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General Remarks

All the solvents used were purified using the known literature procedures.

Petroleum ether used in the experiments was of 60—80 °C boiling range.

Silica gel column chromatographic separations were carried out by gradient elution with
light petroleum ether—ethyl acetate mixture, unless otherwise mentioned (silica gel, 60—
120 mesh/100-200 mesh/230-400 mesh).

TLC was performed on E-Merck pre-coated 60 Fs4 plates and the spots were rendered
visible by exposing to UV light, iodine, p-anisaldehyde (in ethanol), bromocresol green
(in ethanol), phosphomolybdic acid (in ethanol) and ninhydrin (in ethanol).

IR spectra were recorded on Shimadzu FTIR instrument, for solid either as nujol mull,
neat or in chloroform solution (concentration 0.05 to 10%) and neat in case of liquid
compounds.

NMR spectra were recorded on Brucker and Jeol ACF 200 (200 MHz for *H NMR and
50 MHz for **C NMR), ACF 400 (400 MHz for *H NMR and 100 MHz for *C NMR)
and DRX 500 (500 MHz for *H NMR and 125 MHz for *C NMR) spectrometers.
Chemical shifts () reported are referred to internal reference tetramethyl silane.

Mass spectra were taken on MS-TOF mass spectrometer.

HRMS (ESI) were taken on Orbitrap (quadrupole plus ion trap) and TOF mass analyzer.

All the melting points reported are uncorrected and were recorded using an electro-
thermal melting point apparatus.

All the compounds previously known in the literature were characterized by comparison
of IR and NMR spectra as well as melting point with authentic samples.

All the new experiments were repeated two or more times.

Starting materials were obtained from commercial sources or prepared using known

procedures.
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Abstract

Bioactive alkaloids occupy an important position in basic and applied chemistry and play
an indispensable role in medicinal chemistry. Among them indole alkaloids represent an
important class; because several molecules of these class of alkaloids have broad range of
clinical and pharmacological utility (Figure 1). Thus a straight forward synthetic approach
towards these classes of alkaloids would provide the necessary basis for intensified
structural investigation of their highly attractive spectrum of therapeutic effects. Hence
keeping this in mind, we have devised a strategy to synthesize novel indole alkaloids by

using cyclic anhydrides and their derivatives as the potential precursors.

I IR
Br N " "Me N
HOv (¢] :
(+)-Arborescidine C ™~
(-)-Eburnamonine
| N
¥
H v
N
CH,OH Ac
(-)-Dihydrocorynantheol (-)-Aspidospermidine (-)-Deoxyaspidodispermine
" _ -
L LHN H -0 H .o
N N + N +
o) : Me0,C™% Ord HO=\_
Z HO H H MeO,C B
oo™ OH 2 ~
(-)-19-Oxoeburnamonine (-)-Eburnamaline (-)-Tacamine-N-oxide (+)-Alpneumine G

Figure 1. Bioactive indole alkaloids

The present dissertation is divided into three chapters. The first chapter portrays a
contemporary literature account on the applications of the cyclic anhydrides and their
derivatives in the synthesis of indole alkaloids. The second chapter describes synthesis of
tetrahydro-p-carboline alkaloids (+)-harmicine, (S)-desbromoarborescidine A—C and (S)-
deplancheine. The third chapter describes synthesis of vinca-eburna & tacaman type
alkaloids (+)-3-epitacamonine, (-)-vindeburnol, (x)-eburnamonine, (x)-melohenine B, (z)-

eburnaminol and (z)-larutensine utilizing cyclic imide as a potential precursor (Figure 2).

Note: Independent figure, scheme & structure numbers have been used for each section.



(+)-Harmicine

(+)-Desbromo-
arborescidine A

(1)-EburnaminoﬁOH (-)-Eburnamonine

(+)-Desbromo-
arborescidine B

(+)-Desbromo-
arborescidine C

(+)-Spiro
(+)-Bilactam f-lactaone

OH
(-)-20-Epihydroxy-
desethyleburnamonine

ILH 0
=N HN
NN \
N
OH HO — 0 =) 7
(-)-3-Epitacamonine (-)-14-Epihydroxy- (+)-Melohenine B (-)-Desethyleburnamonine Macrolactam CO,Me

tacamonine

Figure 2. Bioactive indole alkaloids & their analogues synthesized.

Chapter One: A Concise Account on the Application of Cyclic Anhydrides and Cyclic
Imides in the Syntheses of Indole Alkaloids

Classification of alkaloids, more specifically indole alkaloids along with their biosynthesis
have been briefly presented in this chapter. Cyclic anhydrides and cyclic imides are
important synthons for the synthesis of bioactive natural and unnatural products. Syntheses
of various indole alkaloids utilizing cyclic anhydrides and cyclic imides as a potential

starting material have been also briefly described in this chapter.

Chapter Two: Studies on the Synthesis of Tetrahydro-g-Carboline Alkaloids

Section A: Synthesis of (+)-Harmicine

A brief account on previous syntheses of (z)/(+)/(-)-harmicine have been presented
schematically. A facile convergent access to an important indole alkaloid (+)-harmicine
has been described starting from tryptamine and (R)-acetoxysuccinic anhydride via the
corresponding acetoxysuccinimide with very good overall yield. Regioselective reduction
of an unsymmetrical imide carbonyl group and acid -catalyzed stereoselective
intramolecular cyclization were the involved key features. The handle to induce
asymmetry was finally detached via the corresponding iodide by using tributytin hydride
chemistry (Scheme 1).
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Scheme 1. Synthesis of (+)-harmicine

Overall, tryptamine and (R)-acetoxysuccinic anhydride were synthetically tailored to (+)-
harmicine in a sequential fashion via dehydrative coupling, regioselective reduction,
stereoselective intramolecular cyclization, overall deoxygenation and reduction pathway in
very good overall yield with high enantiomeric purity. Specifically, the synthesis of
enantiomerically pure (+)-harmicine has been accomplished from readily available staring
materials using simple reaction conditions and in absence of transition metal catalysis. The
present route is general in nature and will be useful to design the focused mini-library of

its analogs and congeners for SAR studies.

Section B: Enantioselective Total Synthesis of Desbromoarborescidines A-C and the

Formal Synthesis of (S)-Deplancheine

A brief account on previous syntheses of arborescidines/desbromoarborescidines A—C and
deplancheine has been presented. Starting from Boc-protected tryptamine and (S)-
tetrahydro-5-oxo-2-furancarboxylic acid, facile enantioselective total synthesis of
desbromoarborescidines A—C and the formal synthesis of (S)-deplancheine have been

accomplished via a common intermediate (S)-indolo[2,3-a]quinolizine (Schemes 2—-4).

NH, g

©\—J/\/ H\& EDCI, Et;N \Q)%O +BUOK, THF

N T HO,C" Y07 O bom 2s°C ‘ —78°C to -50 °C

éoc 24 h (86%) é 1.50 h (65%)

1 (5)-2 0C (-)-3 (96% ee)

Ac20, EtsN NaBH,
| O  DMAP, DCM | o) MeOH:DCM ‘ o
N R N HO N
N~ O 0°C t0 25°C N~ O ~10°C 10 0 °C N
éoc . 4 h (98%) éoc . 1h (84%) I-%500 R
HO AcO AcO
(-)-4 (96% ee) (-)-5 (-)-6 (2:1 dr)

Scheme 1. Synthesis of (S)-acetoxyglutarimide
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Scheme 2. Stereoselective synthesis of pivotal intermediate (S)-indolo[2,3-a]quinolizine:

formal synthesis of (S)-deplancheine
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Scheme 3. Synthesis of enantiomerically pure desbromoarborescidines A—C from (S)-

indolo[2,3-a]quinolizine
Synthesis of enantiomerically pure (S)-acetoxyglutarimide, stereoselective reductive
intramolecular cyclization, hydroxyl group-assisted in situ N-Boc-deprotection, selective
deoxygenation of the xanthate ester, and lactam hydrolysis followed by an appropriate
exchange of nitrogen regioselectivity in intramolecular cyclization were the decisive steps.
Overall, we have demonstrated enantioselective convergent approach to deplancheine and
desbromoarborescidines A—C from the corresponding (S)-acetoxyglutarimide. All the three
different oxygen functions present in (S)-acetoxyglutarimide were rationally utilized in a
remarkable chemo-, regio- and stereoselective fashion to design these four desired
tantamount targets in very good overall yields and high enantiomeric purities, using
appropriate protecting groups. The present practical approach to these products is general

in nature and would be useful to synthesize their potential analogues and congeners for
vii



SAR studies. The witnessed in situ intramolecular Boc-group migration-deprotection is
notable from mechanistic point of view. The chiral intermediate (1S,12R)-1-hydroxy-
1,2,3,6,7,12b-hexahydroindolo[2,3-a]quinolizin-4(12H)-one (12) is noteworthy and it will

serve as an important synthon to design several other bioactive indole alkaloids.

Chapter Three: Lactam Carbonyl as a Switch to Tailor the Stereoselectivity in Ester-

Aldol Reaction: Diastereoselective/Enantioselective Synthesis of Vinca-Eburna and
Tacaman Alkaloids and Analogues Thereof

Section A: Concise Literature Account of Indole Alkaloids Eburnamonine,
Eburnaminol, Larutensine, Melohenine B, Tacamonine and Vindeburnol

A concise literature account of indole alkaloids eburnamonine, eburnaminol, larutensine,
melohenine B, tacamonine and vindeburnol has been presented.

Section B: Diastereoselective/Enantioselective Synthesis of Indole Alkaloids 3-
Epitacamonine, Eburnamonine, Eburnaminol, Larutensine, Melohenine B, and
Vindeburnol

Starting from (-)-/(x)-acetoxyglutarimide enantioselective/diastereoselective multistep
synthesis of indole alkaloids (—)-3-epitacamonine, (x)-eburnamonine, (£)-melohenine B,
(x)-eburnaminol,
intermediate  (+)-/(z)-1-hydroxy-12-tosyl-2,3,6,7,12,12b-hexahydroindolo[2,3-
ajJquinolizin-4(1H)-one with very good overall yields. The acetoxy function from (-)-/(z)-
the

(x)-larutensine and (—)-vindeburnol have been demonstrated via a

common

acetoxyglutarimide  was initially used as a handle to induce

enantioselectivety/diastereoselectivity and then as a latent source of ketone carbonyl
group. Most importantly, the lactam carbonyl group functioned as a switch to alter the
stereoselectivity in ester aldol reactions of hexahydroindolo[2,3-a]quinolizinones. In
addition, syntheses of several pharmacologically important enantiomerically pure synthetic

analogues of these natural products have also been described.
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Scheme 1: Stereoselective synthesis of (x)-keto-lactam
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Scheme 2: Stereoselective synthesis of (x)-keto-amine
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Scheme 3. Lactam carbonyl as a switch to alter the stereoselectivity in ester aldol
reactions of hexahydroindolo[2,3-a]quinolizinones
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Scheme 7. Enantioselective total synthesis of (-)-3-epitacamonine
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Scheme 9. Formal synthesis of (x)-eburnaminol and (£)-larutensine
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Scheme 10. Diastereoselective formal synthesis of (z)-vindeburnol
We have completed facile enantioselective/diastereoselective synthesis of indole alkaloids
(#)-

larutensine and (—)-vindeburnol. The first precise stepwise use of all the three oxygen

(—)-3-epitacamonine, (x)-eburnamonine, (x)-melohenine B, (x)-eburnaminol,
functions in (-)-/(x)-acetoxyglutarimide in a chemo-, regio- and stereoselective manner to
craft the desired target compounds is noteworthy. The amine-lactam switch system was
developed and successfully used for the stereoselective embarking of an incoming
nucleophile in ester aldol reactions. The obtained two different stereochemical outcomes
were rationally used for a stereoselective design of indole alkaloids, their analogues and
congeners. We feel that our present protocol is general in nature and will be useful to
synthesize several natural and unnatural indole based structurally interesting and

biologically important architectures for SAR studies.

In summary, starting from cyclic anhydrides and imides we have completed total synthesis

of several enantiomerically pure indole alkaloids.
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1.1 Alkaloids

A natural product is a chemical substance which is being produced by a plant or an animal.
The substances which contain basic nitrogen atom isolated from nature are called
alkaloids. They are one of the largest classes of secondary metabolite produced by living
organisms. The presence of basic nitrogen atom makes them particularly
pharmacologically active. Since most of the alkaloids are amines, they form soluble salts
after reacting with acids. Thus the term alkaloid is derived from ‘alkali-like’, which was
first introduced by the pharmacist W. Meissner in 1819." This term was further modified

and the ‘true alkaloid’ was defined as compounds satisfying four requirements:
The nitrogen atom is a part of heterocyclic system.

The compound should have complex molecular structure.

The compound should possess modest pharmacological activity.

The compound is restricted to plant kingdom.

However, for some reasons the above definition is not particularly valid today.>® Thus,
today the concept of alkaloid has been elaborated and it is regarded as a naturally

occurring nitrogenous compound. A more specified definition has been given by Pelleter:?

An alkaloid is a cyclic organic compound containing nitrogen in negative oxidation state

which is of limited distribution among living organisms.
1.2 Biological Activities of Alkaloids

Alkaloids are having many important biological activities. They are significant for the
protection and survival of plants because they act in the defence mechanism against micro-
organisms (antibacterial and anti-fungal activities), insects and herbivores (feeding
deterrents) and also against other plants by means of allelopathically active chemicals.
They also function as signal compounds, attract pollinating or seed-dispersing insects and
represent adaptive characters that have been subjected to natural selection during
evolution.* Curare alkaloids were used as the active ingredients of arrow poisons.® In those
curare alkaloids, more specifically tubocuranine has muscle relaxant properties like it has

been employed as relaxants of skeletal muscle during surgery to control convulsions.



Alkaloids often have many pharmacological activities which includes various
physiological activities in humans and animals. Alkaloids containing plants have been
used for dye, spices and drugs long back in the beginning of civilization.® Opium isolated
from Papaver somniferam L. was used as a medicine as early as 4000 B. C in anicient
Sumer, the birth place of world’s first civilization. Morphine (1) (Papaver somniferam) is
the first alkaloid to be isolated in pure form in 1805 by W. Serturner (Figure 1). It acts as
an indispensable analgesic, used for the treatment of severe pain. Quinine (2) is most
known for its antimalarial activity and remains on the market as an antipyretic (fever
suppressant). Some other physiologically effective alkaloids are caffeine (3,
psychostimulant), cocaine (4, local anesthetic), nicotine (5, nicotinic acetylcholine receptor

agonist) and codeine (6, antitussive).

H,CO

Quinine (2)
H
Y
0 N/ CH3
@)
Cocaine (4) (S)-Nicotine (5) Codeine (6)

Figure 1. Pharmacologically active alkaloids
1.3 Classification of Alkaloids

Alkaloids display a great variety in their botanical and biochemical origin, in chemical
structure and in pharmacological activity. Hence, many different systems of classifications

are possible. Broadly they have been classified into three groups as follows.”®

I. According to their source

I1. According to their chemical structure (hetereocyclic/non-hetereocyclic)

The above groups have been briefly described in tabular format.



I. Classification of alkaloids according to their source

) ) Biosynthetic
Alkaloid Class Basic Structure Example
Precursor
Pyrrolidine <N> Omithine Hygrin
H
Tropane @ Omithine Atropine, Cocaine
Piperidine (Nj Lysine Coniine
H
Quinolizidine CO Lysine Lupinine
- N . : :
Isoquinoline ©®“ Tyrosine Codeine, Morphine
~
Psilocybin,
A\ .
Indole ©:\> Tryptophan Reserpine,
H Strychnine
I1. Classification of alkaloids according to their chemical structure
A. Heterocyclic Alkaloids
Alkaloid Class Example
i. Indole Strychnine, Lysergic acid, Ergotamine
ii. Isoquinoline Papaverine
iii. Morphinan Morphine, Codeine, Thebaine
iv. Tropane Atropine, Hyoscyam_lne, Cocaine,
Scopolamine
v. Pyridine Nicotine
vi. Piperidine Piperine, Coniine
vii. Quinoline Quinine
viii. Purine Caffeine, Theobromine, Theophylline




iX. Indolizidine

Castanospermine, Swainsonine

X. Imidazole Pilocarpine
xi. Steroidal Solanidine, Conessine, Funtumine
xii. Terpenoid Aconitine, Atisine, Lyctonine

B. Non-heterocyclic Alkaloids

i. Phenylalkylamine derivatives (for example; ephedrine, mescaline and capsaicin)

ii. Taxol (a modified diterpene pseudo alkaloid)

iii. Pachysandrine A (steroid with N-containing C-17 side-chain)

iv. Jurubin (steroid with 3-amino group)

v. Erythromycin (an antibiotic)

1.4 Indole Alkaloids

Indole alkaloids contain a basic indole ring skeleton in their structure. It is one of the

largest classes of alkaloids comprising more than 4000 members. Many of them possess

important biological activities whereas some of them are used in medicine (Figure 2). In

nature indole alkaloids come from tryptophan which originates from the shikimic acid

pathway. Many of them are of mixed-origin, where terpene based geraniol acts as a

precursor.®

OH

OAc
CO,Me

Vincristine
(antitumor agent)

Me‘N—Me

ZT
»w=0

A\
N
H

o

Sumatriptan
(agonist of migraine)

I
o]

OH
H z
N\/&
o : ©
IH 2
N.
HN/

Ergotamine
(to apply against
uterine bleeding)

Ergoline
(psychedelic drug)

Me oM
N. o F MeO ©
o) (0]
OMe
A\ o]
: OMe
N -
Me
Arbidol Reserpine

(antiviral drug) (antipsychotic drug)

Figure 2. Drugs containing indole moiety
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1.4.1 Classification of Indole Alkaloids

Depending on their biosynthetic origin, indole alkaloids are classified into two groups.

A. Non-isoprenoid Indole Alkaloids (Figure 3)

i. Simple indole derivatives: For example; serotonine (7), gramine (8) and glycozoline
(9, carbazole alkaloid)

ii. Simple derivatives of S-carbolines: For example; harmine (10) and canthinone (11)

iii. Pyrolo-indole alkaloids: For example; physostigmine (12)

HO
me MeO Me
o / Mo
/N N '?‘

Serotonln Gramine (8) Glycozoline (9
(fﬁ
N H

Harmine ( Canthinone (11) Physostigmine (12)
Figure 3. Representative non-isoprenoid indole alkaloids

B. Isoprenoid Indole Alkaloids

Isoprenoid indole alkaloids contain residues of tryptophan (13) or tryptamine (14) (Figure
4) along with isoprenoid building blocks derived from dimethylallyl pyrophosphate
(DMAPP) and isopentenyl pyrophosphate. It is divided into three categories.

CO,H
N N
H H
Tryptophan (13) Tryptamine (14)

Figure 4. Tryptophan and tryptamine
I. Ergot alkaloids:
These are a class of hemiterpenoid indole alkaloids related to lysergic acid (15). They are
formed via multistage reactions between tryptophan and DMAPP (Figure 5), for example;

ergine (16), ergometrine (17) and ergocristine (18).



_CHj _CHj
N
AES; H
N

Lysergic acid (15)

Ergometrine (17) Ergocristine (18)
Figure 5. Representative ergot alkaloids
ii. Monoterpene indole alkaloids:
This class of alkaloids contain Cg or Cyo unit originated from secologanin (19) (see
Scheme 1 for structure of 19). Depending on the structure of residues, this class is divided
into three subclasses named by a typical genus or species of the plant which contain such
alkaloids; (a) corynanthe, (b) iboga and (c) aspidosperma.

Representative examples of monoterpene indole alkaloids have been given in figure 6.

Type Number of carbon unit present in the monoterpenoid fragment
Co Cio
Corynanthe Ajmaline (20) Ajmalicine (21), Yohimbine (22)
Iboga Ibogaine (23) Voacangine (24)
Aspidosperma | Eburnamonine (25) | Tabersonine (26), Vincamine (27), Vindoline (28)




Corynanthe Iboga Aspidosperma
C4o fragment C4o fragment C4o fragment

H
K
Ajmaline (20) Ajmalicine (21) Yohimbine (22)
—0 —0
N
\
N
H H =
o=\
OMe
Ibogaine (23) Voacangine (24)

MeO™ ~O
Tabersonine (26) Vincamine (27) Vindoline (28)

Figure 6. Representative monoterpene indole alkaloids
iii. Bisindole alkaloids: For example; voacamine (29) and vinblastine (30) (Figure 7)

Voacamine (29) Vinblastine (30)

Figure 7. Representative bisindole alkaloids

1.4.2 Biosynthesis of Monoterpene Indole Alkaloids

All monoterpene indole alkaloids have been originated from tryptophan and iridoid terpene

secologagin (31).° Tryptophan decarboxylate converts tryptophan (13) to tryptamine

(14). The monoterpene secologanin is biosynthetically produced from isopentenyl

pyrophosphate (IPP) via non-mevalonate pathway.'? In the first committed step of terpene

indole alkaloid biosynthesis, the enzyme strictosidine synthase catalyzes stereoselective
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Pictet-Spengler cyclization'® between tryptamine and secologanin to provide strictosidine
(31) (Scheme 1).***

CO,H
WHZ tryptophan WNHZ
decarboxylate
N N
H H
Tryptophan (13) Tryptamine (14)

strictosidine
H (0] synthase

Z (‘)H
O, O
Non me_valonate_ O .
terpene biosynthesis O
MeO,C HO” ™" YOH
OH

Secologanin (19)

Strictosidine (31)

Scheme 1. Synthesis of strictosidine in monoterpene indole alkaloid biosynthesis

The mechanism and the control of the processes by which most of the families of
monoterpene indole alkaloids are produced from strictosidine is one of the most
challenging tasks in the study of secondary metabolism. Important information about
crucial intermediates of the biosynthetic pathways has been obtained via trapping
experiment, isotope labelling studies and feeding studies.’*# In many cases the involved
enzymes for the biosynthetic step have been isolated and characterized.?>** Biosynthetic
pathways of major monterepene indole alkaloids have been presented schematically in

schemes 2-5.

O-Glu

strictosidine

o) deglucosidase

NADPH
imine
reduction

37a MeO,C

Ajmalicine (21)

NADPH

2 NADPH
-

MeO,C =
Geissoschizine (38a) Yohimbine (22)

Scheme 2. Proposed biosynthesis of corynanthe alkaloids ajmalicine, geissoschizine and

yohimbine



sarpagan

bridge
enzyme

polyneuridine vinorine vinorine
aldehyde synthase hydroxylase
reductase
16-Epi-vellosimine (39b) Vinorine (40)
AcO . .
NADPH OH NADPH i. hydrolysis
reduction A reduction ii. norajmaline-N-
N N methyltransferage N N
HHH Y o 'HH
Me H
Vomilenine (42) Dihydrovomilenine (43) Ajmaline (20)

Scheme 3. Ajmaline biosynthesis from deglycosylated strictosidine

MeO,C

Geissoschizine
(38a, corynanthe type )

N
redox =
—_ —_—
changes \
N
H

MeOZC MeO,C CH20H MeO,C CH20H
Preakuammicine (48) 49
N
- — \:\\>_\
) N —
N
MeOZC COZMS
50a Dehydrosecodine (50b)

12

CO,Me
Catharanthine (51) 50b Tabersonine (26)
(Iboga type) (aspidosperma type)

Scheme 4. Proposed biosynthetic pathway of aspidosperma and iboga alkaloids
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There is a long standing hypothesis that aspidosperma and eburnamine type
alkaloids are biogenetically related.”® Recently O'Connor and co-workers have provided
evidence for this hypothesis where the enzyme 16-methoxy tabersonine 3-oxygenase
(16T30) catalyzes the formation of epoxide of 16-methoxytabersonine (52) which
undergoes rearrangement to vinca-eburna type compound 58 (Scheme 5).%° Hence it was
suggested that 16T30 homologue is involved in the biosynthesis of vincamine (27) and

related compounds.

16730 = d\l-“H |
| Qg
Meo” MeO NG
CO,Me H CoMe Hho' coMe
Tabersonine (26) 16-Methoxytabersonine (52) 53 54

|
H Y
M = N C
eO \ 3 P | ) ~
N n
— MeO N
- E HO COy;Me
MeO,C75 "
58 57 MeO,C 56 55

Scheme 5. Biosynthesis of vinca-eburna type compound from tabersonine

1.5 Synthesis of Indole Alkaloids Using Cyclic Anhydrides and Cyclic Imides

Cyclic anhydrides and imides have been used as versatile building blocks in the synthesis
of various bioactive natural products (Figure 8, Table 1).2** More specifically maleic
anhydride (59) and its derivatives are more important from both biological and synthetic
application point of view.®*° It is a versatile synthon where all the sites are amenable for
variety of reactions and exerts exceptional selectivity towards several nucleophiles. In past
decades large number of naturally occurring maleic anhydrides and their derivatives has
been isolated and many of them display important pharmacological activities.
Methylmaleic anhydride (60, citraconic anhydride) is the most widely useful among the
monoalkyl substituted maleic anhydrides. Many synthetic derivatives of natural anhydrides
have been prepared and biologically examined extensively in the last two decades. Other
important cyclic anhydrides used as a synthon are, succinic anhydride (61), methoxy
maleic anhydride (62), dimethylmaleic anhydride (63), (S)/(R)-acetoxysuccinic anhydride
(64/65), glutaric anhydride (66), N-CBz protected glutamic anhydride (67), homopthalic
anhydride (68) and its derivatives etc. On the basis of past two decades extensive work on
cyclic anhydrides and their derivatives to bioactive natural and unnatural products many

interesting results in the synthesis of these compounds using novel carbon-carbon and
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carbon—heteroatom bond forming reactions have been published from our group.**° Also
recently two comprehensive reviews have been published dedicated to the cyclic anhydride

class of natural products.?”*°

O 0 0 (e} 0
MeO
| o | o o) | o | o
(@) (6] (@] (0] (6]
Maleic Citraconic Succinic Methoxymaleic Dimethylmaleic
anhydride (59)  anhydride (60)  anhydride (61) anhydride (62) anhydride (63)

0 0 0

AcO,, AcO
O 0] O
0 o] 0

BzCHN

0] O
o 0]

(S)-Acetoxysuccinic  (R)-Acetoxysuccinic Glutaric N-CBz-Glutamic Homopthalic
anhydride (64) anhydride (65) anhydride (66) anhydride (67) anhydride (68)
O R3 o}
,//< 0 R4 -Ry
Ry~ N—R; N
N
K«(} R, Re 0
O
Succinimide derivatives Glutarimide derivatives Homopthalimide derivatives
Rz = H, OH, OAc, OMe Rs = H, OH, OAc, NHCBz  R4/Rs=H, OMe, O-CH>-O

R4 = H, alkyl, aryl

Figure 8. Important cyclic anhydrides and cyclic imides as potential precursors for
synthesis of bioactive natural products
Table 1. Important applications of cyclic anhydrides/imides in natural products synthesis

No. Compound Source Activity Ref.
O
HN
HO 0o ¥
0 Streptomyces o
1 _ Antibiotic 51,52
H showdoensis
OH OH

Showdomycin

2 CH Petasites albus Not known 53
3

CHs
(x)-Albene
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OMe

—( OH Lyngbya majuscule o )
_ Antimicrobial 54
070 (marine blue-green )
and antitumor
L algae)
Penicillic acid
OMe .
HOHC ? Lyngbya majuscule
o% N | (marine blue-green Not known >
H (6]
algae
Pukelimide gae)
[licium Neurotropic 56
merrillianum agent
_ Cytotoxic
Acremonium sp. ) 57
against
AWAL16-1
A549 cells
Epipedobates Nicotinic 58
tricolor agonist
Epiquinamide
MeO
MeO Erythrina Curare-likeand | 5,
lithosperma hypnotic activity
(+)-Demethoxy-erythratidinone
Ho-p.
Ho 9
Cladobotryum sp. Potent immuno- | 54

L
o
Me

o

OMe

FR901483

No. 11231

suppressant
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Cyclic Anhydrides and Cyclic Imides to Indole Alkaloids:

Chai and co-workers have reported a concise route to calothrixin B from quinoline
anhydride 69 (Scheme 6).°° Regioselective methanolysis of the anhydride 69 by using
anhydrous methanol under reflux conditions exclusively provided the 4-mono methyl ester

70 in 70% yield. Fridel-Crafts reaction of indole with the corresponding acid chloride of

COyMe CO,Me
CO5H COCI
MeOH = 2 cocl, N
reflux (70%) N/ quantitative N/

70 71

i. ZnCl, i. NaH, THF

MeMgCl -78 °C
—_—

ii. quinoline 71 ii. MOMCI

AICI; (80%) (99%)
Indole

HCI, dioxane

TMEDA, LiIHMDS
%

THF, —78 °C
(54%)

100 °C (83%)

Calothrixin B (75)

Scheme 6. Synthesis of calothrixin B from quinoline anhydride

70 furnished the desired coupled product 72 in 80% yield. The precursor 72 was protected
as N-MOM derivative 73 using standard conditions. Lithiation of compound 73 by using
LiHMDS in presence TMEDA followed by cyclization afforded the product 74 in 54%
yield. Finally N-MOM deprotection in DMSO under acidic condition provided calothrixin
B (75) in 83% vyield.

Lehmann and co-workers while pursuing synthesis of compounds with general
structures 76 and 77 to be used as dopamine/serotonin receptor ligands, have described
synthesis of (z)-harmicine using succinic anhydride (61) as a starting material (Scheme
7).%! Tryptamine (14) was condensed with succinic anhydride to provide the corresponding
succinimide 78 in 53% yield. Treatment of compound 78 with Meerwin’s reagent followed
by NaBH, reduction of the resultant iminium salt and finally reduction of lactam carbonyl
group by LiAIH, afforded (£)-harmicine (79) in 53% yield (3 steps).
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Me
@(% \
N N
H

77

i. Et3O0BFy, CH,Cly N
HCI toluene ii. NaBHy4, THF, 25 oC AN
reflux, 100 iii. LIAIH,, THF N
H

(53%) A (53% , 3 steps)

Tryptamine (14) (+)-Harmicine (79)

Scheme 7. Lehmann’s synthesis of (+)-harmicine

Allin et al. reported an asymmetric synthesis of indole alkaloid (+)-harmicine by
using highly diastereoselective N-acyliminium ion cyclization as a key synthetic step
(Scheme 8).%2 The synthesis commenced from chiral succinimide derivative 80 which was
prepared from the corresponding S-amino alcohol of tryptophan and succinic anhydride.®®
Subjecting imide 80 to NaBH, reduction in ethanol with the addition of 2 M HCI directly
resulted in a highly diastereoselective cyclization to provide indolizidino[8,7-b]indole
derivative 83 as a 9:1 diastereomeric mixture in 43% yield. The relative configuration of
83 was confirmed from X-ray crystallographic data. The high degree of stereocontrol can
be explained from a preferred conformation having minimal A strain between H-atom at
the stereogenic center of the tryptophanol moiety and the lactam carbonyl group in the
transition state 82.°* Oxidation of primary alcohol group in 83 to the corresponding
aldehyde by IBX followed by Boc-protection of indole NH and Pinnick oxidation of the
resultant aldehyde furnished the carboxylic acid 84 in 42% yield in 3 steps. Compound 84
was transformed to the corresponding acyl selenide derivative and subsequent tin-mediated
deacylation yielded the core indolizidino[8,7-b]indole ring system 85 in 59% vyield (2
steps). N-Boc deprotection by TBAF provided compound 86, which was followed by
reduction of lactam carbonyl using LiAIH, to afford the natural product (+)-harmicine (79)
in 80% yield.
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(0]
NaBH,, EtOH b / 4? Al 3
— O —_—
2 M HCI (43%) A\ R @

i. IBX, DMSO, 25 °C
ii. EtsN, (Boc),0, DMAP
THF, 25°C, 4 h

i. (PhSe),, PBug, CH,Cly
0°C to 25°C, 18 h

ii. n-BuzSnH, AIBN, toluene
A, 2 h (59%, 2 steps)

iii. NaClO,, NaH,PO,, CH5CN
t-BuOH, cyclohexene, 0 °C to 25 °C
18 h (42%, 3 steps)

TBAF THF, A, 2h L|AIH4 THF
\ N o then at 25 °C A 3h 80%
5\‘ H 9 h (69%)
Boc
85

)-Harmicine (79)

Scheme 8. Allin’s synthesis of (+)-harmicine from chiral succinimide derivative

In 2007, Jacobsen and co-workers have reported application of enantioselective
thiourea organocatalysis for Pictet-Spengler type cyclizations of p-indolyl ethyl
hydroxylactams.®® They have also described asymmetric synthesis of (+)-harmicine
(Scheme 9a). Condensation of tryptamine (14) with succinic anhydride followed by
reduction of lactam carbonyl of the resultant succinimide by NaBH, provided the
precursor hydroxylactam 87 in 71% vyield (2 steps). Asymmetric Pictet-Spengler
cyclization of 87 in presence of chiral thiourea catalyst 88 provided the tetracyclic lactam
86 in 90% yield with 97% ee. The lactam 86 was transformed into the natural product (+)-
harmicine under LAH-reduction condition. In this reaction thiourea catalyst promotes
enantioselective cyclization by inducing dissociation of the chloride counter ion and by

forming a chiral N-acyliminium chloride-thiourea complex (Scheme 9b).

i. succinic anhydride 0 o
NH,  toluene/AcOH (1:3) N 88 (10 mol%) N
A\ 120°C, 24 h TMSCI N\
’ —_—
N ii. NaBH,4, MeOH N HO TBME, -55 °C N o
H 0 °C (71%, 2 steps) H 48 h (90%)
Tryptamine (14) 87 86 (97% ee)
CH3 t Bu S
: N -
LiAIH,, THF N n-CsHyy” \H/\N
25°C, 16 h N H
(95%) H H3C \ )
(+)-Harmicine (79) 88

Scheme 9a. Synthesis of (+)-harmicine using thiourea organocatalysis
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Scheme 9b. Proposed reaction mechanism of thiourea organocatalysis

Pilli and co-workers have reported asymmetric reduction of dihydro-g-carboline to
the corresponding tetrahydro-f-carboline by using supramolecular lyophilized complex
formed from p-cyclodextrin/imines as an enzyme mimetic and palladium hydride as the
reducing agent.®® The methodology has been applied for the syntheses of (R)-harmicine
and (R)-deplancheine (Schemes 10 and 11). Treatment of tryptamine (14) with succinic
anhydride followed by esterification of the corresponding acid formed the ester 93 in 92%
yield. Bischler—Napieralski reaction of 93 using POCI; provided imine 94 in 85% vyield.
The imine 94 was subjected to the asymmetric supramolecular reduction condition by
using B-CD/PdCI,-Et3SiH system to provide lactam 86 in 95% yield (89% ee) via
spontaneous lactamization. AlH3 reduction of the lactam 86 afforded (+)-harmicine (79) in
90% vyield. With the same methodology they also have prepared indolo[2,3-a]quinolizidine
core and successfully achieved the total synthesis of indole alkaloid (+)-deplancheine.
Thus the reaction of tryptamine (14) with glutaric anhydride (66) followed by
esterification with SOCI,/MeOH yielded the amide 95 in 96% yield. Compound 95 after
Bischler—Napieralski reaction and asymmetric supramolecular reduction provided the
lactam 97 in 85% yield (2 steps) with 90% ee. Boc-protection of indole NH in 97 furnished
compound 98 in 96% vyield. The aldol reaction of lithium enolate of N-Boc protected
lactam 98 with acetaldehyde followed by mesylation of the p-hydroxy alcohol and
subsequent elimination of the mesylate with DBN provided E-ethylidene derivative 99 in
67% vyield. N-Boc deprotection with K,CO3/MeOH followed by reduction of lactam
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carbonyl using in situ generated AlH;3 afforded (+)-deplancheine (101) in 89% vyield (2

steps).

i. succinic anhydride

N
H

acetone, 25 °C, 12 h

ii. SOCly, MeOH
0°Cto25°C,16h

GFFﬁ

POCI3
toluene, CH3CN

reflux 5h (85%)

Tryptamine (14) (92%) 93 CO,Me
B-CD/PdCI,
Et,SiH AIH3 THF
H,0/CH,Cl, °c to 25 °C
CO,Me (10:1),25°C 30 min (90%)

(95%)

6 (89% ee)

(+)-Harmicine (79)

Scheme 10. Supramolecular approach for the synthesis of (+)-harmicine

i. glutaric anhydride POCI;
NH, acetone, 25 °C, 20 m|n toluene, CchN | _N
ii. SOCl,, MeOH reflux 5h ”
0°Cto25°C,3h
COs,Me
Tryptamine (14 (96%) 96
ryp (14) o Me0,C

i. LDA, CH3CHO
THF, -78 °C, 30 min

-CDIPACl,, Et;SiH | H N o Boc20 Et;N then 25 °C, 16 h

—_——

H0/CH,Cl; (10:1) ” CH,Cly, 25 °C B ii. MsCl, CH,Cl,

25°C (85%, 2 steps) 4 h (96%) oc —40 °C, 30 min, then
97 (90% ee) 25°C,3h
ii. DBN, THF, 25 °C
16 h (67%, 3 steps)
|| H
K2C03, MeOH N N (0] AlH3, THF
reflux, 12 h (93%) H 0°C to 25 °C
N 30 min (96%)
100 (+)-Deplancheine (101)

Scheme 11. Supramolecular approach for the synthesis of (+)-deplancheine

Ho and Lin have reported stereocontrolled approach to the pentacyclic alkaloid ()-

tacamonine (109) via bridged glutarimide (+)-104 (Scheme 12).%” The bridged diacetate
(£)-102 was subjected to oxidative cleavage using KMnQ, to provide the diacid (£)-103 in
95% vyield. The relative configuration of the stereogenic centres were confirmed by the X-
ray diffraction data of the diacid (+)-103. The diacid was transformed to the bridged
glutarimide (£)-104 in two steps (first amide formation with tryptamine by using
CICO.Et/EtsN system and finally ring closure by using AcCl). The glutarimide was
converted to the lactam (%)-106 via corresponding thiolactam formation followed by
desulfurization with Raney-Ni. Subjecting the lactam (£)-106 to Bischler—Napieralski
reaction followed by stereoselective hydride reduction from the pS-face of the bridged-
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locked iminium salt afforded the amino-diol (+)-107 in 64% yield. Cleavage of the diol by
NalO, formed the pentacyclic dialdehyde which spontaneously cyclized with the proximal
aldehyde to yield the corresponding unstable aminol (mixture of epimers) which was
oxidized directly to provide lactam-aldehyde (+)-108 in 34% vyield (2 steps). The aldehyde
was transformed to (z)-tacamonine (109) via the corresponding ethylenedithioacetal and
subsequent desulfurization by Raney-Ni in 72% yield (2 steps).

H H KMnO, HOZC/" “\COZH i. CICO2EY, EtsN Qm (0] Lawesson's
Et,0/H,0 (1:1) H H THF, 0 °C, 30 min H/ reagent
0°Cto 25°C N ii. tryptamine H H  toluene, reflux

N 6 h (95%) AS THF, 25°C, 16 h 8h (78%)
A0 OAc ¢ OAc iii. AcCl, THF
reflux, 10 h (78%) ",
(£)-102 (+)-103 (£)-104 AcO OAc
Q% } Qm i. POCl3, benzene
,N (0) N S RaEr;g);_—'Nl H/ ) N reflux 3h
H H H 60°C. 3 h H H ii. L|AIH4 THF
(93%) 0°C, 1.5 h (64%)

+)-105 N +)- s °
® AcG  OAc ®-106 A5 OAc (+)-107

i. NalOy4, 50% THF/H,0

i. (CH,SH),, BF3Et,0
CH,Clp, 0°C, 4 h
. H ii. Raney-Ni, EtOH
, , y :
25°C, 1.5 h (34%) o) “,_CHO reflux, 4.5 h (72%)

25°C, 1h
ii. PCC, 4 AMS, CH,Cl,

(£)-108 +)-Tacamonine (109)

Scheme 12. Stereoselective synthesis (£)-tacamonine via bridged glutarimide

Mhaske and Argade have demonstrated an elegant synthesis of bioactive natural
product rutaecarpine (118) using zeolite induced Fischer-indole synthesis as a key step
(Scheme 13).® The reaction of anthranilamide (110) with glutaric anhydride (66)
furnished the corresponding o-amidoglutaranilic acid (111) in 98% yield. The compound
111 on treatment with methanol in presence of catalytic amount of H,SO,4 provided the
methyl ester 113 plausibly via the corresponding isoimide 112. Reduction of ester 113
with NaBH, provided the intermediate alcohol 114 which after post reaction work up
underwent intramolecular dehydrative cyclization to afford quinazolinone 115 in 86%
yield. Treatment of 115 with TsCl and NaH provided natural product mackinazolinone
(116) via intramolecular cyclization. The compound 116 on reaction with in situ generated

diazonium salt of aniline formed the hydrazone 117 in 98% vyield. The hydrazone on
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zeolite (H-Mordenite) induced Fischer-indole synthesis afforded the natural product
rutaecarpine (118) in 82% yield.

©\)J\ CONH, (0] CONH2
benzene/dioxane (2 1) ©: o MeOH, |—|2304 (cat) ©:
25 0C 2 h (98%) NMOH 25°C, 8 h (96%)

H
Anthrani- Glutar|c 111 [112]
lamide (110) anhydride (66)
(0] OH
CONH, o] CONH2
. @[ M _NaBH,, THF__ @[ o NH
OMe reflux 3h _
H work up (86%) N
113 [114] 115
le) (0]
NaH, TsClI N an|I|ne 30% HCI zeolite (H Mordenite) ©\)‘\N
—_—
25 °C, 30 min N/ NaNOZ AcOH ACOH reflux, 5 h N/ 7
(81%) -5t05°C,8h (82%)
(98%) HN

Mackinazolinone (116) Rutaecarpine (118)

Ph
Scheme 13. Synthesis of rutaecarpine via Fischer-indole synthesis

Mangalaraj and Ramanathan have reported efficient synthesis of tetrahydro-p-
carboline via Br@nsted acid activation of imide carbonyl group and applied to the
synthesis of indole alkaloids (£)-harmicine (79) and ()-desbromoarborescidine (121)
(Scheme 14).*° Condensation of tryptamine (14) with succinic anhydride and glutaric
anhydride provided the corresponding succinimide 78 and glutarimide 119 in 71% and
67% yields respectively. Triflic acid mediated activation of imide carbonyls of 78 & 119
followed by intramolecular cyclization and reduction using NaBH./MeOH afforded the
lactams 86 & 120 in 82% and 87% vyields respectively. Reduction of lactam carbonyls in
86 & 120 by LiAIH; furnished the natural products (z)-harmicine (79) and (%)-
desbromoarborescidine A (121) in 78% and 63% yields respectively.

0=9~_0
V i. TFOH (10 equiv)
©\_/|(\\NH2 ) ©\_/|(\\N o) CH,Cl
H toluene, reflux N Oﬂ ii. NaBH,/MeOH
24h H ) 4AMS, 25°C, 12 h

n
Tryptamine (14)

78 (71%, n = 1)
119 (67%, n = 2)

N LiAIH, | N
N (0] —_— > N
H THF, 25°C, 24 h H
) In
n
86 (82%,n=1) Harmicine (79, 78%, n=1)
120 (87%, n = 2) Desbromoarborescidine A (121, 63%, n = 2)

Scheme 14. Synthesis of (x)-harmicine & (+)-desbromoarborescidine A via imide
activation
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Han and co-workers have reported a concise synthesis of (x)-mersicarpine (131) by

using AI(OTf); catalyzed facile construction of quarternary stereocentre via the allylic

substitution of tertiary alcohol (Scheme 15).”>"* Amidation of indole with succinic

i. (COCI),, DMF (cat.)

o

@ + O\V\i/v/o Et;N, DMAP (CH,),Cl,, 0 °C to 25 °C, 1 h=
N CH,Cly, reflux ii. AICI3, 50 °C, 3 h (91%)
H 24 h (100%) N COxH
Indole Succinic 122 O
i 61
anhydride (61) Boc
0-Ns—N
OTMS o-Ns
No
OH Boc 0
\ O  EtMgCl, ZnEty, THF \ 125 \
. R
N —78°C, 2 h (79%) N AI(OTf)3, CH3CN N
o —-10 °C (71%)
© o
123 124 126
_Boc ,Boc
HN HN
i. TSNHNH 5, oxalic acid Oxone, acetone
PhSH, K,CO3 (0] EtOH, 65 °C, 4 h TBAS, EDTA
% >
DMF, 10°C \ ii. Cu(OAc),, oxalic acid \ CH3CN, H0
(76%) N NaBH5CN, 90 °C N 0°C,2h
24 h (64%)
(0] (0]
127 128
NHBoc N
NH;
0 0
OH TFA OH EtOAc, 25 °C
_—
N CH,Cl,, 25 °C (58%, 3 steps) N
N
(0]
0 o
129 [130] (£)-Mersicarpine (131)

Scheme 15. Synthesis of (x)-Mesicarpine

anhydride (61) provided the desired indole carboxylic acid 122 in quantitative yield.
Compound 122 was transformed to tricyclic o-lactam ketone 123 as a single regioisomer
by using Friedel-Crafts acylation in 91% yield. Regioselective addition of EtMgCI to the
keto-lactam 123 provided tertiary alcohol 124 in 74% vyield using ZnEt, as an additive.
Al(OTf); catalyzed regioselective addition of silyl vinyl ether 125 to allylic alcohol 124
afforded the ketone 126 with the generation of quaternary carbon—carbon bond.
Deprotection of nosyl group by PhSH/K,CO3 followed by reduction of the carbonyl group
by modified one pot Wolff-Kishner protocol using tosyl hydrazide in the presence of
oxalic acid, followed by an in situ reduction of the tosylhydrazone intermediate with a
combination of NaBH3CN, Cu(OAc), and oxalic acid furnished the desired product 128 in

64% yield. Oxidation of compound 128 under Kerr’s condition’® proceeded cleanly to
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furnish the indolone precursor 129 which after N-Boc deproctection using TFA in CH,CI,
followed by replacing CH,Cl, with ethyl acetate and overnight stirring the intermediate

compound 130 afforded the natural product (x)-mersicarpine (131) in 58% vyield (3 steps).

