The scaffolds of other polycyclic compounds are more diverse. Tetracyclic terpene cholesterol
is one of the most essential compounds for all animals’ life, serving as a precursor for the
biosynthesis of steroid hormones, bile acids and vitamin D (Figure 5-1).1%1 Humans have also
created many artificial polycyclic compounds, such as pagodane.?” In the aspect of organic

synthesis and drug discovery, the polycyclic natural product is an invaluable treasure.

MMCX

Benzo[a]pyrene longifolene ' cholesterol pagodane

Figure 5-1: Representative polycyclic compounds.

5.1.2. Polycyclic natural products

Compared to the PAHSs and artificial polycyclic compounds, polycyclic natural products (PNPS)
are particularly attractive for their superb complexity of scaffold with well-arranged functional
group, as well as unique responses and diverse interactions with biological systems.[?®] The
relative rigidity of PNPs generates unique 3D structures which would provide useful chemical
resources to explore the unknown biological space. PNPs are not only an important source for
the treatment of various diseases, but also provide leads for drug discovery. Morphine was

discovered as the first active alkaloid extracted from the opium poppy plant in 1804 by
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SertUrner (Figure 5-2). It is still widely used to treat both acute and chronic severe pains.[?*?
Artemisinin is a standard treatment worldwide for malaria isolated from Artemisia annua,
which has been used by Chinese herbalists for more than 2000 years.?*) Homoharringtonine is
an alkaloid derived from Cephalotaxus fortune and was approved by FDA in 2012 for the
treatment of adult patients with chronic myeloid leukemia.’?®? Paclitaxel targets tubulin through

a novel interaction mode and is applied to treat cancer.!?*®

o) o
< W20 O eon
OH
Moy @/f/ﬂw e ‘% o
HO ¢§ O)’Me

MeOOC

~morphine artemisinin homoharringtonine (Synribo® ) paclitaxel (Taxol®)

pain medication treatment of malaria treatment of chronic myeloid leukemia treatment of cancer

Figure 5-2: Selective drugs from polycyclic natural products.
Besides these PNP drugs, PNPs also inspire drug development. Eribulin is a simplified
synthetic analogue of the sponge-derived tubulin inhibitor halichondrin B,?*®lapproving for the
treatment of metastatic breast cancer (Figure 5-3).2°1 It is noteworthy that eribulin was
discovered based on the total synthesis of halichondrin B.[?%! Lefamulin is derived from
pleuromutilin (isolated from the fungus Omphalina mutila)®®, which has been approved by

the FDA in 2019 for the treatment of bacterial pneumonia.

halichondrin B

eribulin

pleuromutilin lefamulin

Figure 5-3: Selected drugs derived from polycyclic natural products.
Polycyclic natural products could be classified by their linking patterns, including four elements,

fusing, tethering, bridging and twisting. Fusing is an edge-to-edge linking which is a common
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type, pentacyclic natural product malagashanine is an example;=% tethering is two rings linked
with each other directly, like mastigophorenes A;E% bridging is rings share three or more atoms
by a bridge, e.g. hyperforin.®®? Twisting is rings with only one common atom at the connection
point, like the spiro compounds, such as pathylactone (Figure 5-4a).%!

Besides these PNPs with single-element-linking types above, two-element-linking types are
more common. The well-known Daphniphyllum alkaloid daphenylline is consist of a fused-
bridged type hexacyclic ring system (Figure 5-4b).% The heptacyclic Schisandraceae
triterpenoid rubriflordilactone A has a fused-tethered type ring system.B%! The structurally
unusual 9,11-secosteroid aplysiasecosterol A contains a unique tethered-bridged tetracyclic
ring system.B%® Purpurolide B is sesquiterpene lactone encountering a bridged-twisted
skeleton.®%"]

In addition, some PAHSs contain a combination of three elements. Complanadine A is a dimeric
lycopodium alkaloid, having the fused-tethered-bridged type ring system (Figure 5-4c).l%!
Acutumine features a tetracyclic fused-bridged-twisted type ring system.2%! Rubialatins A also
belongs to the fused-bridged-twisted type involving a naphthohydroquinone dimeric

scaffold.(

@ -=fused ©® = tethered = bridged = twisted
a) I\I/Ie Me
N, COOMe
Seles
N H ~O
Me
malagashanine Me mastigophorenes A Me hyperforin pathylactone A
fused tethered bridged twisted

Me H H s oH
Me\C 0 4/ Me Me Me
N Me"'}
Me

aplysiasecosterol A

daphenylline rubriflordilactone A Me purpurolides B
fused—bridged fused—tethered tethered—bridged bridged-twisted
c)
(@)
Me,,, HN ) Me O, OMe
Cl
N MeO -
< OH
NH N MeO ,NJ
lanadi A Me
complanadines acutumine rubialatins A
fused-tethered-bridged fused-bridged-twisted fused-bridged-twisted

Figure 5—4: Different types of polycyclic natural products.
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By reviewing these PNPs, fusing was considered as the fundamental linking element, which
indicated in most cases the other elements usually accompanying fusing. Even only by fusing,
a variety of complex skeletons could be generated. Rearranged Aspidosperma alkaloid (-)-
leuconoxine contains a fused tetracyclic 6/5/6/7 ring system (Figure 5-5).*'¥ Bis-indole
alkaloid (-)-methylenebismehranine was isolated from Tabernaemontana bovina, owning a
ten-ring scaffold which was constituted by ring fusing.**? Brevetoxin is a complex cyclic
polyether neurotoxin produced by Karenia brevis, featuring a ten-ring fused scaffold.™!
Therefore, it is significant to develop a unified methodology to construct fused polycyclic rings

for the total synthesis of PNPs and drug discovery.

@ -=fused

H s
]

(-)-leuconoxine

Me/ Me
(—)-methylenebismehranine

brevetoxin B

Figure 5-5: Fused complex polycyclic natural products.

5.2. Unified synthesis towards some polycyclic alkaloids

5.2.1. Consideration of some bioactive polycyclic alkaloids

A common scaffold was found to frequently appear in numerous bioactive polycyclic natural
products, such as yohimibine, hirsutine, deplancheine, eburnamonine, ilicifoline B,
peganumine A, and reserpine (Figure 5-6). The scaffold I comprises of a quinolizidine core
fused with different heterocyclic rings. Developing a straightforward annulation method for the
efficient construction of such scaffolds would be beneficial for the total synthesis of polycyclic

natural products and their analogues.
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-~ O

WEt — / )

©:N/+{ OMe ©\/N/ 1 Me N >
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hirsutine deplancheine eburnamonine
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H H R H @ H MeO _ OMe
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OMe
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MeoOC  OMe OMe
reserpine peganumine A

Figure 5-6: A common scaffold of polycyclic alkaloids.

5.2.2. Dual carbonyl activation

Since indole is one of the most prevalent heterocycles in these polycyclic natural products,
indole fused with quinolizidine core Il was selected as starting point (Scheme 5-1).
Incorporating an enamide motif in the A ring of Il will provide a handle for subsequent
transformation. Therefore, intermediate 5.1 was considered as the central linchpin for the

divergent total synthesis routes of polycyclic alkaloids.

(0]

Yy

= e
N
H

1} 5.1

Scheme 5-1: Versatile intermediate.
Based on the investigation in the section “2.4.1. Discovery of an annulation reaction”, the
construction of 5.1 was proposed to utilize the same annulation sequence via a mono-carbonyl
activation, involving an intramolecular electrophilic cyclization and subsequent lactamization.
However, the reactions resulted in significant differences, which could be attributed to the
Thorpe—Ingold effect®! caused by the gem-dimethyl group to promote the cyclization
(Scheme 5-2).B On the other hand, this initial attempt indicated that the intramolecular

electrophilic cyclization®™ was realized by the selective activation of the amide carbonyl group.
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via
electrophilic amide activation

MeO\
P =0
N A |:'> )—/_/
N N \{T endo-dig cycliziation
H H
5.1

mono carbonyl activation

(o]
o POCI,, toluene . o
N then K,CO3, BugNBr, MeOH N e e |
N > \ = [/ rXr
N OMe N ~ T
N 90% H
2.33a 2.58a confirmed by X-ray crystallography
(o} O
N o POCIj3, toluene N = /\/'\'
H then K,COj, Bu,NBr, MeOH Q _ AL
N OMe . N
H 5.2 18% 5.1 confirmed by X-ray crystallography

Scheme 5-2: Mono-carbonyl activation.
It was considered that the terminal carbonyl group also needed an activation. The carbonyl
group could be polarized by coordinating to a Lewis acid, leading to effectively enhancing its
electrophilicity (Figure 5-7).2%! Multiple modes of coordination could occur between Lewis
acids and carbonyl groups, which resulted in different reactivities. o bonding occurred when
carbonyl groups interacted with main-group Lewis acids through one of the oxygen atom lone
pairs coordinating with the metal. The coordination with transition metals was realized through

donating of the carbonyl 7 orbital and back-bonding to the carbonyl n* orbital. "]

( N\
dy, orb\talz © orbital
O /
—M interaction
MQ _interaction_ 00,
8:6\
\ J
/main—group metals ltransition metals
7 © orbital
4 7 R’ /
_ o > 0=C{ _ OO
;\_/C) 0O
/ / o bond

Dewar—Chatt-Duncanson model

Figure 5-7: Lewis acid activation mode of carbonyl group.
Lewis acids was envisioned to promote the lactamization by activating the terminal carbonyl
group. Unfortunately, the reactions with Lewis acids resulted in decomposition, which
indicated that the coordination with the substrate was unselective and could activate other

positions of the substrate leading to side-reactions (Scheme 5-3).
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POCI3, toluene
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Scheme 5-3: Dual carbonyl activation by Lewis acids.
During the past centuries, many carbonyl activation strategies for amide bond formation were
developed in the field of peptide synthesis. The first peptide synthesis was accomplished by
Curtius in 1882 using silver salt 5.4 and benzoychloride (Scheme 5-4a).*®! Later, Curtius
developed a new coupling approach by utilizing acyl azide (Scheme 5-4b).***! Fischer applied

acyl chloride 5.14 to the peptide synthesis (Scheme 5-4c).2%

a) o o o b0
O
HoN Oeg + Ph)J\CI — Ph)Lu/\n’N\)I\OH + PhCOOH + AgCl
0
5.4 5.5 5.6
b)
J N HN\)OL OEt )Ol\ H\)Ol\
Ph N 3 2 N e N OEt
YNy Aoy ey
5.7 5.8 5.9
1) NoHy
o 2) HNO,
o o HZN\)LN OEt
PN N\)I\ H\)I\ OEt s11 " 0o L Ho il
Ph” N N N N
H/\n, H/W H/\g/ P H/T \)I\H/\g/ 3
..................... .| S
c) o
PCl
Me/\/\H(H/\n/OH ACC5| Me/\/\H(H/\n/CI . HZN/\n,OEt
Br B 0
5.13 " 514 5.15

0 ho©
Me/\/\HkN/\n/N\)I\OEt
Br H (0]

5.16

Scheme 5—4: Classic activation in peptide synthesis.
However, it was difficult to introduce such chloride or azide activation groups to the substrate,
as the indole ring is sensitive to acids and oxidants. Additionally, the indole nitrogen and the
enamide motif were also sensitive to such acidic conditions. Therefore, some mild peptide

synthesis strategies were reviewed.?! In nature, the amide bond is formed between the a-
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amino group of the amino acyl-tRNA and ester carbon of the peptidyl-tRNA by a nucleophilic
reaction (Scheme 5-5). Ribosomes play an important role in this transformation by binding and
orienting the substrates in the active site. Chemically, this bonding formation relies on the 2'-
OH of the peptidyl-tRNA, which is well positioned to abstract and donate proton from the
nucleophile and leaving group.®?? This neighboring group participation®®2¥ is the key driving
force to promote the elongation of the peptide.*2Y Although this neighboring group
participation could be an efficient method, it was challenging to development a proper directing

group to mimic such biological process in small molecule synthesis.

bp bp

bp
RNA=0— o RNA-O— o RNA—O— o
RNA-O—
0.0

\k/% O OH OH OH
L j 5.18 o 0. .0 OH
p "~ 34X

BN C/ (6] Peptide” \HLN R

0 N R H

P site /NH A site
Peptide 5.17

Scheme 5-5: Neighboring group participation strategy for amide synthesis.
Another activation strategy was to utilize carboxylic equivalents. Studer et al. discovered A N-
heterocyclic carbene catalyzed oxidative amidation between aldehydes and amines (Scheme 5—
6a).22%1 Milstein et al. disclosed a novel ruthenium catalyzed oxidative amidation of alcohols
with amines (Scheme 5-6b).E? In the investigation of oxidative amide formation by Che etal.,
aromatic and aliphatic alkynes were proved to be another alternative for the carboxylic

equivalents (Scheme 5-6¢).?"]

a) 1) Bu, tBu ® Me

/=N |@
o) — (o)
o} Me’N~N/) o}
'S R?
RNy B fBU DBU, HFIP, THF _ R™ N~
5.20 2) HNR?R? 5.21 R®
b) | A
Ny 5.24
|
. LG g
R™NOH + HoN-R? -Bu LA R
toluene H
5.22 5.23 5.25
c) Mn(2,6-Cl,TPP)CI o)
H,0
RI-=2) + H,N-R2 ——— 22 » R! NIRZ
H
5.26 5.27 5.28

Scheme 5-6: Carboxylic alternatives strategy.

Besides these strategies by the activation of carboxylic equivalents, amidation of the amine
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equivalents was also studied. Sun et al. disclosed a direct polypeptides synthesis employing
readily available imines 5.30 and carbon monoxide as monomers to undergo a metal-catalyzed
polymerization (Scheme 5-7a).?¢ In the synthesis of the cyclic peptide cyclosporine A,
Danishefsky et al. utilized a isonitrile-mediated coupling with carboxylic acid to construct the
amide bond (Scheme 5-7b).®?! Thioacids 5.35 could also be applied to the peptide synthesis
(Scheme 5-7c). Williams et al. reported a thioacetic acid-induced nucleophilic acyl substitution

reaction with azides,*” electron-deficient sulphonamides®* and isocyanates®*?,

a) _R?
JL 5.30 R2 O
1 ; |
Co(CO), R'™"H CO (800psi) /\H‘QN%
Ar/\n/ > Ar Co(CO)
-di n 3
o) 1,4-dioxane o R
5.29 5.31
b)
Me.__Me e cHO O
Me pwave N\)l\
OH 4+ Nj v~ ~Ot-Bu
N3 I cN Ot-Bu DCE o) _\rMe
0 M
5.32 5.33 5.34 e
c) H
R2 N\S,Ar o
i Ns—R? or 0=C=N-R%Zor & ‘O A re
R SH 5.36 R H,
5.35 5.37

Scheme 5-7: Amine alternatives strategy.

Besides these novel strategies, the carbonyl group activation by activated esters was a classic
but well-developed strategy. The activated esters were usually prone to react with a wide range
of nucleophiles under mild conditions. Moreover, activated ester chemistry was also applied to
post-polymerization modification, which could potentially synthesize many biostructures.**!

Since thiolates (RS") are weaker bases and better leaving groups than alkoxides (RO), the
thioester was utilized as the active ester for amide synthesis by nature in many biochemical
reactions.*3¥ The citric acid cycle is a series of reactions which releases stored energy through
the oxidation of acetyl-CoA derived from carbohydrates, fats, and proteins, accompanying the
generation of nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide
(FADH,), and guanosine triphosphate (GTP).*! The thioesters, acetyl-CoA and succinyl-CoA,
play crucial roles in the citric acid cycle (Scheme 5-8a). In addition, thioesters participate in

the fatty acid synthesis to promote the elongation process (Scheme 5-8b).1%%!
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Scheme 5-8: Thioester in biochemical reactions.
Besides the thioesters, some EWGs were also introduced to the active esters (Figure 5-8)."]
A variety of active ester groups have been developed in the past decades.*! They are normally
designed to render the carbonyl of the acyl moiety susceptible to nucleophilic attack by an
amine at mild conditions. For most of these groups, the electron-withdrawing property played
an important role in promoting the amide bond formation. In some aza derivatives, such as
HOAt, HODhAd and HODhAL, additional assistance of neighboring atoms could also involve.
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HO. F HO HO
HS
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Figure 5-8: The common active ester groups.
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continued
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Figure 5-8: The common active ester groups. (continued)

Inspired by this strategy, an active ester promoted lactamization was hypothesized (Scheme 5—
9). Three challenges were proposed in this strategy:

1) The substrate preparation could lead to the imide formation, if the activated terminal carbonyl
group is too liable to be attacked by the amide nitrogen.

2) The active ester should be robust to survive from the first cyclization promoted by an amide
activation reagent.

3) The active ester group needed to be susceptible enough to be attacked nucleophilically by

the imine.

reaction condition tolerance

/ o
ED\/\C\ M POCI; \ aminolysis

N toluene
H

IZ
Iz /

no intramolecular attack
in the preparation

Scheme 5-9: Consideration of active ester strategy.
Inspired by many diverse active esters, the selection included both aromatic and aliphatic active
thioesters, the aromatic active esters with different substitution groups and some classic
benzotriazoles (Scheme 5-10). However, during the mild preparation condition, the active
esters, such as HOBt, HOAt, HOSu and p-nitrothiophenol, underwent the intramolecular attack
leading to the imide. Nevertheless, some other active esters were successfully obtained,

including the thioesters and EWG substituted aromatic esters.
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Scheme 5-10: Initial synthesis of active esters.
Rewardingly, the active esters furnished an improved vyield of the annulation product 5.1
(Scheme 5-11). The result showed that thioester 5.39b was a better activation group than ester

5.39a, and the aromatic ester was generally better than aliphatic ester.
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Scheme 5-11: 1* screening of cyclization with the active esters.
However, the promising result of the ester with pentafluorophenol as activating group created
a dilemma. The pentafluoropehnol was one of the most electro-deficient phenol. And the
thioesters with EWGs were liable to form the imide. Although introducing more nitro groups
could improve the electro-deficiency, the 2,4-dinitrophenol (DNP) was considered to have high
acute toxicity (ingest fatal dose 4.3 mg/kg) which was comparable with cyanide.®*! and the
2,4,6-trinitrophenol (TNP) had relatively the same explosive ability as 2,4,6-trinitrotoluene
(TNT). Therefore, it was decided to suspend the idea due to the inherent dangers of these
molecules which made them incompatible for their contribution to a pharmaceutical application.
As the pentafluoropehnol achieved slightly better result than that of p-nitrothiophenol,

introducing the fluorine to aliphatic esters was expected to be a solution (Scheme 5-12).
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—OH
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Scheme 5-12: Fluorinated aliphatic active esters preparation.

The annulations of the fluorinated aliphatic active esters were tested and resulted in a

remarkable improvement (Scheme 5-13). It was noteworthy that the difference of the yields

was distinct between the fluorinated aliphatic ester and corresponding aliphatic ester.