Conolutinine (144), a new member of terpenoid indole alkaloid was isolated from
Malaysian Tabernaemontana by Kam and co-workers in 2009.” It shows interesting
activity to reverse multidrug resistance in vincristine-resistant KB cells.”* Its gross
structure was determined by extensive 2 D NMR studies and the absolute configuration
was empirically proposed via its hypothetical biosynthetic origin from velbanamine.

Xie and co-workers have reported first enantioselective synthesis of
cyclotryptamine alkaloid (—)-conolutinine (144) by using asymmetric bromocyclization of
tryptamine as a key step (Scheme 16).”* Reaction of tryptamine derivative 132 with
succinic anhydride followed by intramolecular Fridel-Crafts reaction provided the ketone
133 in 80% vyield (3 steps). The ketone moiety of 133 was removed by using TFA/Et;SiH
to furnish indole 134 in 86% vyield. Enantioselective intramolecular bromocyclizaton™ of
indole 134 by using DABCO-derived brominating agent B3 and binapthol-derived chiral
phosphoric acid catalyst 8H-S-TRIP afforded 3-bromohexahydropyrrolo[2,3,-b]indole 135
in 95% yield and 91% ee. Hydrolysis of the bromide in 135 with the assistance of AgOTf
provided hydroxyl-pyrroloindoline 136 in 95% yield, whose relative structure was
established by X-ray crystallography data. The carbomethoxy group was cleaved by
heating 136 with KCN in DMSO at 160 °C to provide pyrroloindoline 137 in 96% yield.
The K,CO3; mediated N-allylation of amine 137 with allylic dibromide 138 followed by
intramolecular cyclization using t-BuOK smoothly furnished the pentacycle 139 in 60%
yield (2 steps). Oxidative cleavage of the exocyclic double bond in 139 followed by
diastereoselective ethylation reaction of EtMgBr/ZnCl, with the formed ketone provided
tertiary alcohol but unfortunately in favor of undesired isomer 141 (dr 1:15), indicating
that the S-face of the pentacycle intermediate was sterically less crowded. For getting the
desired diastereomer 140 as a major product; direct hydration of olefin was employed by
taking advantage of the inherent spatial bias of the pentacycle framework. For this purpose
pentacycle 143 was prepared from 137 and allylic dibromide 142 via alkylation and
intramolecular cyclization. Metal mediated radical oxidation of hydrochloride salt of 143
using Mukaiyama’s procedure’® furnished the desired tertiary alcohol 140 in 42% vyield.

Partial reduction of the amide 140 by DIBAL-H to the geminal aminohydrin intermediate
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followed by concomitant intramolecular acetal formation afforded the natural product (-)-

conolutinine (144) in 72% yield.

i. succinic anhydride
WN ~CO,Me Et;N, DCM, reflux, 24 h> \ Hc’\)'\
N
H

ii. SOCl,, DCM N
0°Cto70°C, 4h

132 iii. AICI3, 70°C, 3 h (0]
(80%, 3 steps) 133

10 Mol% 8H-S-TRIP

HN~
\ CO,Me B3, NaHCOj, toluene

Br
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0°C, 48h ;\) CO;Me

/T \® O
o Br,<N___N-R C| o

\_/
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B3
HO HO
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_

=N 160 °C, 30 h ;
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(136, 95.5% ee after
crystallization)

(137, 97.5% ee after
crystallization)

HO HO

i. 0sOy, NalOy, 25 °C, 4 h (98%)

N 7 i. EtMgBr, ZnCly, THF N" 9
0 -78°C,2h (0] L IEL
OH
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HO,_ Br. | Br HO

\

- 142 -
. ~=NH i. K,CO3, CHsCN, 80 °C, 12h Q_Q
> N

ii. -BuOK, THF, 0 °C
2 h (60%, 2 steps)

137 143 (£:Z 1:1)

T
\O

: o
Z

for 140, DIBAL-H, THF
~78°C, 6 h (72%)

CO,Me

TFA, Et3SiH
— T

25°C,5d
(86%)
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(TRIP = 3,3"-Bis(2,4,6-triisopropylphenyl)-
1,1’-binaphthyl-2,2’-diyl hydrogenphosphate)

Br- Br
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i. K,CO3, CH3CN, 80 °C, 12 h -

’

ii. +-BuOK, THF, 0 °C
2 h (60%, 2 steps)

HQ

N -
OM"OH

Et
141 (undesired, 86%)

Co(acac),, PhSiH3, O,
25°C,16h
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N =
O o IEt

OH
140 (desired, 42%)

97% ee
(=)-Conolutinine (144)

Scheme 16. Xie’s enantioselective synthesis of (—)-conolutinine
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1.6 Summary

In summary, we have presented a concise account on alkaloids, their biological
importance and their broad classifications. More emphasis has been given on the detailed
classification of indole alkaloids along with the recent studies in their probable
biosynthetic pathways. From the present discussion, it reveals that cyclic anhydrides and
cyclic imides are versatile synthons in organic synthesis. These molecules with multiple
functionalities have been effective in building the backbones of many structurally complex
and medicinally important compounds in a convergent manner. Their efficacy as a
potential starting material has been exemplified by the syntheses of various indole
alkaloids e.g calothrixin B, harmicine, desbromoarborescidine A, tacamonine,
rutaecarpine and more recently mersicarpine and conolutinine. We have tried our best to
summarize cyclic anhydrides and cyclic imides to indole alkaloids chemistry; however no
pretension of completion has been claimed. Since two decades, our group has been
actively involved in the synthesis of bioactive natural and unnatural products using cyclic
anhydrides and their derivatives as a potential starting material. In this context, our
synthetic studies towards tetrahydro-g-carbolines, vinca-eburna and tacaman alkaloids
have been presented using appropriate cyclic imides as a versatile synthons. We have
successfully synthesised (+)-harmicine, (S)-desbromoarborescidine A-C, (S)-deplancheine
by using stereoselective reductive cyclization of appropriate (R)/(S)-acetoxy
succinimide/glutarimide derivatives and exchange of nitrogen regioselectivity. We have
been also successful in the synthesis of indole alkaloids (+)-3-epitacamonine, (-)-
vindeburnol, (x)-eburnamonine, (x)-melohenine B, (£)-eburnaminol and (z)-larutensine
by using stereoselective ester-aldol reactions of hexahydroindolo[2,3-a]Jquinolizinones.
The above specified synthesis will be discussed in chapter 2 and 3 of the present

dissertation.
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Chapter 2

Studies on the Synthesis of Tetrahydro-g-
Carboline Alkaloids

This chapter features the following topics:

Section A Synthesis of (+)-Harmicine................ooiiiiiiiii
Section B Enantioselective Total Synthesis of Desbromoarborescidines A—C and

the Formal Synthesis of (S)-Deplancheine.......................ooonl.

Note: An independent figure, table, scheme, structure and reference numbers have been
used for the each section.
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This chapter is divided into two sections.

The Section A presents the synthesis of (+)-harmicine by using stereoselective N-
acyliminium ion cyclization as a key step (figure).

The Section B describes enantioselective total synthesis of desbromoarborescidines A-C
and the formal Synthesis of (S)-deplancheine. This section presents an efficient use of (S)-
acetoxyglutarimide derivative as a chiral building block for the stereoselective synthesis of
tetrahydro-p-carboline alkaloids.

The detailed experimental procedures, complete tabulated analytical and spectral data and
some selected NMR spectra have been appropriately included at the end of each section.

I u)
\
H

(+)-Harmicine (+)-Desbromo-

arborescidine A (S)-Deplancheine

(+)-Desbromo- (+)-Desbromo-
arborescidine C arborescidine B

Figure. Natural and unnatural bioactive tetrahydro-f-carboline alkaloids synthesized
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Chapter 2: Section A

O

Synthesis of (+)-Harmicine

This section A of chapter 2 features the following topics:

2A.1
2A.2
2A.3
2A4
2A.5
2A.6
2A7

Background........ ...

Brief Account of Harmicine Syntheses.............ccooveviiiiiiiiiiiiien,

Results and Discussion: Present Work .......ooovoeme i,

Selected SPECIA ...uuinei it

References
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2A.1 Background

Tetrahydro-f-carbolines (THSCs) are biologically active alkaloids which are found in
mammalian tissues, fluids, brain and also in plant sources (Figure 1). They show a variety
of potent pharmacological and biological activities. Fruit containing THACs act as an

antioxidants and free radical scavengers.

R4 = alkyl, aryl

R, = H, alkyl, ester

R3 = alkyl, CO5H, ester
R4 = alkyl

Rs = OH, OMe, F, CI, Br

Figure 1. General representation of tetrahydro-/-carbolines

Harmicine (1) is a chiral tetrahydro-f-carboline with the presence of a rare tetracyclic
pyrrolidine skeleton. It was isolated from the leaves of Malaysian plant Kopsia griffithii in
1997 by Kam and co-workers.? Structurally, it consists of an indole unit and an
indolizidine unit. A few examples of this class are reserpine (2, antipsychotic and
antihypertensive drug),® vellosimine (3, curare-like activity)* and vincamine (4, peripheral
vasodilator).> Tadalafil (5),° a THAC scaffold containing compound is currently one of the

highest selling synthetic drug in the market (Figure 2).

MeO,C  OMe
Reserpine (2) (0]

MeO,C  Et

- )
Vincamine (4) Tadalafil (5)

Figure 2. Tetrahydro-f-carboline unit containing natural and unnatural bioactive

compounds

Harmicine exhibits potential antileishmanial and antinociceptive activities.”® Harmicine
together with its analogues have been found to possess a.-adrenoceptor affinity.” Even

though the THAC pyrrolidine scaffold present in harmicine is rare, still it exists in few
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structurally similar indole alkaloids like compound 6," recently isolated four L-tryptophan

11,12

derived pyrrolidines (7a-d),"** the more complex bridged tabertinggine (8),"® the bridged

14,15

quaternary salts subincanadine A-G (9a-d), excelsinidine (10)'® and in 17-

norexcelsinidine (11)*' (Figure 3).

co2
N
COZH N A _—H
N < =
H )\:
7aR=H(115) 0

7b R = CO,H (11S) Tabertinggine (8)
7cR=H (11R)
7d R=CO5H (11R)

+

R? Nj f\]\tCOQH
N\ _16 AN B H
N

M ) N H :
eR1 \ H x

Subincanadine A (9a) R' = OH, R? = H (16S) Excelsinidine (10) R = CH,OH
Subincanadine B (9b) R' = OH, R? = H (16R) 17-Norexcelsinidine (11) R =
Subincanadine C (9¢) R' = H, R? = OH (16R)
Subincanadine G (9d) R' = H, R? = OH (16)
(absolute stereochemistry unknown)

Figure 3. Alkaloids containing the harmicine framework
2A.2  Brief Account of Harmicine Syntheses

A well number of approaches for the synthesis of harmicine are known. Prior to its
isolation, it was synthesized by five different groups in racemic form. Harmicine was first
prepared by Ashcroft et al. in 1981.2 In those cases it was a relatively simple but
important hetereocyclic template for making complex molecules and also an appropriate
substrate for exploring methodological studies. After its isolation from natural resources,
harmicine became a important target compound. The first asymmetric synthesis for the
unnatural (-)-harmicine was reported by Oshawa in 2002."° Czarnocki and co-workers
reported the first asymmetric synthesis of the natural isomer (+)-harmicine by using
asymmetric transfer hydrogenation (ATH) of an iminium salt employing ruthenium
catalyst in 2007.° Recently, shortest synthesis of (+)-harmicine has been reported by
Sanaboina et al. utilising a Pictet-Spengler cascade reaction between tryptamine and 4-
chlorobutyraldehyde.”* Jacobsen and co-workers have reported an elegant asymmetric
synthesis of (+)-harmicine by using enantioselective Pictet-Spengler type reactions
utilizing chiral thiourea organocatalyst.”* Harmicine has been extensively reviewed on
33



three recent occasions.??> However to avoid the repetition of the contents present in those

nicely drafted reviews, a brief schematic presentation of the syntheses of harmicine is

given below in figures 4 to 6.

o P
OEt { N’\\N
N N HD \ t8u
N
N H

Ashcroft et al. Meyers and Loewe

Tetrahedron 1981, 37, 3005.

Tetrahedron Lett. 1984, 25, 2641.

(0]
N
A
N O+
H
TfOH
Mangalaraj and Ramanathan
RSC Adv. 2012, 2, 12665. Y
N
Nt ~ N
Cl
H (x)-Harmicine

Sanaboina et al.
Tetrahedron Lett. 2012, 53, 5027.

A\

N OAc
H
Schill et al.
Tetrahedron 1987, 43, 3729.

Pakrashi and co-workers
J. Org. Chem. 1988, 53, 4236.

NH _OH
N

N/

N
H

Patro and co-workers
Tetrahedron Lett. 2011, 52, 4014.

0
NH
{ )

Rh(acac)(CO),

N\
N A
A
H

Pérez-Castells and co-workers
Tetrahedron 2009, 65, 3378.

Chiou et al.
Org. Lett. 2009, 11, 2659.

N
H

Bernotas and Cube
Tetrahedron Lett. 1991, 32, 161.

NH
A\

N AN

o Knolker and Agarwal SiMe;
Synlett 2004, 1767.

King
J. Heterocycl. Chem. 2007, 44, 1459.

Figure 4. Schematic representation of (+)-harmicine syntheses

g

N
\ .
asymmetric
N\ allylation
R* y

(-)-Harmicine

R* = (S)-N-(9-anthracenylmethyl)-
pyroglutaminyl
Ohsawa and co-workers
Heterocycles 2002, 58, 115.

S)
@ Cl
N
, N4
asymmetric
N
hydrogen transfer H

Noyori-type catalyst

Phiko and co-workers
Chem. - Eur. J. 2009, 15, 12963.

Figure 5. Schematic representation of (—)-harmicine syntheses
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HO o

O
@ Cl , o i N
N asymmetric tranfer chiral induction
N4 , \y O
hydrogenation approach

H
Czarnocki and co-workers. Allin and co-workers.
Tetrahedron: Asymmetry 2007, 18, 406. Tetrahedron Lett. 2007, 48, 5669.
9 /N COzMe
N thiourea asymmeric A\
N orgnao- hydrosilylation N
N HO catalysis H

Santos and co-workers
Jacobsen and co-workers Org. Lett. 2009, 11, 3238.

J, Am. Chem. Soc. 2007, 129, 13404.

H
monoamine (+)-Harmicine
N oxidase | chiral pool
A\ dearomatization approach
N H
H

Turner and co-workers
J, Am. Chem. Soc. 2013, 135, 10863.

Pf= 9-pheny|fluoren-9-y|
Koskinen and co-workers
Boc Eur. J. Org. Chem. 2014, 2357.

i
NH -0Allyl
N i NHP
MNQ photoinduced organocatalytic N\ Og
N -
Wolff rearrangement Pictet-Spengler +
Boc
o reaction ” HMOTBDPS
Wang and co-workers

Chin. J. Chem. 2012, 30, 2297. Pg = a-naphthylmethyl
Huang et al.
Chem. - Eur. J. 2012, 18, 3148.

Figure 6. Schematic representation of (+)-harmicine syntheses

There has been continuous study for the synthesis of harmicine and its analogues due to
their potent biological activity.” Very recently, Kusurkar and Pakhare have reported
synthesis of (+)-harmicine®® after the publication of recent review article. The reductive
Pictet-Spengler cyclization, where the cyano group was used instead of corresponding
aldehyde with the amine for the synthesis of tetrahydro-f-carbonyls and g-carbonyls. Thus
the reaction of tryptamine (12) and 4-bromobutyronitrile (13) provided compound 14 with
the selective monosubstitution. Treatment of 14 with 10% Pd/C in acetic acid under

hydrogen atmosphere at 25 °C provided (*)-harmicine as a major product (Scheme 1).

NH N
{ 2 KaCOy, ethanol > 10% Pd/C, H, @\/Q)
N + Bra_~_-CN reflux, 6 h (95%) NC acetic acid, 25 °C ”
H

40 h (55%)
Tryptamine (12) 13 1 (+)-Harmicine (1)

Scheme 1. Kusurkar’s synthesis of (£)-harmicine
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2A.3 Results and Discussion: Present Work

A careful scrutiny of harmicine structure revealed that retro-synthetically tryptamine and
(R)-acetoxysuccinic anhydride would be the potential building blocks to stereoselectively

constitute a total synthesis of the target compound.

The reaction of tryptamine (12) with (R)-acetoxysuccinic anhydride (15) in refluxing
acetic acid and toluene mixture furnished (R)-acetoxysuccinimide 16 in 72% vyield.
Mechanistically, the regioselective nucleophilic ring opening of an unsymmetrical
anhydride 15 at more reactive carbonyl group adjacent to a acetate function to form the
corresponding succinanilic acid intermediate followed by intramolecular dehydrative
cyclization delivered the desired imide product (+)-16. The regioselective sodium
borohydride reduction of more reactive imide carbonyl group in compound 16 provided
lactamol 17 in 77% vyield with ~9:1 diastereomeric ratio (by *H NMR). Such type of
lactamol units is known to display the ring—chain tautomerism?’ and hence to keep the
complete control on diastereoselectivity is a difficult task. The intramolecular cyclization
of relatively less stable lactamol 17 to product 18 by using sulfuric acid adsorbed on silica
gel or the BF3;Et,O were not efficient and we could get the required product only in 35—
40% vyield. However under a controlled reaction conditions, the chemoselective
trifluoroacetic acid induced intramolecular N-acyliminium cyclization of a masked
aldehyde in 17 at —10 °C to rt furnished the desired cyclized product (+)-18 in very good
yield with high stereoselectivity (63%, 24:1 dr). In the above specified reaction use of

organic acid as a reagent at lower reaction temperature was essential for a stability

AcOH:Toluene (3: 1) NaBH4 MeOH:DCM (3:1)
reflux 36 h (72%) N O -10t0 0°C, 1 h (77%) N HO

Tryptamlne (12)  (R)- Acetoxysuccmlc (+) -16 17 (df9 1,by 'H NMR
anhydride (15)

TFA, DCM AN AcCI MeOH MsCl, Et3N DMAP
-10°C to 25 °C, 6 h (63%) N °C to 25 °C DCM, 0°C to 25 °C
H

(95%) 4h (91%)
-18 (dr96 4 (+)- 19 (+)- 20

Nal (excess), acetone n-| Bu3SnH AIBN A|H3 THF
_—
reflux, 96 h (64%) benzene, " benzene, reflux 25 °c 2 h (82%)

1h (71%)

(+)- Harm|cme 1)

)-22 (>99.5:0.5 er, by HPLC) (8 steps, 11% overall yield )

Scheme 2. Stereoselective total synthe5|s of (+)-harmicine
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issue of starting material. In this N-acyliminium cyclization the high degree of
diastereoselectivity is attributed to the formation of flat iminium ion intermediate followed
by the stereoselective intramolecular nucleophilic attack from the less hindered a-side. The
formation of product 18 as a major isomer could also be ascribed to the relatively more
thermodynamic stability of the formed isomer. The mixture of diastereoisomers 18 was
quantitatively separated by using silica gel column chromatography. The major isomer (+)-
18 on treatment with AcCIl/MeOH underwent a smooth deacylation reaction to exclusively
provide the product (+)-19 in 95% vyield. In the above specified reaction, release of a
controlled amount of hydrochloric acid was responsible for deacylation. At this stage the
detachment of stereoselectivity handle, the (R)-hydroxyl group in compound 19 was
desired to obtain the product (R)-22. As expected first the secondary alcohol (+)-19 was
converted to the corresponding mesylate derivative (+)-20 in 91% yield. The compound
(+)-20 on treatment with excess Nal in refluxing acetone for 96 h provided the iodo
compound (+)-21 in 64% vyield with an inversion of configuration due to Sn2 type
displacement by the iodide as a nucleophile. The compound (+)-21 on de-iodination by
using tributyltin hydride in presence of AIBN gave the desired chiral product (+)-22 in
71% yield (>99.5:0.5 er, by HPLC). Finally alane-mediated reduction of y-lactam to cyclic
amine furnished the enantiomerically pure alkaloid (+)-1 in 82% yield. The analytical and
spectral data obtained for the (+)-harmicine (1) was in complete agreement with the

reported data®” and it was obtained in linear 8-steps with 11% overall yield.?

2A.4 Summary

In summary, tryptamine and (R)-acetoxysuccinic anhydride were synthetically tailored to
(+)-harmicine in a sequential fashion via dehydrative coupling, regioselective reduction,
stereoselective intramolecular cyclization, overall deoxygenation and reduction pathway
in very good overall yield with high enantiomeric purity. Specifically, the synthesis of
enantiomerically pure (+)-harmicine has been accomplished from readily available
staring materials using simple reaction conditions and in absence of transition metal
catalysis. The present route is general in nature and will be useful to design the focused

mini-library of its analogs and congeners for SAR studies.

37



2A.5 Experimental Section

(+)-(R)-1-(2-(1H-1Indol-3-yl)ethyl)-2,5-dioxopyrrolidin-3-yl Acetate (16). To a stirred
o suspension of tryptamine (12, 2.00 g, 12.50 mmol) in toluene (10

@EC jjé mL) was added (R)-acetoxysuccinic anhydride (15, 1.97 g, 12.50
N ©O
H

oac | mmol) and the reaction mixture was stirred for 10 min. AcOH (20

-C4gH1gN204 (16 . . .
(rSreier20: (191 mL) was added to the above reaction mixture and it was refluxed for

36 h. Reaction mixture was allowed to cool to 25 °C and concentrated in vacuo. To the
obtained residue was added ethyl acetate (50 mL) and the organic layer was washed with
saturated NaHCO3 solution (20 mL x 2), brine and dried over Na,SO,4. Concentration of
organic layer in vacuo followed by the silica gel (60-120 mesh) column chromatographic
purification of the obtained residue by using petroleum ether—ethyl acetate (1:1) as an
eluent yielded (R)-acetoxysuccinimide (+)-16 as a white solid (2.70 g, 72% yield). Mp
126-128 °C; [a]®p +19.6 (c 0.10 CHCIs); *H NMR (200 MHz, CDCls) 6 2.14 (s, 3H),
2.58 (dd, J = 20 and 6 Hz, 1H), 3.07 (dd, J = 18 and 8 Hz, 1H), 3.09 (t, J = 8 Hz, 2H), 3.87
(t, J =8 Hz, 2H), 5.30 (dd, J =9 and 6 Hz, 1H), 7.00-7.28 (m, 3H), 7.36 (d, J = 6 Hz, 1H),
7.66 (d, J = 6 Hz, 1H), 8.06 (br s, 1H); *C NMR (50 MHz, CDCls) 6 20.5, 23.1, 35.6,
39.8, 67.3, 111.2, 111.7, 118.5, 119.5, 122.1, 122.2, 127.3, 136.1, 169.8, 173.2, 173.4;
ESIMS (m/z) 323 [M+Na]"; HRMS (ESI) calcd for CisHieNoOsNa 323.1002, found
323.1001; IR (neat) 3429, 1735, 1696 cm ™.

(3R)-1-(2-(1H-Indol-3-yl)ethyl)-2-hydroxy-5-oxopyrrolidin-3-yl Acetate (17). To a
o stirred solution of (R)-acetoxysuccinimide 16 (2.00 g, 6.66 mmol) in

@EC,T\Jé MeOH:CH,Cl, (2:1, 30 mL) was periodically added NaBH, (304
N HO
H

OAc| mg, 8.00 mmol) at —10 °C over 5 min. The reaction mixture was

CqgH1gN>0,4 (17 . . .
oo 1) stirred at 0 °C for 1 h and quenched with a mixture of saturated aq.

NaHCOj3; (5 mL) and brine (5 mL). The reaction mixture was extracted with CH,Cl, (50
mL x 3) and the combined organic layer was washed with water, brine and dried over
Na,SO,. Concentration of organic layer in vacuo followed by silica gel (60-120 mesh)
column chromatographic purification of the obtained residue by using ethyl
acetate—petroleum ether (80:20) as an eluent afforded lactamol 17 (9:1 dr, by *H NMR) as
white foam (1.55 g, 77% yield). Major isomer: *H NMR (500 MHz, CDCls) § 2.07 (s,
3H), 2.59 (ddd, J = 20, 18 and 10 Hz, 2H), 2.95-3.11 (m, 2H), 3.53 (quintet, J = 5 Hz,
1H), 3.50-3.65 (br s, 1H), 3.80 (quintet, J =5 Hz, 1H ), 5.01 (g, J = 5 Hz, 1H), 5.08 (br s,
1H), 6.97 (s, 1H), 7.11 (t, J = 10 Hz, 1H), 7.19 (t, J = 10 Hz, 1H), 7.34 (d, J = 10 Hz, 1H),
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7.61 (d, J = 10 Hz, 1H), 8.26 (br s, 1H); *C NMR (125 MHz, CDCls) ¢ 20.7, 23.5, 34.9,
41.0, 67.8, 82.1, 111.3, 112.6, 118.5, 119.4, 122.0, 122.1, 127.2, 136.2, 170.4, 171.2,
ESIMS (m/z) 325 [M+Na]"; HRMS (ESI) caled for CisHigN,OsNa 325.1159, found
325.1152; IR (CHCIls) 3331, 1740, 1667 cm ™.
(+)-(1R,11bS)-3-0Ox0-2,3,5,6,11,11b-hexahydro-1H-indolizino[8,7-b]indol-1-yl Acetate
R (18). To a stirred solution of lactamol 17 (1.50 g, 4.96 mmol) in
N\ & CH,Cl, (30 mL) at —10 °C was added TFA (1.00 mL, 12.4 mmol)
N oac and the reaction mixture was stirred at —10 °C to 25 °C for 6 h. The

(+)-C16H1N203 (18) . .
M.W. 284.32 reaction was quenched with saturated aq. NaHCO3 (5 mL) and the

aqueous layer was extracted with CH,Cl, (20 mL x 3). The combined organic layer was
washed with brine and dried over Na,SO,. Concentration of organic layer in vacuo
followed by the silica gel (230-400 mesh) column chromatographic purification of the
obtained residue by using ethyl acetate—petroleum ether (70:30) as an eluent afforded a
minor diastereomer (35 mg, 2.5%) and the required major diastereomer (+)-18 as a
yellowish solid (853 mg, 60.5% yield). Major isomer 18: Mp 140-142 °C; []*p +75.6
(c 0.16 CHCI3); *H NMR (200 MHz, CDCls) 6 2.25 (s, 3H), 2.65-3.20 (m, 5H), 4.57 (dd, J
=9and 6 Hz, 1H), 4.85 (br d, J = 4 Hz, 1H), 5.28 (ddd, J = 10, 5 and 2 Hz, 1H), 7.05-7.55
(m, 4H), 9.23 (br s, 1H); *C NMR (50 MHz, CDCls) ¢ 20.5, 21.1, 36.7, 38.0, 63.1, 71.5,
109.0, 111.3, 118.3, 119.6, 122.5, 126.5, 129.9, 136.0, 170.4, 172.3; ESIMS (m/z) 307
[M+Na]"; HRMS (ESI) calcd for CisH1sN2OsNa 307.1053, found 307.1052; IR (neat)
1772, 1736, 1677 cm ™.
(+)-(1R,11bS)-1-Hydroxy-1,2,5,6,11,11b-hexahydro-3H-indolizino[8,7-b]indol-3-one

o (19). To a stirred solution of acetate 18 (850 mg, 3.00 mmol) in

A MeOH (20 mL) at 0 °C was dropwise added AcCl (3 mL, 42 mmol).

N H OH The ice bath was removed and reaction mixture was stirred at 25 °C
(+)-C14H14N20; (19) ) . . .

M.W. 24228 for 6 h and concentrated in vacuo. The obtained residue on direct

silica gel (230-400 mesh) column chromatographic purification by using ethyl
acetate—methanol (98:2) as an eluent afforded pure product (+)-19 as a white solid (688
mg, 95% yield). Mp 182-184 °C; []®p +139.3 (¢ 0.62 MeOH); *H NMR (200 MHz,
CD;0D) 6 2.45-2.90 (m, 4H), 2.95-3.15 (m, 1H), 4.22-4.50 (m, 2H), 4.63 (br s, 1H), 4.75
(d, J = 4 Hz, 1H), 6.93-7.15 (m, 2H), 7.25-7.50 (M, 2H); *C NMR (50 MHz, CDs0D) &
21.8, 38.5,41.7, 63.7, 72.1, 108.4, 112.2, 118.9, 120.1, 122.7, 128.0, 132.6, 138.4, 173.7,
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ESIMS (m/z) 243 [M+H]"; HRMS (ESI) calcd for Ci4H14N,O,Na 265.0947, found
265.0947; IR (neat) 3196, 1651 cm ™.
(+)-(1R,11bS)-3-0Ox0-2,3,5,6,11,11b-hexahydro-1H-indolizino[8,7-b]indol-1-ylI

o Methanesulfonate (20). Anhydrous EtsN (0.62 mL, 4.46 mmol) was
N\ N added to a stirred solution of alcohol 19 (600 mg, 2.48 mmol) and

N OMs DMAP (61 mg, 0.50 mmol) in CH,Cl, (20 mL) at 0 °C under argon

(+)-C15H16N204S (20) . .
MW. 320.36 atmosphere. To the above reaction mixture was added

methanesulfonyl chloride (0.29 mL, 3.72 mmol) and it was allowed to reach 25 °C and
further stirred for 4 h. The concentration of reaction mixture in vacuo followed by direct
silica gel (60—120 mesh) column chromatographic purification of the obtained residue by
using petroleum ether—ethyl acetate (60:40) as an eluent afforded mesylate (+)-20 as a
yellow solid (722 mg, 91% vyield). Mp 86-88 °C; [¢]*°5 +73.2 (c 0.10 CHCIls); *H NMR
(200 MHz, CDCl3) 6 2.70-3.15 (m, 5H), 3.22 (s, 3H), 4.50-4.65 (m, 1H), 5.10-5.20 (m,
1H), 5.25-5.42 (m, 1H), 7.05-7.25 (m, 2H), 7.38 (d, J = 8 Hz, 1H), 7.48 (d, J = 8 Hz, 1H),
8.89 (br s, 1H); *C NMR (50 MHz, CDCls) § 20.6, 37.6, 37.8, 38.6, 61.3, 75.8, 109.8,
111.5, 118.4, 119.9, 122.8, 126.3, 128.9, 136.4, 168.7; ESIMS (m/z) 343 [M+Na]*; HRMS
(ESI) calcd for C1sH17N,04S 321.0904, found 321.0901; IR (neat) 1681 cm™.

(+)-(1S,11bS)-1-lodo-1,2,5,6,11,11b-hexahydro-3H-indolizino[8,7-b]indol-3-one  (21).

To a stirred solution of mesylate 20 (200 mg, 0.63 mmol) in

0]
@E\Q:j anhydrous acetone (15 mL) was added excess of Nal (1.88 g, 12.6
N H :

H i mmol) and the reaction mixture was refluxed for 96 h. The reaction
(+)-C14H13INSO (21) ) ; ) .
MW, 35318 mixture was concentrated in vacuo and the obtained residue on

direct silica gel (230-400 mesh) column chromatographic purification by using ethyl
acetate—petroleum ether (80:20) as an eluent afforded the product (+)-21 as foam (140 mg,
64% vyield). [¢]*°b +326 (¢ 0.05 CHCI3); *H NMR (400 MHz, DMSO-ds) 6 2.50-3.05 (m,
4H), 3.40 (m, 1H), 4.31 (d, J = 12 Hz, 1H), 4.57 (br s, 1H), 5.08 (br s, 1H), 6.99 (t, J = 8
Hz, 1H), 7.08 (t, J = 8 Hz, 1H), 7.35 (d, J = 8 Hz, 1H), 7.45 (d, J = 8 Hz, 1H), 10.99 (br s,
1H); °C NMR (100 MHz, DMSO-dg) d 20.9, 31.5, 37.2, 45.9, 59.1, 108.3, 111.6, 118.5,
119.0, 121.7, 126.3, 134.0, 136.4, 170.6; ESIMS (m/z) 375 [M+Na]"; HRMS (ESI) calcd
for C14H13N,OINa 374.9965, found 374.9957; IR (neat) 3021, 1679 cm ™.
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(+)-(R)-1,2,5,6,11,11b-Hexahydro-3H-indolizino[8,7-b]indol-3-one (22). To a stirred
solution of iodide 21 (100 mg, 0.28 mmol) and AIBN (5 mg, 0.03

0]
@E\Qij mmol) in dry benzene (8 mL) was added n-BusSnH (0.15 mL, 0.56
N H
H

mmol) at 25 °C and the reaction mixture was stirred for 15 min

(+)-C14H14N20 (22) . .
M.W. 226.28 under argon atmosphere. Then the reaction mixture was refluxed for

1 h and benzene was distilled off in vacuo. The obtained residue was dissolved in
acetonitrile (20 mL) and washed with hexane (15 mL x 3). Concentration of acetonitrile
layer in vacuo followed by silica gel (230—-400 mesh) column chromatographic
purification of the residue by using ethyl acetate—methanol (95:5) as an eluent afforded
product (+)-22 as a white solid (46 mg, 71% vyield; >99.5:0.5 er, by HPLC). Mp 242-244
°C; lit.?° 250 °C; [a]®p +238 (¢ 0.05 CHCIy); lit.*° [a]* +234 (c 1.0, CHCI3); *H NMR
(500 MHz, CDCls) 6 1.90-2.00 (m, 1H), 2.47-2.68 (m, 3H), 2.80-2.91 (m, 2H), 3.00-3.08
(m, 1H), 4.55 (ddd, J = 8, 5 and 5 Hz, 1H), 4.95 (dt, J = 8 and 5 Hz, 1H), 7.13 (t, J = 10
Hz, 1H), 7.20 (t, J = 10 Hz, 1H), 7.35 (d, J = 10 Hz, 1H), 7.50 (d, J = 10 Hz, 1H), 8.05 (br
s, 1H); 3C NMR (125 MHz, CDCls) § 21.0, 25.7, 31.6, 37.6, 54.2, 108.4, 111.0, 118.5,
119.9, 122.3, 126.8, 133.1, 136.3, 173.2; ESIMS (m/z) 249 [M+Na]*; IR (neat) 3244,
1772, 1661 cm™.

(+)-(R)-2,3,5,6,11,11b-Hexahydro-1H-indolizino[8,7-b]indole (Harmicine, 1). To a

. stirred slurry of AICI3 (20 mg, 0.15 mmol) in THF (4 mL) was added
@EN\QH\) suspension of LiAlH4 (19 mg, 0.50 mmol) in THF (2 mL) at 0 °C
(+)-He|1-:micine 1) under argon atmosphere. After stirring for 10 min, solution of lactam
M(_z\,l,‘fH;fg %0 22 (40 mg, 0.18 mmol) in THF (2 mL) was added to the above

reaction mixture in a dropwise manner and it was stirred for 2 h at 25 °C. The reaction was
quenched with saturated ag. NH;Cl (2 mL) and it was filtered through Celite pad. The
residue was washed with ethyl acetate (10 mL x 3) and the filtrate was dried over Na,SO4
and concentrated in vacuo. Silica gel (230-400 mesh) column chromatographic
purification of the obtained residue by using chloroform—methanol (80:20) as an eluent
afforded (+)-harmicine (1) as a yellowish solid (31 mg, 82% yield). Mp 158-160 °C; lit.%
160-161 °C; [a]®b +98 (c 0.1 CHCIy); lit.?® [a]®p +105 (c 0.5, CHCIs); *H NMR (400
MHz, CDCl3) 6 1.75-2.00 (m, 3H), 2.24-2.38 (m, 1H), 2.65-2.80 (m, 1H), 2.85-3.05 (m,
3H), 3.05-3.20 (m, 1H), 3.30-3.40 (m, 1H), 4.32 (br s, 1H), 7.11 (t, J = 8 Hz, 1H), 7.16 (t,
J =8 Hz, 1H), 7.32 (d, J = 8 Hz, 1H), 7.50 (d, J = 8 Hz, 1H), 8.43 (br s, 1H); *C NMR
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(100 MHz, CDClg) 6 17.7, 23.2, 29.5, 46.0, 49.5, 57.2, 107.3, 110.9, 118.0, 119.3, 121.5,
127.0, 134.4, 136.1; ESIMS (m/z) 213 [M+H]"; IR (neat) 2922, 1449 cm™.

2A.6 Selected Spectra

'H, 3C NMR and DEPT spectra of compound (+)-18...........couuvvveeeenennnn.
'H, 3C NMR and DEPT spectra of compound (+)-22.............ccooveeeiinennn.
'H, 3C NMR and DEPT spectra of compound (+)-1..........ccceeeeeivveennnn...

HPLC data of (+)-22 and (+)-22
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HPLC Data of (+)-22:

Shimadzu CLASS-VP V6.12 SP5

Method Name: C:\CLASS-VP\Method ch 2.met N o
Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1329
User: System \
Acquired: 7/15/11 3:08:36 PM
Printed: 7/15/11 4:37:37 PM N H
Sample Name  P-Har-rac H
(+)-22
0.03 0.03
Retention Time
0.02 0.02
§ g
0.01 0.01
w «
5 8
0.00 < g 0.00
0 5 10 15 20 25 30 3s 40 45 50
Minutes
Detector A - 1 (254nm)
Retention Time C Area Area %
29.875 2403389 49.975
33.933 2405768 50.025
Totals
4809157 100.000
Project Leader :Dr. N. P. Argade
Column :Chiralcel OD-H (4.6x250 mm)
Mobile Phase :IPA : Pet Ether (15:85)
Flow Rate : 0.5ml/min ( Pressure 400psi)
Wavelength  : 254nm
Con. : 1.2mg/1.5ml
Inject vol. Sul.
Kunte
HPLC Data of (+)-22:
Shimadzu CLASS-VP V6.12 SP5
Method Name: C:\CLASS-VP\Method ch 2.met 0]
Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1328 N
User: System \
Acquired: 7/15/11 2:16:53 PM
Printed: 7/15/11 3:15:09 PM N H
Sample Name ~ P-Har-Chiral H
(+)-22
0.03 0.03
0.02 Retention Time 0.02
g 0.01 ~ 0.01 §
0.00 + g N 0.00
0 5 1’0 15 , 20 25 30 35 46 45 50
Minutes
Detector A - 1 (254nm)
Retention Time C Area Area %
30.042 2465604 99.793
34.367 5104 0.207
Totals
2470708 100.000

Project Leader :Dr. N. P. Argade
Column :Chiralcel OD-H (4.6x250 mm)
Mobile Phase :IPA : Pet Ether (15:85)

Flow Rate : 0.5ml/min ( Pressure 400psi)
Wavelength  : 254nm

Con. : 1.5mg/1.5ml

Inject vol. :Sul

Kunte
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Chapter 2: Section B

Enantioselective Total Synthesis of
Desbromoarborescidines A—C and the Formal
Synthesis of (S)-Deplancheine
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2B.1 Background

The indole alkaloids have been imperative targets due to their novel structural
architectures, wide range of promising biological activities and the current clinical
applications.*® More specifically, the indolo[2,3-a]quinolizine template is of great
significance because many natural products embodying this framework have wide range of
biological activities; for example, the antibacterial lercheine (1),” the antiviral natural
product hirsutine (2),2 the cytotoxic compound 10-hydroxyangustine (3)° as well as the
antiplasmodial agent glabratine (4).” Some important synthetic compounds like anticancer
centrocountin-1 (5) and related phosphatase inhibitor 6 also have indolo[2,3-a]quinolizine

framework (Figure 1).1%*

HO
B || ¢ |
N N N.__O
H D H H
~
Basic framework of
Indolo[2,3-a]quinolizine NN
OMe 10-Hydro>§yangustine
:c()) CO,H Lercheine. Hirsutine (3, anticancer)
o (1, antibacterial) (2, antiviral)
HO
O
! N
N
H H H
X o) AN
L, R = CO,Me O OH . cl
Glabratine Centrocountin-1 Indoloquinolizine-6-carboxylic acid (R)-Deplancheine (7)
(4, remedy for food poisoning) (5, synthetic-anticancer) (6, synthetic-MptpB inhibitor)

Figure 1. Bioactive natural and synthetic compounds containing the indolo[2,3-

alquinolizine framework

The simplest alkaloid containing the indolo[2,3-a]quinolizine  core is
desbromoarborescidine A. It was isolated from the leaves of Dracontomelum mangiferum
by Johns and Lamberton in 1966."**° The other simplest indoloquinolizidine, R-(+)-
deplancheine was isolated from the stem and berk of New Caledonian plant Alstonia
deplanchei’® as well as from Alstonia undulata’ and from the South American
Aspidosperma maregravianum.*® Desbromoarborescidine A and deplancheine became the
target compounds to show the efficacy of the methodologies developed for the synthesis of

indolo[2,3-a]quinolizine scaffold. In 1993, Pais and co-workers isolated another four new
50



brominated alkaloids of the tetrahydro-f-carboline family, the arborescidines A-D (9-12)
from a marine tunicate Pseudodistoma arborescens (Figure 2).**?° Arborescidines,
desbromoarborescidines and their derivatives have been recently tested against four human
tumor cell lines: gastric adenocarcinoma (AGS), lung cancer (SK-MES-1), bladder
carcinoma (J82) and leukemia (HL-60) cells, and they exhibited antiproliferative activity
(ICs0, 9 to >100 pM).%*

(S)-Arborescidine A (9, X = Br)  (S)-Arborescidine B (10)
(S)-Desbromoarborescidine A (8, X = H)

(3S,17R)-Arborescidine D (12)
(3S,17S)-Arborescidine C (11)  (proposed structure)

Figure 2. Bioactive arborescidine alkaloids

2B.2 Brief Account on Syntheses of Arborescidines/Desbromoarborescidines A-C

and Deplancheine

The indole alkaloid desbromoarborescidine A (8) was synthesized before its isolation in
racemic form.?? Its first synthesis was accomplished by Keufer in 1950.% The first
asymmetric synthesis of desbromoarborescidine A as well as its absolute configuration
was established by Yamada and Kunieda in 1967 by applying Fischer indole protocol on
optically active hexahydro-2H-quinolizinone.’> The first racemic synthesis of
arborescidines A—C were reported by Koomen and co-workers in 1998 and based on the
synthesis of proposed structure of arborescidine D, a structural revision has been
recommended.”” Rawal and co-workers reported the enantioselective total synthesis of
antipodes of arborescidines A—C and confirmed the assigned absolute stereochemistry of
these natural products.?® The absolute configuration of deplancheine was established by
Mayers and co-workers in 1986 through the synthesis of antipode (S)-deplancheine.? Allin
et al. have reported stereospecific synthesis of both the enantiomers of deplancheine (7) by
using stereoselective cyclization reaction to form the indolo[2,3-a]quinolizine framework
from a nonracemic chiral template.*® Syntheses of desbromoarborescidine/arborescidine A
(8/9) and deplancheine (7) have been presented schematically in figures 3-8 whereas the
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syntheses of desbromoarborescidine (8)/arborescidine B and C (10/11) have been
described briefly in schemes 1-3.

2B.2.1 Schematic Presentation of Arborescidines/Desbromoarborescidines A

Syntheses
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Figure 5. Schematic representation of (R)-arborescidine A synthesis
2B.2.2 Syntheses of Arborescidines/Desbromoarborescidines B and C

Koomen and co-workers have reported first total synthesis of (+)-arborescidines B and C
from 6-bromo-N-methyltryptamine 13 (Scheme 1).2” Compound 13 was condensed with
5,5-diethoxypentanal (14) using nonacidic aprotic Pictet-Spengler reaction condition in
refluxing toluene to provide acetal 15 in 93% yield. Deprotection of acetal 15 using
aqgueous TFA under thermodynamic condition resulted in a diastereoselective cyclization
with the formation of azapine ring structure to provide (x)-arborescidine C (11, dr 10:1) in
73% vyield (after crystallization). The stereochemistry of 11 was established by using
NOESY NMR studies. Compound 11 on treatment with p-TSA in DMSO at 120 °C

provided the enamine bearing (£)-arborescidine B (10) in 83% yield.