N POCl3/toluene
N then K,CO3, Buy;NBr/MeOH
H H
5.39 5.1
Me Me Ph
.0
o0~ o0—Me NN o~
o Me o Me R
5.39i 5.39j 5.39k 5.391
18% 30% 20% 47%
Me CF CF.
CF, 3 3
0] [0) 0] Me
ot o~ o~ ¢
g, e CR, TR, TR,
5.39m 5.39n 5.390 5.39p

42% 41% 90%

O

N
>\
N

Scheme 5-13: Annulation with fluorinated aliphatic active esters.

The results

of the fluorinated aliphatic esters were promising,

especially the

hexafluoroisopropylester (HFIPE). In order to understand the mechanism of such activation,

some related literatures were reviewed. Interestingly, HFIPE was applied to the asymmetric

Baylis—Hillman reactions to promote the lactonization (Scheme 5-14a).B*? In polymer science,

the 1,1,1,3,3,3-hexafluoroisopropyl methacrylate (HFIPMA) was used as a precursor for the

post polymerization modification to synthesize multifunctional water-soluble polymers, which

realized the amide bond formation by utilizing the primary amines as nucleophiles to attack the

activated HFIPE (Scheme 5-14b).B4l
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a) Asymmetric Baylis—Hillman

OMe

logo)
(0] =
/ <
L + /\f "R 0
R™ H o}
5.40 5.41 5.44

b) Post polymerization modification of HFIPMA

H2N’6\/o;é

OH
o o HZN/\r
5.46 5.48
HO h 'CN <———— HO h "CN ——— > HO h "CN
NC NH NC NC NH
o >
© 5.47 © 5.49

HzN/\/\’i‘/

eto™N

Scheme 5-14: HFIPE in synthesis.
Although the HFIPE has been applied in some transformations, the utilization of HFIPE in the
synthesis of polycyclic ring system was not reported. Therefore, further investigation of the

generality to construct different polycyclic ring system was commenced.
5.2.3. Generality of the annulation

Before the exploration of the annulation, a general and mild condensation reaction was
proposed to realize the preparation of the substrates with the assistance of the coupling reagent

EDCI (Scheme 5-15).

0s_0._0
) )C\Fs EDCI, DMAP O/\Wn
noo+ Im + —_— HN o.__CF
O/\?\IHZ HO” ~CF4 DMF ™ Y ’

Scheme 5-15: Preparation of substrates.
Firstly, in order to investigate the tolerance of the selective amide activation, both EDGs and
EWGs were introduced to the indole ring of 5.52. (Figure 5-9a). Next, diverse substitution
groups, including methyl group, ester groups and aromatic groups, were installed to the chain
of the motif 5.53. This design was to examine the substituted effect of the active ester activation

(Figure 5-9b). By modifying the indole fragment and the chain of 5.54 simultaneously, a

157



5.2. Unified synthesis towards some polycyclic alkaloids

variety of substrates were prepared to explore the combination of these two factors (Figure 5—

9c).
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Figure 5-9: Substrate design-1.
Besides the 6/6 fused ring system, construction of the 5/6, 7/6, 8/6, 6/5, 6/7, 6/8 and 6/11 fused

ring patterns were anticipated. Therefore, substrates with various length of the chain were
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prepared (Figure 5-10a). Meanwhile, the generality about the aromatic ring was also considered

by introducing various heterocycles, such as benzene, furan, thiophene and benzothiophene

(Figure 5-10b).

' H
a) H N o) H
' n W CF3 |
»° ° CF ;
3
” 5.55 H

5.55¢ (48%)

Iz o

5.55a (43% 5.55b (56%)

5.55f (26%)

I

5.55d (46%) 5.55¢ (26%)
o)
N
A\
N o)
H 7/0F3
5.55g (34%) O ke
b) NN N
g e o gk
o) O CF !
: 5.56 E
H H H
AN O. CF3 /\/N\"/\/\n/o CF3 /\/N\n/\/\n/OYCF3
o] O CFyq 0 O CFsq O CFs
5.56a (31%) 5.56b (41%) 5.56¢ (55%)
H H H
/\/Nmo CF3 /\/NmOYCF;, /\/Nmo CF3
o O CFj 0 O CFyq 0 O CFs
5.56d (31%) 5.56e (59%) 5.56f (51%)
Os_O-__CF3 OxO~ CF3
H H h H h
/\/N\n/\/\n/OYCFS AN CF3 AN CF3
o on (S o) o
0, 0y
5.569 (24%) 5.56h (16%) 5.56i (21%)
H H H
e e s ol 2 el o gl b el b gl
o] O CF, o] O CFg o] O CFs
5.56j (33%) 5.56k (41%) 5.561 (43%)
o]
[y O N o._CF
" L YT
o]
CF, o] O CFs
5.56m (43%) 5.56n (61%)

Figure 5-10: Substrate design-2.

With these substrates in hand, the generality of the one-pot annulation was investigated.
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Substitution at indole ring with EDG and EWG were well-tolerated, providing the
corresponding tetracyclic scaffold (5.57a-5.57d) in good yields (76%-86%) (Table 5-1a).
Encouraged by these results, the different substitution patterns and ring systems were further
investigated. The substituents at the quinolizidine core were tested (5.57e-5.57]) with good
yield (64%-83%) (Table 5-1b). Notably, that indologquinolizidine-type alkaloid
nortetoyobyrine (5.57j) could be obtained in a single step in 83% yield. The exploration of the
combination of indole substitutions and chain substitutions also afforded the corresponding
scaffolds (5.57k-5.57r) in good yield (75%—-85%) (Table 5-1c). The 7/6, 8/6, 6/7 and 6/8 fused
ring systems (5.57s-5.57v) could be obtained in moderate yield (26%-52%) (Table 5-1d). The
annulation also showed generality to different heteroaromatics, such as unfunctionalized and
electron-rich benzene, furan, thiophene and benzothiophene (5.58a-5.58j, 33%-91%) (Table
5-1e).

Table 5-1: Substrate scope.

)n B )n
HN O\rCF3 POCI3,toluene N 2©
> A
(e} O CF3 then K,CO3, BuyNB, MeOH |
a) substitution group of indole

5.1 (90%)®! 5.57a (76%) 5.57b (85%) 5.57c (86%) 5.57d (81%)
(81% at 2.0 g scale)

b) different substitution patterns

COOMe
o o)
N A \ N §
\ \
N N N
H H H
5.57e (75%) 5.57f (72%) 5.57g (64% 2.58a (83%) 5.57h (71%)

(70% at 1.0 g scale)

c) combination of indole substitutions and the fused ring system substitutions

2.58¢ (75%) 2.58d (77%) 2.58b (85%) 2.58h (82%) 5 57i nortetoyobyrine (83%)
0
\
N N N
H H H
2.58f (80%) 2.58g (82%) 2.58e (79%) 5.57j (78%)
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Table 5-1: Substrate scope. (continued)

continued

d) different ring systems

0
0
N \ oo\ N
H H H
) (52%) (43%)

5.57k (26%) 5.571 (39% 5.57Tm (52% 5.57n (43%

e) different types of aromatic ring

(0] N (0]

)

@ @ @ Do
| |

5.570 (33%) 5.57p (43%) 2.58i (88%) 5.57q(76%) 5.57r (83%)

QW QP QW L o
v Y -0 '

5.57s(83%) 5.57t (51%) 5.57u (91%) 5.57v (86%) 5.57w (48%)

However, there were still some limitations of this annulation, as some examples were not
fruitful. The results of these examples could be divided into two parts. One showed no
observation of the desired product by the NMR; the other could find the identical NMR signal

but with impurities.

H
5.55a 5.55d 5.55¢g

%annulation l;\annulatlon %annulation

/

s

5.58a 5.58b
b) H
oy b
: . @
o one ° Ch
5.56g
annulation
COOMe
N.__O
5.58d 5.58¢

Scheme 5-16: Limitation of the annulation-1.

The reactions with 5.55a, 5.55d, 5.55¢, 5.56g and 5.56n had no proof that the corresponding
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products were formed. It was proposed that the reactive methylene groups of 5.58a and 5.58b
might be unstable at the reaction condition (Scheme 5-16a). The unsuccessful result of 5.55¢g
could be attributed to the difficulty of the macrolactamization or the geometry of the C-C
double bond (Scheme 5-16a). Failed annulation of 5.56g could be caused by the reaction
between the free hydroxyl group and the phosphorus(V) reagent (Scheme 5-16b). 5.56n
indicates that the reaction relied on the electrophilicity of the heterocycles.

The identical peaks of the desired products 5.58f and 5.58g were shown on the NMR, but there
were some impurities which could be the side products during the reaction period or in the
isolation (Scheme 5-17). It was hypothesized that the electrophilicity of the benzene ring
influenced the reaction rate of the endo-dig cyclization. If the rate of the endo-dig cyclization
was slow, some competition reactions could undergo, leading to side products. In the exo-trig
cyclization stage, the absence of the Thorpe—Ingold effect could decrease the rate and driving-

force of the whole reaction equilibrium.

5.56a

H
N O_-CF3 annulation
J YOy e - |
o O CF, |

b) R o._CF
\n/\/\n/ \r 3 annulation
0 0O cF, T > MeO N0
MeO s © |

5.56b
5.58g

5.47
.46
5.46

Lo.0s5

2H.005—

Scheme 5-17: Limitation of the annulation-2.
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5.2.4. Divergent application of the annulation in total synthesis

With the efficient annulation in hand, a divergent natural product synthesis strategy was
investigated by manipulating the A ring (Scheme 5-18). Another double bond could be easily
introduced to the 3,4-position by oxidation. Additionally, both racemic and enantioenriched
1,2-position double bond reduced products could be afforded. Moreover, by utilizing the

enamine fragment, a S-formylation could also be achieved.

acyl-enamine
S-functionalization

oxidation __4
B N
i A\

N
H
1]
reduction
o o O
../{ N
N L) N\ g RE TN
RT \ R ¢ L \
Z =N ZN H N
H H OHC
m v v

Scheme 5-18: Strategy of the divergent redox synthesis.
Starting with the oxidation pathway, various classic dehydrogenation were explored, such as
DDQ,B* selenium-E*1 and sulfur-?"*#based dehydrogenations (Table 5-2). Only the reaction
with N-tert-butyl phenylsulfinimidoyl chloride afforded the regioselective dehydrogenation
product 5.59a.