/©\_/|(\\'}IH +Et0 OEt/O toluene, reflux | NCH3;
Br ” CH, 2h (93%) Br ﬂ

13 14 EtO 15
OEt

i. aq. TFA, THF

259C. 45 mi -TSA, DM
i 5°C, 45 min NCH, P SA, DMSO | NCH,
ii. sat. aq. Na,CO3 Br “H 120°C, 3 h Br N
25 °C, 30 min (94%) HO!. (83%) \

H
(t)-Arborescidine C (11, dr 10:1) (+)-Arborescidine B (10)

Scheme 1. First total synthesis of (z)-arborescidine B and C

Rawal and co-workers have reported first enantioselective total synthesis of
antipodes of arborescidines B and C by using Noyori asymmetric hydrogen-transfer
reaction of appropriately functionalized p-carboline derivatives (Scheme 2).% Imine 16
was subjected to Noyori asymmetric hydrogen-transfer reaction by using (S,S)-TsDPEN-
Ru(Il) complex in DMF to provide amine (—)-17 in 96% yield. Protection of the secondary
amine as carbamate delivered the compound (-)-18 in 99% vyield with 93% ee.
Dihydroxylation of the terminal olefin in (-)-18 by OsO4/t-BuOH, NMO in THF-H,0
furnished the diol 19 as a diastereomeric mixture in 88% yield. Oxidative cleavage of diol
19 by NalO,4 gave the unstable aldehyde (-)-20 in 90% yield. As such treatment of the
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obtained aldehyde 20 with ag. TFA provided >20:1 mixture of trans:cis-21 in 95% vyield.
Reduction of carbomethoxy group in 21 by AlH; afforded (—)-arborescidine C (11) in 96%
yield. Treatment of (-)-arborescidine C (11) with Burgess reagent in refluxing benzene
provided (-)-arborescidine B (10) in 84% vyield.

Ph,,. ,\‘,
Ph N/ \CI
| N (S,S)- TsDPEN Ru(ll) complex MeCO,Cl, EtaN
Br N7 Y HCO,H—Et3N (5:2), DMF TCHClp 0°C COZMe
H 25°C, 12 h (96%) 1h 99%
16 (-)17 (-)-18
X
0s0,4/t-BuOH, NMO, THF— HZO NalOy, THF-H0 (1:2)
0°C to 25 °C, 10 h (88%) Co2 °C 1h (90%) H COzMe
(-)-20
aq. TFA | H AlHg, THF A MeOchSOZNEt
—_— N e EEEE—
T1H:, ::;c Br N ~CO,Me 25 gﬁ;s)mm Br N NMe benze;;/SO °c
(95%) HO b . b)
(-)-21 (-=)-Arborescidine C (11) (=)-Arborescidine B (10)

Scheme 2. First enantioselective total synthesis of (—)-arborescidine B and C

Hsung and co-workers have demonstrated Br@nsted acid catalyzed stereoselective
arene-ynamide cyclizations and this methodology has been applied for the synthesis of (z)-
arborescidine C (Scheme 3).*! Indole-tethered ynamide 22 on treatment with PNBSA (p-
nitrobenzenesulfonic acid) underwent stereoselective keteniminium Pictet-Spengler
cyclization to provide enamine 23 in 67% yield. Enamine 23 was reduced under
hydrogenation condition to give compound 24. Surprisingly, benzyl ether was not cleaved
under that condition. Sodium napthalide induced N-Ts deproctection followed by

15 mol°/ PNBSA 80 psi Hy, 20% Pd(OH),

A\ > NTs OBn > NTs __OBn
toluene, 70 °C EtOH/EtOAc (3:1)

H 5 min (67%) 25°C,48h

i. 5% Pd/C, Hy

i. Na/napthalene MeOH/EtOAc i. 8.0 N aq. HCI
DME, -70 °C to 25 °C \ N (1 1.5), 25 °C |n DME
—_—

ii. CICO,Me, EtzN N Cone ii. Swern oxidation COZMe ii. AlH3, THF
THF, 25°C Boc (91%, 2 steps) Boc 0 °C (43%)
iii. (Boc),0, DMAP BnO (2 steps)
25

CH,Cl, (70% )
(4 steps)

)-Desbromo-
arboresmdme C (27)

Scheme 3. Synthesis of (z)-arborescidine C via keteniminium Pictet-Spengler cyclization

protection of secondary amine as methoxycarbamate and Boc-protection of indole-NH
furnished compound 25 in overall 70% vyield (4 steps). At this stage the benzyl ether was
deprotected by H,/Pd-C and the formed primary alcohol was oxidized under Swern
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condition to deliver the aldehyde 26 in 91% yield (2 steps). The aldehyde 26 on treatment
with 8 N HCI underwent diastereoselective cyclization to provide the trans-aminol which
after alane reduction furnished (x)-desbromoarborescidine C (27) in 43% yield (2 steps).

2B.2.3 Schematic Presentation of Deplancheine Syntheses

iminium ion- |

NH
N _imine-enamine vinyl silane H SiMe;
N s
alkylatlon cyclization N H
Overman and Malone
Palmisano and co-workers J. Org. Chem. 1982, 47, 5297. 3
Tetrahedron Lett. 1982, 23, 2139.
reductive
®B o cyanation and Y Y __reduction
©\_/|(\\N r cyclization
N ¢ \ e
H S OBn Hameild and Lounasmaa
Ashcroft and Joule Acta Chem. Scand. Ser. B 1981, 35, 217.
Tetrahedron Lett. 1980, 21, 2341. » .
Deplancheine (7) |
oxidative Iy 1 ring closing N—CO,CH,CCls
| N " cyclization reaction H n 9
N @ © P(OEt),
o (6] Ohsawa and co-workers
Fuji et al \/’ Heterocycles 2001, 55, 1165.
Chem. Pharm. Bull. 1989, 37, 2822.
reduction intermolecular aza-

Pakrashi and co-workers
J. Org. Chem. 1988, 53, 4236.

double Michael

reaction CQ/\I‘\IH
o

Ilhara and co-workers
J. Org. Chem. 2005, 70, 3957.

Figure 6. Schematic representation of (x)-deplancheine syntheses
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Figure 8. Schematic representation of (R)-deplancheine syntheses
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2B.3 Results and Discussion: Present Work

A careful scrutiny of desbromoarborescidines A—C structures and their retrosynthetic
analysis revealed that they are the analogous indole alkaloids containing skeletonal 15-
carbon and 2-nitrogen atoms (Scheme 4). We reasoned that (S)-acetoxyglutarimide has
similar 15-carbon skeleton along with appropriately placed 2-nitrogens and it would be a
suitable precursor for the synthesis of target compounds viz., (i) the (S)-acetoxy function
would serve as best detachable handle to embark the stereoselectivity, (ii) regioselective
reduction of an imide carbonyl to the lactamol followed by an intramolecular
stereoselective cyclization would provide an access to desbromoarborescidine A and (iii)
hydrolytic cleavage of o&lactam unit in the advanced intermediate (S)-indolo[2,3-
aJquinolizine followed by an alternate intramolecular cyclization utilizing the indole

nitrogen atom would constitute a path to desbromoarborescidines B & C.

N

(-)-Desbromoarborescidine A o
(+)-Desbromoarborescidine C

Exchange of mtrogen
regloselectlwty

N o
Reductlve

cycllzatlon
(S)-Indolo[2,3-a]quinolizine

(common building block) Stere::ne(;elz:tlwty

(S)-Acetoxyglutarimide
Scheme 4. Retrosynthetic analysis of desbromoarborescidines A and C

The enantiomerically pure starting material (S)-tetrahydro-5-oxo-2-furancarboxylic
acid (S)-28 was prepared from (S)-glutamic acid by using known procedure.** EDCI
induced dehydrative coupling reaction of Boc-protected tryptamine 29 with
enantiomerically pure acid (S)-28 furnished the desired product (-)-30 in 86% yield with
96% ee (by HPLC) (Scheme 5). Control experiments on base catalyzed rearrangement of
amidolactone (-)-30 to the desired (S)-hydroxyglutarimide (-)-31 revealed that the starting
material is very much prone to recemize. Hence the yield and enantiomeric purity of
formed ring expansion product are highly dependent on molar amount of base used,

reaction temperature and time.**** The results obtained on the basis of systematic studies
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on conversion of compound (-)-30 to (—)-31 have been summarized in table 1. The use of
0.45 equivalents of t-BuOK at —78 to —50 °C in 1.50 h time furnished the product (-)-31 in

Table 1. Base catalyzed rearrangement of (S)-amidolactone to (S)-hydroxyglutarimide

N THF éoc

éoc HO"
(-)-30 (96% ee) (-)-31

entry t-BuOK (equiv) temp. °C time (h) % vyield® % ee”

1 0.60 —-78to—-40  3.00 82 68
2 0.50 —-78to-40  3.00 72 80
3 0.50 —-78to-40  2.00 68 89
4 0.45 —78to-50  2.00 66 91
5 0.45 —78to-50  1.50 65 96
6 0.40 -78t0-50  2.00 56 92

%|solated yields, °determined by chiral HPLC

65% yield with 96% enantiomeric purity (Table 1, entry 5). The (S)-hydroxyl group in
compound (-)-31 was transformed to the corresponding acetate (—)-32 in 98% yield by
using acetic anhydride and triethylamine. The regioselective sodium borohydride reduction
of more reactive imide carbonyl group in compound (-)-32 provided product 33 in 84%
yield with ~2:1 diastereomeric ratio (by *H NMR). Such type of lactamol units is known to
display the ring—chain tautomerism® and hence to keep the complete control on

diastereoselectivity is a difficult task. However under a controlled reaction conditions, the

NH, Ny g
‘ \(\A\ EDCI, Et;N o © t-BuOK, THF
+  Ho,.o" O  Somamsee | T78°C 150G
N 2 (6] DCM, 25 °C -78 °C to -50 °C
Boc 24 h (86%) '; 1.50 h (65%)
29 (S)-28 0C ()30 (96% ee)
Ac,0, Et;N NaBH,
\ O  DMAP, DCM \ o] MeOH:DCM | 0
N - N - . o N
N~ O 0°C to 25 °C N~ O ~10°Ct0 0°C N
Boc X 4h (98%) Boc . 1 h (84%) Boc .
HO AcO AcO
(-)-31 (96% ee) (-)-32 (-)-33 (2:1 dr)

Scheme 5. Synthesis of (S)-acetoxyglutarimide
chemoselective trifluoroacetic acid induced intramolecular cyclization of lactamol 33 at —
10 to 0 °C furnished the desired tetracyclic intermediate (-)-34 in very good yield with

high stereoselectivity (79%, 23:2 dr), via the N-acyliminium ion intermediate (Scheme 6).

57



The present reaction was chemoselective as the Boc-protection remained intact with the
use of two equivalents of TFA at lower temperature. In this N-acyliminium ion cyclization,
the high degree of diastereoselectivity is attributed to the formation of flat iminium ion
intermediate followed by the stereoselective intramolecular nucleophilic attack from the
less hindered p-side. However the repetition of above experiment at —78 to 0 °C did not
show any further refinement in diastereoselectivity and/or yield. The mixture of
diastereoisomers 34 was quantitatively separated by using flash column chromatography

and the required major isomer retained 94% enantiopurity (by HPLC).

K2CO;y
H
NHO@O TFA, DCM ";'N O _ MeOH N‘?N o) ";'N o

-10°Cto 0°C N 0°Cto 25°C | N

Boc . 3.50 h (79%) Boc 4h(92%) Baco™
AcO AcO HO

33 (~)-34 (23:2 dr, 94% ee) (-)-35 (isolable intermediate) (-)-36

PhOCSCI, DIPEA
| |;|N o n-BugSnH, AIBN | H 30.38

DMAP, DCM - N 0 Known
T » - s 5 - >
-40°Cto0°C | toluene, 80 °C N 6 sttzps
4 h (92%) H o 2 h (54%) H (57%)

(-)-37 S)\OPh (-)-38 (94% ee) (S)-Deplancheine (7)

Scheme 6. Stereoselective synthesis of pivotal intermediate (S)-indolo[2,3-a]quinolizine:
formal synthesis of (S)-deplancheine

The major isomer (—)-34 on treatment with K,CO3/MeOH underwent both one-pot
deacylation and N-Boc-deprotection® in four hours to exclusively provide the product (-)-
36 in 92% vyield. In the conversion of (-)-34 to (-)-36, tlc-monitoring of the reaction
progress indicated that one of the intermediate formed has a sufficient life span and its
isolation would be feasible. Hence the above mentioned reaction was arrested after one
hour time and immediate silica gel column chromatography of the reaction mass was
performed. We could successfully isolate the intermediate (-)-35 in almost 26% yield
along with some amounts of both starting material and final product. Thus mechanistically
the deacylation followed by an in situ intramolecular N-Boc-group migration to the
proximal hydroxyl oxygen function takes place to form the intermediate (-)-35, which on
methanolysis provides product (-)-36. The observed intramolecular 1,5-Boc migration is
attributed to the geometrical features and the unusual carbamate to carbonate
transformation is significant from basic chemistry point of view. Finally the absolute and
relative stereochemistry of product (-)-36 was confirmed by using single crystal X-ray
crystallographic data (Figure 9). We feel that our present protocol will mirror to provide

(+)-36 from the corresponding (R)-glutamic acid. At this stage the detachment of stereo-
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Figure 9. Ortep drawing of compound (—)-36. Thermal ellipsoids set to 50% probability
level.

Note: Complete details of crystallographic data have been reported in the SI part of
publication: Mondal, P.; Argade, N. P. J. Org. Chem. 2013, 78, 6802.

selectivity handle, the (S)-hydroxyl group in compound (-)-36 was decided to obtain the
product (S)-38. In our hands the preparation of mesylate derivative of compound (-)-36
followed by its displacement by iodide resulted mostly in elimination product owing to the
higher acidity of an adjacent methine proton. Alternatively, the chemoselective reaction of
compound (-)-36 with excess of phenyl chlorothionoformate in presence of
diisopropylethylamine exclusively provided the xanthate ester (-)-37 in 92% yield. The
xanthate ester (—)-37 was not very stable and hence it was quickly filtered through the
silica gel column and immediately used for the next step. The xanthate ester (-)-37 on
Barton—McCombie deoxygenation®” using tributyltin hydride in presence of AIBN gave
the desired common chiral building block (S)-38 in 54% yield (94% ee, by HPLC). The
analytical and spectral data obtained for compound (S)-38 was in complete agreement with
the reported data.®® Thus the desired common intermediate (S)-38 was obtained in 8-steps
with 15% overall yield. A six-step synthetic protocol to transform the compound (S)-38 to
(S)-deplancheine (7, antipode) in very good overall yield is known.3%%%3°

In the next part of studies, syntheses of desbromoarborescidines A—C were planned
from an advanced intermediate (S)-38 (Scheme 7). Aluminum hydride reduction of &
lactam carbonyl in  compound (S)-38 provided the natural product (S)-
desbromoarborescidine A (8) in 82% yield. The exchange of nitrogen regioselectivity in
intermediate (S)-38 was then envisioned for synthesis of desbromoarborescidines B and C.
The hydrolytic cleavage of &lactam unit in compound (S)-38 was specifically intended

under basic conditions to avoid recemization issues.*
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AlH3, THF
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(82%)

10% aq. KOH, THF
100 °C, 36 h (85%)

(-)-Desbromo-
arborescidine A (8)
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CgHe, reflux
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(+)-Desbromo- (+)-Desbromo-
(r)y-44 arborescidine C (27) arborescidine B (45)

Scheme 7. Synthesis of enantiomerically pure desbromoarborescidines A—C from (S)-
indolo[2,3-a]quinolizine

The compound (S)-38 on hydrolysis with aqueous KOH followed by an
acidification provided product 39 in 85% yield. At this stage a selective carbomethoxy
protection of piperidine nitrogen in compound 39 was undertaken, as initially it would
serve as a protecting group and later on the source of essential methyl group. The
regioselective reaction of more reactive piperidine nitrogen with methyl chloroformate in
presence of KOH gave the corresponding carbamate derivative (+)-40 in 72% vyield. The
compound (+)-40 on treatment with diazomethane formed the required ester (+)-41 in 86%
yield (99% ee, by HPLC). The enhancement in % ee could be plausibly due to the sizeable
deletion of minor isomer during the process of post reaction neutralization followed by
precipitation of compound 39. DIBAL reduction of ester (+)-41 furnished the
corresponding alcohol (+)-42 in 73% vyield. The Dess—Martin periodinane oxidation of
alcohol (+)-42 formed aldehyde 43. However, all our attempts to isolate the aldehyde 43 in
pure form met with failure and it was always contaminated with the further cyclized
product (+)-44 (by *H NMR). The above mixture of products on stirring in chloroform at
room temperature for 18 hours underwent the smooth stereoselective intramolecular
cyclization to exclusively yield the desired trans-aminol (+)-44 in 72% yield. The catalytic
amount of hydrochloric acid present in the chloroform was responsible for the above

mentioned intramolecular cyclization. On the basis of NMR data, all four products and
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intermediate 40—44 were designated as the rotameric mixtures and it is in accordance with
literature precedent.** The conversion of (+)-aminol 44 to (+)-desbromoarborescidines C
and B has been known in the literature.”* Similarly, alane reduction of carbomethoxy
group in compound (+)-44 to the methyl group furnished the desired (3S,17S)-
desbromoarborescidine C (27) in 95% yield. (3S,17S)-Desbromoarborescidine C (27) on
treatment with Burgess reagent provided the corresponding dehydration product (S)-
desbromoarborescidine B (45) in 81% yield. The analytical and spectral data obtained for
desbromoarborescidines A—C were in complete agreement with reported data.®?%2"3
Starting from Boc-protected tryptamine 29, the desbromoarborescidines A/C/B (8/27/45)

were respectively obtained in 9/15/16 steps with 13/4/3% overall yields.*?

2B.4 Summary

In summary, we have demonstrated enantioselective convergent approach to deplancheine
and desbromoarborescidines A-C from the corresponding (S)-acetoxyglutarimide. All the
three different oxygen functions present in (S)-acetoxyglutarimide were rationally utilized
in a remarkable chemo-, regio- and stereoselective fashion to design these four desired
tantamount targets in very good overall yields and high enantiomeric purities, using an
appropriate protecting groups. The present practical approach to these products is
general in nature and would be useful to synthesize their potential analogues and
congeners for SAR studies. The witnessed in situ intramolecular Boc-group migration-
deprotection is notable from mechanistic point of view. The chiral intermediate (1S,12R)-
1-hydroxy-1,2,3,6,7,12b-hexahydroindolo[2,3-a]quinolizin-4(12H)-one (38) is noteworthy
and it will serve as an important synthon to design several other bioactive indole

alkaloids.
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2B.5 Experimental Section

Commercially available (L)-glutamic acid, EDCI, t-BuOK, NaBH,, TFA, o-phenyl
chlorothionoformate, n-BusSnH, AIBN, methyl chloroformate, DIBAL, Dess—Martin

periodinane and Burgess reagent were used.

(-)-tert-Butyl (S)-3-(2-(5-Oxotetrahydrofuran-2-carboxamido)ethyl)-1H-indole-1-
o| carboxylate (30). A solution of Boc-protected tryptamine (29,
HH
NTZE}; 5.50 g, 21.13 mmol) in CH,CI, (40 mL) was added dropwise
(0]

©\_/|(V to a stirred suspension of acid (S)-28 (2.75 g, 21.13 mmol) and

N™  (-)-CaoH24N,05 (30)
Boc  M.W.372.42 EDCI (8.10 g, 42.26 mmol) in CH,Cl, (80 mL) at 0 °C under

argon atmosphere. To the above reaction mixture was added EtzN (8.80 mL, 63.4 mmol) in

a dropwise fashion and it was stirred at room temperature for 24 h. The reaction was
quenched with water (25 mL) and the organic layer was separated. The aqueous layer was
extracted with CH,Cl, (100 mL x 3) and the combined organic layer was washed with
brine and dried over Na,SO,4. Concentration of the dried organic layer in vacuo followed
by the silica gel (60—120) column chromatographic purification of the resulting residue
using ethyl acetate—petroleum ether (3:2) as an eluent gave pure amide (-)-30 as a white
solid (6.76 g, 86% yield; 96% ee). Mp 100-102 °C; [a]*°b —13.6 (c 0.1 CHCIs); *H NMR
(CDCl3, 200 MHz) 6 1.67 (s, 9H), 2.17-2.40 (m, 1H), 2.43-2.68 (m, 3H), 2.94 (t, J = 8
Hz, 2H), 3.63 (q, J = 8 Hz, 2H), 4.81 (t, J = 8 Hz, 1H), 6.59 (brt, J = 4 Hz, 1H), 7.24 (dt,
J=28and 2 Hz, 1H), 7.33 (dt, J = 8 and 2 Hz, 1H), 7.41 (s, 1H), 7.53 (dd, J = 6 and 2 Hz,
1H), 8.13 (d, J = 8 Hz, 1H); *C NMR (CDCls, 50 MHz) J 24.9, 25.6, 27.4, 28.1, 38.9,
77.3, 83.6, 115.3, 117.1, 118.7, 1225, 123.1, 124.5, 130.2, 135.5, 149.5, 169.4, 175.6;
ESIMS (m/z) 395 [M+Na]*; HRMS (ESI) calcd for CyH.4N,OsNa 395.1577, found
395.1571; IR (CHCls) vinax 3431, 3020, 1789, 1727, 1677 cm ™.

(—)-tert-Butyl (S)-3-(2-(3-Hydroxy-2,6-dioxopiperidin-1-yl)ethyl)-1H-indole-1-
C l/\\ o| carboxylate (31). A suspension of t-BuOK in THF (0.45 M, 5.35 mL)
N
NT O was added dropwise over a period of 10 min to a stirred solution of
.
* HO amido-lactone (-)-30 (2.00 g, 5.36 mmol) in THF (30 mL) at —78 °C
(=)-C20H24N205 (31)
M.W. 372.42 under argon atmosphere. The reaction mixture was stirred and

allowed to reach —50 °C in 1 h. It was further stirred at the same temperature for 30 min.

The reaction was quenched with saturated aq. NH4Cl (5 mL) and THF was removed in
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vacuo. To the reaction mixture was added ethyl acetate (150 mL) and the separated organic
layer was washed with water, brine and dried over Na,SO4. Concentration of the dried
organic layer in vacuo followed by the silica gel (230—-400 mesh) column chromatographic
purification of the resulting residue using petroleum ether—ethyl acetate (1:1) as an eluent
yielded (S)-hydroxyglutarimide (-)-31 as a white solid (1.30 g, 65% yield; 96% ee). Mp
136-138 °C; [a]®b —47.9 (c 0.108 CHCls); *H NMR (CDCls, 200 MHz) & 1.67 (s, 9H),
1.89 (dg, J = 12 and 6 Hz, 1H), 2.28-2.43 (m, 1H), 2.55-2.75 (m, 1H), 2.83-3.00 (m, 1H),
2.93 (t, J = 6 Hz, 2H), 3.58 (br s, 1H), 3.93-4.28 (m, 3H), 7.28 (dt, J = 8 and 2 Hz, 1H),
7.34 (dt, J = 8 and 2 Hz, 1H), 7.45 (s, 1H), 7.70 (dd, J = 8 and 2 Hz, 1H), 8.13 (d, J = 8
Hz, 1H); **C NMR (CDCls, 50 MHz) 6§ 23.4, 25.2, 28.1, 30.7, 40.2, 68.2, 83.5, 115.2,
116.9, 119.0, 122.5, 123.3, 124.4, 130.3, 135.4, 149.6, 171.1, 175.1; ESIMS (m/z) 395
[M+Na]*; HRMS (ESI) calcd for CyoH24N20sNa 395.1577, found 395.1571; IR (CHClIy)
Vmax 3517, 1730, 1679 cm ™,

(-)-tert-Butyl (S)-3-(2-(3-Acetoxy-2,6-dioxopiperidin-1-yl)ethyl)-1H-indole-1-
: . 0] carboxylate (32). To a stirred solution of hydroxyimide (-)-31 (4.20
| N
N g, 11.28 mmol) in CH,Cl, (50 mL) at 0 °C was added EtsN (1.88 mL,
P9 aco 13.54 mmol), Ac,O (1.60 mL, 16.92 mmol) and catalytic amount of
(=)-C22H26N206 (32)
M.W. 414.46 DMAP (20 mg). The reaction mixture was allowed to reach room

temperature and further stirred for 4 h. The reaction was quenched with water (10 mL) and
extracted with CH,Cl, (50 mL x 3). The combined organic layer was washed with
saturated ag. NaHCOg, brine and dried over Na,SO,. The concentration of organic layer in
vacuo followed by silica gel (60—120 mesh) column chromatographic purification of the
resulting residue using petroleum ether—ethyl acetate (6:4) as an eluent afforded pure
acetoxyimide (-)-32 as a white solid (4.60 g, 98% yield). Mp 104—106 °C; []*p —30.5 (c
0.106 CHCI3); *H NMR (CDCls, 200 MHz) 5 1.64 (s, 9H), 1.97-2.25 (m, 2H), 2.20 (s,
3H), 2.58-2.78 (m, 1H), 2.78-2.98 (m, 3H), 3.89—4.13 (m, 2H), 5.45 (dd, J = 10 and 6 Hz,
1H), 7.18 (dt, J = 8 and 2 Hz, 1H), 7.24 (dt, J = 8 and 2 Hz, 1H), 7.36 (s, 1H), 7.63 (dd, J =
6 and 2 Hz, 1H), 8.04 (d, J = 8 Hz, 1H); **C NMR (CDCls, 50 MHz) 6 20.7, 23.1, 23.4,
28.1, 30.4, 40.3, 68.6, 83.4, 115.1, 117.0, 119.1, 122.5, 123.4, 124.4, 130.3, 135.4, 149.6,
169.1, 169.8, 170.6; ESIMS (m/z) 437 [M+Na]"; HRMS (ESI) calcd for CzH26N,O¢Na
437.1683, found 437.1675; IR (CHCl3) vinax 1734, 1686 cm ™.
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tert-Butyl 3-(2-((3S)-3-Acetoxy-2-hydroxy-6-oxopiperidin-1-yl)ethyl)-1H-indole-1-

@j/\\ o| carboxylate (33). To a stirred solution of (S)-acetoxyglutarimide (-)-
N
d 32 (2.00 g, 4.83 mmol) in MeOH:CH,CI, (2:1, 30 mL) mixture was

N Ho
Boc ]
AcO added NaBH, (550 mg, 14.5 mmol) in small portions at —10 °C over 5
CoH2N206 (33)
M.W. 416.47 min. The stirred reaction mixture was allowed to reach 0 °C in 1 h and

the reaction was quenched with saturated ag. NaHCO3; (5 mL) and brine (5 mL). The
reaction mixture was further stirred vigorously at 0 °C for 5 min and it was extracted with
CH,CI, (75 mL x 3). The combined organic layer was washed with water, brine and dried
over Na,SO,4. The concentration of organic layer in vacuo followed by silica gel (60—120
mesh) column chromatographic purification of the resulting residue using ethyl
acetate—petroleum ether (8:2) as an eluent afforded the required lactamol 33 (2:1 dr) as a
thick oil (1.69 g, 84%). *H NMR (CDCls, 500 MHz) & 1.66 (s, 9H), 2.01 (s, 1H), 2.08 (s,
2H), 2.10-2.35 (m, 2H), 2.40-2.64 (m, 2H), 2.93-3.08 (m, 2H), 3.50-3.63 (m, 1H), 3.75-
3.94 (m, 1H), 4.83-5.00 (m, 2H), 7.20-7.27 (m, 1H), 7.27-7.35 (m, 1H), 7.41 (s, 1H),
7.58-7.65 (m, 1H), 8.10 (br s, 1H); *C NMR (CDCls, 125 MHz) § 20.4, 20.5, 20.9, 21.0,
23.7, 23.8, 27.4, 28.2, 29.3, 29.7, 45.9, 46.4, 69.5, 70.0, 79.8, 81.4, 83.5, 115.3, 117.8,
119.0, 119.1, 122.49, 122.53, 123.07, 123.11, 124.4, 130.3, 135.4, 149.7, 169.4, 169.9,
170.4; ESIMS (m/z) 439 [M+Na]"; HRMS (ESI) calcd for C,,H2sN,O¢Na 439.1840, found
439.1836; IR (CHCl3) vinax 3384, 1734, 1635 cm ™.

(-)-tert-Butyl (1S,12bR)-1-Acetoxy-4-0x0-1,3,4,6,7,12b-hexahydroindolo[2,3-
aJquinolizine-12(2H)-carboxylate (34). To a stirred solution of

H
|=NO

N lactamol 33 (3.50 g, 8.40 mmol) in CH,Cl, (50 mL) at —10 °C was

éOC -
()Cotion,0, (34) | added TFA (1.36 mL, 16.8 mmol) in dropwise fashion. The reaction
M.W. 398.46

mixture was stirred in between -10 °C and 0 °C for 3.50 h and
quenched with saturated ag. NaHCO3 (5 mL). Then the reaction mixture was extracted
with CH,CI, (75 mL x 3) and the combined organic layer was washed with brine and dried
over Na,SOy. The concentration of organic layer in vacuo followed by silica gel (230-400
mesh) column chromatographic purification of the resulting residue using ethyl
acetate—petroleum ether (7:3) as an eluent first afforded the minor diastereomer (200 mg,
6%) and then the required major diastereomer (—)-34 as a white foam (2.44 g, 73% yield,;
94% ee). Major isomer 34: Mp 63-65 °C; [¢]*5 —136.1 (c 0.1 CHCIs); *H NMR (CDCls,
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200 MHz) & 1.68 (s, 9H), 1.70-1.85 (m, 1H), 1.95-2.10 (m, 1H), 2.15 (s, 3H), 2.33-2.50
(m, 1H), 2.50-3.00 (m, 4H), 4.98-5.17 (m, 1H), 5.30-5.38 (m, 1H), 5.41-5.50 (m, 1H),
7.21-7.40 (m, 2H), 7.46 (dd, J = 8 and 2 Hz, 1H), 8.00 (dd, J = 8 and 2 Hz, 1H); *C NMR
(CDCls, 50 MHz) ¢ 21.0, 21.4, 23.4, 27.3, 27.9, 40.6, 59.9, 70.6, 84.6, 115.2, 118.2, 120.7,
122.9, 124.8, 128.5, 131.8, 136.7, 150.2, 169.5, 169.6; ESIMS (m/z) 421 [M+Na]*; HRMS
(ESI) calcd for CyH2sN20sNa 421.1739, found 421.1724; IR (Nujol) vinax 1733, 1652

cm .

(-)-(1S,12bR)-1-Hydroxy-2,3,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-4(1H)-one
e (36). Anhydrous K,COj3 (666 mg, 4.82 mmol) was added to a stirred

Y| solution of acetate (-)-34 (2.40 g, 6.02 mmol) in MeOH (30 mL) at 0
H

HO' 0 : : : 0 -
(L)-CrcH1aN;0, (36) C. Then the reaction mixture was further stirred for 4 h at 25 “C and it

M.W. 256.31 was concentrated in vacuo. The obtained residue was directly purified

by silica gel (230-400 mesh) column chromatographic purification using ethyl
acetate—methanol (98:2) as an eluent to afford the Boc-deprotected alcohol (-)-36 as a
white solid (1.42 g, 92% vyield). Mp 247-249 °C; []*p —169.4 (c 0.1 MeOH); *H NMR
(DMSO-dg, 500 MHz) 6 1.80-1.87 (m, 2H), 2.25-2.34 (m, 1H), 2.43 (td, J = 20 and 5 Hz,
1H), 2.57-2.70 (m, 2H), 2.79 (dt, J = 15 and 5 Hz, 1H), 3.90 (quintet, J = 5 Hz, 1H), 4.57
(d, J = 10 Hz, 1H), 4.80 (dd, J = 15 and 5 Hz, 1H), 5.90 (d, J = 5 Hz, 1H), 6.96 (t, J = 10
Hz, 1H), 7.04 (t, J = 10 Hz, 1H), 7.38 (d, J = 10 Hz, 1H), 7.42 (d, J = 10 Hz, 1H), 10.38 (s,
1H); ¥*C NMR (DMSO-dg, 125 MHz) ¢ 21.0, 28.2, 29.7, 40.6, 60.0, 68.6, 108.0, 112.2,
118.1, 119.1, 121.5, 126.4, 133.8, 136.4, 168.7; ESIMS (m/z) 279 [M+Na]*; HRMS (ESI)
calcd for Cy5H17N20, 257.1285, found 257.1281; IR (NUjol) vimax 3292, 1715, 1612 cm ™,

(-)-tert-Butyl ((1S,12bR)-4-Ox0-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-

Tu yl) Carbonate (35). The above described reaction was performed on

NTY Nl 100 mg scale and arrested after 1 h. Similar work up procedure
H
BocO followed by the silica gel (230-400 mesh) column chromatographic
(=)-C20H24N204 (35)
M.W. 356.42 purification of the resulting residue using ethyl acetate—petroleum

ether (6:4) as an eluent afforded the desired carbonate intermediate (—)-35 as a white
foam (23 mg, 26% yield). Mp 74-76 °C; []*p —42.8 (c 0.5 CHCIl3); *H NMR (CDCls,
500 MHz) ¢ 1.57 (s, 9H), 2.00-2.10 (m, 1H), 2.15-2.24 (m, 1H), 2.50-2.58 (m, 1H), 2.67—
2.94 (m, 4H), 4.87 (d, J = 5 Hz, 1H), 4.98-5.04 (m, 1H), 5.09-5.18 (m, 1H), 7.14 (t, J = 10
Hz, 1H), 7.22 (t, J = 10 Hz, 1H), 7.37 (d, J = 10 Hz, 1H), 7.52 (d, J = 10 Hz, 1H), 8.58 (s,
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1H); **C NMR (CDCls, 125 MHz) 6 20.9, 24.8, 27.8, 28.8, 40.8, 58.1, 74.6, 83.9, 110.9,
111.1, 118.4, 119.8, 122.5, 126.5, 130.5, 136.1, 152.8, 168.8; ESIMS (m/z) 357 [M+H]";
HRMS (ESI) calcd for CaoHasN,04 357.1809, found 357.1806; IR (CHCI3) vinax 3473,
1746, 1635 cm ™.

(-)-(1S,12bR)-4-0Ox0-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-yl  Phenyl
Carbonate (37). Anhydrous DIPEA (1.02 mL, 5.85 mmol) was added
N MO dropwise to a stirred solution of alcohol (-)-36 (500 mg, 1.95 mmol)
o _ and DMAP (71.5 mg, 0.59 mmol) in CH,Cl, (30 mL) at —40 °C under

S

H
()-CasHaoN,048 (37) | 2T90N atmosphere and the reaction mixture was stirred for 10 min. To
M.W. 392.47

the above reaction mixture was added o-phenyl chlorothionoformate
(0.81 mL, 5.85 mmol) in a dropwise fashion and it was stirred at —15 °C to 0 °C for 4 h.
The direct concentration of reaction mixture in vacuo followed by silica gel (60-120
mesh) column chromatographic purification of the resulting residue using petroleum
ether—ethyl acetate (6:4) as an eluent afforded the xanthate ester (—)-37 as a yellow foam
(704 mg, 92% yield). Mp 82-84 °C; []*p —48.1 (c 0.1 CHCIl3); *H NMR (CDCls, 500
MHz) § 2.20-2.40 (m, 2H), 2.58-2.68 (m, 1H), 2.73-2.88 (m, 2H), 2.88-3.05 (m, 2H),
5.10-5.30 (m, 2H), 5.78 (s, 1H), 7.13-7.60 (m, 9H), 8.55 (s, 1H); *C NMR (CDCls, 125
MHz) ¢ 21.0, 23.7, 28.3, 41.3, 58.0, 80.2, 111.2, 111.6, 118.5, 120.0, 121.7, 122.7, 126.6,
127.0, 129.7, 129.8, 136.2, 153.0, 168.4, 193.9; ESIMS (m/z) 415 [M+Na]"; HRMS (ESI)
calcd for CyHz0N203SNa 415.1087, found 415.1082; IR (CHCIs) vimax 3361, 1714, 1652

cm .

(-)-(8)-2,3,6,7,12,12b-Hexahydroindolo[2,3-a]quinolizin-4(1H)-one (38). Pre-dried 50

mL round bottom flask was charged with xanthate ester (-)-37 (500

| H
N N mg, 1.27 mmol), AIBN (21 mg, 0.13 mmol) and dry toluene (20 mL).
H

()-CisHieN,0 38) | The stirred reaction mixture was purged with argon for 15 min and
MW 24031 then n-BusSnH (0.55 mL, 2.05 mmol) was added dropwise at 25 °C.

The reaction mixture was heated at 80 °C for 2 h. Toluene was distilled off in vacuo and

acetonitrile (40 mL) was added to the crude residue. The acetonitrile layer was washed
with hexane (15 mL x 3) and concentrated in vacuo. The silica gel (230-400 mesh)
column chromatographic purification of the resulting residue using ethyl acetate as an
eluent afforded the desired deoxygenated product (S)-38 as a yellowish solid (165 mg,
54% yield; 94% ee). Mp 194-196 °C; [¢]*°p —220.2 (c 0.1 CHCls); *H NMR (CDCls, 500
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MHz) 6 1.70-2.00 (m, 3H), 2.35-2.55 (m, 2H), 2.55-2.65 (m, 1H), 2.72-2.95 (m, 3H),
4.80 (dd, J = 10 and 5 Hz, 1H), 5.13-5.24 (m, 1H), 7.13 (t, J = 10 Hz, 1H), 7.19 (t, J = 10
Hz, 1H), 7.35 (d, J = 10 Hz, 1H), 7.52 (d, J = 10 Hz, 1H), 8.30 (br s, 1H); *C NMR
(CDCls, 125 MHz) 6 19.4, 21.0, 29.0, 32.4, 40.2, 54.4, 109.5, 110.9, 118.4, 119.8, 122.1,
126.8, 133.3, 136.2, 169.3; ESIMS (m/z) 241 [M+H]"; HRMS (ESI) calcd for CsH17N,0
241.1335, found 241.1332; IR (CHCl3) vinax 3283, 1733, 1623 cm ™.

(-)-(5)-1,2,3,4,6,7,12,12b-Octahydroindolo[2,3-a]quinolizine (Desbromoarborescidine
T A, 8). A flame dried round-bottomed flask was charged with AICI; (22
NN mg, 0.16 mmol) and THF (4 mL) under argon atmosphere. The stirred

|
H

reaction mixture was cooled to 0 °C and a suspension of LiAlIH4 (21 mg,

(-)-Desbromo-
arborescidine A

CcHaoN, (8) 0.55 mmol) in THF (2 mL) was added dropwise. After stirring for 10
15T1181N2
MW 2252 ] min at 0 °C, a solution of lactam (S)-38 (44 mg, 0.18 mmol) in THF (2

mL) was added dropwise to the above reaction mixture. Then it was stirred for 30 min at

25 °C and quenched by the addition of saturated ag. NH4Cl (2 mL). The reaction mixture
was filtered through Celite and the solid residue was washed with ethyl acetate (10 mL x
3). The filtrate was dried over Na,SO4 and concentrated in vacuo. The silica gel (230-400
mesh) column chromatographic purification of the resulting residue using
chloroform—methanol (9:1) as an eluent afforded desbromoarborescidine A (8) as a white
solid (34 mg, 82% yield). Mp 148-150 °C; [¢]*°b —80.5 (c 0.1 CHCls); *H NMR (CDCls,
400 MHz) 6 1.42-1.57 (m, 1H), 1.60 (dg, J = 12 and 4 Hz, 1H), 1.70-1.85 (m, 2H), 1.91
(d, J = 12 Hz, 1H), 2.06 (dd, J = 12 and 4 Hz, 1H), 2.41 (dt, J = 12 and 4 Hz, 1H), 2.60—
2.78 (m, 2H), 2.98-3.09 (m, 2H), 3.10 (t, J = 4 Hz, 1H), 3.24 (d, J = 8 Hz, 1H), 7.11 (t, J =
8 Hz, 1H), 7.15 (t, J = 8 Hz, 1H), 7.30 (d, J = 8 Hz, 1H), 7.50 (d, J = 8 Hz, 1H), 7.80 (br s,
1H); 3C NMR (CDCls;, 100 MHz) ¢ 21.5, 24.3, 25.7, 29.9, 53.5, 55.7, 60.2, 108.0, 110.7,
118.1, 119.3,121.2, 127.4, 135.1, 135.9; ESIMS (m/z) 227 [M+H]"; IR (CHCl3) viax 3476,
1599 cm ™.

(S)-4-(2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)butanoic Acid (39). Aqueous KOH
(10%, 20 mL) was added dropwise to a stirred solution of lactam (S)-
N7 38 (300 mg, 1.25 mmol) in THF (4 mL) at 25 °C. The reaction mixture

C1sH1gN,0, (39) CO2M1 \was heated at 100 °C for 36 h and allowed to reach 25 °C. The reaction
M.W. 258.32

mixture was then cooled to 0 °C and slowly neutralized by the
dropwise addition of 2 N HCI. The hydrolyzed compound started precipitating in between pH

8 to 7. The formed precipitate was filtered and dried to obtain the required acid 39 as a white
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solid (274 mg, 85% yield). Mp 198-200 °C; *H NMR (D20, 200 MHz) § 1.69 (t, J = 6 Hz,
1H), 1.76 (t, J = 8 Hz, 1H), 1.91 (q, J = 8 Hz, 1H), 2.00-2.25 (m, 1H), 2.44 (t, J = 8 Hz, 2H),
2.90-3.04 (m, 2H), 3.20-3.38 (m, 1H), 3.65 (td, J = 12 and 6 Hz, 1H), 4.45-4.57 (m, 1H),
7.13 (dt, J = 8 and 2 Hz, 1H), 7.24 (dt, J = 8 and 2 Hz, 1H), 7.43 (d, J = 8 Hz, 1H), 7.54 (d, J =
8 Hz, 1H); *C NMR (D0, 50 MHz) 6 20.3, 22.3, 33.2, 35.7, 44.0, 55.5, 108.6, 114.1, 120.9,
122.3, 125.2, 128.1, 131.4, 138.8, 180.5; HRMS (ESI) calcd for C15H19N,0, 259.1441, found
259.1439; IR (Nujol) viax 3350, 1791, 1623 cm ™. The NMR data of product 39 was collected

as its mono-hydrochloride for solubility reasons.

(+)-(S)-4-(2-(Methoxycarbonyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-1-

T u yhbutanoic Acid (40). A solution of KOH (117 mg, 2.09 mmol) in
: N { N-coMe | water (2 mL) was added at 0 °C to a stirred suspension of amine 39
H

(4)-CorHhaNs00 (40 2| (270 mg, 1.05 mmol) in acetone:water mixture (1:1, 8 mL). The
‘R‘;;"?V”C_";iﬁﬁg”s’ reaction mixture was stirred for 10 min and methyl chloroformate

(0.09 mL, 1.15 mmol) was added dropwise at the same temperature. It was further stirred
for 2 h at 0 °C and slowly neutralized with 2 N HCI. Acetone was removed in vacuo and
the crude residue was extracted with ethyl acetate (20 mL x 3). The combined organic
layer was washed with brine and dried over Na,SO,4. Concentration of the dried organic
layer in vacuo followed by the silica gel (60-120 mesh) column chromatographic
purification of the resulting residue using petroleum ether—ethyl acetate (1:9) as an eluent
provided the carbamate (+)-40 as a white foam (238 mg, 72% yield). Mp 5658 °C; []*pb
+77.0 (c 4.8 CHCls); *H NMR (CDCls, 400 MHz) 6 1.80 (br s, 3H), 1.90 (br s, 1H), 2.41
(br s, 2H), 2.64 (s, 0.35H), 2.68 (s, 0.65H), 2.79 (br s, 1H), 3.16 (br d, J = 12 Hz, 1H),
3.71 (s, 1.05H), 3.75 (s, 1.95H), 4.30 (d, J = 12 Hz, 0.65H), 4.48 (d, J = 8 Hz, 0.35H),
5.16 (s, 0.35H), 5.34 (s, 0.65H), 6.95-7.15 (m, 2H), 7.25 (d, J =8 Hz, 1H), 7.43 (d, J =8
Hz, 1H), 8.32 (s, 0.35H), 8.57 (s, 0.65H), 8.50-9.50 (br s, 1H); **C NMR (CDCls;, 100
MHz) ¢ 21.0, 21.1, 21.4, 33.4, 33.7, 34.0, 38.3, 38.5, 51.1, 52.9, 53.0, 107.8, 108.5, 111.0,
117.9, 118.1, 119.3, 121.7, 126.6, 133.6, 134.0, 136.0, 156.4, 156.9, 178.4; ESIMS (m/z)
339 [M+Na]"; HRMS (ESI) calcd for C17H,1N»04 317.1496, found 317.1494; IR (CHClIs)
Vinax 3333, 2700-2500, 1700, 1685 cm ™.

(+)-Methyl (S)-1-(4-Methoxy-4-oxobutyl)-1,3,4,9-tetrahydro-2H-pyrido[3,4-b]indole-

T 2-carboxylate (41). Ether solution of diazomethane was added

N M co,me dropwise at 0 °C to a stirred solution of acid (+)-40 (230 mg, 0.73

H COzMe
(+)-C1gH22N20,4 (41)

(Rotamers, 65:35) 68
M.W. 330.38




mmol) in diethyl ether and THF mixture (1:1, 6 mL) until the persistence of light yellow
color. The reaction mixture was stirred at 0 °C for 30 min and the solvent was removed
under reduced pressure. The silica gel (60-120 mesh) column chromatographic
purification of the resulting residue using petroleum ether—ethyl acetate (6:4) as an eluent
afforded the pure ester (+)-41 as a colorless gummy solid (206 mg, 86% yield). [¢]*°o
+91.0 (c 0.14 CHCls); *H NMR (CDCls, 200 MHz) 6 1.85 (quintet, J = 6 Hz, 4H), 2.43 (t,
J =8 Hz, 2H), 2.60-3.00 (m, 2H), 3.05-3.30 (m, 1H), 3.69 (s, 3H), 3.75 (s, 3H), 4.25-4.60
(br m, 1H), 5.19 (br s, 0.35H), 5.33 (br s, 0.65H), 7.09 (t, J = 8 Hz, 1H), 7.16 (t, J = 8 Hz,
1H), 7.32 (d, J = 8 Hz, 1H), 7.47 (d, J = 8 Hz, 1H), 8.08 (br s, 0.35H), 8.18 (br s, 0.65H);
B3C NMR (CDCls, 100 MHz) ¢ 21.0, 21.3, 33.5, 33.9, 34.2, 38.3, 38.5, 51.0, 51.6, 52.8,
107.9, 108.6, 110.9, 117.9, 119.3, 121.6, 126.7, 133.7, 134.1, 136.0, 156.3, 156.6, 174.1;
ESIMS (m/z) 353 [M+Na]; HRMS (ESI) calcd for CigHp3N,O, 331.1652, found
331.1648; IR (CHCls3) vinax 3331, 1735, 1685, 1623 cm ™.

(+)-Methyl (S)-1-(4-Hydroxybutyl)-1,3,4,9-tetrahydro-2H-pyrido[3,4-b]indole-2-
@j@um carboxylate (42). DIBAL solution (1 M in cyclohexane, 0.60 mL)
N“ Y "coMe | was added dropwise at —78 °C to a stirred solution of ester (+)-41
(+)-C1H7H22N203 (42) > (200 mg, 0.60 mmol) in THF (8 mL) under argon atmosphere. The
‘R‘;Z"f'v"v’,e;s(;ﬁé’;‘“’(’) stirred reaction mixture was allowed to reach 25 °C in 4 h. The

reaction was quenched at 0 °C with saturated aq. potassium sodium tartrate (4 mL). It was
then stirred at 25 °C for 1 h and concentrated in vacuo to remove the THF. The obtained
residue was extracted with CH,Cl, (25 mL x 3) and the combined organic layer was
washed with brine and dried over Na,SO4. The concentration of organic layer in vacuo
followed by silica gel (230—-400 mesh) column chromatographic purification of the
resulting residue using ethyl acetate—petroleum ether (8:2) as an eluent afforded the
alcohol (+)-42 as a yellowish foam (134 mg, 73% vyield). Mp 56-58 °C; [a]*b +89.9 (c
0.50 CHCls); *H NMR (CDCls, 200 MHz) 6 1.40-1.75 (m, 4H), 1.75-2.07 (m, 2H),
2.60-3.00 (m, 2H), 3.05-3.35 (m, 1.30H), 3.35-3.55 (m, 0.70H), 3.55-3.75 (m, 2H), 3.83
(s, 3H), 4.38 (dd, J = 10 and 2 Hz, 0.70H), 4.54 (d, J = 10 Hz, 0.30H), 5.21 (br s, 0.30H),
5.40 (br s, 0.70H), 7.05-7.24 (m, 2H), 7.32 (dd, J = 8 and 2 Hz, 1H), 7.51 (dd, J = 8 and 2
Hz, 1H), 8.81 (br s, 0.30H), 9.26 (br s, 0.70H); *C NMR (CDCls;, 100 MHz) § 21.0, 21.4,
22.3, 22.5, 32.1, 34.1, 34.4, 38.3, 38.4, 51.4, 51.7, 52.6, 52.9, 62.2, 107.3, 108.0, 110.9,
117.8, 118.0, 119.0, 119.1, 121.3, 121.5, 126.5, 134.0, 134.5, 136.0, 156.4, 156.8; ESIMS
(m/z) 325 [M+Na]"; IR (CHCI3) vimax 3405, 3468, 1684, 1623 cm ™.
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(+)-Methyl (3aS,7S)-7-Hydroxy-1,3a,4,5,6,7-hexahydro-3,7a-
diazacyclohepta[jk]fluorene-3(2H)-carboxylate (44). To a stirred
solution of alcohol (+)-42 (130 mg, 0.43 mmol) in CH,CI, (6 mL) at

(+)-C17H20N,03 (44) 0 °C was added Dess—Martin periodinane (274 mg, 0.65 mmol)
Rotamers, (50:50)
M.W. 300.36 followed by pyridine (0.05 mL, 0.65 mmol) under argon

atmosphere. After stirring for 30 min at the same temperature, the reaction mixture was
diluted with CH,Cl, (6 mL) and quenched with mixture of ag. sodium thiosulphate (40%,
2 mL) plus saturated agq. NaHCO3 (2 mL). It was then extracted with CH,Cl, (20 mL x 3)
and the combined organic layer was washed with brine and dried over Na,SO,. The
concentration of organic layer in vacuo followed by immediate silica gel (60—120 mesh)
column chromatographic purification of the resulting residue using ethyl
acetate—petroleum ether (1:1) as an eluent resulted the mixture of aldehyde 43 and further
cyclized product (+)-44 as a yellow liquid (by *H NMR). The above mixture of products
was then further stirred in chloroform (8 mL) at 25 °C for 18 h. The concentration of
above chloroform solution in vacuo followed by silica gel (60-120 mesh) column
chromatographic purification of the resulting residue using petroleum ether—ethyl acetate
(6:4) as an eluent afforded the desired cyclized compound (+)-44 as a yellow gummy solid
(93 mg, 72% vield). [a]®p +110.4 (¢ 0.25 CHCI5); *H NMR (CDCls, 400 MHz) § 1.62 (t,
J =12 Hz, 1H), 1.80 (d, J = 8 Hz, 2H), 2.00-2.14 (m, 1H), 2.25-2.50 (m, 2H), 2.60-2.82
(m, 2H), 3.04 (t, J = 12 Hz, 1.50H), 3.28 (br s, 0.50H), 3.72 (s, 1.50H), 3.74 (s, 1.50H),
4.31 (d, J = 12 Hz, 0.50H), 4.49 (d, J = 12 Hz, 0.50H), 5.31 (d, J = 12 Hz, 0.50H), 5.41 (d,
J =12 Hz, 0.50 Hz), 6.23 (d, J = 4 Hz, 1H), 7.11 (t, J = 8 Hz, 1H), 7.19 (t, J = 8 Hz, 1H),
7.32 (d, J = 8 Hz, 1H), 7.45 (d, J = 8 Hz, 1H); *C NMR (CDCls, 100 MHz) 6 19.5, 21.3,
21.6, 33.3, 33.9, 38.8, 39.1, 52.4, 52.7, 52.8, 76.1, 108.4, 108.9, 109.6, 118.2, 118.3,
119.47, 119.53, 121.55, 121.64, 126.3, 135.7, 136.5, 155.7, 156.0; ESIMS (m/z) 323
[M+Na]": IR (CHCls) vinax 3384, 1683, 1615 cm™.

(+)-(3aS,7S)-3-Methyl-1,2,3,3a,4,5,6,7-octahydro-3,7a-diazacyclohepta[jk]fluoren-7-ol
(Desbromoarborescidine C, 27). To a stirred solution of carbamate
(+)-44 (90 mg, 0.30 mol) in dry THF (3 mL) at 25 °C was added a
solution of AlH; (1.55 M, 0.40 mL, 0.60 mmol) and the reaction

mixture was stirred for 2 h under argon atmosphere. The reaction was

(+)-Desbromo-
arborescidine C (27)
C16H20N20

M-W. 25635} quenched with aq. saturated Na,SO,4 (2 mL) and filtered. The residue

was washed with CH,Cl, (30 mL) and the filtrate was dried over Na,SO,4. Concentration of

70



the filtrate in vacuo followed by silica gel (230—400 mesh) column chromatographic
purification of the resulting residue using chloroform—methanol (9:1) as an eluent afforded
desbromoarborescidine C (27) as a white solid (73 mg, 95% vyield). Mp 140-142 °C;
[]®°b +3.2 (¢ 0.25 CHCI3); *H NMR (CDCls, 400 MHz) & 1.51 (dg, J = 12 and 4 Hz, 1H),
1.66 (qt, J = 12 and 4 Hz, 1H), 1.80-1.90 (m, 1H), 2.20 (tg, J = 12 and 4 Hz, 1H), 2.30-
2.41 (m, 2H), 2.56 (s, 3H), 2.73-2.88 (m, 1H), 2.81 (d, J = 4 Hz, 2H), 3.11 (quintet, J = 8
Hz, 1H), 3.80 (d, J = 8 Hz, 1H), 6.24 (dd, J = 8 and 4 Hz, 1H), 7.11 (dt, J = 8 and 4 Hz,
1H), 7.19 (dt, J = 8 and 4 Hz, 1H), 7.31 (d, J = 8 Hz, 1H), 7.48 (d, J = 8 Hz, 1H); °C
NMR (CDCl;, 100 MHz) ¢ 19.8, 20.1, 32.0, 34.2, 42.2, 50.4, 61.4, 76.4, 108.4, 108.6,
118.3, 119.4, 121.4, 126.5, 136.1, 136.7; ESIMS (m/z) 257 [M+H]"; IR (NUjol) vinax 3365,
1612 cm ™.

(+)-(S)-3-Methyl-1,2,3,3a,4,5-hexahydro-3,7a-diazacyclohepta[jk]fluorene
(Desbromoarborescidine B, 45). Burgess reagent (95 mg, 0.40 mmol)

| H

< _N. . . .
N Me| was added at 25 °C to a stirred solution of aminol 27 (50 mg, 0.20

N
(+)-Desbromo-
arborescidine B
C16H1gN2 (45)
M.W. 238.33

mmol) in dry benzene (10 mL) under argon atmosphere. The reaction

mixture was refluxed for 8 h and then allowed to reach 25 °C. The

reaction mixture was diluted with ethyl acetate (25 mL) and washed

three times with brine and dried over Na,SO,4. Concentration of the organic layer in vacuo
followed by silica gel (230—-400 mesh) column chromatographic purification of the
resulting residue using CH,Cl,—methanol (95:5) as an eluent afforded
desbromoarborescidine B (45) as a brown solid (38 mg, 81% vyield). Mp 98-100 °C: []*b
+62.1 (c 0.36 CHCI3); 'H NMR (CDCls, 400 MHz) 6 1.91 (dg, J = 12 and 4 Hz, 1H),
2.34-2.50 (m, 2H), 2.50-2.63 (m, 1H), 2.57 (s, 3H), 2.70-2.80 (m, 2H), 2.90-3.02 (m,
1H), 3.18 (dd, J = 12 and 4 Hz, 1H), 3.45 (d, J = 12 Hz, 1H), 5.07 (td, J = 8 and 4 Hz, 1H),
6.95 (d, J = 12 Hz, 1H), 7.15 (t, J = 8 Hz, 1H), 7.22 (t, J = 8 Hz, 1H), 7.35 (d, J = 8 Hz,
1H), 7.49 (d, J = 8 Hz, 1H); °C NMR (CDCls, 100 MHz) § 20.6, 28.0, 29.9, 42.4, 52.8,
62.5, 109.1, 109.2, 110.0, 118.2, 120.2, 121.8, 122.0, 126.9, 136.1, 137.1; ESIMS (m/z)
239 [M+H]"; IR (Nujol) viax 1674 cm™.
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2B.6 Selected Spectra

'H, 33C NMR and DEPT spectra of compound (=)-34...........coveeveuen.n.
'H, 3C NMR and DEPT spectra of compound (—)-35...........cccvvvveunnn.s
'H, 3C NMR and DEPT spectra of compound (—)-38...........cceevvveuunnnns
'H, 3C NMR and DEPT spectra of compound (=)-8...........eeeevuueeeeennn.
'H, 3C NMR and DEPT spectra of compound (+)-41..........................
'H, 3C NMR and DEPT spectra of compound (—)-27............ccovvuuuenn.s
'H, 3C NMR and DEPT spectra of compound (—)-45.............ccovvuuenn.,

HPLC data of (+)-30 and (-)-30
HPLC data of (+)-31 and (-)-31
HPLC data of (x)-34 and (-)-34
HPLC data of (+)-38 and (-)-38
HPLC data of (+)-41 and (+)-41
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HPLC data of (+)-30

Shimadzu CLASS-VP V6.12 SP5 0
Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE HH
Data Name:  C:\CLASS-VP\Data\Dr. Argade\NPA 1352 N (¢}
User: System
Acquired 4/13/12 11:49:05 AM ‘ ‘ o
Printed: . 6/18/12 5:14:06 PM
Sample Name PM-amide-rac N
- BOC (4)-30
0.04
§ —
8
WU 4. — —tooo
2 % 3 ©
Detector A - 1 (254nm)
Retention Time C Area Area %
22.033 3071955 48.796
29.108 3223590 51.204
Totals
6295545 100.000

HPLC data of (-)-30

Shimadzu CLASS-VP V6.12 SP5
Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1393
User: System
Acquired: 7/6/12 3:16:05 PM I o]
Printed: 7/6/12 3:58:48 PM
Sample Name  PM-Amide-Chiral N
Boc (-)-30
02 02
i 0.1 g -0.1 5
§ 3
00— — S —— — ~L ] N ———loo
o 5 1 1 2 % % % 4
Mnwtes
Detector A - 1 (254nm)
Retention Time C Area Area %
22333 308511 1.752
28.642 17301778 98.248
Totals
17610289 100.000

Project Leader: Dr. N. P. Argade
Column . Chiralcel OD-H (250 x 4.6 mm)
Mobile Phase : IPA: Pet Ether (30:70)

Wavelength : 254 nm

Flow Rate  : 0.5 ml/min (31 kgf)
Conc. : 1.5mg/ 1.0 ml

Inj. Vol. 105l
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HPLC data of (+)-31

Shimadzu CLASS-VP V6.12 SPS

Method Name: C:\CLASS-VP\Method ch 2.met 0
Data Name:  C:\CLASS-VP\Data\Dr. Argade\NPA 1376 WN
User: System o
Acquired: 5/7/12 12:44:55 PM N
Printed: 5/7/12 1:52:05 PM Boc
Sample Name PM-Imide-rac HO
(£)-31
0.15 o 0.15

Voits

>
R -
43.250
\
47.142 s
‘//
s
o o
3 3
Volts

Detector A - 1 (254nm)

Retention Time C Area Area %
43.250 14395166 50.104
47.142 14335260 49.896

Totals
28730426 100.000

HPLC data of (-)-31

Shimadzu CLASS-VP V6.12 SP5
Method Name: C:\CLASS-VP\Method ch 2.met

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1375 o)
T Swid
Acquired: 5/7/12 11:26:07 AM 6]

5/7/12 1:53:15 PM N

Printed:
Sample Name PM-Imide-Chiral

(-)-31
03 NPA 1375 o3
Retention Time |
02 lo2
E e
g >
01 © |o|
g\ ¢
0.0~ e O = 100
— — e e e e ! 1
10 15 20 25 30 35 40 45 50 55
Minutes.

Detector A - 1 (254nm)

Retention Time C Area Area %
42.525 33253469 98.598
46.392 472995 1.402
e o
33726464 100.000
Project Leader: Dr. N. P. Argade
Column : Chiralcel OD-H (250 x 4.6 mm)
Mobile Phase : EtOH: Pet Ether (05:95)
Wavelength : 254 nm
Flow Rate : 0.5 ml/min (30 kgf)
Conc. : 1.5mg/ 1.0 ml
Inj. Vol. 205l
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HPLC data of (+)-34

Shimadzu CLASS-VP V6.12 SP5

Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1418
User: System
Acquired: 12/5/12 2:24:49 PM
Printed: 4/25/13 1:22:07 PM
Sample Name  PM-A-5-Rac
0.075 ‘[ (\ 0.075
| Retention Time r‘ \ ‘f\
0,050 | { 0,050
F [ !
|\ \
0.025 - \ \ 0.025
1 N 8\
0000 f————*\ e e e o 89— Loomw
o s 1 ® 2 s % % 4 4 0
Minutes
Detector A - 1 (254nm)
R Time C Area Area %
39.225 5891284 49.503
42.625 6009609 50.497
Totals
11900893 100.000

HPLC data of (-)-34

Shimadzu CLASS-VP V6.12 SP5

Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE

Data Name:
User:
Acquired:
Printed:
Sample Name

C:\CLASS-VP\Data\Dr. Argade\NPA 1419
System
12/5/12 3:16:49 PM
4/25/13 1:25:35 PM
PM-A-5-Chiral

|
0.10 N\ : 0.10
\
Retention Time [ \ |
|
£ oos [ \ oos £
| 2 \
\‘ < fﬁ \ |
| l : \
D S . I AN (-
e . - st
0 5 10 15 20 25 £l * 40 45 50
Minutes.
Detector A - 1 (254nm)
Retention Time C Area Area %
40.342 273462 3.003
43.725 8834069 96.997
l Totals
9107531 100.000

Project Leader: Dr. N. P. Argade

Column

Wavelength
Flow Rate
Conc.

Inj. Vol.

: Kromasil 5-AmyCoat (250 x 4.6 mm)
Mobile Phase :

IPA: n-Hexane (03:97)
: 254 nm
: 0.5 ml/min (305 psi)
1 1.0mg/ 2.5 ml
205l
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HPLC data of (+)-38

Shimadzu CLASS-VP V6.12 SPS
Method Name: C:\CLASS-VP\Instrument 2 Default Method.met

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1432
User: System

Acquired: 1/4/13 2:26:15 PM

Printed: 1/4/13 3:55:20 PM

Shimadzu CLASS-VP V6.12 SPS
Method Name: C:\CLASS-VP\Instrument 2 Default Method.met
Data Name:  C:\CLASS-VP\Data\Dr. Argade\NPA 1430 |
User: System N N O
Acquired: 1/4/13 1:31:44 PM )
Printed: 1/4/13 3:59:15 PM H
Sample Name  A-08-rac (£)-38
o e A -
) Retention Time “\ /\
\
§ 02 J \' [\ !—oz §
\ \
| E\ 2\
00+ ~— 8 e S - 00
0o 25  so 75 10 125 180  ws 20 25 20
Minutes
Detector A - 1 (230nm)
Retention Time C Area Area %
10.183 14917619 49.887
16.108 14985072 50.113
Totals
29902691 100.000
HPLC data of (-)-38
Dala

Sample Name  A-08-chiral

i 1
— ? {
927 Retention Time 1\‘\ Lo
\ [
8 014 ¥ [\ o1
e '::; \ \
W A — J‘.‘." L 77—‘§—o.u
00 25 " 75 10 1s 1o 15 w0 25 260
Minutes
Detector A - 1 (230nm)
R Time C Area Area %
10.642 281724 2.762
16.217 9919554 97.238
Totals
10201278 100.000

Project Leader: Dr. N. P. Argade

Column

Mobile Phase : IPA: Pet Ether (15:85)
Wavelength : 230 nm

Flow Rate  : 0.7 ml/min (520 psi)
Conc. : 1.0mg/ 1.0 ml

Inj. Vol. : 05l

: Kromasil 5-AmyCoat (250 x 4.6 mm)
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HPLC data of (+)-41

Shimadzu CLASS-VP V6.12 SPS

Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1433
User: System
Acquired: 2/19/13 3:39:47 PM
Printed: 4/25/13 1:02:45 PM
Sample Name  A-12 Rac
10 — - - - T 10
= \ |
Retention Time J \‘ n
\
05 | [ 05
$ ;{ '& [ g
ot )
| R\ J&\
0.0 ? e T)Q Sl + QAL‘,77~ 00
0 5 0 1 0 s % 3
Minutes
Detector A - 1 (230nm)
R ion Time C Area Area %
18.733 43984250 50.237
27.658 43570032 49.763
Totals
87554282 100.000

HPLC data of (+)-41

Shimadzu CLASS-VP V6.12 SP5

Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE
Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1434
User: System
Acquired: 2/19/13 4:16:17 PM
Printed: 4/25/13 1:10:02 PM
Sample Name  A-12 Chiral
02+  Retention Time “' \\ 102
\ |
I [ §
0.1 ‘ o A {041
@« | ‘\ |
| A 2‘ /“§- “\ ‘
00+ Ao — —1 S L ——t100
f s 10 15 v 2'0 % 0 s
Minutes
Detector A - 1 (230nm)
Retention Time C Area Area %
18.817 63458 0415
27.558 15240529 99.585
Totals
15303987 100.000

Project Leader: Dr. N. P. Argade
Column
Mobile Phase : IPA: Pet Ether (10:90)

Wavelength : 230 nm

Flow Rate  : 1.0 ml/min (705 psi)
Conc. : 1.0mg/ 1.0ml

Inj. Vol. 10w

: Kromasil 5-AmyCoat (250 x 4.6 mm)
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Chapter 3
%

6\

Lactam Carbonyl as a Switch to Tailor the
Stereoselectivity in  Ester-Aldol Reaction:
Diastereoselective/Enantioselective  Synthesis  of

Vinca-Eburna and Tacaman Alkaloids and

Analogues Thereof

This chapter features the following topics:

Section A Concise Literature Account of Indole Alkaloids Eburnamonine, 90
Eburnaminol, Larutensine, Melohenine B, Tacamonine and
ViINdeburnol. ...
Section B Diastereoselective/Enantioselective Synthesis of Indole Alkaloids 108
3-Epitacamonine, = Eburnamonine, = Eburnaminol,  Larutensine,

Melohenine B and Vindeburnol.............oooooi i,

Note: An independent figure, table, scheme, structure and reference numbers have been
used for the each section.
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This chapter is divided into two sections.

The Section A presents concise literature accounts of the indole alkaloids eburnamonine,
eburnaminol, larutensine, melohenine B, tacamonine and vindeburnol. The combine
literature account of these alkaloids is very vast. To make this section little concise, few
schematic presentations have been given along with brief description with keeping due

respect to the full literature accounts.

The Section B describes enantioselective/diastereoselective synthesis of vinca-eburna,
tacaman alkaloids and their important analogues. Lactam-amine switch system has been
developed to tailor the stereoselectivity in ester-aldol reactions of hexahydroindolo[2,3-
aJquinilizinones. This section also describes the successful use of chiral acetoxy group in
(S)-acetoxyglutarimide in a dual role i.e. first as a stereochemical handle and later most

importantly as a functional group.

The detailed experimental procedures, complete tabulated analytical and spectral data and
some selected NMR spectra have been appropriately included at the end of section B.

0 : H OH
o~ (+)-20-Epihydroxydesethyl-
(x)-Eburnamonine (-)-Desethyleburnamonine (=)-Vindeburnol eburnamonine

(0]
QHN
(0] : N ¥ vy,
(x)-Eburnaminol (x)-Larutensine (x)-Melohenine B (=)-3-Epitacamonine

Figure. Natural and unnatural bioactive indole alkaloids synthesized
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Chapter 3: SectionA

9
p
) Concise Literature Account of Indole Alkaloids
Eburnamonine, Eburnaminol, Larutensine,
Melohenine B, Tacamonine and Vindeburnol
J
\_/
This section A of chapter 3 features the following topics:
SA.1 BacKground ........ooiiiiiii 91
3A.2 Brief Literature Account of Eburnamonine and Melohenine B Syntheses.... 94
3A.2.1 Schematic Presentation of Eburnamonine Syntheses................... 95
3A.2.2 Synthesis of Melohenine B.............oooiiiiii 96
3A.3 Brief Literature Account of Eburnaminol and Larutensine Syntheses ....... 97
3A.4 Brief Literature Account of Vindeburnol Syntheses............................ 98
3A.5 Brief Literature Account of Tacamonine Syntheses............................ 99
3A.5.1 Schematic Presentation of ()-Tacamonine Syntheses................ 100
3A.5.2 Asymmetric Synthesis of (+)-Tacamonine.............................. 100
3A.5.3 Synthesis of (x)-3-Epitacamonine..................cooeviiiiiiiinin.n. 103
SA.B  SUMMATIY. ...ttt e ettt et et e aeeeanaas 104
SA.T R CIENCES. ..o, 105
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3A.1 Background

Cancer (malignant tumour or malignant neoplasm) is a group of diseases involving an
abnormal growth and proliferation of cells." There are more than 100 different known
cancers that affect humans and are rapidly spreading worldwide. It was estimated that there
were 10.9 million new cases, 6.7 million deaths, and 24.6 million persons living with
cancer around the world in a year.? Cancer is the second leading cause of death, where one

in four deaths is due to cancer.

Medicinal plants are the most important source of life saving drugs for the majority
of the world’s population. The use of plant products in the treatment of cancer has been of
contemporary interest.® The potential use of medicinal plants for the treatment of cancer
was first recognised by U.S National Cancer Institute (NCI) in 1950’s and since then there
has been a continuing interest in the discovery of new anticancer agents. Some of the
plants which display anticancer activity are Podophyllum hexandrum, Mistletoe,
Catharanthus roseus, Taxus brevifolia, Allium sativum, Astragalus gummifera, Curcuma
longa, Aloe barbadensis, Crocus sativus, Vitex agnus, Withania somnifera, Pleiospermium

alatum, Broccoli, Camptotheca, Camellia sinensis, Azadirachta indica and several others.’

The vinca-eburna alkaloids from Madagascar periwinkle plant Catharanthus
roseus (Apocynaceae family) have been the most successful of higher plant materials used
in cancer chemotherapy. Vinca alkaloids are the second-most-used class of cancer drugs
and will stay among the original cancer therapies.* A number of bisindole alkaloids having
potential antileukaemic activity have been isolated and two of them, vinblastine (1) and
vincristine (2) are now commercially extracted from Catharanthus roseus. They are used
either alone or in combination with other forms of therapy for cancer treatment.
Vinblastine (1) is mainly useful in the treatment of Hodgkin’s disease, a cancer affecting
the lymph glands, spleen and liver. Vincristine (2) is also clinically more important and it
is especially used in the treatment of childhood leukaemia. Vinflunine (3), new synthetic
vinca alkaloid is recently being approved in Europe for medicinal treatment (Figure 1).*

Vinca-eburna alkaloids also display varied pharmacological activities on the cell
multiplication, cardiovascular system and brain functions. Many of their synthetic
derivatives are also pharmacologically active and safer to be administered than the natural
plant alkaloids themselves. Vincamine (4), L-eburnamonine (5), vindeburnol (6, RU
24722) and vinpocetine (7, semisynthetic) all share modulatory effects on brain circulation
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and neuronal homeostasis and bear antihypoxic and neuroprotective potencies to various

degrees. The most active compound of this class is vinpocetine.’

Vinblastine (1, R = CH3)
Vincristine (2, R = CHO)

L-Eburnamonine (5) Vindeburnol (6, synthetic) Vinpocetine (7, synthetic)
Figure 1. Bioactive vinca-eburna alkaloids and their synthetic analogues

The eburna alkaloid D-(+)-eburnamonine was first isolated from Hunteria
eburnean by Bartlett and Taylor in 1959.° Interestingly both the (+) and (-) enantiomers as
well as the racemic eburnamonine exist in nature. The (-)-eburnamonine (isolated from
Vinca minor),” known as vincamone or vinburnine is a drug that possesses a stimulating
activity for muscle and it is used as cerebrotonic, and also acts as prolyl oligopeptidase
inhibitor (ICsq = 8 uM),®° whereas both enantiomers have hypotensive effects. The other
vinca-eburna alkaloids (-)-eburnaminol (8) and (+)-larutensine (9) were isolated from bark
and stems of Kopsia larutensis by Hadi and co-workers in 1991 (Figure 2).%°
Eburnamonine and eburnaminol have an angular pentacyclic ring system with cis-
geometry between D and E ring, comprising of a quaternary carbon (C-20) whereas
larutensine contains hexacyclic ring system with an additional ether linkage between C-16
and C-18 (F ring). The novel alkaloid melohenine B (10, cytotoxic) was recently isolated
from the Chinese plant Melodinus henryi.'* It possess a striking 6/9/6/6 core skeleton and
since its isolation a number of related alkaloids (11-13) have been identified from other
plants of the Apocynaceae family.'*** Several derivatives of eburnamonine including the
ethyl group lacking compounds, desethyleburnamonine (14) and  20-
epidesethyleburnamonine (15) possess interesting pharmacological properties.’>*® (-)-
Vindeburnol (6) is also one of the promising synthetic analogue and it is a potent central

vasodilator which also provides benefit for severe depression.>*”? Recent results indicate
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that the treatment with vindeburnol which targets locus
beneficial to multiple sclerosis patients.?’

OH
(=)-Eburnaminol (8)

(+)-Larutensine (9) (+)-Melohenine B (10)

(+)-14,15-Dehydro

melohenine B (12) secoeburnamine (13)

(+)-14-O-Ethyl- (-)-Desethyl-

eburnamonine (14)

coeruleus survival would be

CO,CH;

(-)-20-Epidesethyl-
eburnamonine (15)

Figure 2. Representative natural products and eburna derivatives

The (+)-tacamonine (16), isolated from Tabernaemontana eglandulosa Stapf. (anti

snake poisioning) belongs to tacaman class of indole alkaloid where the main difference

from vinca-eburna class is the presence of ethyl group away from the D and E ring

junction keeping an additional stereocenter bearing protons which are cis to each other (C-

3, C-14 & C-20) (Figure 3).2! During the last decade tacamonine has received more

attention because of its

~

HO H

(+)-Tacamonine (16)

MeOZC

H H

(x)-Apotacamine (18)

Figure 3. Representative tacaman alkaloids
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19S-Hydroxytacamine (19)




close structural similarity with the known cerebral vasodilator (-)-eburnamonine (5). Some
of the other members of tacaman family are tacamine (17), apotacamine (18) and 19S-
hydroxy tacamine (19) which are potential hypotensive and cerebral vasodilator
candidates.”*?® Since most of the above mentioned target compounds were isolated few
decades ago, many well designed racemic and asymmetric syntheses of them are known in
the literature. Hence in most of the cases, the earlier syntheses of those target compounds
will be presented schematically with respect to the available high amount of literature
present. Therefore syntheses of eburnamonine, vindeburnol and racemic synthesis of
tacamonine have been presented schematically in figures 4-6 whereas syntheses of
eburnaminol, larutensine, melohenine B, vindeburnol, asymmetric synthesis of tacamonine

and synthesis of 3-epitacamonine have been described briefly in schemes 1-9.
3A.2 Brief Literature Account of Eburnamonine and Melohenine B Syntheses

Several strategies for the synthesis of eburnamonine and its structural analogues are
reported. The most common approach is to first prepare appropriately the requisite

[ABCD]-type indolo[2,3-a]quinolizidine ring system followed by ring closure to form the

final E-ring. The usual methods for their synthesis are Pictet-Spengler cyclization,®*

926,27

a
Michael-type alkylation of the “Wenkert enamine or an annulation reaction of a
dihydro-g-carboline derivative.?®?° Bartlett and Taylor reported the first synthesis of (+)-
eburnamonine by the condensation between f-ethyl-f-formyl adipic acid and tryptamine in
1960.%° The cis-D/E ring junction of (+)-eburnamonine was established by Wenkert and
Wickberg in 1965 by using oxidative enamine alkylation.** Szantay and co-workers have
reported the first synthesis of (-)-eburnamonine by resolution of a-hydroxyiminoester with
D-dibenzoyl tartaric acid in 1983.% Kaufman and Grieco have described synthesis of (+)-
eburnamonine using intermolecular imino Diels-Alder reaction.*® An elegant synthesis of
(-)-eburnamonine has been reported by Schultz and Pettus by using diastereoselective
Birch reduction-alkylation of chiral benzamide derivative.®* A short synthesis of ()-
eburnamonine has been demonstrated by Ghosh and Kawahama utilizing stereoselective
1,4-addition of ethyl Grignard to conjugated indoloquinolizidine ester.*® Recently Prasad
and Nidhiry have described enantiospecific synthesis (+)-eburnamonine by utilizing
Johnson—Claisen ortho ester rearrangement to construct the quarternary chiral center as a

key step.*®
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3A.2.1 Schematic Presentation of Eburnamonine Syntheses

o._OH

Et .
+ tryptamine
Bartlett and Taylor
J. Am. Chem. Soc. 1960, 82, 5941.

Iz

| alkylation

Wenkert and Wickberg
J. Am. Chem. Soc. 1965, 87, 1580.

OHC CO2CH;

Et CO,CH3 ii. cyclopropane
+ ring opening
tryptamine
Winterfeldt and co-workers
Angew. Chem., Int. Ed. 1977, 16, 878.

mo i. alkylation
N“1TO
H

ii. intramolecular
i lization
(+)-aminolactone cyclizatio

tryptophyl bromide
Wenkert et al.
J. Am. Chem. Soc. 1978, 100, 4893.
J. Org. Chem. 1988, 53, 1953.
Hanaoka and co-workers
Chem. Pharm. Bull. 1983, 31, 1191.
Shono et al.
Chem. Lett. 1987, 1447.

Oﬁ\J://COZH condensation
e

N enamine
E——

i. condensation
—_—

(x)-Eburnamonine (5)

i. one carbon
elongation
-———

ii. cyclization

(+)-chloromethyl derivative
Szantay and co-workers
J. Org. Chem. 1985, 50, 3760.

acid mediated
-————————

rearrangement

ClI ClI
(+)-pentacyclic amide
Magnus et al.
Tetrahedron 1986, 42, 3215.

\
i. condensation N NH,
+

[ H

BuO,C

O Co,kt
o
o

Wasserman and Kuo
Tetrahedron Lett. 1989, 30, 873.

ii. cyclization

-~
intramolecular / | N
-
imino Diels-Alder j‘l\/@

reaction

o
Et

Kaufman and Grieco
J. Org. Chem. 1994, 59, 7197.
J. Org. Chem. 1999, 64, 7586.

conjugate
_ addition I N
| N lenamlr?e EtMgBr H
H ‘ diaklylation _—
CO,Et
Karvinen and Lounasmaa Santamaria and co-workers
Heterocycles 1992, 34, 1733. Tetrahedron Lett. 1995, 36, 2235.
Ghosh and Kawahama
J. Org. Chem. 2000, 65, 5433.
N i. mono- o
alkylation i. oxidative
N [e) . cleavage
N ii. Bischler = .
H cyclization ii. cyclization
Schlessinger and co-workers
J. Am. Chem. Soc. 1979, 101, 1540.
Ho and Chen
Helv. Chim. Acta 2005, 88, 2764.
J
Figure 4. Schematic representation of (+)-eburnamonine syntheses
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resolution by

tartaric acid
derivative

(+)-Oxime
Szantay and co-workers
Tetrahedron 1983, 39, 3737.

stereoselective

Oy O
(J
s ; double alkylation

3 strate:
+ \ )%

tryptamine
Takano et al.
J. Chem. Soc., Parkin Trans. 1 1985, 305.

(=)-Eburnamonine (5)

asymmetric

- 0
-——
Birch reduction- Si

alkylation protocol sc

0 —OMe

iMe3
hultz and Pettus

J. Org. Chem. 1997, 62, 6855.

i. C-H insertion MeO,C
reactlon

ii. Plctet Spengler
reaction

;/( ﬂ \>\OTBDPS

Wee and Yu

Tetrahedron Lett. 2000, 41, 587.

J. Org.

i. Jonshon-Claisen

orthoester rearrangement
<

ii. Pictet-Spengler
reaction

Chem. 2001, 66, 8935.

OH Et
OMOM

Prasad and Nidhiry
Synlett 2012, 23, 1477.

X Tetrahedron 2013, 69, 5525.
stereoselective

\/ H
S /\/COZMG
o O “Likylation by o
Io) OH dianion strategy [3,3]-sigmatropic
[
Fukumoto and co-workers rearrangement
J. Chem. Soc., Parkin Trans. 1 1991, 525.
Palmisano et al.
MeO Tetrahedron 1994, 50, 9487.
e I
é\/\ Pictet-Spengler i. condensation OHC, CO;Me
g eondoaaton ™ . L-condensation _ X
CO,H condensation ii. cyclopropane ring / COzMe
+ opening +
tryptamine

tryptamine

Winterfeldt and co-workers
Tetrahedron 1987, 43, 2035.

Fuji and co-workers
J. Am. Chem. Soc. 1987, 109, 7901.
J. Org. Chem. 1990, 55, 517.

Figure 5. Schematic representation of (—)-eburnamonine syntheses
3A.2.2 Synthesis of Melohenine B

Westwood and co-workers have reported the first asymmetric synthesis of (—)-melohenine
B (antipode) from (-)-eburnamonine (5) and assigned the absolute configuration of natural
(+)-melohenine B as 3R, 14S and 16R (Scheme 1).* LiAlH; reduction of (-)-
eburnamonine (5) provided diastereomeric mixture of aminol 20. Treatment of mixture of
20 with singlet oxygen furnished (-)-melohenine B (10) as a single diastereomer via photo

induced oxidative cleavage of indole ring in 96% yield.

LiAlH,4, THF
—_—
quantitaive

methylene blue, air

methylene blue, air_ QHN
red LED, MeOH .
(96%) N 38\ 65
14R '_—

(-=)-Melohenine B (10)

(=)-Eburnamonine (5)

Scheme 1. Synthesis of (—)-melohenine B by oxidative cleavage of indole ring
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3A.3 Brief Literature Account of Eburnaminol and Larutensine Syntheses

Lounasmaa and Karvinen have reported the first racemic synthesis of eburnaminol and
larutensine.® The ester (+)-21 was transformed to compound (+)-22 via ester reduction
and acetyl protection of the primary alcohol (Scheme 2). The acetate (+)-22 was oxidized
by using Fuji’s condition to provide the enamine 23 in 92% yield. The enamine 23 was
alkylated by using ethyl iodoacetate; reduction of the resultant iminium salt with NaBH,
furnished column chromatographically inseparable diastereomeric mixture of esters (x)-24
and (%)-25 in overall 41% yield. The mixture of esters (£)-24 and (%)-25 was treated with
sodium ethoxide in ethanol to provide the separable mixture of 21-epi-18-
hydroxyeburnamonine (£)-26 and 18-hydroxyeburnamonine (£)-27 in 52% and 47% yields
respectively. Reduction of 18-hydroxyeburnamonine (%)-27 with LiA1H, furnished a
separable 2:1 mixture of (x)-eburnaminol (8) and 16-epieburnaminol (28) in nearly 60%
and 30% vyields respectively. Treatment of mixture of ()-8 and (z)-28 with 5% ag. HCI at
25 °C resulted in a diastereoselective intramolecular cyclization to provide (*)-larutensine
(9) in 62% vyield.

| 2 steps Hg(OAc), | i. ethyl Lodoacetate
N EDTA.2Na. 2H20 N N 110 °C,5.5h
H T EOH RO H,0 H | ii. NaBHy,
80 °C, 2 h (92%) EtOH:CH,Cl,
0°C to 25 °C
COZEt 1.5 h (41%)

(£)-21 23

NaOEt | H N
EtOH 20 min + N
(99%)
(@)
Et020
OH
(£)-24 OAc +)-25 OAc (+)-26, (52%) (£)-27, (47%) O
| H
LiAlH,, THE 5% aq. HCI N
—_— N
25°C 1h 25°C,12h
(90%) (62%) o
()-Eburnaminol (8) (2:1dr) (£)-16-Epieburnaminol (28) (t)-Larutensine (9)

Scheme 2. Synthesis of (x)-eburnaminol and (z)-larutensine

Hunter and co-workers have reported a new method to prepare inolo[2,3-
a]quinolizidines based on 6-exo-trig radical cyclization (Scheme 3).* The radical
precursor conjugated ester 30 was prepared from dihydro-f-carboline 29 in three steps.
The compound 30 upon subjecting to standard radical conditions by using n-BuszSnH and
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ACCN [1,1'-azobis(dicyclohexylcarbonitrile)] diastereoselectively provided the tetracyclic
compound cis-(£)-31 in 81% yield (81:12 dr). The cis relationship between the H-3 and H-
14 proton was confirmed from the single crystal X-ray structure of the corresponding
carboxylic acid of cis-(x)-31. N-Boc group deproctection using TFA and thioanisole
followed by conversion of lactam to thiolactam by Lawesson’s reagent provided the
compound (£)-33 in 59% yield (2 steps). Desulfurization of (+)-33 using excess of Raney-
nickel delivered the known compound (£)-21 in 77% yield. Synthesis of (£)-eburnaminol
(8) and (x)-larutensine (9) are known from compound ()-21 in moderate yields (6/7

steps).*®

3 steps n-BusSnH, ACCN
T e UL o remmen (T, g
N N toluene, reflux N
H

éOC SPh (81%, major isomer) éoc 134
H
2 0 (£)31 CO,Et
CO,Et
TEA/CH.CI | H N o Lawesson's | H RN
2Ll N reagent N S a-Ni (excess)
PhSMe | toluene, reflux l}l EtOH, 25 °C
0°C to 25 °C H (64%) H (77%)
93% H
(63%) (#)-32 CO,Et (£)-33 COHzEt
©\_/<£j 6 steps % 1 step
|

CO,Et
®)-21 )-Eburnaminol (8) (+)-Larutensine (9)

Scheme 3. Formal synthesis of (x)-eburnaminol and (z)-larutensine
3A.4 Brief Literature Account of Vindeburnol Syntheses

Lounasmaa et al. have reported synthesis of vindeburnol (6, RU 24722) starting from the
corresponding nitrile (Scheme 4).'® Boc-protection of the known trans-compound (+)-34%
provided product (£)-35 in 96% yield. Reduction of the nitrile (£)-35 by DIBAL-H
afforded the aldehyde (£)-36 in 47% yield. Aldehyde (£)-36 on treatment with 25% HCI at
25 °C underwent a diastereoselective cyclization to provide (*)-vindeburnol (6) in 84%

yield.
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(Boc),0, DMAP
—_

CH,Cl,, 25 °C
3h (96%)

DIBAL-H
toluene
-15°C,1h
(47%)

25% HCI
L

25°C, 6 h
(84%)

HO

H
(£)-Vindeburnol (6)

Scheme 4. Synthesis of (z)-vindeburnol

Mann and co-workers have reported one pot DBU mediated allylamine-enamine
isomerization followed by Pictet-Spengler condensation of an indolo-tetrahydropyridine
ethyl ester 37 to afford (x)-20-epidesethyleburnamonine (15) under microwave irradiation
in 52% yield (Scheme 5).™° The diastereoselective formation of trans D/E ring junction can
be explained by the preferential attack of the -nucleophile of indole moiety from the less
hindered Si-face of the iminium moiety where the bulky acetate group adopts a pseuoaxial
position (TS-39). Two step synthesis of (x)-vindeburnol (6) from compound (%)-15 via

hydride reduction and epimerization is known in literature.*

(+)-20-Epidesethyl- (%)-Vindeburnol (6)
[TS-39] eburnamonine (15)

Scheme 5. Formal synthesis of (z)-vindeburnol
3A.5 Brief Literature Account of Tacamonine Syntheses

The main challenge in the synthesis of tacaman alkaloids is to control the relative
stereochemistry of the all three stereocentres at C-3, C-14 and C-20 (all cis-hydrogens).
The main strategies involved in their syntheses are Bischler-Napieralski cyclization,* a

double aza-Michael reaction,* radical cyclization chemistry,*® ring closing metathesis to
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form a piperidinone ring followed by 1,4-addition to introduce the requisite side chain** as
well as the other more classical methods.”*" Lévy and co-workers reported racemic
synthesis of all four possible isomers of tacamonine well before its isolation as a natural
product. The first asymmetric synthesis of (+)-tacamonine (16) was reported by
Fukumoto and co-workers by using radical cyclization.”® Lavilla et al. have reported
synthesis of (x)-tacamonine through tandem non-biomimetic oxidation of dihydropyridines
and Zn-mediated radical addition reactions.*® England and Padwa have utilized an
intramolecular [3+2]-cycloaddition reaction of a a-diazo-indoloamide as a key step for the

synthesis of (+)-tacamonine.*®

3A.5.1 Schematic Presentation of (£)-Tacamonine Syntheses

o) Zn mediated Rh (Il) catalyzed (o] 0 Et

"
(t)iodo | radical addition [3+2]-cycloaddition

compound 4 cl Et0,C Y,
)\CN England and Padwa
. J. Org. Chem. 2008, 73, 2792.
Lavilla et al.

Eur. J. Org. Chem. 2001, 3719.

i.cyclization

ii. epimerization HO H H

N “ppoae|
\ approach

Martin and co-workers
J. Org. Chem. 2006, 71, 6547.