Table 5-2: Screening for the regioselective dehydrogenation.

H
5.59a
entryl@ conditions solvent yield®!
1 MnO, CH,Cl, trace
2 v-MnO, CH,Cl, trace
3 NBS, BPO CDCl3 recovery of SM
4 S, Dowtherm® A - complex mixture
5 DDQ Dioxane complex mixture
6 Cu(OAc),, NayCOs3, py, O, toluene recovery of SM
7 CuBr, MeCN recovery of SM
8 Pd(OAc),, O, DMSO trace
9 V(acac),, TFA, BuyNBr, O, Dioxane complex mixture
10 LiTMP, Sulfinimidoyl chloride THF complex mixture
11 NaHMDS, Sulfinimidoyl chloride THF trace
12 MeLi, Sulfinimidoy! chloride THF 14%
13 LDA, PhSeCl THF trace
14 LDA, PhSOOMe THF complex mixture
15 LDA, Sulfinimidoyl chloride THF 33%

[a] Reactions were performed with enamide (10 mg, 42 umol); [b] Isolated yield

With the allyl-palladium catalyzed amide o,f-dehydrogenation developed by Newhouse et
163



5.2. Unified synthesis towards some polycyclic alkaloids

al.,®*! an improved conversion was obtained (Table 5-3). By further optimization of the

reaction conditions, the LDA, rather than the LiCyan, was proven to be the best base for the

reaction, due to the steric hindrance of the tetracyclic substrate.

Table 5-3: Screening of Newhouse dehydrogenation.

(0] (0]
N“< Step 1: Base, 0.5 h N“<
> >
N Step 2: ZnCl, (0.5 M in THF) 0 °C, 0.5 h N
H 5.1 Step 3: [Pd(allyl)Cl],,allyl acetate, 60°C 5.59a
entry® Step 1 Step 2 Step 3 conversion [%]®!
1 LiCyan (2.5 eq.), — ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 14h 9
2 LiCyan (2.5 eq.), — 0 c ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 38h 16
3 LiCyan (2.5 eq.), -40 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 62h 13
4 LiCyan (2.5eq.), 40 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 86h 32
5 LiCyan (5.0 eq.), 40 °C ZnCl, (7.0 eq.) [Pd] (5.0 mol%), 14h 20
6 LiCyan (5.0 eq.), =40 °C ZnCl, (7.0 eq.) [Pd] (5.0 mol%), 38h 21
7 LiCyan (5.0 eq.), 40 °C ZnCl, (7.0 eq.) [Pd] (5.0 mol%), 62h 23
8 LiCyan(5.0eq.),-40°C ZnCly (7.0 eq.) | [Pd] (5.0 mol%),86h 30
9 LiCyan (2.5 eq.), 0 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 14h 3
10 LiCyan (2.5 eq.), 0 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 75h 10
1 LiCyan (2.5eq.),0°C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 96h 10
12 LiTMP (2.5 eq.), 0 °C ZnCl;, (3.5 eq.) [Pd] (2.5 mol%), 14h 20
13 LiTMP (2.5 eq.), 0 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 75h 30
14 LITMP(25eq.,0°C ZnCl,(35eq) | [Pd] (2.5 mol%), 96h 29
15 LiCyan (10 eq.), -40 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 21h 25
16 LiCyan (10 eq.), —40 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 51h 26
17 LiCyan (10 eq.), -40 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 88h 40
18 LiTMP (10 eq.), 0 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 21h 37
19 LiTMP (10 eq.), 0 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 51h 33
20 LiTMP (10 eq.), 0 °C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 88h 66
21 LDA (10 eq.), 0°C ZnCl, (3.5 eq.) [Pd] (2.5 mol%), 88h 76l

[a] Reactions were performed with enamide (10 mg, 42 umol); [b] conversion was determined by H NMR;

[c] Isolated yield

With the optimized dehydrogenation condition,

demethoxyharmalanine,

harmalanine,

demethoxyharmalacinine and harmalacinine,®*®! were successfully obtained in excellent yields

(60%—77%) (Scheme 5-19).

(0]
N
L0
N

[

H H 5.1
MeO H 5.57b
H Me 5.57e
MeO Me 5.57j

nBuLi, iPr,NH
THF

then ZnCl,

then [Pd(allyl)Cl], allyl acetate

5.59a: demethoxyharmalanine
5.59b:
5.59¢c:
5.59d:

(76%)
harmalanine (60%)
demethoxyharmalacinine (71%)
harmalacinine (77%)

Scheme 5-19: Oxidative diversification.

With the demethoxyharmalacinine (5.59¢) in hand, demethoxypegaharmine J (5.61)%*¢! was

envisioned to be synthesized through a selective allylic methyl group oxidation (Scheme 5-20).
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By the SeO,-mediated Riley oxidation of the allylic methyl group,®® aldehyde 5.60 was

obtained in 16% yield. However, the selective reduction of 5.60 to alcohol 5.61 turned out to

be challenging.

O selective 0
N allylic methyl group N
oxidation
> N\ [/ e N \ 7
” H H H
H H
5.59¢ H 561 HO
SeO,
1,4-dixoane
16% TR
’ reduction iNaBH, !
o) ;NaBH(OAc)gi
ENaBHSCN
A\ A 1iBuoAIH
ILIAIH,
N \ 7 iLIAIH
H H T
560 ©O

Scheme 5-20: Synthesis attempt of demethoxypegaharmine J.
Next, the reductive pathway was explored. Through a selective catalytic hydrogenation of the
C—C double bond, racemate of 5.62 was successfully obtained in 75% yield (Scheme 5-21).
From this racemic intermediate, selenoxide elimination afforded 5.63, a key intermediate in the

total synthesis of hirsutine, rhynchophylline and isorhynchophylline.{Deiters, 2006 #993}

1) nBulLi, iPr,NH

P PhSeB P
eBr /<
N N N
N\ H,, Pd/C (10 mol%) N\ THF N\
\ MeOH N 2) NalO4,NaHCOg4 N
H 5.63

N
H 75% H MeOH/H,0 (5:1)
5.1 rac-5.62 40% over two steps
Et
. N/\‘\\Et OMe N/\‘\\ ‘OMe
—_\nlEt o H _ oH _
OMe e + Y,
: ©\N O Coome O coome
MeOOC H H
hirsutine rhynchophylline isorhynchophylline

Scheme 5-21: Reduction pathway for the divergent synthesis.
The asymmetric reduction of the C-C double bond was also envisioned. Although the
asymmetric hydrogenation was an efficient method to reduce double bonds,*”) the asymmetric
hydrogenation of an enamide scaffold was still challenging, which usually needed special
ligands and high pressure.*®! Therefore, utilizing the enamide motif to generate a reactive N-
acyliminium ion would be a practical strategy. The enantioselectivity could be controlled by

the ion pair between the N-acyliminium ion and a chiral counterion (Scheme 5-22).
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[©]
N
oS0
0 H K 0
N N H
H

H
5.1 5)-5.62

Scheme 5-22: Desired model for the asymmetric reduction of enamide.

Asymmetric transfer hydrogenation®° employing chiral phosphoric acid and Hantzsch ester
has been applied to the reduction of various unsaturated functional groups.’?*% 3% |nspired by
the branched enamide reduction develop by Antilla et al.,®*%! the investigation of the
asymmetric transfer hydrogenation of enamide 5.1 was initiated. Starting with different catalyst
cores and backbones (Table 5-4, entries 1-3), the BINOL derived phosphoric acid showed a
promising result (53.3% ee and 40% yield). Following this hint, the substitution group of
BINOL was screened (entries 4-8), and CPA-2 turned out to be the best catalyst. After reaction
condition optimization with CPA-2 (entries 9-13), the best result was shown as 80% ee and
61% vyield (99% (b.r.s.m.)). From the enantioenriched 5.62, both (S)-deplancheine and (S)-10-
desbromoarborescidine A could be obtained by the reported way.{da Silva, 2009 #992}

Table 5-4: Asymmetric reduction of the enamide.

EtOOCIICOOEt
||

Me N Me
H
o 5.65 o

{ N catalyst (10 mol%) \ N ref.

9y \ 4A MS o R

H toluene H H

5.1 (S)-5.62

entryl®  catalyst [mol%] T[°Cl ee [%]® yield [%]°

1 DSI-31 (10) 60 7.6 79

2 CPA-1 (10) 60 53.3 40 N N
______ 3......CPA6(I0) 60 . .202 30 ?

4 CPA-2 (10) 60 80 61 ” H

5 CPA-4 (10) 60 9.8 48 (S)-deplancheine

6 CPA-8 (10) 60 0.1 36

7 CPA-9 (10) 60 20.8 42 +
...... 8 _._..CPA0(10) 60 _ .50 .20 .

9 CPA-2 (10) 50 71.3 36 N

10 CPA-2 (10) 30 68.8 20 N\

1 CPA-2 (5) 30 63.1 10 N

12 CPA-2 (10) 0 65.4 6 H

13 CPA-2 (10) —20 N.D.[dl trace (S)-10-desbromoarborescidine A

[a] Reactions were performed with enamide (5.0 mg, 21 pmol); [b] ee was
determined by HPLC; [c] Isolated yield; [d] N.D. = not determined
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Table 5-4: Asymmetric reduction of the enamide. (continued)

continued
Ar=

Ar
OO iPr: iPr CF3
e X4
0™ =
sodl L, O o

iPr
Ar CPA-1 CPA-2 CPA-4 CPA-9

CPA 8 CPA 10

F :
DSI-31 : CPA-6

Inspired by the efficient oxidation and reduction, the investigation of g-formylation of 5.1 was
commenced. The g-formylation underwent successfully by a Vilsmeier—Haack type reaction.
However, the reduction of 5.66 was unsuccessful, resulting in neither the selective aldehyde

reduction nor the global reduction products.