(+)-Tacamonine (16) [3+3]- \i
i. epimerization ~ 7y o annulation \ o MeO.__0O
ii. cyclization reaction H QS + oA
TolO,S

Lounasmaa et al.
Tetrahedron Lett. 1995, 36, 7141.

MeO2C 'i'
(+)-trans-ester
Lounasmaa et al. Chang and co-workers
Tetrahedron 1998, 54, 157. Tetrahedron Lett. 2003, 44, 8627.

Bischler-
\ NH Mannich reaction Napieralski )
reaction N—O._N__O

N
H HS ;:H
0 0 S
-/ AcO OAc
Ho and Gorobets Ho and Lin
Tetrahedron 2002, 58, 4969. Tetrahedron 2008, 64, 10401.

Figure 6. Schematic representation of (+)-tacamonine syntheses
3A.5.2 Asymmetric Synthesis of (+)-Tacamonine

Fukumoto and co-workers have reported the synthesis of (+)-tacamonine by using 6-exo-
trig radical cyclization as a key step (Scheme 6).* The optically pure alcohol (-)-40 was
transformed to the bromo derivative (-)-41 in 95% yield via the corresponding mesylate
followed by its nucleophilic displacement by bromide. Treatment of tryptamine with
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bromide (-)-41 followed by coupling of the resultant secondary amine with fumaric acid
monoethyl ester provided the amide (+)-42 in 64% vyield (2 steps). The TBDMS ether
group in (+)-42 was deprotected by AcOH to give the alcohol (-)-43 in 95% vyield. The
mesylation of (—)-43 followed by substitution reaction with LiBr furnished the radical
precursor (+)-44 in 86% yield. The most anticipated radical cyclization of bromo
compound (+)-44 with (TMS)3SiH and AIBN in refluxing benzene afforded the cyclized
compound 45 as a diastereomeric mixture. The amide 45 upon treatment with POCI;
followed by reduction of the iminium salt with NaBH3CN and finally ring closure of the
product with sodium methoxide in methanol formed (+)-tacamonine (16) in 9% yield over
3 steps.

H, & i. MsCl, EtsN, 25°C, 2 h i. tryptamine, DMF, 80 °C, 12 h o

R H o
Ho._3{__OTBDMS PRTTE TEr—— Br_>_ OTBDMS . -

ii.. \ CO,H
2h (95%, 2 steps) Eto,c7 X2
DCC, DMAP, CH,Cl,
0°C, 5h (64%, 2 steps)

/ ii. LiBr, THF, reflux
! 1 h (86%, 2 steps)

i. MsCl, Et;N
| o N H THF, AcOH | o N—  benzene2s °c,3h | o N
N > N —> H

/. / 40°C,16h
H ; \%'/ ©5%) " 7
(+)-42 OTBDMS

OH B
CO,Et 43 Co,Et ()44 Co,Et

(TMS)3SiH, AIBN @Q;%\D,H i. POCI3, CHCN, reflux, 7h || H N

benzene, r;eflux H " ii. NaBH5CN, MeOH, 25°C, 2h
16 h (72%) \ iii. NaOMe, MeOH, 25 °C, 3 h o
(9%, 3 steps) H H

45
CO,Et (+)-Tacamonine (16)

Scheme 6. Asymmetric synthesis of (+)-tacamonine by radical cyclization

Lesma and co-workers have reported enantioselective formal synthesis of (+)-
tacamonine by using desymmetrized 2-substituted propane-1,3-diols (Scheme 7).*°
Enantioselective esterification of symmetrical diol 46 with PPL (Porcine pancreas lipase)
provided monoacetate (+)-47 in 98% yield with 99% ee. Ozonization of (+)-47 afforded
the lactone (+)-48 in 97% vyield. Ring opening of the lactone (+)-48 with Boc-protected
tryptamine 49 furnished the amide (+)-50 in 76% yield. The primary alcohol group in (+)-
50 was transformed to the corresponding mesylate (+)-51 and subjected to intramolecular
cyclization using t-BuOK to provide lactam (+)-52 in 75% yield. Finally in order to
homologate the acetoxymethy group, the acetate was hydrolyzed to give the alcohol (+)-53
which on reaction with tosyl chloride provided the tosylate (+)-54. Organometallic
displacement of —OTs group by Me,CuLi followed by N-Boc deprotection by TFA
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provided the lactam (+)-56 in 69% vyield (2 steps). Synthesis of (x)-tacamonine (16) is
known from (+)-56 by using Bischler-Napieralski cyclization.*!

MezPhSi MeZPhS| m—\NHZ
\\ PPL? Ox© Eoc
vinyl acetate O3 . 49
OH 25 °c 2h H OAc MeOH/CH,Cl, "" THF, 60 °C, 4 h (76%)
46 OH

(98%) —78°C (97%) OAc
(+)-47 >99% ee) (+)-48

@PPL = Porcine pancreas lipase

X
©\_/(—\NH +BUOK, THE__ ©\_/(_\ 05NNaOH__ M
N BN 25 an socan N \X

éoc OAc (75%) (90%) éOC
MsCl, py (+)-50 X=OH (+ - TsCl, Et;N, CH,Cl, (+)-53 X =OH
25 °C, 30 min 25°C (90%) (+)-54 X =0Ts
(91%) (+)-51 X = OMs

Cul, MelLi, EtzO ©\—/(_\ TFA, CH2C|2 ©\—/(_\ known
-4o°c1025°c \ 25°c1 h \

12h (81%) (85%)

(+)-55 (+)-56 (+)-Tacamonine (16)
Scheme 7. Formal synthesis of (+)-tacamonine by enzymatic desymmetrization

In 2001, Lesma and co-workers also reported the synthesis of (+)-tacamonine by
using stereocontrolled reduction of an oxazepinohexahydroindolo[2,3-a]quinolizine
derivative (Scheme 8).>* The previously reported lactam 52 was treated with POCI; to
provide the enamine 57 in 78% yield. The N-Boc protected enamine 57 was reacted with
excess ag. formaldehyde in presence of catalytic amount of formic acid to form the
pentacyclic compound 58 in 90% yield. Stereoselective hydrogenation of enamine double

©\_/(_\ POCl, CHaCly | (CH20)3, HCORH |
{CR0), HCOA_
O "\ reflux (18%) N N THF, reflux N

Ac LT (90%) N
Boc ., < .,
Hl 58 © H |
52 57 OAc OAc
| H I H
Ho/PtO, N ; N i. NaOH, THF/H,0 N N Me,Culli, EtO
S E— —_—
dioxane (75%) < w ii. TsCI, EtzN, CH,Cl, < ' -10 °C (72%)
o . H"/l (74%, 2 steps) o) A "’l
OAc
(95% de) 60 OoTs
H
N | N Ac,0, BF3Et,0 4 steps | & N
—_— T
< LiBr, 25 °C known®2 N
‘), (61%) ),
O—H " H ° H H

(+)-Tacamonine (16)

Scheme 8. Enantioselective formal synthesis of (+)-tacamonine
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bond in 58 by H,/PtO, furnished the compound 59 having 34 H and 14/ H configuration in
75% yield with 95% de. After establishing all three absolute configurations required for
the tacamonine framework the next task was to homologate the acetoxy methyl side chain
at C-20. This was performed in three steps involving acetate hydrolysis, tosylation and
displacement of tosylate by Me,CuLi to provide compound 61 in 53% vyield (3 steps).
Removal of methylene bridge in 61 with BF3Et,O provided the known compound 62 in
61% vyield. Synthesis of (+)-tacamonine was accomplished from 62 using known

procedure in 4 steps with 48% yield.>
3A.5.3 Synthesis of (x)-3-Epitacamonine

Ho and Su have reported synthesis of (+)-3-epitacamonine (63) starting from meso-
dinitrile 64 (Scheme 9).>* Ozonolysis of ()-64 furnished the unstable dinitrile aldehyde
65. Reaction of 65 with tryptamine in refluxing AcOH and subsequent treatment with
formic acid provided the tetracyclic f-carboline derivatives minor trans-trans (+)-66 and
major trans-cis (£)-67 in 45% vyield (dr 1:8). The major isomer 67 on treatment with
NaOMe in methanol under controlled condition followed by acidification provided the
pentacyclic nitrile (£)-68 in 88% yield. Reduction of 68 by DIBAL followed by oxidation
by PDC afforded the aldehyde (%)-69 in 32% yield (2 steps). Deoxygenation of aldehyde
69 via ethylene dithioacetal by reaction with Raney-Ni in refluxing ethanol afforded (+)-3-

epitacamonine (63) in 91% yield.

i. tryptamine
@ O3, MeyS CHO CHO AcOH, reflux, 24 h
W y —_— . . —_——
[ | MeoH.-78°C |V ) ii. HCO,H, 80 °C
CN CN CN CN 8h (45%)

(£)-66 (dr 1:8) (+)-67

i. DIBAL-H, CH,Cl, i. (CH2SH),, BF3.0Et,

i. NaOMe, MeOH

reflux, 4 h —78 °C, 30 min CH,Cl, 0°C, 1h
ii. dil. HCI, 80 °C ii. PDC-Celite ii. Raney-Ni, EtOH
1h (88%) CHCI3, A, 72 h 80 °C, 8 h (91%) o ‘,
(32%, 2 steps) H H |
CN CHO
(+)-68 (+)-69 (£)-3-Epitacamonine (63)

Scheme 9. Synthesis of (+)-3-epitacamonine
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3A.6 Summary

In summary, we have presented a concise literature account of indole alkaloids
eburnamonine, eburnaminol, larutensine, melohenine B, tacamonine and vindeburnol. The
main features in those syntheses are construction of quaternary stereocenter, Pictet-
Spengler cyclization, Bischler-Napieralski cyclization, imino Diels-Alder reaction, 6-exo-
trig radical cyclization, diastereoselective Birch reduction-alkylation, Zn-mediated radical
addition reaction and intramolecular [3+2]-cycloaddition reaction. Overall, well designed
novel methodologies for the construction of the core structure of those indole alkaloids
along with remarkable approaches for the synthesis of the target compounds have been
known in the literature. Our studies towards the synthesis of those vinca-eburna and
tacaman alkaloids and their analogues will be discussed in details in the section B of the

present chapter.
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Chapter 3: Section B
9

S)

Diastereoselective/Enantioselective Synthesis of
Indole Alkaloids 3-Epitacamonine, Eburnamonine,
Eburnaminol, Larutensine, Melohenine B and

Vindeburnol
J
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3B.1 Rationale of the Present Work

Indole alkaloids encompass very fascinating structural architects coupled with a broad
range of biological activities (Figure 1). Moreover, some of them are in clinical use and
hence for past several decades they are the target compounds of interest for large number
of synthetic organic chemists."? The bioactive (+)/(-)-eburnamonine from Hunteria
eburnean (eumetabolic vasoregulator drug and prolyl oligopeptidase inhibitor; 1Csp = 8
uM), eburnaminol and larutensine from Kopsia larutensis belong to a vinca-eburnan class
of indole alkaloids and have an angular pentacyclic ring system with cis-geometry
comprising of a quaternary carbon. The (+)-tacamonine from Tabernaemontana
eglandulosa Stapf. (anti snake poisioning) is a regioisomer of eburnamonine and belongs
to tacaman class of indole alkaloid where the main difference is the presence of ethyl
group away from the D and E ring junction keeping an additional stereocenter which are
cis to each other (C-3, C-14 & C-20). The novel alkaloid melohenine B was recently
isolated from the chinese plant Melodinus henryi.>® Several elegant diastereoselective and
enantioselective total synthesis of above specified indole alkaloids have been reported in
the earlier and contemporary literature.” % (-)-Vindeburnol (RU 24722) is their one of the
promising synthetic analogue and it is potent central vasodilator which also provides

1la—

benefit for severe depression.'’*® Recent results indicate that the treatment with

vindeburnol which targets locus coeruleus survival would be beneficial to multiple

sclerosis patients.*

N
N
E D
HO
OH
(-)-Eburnamonine (=)-Eburnaminol (+)-Larutensine
o
QH N
N R 16R
_145
HO H
(+)-Melohenine B (+)-Tacamonine (=)-Vindeburnol

(synthetic)

Figure 1. Representative indole alkaloids and derived melohenine B

Development of a chemical switch to keep an appropriate control on reaction is very
important in synthetic organic chemistry from the basic chemistry and an application point
of view and it is of current interest.*? In continuation with our studies on cyclic anhydrides

and their conversions to bioactive natural products,® we herein report the lactam carbonyl
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in hexahydroindolo[2,3-a]quinolizinones as a switch to tailor the stereoselectivity in
carbanionic nucleophilic reactions with ketone moieties and their application to
accomplish the concise stereoselective collective synthesis™® of structurally interesting

indole based essential target compounds (Schemes 1-10).
3B.2 Results and Discussion: Present Work

The retrosynthetic analysis of major vinca/eburnan/tacaman alkaloids revealed that the
(R)/(S)-acetoxyglutarimide would be a potential precursor for the collective total synthesis
of these target compounds from stereoselectivity, appropriate functional groups and
inherent reactive sites point of view (Figure 2).
Exchange of nitrogen regioselectivity/reduction
i . o N\ Sltes for alpha-functionalization
Allylic halogenation/oxidation
\ /— Latent source of amine/N-oxide

Halogenation & nucleophilic
substitution/structural rearrangement 'OAC/S-OAC

Introduction of appropriate ~ — XY‘QO/\/ \* Stereoselectivity handle and
substituents and functional groups latent source of carbonyl group
Stereoselective reductive
intramolecular cyclization

Intramolecular cycllzat|on Site for bicyclic bridging

(R)-/(S)-Acetoxyglutarimide
Figure 2. Multiple reactive sites present in pivotal retrosynthetic precursors for vinca,
eburnan and tacaman alkaloids

Base-catalyzed coupling reaction of a tosyl-protected tryptamine 1*** with the acid chloride
(-)-2" delivered the amide (-)-3 in 82% vyield, which upon treatment with t-BuOK
resulted in the desired rearranged product (—)-acetoxyglutarimide 4 in 68% yield (99.6%
ee, by HPLC)"® (Scheme 1). The acylation of hydroxyimide (—)-4 followed by regio- and
stereoselective sodium borohydride reduction of the corresponding formed acetoxyimide

(—)-5 furnished the corresponding lactamol 6 in 77% yield over two steps with 7:3 as the

©\—/(\/ _EWN.OCM \H)& _tBUOK,THF
°Cw2C 78°Cto50%

4 (82%) 1 h & 45 min (68%)
(0]
WN A0 BN W NaBH, MeOH:DCM
N~ O DVAP, DCM " ocwoc
Ts : 25°C, 4 h (94%) 1h (82%)
. HO ACO
(-)-4 (99.6% ee by HPLC) (*)‘5 6 (7: 3 drby "H NMR)

Dess-Martin

TFA, DCM periodinane |

K,CO3, MeOH
—_— N (0]
~10°C to 25 °C 0°C to 25 °C Py, DEM "I\"s
12 h (71%) 4 h (92%) R 0°Cto25°C
HO\‘ 1h (86%) [e)
(+)-7 (major isomer, 20:1 dr) (+)-9 (#)-10

Scheme 1. Stereoselective synthesis of (+)-keto-lactam
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H AlH3, THF, =40 °C to 25 °C H
[ BN_o  AMaTHR0Cl25°C ‘ °N

N™ Y 1h (86% N
Ts (66%) Ts
HO" HO"
(+)-9 (+)-1
Mg, MeOH, benzene Dess-Martin periodinane,
NH,CI, 25 °C, 2 h (85%) NaHCO3 DCM, 0 °C, 1 h (72%)
H
| H | - N
= N__O oxidation N7

N Y ———— Decomposition Ts

H N
HO"
(-)-8

o
(+)-12 (98% ee by HPLC)

Scheme 2. Stereoselective synthesis of (x)-keto-amine
diastereomeric ratio (by 'H NMR). The acid catalyzed stereoselective intramolecular
cyclization of the diastereomeric mixture of lactamol 6 provided desired product (+)-7 in
71% vyield via the corresponding flat iminium ion intermediate (20:1 dr). The purified
product (+)-7 on magnesium methoxide induced deacylation followed by detosylation
ensued into the known compound (-)-hydroxylactam 8 in 85% yield (Scheme 2).**
Oxidation of (—)-hydroxylactam 8 with several oxidizing agents such as PCC, IBX, DMP
and DMSO/Ac,0 was not successful and always ended up with complete decomposition,
indicating that the N-protection is requisite for the essential oxidation of proximal
secondary hydroxyl group. The K,CO3/MeOH mediated selective deacylation of (+)-7
formed the required common building block (+)-9 in 92% vyield. The (+)-hydroxy-lactam 9
on DMP-oxidation provided the desired keto-lactam 10 in 86% vyield but unfortunately
with complete racemization. Plausibly, the formed enantiomerically pure product was
highly prone for racemization due to the presence of highly acidic methine proton. We
could successfully circumvent the above specified problem of instantaneous racemization
by performing the reduction of lactam carbonyl to form the corresponding aminol (+)-11
followed by DMP-oxidation of the hydroxyl group to obtain the enantiomerically pure

ketone (+)-12 in 62% yield over two steps (98% ee, by HPLC).

top face blocked
CHZC(?zMe by axial homobenzylic
(feasible and C3 protons

nucleofilic attack)
Sp—
\ 0 (X=C=0) 1S | (X =CHj) ‘ o H
- - < N. - 3
N CH4CO,Me, LDA, THF ‘IN X CH4CO,Me, LDA, THF N ol H
S\io HO L ~78°C, 1h (83%) s o ~78°C, 1 h (77%) &=0
\ W\ H
o O 0 S)
+)-10/(+)-12 (X = C=0/CH
@ ()-10/(+)-12 ( 2) Me L CH,CHO,Me
by tosyl group (feasible

(t)-trans-Decalin 10 (+)-cis-Decalin 12 l

bottom face blocked
Me

nucleofilic attack)

I
P4

Scheme 3. Lactam carbonyl as a switch to alter the stereoselectivity in ester aldol reaction
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The ester-aldol reactions of (x)-keto-lactam 10 (obtained from racemic 5) and (+)-
keto-amine 12 with the lithium enolate of methyl acetate at —78 °C were highly
stereoselective and exclusively provided the corresponding products (£)-13 and (+)-14 in
83% and 77% vyields respectively (Scheme 3). A careful scrutiny of analytical and spectral
data obtained for both the compounds (%)-13 and (+)-14 and their X-ray crystallographic
analyses revealed that the adjacent methine proton and tertiary hydroxyl group are syn to
each other in product (£)-13 and anti to each other in product (+)-14. In case of compound
(£)-10 the incoming nucleophile approaches in a normal fashion from the expected less
hindered p-side to attack on a ketone carbonyl to deliver the corresponding a-hydroxy
product (£)-13. While in case of compound (+)-12 the incoming nucleophile approaches
from the relatively less hindered a-side and attacks on a ketone carbonyl to furnish the
desired S-hydroxy product (+)-14 with an opposite stereochemistry. On the basis of X-ray
crystallographic data of compound (+)-34 from scheme 7, we propose that the compound
(+)-12 exists in a relatively more stable cis-decalin form to avoid the eclipsing interaction
between the ketone carbonyl and sulfone groups. Thus in a cis-decalin form of compound
(+)-12 the homobenzylic methylene group will be in a axial orientation and one of the
proton from the methylene group and the C3-position axial proton will sterically block the
p-side and compel the incoming nucleophile to approach from the a-side accounting for
the reversal of stereoselectivity. Finally the formed product shuffles from cis-decalin to the
trans-decalin form to deliver the stable product (+)-14 via an umbrella motion in amines.
Overall in the (%)-1,4-keto-lactam 10 and (+)-1,4-keto-amine 12, the same incoming
carbanionic nucleophile exclusively attacks on the ketone carbonyl in a face selective
manner and in principle the lactam carbonyl in compound (%)-12 functions as a
stereochemical switch. However, the above explanation about the selectivity is our
proposal and we feel that molecular modeling studies will be highly useful to explain the
observed fact in details with more appropriate scientific explanations. Indeed, the
molecular modeling studies and related calculations will provide a clear picture about the
three dimensional orientations of each component in compound (%)-10 in both cis-decalin

and trans-decalin form with respect to stability.

The collective synthesis of target compounds was planned from above specified
two different sterochemical outcomes. The precursor (+)-14 on treatment with magnesium

in methanol and benzene mixture (1:1) underwent a smooth N-detosylation and supplied

112



an in situ cyclized product (-)-20-epihydroxydesethyleburmamonine (15) in 87 % yield
(Scheme 4). In above reaction the use of benzene as a co-solvent was essential for the

Mg, MeOH
benzene, 25 °C
4 h (87%)
(+)-14 N (0]
CO,Me (-)-20-Epihydroxy-
Burgess reagent, benzene desethyleburnamonine (15)

80 °C, 12 h (62%)

-

+
16:17 = 5:1
( 51) (+)17 CO,Me
Mg, MeOH, benzene
25°C, 2 h (82%)
EtMgBr
Cul, THF
(+)-Amino-lactam (18) (-)-Eburnamonine (46)

Scheme 4. Enantioselective synthesis of (—)-20-epihydroxydesethyleburnamonine and

(+)-amino-lactam

starting material solubility issue. The lactamization process to form (—)-15 with trans-ring
fusion was very fast due to the 1,2-equatorial-equatorial orientations of the cyclizing
groups. The (+)-p-hydroxyester 14 on treatment with Burgess reagent underwent
stereoselective dehydration to form a separable mixture of corresponding (+)-Z-16 and (+)-
E-17 products in 62% yield with 5:1 isomeric ratio. Mechanistically, in the syn-elimination
involving cyclic transition state, an active p-oriented methylene proton is picked up
preferentially to form the (+)-Z-16 as a major isomer (Figure 3). The precursor (+)-Z-16

syn-Elimination T.S [(+)-14a] (+)-Z-16 (major isomer)

Figure 3. Proposed mechanism for syn-elimination

on reaction with magnesium in methanol and benzene mixture (1:1) exclusively supplied
the cyclized product (+)-amino-lactam 18 in 82% yield with preservation of carbon—carbon
double bond. Unfortunately, all the three starting materials 16/17/18 on treatment with

EtMgBr/Cul remained unreacted and failed to provide the desired product (-)-

113



eburnamonine precursor/(—)-eburnamonine (Figure 1). Herein the g-positive carbon in a,f-
unsaturated systems was not accessible to an in situ generated EtCuMgBTr from either face

for both steric and electronic reasons.

| I H

=N
N
Ts P
M602C
‘(+) -16
H2 PtO,, THF: EtOH (1:1), 48 h ( 96°/)
Ts Ts
MeOZC MeO,C
(+)-20
(dr=2:5)
Mg, MeOH:Benzene (1: 1 Mg MeOH:Benzene (1:1)
NH4Cl, 25 °C, 2 h (83%) NH4CI 25°C, 2 h (73%)
M602C i
(-)-21 (-)-20- Epldesethyleburnamonlne (23)
K,CO3, MeOH 2 steps
reflux, 10 h (77%) (known)'
Desethyleburnamomne (22) )V|ndeburno| (24)

Scheme 5. Enantioselective synthesis of (—)-desethyleburnamonine, (-)-20-
epidesethyleburnamonine and (-)-vindeburnol

The major isomer (+)-Z-16 on catalytic hydrogenation over platinum formed the
diastereomeric mixture of products (+)-cis-19 [allylic methine proton: 3.83 (s, 1H)] and
(+)-trans-20 [allylic methine proton: 4.54 (d, J = 8 Hz, 1H)] in 96% yield with 2:5 ratio
(Scheme 5). The separated major isomer (+)-20 on detosylation directly furnished the
cyclized product (—)-20-epidesethyleburnamonine (23) in 73% yield. The transformation of
(—)-23 to (—)-vindeburnol (24) via hydride reduction followed by an acid-catalyzed
epimerization at the aminohydrin carbon through dehydration-rehydration pathway is
known with very good overall yield."'® The minor isomer (+)-19 on detosylation initially
delivered the uncyclized product (-)-21 in 83% yield; herein concomitant lactamization
with cis-ring fusion was not feasible due to the 1,2-equatorial-axial orientations of the
cyclizing groups. However the compound (—)-21 on treatment with K,COs in refluxing
methanol resulted into the desired cyclized product (-)-desethyleburmamonine (22) in

77% yield. Particularly the allylic methine proton in compound (—)-22 with cis-ring
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junction was relatively highly deshielded due to the peri-interaction with syn-oriented
lactam carbonyl group and appeared at 4.43 ppm.

In the next part of our studies, synthetic approaches for the tacamonine derivatives
were planned. The compound (+)-9 would be an appropriate imtermediate for the a-
functionalization of lactam and hence at first the hindered secondary alcohol (+)-9 was
protected as pivaloyl ester (+)-25 by using excess pivaloyl chloride (Scheme 6). The
sodium enolate generated from (+)-25 on reaction with acetaldehyde in the presence of
DMPU at —78 °C provided a mixture of diastercomeric f-hydroxy lactams. The alcohols on
DCC-CuCl induced syn-elimination resulted in a separable mixture of conjugated lactams
(+)-Z-26 and (+)-E-27 in 1:2 ratio (79% yield). As expected the vinylic proton of a major
isomer (+)-E-27 was more deshielded (7.02 ppm) due to the five membered peri-
interaction with a lactam carbonyl. The isomer (+)-E-27 on catalytic hydrogenation in
acetonitrile delivered a separable mixture of diastereoisomers (+)-trans-28 and (+)-cis-29
in 3:7 ratio (95% yield). The stereochemical assignments of (+)-frans-28 and (+)-cis-29
were initially confirmed by NOSEY NMR studies (Figure 4 and selected spectra). The
above catalytic hydrogenation was less selective in methanol or petroleum ether-ethyl
acetate mixture leading to ~ 1:1 mixture of compounds 28 and 29. The major isomer (+)-
cis-29 on alane mediated deprotection of pivaloyl group and reduction of a lactam
carbonyl followed by the TPAP/NMO oxidation of the formed alcohol (+)-30 delivered a

ketone (—)-31 in 76% yield over two steps. The stereoselective ester-aldol reaction of

I H i. NaHMDS, THF
- N O Piv-Cl, Et3 -78 C 45 min
N g
Ts "DMAP, DOM Ts ii. DMPU, CHscHO Ts
HOY 25°C, 24 h (85%) PivO™ -78°C,2h Pivo"

iii. DCC, CuCl, toluene

+)-9 -25
2 - 100 °C, 12 h (79%) Z:(+)-26: E-(+)-27 =1:2
27, H,, PAIC ‘
acetonitrile + 29, AlH; N =N
25°C. 4 h THF, 25°C Ts
(95%) o 6 h (82%) HO'
(3:7 dr) (+)-30
TPAP, NMO CH3CO,Et
4 AMS, DCM LDA THF MeOH:benzene benzene
25 °C 35h -78 °C 4.5h NH4C| 25°C
(76%) (64%) 4h(92%) 8
31 (+)-32 OH H
=) EtOzC (-)-14-Epihydroxytacamonine (33)

Scheme 6. Enantioselective total synthesis of (—)-14-epihydroxytacamonine
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(+)-trans-28 (+)-cis-29 no NOE

Figure 4. Stereochemical assignments of (+)-trans-28 and (+)-cis-29

ketone (—)-31 with the lithium enolate of ethyl acetate exclusively afforded the expected f-
hydroxy ester (+)-32 in 64% yield. All our attempts to eliminate the g-hydroxy group in
compound (+)-32 to obtain the corresponding a,f-unsaturated ester met with failure;
plausibly due to the 1,3-diaxial steric interactions between the hydroxyl and ethyl group.
However detosylation of compound (+)-32 directly resulted into the desired product (—)-

14-epihydroxytacamonine (33) in 92% yield.

H,, Pd/C AlH,, THF H
‘ lj N 0 (0] T e ‘ =N
N Y Pet ether: ethyl acetate 25°C, 6 h (71%) N
Ts “ 25°C, 12 h (~100%) T? - Ts
(+)26 PivO" PivO
(+)-28 (dr = 9:1)
_TPAR NMO lj CH{COZEL LDA, THE || H N
4AMS DCM, -78 C2h (89%) -'|\—IS '
25°C, 4 h (85%) HO
)35 H
)-36 Et020
ORTEP dlagram of (+)-34
H

H,, PtO,
Burgess reagent Mg MeOH:benzene THF EtOH Ij
benzene 80°C NH,4CI, 25 °C 2h 25 °C 1h
24 h (55%) MeOZC Z (74%)

(+)-37 [38] )-3- Epltacamonlne

Scheme 7. Enantioselective total synthesis of (—)-3-epitacamonine

Interestingly, the minor isomer (+)-Z-26 on catalytic hydrogenation in petroleum ether-
ethyl acetate mixture delivered the product (+)-trans-28 with high diastereoselectivity (9:1
dr) in 90% yield (Scheme 7). The product (+)-trans-28 on alane mediated deprotection and
reduction followed by the TPAP/NMO oxidation of formed alcohol (+)-34 delivered a
ketone (+)-35 in 60% vyield over two steps. The absolute stereochemistry of crystalline
amino alcohol (+)-34 was established on the basis of X-ray crystallographic data. As
anticipated the ester-aldol reaction of ketone (+)-35 with the lithium enolate of ethyl
acetate again exclusively provided the desired fp-hydroxy compound (+)-36 in 89% yield.
As expected the alcohol (+)-36 on treatment with Burgess reagent delivered the syn-
elimination product (+)-Z-37 in 55% yield. The product (+)-Z-37 on detosylation in situ

formed the lactam 38, which on an immediate stereoselective reduction of the «f-
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unsaturated carbon—carbon double bond by using H,/PtO, delivered the (-)-3-
epitacamonine (39)*° in 74% yield. Plausibly due to the presence of a-oriented ethyl group,
the adsorption of olefin on platinum surface takes place from the p-face with the

stereoselective formation of the final product (-)-39.

The synthesis of vinca-eburna class of (x)-eburnamonine alkaloid was intended
from our racemic common precursor (x)-13. The common precursor (£)-13 on treatment
with magnesium in methanol plus benzene mixture (1:1) underwent a smooth N-
detosylation and supplied a separable mixture of an in situ cyclized and the uncyclized
products (+)-40 and (z)-41 respectively with 88% combine yield in 2 h (40:41 = 1:9)
(Scheme 8). As expected the lactamization process of (£)-41 to (x)-40 with a cis-ring
fusion was slow due to the 1,2-equatorial-axial orientations of cyclizing groups. Hence it
was feasible to obtain the desired (+)-41 as a major product even after arresting the

reaction on complete consumption of a starting material. However, the same reaction on

Mg, MeOH, benzene
T
NH4CI, 25 °C, 2 h (88%)

()13 £)-40 (10%) ()41 (90%)  CO2Me
(for 41) Lawesson
SOCly, py DBU, DCM o reagent s
_— —_—
0°Cto25°C -60°C, 1h toluene
30 min (89%) (73%) reflux, 1 h
CO,Me CO,Me
[(+)-44]
Raney-Ni ‘ 1 step 2 steps d(\)/H\\
—_— N " R — =
THF, 25 °C N (known)”® (known)'®
6 h (55%) H
Z4
CO,Me
(+)-45 (+)-Eburnamonine (46) (+)-Melohenine B (47)

Scheme 8. Formal synthesis of (£)-eburnamonine and (+)-melohenine B

overnight stirring resulted in an exclusive formation of product (x)-40 in high yield. The
major product (£)-41 on treatment with thionyl chloride and pyridine directly provided the
corresponding isolable cyclic sulfuramidite (+)-42 in 89% vyield. We presume that the
formation of sulfuramidite (£)-42 takes place in a stepwise fashion via the corresponding
unisolable sulfuramidous chloride intermediate. An increase in reaction time with a hope
to directly obtain the desired elimination product (%)-43 resulted in excessive
decomposition of the formed sulfuramidite (+)-42. The eliminative cleavage of

sulfuramidite (x)-42 to the corresponding o,fB-unsaturated ester (+)-43 was both
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base/temperature sensitive and it was also prone to transform back into the starting
material (£)-41 at and above 0 °C. Nonetheless, the compound (£)-42 on treatment with
DBU in DCM at —60 °C stereoselectively formed the thermodynamically more stable

desired (E)-isomer (x)-43 in 73% yield with the release of sulfur dioxide as a leaving

L
H
H¢& 802Me |
N (0]
| N- anti-Elimination ”
N -
O\ A =
—0
a2 <) 343 COzMe

(0]
Figure 5. Proposed mechanism for anti-elimination

group (Figure 5). The 2 D NMR studies (see selected spectra) indicated that the vinylic
proton has strong NOE interactions with proximal proton on indole nitrogen. The lactam
(£)-43 on reaction with Lawesson reagent'’ transformed into the expected intermediate
thiolactam (£)-44 (by TLC), which on an immediate Raney-Nickel mediated
desulfurization reaction delivered the a,f-unsaturated ester (x)-45 in 55% yield over two
steps. Starting from the corresponding ethyl ester one-step synthesis of (£)-eburnamonine
(46) via the stereoselective Michael addition of a cuprate from the less hindered o-side
with very good yield is known. ™ The two-step transformation of (+)-46 to (+)-melohenine

B (47) through an oxidative ring expansion is also known.*

N__O HN__O
N o N
0o =
10a (#)-13a 3 48a CO2Me

Figure 6. Some of the exclusively formed unexpected products

The formal synthesis of yet another two interesting natural products (%)-
ebumaminol (54) and (x)-larutensine (55) was planned from the precursor (£)-13, but this
time using an intermediate 53 which does not contain a tetrahedral stereogenic center
(Scheme 9). The initially studied Horner—Wadsworth—-Emmons (HWE) reaction on ketone
(£)-10 to directly form the corresponding a,f-unsaturated ester was not successful for
steric reasons. The above reaction instead delivered the corresponding relatively more
stable air-oxidized product (+)-10a in 62% yield proving its propensity towards the facile
air-oxidation process (Figure 6). The involved N-detosylation, introduction of an angular
hydroxyl group and oxidative dehydrogenation reaction to form the doubly conjugated
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carbon—carbon double bond to form (+)-10a took place in one-pot. The alternatively
performed p-TSA mediated dehydration of g-hydroxyester (+)-13 also resulted in the
corresponding unexpected spiro fS-lactone (+)-13a in 85% yield. However the thionyl
chloride persuaded dehydration of tertiary alcohol (£)-13 exclusively provided the
thermodynamically more stable a,f-unsaturated ester (£)-E-48 in 81% yield. An attempted
naphthalene radical induced N-detosylation of product (+)-E-48 caused the deprotection
but with a ring expansion via the cleavage of more reactive internal carbon—nitrogen single
bond to form a 10-membered macrolactam (+)-48a in 56% yield.’® The treatment of

compound (%)-48 with magnesium in methanol plus benzene or sodium amalgam in

SOCI,, py \ Ha. PO EIOH, THE il
_SOChpy N. _O H
0°C to 25 °C N T25°C.12h (98%) (98%)

3h(81%) Ts

=z MeOzc\

()48 Co,Me
AlH3, THF ‘ H N Mg MeOH:benzene H Aczo oy Ij
25°C,2h N 5 NH,4CI, 25 °C 4h 25 °c 16 h
(84%) Ts . (97%) (88%)
o~
(£)-50
Hg(OAc),
EDTA.2Na.2H,0 \ 3 steps Ij 1 step ‘ H
—_— - _N
EtOH, H,0 H ‘ known known)8a N
80 °C, 2 h (89%) L . |
AcO "o \/ O\\/i
53 .
(+)-Eburnaminol ( (t)-Larutensine (55)

Scheme 9. Formal synthesis of (£)-eburnaminol and (£)-larutensine

methanol ensued in planned N-detosylation, but it was accompanied with a non-
stereospecific reduction of a,f-unsaturated carbon—carbon double bond resulting in ~1:1
mixture of the corresponding diastereomers (by H NMR). Finally the catalytic
hydrogenation of carbon—carbon double bond in a,f-unsaturated ester (z)-E-48 using
H./PtO, was stereoselective and exclusively formed the product (£)-49 in 98% vyield.
Plausibly the bulk of N-tosyl group dictates the site for adsorption of z-lobes on the
platinum catalyst resulting in a relative trans-geometry of the adjacent methine protons.
The precursor (+)-49 on reaction with red-Al directly furnished the desired (%)-
aminoalcohol 51, but only in 25 to 30% yield. Alane reduction of (z)-49 resulted into the
desired product (x)-aminoalcohol 50 in 84% yield. Both the ester to alcohol and lactam to
amine reductions took place in one-pot with an intact preservation of N-tosyl protection.
The coupling constant (J = 8 Hz) for angular methine proton in *H NMR also confirmed

the assigned trans stereochemistry of an adjacent methine protons in compound (%)-50.

119



The N-detosylation of (+)-50 followed by selective O-acylation of the formed alcohol (z)-
51 resulted in product (£)-52 with 85% yield over two steps. The product (x)-52 on Fujii-
oxidation'® [Hg(OAc),/JEDTA.2Na.2H,0; oxidative dehydrogenation] delivered the known
product 53 in 89% vyield via formation of the corresponding iminium intermediate
followed by an instantaneous intramolecular prototrophic shift. Starting from compound
53 a three-step stereoselective synthesis of (x)-eburnaminol (54) through enamine
alkylation followed by a reductive intramolecular cyclization and the one-step
transformation of (x)-54 to (x)-larutensine (55) via an intramolecular dehydrative

cyclization are known.®

Mg, MeOH:benzene

NH,4CI, 25 °C, 2 h (83%)

AlH3, THF, 2 h (£)-56

25 °C (68%)

2NHCI, 50°C,1.5h
B S EEEE—

(62%, known)'"®

(£)-Vindeburnol (24) (+)-Isovindeburnol (57)

Scheme 10. Diastereoselective formal synthesis of (+)-vindeburnol

Finally the advanced precursor (£)-49 on reaction with magnesium in methanol
plus benzene underwent a smooth N-detosylation followed by a concomitant
intramolecular cyclization resulting in lactam (£)-56 in 83% vyield (Scheme 10). The
lactamization process of (£)-49 to ()-56 with trans ring fusion was very fast due to the
1,2-equatorial-equatorial orientations of the cyclizing groups and hence it was not feasible
to stop the reaction at an intermediate stage as described earlier for the corresponding cis-
ring fusion system in scheme 5. The lactam (£)-56 on alane reduction supplied the
kinetically controlled product (%)-isovindeburnol 57 in 68% vyield. Acid catalyzed
epimerzation at the gem-aminohydrin center of (£)-isovindeburnol 57 to deliver the
thermodynamically more stable (£)-vindeburnol (24) via the dehydration-rehydration

pathway is well known in the literature.*

120



CCDC 1424170

Figure 7. Ortep drawing of compound (£)-13. Thermal ellipsoids set to 50% probability

level.

CCDC 1424171

Figure 8. Ortep drawing of compound (+)-14. Thermal ellipsoids set to 50% probability

level.

CCDC 1424172

Figure 9. Ortep drawing of compound (+)-34. Thermal ellipsoids set to 50% probability

level.

Note: Complete details of crystallographic data will be reported in the SI part of

publication.
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3B.3 Summary

In summary, we have completed facile enantioselective/diastereoselective synthesis of
indole alkaloids (-)-3-epitacamonine, (z)-eburnamonine, (x)-melohenine B, (¥)-
eburnaminol, (x)-larutensine and (—)-vindeburnol. The first precise stepwise use of all the
three oxygen functions in (-)-/(x)-acetoxyglutarimide in a chemo-, regio- and
stereoselective manner to craft the desired target compounds is noteworthy. We could
resolve the witnessed issue of racemization by transforming the lactam functionality to the
corresponding amine, thus reducing the acidity of methine proton. The amine-lactam
switch system was developed and successfully used for the stereoselective embarking of an
incoming nucleophile in ester aldol reactions. The obtained two different stereochemical
outcomes were rationally used for a stereoselective design of indole alkaloids, their
analogues and congeners. We feel that our present protocol is general in nature and will
be useful to synthesize several natural and unnatural indole based structurally interesting

and biologically important architectures for SAR studies.
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3B.4 Experimental Section

Commercially available t-BuOK, Dess-Martin periodinane, tetrapropylammonium
perruthenate (TPAP), NMO, n-butyllithium, diisopropylamine, DMPU, Burgess reagent,
tetrabutylammonium fluoride, platinum dioxide, magnesium foils, DBU, Lawesson’s
reagent, aluminium chloride, lithium aluminium hydride, acetic anhydride and mercuric

acetate were used.

(-)-(S)-5-Ox0-N-(2-(1-tosyl-1H-indol-3-yl)ethyl)tetrahydrofuran-2-carboxamide  (3).
w A mixture of (S)-5-oxotetrahydrofuran-2-carboxylic acid
(0]
(6]

WN o (4.16 g, 32.00 mmol) (prepared from L-glutamic acid by
N

Ts using known procedure™) and thionyl chloride (8.00 mL,

(=)-C22H22N205S (3)
M.W. 426.49

excess of thionyl chloride was removed in vacuo and the obtained residue was dissolved in
dry CH.Cl, (40 mL). A solution of tosyl-protected tryptamine™ (1, 10.00 g, 31.80 mmol)

in CH,Cl, (40 mL) was added dropwise to a stirred solution of acid chloride (-)-2'* at 0

110 mmol) was refluxed for 6 h under argon atmosphere. The

°C under argon atmosphere. To the above reaction mixture was added EtsN (8.85 mL,
63.60 mmol) in a dropwise fashion and it was stirred at 25 °C for 4 h. The reaction was
quenched with water (25 mL) and the organic layer was separated. The aqueous layer was
extracted with CH,Cl, (50 mL x 3) and the combined organic layer was washed with brine
and dried over Na,SO,4. Concentration of the dried organic layer in vacuo followed by
silica gel (230-400) column chromatographic purification of the resulting residue using
ethyl acetate—petroleum ether (3:2) as an eluent gave pure amido-lactone (—)-3 as gummy
solid (11.12 g, 82% yield). [¢]*5 —9.92 (¢ 0.40 CHCls); *"H NMR (CDCls, 200 MHz) §
2.03-2.20 (m, 1H), 2.21 (s, 3H), 2.32-2.58 (m, 3H), 2.79 (t, J = 8 Hz, 2H), 3.34-3.60 (m,
2H), 4.69 (t, J = 8 Hz, 1H), 6.50 (t, J = 6 Hz, 1H), 7.05-7.25 (m, 4H), 7.27 (s, 1H), 7.37
(dd, J = 6 and 2 Hz, 1H), 7.64 (d, J = 10 Hz, 2H), 7.84 (d, J = 8 Hz, 1H); *C NMR
(CDCls3, 50 MHz) ¢ 21.5, 24.9, 25.7, 27.4, 38.6, 77.3, 113.6, 119.17, 119.23, 123.1, 123.3,
124.8, 126.7, 129.9, 130.5, 135.0, 135.1, 144.9, 169.4, 175.8; ESIMS (m/z) 449 [M+Na]";
HRMS (ESI) calcd for CyH2oN,OsSNa 449.1142, found 449.1141; IR (neat) vmax 3321,
1784, 1733, 1677 cm ™,
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(-)-(S)-3-Hydroxy-1-(2-(1-tosyl-1H-indol-3-yl)ethyl)piperidine-2,6-dione  (4). To a
stirred solution of amido-lactone (-)-3 (4.30 g, 10.08 mmol) in THF

(0]
w (30 mL) was added suspension of t-BuOK in THF (0.45 M, 10.00

Ho mL) in a dropwise fashion over a period of 10 min at —78 °C under
—)-CoHp,N,05S (4 . .
© 426,49 @ argon atmosphere. The reaction mixture was allowed to reach 50 °C

in 1 h and then it was further stirred at the same temperature for 45 min. The reaction was
quenched with saturated ag. NH,Cl (10 mL) and THF was removed in vacuo. To the
reaction mixture was added ethyl acetate (100 mL) and the separated organic layer was
washed with water, brine and dried over Na,SO,4. Concentration of the dried organic layer
in vacuo followed by silica gel (230—-400 mesh) column chromatographic purification of
the resulting residue using petroleum ether—ethyl acetate (1:1) as an eluent yielded (S)-
hydroxyglutarimide (-)-4 as a white solid (2.92 g, 68% yield; 99.6% ee). Mp 168-170 °C;
[2]®p —49.37 (c 0.5 CHCIs); *H NMR (CDCls, 500 MHz) ¢ 1.86 (dg, J = 10 and 5 Hz,
1H), 2.27-2.35 (m, 1H), 2.36 (s, 3H), 2.62 (ddd, J = 20, 15 and 5 Hz, 1H), 2.82—-2.91 (m,
1H), 2.93 (t, J = 10 Hz, 2H), 3.55 (s, 1H), 3.96-4.05 (m, 1H), 4.06—4.12 (m, 1H), 4.16 (dd,
J=10and 5 Hz, 1H), 7.25 (d, J = 5 Hz, 1H), 7.29 (t, J = 10 Hz, 1H), 7.34 (t, J = 10 Hz,
1H), 7.43 (s, 1H), 7.66 (d, J = 5 Hz, 1H), 7.79 (d, J = 5 Hz, 2H), 8.00 (d, J = 5 Hz, 1H);
3C NMR (CDCls, 125 MHz) & 21.5, 23.3, 25.2, 30.7, 39.9, 68.2, 113.6, 118.9, 119.5,
123.2, 123.6, 124.8, 126.8, 129.8, 130.7, 135.0, 135.3, 144.9, 171.1, 175.1; ESIMS (m/z)
449 [M+Na]*; HRMS (ESI) calcd for CH2oN,OsSNa 449.1142, found 449.1132; IR
(neat) viax 3448, 1729, 1661 cm ™.

(-)-(8)-2,6-Dioxo-1-(2-(1-tosyl-1H-indol-3-yl)ethyl)piperidin-3-yl Acetate (5). To a
stirred solution of hydroxyimide (-)-4 (6.00 g, 14.07 mmol) in

(6]
w CH,Cl, (50 mL) at 0 °C was added EtsN (2.35 mL, 16.88 mmol),

Ac;0 (1.99 mL, 21.10 mmol) and DMAP (50 mg). The reaction

mixture was allowed to reach 25 °C and further stirred for 4 h. The

AcO:
(=)-C24H24N506S (5)
M.W. 468.52

reaction was quenched with water (10 mL) and the reaction mixture was extracted with

CH,CI, (50 mL x 3). The combined organic layer was washed with saturated ag. NaHCOs3,

brine and dried over Na,SO,4. The concentration of organic layer in vacuo followed by

silica gel (60-120 mesh) column chromatographic purification of the resulting residue

using petroleum ether—ethyl acetate (6:4) as an eluent afforded pure acetoxyimide (-)-5 as

a white solid (6.20 g, 94% yield). Mp 135-138 °C; [a]*b —44.57 (c 2.1 CHCl5); *H NMR

(CDCl3, 200 MHz) § 2.09-2.21 (m, 2H), 2.22 (s, 3H), 2.34 (s, 3H), 2.52-2.78 (m, 1H),
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2.80-3.05 (m, 1H), 2.89 (t, J = 8 Hz, 2H), 3.85-4.20 (m, 2H), 5.45 (dd, J = 12 and 8 Hz,
1H), 7.22 (d, J = 8 Hz, 2H), 7.20-7.38 (m, 2H), 7.40 (s, 1H), 7.67 (dd, J = 6 and 2 Hz,
1H), 7.76 (d, J = 8 Hz, 2H), 7.97 (dd, J = 6 and 2 Hz, 1H); **C NMR (CDCls, 50 MHz) ¢
20.7, 215, 23.1, 23.3, 30.3, 39.9, 68.5, 113.6, 119.0, 119.7, 123.2, 123.5, 124.7, 126.7,
129.8, 130.6, 135.0, 135.2, 144.8, 169.1, 169.8, 170.5; ESIMS (m/z) 491 [M+Na]*; HRMS
(ESI) calcd for CpsH2sN20sSNa 491.1247, found 491.1238; IR (CHCls) viax 1743, 1685
cm ™.
(3S)-2-Hydroxy-6-o0x0-1-(2-(1-tosyl-1H-indol-3-yl)ethyl)piperidin-3-yl Acetate (6). To
a stirred solution of (S)-acetoxyglutarimide (-)-5 (2.00 g, 4.27 mmol)

6]
W in MeOH:CH,CI; (2:1, 30 mL) mixture was added NaBH, (324 mg,

* AcO 8.54 mmol) in small portions at —10 °C over 5 min. The stirred

C24H26N206S (6)
M.W. 470.54

was quenched with mixture of saturated aq. NH4CI (5 mL) and brine (5 mL). The reaction

reaction mixture was allowed to reach 0 °C in 1 h and the reaction

mixture was further stirred vigorously at 0 °C for 10 min and it was extracted with CH,Cl,
(30 mL x 3). The combined organic layer was washed with water, brine and dried over
Na,SO,. The concentration of organic layer in vacuo followed by silica gel (60—120 mesh)
column chromatographic purification of the resulting residue wusing ethyl
acetate—petroleum ether (8:2) as an eluent afforded the required lactamol 6 (7:3 dr) as
white foam (1.65 g, 82% yield). *H NMR (CDCls, 500 MHz) & 1.78-1.93 (m, 1H), 1.96 (s,
1H), 2.08 (s, 2H), 2.15-2.35 (m, 1H), 2.29 (s, 1H), 2.30 (s, 2H), 2.35-2.60 (M, 2H), 2.90—
3.05 (m, 2H), 3.48-3.90 (m, 2.70H), 4.50-4.55 (br s, 0.30H), 4.78-4.90 (m, 1H), 4.93 (s,
1H), 7.13-7.35 (m, 4H), 7.37 (s, 1H), 7.55-7.60 (m, 1H), 7.65-7.80 (m, 2H), 7.90-8.00
(m, 1H); **C NMR (CDCls, 125 MHz) § 20.2, 20.5, 20.8, 21.0, 21.5, 23.7, 27.3, 29.2, 45.4,
45.9, 69.4, 69.9, 79.6, 81.3, 113.6, 119.6, 119.9, 123.1, 123.2, 124.8, 126.7, 129.8, 130.7,
134.9, 135.0, 144.9, 169.5, 169.96, 170.0, 170.5; ESIMS (m/z) 493 [M+Na]"; HRMS (ESI)
calcd for CysH26N20sSNa 493.1404, found 493.1397; IR (neat) wimax 3312, 1739, 1620
cm ™.
(+)-(1S,12bR)-4-Ox0-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-yl

Acetate (7). To a stirred solution of lactamol 6 (3.80 g, 8.08 mmol) in

| [ H

v NP CH,CI, (50 mL) at —10 °C was added TFA (1.23 mL, 16.16 mmol) in

AcO” a dropwise fashion. The reaction mixture was stirred at 25 °C for 12 h
(+)-C24H24N205S (7)

M.W. 452.53 and the reaction was quenched with saturated ag. NaHCOs (5 mL).
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The reaction mixture was extracted with CH,Cl, (50 mL x 3) and the combined organic
layer was washed with brine and dried over Na,SO,. The concentration of organic layer in
vacuo followed by silica gel (230-400 mesh) column chromatographic purification of the
resulting residue using ethyl acetate—petroleum ether (7:3) as an eluent first afforded the
minor diastereomer (124 mg, 3.4% yield) and then the required major diastereomer (+)-7
as white foam (2.47 g, 67.6% yield). Major isomer (+)-7: [a]*°b +64.65 (c 1.6 CHCl3); *H
NMR (CDCls, 200 MHz) § 1.70-1.85 (m, 1H), 2.00-2.20 (m, 1H), 2.21 (s, 3H), 2.28 (s,
3H), 2.30-2.90 (m, 5H), 5.05 (dd, J = 12 and 4 Hz, 1H), 5.26 (g, J = 4 Hz, 1H), 5.83-5.92
(m, 1H), 7.05 (d, J = 8 Hz, 2H), 7.20-7.38 (m, 3H), 7.38 (d, J = 8 Hz, 2H), 8.08 (d, J = 8
Hz, 1H); *C NMR (CDCls, 50 MHz) 6 21.1, 21.5, 21.9, 23.4, 27.6, 40.7, 60.4, 71.3, 117.0,
118.7, 124.9, 125.7, 126.7, 127.3, 129.2, 130.8, 132.3, 133.0, 138.8, 145.0, 169.7, 170.1;
ESIMS (m/z) 475 [M+Na]"; HRMS (ESI) calcd for Cy4HsN,0sS 453.1479, found
453.1469; IR (neat) vimax 1736, 1642 cm™.

(-)-(1S,12bR)-1-Hydroxy-2,3,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-4(1H)-one
(8). To stirred solution of N-tosyl protected acetate (+)-7 (50 mg, 0.11

H
L BN o

N mmol) in MeOH:benzene mixture (4 mL,1:1) were sequentially added

HO™ activated magnesium turnings (26 mg, 1.10 mmol) and NH,CI (59
(=)-C15H16N202 (8)

M.W. 256.31 mg, 1.10 mmol) at 25 °C under argon atmosphere. The reaction

mixture was stirred for 2 h and the reaction was quenched with saturated ag. NH4CI (2 mL)
and 1 N HCI (1 mL). Solvent was removed in vacuo and the residue was dissolved in ethyl
acetate (15 mL). The organic layer was washed with brine and dried over Na,SO,4. The
concentration of organic layer in vacuo followed by silica gel column chromatographic
purification of the resulting residue using ethyl acetate—methanol (98:2) as an eluent
afforded the known hydroxy compound (-)-8 (24 mg, 85% yield) as a white solid.™** Mp
248-249 °C; [a]®p —171.2 (¢ 0.20 MeOH).

(+)-(1S,12bR)-1-Hydroxy-12-tosyl-2,3,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-
4(1H)-one (9). To a stirred solution of acetate (+)-7 (2.00 g, 4.42
N> NP mmol) in MeOH (30 mL) was added anhydrous K,COs; (610 mg,

HO™ 4.42 mmol) at 0 °C. The reaction mixture was stirred for 4 h at 25
(+)-C22H22N204S (9) . ) . .
M.W. 410.49 °C and concentrated in vacuo. The obtained residue was directly

purified by silica gel (230-400 mesh) column chromatographic purification using ethyl

acetate—petroleum ether (8:2) as an eluent to afford the secondary alcohol (+)-9 as a white
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solid (1.67 g, 92% yield). Mp 204-206 °C; [¢]*°> +80.34 (c 2.14 CHCIs); *H NMR
(CDCl3, 200 MHz) 6 1.60-1.80 (m, 1H), 1.90-2.10 (m, 1H), 2.29 (s, 3H), 2.30—2.95 (m,
5H), 3.43 (br s, 1H), 4.78 (br s, 1H), 5.00-5.20 (m, 2H), 7.09 (d, J = 8 Hz, 2H), 7.20-7.40
(m, 3H), 7.42 (d, J = 8 Hz, 2H), 8.11 (d, J = 8 Hz, 1H); *C NMR (CDCls, 125 MHz) ¢
215, 22.0, 26.1, 27.4, 40.1, 64.2, 69.4, 116.8, 118.7, 125.0, 125.6, 126.3, 126.6, 129.4,
130.7, 132.2, 133.7, 138.3, 145.3, 171.1; ESIMS (m/z) 433 [M+Na]"; HRMS (ESI) calcd
for CooH22N,04SNa 433.1192, found 433.1193; IR (neat) viax 3443, 1626 cm™.

(x)-12-Tosyl-2,3,6,7,12,12b-hexahydroindolo[2,3-a]quinolizine-1,4-dione (10). To a
stirred solution of alcohol (+)-9 (200 mg, 0.49 mmol) in CH,CI, (6

N mL) was added fresh Dess—Martin periodinane (624 mg, 1.47 mmol)

. and pyridine (0.12 mL, 1.47 mmol) at 0 °C under argon atmosphere.
(£)-C22H20N204S (10)

M.W. 408.47 After stirring for 1 h at 25 °C, the reaction mixture was diluted with

CH.CI;, (6 mL) and quenched with mixture of ag. sodium thiosulphate (40%, 2 mL) plus
saturated aq. NaHCO3 (2 mL). It was then extracted with CH,Cl, (20 mL x 3) and the
combined organic layer was washed with brine and dried over Na,SO,4. The concentration
of organic layer in vacuo followed by silica gel (60—120 mesh) column chromatographic
purification of the resulting residue using ethyl acetate—petroleum ether (1:1) as an eluent
resulted the ketone (+)-10 as white foam (171 mg, 86% yield). *"H NMR (CDCls, 200
MHz) 6 2.35 (s, 3H), 2.55-3.25 (m, 7H), 4.76 (dd, J = 12 and 4 Hz, 1H), 6.01 (s, 1H),
7.15-7.40 (m, 4H), 7.45 (dd, J = 8 and 2 Hz, 1H), 7.74 (d, J = 8 Hz, 2H), 7.83 (dd, J = 8
and 2 Hz, 1H); *C NMR (CDCl;, 50 MHz) 6 20.2, 21.6, 30.6, 33.2, 38.6, 60.0, 114.2,
118.8, 119.9, 123.5, 125.1, 126.9, 127.1, 128.3, 129.8, 135.4, 136.4, 145.1, 171.6, 200.5;
ESIMS (m/z) 431 [M+Na]"; HRMS (ESI) calcd for C,H,N,0,SNa 431.1036, found
431.1028; IR (neat) vmax 1739, 1684 cm™. [The same reaction was also carried out on
higher scale with (£)- 9 (1.00 g, 2.44 mmol)].

(+)-(1S,12bR)-12-Tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-ol  (11).

A flame dried round-bottomed flask was charged with AICI; (146 mg,
| | H :
N N 1.10 mmol) and THF (6 mL) under argon atmosphere. The stirred
S
HO™ reaction mixture was cooled to 0 °C and a suspension of LiAlH; (125
(+)-C22H24N203S (11) . ) ..
M.W. 396.51 mg, 3.30 mmol) in THF (3 mL) was added dropwise. After stirring for

15 min at 0 °C, the ice bath was removed. A solution of lactam 11 (500 mg, 1.10 mmol) in

THF (6 mL) was added dropwise to the above reaction mixture at —40 °C. Then it was
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stirred for 1 h allowing to reach at 25 °C and quenched by the addition of saturated ag.
Na,SO4 (4 mL). The reaction mixture was filtered through Celite and the residue was
washed with ethyl aceatate (30 mL). The filtrate was dried over Na,SO, and concentrated
in vacuo. The silica gel (230—400 mesh) column chromatographic purification of the
resulting residue using CH,Cl,—methanol (94:6) as an eluent afforded the amino alcohol
(+)-11 as white foam (377 mg, 86% vyield). [¢]®p +203.1 (c 0.53 CHCIs); 'H NMR
(CDCl3, 200 MHz) 6 1.50-1.75 (m, 2H), 1.75-2.10 (m, 1H), 2.10-2.35 (m, 1H), 2.27 (s,
3H), 2.65-2.90 (m, 3H), 3.05-3.20 (M, 2H), 3.25-3.42 (m, 1H), 3.76 (dt, J = 10 and 4 Hz,
1H), 4.34 (d, J = 8 Hz, 1H), 7.10 (d, J = 8 Hz, 2H), 7.15-7.35 (m, 3H), 7.49 (d, J = 8 Hz,
2H), 8.07 (dd, J = 6 and 2 Hz, 1H); *C NMR (CDCls, 50 MHz) & 21.46, 21.49, 21.6, 36.2,
44.2,54.4,61.7, 69.3, 116.0, 118.4, 119.9, 124.0, 124.6, 126.4, 129.6, 130.8, 133.8, 135.9,
137.4, 144.7; ESIMS (m/z) 419 [M+Na]*; HRMS (ESI) calcd for CxHasN,0sS 397.1580,
found 397.1576; IR (neat) vimax 3401, 1641 cm™.

(+)-(R)-12-Tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-1(2H)-one (12). To a
stirred solution of alcohol (+)-11 (300 mg, 0.76 mmol) in CH,Cl, (15

N mL) was added Dess—Martin periodinane (967 mg, 2.28 mmol) and

o 0
()-Coghlpa03S (12) NaHCO; (638 mg, 7.6 mmol) at 0 “C under argon atmosphere. After
M.W. 394.49 stirring for 1 h at the same temperature, the reaction mixture was

diluted with CH,Cl, (10 mL) and quenched with mixture of ag. sodium thiosulphate (40%,
6 mL) and saturated aq. NaHCO3 (6 mL). It was then extracted with CH,Cl, (20 mL x 3)
and the combined organic layer was washed with brine and dried over Na,SO,. The
concentration of organic layer in vacuo followed by silica gel (230—400 mesh) column
chromatographic purification of the resulting residue using ethyl acetate—petroleum ether
(7:3) as an eluent resulted the ketone (+)-12 as yellow foam (215 mg, 72% yield; 98% ee).
[o]®p +67.41 (c 0.5 CHCI3); *H NMR (CDCls, 200 MHz) § 1.95-3.30 (m, 9H), 2.32 (s,
3H), 3.46 (dt, J = 12 and 4 Hz, 1H), 5.17 (s, 1H), 7.10-7.30 (m, 4H), 7.30-7.45 (m, 1H),
7.70-7.85 (m, 3H); BC NMR (CDCls, 100 MHz) ¢ 21.5, 21.9, 27.9, 41.0, 46.4, 54.2, 66.4,
114.0, 117.9, 118.6, 123.1, 124.3, 127.0, 129.3, 129.7, 130.8, 135.8, 136.1, 144.6, 206.8;
ESIMS (m/z) 417 [M+Na]’; HRMS (ESI) calcd for CyH23N,0sS 395.1424, found
395.1417; IR (neat) vinax 1720 cm™.
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(x)-Methyl 1-Hydroxy-4-oxo-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-
aJquinolizin-1-yl)acetate (13). To a solution of LDA in THF
[prepared by the addition of BuLi (1.60 M in hexane, 4.60 mL, 7.35
mmol) to a solution of Pr',NH (1.24 mL, 8.82 mmol) in dry THF (6

(£)-CasH26N2068 (13) | mL) at 0 °C for 20 min] was added methyl acetate (0.64 mL, 8.08
M.W. 482.5510

mmol) at —78 °C under argon atmosphere. After stirring the reaction
mixture for 1 h, a solution of (x)-10 (1.00 g, 2.45 mmol) in dry THF (8 mL) was added to
the reaction mixture at —78 °C. The reaction mixture was stirred for 1 h at —78 °C and
quenched with saturated ag. NH4ClI solution. THF was removed in vacuo and the residue
was dissolved in ethyl acetate (50 mL) and the organic layer was washed with water, brine
and dried over Na,SO,4. Concentration of the dried organic layer in vacuo followed by
silica gel column chromatographic purification of the resulting residue using ethyl acetate—
petroleum ether (7:3) as an eluent yielded (z)-13 as a white solid (0.91 g, 83% yield). Mp
181-183 °C; *H NMR (CDCl;, 200 MHz) 6 2.00-2.45 (m, 4H), 2.45-2.95 (m, 5H), 2.28
(s, 3H), 3.39 (s, 3H), 4.31 (s, 1H), 4.80-5.00 (m, 1H), 5.48 (s, 1H), 7.06 (d, J = 8 Hz, 2H),
7.15-7.45 (m, 5H), 8.16 (d, J = 8 Hz, 1H); *C NMR (CDCls, 100 MHz) 6 21.4, 21.5, 29.7,
33.9, 37.7, 38.7, 51.6, 61.0, 74.2, 117.3, 118.6, 124.8, 125.8, 126.5, 127.5, 129.3, 129.8,
131.0, 132.6, 138.8, 145.0, 171.07, 171.13; ESIMS (m/z) 505 [M+Na]*; HRMS (ESI)
calcd for CzsHzsN20sSNa 505.1404, found 505.1404; IR (neat) vimax 3385, 1727, 1641

cm L,

(+)-Methyl 2-((1S,12bR)-1-Hydroxy-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-
alJquinolizin-1-yl)acetate (14). To a stirred solution of LDA in THF

| Il H . . .
NN [prepared by the addition of n-BuLi (1.60 M in hexane, 0.96 mL, 1.53

TSHO \ mmol) to a solution of Pr';NH (0.24 mL, 1.68 mmol) in dry THF (2
(+)_025H28N2052(212xe mL) at 0 °C for 20 min] was added a solution of methyl acetate (0.13
ML R8T mL, 1.68 mmol) in dry THF (0.50 mL) at —78 °C under argon
atmosphere. The reaction mixture was stirred for 1 h and to it was added a solution of (+)-
12 (200 mg, 0.51 mmol) in dry THF (4 mL) at —78 °C. The reaction mixture was further

stirred for 1 h at —78 °C, quenched with saturated aqueous NH,4CI solution (5 mL) and THF

was removed in vacuo. To the obtained residue was added ethyl acetate (30 mL) and the
separated organic layer was washed with water, brine and dried over Na,SO,.
Concentration of the dried organic layer in vacuo followed by silica gel (230-400 mesh)

column chromatographic purification of the resulting residue using ethyl acetate—
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petroleum ether (8:2) as an eluent yielded (+)-14 as a white solid (183 mg, 77% vyield). Mp
178-180 °C; []*°b +96.41 (c 0.5 CHCIl3); *H NMR (CDCls, 400 MHz) 6 1.52 (dd, J = 12
and 4 Hz, 1H), 1.77 (dt, J = 12 and 4 Hz, 1H), 2.05-2.20 (m, 2H), 2.23 (s, 3H), 2.50-2.60
(m, 1H), 2.65-2.80 (m, 2H), 2.97 (d, J = 16 Hz, 1H), 3.04 (dt, J = 12 and 4 Hz, 1H), 3.15
(dd, J =8 and 4 Hz, 1H), 3.20 (d, J = 16 Hz, 1H), 3.58-3.70 (m, 1H), 3.67 (s, 3H), 4.27 (br
s, 1H), 4.37 (s, 1H), 7.01 (d, J = 8 Hz, 2H), 7.15-7.30 (m, 3H), 7.32 (d, J = 8 Hz, 2H),
8.06 (d, J = 8 Hz, 1H); *C NMR (CDsCOCDs, 100 MHz) ¢ 19.5, 21.6, 22.7, 38.1, 44.8,
47.4, 51.8, 56.2, 65.1, 73.7, 118.2, 119.6, 125.86, 125.90, 127.5, 128.0, 130.3, 133.3,
133.6, 135.4, 139.7, 146.1, 173.5; ESIMS (m/z) 491 [M+Na]"; HRMS (ESI) calcd for
CusH29N205S 469.1792, found 469.1785; IR (neat) vinax 3405, 1724 cm™.

(-)-(41R,13aS)-13a-Hydroxy-2,3,5,6,13,13a-hexahydro-1H-indolo[3,2,1-

T de]pyrido[3,2,1-ij][1,5]naphthyridin-12(41H)-one (15). To stirred
NN solution of N-tosyl protected S-hydroxy ester (+)-14 (20 mg, 0.04

© OH mmol) in MeOH:benzene (1:1; 2 mL) were sequentially added
(_)-%1.w.13222(_)324(15) activated magnesium turnings (10 mg, 0.40 mmol) and NH,CI (21 mg,

0.40 mmol) at 25 °C under argon atmosphere. The reaction mixture was stirred for 4 h and
guenched with saturated ag. NH4Cl (2 mL). Solvent was removed in vacuo and the residue
was extracted with ethyl acetate (5 mL x 3). The combined organic layer was washed with
brine and dried over Na,SO,4. The concentration of organic layer in vacuo followed by
silica gel (230-400 mesh) column chromatographic purification of the resulting residue
using ethyl acetate—petroleum ether (7:3) as an eluent afforded the cyclized compound (-)-
15 (10 mg, 87% yield) as a white solid. Mp 164—166 °C; []*5 —115.6 (¢ 0.42 CHCls); 'H
NMR (CDCls, 400 MHz) § 1.47 (dt, J = 8 and 4 Hz, 1H), 1.71 (d, J = 12 Hz, 1H), 1.85 (d,
J = 12 Hz, 1H), 2.00 (g, J = 12 Hz, 1H), 2.36 (t, J = 8 Hz, 1H), 2.55-2.75 (m, 3H),
2.75-3.20 (m, 6H), 7.20-7.35 (m, 2H), 7.41 (d, J = 8 Hz, 1H), 8.36 (d, J = 8 Hz, 1H); **C
NMR (CDCl3, 100 MHz) ¢ 21.09, 21.14, 34.4, 44.7, 51.6, 54.2, 63.0, 69.4, 114.2, 116.4,
118.1, 123.8, 124.4, 129.7, 131.8, 135.5, 166.5; ESIMS (m/z) 305 [M+Na]*; HRMS (ESI)
calcd for C17H19N,0, 283.1441, found 283.1435; IR (neat) vinax 3331, 1705, 1646 cm ™.

(+)-Methyl (S,2)-2-(12-Tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-1(2H)-

— ylidene)acetate (16). To a stirred solution of tertiary alcohol (+)-14
H

N N (130 mg, 0.28 mmol) in dry benzene (6 mL) was added Burgess
Me0,C— reagent (200 mg, 0.84 mmol) at 25 °C under argon atmosphere. The

(+)-C25H26N204S (2-16)
M.W. 450.55
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reaction mixture was refluxed for 12 h and then allowed to reach 25 °C. The reaction
mixture was diluted with ethyl acetate (30 mL) and the organic layer was washed three
times with brine and dried over Na,SO,. Concentration of the organic layer in vacuo
followed by silica gel (230—-400 mesh) column chromatographic purification of the
resulting residue using ethyl acetate—petroleum ether (8:2) as an eluent afforded minor
isomer (+)-E-17 as yellowish gum (13 mg, 10% yield) and by further elution with ethyl
acetate—methanol (98:2) as an eluent afforded major isomer (+)-Z-16 as a yellowish solid
(104 mg, 52% yield). Major isomer (+)-Z-16: Mp 135-137 °C; [o]*p +60.8 (c 0.45
CHCI5): *H NMR (CDCls, 400 MHz) § 2.08 (d, J = 16 Hz, 1H), 2.28 (s, 3H), 2.45-2.58
(m, 1H), 2.68 (dd, J = 16 and 8 Hz, 1H), 2.75-2.95 (m, 2H), 3.09 (s, 3H), 3.17 (d, J = 16
Hz, 1H), 3.25-3.45 (m, 2H), 3.52 (dt, J = 12 and 8 Hz, 1H), 3.59 (d, J = 16 Hz, 1H), 5.45
(s, 1H), 5.75 (s, 1H), 7.12 (d, J = 8 Hz, 2H), 7.18-7.35 (m, 3H), 7.52 (d, J = 8 Hz, 2H),
8.14 (d, J = 8 Hz, 1H); *C NMR (CDCls, 100 MHz) 6 20.8, 21.4, 21.5, 40.7, 40.9, 50.7,
51.1, 56.6, 115.7, 118.5, 120.7, 124.0, 124.6, 125.1, 126.4, 129.7, 130.4, 130.6, 134.0,
134.3, 137.1, 144.6, 172.1; ESIMS (m/z) 451 [M+H]"; HRMS (ESI) calcd for
CusH27N20,S 451.1686, found 451.1682; IR (neat) vinax 1735, 1597 cm™.

(+)-Methyl (S,E)-2-(12-Tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-1(2H)-
ylidene)acetate (17). Minor isomer (+)-E-17: [¢]*b +27.65 (c 0.80
CHCI3); *H NMR (CDCls, 500 MHz) § 1.80 (d, J = 10 Hz, 1H),
1.95-2.10 (m, 1H), 2.27 (dt, J = 15 and 5 Hz, 1H), 2.31 (s, 3H), 2.69

CO,Me
(9)-CastaeN204S (EAT) | () J = 15 and 5 Hz, 1H), 2.75-2.87 (m, 2H), 3.47 (dt, J = 15and 5

M.W. 450.55
Hz, 1H), 3.61 (s, 3H), 3.05-3.20 (m, 2H), 4.09 (d, J = 15 Hz, 1H), 5.11 (s, 1H), 5.21 (s,

1H), 7.16 (d, J = 10 Hz, 2H), 7.25 (t, J = 10 Hz, 1H), 7.31 (t, J = 10 Hz, 1H), 7.39 (d, J =
10 Hz, 1H), 7.63 (d, J = 10 Hz, 2H), 8.09 (d, J = 10 Hz, 1H); *C NMR (CDCls, 125 MHz)
8 21.5, 21.9, 26.1, 29.7, 43.5, 50.9, 55.2, 62.3, 114.8, 116.6, 118.7, 119.0, 123.5, 124.7,
126.5, 129.6, 129.8, 132.4, 135.5, 136.5, 144.7, 158.9, 166.5; ESIMS (m/z) 473 [M+Na]*;
HRMS (ESI) calcd for CasHz7N,04S 451.1686, found 451.1681; IR (neat) vinax 1714, 1650,
1599 cm™.

(+)-(S5)-2,3,5,6-Tetrahydro-1H-indolo[3,2,1-de]pyrido[3,2,1-ij][1,5]naphthyridin-
12(41H)-one (18). To a stirred solution of conjugated ester (+)-Z-16

H
I'N

N7 (20 mg, 0.04 mmol) in MeOH:benzene (1:1; 2 mL) were sequentially
oo added activated magnesium turnings (11 mg, 0.44 mmol) and NH,CI
(+)-C17H16N20 (18)
M.W. 264.33
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(24 mg, 0.44 mmol) at 25 °C under argon atmosphere. The reaction mixture was stirred for
2 h and quenched with saturated ag. NH4CI (5 mL). Solvent was removed in vacuo and the
residue was extracted with ethyl acetate (5 mL x 3). The combined organic layer was
washed with brine and dried over Na,SO4. The concentration of organic layer in vacuo
followed by silica gel (230-400 mesh) column chromatographic purification of the
resulting residue using ethyl acetate:petroleum ether (8:2) as an eluent afforded the
cyclized compound (+)-18 (10 mg, 82% yield) as brownish gummy solid. []*p +45.4 (c
0.6 CHCl3); 'H NMR (CDCls, 200 MHz) & 2.05-2.50 (m, 2H), 2.50-2.77 (m, 2H),
2.77-3.10 (m, 3H), 3.10-3.60 (m, 3H), 4.03 (br s, 1H), 5.62 (q, J = 2 Hz, 1H), 7.15-7.45
(m, 3H), 8.20-8.35 (m, 1H); *C NMR (CD3OD, 125 MHz) 5 21.1 (2 C), 26.9, 49.0, 52.5,
57.0, 1135, 117.1, 119.6, 122.8, 125.4, 125.6, 129.7, 131.6, 134.2, 136.5, 168.5; ESIMS
(m/z) 265 [M+H]"; HRMS (ESI) calcd for C17H17N,0 265.1335, found 265.1335; IR (neat)
Vmax 1704, 1643, 1602 cm™.

(+)-Methyl 2-((1R,12bS)-12-Tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-
a]quinolizin-1-yl)acetate (20). To a stirred solution of conjugated ester
(+)-Z-16 (50 mg, 0.11 mmol) in THF and ethanol (4 mL, 1:1) mixture
at 25 °C was added a catalytic amount of PtO, (5 mg, 0.02 mmol). The

H
COzMe A A A
(+)-CasH28N20,S (20)|  resulting mixture was hydrogenated at ballon pressure for 48 h, filtered
M.W.452.57

through a pad of Celite by washing with ethyl acetate (20 mL).
Concentration of filtrate in vacuo followed by silica gel (230-400 mesh) column
chromatographic purification of the resulting residue using petroleum ether—ethyl acetate
(4:6) as an eluent afforded minor cis-isomer (+)-19 as colourless gum (14 mg, 27% yield)
and by further elution with DCM-methanol (98:2) as an eluent afforded major trans-
isomer (+)-20 as colourless gum (36 mg, 69% yield). Major trans-isomer (+)-20: [¢]*°5
+60.2 (c 0.50 CHCI3); *H NMR (CDCls, 400 MHz) § 1.38-1.55 (m, 2H), 1.95 (d, J = 12
Hz, 2H), 2.25 (s, 3H), 2.42 (dg, J = 12 and 4 Hz, 1H), 2.58 (dd, J = 16 and 8 Hz, 1H),
2.65-2.80 (M, 2H), 2.83—2.90 (m, 1H), 2.92 (dd, J = 16 and 4 Hz, 1H), 3.15-3.35 (m, 2H),
3.50-3.60 (m, 1H), 3.59 (s, 3H), 4.54 (d, J = 8 Hz, 1H), 7.06 (d, J = 8 Hz, 2H), 7.17-7.30
(m, 3H), 7.43 (d, J = 8 Hz, 2H), 8.07 (d, J = 8 Hz, 1H); *C NMR (CDCls, 100 MHz) &
20.1, 21.3, 21.5, 32.0, 34.0, 38.5, 42.3, 51.4, 55.0, 59.6, 116.4, 118.5, 120.7, 124.3, 124.5,
126.6, 129.4, 131.4, 133.5, 137.5, 144.4, 173.9; ESIMS (m/z) 475 [M+Na]*; HRMS (ESI)
calcd for CosH2sN20,S 453.1843, found 453.1834; IR (neat) vinax 1729 cm™.

132



(+)-Methyl 2-((1S,12bS)-12-Tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-
1-yl)acetate (19). Minor cis-isomer (+)-19: [¢]*p +31.6 (c 0.90
CHCls); 'H NMR (CDCls, 400 MHz) 6 1.55 (d, J = 8 Hz, 1H),
1.75-2.00 (m, 4H), 2.26 (s, 3H), 2.40 (d, J = 16 Hz, 1H), 2.46-2.65

q
CO,Me
(H)-CasM2eN204S (19) | (m 3H), 2.76 (dt, J = 12 and 2 Hz, 1H), 2.90 (dd, J = 12 and 2 Hz,

M.W. 452.57
1H), 3.01 (d, J = 12 Hz, 1H), 3.32 (br s, 1H), 3.52 (s, 3H), 3.83 (s, 1H), 7.04 (d, J = 8 Hz,

2H), 7.15-7.30 (m, 3H), 7.45 (d, J = 8 Hz, 2H), 8.06 (d, J = 8 Hz, 1H); *C NMR (CDCl;,
100 MHz) ¢ 21.2, 21.5, 22.9, 28.6, 32.5, 35.6, 51.2, 51.4, 56.7, 64.9, 116.9, 118.3, 124.4,
124.6, 125.3, 126.8, 129.0, 131.2, 133.2, 136.4, 138.8, 144.3, 174.0; ESIMS (m/z) 475
[M+Na]"; HRMS (ESI) calcd for CpsH9N204S 453.1843, found 453.1837; IR (neat) vinax
1720 cm™.

(-)-Methyl 2-((1S,12bS)-1,2,3,4,6,7,12,12b-Octahydroindolo[2,3-a]quinolizin-1-
yl)acetate (21). To stirred solution of N-tosyl protected cis-ester (+)-19

(12 mg, 0.02 mmol) in MeOH:benzene (1:1; 2 mL) were sequentially

added activated magnesium turnings (7 mg, 0.30 mmol) and NH,CI (21

CO,Me
(-CraoN,0, 21)| MY, 0.40 mmol) at 25 °C under argon atmosphere. The reaction

M.W. 298.39

mixture was stirred for 2 h and quenched with saturated ag. NH4CI (5
mL). Solvent was removed in vacuo and the residue was extracted with ethyl acetate (10
mL x 2). The combined organic layer was washed with brine and dried over Na,SO,. The
concentration of organic layer in vacuo afforded the pure compound (-)-21 (6.50 mg, 83%
yield) as colourless gummy solid. [a]®p —13.8 (c 0.50 CHCI3); *H NMR (CDCls, 500
MHz) ¢ 1.61 (d, J = 15 Hz, 1H), 1.67-1.78 (m, 1H), 1.78-1.92 (m, 2H), 2.23 (dd, J = 15
and 15 Hz, 1H), 2.37 (t, J = 10 Hz, 1H), 2.47-2.60 (m, 2H), 2.65-2.77 (m, 2H), 2.87-3.05
(m, 3H), 3.45 (s, 1H), 3.56 (s, 3H), 7.09 (t, J = 10 Hz, 1H), 7.15 (t, J = 10 Hz, 1H), 7.34 (d,
J =10 Hz, 1H), 7.48 (d, J = 10 Hz, 1H), 8.04 (br s, 1H); **C NMR (CDCls, 125 MHz) &
21.1,21.5, 28.6, 32.6, 33.2, 51.6, 53.6, 56.4, 63.7, 110.3, 111.0, 118.0, 119.3, 121.4, 127.3,
133.3, 136.3, 175.1; ESIMS (m/z) 299 [M+H]"; HRMS (ESI) calcd for CigH23N20,
299.1754, found 299.1760; IR (neat) vimax 1718 cm™.
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(-)-(41S,13aS)-2,3,5,6,13,13a-Hexahydro-1H-indolo[3,2,1-de]pyrido[3,2,1-

— ij][1,5]naphthyridin-12(41H)-one (Desethyleburnamonine, 22). To
H
n” NN | astirred solution of compound (-)-21 (6 mg, 0.02 mmol) in methanol
o) i (2 mL) was added anhydrous K,COs. The reaction mixture was
()Desethyl- | refluxed for 10 h under argon atmosphere and quenched with saturated
eburnamonine (22)
MC%H%Z& ag. NH4Cl (2 mL). MeOH was removed in vacuo and the residue was

extracted with CH,Cl, (5 mL x 2). Concentration of CH,CI, in vacuo followed by silica
gel (230-400 mesh) column chromatographic purification of the resulting residue using
CH,Cl,—methanol (98:2) as an eluent afforded (-)-desethyleburnamonine (22) as a white
solid (4 mg, 77% yield). Mp 150-152 °C (lit.**®* mp 153-154 °C); [¢]®p —75.2 (c 0.20
CHCI); *H NMR (CDCls, 500 MHz) § 1.60-1.70 (m, 4H), 2.42—2.52 (m, 2H), 2.53-2.58
(m, 1H), 2.68 (d, J = 5 Hz, 1H), 2.71 (d, J = 5 Hz, 1H), 2.89-2.98 (m, 1H), 3.00 (dd, J =
15 and 5 Hz, 1H), 3.35-3.38 (m, 1H), 3.39 (d, J = 5 Hz, 1H), 4.40—4.45 (m, 1H), 7.30 (dt,
J=10and 5 Hz, 1H), 7.34 (dt, J = 10 and 5 Hz, 1H), 7.46 (dd, J = 10 and 5 Hz, 1H), 8.39
(dd, J = 10 and 5 Hz, 1H); *C NMR (CDCls, 125 MHz) § 16.4, 24.6, 25.3, 34.3, 39.7,
44.5, 50.4, 53.4, 112.8, 116.3, 118.1, 123.9, 124.5, 129.8, 131.2, 134.5, 167.3; ESIMS
(m/z) 267 [M+H]"; HRMS (ESI) calcd for C17H19N,0 267.1492, found 267.1492; IR (neat)

Vinax 1725 cm ™™,

(-)-(41S,13aR)-2,3,5,6,13,13a-Hexahydro-1H-indolo[3,2,1-de]pyrido[3,2,1-
ij][1,5]naphthyridin-12(41H)-one  (20-Epidesethyleburnamonine,
NN 23). To stirred solution of N-tosyl protected trans-ester (+)-20 (20 mg,

o A 0.04 mmol) in MeOH:benzene (1:1; 2 mL) were sequentially added
—)-20-Epidesthyl-
e(szrnamzlniiz (53) activated magnesium turnings (9.60 mg, 0.40 mmol) and NH,4CI (21.40
C47H1gN>O
Mw. 26634 | Mg, 0.40 mmol) at 25 °C under argon atmosphere. The reaction mixture

was stirred for 2 h and quenched with saturated ag. NH4CI (4 mL). Solvent was removed
in vacuo and the residue was extracted with ethyl acetate (10 mL x 2). The combined
organic layer was washed with brine and dried over Na,SO4. The concentration of organic
layer in vacuo followed by silica gel (230-400 mesh) column chromatographic
purification of the resulting residue using ethyl acetate—petroleum ether (8:2) as an eluent
afforded the (-)-20-epidesethyleburnamonine (-)-23 (8.60 mg, 73% yield) as a white solid.
Mp 138-140 °C (lit.™* mp 136-139 °C); [¢]*p —92.9 (c 0.28 CHCI5); *H NMR (CDCls,
400 MHz) 6 1.20-1.35 (m, 1H), 1.81-1.97 (m, 3H), 1.97-2.10 (m, 1H), 2.33-2.43 (m,
1H), 2.52 (dd, J = 16 and 12 Hz, 1H), 2.65 (dt, J = 12 and 4 Hz, 1H), 2.69-2.81 (m, 2H),
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2.86 (d, J = 12 Hz, 1H), 2.90-3.02 (m, 1H), 3.08 (td, J = 8 and 4 Hz, 1H), 3.17 (dd, J = 12
and 4 Hz, 1H), 7.20-7.35 (m, 2H), 7.42 (d, J = 8 Hz, 1H), 8.34 (d, J = 8 Hz, 1H); °C
NMR (CDCls, 100 MHz) ¢ 21.4, 25.4, 30.0, 37.9, 39.6, 52.2, 54.6, 62.0, 111.8, 116.2,
118.2, 123.9, 124.2, 129.9, 134.1, 135.2, 167.7; ESIMS (m/z) 267 [M+H]"; HRMS (ESI)
calcd for C17H19N20 267.1492, found 267.1486; IR (neat) vinax 1727 cm™™.

(+)-(1S,12bR)-4-Ox0-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-yl
Pivalate (25). To a stirred solution of hydroxyl compound (+)-9

| || H
N NP (1.42 g, 3.46 mmol) in CH,Cl; (25 mL) was added Et;N (4.81 mL,

Ts

PivO" 34.60 mmol), pivaloyl chloride (4.26 mL, 34.60 mmol) and DMAP
(+)-C27H30N205S (25)
M.W. 494.61 (428 mg, 3.46 mmol) at 0 °C under argon atmosphere. The reaction

mixture was allowed to reach 25 °C and further stirred for 24 h. The reaction was
quenched with saturated ag. NaHCOj3 solution (15 mL) at 0 °C and extracted with CH,Cl,
(50 mL x 3). The combined organic layer was washed with water, brine and dried over
Na,SO4. The concentration of organic layer in vacuo followed by silica gel (60—120 mesh)
column chromatographic purification of the resulting residue using petroleum ether—ethyl
acetate (6:4) as an eluent afforded pure pivaloyl ester (+)-25 as white foam (1.45 g, 85%
yield). [e]®o +75.70 (c 1.07 CHCIs); *H NMR (CDCls, 500 MHz) 6 1.31 (s, 9H), 1.69
(ddt, J = 12, 5 and 5 Hz, 1H), 2.08-2.15 (m, 1H), 2.27 (s, 3H), 2.35-2.42 (m, 1H), 2.48 (d,
J = 15 Hz, 1H), 2.59 (ddd, J = 18, 15 and 5 Hz, 1H), 2.67 (dt, J = 10 and 5 Hz, 1H),
2.73-2.82 (m, 1H), 5.06 (dd, J = 15 and 5 Hz, 1H), 5.21 (br s, 1H), 5.91 (br s, 1H), 7.05 (d,
J =10 Hz, 2H), 7.20-7.27 (m, 2H), 7.33 (dd, J = 10 and 5 Hz, 1H), 7.36 (d, J = 10 Hz,
2H), 8.10 (d, J = 10 Hz, 1H); **C NMR (CDCls, 125 MHz) ¢ 21.5, 22.0, 23.2, 27.2, 27.3,
38.8,41.0,60.9, 71.1, 117.1, 118.7, 124.9, 125.7, 126.6, 127.4, 129.2, 130.9, 132.5, 133.1,
138.8, 1449, 170.2, 177.0; ESIMS (m/z) 495 [M+H]; HRMS (ESI) calcd for
Co7H31N,05S 495.1948, found 495.1942; IR (CHCls) vinax 1728, 1642 cm™™.