O

N reduction
A\ \ &, A\ — > -
N N N N o
H H oHc H depends on H H
5.1 5.66 5.67 OH (iastereoselectivity ~5.68  OH
ref.
w 3 steps w
H N H N
A e or/and R _IT'.A.IH.“ ..... M=
N N
N H depends on H
HO diastereoselectivity lo} :
isovindeburnol vmdeburnol epi-deethyleburnamonine ! deethyleburnamonine

Scheme 5-23: Synthetic plan of the S-formylation.

5.2.4. Total synthesis of ilicifoline B

Benzylisoquinoline alkaloids (BIAs) are plant specialized metabolites with structural diversity
and long history of investigation. Many BIAs possess excellent potent pharmacological
properties, including the antimicrobial berberine, the muscle relaxants tubocurarine and
papaverine, the histamine H1 receptor inhibitor protopine, the narcotic analgesic codeine and
the anticancer noscapine (Figure 5-11).55U These prominent examples of BIAs belong to

different subtypes based on the type of their scaffolds.
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MeO_ o N
®
0 | oH \
berberine O> benzvlisoquinoli OMe _ _ Me
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noscapine inhibit histamine H1 receptors treat pain, coughing, acute mesenteric ischemia
anticancer and diarrhea

Figure 5-11: Representative benzylisoquinoline alkaloids.
As the polycyclic alkaloids are attractive, especially the fused ring system, the annulation was
anticipated to applied to the total synthesis of protoberberine-type BIAs. The fascinating
structure of ilicifoline B was selected as the target, as it featured a unique dimeric ring system.
The dimerization of 8-oxopseudopalmatine could be achieved by a dehydrogenative coupling
(Scheme 5-24). The annulation reaction was proposed to prepare 8-oxopseudopalmatine. The

starting material was traced back to amine 5.69 and anhydride 5.70.

OMe
8-oxopseudopalmatine

7

dehydrogenative coupling

o _O_CF3
MeO. NH, MeO. H
D/\/ * Q ¢ Mo N CFs
MeO MeO (6] mjo
5.69 5.70 MeO OMe
6-endo-dig cycliziation OMe
5.71

Scheme 5-24: Retrosynthetic analysis of ilicifoline B.
Anhydride 5.70 was commercially available, but taking the cost into consideration, it was

prepared by a three-step procedure from acid 5.72 (Scheme 5-25).1%%
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o
KMnO,, KOH
MeO. MeO. 4 MeO.
m (HCHO), m then EtOH © OH
—_— —_—
MeO o  HOLACOH oo o MeO
5.72 5.73
0% oH
5.74

Me°m -
MeO (0]

Scheme 5-25: Anhydride preparation.
With the anhydride and amine in hand, the synthesis of 8-oxopseudopalmatine was commenced
through the annulation reaction. HFIPE 5.71 was obtained in 62% yield through the
condensation (Scheme 5-26). The annulation reaction underwent successfully to afford 8-

oxopseudopalmatine in 95% yield. According to the reported reduction, 8-oxopseudopalmatine

could be converted to tetracyclic protoberberine alkaloid xylopinine.

(0]

MeO.
? 0X_O._CF3
MeO 0 MeO. N \ch
MEOD/\/NHZ then EDC,DMAP, HFIP 570 D/\/ s
MeO CH,Cl MeO \jo OMe
5.69 62% 6-endo-dig cycliziation OMe
5.71

POClj, toluene

then K,CO3, nBuyNBr, MeOH
95%

MeO. O MeO.
N ®
MeO

» OMe OMe
xylopinine 8-oxopseudopalmatine

Scheme 5-26: Synthesis of 8-oxopseudopalmatine by the annulation reaction
The dimerization was realized by a hypervalent iodine promoted oxidative biaryl coupling,®**!
which has proven to be efficient in Opatz’s novel total synthesis of ilicifoline B by

xylochemistry (Scheme 5-27).5%

OMe
8-oxopseudopalmatine

ilicifoline B

Scheme 5-27: Dimerization by hypervalent iodine reagent.
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5.3. Brief summary

This chapter aimed at the investigation of an annulation methodology. Started from the
annulation discovered in the 2" generation synthesis attempt, the complementary carbonyl
activation annulation was developed after an intensive screening of different activation modes.
This updated annulation was applied to the total synthesis of harmalanine, harmalacinine,
nortetoyobyrine and ilicifoline B, as well as the formal total synthesis of deplancheine, 10-

desbromoarborescidine A, hirsutine, rhynchophylline and isorhynchophylline.
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6.1. Summary

The primary aim of the research in this thesis was the total synthesis of peganumine A. By
analyzing the characteristic dimeric g-carboline motifs, five retrosynthetic strategies were
proposed relying on different types of Pictet-Spengler reaction. In the 1% generation synthetic
attempt, the ambitious double Pictet—Spengler reaction turned out to be challenging (Scheme
6-1a). The simplified mono-Pictet-Spengler reaction was proposed in the 2" generation
synthetic attempt. Unfortunately, such reaction with a-ketolactam 2.30 was difficult to be
realized, as DFT calculation performed by Dr. Yinghan Chen and Professor Dr. Yong Liang at
Nanjing  University indicated this transformation is  kinetically  unfavorable
(4Grs1” = +34.5 kcal/mol) (Scheme 6-1b). Inspired by Zhu’s synthesis of peganumine A, the
protection group free 3" generation improved synthesis was realized with a-ketoenamide 2.63b
(Scheme 6-1c). Based on the experience of these strategies, a Pictet-Spengler reaction of linear
o-ketoamide 4.44 was anticipated in the 4" generation synthetic strategy. However, such
reaction was still challenging (Scheme 6-1d). Finally, by employing a-ketoenamide 4.49, the
5™ generation synthesis afforded peganumine A through a Pictet-Spengler reaction, which
triggered an iminium ion cyclization cascade (Scheme 6-1e).

a) 15! generation synthesis attempt

4 NH, X O
o \f double
MeO N NS > 2.24 Pictet-Spengler

reaction

2.23a o 4 — =
NHe N
OMe

b) 2" generation synthesis attempt

(0]
N~
- mono-
Pictet-Spengler
MeO o

reaction

— 7

IZz o

2.

(23

0 NH, |

H
N

OMe
2.23

c) 3™ generation improved synthesis

0]
4 o
§ Pictet-Spengler reaction
cascade

N
MeO' i ] H
2.63b NH, IN
OMe
2.23

Scheme 6-1: The key Pictet—Spengler reactions in different strategies.
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continued

d) 4" generation synthesis attempt

HN— mono- 0
/QfC\K% Pictet-Spengler HN—/
reaction A\ 2 H
N N

—
H MeO N

NH, | OMe
R = TBDPSO omte 4.43
2.23

J@ECV# :
H Pictet-Spengler reaction Ay

triggered cascade
4.49 99 » MeO

NH,
K)L@\ peganumine A
OMe

2.23

Scheme 6-1: The key Pictet-Spengler reactions in different strategies. (continued)
With the efficient 3™ generation improved protection group free synthetic route, 11 racemic
analogues were successfully synthesized through utilizing the function-oriented synthesis
strategy. A potent analogue was discovered with an 1Cs value of 5.2 uM against HL-60 cells,
by the collaboration with Dr. Wan Li and Professor Dr. Jinhua Wang at the Institute of Materia
Medica, Chinese Academy of Medical Sciences and Peking Union Medical College (Figure 6—

1). Additionally, the preliminary SAR was also proposed to guide the further analogue design.

9,9'-didemethoxy peganumine A
I1C5¢ = 5.2 uM with racemate

9,9'-substitution is favored
unsubstituted indole is better N-alkylation lead to activity descreasing

Figure 6-1: The potent analogue and SAR.
Next, the asymmetric total synthesis of peganumine A and its analogues was realized by
organocatalysis. The asymmetric total synthesis of peganumine A was achieved by the DSI
catalyzed cascade with 97.1% ee (Figure 6-2). However, the DSI could not catalyze the
asymmetric synthesis of the analogues of peganumine A with high enantioselectivity. After the
design, synthesis and screening, the NPPA was discovered as a better catalyst for the
asymmetric synthesis of the analogues, which yielded over 90% ee syntheses of 4 analogues

including the potent 9,9'-didemethoxy peganumine A.
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peganumine A E 9,9'-didemethoxy peganumine A
97.1% ee with DSI-31 H 94.6% ee with NPPA-1
............... £

Figure 6-2: Asymmetric synthesis of peganumine A and its analogues.
The last chapter focused on the development of an annulation, which was initially discovered
in the 2" generation synthetic attempt. By analyzing the results caused by the Thorpe—Ingold
effect of the gem-dimethyl group, the complementary carbonyl activation annulation was
developed (Scheme 6-2). With this efficient annulation in hand, various polycyclic fused
quinolizidine scaffolds were obtained. In addition, the annulation was applied to the total
synthesis of harmalanine, harmalacinine, nortetoyobyrine and ilicifoline B, and the formal
total synthesis of deplancheine, 10-desbromoarborescidine A, hirsutine, rhynchophylline

and isorhynchophylline.

F3C
)—CFs!
R
' (0]
iR*NH S exo-trig cyclization
' . ' via
R3 amidebond | = ----- At
formation / ester activation
..................... )
B
O 5¢
H Yca | A
CF;
endo-dig
cyclization . ... \
via PR electrophilic
electrophilic cyclization !
amide activaton | AN via

\ I
R2 nitrilium ion

Scheme 6-2: The complementary carbonyl activation annulation.
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6.2. Outlook

Although a potent analogue was discovered, the cytotoxicity probably can be improved by
further analogue design and synthesis. The 5,5-dimethyl-2,7-diazabicyclo[2.2.1]heptan-3-one
core can be modified to show the important of this unique scaffold. Other heterocycles can also

be introduced. A cellular mechanism study is also anticipated.

Hybrid strategy
biotin for target identification
. oo ) Complexity to diversity strategy
introducing ligands for E3 ligase lactam reduction or thiolactam

Function-oriented strategy
various substitution groups and heterocycles

Figure 6-3: Further investigation of analogues.
In the 5™ generation synthesis, a Pictet—Spengler reaction-iminium ion cyclization-aminalation
cascade was realized yielding the peganumine A (Scheme 6-1e). DFT calculation of the
efficient cascade reaction is envisioned to clarify the mechanism of such reaction. Meanwhile,
the asymmetric version of this cascade reaction is also an interesting topic to explore the proper

catalyst and activation mode.
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7.1. General information

Unless otherwise stated, all reactions were magnetically stirred and conducted in anhydrous
solvents under argon, applying standard Schlenk techniques. Solvents and liquid reagents, as
well as solutions of solid or liquid reagents were added via syringes, stainless steel cannulas
through rubber septa or micropipettes in a weak stream of argon. Solid reagents were added
through a weak argon counter-flow. Cooling baths were prepared in Dewar vessels, filled with
ice/water (0 °C), dry ice/acetonitrile (—40 °C) or dry ice/acetone (—78 °C). Heated oil baths were
used for reactions requiring elevated temperatures. Solvents were removed under reduced
pressure at 40 °C using a rotary evaporator. All given yields are isolated yields of NMR
spectroscopically pure materials, unless otherwise stated.

Chemicals

Chemicals (Abcr, Alfa Aesar, Apollo Scientific, Fisher Scientific, Fluorochem, Sigma-Aldrich,
TCI) were purchased as reagent grade and used without further purification unless otherwise
stated. Molecular sieves (MS) 4 A were dried at 150 °C under vacuum and stored in Schlenk
flask.

Solvents

Solvents (toluene, tetrahydrofuran (THF), dichloromethane (DCM)) were purified with the
solvent purification system Braun MB-SPS-800 (Institut fiir Chemie und Biochemie, Freie
Universitdt Berlin) or dried by distillation from an appropriate drying agent and stored in
Schlenk flasks under argon (Max-Planck-Institut fiir Kohlenforschung). Additional solvents
(dimethylformamide (DMF) and methanol) were purchased from Fisher Scientific in
AcroSeal®-bottles under argon atmosphere with MS 4 A.

Thin-layer chromatography (TLC)

TLC was performed using silica gel coated aluminum plates (ALUGRAM® Xtra SIL G/UV254,
Macherey-Nagel) or pre-coated silica gel plastic sheets (Polygram SIL G/UV254, 0.20 mm,
with fluorescent indicator; Macherey-Nagel) which were visualized under irradiation with UV
light (A = 254) or vanillin stain (500 mg vanillin, 5 mL H>SOj4 (conc.), 10 mL HOAc, 100 mL

MeOH).
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Column Chromatography

Column chromatography was carried out using silica gel from Merck or Macherey & Nagel (60
A, 230-400 mesh, particle size 40—63 pm) or neutral aluminium oxide from Fisher Scientific
(Brockmann I, 60 A, 50-200 um) using technical grade solvents. Fractions containing a desired
substance were combined and concentrated in vacuo. Solvent mixtures (mobile phase) are
reported in terms of volume ratios (v/v).

Nomenclature

Nomenclature follows the suggestions proposed by the computer program ChemDraw
Professional (17.1.0.105) of PerkinElmer.

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H and *C NMR spectra were recorded on a JEOL ECX 400 (400 MHz), JEOL ECP 500 (500
MHz), Bruker Avance 500 (500 MHz), JEOL ECZ600 S (600 MHz) and Bruker Avance 700
(700 MHz) spectrometers in reported deuterated solvent. All spectra were processed with
MestReNova 12.0.3. The residual deuterated solvent signal relative to tetramethylsilane (TMS)
was used as the internal reference in "H NMR spectra (DMSO & [ppm] = 2.50; CD,Cl, & [ppm]
=5.32; CD30D 6 [ppm] =3.31; CsDs 6 [ppm] = 7.16; CDCl; 6 [ppm] = 7.26). Data are reported
as follows: chemical shift, multiplicity (s = singlet, bs = broad singlet, d = doublet, t = triplet,
q = quartet, m = multiplet), coupling constants (Hz) and integration. *C NMR spectra reported
in ppm from tetramethylsilane (TMS) with the solvent resonance as the internal standard
(DMSO & [ppm] = 39.5; CD,Cl, é [ppm] = 53.8; CD3;0OD 6 [ppm] = 49.0, CDCI; & [ppm] =
72.16; C¢Ds 6 [ppm] = 128.0).

Mass Spectrometry

High resolution mass spectrometry (HRMS) was performed on a Finnigan MAT 95 (EI), Bruker
APEX III FTMS (ESI) or Agilent 6210 (ESI). The ionization method and mode of detection
employed is indicated for the respective experiment and all masses are reported in atomic units
per elementary charge (m/z).

IR Spectroscopy

IR Spectra were recorded on a JASCO FT/IR-4100 spectrometer. Characteristic absorption

bands are reported in wavelengths v in cm™ and were analyzed with the software from JASCO.
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Specific Rotations

Specific rotations [a]]) were measured on a Rudolph RA Autopol IV Automatic Polarimeter
or JASCO P-2000 Polarimeter at the indicated temperature with a sodium lamp (sodium D line,
A =589 nm). Measurements were performed in an acid resistant 50 mm cell (Rudolph) or 100
mm (JASCO) with concentrations (g/100 mL) reported in the corresponding solvent.

Circular Dichroism (CD) Spectroscopy

CD were recorded on a Jasco J-810 spectropolarimeter equipped with a temperature-controlled
quartz cell of 0.1 cm path length. The recorded spectra were evaluated with the Jasco software
package. The spectra were the averaged from three scans obtained by collecting data from 190
to 400 nm at 0.2 nm intervals, 2 nm bandwidth, and 1 sec response time.

High Performance Liquid Chromatography (HPLC)

HPLC was performed on Shimadzu LC-20AD liquid chromatograph (SIL-20AC auto sampler,
CMB-20A communication bus module, DGU-20A5 degasser, CTO-20AC column oven, SPD-
M20A diode array detector), Shimadzu LC-20AB liquid chromatograph (SIL-20ACHT auto
sampler, DGU-20A5 degasser, CTO-20AC column oven, SPD-M20A diode array detector), or
Agilent Technologies 1200 series with CHIRALPAK® IA. All solvents used were HPLC-grade
solvents purchased from Sigma-Aldrich or VWR. The column employed and respective solvent

mixture are indicated for each experiment.
7.2. Experimental procedures

7.2.1. Total synthesis of racemic peganumine A and its analogues

7.2.1.1. 1" generation synthetic approach towards peganumine A

4,4-Dimethyltetrahydro-2H-pyran-2-one (2.28)
o (0]
—_—
o THF
90%
2.27 2.28

To suspension of 3,3-dimethyl glutaric anhydride (5.00 g, 35.1 mmol, 1.0 equiv.) in THF

(100 mL) was added NaBH4 (3.98 g, 105 mmol, 3.0 equiv.) by portions at 0 °C. The reaction
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mixture was stirred at room temperature for 3 d, before it was quenched by careful addition of
H,O at 0 °C and extracted with DCM. The combined organic phase was dried over MgSO4 and
concentrated under reduced pressure. The crude product was filtered through a short pad of
Celite® to afford the lactone 2.28 (4.05 g, 31,6 mmol, 90%) as a colorless liquid.

"H NMR (500 MHz, CDCI3) & [ppm] = 4.13-4.00 (m, 2H), 2.10-1.96 (m, 2H), 1.42 (q, J =
6.2 Hz, 2H), 0.80 (dt, /= 5.6, 1.5 Hz, 6H).

3C NMR (126 MHz, CDCl3) & [ppm] = 171.2, 66.2, 43.8, 35.5, 29.4, 28.5.

HRMS-ESI: calcd. for CsH1,0,Na [M + Na]*: 151.0729; found: 151.0737.

FT-IR: v [cm™'] = 2957, 2930, 2872, 1731, 1403, 1268, 1254, 1173, 1076, 1068, 992, 797.