(+)-(1S,12bR,E)-3-Ethylidene-4-ox0-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

alJquinolizin-1-yl Pivalate (27). To a stirred solution of compound
Ol (+)-25 (1.40 g, 2.69 mmol) in dry THF (15 mL) was added NaHMDS
(1 M in THF, 5.38 mL, 5.38 mmol) dropwise at —78 °C under argon

atmosphere. After stirring for 45 min at same temperature, DMPU

N
Ts .
PivO"

(+)-C29H3oN205S (E-27)
M.W. 520.64

(0.65 mL, 5.38 mmol) and solution of acetaldehyde (1.51 mL, 26.90 mmol) in dry THF (3

mL) were added to the reaction mixture. The reaction mixture was stirred at —78 °C for 2 h
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and quenched with saturated aq. NH4CI (5 mL). THF was removed in vacuo and the
obtained residue was extracted with ethyl acetate (25 mL x 3). The combined organic layer
was washed with water, brine and dried over Na,SO4. The concentration of organic layer
in vacuo followed by silica gel (230—400 mesh) column chromatographic purification of
the resulting residue using ethyl acetate—petroleum ether (8:2) as an eluent provided the
crude secondary alcohol (1.30 g, 2.42 mmol) as a diastereomeric mixture. To a stirred
solution of the crude alcohol in dry toluene (20 mL) were sequentially added CuCl (1.91 g,
19.36 mmol) and DCC (2.00 g, 9.68 mmol) at 25 °C under argon atmosphere. The stirred
reaction mixture was heated at 100 °C for 12 h and allowed to reach 25 °C. It was filtered
through a pad of Celite, washed with ethyl acetate (20 mL) and concentrated in vacuo. The
obtained residue was purified by silica gel (230—400 mesh) column chromatography using
petroleum ether—ethyl acetate (7:3) as an eluent to afford first the minor isomer Z-(+)-26 as
yellowish foam (388 mg, 26% vyield) and then the major isomer E-(+)-27 as yellowish
foam (766 mg, 53% yield). Major isomer E-(+)-27: [¢]*°5 +8.60 (c 0.58 CHCIs); *H NMR
(CDCl3, 400 MHz) J 1.25 (s, 9H), 1.77 (d, J = 8 Hz, 3H), 2.27 (s, 3H), 2.52 (d, J = 16 Hz,
1H), 2.60 (d, J = 12 Hz, 1H), 2.65-2.80 (m, 2H), 2.89 (dd, J = 16 and 8 Hz, 1H),
4.95-5.10 (m, 1H), 5.25-5.40 (m, 1H), 5.40-5.50 (m, 1H), 6.95-7.10 (m, 3H), 7.20—7.45
(m, 5H), 8.14 (d, J = 12 Hz, 1H); °C NMR (CDCls, 100 MHz) § 13.7, 21.5, 22.0, 27.1,
28.1, 38.8, 40.4, 58.1, 71.9, 116.9, 118.8, 124.8, 125.6, 126.5, 126.8, 126.9, 129.3, 130.6,
132.4, 132.8, 136.5, 138.7, 144.9, 165.9, 177.6; ESIMS (m/z) 521 [M+H]"; HRMS (ESI)
calcd for Cy9H33N20s5S 521.2105, found 521.2104; IR (CHCI3) vmax 1725, 1660, 1615

cm L,

(+)-(1S,12bR,2)-3-Ethylidene-4-oxo-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

a]quinolizin-1-yl Pivalate (26). Minor isomer Z-(+)-26: [¢]*o
N +4.40 (c 0.52 CHCIs); 'H NMR (CDCl3, 400 MHz) ¢ 1.25 (s, 9H),
<+>-c29HZLV$§53 (Z_;) 2.11 (dd, J = 8 and 4 Hz, 3H), 2.27 (s, 3H), 2.38 (d, J = 16 Hz, 1H),
M.W. 520.64 2.51 (d, J = 16 Hz, 1H), 2.65 (dd, J = 16 and 4 Hz, 1H), 2.68-2.82

(m, 2H), 5.05-5.15 (m, 1H), 5.17 (br s, 1H), 5.78-5.88 (m, 2H), 7.05 (d, J = 8 Hz, 2H),
7.20-7.35 (m, 3H), 7.37 (d, J = 8 Hz, 2H), 8.10 (d, J = 8 Hz, 1H); **C NMR (CDCls;, 100
MHz) § 15.4, 21.5, 22.1, 27.1, 33.8, 38.7, 40.4, 60.6, 71.7, 117.0, 118.7, 124.9, 125.5,
125.7, 126.6, 127.3, 129.2, 130.8, 132.6, 132.9, 137.8, 138.8, 144.9, 165.5, 177.1; ESIMS
(m/z) 521 [M+H]*; HRMS (ESI) calcd for CagH3a3sN,0sS 521.2105, found 521.2098; IR

(CHCI3) vinax 1725, 1665, 1626 cm ™.

| I H
- N_O

136



(+)-(1S,3S,12bR)-3-Ethyl-4-0x0-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[ 2,3-
ajJquinolizin-1-yl Pivalate (29). To a stirred solution of conjugated
lactam E-(+)-27 (500 mg, 1.15 mmol) in acetonitrile (40 mL) was

added a palladium on activated charcoal (112 mg, 10 wt%) at 25 °C.

(+)-CiS-ngH34N205S (29)
M.W. 522.66

atmosphere for 4 h, filtered through a pad of Celite by washing with ethyl acetate (40 mL).

The resulting mixture was hydrogenated at ballon pressure hydrogen

Concentration of filtrate in vacuo followed by silica gel (230-400 mesh) column
chromatographic purification of the resulting residue using petroleum ether—ethyl acetate
(3:1) as an eluent afforded major cis-isomer (+)-29 as white foam (334 mg, 66.5% yield)
and by further elution using petroleum ether—ethyl acetate (6.5:3.5) as an eluent afforded
minor trans-isomer (+)-28 as white foam (143 mg, 28.5% yield). Major cis-isomer (+)-29:
[]®p +57.60 (¢ 0.50 CHCIs); *H NMR (CDCls, 500 MHz) 6 0.90 (t, J = 10 Hz, 3H), 1.30
(s, 9H), 1.41-1.51 (m, 1H), 1.56 (dt, J = 15 and 5 Hz, 1H), 1.92—-2.20 (m, 1H), 2.13 (td, J
=15 and 5 Hz, 1H), 2.27 (s, 3H), 2.47-2.55 (m, 2H), 2.62—2.75 (m, 2H), 5.02 (dd, J = 15
and 5 Hz, 1H), 5.29 (s, 1H), 5.69 (g, J = 5 Hz, 1H), 7.05 (d, J = 10 Hz, 2H), 7.21-7.29 (m,
2H), 7.33 (dt, J = 15 and 5 Hz, 1H), 7.36 (d, J = 10 Hz, 2H), 8.11 (d, J = 10 Hz, 1H); **C
NMR (CDCls;, 125 MHz) 6 11.3, 21.5, 22.0, 22.8, 27.1, 29.0, 37.2, 38.8, 40.7, 59.5, 71.8,
117.0, 118.7, 124.8, 125.6, 126.6, 127.0, 129.2, 130.7, 132.7, 133.3, 138.7, 144.9, 172.8,
177.2; ESIMS (m/z) 523 [M+H]*; HRMS (ESI) calcd for CagHssN,0sS 523.2261, found
523.2250; IR (CHCl3) vinax 1727, 1641 cm ™.

(+)-(1S,3R,12bR)-3-Ethyl-4-0x0-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

aJquinolizin-1-yl Pivalate (28). To a stirred solution of

N conjugated lactam Z-(+)-26 (300 mg, 0.58 mmol) in petroleum
S

PivO" ether:ethyl acetate (1:1) (30 mL) was added a palladium on

(ortrans Castlaalla05S (28| activated charcoal (62 mg, 10 wt%) at 25 °C. The resulting

mixture was hydrogenated at ballon pressure hydrogen atmosphere for 12 h, filtered

through a pad of Celite by washing with ethyl acetate (25 mL). Concentration of filtrate in
vacuo followed by silica gel (230—400 mesh) column chromatographic purification of the
resulting residue using petroleum ether—ethyl acetate (3:1) as an eluent afforded minor cis-
isomer (+)-29 as white foam (30 mg, 10% vyield) and by further elution using petroleum
ether—ethyl acetate (6.5:3.5) as an eluent afforded major trans-isomer (+)-28 as white foam
(271 mg, 90% yield). Major trans-isomer (+)-28: [¢]*°5 +27.50 (¢ 0.50 CHCl3); *H NMR
(CDCl3, 400 MHz) 6 1.04 (t, J = 8 Hz, 3H), 1.30 (s, 9H), 1.70-1.85 (m, 1H), 1.94-2.08
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(m, 2H), 2.08-2.17 (m, 1H), 2.27 (s, 3H), 2.49-2.62 (m, 3H), 2.65-2.75 (m, 1H),
5.00-5.08 (M, 1H), 5.13-5.20 (m, 1H), 5.42 (d, J = 8 Hz, 1H), 7.04 (d, J = 8 Hz, 2H),
7.20-7.36 (m, 5H), 8.12 (d, J = 8 Hz, 1H); *C NMR (CDCls, 100 MHz) 6 11.6, 21.5, 21.9,
26.5, 27.1, 29.5, 38.8, 40.3, 41.6, 58.4, 72.8, 117.1, 118.7, 124.9, 125.6, 126.5, 127.2,
129.1, 130.7, 132.6, 133.0, 138.9, 144.8, 172.4, 177.8; ESIMS (m/z) 523 [M+H]"; HRMS
(ESI) calcd for CooHasN20sS 523.2261, found 523.2259; IR (CHCI3) viax 1724, 1635 cm™.

(+)-(1S,3S,12bR)-3-Ethyl-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

— a]Jquinolizin-1-ol (30). A flame dried round-bottomed flask was
H
N N charged with AICI; (152 mg, 1.14 mmol) and THF (3 mL) under
S
HO™ ™74 argon atmosphere. The stirred reaction mixture was cooled to 0 °C
(+)-C24H2gN203S (30) . . .
M.W. 424.56 and a suspension of LiAIH; (130 mg, 3.42 mmol) in THF (3 mL)

was added dropwise. After stirring for 15 min at 0 °C, solution of lactam (+)-29 (300 mg,
0.57 mmol) in THF (4 mL) was added dropwise to the above reaction mixture. Then it was
stirred for 6 h at 25 °C and quenched by the addition of saturated ag. Na,SO, (2 mL). The
reaction mixture was filtered through Celite and the solid residue was washed with ethyl
acetate (30 mL). The filtrate was dried over Na,SO, and concentrated in vacuo. The silica
gel (230-400 mesh) column chromatographic purification of the resulting residue using
CH.Cl,—methanol (96:4) as an eluent afforded the amino alcohol (+)-30 as yellowish semi-
solid (200 mg, 82% vyield). [«]®> +116.4 (¢ 3.5 CHCI3); *H NMR (CDCls, 500 MHz) ¢
0.89 (t, J = 10 Hz, 3H), 1.18-1.33 (m, 2H), 1.83 (td, J = 15 and 5 Hz, 1H), 1.95 (br s, 1H),
2.24 (s, 3H), 2.32-2.42 (m, 2H), 2.81 (dd, J = 10 and 5 Hz, 1H), 2.83-2.92 (m, 1H), 3.01
(dt, J = 10 and 5 Hz, 1H), 3.26 (dd, J = 10 and 5 Hz, 1H), 3.60-3.85 (br s, 2H), 4.45 (s,
1H), 4.76 (s, 1H), 7.01 (d, J = 10 Hz, 2H), 7.15-7.30 (m, 3H), 7.36 (d, J = 10 Hz, 2H),
8.07 (d, J = 10 Hz, 1H); *C NMR (CDCls, 125 MHz) ¢ 11.6, 19.2, 21.5, 27.0, 32.5, 35.3,
49.5, 53.6, 63.3, 68.5, 117.4, 118.4, 124.0, 124.7, 124.9, 126.8, 128.9, 131.8, 131.9, 135.0,
138.9, 144.6; ESIMS (m/z) 425 [M+H]*; HRMS (ESI) calcd for CasHosN,05S 425.1893,
found 425.1886; IR (CHCls) vinax 3416, 1601 cm ™.

(-)-(3S,12bR)-3-Ethyl-12-tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-
T a 1(2H)-one (31). To a stirred solution of alcohol (+)-30 (150 mg,
=N

N 0.35 mmol) in CH.CI; (8 mL) was added tetrapropylammonium

© i perruthenate (39 mg, 0.11 mmol) followed by NMO (82 mg, 0.70
(+)-C24H26N203S (31) .
M.W. 422 54 mmol) and 4 A molecular sieves (50 mg) at 25 °C under argon
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atmosphere. After stirring for 3.5 h at the same temperature, the reaction mixture was
filtered through a pad of Celite by washing with CH,Cl, (20 mL). Concentration of filtrate
in vacuo followed by silica gel (230—400 mesh) column chromatographic purification of
the resulting residue using petroleum ether—ethyl acetate (7:3) as an eluent afforded the
keto-amine (-)-31 as yellowish gum (113 mg, 76% yield). [¢]*b —32.6 (¢ 0.50 CHCls); *H
NMR (CDCls, 400 MHz) § 0.96 (t, J = 8 Hz, 3H), 1.45-1.65 (m, 2H), 2.25-2.45 (m, 2H),
2.34 (s, 3H), 2.63-2.73 (m, 1H), 2.78-3.10 (m, 5H), 3.29 (dd, J = 12 and 4 Hz, 1H), 4.86
(s, 1H), 7.15-7.30 (m, 4H), 7.38 (d, J = 8 Hz, 1H), 7.73 (d, J = 8 Hz, 1H), 7.77 (d, J = 8
Hz, 2H); *C NMR (CDCls, 100 MHz) ¢ 12.2, 21.6, 22.1, 26.1, 40.3, 45.1, 50.4, 58.6, 67.3,
114.2, 118.6, 119.0, 123.1, 124.3, 127.0, 129.4, 129.6, 130.6, 135.8, 136.5, 144.5, 203.8;
ESIMS (m/z) 423 [M+H]"; HRMS (ESI) calcd for CasH27N,0sS 423.1737, found
423.1731; IR (CHCl3) vinax 1724 cm™™,

(+)-Ethyl 2-((1S,3S,12bR)-3-Ethyl-1-hydroxy-12-tosyl-1,2,3,4,6,7,12,12b-

octahydroindolo[2,3-a]quinolizin-1-yl)acetate (32). To a stirred

| %l N solution of LDA in THF [prepared by the addition of n-BuLi (1.60

HO icoz,ét M in hexane, 0.65 mL, 1.04 mmol) to a solution of Pr';NH (0.18

(+)-C28H34N,05S (32) mL, 1.25 mmol) in dry THF (2 mL) at 0 °C for 20 min] was added a
M.W. 510.65

solution of ethyl acetate (0.11 mL, 1.14 mmol) in dry THF (0.50
mL) at —78 °C under argon atmosphere. After the reaction mixture was stirred for 1 h, a
solution of keto-amine (—)-31 (110 mg, 0.26 mmol) in dry THF (4 mL) was added at —78
°C. The reaction mixture was further stirred for 4.5 h at —78 °C, quenched with saturated
aqueous NH,CI solution (5 mL) and THF was removed in vacuo. To the reaction mixture
was added ethyl acetate (50 mL) and the separated organic layer was washed with water,
brine and dried over Na,SO,4. Concentration of the dried organic layer in vacuo followed
by silica gel (230—400 mesh) column chromatographic purification of the resulting residue
using ethyl acetate—petroleum ether (1:1) as an eluent yielded S-hydroxy ester (+)-32 as
yellowish gum (85 mg, 64% vyield). [¢]*°5 +21.42 (c 0.90 CHCI3); *H NMR (CDCls, 500
MHz) 6 0.97 (t, J = 10 Hz, 3H), 1.28 (t, J = 10 Hz, 3H), 1.66 (q, J = 10 Hz, 2H), 1.97 (dd,
J =15 and 5 Hz, 1H), 2.16 (d, J = 20 Hz, 1H), 2.25 (s, 3H), 2.47 (d, J = 15 Hz, 2H),
2.70-2.82 (m, 2H), 2.98 (d, J = 10 Hz, 1H), 3.04 (d, J = 15 Hz, 1H), 3.12 (d, J = 15 Hz,
1H), 3.13-3.20 (m, 1H), 3.27 (br s, 1H), 4.07—4.20 (m, 2H), 4.32 (s, 1H), 7.01 (d, J = 10
Hz, 2H), 7.17-7.22 (m, 2H), 7.25-7.30 (m, 1H), 7.33 (d, J = 10 Hz, 2H), 8.08 (d, J = 10
Hz, 1H); BC NMR (CDCl3, 125 MHz) 6 13.0, 14.2, 21.5, 22.6, 28.2, 35.0, 40.1, 43.8, 50.0,
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59.1, 60.4, 66.5, 73.6, 117.6, 118.4, 124.8, 124.9, 127.0, 128.1, 128.8, 131.9, 133.46,
133.47, 139.0, 1445, 172.3; ESIMS (m/z) 511 [M+H]"; HRMS (ESI) calcd for
CasHasN20sS 511.2261, found 511.2264; IR (CHCls) vinax 3425, 1735 cm ™.

(-)-(2S,41R,13aS)-2-Ethyl-13a-hydroxy-2,3,5,6,13,13a-hexahydro-1H-indolo[3,2,1-
de]pyrido[3,2,1-ij][1,5]naphthyridin-12(41H)-one (14-

N7 Y Epihydroxytacamonine, 33). To stirred solution of N-tosyl

L e protected p-hydroxy ester (+)-32 (20 mg, 0.04 mmol) in
(-)-C19H22N20, (33) ] ]
M.W. 310.40 MeOH:benzene (1:1; 2 mL) were sequentially added activated

magnesium turnings (10 mg, 0.40 mmol) and NH,CI (21 mg, 0.40 mmol) at 25 °C under
argon atmosphere. The reaction mixture was stirred for 4 h and quenched with saturated
ag. NH4CI (5 mL). Solvent was removed in vacuo and the residue was extracted with ethyl
acetate (10 mL x 2). The combined organic layer was washed with water, brine and dried
over Na;SO4. The concentration of organic layer in vacuo followed by silica gel (230-400
mesh) column chromatographic purification of the resulting residue using
CH,Cl,—methanol (98:2) as an eluent afforded the (—)-14-epihydroxytacamonine (33) as
semi-solid (11 mg, 92% vyield). [¢]*> —102.06 (c 0.40 CHCIs); *H NMR (CDCls, 500
MHz) 6 0.98 (t, J = 10 Hz, 3H), 1.63-1.81 (m, 4H), 1.96 (d, J = 15 Hz, 1H), 2.55-2.61 (m,
2H), 2.65 (dd, J = 15 and 5 Hz, 1H), 2.71-2.78 (m, 2H), 2.87-3.00 (m, 3H), 3.12-3.17 (m,
2H), 7.25-7.35 (m, 2H), 7.42 (d, J = 10 Hz, 1H), 8.35 (d, J = 10 Hz, 1H); *C NMR
(CDCls, 125 MHz) 6 13.5, 21.1, 27.8, 35.6, 37.8, 45.3, 52.0, 58.2, 64.0, 70.6, 114.3, 116.4,
118.1, 123.8, 124.5, 129.7, 131.9, 135.6, 166.6; ESIMS (m/z) 311 [M+H]"; HRMS (ESI)
calcd for C19H23N20,311.1754, found 311.1754; IR (CHCI3) vinax 3416, 1707 cm .

(+)-(1S,3R,12bR)-3-Ethyl-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-

alJquinolizin-1-ol (34). A flame dried round-bottomed flask was
| | H
N N charged with AICI; (133 mg, 1.00 mmol) and THF (3 mL) under
S
Ho" ) argon atmosphere. The stirred reaction mixture was cooled to 0 °C
(+)-C24H2gN203S (34) . . .
M.W. 424.56 and a suspension of LiAlH; (114 mg, 3.00 mmol) in THF (3 mL)

was added dropwise. After stirring for 15 min at 0 °C, a solution of lactam (+)-28 (260 mg,
0.50 mmol) in THF (3 mL) was added dropwise to the above reaction mixture. Then it was
stirred for 6 h at 25 °C and quenched by the addition of saturated ag. Na,SO, (2 mL). The
reaction mixture was filtered through Celite and the solid residue was washed with ethyl
acetate (20 mL). The filtrate was dried over Na,SO,4 and concentrated in vacuo. The silica
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gel (230-400 mesh) column chromatographic purification of the resulting residue using
ethyl acetate—petroleum ether (1:1) as an eluent afforded the amino alcohol (+)-34 as a
white crystalline solid (150 mg, 71% vyield). Mp 138-140 °C; [a]®p +213.49 (c 0.62
CHCI3); *H NMR (CDCls, 400 MHz) § 0.96 (t, J = 8 Hz, 3H), 1.15-1.40 (m, 3H),
1.83-1.97 (m, 1H), 2.25 (s, 3H), 2.36 (d, J = 12 Hz, 1H), 2.70-2.82 (m, 3H), 2.91 (d, J = 8
Hz, 1H), 3.16 (d, J = 12 Hz, 1H), 3.20-3.38 (m, 2H), 3.70-3.80 (m, 1H), 4.35 (d, J = 8 Hz,
1H), 7.11 (d, J = 8 Hz, 2H), 7.15-7.29 (m, 2H), 7.32 (d, J = 8 Hz, 1H), 7.52 (d, J = 8 Hz,
2H), 8.06 (d, J = 8 Hz, 1H); *3C NMR (CDCls, 100 MHz) 6 11.3, 21.4, 21.5, 26.5, 33.3,
42.5, 44.2, 60.0, 60.9, 69.4, 115.9, 118.5, 119.4, 124.0, 124.6, 126.6, 129.6, 130.5, 133.7,
135.3, 137.3, 144.7; ESIMS (m/z) 425 [M+H]*; HRMS (ESI) calcd for CasH2gN,03S
425.1893, found 425.1891; IR (CHCl3) vinax 3417, 1631 cm™.

(+)-(3R,12bR)-3-Ethyl-12-tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-
T 1(2H)-one (35). To a stirred solution of alcohol (+)-34 (140 mg,
N

NTY 0.33 mmol) in CH,CI, (6 mL) was added tetrapropylammonium

© H perruthenate (47 mg, 0.13 mmol) followed by NMO (116 mg, 0.99
(+)-C24H26N203S (35) .
M.W. 422.54 mmol) and 4 A molecular sieves (50 mg) at 25 °C under argon

atmosphere. After stirring for 4 h at the same temperature, the reaction mixture was filtered
through a pad of Celite by washing with CH,Cl, (20 mL). Concentration of solvents in
vacuo followed by silica gel (230—-400 mesh) column chromatographic purification of the
resulting residue using petroleum ether—ethyl acetate (7:3) as an eluent afforded the keto-
amine (+)-35 as yellowish gum (118 mg, 85% vyield). [¢]®p +56.35 (c 0.52 CHCl5); *H
NMR (CDCls, 500 MHz) 5 0.96 (t, J = 10 Hz, 3H), 1.41 (sextet, J = 5 Hz, 1H), 1.48
(sextet, J = 5 Hz, 1H), 2.34 (s, 3H), 2.36-2.47 (m, 2H), 2.65 (td, J = 10 and 5 Hz, 1H),
2.72-2.82 (m, 2H), 2.87-2.93 (m, 1H), 3.00-3.06 (m, 1H), 3.12 (dd, J = 15 and 10 Hz,
1H), 3.24 (dd, J = 15 and 5 Hz, 1H), 5.12 (s, 1H), 7.15-7.25 (m, 4H), 7.39 (d, J = 10 Hz,
1H), 7.76 (d, J = 10 Hz, 2H), 7.79 (dd, J = 10 and 5 Hz, 1H); *C NMR (CDCl;, 125 MHz)
0 11.1, 215, 22.1, 27.0, 41.7, 46.7, 46.9, 60.2, 65.9, 114.0, 117.9, 118.6, 123.1, 124.3,
127.0, 129.3, 129.7, 130.8, 135.9, 136.1, 144.6, 206.5; ESIMS (m/z) 423 [M+H]*; HRMS
(ESI) calcd for CosH27N203S 423.1737, found 423.1736; IR (CHCI3) vinax 1725 cm™.
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(+)-Ethyl 2-((1S,3R,12bR)-3-Ethyl-1-hydroxy-12-tosyl-1,2,3,4,6,7,12,12b-
octahydroindolo[2,3-a]quinolizin-1-yl)acetate (36). To a stirred
N solution of LDA in THF [prepared by the addition of n-BuLi (1.60

HO iCOZEt M in hexane, 0.60 mL, 0.96 mmol) to a solution of Pr',NH (0.16 mL,
(+)-C'\2/~ﬁw45N1zgg§ (36) 1.15 mmol) in dry THF (2 mL) at 0 °C for 20 min] was added a
solution of ethyl acetate (0.10 mL, 1.06 mmol) in dry THF (0.50

mL) at —78 °C under argon atmosphere. After the reaction mixture was stirred for 1 h, a
solution of keto-amine (—)-31 (100 mg, 0.24 mmol) in dry THF (4 mL) was added at —78

°C. The reaction mixture was further stirred for 2 h at —78 °C, quenched with saturated

H
||?N

aqueous NH,CI solution (5 mL) and THF was removed in vacuo. To the reaction mixture
was added ethyl acetate (25 mL) and the separated organic layer was washed with water,
brine and dried over Na,SO,. Concentration of the dried organic layer in vacuo followed
by silica gel (230—-400 mesh) column chromatographic purification of the resulting residue
using ethyl acetate—petroleum ether (1:1) as an eluent yielded (+)-36 as yellowish gum
(108 mg, 89% yield). [@]*p +45.67 (c 0.70 CHCls); *H NMR (CDCls, 500 MHz) 6 0.96 (t,
J =10 Hz, 3H), 1.29 (t, J = 10 Hz, 3H), 1.24-1.34 (m, 2H), 1.38 (t, J = 10 Hz, 1H),
2.06-2.16 (M, 1H), 2.18-2.23 (m, 1H), 2.24 (s, 3H), 2.56-2.64 (m, 1H), 2.69 (t, J = 10 Hz,
1H), 2.73-2.82 (m, 2H), 2.94 (d, J = 15 Hz, 1H), 3.19 (d, J = 15 Hz, 1H), 3.16-3.22 (m,
1H), 3.70-3.77 (m, 1H), 4.07—4.21 (m, 2H), 4.22-4.35 (br s, 1H), 4.36 (s, 1H), 7.02 (d, J =
10 Hz, 2H), 7.15-7.30 (m, 3H), 7.34 (d, J = 10 Hz, 2H), 8.07 (d, J = 10 Hz, 1H); *C NMR
(CDCl3, 125 MHz) ¢ 11.3, 14.1, 21.5, 21.9, 26.7, 30.0, 43.4, 43.6, 47.1, 60.6, 60.9, 63.8,
73.1, 117.2, 118.5, 124.6, 124.8, 126.3, 126.8, 129.0, 131.9, 132.3, 133.4, 138.6, 144.4,
172.9; ESIMS (m/z) 511 [M+H]"; HRMS (ESI) calcd for CygH35N,05S 511.2261, found
511.2261; IR (CHCI3) vinax 3427, 1733 cm ™™,

(+)-Ethyl (2)-2-((3R,12bS)-3-Ethyl-12-tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-

T aJquinolizin-1(2H)-ylidene)acetate (37). To a stirred solution of

N’ N tertiary alcohol (+)-36 (60 mg, 0.12 mmol) in dry benzene (10 mL)

E10,C H was added Burgess reagent (114 mg, 0.48 mmol) at 25 °C under
(+)-C2gH32N20,48 (37)

MW, 492.63 argon atmosphere. The reaction mixture was refluxed for 24 h and

then allowed to reach 25 °C. The reaction mixture was diluted with ethyl acetate (25 mL)
and washed three times with brine and dried over Na,SO,. Concentration of the organic
layer in vacuo followed by silica gel (230-400 mesh) column chromatographic
purification of the resulting residue using ethyl acetate—petroleum ether (6:4) as an eluent
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afforded conjugated ester (Z)-(+)-37 as colourless gum (32 mg, 55% yield). [e]*p +7.34 (c
0.80 CHCI3); *H NMR (CD3COCDs, 400 MHz) 6 0.80 (t, J = 8 Hz, 3H), 1.00 (t, J = 8 Hz,
3H), 1.35-1.50 (m, 2H), 2.28 (s, 3H), 2.42 (br s, 1H), 2.55-2.75 (m, 2H), 2.85-2.95 (m,
1H), 3.04 (d, J = 16 Hz, 1H), 3.11 (d, J = 16 Hz, 1H), 3.25-3.40 (m, 3H), 3.45-3.55 (m,
1H), 3.58 (d, J = 16 Hz, 1H), 5.36 (s, 1H), 5.69 (s, 1H), 7.21 (d, J = 8 Hz, 2H), 7.22 (t, J =
8 Hz, 1H), 7.30 (t, J = 8 Hz, 1H), 7.35 (d, J = 8 Hz, 1H), 7.57 (d, J = 8 Hz, 2H), 8.12 (d, J
= 8 Hz, 1H); **C NMR (CDsCOCD3, 100 MHz) 6 11.5, 14.2, 21.4, 22.3, 27.4, 32.6, 41.3,
43.3, 57.9, 58.3, 60.5, 116.7, 119.5, 122.1, 125.2, 125.4, 127.5, 130.4, 130.7, 131.49,
131.52, 131.9, 135.2, 138.2, 146.1, 171.5; ESIMS (m/z) 493 [M+H]"; HRMS (ESI) calcd
for CagHasN204S 493.2156, found 493.2154; IR (CHCls) vinax 1734, 1598 cm ™.

(-)-(2R,41S,13aR)-2-Ethyl-2,3,5,6,13,13a-hexahydro-1H-indolo[3,2,1-de]pyrido[3,2,1-

— iJ][1,5]naphthyridin-12(41H)-one (3-Epitacamonine, 39). To a
N stirred solution of conjugated ester (Z)-(+)-37 (20 mg, 0.04 mmol)
© H H in MeOH:benzene (1:1; 2 mL) were sequentially added activated
(=)-3-Epitacamonine (39)
C1gH2oN20 magnesium turnings (14 mg, 0.60 mmol) and NH,4CI (32 mg, 0.60
M.W. 294.40

mmol) at 25 °C under argon atmosphere. The reaction mixture was
stirred for 2 h and quenched with saturated ag. NH4CIl (4 mL). Solvent was removed in
vacuo and the residue was extracted with ethyl acetate (5 mL x 3). The combined organic
layer was washed with brine and dried over Na,SO4. The organic layer was concentrated in
vacuo to provide crude amino-lactam 38 (12 mg). To a stirred solution of 38 in THF and
ethanol (1:1, 2 mL) mixture was added PtO, (5.00 mg, 0.02 mmol) at 25 °C. The resulting
mixture was hydrogenated at ballon pressure for 1 h, filtered through a pad of Celite by
washing with ethyl acetate (20 mL). Concentration of filtrate in vacuo followed by silica
gel (230-400 mesh) column chromatographic purification of the resulting residue using
petroleum ether: ethyl acetate (4:6) as an eluent afforded (-)-3-epitacamonine (39) (9 mg,
74% vyield) as a white solid. Mp 170-172 °C (lit.** mp 174 °C); [«]®p -79.40 (c 0.15
CHCls); *H NMR (CDCls, 500 MHz) 5 0.89 (dt, J = 10 and 5 Hz, 2H), 0.96 (t, J = 10 Hz,
3H), 1.26-1.40 (m, 2H), 1.81 (br s, 1H), 2.00 (td, J = 10 and 5 Hz, 1H), 2.05 (t, J = 10 Hz,
2H), 2.53 (dd, J = 20 and 10 Hz, 1H), 2.65 (dt, J = 10 and 5 Hz, 1H), 2.69-2.76 (m, 1H),
2.79 (dd, J = 20 and 5 Hz, 1H), 2.92-3.02 (m, 1H), 3.12 (dd, J = 10 and 2 Hz, 1H), 3.20
(dd, J = 10 and 5 Hz, 1H), 7.27-7.33 (m, 2H), 7.43 (dd, J = 10 and 2 Hz, 1H), 8.36 (dd, J
=10 and 2 Hz, 1H); *C NMR (CDCls, 125 MHz) 6 11.4, 21.4, 27.1, 36.4, 37.7, 38.0, 39.6,
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52.2, 60.4, 61.9, 111.8, 116.1, 118.3, 123.9, 124.2, 129.9, 133.8, 135.2, 167.8; ESIMS
(m/z) 295 [M+H]"; IR (CHCl3) vinax 1705 cm™™.

(x)-Methyl  1-Hydroxy-4-oxo0-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-
yl)acetate (41). To stirred solution of N-tosyl protected S-hydroxy
ester (£)-13 (400 mg, 0.83 mmol) in MeOH:benzene mixture (14
mL,1:1) were sequentially added activated magnesium turnings (199

(i)'iﬂ1§;'2%“2‘2%17<41) mg, 8.30 mmol) and NH,CI (444 mg, 8.30 mmol) at 25 °C under

argon atmosphere. The reaction mixture was stirred for 2 h and the
reaction was quenched with saturated aq. NH4Cl (4 mL) and 1 N HCI (4 mL). Solvent was
removed in vacuo and the residue was dissolved in ethyl acetate (40 mL). The organic
layer was washed with brine and dried over Na,SO,. The concentration of organic layer in
vacuo followed by silica gel column chromatographic purification of the resulting residue
using ethyl acetate—petroleum ether (8:2) as an eluent afforded the major uncyclized
compound (%)-41 (215 mg, 79.2% yield) as a white solid and then the minor cyclized
compound (z)-40 (22 mg, 8.8% yield) as colourless gummy solid.

Major product (£)-41: Mp 202-204 °C; 'H NMR (CDCls, 400 MHz) & 2.10-2.20 (m, 3H),
2.40-2.55 (m, 1H), 2.54 (d, J = 20 Hz, 1H), 2.64-2.89 (m, 4H), 3.66 (s, 3H), 4.71 (s, 1H),
4.82 (brs, 1H), 5.07-5.13 (m, 1H), 7.12 (dt, J = 8 and 2 Hz, 1H), 7.20 (dt, J = 8 and 2 Hz,
1H), 7.37 (d, J = 8 Hz, 1H), 7.52 (d, J = 8 Hz, 1H), 8.90 (br s, 1H); *C NMR (CDCls, 100
MHz) § 20.7, 29.9, 31.9, 35.2, 40.1, 52.2, 61.2, 72.4, 111.2, 111.3, 118.3, 119.5, 122.3,
126.1, 129.5, 136.1, 168.3, 173.5; ESIMS (m/z) 351 [M+Na]*; HRMS (ESI) calcd for
C18H20N204Na 351.1315, found 351.1310; IR (neat) vimax 3376, 1732, 1603 cm ™.

(+)-13a-Hydroxy-1,2,5,6,13,13a-hexahydro-3H-indolo[3,2,1-de]pyrido[3,2,1-

— 4 ij][1,5]naphthyridine-3,12(4'H)-dione  (Minor  Product  40):

NSO Colourless gummy solid; *H NMR (DMSO-ds, 400 MHz) & 1.50 (dt, J

" N oh = 16 and 4 Hz, 1H), 1.72 (dd, J = 12 and 4 Hz, 1H), 2.07 (dd, J = 16
(£)-C17H16N203 (40)

M.W. 296.33 and 4 Hz, 1H), 2.55-2.83 (m, 4H), 2.76 (d, J = 16 Hz, 1H), 3.04 (dt, J

= 12 and 8 Hz, 1H), 4.71 (dd, J = 12 and 8 Hz, 1H), 4.78 (br s, 1H), 5.88 (s, 1H), 7.31
(quintet, J = 8 Hz, 2H), 7.49 (d, J = 8 Hz, 1H), 8.20 (d, J = 8 Hz, 1H); *C NMR (DMSO-
ds, 100 MHz) 6 19.8, 28.2, 29.4, 41.2, 46.5, 59.9, 68.2, 114.2, 115.4, 118.7, 124.1, 124.7,
129.7, 133.2, 133.5, 165.9, 168.6; ESIMS (m/z) 297 [M+H]"; HRMS (ESI) calcd for
C17H17N,03 297.1234, found 297.1231; IR (CHCI3) vinax 3446, 1719, 1634 cm ™,
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(x)-Methyl 5-Oxido-1-0x0-2,3,10,11-tetrahydro-1H-4-oxa-5-thia-5a,11a-
diazabenzo[cd]fluoranthen-3a(3alH)-yl)acetate (42). To a stirred
solution of (x)-41 (150 mg, 0.46 mmol) in pyridine (6 mL) was added

thionyl chloride (0.20 mL, 2.76 mmol) at 0 °C. Ice bath was removed

COzMe
(+)-C1gH1gN205S (42) | and the reaction mixture was stirred at 25 °C for 30 min. The reaction

M.W. 374.41

mixture was then poured into a mixture of ethyl acetate (10 mL) and
crushed ice. The residue was extracted with ethyl acetate (15 mL x 3) and the combined
organic layer was washed with brine and dried over Na,SO4. The concentration of organic
layer in vacuo followed by silica gel column chromatographic purification of the resulting
residue using ethyl acetate—petroleum ether (6:4) as an eluent afforded the cyclic
sulfuramidite (+)-42 (152 mg, 89% yield) as a yellowish white solid. Mp 148-150 °C; *H
NMR (CDCls, 400 MHz) 6 2.06 (d, J = 16 Hz, 1H), 2.35 (q, J = 8 Hz, 1H), 2.60-2.95 (m,
6H), 3.03 (dt, J = 12 and 4 Hz, 1H), 3.69 (s, 3H), 4.89 (dd, J = 12 and 4 Hz, 1H), 5.14 (s,
1H), 7.30-7.45 (m, 2H), 7.57 (d, J = 8 Hz, 1H), 7.69 (d, J = 8 Hz, 1H); *C NMR (CDCl;,
100 MHz) ¢ 20.2, 29.8, 30.6, 34.3, 37.8, 52.4, 56.3, 84.4, 112.6, 115.0, 119.5, 123.7,
124.7, 128.6, 129.0, 137.8, 168.1, 168.4; ESIMS (m/z) 397 [M+Na]"; HRMS (ESI) calcd
for C15H15N205SNa 397.0829, found 397.0826; IR (neat) vinax 1731, 1649 cm™.

(x)-Methyl (E)-2-(4-Ox0-3,4,6,7,12,12b-Hexahydroindolo[2,3-a]quinolizin-1(2H)-
ylidene)acetate (43). To a stirred solution of compound (£)-42 (50

N N mg, 0.13 mmol) in CH.CI, (4 mL) was added DBU (0.03 mL, 0.20
Cg Vo mmol) at —60 °C under argon atmosphere. The reaction mixture was

2
remiiefa0s 31 stirred at same temperature for 1 h. The reaction was quenched with

saturated ag. NH4Cl (2 mL) and the reaction mixture was extracted with CH,Cl, (10 mL x
3). The combined organic layer was washed with water, brine and dried over Na,SO,.
Concentration of the dried organic layer in vacuo followed by the silica gel column
chromatographic purification of the resulting residue using petroleum ether—ethyl acetate
(1:1) as an eluent yielded conjugated ester (+)-43 as a brownish yellow solid (30 mg, 73%
yield). Mp 171-173 °C; *H NMR (CDCls, 400 MHz) 6 2.32 (dt, J = 12 and 4 Hz, 1H),
2.46 (dt, J = 16 and 4 Hz, 1H), 2.60—2.70 (m, 1H), 2.75 (d, J = 12 Hz, 1H), 2.90-3.06 (m,
2H), 3.80 (s, 3H), 3.80-3.85 (m, 1H), 5.03 (q, J = 8 Hz, 1H), 5.31 (s, 1H), 6.14 (s, 1H),
7.13 (t, J = 8 Hz, 1H), 7.19 (t, J = 8 Hz, 1H), 7.32 (d, J = 8 Hz, 1H), 7.50 (d, J = 8 Hz,
1H), 7.96 (s, 1H); *C NMR (CDCls, 100 MHz) § 20.7, 23.0, 32.4, 41.4, 51.7, 61.1, 110.9,
111.2, 117.1, 118.5, 120.0, 122.6, 127.4, 129.4, 135.8, 153.1, 165.8, 168.9; ESIMS (m/z)
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311 [M+H]"; HRMS (ESI) calcd for C1gH19N203 311.1390, found 311.1386; IR (neat) vinx
3272,1709, 1625 cm ™.

(x)-Methyl (E)-2-(3,4,6,7,12,12b-Hexahydroindolo[2,3-a]quinolizin-1(2H)-
1 ) ylidene)acetate (45). To a stirred solution of compound (+)-43 (10 mg,

N 0.03 mmol) in dry toluene was added Lawesson’s reagent (12 mg, 0.03
C;Me mmol) at 25 °C under argon atmosphere. The reaction mixture was
(rCuatizo202 (49 refluxed for 1 h, cooled to 25 °C. Toluene was removed in vacuo and the

obtained residue was quickly purified by silica gel (230-400 mesh) column
chromatography by using petroleum:ethyl acetate (6:4) to provide the thiolactam (+)-44 (8
mg, 0.02 mmol) which was immediately used for the next step. A solution of (x)-44 in dry
THF (1 mL) was added dropwise to a stirred solution of freshly prepared Raney nickel
(100 mg) suspension in dry THF (2 mL) at 25 °C. The reaction mixture was vigorously
stirred for stirred for 6 h at 25 °C under 1 atmosphere hydrogen pressure, filtered through a
pad of Celite by washing with ethyl acetate (15 mL). Concentration of filtrate under vacuo
followed by silica gel (230-400 mesh) column chromatographic purification of the
resulting residue using ethyl acetate—petroleum ether (7:3) as an eluent yielded conjugated
ester (+)-45 (5 mg, 55% yield) as a brownish yellow gum. *H NMR (CDCl;, 500 MHz) ¢
1.75-1.95 (m, 2H), 2.70-2.82 (m, 2H), 2.90 (br s, 1H), 2.95-3.12 (m, 4H), 3.25-3.35 (m,
1H), 3.73 (s, 3H), 4.62 (s, 1H), 5.89 (s, 1H), 7.13 (t, J = 10 Hz, 1H), 7.19 (t, J = 10 Hz,
1H), 7.34 (d, J = 10 Hz, 1H), 7.52 (d, J = 10 Hz, 1H), 7.81 (br s, 1H); **C NMR (CDCls,
125 MHz) ¢ 18.7, 25.4, 26.6, 49.9, 50.4, 51.3, 63.0, 108.8, 111.1, 116.9, 118.4, 119.7,
122.1, 127.1, 135.9, 166.6; ESIMS (m/z) 297 [M+H]"; HRMS (ESI) calcd for C1gH21N20,
297.1598, found 297.1589; IR (CHCl3) vinax 3275, 1706, 1645 cm ™.

(¥)-12b-Hydroxy-6,7,12,12b-tetrahydroindolo[2,3-a]quinolizine-1,4-dione (10a). To a
stirred solution of ketone (£)-10 (50 mg, 0.12 mmol) in THF (2 mL)

[
N
N O
(e}
(+)-C45H12N203 (10a)
M.W. 268.27

at 25 °C was added dropwise tetrabutylammonium fluoride (1.0 M in
THF, 0.18 mL, 0.18 mmol) and the reaction mixture was stirred for 3

h. The reaction was quenched with saturated aq. NH,CI (2 mL) and

solvent was removed in vacuo. The residue was dissolved in ethyl acetate (25 mL) and the
organic layer was washed with brine and dried over Na,SO,. The concentration of organic
layer in vacuo followed by silica gel column chromatographic purification of the resulting
residue using petroleum ether—ethyl acetate (6:4) as an eluent afforded the oxidized

compound (+)-10a (19 mg, 58% yield) as a yellow solid. Mp 175-177 °C; *H NMR
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(DMSO-dg, 400 MHz) ¢ 2.05-2.18 (m, 1H), 2.40-2.55 (m, 1H), 2.58-2.72 (m, 1H),
3.03-3.20 (m, 1H), 6.70 (d, J = 12 Hz, 1H), 6.82 (d, J = 12 Hz, 1H), 6.88 (s, 1H, DO
exchangeable), 7.16 (t, J = 8 Hz, 1H), 7.37 (t, J = 8 Hz, 1H), 7.47 (d, J = 8 Hz, 1H), 7.96
(d, J = 8 Hz, 1H), 11.96 (s, 1H, D,O exchangeable); *C NMR (DMSO-ds, 100 MHz) ¢
27.7, 28.1, 90.0, 104.5, 112.5, 119.4, 119.9, 120.3, 120.8, 125.2, 126.6, 130.2, 137.6,
174.6, 180.8; ESIMS (m/z) 269 [M+H]"; HRMS (ESI) calcd for Ci5H13N,O3 269.0921,
found 269.0915; IR (neat) vimax 3284, 1724, 1676 cm ™.

(x)-12-Tosyl-2,3,6,7,12,12b-hexahydro-4H-spiro[indolo[2,3-a]quinolizine-1,2'-
oxetane]-4,4'-dione (13a). To a stirred solution of ()-13 (20 mg,

0.04 mmol) in dry toluene (3 mL) was added anhydrous p-TSA (8
mg, 0.05 mmol) at 25 °C and the reaction mixture was refluxed for

(£)-CosH2oN5058 (13a) | 4.5 h. Toluene was removed in vacuo and the residue was dissolved
M.W. 450.51

in ethyl acetate (15 mL). The organic layer was washed with
saturated ag. NaHCOs, brine and dried over Na,SO,4. The concentration of organic layer in
vacuo followed by silica gel column chromatographic purification of the resulting residue
using ethyl acetate—petroleum ether (6:4) as an eluent afforded the spirolactone (+)-13a
(16 mg, 85% yield) as gummy solid. *"H NMR (CDCls, 200 MHz) & 2.27 (s, 3H),
2.30-2.80 (m, 6H), 2.84 (d, J = 16 Hz, 1H), 2.95-3.20 (m, 1H), 3.35-3.55 (m, 1H),
4.45-4.65 (m, 1H), 5.59 (s, 1H), 7.05 (d, J = 8 Hz, 2H), 7.15-7.45 (m, 5H), 8.08 (d, J = 8
Hz, 1H); *C NMR (CDCls, 125 MHz) ¢ 21.5, 22.5, 28.1, 28.8, 37.2, 45.7, 63.7, 89.1,
117.3, 119.1, 125.4, 126.1, 126.8, 128.6, 129.2, 129.3, 130.9, 131.3, 138.7, 145.3, 170.1,
175.2; ESIMS (m/z) 473 [M+Na]*; HRMS (ESI) calcd for CosH»N,OsSNa 473.1142,
found 473.1145; IR (neat) vimax 1783, 1698 cm ™.