3-Hydroxy-4,4-dimethyltetrahydro-2H-pyran-2-one (2.26)

0.0

\S/ /P
s

o Ph™> NI Ph o
2.29
OH
o) LiHMDS o)
_
THF

47%

2.28 2.26

A solution of HMDS (480 pL, 2.34 mmol, 1.5 equiv.) in THF (5.0 mL) was added nBuLi (2.5 M
in hexane, 930 uL, 2.34 mmol, 1.5 equiv.) at —78 °C. The mixture was stirred for 1 h, before a
solution of lactone 2.28 (200 mg, 1.56 mmol, 1.0 equiv.) in THF (2.0 mL) was added dropwise.
The resulting mixture was stirred at —78 °C for 1 h. A solution of Davis reagent 2.29 (533 mg,
2.04 mmol, 1.3 equiv.) in THF (2.0 mL) was the added dropwise at —78 °C over a period of
30 min, and then reaction mixture was stirred for 3 h at 40 °C. The reaction was quenched
with NH4Cl (sat. aq.) and extracted with DCM. The combined organic phases were washed
with brine, dried over MgSOQs, filtered and concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography (pentane/EtOAc = 5:1) to afford the
a-hydroxylactone 2.26 (105 mg, 0.729 mmol, 47%) as a colorless liquid.

"H NMR (600 MHz, CDCls) & [ppm] = 4.21 (ddd, J= 6.7, 5.7, 2.1 Hz, 2H), 3.87 (s, 1H), 3.21
(s, IH), 1.81-1.76 (m, 1H), 1.76—1.63 (m, 1H), 1.05 (s, 3H), 0.86 (s, 3H).

13C NMR (151 MHz, CDCl;) & [ppm] = 175.2, 75.0, 65.9, 36.4, 34.7,27.7, 21.2.

HRMS-ESI: calcd. for C;H1203Na [M + Na]*: 167.0678; found: 167.0671.

FT-IR: v [cm™'] = 3473, 2960, 2930, 1733, 1368, 1258, 1165, 1108, 1065, 883, 730.
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N-methoxy-3,3-trimethyl-2,5-dioxopentanamide (2.24a)

(0] MeO., .Me

N o] 0]
OH | HCI
o H AlMe COCl),, DMSO, EtN oM
é@ e oo oot o S0, v
212 OH Me CHxCl, O Me
2.26 2.25a 2.24a

To a solution of a-hydroxylactone 2.26 (150 mg, 1.04 mmol, 1.0 equiv.) in DCM (5.0 mL) was
added N,O-dimethylhydroxylamine hydrochloride (304 mg, 3.12 mmol, 3.0 equiv.). AlMe3
(2.0 M in toluene, 1.56 mL, 3.12 mmol, 3.0 equiv.) was added to the reaction mixture dropwise
carefully at 0 °C. After the addition, the resulting mixture was moved to room temperature to
stir overnight. The reaction was quenched with potassium sodium tartrate (sat. aq.) carefully
and extracted with DCM. The combined organic phases were washed with brine, dried over
MgSOs, filtered and concentrated under reduced pressure. The crude diol 2.25a was used
without further purification.

To a solution of DMSO (133 pL, 1.87 mmol, 4.8 equiv.) in DCM (4.0 mL) was added oxyalyl
chloride (79.2 pL, 0.936 mmol, 2.4 equiv.) at —78 °C. After the mixture was stirred for 30 min,
a solution of the crude diol 2.25a (80 mg, 0.390 mmol, 1.0 equiv.) in DCM (2.0 mL) was added
at —78 °C. The resulting mixture was stirred for 30 min, before the addition of EtsN (541 uL,
3.90 mmol, 10 equiv.). The reaction mixture was stirred for another 20 min and quenched with
NaHCOs (sat. aq.). The mixture was extracted with DCM. The combined organic phases were
washed with brine, dried over MgSQy, filtered and concentrated under reduced pressure. The
crude product was purified by silica gel column chromatography (pentane/EtOAc = 5:1) to
afford 2.24a (105 mg, 0.522 mmol, 50% over two steps) as a light yellow liquid.

'H NMR (400 MHz, CDCls) 8 [ppm] = 9.71 (t, J = 2.2 Hz, 1H), 3.63 (s, 3H), 3.20 (s, 3H), 2.63
(d, J=2.2 Hz, 2H), 1.35 (s, 6H).

13C NMR (101 MHz, CDCls) § [ppm] = 205.2, 200.5, 167.4, 62.0, 51.7, 44.6, 31.3, 24.5.
HRMS-ESI: calcd. for CoHisNO4Na [M + Na]*: 224.0893; found: 224.0894.

FT-IR: v [cm™] = 2925, 1713, 1658, 1462, 1386, 966.
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7.2.1.2. 2™ generation synthetic approach towards peganumine A

Methyl 5-((2-(1H-indol-3-yl)ethyl)amino)-3,3-dimethyl-5-oxopentanoate (2.33a)

0
NH N
A 2 then SOCl, ©j§\ H
N MeOH N

H 97% H o
2.33a

Tryptamine (2.00 g, 12.3 mmol, 1.0 equiv.) and 3,3-dimethylglutaric anhydride (1.75 g,
12.3 mmol, 1.0 equiv.) were dissolved in MeOH (25 mL). The mixture was stirred overnight,
before SOCl, (880 uL, 12.3 mmol, 1.0 equiv.) was added dropwise at 0 °C. The reaction mixture
was allowed to warm to room temperature for 3 h and quenched with NaHCO;s (sat. aq.). The
mixture was extracted with DCM. The combined organic phases were washed with brine, dried
over MgSQOy, filtered and concentrated under reduced pressure. The crude product was purified
by silica gel column chromatography (pentane/EtOAc = 2:1) to afford the methyl ester 2.33a
(3.83 g, 12.1 mmol, 97%) as a light yellow solid.

"H NMR (700 MHz, CDCl;) § [ppm] = 8.13 (s, 1H), 7.62-7.60 (m, 1H), 7.37-7.35 (m, 1H),
7.19 (ddd, /= 8.1, 7.0, 1.2 Hz, 1H), 7.12 (ddd, /= 7.9, 7.0, 1.0 Hz, 1H), 7.05 (dd, J=2.3, 1.1
Hz, 1H), 6.41 (s, 1H), 3.63 (td, J= 7.0, 5.7 Hz, 2H), 3.60 (s, 3H), 2.98 (td, /= 7.0, 1.0 Hz, 2H),
2.24 (s, 2H), 2.20 (s, 2H), 1.04 (s, 6H).

13C NMR (176 MHz, CDCls) & [ppm] = 173.5, 171.2, 136.5, 127.5, 122.3, 122.1, 119.5, 118.9,
113.3, 111.3,51.5, 47.4, 44.7, 39.6, 33.5, 28.7, 25.6.

HRMS-ESI: calcd. for CisH24N,O3Na [M + Na]': 339.1679; found: 339.1683.

FT-IR: v [cm™'] = 3401, 3293, 2952, 1735, 1728, 1644, 1525, 1435, 1354, 1227, 1218, 740.

Methyl 4-(4,9-dihydro-3H-pyrido[3,4-b]indol-1-yl)-3,3-dimethylbutanoate (2.32a)

(o]
N N OMe
N\ POCl; N\ /
N toluene N o
H o 68% H
OMe
2.33a 2.32a

To a solution of methyl ester 2.33a (1.2 g, 4.02 mmol, 1.0 equiv.) in toluene (50 mL) was added
POCI; (364 uL, 4.02 mmol, 1.0 equiv.) at room temperature. The reaction mixture was heated

to 110 °C till the methyl ester 2.33a was fully consumed (TLC monitoring). After the reaction
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mixture was cooled down to room temperature, the solvent was removed under reduced
pressure. The crude product was purified by silica gel column chromatography (DCM/MeOH
=10:1) to afford imine 2.32a (770 mg, 2.58 mmol, 68%) as a dark yellow solid.

TH NMR (700 MHz, ds-DMSO) & [ppm] = 11.36 (s, 1H), 7.55-7.51 (m, 1H), 7.42 (dt, J= 8.2,
1.0 Hz, 1H), 7.18 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.03 (ddd, J = 7.9, 6.9, 1.0 Hz, 1H), 3.76—
3.69 (m, 2H), 3.54 (s, 3H), 2.75-2.70 (m, 2H), 2.67 (s, 2H), 2.42 (s, 2H), 1.02 (s, 6H).

13C NMR (176 MHz, ds-DMSO) & [ppm] = 172.0, 158.8, 136.4, 129.9, 124.9, 123.4, 119.5,
119.3, 114.1, 112.3, 50.9, 47.9, 44.9, 44.8, 33.8, 27.0, 18.9.

HRMS-ESI: calcd. for CisH23N,0, [M + H]': 299.1754; found: 299.1752.

FT-IR: v [cm™] = 3392, 2969, 2879, 1735, 1626, 1552, 1431, 1339, 1227, 1217, 751.

2,2-Dimethyl-2,3,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-4(1H)-one (2.31a)

N OMe 2
N\ / NaBH, { N
ek
N 0 EtOH
H 76% N

2.32a 2.31a

To a solution of imine 2.32a (750 mg, 1.68 mmol, 1.0 equiv.) in EtOH (15 mL) was added
NaBHs (189 mg, 3.36 mmol, 2.0 equiv.) at 0 °C by portions. The resulting mixture was allowed
to warm to room temperature and stirred for another 5 h, before the reaction mixture was
quenched with HOAc (1% aq.). The mixture was extracted with DCM. The combined organic
phases were washed with brine, dried over MgSOQs,, filtered and concentrated under reduced
pressure. The crude product was purified by silica gel column chromatography (pentane/EtOAc
=5:1) to afford lactam 2.31a (515 mg, 1.92 mmol, 76%) as a white solid.