(x)-Methyl (E)-2-(4-Oxo-12-tosyl-3,4,6,7,12,12b-hexahydroindolo[2,3-a]quinolizin-
1(2H)-ylidene)acetate (48). To a stirred solution of (+)-13 (600 mg,

N (0] . - . .
N 1.24 mmol) in pyridine (8 mL) was added thionyl chloride (0.45 mL,
Cg Ve 6.22 mmol) at 0 °C. Ice bath was removed and the reaction mixture
2
(i)'CI\Z/IS\'j\/z44Néfgj 48) | was stirred at 25 °C for 3 h. The reaction mixture was then poured into

mixture of ethyl acetate (15 mL) and crushed ice. The aqueous layer
was extracted with ethyl acetate (25 mL x 3) and the combined organic layer was washed
with brine and dried over Na,SO,4. The concentration of organic layer in vacuo followed by
silica gel column chromatographic purification of the resulting residue using ethyl

acetate—petroleum ether (1:1) as an eluent afforded the conjugated ester (+)-48 (468 mg,
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81% vyield) as a yellowish white solid. Mp 150-152 °C; *H NMR (CDCls, 400 MHz) §
2.33 (s, 3H), 2.55-3.00 (m, 5H), 3.14 (dd, J = 20 and 8 Hz, 1H), 3.30-3.45 (m, 1H), 3.61
(s, 3H), 4.60—4.70 (m, 1H), 5.22 (s, 1H), 5.94 (s, 1H), 7.18 (d, J = 8 Hz, 2H), 7.32 (t, J = 8
Hz, 1H), 7.40 (t, J = 8 Hz, 1H), 7.47 (d, J = 8 Hz, 1H), 7.57 (d, J = 8 Hz, 2H), 8.19 (d, J =
8 Hz, 1H); **C NMR (CDCls;, 100 MHz) 6 20.2, 21.6, 25.7, 31.3, 38.5, 51.1, 56.0, 114.6,
115.3, 118.9, 122.9, 124.2, 125.7, 126.3, 128.7, 129.1, 129.9, 134.6, 136.9, 145.3, 156.8,
166.5, 172.3; ESIMS (m/z) 487 [M+Na]"; HRMS (ESI) calcd for CasH24N,OsSNa
487.1298, found 487.1299; IR (neat) vimax 1791, 1713, 1652 cm ™.

(x)-Methyl (E)-2-(4-Oxo0-1,2,3,4,5,6,8,9-octahydro-7H-azecino[5,4-b]indol-7-
L . ylidene)acetate (48a). To a stirred solution of naphthalene (108 mg,

N 0.85 mmol) in THF (4 mL) at 25 °C was carefully added a piece of

ngMe metal sodium (12 mg, 0.52 mmol) under argon atmosphere. The
Cm”;z_”g?;_g“f"‘) reaction mixture was stirred for 30 min to form a greenish blue

solution. THF solution (2 mL) of conjugated ester (+)-48 (60 mg, 0.13 mmol) was
dropwise added to the reaction mixrture at —78 °C. After 20 min, the reaction was
guenched with saturated aq. NH,4CI (2 mL). The reaction mixture was extracted with ethyl
acetate (15 mL x 3) and the combined organic layer was washed with brine and dried over
Na,SO4. The concentration of organic layer in vacuo followed by silica gel column
chromatographic purification of the resulting residue using ethyl acetate—petroleum ether
(7:3) as an eluent afforded the macrolactam (x)-48a (23 mg, 56% vyield) as gummy solid.
'H NMR (CDCls, 400 MHz) 6 2.10-2.35 (m, 3H), 2.46 (br s, 1H), 2.83 (br s, 2H), 3.22 (br
s, 2H), 3.42 (br s, 1H), 3.69 (d, J = 16 Hz, 1H), 3.77 (s, 3H), 5.53 (br s, 1H), 6.42 (s, 1H),
7.11 (t, J = 8 Hz, 1H), 7.18 (t, J = 8 Hz, 1H), 7.31 (d, J = 8 Hz, 1H), 7.52 (d, J = 8 Hz,
1H), 8.04 (br s, 1H); *C NMR (CDCls, 100 MHz) ¢ 24.1, 30.4, 34.6, 38.9, 40.5, 52.2,
110.8, 110.9, 118.2, 119.4, 121.9, 123.5, 127.3, 132.1, 135.7, 141.9, 172.5, 172.9; ESIMS
(m/z) 313 [M+H]*; HRMS (ESI) calcd for CigH21N,O3 313.1547, found 313.1547; IR
(neat) vmax 3301, 3262, 1722, 1649 cm ™.

(x)-Methyl 4-Ox0-12-tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-
yl)acetate (49). To a stirred solution of conjugated ester (+)-48 (200

mg, 0.43 mmol) in ethanol and THF mixture (8 mL, 1:1) was added a

Edhe catalytic amount of PtO, (10 mg, 0.04 mmol) at 25 °C. The resulting
2
(rCastlaefla0sS (49) | mixture was stirred under ballon pressure hydrogen atmosphere for 12
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h and filtered through a pad of Celite by washing with ethyl acetate (40 mL). The reaction
mixture was concentrated in vacuo to afford the hydrogenated compound (x)-49 (197 mg,
98% yield) as gummy solid. *"H NMR (CDCls, 200 MHz) 6 1.73 (t, J = 4 Hz, 1H), 1.78 (,
J = 4 Hz, 1H), 2.27 (s, 3H), 2.30-2.80 (m, 6H), 2.96 (dd, J = 16 and 6 Hz, 1H), 3.11
(sextet, J = 6 Hz, 1H), 3.68 (s, 3H), 4.96 (dd, J = 12 and 4 Hz, 1H), 5.01-5.08 (m, 1H),
7.04 (d, J = 8 Hz, 2H), 7.20-7.35 (m, 3H), 7.34 (d, J = 8 Hz, 2H), 8.11 (d, J = 8 Hz, 1H);
BC NMR (CDCls, 50 MHz) ¢ 21.5, 21.8, 22.9, 28.8, 36.3, 36.8, 41.4, 51.7, 59.8, 117.2,
118.6, 125.0, 125.5, 126.6, 127.4, 129.2, 131.1, 132.1, 135.4, 138.7, 145.0, 170.9, 172.4;
ESIMS (m/z) 489 [M+Na]"; HRMS (ESI) calcd for CosHsN,OsSNa 489.1445, found
489.1444; IR (CHCI3) vinax 1734, 1642 cm™.

(x)-12-Tosyl-1,2,3,4,6,7,12,12b-octahydroindolo[2,3-a]quinolizin-1-yl)ethan-1-ol (50).
A flame dried round-bottomed flask was charged with AICl; (28 mg,

0.21 mmol) and THF (2 mL) under argon atmosphere. The stirred

reaction mixture was cooled to 0 °C and a suspension of LiAIH, (24

HO
(£)-Ca4H26N203S (50)| Mg, 0.63 mmol) in THF (2 mL) was added dropwise. After stirring for
M.W. 424 .56

10 min at 0 °C, a solution of lactam-ester (+)-49 (100 mg, 0.21 mmol)
in THF (4 mL) was added dropwise to the above reaction mixture. It was stirred for 2 h at
25 °C and quenched by the addition of saturated ag. Na,SO4 (2 mL). The reaction mixture
was filtered through Celite and the solid residue was washed with ethyl acetate (20 mL).
The filtrate was dried over Na,SO4 and concentrated in vacuo. The silica gel column
chromatographic purification of the resulting residue using CH,Cl,—methanol (96:04) as an
eluent afforded the alcohol ()-50 as gummy solid (76 mg, 84% yield). '"H NMR (CDCls,
400 MHz) 6 1.30-1.57 (m, 2H), 1.73-1.90 (m, 2H), 1.80-2.00 (m, 1H), 2.00-2.15 (m,
1H), 2.24 (s, 3H), 2.15-2.60 (m, 2H), 2.65-2.80 (m, 2H), 2.85-2.95 (br s, 1H), 3.00-3.22
(m, 2H), 3.45-3.55 (m, 1H), 3.55-3.68 (M, 1H), 3.73 (quintet, J = 8 Hz, 1H), 4.56 (d, J = 8
Hz, 1H), 7.06 (d, J = 8 Hz, 2H), 7.18 (t, J = 8 Hz, 1H), 7.20 (t, J = 8 Hz, 1H), 7.25 (d, J =
8 Hz, 1H), 7.44 (d, J = 8 Hz, 2H), 8.04 (d, J = 8 Hz, 1H); **C NMR (CDCls, 100 MHz) ¢
20.0, 20.5, 21.5, 29.8, 33.3, 35.8, 43.4, 53.4, 60.0, 60.4, 116.5, 118.4, 120.7, 124.2, 124.5,
126.7, 129.3, 131.3, 133.4, 137.6, 137.7, 144.4; ESIMS (m/z) 447 [M+Na]*; HRMS (ESI)
calcd for CosH29N,03S 425.1893, found 425.1893; IR (CHCI3) wvinax 3377, 1658, 1600

cm .

149



(¥)-1,2,3,4,6,7,12,12b-Octahydroindolo[2,3-a]quinolizin-1-yl)ethan-1-ol (51). To stirred
solution of N-tosyl protected amino alcohol ()-50 (75 mg, 0.18 mmol)

in MeOH:benzene (4 mL, 1:1) were sequentially added activated

magnesium turnings (200 mg, 8.30 mmol) and NH4CI (200 mg, 3.74

HO . . . .
(+)-C17H,,N,0 (51)]  mmol) at 25 °C. The reaction mixture was stirred for 4 h and the reaction

M.W. 270.38 .
was quenched with saturated ag. NH4Cl (5 mL) and 1 N HCI (2 mL).

Solvent was removed in vacuo and the residue was extracted with ethyl acetate (5 mL x 3).
The combined organic layer was washed with brine and dried over Na,SO,. The
concentration of organic layer in vacuo followed by silica gel column chromatographic
purification of the resulting residue using CH,Cl,—methanol (92:8) as an eluent afforded
the N-tosyl deprotected amino alcohol (x)-51 as a brownish white solid (46 mg, 97%
yield). Mp 178-180 °C; *H NMR (CDs0D, 400 MHz) 6 1.35-1.47 (m, 1H), 1.55-1.85 (m,
4H), 1.98-2.10 (m, 1H), 2.25 (br s, 1H), 2.75-3.10 (m, 5H), 3.40-3.50 (m, 1H), 3.63-3.78
(m, 2H), 3.88 (d, J = 8 Hz, 1H), 6.98 (t, J = 8 Hz, 1H), 7.06 (t, J = 8 Hz, 1H), 7.31 (d, J =8
Hz, 1H), 7.40 (d, J = 8 Hz, 1H); *C NMR (CDs0D, 100 MHz) § 20.76, 20.81, 21.7, 34.2,
36.2, 49.61, 49.64, 60.5, 61.9, 108.1, 112.0, 118.6, 119.8, 122.2, 128.3, 134.8, 137.8,;
ESIMS (m/z) 271 [M+H]"; HRMS (ESI) calcd for C17HsN,0 271.1805, found 271.1797;
IR (nujol) vinax 3375, 3126 cm ™.

(+)-1,2,3,4,6,7,12,12b-Octahydroindolo[2,3-a]quinolizin-1-yl)ethyl Acetate (52). To a
stirred solution of (£)-51 (40 mg, 0.15 mmol) in pyridine (2 mL) was
added Ac,0 (0.30 mL, 3.18 mmol) at 25 °C. After stirring for 16 h, the
reaction was quenched with water (5 mL) and extracted with CH,Cl, (10

AcO . . .
(£)-C1oH4N,0, (52)) ML X 3). The combined organic layer was washed with saturated ag.

M.W. 312.41

NaHCOs, brine and dried over Na,SO4. The concentration of organic
layer in vacuo followed by silica gel column chromatographic purification of the resulting
residue using CH,Cl,—methanol (94:6) as an eluent afforded the ester (x)-52 as gummy
solid (41.0 mg, 88% vyield). *H NMR (CDCls, 400 MHz) & 1.65-1.82 (m, 3H), 1.85-2.05
(m, 3H), 2.10 (s, 3H), 2.05-2.18 (m, 1H), 2.80-3.15 (m, 5H), 3.35-3.45 (m, 1H),
3.94-4.05 (m, 1H), 4.10-4.20 (m, 1H), 4.25-4.37 (m, 1H), 7.08 (t, J = 8 Hz, 1H), 7.17 (t, J
= 8 Hz, 1H), 7.37-7.45 (m, 2H), 9.28 (br s, 1H); *C NMR (CDCls, 100 MHz) & 19.5,
20.9,21.0, 28.2, 31.1, 34.4, 49.2, 51.6, 60.0, 62.3, 107.8, 111.3, 118.0, 119.4, 121.9, 126.6,
1315, 1364, 171.8; ESIMS (m/z) 313[M+H]"; HRMS (ESI) caled for
C1oH25N20,313.1911, found 313.1908; IR (CHCI3) vinax 3429, 1737 cm ™.
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(¥)-2-(2,3,4,6,7,12-Hexahydroindolo[2,3-a]quinolizin-1-yl)ethyl Acetate (53). To a
stirred solution of acetate (+)-52 (25 mg, 0.08 mmol) in ethanol (2 mL)
were added a solution containing EDTA disodium salt dihydrate (70 mg,

0.24 mmol) and mercuric acetate (76 mg, 0.24 mmol) in water (3 mL)

AcO
CioH22N,0, (53) | and the resulting solution was gently heated at 80 °C for 2 h. After
M.W. 310.40

cooling, CH,Cl, was added to the reaction mixture and the two-phase
mixture was basified to pH 11 with 5% ag. ammonia. The organic layer was separated and
the aqueous layer was extracted with CH,Cl, (10 mL x 2). The combined organic layer
was washed with saturated ag. NaHCOs, brine and dried over Na,;SO4. The filtration and
concentration of organic layer in vacuo afforded the enamine (x)-53 as brown gummy
solid (22 mg, 89% yield). *H NMR (CDCls, 400 MHz) ¢ 1.95-2.02 (m, 4H), 2.02—2.20 (m,
1H), 2.18 (s, 3H), 2.22-2.30 (m, 1H), 2.77 (dd, J = 8 and 8 Hz, 1H), 2.97 (t, J = 8 Hz, 2H),
3.03-3.15 (m, 3H), 4.24 (dd, J = 8 and 8 Hz, 2H), 7.10 (t, J = 8 Hz, 1H), 7.21 (t, J = 8 Hz,
1H), 7.51 (d, J = 8 Hz, 1H), 7.56 (d, J = 8 Hz, 1H), 10.13 (br s, 1H); *C NMR (CDCl;,
100 MHz) ¢ 21.1, 21.8, 22.4, 30.0, 33.2, 52.0, 52.2, 63.5, 103.8, 111.5, 111.8, 118.1,
119.1, 122.3, 125.9, 129.3, 135.2, 137.4, 172.9; ESIMS (m/z) 311 [M+H]"; HRMS (ESI)
calcd for Cy9H23N20,311.1754, found 311.1750; IR (CHCls) vinax 3361, 1728, 1634 cm™.

(¥)-1,2,5,6,13,13a-Hexahydro-3H-indolo[3,2,1-de]pyrido[3,2,1-ij][1,5]naphthyridine-
3,12(41H)-dione (56). Activated magnesium turnings (62.40 mg, 2.60

B

N Nap© mmol) and NH4CI (65 mg, 1.22 mmol) were sequentially added to

° H stirred solution of N-tosyl protected lactam (%)-49 (60 mg, 0.13 mmol)
(£)-C17H16N202 (56) ] . .

M.W. 280.33 in MeOH : benzene (1:1; 4 mL) at 25 °C. The reaction mixture was

stirred for 2 h and quenched with saturated ag. NH4CI (1 mL) and 1 (N) HCI (1 mL).
MeOH and benzene were removed in vacuo and the residue was extracted with ethyl
acetate (25 mL x 3). The combined organic layer was washed with brine and dried over
Na,SO4. The concentration of organic layer in vacuo followed by silica gel (230-400
mesh) column chromatographic purification of the resulting residue using ethyl
aceatate—petroleum ether (7:3) as an eluent afforded the pentacyclic compound (£)-56 as a
white solid (30 mg, 83%). Mp 172-174 °C; *H NMR (CDCls, 500 MHz) 5 1.77 (ddd, J =
25, 13 and 5 Hz, 1H), 2.03 (dd, J = 10 and 5 Hz, 1H), 2.21 (tq, J = 10 and 5 Hz, 1H), 2.55
(ddd, J = 20, 13 and 5 Hz, 1H), 2.65 (d, J = 20 Hz, 1H), 2.69 (dt, J = 15 and 5 Hz, 1H),
2.77-2.84 (m, 2H), 2.93 (dd, J = 20 and 5 Hz, 1H), 2.96-3.05 (m, 1H), 4.27 (d, J = 10 Hz,
1H), 5.09 (td, J = 10 and 5 Hz, 1H), 7.32 (dt, J = 10 and 5 Hz, 1H), 7.36 (dt, J = 10 and 5
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Hz, 1H), 7.46 (d, J = 10 Hz, 1H), 8.36 (d, J = 10 Hz, 1H); *C NMR (CDCls, 125 MHz) §
20.4, 25.9, 32.1, 37.2, 38.2, 38.9, 55.1, 112.6, 116.2, 118.6, 124.3, 125.0, 129.1, 132.1,
135.2, 166.7, 168.3; ESIMS (m/z) 281 [M+H]"; HRMS (ESI) calcd for Ci7H17N,0;
281.1285, found 281.1281; IR (CHCl3) vinax 1709, 1644 cm™.

(¥)-2,3,41,5,6,12,13,13a-Octahydro-1H-indolo[3,2,1-de]pyrido[3,2,1-
ij][1,5]naphthyridin-12-ol (Isovindeburnol, 57). A flame dried

H
WEN

N round-bottomed flask was charged with AICI; (12 mg, 0.09 mmol) and

HO" ™R THF (1 mL) under argon atmosphere. The stirred reaction mixture was
(x)-Isovindeburnol (57)

J%sz%h;zgs cooled to 0 °C and a suspension of LiAIH, (10 mg, 0.27 mmol) in THF

(1 mL) was added dropwise. After stirring for 10 min at 0 °C, a
solution of lactam (x)-56 (25 mg, 0.09 mmol) in THF (2 mL) was added dropwise to the
above reaction mixture. Then it was stirred for 2 h at 25 °C and quenched by the addition
of saturated ag. Na,SO,4 (2 mL). The reaction mixture was filtered through Celite and the
solid residue was washed with ethyl aceatate (10 mL x 3). The filtrate was dried over
Na,SO, and concentrated in vacuo. The silica gel (230—-400 mesh) column
chromatographic purification of the resulting residue using CH,Cl,—methanol (96:04) as an
eluent afforded the isovindeburnol (£)-57 as a brownish solid (16 mg, 68%). Mp 246-248
°C; 'H NMR (CDCls, 400 MHz) 6 0.77-0.94 (m, 1H), 1.10-1.23 (m, 1H), 1.23-1.34 (m,
1H), 1.38-1.54 (m, 1H), 1.57-1.67 (m, 1H), 1.67-1.80 (m, 1H), 2.01-2.15 (m, 2H),
2.15-2.27 (m, 1H), 2.40-2.60 (m, 1H), 2.60-2.75 (m, 1H), 2.86-3.00 (m, 2H), 3.00-3.10
(m, 1H), 5.36 (t, J = 8 Hz, 1H), 7.00-7.25 (m, 2H), 7.43 (d, J = 8 Hz, 1H), 7.67 (d, J = 8
Hz, 1H); *C NMR (CDCls, 100 MHz) 6 21.3, 24.9, 29.5, 35.6, 39.5, 52.4, 54.5, 62.9, 79.0,
105.2, 112.3, 118.2, 120.1, 121.3, 128.6, 134.5, 138.0; ESIMS (m/z) 269 [M+H]"; HRMS
(ESI) calcd for C17H21N20269.1648, found 269.1645; IR (CHCI3) vinax 3345, 1720, 1645

cm L,
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3B.5 Selected Spectra

'H, 3C NMR and DEPT spectra of compound (+)-7........ccoerevereeresereresnennns Page 154
'H, *C NMR and DEPT spectra of compound (£)-10..........cccovvrrvnrernrenes Page 155
'H, 3C NMR and DEPT spectra of compound (+)-12.........ccocuvvemrrererennnn. Page 156
'H, 3C NMR and DEPT spectra of compound (£)-13..........cccoevererrerrinnene. Page 157
'H, 1*C NMR and DEPT spectra of compound (+)-14.........cccovreerrenrenrennenn. Page 158
'H, *C NMR and DEPT spectra of compound (—)-15........ccccoerrerrrrerneenneene. Page 159
'H, 1*C NMR and DEPT spectra of compound (+)-19.........cccoeverrvnrrrrrenneen. Page 160
'H, 3C NMR and DEPT spectra of compound (+)-20.........c.cooevemrrrrerennnn. Page 161
'H, 3C NMR and DEPT spectra of compound (=)-22.........c.cocvveeeereerrenenn. Page 162
'H, *C NMR and DEPT spectra of compound (—)-23........cccoereerrrrernenneene. Page 163
'H, 1*C NMR and DEPT spectra of compound (+)-28.........ccccevervrvrerrrenneen. Page 164
2 D NMR Spectra of compound (#)-28........c.coviiiiiiiiiiiiiien . Page 165
'H, 3C NMR and DEPT spectra of compound (+)-29...........cccovvvrerrrrnrnnnn. Page 168
2 D NMR Spectra of compound (#)-29........coiviiiiiiiiiiieeee, Page 169
'H, *C NMR and DEPT spectra of compound (—)-33........cccoeveerrrvernenneene. Page 172
'H, 3C NMR and DEPT spectra of compound (—)-39.........cooevrerererrrrnnes Page 173
'H, 3C NMR and DEPT spectra of compound (£)-43..........cccoeverererrneene. Page 174
NOESY Spectra of compound (£)-43........ccooiiiriiiiieieierese e Page 175
'H, *C NMR and DEPT spectra of compound (£)-48a............c..ccccvurnrennes Page 176
'H, 3C NMR and DEPT spectra of compound (+)-51.........cc.coeeeverrereeennnn. Page 177
'H, 3C NMR and DEPT spectra of compound (£)-57...........ccoeverererrneene. Page 178
HPLC data of (£)-4and (—)-4.....ooniniii e, Page 179
HPLC data of (£)-12 and (+)-12 ..o Page 180

153



CHLOROFORM-d

QOO DI~-OLOMOMNS OO IEAN MDOONOMNOOAHAIT™
AHOS MMNMANNNOOXWWONANNOO NOOOWOLOLW S NN M~ N~
ek cedrndlralialipinl il G e Lt i e L SRR R LAy

- — L — T D
1.003.102.012.04 1.021.011.00 3.162.073.073.111.001.02
H = H H 4 H H = 4 H H H H

Chemical Shift (ppm)

CHLOROFORM-d

170.07
169.72
144.95
138.78
133.03
132.30
130.77
129.17
127.27
126.67
125.70
124.93
118.71
117.01

—40.74

OO SO
O <t oL
M~ O v
AN AN AN AN
EERAhn

[
|

- —717.00
—71.31
60.36

(+)7 |

SR SR 1 S ¥ 1 O 1

Moy PR gy L o o h LAl L s W L U i Ry
L O T B I T A o T LA A B e B AL L o e A L A A e o B T e LA AN I I R
180 160 140 120 100
Chemical Shift (ppm)
DO MO
SN © 0 O D — o r~ O D WM~
3 ©O LB F O ©S N ™ «© O NS o
ANANANAN A A — o o N~
R B B B B | N~ ({o] <t AN AN NN
A I
I
DEPT NMR, CDClj3, 50 MHz !
|
|
|
EEE—————S—S————————————..—.—————————_—_—_———
180 160 140 120 100 80 60 40 20 [0}
Chemical Shift (ppm)

154



CHLOROFORM-d

AN~ ANTT MO~ OWN AN O o<t - N OO MNMOOIMS~NT AN © —
ONSNYTTONNNN © COBDSNNENNSN A0SR~~~ O© ™ o
PP~~~ O ST SFFSE oA AN NANN N o
e (e [ X T 75 Pt b et e [
"H NMR, CDCl3, 200 MHz
N o
N
Ts
o
(£)-10
|
; w
— —— D
1.03 2.021.074.17 1.03 1.01 1.194.04 2.02 3.04
H H d = = = =H & -4 H

Chemical Shift (ppm)

CHLOROFORM-d

(3] — O O AN HdAAdAAN<TANNMA <
[Xe) =} O MM HLIO O OAN o — DO O
S —i D OO~ O™ O O = o - 1A
o N~ < O AN ANANANANN AAA ~ o 0O MO —HO
N — — D e B B B B B B B | ~ © NV MM AN
— s N
|
3C NMR, CDCl3, 50 MHz
LN o
N
Ts I
O
(£)-10
ey I I
\
\
| |
L L
200 180 160 140 120 100
Chemical Shift (ppm)
AN AN M
0O O O oo — DD OO O
S QOO o < = w0 1N
NN AN AN A o 0 MO «HO
R B B B B | © M MM NN
= T
[
DEPT NMR, CDCl3, 50 MHz
I I
| |
[
| [
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\“\\\\‘\\\\‘\\\\‘\\\\‘\
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

155




CHLOROFORM-d

HOMN~OST IS~ NO D e N A DM A O 0N~ ©MmM® —
O~~~ NN A — SO RVWOAD~N~MMA S
el inbinlnli o ARG NI R Ry T

"H NMR, CDCls, 200 MHz

T

— e L

g [y
3.011.013.98 1.011.001.031.041.073.031.081.013.041.04
= d [ H 4 4 4 d H o4 4 H H
e e e e o . i o

Chemical Shift (ppm)

CHLOROFORM-d

© OMOO~ O
~ SHMHS O xS o < <+ o © ~ <t ™
< O F WO~ < N X xQ S 0
o AN AN N A ~ [{e] <t o O N~ < <
[9\N] i B B B B | ~ «© Lo <t <t AN AN NN
——— \ [ - I
|
|
I I [
| |
[ ‘
| |
[
MJ .
I e L e e B A e B e S I
200 180 160 140 120 100
Chemical Shift (ppm)
~r~ 0 O
CoOmMmS OO < O ™ © N~ <t ™
SO DO ~ N SR @ o0
NN AN AN A [{e] <t ©© O N~ <
L e B B B B | o [Te) <t <t AN NN
— [ b I

DEPT NMR, CDCl3, 100 MHz

|
! ‘
L
L e A e o L B A
200 180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)

156



CHLOROFORM-d

~NMODWOL O O~ st NOSITMNMO®W HO ITDLO SN AN O~ M o
HHMOH MM ANNO O TN AQ MM O O©O©OOOLMNN A <
00 00 M~ I~ = P~ P NS M= = = WS SooaaadaNaNaaNaNaoaa o
e P e — L L e e L L [
"H NMR, CDCl3, 200 MHz
Il
' Y
— — — P i T e —
0.983.031.98 1.97 0.98 1.010.972.951.021.003.011.014.011.071.21
H H H = H od o -d - H 4 H H H H
T A B o o e A L L B L B B B L B B A L LA A B o e e e e
Chemical Shift (ppm)
CHLOROFORM-d
~ S OO~ O OO ©
o S HONNIOMNWON oo o~ <t SO M— D
—i IO Al O DM~ OOt O~ o S © o Iom
~ <N oodNdANNNANN AT A ~ < —i — OB Ir~M®
— — L e B e B B B B B | M~~~ [{o] o O M oMmA N N
e —— |- T =S
[
"H NMR, CDCl;, 100 MHz
L
h
|
""‘H""""H""""H"""‘HWHH‘HH‘HH‘HH"H“‘HWHH‘H""H“HH‘HH‘HH‘HH"
200 180 160 100
Chemical Shift (ppm)
~ O © A O o
NMON~©OON o~ St <SSO MO D
O3 O L6 <t 00 M~ S © oo N m
NNNN A A —i — O~
pichuataly F o7 ORRRRAY
DEPT NMR, CDCl3, 100 MHz v
(£)-13  CO,Me I
[N S
|
|
|
L
—_—— T T T T T T T e T
200 180 160 140 120 100 80 60 0

Chemical Shift (ppm)

157




CHLOROFORM-d

OO T AN~ OFTN A A 00 0O O NOLWOWST OO AT OO WO I~ —
FETEERr T YYT @oocoosicggggidts 9

"H NMR, CDCl3, 400 MHz

I |
\ \ [
Jl‘ \ | T [T T | it
sttt a— l\ l\l“ {1 M R—

— — —
0.992.05 3.192.061.020.893.091.041.070.991.061.002.061.013.092.081.06 1.03
H H H H H H i H H H H H - H 4 H H H

Chemical Shift (ppm)

ACETONE-d6
ACETONE-d6

(oo} — O —HONLO T T O N O
«© r~ AN O OLOLO N O 00 < NV HO~ANMMSSEIFTLOOOM [oo]
© <) OO M I S O M~ O G O NN OONIO®M AR O ©
o ~ <M MMM OMANANAN A MO O AN DO ODODODOMmMO AN D
N — D s B B e B B B B B B B | N OOWOSSTOOOMOOMMOMANAN AN —
—— DT B e
I
3C NMR, CD3COCD4
100 MHz
)
N
(+)-14 "CO,Me
I I
| |
| ‘\
[
L1
A - M —™—O—N— N b, A - —— N -, - . A - Y A A N
200 180 160 140 120 100 80 60 40
Chemical Shift (ppm)
M AN O O
LON 4 00 < [*2] M~ O O O WO AN I~
S 0O O o O N Moo o © ©
O ANAN A A Lo O - P~ < 0 AN 1
o v (=) OO <TFTTM AN AN
DEPT NMR, CD;COCDs5 %\‘H S [ O R SO
100 MHz ‘
Sy I
(+)-14 CO,Me
[
[
[ [
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\‘\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
200 180 160 140 120 100 80 60 40 20 o]

Chemical Shift (ppm)

158



CHLOROFORM-d

SO NO M O I~ N —AT~O0O A0 0T OOMNOM
0O O P~~~ M=~ DO MMMANNNNNAN A AAAA

ﬁ
}
|
|

~

| "H NMR, CDCl3, 400 MHz ol

OH
(-)-20-Epihydroxydesethyl-
eburnamonine (15)

)l )

/1

— . S S —
1.00 1.002.01 2.144.143.081.06 1.161.241.111.03
= H H H oY 4 = H H H

Chemical Shift (ppm)

CHLOROFORM-d

[{e) OO AN 0O <t O P~

< <O O<E P~ MmMAN o N = —A O L — < o

© IO ™M oo©O e ¥ 9 N < o

© MO MANANN ~ [e2 9N <t H <t < —

— Do B B B B B B | ~ O O O O <t o (9N o\

| SN e YT OTST —
‘

~

3C NMR, CDCl3, 100 MHz [

(o}

OH
(-)-20-Epihydroxydesethyl-
eburnamonine (15)

TOTRRTE ™ TRV IS A.IL.J.JAHM bbb L L 2 e ™ ot .WW
f WP A o " U Wty ey M A Al A P M Rt P

200 180 160 140 120 100
Chemical Shift (ppm)

o H ©
< oo < o ©mno © ™
< o oo © S Noer~ < —
NN ™ A< <t —i
o v [{] O I <t o [\
_ S [ [ \ \
DEPT NMR, CDCl3, 100 MHz N |
OH
(=)-20-Epihydroxydesethyl-
eburnamonine (15) J
|
il ! |
T T R R T A R T T T B R T T T R T R T T R R R RERE
200 180 160 140 120 100 80 60 40 20 [0}

Chemical Shift (ppm)

159



CHLOROFORM-d

NSOt ANOOLLLO M ™ o SN OMANNTdHO O OLUOA 00 <+
SOOI NANNNC S XL QOIMIINDRRO RN R 0
CRETEER D CL BN AN e
I H
\ | i
1l
JL O [ e I
— L L [ E— a—

] — —
1.002.023.01 2.02

0.953.001.021.001.011.051.062.051.073.051.462.57 1.02

H ool H H 4 H H H 4 H 4 H 4 1 H 4
T L e i S TR e L e I e I e
Chemical Shift (ppm)
CHLOROFORM-d
o HAANSI~ <O~ 0O 0 00
o MO <FTHANOMNS~RANLOMANOD o < ~LOM [{elcoNToNeyNoolep]
< <O WM OOt <t O © < 9 ©MA OIS N
r~ T MOOMOOMOMANNANANAN A A N~ <t © LO QN 0O AN i
~— L B B B B B B B B B B | N~ O O W0 w0 MmO MANANAN AN
\ 5| [N SN N
3C NMR, CDClg, 100 MHz
(+)-19
[
[
[
[
I I
! [ )
[
I I
r | Ll . 1. |
T T S e I e S T Lo L S I e S e
200 180 160 140 120 100
Chemical Shift (ppm)
0 O O 0O M~
DO~ MAN O < ©O <t ™M LM~ M~M
GBS < < GBS D ©OHN )T L0 SN
ANANANAN A < © LO AN 0O N
i B B B B | O O W0 Lw MmO MmANANANAN
— [N SN SN
I
DEPT NMR, CDCl3, 100 MHz
[
\
1l
[
| [
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\‘\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
200 180 160 140 120 100 80 40 20 0

Chemical Shift (ppm)

160



CHLOROFORM-d

O O I =TI~ ©L A~ LMD ITTODDN ATDAIOOLONNOMNS 0O
QO S NANANANNOQ LG NN~~~ NIIINST QQ
REETEETSEEE TYXPC LV NNNTNITATAAT 2T

"H NMR, CDCls, 400 MHz

— ,’,J,Ju% p— —u = [t B et N L
1.022.110.631.111.432.12 1.023.121.042.042.092.021.111.06 3.062.002.10
= H | I H H H i H H H H H H I H H
1\0 T 9\ T é T 7\ T é T 5\ T 4\1 T T T T T ] T I

Chemical Shift (ppm)

CHLOROFORM-d

Lo I~ OO SLONLN

[Se} MUOOMITOOAN~SS S o I~ I~ M~ <0<t ©

<) IS~ M A O F S O © < M NODHXO T MO

~ SOMMOANANNN r~ oY d aNoomalddd o

— A A A AAAA A A A ~ DO SOHOOOMOANNN
e e \ P P

3C NMR, CDClj, 100 MHz

| ol .

T L A S LA L B T T e L B I B B O B R
180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

N OO OO~ M
< OO N < < OO W OONXOLO O < O
NANNNN A DT NoomAl o
o OO TOMOMMm AN AN
T PP RS NS
I
| DEPT NMR, CDCl3, 100 MHz
| |l
[
|
| |
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\\‘\\\‘\‘\\\\‘\\\\‘\\\\‘\\\\‘\
200 180 160 140 120 100 80 60 40 20 0]

Chemical Shift (ppm)

161




CHLOROFORM-d

O WSS OONO~ M DM OO 0= s © oL —
M SO MmMmmdma S MMM~ © WO OO o
XX mETETErEr T oo qeae it <

(-)-Desethyleburnamonine (22)

[ I
i e KJﬂL e %%‘\LJMUL
OIZ.\3 O.SS O.L?l 0.5‘93 1.L.(\)2 1.?5 1.”14 1.59 1.&)9 2.58 1.89 Z.SS 4£2

B L s e e A L e e L e e e L L LA 2 e e
10
Chemical Shift (ppm)

CHLOROFORM-d

r~ O 000D O
~ DA~ OO M~ o D~ OSF I O~ ©
r~ A Moo O YRS MM
o DM ANANN A A ~ MO < o <P O <+ ©
— L B B B B B B I | M~ OO <FTOO M AN AN
NN o AR
3C NMR, CDCl3, 125 MHz
o) B
H
(-)-Desethyleburnamonine (22)
| [ |
I | [ |
|
| b - '.J_ " ‘L " . . |
A B o A LA o L B A AL AL aaan ot S
200 180 160 140 120 100 80 60 40
Chemical Shift (ppm)
O i
no ™ NWO DO T O~ ©
™ © S ) mn o™
SN VO ¥ WO ©
— OO O ONN
= DEPT NMR, CDCl3, 125 MHz ST =l
| ! |
| |
(-)-Desethyleburnamonine (22)
|
|
|
. |
I R R I R R A R R R R E AR
200 180 160 140 120 100 80 60 40 20 [0}

Chemical Shift (ppm)

162




CHLOROFORM-d

O OANAN A O I~ © IO~ O OO OO AN OL S O 0
kgl iy QAR R AN EMEL AL, Rk iy
‘

(-)-20-Epidesethyl
eburnamonine (23)

i il 1

— [ B R (.
0.96 0.991.95 1.031.051.081.012.041.091.091.051.081.222.041.12
H H d H H = H H H 4 H H H H d

Chemical Shift (ppm)

CHLOROFORM-d

— DOOOVMWOM
~ O OO NN oo o N~ oom — LD O 0
r~ O O F 0 S < 9 A © XM
o MM ANANAN A r~ — <t o DM~ OO O
— o B B B B B B B | ~ © Yol o) MmO MAN AN AN
LN T I = = A
'a
3C NMR, CDCl3, 100 MHz
(—)-20-Epidesethyl
eburnamonine (23)
.
Ty L e
- . ) ATV O I o i I
T L T T T T T R I TR T T I TR R IR I IR
200 180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)
O~ ML
Segd 5 3N 8IRSH
DEPT NMR, CDCl;, 100 MHz 388 — Yo o~ oW o
v i [(o] 0 w0 O MAN AN AN
— I NS e R I
I |
| | | |
(-)-20-Epidesethyl
eburnamonine (23)
|
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
200 180 160 140 120 100 80 60 40 20 [0}

Chemical Shift (ppm)

163



Chioroform-d3
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NOESY spectra of (+)-trans-28

(+)- (trans-H12b, H3) 28
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COSY spectra of (+)-trans-28
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HMBC spectra of (+)-trans-28
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Chloroform-d3
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NOSEY spectra of (+)-cis-29

(+)- (cis-H12b, H3) 29
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COSY spectra of (+)-cis-29
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HMBC spectra of (+)-cis-29
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NOSEY spectra of (+)-43
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HPLC profile of (+)-4

Shimadzu CLASS-VP V6.12 SPS
Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAPE

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1494 Ts

User: System HO
Acquired: 3/19/14 6:14:11 PM (+)-4
Printed: 3/19/14 7:36:07 PM

Sample Name  PM-E2-Rac

0.01 |
§ \ §
0.00 +——\ —— -
I
-0.01 - |
0 10 20 30 40 50 60
Minutes

Detector A - 1 (254nm)

Retention Time C Area Area %
69.775 2558321 56.764
73.783 1948621 43.236
Totals
4506942 100.000
HPLC profile of (-)-4
Shimadzu CLASS-VP V6.12 SP5 0o
Method Name: C:\CLASS-VP\Data\Dr. CHAVAN S. P\PAPAL FH10 % IPAP
DataName:  C:\CLASS-VP\Data\Dr. Argade\NPA 1501 | N
User: System N~ O
Acquired: 3/26/14 5:18:54 PM Ts X
Printed: 3/26/14 7:10:20 PM HO
Sample Name  E-2-Chiral (3.9 g s) (-)-4
010 o ] 0.10
etention Time \ |
[ ‘
| |
£ oos / \ & foos  §
fea L I
0.00 ‘*J’“\r'— e — "’S_ \» - —t000
| ! 2
o 1 2 2 © E 70 P
Minutes
Detector A - 1 (254nm)
R Time C Area Area %
69.542 13780058 99.836
73.567 22598 0.164
Totals
13802656 100.000

Project Leader: Dr. N. P. Argade

Column

Mobile Phase : EtOH: n-Hexane: TFA (08:92:0.1)

Wavelength
Flow Rate
Conc.

Inj. Vol.

: Kromasil 5-CelluCoat (250 x 4.6 mm)

: 254 nm

: 0.7 ml/min

: 1.0mg/ 1.0 ml
:5ul

179



HPLC profile of (£)-12

Data Name:

PM-E8 Rac

Area % Report

Method Name: C:\CLASS-VP\Data\Dr. Patil N. T\VSS
C:\CLASS-VP\Data\Dr. Argade\NPA 1588

User: System
Acquired: 2/5/15 11:51:16 AM
Printed: 2/5/15 12:22:10 PM
004 Retention Time | 0.0¢
8
2 : ‘ w
> | -
002 | F0.02
r‘ o
[ 1 |
0.00 G = == +0.00
1" 12 13 14 15 16 17 18 19 2
Minutes
Detector A - 1 (254nm)
Pk # Retention Time Area Area %
1 12.942 2724322 69.607
2 15.783 1189532 30.393
Totals
3913854 100.000

Volts

HPLC profile of (+)-12

Method Name:

Area % Report

PM-E8 Chiral

C:\CLASS-VP\Data\Dr. Patil N. T\VSS

Page 1of 1

Data Name: C:\CLASS-VP\Data\Dr. Argade\NPA 1587
User: System
Acquired: 2/5/15 11:20:57 AM
Printed: 2/5/15 11:50:38 AM
0.075 |-0.075
Retention Time
0.050 -| 0,050
g ‘
£
0.025 1 |- 0.025
s
0.000 -+ B J § ] |-0.000
0 2 “ s 8 10 12 14 18 2 2 2
Minutes
Detector A - 1 (254nm)
Pk # R ion Time Area Area %
1 12.867 4541308 99.086
2 16.483 41881 0.914
Totals
4583189 100.000

Volts

Project Leader: Dr. N. P. Argade

Column

: ChiralCel OD-H (250 x 4.6 mm)
Mobile Phase : EtOH: Pet Ether: TFA (20:80:0.1)

Wavelength : 254 nm

Flow Rate  : 1.0 ml/min
Conc. : 1.0mg/ 1.0 ml
Inj. Vol. s 2ul
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Overall Conclusion and Perspective

Present dissertation describes our efficient approach towards the synthesis of bioactive
indole alkaloids and their important analogues using cyclic anhydrides and cyclic imides
as potential starting materials. Indole alkaloids encompass very fascinating structural
architects and their remarkable bioactivity has incited a lot of activity in the synthetic
community towards their total synthesis. Many of them, such as reserpine, vincristine,
vinblastine, arbidol and ergotamine are used in medicine. Concise literature account on
synthesis of various indole alkaloids reported by different research groups using cyclic

anhydrides and cyclic imides as potential synthon has been presented.

We have presented a brief literature account on the isolation, bioactivity and synthesis of
tetrahydro-f-carboline harmicine, arborescidines A-C and deplancheine. We have
described an efficient use of (R)/(S)-acetoxysuccinimide/glutarimide derivative as a chiral
building block for the stereoselective synthesis of tetrahydro-f-carboline alkaloids.We
have reported synthesis of (+)-harmicine using highly stereoselective N-acyliminium ion
cyclization as a key step. We have also accomplished an efficient enantioselective synthesis
of (S)-desbromoarborescidines A-C and formal synthesis of (S)-deplancheine using highly
diastereoselective reductive intramolecular cyclization of (S)-acetoxyglutarimide
derivative and exchange of nitrogen regioselectivity. We feel that in the present approach,
the witnessed intramolecular N — O 1,5-migration of Boc-group is significant from a
basic chemistry point of view. In this approach, we have used chiral acetoxy group as a

stereoselectivity handle & later it was disconnected.

We have also presented a concise literature account on the isolation, bioactivity and
synthesis of indole alkaloids eburnamonine, eburnaminol, larutensine, melohenine B,
tacamonine and vindeburnol. We have demonstrated diastereoselective formal synthesis of
vinca-eburna alkaloids (x)-eburnamonine, (x)-eburnaminol, (£)-larutensine. We have also
accomplished  enantioselective  synthesis of (-)-desethyleburnamonine, (-)-3-
epitacamonine and (—)-vindeburnol. We have reported for the first time where the lactam
carbonyl acts as a stereochemical switch to alter the diastereoselectivity in ester-aldol
reactions of hexahydroindolo[2,3-a]quinilizinones. In the present approach, we have used
the chiral acetoxy group for two different roles. At first it acted as a stereoselectivity

handle, later it was used as a functional group. We feel that our present protocol will be

184



useful to synthesize several natural and unnatural indole based structurally interesting and

biologically important architectures for SAR studies.

In short, we have accomplished a concise and efficient synthesis of (+)-harmicine, (S)-
desbromoarborescidines A—C, (S)-deplancheine, (£)-eburnamonine, (x)-eburnaminol, (£)-
larutensine, (-)-desethyleburnamonine, (-)-3-epitacamonine and (—)-vindeburnol using
cyclic anhydrides and cyclic imides.

All these studies bestowed us a nice opportunity for learning a lot of new basic and
applied chemistry not just from our work but also from the vast literature in this field. We
also feel that the approaches which we have developed are quite general and biogenetic in
nature and would be useful in designing several important complex natural products and
natural product hybrids for structure activity relationship studies. A close look at the
recent literature also revealed that the histogram of the indole alkaloid chemistry is in
escalating slope and increasing medicinal and pharmaceutical demands for natural and
designed indole based compounds would maintain the high positive slope in the present
day world of medicinal and synthetic chemistry. In our opinion, a combination of natural
and synthetic indole containing compounds would serve as a launching pad to fight
against new generation diseases. Finally, on the basis of exposure to the literature of
indole alkaloid chemistry and our contribution to the same, it can be said with assurance
that this interesting discipline will spread the wings still wider in the field of organic and

pharmaceutical chemistry in future.
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