'"H NMR (500 MHz, CD>Cl,) 8 [ppm] = 8.97 (s, 1H), 7.49 (d, J = 7.8 Hz, 1H), 7.38-7.38 (m,
1H), 7.17-7.14 (m, 1H), 7.12-7.05 (m, 1H), 5.22-5.11 (m, 1H), 4.92-4.81 (m, 1H), 2.96-2.86
(m, 1H), 2.85-2.81 (m, 1H), 2.81-2.74 (m, 1H), 2.40-2.30 (m, 1H), 2.26 (q, /= 11.2, 10.0 Hz,
2H), 1.70 (dd, J=13.1, 11.4 Hz, 1H), 1.16 (s, 3H), 1.07 (s, 3H).

13C NMR (126 MHz, CD,Cl») & [ppm] = 168.8, 136.9, 134.4, 127.4,122.0, 119.8, 118.4, 111.4,
109.1, 52.0,46.4, 41.4, 40.3, 30.7, 29.4, 25.5, 21.6.

HRMS-ESI: calcd. for C17H21NO [M + H]™: 269.1649; found: 269.1647.

FT-IR: v [cm™] = 3375, 3177, 2955, 2931, 2369, 2317, 2269, 1704, 1624, 1415, 1156, 741.
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Tert-butyl 2,2-dimethyl-4-oxo0-1,3,4,6,7,12b-hexahydroindolo[2,3-a]quinolizine-12(2H)-

carboxylate (2.34a)

(o] o]
N Boc,0, EtzN N
N\ 4-DMAP N\
_—
N THF N
\
H 95% Boc
2.31a 2.34a

To a solution of lactam 2.31a (350 mg, 1.30 mmol, 1.0 equiv.) in THF (10 mL) was added Etz:N
(450 pL, 1.95 mmol, 2.5 equiv.), 4-DMAP (39.7 mg, 325 mmol, 0.25 equiv.) and Boc,O
(425 mg, 1.95 mmol, 1.5 equiv.) subsequently. The resulting mixture was stirred at room
temperature overnight before the reaction mixture was quenched with NaHCO; (sat. aq.). The
mixture was extracted with DCM. The combined organic phases were washed with brine, dried
over MgSOy, filtered and concentrated under reduced pressure. The crude product was purified
by silica gel column chromatography (pentane/EtOAc = 10:1) to afford lactam 2.34a (455 mg,
1.24 mmol, 95%) as a white solid.

"H NMR (500 MHz, CDCI3) & [ppm] = 7.98 (dt, J = 8.3, 0.9 Hz, 1H), 7.43 (ddd, J=17.6, 1.5,
0.7 Hz, 1H), 7.29 (ddd, J= 8.4, 7.2, 1.4 Hz, 1H), 7.24 (td, /=7.4, 1.1 Hz, 1H), 5.26-5.19 (m,
1H), 5.13 (ddd, /= 12.0, 4.4, 1.6 Hz, 1H), 2.83 (td, J=11.7, 3.6 Hz, 1H), 2.75 (dddd, /=157,
11.2,4.4, 2.5 Hz, 1H), 2.71-2.65 (m, 1H), 2.39-2.32 (m, 2H), 2.21 (d, /= 17.5 Hz, 1H), 1.70
(s, 9H), 1.38 (dd, J=12.9, 11.1 Hz, 1H), 1.18 (s, 3H), 1.01 (s, 3H).

13C NMR (126 MHz, CDCl5) & [ppm] = 169.4, 150.4, 136.9, 135.9, 128.8, 124.6, 123.0, 118.5,
118.3, 115.4, 84.4,53.2,46.2,42.1,39.2,31.2, 28.8, 28.3, 25.9, 21.9.

HRMS-ESI: calcd. for C2oH,sN,O3Na [M + Na]'™: 391.1992; found: 391.1978.

FT-IR: v [cm™] = 2958, 2927, 1726, 1620, 1455, 1310, 1158, 1137, 748.

Tert-butyl 3-hydroxy-2,2-dimethyl-4-oxo-1,3,4,6,7,12b-hexahydroindolo[2,3-a]quinoliz-

ine-12(2H)-carboxylate (2.35a)

O O
N N
{ LDA, 05, P(OMe)s { o
N 70%, e e 1611 N
Boc SRl Boc
2.34a 2.35a

A solution of iPr,NH (249 uL, 1.76 mmol, 4.0 equiv.) in THF (3.0 mL) was added nBuLi (2.5 M

in hexane, 700 uL, 1.76 mmol, 4.0 equiv.) at 0 °C. The mixture was stirred for 1 h at 0 °C,
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7.2. Experimental procedures

before a solution of lactam 2.34a (162 mg, 440 mmol, 1.0 equiv.) in THF (2.0 mL) was added
dropwise at —78 °C. After the resultant mixture was stirred at —78 °C for 1 h, P(OMe); (104 uL,
880 mmol, 2.0 equiv.) was added. O, (balloon pressure) was bubbled through the mixture for
20 min, and the mixture was stirred for additional 2 h under O, atmosphere (the generation of
the product was monitored by TLC). Then reaction was quenched with NaHCOj (sat. aq.). The
aqueous phase was extracted with DCM. The combined organic phases were washed with brine,
dried over MgSOs, filtered and the solvent was removed under reduced pressure. The crude
product was purified by silica gel column chromatography (pentane/EtOAc = 5:1) to afford a-
hydroxylactam 2.35a (118 mg, 0.307 mmol, 70%, dr = 1.6:1) as a yellow solid.

'H NMR (500 MHz, CDCls3) & [ppm] = 8.05 (dt, J = 8.3, 0.9 Hz, 2H), 7.98 (dt, J = 8.4, 0.9 Hz,
1H), 7.47-7.41 (m, 3H), 7.31 (dddd, J = 8.4, 7.2, 3.8, 1.4 Hz, 3H), 7.28-7.23 (m, 3H), 5.36—
5.30 (m, 2H), 5.16 (ddd, J = 11.3, 4.4, 2.3 Hz, 1H), 5.03 (ddd, J = 12.6, 4.8, 1.5 Hz, 1H), 4.89
(ddd, J=12.6, 5.0, 1.7 Hz, 2H), 4.00 (d, J = 2.2 Hz, 2H), 3.94 (d, J = 3.1 Hz, 2H), 3.75 (s, 1H),
3.70 (s, 1H), 3.64 (d, J = 7.7 Hz, 1H), 3.05-2.97 (m, 2H), 2.93 (ddd, J = 12.6, 11.1, 4.2 Hz,
1H), 2.86-2.79 (m, 2H), 2.79-2.70 (m, 3H), 2.50 (dd, J = 13.6, 4.3 Hz, 1H), 2.37 (dd, J = 13.9,
5.8 Hz, 2H), 1.71 (s, 13H), 1.70 (s, 11H), 1.58-1.50 (m, 3H), 1.24 (s, 5H), 1.14 (d, J = 1.9 Hz,
6H), 0.78 (s, 5H).

13C NMR (126 MHz, CDCl3) & [ppm] = 172.7, 171.5, 150.4, 150.1, 137.0, 136.5, 135.3, 134.9,
128.7, 128.5, 124.8, 124.8, 123.2, 123.2, 118.4, 118.3, 116.9, 115.8, 115.4, 84.7, 84.6, 76.2,
74.7,53.4,49.9,43.9,40.1, 40.1, 39.7, 34.6, 33.3, 28.4, 28.3, 28.1, 23.2, 22.1, 20.8, 18.4.
(Note: The diastereomers were not to be seperated. Therefore, the NMRs showed peaks of the
two diastereomers.)

HRMS-ESI: calcd. for C2oH2sN>O4Na [M + Na]™: 407.1941; found: 407.1923.

FT-IR: v [cm™] = 2971, 2927, 2869, 1728, 1638, 1455, 1366, 1251, 1145, 1139, 1069, 754.

Tert-butyl 2,2-dimethyl-3,4-dioxo-1,3,4,6,7,12b-hexahydroindolo[2,3-a]quinolizine-12-
(2H)-carboxylate (2.36a)

__NCS, Me,S EtN
CH2(:|2
92%

Boc
2.35a 2.36a
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Experimental Information

To a solution of NCS (260 mg, 1.95 mmol, 5.0 equiv.) in DCM (10 mL) at 0 °C was added
Me,S (716 pL, 9.75 mmol, 25 equiv.) and the mixture was stirred at —78 °C for 1 h. The solution
of a-hydroxylactam 2.35a (130 mg, 0.390 mmol, 1.0 equiv.) in DCM (5.0 mL) was added
dropwise. The resulting mixture was stirred at —78 °C for another 2 h before Et;N (1.08 mL,
7.80 mmol, 20 equiv.) was added. Then the mixture was stirred at —78 °C for 2 h before
quenched with NH4Cl (sat. aq.) and extracted with DCM. The combined organic phases were
washed with brine, dried over MgSQs,, filtered and concentrated under reduced pressure. The
crude product was purified by silica gel column chromatography (pentane/EtOAc = 5:2) to
afford the a-ketolactam 2.36a (120 mg, 0.312 mmol, 92%) as a yellow solid.

'H NMR (500 MHz, CDCl3) & [ppm] = 7.96 (dt, J = 8.4, 0.9 Hz, 1H), 7.48-7.42 (m, 1H), 7.32
(ddd, J=8.5,7.3, 1.5 Hz, 1H), 7.26 (td, J = 7.3, 1.1 Hz, 1H), 5.63-5.59 (m, 1H), 5.08 (dt, J =
12.5, 3.5 Hz, 1H), 3.01 (ddd, J = 12.6, 8.7, 6.8 Hz, 1H), 2.82 (ddd, J = 8.9, 4.8, 2.5 Hz, 2H),
2.56 (dd, J=13.7,2.9 Hz, 1H), 1.86 (dd, J = 13.7, 10.9 Hz, 1H), 1.71 (s, 9H), 1.40 (s, 3H), 1.21
(s, 3H).

13C NMR (126 M